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Abstract

Gas insulated switchgear (GIS) plays a vital role in high voltage transmission of electrical energy
due to its advantages of high reliability and performance, compact in dimensions and outstanding
compatibility with the environment. It uses sulphur hexafluoride gas as its insulant and coolant because of
its high dielectric strength and excellent arc quenching ability. Gas insulated switchgear in operation
suffers the challenge of its insulation decomposition and eventually failure due to the activities of partial
discharge that arouses from defects. This failure is catastrophic and it will lead to entire power out stage
that will affect all categories of human activities, so there is a need for Gas insulated switchgear condition
monitoring and diagnoses in order to carry out preventive maintenance. This paper reviews diagnostic
techniques and methods for Gas insulated switchgear insulation degradation caused by partial discharge
for the purpose of carrying out preventive maintenance to avert its failure.
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1. Introduction

In any modern society, the social welfare and economic good build and development
depend solely on the availability of reliable and cheap supply of electrical energy. Extensive
electrical power installation network at high voltage in industrialised countries have been build
and in developing countries, they are being constructed at an ever increasing rate. A Large
amount of electrical power that is generated, transmitted and distributed over a long distance is
best accomplished using high voltage, thus high voltage equipment (GIS) is required and it
serves as the backbone of Morden power system [1].

Gas insulated switchgear (GIS) is the combination of electrical switches, fuses, circuit
breakers, current and capacitive voltage transformers that are used to control, protect and
isolate electrical equipment. Switchgear is also used to de-energize equipment in power system
network to enable fault of all types to be rectified [2]. GIS is used because of its high reliability
and performance, compact in dimensions, low maintenance requirements, outstanding
compatibility with the environment and ability to interrupt fault current in power system network.
The increase in demand for electricity and the growing energy density in the metropolitan areas
have made it necessary to extend the high voltage network in an economical manner to
consumer unit while ensuring a high degree of supply reliability and quality. Gas insulated
substations provide the best solution to the above challenge [3].

Gas Insulated Switchgear uses Sulphur hexafluoride gas (SFg) as its insulant that has
superior dielectric properties with excellent arc quenching properties compare to air and vacuum
[4-6]. SFe gas is inert in nature, odourless, colourless, chemically stable, non-toxic, non-
inflammable and has high vapour pressure (about 21 bar at ambient temperature) [7]. It can be
used down to -35 °C without liquefaction occurring at a pressure of 5Sbar typical to GIS
application. SFg gas is widely used in power equipment due to the fact that in addition to its high
dielectric strength, it has good thermal transfer characteristics.

SFg gas has high dielectric strength three times that of air and at about 6 bar pressure
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its dielectric strength is approximately equal to that of transformer oil. If a critical field strength
of about (89kv/cm) is exceeded in GIS medium, ionisation will build up very rapidly because of
the brittleness of SFg gas. In practical application, this can happen in the vicinity of any small
defects such as a metallic protrusion, free conducting particles, contamination on the surface of
the spacer and gap at electrode/epoxy interface [3]. Depending on the nature of defect that
occurs, the partial discharge (PD) at this local region of field enhancement may result in the
breakdown of insulation system and will cause the GIS to fail. About eighty-five percent of GIS
disruptive failure is caused by PD [8].

The failure of the live assets (GIS) is often sudden and catastrophic, with the release of
large amounts of energy, leading to explosion and fire producing unrepairable damage on all
the substation equipment, injury or death of personnel working in the substation, power outage
that will paralyze economic, social, educational, military, security, medical activities and high
cost of replacement.

