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Abstract: In order to ensure the safe and stable operation of a power system, the performance
evaluation of transformer windings after a short-circuit test can predict whether the windings are
deformed in order to provide a useful reference for the operation and maintenance of the power
sector. This paper proposes a method for evaluating the performance of transformer windings in
order to improve the overall effectiveness of a winding evaluation. The index data obtained based
on a short-circuit impedance method, frequency response method, and oscillation wave method
are used in the algorithm proposed in this paper. First, the transformer winding performance
evaluation index system is constructed. Second, the weight of each index is determined by analytic
hierarchy process, and then the fuzzy comprehensive assessment method is introduced, and the
fuzzy evaluation matrix is established, the evaluation results are calculated using the evaluation
formula. Finally, the maximum membership principle is used to determine the performance level
of the transformer winding on the evaluation results, and the evaluation results of the transformer
winding state are obtained. The example shows that the evaluation level of the measured transformer
winding performance can be obtained by this method as “good”. Compared with the traditional
method, this method can simplify the evaluation while maintaining higher accuracy.

Keywords: short-circuit test; transformer winding; performance; evaluation; analytic hierarchy
process; fuzzy evaluation method

1. Introduction

A distribution transformer is one of the most core equipment in a distribution net-
work; its main function is to transfer power and convert voltage [1] throughout the entire
distribution network. Its performance affects the safe and stable operation of the distri-
bution network [2,3]. According to the statistical data of the National Bureau of Statistics,
the annual output of distribution transformers in China has maintained a growth rate
of about 8% in the past five years; the number of distribution transformers is increasing.
With the increase of distribution network scale and equipment capacity year by year, the
operation problem of distribution transformers is increasingly prominent. The failure rate
of the sampling distribution transformer short-circuit test in the South China Grid from
2012 to 2018 is 43.73%, which will not only cause significant economic losses, but also
affect the stable operation of power. Therefore, it is urgent to develop several transformer
condition monitoring systems and fault diagnosis techniques to identify the critical degree
of transformer health and its remaining life [4].

At present, the transformer evaluation after short-circuit test needs a hanging inspec-
tion, and the hanging inspection will consume huge manpower and material resources [5].
There is no unified standard for a winding quality evaluation after transformer short-circuit
test, according to the national standard GB1094.5-2008: Transformers can withstand exter-
nal short-circuit thermal and dynamic stability without damage. However, no quantitative
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standard threshold judgment is given for the definition of non-damage [6,7]. Therefore,
evaluation of the integrity of the transformer windings after a short-circuit test has gradu-
ally attracted people’s attention [8].

Domestic and foreign scholars have performed considerable research on transformer
winding fault diagnosis. In 1966, Poles proposed the low voltage pulse method [9], by
comparing the waveform of the input signal and the output signal, it can detect whether
the transformer passes the short-circuit test. However, this method is vulnerable to inter-
ference and has weak repeatability; the short-circuit impedance method [10] is used to
determine whether winding deformation occurs by measuring the short-circuit impedance
value of the transformer. This method is simple and easy to operate and has been in-
cluded in the standard. But the detection sensitivity is low, and it is difficult to detect the
slight deformation of the winding. Canadian expert E. P. Dick proposed the frequency
response method [11] to determine the winding deformation by measuring the response
characteristics of the winding network. It has become an accurate and effective method
through numerous significant works [12-17]. This method is sensitive to slight winding
deformation but susceptible to uncertainties. Since then, many other scholars [18,19] have
conducted extensive work in this field> The vibration analysis method [20,21] uses the vi-
bration sensor attached to the tank to obtain vibration characteristics to determine whether
the winding is deformed. However, for high-power transformers, Saponara et al. [22]
used a distributed measurement node network of the system to diagnose mechanical
stress based on vibration. Wu zhenyu, a Chinese scholar, proposed the oscillation wave
method [23] to realize the performance evaluation of transformer winding without sling
by establishing the corresponding relationship between the oscillation wave index and
the internal parameters of the system [24-27]. This method has a strong anti-interference
ability and good repeatability, but it is difficult to detect slight deformations.

Different methods have different response and sensitivity to winding faults, such as
slight deformation, moderate deformation, heavy deformation, short-circuit, and broken
circuit. Based on this, the winding evaluation methods are: short-circuit impedance
method [10], frequency response method [11], and oscillation wave method [23]. In this
paper, the short-circuit impedance method, frequency response method and oscillation
wave method are used to evaluate transformer winding. To evaluate the performance
of distribution transformer winding after a short-circuit test, and in-depth study of the
mechanism of this methods and finding the appropriate indicators will be performed.

In summary, in order to more accurately, reliably and effectively evaluate the perfor-
mance of transformer winding, ensure the quality of transformer products, and maintain
the safe and stable operation of distribution network, research on the winding perfor-
mance evaluation method of distribution transformer based on short-circuit test is of
great significance.

