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1. INTRODUCTION

The solid insulating materials used in transformers are mostly made up of cellulose materials viz.
insulating papers, pressboards, and so on. These insulating materials must have high dielectric strength and
high tensile strength as per IS/IEC standard in respect to concerned KVA class of power transformer.
However, these materials get gradually degraded due to electrical and thermal stress that decreases the
Thermal stress handling capability and the dielectric strength of the cellulose material in a composite
insulation system of the transformer. Due to the degradation of cellulosic material in the form of weakening
of intermolecular bonding, there is substantial decrease in the tensile strength of the insulation system
composed of the cellulosic material. The transformer may gets failed upon witnessing rated or below rated
short-circuit force [1, 2]. Thus ultimately, the life of transformer is severely affected by this weak
intermolecular bonding of composite insulation system material. When degradation of paper insulation
occurs, the cellulose molecular chains gets shorter and chemical products such as furanic compounds are
produced and get dissolved in the oil. Oil-impregnated cellulose is degraded due to three main mechanisms;
hydrolytic degradation, oxidative degradation (pyrolysis mechanism) and thermal degradation. Concentration
of furan content in transformer oil reveals an indirect measurement of the aging of transformer. Furan content
measurement consists of measuring five furfurals dissolved in transformer oil that differ in their stability i.e.
2-furfural (2-FAL), 2-Furfurol (2-FOL), 5-Hydroxy methyl-2-furfural (5-HMF), 5-Methyl-2-Furfural (5-
MEF) and 2-Acetylene (2-ACF). Generation of this furanic compound depends upon the level of
deterioration of cellulosic insulation system [3, 4, 5, 6, 7, 8].
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Furans are the major products which emanates from degradation of paper insulation in transformer
oil and the most prominent component of paper decomposition in oil is 2-FAL. Increase in Furan
concentration in transformer oil indicates decreases in the tensile strength and the degree of polymerization
(DP) of the paper. Furan level in a transformer can be correlated with paper DP, and thereby, an in-service
assessment of the mechanical strength of the paper insulation can be estimated. De Pablo reported the
relation between 2-FAL and degree of polymerization (DPy) based on viscosity of oil as [9],
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Where, 2-FAL is the furfural concentration in mg/kg or ppm of oil. Table 1 shows the correlation between 2-
furaldehyde (2-FAL) and DP with respect to the solid insulation extent of damage depicting significant on
paper insulation dielectric and mechanical properties.

Table 1. Correlation between 2-FAL and DP.

2-FAL DP value Health condition
(ppm)
0-0.1 1200-700 Healthy Insulation
0.1-1.0 700-450 Moderate Deterioration
1-10 450-250 Extensive Deterioration
>10 <250 End of life

New paper under normal aging condition produces Furfural at a rate of 1.7mg/g of paper /h and as
the aging of transformer occurs this rate of generation is substantially increased by 05mg/g of paper,
indicating extensive degree of deterioration and end of life approximately 15 to 20 years [12].

When 2-FAL value is greater than 10 and DP test reveals a value less than 250, the insulating paper
is considered to have lost all its mechanical strength, and the transformer life has reached its end of life
criteria. Furans concentration is measured by High-Performance Liquid Chromatography (HPLC) or Gas
Chromatography-Mass Spectrometry (GC/MS) based on American Society for Testing and Materials (ASTM
D5837, Standard Specifications for Mineral Insulating Oil in Electrical Apparatus).

This research paper presents a novel approach for estimating the remnant life of power transformer
using furan concentration in transformer oil. Results show that there is a good correlation between furan
concentration level in oil transformer and its estimated life. The rest of the paper has been organized as
follows: Section II discusses the furan analysis and the test conducted on the transformer oil. Section III
discusses proposed ANFIS model to estimate remnant life of transformers. Results and discussion are given
in section IV and finally conclusions are drawn in section V of the paper.

