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ABSTRACT 

Sulphur hexafluoride gas insulated switchgear (GIS) is widely used in electrical 

power supply system and therefore needs regular preventive maintenance. Usual diagnosis 

methods used are based on acoustic, optical, electrical and ultra high frequency techniques. 

A new method with great potential is using gas by-products analysis. Previous gas by-

products research is confined to a plane-plane electrode instead of typical coaxial GIS 

configuration, a limited number of defect types and the by-products analysis using gas 

chromatography. In this thesis, partial discharge experiments using a purposely designed 

coaxial GIS chamber were carried out to expand the diagnosis database for a new set of 

simulated defects represented by three categories, namely sole defect, hybrid defect, and 

material dependent defect. A total of eight defects namely, free conducting particle, 

electrode to dielectric void, electrode protrusion, fixed particle aluminium on spacer, fixed 

copper particle on spacer, electrode protrusion-fixed copper particle hybrid, electrode 

protrusion-free copper particle hybrid, and electrode to dielectric void-free copper particle 

hybrid were simulated. In each experiment lasting up to 50 hours, continually applied 

voltage at 0.2 MPa pressure, samples of gas by-products were taken at 10 hour intervals 

for an off-line Fourier transform infrared spectrometer gas analyses. A total of 12 gas by-

products due to partial discharge activity in all defects were detected. Arranged according 

to significance, these are hexafluoroethane, sulphur dioxide, sulfuryl fluoride, 

octafluoropropane, silicon tetrafluoride, thionyl fluoride, carbon monoxide, disulfur 

decafluoride, hydrogen fluoride, tetrafluoromethane, carbonyl sulphide and tetrafluoride. 

Arranged according to significance, the most harmful gases are produced by the defects 

such as electrode protrusion-fixed copper particle hybrid, fixed copper particle, electrode 

protrusion-free copper particle hybrid and electrode protrusion. The type, number, 

concentration and chemical stability of by-product gases are found to be closely correlated 

to the type of defect. Further analyses using pattern recognition with eight algorithms 

based on the presence and concentration of the gas by-products were carried out. The 

random forest algorithm successfully recognises a given defect with an accuracy of 87.5%. 

The performance of the random forest algorithm is 1.5 times better than the next best 

algorithm. This research illustrates the feasibility and applicability of an effective GIS 

diagnostic using gas by-products analyses, in particular, using the random forest pattern 

recognition. 
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ABSTRAK 

Gas penebat perkakas suis (GIS) sulfur hexafluorida digunakan secara meluas 

dalam sistem bekalan kuasa elektrik dan oleh yang demikian ia memerlukan 

penyelenggaraan pencegahan yang kerap. Kaedah diagnosis yang biasa digunakan adalah 

berasaskan teknik-teknik akustik, optik, elektrik dan frekuensi ultra tinggi. Kaedah baru 

yang berpotensi besar adalah dengan menggunakan analisis gas produk sampingan. 

Penyelidikan gas produk sampingan sebelum ini terhad kepada elektrod satah-satah dan 

bukannya konfigurasi kabel sepaksi untuk GIS, bilangan jenis kecacatan yang terhad, dan 

analisis produk sampingan menggunakan kromatografi gas. Dalam tesis ini, ujikaji discas 

separa menggunakan GIS sepaksi koaksial direka untuk memperluaskan lagi pangkalan 

data diagnosis untuk satu set kecacatan baru yang diwakili oleh tiga kategori, iaitu 

kecacatan tunggal, kecacatan hibrid dan kecacatan yang bergantung kepada jenis bahan. 

Lapan kecacatan yang digunakan adalah zarah bebas, rongga dielektrik ke elektrod, 

penonjolan elektrod, zarah tetap aluminium pada penjarak, zarah tembaga tetap pada 

penjarak, hibrid zarah tembaga tetap-penonjolan elektrod, hibrid zarah tembaga bebas-

penonjolan elektrod dan hibrid zarah tembaga bebas-rongga dielektrik ke elektrod. Dalam 

setiap eksperimen yang berlanjutan sehingga 50 jam, voltan berterusan dikenakan pada 

tekanan 0.2 MPa, sampel gas diambil selang 10 jam bagi analisis gas spektrometer jelmaan 

Fourier inframerah secara luar-talian. Sejumlah dua belas gas produk sampingan 

disebabkan oleh aktiviti discas separa untuk semua kecacatan telah dikesan. Diatur 

mengikut kepentingannya, produk sampingan terhasil adalah heksafluoretana, sulfur 

dioksida, sulfuril fluorida, oktafloropropana, silikon tetrafluorida, tionil fluorida, karbon 

monoksida, disulfur dekafluorida, hidrogen fluorida, tetrafluorometan, karbonil sulfida 

dan tetrafluorida. Dirumuskan mengikut kepentingannya, gas yang paling berbahaya 

dihasilkan oleh kecacatan seperti hibrid penonjolan elektrod-zarah tembaga tetap, zarah 

tembaga tetap, hibrid penonjolan elektrod-zarah tembaga bebas dan penonjolan elektrod. 

Jenis, bilangan, ketumpatan dan kestabilan kimia gas produk sampingan didapati berkait 

dengan jenis kecacatan. Analisis lanjut menggunakan pengenalan corak dengan tujuh 

algoritma berdasarkan kehadiran dan ketumpatan gas produk sampingan dijalankan. 

Algoritma hutan rawak berjaya mengenal pasti kecacatan yang dianalisis dengan 

ketepatan 87.5%. Prestasi algoritma hutan rawak adalah 1.5 kali lebih baik daripada 

algoritma terbaik seterusnya. Kajian ini menggambarkan kebolehlaksanaan dan 

kebolehgunaan diagnostik GIS yang berkesan menggunakan analisis gas produk 

sampingan, khususnya menggunakan pengenalan corak hutan rawak. 
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1 INTRODUCTION 

1.1 Research Background 

In any modern society, the social welfare and economic development depend 

exclusively on the availability of reliable and cheap supply of functional electrical 

energy. Extensive electrical power system installation network at high voltage in 

industrialized countries have been built and in developing countries, they are being 

constructed at an ever-increasing rate for the purpose of transporting electrical energy 

or power to consumers (industries, research laboratories, homes, and etcetera) for the 

sustenance of modern civilization [1]. A large amount of electrical power is generated, 

transmitted and distributed by the power system network over a long distance is best 

accomplished using high voltage for achieving efficiency, reliability, and economy, 

thus high voltage equipment (including gas insulated switchgear) are required. In 

short, high voltage equipment serve as the backbone of a modern power system [2, 3]. 

