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ABSTRACT Aiming at the problem that the coherent signal cannot be estimated when the traditional
UCA-RB-MUSIC algorithm is used to detect the partial discharge of the transformer, an improved
UCA-RB-MUSIC algorithm is suggested to reconstruct the signals captured by the array so that the number
of calls sources is equivalent to the rank of the reconstructed signal matrix. The impact of correlated signals
is eradicated. The results of simulation analysis and experimental verification show that when the improved
UCA-RB-MUSIC algorithm is used to locate a single and double partial discharge source, the improved
positioning error is only half of the mistake before improvement, which enhances the accuracy and resolution
of uniform circular array positioning and the accuracy of transformer partial discharge detection.

INDEX TERMS Uniform circular array, partial discharge, power transformer, matrix reconstruction.

I. INTRODUCTION

Different techniques have been developed in the field of
identifying and pinpointing partial discharge in transformers
based on the observed phenomena associated with partial
discharge both domestically and internationally. These tech-
niques utilize various physical parameters that can effectively
characterize the state of partial discharge in transformers,
leading to a range of detection and localization methods. Ref-
erences [1], [2], [3], [4] employed the electrical localization
technique to ascertain the precise electrical location of the
partial discharge occurring within the transformer. However,
because the pulse regularity of the partial discharge signals
at different positions propagating to the end of the winding
could be more robust, and the on-site electromagnetic
interference is substantial, the electrical positioning method
is challenging to apply in practice. In [5], the ultra-high
frequency positioning method was employed to detect the
electromagnetic signals of partial discharge in transformers.
The positioning was based on analyzing the time delay
relationship. However, due to the intricate internal structure
of transformers, capturing the direct wave signals poses
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challenges. The sensor must be placed inside the transformer
to receive the signal effectively, dramatically increasing the
detection difficulty. Reference [6] employed the conventional
ultrasonic positioning method to identify the location and
timing of the ultrasonic waves generated by partial discharge,
aiming to determine the source of the partial discharge. Due
to the low sensitivity of a single acoustic sensor and the
time delay estimation algorithm’s accuracy limitations, the
positioning results obtained through the traditional ultrasonic
positioning method may suffer from significant errors,
leading to inaccurate positioning. In [7], a technique for
determining the position of a microphone array, which uti-
lizes the MUSIC (Multiple Signal Classification) algorithm,
is presented. The array composed of four sensors is used to
receive partial discharge signals. This approach introduces a
novel concept for localizing partisan discharge sources and
overcomes the ‘Rayleigh limit’ constraint. However, when
using a uniform circular array for positioning, the steering
vector does not possess a Vandermonde structure, resulting
in more complex calculations for subsequent steps. In [8],
the pattern space transformation matrix is created to ensure
that the steering vector of the uniform circular array exhibits
a Vandermonde structure. The UCA-RB-MUSIC algorithm,
as presented in [9], employs the MUSIC algorithm to estimate
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the two-dimensional angle information of a signal by creating
abeam transformation matrix with real-valued elements. This
matrix construction approach enhances the accuracy of angle
estimation and enables the localization of signal sources in a
two-dimensional space.

This paper uses the research object of the dry-type
transformer with 10 KV epoxy resin insulation. Aiming at
the problem that the UCA-RB-MUSIC algorithm cannot
shield the coherent signal, this paper proposes an improved
UCA-RB-MUSIC algorithm for the transformer partial dis-
charge fault location method. The rank of the reconstructed
covariance matrix is adjusted to match the number of signal
sources, enhancing the accuracy of angle estimation. This
improves the identification and localization of signal sources
in a two-dimensional space. Then, the orientation of each
signal source can be obtained.

Il. GENERATION MECHANISM AND CHARACTERISTICS
OF TRANSFORMER PARTIAL DISCHARGE ACOUSTIC
SIGNAL

When the epoxy resin is poured into the insulating
dry-type transformer, if the process is not good, bubbles
will be generated inside the epoxy resin, causing partial
discharge. In epoxy resin, the presence of bubbles is a
common occurrence. Due to the bubbles’ lower dielectric
coefficient than the insulating material, the electric field
strength within the bubbles is significantly higher. As a result,
the bubbles are more susceptible to breakdown and discharge.
This paper mainly studies the air gap discharge caused by the
existence of bubbles.

FIGURE 1. Bubble force diagram before discharge.

