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Abstract

This study presents a method for identifying partial discharge defects in an eco-friendly gas insulated system using a back-

propagation algorithm. Four partial discharge (PD) electrode systems, namely, a free-moving particle, protrusion on the

conductor, protrusion on the enclosure, and voids, were designed to simulate PD defects that can occur during the operation of

eco-friendly gas-insulated switchgear. The PD signals were measured using an ultrahigh-frequency sensor as a nonconventional

method based on IEC 62478. To identify the types of PD defects, the PD parameters of single PD pulses in the time and

frequency domains and the phase-resolved partial discharge patterns were extracted, and a back-propagation algorithm in the

artificial neural network was designed using a virtual instrument based on LabVIEW. The backpropagation algorithm proposed

in this paper has an accuracy rate of over 90% for identifying the types of PD defects, and the result is expected to be used as a

reference database for asset management and maintenance work for eco-friendly gas-insulated power equipment.

Index Terms: Back-propagation algorithm, defect identification, eco-friendly insulation gas, partial discharge, UHF sensor

I. INTRODUCTION

Gas-insulated switchgear (GIS) is used to improve the reli-

ability of power systems. Sulfur hexafluoride (SF6) exhibits

superior insulation properties, including excellent dielectric

strength and arc-quenching performance. Therefore, SF6 is

widely used as an insulator in gas-insulated power equip-

ment. However, its use is severely limited by the Kyoto Pro-

tocol and Paris Agreement because of its global warming

potential (GWP), which is 23,900 times higher than that of

carbon dioxide (CO2) [1-4]. Therefore, several studies have

been conducted to develop eco-friendly alternative gases.

Green gas for grid (g3) has been employed in GIS as one of

the most popular substitutes for SF6, and its insulation break-

down characteristics have been investigated.

g3 is a gas mixture comprising NOVECTM 4710, CO2, and

O2. NOVECTM 4710 has a good insulation strength, which is

approximately twice that of SF6, an existing insulation gas

used in high-voltage gas-insulated switchgear. In addition, it

can significantly reduce the GWP [5-8]. Therefore, g3 is a

suitable replacement for SF6. Several studies have been con-

ducted on the strength of the insulation. The characteristics

of the insulation breakdown for g3 were analyzed using AC

and lightning impulse voltages for different electrodes and

gas pressures. The results showed that g3 mixed with 3.7%

NOVECTM 4710 has good dielectric performance for high-

voltage insulation, and its insulation strength at 0.67-0.82

MPa is equivalent to 87-96% of that of SF6 at 0.55 MPa [9-

10].

Although the insulation performance of g3 has been inves-

tigated, few studies have been conducted on its partial-dis-

charge (PD) characteristics. PD activity is an indication of

the initial insulation deterioration in electrical power equip-

ment prior to insulation breakdown. In addition, identifying
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PD defects is important for onsite engineers in decision-

making for maintenance inside a GIS once PD is detected

[11-14]. Various PD characteristics of SF6 have been investi-

gated to identify the types of PD defects. However, studies

on the PD characteristics of g3 are limited. Therefore, it is

necessary to investigate the PD characteristics and identify

the types of PD defects in terms of g3.

This paper describes the identification of PD defects in an

eco-friendly insulation gas using a back-propagation algo-

rithm. To simulate PD defects in the GIS, four PD electrode

systems, namely, a free-moving particle (FMP), protrusion

on conductor (POC), protrusion on enclosure (POE), and

voids, were fabricated. An ultrahigh-frequency (UHF) sensor

was used to detect the PD signals for onsite continuous PD

measurements. The PD parameters were extracted from sin-

gle PD pulses in the time and frequency domains. Thereafter,

phase-resolved partial discharge (PRPD) patterns, and the

back-propagation algorithm in the artificial neural network

(ANN) was designed to identify the types of PD defects

using a virtual instrument (VI) based on LabVIEW.

II. EXPERIMENTAL METHOD

A PD signal is an important indicator of the onset of

dielectric breakdown because it is generated by diverse con-

ditions resulting from GIS defects in service. Therefore,

detecting PD signals prior to GIS failure is very important.

Fig. 1 shows the PD electrode systems of the FMP, POC,

POE, and voids used to simulate defects inside the GIS. The

FMP is composed of a spherical electrode and an aluminum

particle with a diameter of 2 mm on a concave-plane elec-

trode. The POC and POE are composed of a plane electrode

of tungsten-copper alloy with a diameter of 80 mm and

thickness of 20 mm, and a needle electrode with a curvature

radius of 10 μm. The voids consist of two plane electrodes

and a void sample.

Fig. 2 shows the experimental configuration used in this

study. A transformer with a maximum voltage of 20 kV was

used to apply a high voltage to the PD electrode systems.

The four PD electrode systems were filled with g3 at 0.5

MPa. The PD signals were detected using a UHF sensor with

a frequency range of 100-2,000 MHz for online PD measure-

ments. In addition, the conventional method according to

IEC 60270, which uses a coupling capacitor and a PD mea-

suring device with a frequency range of less than 1 MHz,

was used to evaluate the linearity of the UHF sensor for PD

signals. The PD signals measured by the UHF sensor were

recorded using a digital oscilloscope at a sampling rate of 10

GS/s. A mockup GIS chamber was designed and fabricated

to perform PD measurements under actual GIS conditions. A

UHF sensor was mounted on the GIS window, and the PD

electrode system was placed inside the GIS chamber.

Prior to the PD experiment, calibration was performed to

evaluate the linearity of the UHF sensor. Artificial calibra-

tion pulses with an apparent charge of 10-1000 pC were

injected into the experimental system. A UHF sensor mea-

sured electromagnetic waves generated by calibration pulses

with an apparent charge. The calibration results show that

Fig. 1. PD electrode systems.