Gas insulated switchgear (GIS) is an electromechanical device that comprises 

the combination of electrical switches, fuses, circuit breakers, current and capacitive 

voltage transformers, and etcetera, that is used to control, protect and isolate various 

other high voltage equipment. A switchgear is also used to de-energize high voltage 

equipment in a power system network to enable fault of all types to be rectified [4, 5]. 
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Gas insulated switchgear is one of the main devices of the electricity 

transmission and distribution infrastructure that is used to transfer power from power 

stations to consumers because of its high reliability and performance, compact in 

dimension, non-explosive, long lifespan (about 40-50 years), low maintenance 

requirements during its whole lifetime, outstanding compatibility with the 

environment, and ability to interrupt fault current in a power system network. 

Furthermore, its operation is noiseless and well insulated against external 

interferences, such as changes in weather or electromagnetic environment [6-10]. 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 right up to the 

consumer unit in an economical manner while ensuring a high degree of quality and 

reliability of supply. Gas insulated switchgear in gas insulated substation provides the 

best solution to this challenge [11]. 

A gas insulated switchgear uses sulphur hexafluoride (SF6) gas as an insulant 

and coolant in view of the fact that it has superior dielectric properties with excellent 

arc quenching properties compared to air and vacuum [12-16]. SF6 gas is inert in 

nature, odourless, colourless, tasteless, chemically stable, non-toxic, non-inflammable 

and has high vapour pressure (about 21 bar at ambient temperature) [7, 17-20]. It can 

be used down to -35 C without liquefaction occurring at pressures typical to its 

application (about 5 bar) [21]. In addition to its high dielectric strength, it also has 

good thermal transfer characteristics. SF6 gas has high (three times that of air) and 

reasonably constant dielectric strength over a wide range of frequencies.  At about 6 

bar pressure, its dielectric strength is approximately equal to that of the transformer oil 

[21]. 

 Although SF6 has high and constant dielectric strength, it is a brittle gas. This 

means ionization will build up very rapidly if the critical field strength of SF6, which 

is at 89 kV/cm bar, is exceeded during a GIS operation [21]. In practice, this can 

happen in the vicinity of any small defect, such as due to a contamination in the form 

of a free conducting particle or a fixed conducting particle on the surface of the GIS 

spacer, a protrusion or a sharp point on the high voltage or ground electrodes, and a 
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gap or void at the electrode or dielectric interface [11, 21]. These defects will cause 

partial discharge to occur and its characteristics is dependent on the nature of a 

particular defect. The partial discharge which occurs due to the local field 

enhancement may eventually result in the lowering of the insulation maximum 

operating stress to about 20-80 % of the designed value, and hence, premature failure 

of GIS [22]. Such failures are sometimes sudden, catastrophic and almost include 

irreversible internal damage of the system resulting in power outages in the system 

network that in turn paralyze economic and other activities, incur personal and 

environmental hazards, and incur high cost of equipment replacement. Therefore, 

being one of the critical assets, the GIS equipment should be monitored closely and 

continuously using a reliable and effective technique to assess its operating condition 

and to diagnose fault early so as to ensure its maximum uptime [23]. 

1.2 Research Motivation 

About 85% of GIS disruptive failure is caused by partial discharge [1, 15, 24]. 

The failure of live assets is often sudden and catastrophic, with the release of large 

amounts of energy, leading to explosion and fire resulting in an unrepairable damage 

to substation equipment, injury or death of personnel working in the substation, and a 

power outage that will paralyze economic, social, educational, military, security and 

medical activities. When a dielectric failure occurs in the GIS, the arc will not be 

extinguished by the insulant gas; this will lead to an internal build up pressure that will 

drill a hole in the metal wall of the GIS due to the concentration of the arcing thereby 

causing SF6 gas that is a highly potent greenhouse gas to leak into the atmosphere, 

then causing global warming. 

Sulphur hexafluoride (SF6) is a highly potent greenhouse gas with a global 

warming potential of about 24,000 times greater than carbon dioxide (CO2) [17, 25]. 

SF6 gas 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 SF6 gas has the global warming 

equivalent of 11 tonnes of CO2 [13, 17, 25-27]. 
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Under high-temperature conditions, SF6 gas decomposes into by-products that 

are toxic and corrosive. The decomposition by-products can exist when SF6 gas is 

exposed to spark discharge, partial discharge, and switching arc. These by-products 

are in the form of gases or powders. It can affect human health and cause the following 

ill health 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 

[13, 28-33]. 

In order to avert the occurrence of the above-stated problems, researchers in 

the world employed techniques to monitor and diagnose partial discharge in GIS. 

These techniques are photo diagnostic technique, acoustic diagnostic technique, 

electrical diagnostic technique, ultra-high frequency (UHF) diagnostic technique, and 

chemical by-product diagnostic technique [1, 15]. 

 Photo, acoustic, electrical and UHF diagnostic techniques are based on the 

measurement of energy released by the PD activities. Among the released energy are 

in the form of electromagnetic and acoustic emissions. The magnitude of the energy 

released can be correlated with the level of SF6 deterioration. Even though these 

methods perform effectively to some extent, the bottleneck of these methods is the 

ingress of external interferences, such as noise and electromagnetic interference. The 

interferences directly affect the sensitivity and reliability of the acquired PD data [34, 

35]. Furthermore, these methods can be likened to as symptoms diagnostic techniques 

since the measurements are based on only the released PD energy. Hence, there is a 

need for an effective and more reliable technique for condition monitoring and 

diagnosis of GIS.   

1.3 Problem Statement 

The causes of defect occurrence inside a GIS could be due to many factors, 

such as poor machining during GIS manufacturing, vibration during transportation or 

assembly of GIS, undetected scratches on electrodes, poor electrical contacts, and 
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mechanical abrasion movement of the conductor during load cycling  [1, 5, 6, 54, 55]. 