When the dielectric failure occurs in the GIS, the arc will not be extinguished by the
insulant (SFe) gas, this will lead to internal pressure build up that will cause hole in the metal
wall of the GIS due to the concentration of the arcing thereby causing SFg gas that is highly
potential greenhouse gas to leak. Sulphur hexafluoride (SFg), is a highly potent greenhouse gas
with a global warming potential of about 23,900 times greater than CO2. SF4 also has an
atmospheric lifespan of about 3,200 years, so it will contribute to global warming for a very long
time. One pound of SFg gas has the global warming equivalent of 11 tonnes of CO,. [5], [9-10].
However, under high-temperature conditions, SFe¢ gas decomposes into byproducts that are
toxic and corrosive. The decomposition by-products can occur when SFg gas is exposed to
spark discharges, partial discharges, and switching arcs. These byproducts that are in the form
of gases or powders, can affect human health and cause the following conditions in humans:
irritation to the eyes, nose, and throat, pulmonary oedema and other lungs damage, skin and
eye burns, nasal congestion, bronchitis and body rashes [5], [11-13]. Therefore this critical asset
(GIS equipment) should be monitored closely and continuously using a reliable and effective
technique in order to assess its operating condition that will enable preventive maintenance to
be carried out in order to ensure its maximum uptime [14].

2. Sulphur Hexafluoride Gas Insulation

Heavy gases (Chlorine and Fluorine) under experimental condition have a considerably
higher dielectric strength about thrice that of air. Their high breakdown strength depends on
their ability to take up free electrons thereby forming heavy negative ions. These gases are
called electronegative gases. Sulphur hexafluoride gas is one of the electronegative gas among
the many available gases. SFs gain its relevance as the dielectric gas of choice because it is
chemically stable and has high breakdown strength which makes it effective in arcs extinction
and as a result of that it is extensively used in gas-insulated switchgear, circuit breakers, gas
insulated transmission lines and gas-insulated transformers [15-17].

2.1. Basic Properties of Sulphur Hexafluoride Gas

Sulphur hexafluoride gas is a highly electronegative gas that belongs to the seventh
group of the periodic table. It is odourless, colourless, non-flammable, non-toxic and inert in
nature with high dielectric strength [15-18]. SFs gas at about 14 bar in 0 °C liquefies whereas at
about 3.5 bar in -40 °C, the gas liquefies which makes it difficult to be used at high pressure in
the cold region. Detail properties of Sulphur can be seen from Table 1. SFs gas at atmospheric
pressure is chemically stable up to 500 °C and it decomposes into by-products at a higher
temperature. SFg under electrical discharge in the presence of water and oxygen will undergo
oxidation and decomposition into some by-products such as SOF,;, SOF,, SO,F,, S,Fi,, CF,,
CO,, S,F,, SF,, SFg, SF4, S,0F,, H,S, HF, SO,, SiF4, ALF, (SO”d), CUF, and WFg (SOlld)
Some of the by-products are toxic and corrosive [7, 19].
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Table 1. Some important physical properties of SFg

Molecular weight 146.6

Melting point -50.8 °C
Boiling point -63.0 °C
Critical temperature 456 °C
Sublimation temperature -63.9°C

Liquid density (at 25 °C /50 °C)  1.33/1.98 g/ml
Gas density (at 1 bar and 20 °C) 6.2 g/l

Relative density 5.1

Critical density 0.735 g/ml
Critical pressure 35.56 bar
Vapour pressure (at 20 °C) 10.62 bar
Specific heat (at 30 °C) 0.599 J/g
Thermal conductivity 0.1407 W/m °C
Dielectric constant 1-1.07

2. Decomposition Mechanism of Sulphur Hexafluoride Gas under Partial Discharge
Decomposition mechanism of sulphur hexafluoride gas under partial discharge study

was comprehensively conducted by American National Standard Institute researchers. The

decomposition mechanism illustrating their zone model was shown in Figure 1 [20-22].

