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A capacitive coupling sensor for partial discharge detection with the fusion of high voltage
XLPE cable joint is designed in this paper. The sensor is to address partial discharge
signals leading to transmission attenuation and external interference causing poor field
detection sensitivity. First, a coaxial waveguide transmission model was established of
high-frequency electrical signals in the body and joint. The result showed that the signal
transmission attenuation was minimized while the sensor electrodes were closely attached
to the outer semi-conductive layer of the body. Second, the equivalent circuit model was
constructed of the capacitive coupling sensor fused with the 110 kV straight passing joint.
The specific installation location, main structure size, detection bandwidth, and sensitivity
of the sensor in the joint area were determined, which was to maximize the coupling output
signal amplitude and transfer function amplitude. Finally, a lightning surge voltage test was
carried out with the integration of the fusion of the joint voltage thermal cycling. Simulation
and measurement show the following: while the sensor is installed in the cable metal sleeve
break and the electrodes are closed to the overall semi-conductive layer, there is excellent
performance for partial discharge detection in the frequency range of 1-300 MHz, with a
sensitivity of 5 pC.

Keywords: partial discharge detection, capacitive coupling, fusion, sensitivity, frequency band range

INTRODUCTION

The power grid may have abnormal operating events including insulation breakdown and line
shutdown if the high voltage cable insulation defects cannot be detected in time (Zhou et al., 2014;
Fang, 2018). Of the operational faults of high-voltage cable lines, 70% are caused by the joint
according to statistics (Luo et al., 2003; Li et al., 2004; Jiang, 2007). Partial discharge is one of the main
factors causing insulation deterioration and triggering joint faults. Therefore, partial discharge
detection is an important technical means to discover potential insulation defects of high voltage
XLPE cable joint in an efficient manner.

Researchers had developed various principles of partial discharge detection methods for a
series of physicochemical phenomena accompanying the partial discharge (Liang, 2019). There
are mainly electromagnetic coupled, capacitance coupling, ultrasonic, and UHF methods
(Meng et al., 2015; Wang, 2017; Shu et al,, 2018; He J. et al., 2020). Meanwhile, many
achievements have been made in cables and accessories in the transmission law of PD
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FIGURE 1 | Schematic cross-sectional structure of the body of the
110 kV cable.

(partial discharge) signals, signals spectrum identification,
and PD source location (Chen, 2017; Shen, 2018; Wang
et al.,, 2019; Wu et al., 2020). However, PD detection still
faces the problems of weak signals, complex and variable
waveforms, and susceptibility to external electromagnetic
interference (Zhao, 2018; Xie et al., 2019). These problems
hamper the accurate sensing and effective identification of PD
signals.

Many efforts have been made to solve the problem of
significant attenuation of PD signals in transmission. A
capacitive coupling sensor with a response band of
500 MHz built into the body was developed (Tang et al.,
2008). A simulated field defect PD test using a patch type
partial discharge sensor built into both sides of the joint shield
was conducted (Luo et al., 2018). The experiments could
obtain a good PD detection effect and better shield the
external interference. A built-in partial discharge detection
system based on a differential capacitance sensor was
designed in reference (He N. et al., 2020). The detection
system had a good detection effect on the three types of
defect models constructed (Yang et al., 2021a; Yang et al,,
2021b). The built-in PD sensor is designed and optimized by
using the integrated model of the built-in sensor in the cable
intermediate joint (Ge, 2016). Several built-in sensor
capacitance coupling charged correction technologies were
studied and found that based on the equivalent circuit
simulation of built-in cable capacitance coupling sensor of
charged highest accuracy calibration method (Wang et al,,
2017).

The sensor needs to be close to the outer semi-conducting
layer of the cable to get a better coupling effect because the
semi-conductive layer of the cable will accelerate the
attenuation of PD signals. Therefore, this study designs a
capacitive coupling sensor fused with high voltage XLPE cable
joint, based on the principle of capacitive coupling, and
combining with the characteristics of high partial discharge
at the joint. The corresponding relationship was analyzed
between the circuit components and the physical structure by
establishing the equivalent circuit model of the built-in
coupling sensor. The influence of the circuit component
parameters on the detection performance and frequency
response characteristics of the sensor was calculated. The
ring electrode width and the insulating pad thickness were
determined by combining the numerical calculation and
experimental test results. The installation position and
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structural dimensions of the sensor were optimized.
Experiments were conducted to verify the performance of
the fused sensor in terms of safety and partial discharge
detection.