2. FURAN ANALYSIS BY HPLC

Furan is used to determine the degradation of the solid insulation like paper, pressboard etc.
According to ASTM D-5837 the furan analysis is performed by the High Performance Liquid
Chromatography (HPLC). The lab set up for performing High Performance Liquid Chromatography (HPLC)
to estimate furan contents is shown in Figure 1.
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Figure 1. Lab set up for HPLC to find furan compounds
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HPLC has mobile phase and stationary phase and the detector used to detect furans is UV visible
detector. The detector detects specific wavelength and peak absorbance of transformer oil. Furan content
measurement consists of measuring five furfurals dissolved in transformer oil that differ in their stability.
Furfurals are composed of 2-furaldehyde, 5-hydroxymethyl-2-furaldehyde, 2-furoic acid, furfuryl alcohol, 5-
methyl-2-furaldehyde and 2-acetyl furan compounds. 2-furaldehyde (2-FAL) is the most stable compound for
measurement; however, all other furan compounds, except 2-furfuryl alcohol, are detected in insulating oil up
to 140 C.

Each furanic compound has a characteristic maximum light absorbance occurring within the
indicated ranges of wavelengths. To detect the specific wavelength for furanic compounds, use of variable
wavelength or diode array detector is necessary. The specific wavelength is selected to yield maximum
absorbance for each compound. Results show that absorbance and wavelength increases by a significant and
easily observable margin as deterioration and contaminations of transformer oil increases, which are reflected
by the furan concentration level in the oil.

The experiment has been performed on new, medium and highly aged transformer oil. If the oil
which is not in commission or of about 1 year age and if the furan content is very low in range 0-0.1ppm then
it is categorized as new oil. The oil which is tested after 6 to 7 years and the furan content is in range 1-7ppm
than it is categorized as medium aged oil. Finally, It has been found that in case, the oil sample tested after 9
to 10 years or more and furan contents are greater than 10ppm it is categorized as highly aged and it is
required to be monitored.

3.  TRANSFORMER LIFE ESTIMATION TECHNIQUE

In the present work, Adaptive neuro-fuzzy inference system (ANFIS) based technique is proposed to
estimate the remnant life of power transformers and its correlation to the furan contents present in the
transformer oil obtained by HPLC spectral response. The detail of the technique used is given below and the
results are discussed in later section. In ANFIS sugeno type fuzzy logic method is used which is,
computationally effective and works well with optimisation and adaptive techniques. Wavelength (nm) and
the maximum absorption (nm) are the inputs for the ANFIS model, which are recorded for different
transformer oil samples. The corresponding ANFIS simulation model developed is shown in Figure 2.
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Figure 2. ANFIS network [10]

The output of the model is the furan contents and corresponding estimated remnant life. The model
is built using the graphical user interface tool provided by MATLAB [11]. Each input is fuzzified into ten
sets [12] of Gaussian combination membership function (MF) governed by the equation (2)

f(x,c,s,m)=exp —%(%] )

where ‘c’ is centre, ‘s’ is width and ‘m’ is Fuzzification factor. The function set developed for each input is a
combination of s and ¢ parameters.
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Figure 3. ANFIS model to estimate furan contents and remnant life of power transformers.

Result of fuzzification from each input is then applied with fuzzy operator in the antecedent and
related to the consequence, by IF-AND-THEN application method [13-14]. The output of sugeno model is
obtained by the weighted average (WA) of the singletons in the outputs.

4. RESULTS AND ANALYSIS

The discussion can be made in several A total number of thirteen power transformer oil samples are
taken from Himachal State Electricity Board Ltd, Shimla (India) for the research and the study purpose.
These transformers are of different manufacturing companies’ viz. General Electric Company, Crompton and
Greaves and Computing Tabulating Recording (CTR) having different installation year, MVA ratings varies
from 5-50 MVA, different KV ratings varies 6.6-133 KV. Using High Performance Liquid Chromatography
(HPLC) the transformer oil samples were tested at TIFAC-CORE lab, NIT Hamirpur (H.P) and the obtained
results are given in Table 2. When the furan content of the transformer oil is more than 10ppm or the
wavelength is more than 430nm that means transformer has end his life criteria. The ANFIS model
developed using Matlab graphical user inference is with the accuracy of more than 98%.

