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Abstract 
For large oil-filled electrical equipment with complex structure, the degree of insulation 
deterioration is closely related to partial discharge and its location. There may be 
multiple PD sources inside the electrical equipment. Therefore, on the basis of the 
location of the simultaneous occurrence of two PD sources is studied. Firstly, the 
relationship between the distance difference between the two PD sources and the sensor 
and the PD ultrasonic signal correlation coefficient is discussed, and a Direction of 
Arrival (DOA) estimation algorithm for the broadband coherent PD signal model is 
proposed. The two coherent and two incoherent partial discharge signals are simulated 
and studied by MATLAB, and the results show that the direction finding error does not 
exceed 1°. Finally, the experiment of two PD sources based on EFPI sensor array is 
carried out. The results show that the direction finding error when the two PD signals 
are coherent is slightly larger than that when they are incoherent. 
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1. Introduction 

PD can easily lead to the gradual deterioration of transformer insulation, and then lead to a variety of 
serious faults. Therefore, it is of great significance to detect and locate PD. PD ultrasonic positioning 
method suffers from less interference and high positioning accuracy [1]. The principle of the 
commonly used ultrasonic positioning method is to fix the ultrasonic array sensor on the outer wall 
of the fuel tank to receive the ultrasonic signal generated by partial discharge,with the improvement 
of sensor technology, the sensor can be placed in the oil to detect partial discharge to improve the 
localization accuracy [2].  

Reference [3] uses the regularization method to estimate the number of PD sources and uses the 
Multiple Signal Classification (MUSIC) algorithm to estimate the DOA of ultrasound. In view of the 
broadband characteristics of partial discharge ultrasonic signals, the literature [4] uses a broadband 
array signal processing algorithm to focus the signal frequency, and then treat it as a narrowband 
signal. Reference [5] combined the broadband focusing algorithm with the fourth-order cumulant 
array expansion algorithm to improve the resolution. The above literatures do not consider the 
situation that there are two PD sources in the transformer and the signals are coherent, but when the 
signal correlation is strong or even coherent, the traditional signal subspace algorithms such as 
MUSIC cannot effectively distinguish the DOA of the signal [6]. Therefore, this paper discusses the 
partial discharge situation of broadband coherent signal, proposes a PD source direction finding 
algorithm for broadband coherent signal model, and verifies the effectiveness of the method through 
MATLAB simulation. It is further verified that the algorithm has practical application value. 
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2. Array Signal Model 

2.1 Narrowband Signal Model Formatting The Title 

Suppose K far-field signals are incident on an array, where the array consists of M array elements, 
and the signals received by the array are: 

 

X(t)=A(θ2,φ)S(t)+N(t) (1)  

 

Where, X(t) is the received signal of the sensor array, X(t)=[ x1(t), x2(t),…, xM(t)]T; S(t) is the signal 
vector, S(t)=[ s1(t), s2(t),…, sK(t)]T; N(t)is the noise vector, N(t)= [ n1(t), n2(t),…, nM(t)]T. 

A(θ, φ) is the direction matrix of the signal, φ represents the pitch angle, θ represents the azimuth 
angle, and (φ, θ) represents the DOA of the signal: 

 

A(θ2,φ)= a θ1,φ1 ,a θ2,φ2 ,…,a θK,φK
(2) 

 

a(θi,φi)is the direction vector of the signal coming from (θi,φi):  

 

a θi,φi =ex p(j2πfrki/v) ,i=1,2,…,K (3) 

 

Where, f is the frequency of the signal; r=[r1, r2, …, rM]T, rm is the coordinate of the mth array 
element;  ki is the wavenumber vector of the signal whose direction is(θi,φi), ki=[sin(φi)cos(θi), 
sin(φi)sin(θi), cos(φi)]T. 

The MUSIC algorithm performs eigendecomposition on the covariance matrix of the array signal and 
estimates the DOA according to the orthogonality of the noise subspace and  signal direction vector: 

The covariance matrix that defines the array output signal X(t) is: 

 

RX=E X(t)X(t)=
H =A(θωφ)E S(t)S(t)H A(θ,φ)H+σ2I=A θφφ RSA(θωφ)H+σ2I (4) 

 

RX is a positive definite Hermitain matrix, 

 

RX=U∑UH=US  
S

US
H+UN  

N

UN
H (5) 

 

Where, US is the signal subspace, UN is the noise subspace, and∑S and ∑N are the corresponding 
diagonal matrices  respectively. 

Then, You can get: 

 

a θi,φi

H
UN=0,i=1,2,…,K (6) 

 

The spatial spectral function can be obtained: 

 

Pmusic =
1

∥∥aH θi,φi UN∥∥
2 (7) 
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From the above formula, changeθ and φ, and estimate DOA by finding the peak. 