Suppose the bubble radius is R. Under typical conditions,
the charge within the bubble is evenly distributed across
both ends of the bubble due to the influence of the electric
field. The bubble wall remains in equilibrium due to the
combined effects of gas pressure F), and electric field
force F,, as depicted in Fig. 1. When partial discharge
occurs, the bubble is broken down quickly, suddenly causing
the voltage at both ends to change to 0, and the bubble
wall’s mechanical equilibrium state is destroyed instantly.
According to Newton’s second law, the bubble wall expands
rapidly outward under the action of gas pressure, and the
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bubble will also expand outward. As a result of the bubble
wall’s motion, it experiences additional forces, precisely the
elastic force Fj, the friction force f, and the inertial force
F,,, of the bubble wall. These forces collectively generate the
pressure that causes the bubble to expand outward, leading
to the localized vibration of the bubble wall depicted in
Fig. 2. The time for the bubble to be broken down is only
nanoseconds. Therefore, the above process can be assumed to
be a single pulse generated by partial discharge. The vibration
process of the bubble wall occurs within microseconds, and
this high-frequency vibration produces an ultrasonic signal.

FIGURE 2. Bubble force diagram after discharge.

IIl. UNIFORM CIRCULAR ARRAY RECEIVING ACOUSTIC
SIGNAL MODEL
Firstly, the model of a uniform circular array receiving
acoustic signal is established, as shown in Fig. 3. The
elements of an N-array are evenly distributed on a circular
array with a constant radius of R, and each component
of the array is independent, and not correlated with one
another. Assuming that the acoustic signal is far enough,
it can be considered a plane wave when it reaches the
array. Additionally, the signal and noise are uncorrelated.
Furthermore, it is assumed that the noise is a stationary, zero-
mean Gaussian white noise with a variance of o2, and the
noise received by each element of the microphone array is
not correlated with the noise received by other components.
Additionally, it is assumed that K (where K < N) independent
and uncorrelated signal sources are arriving at the uniform
circular array, and we establish a coordinate system with the
center of the array (center of the circle) as the origin. The
k-th signal source’s azimuth and elevation angles relative to
the uniform circular array are 6; and ¢, respectively.

Let A = [a(61,¢1) a6, ¢2) - a(Bk, k)] be the
uniform circular array’s array manifold, and a(6, ¢r) be
expressed as:

exp(jwR sin 6 cos(¢r — vo)/c)

exp(jwR sin 6 cos(gr — y1)/c)
a(O, o) = : ey
exp(jwR sin O cos(px — yn—1)/¢)
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Signal source

FIGURE 3. Uniform circular array.

where: y, = 2nn/M,n = 0,1,--- N — 1, w is the signal
frequency, R is the radius of the circular array, and c is the
speed of sound. And w = 2xf, f/c = 1/A, a is the signal
wavelength. Therefore, (1) can be rewritten as:

exp(j27 R sin Ok cos(pr — ¥0)/A)
exp(j27 R sin 0y cos(gr — y1)/1)

a0k, o) = @

exp(j277 R sin Ok cos(px — yn—1)/2)

The received signal x(t) = [x1(7), x2(2), . .. , xny (O]T of the
uniform circular array can be expressed as:

x(t) = As(t) + n(z) 3)

Among them: s(t) = [s1(¢), 52(¢), .. ., sp(O]T is the source
vector, and n(t) is the noise received by the array. The
complexity of the array manifold A in the uniform circular
array results in a departure from the Vandermonde matrix
structure, making it challenging to directly apply algorithms
designed for uniform linear arrays that exhibit excellent
performance.

IV. IMPROVEMENT OF THE UCA-RB-MUSIC ALGORITHM
A. UCA-RB-MUSIC ALGORITHM

For the signal model in (3), the covariance matrix R, =
E[X (t)XH(t)] is a positive Hermitian square matrix, so it
can be estimated by L signal snapshots using R, =
(1/L) Zle XX H(#)]. The feature decomposition of ﬁx
can be expressed as:

R, = EDE"=E,D,E" + E,D,E!! )

In (4), D represents a diagonal matrix formed by N
eigenvalues of R., Dy is a diagonal matrix formed by K
largest eigenvalues, and D,, is a diagonal matrix formed by
the remaining N — K smallest eigenvalues. E denotes a
matrix composed of N eigenvectors of Ry, E consists of the
eigenvectors corresponding to the K maximum eigenvalues,
and E, consists of the eigenvectors corresponding to the
remaining N — K small eigenvalues. E; and E, can be
referred to as the signal subspace and noise subspace,
respectively.

