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Abstract: The complex structure of gas-insulated switchgear (GIS) cable terminals leads to serious
electric field concentration, which is a frequent fault position of a high-voltage cable system. At
present, due to the differences in the frequency bands of sensors, various partial discharge detection
technologies have certain differences in their scope of application and anti-interference performance,
resulting in a low defect detection rate in GIS cable terminals. In this paper, a comprehensive diagnosis
scheme is proposed, which integrates transient earth voltage (TEV), ultra-high frequency (UHF), high
frequency (HF), and ultrasonic methods. Two abnormal discharge defects of GIS terminals in two
220 kV substations in Tianjin were tracked and monitored, and the joint diagnosis was carried out
using the proposed scheme; the type of discharge defect and the phase sequence of the defect were
determined, and the UHV was employed to precisely locate and analyze the defect source. Finally,
through the disassembly analysis and electric field simulation of the GIS cable terminal, the accuracy
and effectiveness of the discharge detection and location method were verified, providing a typical
detection demonstration for the defect diagnosis of a GIS cable terminal.
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Method in GIS Cable Terminal. With the rapid development of urban and power grid construction, gas-insulated
Energies 2023, 16, 413. https:// switchgear and high-voltage cross-linked polyethylene (XLPE) cables have been widely
doi.org/10.3390/en16010413 used in the power grid due to their superior electrical performance, compact and economi-

cal space requirements, and safe and reliable operation [1-5]. As the connection between
the gas-insulated switchgear and the XLPE cable, the GIS cable terminal has a complex
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minal is of great significance to the electrical equipment and high-voltage cable line in
the substation.

Before an insulation failure of cable terminals occurs, it is usually accompanied by
various characteristic information such as electricity, heat, sound, light, moisture and gas
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distributed under the terms and  technology has derived a variety of detection technologies, such as infrared thermal image
conditions of the Creative Commons  detection, ultra-high-frequency (UHF) partial discharge detection, high-frequency partial
Attribution (CC BY) license (https://  discharge detection, ultrasonic partial discharge detection, transient earth voltage partial
creativecommons.org/licenses /by / discharge detection, dissolved gas analysis in oil, SFs gas state detection, etc., [20-22]. Due
4.0/). to the insulation and sealing of 110 kV and above XLPE cable terminals, there are few

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.

Energies 2023, 16, 413. https:/ /doi.org/10.3390/en16010413 https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16010413
https://doi.org/10.3390/en16010413
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-5748-8954
https://orcid.org/0000-0002-1268-8864
https://doi.org/10.3390/en16010413
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16010413?type=check_update&version=2

Energies 2023, 16, 413

2 0f 10

obvious characteristics before failure. The insulation defects inside the cable terminals cause
electric field distortion and induce partial discharge, which are accompanied by changes
in electrical and acoustic signals. Therefore, the insulation status is mainly judged by the
changes in electric and acoustic signals. The effective measurement of the partial discharge
of the terminals is the main method for quality control and status detection in the GIS cable
terminals in the operating stations [23,24]. Power grid operators at home and abroad have
continually explored and applied the pulse current method, broadband electromagnetic
coupling method, ultrasonic method and ultra-high frequency detection method and other
location methods [25,26]. However, in actual field applications, due to differences in the
scope of application, detection sensitivity, anti-interference performance, etc., of the various
types of partial discharge detection equipment, as well as different understandings of
the structure, performance and testing environment of the tested equipment, the defect
detection rates for the GIS cable terminal are low [27].

2. Methods

The process of GIS cable terminal partial discharge detection was obtained by integrat-
ing the GIS cable terminal structure and various methods, which are shown in Figure 1.
Each detailed step and the precautions taken are introduced below.

(1) TEV and UHF methods are used first to complete a rapid general test, and prelimi-
narily judge whether there is an abnormal signal according to the signals of transient
voltage pulse and ultra-high frequency electromagnetic wave. During the general
TEV test, the TEV sensor should be put in the middle of the host top to ensure that
the contact surface with the equipment is as large as possible.

(2) If any suspicious abnormal signal is found, the full spectrum detection should be used
for retesting and the abnormal TEV signal can be converted into an HF signal.

(3) Based on the polarity of the three-phase waveform of the abnormal HF signal, the
phase source can be determined. During polarity detection and judgment, it should
be ensured that all channels use the same cable model (BNC or N type) and the same
cable length. The signals of each phase must be triggered separately to judge the
possibility of multi-phase (point) discharge.

(4) If the abnormal signal comes from one phase, the time difference of arrival (TDOA)
positioning for the abnormal phase is carried out. If there is no difference in the
three-phase signal polarity, the three-phase signal polarity should be compared with
that of the grounding wire to determine whether it is from ground grid interference.
During TDOA positioning, the length and model of signal line should be consistent.
Various amplifiers should be connected to ensure that the signals of each channel
are original.

(5) The TDOA positioning results of the HF, VHF and UHF methods should be compre-
hensively compared. As the range error of the positioning results may be large, it
is recommended to take the local discharge position as X = {0, X ¢}. The amplifier
must not be connected in this step, otherwise an additional cable length (between
the amplifier and the oscilloscope) will be introduced, causing a time-difference
calculation error.

