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Abstract

Transformer insulation degradation is the main cause of partial discharge. Studying the
accurate direction finding of partial discharge has important engineering significance for the
safe operation of the entire power grid. The partial discharge signal is received by the fiber
ultrasonic sensor array when partial discharge occurs. Due to the complicated structure of the
transformer, the PD signal includes a PD signal that is reflected and scattered by a dielectric
plane such as a tank wall, an iron core, or a winding. These reflected signals cause a large error
in the direction of the local discharge point. The partial discharge direction finding experiment
in oil was carried out based on the developed array, and the DOA of the discharge source was
calculated by the MUSIC algorithm. The experimental results show that the minimum phase
decomposition de-reverberation can effectively suppress the reverberation part of the PD
signal. The accuracy of the direction finding after reverberation is significantly improved.
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1. Introduction

The safe operation of power equipment is significant to ensure the safety of power grids. As the core
of energy conversion in the process of power transmission and distribution, transformers are the most
critical equipment in the safe operation of power grids. Its capacity and voltage level are also
increasing with the construction of UHV power grids. Its operation is also related to the safety and
economic operation of the power system. There are three types of faults in electrical equipment:
mechanical faults, conductor faults, and insulation faults. From the statistical data, among the above
three types of faults, the proportion of faults caused by insulation is the largest. Partial discharge is an
important cause of insulation degradation of power transformers. Therefore, it is necessary to carry
out on-line monitoring of the partial discharge of the power transformer to grasp the state of the
H]g]ulation material in the real-time power transformer to avoid the occurrence of insulation failure
When the partial discharge fault point direction in the transformer tank to be found, the ultrasonic
signal, received by the fiber optic sensor includes, not only the direct part, but also many reverberant
ultrasonic signals reflected by other paths., because of the reflection and scattering by the hard
interface of the tank wall, the transformer winding and the iron core [l. These reverberation signals
can cause significant deviations in the direction of partial discharge faults inside the transformer tank.
Therefore, it is necessary to carry out dereverberation studies on the local ultrasound signal.

Based on the partial discharge direction finding experiment in oil, the acoustical minimum phase
decomposition method %1 js used to de-reverberate the partial discharge ultrasonic signal, which
received by the EFPI sensor array. The processed partial discharge signal is direction-measured by
using the MUSIC algorithm [218 The experiment results show that the de-reverberation of the
partial discharge signal by the minimum phase decomposition method can significantly improve the
direction-finding accuracy. This provides a new method and idea for the accurate direction finding of
partial discharge in high and low voltage windings of transformers.
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2. Dereverberation principle

There are many methods for de-reverberation, such as classical and improved beamforming method,
complex cepstrum filtering method, minimum phase decomposition method, Wiener filtering method
2% and so on. Among them, the minimum phase decomposition method is a popular de-reverberation
method in recent years. Its de-reverberation effect is obvious. There is no limit to the number of
sensors. Therefore, it is widely used in speech dereverberation. In this paper, the minimum phase
decomposition method of each signal is used to reverberate, and then the MUSIC algorithm is used
for the localization and direction finding.

2.1 Reverberation

The word "reverb™ was first derived from acoustics. The sound wave propagates in a relatively closed
space. The internal hard interface reflects the sound wave, and the absorption and attenuation of the
audible sound wave by the hard interface are weak. Therefore, when the sound source continues to
sound, the early sound waves are superimposed with the hard interfaces and the subsequent sound
waves are superimposed. It causes "pollution™ to subsequent acoustic signals. The "pollution™ has a
great influence on the degree of discrimination. This phenomenon is called reverberation. The sum of
these non-direct signals is called a reverberation signal.

2.2 Reverberation model
The mathematical model of the reverb can be expressed by (1):

{nl=uln]+ > {pdn-knJ} @

Where s[n] is the pure ultrasonic signal emitted by the PD, nkis the delay unit value of the ultrasonic
signal after the k times reflection, s[n-kny] is the ultrasonic signal after the original ultrasonic signal
has been reflected by k times, pk is the reflection coefficient at the k time, u[n] is the noise signal in the
current environment, x[n] is the sum of the ultrasonic signal that reaches the sensor directly and the
ultrasonic signal that reaches the sensor through all other paths.