Fig. 2. Experimental configuration.

Fig. 3. Calibration result of the UHF sensor.
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the output voltage of the UHF sensor is linear in accordance

with the calibration pulse, as shown in Fig. 3.

III. RESULTS AND ANALYSIS

To identify the four types of PD defects, a UHF sensor

was used to measure typical single pulses in terms of rising

time, falling time, and pulse width while maintaining a con-

stant applied voltage. The rising time is the time taken from

10 to 90% of its maximum value, the falling time is the time

taken from 90 to 10% of its maximum value, and the pulse

width is the time taken to reach 50% of the maximum value.

In addition, the frequency spectra of the single pulses were

analyzed to determine the maximum frequency. The PRPD

patterns were used to analyze the PD characteristics, such as

the magnitude, count, and phase of the PD pulses. To con-

firm the phase of the pulse occurrence, 12 pulse distribution

ratios were determined at 30o intervals, ranging from 0o to

360o.

A. Single Pulse

Fig. 4 shows typical single PD pulses and their frequency

spectra in g3 for the four types of PD defects. A summary of

the comparison of parameters, such as rising time, falling

time, pulse width, and frequency spectrum, is shown in

Tables 1 and 2. The parameters are the average values extracted

from ten pulses for each case. The pulses in the void exhib-

ited a relatively longer rising time, falling time, and pulse

width than those in the others. In terms of the frequency

spectrum, the maximum frequency in FMP was higher than

those of the others, and there were no differences between

POC and POE.

B. PRPD Pattern

The PRPD patterns in g3 for the different PD defects at the

same applied voltage are shown in Fig. 5. In the FMP, the

average discharge magnitude and pulse count were 459 mV

and 183 N/s. Discharge pulses were observed at phase angles

ranging from 0-360o. In POC and POE, the average dis-

charge magnitude and pulse count were 32 mV and 42 N/s

and 42 mV and 504 N/s, respectively. Discharge pulses

occurred in the POC at phase angles of 61-102o, whereas

discharge pulses were observed in the POE at phase angles

of 46-130o and 254-302o. In the void, the average discharge

magnitude and pulse count were 244 mV and 187 N/s, and

the discharge pulses were distributed at phase angles of 16-

118o and 182-254o.

Fig. 4. PD pulse and its frequency spectrum.

Table 1. Comparison of pulse parameters

PD defects
Rising time

[ns]

Falling time

[ns]

Pulse width

[ns]

FMP 0.19 0.17 0.18

POC 0.25 0.22 0.20

POE 0.30 0.25 0.33

Void 0.68 0.90 0.74

Table 2. Comparison of frequency spectra

PD defects
Main frequency

ranges [GHz]

Maximum Frequencies 

(GHz)

FMP 1.0-1.7 1.55

POC 0.8-1.2 0.95

POE 0.8-1.2 0.88

Void 0.1-0.3 0.16
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C. PD Identification

A back-propagation algorithm with a multilayer structure

was designed for PD diagnosis. To identify the four types of

PD defects, 18 parameters were extracted in this study,

including rising time, falling time, pulse width, maximum

frequency, output voltage pulse count, and 12 pulse distribu-

tion ratios at 30o intervals in the entire phase of 0 to 360o.

As shown in Fig. 6, the backpropagation algorithm consisted

of three layers: 18 input, 20 hidden, and four output layers.

The input layers receive and transmit the data to the hidden

layers. The hidden layer is positioned between the input and

output layers and is responsible for the mathematical opera-

tions, each designed to produce an output specific to the

intended results. During data processing, the hidden layer

applies nonlinear transformations for feature extraction from

the input layer. The output layer provides a linear combina-

tion of the output weights and contains the output of the

problem [15]. The extracted PD parameters are trained 20

times according to the type of PD defect in the input layer.

Depending on the learning results, the output value was

compared with a target value of 1. The differences between

the output and target values were calculated, and the back-

propagation algorithm was run continuously until the output

value approached the target value [16,17]. In this study, the

back-propagation algorithm was fabricated using a virtual

instrument based on LabVIEW, as shown in Fig. 7.

Eighteen parameters according to four types of PD defects

were trained 20 times in the back-propagation algorithm, and

Fig. 5. PRPD patterns. Fig. 7. Example of the back-propagation algorithm.

Fig. 6. Structure of the back-propagation algorithm.



Identification of Partial Discharge Defects based on Back-Propagation Algorithm in Eco-friendly Insulation Gas

237 http://jicce.org

the learning rate was 0.01 for 977 epochs to obtain an error

mean square of 0.001. Thereafter, 50 PD data points were

used to evaluate the accuracy. The results show that the

back-propagation algorithm proposed in this paper has an

accuracy rate of over 90% for identifying the four types of

PD defects, as shown in Table 3.

IV. DISCUSSION AND CONCLUSIONS

This paper describes a method for identifying PD defects

in an eco-friendly insulation gas using a back-propagation

algorithm. To identify the types of PD defects, a single PD

pulse in the time and frequency domains and the PRPD pat-

terns, including the discharge magnitude, pulse count, and

phase angle, were determined. In addition, a back-propaga-

tion algorithm was designed using virtual instruments based

on LabVIEW. Eighteen parameters were extracted from the

PD defects and used to train the back-propagation algorithm.

Fifty data points corresponding to the four types of PD

defects were used to evaluate the accuracy of the back-prop-

agation algorithm in this study. The results confirmed that

PD identification had an accuracy rate of over 90%. The

experimental results of this study are expected to provide a

valuable database for UHF monitoring systems in eco-

friendly GIS. In the future, the PRPD characteristics of addi-

tional PD defects, such as cracks, particles on spacers, and

floating, should be investigated.
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Table 3. Accuracy of identification of PD defects
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