iririedl applied
e sciences

Article

Efficient Zero-Sequence Impedance Measurement in
Autotransformers Using Low-Voltage Excitation

Min Zhang "*, Jian Fang 1, Hongbin Wang !, Qingdan Huang !, Haicheng Hong !, Xiang Lin ! and Niancheng Zhou 2

check for
updates

Citation: Zhang, M.; Fang, J.; Wang,
H.; Huang, Q.; Hong, H.; Lin, X.;
Zhou, N. Efficient Zero-Sequence
Impedance Measurement in
Autotransformers Using Low-Voltage
Excitation. Appl. Sci. 2024, 14, 215.
https://doi.org/10.3390/
app14010215

Academic Editor: Sergio Toscani

Received: 17 September 2023
Revised: 7 December 2023

Accepted: 22 December 2023
Published: 26 December 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Guangdong Power Grid Co., Ltd., Guangzhou Power Supply Bureau, No. 2, Tianhe South 2nd Road,
Tianhe District, Guangzhou 510620, China

State Key Laboratory of Power Transmission Equipment & System Security and New Technology,
Chongqing University, Shapingba District, Chongqging 400044, China

*  Correspondence: 202111131113t@cqu.edu.cn

Abstract: In accordance with the IEEE standard, the zero-sequence impedance test of transformers
necessitates an open or short circuit test on the high-voltage side winding. Power source excitation
is applied to the high-voltage test winding using a high-capacity test power supply. To circumvent
the need for a large-capacity, high-voltage test power supply in field tests, this paper proposes a
method for measuring zero-sequence impedance in autotransformers based on low-voltage exci-
tation and disconnection testing. By applying a three-phase power supply to the lowest voltage
side of the autotransformer and creating a disconnection condition, an unbalanced test scenario is
established. Subsequently, the composite sequence network equivalent circuit for one-phase and
two-phase disconnections between the high-voltage side and the low-voltage side of the transformer
is formulated. Calculation formulas for the zero-sequence impedance of the autotransformer under
various conditions are derived. The accuracy of the zero-sequence impedance is verified using
MATLAB/Simulink simulation software 2018b, evaluating double-winding and three-winding auto-
transformers in breaking tests under different connection modes. The error is found to be less than
3%. The results of this study affirm the high accuracy of the proposed method.

Keywords: autotransformer; zero-sequence impedance; on-site testing; low-voltage excitation;

disconnection test

1. Introduction

Power transformers are power equipment for transmitting electrical energy in power
systems. In ultra-high-voltage, high-capacity grids of 220 kV and above, the main trans-
formers used include ordinary conventional transformers and autotransformers; the char-
acteristics of both transformers are shown in Table 1 [1,2]. Autotransformers are widely
used because of their small size, low cost, large-capacity, high operating efficiency and high
short circuit resistance. In the design stage of power systems, there are generally no strict
requirements for the size and deviation of the transformer’s zero-sequence impedance, nor
are there clear calculation formulas; furthermore, the estimation methods are currently
used [3]. However, accurate transformer zero-sequence impedance is an important basis
for power system analysis, short circuit current zero-sequence component calculation,
quantification of transformer short circuit resistance, selection of relay protection devices
and calculation of protection calibration values [4,5]. Therefore, it is important to obtain
accurate values of transformer zero-sequences from tests [6,7].

Table 1. The comparison between a conventional transformer and an autotransformer.

Transformer Type Size Cost Applicability
Conventional transformer Larger Higher General load
Autotransformer Smaller Cheaper Large-capacity load
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The information on the transformer parameters is tested by the transformer manu-
facturer in a series of factory tests before the product leaves the factory, and is recorded
in the product’s factory report. However, only the positive-sequence parameters of the
transformer are included in these tests. The zero-sequence impedance measurement of
three-phase transformers is a special test that is carried out by mutual agreement be-
tween the transformer manufacturer and the user department [3,8]. The standard method
for measuring the zero-sequence impedance of an autotransformer is given in IEEE Std
C57.12.90 [9], which describes two short circuit tests and two open circuit tests with zero-
sequence voltages applied to different ports; then, any three of these values are combined
to solve for the zero-sequence impedance of the autotransformer [10-12]. The standard test
method is able to measure the zero-sequence impedance of auto-transformers accurately.
However, one set of short circuit tests needs to be carried out on the high-voltage side.
This test requires special instrumentation and equipment, which is costly for field tests on
transformers already in operation, and sometimes impossible due to site constraints [13].