The presence of defects results in the nuisance occurrence of partial discharges during 

GIS operation. There are several existing techniques used to detect the partial 

discharge occurrence in a GIS. A technique based on the detection of chemical by-

products in a GIS as a result of partial discharge occurrence is still being studied by 

many researchers. In the studies, a chosen defect is purposely introduced inside the 

GIS so as to determine the resultant by-product gases. All of the introduced defects 

can be categorised as sole defect, that is, only one type of defect occurs at a given time. 

Examples of sole defects are a void in a solid dielectric, free conducting particles in 

the chamber, an electrode protrusion, and fixed conducting particles on a spacer. The 

effects of two defects occurring simultaneously are yet to be studied.   

Apart from the limitation of using only a sole defect, previous studies are also 

limited in terms of experimental configuration, whereby only a plane-plane electrode 

configuration was used instead of a coaxial configuration which is more typical of a 

real GIS chamber. In terms of results, previous studies reported only a limited number 

of by-product gases, namely, thionyl fluoride (SOF2), sulfuryl fluoride (SO2F2), 

tetrafluoromethane (CF4), and carbon dioxide (CO2). This could be due to the 

inferiority of the gas chromatography technique used for by-product gas detection [34-

36].  

A reliable partial discharge detection technique in a GIS using the by-product 

gas detection requires more practical results and analyses based on actual GIS 

configuration and all possible occurrences of defects. In view of the above-stated 

limitations, there is a need for a new study using an improved and more effective 

methodology to give the desired results. 
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1.4 Objectives 

The main objective of this research is to develop an improved, effective, and 

more reliable method of gas analysis technique for condition monitoring and diagnosis 

of gas insulated switchgear. The specific objectives of this research are; 

i. To formulate an experimental setup for partial discharge studies consisting 

of a prototype coaxial gas chamber typical to real life GIS, PD artificial 

defects, PD detector systems, and Fourier transform infrared spectrometer. 

ii. To perform PD gas by-product experiments on three categories of defects, 

namely, sole, hybrid, and material dependent.  

iii. To determine the correlation between PD by-product gases produced and 

the type of defect causing the PD.  

iv. To propose and implement an accurate PD causing defect classification 

using a suitable pattern recognition algorithm. 

1.5 Scope of Work 

The scope of this research covers the staging of an experimental setup for 

partial discharge studies using a coaxial gas-insulated switchgear apparatus prototype 

and designed artificial defects. The defects used are limited to three categories, as 

mentioned above, to give a total of eight types of PD artificial defects. The gas 

detection only utilises the FTIR spectrometer technique. Defect classification is carried 

out using one technique, namely, the pattern recognition (random forest algorithm). 

However, eight different algorithms are investigated to determine the best among 

them.  

1.6 Research Contributions 

The main contributions of this thesis work are outlined as follows: 
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i. GIS Chamber Prototype for PD Studies 

This study has successfully formulated an experimental setup using a GIS 

coaxial chamber prototype typical to real life GIS with three categories of 

purposely introduced defects, namely, sole, hybrid, and material dependent 

defects. The chamber is capable of being energised up to 70 kV and 

pressurised up to 10 bars. A total of eight simulated defects are free 

conducting particle, electrode to dielectric void, electrode protrusion, fixed 

particle aluminium on the spacer, fixed copper on spacer, electrode 

protrusion-fixed copper particle hybrid, electrode protrusion-free copper 

particle hybrid, and electrode to dielectric void-free copper particle hybrid. 

ii. Newly detected PD by-product gases 

The use of FTIR for gas analysis has enabled more by-product gases to be 

detected. A total of twelve gas by-products due to partial discharge activity 

in all defects were detected. Arranged according to significance, these are 

hexafluoroethane (C2F6), sulphur dioxide (SO2), sulfuryl fluoride (SO2F2), 

octafluoropropane (C3F8), silicon tetrafluoride (SiF4), thionyl fluoride 

(SOF2), carbon monoxide (CO), disulfur decafluoride (S2F10), hydrogen 

fluoride (HF), tetrafluoromethane (CF4), carbonyl sulphide (COS) and 

tetrafluoride (SOF4). 

iii. Detected harmful PD by-product gases 

The presence of CO, COS, SiF4 and HF gases can be harmful to the GIS 

system due to their flammable and corrosive nature. Arranged according to 

significance, the most harmful gases are produced by the following defects: 

electrode protrusion-fixed copper particle hybrid, fixed copper particle, 

electrode protrusion-free copper particle hybrid and electrode protrusion.  

iv. Defect classification using by-product gases pattern recognition 

The type, number, concentration, and chemical stability of by-product 

gases are found to be closely correlated to the type of defect. Generally the 

number and concentration of the by-product gases increases with electrical 

stress duration and the presence of the by-product gas and its concentration 

can be said to be an indication of a fault in GIS and the fault is harmful to 

the GIS. Further analyses using pattern recognition with eight algorithms 
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based on the presence and concentration of the gas by-products were 

carried out. The random forest algorithm successfully recognises a given 

defect with an accuracy of 87.5%.  

 

From the analyses using Waikato Environment for Knowledge Analysis 

(WEKA) workbench machine learning and data mining, in particular, the 

random forest algorithm of pattern recognition, the defect classification of 

sole, hybrid, and material dependent were successfully obtained with 

classification accuracies of 93.8%, 80%, and 96.4%, respectively.  

Therefore, the random forest algorithm can be applied as a very good tool 

for pattern recognition and prediction of multi-fault in a gas insulated 

system.   

v. Random forest algorithm performance 

Seven other algorithms of pattern recognition were investigated. The 

performance of the random forest algorithm is 1.5 times better than the next 

best algorithm. This research illustrates the feasibility and applicability of 

an effective GIS diagnostic using gas by-products analyses, in particular, 

using the random forest pattern recognition. 

1.7 Thesis Outline 

The outline of the thesis is described below. 

 Chapter 2 covers the literature review on diagnostic techniques of gas 

insulated switchgear, SF6 basic properties, ionization phenomena and decomposition 

mechanism of SF6 in gas insulated switchgear, genesis and diagnostic techniques for 

partial discharge detection, and an overview of pattern recognition classification using 

the model tree based algorithm, or random forest algorithm, in WEKA workbench. 