Figure 2 presents a typical HF signal polarity diagram of an oil-oil bushing transformer,
when the 220 kV C-phase cable terminal was the signal source. The position of HFCT at the
grounding wire of the phase A cable terminal on the 220 kV side should be kept unchanged
each time (yellow ring). The red arrow represents the high-frequency current flowing from
the equipment to the ground, and the blue arrow represents the high-frequency current
flowing from the ground to the equipment. The red dotted box of phase A on the 110 kV
side shows that two different types of data were collected many times, and the results were
not unique.
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3. Results
3.1. Case 1
3.1.1. Partial Discharge Characteristics and Location
Five kinds of partial discharge detection methods and decomposition gas detection

test were carried out for the 2215 bay of a 220 kV Milan gas-insulated substation in Tianjin
City. Table 1 presents the specific test items and test results.

Table 1. Test items and related results of 2215 bay of 220 kV Milan Station.

Tests Results Remarks
UHYV for GIS Abnormal Discharge by insulation defects
HYV for cable Normal
Ultrasonic for GIS Normal
TEV Normal
PD location Cable compartment TDOA and amplitude
Decomposition gas detection Normal

An abnormal partial discharge signal was detected at the 2215 bay A-phase cable
compartment and basin insulator above the current transformer (CT) upper side, and there
was no abnormality at other positions. According to the characteristics of the discharge
spectrum, it was judged an insulation discharge. The amplitude at the cable terminal was
greater than that at the basin insulator above the CT, and the maximum amplitude was
—53 dB. See Figure 3 for the detection location and Table 2 for the typical map.

—— Cable terminal
Basin spacer
AY(1)

- sy
1

AX

AX=18.00ns 1/AX=55556 MHz AY(1)=31.625 mV

Figure 3. Signal diagram of two detection positions in A-phase cable compartment.

In order to accurately locate the defect position of the discharge source, the inspector
selected the discharge signal at the basin insulator above the CT side (yellow) and the
epoxy resin flange at the cable terminal (purple) for local discharge source location analysis.
It is shown in Figure 3 that the rising edge of the yellow signal curve was not obvious due
to the small discharge amplitude.

3.1.2. Disassembly Verification

In order to verify the partial discharge detection results in Section 3.1.1., the A-phase
cable was taken out of the cable chamber and disassembled to determine the defect location
of the A-phase cable. It was found that there was a dark yellow solid substance in the area
close to the fracture between the semi-conductive layer and the cable insulation, and the
same substance also existed at the corresponding inner position of the stress cone, as shown
in Figure 4.
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Table 2. Typical spectrum of UHF detection in A-phase cable compartment.

Position PRPS PRPD

Cable terminal

Amplitude /dBm

Basin spacer
above CT

Amplitude /dBm

0° 90° 180° 270° 360°

C) (b)

Figure 4. Morphology of the abnormal area of cable terminal. (a) Semi-conductive layer, (b) inside
the stress cone.

The dark yellow solid substance was tested by infrared spectrum. The functional
group analysis results are shown in Figure 5. The wave numbers 1261 cm ! represented
the Si-CHj3 functional group, 1095 cm 1, 1021 em ™! for Si-O-Si functional group, and
800 cm~! for CHj functional group, which confirmed that the substance was silicone oil.
The wave number around 1681 cm~! represented the carbonyl C=O functional group,
which confirmed that the silicone oil had deteriorated.
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Figure 5. Infrared spectral analysis of solid substance.

3.2. Case 2
3.2.1. Partial Discharge Characteristics and Location

Five kinds of partial discharge detection methods and decomposition gas detection
tests were carried out for the 2202 bay of a 220 kV Chuanye gas-insulated substation in
Tianjin City. Table 3 presents the specific test items and test results.

Table 3. Test items and related results of 2202 bay of 220 kV Chuanye Station.

Tests Results Remarks
UHYV for GIS Abnormal Discharge by insulation defects
HV for cable Abnormal Interference signal
Ultrasonic for GIS Normal
TEV Normal
PD location Cable compartment TDOA and amplitude
Decomposition gas detection Normal

An abnormal partial discharge signal was also detected at the 2202 bay A-phase cable
terminal and high-voltage indicating device of the GIS, and no UHF partial discharge
anomaly map was found in the space background, phase B or phase C. It was seen from
the results in Table 4 that the discharge pulse had obvious periodicity, large amplitude
dispersion and an unstable discharge time interval, so the detection spectrum was similar
to that of typical insulation defects.

Table 4. Typical spectrum of UHF detection in A-phase cable compartment.

Position PRPS PRPD

Cable terminal

High-voltage
indicating device




Energies 2023, 16, 413

7 of 10

In order to reduce the measurement error, multiple time-delay positioning was carried
out. As shown in Figure 6, the green sensor (cable terminal) waveform was always ahead
of the purple sensor (high-voltage indicating device) waveform, and the time difference
between the two positions was 1.56 ns. It was calculated that the discharge power was
located 0.7 m above the bottom flange of the 2202 interval A-phase cable terminal.