Ignoring the influence of the noise signal u[n], according to the convolution property of the unit
impulse function 6(n), the reverberation model represented by the equation (1) can be expressed into
a convolutional form:

Wl =sinl Y- {p,0In-kn, T} =sln] i @
Thus
hinl =Y {p, 3T - kn, 1 ®

Where "*" donates convolution, h[n] donates impulse response in the fuel tank, h[n] is equal to the
position kng, respectively, and each decay to the sum of a series of continuous impulse functions 6(n)
after pk times the original amplitude. The reverberation signal x[n] is equal to the convolution of the
tank impulse response h[n] with the pure generator point source signal s[n]. Therefore, the
reverberation signal itself can be regarded as a kind of noise, which is not a common additive noise,
but a convolution noise 4.

2.3 Minimum phase decomposition de-reverberation principl

According to the above analysis, the actual purpose of de-reverberation is to effectively separate the
pure partial discharge ultrasonic signal s[n] from the transformer tank’s impulse response h[n].
Finally, a pure partial discharge ultrasonic signal s[n]Jcan be obtained. Thus, the problem of
reverberation is transformed into the process of deconvolution of (2). The traditional complex
cepstrum filtering de-reverberation method can convert the convolution relationship of s[n] and h[n]
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in the time domain into the additive relationship in the complex cepstrum domain. s[n] and h[n] are
easier to separate on the complex cepstrum domain.

The calculation formula for x[n] complex cepstrum is as follows:

[n]= FFT “{log|FFT (x[n])[} (4)
Take the complex cepstrum transformation on both sides of (2)
%(n) = F'[In X (@)]= F [INH ()] + F '[InS(w)]= ﬁ(n) +$(n) (5)

In the cepstrum domain, the complex cepstrum of $(n) is usually distributed near the origin, while
h(n) is distributed near the origin. Hence, a low pass filter can be utilized to filter out the effect of

reverberation on h(n). After filtering the reverberated signal and then converting it into the time
domain, the de-reverberation partial discharge ultrasonic signal can be obtained.

This method is relatively simple to implement. However, the relevant parameters of the low-pass
filter window function are difficult to determine, and the calculation of complex cepstrum exists a
phase ambiguity problem. The logarithmic phase of the product of two complex numbers does not
satisfy the additive. So it is difficult to reconstruct the original signal.

The principle of minimum phase can be used to avoid the above problems. The detection signal
received by the sensor can be decomposed into a minimum phase component and an all-pass phase
component. The minimum phase signal is the signal that all pole zeros are within the unit circle, and it
is also a causal signal. Since the pole zero of the minimum phase signal is near the time origin, the
minimum phase signal in the complex cepstrum domain exhibits a prominent positive peak near the
origin, followed by several exponentially decaying small amplitude peaks.

According to the Hilbert transform method, the complex cepstrum of the minimum phase signal is
calculated as follows:

2%(n),n>0,
R (=1 %(n) ;=0 (6)
0 ,n<0.
Where . (n) is the minimum phase component of the signal and &(n) is the real cepstrum of the
signal x(n).

Reverb has little effect on the all-pass component, and its effect on the minimum phase is much more
significant than the effect of the all-pass component. The all-pass component also contains the delay
position information of the direct wave relative to the fault, mainly represented by the first positive
peak on the complex cepstrum domain. Therefore, after decomposing the signal into the minimum
phase component and the all-pass component, the minimum phase component of each sensor is
passed through a low-pass filter to reduce the interference of the reverberation.

The de-reverberation algorithm based on the minimum phase decomposition complex cepstrum is
mainly divided into three steps (as shown in Figure 1). First, the signal received by the sensor is
decomposed in the frequency domain to obtain a minimum phase component and an all-pass
component. Then, the minimum phase component is filtered. Finally, the all-pass component and the
filtered minimum phase component are combined to obtain a de-reverberated signal.

Fourier r Divide Multiply Inverse Fourier| .,
Transform X (k) X (k) Y (k) Transform }(H)

Complex Cepstrum
Operation

Spectrum
conversion

‘ r(n)

Figure 1 Minimum phase decomposition de-reverberation flow chart
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In the figure, x(n) is the sensor receiving the PD signal. Windowing and framing preprocessing are
performed on x(n). Actually, the signal of one frame is processed. X(k) is a short-time spectrum of
X(n). Xmin(k) and Xan(k) are the minimum phase component of x(n) and the short-time spectrum of the
all-pass component. § . (n) and Ymin(k) are the filtered minimum phase component in the complex

cepstrum domain and in the frequency domain. Fi(n)is a low pass filter in the complex cepstrum
domain. y(n) is the processed output signal. y(n) is the real cepstrum of the signal y(n). ¢(n) is the

complex cepstrum coefficient of the minimum phase signal. The values are as follows
2,n>0,
f(n)=41,n=0, @)
0,n<0.