2. Methods and Experiment
2.1. Theoretical Basis of Evaluation Method
2.1.1. Measurement Principle of Transfer Function Method

When the transformer passes the short-circuit test, the performance evaluation of
the transformer winding must be conducted. At this time, the transfer function method
plays an important role [28]. The degree and type of transformer winding faults can
be classified by extracting the corresponding parameters in transfer function [29]. At
high frequency, the magnetic resistance of transformer iron core is almost equal to that of
air. At this moment, RLC of transformer winding itself constitutes a two-port network,
and the transfer function H(jw) is expressed as the transfer characteristics of the two-
port network. When the transformer winding state changes, the RLC parameters in the
transformer system are affected, and the transfer function is also changed. Thus, as long
as the difference of transfer function before and after short-circuit test is compared, the
internal situation of transformer can be understood, to realize the performance evaluation
of transformer winding.
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Two-port network means a network with a pair of input ports and a pair of output
ports [30], as shown in Figure 1, satisfying:

h=LL=1 1)
]1 12
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Figure 1. Current-voltage relationship of linear two-port.

I and Ij are the currents at port 1 — 1/, the same as I.

If there is no power inside the network, and only RLC is included; the network is a
passive linear two-port network.

When using a two-port network to analyze a circuit, after determining the parameters
that characterize the two ports (such as voltage and current), these parameters can be used
to compare the performance of different two ports in transmitting electrical energy and
signals, to evaluate their quality.

2.1.2. Transformer Equivalent Circuit Model

When the transformer winding is excited by a high-frequency voltage signal with
a frequency greater than 2 kHz, the permeability of the inner core of the transformer is
almost the same as that of the air medium, and the role of the core can be ignored at
this time. Therefore, the entire winding of the transformer can be seen as a distributed
parameter network composed of resistance, inductance and capacitance [31,32]. Figure 2
shows the equivalent circuit diagram of the n-level distributed parameter network stud-
ied in this paper. In Figure 2, L, and R, represent winding inductance and resistance
respectively,n = 1,2,3- - -, Cs; and R, represent intercake or interturn capacitance and
conductance, respectively, Cg;, and Rgy, represent earth capacitance and conductance of
winding, respectively. The physical structure and insulation materials of the transformer
determine the RLC parameters in the equivalent circuit. When the transformer winding is
deformed or short-circuited, the value of RLC will change, such that the transfer function
will also change.

R~ R~ R R
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Figure 2. Simplified equivalent model of winding.

2.1.3. The Calculation of Circuit Parameters in the Model

The key to the model parameter calculation of a power transformer is the distribution
parameter calculation at high frequency [33]. To analyze the specific calculation process of
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the dielectric constant, distributed capacitance and distributed inductance parameters in
the simplified equivalent model of transformer windings, we can use simulation software
to build a distributed parameter network and perform circuit simulation on transformer
windings. By changing the parameters of the equivalent circuit of the windings, we can
simulate the transformer windings with different degrees of deformation and different
types of faults, in order to evaluate the windings.

1. Calculation of dielectric constant.

The insulation medium of transformer capacitance between cakes is mainly the in-
sulation of different potential parts of the same winding; thus, the equivalent dielectric
constant calculation of capacitance between cakes:

€de = Loaii“l 2
€0e Ep
In the form: a; is the insulation thickness between cakes; ag is the width of the oil
channel; a,, is the thickness of wire cake insulating paper; ¢, is the equivalent dielectric
constant; ¢, is the dielectric constant of insulating paper.
The equivalent dielectric constant ey, of the main insulation gap between windings
can be calculated according to the following formula:

Aw
Ewe = a p " } 3)
+ fo P
w Spdp Sogdo €pbdpb

In the form: a,, is the main insulation distance between windings; dy, is the average
diameter of the main channel between windings; a,, is the thickness of each panel between
windings; d, is the balanced diameter of the innermost layer of the outer winding and
the outermost conductor turn insulation of the inner winding; ¢, is the oil gap dielectric
constant between two windings; dy is the average diameter of each oil gap between
windings; d 4 is the average diameter of each panel between windings.

2. Calculation of distributed capacitance.

Because the winding and the iron core are similar to the arrangement of coaxial
cylinder, the capacitance Cgyy between the innermost winding and the iron core is [34]:

_ gnDyH
SO (i tsona
(@ + gsalid)
In the form: Dy, is the average diameter between two windings; t,;; is the thickness of
oil between two windings; t,;;4 is the thickness of solid insulation between two windings;

H is the average height of winding.
The capacitance between cylindrical conductor and ground is:

(4)

2eH
c= 5)
cosh™ (%)
In the form: R is the radius of cylindrical conductor; s is the distance from the center
of the cylindrical conductor to the ground plane.
Therefore, the capacitance between the outermost winding and the fuel tank is:

2megH toil + Esolid

coshfl(%) (iﬂ) + (M

€oil €solid

Cgt = ) (6)
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In the transformer, the distance between two turns and two cakes can be regarded as
the calculation of parallel plate capacitor. Turn-to-turn capacitance is:

_ goep X Dy (w + tp)

Cr (7)

tp

In the form: g is the dielectric constant of vacuum; ¢, is the relative dielectric constant
of paper insulation; Dy, is the average diameter of winding; w is the axial bare width; ¢, is
the total thickness of paper insulation.