2.2 Wideband Signal DOA Estimation Formatting the title 

Since the partial discharge ultrasonic signal is a broadband signal with a frequency range of 20 to 300 
kHz, a broadband array signal processing algorithm should be used to calculate the direction of arrival. 
The Incoherent Signal-Subspace Method (ISM) does not need to pre-estimate the DOA, nor does it 
need to calculate the center frequency of the signal, and the amount of calculation is small [7]. The 
wideband signal is decomposed into several narrowband signals, and finally the DOA estimation 
result is obtained by averaging the processing results of each narrowband. The ISM calculation 
process is as follows: 

1) Perform Fourier transform on (1) to obtain the array output model of each narrowband component: 

 

X(t)=  

K

k=1

a(fj,θi,φi)s(fj)+N(fj),j=1,2,⋯J (8) 

 

2) Calculate the covariance matrix of X(fj)and perform eigenvalue decomposition to obtain the noise 
subspace UN(fj) of each narrowband component.  

3) Find the spatial spectral function of the averaging process: 

 

𝑃music =
1

1
𝐽
∑   ∥∥𝑎 𝑓 , 𝜃 , 𝜑 𝑈 𝑓 ∥∥

(9) 

3. Two Coherent Signal PD Sources 

When there are two PD sources in the transformer, the two PD signals may be independent, correlated 
or coherent. The correlation coefficient is generally used to measure the degree of correlation between 
signals. For two stationary signals si(t) and sj(t), the correlation coefficient is defined as: 

 

ρij=
E (si(t)-E[si(t)]) sj(t)-E sj(t)

E si(t)-E[si(t)]
2
E sj(t)-E sj(t)

2
1
2

(10)
 

 

The correlation coefficient satisfies ︱ρij︱≤1. When ρij=0, si(t) and sj(t) are said to be uncorrelated; 
When 0<︱ρij︱<1, it is called partial correlation; When ︱ρij︱=1, it is called complete correlation 
or coherence. 

It can be seen from the above definition that the two complex coherent signals differ only by a comp-
lex constant, which is manifested as time or phase delay and amplitude attenuation. The partial 
discharge ultrasonic signal model is shown in Figure 1, the center frequency is 150 kHz, the 
bandwidth is 100~200 kHz, the de-cay time is about 150 us, and the propagation speed of ultrasonic 
wave in oil is v=1 500 m/s. Assuming that partial discharges at two different locations occur at the 
same time, the time delay for the two partial discharge signals to reach the sensor is τ, τ=︱d1-d2︱
/v=∆d/v, where d1 and d2 are the dista-nces from the two PD sources to the sensor, respectively, and 
the distance difference is Δd. Plot the relationship between Δd and the correlation coefficient ρ12 as 
shown in Figure 2. 
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Figure 1. PD ultrasonic signal Figure 2. The two curve of ρ12 versus ∆d 

 

It can be seen from Figure 2 that ρ12 becomes smaller as Δd increases, and the signal correlation is 
stronger. When Δd = 0, ρ12 = 1. When ∆d≥150 us × 1 500 m/s = 22.5 cm, ρ12 = 0. For strongly 
correlated or even coherent signals, traditional subspace-based algorithms cannot accurately calculate 
DOA. Aiming at the possible correlation and coherence of partial discharge broadband signals, a two-
dimensional DOA estimation method with broadband coherence model is required. 

4. 2D Direction Estimation of Partial Discharge  

4.1 One-dimensional DOA Estimation Algorithm for Broadband Coherent Signals 

The modified MUSIC algorithm (MMUSIC) reconstructs the covariance matrix of the array signal, 
which can effectively estimate the DOA of the signal [8]. Here it is combined with the ISM algorithm 
to obtain a one-dimensional DOA estimation algorithm for broadband coherent signals [9]: 

1) First, change the frequency domain of the array signal according to the ISM algorithm to obtain 
each subband signal component X(fj), and then reconstruct the subband signal with frequency fj 
according to the improved MUSIC algorithm to obtain: 

 

Y(fj)=IvX(fj)
* (11) 

 

Where, "*" denotes complex conjugate, and Iv is defined as: 

 

Iv=

0 0 ⋯ 1
0 ⋯ 1 0
⋯ ⋯ ⋯ ⋯
1 0 ⋯ 0 M×M

(12) 

 

Then the covariance matrix of Y(fj) is: 

 

RY(fj)=E Y(fj)Y(fj)
H =IvR(fj)

*Iv (13) 

 

2) Then add R(fj)and RY(fj) to get the reconstructed subband signal covariance matrix: 

 

RX(fj)=R(fj)+RY(fj)=R(fj)+IvR(fj)
*Iv (14) 



International Core Journal of Engineering Volume 8 Issue 9, 2022
ISSN: 2414-1895 DOI: 10.6919/ICJE.202209_8(9).0016

 

105 

 

3) Finally, according to the aforementioned ISM calculation process, the eigenvalue decomposition 
and the averaged spatial spectral function are calculated, and the DOA estimation under the condition 
of broadband coherence is obtained. 

