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Efficient and accurate localization of partial discharge (PD) is of paramount
importance to ensure the safe operation of power transformers. However, the
multi-path propagation effect introduced by the reflection, refraction and
diffraction of the ultrasonic signal may add significant computational complexity to
the localization process and degrade the localization accuracy. This paper proposes
an acoustic- electrical joint method for partial discharge location in the power
transformer with the full consideration of the multi-path propagation impact. Unlike
the conventional error analysis methods, a partial discharge localization model is
proposed for characterizing the multipath propagation impact without the prior
knowledge of the transcendental error probability. Based on the matrix inequality
transformation and relaxation, the high-dimensional nonlinear localization equations
are transformed into a set of second-order convex optimization equations that can be
solved using the convex second-order cone program (SOCP). The proposed solution
can significantly reduce the computational complexity and improve the localization
accuracy as well as avoid the local optimum and slow convergence. The solution is
assessed through extensive experiments based on simulations, testbed and trial
deployment in comparison with the existing solutions with the localization error of
about 0.1 m.

Keywords: power transformer, partial discharge, localization algorithm, convex second-order cone program,
acoustic-electrical joint, acoustic-electrical joint localization

INTRODUCTION

It is well known that the insulation of large transformers is one of the fundamental and stringent
requirements to ensure the safe and reliable operation of electric power substations. In the past decades,
the timely detection and analysis of partial discharge (PD) have been widely investigated for fault
detection and diagnosis of the internal insulation deterioration of power transformers (e.g., Tarimoradi
and Gharehpetian, 2017; Wang et al., 2017; Chen, 2019; Ganguly et al., 2020; Karami et al., 2020). This
enables the determination of fault type and location at the early stage, and hence the field maintenance
can be timely carried out to prevent the power transformers from failures or outages.
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FIGURE 1 | Insulation discharge phenomena of transformers. (A)
Insulation paperboard at the outer enclosure of transformer (B) Insulation
paperboard at the lower end of the winding (C) Winding cable discharge (D)
Internal discharge of winding.

In general, the partial discharge can make the insulation being
destroyed and gradually expand due to the direct bombardment
of the discharge particles, resulting in insulation breakdown; In
addition, the chemical action of the active gases (e.g., heat, ozone
and nitrogen oxide) produced by the discharge can lead to
corrosion of the partial insulation, which increases the
dielectric loss and finally leads to thermal breakdown
(Kallberg, 1980; Naderi et al, 2007). More specifically, the
partial discharge can introduce the following impacts:

1) Partial discharge can lead to the separation and cleavage of
chemical bonds and the destruction of the insulating
material’s molecular structure. This may introduce
discharge at the concentration of the electric field and leads
to dendritic discharge traces and insulation breakdown.

Localization Method of Partial Discharge

2) The thermal effect of discharge point leads to the thermal
cracking of insulation or promotes oxidative cracking. This
may increase the conductivity and dielectric loss that
accelerates the aging process.

The generated ozone and nitrogen oxides during the discharge
can lead to a nitric acid chemical reaction. Such a reaction can
corrode the insulator when meet with the water, resulting in
the deterioration of insulation performance.

3

~

In addition, the high-energy radiation phenomenon during
partial discharge can potentially degrade the insulating materials.
The X wax (a waxy substance produced by overheating) deposited
on the solid insulation makes it difficult to dissipate heat,
resulting in overheating and damages to the solid insulation.
The examples of insulation discharge phenomena in the
transformers are illustrated in Figure 1.

At present, the partial discharge localization of power
transformers is mainly based on electrical (mainly in ultra-
high frequency) and ultrasonic detection methods (e.g., (Luo
Yongfen et al., 2006; Moore et al., 2006; Markalous et al., 2008;
Coenen and Tenbohlen, 2012; Tarimoradi and Gharehpetian,
2017)). The electrical method mainly detects the UHF (Ultra
High Frequency) electromagnetic wave generated by partial
discharge sources. Considering that the propagation speed of
the electrical signal is the speed of light, the electrical method
requires a high sampling frequency reaching the nanosecond level
or even sub-nanosecond level. Moreover, the electrical wave
signal is shielded and attenuated by the power trans-former
borne (Kweon et al., 2005).

The ultrasonic detection method detects and analyses the
arrival time of the PD pulse signal to determine the location
of partial discharge sources. Due to the advantages of non-
destructive, robust and high precision, the ultrasonic detection
method is one of the most widely used location technologies of
power transformers (Howells and Norton, 1978; Han-Lee Song,
1994; Cakir et al., 2013; Hekmati and Hekmati, 2017; Wang et al.,
2017; Chen, 2019). The location solutions can be classified into
the pure acoustic-based method, the pure electrical-based method

FIGURE 2 | Diagram of the relationship between measurement distance and real distance.