Table 2. Result of HPLC and ANFIS model

Tran.  Wavelength  Absorbance  Furan ANFIS Correspondmg
No. (nm) (nm) (ppm) output Remnant Life
(years)
1 321.31 1.240 0.00 0.076 40.0
2 334.40 1.280 0.47 0.393 36.4
3 342.80 1.390 0.97 0.861 27.4
4 359.10 1.440 1.43 1.120 15.9
5 363.80 1.510 3.12 3.060 6.75
6 388.90 1.620 421 4.160 3.24
7 397.80 1.701 5.33 5.210 2.5
8 410.21 1.721 8.28 8.25 1.84
9 424.58 1.791 9.22 9.07 1.26
10 442.60 1.810 13.08 13.3 0.602
11 457.20 1.874 14.01 14.00 0.438
12 460.80 1.901 15.00 14.80 0.0
13 472.10 1.971 16.78 16.80 0.0

Comparing the results obtained in Table 2 by those limits in Table 1, the transformer life estimation
can be obtained from the wavelength of the transformer oil spectral response as shown in Table 3.

Table 3. Correlation between wavelength and DP

Wavelength DP value Signiﬁcancehon paper
(nm) insulation
290-330 1200-700 Healthy Insulation
330-345 700-450 Moderate Deterioration
345-430 450-250 Extensive Deterioration
>430 <250 End of life
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The membership function plot for the input wavelength and absorbance used in ANFIS model is
shown in Figure 3 and Figure 4 respectively. All the membership functions are fuzzified into ten sets so that
the desired output is satisfied according to the input and output. The rules developed to predict furans and to
shown in Figure 5. The three dimensional graph between wavelength, absorbance,

estimate remnant life is

furan contents and remnant life is shown in Figure 7 and Figure 8 respectively.

Figure 6. Rules developed to find the furan contents and remnant life of transformers.
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Figure 5. Membership function plot for absorbance.
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Figure 7. 3D graph between wavelength, absorbance and furan contents of transformer.
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Figure 8. 3D graph between wavelength, absorbance and remnant life of power transformer.
5. CONCLUSION

The present research paper introduces a novel Adaptive neuro fuzzy inference system (ANFIS)
approach to correlate the estimated transformer remnant life and the furan results with the help of spectrum

analysis shown in Figure 8.
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Figure 8. Relation between Life of transformer (Years) and Furan concentration Vs wavelength (nm)
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It is found from comparison that all the results obtained from ANFIS model is almost equal to the
results obtained by HPLC. The transformer life criteria ends when the wavelength is more than 430nm or
furan contents increases more than 10ppm. The models developed have accuracy of more than 98 percent. It
is also obvious that approach is free from chemical treatment and less time consuming.

ACKNOWLEDGEMENTS

The authors are thankful to the Technology Information Forecasting and Assessment Council and
Centres of Relevance & Excellence (TIFAC-CORE) at NIT Hamirpur lab, India for providing the necessary
facilities to perform the experiments and research work. The authors are also thankful to the Himachal
Pradesh Electricity Board (HPSEB), India for providing the transformer oil samples for experiment.

REFERENCES

[1] M. Mirzaie, A. Gholami and H. Tayyebi, “Thermal degradation of cellulose paper insulation in power
transformers”, in proc. IEEE International Conference on Solid Dielectrics, ICSD '07. 2007, pp. 673-676.

[2] R. D. Stebbins, D. S. Myers and A. B. Shkolnik, “Furanic compounds in dielectric liquid samples: Review and
update of diagnostic interpretation and estimation of insulation ageing”, in proc. the 7th International Conference
on Properties and Applications of Dielectric Materials, 2003, pp. 921-926 vol.3.

[3] M. Al C. Eley, A. M. Emsley, R. Heywood and X. Xaio, “Measuring and understanding the ageing of kraft
insulating paper in power transformers”, IEEE Electrical Insulation Magazine, vol. 12, pp. 28-34, 1996.

[4] M. Ali, C. Eley, A. M. Emsley, R. Heywood and X. Xaio, “Measuring and understanding the ageing of kraft
insulating paper in power transformers”, IEEE Electrical Insulation Magazine, vol. 12, pp. 28-34, 1996.

[5] R. D. Stebbins, D. S. Myers and A. B. Shkolnik, “Furanic compounds in dielectric liquid samples: Review and
update of diagnostic interpretation and estimation of insulation ageing”, in proc. the 7th International Conference
on Properties and Applications of Dielectric Materials, 2003, pp. 921-926 vol.3.