Considering the shortcomings of the standard test method, the literature [14] proposes
a method for low-voltage measurement of the zero-sequence equivalent circuit parameters
of three-phase, three-winding YNynd-type transformers. However, the test current only
measures 1-4% of the rate current because it uses a low-voltage test on the high-voltage
side, and this phenomenon can lead to large measurement errors. The literature [15,16]
proposes a method for estimating the zero-sequence impedance of transformers using finite
element modelling. However, the method requires knowledge of the specific transformer
geometry, winding arrangement and the properties of the core material. To reduce the
difficulty of the test, ensure the personal safety of the staff and facilitate field testing, a
method for measuring the low-voltage side of the zero-sequence impedance of transformers
was proposed in the literature [17]. The method replaces the high-voltage side open circuit
test required in the standard test with a low-voltage side disconnection test, mainly for the
zero-sequence impedance equivalent circuit of conventional isolation type transformers,
and it does not analyze autotransformers, which are widely used in high-capacity grids.

This paper presents a zero-sequence impedance measurement method for autotrans-
formers based on low-voltage excitation and disconnection tests for the field measurement.
Firstly, a model for calculating the zero-sequence impedance of autotransformers was
derived by combining the disconnection test and the disconnection position, and from this,
the formula for calculating the zero-sequence impedance under different test conditions
was obtained. Then, combined with the remaining two sets of open circuit and short
circuit tests on the LV side, a complete set of methods for measuring the zero-sequence
impedance of autotransformers on the LV side is formed. Finally, the feasibility of this
method is demonstrated by comparing the results with standard test results through
simulation verification of different test conditions. The method in this paper allows the
measured value of the high-voltage side short circuit test in the standard method to be
obtained through the low-voltage side test, which is applicable to all autotransformers and
traditional transformers that are not Y-connected. As a result, the method greatly reduces
the cost of field testing and the requirement for a site.

2. YNa Autotransformer Zero-Sequence Impedance Field Test Method
2.1. One-Phase Disconnection Test on the High-Voltage Side

The wiring for the one-phase disconnection test on the high-voltage side of an auto-
transformer with YNa connection is shown in Figure 1 (phase A as the special phase).

The test is achieved by applying a three-phase power source on the low-voltage side,
leaving the A-phase winding on the high-voltage side open, and the remaining two phases
short circuited to earth. The corresponding complex sequence network is shown in Figure 2.
Here, Zy1.1, Zy.p and Zpyg are the positive-, negative- and zero-sequence impedances of
the three phases on the high-voltage side of the autotransformer, respectively; Z; .1, Z1.»
and Zp g are the positive-, negative- and zero-sequence impedances of the three phases
on the low-voltage side, respectively; Zo ¢ is the zero-sequence excitation impedance. The
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core structure of automatic transformers usually adopts a three-column core design [x]. In
this construction, the core of the transformer consists of three cylindrical sections, each of
which is wrapped around a winding. This design is common in three-phase transformers
and allows for efficient transfer of electrical energy. It is worth noting that the automatic
transformer has only one winding, in which different parts of the same winding serve as
both the main winding and the secondary winding of the transformer [18]. Therefore, the
zero-sequence flux can only form a closed loop through the oil gap and the box, as shown
in Figure 3. This makes the reluctance of the zero-sequence flux large, while the excitation
reactance is small and cannot be ignored. Based on Figure 3, the zero-sequence impedance
can be expressed as:

B Vi —hZpr
ZH(L5)-0 = ZH-0F Zg 0 = T = M)

Figure 2. Sequence network of the YNa autotransformer high-voltage One-Open-Phase test.
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Figure 3. The magnetic circuit of the zero-sequence flux. (a) Core and zero-sequence magnetic flux
path. (b) Induced current in the fuel tank wall.
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The leakage impedance of the autotransformer is inductive, and the proportion of
resistance value is small, so it can be ignored to simplify the calculation. Figure 3 can be
considered as a purely inductive circuit. Phases of each sequence current vector are the
same. The vector relationship can be expressed directly in terms of numerical magnitude:

Iy = 3(h + L) + 2 (L — b)

Ipe = —iV3(l — 1) ()
Ia=—3(h+ L) +]'§(11 — D)

Here, I abr I bes I ca are the difference between two different phase line currents on the
low-voltage side of the autotransformer, respectively, and are positive-sequence currents;
I1, I, I are negative- and zero-sequence currents.