155 

 

 

 REFERENCES  

1. Naidu. M. S. and Kamaraju. V. High Voltage Engineering, 3rd edition, Tata Mc 

Graw, Hili Professional Publishing Company Limited, New Delhi. 1–19; 1996 

2. Vaibhav. A. and Ketaki. Special problems in gas insulated substations (GIS) 

and their effects on Indian power system. Proceedings of the 2012 International 

Conference on Power System Technology, 2012,: 1-5. 

3. Malik. N. H., Al-Arainy. A. A. and M.I. Qureshi. Electrical installation in 

power systems. Taylor and Francis group, King Saud University, Riyadh, 

Saudi Arabia, 2009,: 1–47. 

4. Chauhan. M., Joshi. U. and Asija. D. Features and design concepts of gas 

insulated switchgear. International Journal of Advance Research in Science and 

Engineering, 2014, 6(3): 60–67.  

5. Weidong. D., Ryota. H., Kohei. O., Junya. S., Kiminobu. I., Masanori. H., 

Noriaki. S., Eiichi. N. and Tadao. M. Analysis of PD-generated SF6 

decomposition gases adsorbed on carbon nanotubes. IEEE Transactions on 

Dielectrics and Electrical Insulation, 2006, 13(6): 1200-1207. 

6. Metwally, I. A. Status review on partial discharge measurement techniques in 

gas-insulated switchgear/lines. Electric Power Systems Research, 2004, 69(1): 

25-36. 

7. Tang, J., Yang, X., Ye, G., Yao, Q., Miao, Y. and Zeng, F. Decomposition 

Characteristics of SF6 and Partial Discharge Recognition under Negative DC 

Conditions. Energies, 2017, 10(4): 556. 

8. Volpov, E. HVDC gas insulated apparatus: electric field specificity and 

insulation design concept. IEEE Electrical Insulation Magazine, 2002, 18(2): 

7-36. 

9. Tang. J., Yang, X., Yang, D., Yao, Q., Miao, Y., Zhang, C. and Zeng, F. Using 

SF6 Decomposed Component Analysis for the Diagnosis of Partial Discharge 

Severity Initiated by Free Metal Particle Defect. Energies, 2017, 10(8): 1119. 

10. Koch. H. Gas insulated substation, 1st edition. A co-publication of IEEE Press 

and John Wiley & Sons Ltd, Siemens AG, Germany, 1-10; 2014. 



156 

 

 

11. Aaradhi. V. and Gaidhani. K. Special problems in gas insulated substations 

(GIS) and their effects on Indian power system.  Int. Conf. Power Syst. Technol. 

Powercon 2012, October 30-2 November 2. Auckland, New Zealand: IEEE, 

2012. 1–5. 

12. Liu.C., Palanisamy. S., Chen. S., Wu. P. and Yao. L. Mechanism of Formation 

of SF6 Decomposition Gas Products and its Identification by GC-MS and 

Electrochemical methods : A mini review. International Journal of 

Electrochemical Science, 2015, 10: 4223–4231. 

13. Lisa. B. and Blackburn. S. White paper : SF6 is no longer a necessary evil : The 

Human Health and Environmental Dangers of SF6 Gas-Filled Switchgear. 2015, 

(2002): 1–6. 

14. Wang. X., Zhong, L., Rong, M., Yang, A., Liu, D., Wu, Y. and Miao, S. 

Dielectric breakdown properties of hot SF6 gas contaminated by copper at 

temperatures of 300–3500 K. Journal of Physics D: Applied Physics, 2015, 

48(15): 155205. 

15. Lin. T., Han, D., Zhang, G. and Liu, Y. Formation Characteristics of SF6 

Decomposition under Partial Discharge Induced by Metal Protrusions with 

Varying Degrees of Severity. Electric Power Components and Systems, 2014, 

42(16): 1839-1848. 

16. Koch, D. SF6 properties, and use in MV and HV switchgear. Statement 

Extracted from Schneider Electric "Cahier Technique", 2003: 188.  

17. U.S. Environmental Protection Agency (U.S. EPA), Byproducts of Sulfur 

Hexafluoride (SF6) use in the Electric Power Industry,  January 2002. Retrieved 

from https://www.epa.gov/sites/production/files on 15/02/2016. 

18. Wang, Y., Li, L. and Yao, W. SF6 By-products in High-Humidity Environment: 

An Experimental Evaluation between 200 C and 500 C. Journal of 

Electromagnetic Analysis and Applications, 2011, 3(06): 179. 

19. Zhang, X., Liu, H., Ren, J., Li, J. and Li, X. Fourier transform infrared 

spectroscopy quantitative analysis of SF6 partial discharge decomposition 

components. Spectrochimica Acta Part A: Molecular and Biomolecular 

Spectroscopy, 2014, 136: 884-889. 

20. Martin. Y., Li, Z., Tsutsumi, T., Shou, R., Nakano, M., Suehiro, J. and Ohtsuka, 

S. Detection of SF6 decomposition products generated by DC corona discharge 

https://www.epa.gov/sites/production/files


157 

 

 

using a carbon nanotube gas sensor. IEEE Transactions on Dielectrics and 

Electrical Insulation, 2012, 19(2). 

21. A. Haddad and Doug. Warne.  Advances in High Voltage Engineering, IET 

power and energy series 40, 2004. 

22. Farish, O., Judd, M. D., Hampton, B. F. and Pearson, J. S. SF6 insulation 

systems and their monitoring. Advances in High Voltage Engineering, 2004, 38-

45. 

23. Kusumoto, S., Itoh, S., Tsuchiya, Y., Mukae, H., Matsuda, S. and Takahashi, 

K. Diagnostic technique of gas insulated substation by partial discharge 

detection. IEEE Transactions on Power Apparatus and Systems, 1980, (4): 

1456-1465. 

24. EA Technology innovators in Power Engineering. Partial Discharge, for 24/7 

Gas Insulated Switchgear monitoring system, 2008 :1–8. 

25. Beroual, A., and Haddad, A. M. Recent Advances in the Quest for a New 

Insulation Gas with a Low Impact on the Environment to Replace Sulfur 

Hexafluoride (SF6) Gas in High-Voltage Power Network 

Applications. Energies, 2017. 10(8): 1216. 