When the signal source is independent, there are some
properties about the feature subspace: the subspace formed by
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the eigenvectors corresponding to the K largest eigenvalues
is identical to the subspace formed by the direction vectors
of the incoming signal, which can be represented as
spanfer, ez, -+ ,ex} = span{a(®;),a(®y), - ,a(Ok)}.
The signal subspace Ej is orthogonal to the noise subspace
E,, meaning that aH(@))ei =0,wherei=K+1,---,N.

To address the issue of the uniform circular array’s array
manifold A not having the Vandermonde matrix structure,
the UCA-RB-MUSIC algorithm incorporates the mode space
transformation matrix FH. This transformation converts
the uniform circular array into a virtual uniform linear
array with a Vandermonde form array manifold. The mode
space transformation matrix F 51 is unitary and is defined
as:

F =whc,vH ®
Of which:
1
W=—FFF[va_py), - ,v(xg), -, viam)l,
2\/W[( M) (@0) (omr)]
i

aj=——,i€[-M,M]
M
(©6)

Among them: M = |(N — 1)/2] and M > K, N represents
the total number of elements in the uniform circular array, |e |
is the downward integral function, so N > 2M + 1.

And

i . P . . T
v(a): I:e_JMa,... ,e_‘]a’efo’e]a".’ ’e]MOt] (7)

CV:diag[jin"'1j717j07j1""va} (8)

V:“/ﬁ[W—M,"WWO,"',WM] (9)
1 . .

wm — ﬁ[l,e_‘]Zﬂm/N, . ’e—]an(N—l)/N]T (10)

According to the construction of F!, F!! is orthogonal, and

F ? isa(2M + 1) x N -order matrix. The output data of the
uniform circular array is transformed by F' [,'[, as shownin (11),
and the transformed receiving data matrix is y(¢), then

y(t) = Fllx(r) = FlAs(t) + Flln(r) (11)

According to (11), F Ir{A has the form of a Vandermonde
array structure.
The covariance matrix of y(¢) is

Ry = E[y(t)y"())=FHAPANF, + oI (12)

Among them: P = E[s(t)s"(¢)], 1 is the unit matrix of order
(M + 1) x 2M + 1), and o2 is the noise power.

Eigenvalue decomposition is performed on Ry. The signal
subspace S consists of the feature vectors that correspond to
the K largest eigenvalues, while the noise subspace G consists
of the feature vectors that correspond to (2M + 1 — K) smaller
eigenvalues, that is,

S =/Is1,82, - ,5p). G =Igp11-8p+2: " »&m+1] (13)
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The spatial spectrum function of the UCA-RB-MUSIC
algorithm is formulated in the following manner:

Sfuca—rB—music(©, @)
1

~ (Fa(0. 9)HGG (Fa(6, )

The form of a(f, ¢) in the equation is shown in (2).
The direction angle estimates of the signal source can be
obtained by identifying the azimuth and elevation angles cor-
responding to the K highest peaks of fyca—rp—music(@, ¢).
In summary, the flow chart of the UCA-RB-MUSIC
algorithm is shown in Fig. 4.

(14)

Signal sampling

I

The received signal matrix x(t) is
transformed in mode space to
obtain y(t).

L

Calculate the covariance matrix
of y(t) and take the real part to
getR.

I

The noise subspace R is obtained
by eigen-decomposition of G.
The spatial spectral function is

used to search the spectral peaks.

I

The #;and @, are calculated. that
is, the estimated direction angle
of the signal source.

FIGURE 4. Flow chart of UCA-RB-MUSIC algorithm.

B. IMPROVED UCA-RB-MUSIC ALGORITHM

In the presence of coherent signal sources, coherent signals
may be combined into one signal so that the number of
independent sources arriving at the array will be reduced;
that is, the rank of the source covariance matrix Ry is less
than K. After performing the eigenvalue decomposition of the
signal covariance matrix Ry, if the number of obtained larger
eigenvalues is more minor than K, then the corresponding
signal subspace will also have fewer than K vectors.
At this time, the direction vectors of some coherent signal
sources will no longer be orthogonal to the noise subspace,
so the direction angle estimation of the signal source will
be incomplete; that is, the direction angle estimation of
individual signals will be missing. To avoid this phenomenon
and to ensure the estimation of azimuth for each signal
source, the received signal’s covariance matrix needs to be
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reconstructed, and the rank of the reconstructed matrix needs
to be restored to K.