Similarly, only considering the structure, the total capacitance between the two axial
continuous cakes is [35]:

€0kt Dm (R + ) 4 €0(1 —k)tDm(R + t5)

t t t t
P s P Is
€p + €oil €p + €s

®)

Cpa =

3.  Calculation of distributed inductance.

When the frequency is high, the iron core of the transformer plays a smaller role, and
the winding plays a larger role. Since the transformer winding can be regarded as a planar
coil, the formula of the inductance is:

Ho 2
Lo = =d¥ 9
0= g d¥w )

In the form: d is the average diameter of the coil; w is the number of turns between
two adjacent line cakes; y is the vacuum permeability; ¥ is the correlation function.

2.2. Analysis of Evaluation Methods

A transformer winding needs to be tested after short-circuit test to evaluate its quality.
The evaluation results can divide the transformer quality into two levels: qualified and
unqualified. The qualified degree is subdivided into excellent, good and medium, and the
unqualified degree is subdivided into poor, worse and very bad, as shown in Table 1.

Table 1. Transformer quality and its definition.

Qualification of

Level Definition
Transformer
Transformer after short-circuit test, using various methods for transfer
excellent function comparison, no change, no insulation damage, a variety of excellent
Qualification performance.
After the short-circuit test of the transformer, various methods are used to
good compare the transfer function, which basically does not change and has good
performance.
After the short-circuit test of the transformer, the transfer function is compared
medium by various methods. There is slight change and slight deformation of the
winding, but it does not affect the performance of the transformer.
poor Transformer insulation damage and winding deformation
Disqualification worse Serious damage to insulation, winding damage, winding deformation.
very bad Winding breakup of transformer.

For the quality of the transformer, the relationship between the three methods and
the quality of the transformer can be established to evaluate the performance of the trans-
former winding.

According to the capacitance formula:

&S
" 47tkd

(10)
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In the form: ¢ is the relative dielectric constant of the medium; S is the positive area
of the bipolar plate; 7r is the circumference rate, k is the constant of electrostatic force,
which is 8.9880 x 10Nm/C; d is the vertical distance between the two plates. According to
Formula (10), due to the dielectric constant inside the transformer containing insulation
paper, insulation pad and strut, insulation oil and other composite insulation dielectric
constant, the dielectric constant is basically unchanged. When the winding deformation
occurs, the internal effective area almost does not change; then, the equivalent capacitance
is inversely proportional to the distance between the two plates.

The quality index of evaluating transformers can be divided into 6 grades: excellent,
good, medium, poor, worse, very bad. When the deformation degree of the transformer
winding is 0%, the transformer has no deformation and the quality index is excellent. When
the degree of deformation of the winding is 2-5%, the deformation of the transformer is
not obvious, and the quality index is medium. When the degree of deformation of the
winding is 5-10%, the transformer is slightly deformed and the quality index is poor. When
the degree of deformation of the winding is 10-30%, the transformer is deformed and the
quality index is worse. When the degree of deformation of the winding is 30% and above,
the transformer is severely deformed, and the quality index is very bad. As shown in
Table 2:

Table 2. Percentage of winding displacement corresponding to changes of capacitance or inductance parameters and

transformer quality.

Quality Index Excellent Good Medium Poor Worse Very Bad
Percer}tage of winding 0 0-29% 2 50, 5.10% 10-30% 30% and
displacement above
. o o o o 23.08% and
Percentage of capacitance change 0 0-1.96% 1.96-4.76% 4.76-9.09% 9.09-23.08% above

2.2.1. Index Analysis of Short-Circuit Impedance Method

Transformers with short-circuit impedance method generally have tap-changer, and
the fractional value z of short-circuit impedance is expressed as:

2= 2 L 100% (11)
Zref

In the form, Zj is the short-circuit impedance; Z,, is the reference impedance; the
virtual part of Xy is Zy, which is short-circuit reactance, where Z,, ¢ is expressed as:

U2
Zref = S (12)

U represents the voltage of Zy and Z,, s windings; S, is the base value of rated capacity.

For the transformer winding, if one of the windings deforms, the inductance Lj
of the phase will change; thus, the values of Xy, Zx and z will also change. At this
time, the deformation of the winding can be speculated by measuring the values of the
three parameters.

As shown in Figure 3, the transformer is performing a short-circuit test. According to
the short-circuit impedance data of distribution transformer before and after short-circuit
test provided by multiple power supply companies, the relationship between impedance
change and winding deformation can be obtained, and the test is qualified or not, in order
to realize the performance evaluation of transformer winding, as shown in Table 3.
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Figure 3. Short-circuit testing transformer.

Table 3. Comparative analysis of short-circuit impedance of distribution transformer before and after
short-circuit test.