From Equation (3), it can be seen that the real part of I, and I, is the same, and the

imaginary part is opposite. Assume that the angle between I, and I is 6, |I,| = |Ica| = I,
and 10 =— (11 + 12). It can be found that:
Il—l—Iz:%ICOSGZ‘I()’ 3)
L-L = %Isin@
Then it can be found that:
Iy
§ =sint L
I = 31cos(6 — 60°) (4)

I = —%Icos(6 + 60°)

The phase angles of Vl, Vz, E 1 are the same, and the relationship between line voltage
and sequence voltage is the same as that of the current in Equation (3). Therefore, by
= ‘Vca

assuming that ’Vab =V, the angle between Vah and V1 is ¢, and it can be found that:

Vay = 3(Vi +V2) +75 (V1 = W)

Vie = —jV3(V1 — Vo) = —j2Vsin @ 5)
Vo = —3(Vi + V) + /% (Vi — V2)

Similar to what is shown in Figure 4, it can be solved that:
-1 ‘Vbc‘
¢ =sin" ()

Vi = 3V cos(g — 60°) (6)
Vo = —2V cos(¢ + 60°)

Figure 4. Phasor diagram of secondary voltage/currents for the high-voltage One-Open-Phase test.
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Substituting Equation (6) into Equation (1) can obtain the zero-sequence impedance of
the autotransformer:

7 _ ITcos(0 —60°)Zpr—1 — V cos(¢p —60°)
H(L[g)-0 =

@)

Icos6

2.2. One-Phase Disconnection Test on Low-Voltage Side

The wiring diagram for the one-phase disconnection test on the low-voltage side is
similar to Figure 2. The test requires a three-phase power supply to be applied to the
low-voltage side, with the low-voltage side A-phase winding being open circuited, while
the high-voltage side winding is short circuited to earth in three phases. The composite
sequential network is shown in Figure 5, and corresponding zero-sequence impedance is
shown in Equation (1).

1
_1‘_: LT *
L T t
Il) ZH-2 ZL-Z ?: Zsr-2
LT o
Zyy Zi D
I
Zpo i |
1|
1 Ly
Vs ||
Vi

L

Figure 5. Sequence network of the YNa autotransformer low-voltage One-Open-Phase test.

Equations (4) and (5) also apply to the low-voltage side of a phase disconnection test.
Therefore, the zero-sequence impedance of the autotransformer is:

Icos(8 —60°)Zyr—1 — Vcos(p — 60°)
Icos®

(8)

ZH(L|g)-0 =

2.3. Two-Phase Disconnection Test on the High-Voltage Side

The wiring diagram for the two-phase disconnection test on the high-voltage side is
shown in Figure 6 (phases B and C are the test phases). The test requires the application
of a three-phase power supply on the low-voltage side and open circuiting of the B- and
C-phase windings on the high-voltage side, with the A-phase winding short circuited to
earth, which corresponds to the composite sequence network shown in Figure 7. Based on
I = I, = Iy, it follows that the relationship of the phase sequence current on the low-voltage
side A is: .

I, =3l )

Ia Ela
l — o )

N4

—o
Cu

Figure 6. YNa autotransformer test diagram for the high-voltage side Two-Open-Phase method.
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Ll

Figure 7. Sequence network of the YNa autotransformer high-voltage two-Open-Phase test.

The sequence voltage can be solved according to Equation (7), and then the zero-
sequence impedance of the autotransformer is:

7 o V1 + V2 - lezHL_l _ 2V cos P — ZIaZHL—l
H(L[lg)-0 = To - I,

(10)

2.4. Two-Phase Disconnection Test on the Low-Voltage Side

The two-phase disconnection test on the low-voltage side requires the application of a
three-phase power supply on the low-voltage side, open circuiting the two-phase winding
on the low-voltage side and short circuiting the winding on the non-power side to ground.
The corresponding compound sequence network is the same as Figure 7.