HIGH VOLTAGE XLPE CABLE JOINT
PARTIAL DISCHARGE SIGNALS COUPLING
METHOD AND SENSOR DESIGN

Design of Partial Discharge Signal Coupling
The internal structure of the cable joint is much more complex
than that of the cable body, therefore, taking the cable model
YJLWO03-Z 64/110 1 x 800 as an example, high frequency partial
discharge signal is analyzed with distance transmission in the
cable body. Its structure is shown in Figure 1.

The high frequency electrical signals in high voltage XLPE
cable can be considered as a coaxial waveguide in the form of a
uniform transmission line. Its equivalent model is shown in
Figure 1.

The series impedance in Figure 2 can be expressed as:

1 j 1 j
Z(w) = Mo jo (D) s ([
27'[7’1 01 2n 181 27'[7"6 Og

where ry is the radius of the first layer structure (conductor) of
the cable body from inside out, r¢ is the inner radius of the
sixth layer structure (metal sleeve), o; is the conductivity of
copper, 0¢ is the conductivity of aluminum, and y, is the
permeability in vacuum.

The cable parallel admittance consists of insulating layer and
semi-conductive layer, which can be expressed as:

Y(w) =1 / EYiw) )

. 2meos!
0%
/ In (Ti/ri—l)

Yi(w) = 3)

where

Inner semi-conducting
layer

Insulation layer

Outer semi-conducting
layer

Semi-conducting
resistive water layer

FIGURE 2 | 110 kV cable uniform transmission line model.
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FIGURE 3 | Variation of transmission attenuation of signal amplitude at
different frequencies with axial distance of high-voltage cable. (A) Without

semi-conductive layer. (B) With semi-conductive layer.

& is the vacuum dielectric constant with a value of 8.85 x
107" F/m,

€ = ¢, — je, is the relative complex dielectric coefficient of the
structural material of layer i,

Yi(w) is the parallel admittance of the structure of layer i.

The value of Y;(w) is related to the relative complex dielectric
constant of the structural material of the layer and the internal
and external radii of the structural layer.

The propagation coefficient of the uniform transmission line
model for high voltage XLPE cable can be deduced from the series
impedance and parallel admittance expressions as:

y(w) = VZ(w) - Y (0) = a(w) + jB(w) )

where
a is the attenuation coefficient, and f is the phase constant.
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—
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FIGURE 4 | Schematic of the capacitive coupling principle of the local
amplifier signal in the connector.
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FIGURE 5 | Average values of coupling signals for different installation
positions of sensors in the long end zone of the protection tail pipe.

ATP-EMTP software was used to establish a uniform
transmission model of high voltage XLPE cable, which was to
investigate the influences of the inner and outer semi-conductive
layer on the transmission characteristics of high frequency signals.
Sine waves U; were injected from the beginning of the model (x = 0)
with the same amplitude and frequencies of 10, 50, and 100 MHz.
The variation of the U; amplitude attenuation values was calculated
and analyzed with axial distance transmission in the model with or
without the inner and outer semi-conducting structural layers. The
result is shown in Figure 3.

Signal amplitude decays faster than low frequency signals with
the increase in transmission distance for high frequency signals,
which can be seen from Figure 3. The signal amplitude decay is
faster than the case without considering the influence of the semi-
conductive layer while the influence of the semi-conductive layer
is considered. The higher the frequency, the greater the influence
of the semi-conductive layer on the signal decay.