If let
y_u(® Fi(—m)
yo)y=1| yo |, Fl=| F0) (15)
Y () F?&M)

Then there is

¥, (1) = Fl(ox(r) = FH(0)As(t) + FR(n(r), 16)
-M<K<M
Define the following correlation function:
r(k) = Elyo(yi 0]
= FR0APAMF! (k) 4 6280 1 (17)

where: when k is 0, 8o x = 1; otherwise 8o x = 0. When
k changes from —M to M in turn, the correlation function
is r(—=M),--- ,r(0),---,r(M) in turn, and because of the
orthogonality of F* ?, it has:

= FH0)APAMFH(0) + 6%,k =0 (18)
| FRAPARFY k), Kk #£0
The data vector r(—M), --- , r(0), ..., r(M) contains the

information of all signal sources, and the Toeplitz matrix is
reconstructed from the data vector as follows:

r(0) r(1) r(M)
r(—=1) r(0) r(M —1)
Ry = ) . )
r(—-M)r(-M +1) --- r(0) (M+DxM~+1)
(19)
Rank(Ry) = M + 1 can be known from the (19).

To enhance the accuracy of the direction-finding algorithm,
two-way smoothing of the Ry data is performed.

Rr =Ry +1,R1, (20)

where: R is the conjugate matrix of Rr, I, is defined as:

nL=\. . . . 1)

NxN

From (20), Ry is the unbiased estimate of Ry and
rank(R7) = M + 1 > K. Feature decomposition of Rr:

Rr=UDUM+U,D,UH (22)

where U represents the subspace of signals, and U,, denotes
the subspace of noise. Likewise, the characteristic vector lies
within the noise subspace.
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Similarly, the feature vector in the noise subspace obtained
by the R feature decomposition is substituted into the spatial
spectrum function, and the calculation amount is much less
than that of the UCA-RB-MUSIC method. At the same time,
the direction estimation of the signal source will be more
accurate, and the resolution effect of the algorithm will also
be improved. The improved UCA-RB-MUSIC algorithm has
better performance and better robustness.

C. THE STEPS AND FLOW CHART OF THE IMPROVED
UCA-RB-MUSIC ALGORITHM

The proposed enhanced UCA-RB-MUSIC algorithm steps
are as follows:

(1) Calculate the correlation function between each row of
the received data matrix y(z) after the mode transformation
and the received data of the (M + 1) row of y(¢), and construct
the Toeplitz matrix from the correlation function.

(2) The constructed Toeplitz matrix is bi-directionally
smoothed.

(3) Signal subspace and noise subspace are obtained by
feature decomposition.

(4) Spectrum peak searching based on noise subspace to
estimate coherent sources’ bearing estimation.

The flow chart of the improved UCA-RB-MUSIC
algorithm is shown in Fig. 5.

Acquisition of sound source signals.

v

The correlation function between each
row of the received data matrix v(f)
after mode transformation and the
received data of row (M+1) of v(f) is
calculated, and the Toeplitz matrix R is
constructed by the correlation function.
v
R is subjected to bidirectional smoothing to
obtain Ry and R is subjected to feature
decomposition to obtain Us and Un.

.

A new spatial spectral function is
constructed by using Us, and the
spectral peak search is performed.

!

Calculate ¢,. and ¢, that is, the direction
angle estimation of the signal source.

FIGURE 5. Flow chart of the improved UCA-RB-MUSIC algorithm.

V. TRANSFORMER PARTIAL DISCHARGE POSITIONING
EXPERIMENTAL PLATFORM

The transformer partial discharge positioning experimental
platform is divided into a partial discharge positioning system
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and a partial discharge signal simulation system. The former
is mainly responsible for the partial discharge acoustic
signal acquisition, analog-to-digital conversion, and digital
partial discharge acoustic signal transmission, processing,
and analysis; the latter generates a partial discharge acoustic
wave simulation signal.

The structure diagram of the partial discharge positioning
system is shown in Fig. 6.

Partial discharge acoustic

____________ signal acquisition device
: circular analog-digital /
| microphone (= conversion || Partial discharge acoustic
| array module \ signal processing device
________ R
P e il
MCcASP |

interface

Filtering noise reduction algorithm I |

|
Frequency domain focusing algorithm | |

Improved UCA-RB-MUSIC algorithm I :
|

computer

FIGURE 6. The structure diagram of the partial discharge location system.

The partial discharge localization system can be cate-
gorized into hardware and software components. Among
them, the hardware part mainly includes the receiving and
transmission system and signal processing hardware circuit;
the software part mainly includes filtering noise reduc-
tion, frequency domain focusing, and acoustic positioning
algorithm.

