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Abstract: Gas-insulated switchgears (GISs) are important pieces of power equipment used to improve
the reliability of power facilities. As the number of GISs increases, more insulation failures occur
every year. The most common cause of insulation failure is particles and foreign bodies producing a
partial discharge (PD), which causes deterioration of the insulation materials and results in insulation
breakdown. However, it is not easy to detect them by conventional PD and ultra-high frequency
(UHF) PD measurements because it is difficult to apply the conventional method to the GISs in
service, and the UHF method is not always applicable to GISs. Therefore, an appropriate method
to detect particles and foreign bodies in GISs is needed. In this study, experimental validation was
performed to detect particles moving in GISs using the acoustic emission (AE) method. Acoustic
wave signals were produced by the particles moving on the surface of a flat plate when applying
voltage. An AE sensor with a frequency range of 50 to 400 kHz was used, and a decoupler and low-
noise amplifier were designed to detect the acoustic wave signals with high sensitivity. Twelve types
of particles were used, and one was selected to confirm the detectable minimum output voltage. In
an actual factory test, the output voltage of the acoustic wave signals was analyzed while considering
the applied voltage and signal attenuation. Consequently, it was confirmed that the AE measuring
system proposed in this paper could detect particles moving inside GISs.

Keywords: gas insulated switchgears; moving particles; acoustic emission method

1. Introduction

Gas-insulated switchgears (GISs) have been used to protect electrical power systems
in substations since the 1960s and are among the most valuable assets to provide reliable
electric power. A GIS is composed of a gas circuit breaker, a voltage transformer, a current
transformer, among other components, and is filled with SF6 gas, which has excellent
insulation performance and arc-quenching capability. However, as the number of installed
GISs has increased rapidly to improve the capacity and reliability of power facilities,
insulation failure of GISs occurs every year. In an investigation by the CIGRE working
group (A3.06), the major failure frequency (MaF) rate for GISs was 0.37 per 100 CB-bay-
years. This shows that the MaF was 3 times higher than the target failure rate recommended
by IEC 60071-2, which is 0.1 MaF per 100 CB-bay-years for GIS insulation coordination [1,2].

A total of 30% of dielectric GIS failures are related to design deficiencies, and other
failures are related to quality assurance problems. Among them, the most frequent cause
of GIS failure is particles, which account for 20% of the total, as shown in Figure 1 [34].
Particles are the most common defects occurring on site because they can enter the GIS
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compartments despite the precautions taken during the GIS assembly process or can be
produced due to mechanical vibration and incomplete impact during close—open opera-
tions, and it is hard for on-site engineers to detect them by visual inspection without any
measuring equipment. Partial discharge (PD) occurs due to these particles and causes
progressive deterioration of the insulation materials, and finally results in GIS failure.
For this reason, many studies on the detection of particles have been performed with the
electrical measurement for PD signals and mechanical vibration measurement for acoustic
emission (AE) signals [5-11].
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Figure 1. Mean distribution of dielectric failures in service. (Data sourced from: CIGRE).

In electrical measurement, the PD value by particles is a 5pC apparent charge for the
conventional PD method specified in IEC 60270 [5] or an equivalent value for the ultra-high
frequency (UHF) and acoustic emission (AE) methods in IEC 62478 [12]. The conventional
method is accepted as the standard for PD measurement because the magnitude of the volt-
age signal measured by the coupling devices and measuring instruments can be calibrated
in pC. The UHF method has a high sensitivity when internal PD sensors are used and good
performance to identify the different types of PDs [13-19]. However, the conventional
method is very difficult to apply to the GISs in service at high voltage levels. The UHF
method is not always applicable to all types of GISs, and there are many cases in the field
where internal sensors are not installed in the GISs [20].

The particles can move along the enclosure or lift off and jump toward the HV
conductor, depending on their length and materials. Eventually, breakdown will occur. In
a mechanical vibration measurement, the mechanical vibration by the particles moving and
jumping in the GIS produces a strong acoustic wave signal that is easily detectable by the
AE method. In addition, the AE method can be less sensitive to electrical noise interference
and can locate moving particles because it is easy to carry and install AE equipment on
GIS compartments. However, it is not easy to measure acoustic wave signals due to their
complex characteristics, such as attenuation and reflection, so it is difficult to identify the
physical conditions of the moving particles, such as their material, length, and diameter,
which significantly influences GIS insulation [21-24]. Table 1 shows a comparison of the
conventional and unconventional methods for PD measurement of GISs.