26. Maiss, M. and Brenninkmeijer, C. A. Atmospheric SF6 trends, sources, and 

prospects. Environmental Science & Technology, 1998. 32(20): 3077-3086. 

27. ABB, Preussen Elektra Netz, RWE Energie, Siemens and Solvay Fluorund 

Derivate. Electricity supply using SF6 Technology: Life Cycle Assessment 

Report. Slovay Fluorund Derivate Technical Brochure. 1999. 

28. Smithson, P. A. IPCC climate change 2001: the scientific basis. Contribution of 

Working Group 1 to the Third Assessment Report of the Intergovernmental 

Panel on Climate Change, edited by JT Houghton, Y. Ding, DJ Griggs, M. 

Noguer, PJ van der Linden, X. Dai, K. Maskell and CA Johnson 

(eds). International Journal of Climatology, 2002, 22(9): 1144-1144.   

29. Wartmann, S. and Harnisch, J. Reductions of SF6 emissions from high and 

medium voltage electrical equipment in Europe. Environmental Sciences, 2005. 

2(2-3): 273-281. 

30. Qinghao. W., Tianshi, W., Guobin, L., Hua, Z., Hongzhi, J., Yanjun, P. and 

Xiaolei, Y. Research on Gas Insulated Switchgear Internal Fault Diagnostic 



158 

 

 

Methods. Proceedings of the 2012 International Conference on Electronics, 

Communications and Control, 2012,: 2412-2415. 

31. Dervos, C. T., and Vassiliou, P. Sulfur hexafluoride (SF6): global environmental 

effects and toxic by-product formation. Journal of the Air & Waste 

Management Association, 2000, 50(1): 137-141.  

32. Kreider, A. US EPA’s SF6 Emissions Reduction Partnership for Electric Power 

Systems: Results and Prospects. In Gaseous Dielectrics IX, 2001: 593-596. 

33. James, D.R., I. Sauers, G.D. Griffin, R.J Van Brunt, J.K. Olthoff, K.L. 

Stricklett, F.Y. Chu, J.R. Robins, and H.D. Morrison. 1993. Investigation of 

S2F10 production and mitigation in compressed SF6-insulated power 

systems. IEEE Electrical Insulation Magazine, 1993. 9(3): 29-40. 

34. Tang. J, Liu. F., Zhang. X., Meng. Q. and Zhou. J. Partial Discharge 

Recognition through an Analysis of SF6 Decomposition Products Part 1 : 

Decomposition Characteristics of SF6 under Four Different Partial Discharges. 

IEEE Transactions on Dielectrics and Electrical Insulation, 2012, 1(19): 0–7. 

35. Tang. J, Liu. F., Meng. Q., Zhang. X. and Tao. J. Partial Discharge Recognition 

through an Analysis of SF6 Decomposition Products Part 2 : Feature Extraction 

and Decision Tree-based Pattern Recognition. IEEE Transactions on 

Dielectrics and Electrical Insulation, 2012, 19, 1(19): 37–44.  

36. Tang, J., Liu, F., Zhang, X., Liang, X., & Fan, Q. Partial discharge recognition 

based on SF6 decomposition products and support vector machine. IET Science, 

Measurement & Technology, 2012, 6(4), 198-204. 

37. Sarathi. R. and Umamaheswari. R. Understanding the partial discharge activity 

generated due to particle movement in a composite insulation under AC 

voltages. Int. J. Electr. Power Energy Syst, 2013, (48): 1–9.  

38. Liu, F., Gan, D., Zhou, S., Hu, C., Liu, P. and Zhang, X. Analysis of infrared 

spectrum characteristic and variation trend of SF6 PD decomposition. In High 

Voltage Engineering and Application, International Conference. 2010. 409-

412). IEEE. 

39. CIGRE WG B3.25, SF6 analysis for AIS, GIS and MTS condition assessment, 

Paris, February 2014. ISBN: 978-2-85873-262-3. 

40. Van Brunt, R. J. and Herron, J. T. Plasma chemical model for decomposition of 

SF6 in a negative glow corona discharge. Physica Scripta, 1994, (T53): 9. 



159 

 

 

41. Istad. M. and Runde, M. Thirty-six years of service experience with a national 

population of gas-insulated substations. IEEE Transactions on Power 

Delivery, 2010, 25(4): 2448-2454. 

42. Dreisbusch, K., Kranz, H. G. and Schnettler, A. Determination of a Failure 

Probability Prognosis based on PD-Diagnostics in GIS. IEEE Transactions on 

Dielectrics and Electrical Insulation, 2008, 15(6). 

43. Chang. C., Chang, C. S., Jin, J., Hoshino, T., Hanai, M. and Kobayashi, N. 

Source classification of partial discharge for gas insulated substation using 

wave shape pattern recognition. IEEE Transactions on Dielectrics and 

Electrical Insulation, 2005, 12(2): 374-386. 

44. Beyer, C., Jenett, H. and Klockow, D. Influence of reactive SF/sub x/gases on 

electrode surfaces after electrical discharges under SF/sub 6/atmosphere. IEEE 

Transactions on Dielectrics and Electrical Insulation, 2000, 7(2): 234-240. 

45. Van Brunt. R. J. and Herron, J. T. Fundamental processes of SF/sub 

6/decomposition and oxidation in glow and corona discharges. IEEE 

Transactions on Dielectrics and Electrical Insulation, 1990, 25(1): 75-94. 

46. Van Brunt. R. J. Physics and chemistry of partial discharge and corona. Recent 

advances and future challenges. IEEE Transactions on Dielectrics and 

Electrical Insulation, 1994, 1(5): 761-784. 

47. Tang. J., Jin, M., Zeng, F., Zhou, S., Zhang, X., Yang, Y. and Ma, Y. Feature 

Selection for Partial Discharge Severity Assessment in Gas-Insulated 

Switchgear Based on Minimum Redundancy and Maximum 

Relevance. Energies, 2017, 10(10): 1516. 

48. Pepi. F., Ricci, A., Di Stefano, M., Rosi, M. and D'Arcangelo, G. Thionyl 

fluoride from sulfur hexafluoride corona discharge decomposition: Gas-phase 

chemistry of [SOF2] H+ ions. The Journal of Physical Chemistry A, 2002, 

106(40): 9261-9266. 