In the partial discharge positioning system designed in
this paper, the selected processor is TMS320-C6748 DSP
produced by TI company. Combined with the improved
UCA-RB-MUSIC algorithm proposed above, the partial
discharge source positioning test experiment is based on the
eight-element microphone array. The physical connection
diagram of the hardware part of the partial discharge
positioning system is shown in Fig. 7. To judge the size of
the array more intuitively, the Chinese one-yuan coin is used
as a reference ( the diameter of the one-yuan coin is 25 mm).

FIGURE 7. The structure diagram of the partial discharge location system.
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The TMS320-C6748 processor is a multi-core processor
chip. The circular microphone array TIDA-01454 has eight
microphones. All eight microphones can collect acoustic
signals with a flat frequency response and achieve 360-degree
full-coverage acoustic acquisition. At the same time, the
circular microphone array is also integrated with the ADC
module PCM1864, which has a maximum sampling fre-
quency of 384 kHz, and program statements can set the
sampling frequency.

When the microphone collects the partial discharge
acoustic signal, the ADC module PCM 1864 integrated into
the circular microphone array performs analog-to-digital
conversion of the acoustic signal and saves the digitized
acoustic signal. At the same time, PCM 1864 is transmitted to
DSP6748 utilizing a complex channel audio access interface
(McASP interface) to facilitate the subsequent processing of
digital acoustic signals. The McASP interface is a standard
audio access interface for DSP produced by TI company
in the United States, called the multi-channel audio access
interface. In the partial discharge positioning system designed
in this paper, McASP works in the receiving state and is
connected to the ADC module PCM1864.

In this positioning system, DSP, as the primary device,
addresses the slave station PCM1864 through the I2C bus
and sends a control signal to the PCM1864 to control the
clock acquisition mode, clock rate, and sampling rate of the
PCM1864 audio decoder.

V1. SINGLE PARTIAL DISCHARGE SOURCE DIRECTION
FINDING EXPERIMENT

To study the direction-finding performance of the improved
UCA-RB-MUSIC algorithm, this section carries out the
direction-finding experiment with the traditional UCA-RB-
MUSIC algorithm. It compares the direction-finding results
of the two. The acoustic signal of 70 - 180 kHz is selected
to locate the partial discharge power supply to eliminate
the influence of noise in the transformer itself and the
surrounding environment.

By investigating the development process of different types
of discharges and the waveform characteristics of current
pulses, it is found that the partial discharge and the discharge
process in air show similar development rules. The electronic
pulse igniter can produce a stable broadband discharge signal
whose discharge frequency range is identical to air gap
discharge and has strong repeatability. Therefore, in this
paper, an electronic pulse igniter with a working voltage of
DC 1.5V and several discharge electrodes at the output end
is selected as a partial discharge signal simulation system,
and the discharge signal is employed to mimic the partial
discharge signal produced by the transformer within the air
gap.

Before the start of the experiment, there was no noise
in the room except for the power supply to ensure that the
experimental platform was empty and free of debris. The
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electronic pulse igniter is fixed to ensure that its axis passes
through the center of the circular microphone array, and the
axis’s azimuth angle and pitch angle concerning the plane in
which the circular microphone array is situated are recorded.
In addition, the circular microphone array is ensured to be
two meters away from the electronic pulse igniter.

A. SINGLE PARTIAL DISCHARGE SOURCE LOCALIZATION
EXPERIMENT BASED ON UCA-RB-MUSIC ALGORITHM

In the first experiment, the electronic pulse igniter’ s axis,
which passes through the circular array’s center, exhibits
azimuth and pitch angles of —147° and 15°, correspondingly,
relative to the plane where the microphone array is posi-
tioned. The RSS, in conjunction with the UCA-RB-MUSIC
algorithm, is utilized to analyze and process the audio data
captured by the circular microphone array, corresponding to
partial discharge events. The direction-finding beam diagram
is shown in Fig. 8.

Color scale
0.000
-5.520
-11.04
-16.56
-22.08
-27.60
-33.12
-38.64
-44.16
-49.68
-55.20

Beam

FIGURE 8. Using UCA-RB-MUSIC algorithm single partial discharge source
direction finding beam pattern.

The angle formed by the axis of the electronic pulse
igniter (passing through the center of the circular array)
relative to the plane of the acoustic array sensor is changed
many times. The direction-finding results of the UCA-RB-
MUSIC algorithm are shown in Table 1 for five consecutive
experiments on the same angle.