The coupling of the PD signals is achieved by the sensor
through the principle of capacitive voltage division. The
equivalent circuit is shown in Figure 4.
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FIGURE 6 | Variation curve of transfer function amplitude with electrode
width and insulation pad thickness.

where Z, is the cable characteristic impedance, C; is the
coupling capacitance between the cable core and the metal
enclosure of the sensor, C, is the stray capacitance between
the metal electrode of the sensor and the metal enclosure, R is
the cable insulation resistance of the joint area, L, is the stray
inductance on the coaxial signal cable, and Rg is the coupling
output resistance.

Selection of Sensor Location

A 110-kV combined prefabricated straight passing joint is used as
the research object. The protection tail pipe of high voltage XLPE
cable joint is divided into a long end and a short end. The sensor
can only be installed on the break side of the metal enclosure due
to the short end area has limited space.

To determine the appropriate installation position of the
sensor in the long end area of the protection liner, the
following numerical calculation model was established: The
joint center to the long end of 515mm was taken as the
origin. From the origin, the sensor was moved with a step of
10 mm from the origin. The excitation source was injected at the
short end of the joint with the amplitude of 1 A and the
frequencies of 37, 105, and 148 MHz, respectively. The average
value of the voltage coupled to the sensor under the action of the
three frequency excitation sources at the same installation
position is shown in Figure 5.

The amplitude of the coupling signal is not monotonically
decaying with increasing distance which can be seen from
Figure 5. The sensors in both long end and short end areas
are chosen to be installed at the metal enclosure break of the body
considering the factors of sensor coupling signal amplitude
attenuation, installation convenience, and fusion reliability at
various locations.

Design of Sensor Structure
The transfer function of the sensor in the frequency domain is
given by:
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_ Ui (w)

- U (w)

_ jwRR(Cy + C,) = 0’ LR(C; + C,) + jwL, + R+ R,
B jwC,RR; + R,

H(w)

©)

As can be seen from Equation 5, while frequency is low, R and
Rs mainly affect the power frequency voltage division. So, the
power frequency high voltage is mainly in R, and the detection
system only has a small voltage drop. The main influence on the
transfer function is determined by the ratio of C; and C, for the
high frequency PD signal. C; and C, are correlated with the
sensor structure parameters, electrode width, and insulation pad
thickness. The relationship can be expressed as:

_ 2meee, W ©)
' In(D,/Dy)
2mege, - W @)

G = In((ry +dy +d)/ (rs +dy))

where

g, is the vacuum dielectric constant, g, is the relative dielectric
constant of the insulation material, being 2.3 for XLPE, D, is the
overall diameter of the cable insulation layer, D, is the inner
diameter of the cable insulation layer, W is the sensor electrode
width, €, is the relative dielectric constant of the insulation pad
layer, and the insulation pad layer uses silicone rubber material
with relative dielectric constant 2.6,

d is the thickness of the insulation pad layer,

d, is the sensor electrode thickness with a value of 1 mm, 7, is
the overall diameter of the semi-conducting layer.

Equations 6 and 7 are taken into Equation 5. The stray
inductance L takes the value of 10 mH, and the frequency is
taken as the center frequency of the designed detection band. The
above parameters are taken into the transfer function to obtain

0.13

0.12

0.11
luyu,|

0.10 -

008 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200

Sensor electrode width/m

FIGURE 7 | Variation curve of transfer function amplitude with
electrode width.
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FIGURE 8 | Impulse response curves of electrode sensors with different
widths.
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FIGURE 9 | Four kinds of frequency variable electromagnetic field in the
joint electric field component with distance transmission attenuation
change curve.

the relationship between amplitude change, sensor electrode
width, and insulation layer thickness, as shown in Figure 6.
The greater the thickness of the sensor insulation pad layer
and the transfer function amplitude, the better the detection
performance, which can be seen from Figure 5. While the
thickness of the insulation pad layer is less than 4 mm, the
sensor electrode width has less influence on the transfer
function amplitude. While the insulation pad layer thickness is
greater than 4 mm, the sensor electrode width gradually increases
the influence on the transfer function amplitude. The sensor shell
is designed to be at the same level as the cable metal sleeve and the

Bode Diagram

10pF
15pF
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25pF | 7
30pF

Magnitude (dB)

Phase (deg)
=)
T

107 10° 10° 107 10° 10°
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FIGURE 10 | Frequency response characteristic curve of the sensor with
different coupling capacitance.

thickness of the insulation pad layer is 6 mm, which is to ensure
the installation reliability and is for facilitating its lap with the
cable metal sleeve and achieving equipotential to shield and
protect the sensor.