Rate of Change of Reactance

%) Deformation Degree Qualified Test
-84 Deformation Poor
-5 Deformation Poor
—6.3 Deformation Poor
33 Serious deformation Very bad
45 Serious deformation Very bad
-2 No deformation Medium
0 No deformation Excellent
4.5 Slight deformation Poor
0.42 No deformation Good
44 Serious deformation Very bad
71 Serious deformation Very bad
45 Serious deformation Very bad
17.7 Serious deformation Very bad
—0.94 No deformation Medium
0.92 No deformation Medium
1.6 Slight deformation Worse
1.5 Deformation Worse
-11 Slight deformation Worse
0.36 No deformation Good
3.6 Slight deformation Worse
0.36 No deformation Good
0 No deformation Excellent
0 No deformation Excellent
2.3 Slight deformation Worse
0 No deformation Excellent
25 Serious deformation Very bad
-11 Slight deformation Worse

In view of the above deformation, the law between the change rate of transformer
short-circuit impedance and the degree of deformation is obtained, as shown in Figure 4.
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Figure 4. Relationship between short-circuit impedance change rate and deformation degree of
transformer winding.

In the short-circuit impedance method, the change rate of short-circuit impedance
reflects the winding deformation of distribution transformer. Therefore, the short-circuit
impedance method can be used to evaluate the performance of transformer winding in
most cases. However, due to the overlapping data of no deformation and slight defor-
mation, it is difficult to determine whether deformation occurs for the overlapping part.
According to the Chinese electric power industry standard DL/T1093-2018 and the horizon-
tal comparison method of circuit impedance, this paper obtains the following conclusions,
as shown in Table 4.

Table 4. Short-circuit impedance change rate threshold of distribution transformer winding quality.

Excellent Good Medium Poor Worse Very Bad

Change rate of short-circuit

impedance (%)

0 0-0.5 0.5-2.5 1-5 5-15 15 and above

2.2.2. Indicator Analysis of Frequency Response Method

Figure 2 shows the simplified transformer model. It is assumed that the distributed
inductance, distributed capacitance and self-resistance of transformer winding are uni-
formly distributed, L1 = Ly = --- =Ly, Rgg = Ryp = -+ = R, Cs1 = Csp = - -+ = Cyyp,
Co1 = Cgp = -+ = Cgn, Rgy = Rgp = -+ = Rgy. According to the frequency response
method, when the equivalent model of the transformer is selected as N turns, the fre-
quency response characteristics of the transformer winding will appear as N — 1 peaks
and N valleys. In this paper, if N = 7, there will be 6 peaks, 7 valleys showing alternating
phenomenon. The transfer function can be calculated by Formula (13):

H(f) =20 x lg‘ “Zgji ’ (13)

V1 is the input signal and V; is the output signal.

When the transformer winding deformation and other abnormalities occur, the in-
ternal RLC parameter will change, which makes the peak and valley of the frequency
response obtained by the frequency response method change. In Multisim simulation, by
changing the distribution parameters in the simulation model, we observe the relationship
between the parameters and the frequency response, and then compare the FRA results in
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normal and fault conditions [36]. Therefore, the frequency variation percentage of the peak
valley is used to evaluate the winding performance of the transformer. The formula is:

Af = f”zfnlf”l x 100% (14)

Among them: Af is the peak valley frequency change percentage; f,; is the n reso-
nant frequency of a winding without deformation; f,,, is the n resonant frequency of the
deformed winding.

1.  Influence of inductance parameter variation on frequency response results of trans-
former.

According to the simulation, the influence data of the frequency response of the
transformer when the inductance is broken or short-circuit is extracted and processed, as
shown in Figure 5.

V(Norma V(Short circuit between cakes V(Break between cakes]
7 ( I} v [ ) ] ( )

0 ... AN AA N
__-100
an}
% -200 10,000 .
3 200 . QL N
'E %4000 \—‘:—w
o § 56667 A
g 40 AR ANAV/V /||
_500 * Uwzsk 100k - 3\42k
Frequency (Hz)
-600
1k 10k 100k M 13M

Frequency (Hz)

Figure 5. The frequency response of the transformer under the condition of inductance short-circuit
breaking.

As shown in the Figure 5, it can be clearly seen that the frequency response in the mid-
dle and low frequency is different from that of the normal winding when the transformer is
short-circuited and broken. When the first cake inductance is short-circuited in the middle
and low frequency bands, the peaks and valleys of the winding are less than those of the
normal peak and valley, and the frequency value of the peak is larger than the percentage
of the frequency change under the normal frequency. When the first inductance is broken,
the frequency relative to the normal value changes to decrease, and the peak value of the
whole wave is shifted downward. Therefore, the frequency response method is easy to
distinguish between the winding short-circuit and broken.

The influence data of the change of the first cake inductance of the transformer winding
from —30% to 30% on the frequency response results of the transformer are extracted and
processed, as shown in Figure 6.
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—o— Percentage change of the first peak —e— Percentage change of the second peak
—o— Percentage change of the third peak Percentage change of the fourth wave peak
—o— The fifth peak change percentage —— The sixth peak change percentage

6.00%

5.00%
4.00%
3.00%
2.00%
1.00% g .
0.00%
g -1.00%
-2.00%
-3.00%
-4.00%
-5.00%

-30.00% -20.00% -10.00% 0.00% 10.00% 20.00% 30.00%

Percentage of inductance change

Peak frequency change percentage

Figure 6. Breakline diagram of peak change of wave with inductance change.

With the increase of inductance parameters, the frequency response of the transformer
shows that the frequency of the resonant point peak becomes smaller. Similarly, with the
decrease of inductance parameters, the frequency response of the transformer shows that
the frequency of the resonant point peak increases.