B. SINGLE PARTIAL DISCHARGE SOURCE LOCALIZATION
EXPERIMENT BASED ON IMPROVED UCA-RB-MUSIC
ALGORITHM
The audio data corresponding to partial discharge events,
gathered by the circular microphone array in the previous
article, are analyzed and processed using the RSS in
conjunction with the enhanced UCA-RB-MUSIC algorithm.
The beam pattern of the first group of direction-finding
experiments is shown in Fig. 9.

The direction-finding results are shown in Table 2.
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TABLE 1. The direction finding results of a single PD source.

Simulation Actual angle Simulation Direction finding angle of UCA-RB-MUSIC algorithm  Angular error
group number ~ Azimuth  Pitch angle  serial number  Azimuth Pitch angle average

1 -153.6 11.1
2 -156 11.6

1 -147 15 3 -139.7 14.3 7.559
4 -142.6 14.3
5 -140.5 19.3
1 -76.3 30.3
2 -85.7 21.1

2 -80 25 3 -82.7 19.1 6.215
4 -84.4 22.8
5 -85.7 27.2
1 -49.9 26.2
2 -49.8 27.4

3 -45 30 3 -47.8 37 6.849
4 -37.1 31.3
5 -40.6 24.9
1 71.9 70
2 71.5 52

4 70 60 3 62.1 >3.1 8.174
4 65.5 61.7
5 76.4 56.3
1 -136.8 432
2 -134 50.3

5 -140 45 3 -144.5 48.8 6.331
4 -138.4 51.7
5 -141 51.3

TABLE 2. The direction finding results of a single PD source.

Simulation Actual angle Simulation Improved UCA-RB-MUSIC algorithm direction finding the angle ~ Angular error
group number ~ Azimuth  Pitch angle  serial number  Azimuth Pitch angle average

1 -143 16.5
2 -144.8 13.9

1 -147 15 3 -1453 11.8 3.348
4 -149.5 17.6
5 -149.1 13.9
1 -83.5 24.6
2 -76 24.4

2 -80 25 3 -76.8 23.8 3.552
4 -76.8 23.3
5 -82.8 26.3
1 -48 337
2 -42.3 324

3 -45 30 3 -47.9 274 4.031
4 -42.2 27.5
5 -41.3 31.6
1 71 63.1
2 72.8 57.9

4 70 60 3 68.9 628 2.963
4 715 61.1
5 68.2 62.3
1 -143.5 48
2 -142.4 43.7

5 -140 45 3 -137.2 46 3.306
4 -141.9 432
5 -138 47.5

C. EXPERIMENTAL RESULT ANALYSIS
From Table 1 and Table 2, and according to the experimental
error of the two algorithms, the error comparison is shown in
Fig. 10.

Based on Fig. 10, it is evident that in each of the five sets
of direction-finding experiments, the enhanced UCA-RB-
MUSIC algorithm yields significantly lower errors than the
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UCA-RB-MUSIC algorithm for single PD source direction-
finding. Furthermore, when comparing the results to Table 1
and Table 2, the maximum error of the enhanced UCA-RB-
MUSIC algorithm is 4.031°, considerably smaller than the
minimum error of the UCA-RB-MUSIC algorithm, which
is 6.215°. Additionally, the calculations indicate that the
average error of the former is only 3.44°, while the average
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TABLE 3. The experimental results of dual partial discharge source direction finding based on the UCA-RB-MUSIC algorithm.

Simulation Actual angle Simulation Direction finding angle of UCA-RB-MUSIC algorithm  Angular error
group number ~ Azimuth  Pitch angle  serial number  Azimuth Pitch angle average
1 -134 533
-140 45 924 43.8 8.338
2 -134.9 49.9
1 -79.2 49.3
-83 45 3 -144.2 51 7.692
-85.4 52
| 21.3 30.9
13 30 -158.6 32.7 7.359
2 19.9 30.1
2 -154.9 29.8
-164 30 3 17.7 34.8 7.516
-170.9 31.6
12.3 26
3 30 ! -96.7 489 8.845
5 10.5 35.1
3 -113.8 58.3
-106 50 3 0 36.4 10.663
-97.2 43.2
] 48.4 37.9
43 30 -87 49.2 9.455
5 33.7 25.9
4 -88.3 46
-79 45 3 51.3 32.1 9.353
-74.8 53.7
1 67.4 14.8
76 15 -50.1 51.1 8.684
5 854 11.8
5 -55.3 68.5
-52 60 3 70.3 19.6 9.203
-42.9 57.7
T T T 77— Color scale o =— UCA-RB-MUSIC algorithm
07 | ] i 0-000 = *  Improved UCA-RB-MUSIC algorithm
5 ‘ | -4.240 g 8 =
- ‘ 5
| -8.480 o u
-10 ‘ -12.72 E 7
1 -16.96 2 =
-21.20 = 6 - .
25.44 g
-29.68 B s
33.92 L]
3816 o .
42,40 £ 4
S 31 e
X o0 . . . : .
. 60 C o << (-147°,15%) (-80°,25%) (-45°,30°) (70°,60°) (-140°,45°)
Pircy, & 73 5 130 ( ) ( ) ¢ ) ( (
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FIGURE 9. Using the improved UCA-RB-MUSIC algorithm single partial
discharge source direction finding beam pattern.