Gilow rcl:_im:
lon=drift region

Main gas volume

Figure 1. Decomposition mechanism of sulphur hexafluoride gas under partial discharge zone
model

The reaction zone in the gas chamber is divided into three according to the zone model
namely the glow region, the ion-drift region and the main gas volume. The glow region is the
region which the excitation and ionization by electron collision of the molecules takes place and
the molecules split into low fluorine sulphide (SF, SF,, SFs, SF4, and SFs). These substance
react with H,O which splits into O and OH generating vast products as HF, SO,, SO,F,, SOF,,
SF,, SF,, and S,F;9 as shown in equation (1) - (12). The ion drift region is in between the glow
and the planar anode where the charge is transported by negative ions as shown in equation
(13) — (15). The main gas volume region is surrounded by point to plain gap in which the surface
reaction or slow gas phase reaction occurs as shown in equation (16) — (19). In the discharge
region CO, and CF, will be generated in the presence of stainless steel electrode and organic
insulation through the reaction of O, and fluorine atoms (F) as shown in equation (20) — (23).
[13], [20- 24].

e+SFg—>SF,+(6-X)F+e, X=1~5 (1)
e+0,—-0+0+e (2)
e+H,0-0=0H+e (3
SFs + OH —SOF, + HF (4
SFs+ O —»SOF, + F (5)
SF,+ OH + F -SOF, + HF (6)
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SF;+ 0 —SOF, +F 7

SF3 + OH —»SOF, + HF (8)

SF, + O —»SOF, 9)

SF, + OH + F »SOF, + HF (10)
SF + 0 + F »SOF, (11)
SF + OH + 2F —SOF, + 2HF (12)
SFs + SF, —»SF5 + SF5 (13)
SF¢ + SF, —»SOF5 + SFs (14)
SFs + SO, »SO,F SFs (15)
SF, + 0, »SO,F, (16)
SF, + H,0 —SOF; + 2HF 17)
SOF, + H,0 —»S0,F, + 2HF (18)
SOF, + H,0 —S0, + 2HF (19)
epoxy + F —-CF, (20)
epoxy + O, »CO, (21)
C + 4F —-CF, (22)
C+ 0, »CO, (23)

Sulphur hexafluoride gas main decomposition products under the activities of partial
discharge include SO;F,, SOF,, SOF,, CF,, SO,, HF and CO,,

3. Genesis of Partial Discharge

Partial discharge is the breakdown that is localised which occur under high voltage
stress in a small portion of solid, liquid or gas insulator that does not bridge completely the
space between two conductor electrodes. These occur due to the defects of irregularities or
protrusion on high voltage or earth electrode, free or floating metallic particles, contamination on
the surface of spacer and void or gap at electrode/epoxy interface as a result of mechanical
abrasion movement of conductor during load cycling, error in manufacturing of GIS and also
vibration during shipment of GIS equipment as shown in Figure 2. Partial discharge is
accompanied by the emission of energy as electromagnetic emission informs of radio wave,
light and heat; acoustic emission inform of sound at ultrasonic ranges and also emission of
ozone and oxide of nitrogen. Although the magnitudes of partial discharge are small (about
5eV-10eV) but it causes gradual progressive deterioration or degradation of insulation in gas
insulated switchgear, then eventually lead to ultimate failure of the GIS. [3, 20, 24], [41-43], [51],
[57-59]. About eighty-five percent of GIS disruptive failure is caused by PD [8], therefore there is
need to employ an effective method to diagnose the activities of PD in GIS.
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Figure 2. Typical defects in practical GIS [21]

3.1. Diagnostic Techniques for Partial Discharge Detection in GIS

Partial discharge measurement is usually implemented during GIS quality assurance in
the factory, testing of high voltage to detect assembly and transportation fault on site and also
for early detection of PD during GIS operation. [20], [25-26]. Several types of research of PD
diagnostic technique of GIS was conducted and they are as follows.

3.1.1 Optical (Light Eemission or Output) Technique

This uses photomultiplier to detect the emission of light from partial discharge. It can
detect the emission of an even single photon. The radiation which is primarily in UV band is
strongly absorbed by both glass and SFg, therefore for detection purpose, it is necessary to use
quartz lenses and a reasonable short path length. Although to some extent, this method
performed effectively, there are some difficulties (limitation) that will occur in detecting discharge
anywhere in the GIS due to internal and external interference (noise and electromagnetic
interference) and also many sensors are used [27- 30].