The transfer function amplitude and sensor electrode width
are obtained while the thickness of the sensor insulation pad layer
is 6 mm, as shown in Figure 7. The transfer function amplitude
remains relatively high while the sensor electrode width is
between 40 and 80 mm.

The sensor was designed with electrode widths of 40, 50,
60, and 80 mm to further determine the optimal width of the
circular electrode of the capacitive coupling sensor. The same
square wave signal was injected at one end of the cable to
simulate the partial discharge source. The response signals of
the sensor were tested under four different electrode widths,
with the results shown in Figure 8. The signal works best
while the electrode width is 50 mm. So, the sensor electrode
width is designed to be 50 mm.

STUDY OF SENSOR KEY PERFORMANCE

Setting of Sensor Bandwidth

Ansoft HFSS software was used to analyze the electric field
component distribution of electromagnetic waves with
frequency of 100, 200, 300, and 400 MHz in the joint,
which was to determine the design range of the sensor
detection band.

The higher the signal frequency, the faster the signal decays
with transmission distance increasing as can be seen from
Figure 9. While the frequency reaches 400 MHz and the
distance from the signal source is above 600 mm, the signal
will decay to less than 10% of the initial value. Therefore, the
sensor bandwidth is set to (1-300) MHz to strike a balance
between the signal amplitude and the detection bandwidth.
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FIGURE 14 | Effect of C, on sensor detection performance.

Analysis of Sensor Frequency Response

Characteristics

The values of C,, Rg, and L, in the circuit were set to 10, 50, and
10. Respectively, C; is increased from 10 to 30. Calculate the
frequency response characteristic curve of the built-in capacitive
coupling sensor under different coupling capacitances, as shown
in Figure 10.

Ci has a relatively significant impact on the sensor frequency
response. While C; increases, the sensor frequency response gain
also increases. But the increase will be reduced. While the
frequency is less than 100 MHz, the effect of C;, on the
frequency response of the sensor decreases as the frequency
increases while the frequency is greater than 100 MHz.
Therefore, C, should be kept within an appropriate range.

C, was increased from 5 to 100 pF and other conditions
remained the same. The frequency response characteristic
curves of the built-in capacitively coupled sensor with different
stray capacitance is calculated, as shown in Figure 11.

The stray capacitance C, has negligible effect on the sensor
frequency response gain while the frequency is less than

300 kHz. However,
frequency is more
greatly reduce the

as the frequency increases, while the
than 1 MHz, the increase of C, will
frequency response gain, which will

weaken the sensor detection effect.

The stray inductance Lg was set to 0, 10, 20, and 50 nH,
respectively, and kept other conditions constant. The frequency
response characteristics of the built-in capacitively coupled
sensor are shown in Figure 12.
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The effect of stray inductance Lg on the frequency response
gain of the sensor is small, with the increase of frequency, the
influence gradually increases, while the frequency is less than
20 MHz. The increase of L; significantly reduces the frequency
response gain, further weakening the detection ability while the
frequency is more than 100 MHz.

Analysis of Sensor Signal Coupling

Characteristics

The influence of C;, C,, and L circuit parameters on sensor
detection effect was analyzed by observing the change of sensor
output waveform.

The C, was gradually increased from 10 to 30 pF, and the
values of other parameters remained unchanged. The output
waveform corresponding to each capacitance value is shown in
Figure 13. The amplitude of the waveform detected by the
capacitance sensor increases significantly and the rise time of
the waveform increases.

The C, was gradually increased from 1 to 50 pF with the
values of other parameters unchanged. The detected
waveform of the capacitive sensor is shown in Figure 14.
As can be seen, the increase in C, results in a significant
decrease in the amplitude of the waveform and an increase in
the rise time of the waveform.

The value of L was gradually increased from 5 to 50 nH with
the values of other parameters unchanged. The detected
waveform of the capacitive sensor is shown in Figure 15.