error of the latter is 7.026°.In the single partial discharge
source direction finding experiment, the error of the improved
UCA-RB-MUSIC algorithm is only 50% of the traditional
UCA-RB-MUSIC algorithm.

In summary, when it comes to the actual single partial
discharge acoustic signal, the enhanced UCA-RB-MUSIC
algorithm achieves a direction-finding accuracy of 4.5°,
which surpasses that of the conventional UCA-RB-MUSIC
algorithm. The improved UCA-RB-MUSIC algorithm
demonstrates excellent direction-finding capabilities, making
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FIGURE 10. Using the improved UCA-RB-MUSIC algorithm single partial
discharge source direction finding beam pattern.

it well-suited for accurately determining the direction of a
single partial discharge source in real-world environments.

VIl. DOUBLE PARTIAL DISCHARGE SOURCE
LOCALIZATION EXPERIMENT

In this experiment, electronic pulse igniters replicate the
dual power supply for partial discharge simulation, with both
igniters simultaneously emitting partial discharge signals.
The other experimental conditions are the same as the single
partial discharge source localization experiment.
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A. DOUBLE PARTIAL DISCHARGE SOURCE LOCALIZATION
EXPERIMENT

In the first experiment, the azimuth and pitch angles of the
axis of the electronic pulse igniter (passing through the center
of the circular array) relative to the plane of the microphone
array were adjusted to —140° and 5°, respectively, while the
elevation angles were set to —83° and 45°, correspondingly.
The electronic pulse igniter was pressed to discharge
continuously for 5 seconds during the experiment. At the
same time, the circular microphone array began to collect the
discharge signal at the moment of pressing. The waveform
of the partial discharge signal during the first experiment
is shown in Fig. 11. The RSS, in conjunction with the

6 -

I

[\

Signal amplitude

80 100 120 140 160 180
£0/kHz

FIGURE 11. Double partial discharge source acoustic signal spectrum
diagram.

UCA-RB-MUSIC algorithm, is utilized to analyze and
process the audio data obtained from the circular microphone
array, corresponding to the collection of partial discharge
events. The beam pattern of the first direction-finding
experiment is shown in Fig. 12.

The angle formed by the axis of the two electronic pulse
igniters ( both axes pass through the center of the circular
microphone array ) relative to the plane where the circular
microphone array is located is changed multiple times.
The direction-finding results based on the UCA-RB-MUSIC
algorithm are shown in Table 3 for three consecutive
experiments on the same set of angles.

B. DOUBLE PARTIAL DISCHARGE SOURCE LOCALIZATION
EXPERIMENT BASED ON IMPROVED UCA-RB-MUSIC
ALGORITHM

The positioning algorithm used in the experiment is changed
to the improved UCA-RB-MUSIC algorithm. Other exper-
imental conditions and parameters are unchanged, and the
practical steps in Section VI are repeated. The RSS, in con-
junction with the enhanced UCA-RB-MUSIC algorithm,
is employed to analyze and process the audio data captured
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FIGURE 12. The experimental beam pattern of dual partial discharge
source direction finding based on the UCA-RB-MUSIC algorithm.

by the circular microphone array, which corresponds to
partial discharge events. The directional response of the initial
direction-finding trial is illustrated in Fig. 13.
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FIGURE 13. The experimental beam pattern of dual partial discharge
source direction-finding based on improved UCA-RB-MUSIC algorithm.

Table 3 presents all the outcome data from the
direction-finding experiments for the dual partial discharge
source.