Signal source
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FIGURE 3 | Simulated power transformer.

and the acoustic electrical joint method (e.g., Markalous et al., 2008;
Coenen and Tenbohlen, 2012; Rubio-serrano et al., 2012). The pure
acoustic localization method and the pure electrical-based localization
method select the arrival time of one ultrasonic sensor or UHF sensor
signal as the reference time and then measure the time delay of other
signals relative to the reference time for partial discharge localization.
The acoustic electrical joint method is considered as the arrival time
of the electric pulse signal of the partial discharge as the reference time
since the electric signal delay is very tiny and can be ignored
compared with the ultrasonic signals. Through using a set of
ultrasonic synchronized sensors to measure the ultrasonic time
delay and multiplying the equivalent sound velocity, the distance
of discharge source to individual sensors can be calculated, as
suggested in (Meka et al,, 2018). The ultrasonic wave propagation
speed within the transformer is close to that of sound wave speed, and
the electromagnetic wave speed is about two-thirds of that of
lightwave speed. Therefore, the time error of the pure electrical-
based localization method is much larger than other methods. The
existing study (Coenen and Tenbohlen, 2012) confirmed that the
positioning accuracy of the electric acoustic joint method is higher
than that of the pure acoustic method. Since the time arrival time of
the acoustic signal is not easy to be accurately measured, a larger error
can be introduced between the acoustic and acoustic signals.
Moreover, for multiple PD sources, the acoustic-electrical joint
method is expected to provide improved performance in terms of
distinguishing the signals from different PD sources in practical
deployment compared with the acoustic-based method.

0.26 , , , , ; ; : .
—&— This paper
0.24°- —&—Pso T
CHAN
0.22 - 1
0.2 q

012t |
04 F 1
O.OS‘E___%\H\
0.06“ : : : : : : : i}
1 15 2 25 3 35 4 45 5

Simulation times

FIGURE 4 | Performance comparison of the proposed solution against
the CHAN and PSO algorithms.

The main factors affecting the accuracy of the partial dis-
charge localization are the nonlinear localization equation solving
method and the elimination method of various errors in the
localization process. In the existing studies, many optimization
algorithmic solutions, e.g., the particle swarm optimization and
its extensions (Hooshmand et al., 2013; Wang et al., 2017; Meka
et al,, 2018), genetic algorithm (Chang et al., 2014; Li and Luan,
2018), fuzzy clustering (Contin et al., 2002; Homaei et al.,, 2014),
have been adopted attempting to obtain the optimal solution of
the nonlinear localization problem. However, there are many
problems in the practical application, e.g., falling into local
optimum, slow convergence speed, and premature nature. It is
difficult to ensure the robustness and accuracy of the solved
results. Also, the existing literature mainly focuses on the
influence of sensor measurement error rather than the error
caused by multi-path propagation.

Unlike our previous work (Jia et al., 2021) that presented an
acoustic-based method for PD location, this paper proposes an
acoustic-electrical joint method for locating the partial discharge
sources in a power transformer considering the influence of the
multi-path propagation effect. In this paper, the following
contributions are made:

1) The proposed acoustic-electrical joint localization method
fully considered the impact of multipath propagation errors
to accurately describe the phenomenon of PD signal
propagation in the power transformer.

2) The acoustic-electrical joint localization is formulated as a
second-order cone program (SOCP) that can efficiently obtain
the accurate PD source locations whilst avoiding the local
optimum and slow convergence.

3) The proposed algorithmic solution of PD localization is
extensively assessed and validated by a range of
experiments based on simulations, experimental testbed
and field test against a set of existing solutions.
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A Fault setting device

FIGURE 5 | TWCP-0.5/50 transformer and deployment of the installed ultrasonic partial discharge sensors. (A) Front view (B) Back view.

TABLE 1 | Spatial coordinate of ultrasonic sensor of TWCP-0.5/50.

No X Y z

1 0.850 0.000 0.800
2 1.700 0.225 0.900
3 1.700 0.225 0.300
4 1.700 0.675 0.900
5 0.850 0.900 0.800
6 0.000 0.225 0.900

The remainder of this work is as follows: the analysis of the
partial discharge propagation path in the transformer is presented
in Analysis of Partial Discharge Propagation Path in Transformer.
SOCP Localization Model formulates the PD location problem
and adopts the SOCP to solve the localization model.
Performance Evaluation and Numerical Result carries out a
range of experiments to validate the proposed method. Finally,
the conclusions and future work are discussed in Conclusive
Remarks.