The phase sequence voltage relationship is shown in Equation (11):

Va=V1+V2+V0

Vy= (=1 =)+ (-1 4+ 8\ v+ % =0 (1)
Ve=(=1+ 82+ (-2 =i+ =0

Based on Equation (11), it can be found that V; = V, = Vj. Therefore, the current-
voltage vector diagram for each phase sequence is shown in Figure 8. The corresponding
compound sequence network is a three-sequence series connection. Given this, the sequence
current relationship is the same as Equation (9), which can be substituted into Equation (10)
to obtain the zero-sequence impedance of this autotransformer.

i+ W =207y 2V, — 21,71

ZH(Lg)—0 = o = I (12)

| I,=L=I, I, | Vi=V, VY V.
| > > >—

(a) (b)

Figure 8. Phasor diagram of secondary voltage/currents for the low-voltage Two-Open-Phase test.
(a) Currents. (b) Voltage.
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The sequential voltage expressions in the above tests are universal. The difference in
them lies in the different angles of the different disconnection tests. For example, in the
two-phase disconnection test on the high-voltage side, the negative-sequence voltage V'
is in the opposite phase to the positive-sequence voltage V1 due to three equal sequence

currents, and this phenomenon makes the angle between V;, and V1 increase.

3. YNa0d11 Three-Winding Autotransformer Zero-Sequence Impedance Field
Test Method

3.1. One-Phase Disconnection Test

The connection between the high- and medium-voltage sides of the YNaOd11 auto-
transformer is star grounding, with the low-voltage side being the triangle connection. To
measure the zero-sequence equivalent impedance of individual windings, the following
3 disconnection tests are required on the low-voltage side:

(1) Tset 1: Positive-sequence excitation on the low-voltage side; while one phase of the
high-voltage winding is disconnected, the other two phases are short circuited to
earth and the medium-voltage winding is completely disconnected.

(2) Tset 2: Positive-sequence excitation on the low-voltage side; while one phase of the
medium-voltage winding is disconnected, the other two phases are short circuited to
earth and the high-voltage winding is completely disconnected.

(8) Tset 3: Positive-sequence excitation on the low-voltage side; while one phase of the
medium- and the high-voltage winding is disconnected, the other two phases are
short circuited to earth.

Tests 1 and 2 have similar test content and wiring methods, measuring the zero-
sequence impedance to ground of the high-voltage side Zp o and the medium-voltage side
Z1g-0, respectively. Here, Zyg0 = Zp0 = ZHo + Zg-0, Z1g-0 = ZT0 + Zg-0- The connection for
Test 1 is illustrated in Figure 9. The subscripts “a, b, ¢” in Figure 9 represent the parameters
on the low-voltage side of the transformer.

I
@
@
)}

C

N
&

Cu

-

Figure 9. Test 1 wiring diagram.

The zero-sequence impedance of this autotransformer can be derived from the compos-
ite sequence network diagram in Figure 10 as Zygo = (V1 — Iy Zgr1)/Io- Considering the
phase variations introduced by different connection methods, the Yd-11 coupling method,
more commonly used in power systems, is taken as an example. In this method, the
positive-sequence component of the voltage and current on the low-voltage side of the auto-
transformer leads the high- and medium-voltage side by 30°, while the negative-sequence
component lags the high- and medium-voltage side by 30°. The phase relationship between
current and voltage is shown in Figure 11. Therefore, it can be found that:

S

Iy =5 (L + L) +j3(L — L)
Iy = —j(h — ) (13)
Io = =% (L +Dh)+j3(h— L)
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Vab

2
2\ Ve
Vea

(b)

Figure 11. Phasor diagram of secondary voltage/currents for the high-voltage One-Open-Phase test
(a) Currents. (b) Voltage.

Based on Equation (12), I, and I, have the same imaginary part, and opposite real
parts. By assuming that I, ‘IC

found that:

= | and the angle between I, and 11 is 6, it can be

. o 14
11:%15m(9+30 ) (14)
I = \%Isin(@ —30°)
By assuming that ‘Vab = ’th = V and combining this with Equation (5), it can be
found that: A
VCll
@ = cos () 5
Vi = =2V cos(g — 30°) (15)

Vo = —35V cos(¢ +30°)

By combining Equations (14) and (15), the zero-sequence impedance Zpg o can be
found, as well as Z1g0. The test connection for Test 3 is illustrated in Figure 12. The
subscripts “a, b, ¢” in Figure 12 represent the parameters on the low-voltage side of the
transformer. The test involves applying a three-phase voltage source to the low-voltage side
of the transformer, with the high- and medium-voltage sides both open circuited in phase
A and short circuited to earth in phases B and C. The transformer sequence component
network diagram under Experiment 3 is shown in Figure 13.

l Ia Ela
a AN—R
Uab v v
uT b Ew
b ca A )
chv IL Elc
* A oy

Figure 12. Test 3 wiring diagram.
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Figure 13. Sequence network for Test 3.
The three tests above give the zero-sequence impedance of the 3 windings.