This paper describes the experimental validation of moving particle detection using the
AE method to prevent failure of in-service GISs. The acoustic wave signals were produced
by the particles moving on the surface of a flat plate when applying voltage. Twelve particles
of different materials and diameters were fabricated considering the length condition of
detectable and critical defects. An AE sensor with a frequency range of 50 to 400 kHz
was used, and a decoupler and low-noise amplifier were designed to detect acoustic wave
signals with high sensitivity. The particles that produced the lowest magnitude of acoustic
wave signals were selected and applied to an actual factory test. In the actual factory test,
the output voltage of the acoustic wave signal could detect the part s was analyzed while
considering the applied voltage and signal attenuation. Consequently, it was confirmed that
the AE measuring system proposed in this paper icles moving inside the GIS.
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Table 1. Comparison of conventional and unconventional methods.

Unconventional Methods

PD h C ti 1 Method (IEC 60270
Methods onventional Method ( ) UHF AE
» Calibrated in pC » High Sensitivity (Internal sensor) = Easyto carty and install
Strengths = High Sensitivit = Possible to locate PD » Always applicable
& y = Possible to locate PD
Weakness = Difficult to apply to GISs in service = Not Calibrated in pC = Not Calibrated in pC
= Not possible to locate PD = Not always applicable = Sensitive to external conditions

2. Experimental System

To detect mobile particles in the GIS easily, an AE sensor (R151-AST, Physical Acoustics,
Princeton JCT, Clarksville, NJ, USA) with a resonant frequency in the range of 150 kHz
was used to detect the acoustic wave signals. The AE sensor is comparatively cheap and
easy to carry, so it has good applicability when gaining access to a GIS gas compartment.
However, the sensitivity of the sensor is highly dependent on the defect type and location,
and separate cables for the power and signal lines are not provided. In this paper, therefore,
a decoupler was designed to separate the acoustic signal from the power source, and a
low-noise amplifier with wideband characteristics was designed to acquire 40 gains.

Figure 2 shows the designed decoupler with its circuit and frequency response charac-
teristics. From the LC filter with C2 and L1, the high-frequency component of the DC source
is not passed to the AE sensor, and only DC voltage is supplied to the sensor. The acoustic
wave signal detected by the AE sensor is passed through C4 to the low-noise amplifier and
is not passed to the DC source by the LC filter with C3 and L1. The frequency response
characteristics of the decoupler designed in this paper shows that acoustic wave signals of
10 kHz or higher that are passed to the DC source from the AE sensor are attenuated to
150 dB and passed to the amplifier input as R2 without any attenuation.
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Figure 2. Decoupler: (a) circuit diagram, (b) frequency response graph.
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Figure 3 shows the designed low-noise amplifier with the circuit and the frequency
response characteristics. A low-noise operational amplifier with a DC gain bandwidth to
140 MHz was used to have wideband characteristics with a gain of 40 dB. The frequency
response of the low-noise amplifier was analyzed by the ratio of the output voltage to the
sine-wave input voltage from 11 kHz to 4 MHz using a signal generator. It has a low cut-off
frequency of 11 kHz and a high cut-off frequency of 4 MHz at —3 dB [25,26].
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Figure 3. Low-noise amplifier: (a) circuit diagram, (b) frequency response graph.