49. Retrieved from http://www.chemicalbook.com/ChemicalProductProperty 

ENCB0751782 on 12/8/2017. 

50. Dong, M., Zhang, C., Ren, M., Albarracín, R. and Ye, R. Electrochemical and 

Infrared Absorption Spectroscopy Detection of SF6 Decomposition 

Products. Sensors, 2017, 17(11): 2627. 

51. Protoschill-Krebs, G., Wilhelm, C. and Kesselmeier, J. Consumption of 

http://www.chemicalbook.com/ChemicalProductProperty%20ENCB0751782
http://www.chemicalbook.com/ChemicalProductProperty%20ENCB0751782


160 

 

 

carbonyl sulphide (COS) by higher plant carbonic anhydrase 

(CA). Atmospheric Environment, 1996, 30(18): 3151-3156. 

52. O'Hagan, D. Understanding organ fluorine chemistry. An introduction to the C–

F bond. Chemical Society Reviews, 2008, 37(2): 308-319. 

53. Pearson. J. S., Farish, O., Hampton. B. F., Judd. M. D., Templeton. D., Pryor, 

B. W. and Welch, I. M. Partial discharge diagnostics for gas insulated 

substations. IEEE Transactions on Dielectrics and Electrical Insulation, 1995, 

2(5): 893-905. 

54. Baumgartner, R., Fruth, B., Lanz, W. and Pettersson, K. Partial discharge. X. 

PD in gas-insulated substations-measurement and practical 

considerations. IEEE Electrical Insulation Magazine, 1992, 8(1): 16-27. 

55. Lundgaard. L. E., Ljokelsoy. K., Hansen. W., A. Schei. A. and Hofstad. L. 

Acoustic insulation analyzer for periodic condition monitoring of insulation 

systems such as GIS, cable terminations and joints ETS, Technical Report, 

Norway, 1997. 

56. Soppart, O., Baumbach, J. I., Alberti, S. M. and Klockow, D. On-site quality 

assessment of SF6 using ion mobility spectrometry. In Conference Proceedings 

of the 1997 10th Internat. Symp on High Voltage Engineering. Montreal, 

Canada 1997. (4): 147-150. 

57. Stone, G. C. Partial discharge diagnostics and electrical equipment insulation 

condition assessment. IEEE Transactions on Dielectrics and Electrical 

Insulation, 2005, 12(5): 891-904. 

58. Baumgartner, R., Fruth, B., Lanz, W. and Pettersson, K. Partial discharge. X. 

PD in gas-insulated substations-measurement and practical 

considerations. IEEE Electrical Insulation Magazine, 1992, 8(1): 16-27. 

59. Boggs, S. A. Partial discharge. III. Cavity-induced PD in solid dielectrics. IEEE 

Electrical Insulation Magazine, 1990, 6(6): 11-16. 

60. Ren. M., Dong, M. and Liu, J. Statistical analysis of partial discharges in SF6 

gas via optical detection in various spectral ranges. Energies, 2016, 9(3): 152. 

61. Hattori, T., Honda, M., Aoyagi, H., Kobayashi, N. and Terasaka, K. A study 

on effects of conducting particles in SF/sub 6/gas and test methods for 

GIS. IEEE Transactions on Power Delivery, 1988, 3(1): 197-204. 



161 

 

 

62. Yamigiwa, T., Ishikawa, T. and Endo, F. Particle-initiated breakdown 

characteristics on a ribbed spacer surface for SF6 gas insulated switchgear. IEEE 

Transactions on Power Delivery, 1988, 3(3): 954-960. 

63. CIGRE, T. 15.11/33.03. 02–Knowledge Rules for Partial Discharge Diagnosis 

in Service. Electra. 2003: 63–66. 

64. Achatz. N. and Huecker, K. On the trail of partial discharges. Siemens EV-

Report. 1919. 

65.  Sabot. A., Petit, A. and Taillebois, J. P. GIS insulation co-ordination: on-site 

tests and dielectric diagnostic techniques. A utility point of view. IEEE 

Transactions on Power Delivery, 1996, 11(3): 1309-1316. 

66.  CIGRE, Insulation coordination of GIS: Return of experience, on-site tests 

and diagnostic techniques. Electra, 1998, 176(2): 67-95. 

67. CIGRE, Partial discharge detection system for GIS: Sensitivity verification 

for the UHF method and the acoustic method. Electra, 1999, 74-87. 

68. Schlemper. H. D. Characterization of moving particles in GIS by acoustic and 

electrical partial discharge detection. ISH'97. 1997. 

69. Lundgaard, L. E., Tangen, G., Skyberg, B. and Faugstad, K. Acoustic 

diagnoses of GIS; field experience and development of expert system. IEEE 

Transactions on Power Delivery, 1992, 7(1): 287-294. 

70. Zhao, Y., Wang, X., Dai, D., Dong, Z. and Huang, Y. Partial discharge early-

warning through ultraviolet spectroscopic detection of SO2. Measurement 

Science and Technology, 2014, 25(3): 035002. 

71. Lemke, E. A critical review of partial-discharge models. IEEE Electrical 

Insulation Magazine, 2012, 28(6).  

72. Wang. Y., Wei.N., Ji. S., Ding. W. and Ma. K. Study on SF6 gas decomposition 

products of typical GIS defect models by infrared detection, Proceedings of the 

2011 1st Int. Conf. Electr. Power Equip. - Switch. Technol.  ICEPE2011  (5): 

496–499. 

73. Shea, J, J, Advances in High Voltage Engineering [Book Review]. IEEE Electr. 

Insul. Mag., 2007, 23(1): 53–53. 

74. Kemp, I. J. (1995). Partial discharge plant-monitoring technology: Present and 

future developments. IEE Proceedings-Science of the 1995, Measurement and 

Technology, 1995.142(1): 4-10. 



162 

 

 

75. Bessede, J. L., Huet, I., Montillet, G., Barbier, E. M. J. and Micozzi, J. 

Implementation Of Treatment and Recovery Of the SF6 Gas Containing A High 

Amount Of Decomposition Products Due To High Voltage Electrical 

Interruptions. In 3rd International Conference on SF6 and the Environment. 

2004. 