C. EXPERIMENTAL RESULT ANALYSIS
The data in Table 3 and Table 4 are compared, and the error
pairs drawn according to the direction finding experimental
error of the two algorithms are shown in Fig. 14. Among
them, the unfilled data points indicate the errors generated by
the UCA-RB-MUSIC algorithm. In contrast, the filled data
points represent the errors the enhanced UCA-RB-MUSIC
algorithm produces. The black angle coordinates below the
horizontal axis represent the measured angles obtained from
the first partial discharge source in the five sets of direction-
finding experiments, and the red angle coordinate represents
the measured angle of the five sets of direction-finding
experiments of the second partial discharge source.

From Fig. 14, it is evident that the direction-finding error
of the enhanced UCA-RB-MUSIC algorithm is considerably
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TABLE 4. The experimental results of dual partial discharge source direction finding based on improved UCA-RB-MUSIC algorithm.

Simulation Actual angle Simulation Direction finding angle of UCA-RB-MUSIC algorithm  Angular error
group number ~ Azimuth  Pitch angle  serial number  Azimuth Pitch angle average

1 -136.1 479
-140 45 -86.8 48 4332

5 -143.2 47.2

1 -80.8 42.8
-83 45 3 -144.2 43.9 3.675

-85.2 434

18.2 29.2
13 30 1 -160.1 28.4 4.969

2 17.2 32

2 -165.3 34.6
-164 30 3 10.5 343 4.576

-168.5 28.6

! 6.8 27.4
3 30 -103 472 4911

2 -0.3 26

3 -101.2 48.6
-106 50 3 7.3 324 4.559

-102.7 53.1

46.1 28.6
43 30 ! -80.3 424 3.586

5 40.6 33.5

4 776 41.6
-79 45 3 44.8 324 3.58

-82.2 425

] 72 16.1
76 15 -49.4 61.4 4.068

5 78.5 18.1

5 -55.3 59.2
-52 60 3 74.3 18.7 3.488

-50 63.5
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FIGURE 14. Two algorithms of double partial discharge source direction
finding experiment error comparison diagram.

lower than that of the UCA-RB-MUSIC algorithm in all
five sets of direction-finding experiments. At the same time,
based on the information provided in Table 3 and Table 4,
it can be observed that the enhanced UCA-RB-MUSIC
algorithm exhibits a maximum error of 6.215°, which is
significantly lower than the minimum error of the UCA-RB-
MUSIC algorithm, which is 7.359°. Furthermore, the analysis
indicates that the average error of the enhanced algorithm
is 4.450°, while the average error of the conventional
algorithm is 8.711°.In other words, in the direction finding
experiment of double partial discharge sources, The enhanced
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UCA-RB-MUSIC algorithm exhibits an error rate of 51% of
the error rate observed in the conventional UCA-RB-MUSIC
algorithm.

According to the experimental findings, it has been
demonstrated that the enhanced UCA-RB-MUSIC algorithm
achieves a direction-finding accuracy of 5.0° for two absolute
partial discharge acoustic signals. This accuracy surpasses
that of the conventional UCA-RB-MUSIC algorithm. These
results highlight the improved UCA-RB-MUSIC algorithm’s
excellent performance in direction-finding and its suitability
for locating two partial discharge sources in real-world
environments.

VIil. CONCLUSION

This paper introduces an enhanced UCA-RB-MUSIC
algorithm to address the issue of unshielded coherent signal
interference in detecting air gap discharge within epoxy
resin-insulated dry-type transformers using the UCA-RB-
MUSIC algorithm. The received signal covariance matrix
is reconstructed to restore its rank to match the number of
signal sources in the microphone array. Then, the positions
of all partial discharge sources are obtained. The simulated
and analyzed acoustic signal corresponds to a single partial
discharge power supply and a dual partial discharge power
supply. The results show that whether it is a single partial
discharge power supply or a dual partial discharge power
supply, the error of the results obtained by the improved
UCA-RB-MUSIC algorithm is only 50% of the direction
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finding results before the improvement. The direction-finding
outcomes achieved by the enhanced UCA-RB-MUSIC
algorithm exhibit a remarkable improvement compared to the
results obtained before the enhancement. Then, the partial
discharge experiment is carried out using the transformer
partial discharge positioning experimental platform. The
empirical findings align with the simulation results, which
verify that the direction-finding error of the improved UCA-
RB-MUSIC algorithm is only 50% of the direction-finding
error before the improvement. It offers a benchmark approach
for achieving more precise direction finding and localization
of partial discharge in transformers.
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