The value of Ls has a smaller effect on the waveform
amplitude detected by the capacitive sensor, after
comparing to C,. But as the value of stray inductance
increases, the rise time increases and oscillations occur in
the wave tail, which can have an impact on the detection
accuracy of the sensor.

Study of Capacitively Coupled Sensors

ELECTRICAL PERFORMANCE TEST OF
HIGH-VOLTAGE CABLE JOINTS
INCORPORATING CAPACITIVELY
COUPLED SENSORS

Analysis of Sensor Signal Coupling

Characteristics
The frequency sweep test of a 110-kV combined prefabricated
straight passing joint with capacitive coupling sensor was carried
out to analyze the frequency response characteristics of the
sensor. The swept-frequency signal was injected from one end
of the cable between the conductor and the metal shield, and the
frequency range of the swept signal was set to 1 GHz. The
spectrum analysis of the sensor-coupled swept signals was
performed by Anglient9320B spectrum analyzer. The
frequency response of the sensor is better within 300 MHz.
High frequency pulse signal injection tests were performed on
the sensor under laboratory conditions to determine the ability of
the sensor to couple signals. The sensor was mounted on the
connector, and the signal generator output a square wave signal
with a rising edge of 5ns. A 10-pF capacitor was connected in
series at the output, and a charge of 5 pC was injected into the
cable end while the amplitude of the pulse square wave was
500 mV, the sensor can effectively couple the analog discharge
pulse of 5pC in the cable by comparing the amplitude of the
signal and the baseband.

Thermal Cycling Voltage Test

The cable specimen consisted of a 6-m 110kV cable with a
prefabricated straight passing joint containing a capacitive
coupling sensor. One segment of the specimen was bent into a
U shape with a diameter of less than 25 (d + D) x 1.05. Heat the
specimen by conductor current for at least 8 h and ensure that the
conductor temperature exceeded the maximum temperature for
normal cable operation for at least 2 h during each heating cycle
(the actual temperature was maintained at 95-98°C). Next, the
specimen was naturally cooled for at least 16h until the
conductor temperature was cooled to less than 30°C or cooled
to within 15 K above ambient temperature, taking the higher of
the two, but not higher than 45°C (the actual temperature was
controlled at 22-32°C). The above experiments were referred to
12.4.6 in GB/T 18,890.1.

Heating and cooling cycles 20 times

Voltage applied to cable specimen 2Uj

The upper limit of AC voltage output 600 kV

The upper limit of current output 20 A

The upper limit of analog load current output in FKGB
thermal cycle intelligent control system 5000 A

Analog load current output step +5 A

e Conductor temperature measurement accuracy +0.5°C

The cable joint had good electrical performance while fused with
the capacitive coupling sensor, and the joint and sensor had stable
performance throughout the test, without breakdown phenomenon.
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Lightning Surge Voltage Test
CDYH-4800 kV/960 kJ lightning surge voltage tested system; the

purpose is to verify the sensor safety detection performance.

e The upper limit of lightning impulse voltage output
+4800 kV
e The upper limit of lightning impulse power 960 kJ

The shock voltages of positive and negative polarity are
applied to the specimen during the test. The lightning surge
voltage amplitude was 550 kV, with a wavefront time of 5 us and a
half-wave peak time of 54 us. No damage was found to the
connector or the sensor during or after the test.

CONCLUSION

1) The sensor is installed at the break in the metal sleeve of the
cable and the electrode close to the outer semi-conductive
layer because the overall semi-conductive layer of the cable
can cause severe attenuation to high frequency signal
transmission.

2) The frequency band of the sensor is designed at (1-300) MHz,
while the frequency of the electromagnetic wave exceeds
300 MHz, the signal in the joint decays rapidly with the
propagation distance.

3) The sensor electrode width is designed to be 50 mm, and the
insulation layer thickness of 6 mm is achieved by the reliable
installation of the sensor, which obtains a good signal coupling
effect.

4) The sensor has a good response in the (1-300) MHz band
range, and the local discharge signal detection sensitivity
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