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Abstract: Partial Discharge (PD) measurement is one of the best solutions for condition assessment of Gas Insulated
Switchgears (GISs). For having Condition-based maintenance of GIS, online PD monitoring is of great importance. For
this aim, Ultra High Frequency (UHF) PD sensors should be installed inside the GIS during the installation. However, in
most installed GISs in industries, the internal UHF PD sensors are not installed. In this paper, a new method for online
defect type recognition according to external UHF PD sensors and based on the time-frequency representation of PD
signal is proposed. In this case, four artificial defect types named protrusion on the main conductor, protrusion on the
enclosure, free moving metal particle, and metal particle on spacer are implanted inside the 132 kV L-Shaped structure
of one phase in enclosure GIS. The signal energy at each level of the decomposed signal by Discrete Wavelet Transform
(DWT) is applied for features of each defect type. The trends of signal energy variations at each frequency range of signal
are applied for discriminating between each defect type. The Deep Feed Forward Network (DFFN) classifier is applied
for PD pattern recognition. The results show the benefits and simplicity of the proposed method for PD signal
classification, independent from the position of the PD sensor, especially in the case of online PD monitoring of GIS.

Keywords: Gas insulated switchgear (GIS), partial discharge (PD), ultrahigh frequency (UHF) measurements, pattern
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capacitance has great impact on measurement sensitivity.
This is in great importance especially in case of at-site GIS
Partial Discharge (PD) monitoring is one of the most testing with long length, since applying large value of
useful method for detecting insulation defects in the early coupling capacitor can be difficult. Furthermore, the other
stages of development in Gas Insulated Switchgears (GIS). disadvantage of this method is its sensitivity to internal and
PD occurrence can be monitored via different methods such external interferences [10].
as conventional electrical IEC 60270 method [1]-[2], gas
analysis method [3], ultrasonic method [4], optical detection
method [5] and electromagnetic method in GIS [6]. The
conventional electrical IEC 60270 technique is one the most
popular method for PD detection in GIS [7]. In this method,
the PD apparent charge can be measured via a coupling
device. The main advantage of this method is quantifying the
discharge level in pico-colomb range [8]. However, the main
disadvantage of using the IEC 60270 method is needing to
use coupling capacitor device which imposed some
restrictions, especially in at-site testing [9]. The ratio of
coupling capacitor value to the test object equivalent

1. INTRODUCTION

The acoustic detection method can be employed for
measuring the acoustic waves generated by PD within the
GIS. The advantage of this method is its well quantification
of the PD level and the risk assessment during online
operation [11]. However, the main disadvantage of this
method is the high uncertainty in the obtained results due to
existence of noise and electric interferences [12]. The optical
spectrum of measured signal via optical sensors installed in a
GIS system varies due to presence of contaminants or surface
roughness. This is another way for partial discharge detection
[13]. However, the application of optical detection method is
restricted due to limitation in accessing the GIS interior

75


https://jaree.scu.ac.ir/
mailto:Reza_rostaminia@ee.sharif.edu
https://doi.org/10.22055/jaree.2022.40395.1054
https://orcid.org/0000-0001-7090-2307
https://orcid.org/0000-0003-2925-5077
https://orcid.org/0000-0002-2791-3606
https://doi.org/10.22055/jaree.2022.40395.1054
https://doi.org/10.22055/jaree.2022.40395.1054

R. Rostaminia et al.

Journal of Applied Research in Electrical Engineering, Vol. 2, No. 1, pp. 75-86, 2023

design information. Also, some components of GIS such as
solid spacers and cable or cable sealing ends can be
unchecked during PD measurement via this method. Another
method to detect occurrence of PD within the GIS is by
analysis of by-products of SF6 decomposition [14]. With
quantifying the decomposed components of SF6, the level of
insulation degradation and the type of defects can be reached
[15]. One of the dis advantage of this method is that it should
be performed off-line and the generated by-products due to
decomposition of SF6 is time-consuming process. Also, some
defect types, such as: occurrence of voids within the epoxy
insulating material of GIS spacer or another insulator can be
undetectable with this method.

Ultra High Frequency (UHF) sensors can be applied to
measure the radiated electromagnetic waves due to PD
occurrence within the GIS. The internal and external UHF
sensors can be exploited for measuring PD in GIS [16-17].