3.1.2. Acoustic Emission Technique

Acoustic signals arise from the gas chamber free moving particles bouncing on it and
pressure wave caused by partial discharge. These signals in the GIS travel from source to the
detector by multiple paths due to its broad bandwidth. Acoustic emission sensor attached to the
outside chamber is used for the measurement of the signal. this method faces difficulties in
measurement due to high attenuation of signal that occurs in acoustic emission which makes
detection of PD not accurate and reliable; and also it require good location of sensor on the
chamber thereby making it not suitable for permanently installed monitor because it will require
many sensors and also internal and external interference (noise and electromagnetic
interference) affects the measurement [20-21], [27-29], [31-35].

3.1.3. Electrical Discharge Technique

This uses coupling capacitor that is placed in parallel with the test object as the
conventional method for detecting partial discharge. The discharge signals are measured
across external detection impedance. The limitation of this technique is that the sensitivity is
insufficient and it is incompatible for long length GIS and also internal and external interference
(noise and electromagnetic interference) affects the discharge signal measurement [20-21], [27,
29, 31], [36-37].

3.1.4. Ultra-High Frequency (UHF) Technique

This adopts both internal and external coupler technique, and UHF sensors are used. It
has the limitation of loss of sensitivity, the risk of breakdown if the UHF sensor is not a position
in hatch cover. external interference( electromagnetic interference) affect the UHF
measurement and a large number of the sensor from six to eight per three phase bay is to be
used and also the discharge calibration and pattern recognition of UHF signal has not been
completely resolved [1], [20, 21], [27, 29, 31].

3.1.5. Chemical by Product or Decomposed Gas Technique

Chemical by product diagnostic technique is used to monitor and detect the activities of
PD in GIS through the use of gas chromatography, Fourier transform infrared spectroscopy, gas
analyser and detector tube with high sensitivity down to 1 ppm, [21-23], [26]. This technique is
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rarely affected by noise and electromagnetic interference present outside and inside the GIS,
and this makes it more attractive than the other diagnostic techniques and has the potential of
becoming the most powerful diagnostic technique in order to carry out preventive maintenance
for GIS. The main decomposition product of SFg gas is sulphur tetrafluoride gas (SF;), but this is
a highly reactive gas [3, 17]. It reacts further with water vapour to form thionyl fluoride (SOF5)
and sulphuryl fluoride (SO,F;) a more stable compounds and also under the activities of PD
caused by defects, SFs decomposes to form into many compounds such as SOF,, S2F;q, CF,,
CO;, S;0Fg, H,S, HF, SO,,SiF,, ALF,(solid), CUF, (solid) and WFg (solid) [7, 19].

4. Decomposed Gas Detection Technique

Decomposed gas detection technique is also known as a chemical by-product or gas
analysis technique is similar to that of dissolved gas analysis in the transformer which uses the
method of gas chromatography, Fourier transform infrared spectroscopy, gas analyser and
detector tube. These methods are not affected by internal and external interference (noise and
electromagnetic interference) and it has the potential of becoming the most powerful diagnostic
method to be used in GIS to ascertain its fault and condition in order to carry out an effective
preventive maintenance [28-44].

4.1. Detector Tube

Detector tube is an SF¢ by-product measuring device which uses chemical reaction in a
special test tube. The SFg by-products are identified by the changes in colour that occurs during
the reaction and the detector tube can detect gases such as SO,, SOF,, SO,F,, and HF only.
The detector tube precision can reach up to lppmv but its stability can be affected by
temperature, humidity and cross interference problem [16, 26, 28, 36], [45-49].