3. Spatial spectrum estimation

3.1 3.1 Array signal model

Assuming that K far-field signals are incident on an array of M array elements, the signals received by
the array can be expressed as:

X (t)= A(6,0)S(t)+N(t) ®)
Where X(t) is the sensor array receiving signal., x(t)=[x1(t),x2(t),---,xK(t)]T, S(t) is the signal

vector, s(t)=[s(t),s, (t),-s(t)] » N(t) is the noise vector, N(t)=[n,(t),n,(t),--n, ()], A0, ¢) is the
direction matrix of the signal. As shown in Figure 2, @ represents the azimuth angle, ¢ represents the
pitch angle, and (6, ¢) represents the DOA of the signal.

A(@)=[a(91,¢1),a(HZ,(oZ),n-,a(GK,(oK)]. Where a(6, ¢i) is the direction vector of the signal of (6,

pi) : a6, pi=exp(i2nfrkiiv), i=1,2, ....K. fis the signal frequency, r=[r, rz, ..., rm]", rm is the
coordinate of the m array element, ki is the wave number vector of the signal of (0i, i),
ki=[sin(pi)cos(@), sin(pi)sin(@i), cos(ei)] .

3.2 3.2 MUSIC algorithm

The MUSIC algorithm is called a multi-signal classification algorithm. It is a kind of spatial spectrum
estimation algorithm. The basic idea is to feature decomposition of the covariance matrix of the array
signal. Estimate DOA based on the orthogonality of the noise subspace and the signal direction
vector.

The covariance matrix defining the array output signal X(t) is:
R=EIX ()X (1) = A(A)RA(6)" +5°
XX ()} = A@RAG) 9
WhereRg, - E{S(t)s(t)“} ,R is a positive definite Hermitain matrix. So
R=UzU" :USZSUSH +UNZZNUNH (10)
Where Us is the signal subspace, Uy is the noise subspace, X and Xy is the corresponding diagonal
matrix. Since the signal subspace and the noise subspace are orthogonal each other, then,
H —_
U, a(@k)—o (11)
Where k=1,2,....K
And the spatial spectrum function:
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b 1
music a.H (H)U NU NHa(e) (12)

From the above equation, find the peaks by & and ¢ changes to estimate DOA. The MUSIC algorithm
direction finding spectrum and contour map are shown in Fig. 2.
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Fig. 2 MUSIC direction finding spectrum and contour map

The MUSIC algorithm is used to calculate the covariance matrix R of the array output signal X(t). In
fact, R is approximated by the first-order origin moment of a certain length of signal sequence

R:%Zx(n) (13)
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4. Experiment research

4.1 Experiment platform

Establish a partial discharge direction experiment platform in oil, including simulated transformer
tank, experimental transformer model and partial discharge model. The analog transformer tank is
200 cm =100 cm %150 cm and is filled with 25# transformer oil. The tank casing is grounded. The
experimental transformer model is a 35KV transformer with a height of 0.6m, a high-voltage winding
outer diameter of 0.24m, an inner diameter of 0.2m, a low-voltage winding outer diameter of 0.13m,
an inner diameter of 0.1m, a transformer core height of 0.6m, and a radius of 0.1m, as shown in Fig. 3.
The tip discharge model was selected in the experiment, and the needle plate electrode model was
used, as shown in Fig. 4. Its high voltage electrode uses a brass tip. The distance between the high
voltage electrode and the ground electrode can be adjusted according to the amount of discharge
required. According to experience, when the distance between the high voltage electrode and the
ground electrode is 1 mm, and the voltage is applied to about 10 kv, the signal of continuous partial
discharge can be observed by the oscilloscope.
n
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Fig. 3 Experimental transformer model Fig. 4 Tip discharge model
4.2 Space three-dimensional coordinate system establishment

In this paper, four F-P fiber sensors are used to collect the PD signals. Four sensors are embedded in
the mold and arranged in a counterclockwise arrangement, as shown in Fig. 5. Take the center point
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of the mold as the origin o (0,0,0) of the three-dimensional coordinate system. The four sensor probes
are in the xoz plane. Sensor probes No. 1 and No. 3 are located on the z-axis, and sensors No. 2 and No.
4 are located on the x-axis. The coordinates of the four sensor probes are (0,0,0.9), (0.9,0,0), (0,0,-0.9),
(-0.9,0,0). The angle between the partial discharge source and the z-axis is defined as the elevation
angle, which is denoted by the symbol ¢. The angle between the projection of the partial discharge
source on the xoy plane and the x-axis angle is defined as azimuth angles, which is denoted by the
symbol 4. Therefore, the direction of arrival DOA is expressed as (¢, 6), as shown in Fig. 6.