Vi—I Zpn -

ZHg70 _ W 112 HL-1
Vi—IiZq—

Zrg_g = Ahna (16)

7 . ‘yl_IlZ(HHT)L—l

(H|T)g—0 = Io

3.2. Two-Phase Disconnection Test

The two-phase disconnection test is similar to the same-phase disconnection test. It
also requires three tests of disconnection on the high with low-voltage side, the medium
with low-voltage side, with the high- and medium-voltage side results being:

(1) Test 4: Positive-sequence excitation is injected on the low-voltage side; the high-
voltage side winding is grounded in one phase and disconnected in two phases and
the low-voltage side winding is completely disconnected.

(2) Test 5: Positive-sequence excitation is injected on the low-voltage side; the medium-
voltage side winding is grounded in one phase and disconnected in two phases and
the high-voltage side winding is completely disconnected.

(8) Test 6: Positive-sequence excitation is injected on the low-voltage side and both high-
and medium-voltage windings are single-phase grounded and two-phase disconnected.

Both Test 4 and Test 5 are wired similarly to measure the zero-sequence impedance
to ground on the high-voltage side Zpg ¢ and the zero-sequence impedance to ground
on the medium-voltage side Ztg o, respectively. Test 4 is wired as illustrated in Figure 14.
The subscripts “a, b, ¢” in Figure 14 represent the parameters on the low-voltage side of
the transformer.

A
! Ia Ela
a A ~
U V) (Vv
u.tT b En
= c b A )
_Bg{ Ub \J Ic Elc
‘e AN—0
IR

Figure 14. Test 4 wiring diagram.

The zero-sequence impedance of this autotransformer can be derived from the com-
pound sequence network diagram in Figure 15.

Vi+ Vo, -2 Zy1-1
Io

ZHg—O = 17)
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I, = [1£30° + I, £ — 30° = /3]
Ib = a2[1/30° + al,/ — 30° = 0 (18)
I = al £30° + a1,/ — 30° = —/3L

I] Zl-ll L- srl
—e 1 »—@—

L Zu: Zi» Ly
L]

I, Zno %-0

Figure 15. Sequence network for Test 4.

Zpg—o and Ztg_o can be obtained by combining Equations (15) and (18).

The test wiring for Test 6 is shown in Figure 16 and the corresponding composite
sequence network diagram is shown in Figure 17. The subscripts “a, b, ¢” in Figure 16
represent the parameters on the low-voltage side of the transformer.

Ay
[a Ela
a AN—A)
Uab
v) (v
U L, Ey
c b “ A ~)
ch \J [c Elc
73 A o)
Figure 16. Test 6 wiring diagram.
Zya
I
Zra Zy *Vl Zgy E,
ZH—2 Iz
ZT-2 ZL-Z + V2 Zsr-2
I

Figure 17. Sequence network for Test 6.
The three tests described above lead to three sets of zero-sequence impedances.

Vi+Vo -2 Zyy1 1

I
_ Vi+Vo-21Z1 4
Zrg g = Ltlo=2ina (19)
Z - V1+V2_2112(HHT)71
(H|T)g-0 — I

The zero-sequence impedance of each winding of the autotransformer can be found
separately by using Equation (18).
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In this paper, the theoretical analysis of both the one-phase and two-phase disconnec-
tion tests on the high-voltage side of YNaOd11-type autotransformers is described.
The flowchart of the testing method proposed in this article is shown in Figure 18.

Enter the type of transformer to be
tested

One phase
disconnection test

Two windings

Number of windings?

Three windings

Test method?