To measure the acoustic wave signals produced by the vibration of the moving parti-
cles, an experimental setup was used as shown in Figure 4. Each particle was placed inside
an acrylic chamber and the acoustic wave signal was detected by the AE measuring system,
including an AE sensor, a decoupler, and a low-noise amplifier. The distance between the
flat steel plates was 18 mm, and a noise cutting transformer (PTR220-03S, Primesolution
Corporation, Gunpo, Gyeonggi-do, Korea) was used to minimize the external electrical
noise of the power frequency. The 12 types of fabricated particles are shown in Table 2. The
particles were aluminum, copper, and iron materials with diameters of 0.25 and 0.5 mm,
which are the most common materials and diameters that occur on-site during the GIS
assembly or operating process. The critical and detectable lengths of the moving particles
were 3 to 5 mm, as specified by the CIGRE report [3]. The volume was calculated by
using the diameter and the length. Depending on the moving particle, output voltage
was recorded by OSC (MSO 5204, Tectronix, Beaverton, OR, USA) with a frequency range
of 1 Hz to 2 GHz with a sampling rate of 10 GS/s when the particle was jumping and
dropping on the surface of the flat steel plate due to the applied voltage.
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Figure 4. Experimental setup.
Table 2. Types of moving particles.
Materials Diameter (mm) Length (mm) Volume (mm?)
3 0.2
0.25
5 0.3
Aluminum
3 0.6
0.5
5 1
3 0.2
0.25
5 0.3
Copper
3 0.6
0.5
5 1
3 0.2
0.25
5 0.3
Iron
3 0.6
0.5
5 1

3. Measurement and Analysis

The acoustic wave signals produced by the moving particles were measured. The
movement of each particle was visually checked as the voltage to the acrylic chamber was
increased in 1 kV increments. The acoustic wave signals produced when the particles
jumped and dropped on the surface of the flat steel plate were measured by the AE
measuring system. Figure 5 shows examples of the moving particles in the acrylic chamber
when applying voltage, and Figure 6 shows examples of the acoustic wave signals detected
by the AE measuring system. The average applied and output voltage depending on the
volume of particles are shown in Figure 7. As the volume increased, the average applied
voltage decreased, and the average output voltage measured by the system increased. The
electric field was from 0.5 to 0.9 kV/mm to move the particles. In terms of the particle
materials, the magnitude of the acoustic wave signals produced by the aluminum particles
was the smallest. Therefore, the aluminum particles, which had the lowest volume, were
selected for the actual factory test.
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Figure 5. Examples of moving particles in acrylic chamber when applying voltage: (a) aluminum, (b)
coppet, (c) iron.
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Figure 6. Example of detected acoustic wave signals by AE measuring system.
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Figure 7. Average applied and output voltage of particle materials depending on volume.

4. Actual Factory Test
4.1. Signal Measurement

To simulate the actual GIS conditions, a mock-up GIS chamber was fabricated, as
shown in Figure 8. The chamber was designed to change the distance between the conduc-
tor and the enclosure to 20, 27, 32, and 37 mm, and to allow the movement of particles to
be visually checked through the inspection window. As the voltage was increased in 1 kV
increments to the bushing, the acoustic wave signals produced by the movement of the
aluminum particles were detected by the AE measuring system. Figure 9 shows the average
applied and output voltage when the particles were moving by the AE measuring system.
The longer the distance, the higher the applied voltage when the particle was moving. For
this reason, the electric field was 0.7 to 1.0 kV/mm—which was almost constant—to move
the particles regardless of the distance. The average output voltage was from 224 to 301 mV
depending on the electric field.

Figure 8. Experimental setup for signal measurement in an actual factory test.
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Figure 9. Average applied and output voltage of particle materials depending on distance.

4.2. Signal Attenuation

An acoustic wave signal is attenuated depending on its propagation path and the
distance between the sensor and the signal inside a GIS. In [27], the signal attenuation was
theoretically 6 dB at 300 mm from the source in a GIS without a flange. Based on the result,
three AE sensors were placed under more severe conditions, as shown in Figure 10. To
detect the acoustic wave signals produced by a moving aluminum particle with a diameter
of 0.25 mm and length of 3 mm, sensor A was installed near the source and sensor B was
attached on the bottom of the enclosure 500 mm from the source without a flange. Sensor C
was placed on the bottom of the enclosure 500 mm from the source with a flange.

Figure 10. Experimental setup for signal attenuation in an actual factory test.