CablerJ|erminaI
—— HVindicator

’ A

AW
—A T

/AX=1.56 ns 1/AX=641 MHz /A\Y(3)=509 mV

Figure 6. Signal diagram of two detection positions in A-phase cable compartment.

3.2.2. Disassembly Verification

The A-phase cable terminal was drawn out from the lower end of the cable bin, and no
obvious discharge trace was found on the outer surface of the stress cone and epoxy sleeve
after careful inspection, as shown in Figure 7. The stress cone was split longitudinally.
Through inspection, it was found that there was a 7 cm long crack on the inner surface of
the stress cone (6 to 13 cm from the upper end of the stress cone), which was consistent
with the detection results of partial discharge.

Figure 7. Morphology of the disassembled cable terminal. (a) Stress cone and XLPE insulation,
(b) epoxy sleeve, (c) crack inside the stress cone.

4. Discussion
4.1. Electric Field Distribution

The electric field simulation model of the GIS cable terminal was established in the
COMSOL software to study the electric field distortion between the semiconductive fracture
and the stress cone interface with the deterioration of silicone oil and the presence of air
gap or impurities. The rated voltage at the cable conductor was 127 kV and the voltage of
the ground flange was set to 0 kV. Under AC voltage, the electric field distribution of the



Energies 2023, 16, 413

8 of 10

cable terminal is mainly determined by the relative dielectric constant of the material. The
governing equations used in this paper are as follows:

vV -D=py (1)
D =gy E ()
E=-VV 3)

where D is the electric displacement vector (C/ m?), gy and ¢, are the permittivity of the
vacuum and relative permittivity of materials, respectively, py is the local charge density
(C/m3), E is the electric field vector (V/m), and V is the potential (V).

As shown in Figure 8a, the thickness of the silicon oil coating was set to 0.1 mm.
Under normal working conditions, the maximum electric field strength inside the silicon oil
coating is 2.56 kV/mm. Under this field strength, there is no possibility of partial discharge
inside the cable terminal. In consideration of the irregular impurities in the coated silicone
oil, we set different shapes of defects as shown in Figure 8. The results show that the
maximum electric field strength in the coated silicone oil was 6.45 kV/mm, which was
252% of the normal working condition. With the electric field distortion, the discharge
accident may have been further induced here, causing further deterioration of the silicone
oil and insulation failure of GIS cable terminal.

Semi-conductive
rubber

|

16.45 kV/mm

Silicone oil

l 2.56 kV/mm

N < V /mm
8

Figure 8. Electric field distortion at the interface in GIS cable terminal: (a) without defects,
(b) with defects.

4.2. Internal Discharge Development Mechanism
4.2.1. Stage I: Development from Surface Discharge

At the initial stage, there are a lot of burr-like protrusions in the defects of the cable
terminal. The discharge channel is short and the discharge amplitude is small. Some
discharges are even lower than the detection accuracy of the sensor and are difficult to
detect. Under the sinusoidal voltage, when the electric field direction changes, the positive
and negative charges show different mobility, the discharge behavior is inconsistent, and
the discharge develops toward the ground potential in a single direction, which shows the
characteristics of asymmetric positive and negative cycles. At the same time, because the
air gap in the early aging period is narrow, the charges accumulated in the air gap dissipate.
The discharge repetition rate in the PRPD map is high, but the amplitude is low, and it
operates for a long time, which causes these burrs to gradually ablate and smooth.
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4.2.2. Stage II: Enhanced Partial Discharge

The discharge further develops and some areas inside the air gap gradually elongate
to form a long air gap channel. At this time, the discharge in the air gap is more intense
around the terminal of the air gap. The PRPD spectrum showed positive and negative
half cycle symmetry. The expansion of the air gap makes it necessary to accumulate more
charges before breakdown, and the discharge repetition frequency is relatively reduced.
With continuous aging, the occasional large pulse discharge gradually develops into a
stable discharge with reduced voltage amplitude but an increased discharge repetition rate.

5. Conclusions

According to the detection status of the GIS cable terminals, a comprehensive detection
method combining the TEV method and the UHF method was proposed in this paper, and
partial discharge detection was carried out at 220 kV GIS cable terminals. The conclusions
are as follows:

(1) A diagnosis scheme suitable for a GIS cable terminal is proposed, which can effectively
determine the type and phase sequence of discharge defects, and accurately locate
and analyze the defect source at ultra-high voltage.

(2) The disassembly analysis of the GIS cable terminals showed the accuracy and effec-
tiveness of the discharge defects and positioning methods, which provided a typical
detection demonstration for GIS cable terminal-defect diagnosis. However, the sensi-
tivity of this scheme to detect partial discharge at the initial stage of internal terminal
faults needs to be improved.

(38) The electric field distribution of the GIS cable terminal was analyzed by finite element
simulation, and the mechanism of the internal fault of the cable terminal was analyzed.
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