Unlike the preferences of internal sensors compared to
the external ones due to better sensitivity and noise immunity
features, however in most GIS in service, these internal
sensors have not been installed. Accordingly, the external
sensors can be applied for PD monitoring. One of the main
challenges in UHF PD monitoring systems of GIS is
distinguishing the type of defects. The recorded PD wave
shape can be changed with defect type within the GIS [18].
However, some parameters such as the distance between the
measuring sensor and the defect [18], the propagation path
due to configuration of GIS such as L-Shaped and T-Shaped
structure, spacer thickness and disconnectors [19-21], can
influence on PD measured wave shape. Recorded PD data can
be represented via Phase-Resolved Partial Discharge (PRPD)
or Time-Resolved pattern. In PRPD pattern, usually the PD
magnitude in (mV), phase angle of applied voltage at the time
of PD occurrence and the number of PD occurred are
represented [22]. In time-resolved patterns of PD wave shape
of PD signal is recorded and the type of defects can be
distinguished due to the fact that each defect can result in
specified PD wave shape. Although the efficiency of PRPD
pattern analysis in recognition of defect type is proven but,
one of its main challenge is occurring two or more defects
simultaneously within the GIS. In this case, the segregation
of patterns can be difficult [23]. In some works, the time-
domain pattern is applied for PD defect recognition [24]. In
[25], the envelope detection circuit (based on a mathematical
method for waveform estimation) is applied to extract the
time-domain signal. Then, the noise reduction technique
based on wavelet is used to extract the de-noised PD wave
shape. The pattern classification is performed using the “back
propagation neural network” (BPNN). In [26], the Damper-
Shafer (DS) theory is established for feature extraction from
both PRPD and time-domain pattern of PD within 126 kV
GIS. In [27], the Convolutional Neural Network (CNN) is
used to classify the extracted features from time-frequency
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representation of the signal. In [28], the gray scale image for
time-frequency representation of PD signal using S-
Transform is applied to extract features from five regions of
Transverse Electromagnetic (TE) mode. The extracted
features based on low order moments and J-criterion are feed
to three classification methods, named Support Vector
Machine (SVM), K-Nearest Neighbor (KNN) and particle
swarm optimized Extreme Learning Machine (ELM). Finally,
it is shown that the ELM has a better performance not only in
respect to the classification accuracy, but also in the learning
process and the test speeds.

However, in most of the recent works for pattern
recognition of PDs in GIS, the employed data are related to
the recorded PD data from the UHF sensors installed inside
the GIS enclosure. Also, in some works, the proposed
methods are complex and in practice, their implementation is
difficult. Since the internal UHF PD sensors have not been
installed in most of GIS under operations in the electric power
industries around the world, the only way for UHF PD online
monitoring is the application of the external UHF sensor.
Thus, the authors propose a method for pattern recognition of
recorded PD data captured by an external UHF PD sensor
installed on a sample GIS busbar. Therefore, the L-shape
arrangement of GIS sample busbar with artificial embedded
defects are applied for the PD measurements. Then, the time-
frequency representation of PD signal from wavelet
transform is used to identify the features that can discriminate
among the various defects. It is shown the energy of the
signals in various frequency ranges are different for different
type of defects. Finally, the DFNN classifier is applied for
classification of the detected PD defect types.

2. EXPERIMENTAL SETUP

The L-shape structure of gas insulated busbar is selected
for implanting four artificial defects and it is shown in Fig. 1
This L-shape arrangement of GIS model is constructed with
one phase conductor in enclosure and the rated voltage for
this model is 132 kV. The absolute SF6 gas pressure in this
L-shape model is 4 bar. This L-shape structure is connected
to oil-insulated busbar which is terminated with an air-
insulated bushing to apply high voltage as shown in Fig. 1.

Two inspection windows are considered at the end of the
straight part and the L-shape part of this model. These
windows are designed in such a way that a UHF PD sensors
can be placed in them for capturing the PD data. The UHF PD
sensors installation location is shown in Fig. 2.

Two inspection windows are considered at the end of the
straight part and the L-shape part of this model. These
windows are designed in such a way that a UHF PD sensors
can be placed in them for capturing the PD data. The UHF PD
sensors installation location is shown in Fig. 2.
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Fig. 1: The L-shape arrangements of GIS experimental busbar, (a) side view (b) 3D view (c) installed in HV laboratory of
Electrical Engineering Department, Sharif University of Technology.