The applied voltage was increased until the particle moved, and the acoustic wave
signal was detected by the three AE sensors at the same time. Figure 11 shows the output
voltages measured by each sensor. When the output voltage detected by sensor A was
287 mV, the output voltage detected by sensor B was 127 mV, which was attenuated by
56%. The output voltage of sensor C was 54 mV, which was attenuated by 81% due to
the flange. From the result, it was confirmed that the detectable minimum output voltage
of the AE measuring system proposed in this paper would be 112 mV for an aluminum
particle with a diameter of 0.25 mm and a length of 3 mm. The maximum distance between
the sensors would be within 500 mm without any flanges when the AE sensors are placed
on the GIS to detect the acoustic wave signals produced by a moving particle due to the
signal attenuation.
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4.3. Study Case

The AE measuring system proposed in this paper was applied to a voltage withstand-
ing test in a 245 kV GIS, as shown in Figure 12a. When a voltage of 110 kV was applied, an
acoustic wave signal of 82 mV was measured by the system. Based on the result, a visual
inspection was performed, and some particles were found in the circuit breaker with a
distance of 92 mm between the conductor and enclosure. The particles were analyzed by
energy-dispersive X-ray spectrometry (EDS), as shown in Figure 12b. The particles had
metallic and non-metallic components, and the metallic components were composed of
iron, zinc, and aluminum. The length of the longest particle was 2.3 mm. Thus, it was
estimated that the measured output voltage of the acoustic wave signals produced by
the particles with a maximum length of 2.3 mm was lower than the detectable minimum
output voltage of the acoustic wave signals produced by the aluminum particles with a
length of 3 mm. Figure 13 shows a flowchart of the AE measuring method for the moving
particle proposed in this study.

scEIH o =

(b)

Figure 12. Example of moving particle detection: (a) voltage withstanding test, (b) EDS result.
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Figure 13. A flowchart of AE measuring method for moving particle detection.

5. Conclusions

An experimental method of detecting moving particles using AE in a GIS was verified

in this paper. Twelve types of moving particles with different materials, diameters, and
lengths were used, and an AE measuring system, including an AE sensor, a decoupler, and
a low-noise amplifier, was designed and fabricated to detect acoustic wave signals with
high sensitivity. The results were as follows:

A.

In the acrylic chamber, the output voltage was measured to confirm the magnitude
of the acoustic wave signals produced by the particles depending on the material
and volume and calculated by the diameter and length. The average output voltage
of the acoustic wave signals produced by an aluminum particle with a volume of
0.2 mm?3 was the lowest, and it was selected for the actual factory test. The electric
field to move the particles was 0.5 to 0.9 kV/mm.

In the mock-up GIS, the longer the distance between the conductor and the enclosure,
the higher the applied voltage to move the particle. For this reason, the electric field
was constant at 0.7 to 1.0 kV/mm to move the particles regardless of the distance.
The average output voltage was from 224 to 301 mV depending on the electric field.
The signal attenuation of 500 mm in the GIS was 56% without a flange and 81% with
a flange. Therefore, the detectable minimum output voltage of the AE measuring
system proposed in this paper would be 112 mV and the sensor would be installed
at a maximum of 500 mm between sensors without a flange, considering the signal
attenuation, to detect moving particles with high sensitivity.

In the voltage withstanding test of 245 kV in the GIS, an acoustic wave signal of
82 mV was detected by the AE measuring system proposed in this paper when 110 kV
was applied. The electric field to move the particles was 1.2 kV/mm. Some particles
were found in the circuit breaker by visual inspection and EDS was performed. Based
on the EDS result, some particles were composed of metallic—such as iron, zinc,
and aluminum—and non-metallic components. The length of the longest particle
was 2.3 mm. For this reason, the measured output voltage of the acoustic wave
signals produced by the particles with a maximum length of 2.3 mm was lower than
the average output voltage of the acoustic wave signals produced by an aluminum
particle with a length of 3 mm.

The electric field of the actual GIS was higher than that of the mock-up GIS and
acrylic chamber to move the particles in the experimental conditions. It is assumed
that the conditions in which the electric field is concentrated are different, such as
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the particle types, conductor shapes, GIS structure, and GIS operating status. More
studies on the conditions of the electric field to move particles in GISs are needed.

From the results of the experimental validation, the AE measuring system proposed
in this paper could detect moving particles clearly in the GIS.
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