76. Kemp, I. J. Partial discharge plant-monitoring technology: Present and future 

developments. IEE Proceedings-Science, Measurement and Technology, 1995, 

142(1): 4-10.  

77. Suehiro, J., Zhou, G., and Hara, M. Detection of partial discharge in SF6 gas 

using a carbon nanotube-based gas sensor. Sensors and Actuators B: 

Chemical, 2005, 105(2): 164-169. 

78. Emerson. Fundamentals of Gas Chromatography, 85th Annu. Int. Sch. 

Hydrocarb. Meas, 2010,  (43): 1–8. 2010.  

79. CAI, T. and HUANG, Y. G. Infrared spectrum analysis of SF6 and SF6 

decomposition. Spectroscopy and Spectral Analysis, 2010, 30(11): 2967-2970.  

80. Heise, H. M., Kurte, R., Fischer, P., Klockow, D. and Janissek, P. R. Gas 

analysis by infrared spectroscopy as a tool for electrical fault diagnostics in SF6 

insulated equipment. Fresenius' Journal of Analytical Chemistry, 1997, 358(7-

8): 793-799. 

81. Griffith, D. W. FT‐IR Measurements of Atmospheric Trace Gases and their 

Fluxes. Handbook of vibrational spectroscopy. 1-19; 2002. 

82. Peter G. Z. FTIR Technology overview, 2014. Retrieved from 

www.cemteks.com/images/FTIR_Technology_Overview. 

83. Craith, B. D. M., O'keeffe. G., McDonagh, C. and McEvoy, A. K. LED-based 

fibre optic oxygen sensor using sol-gel coating. Electronics Letters, 1994, 

30(11): 888-889. 

84. Thermo scientific. Introduction to FTIR Spectroscopy. Retrieved from 

https://www.tools.thermofisher.com/content/sfs/brochures/BR50555_E_0513

M_H on 28/11/2017. 

85. Nicolet. T. and C. All. Introduction to Fourier Transform Infrared Spectrometry.  

A Thermo Electron Bussines, 2001, : 1–8. 

86. Li, S. Study of Dissolved Gas Analysis under Electrical and Thermal Stresses 

for Natural Esters used in Power Transformers, 2012. 

http://www.cemteks.com/images/FTIR_Technology_Overview
https://www.tools.thermofisher.com/content/sfs/brochures/BR50555_E_0513M_H
https://www.tools.thermofisher.com/content/sfs/brochures/BR50555_E_0513M_H


163 

 

 

87. Liao. R., Zheng, H., Grzybowski, S. and Yang, L. Particle swarm optimization-

least squares support vector regression based forecasting model on dissolved 

gases in oil-filled power transformers. Electric Power Systems Research, 2011, 

81(12): 2074-2080. 

88. Chander, A. Failure analysis of a power transformer using dissolved gas 

analysis–a case study, 2014. 

89. Bakar. N., Abu-Siada. A. and Islam, S. A review of dissolved gas analysis 

measurement and interpretation techniques. IEEE Electrical Insulation 

Magazine, 2014, 30(3): 39-49. 

90. Saranya, S., Mageswari, U., Roy, N. and Sudha, R. (2013). Comparative study 

of various dissolved gas analysis methods to diagnose transformer 

faults. Ratio, 2, C2H4. 2013. 

91. Singh, J., Sood, Y. R., Jarial, R. K. and Verma, P. (2008). Condition monitoring 

of power transformers-bibliography survey. IEEE Electrical Insulation 

Magazine, 2008, 24(3): 11. 

92.   Sharma, N. K., Tiwari, P. K. and Sood, Y. R. Review of Artificial Intelligence 

Techniques Application to Dissolved Gas Analysis on Power 

Transformer. International Journal of Computer and Electrical 

Engineering, 2011, 3(4): 577. 

93. Hao, L. and Lewin. P. L. Partial discharge source discrimination using a support 

vector machine. IEEE Transactions on Dielectrics and Electrical 

Insulation, 2010, 17(1). 

94. Evagorou. D., Kyprianou, A., Lewin, P. L., Stavrou, A., Efthymiou, V., 

Metaxas, A. C and Georghiou, G. E. Feature extraction of partial discharge 

signals using the wavelet packet transform and classification with a 

probabilistic neural network. IET Science, Measurement & Technology, 2010, 

4(3): 177-192. 

95. Hirose, H., Hikita, M., Ohtsuka, S., Tsuru, S. I. and Ichimaru, J. Diagnosis of 

electric power apparatus using the decision tree method. IEEE Transactions on 

Dielectrics and Electrical Insulation, 2008, 15(5). 

96. Han. N. J., Kamber. M. and Pei. J. Data Mining Concepts and Techniques, 3rd 

edition. Morgan Kaufman Publishers. 327-392; 2012. 



164 

 

 

97. Frank, E. Machine learning with WEKA. University of Waikato, New Zealand. 

1999. 

98.   Witten, I. H., Frank, E., Hall, M. A. and Pal, C. J. Data Mining: Practical machine 

learning tools and techniques. Morgan Kaufmann publishers. 2016.  

99. Rokach. L. and Maimon. O. Data Mining with Decision Trees: Theory and 

application, 2nd edition. World Science publishing Co. Pt. Ltd Singapore. 31-

165; 2014. 

100. Ian H. and Eibe F. Data Mining, Practical Machine Learning Tools and 

Techniques, 2nd edition. Implementation, Morgan Kaufmann Publishers is an 

imprint of Elsevier, 500 Sansome Street, Suite 400, San Francisco, CA 94111, 

2005.    

101. Steels Austenitic Stainless Steels - ASM International. Retrieved from 

https://www.asminternational.org/...pdf/7c5e4830-b443-4c71-

a8c81a85c5b39dc5 on 15/2/2016. 

102. K.S. Prakash, K.D. Srivastava, M.M. Morcos, Movement of particles in 

compressed SF6 GIS with dielectric coated enclosure, IEEE Transactions on 

Dielectrics and Electrical Insulation, 4-EDI (2) (1997) 344–347. 

103. Metwally, I. A. and Abdel‐Rahim, A. Factors affecting the dynamics of wire 

particles in gas‐insulated systems. International Transactions on Electrical 

Energy Systems, 2001, 11(6): 403-411. 