ANALYSIS OF PARTIAL DISCHARGE
PROPAGATION PATH IN TRANSFORMER

When the internal medium of the power transformer is
affected by dampness, aging, breakdown, or other reasons,
the power transformer may cause insulation weakness points.
When the applied voltage exceeds the weakness point thresh-
old voltage, it will emit electric and ultrasonic signals. Due to
the complexity of the internal structure of the power
transformer, the propagation process of electric and
ultrasonic signals can be divided into four categories, as
shown in Figure 2.

1) Internal reflection process of power transformer: when the
ultrasonic wave touches the winding or borne, it will be
reflected, thus prolonging the time delay to reach the sensor;

2) The internal refraction process of power transformer: when
the ultrasonic wave travels through the winding or borne, it

will be refracted, thus also prolonging the time delay to reach
the sensor;

3) The diffraction process in power transformer: under the
condition that the ultrasonic wave wavelength is close to
the shelter width, the direction of the ultrasonic wave may
change when it touches the winding;

4) Refraction process of power transformer borne: when the
ultrasonic wave touches the power transformer borne, it will
continue to spread in the borne. However, the wave
propagating in the border decays very fast, it can be
filtered by the threshold method.

SOCP LOCALIZATION MODEL

Suppose synchronized one electric PD sensor and # ultrasonic PD
sensors are arranged around the power transformer. The time
delay between the measurement sensor and the PD source can be
formulated as Eq. 1:

ti 1
ti=—=—(di+n+e) (1)
Y

In Eq. 1, r; is the measured distance from the PD to the i th
sensor (i=1,2,--,n). v is the ultrasonic wave propagation
velocity within the transformer. d; is the real distance between
the i th sensor and the PD source (all variables units in this
paper are in meters). #; denotes the sensor measurement error
that follows the normal distribution N (0, ¢?) (Chan and Ho,
1994) with the mean value of 0 and variance of 62, and |n;| < d;.
e; is the error caused by the velocity affected by the composite
path in the process of signal propagation.

ri =tv (2)
di = |lx = sil (©)

In Eq. 3, x and s; denotes the three-dimensional coordinates
of the PD source and the i th sensor, i.e. (xy, yx, 2zx) and
(x5, ¥s»2s,), respectively. Here, Figure 2 illustrates the
relationship between measurement distance and real distance.

By square the two sides of Eq. 1 and substituting formulas Egs 2, 3,
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FIGURE 6 | The ultrasonic localization result using TWCP-0.5/50 transformer testbed

e+ &~ lx - silP = 2nllx - sl + 1 @)

Considering |n;| < d;, n,.z can be omitted as a high-order small
quantity,
2
r2=2rie;+ e — |lx — sl

n = (5)
l 2[x = sill

So, the localization model can be formulated as

2

. < r}=2riei+el —|x— sill®

min maxz (6)
e H 2llx = s

Eq. 6 can be reformed as:

N 2 9 2 2
. r; = 2rie; + e — ||x — sl )]
min ) | max| - : (7)
E Z[ ' ( 2[|x - sil
Considering 0 <e; <p,, which p; is the upper bound of e;.

<ri2 —2rie; + ef —lx - sillz)

max
e 2llx = sill
2 2 .2 2 2 (8)
_ max(ri B ”x B Si" ri— 27’:‘/7,- +pi — "x B Si" )
2llx = sill 2lx = sill
Define &;:
2
£ - rr—2rie;+ el —|lx — sl ©)

2[lx = sill

So, according to SCOP, Eq. 7 can be rewritten as

N
min ) ¢;
xE ;E
2 _ o, 2l — o 12\ 2
<r,- 2rip; +p; — 1 = sil ) <t (10)
2l = sl

2\ 2
(r?— Jx = sl ) <
2x-sl ) 7

Considering x|l is a non-convex parameter, the second-
order relaxing parameter is defined as llx])? < y.So |x - si|* can
be converted to y—2six + Isil*> and the following can be
obtained:

N
min ;
ni Zlf

2
(rf = 2rip, + p} — y + 25;x — |sill*)

< ¢,
4(y - 2six + |Isill) <4

(11)

(r? = y +2six — ||si])*)

2
< ¢
4(y—25ix+ ||S,'||2) _El

2
lxl” < y

Here, Eq. 11 is a convex second-order cone program
(SOCP)and the PD source localization can be implemented
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TABLE 2 | Performance comparison of Pd location algorithm in power transformer of twcp-0.5/50.