2. Influence of capacitance parameter variation on frequency response results of the
transformer.

The ground capacitance values of the first to seventh turns are changed from —30% to
30%, and the influence of the ground capacitance changes on the transformer peak changes
is obtained, as shown in Figure 7:

—e— Percentage change of the first peak —e— Percentage change of the second peak
—o— Percentage change of the third peak Percentage change of the fourth wave peak
—o— The fifth peak change percentage —o— The sixth peak change percentage

0.00%

Percentage of peak change
ot e e e
=3 =3 [=3 =3
=3 (=3 S =}
B

0.00%
-30.00%  -20.00%  -10.00% 0.00% 10.00% 20.00% 30.00%

Cgl Increase percentage

(a)

Figure 7. Cont.
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(e)

Figure 7. Cont.
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*— Percentage change of the third peak Percentage change of the fourth wave peak
—o— The fifth peak change percentage —o— The sixth peak change percentage
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(f)

—e— Percentage change of the first peak —o— Percentage change of the second peak
—o— Percentage change of the third peak Percentage change of the fourth wave peak
—e— The fifth peak change percentage —*— The sixth peak change percentage
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-4.00%
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Cg7 Increase percentage

(g)

—8— Percentage change of the first peak —&— Percentage change of the second peak

Percentage of peak change

—o— Percentage change of the third peak Percentage change of the fourth wave peak
—8— The fifth peak change percentage —o— The sixth peak change percentage

0.00%

0.00%

0.00% >———9
0.00%

0.00%

0.00%
0.00%

0.00%

Percentage of peak change

0.00%

0.00%
-30.00% -20.00% -10.00% 0.00% 10.00% 20.00% 30.00%

Cg8 Increase percentage

(h)

Figure 7. Influence of ground capacitance change on transformer peak frequency change: (a) The
influence of Cgl change on the change of wave peak frequency; (b) The influence of Cg2 change on
the change of wave peak frequency; (c) The influence of Cg3 change on the change of wave peak
frequency; (d) The influence of Cg4 change on the change of wave peak frequency; (e) The influence
of Cg5 change on the change of wave peak frequency; (f) The influence of Cg6 change on the change
of wave peak frequency; (g) The influence of Cg7 change on the change of wave peak frequency; (h)
The influence of Cg8 change on the change of wave peak frequency.

It can be seen from the figure that when the ground capacitance parameter changes,
the law of peak frequency change is a symmetrical relation between the end winding and
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the head winding. For the winding wire cake at the head and tail ends, the increase of the
ground capacitance is not obvious for the frequency change of the peak. For the middle line
cake, when the ground capacitance changes, the change percentage of the peak frequency
decreases linearly.

For the internal equivalent model of the transformer, when the parameters of the
transformer simulation model change, the frequency response will also change. As shown
in Table 5.

Table 5. Frequency response frequency change and test qualification analysis.

Percentage of Parameter Frequency Change .
Change Percentage Quality Index

0 0 Excellent

0-1.96% 0-0.27% Good
1.96-4.76% 0.27-0.65% Medium

4.76-9.09% 0.65-1.25% Poor

9.09-23.08% 1.25-3.18% Worse
23.08% and above 3.18% Very bad

2.2.3. Indicator Analysis of Oscillation Wave Method

The performance evaluation of transformer winding is realized by the oscillation wave
impact method. In the case of no impact on the system, a step or pulse signal is injected
into the transformer to produce an impulse response or a step response [37]. In the case
of no influence on the system, the step or pulse signal is injected into the transformer to
produce the impact response or step response. The internal characteristics of the electrical
equipment are identified by the various parameters of the system, and the relationship
between the parameters of the oscillation wave and the deformation of the system is
established in order to form a transformer winding performance evaluation system based
on the oscillation wave.

The internal structure of the transformer at high frequency can be regarded as a series
circuit composed of distributed parameters such as RLC [38,39]. As shown in Figure 8:

Ri ¢

AN |
||

+
Ve T
|

Figure 8. Series circuit.
When t = 0, the switch S is closed, applying the KVL and VCR theorem:

Ri+up +uc = ug(t) (15)
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Its characteristic root is:

R R\%> 1

When the circuit is under damped, it will oscillate:

L
R < 2\/; (17)

uc = Ae % sin(wt 4 B) (18)

Then, uc is:

The performance of transformer winding is evaluated by oscillation wave method, as
shown in Figure 9:

+ Mp overshoot
h(t)

Permissible error, |

1h(°)
0.9h(so)| """}

0.5h(co)f 0.02 or 0.05

0.1h(=°)-7
0

ts

Figure 9. Oscillation wave curve of unit step response representing performance index.

In the form: f is the oscillation frequency of the response curve; t; is the time required
for the response curve to rise from zero to 50% of the steady-state value; ¢, is the time
required to increase the response curve from 10% to 90%; tp is the time required for the
response curve to rise to zero at the first peak; t; is the shortest time to keep the response
curve within the allowable error range. M, is the difference between the maximum peak
value of the response curve and the steady-state value.