, O
o

(@ (b)

Fig. 2: External UHF PD Sensor installation on observing window of L-Shape GIS model, (a) UHF PD sensor 1, (b) UHF PD
sensor 2.
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Two types of UHF PD sensors, called externally and
internally connected UHF sensors, can be applied for PD
measurements in GIS. Although the internally connected PD
sensors are more sensitive than the externally connected ones,
but in most energized GIS in industries, the internally PD
sensors have not been installed inside the GIS. Accordingly,
the condition monitoring and PD measurements can just only
be performed with externally connected PD sensors. Various
types of externally UHF antenna such as bio-conical log
periodic antenna, loop antenna, horn antenna, dipole antenna
and planar antenna can be applied for PD measurements [29]-
[33]. The external PD sensors can be applied both at the bush
type spacers (spacers with no metallic coverage) and at the
inspecting windows of disconnect and earthing switches. All
the above mentioned antennas have features and quality that
can be chosen for reaching the specified goal. As an example,
horn antenna have the most sensitivity at higher frequencies
which the dipole and log-periodic antenna have better
frequency response at lower range of frequencies. However,
there are some restrictions for using these antennas due to the
position where they should be applied. In this case, the dipole
antenna can have the best performance since be directly
connected to the flanges.

In this study, the aim is discriminating the difference
between various types of defects due to time-domain
measured PD signals, the horn antenna is applied for
measuring UHF PD signals. The frequency response of the
horn antenna UHF PD sensor is presented in Fig. 3.

Four typical defects named: 1- metal protrusions on main
HV conductor, 2- metal protrusions on grounded enclosure,
3- free moving metal particle and 4- A metal particle on epoxy
resin insulating material of GIS spacer are implemented in to
this GIS busbar system as artificial defects (Fig. 4). The
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Fig. 3: Frequency Response of horn antenna.
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defects number 1 and 2 are created via a 2 cm sharp point
needle, soldering it to the main HV conductor and enclosure
of the model, respectively (Fig. 4a, and b). While, defect No.
3 is implanted in this experimental GIS system using some
little free moving metal particles; each of them 1 mm in length
(Fig. 4c). A 2 cm length of metal wire is located in a fixed
position on the surface of epoxy insulating material of the GIS
system spacer; between the core HV conductor and the
grounded enclosure, to represent the defect No. 4 (as shown
in Fig. 4d).

The main circuit and the experimental test setup for
measurement of electromagnetic radiation due to the PD
occurrence are depicted in Fig. 5. The positions of implanted
the defects are in the straight section of the GIS busbar model;
as shown in Fig. 1.

(c)

(d)

Fig. 4: Four artificial defect types, as applied to the experimental L-shaped GIS busbar, (a) protrusion on the main HV
conductor, (b) protrusion on the enclosure of GIS, (c) free moving metal particle, (d) metal on epoxy resin of GIS spacer.
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Fig. 5: (a) The test setup in the HV laboratory, and (b) the PD test circuit using UHF sensor.

3. DATA ACQUISITION

The recorded time-domain PD pulse for four defect types
implanted in the L-shape GIS experimental model, using
UHF sensor No. 1 are represented in Fig. 5. The magnitude
of PD pulses are per-united based on the maximum measured
value of PD for each defect by sensor No. 1. Each PD signal
is recorded over 1100 time samples and each sample has a
length of 0.02 ns.

As it can be seen the PD wave shape related to each
defect have some differences compared to each other. It needs
to be considered that these recorded data are based on the
positioning of UHF PD sensors No. 1, which is just directly
in line with defects implantation. In Fig. 6, the recorded time-
domain PD wave shape are related to the four defect types,
through the UHF PD sensor No. 2 measurement.

As it can be seen, there are significant differences
between recorded PD signal waveform from sensor No. 1 and

sensor No. 2. These differences are strongly related to the
position of each measuring UHF PD sensor. Based on their
positions, the radiations and reflections of electromagnetic
PD waves on their ways to reach the UHF sensors can result
in different time-domain PD recorded wave shapes. Since the
PD sensor No. 1 is very close to the defect’s position, the
radiated electromagnetic PD waves are directly reached to
this sensor. Therefore, the recorded PD data have less
distortions and fluctuations. However, the recorded PD
waveform by sensor No.2 contains a lot of fluctuations. The
other important fact is that the amplitude of the recorded PD
data strongly depends on the relative location of the defect
and sensor position. It is obvious, that as the defect position
is more close to the UHF PD sensor results in higher
amplitude of measured PD. This is very important especially
in case of using external PD sensor. Accordingly, the
proposed method for defect type recognition is independent
from PD magnitude and the amplitude of presented PD wave
shape in Fig. 6 and Fig. 7 are per-united.
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Fig. 7: PD time-domain signal measured by sensor No. 2 for four defect models.

4. FEATURE EXTRACTION AND PATTERN CLASSIFICATION

As it can be seen from Fig. 5 and Fig. 6, the recorded PD
data from one specific defect have considerable differences in
their wave shape based on positioning of UHF PD sensor.
Accordingly, some features related to their wave shape may
have not enough capability for discrimination between each
defect type. To solve this problem, the time-frequency
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representation of PD signal based on Discrete Wavelet
Transform (DWT) is proposed in this paper.