Two phase
disconnection test

Apply processing
frequency three-phase
power supply on the
low-voltage side

Apply processing
frequency three-phase
power supply on the
low-voltage side

One phase
disconnection test

Test method?

v

v

Apply processing
frequency three-phase
power supply on the
low-voltage side

Apply processing
frequency three-phase
power supply on the
low-voltage side

Start disconnection test

Start disconnection test

Open circuit the high- Open circuit the two 1, measure the three- 4, measure the three-
voltage side winding of phase high-voltage side phase voltage and phase voltage and
one phase windings current on the low- current on the low-
l l voltage side voltage side
! !

Short circuit grounding
of the remaining two
high-voltage side
windings

Short circuit grounding
of the remaining phase
high-voltage side
winding

l

)

Start disconnection test

|

Measure the three-phase voltage and current on the
low-voltage side

|

Start disconnection test
2, measure the three-
phase voltage and
current on the low-
voltage side

Start disconnection test
5, measure the three-
phase voltage and
current on the low-
voltage side

v

)

Start disconnection test
3, measure the three-
phase voltage and
current on the low-
voltage side

Start disconnection test
6, measure the three-
phase voltage and
current on the low-
voltage side

v

Two phase
disconnection test

’ Substitute into the corresponding equation to solve the

v
’ Substitute into the corresponding equation to solve the
zero sequence impedance

[

zero sequence impedance
Finish

Figure 18. The measurement process of the zero-sequence impedance.

4. Simulation Verification
4.1. Double-Winding Autotransformer One-Phase and Two-Phase Disconnection Test

The method in this paper can be applied to the measurement of the zero-sequence
impedance of different autotransformers. Low-voltage field tests can be carried out using
common commercial UPS power supplies with a rated voltage of 380 V and a power
size of 500 kVA. To verify the practicality of the proposed method, a simulation model
of a 31.5 MVA 220/66 kV three-phase, three-column YNa-type autotransformer was con-
structed in MATLAB/Simulink 2018b. The parameters of the testing transformer are shown
in Table 2. Simulation verification of one-phase and two-phase disconnection tests was
carried out, and the results are illustrated in Tables 3 and 4.
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Table 2. Transformer parameters.
Capacity/kVA No-Load Loss/kW Load Loss/kW Short Circuit Impedance %
YNao 31,500 45 157 13
autotransformer
9 (High-Medium)
tfjio?lrlm . 63,000 30 132 28 (High-Low)
autotranstorme 20 (Medium-Low)
Table 3. One-phase disconnection test of double-winding autotransformer.
Standard Test One-Phase Disconnection Test
Measured Value High-Voltage Low-Voltage
Vo 1443V -
3y 33.58 A -
Vb - 3794V 399.8V
Ve - 3509V 4146V
Vea - 385.6 V 385.1V
Ly - 13.51 A 13.78 A
Ipe - 2298 A 23.65 A
I - 13.88 A 13.95 A
Zu(L|g)—o (%) 9.58 9.76 9.38
error - 1.88% —2.01%
Table 4. Two-phase disconnection test of double-winding autotransformer.
Standard Test Two-Phase Disconnection Test
Measured Value High-Voltage Low-Voltage
Vo 1443V - -
3l 33.58 A - -
Vb - 3583V 402.7V
Ve - 400 V ov
Ve - 361.3V 390.3V
I - 17.66 A 17.64 A
I - 0.522 A 0A
I - 0.522 A 0A
Zy(wL|g)—o (%) 9.58 9.65 9.69
error - 0.73% 1.15%

In accordance with the pertinent national standards for oil-immersed transformers,
the positive-sequence short circuit impedance Zyy .1 in Equations (7), (9) and (11) can be
assumed as 11%. Additionally, the values of V and I used in calculating the zero-sequence
impedance can be taken as the averages of V,, and V¢, and I, and I, respectively.
Comparing the calculated results with the standard values, the error for the one-phase
disconnection test on the high-voltage side is 1.88%; for the one-phase disconnection test
on the low-voltage side, it is —2.01%. In the case of the two-phase disconnection test, the
errors are 0.73% and 1.15% on the high- and low-voltage sides, respectively.

As evident from the provided table, the proposed disconnection test method demon-
strates a higher accuracy in calculating the zero-sequence impedance of a double-winding
autotransformer. In comparison to the standard measurement method, the error in calculat-
ing the zero-sequence impedance of the transformer using the low-voltage disconnection
test is less than 2%.