Localization Method of Partial Discharge

No Coordinate CHAN PSO Proposed solution
Location result Error (m) Location result Error (m) Location result Error (m)

1 (0.75, 0.485, 0.81) (0.753, 0.466, 0.937) 0.128 (0.904, 0.45, 0.895) 0.18 (0.754, 0.484, 0.91) 0.101

2 (0.61, 0.485, 0.56) (0.635, 0.516, 0.717) 0.162 (0.572, 0.624, 0.578) 0.145 (0.557, 0.4783, 0.588) 0.061

3 (0.66, 0.772, 0.875) (0.716, 0.888, 0.997) 0.177 (0.708, 0.733, 0.992) 0.132 (0.65, 0.737, 0.879) 0.037

4 (0.72, 1.0760, 0.403) (0.841, 1.112, 0.443) 0.132 (0.693, 1.002, 0.524) 0.144 (0.734, 1.079, 0.474) 0.073

5 (0.675, 1.02, 0.610) (0.664, 1.136, 0.698) 0.146 (0.657, 1.021, 0.714) 0.106 (0.686, 1.062, 0.652) 0.06
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i

FIGURE 7 | Field experiment transformer. (A) Photos of transformer (B) Size and structure.
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FIGURE 8 | Schematic diagram of transformer sensor location. (A) Front
view (B) Back view.

through solving Eq. 11 using the toolbox (CVX toolbox) in
MATLAB (ver. R2019b).

PERFORMANCE EVALUATION AND
NUMERICAL RESULT

Simulation Experiment

This section firstly carries out the performance evaluation of the
proposed PD location solution through simulations. The
simulated ODFS-334MVA/500kV transformer (8.6 m X 6.7 m
x 7.6 m) in Figure 3. The propagation process of the ultrasonic
wave within the studied transformer is simulated using the
Edge-diffraction-toolbox (MATLAB ver. R2019b). In
simulations, the ultrasonic wave propagation speed in the
core, winding and oil are set as 5200 m/s, 3750 m/s and
1450 m/s, respectively, as suggested in (Harrold, 1979; Yang
et al,, 2021; Yang et al., 2022b). In this work, the errors of
individual sensors follow the normal distribution described as
p=0,0=3x107.

Through MATLAB, randomly select the position of discharge
source in different media of core, winding and oil, repeat the
above simulation experiment for 10,000 times, and get the
positioning error statistics of different positioning methods, as
shown in Figure 4.

Figure 4 gives the simulation results of the proposed PD
localization method against the existing CHAN and PSO
algorithmic solutions (Yang et al, 2022a; Shen and
Raksincharoensak, 2021; Xun et al., 2021; Yang, 2021). Since
the refraction and diffraction errors are not considered in the
CHAN algorithm, a significant PD source localization error can
be produced. On the other hand, the PSO algorithm may fall into
the local optimum in the iterative search process. As a result, the
proposed method provides better performance compared with
the comparison benchmarks with the overall positioning error
within the range of 0.05-0.1 M.

Testbed Validation

The TWCP-0.5/50 transformer testbed is used for further
validation (Wu et al., 2017; Han, 2019; Le et al., 2021). In the
testbed, different forms of discharge models, e.g., oil gap
discharge and tip discharge, are implemented. Figure 5

FIGURE 9 | Discharge models. (A) Suspension discharge model (B)
Analysis simulation of suspension discharge model (C) Tip discharge model
(D) Analysis simulation of tip discharge model (E) Surface discharge model (F)
Analysis simulation of surface discharge model (G) Oil gap discharge
model (H) Analysis simulation of oil gap discharge model.

illustrates the TWCP-0.5/50 transformer testbed from both the
front and back view with the deployed ultrasonic partial discharge
sensors as well as the fault setting devices. Table 1 gives the
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FIGURE 10 | Discharge model in transformer.

locations of the deployed ultrasonic sensors in terms of spatial
coordinates in the testbed.

In the testbed, the transformer is operated with the rated
voltage. Here, the ultrasonic testing equipment bandwidth is
100 kHz with a sampling frequency of 20 MHz. The ultrasonic
localization result based on the TWCP-0.5/50 transformer
testbed is presented in Figure 6. In addition, the developed
PD localization method is assessed against the existing
solutions in the TWCP-0.5/50 testbed. Table 2 presents the
numerical results.

Table 2 presents the numerical results of the proposed
solution against the CHAN and PSO algorithms.

The numerical results demonstrate that the proposed solution
outperforms the comparison benchmarks, i.e., Chan and PSO
algorithm, in terms of localization accuracy.