4.1. Discrete Wavelet Transform

The Discrete Wavelet Transform (DWT) is a well-known
choice for representing time- frequency representation of
signals with lots of distortions. With selecting proper mother
wavelet, a signal can be decomposed in different levels to
some of its different frequency ranges at specific times. Based
on decomposition level, the coefficient of similarity between
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original signal wave and mother wavelet is represented in
time- domain. The decomposition level of original signal

wave strongly depends on frequency components of original Original Wave
signal. At each level of decomposition, a low-pass and high- (0~1GHz

pass filter is applied to the signal. The output of low-pass and I

high-pass filters are called the signal approximation and ‘ ‘
signal details, respectively.

The “db-4” is selected as mother wavelet for signal Level 1 Appronfuanon (4D De:tmls 0D
decomposition. The frequency range of recorded PD wave is 0~ 300 MHz 0.5~1GHz
restricted to 1 GHz due to limitation of frequency ranges of _—
oscilloscope. Accordingly, three decomposition levels are ) )
selected and their related frequency ranges for “signal — ) .
approximation” and “signal details” at each decomposed ol Approximation (A2) Details (D2)
level of wavelet transform are shown in Fig. 8. At 0~ 250 MHz 250+~ 500 MHz
decomposition level 1 of PD signal, the approximation and —_—
details of the signal have the components with frequency
ranges 0-0.5 GHz and 0.5 to 1 GHz, respectively. Also at y ‘
decomposn_lon level 2_, the _coefﬂuents of the signal in Approximation (43) Details (D3)
approximation and details are in frequency ranges between 0- Level 3 0~ 125 \MHz 125 250 MHz
250 MHz and 250-500 MHz, respectively. Finally, at - i
decomposition level 3, the approximation and details of
signal have frequencies 0-125 MHz and 125-250 MHz, Fig. 8: The Discrete Wavelet Transform decomposition
respectively. level applied to measured PD signal.

In Fig. 9 and Fig. 10, the main PD signal wave and the
approximation at level 3 and details at level 1, 2 and 3 of
discrete wavelet transform for the four defect types of UHF
sensor 1 and 2 are shown, respectively.
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Fig. 9: The Main signal and the approximation and details of DWT for four defect types of UHF sensor 1.
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Fig. 10: The Main signal and the approximation and details of DWT for four defect types of UHF sensor 2.

Since the magnitude of PD pulse strongly depends on the
distance of PD source and the UHF PD sensor, then the
features extracted for pattern recognition should be
independent of the PD pulse magnitude. Therefore, the
magnitude of each PD pulse is presented in per unit, using its
maximum as base. This is the main challenge for defect type
identification based on time-domain PD pulse. In some past
works time-domain PD data is employed for defect type
identification, using pulse shape parameters such as the rise
time, fall time, maximum amplitude, average amplitude and
other parameters of PD signal [25-26]. However, due to
presence of extensive distortions in each level of
decomposition and also in main signal, the main wave shape
features of PD signal are not proper for pattern recognition
[27-33]. This is especially more critical for defects which are
far from or are not in line with the PD sensor position [34].
Since, the fluctuations of PD pulse in different frequency
ranges are different as it can be seen from Fig. 7 and Fig. 8,
each defect type results in a specific radiated electromagnetic
wave energies over some different frequency ranges.
Accordingly, to solve the abovementioned problem, the
signal’s energy in each frequency ranges based on (1) is
selected as its main feature for each defect type:

Signal Energy = Zn:|a,2| 1)

i=1
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Energy of the Signal From Sensor 1 at Each Level of Wavelet Transform Decomposition
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Fig. 11: Signal energy from sensor No. 1 at each level of
WT decomposition (explained in Fig. 7).

Approximation 3

where a; is the coefficient of the signal at each level of
wavelet transform decomposition and is the number of time
sample or recorded PD signal.