4.2. YNa0d11 Autotransformer One-Phase and Two-Phase Disconnection Test

To verify the low-voltage measurement method of the three-winding autotransformer
disconnection test proposed in this paper, a simulation model of a YNa0Od11 autotransformer
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(63 MVA 220/121/36 KV) was built in Simulink. The positive-sequence short circuit
impedance is 28% for Zyy,—1, 19% for Zt;_1 and 9% for Zyr_4. Tables 5 and 6 show the
measurement results of the different wire disconnection tests.

Table 5. One-phase disconnection test on high-voltage side of three-winding autotransformer.

Standard Test Disconnection Test
Measured Value Test 1 Test 2 Test 3
Vo 1926 V - - -
3l 4499 A - - -
Vb - 3164V 3193V 321.7V
Vie - 3152V 3171V 3194V
Vea - 396.3V 3964V 3982V
I - 375 A 393 A 414 A
Ip - 427 A 452 A 485 A
I, - 388 A 38.6 A 418 A
Zpg—o (%) 24.8 25.1 - -
Zrg—o (%) 16.8 - 173 -
Z(HHT)g—O (%) 17.2 - - 17.5
Error - 1.19% 2.97% 1.74%

Table 6. Two-phase disconnection test on high-voltage side of three-winding autotransformer.

Standard Test Disconnection Test
Measured Value Test 4 Test 5 Test 6
Vo 1926 V -
3l 4499 A -
Vab - 3843V 3784V 3782V
Ve - 400V 400V 398V
Vea - 396.2V 3946V 3835V
I, - 417 A 63.3 A 68.6 A
Ip - 0A 0A 0A
I. - 415 A 63.1 A 68.6 A
Zyg 0 (%) 24.8 249 - -
ZTg_O (%) 16.8 - 17.1 -
Z(HHT)g—O (%) 17.2 - - 17.5
Error - 0.40% 1.78% 1.74%

The theoretical analysis and simulation validation involve model simplifications and
equivalence measures to streamline calculations. While these measures may introduce
some errors into the final simulation results, the accuracy of the proposed method’s mea-
surements is found to be within 3%, based on the conclusive results. The observed error
is sufficiently small, making the method suitable for power system protection adjustment
and short circuit current calculation.

5. Conclusions

This paper addresses the shortcomings of the zero-sequence impedance measurement
method for autotransformers as specified in the ANSI/IEEE standard, which is not easy to
implement in the field, and proposes a disconnected test method for measuring the zero-
sequence impedance of autotransformers in the field with power applied to the low-voltage
side. The conclusions can be drawn as follows:

(1) Using the disconnection test to measure the zero-sequence impedance of the trans-
former to be tested, the test power supply is placed on the low-voltage side of the
transformer, reducing the difficulty and complexity of the test and reducing the cost
of the test while enabling the field measurement of the zero-sequence impedance of

autotransformers.
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(2) According to the proposed method, the test results were simulated and compared
to the standard measurement method. Although there were some errors, the overall
error was less than 3%, which proved the practicality of the proposed method, which
could be used in engineering practice.

This paper derives the measurement and calculation formulas for the zero-sequence
impedance of two-winding and three-winding autotransformers, and obtains a suitable
testing method for the zero-sequence impedance of autotransformers. Finally, the pro-
posed wire breakage test method was used to simulate and verify the dual-winding and
three-winding autotransformers. The simulation results showed that the method has high
accuracy, with an impedance percentage error of less than 3%. In order to facilitate calcu-
lations in the theoretical analysis of the proposed method, a pure inductance model was
used for the transformer. Although the zero-sequence impedance value that can be used in
engineering practice can be obtained, ignoring the resistance value in the zero-sequence
impedance will still have a certain impact on the experimental calculation results. Further
research is needed to improve the accuracy of this method.
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Nomenclature

Variables Explanation

Iy, Iy, Iy Positive-, negative-, and zero-sequence components of current I

V1, Va, Vo Positive-, negative-, and zero-sequence components of voltage V'
Z1,72>, 2o Positive-, negative-, and zero-sequence components of impedance Z

Zy1,ZH2, Zuo  Positive-, negative-, and zero-sequence components of high-voltage impedance Z
Z14,212, 210 Positive-, negative-, and zero-sequence components of low-voltage impedance Z7,

Zgy Zero-sequence excitation impedance
I abs I ber Iea Line current between two different phases
Vv Vier Vea Line voltage between two different phases
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