1. Influence of inductance parameter variation on oscillation wave system index.

When the first inductance is short circuited or broken, it can be judged that the
waveform indexes of the oscillation wave are different under normal conditions and short
circuited or broken conditions, as shown in Figure 10:
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Figure 10. Waveforms of oscillation waves in normal and first cake short circuit and break: (a) short-
circuit; (b) break.

When L short circuits, the frequency changes greatly, while tg, t,, t,, ts, M, are
decreased; when L is broken, the oscillation wave cannot start to vibrate, f; becomes
smaller, ¢,, tp, ts and the Mp becomes larger.

The effect of changing the inductance of the first disc of the transformer winding from
—30% to 30% on the index data of the oscillating wave system is shown in Figure 11.
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—e— Frequency change percentage —o— Percentage change of delay time
Percentage of rise time change Peak time change percentage

—o— Percentage of adjustment time change —®— Percentage of overshoot change
6.00%

5.00%

4.00%

3.00%

2.00%

1.00%

0.00%
-1.00%
-2.00%
-3.00% o~
-4.00%

-30% -20% -10% 0% 10% 20% 30%
Percentage change in inductance of first cake

Percentage change of index
parameters

Figure 11. Influence of inductance variation of first cake on oscillation wave index parameters.

By changing the inductance parameters, the following conclusions are obtained, as
shown by Table 6 shows.

Table 6. Threshold of inductance parameter variation on quality index.

Percentage Change of

Transformer Equivalent Freqll).l ency Change Perc.entage of Rise Quality Index
Inductance Parameter ercentage Time Change
0 0 0 Excellent
0-1.96% 0-0.11% 0-0.06% Good
1.96-4.76% 0.11-0.27% 0.06-0.13% Medium
4.76-9.09% 0.27-0.52% 0.13-0.26% Poor
9.09-23.08% 0.52-1.33% 0.26-0.65% Worse
23.08% and above 1.33% and above 0.65% and above Very bad

2. Influence of ground capacitance parameter variation on the index of oscillation
wave system.

The equivalent parameters of each cake ground capacitance are increased by 10%, and
the index data of the transformer oscillation wave system are extracted and processed, as
shown in Figure 12.

—e— Frequency change percentage —e— Percentage change of delay time
Percentage of rise time change Peak time change percentage
—e— Percentage of adjustment time change —o— Percentage of overshoot change

0.60%

0.40%

0.20%

0.00%

-0.20%

-0.40%

-0.60%

-0.80%

-1.00%
1

5

3 4 5 6 7 8 9

Percentage change of oscillation wave index

10 % change in capacitance per cake

Figure 12. The broken line diagram of the influence of the increase of the ground capacitance of each
cake winding of the transformer on the index of the oscillation wave system.
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The equivalent parameters of the ground capacitance of the first cake increased from

—100% to 200%. The index data of the transformer oscillation wave system are extracted
and processed, as shown in Figure 13.

Percentage change of oscillation wave index

—+— Irequency change percentage —o— Percentage change of delay time

Percentage of rise time change Peak time change percentage

—o— Percentage of adjustment time change
12.00%

10.00%
8.00%

*— Percentage of overshoot change

6.00%

4.00%
2.00% S~
0.00%
-2.00%
4.00%
-6.00%
-8.00%

—e

~e

=10.00%

-100.00%

-50.00%

P

0.00% 50.00% 100.00% 150.00% 200.00%

ercentage change of the first cake to ground capacitance

Figure 13. The variation law of oscillation wave parameter index with the first cake to ground capacitance.

By changing the capacitance parameters, the following conclusions are obtained, as

shown by Table 7.

Table 7. The threshold value of transformer equivalent capacitance parameter variation on quality index.

Percentage Change of

Transformer Equivalent Fl‘qul’.l ency Change Perc.entage of Rise Quality Index
Capacitance Parameters ercentage Time Change
P
0 0 0 Excellent
0-1.96% 0-0.04% 0-0.09% Good
1.96-4.76% 0.04-0.09% 0.09-0.21% Medium
4.76-9.09% 0.09-0.18% 0.21-0.41% Poor
9.09-23.08% 0.18-0.45% 0.41-1.03% Worse
23.08% and above 0.45% and above 1.03% and above Very bad

For the degree of deformation of transformer winding to take the principle of large,

considering the selection of the threshold of ground capacitance change, the frequency
changes percentage and the rise time changes percentage value as the threshold of trans-
former quality index. The percentage of frequency change and the percentage of rise time
are considered as the transformer quality index, as long as one index is set as a low quality
gear. As shown in Table 8.

Table 8. Frequency change percentage or rise time percentage threshold.

Frequency Change Percentage of Rise Time .
Percentage Change Quality Index
0 0 Excellent
0-0.11% 0-0.09% Good
0.11-0.27% 0.09-0.21% Medium
0.27-0.52% 0.21-0.41% Poor
0.52-1.33% 0.41-1.03% Worse
1.33% and above 1.03% and above Very bad

3. Discussion and Results

In this paper, the method of combining the analytic hierarchy process (AHP) and

the fuzzy comprehensive assessment (FCA) is used to comprehensively evaluate the
performance of the transformer winding [40]. AHP uses multiple criteria decision-making
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methods; it uses the factors contained in the system and related situations to express a
complex problem as an orderly hierarchical structure, determines the relative importance
of each factor in the hierarchy through mutual comparison, and then integrates human
judgments to determine the order of the relative importance of the factors [40]. Since the
index corresponding to each method is unique, the standard for evaluating the winding
performance score is also unique. Appropriate selection can significantly improve the
efficiency of analysis [41]. The combination of the two methods is used to discuss the
indicators obtained from the transformer windings in order to realize the comprehensive
evaluation of the transformer winding performance.