The comparison of signal energies in different frequency
ranges are depicted in Fig. 10 and Fig. 11 for the captured
signals by sensors 1 and 2, respectively. As it can be seen
from these figures, the trends of pulse energy variations in
each frequency range differs due to the defect type of pulse
origin. The pattern of these changes seems to be unique based
on defect types and it is independent from positioning of UHF
PD source.
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In Fig. 10 and Fig. 11, for PD defect No. 1 the signal
energy at approximation level 3 is maximum value among all
the decomposition levels and the signal energy at details level
2 is the minimum value. However, the signal energy is
increased in details 1 from details 2. For defect No. 2, the
maximum and minimum amount of signal energies are related
to the approximation 3 and details 1, respectively. The signal
energy is decreased at each level of decomposition and the
main energy of the signal is in frequency ranges between 0-
125 MHz. For defect No. 3, the signal energy increased from
approximation 3 to details 1. It can be seen the maximum
energy of the signal corresponds to details 1 and frequency
ranges between 0.5-1 GHz. However, for defect No. 4, the
maximum and minimum energy of signal are in details 3 and
details 1, respectively. In this type of defect, first the PD
signal energy is increased from approximation 3 to details 3
and then the energy is decreased to details 1. The important
point in investigation of signal energy at different range of
frequency is that these trends of variations are related to the
type of defects and they are independent from position of
UHF PD sensor. These trends are presented in Table 1.

4.2. Deep Feed Forward Network (DFFN)

Artificial neural network is a well-known method for
classification of different PD defect types [35]. In this case,
the deep feed forward network is the most popular and
simplest one in classification problems. In this paper, the feed
forward neural network with three hidden layers are applied
for PD defect type classification. As it can be seen in Fig. 12,
the signal energy at approximation 3, details 3, details 2 and
details 1 are selected as inputs of neural network.
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Fig. 12: Signal energy from sensor No. 2 at each level of
WT decomposition (signal approximation level 3, and signal
details levels 1, 2, and 3 as defined in Fig. 7).

Table 1: The signal energy variation trends at each level of
decomposition.
Signal Energy Variations

from from from
Approxim  Details3  Details 2 Pattern
ation 3 to to to Code
Details 3 Details 2 Details 1
PD Defect N N 2 (0,0,1)
No.1
PD Defect N N N (0,0,0)
No.2
PD Defect 7 7 7 (1,1,
No.3
PD Defect e N N (1,0,0)
No.4

83

At hidden layer 1, the comparison of signal energy
between two adjacent levels of decomposition is done. Then,
the rectified linear unit function is applied in hidden layer 2
to make the output of the signal between 0 and 1. In hidden
layer 3, the outputs of compared energy of signal, based on
values 0 and 1 are compared to each other for making pattern
code. The created pattern code with the one presented in
Table 1 result in type of defects classification. For training the
Deep feed-forward network 200 recorded PD waveform for
each type of defects are selected. Then, the 300 recorded data
are applied to validate the proposed method for partial

discharge pattern

recognition.

In

Table

2, the

misclassification matrices for the proposed PD pattern
recognition method is presented.

As it can be seen in Table 2, the maximum and minimum

Identification Percentage (IP) are for data related to defect
No. 3 and defect No. 2, respectively. However, the average IP
for the proposed PD pattern recognition is 94.5% and this
means that the proposed methods especially for on-line PD
monitoring of GIS is acceptable. It should be noted in the
proposed method, there is no need to employ an internal UHF
PD sensor be installed inside the GIS and also it is

independent from the location of PD sensors.

[nputs

Features

Approximation 3

Details 3

Details 2

Details 1

Hidden Layers

Output

HiddenLayer 1 HiddenLayer 2 Hidden Layer 3 | Defect Type

Fig. 13: The deep feed forward network classifier for PD

pattern recognition.

Table 2: The misclassification matrices for the proposed PD
pattern recognition method in GIS.

Target Class

Defect1 Defect2 Defect3  Defect4

2 Defect 2 15 276 1 10
>
o
o  Defect3 1 0 291 2

Defect 4 2 9 5 282
Correct
Identification 94 % 92 % 98 % 94 %
Percentage
(1P%)
Total o
Accuracy 94.5%
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5. SUMMARY AND CONCLUSION

Online partial discharge monitoring is one of the most
important method to assess the condition of Gls. However, in
most installed Gas insulated switchgears, the internal UHF
PD sensors are not installed inside the GIS. In this paper, on-
line partial discharge pattern recognition method is presented
based on measured PD data from external UHF PD sensor.
The time-frequency representation of signal from discrete
wavelet transform is applied for feature extractions of each
PD defect model. Four artificial defect models are implanted
inside the 132 kV L-Shape GIS model. The feature extracted
based on signal energy at each level of DWT decomposition
are independent from positioning of UHF PD sensors. This is
important when the UHF PD sensors are not installed inside
the GIS busbar. Then, there would be just some few locations
on GIS busbar which the external UHF PD sensors can be
implanted. The trends in partial discharge signal energy
variations in each level of DWT decomposition, present a
significant potential for pattern recognition. By using the
Deep Feed-Forward Network, the classification accuracy of
the proposed method for PD pattern recognition is about
94.5 %.
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