Localization Method of Partial Discharge

Field Test

The specifications and technical parameters of the 110kV
transformer are as follows (Toyoda and Wu, 2021; Wu et al., 2021):

1) Type: S10-6300/110

2) Capacity: 6300/6300KVA

3) Rated voltage ratio: 110/35 kV/10.5 kV

4) Insulation level: LI480AC200/LI200AC95-LI75AC25
5) Connection group: YNd11

6) Short circuit impedance: 9%

7) Cooling mode: ONAN

The size of the transformer is 5.8 x 2.300 x 2m, and the
drawing is shown in Figure 7.

Eight ultrasonic sensors (No. 1-8) and one UHF sensor (No.
x) are arranged around the transformer to form a three-
dimensional sensor array, as shown in Figure 8.

In this work, the suspension discharge, tip discharge, surface
discharge, and oil gap discharge models are developed. The
electrodes at both ends of the model are made of brass, and
the insulating material in the middle is polytetrafluoroethylene.
The corresponding finite element models are established for
analysis, and the electric fields of the discharge models are
simulated, respectively, as illustrated in Figure 9.

The discharge defects in Figure 9 relate to the electrical glue
stick and put into the transformer, and the high voltage line that is
corona free (red wire) and ground wire are appropriately tied to
the electrical glue stick. This can pressurize the two poles of the
discharge point defects to ensure the occurrence of partial
discharge, as illustrated in Figure 10.The acoustic-electrical
joint localization results are presented in Figure 11.
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FIGURE 11 | Recording results of ultrasonic localization experiment of Field experiment transformer.
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TABLE 3 | Performance Comparison of PD localization algorithm in power transformer.

No Phase/ Discharge model Capacity Coordinate CHAN PSO Proposed solution

location type °C) Location Error Location Error Location Error

result (m) result (m) result (m)

1. Phase Suspended 73.5 (4.213, 1.226, (4.242, 1.405, 0.274 (4.298, 1.213, 0.226 (4.187,1.173, 0.068
C (Top) discharge 1.702) 1.907) 1.911) 1.737)

2. Tip discharge 982.5 (4.457, 1.464, (4.707, 1.355, 0.29 (4.461, 1.467, 0.155 (4.517, 1.418, 0.079
1.618) 1.714) 1.773) 1.642)

3. Surface discharge 164.3 (4.34,1.5,1.206) (4.475, 1.551, 0.192 (4.376, 1.575, 0.173 (4.383, 1.502, 0.045
1.331) 1.357) 1.219)

4. Phase B Oil gap discharge 18,326.2 (3.1, 1.474, (8.17, 1.526, 0.257 (2.943,1.477, 0.19 (3.171, 1.419, 0.098
(Middle) 0.841) 1.083) 0.947) 0.882)

5. Tip discharge 1,213.7 (3.486, 1.474, (8.279, 1.576, 0.238 (3.408, 1.402, 0.224 (3.427, 1.416, 0.125
1.039) 1.101) 1.237) 1.133)

6. Surface discharge 120.4 (3.601, 1.306, (8.642, 1.235, 0.259 (3.661, 0.221 (3.585, 1.308, 0.105
0.863) 1.109) 1.205, 1.05) 0.967)

7. Phase A Tip discharge 1,036.3 (2.157, 1.449, (2.083, 1.38, 0.24 (2.153, 1.452, 0.215 (2.216, 1.439, 0.115
(Bottom) 0.582) 0.799) 0.797) 0.681)

8. Surface discharge 183.4 (2.702, 1.223, (2.722, 1.515, 0.295 (2.742,1.173, 0.132 (2.697, 1.179, 0.072
0.745) 0.788) 0.861) 0.802)

9. Suspension 61.8 (0.913, (1.023, 0.172, 0.27 (0.898, 0.1283, 0.171 (0.929, 0.169, 0.077
discharge 0.102, 0.2) 0.437) 0.369) 0.234)

The proposed solution is further assessed in the field
transformer that is operated at the rated voltage. The same
sampling frequency is adopted in this experiment as in the
testbed validation. The performance of the solution is
evaluated against the CHAN algorithm and PSO-based
algorithm. The numerical results are presented in detail in
Table 3.

CONCLUSIVE REMARKS

This work presented an acoustic-electrical joint PD source
localization solution that fully considered the multi-path
propagation effect within the transformers. The SOCP algorithm
is exploited and designed for PD source localization. The developed
method has been extensively assessed and validated through
simulations, testbed and field deployment. The obtained
experimental results clearly demonstrated the effectiveness of the
developed method and its benefit over the existing CHAN algorithm
and PSO-based localization solution with the localization error of
about 0.1 m.
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