3.1. Establish Hierarchical Structure of Comprehensive Evaluation Influencing Factors

When AHP is used to analyze the comprehensive evaluation factors, it is necessary to
group them and form different levels to build a hierarchical model. As shown in Figure 14,
the target layer is to evaluate the performance of transformer winding; the criteria layer
is the three methods to realize the evaluation; index layer is to obtain the corresponding
evaluation index through the test of three methods.

short-circuit reactance

Short-circuit impedance value P11

method R1
— Number of peaks and valleys P21
Comprehensive P
evaluation of transformer requency response Peak frequency Change Percentage
.. method R2 P22
winding performance G

Percentage change of trough
frequency P23

Oscillating wave
— method R3 Frequency change percentage P31

Percentage change of delay time
P32

— Percentage of rise time change P33

I Peak time change percentage P34

Percentage of adjustment time
change P35

—Percentage of overshoot change P36

Figure 14. Analytic hierarchy process model for comprehensive evaluation of transformer winding
performance.

3.2. Construct a Judgment Matrix and Calculate the Weights

By comparing the relative importance of each factor with respect to the factors of the
previous layer, we used a scale of 1-9. We established a judgment matrix to obtain the
maximum eigenvalue Amay, feature vector W, consistency index C; and consistency ratio
Cr of the judgment matrix. The meaning of the 1-9 scale is shown in Table 9.
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Table 9. Scale meaning.

Scalea;; The Meaning of Index i to j
1 Two factors are equally important
3 The former factor is slightly more important than the latter
5 The former factor is obviously more important than the latter
7 The former factor is more important than the latter
9 The former factor is more important than the latter factor
2,4,6,8 Median value between adjacent factors
. In the degree of importance, the ratio of i to j is a;;,then the ratio
reciprocal S 1
ofjtoiisa; = a5

In R, a;; is the ratio of the importance of i to j.

For the evaluation of transformer winding performance, the evaluation matrix of the

criterion layer R to the target layer G is calculated. As shown in Table 10.

Table 10. Judgment matrix of R layer to G layer.

G R, R, R;
R, 1 2 2
Ry 1/2 1 3
R; 1/2 1/3 1

In the same way, the judgment matrix of the index layer P to the criterion layer R can
be calculated, as shown in Tables 11-13.

Table 11. Judgment matrix of the index layer P to the criterion layer R;.

Py
1
Table 12. Judgment matrix of the index layer P to the criterion layer R,.
Ry Pn Py Py
P 1 3 3
Py 1/3 1 2
P 1/3 1/2 1
Table 13. Judgment matrix of the index layer P to the criterion layer R3.
Rs Py Psy Ps3 Py P35 Psg
Py 1 3 2 8 8 3
Psp 1/3 1 1/2 5 5 1
Pi3 1/2 2 1 7 7 2
P34 1/8 1/5 1/7 1 1 1/5
P35 1/8 1/5 1/7 1 1 1/5
P3¢ 1/3 1 1/2 5 5 1

We calculated the relative weight of each factor under a certain criterion according
to the judgment matrix. This paper uses the square root method to calculate the feature
vectors W and maximum eigenvalue Amax of the judgment matrix.

First, calculate the square root:

(19)
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Then, normalize it:

Wi = — (20)
L v
i=1
Let the approximate feature vectors W be:
W = [wy, wy, - - - wy] (21)
Calculate the maximum eigenvalue of the judgment matrix A:
1& (A-W)
/\max - El; wl (22)
Finally, use the Formula (23) to calculate the consistency target:
Amax — 11
- - 2
C p— (23)
The Agmax of the maximum eigenvalue of R to G is:
AGmax = 3.0536 (24)
: G WG WG ) —
Weights (w WG, WRS) = (0.5278,0.3325,0.1396).
The AR, max of the maximum eigenvalue of P to R; is:
Aleax =1 (25)
: R
Weights (WP]1> = (1).
The AR,max of the maximum eigenvalue of P to R; is:
ARymax = 3.0536 (26)
. Ry 1a7R2 1o7R
Weights (Wj2, WE?, WE? ) = (0.5936,0.2493,0.1571).
The AR;max of the maximum eigenvalue of P to Rj is:
ARzmax = 6.0806 (27)

. Ry 1aRs 1a7Rs 1a/Rs 1a/Rs pa7R
Weights (W > W Wp, Wp, Wp?, WP:) = (0.38,0.1489,0.252,0.0351,0.0351, 0.1489).
Finally, calculate the consistency ratio:

_ G

Cp = —L
R= Cq

(28)
If Cr < 0.1, then the judgment matrix A reaches the consistency condition; if Cg > 0.1,
then A is not reached the consistency condition. Calculate the positive and negative matrix

1000 times to obtain Rj, as shown in the following Table. As shown in Table 14.