z

@ PD Source
. 4/
2 ks
.+0
|3
|

Fig. 5 F-P fiber sensor arrangement Fig. 6 Schematic diagram of spatial three-dimensional
coordinate system

4.3 PD source outside the high voltage winding of the transformer direction-finding

Place the PD source between the high voltage winding turns, as shown in Fig. 7. The sensor array is
placed in front of the transformer, 0.7m from the distance sensor. Since the sensor array needs to be
mounted on the tank wall in the actual environment, the sensor array plane is designed to back to the
tank wall and is 0.03 m away from the tank wall, as shown in Fig. 8. The PD source is set in different
positions on the outside of the high voltage winding to collect the PD signal. The collected data is
subjected to minimum phase method to reverberate and MUSIC direction finding. The results of the
direction finding are directly compared with the results of the MUSIC direction finding without
dereverberation.

Fig. 7 Placement of the PD source outside Fig. 8 Schematic diagram of partial discharge
the high voltage winding detection model for transformer high
voltage outer winding
The actual coordinates, angles, and direction and error of the direction of the PD source in the
three-dimensional coordinate system are shown in Table 1

The error is smallest when the source is facing the sensor array (the elevation and azimuth angles are
909). The farther the distance between PD source and the sensor array, the larger the direction-finding
error. The main reason for the direct direction error is that there is a strong reverberation in the
received partial discharge ultrasound signal. The main sources of reverberation are: 1) Since the
sensor array is placed close to the tank wall, the sensor receives the partial discharge signal, reflected
by the rear side wall. 2) When the PD source approach the tank wall, the path, PD signal goes directly
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to the sensor array, is close to the refraction path through the tank wall, so that the reverberation
contained in the signal received by the sensor. The reverberation affecting the first four sets of direct
direction-finding errors is only due to the PD signal reflected by the tank wall on the rear side of the
sensor array. The reverberation affecting the first four sets of direct direction-finding errors is only
due to the PD signal reflected by the tank wall on the rear side of the sensor array. For the fifth set of
experiments, the reverberation is from not only the PD signal reflected from the tank wall on the rear
side of the sensor array, but also the PD signal reflected from the bottom tank wall. Therefore, the
direct direction error of the fifth set of experiments is more than the direct positioning error of the first
four sets of experiments.

Table 1 Discharge source coordinates and direction-finding results of outside the high voltage

windings

Serial Coordi ~ Actual angle / Direct direction Direction finding Direction finding after Direction finding
number nate S finding/ (9 error/ (© reverberation / (9 error/ ()

1 [0,70,00  (90.0,90.0) (92.0,89.9) 2 (90.9,89.9) 0.91

2 [1‘3]75 (90.0,78.7) (92.7,76.4) 35 (91.1,80.6) 21

3 [%5255 (98.9,78.7) (94.5,82.4) 5.7 (95.8,80.5) 36

4 [1152]7 5 (611787 (85.6,82.1) 56 (84.3,80.6) 37

5 [5’6;5 (108.8,78.7) (101.6,84.8) 10.1 (103.8,83.3) 75

4.4 PD source inside the high voltage winding of the transformer direction-finding

The PD source is placed inside the transformer high voltage winding, as shown in Fig. 9. The sensor
array is placed above the transformer windings facing the oil passage. Sensor array plane is placed
horizontally, as shown in Fig. 10.

Fig. 9 Placement of the PD source inside the Fig. 10 Schematic diagram of partial

high voltage winding discharge detection model for transformer
high voltage inner winding

The actual coordinates, angles, and direction and error of the direction of the PD source in the
three-dimensional coordinate system are shown in Table 2.

Because the inner structure of the transformer winding is dense and complex, the reverberation of the
PD signal received by the sensor array is more than the outside of the transformer winding, resulting
in positioning error. The farther distance between the source and the sensor array, the more
reverberation of the PD signal is received by the sensor array through different reflection paths. Some
signals even reflect the signal multiple times, resulting in a larger direction-finding error. After
de-reverberation, the direction-finding accuracy is significantly improved. the more the reverberation,
the more obvious the reverberation effect.