[6] T. K. Saha, “Review of modern diagnostic techniques for assessing insulation condition in aged transformers”,
IEEE Transactions on Dielectrics and Electrical Insulation, vol. 10, pp. 903-917, 2003.

[71 A. M. Emsley, X. Xiao, R. J. Heywood and M. Ali, “Degradation of cellulosic insulation in power transformers.
Part 2: formation of furan products in insulating oil”, IEE Proceedings Science, Measurement and Technology, vol.
147, pp. 110-114, 2000.

[8] M. Arshad, “Remnant life Estimation Model Using Fuzzy logic for Power Transformer Asset Management”, Ph.D
Thesis, Curtin University of Technology, 2005.

1 ANFIS NETWORK, page 7,©Copyright 2002 by Piero P. Bonissone

[10] MATLAB R2009b version 7.9.0.529.

[11] A. Abu-Siada, Lai Sin Pin, and Syed Islam, “Remnant Life Estimation of Power Transformer using Oil UV Vis
Spectral Responses”, Paper accepted for presentation at [EEE PSCE 09 that held in USA, March, 2009.

[12] S. M. Islam, T. Wu, G. Ledwich, “A Novel Fuzzy Logic Approach to Transformer Fault Diagnosis”, IEEE
Transaction on Dielectric and Electrical Insulation, Vol.7 No. 2, April 2000, pp. 177-186.

[13] K. V. Kumar, S. S. Kumar and B. Praveena, “Soft Computing Based Fault Diagnosis”, International Journal of
Computer and Electrical Engineering (IJCEE), Vol: 2, No: 4, pp. 753-760, Aug 2010.

[14] Sk Moin Ahmed, Haitham Abu-Rub, Shady S. Refaat, Atif Igbal, Diagnosis of Stator Turn-to-Turn Fault and Stator
Voltage Unbalance Fault Using ANFIS, IJECE, Vol3 , No. 1, Feb 2013.

BIOGRAPHIES OF AUTHORS

Priyesh Kumar Pandey graduated in Electrical Engineering from Atmiya institute of technology
and science Rajkot, Gujarat in the year 2009. He worker as lecturer in Atmiya institute of
technology and science Rajkot for six months. Then he worked in Gujarat state electricity
corporation Ltd for two years in the field of operation and maintenance. His current research
interests include insulation condition assessment techniques, specialising in the diagnosis of
solid insulation in transformer based of moisture assessment. He is currently pursuing his
M.Tech in Condition Monitoring Control and Protection of Electrical Apparatus from NIT
Hamirpur, India Email: priyeshpandey88@gmail.com

ANFIS Based Approach to Estimate Remnant Life of Power Transformer by Predicting ... (Zakir Husain)



470

ISSN: 2088-8708

R K Jarial received PhD from University of Rajashtan through MNIT, Jaipur, India in 2007 and
Masters Degree from National Institute of technology Kurukshetra, Haryana, India in 1993
respectively. He is currently working as Assosiate Professor in Electrical Engineering
Department of NIT Hamirpur, HP, India for the last twenty years. He has obtained One Patent
and has been instrumental in the establishment of TIFAC-CORE in Power Transformer
Diagnostics at NIT Hamirpur. His current areas of interests are Power electronic drives and High
voltage engineering.

Zakir Husain took his Bechelor and Master degrees in Electrical Engineering from Aligarh
Muslim University, Aligar, India. Subsequently he did his Ph.D from Motilal Nehru National
Institute of Technology, Allahabad, India. He has been employed as Lecturer in Department of
Electrical Engineering, National Institute of Technology, Hamirpur (H.P.), India since 1989 and
is working as Associate Professor in the same institute. During 2011 and 20012 he was on
Academic pursuit and worked as Head, Department of Electrical Engineering, College of
Engineering, Salman Bin Abdulaziz University, Kingdom of Saudi Arabia. His principal
research interest is Power system and Drives.

Email: zahusain2@ yahoo.com

IJECE Vol. 4, No. 4, August 2014 : 463 —470