Table 14. Average stochastic index R;.

The Order of the 1 2 3 4 5 6 7 8 9 10
Matrix
R 0 0 052 08 112 026 036 041 046 049

Calculation by the Formula (28):
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Criterion layer R to target layer G, C; = 0.0268, Cr = 0.0515 < 0.1; Index layer P to
criteria layer Ry, C; = 0, Cg = 0 < 0.1; index layer P to criteria layer Ry, C; = 0.0268,
Cr = 0.0515 < 0.1; Index layer P to criteria layer R3, C; = 0.0161, Cr = 0.062 < 0.1.

The corresponding consistency ratio is:

G
Wchlj
CR="—
G
WERy,

=0.0179 < 0.1 (29)

Mo | T

j=1

3.3. Construction of a Fuzzy Evaluation Matrix for Comment Sets

There are six comments in the comment set for transformer winding performance
evaluation: {excellent, good, medium, poor, worse, very bad}.The corresponding score set
is {6, 5,4, 3,2, 1}. Through the questionnaire or the expert group according to the above-
mentioned principles, the score statistics of the test comprehensive evaluation indicators
shown in Table 15 are obtained.

Table 15. Score statistics of each index of comprehensive testability evaluation.

Evaluation Excellent Good Medium Poor Worse Very Bad
Index
P 5 84 8 2 1 0
Py 7 71 10 9 0 1
Py 1 48 21 13 14 3
Py 5 63 7 20 3 2
Py 2 65 12 11 10 0
P3; 0 75 10 9 3 3
Ps; 5 74 6 14 0 1
Py 3 70 9 10 8 0
Ps5 3 78 5 8 4 1
Psg 4 89 4 0 2 0

Obtain the fuzzy evaluation matrix according to Table 15:

riin Tz o Yiln
Tio1 Tizz c Yion )

Si= ) . .|, 1=123 (30)
Timl VYim2 °° Vimn

In the formula, m is the number of indicators in the indicator layer; # is the number of
comment sets; i is the serial number of a single factor, which represents a certain stage of
testability design.

Therefore:

T 0.05 0.07 0.01 005 002 0 0.05 0.03 0.03 0.04

51 0.84 071 048 063 065 075 074 070 0.78 0.89
6T — 52 | 008 010 021 0.07 012 010 0.06 0.09 0.05 0.04
: 0.02 0.09 013 020 011 0.09 0.14 0.10 0.08 O
S10 001 0 014 003 010 003 0 008 0.04 0.02
0 o001 O 002 0 003 001 0 o001 O
(31)

The comprehensive evaluation value B is obtained by calculating the comprehensive
index of fuzzy evaluation:

B = Wg = [0.0476,0.7581,0.0951, 0.0631, 0.0254, 0.0065] (32)
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Calculate the score according to the principle of maximum membership:

U= 0.0476 x6+40.7581 x5+0.0951 x 4+-0.0631 x 34-0.0254 x 24-0.0065 x 1
- 0.0476+-0.7581+0.0951+0.0631+0.0254+-0.0065 (33)
=4.7031

The U value is close to 5. According to the comment score set, the comprehensive eval-
uation of the quality of the transformer winding performance is close to the level “good”.

4. Conclusions

According to the performance of transformer windings after short-circuit test, this
paper defines a set of reviews of transformer winding performance: {excellent, good,
medium, poor, worse, very bad}; the corresponding score set is {6, 5, 4, 3, 2, 1}. Based on
the short-circuit impedance method, frequency response method, and oscillating wave
method, the quantitative relationship between the performance of the transformer and
the respective indicators of the three methods is obtained, and the performance of the
transformer winding is evaluated through AHP and FAC. The conclusions are as follows:

(1) The short-circuit impedance method, frequency response method, and oscillating
wave method are used to evaluate the performance of the distribution transformer
windings that have undergone short-circuit tests. There is no need for hanging cover
inspection, which solves the subjectivity of human observation and thus the objective,
accurate, and quantitative description of the performance status of the transformer
winding;

(2) Transformer after short-circuit test and evaluation of transformer winding perfor-
mance by short-circuit impedance method quantitatively obtain the short-circuit
impedance change rate threshold of the transformer winding quality, and set the
winding quality level for different thresholds. The frequency response method is used
to evaluate the performance of transformer winding, and the percentage threshold of
peak-valley frequency change is quantitatively obtained, setting the winding quality
level for different thresholds. The oscillation wave method is used to evaluate the
performance of transformer winding, and the threshold values of frequency change
percentage and rise time change percentage are obtained quantitatively, setting the
winding quality level for different thresholds. Thus, the problem of quantitative
evaluation of transformer winding performance after short-circuit test is solved;

(3) The evaluation language of transformer winding performance evaluation after short-
circuit test is proposed, and the method of analytic hierarchy process and fuzzy
evaluation method are combined to obtain the score of transformer winding perfor-
mance evaluation quantitatively, and the evaluation language is given according to the
score. Finally, the evaluation of transformer winding performance after short-circuit
test is realized.
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