113



International Journal oi Science Vol.5 No.10 2018 ISSN: 1813-4890

Table 2 Discharge source coordinates and direction-finding results of inside the high voltage

windings
Serial Coordin Actual angle / Direct direction finding =~ Direction finding error Direction finding after Direction finding error
number ate (9 /(9 /(9 reverberation/ () ! (=
1 [28-1] (96.9,75.9) (97.7,67.2) 8.7 (94.4,71.1) 5.4
2 !'115? (100.5,97.1) (108.8,100.3) 8.9 (106.4,99.4) 6.3
3 [027-1] (92.1,90.0) (95.2,99.5) 9.9 (96.5,96.5) 7.8
4 [12]27 (82.5,62.6) (94.0,61.8) 115 (91.7,61.8) 9.2
[435
5 08] (91.3,83.5) (89.4,72.6) 11.1 (90.4,74.1) 9.4
[-835
6 -0.5] (90.8,102.9) (89.3,92.6) 10.4 (86.9,95.7) 8.2
7 [042-1] (91.4,90.0) (79.2,95.7) 135 (81.6,95.0) 109

4.5 PD source outside the low voltage winding of the transformer direction-finding

The PD source is placed outside the transformer low voltage winding, as shown in Fig. 11. The sensor
array is placed above the transformer windings facing the oil passage. Sensor array plane is placed
horizontally, as shown in Fig. 12.

The actual coordinates, angles, and direction and error of the direction of the PD source in the
three-dimensional coordinate system are shown in Table 3.

The partial discharge on the outside of the low-voltage winding of the transformer is similar to that on
the inside of the high-voltage winding. Both of them are belong to the partial discharge of inner side
of the transformer winding. The PD signal received by the sensor array has a large reverberation, and
there is a large djrection-finding error.

oy

Fig. 11 Placement of the PD source outside  Fig. 12 Schematic diagram of partial discharge
the low voltage winding detection model of transformer low

voltage outer winding
Table 3 Discharge source coordinates and direction-finding results of outside the low voltage

winding

Serial Coordin | Actual angle / Direct direction finding ~ Direction finding error Direction finding after Direction finding error
number ate Q) /(9 /(9 reverberation/ (< /(=

1 [1'é]3'1' (83.4,856) (78:5,90.7) 7 (78.7,885) 55

2 [11’113’3 (80.0,49.8) (86.0,45.8) 7.2 (85.0,46.7) 5.9

3 [1’5]2’1‘ (86.1,87.4) (81.6,80.8) 7.9 (82.5,824) 6.1

4 [i 2]5 (87.5,88.4) (91.6,96.4) 8.9 (84.2,94.2) 6.7

5 [12]35 (80.9,69.6) (74.1,775) 10.3 (77.4,76.3) 75

6 [3501] (88.3,86.6) (76.5,84.9) 119 (79.4,86.6) 8.9

7 [g 55)]0 (87.1,79.8) (81.0,68.7) 126 (80.3,735) 9.1
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At the same distance, the direction-finding error of the partial discharge outside the high-voltage
winding is larger than that inside the low-voltage winding. It is because that, the signal of partial
discharge outside the high-voltage winding needs to pass through the cardboard. The PD signal will
be distorted. It is influence on the accuracy of the direction-finding. After de-reverberation, the
direction-finding accuracy is significantly improved. The more the reverberation, the more obvious
de-reverberation effect. However, there are still some errors in the degree. The next step is to study
the de-reverberation algorithm which improves the direction finding accuracy and the effect by
appropriately increasing the number of array elements.

5. Conclusion

In this paper, the method of minimum phase decomposition de-reverberation of complex cepstrum is
summarized. Based on fiber-optic ultrasonic sensor array and MUSIC algorithm, the partial discharge
direction finding of transformer in oil is realized. To some extent, the problem of inaccurate
direction-finding of partial discharge of the transformer is solved.

To improve direction-finding accuracy of the partial discharge of the transformer, the
de-reverberation of the partial discharge ultrasonic signal is proposed. And the MUSIC algorithm is
used for the direction-finding. Compared with the direct measurement using the MUSIC algorithm,
the accuracy is significantly improved. The method is not only applicable to the partial discharge
direction -finding outside the high voltage winding of the transformer, but also has good applicability
to the partial discharge direction-finding inside the transformer (the inside of the high voltage
winding and the outside of the low voltage winding).
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