104. Sakai, K., Tsuru, S., Abella, D. L. and Hara, M. Conducting particle motion and 

particle-initiated breakdown in dc electric field between diverging conducting 

plates in atmospheric air. IEEE Transactions on Dielectrics and Electrical 

Insulation, 1999, 6(1): 122-130. 

105. Metwally, I. A. and A-Rahim, A. A. Dynamic analysis of motion of spherical 

metallic particles in non-uniform electric field. IEEE Transactions on 

Dielectrics and Electrical insulation, 2002, 9(2): 282-293. 

106. Morcos, M. M., Zhang, S., Srivastava, K. D. and Gubanski, S. M. Dynamics of 

metallic particle contaminants in GIS with dielectric-coated electrodes. IEEE 

Transactions on Power Delivery, 2000, 15(2): 455-460. 

107. Ahmad Darus. Effect of fixed contaminating metallic particle on the 

performance of compressed SF6 insulating system. Doctor of Philosophy, 

University of Strathclyde, Glasgow, Scotland UK; 1991. 

https://www.asminternational.org/documents/10192/3473958/05231G_Sample.pdf/7c5e4830-b443-4c71-a8c8-1a85c5b39dc5
https://www.asminternational.org/...pdf/7c5e4830-b443-4c71-a8c81a85c5b39dc5
https://www.asminternational.org/...pdf/7c5e4830-b443-4c71-a8c81a85c5b39dc5


165 

 

 

108. Retrieved from http://hyperphysics.phy-astr.gsu.edu/hbase/Tables/diel on 

13/10/2017. 

109.   Retrieved fromhttps://www.chemours.com/Teflon/enUS/products/safety/index 

on 27/10/201. 

111. Teng, H. Overview of the development of the fluoropolymer industry. Applied 

Sciences, 2012. 2(2): 496-512. 

112. MATLAB manual, Retrieved from web.gps.caltech.edu/classes/ge11d/doc/mat 

lab on 4/12/2017. 

113. David H. Introduction to MATLAB for Engineering Students - McCormick 

school, North-western University, August, 2005. Retrieved from 

https://www.mccormick.northwestern.edu/documents. 

114. C. Liu, S. Palanisamy, S. Chen, P. Wu, and L. Yao, “Mechanism of Formation 

of SF6 Decomposition Gas Products and its Identification by GC-MS and 

Electrochemical methods A mini Review, ”International Journal of 

Electrochemical Science, vol. 10, pp. 4223-4231, 2015.  

115. CIGRE R-117. SF6 recycling guide, Re-Use of SF6 in electrical power 

equipment and final disposal. 2003. 

116. CIGRE B3-208, Monitoring and condition assessment for GIS substations and 

GIL ALSTOM Grid, Lyon France, 2012. 

117. Kaur, G. and Chhabra, A. Improved J48 classification algorithm for the 

prediction of diabetes. International Journal of Computer Applications, 2014, 

98(22). 

118. Stuckless. H. A., Braun, J. M. and Chu. F. Y. Degradation of silica-filled epoxy 

spacers by arc contaminated gases in SF6-insulated equipment. IEEE 

Transactions on Power Apparatus and Systems, 1985, (12): 3597-3602. 

119. Yadong, S., Xinmiao, J., Zhi, G., Yuliang, J., Tiemin, F., Wei, M., Hong. Z., 

Huiyan. C., Yingying.Y., Ling. G. and Ling, G. Research on Gas Insulated 

Switchgear Internal Fault Diagnostic Methods.” International Conference on 

Advances in Mechanical Engineering and Industrial Informatics, 2015: 1136–

1139. 

120. Li, L., Tang, J., & Liu, Y. Application of Joint electro-chemical detection for 

gas insulated switchgear fault diagnosis. Journal of Electrical Engineering and 

Technology, 2015, 10(2): 30-37. 
8 

8 
9 

9  
10 

10 
11 

12 

http://hyperphysics.phy-astr.gsu.edu/hbase/Tables/diel
https://www.mccormick.northwestern.edu/documents/students/undergraduate/introduction-to-matlab.pdf
https://www.mccormick.northwestern.edu/documents/students/undergraduate/introduction-to-matlab.pdf
https://www.mccormick.northwestern.edu/documents


166 

 

 

 

APPENDIX A 

 

LIST OF PUBLICATIONS 

 

1. Ibrahim, V. M., Abdul-Malek, Z., and Muhamad, N. A. Status Review on Gas 

Insulated Switchgear Partial Discharge Diagnostic Technique for Preventive 

Maintenance. Indonesian Journal of Electrical Engineering and Computer 

Science, 2017. 7(1): 9-17. 

2. Ibrahim, V. M., Abdul-Malek, Z., and Muhamad, N. A. Chemical by-Product 

Diagnostic Technique for Gas Insulated Switchgear Condition 

Monitoring. Indonesian Journal of Electrical Engineering and Computer 

Science, 2017. 7(1): 18-28. 

3. Ibrahim, V. M., Abdul-Malek, Z., Muhamad, N. A., Mousa, M.I., Nawawi, Z., 

Sidik, M. A. B. and Jambak, M. I.  Comparison of the Effect of Fixed Metallic 

Defects in Coaxial Gas Insulated Switchgear Condition Monitoring. 

International Conference on Electrical Engineering and Computer Science 

(ICECOS). Sriwijaya, Indonesia. 2017. 

4. Ibrahim, V. M., Abdul-Malek, Z., Muhamad, N. A., Mousa, M.I., Nawawi, Z., 

Sidik, M. A. B. and Jambak, M. I.  Sulphur Hexafluoride Gas Decomposition 

Products of Fixed Metallic Defect in Coaxial Gas Insulated Switchgear. 

International Conference on Electrical Engineering and Computer Science 

(ICECOS) Sriwijaya, Indonesia. 2017. 

5. Ibrahim, V. M., Abdul-Malek, Z., Muhamad, N. A., Mousa, M.I., Nawawi, Z., 

Sidik, M. A. B. and Jambak, M. I.  The upshot of hybrid defects in coaxial gas 

insulated switchgear. International Conference on High Voltage and Power 

System, ICHVEPS. Bali, Indonesia, 2017. 

 

 

 

 