4.2. Gas Analyser

The gas analyser is used to detect SFs decomposed components such as H,O, SO,
and O, only. It has the advantage of high efficiency and speed during operation but the sensor
that is used in the gas analyser can be poisoned after a long period of used due to the chemical
reaction between the gas sensor and the gas to be detected, thereby affecting the sensitivity
and the detection precision of the gas analyser [16, 26, 28, 36], [45-48], [50, 51].

4.3. Gas Chromatography

Gas chromatography is a process of separating a mixture of gases into its individual
components and is identified qualitatively and measured quantitatively. Gas chromatograph
consists of the sample handling system, the chromatograph oven and the controller as its
functional components. Sample handling system is used to preserve the composition of the gas
and it acts as a filter for removing solid and liquid particles in the gas down to two microns size.
Chromatograph oven consists of the columns, valves and detectors as its analytical
components. The columns is the heart of the gas chromatograph and it is used to separate
mixture of gases into its individual components using some physical characteristics of the gas
(boiling points and molecular size) and the sample gas is carried through the columns by a
carrier gas (Helium), the valve is used for the switching of the analytical flow path of the gas to
enable the use of multiple columns and the detector is used to detect, and to measure the
decomposed gas then pass the output to chromatograph controller for processing. The
controller performs several functions including the control of the valve timing, oven temperature,
analyse and store the detector output by calculating individual concentration and other physical
properties of the gas sample and finally communicate to the outside world. This method can
detect some type of gas such as SOF,, SO,F,, CF,,CO.,. etc. Detection time is long and the
chromatographic column has to be clean regularly [16, 20, 26, 28, 31, 36], [45-49], [52].

4.4. Fourier Transform Infrared Ray Spectrometer

Fourier transform infrared ray (FTIR) spectroscopy is a workhouse technique in the
laboratory that is used for quantitative analysis of different kinds of materials i.e. to identify
unknown materials in a sample, to determine the quality or consistency of a sample and to
determine the amount of component in the mixture. It consists of a source (glowing black body),
Interferometer and detector. The source emits an infrared radiation (energy) inform of a beam
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that passes through an aperture (mirror) which controls the amount of energy that goes to the
sample and detector. The beam enters the interferometer where spectral coding takes place
resulting in interferogram signal, then it passes to the sample and some of the radiation is
absorbed by the sample while some is reflected depending on the type of analysis to be
accomplished, then the beam finally passes to the detector which is design to measure
interferogram signal. The measured signal is digitised and sent to a digital computer where
Fourier transformation takes place. The final infrared spectrum is then presented for
interpretation [53, 54]. This method is very effective and efficient due to its high detection speed
and precision, ability to detect numerous decomposed component and capacity to resist
disturbances [17, 19, 45], [55-56], [60].

5. Conclusion

Modern gas insulated switchgear GIS plays a vital role of control, protecting and
isolating electrical equipment in electrical power system network during the process of
transmission and distribution of electrical energy. Sulphur hexafluoride gas SFs is used in GIS
as an insulant because of its excellent characteristics of high dielectric strength and arc
quenching properties.

GIS in operation suffers the challenge of degradation and eventually, failure due to the
activities of partial discharge PD in the system and this failure is catastrophic and hazardous,
hence there is a need for condition monitoring and diagnosis of the GIS asset in order to carry
out preventive maintenance.

This paper presented a status review of gas insulated switchgear partial discharge
diagnostic technique for preventive maintenance. Several diagnostic and monitoring technique
was use which includes optical emission technique, electrical discharge technique, acoustic
emission and ultra-high frequency UHF technique but all these techniques has deficiencies of
internal and external interference that affects its sensitivity and reliability but chemical by-
product technique is rarely affected by internal and external interference and also it is cost
effective because through it the magnitude of insulation deterioration can be properly
determined by the decomposition products and its concentration to know whether it can be
recycled or not during maintenance. Therefore chemical by-product technique has the potential
of becoming the most powerful GIS diagnostic technique for condition monitoring in order to
carry out preventive maintenance to avert GIS failure.
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