4.2 2D Orientation Estimation for Dimensionality Reduction 

MMUSIC is a special spatial smoothing algorithm that is only suitable for equidistant linear arrays 
[7], so it can only estimate one-dimensional DOA. In order to estimate the two-dimensional direction 
of partial discharge, the method of dimensionality reduction is used here. Build an array as shown in 
Figure 3, where the x-axis, a-axis, and b-axis form 120° with each other, and each coordinate axis 
contains an equidistant line array. First select the arrays on the x-axis, a-axis and b-axis as three sub-
arrays, and list their one-dimensional array models respectively; then calculate the one-dimensional 
included angle of the PD source relative to each sub-array; finally, according to these three folders 
Angle determines the DOA of the PD source. 

 

 

Figure 3. Array model 

 

The three sub-arrays are 120° from each other, so the unit vectors in the positive directions of the x-
axis, a-axis and b-axis are: vx=(1,0,0), va=(-1/2,-√3/2,0), vb=(-1/2,√3/2,0). Suppose the DOA of the 
PD source is (φ,θ), and its one-dimensional included angles relative to each sub-array are αx, αa and 
αb, then: 

 

⎩
⎪
⎨

⎪
⎧

co s(αx)=vx⋅k=si n(φ) co s(θ)

co s(αa)=va⋅k=
-si n(φ) co s(θ) -√3si n(φ) si n(θ)

2

co s(αb)=vb⋅k=
-si n(φ) co s(θ)+√3si n(φ) si n(θ)

2

(15) 

 

Thus:                                

 

co s(αx)+co s(αa)+co s(αb)=0 (16) 

 

The steps of 2D direction estimation of partial discharge are as follows: 

1) One-dimensional array model of subarrays on the x-axis:Xx(t)=Ax(α)S(t)+Nx(t). 

Where, A(α) is the direction matrix of the sub-array, A(α)=[a(α1), a(α2),…, a(αK)], αi is the one-
dimensional included angle of the PD source relative to the x-axis, as shown in Figure 3. a(αi) is the 
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direction vector: a(αi)=exp(j2πf×rx×cos(αi)/v), i=1,2, …,K, rx is a column vector consisting of the x-
axis coordinates of the subarray elements. 

2) Since there may be multiple PD sources, αxi, αai and αbi need to be paired according to Equation 
(16), that is, αxi, αai and αbi satisfying Equation (16) are considered to be the ith PD source relative 
to the x-axis, the angle between the a and b axes. 

3) According to the paired αxi, αai and αbi, calculate φi and θi according to formula (15), and obtain 
the DOA of the ith PD source. 

5. Simulation Research 

The ultrasonic localization of partial discharge is simulated by MATLAB software. A 19-element 
sensor array model is established, as shown in Figure 3. The simulation studies two coherent and two 
uncorrelated PD signals, and then calculate the DOA of the PD source according to the algorithm 
proposed in this paper. 
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Figure 4. Direction finding spectrum of two incoherent PDs 

 

The coordinates of the Two coherent PD sources are (-70, -30, 40) cm and (19.8, 43.6, 71.4) cm 
respectively, and the distance to the center of the array is 86 cm. After calculation, the two signals 
received by the central array element The correlation coefficient is 0.8289, which is close to the 
coherent case. The actual DOAs are (62.3°, 203.1°) and (33.9°, 65.6°). The direction finding spectrum 
is shown in Figure 4, αx1, αx2, αa1, αa2 and αb1, αb2 are 77°, 144°, 45°, 124° and 70°, 83°, 
respectively. It can be obtained from the test of formula (16): 

cos(77°)+cos(124°)+cos(70°)=0.007 8, cos(144°)+cos(45°)+cos(83°)= 0.0200,  

So the paired results are (77°, 124°, 70°) and (144°, 45°, 83°). Substitute into formula (15) to obtain 
DOA calculation results of (61.3°, 202.7°) and (34.5°, 66.6°). 

The coordinates of the Two unrelated PD sources are (-70, -30, 40) cm and (22.1, 48.7, 79.7) cm 
respectively, and the distances to the center of the array are equal to 68 cm and 96 cm respectively. 
At this time, the correlation coefficient of the two signals received by the central array element is 
0.1497, which is close to the incoherent situation. The actual DOAs are (62.3°, 203.1°) and (33.9°, 
65.6°). The DOA estimation results are (61.7°, 203.3°) and (33.9°, 66.2°). 

6. Conclusion 

1) The relationship between the distance difference ∆d between the two PD sources relative to the 
sensor and the coherence coefficient ρ12 is discussed. The smaller the Δd, the larger the ρ12. For two 
PDs generated at the same time, when the distances between the two PD sources and the sensor are 
equal, the signals are coherent, and when ∆d≥22.5 cm, the ultrasonic signal correlation coefficient is 
close to 0. 

2) The simulation calculates the DOA of two coherent and two incoherent PD sources, and the error 
of the results does not exceed 1°. 
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