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Abstract

The most commonly diagnosis method for power transformer faults is the dissolved gas analysis
(DGA) of transformer oil. Although various methods have been developed to interpret DGA results such as
IEC gas ratio code method, and key gas method, they sometimes fail to determine the faults. Although
Dissolved Gas Analysis (DGA) has widely been used in ‘the industry, but in some cases, this conventional
method fail to diagnosis. This normally happens for those transformers which have more than one type of
fault. Also, in some cases, the DGA results cannot be matched by the existing codes making the diagnosis
unsuccessful in multiple faults.

This paper presents integration between software Programming using fuzzy logic technique
(intelligent technique) and IEC gas ratio code (classical technique) to diagnose multiple faults in a
transformer. This modified approach is recommended for fault transformer diagnosis and the advisable
actions to be taken. It has been proved to be a very useful tool for transformer diagnosis and maintenance
planning. For instance, in fact, the gas ratio boundary may not be clear, especially when more than one type
of fault exist. Therefore, between different types of faults, the code should not change sharply across the
boundaries. The proposed method has been implemented using C**, version 6.0 language, where several
case studies are tested.
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1- Introduction

The distribution part in any electrical power system represents 70% of all the
system, while the main part in any distribution system is the power transformers, so the
power transformers are the most important key elements in any power system [Stevenson,
1982]. Failure of one power transformer may causes long interruptions in supply, costly
repairs and loss revenue., Various techniques both on-line (i.e. winding vibration,

acoustic measurement of corona, temperature monitoring, gas in oil monitoring using
Hydran and DGA) and off-lint (i.e. PD, transfer function, recovery voltage
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measurements, DP and furan analysis of cellulose insulation) do exist to assist in
condition assessment of power transformers. Among these techniques, the dissolved gas
in oil analysis technique is quite simple, non-intrusive and inexpensive method. The
conventional diagnostic methods are based on the ratio of gases generated from a single
fault or from multiple faults but with one of dominant nature in a transformer [Dukarm,
1993] . When gases from more than one fault in a transformer are collected, the relation
between different gases becomes too complicated which may not match the codes
predefined. For instance, the IEC codes are defined from certain gas ratios. When the gas
ratio increases across the defined Limits (boundaries), the code changes suddenly
between 0, 1 and 2. In fact, the gas ratio boundary may not be clear (i.e. ambiguous or
fuzzy), especially when more than one type of fault exist [Zhang, 1996]. Therefore,
between different types of faults, the code should not change sharply across the
boundaries. This paper is organized as follows: after the introduction, dissolved gas
analysis (DGA) will explain , IEC Code ratio method explained with its tables , Fuzzy
IEC Codes Integration method structures (FIEC) demonstrated , result and Diagnosis
Example are taken and the conclusion for the work .

2- Dissolved Gas Analysis (DGA)

Most of power transformers are filled with oil that serves several purposes. The
oil acts as dielectric media which is an insulator and as heat transfer agent. During normal
use, there is usually slow degradation of the mineral oil to yield certain gases that
dissolve in the oil. However, when an electrical fault happens inside the transformer, the
oil start to degrade and temperature will rise abnormally which generate various gases at
rapid rat . To begin, consider the widely used chemical test for power transformers of
insulating oil called dissolved gas analysis (DGA). The DGA method as it is commonalty
known is one of the most accepted methods for detecting incipient fault condition in
power transformers [Hooshmand and Banejad, 2006; Zhang, 1996].

There are several ways to diagnosis the transformer fault using the DGA method
which include the key gas Analysis , Rogers Ratio Method, IEC gas ratio code |,
Doernenberg Ratio Method , Duval Method , etc. All these methods are quite similar
where different patterns and concentration of gases are matched with the fault types
[Haupert et al., 1989]. Among these methods the Key Gas Method and Rogers Ration
Method are the most popular [Rogers, 1978] .The Chromatographic analysis of the
insulation oil shows that it contains concentrations (PPM in volume) of dissolved
hydrogen (Hz),methane(CHa),ethane (CzHs),ethylene (CzHa),acetylene (CzH:),carbon
monoxide (CO),and carbon dioxide (CO.). DGA techniques can determine the condition
of the transformers according to the concentration of the dissolved gases, their generation
rate, ratios of specific gases, and the total amount of combustible gas in the oil [Haupert
et al., 1989].

3- IEC Gas Ratio Code

In dissolved gas analysis, the IEC codes (International Electric Committee) have
been used for several decades and considerable experience accumulated throughout the
world to diagnose incipient faults in transformers [Rogers, 1978; Senior et al., 2000].
Early interpretations were concentrated on specific gas components such as hydrogen and
methane for the determination of discharges in the oil. The ratios of certain gases to

754



2011 : (19) shal / 2) xxd / agidaly ds gl agkd / Jly dedy dha

establish more comprehensive diagnostic techniques [Haupert et al., 1989, Jakob, 1989].
These techniques were standardized by IEC in 1978 in “Guide for Interpretation of the
Analysis of Gases in Transformer and Other Oil Filled Electrical Equipment in Service”
.The individual gases used to determine each ratio and its assigned limits are shown in
Tables (1) and (2). Codes are then allocated according to the value obtained for each ratio
and the corresponding fault characterized [Rogers, 1978; Senior et al., 2000].

Table (1): IEC Ratio Codes [Senior Su.Q, et al., 2000]

IEC Code
Sharply Defined Codes of different gas ratios
range of the gas
ratio
CoH2/ CoH4 CH4/H; C2H4/C2Hs
< 0.1 0 1 0
01-1 1 0 0
1-3 1 2 1
>3 2 2 2

Table (2): Fault classification according to the IEC Gas Ratio Codes [Senior Su.Q,

et al., 2000]
No Fault type CoH2/ CoH4 | CH4/H2 | C2H4/CaHs
0 No Fault 0 0 0
1 | Partial discharges of low energy density 0 1 0
2 | Partial discharges of high energy density 1 1 0
3 Discharges of low energy lor 2 0 lor 2
4 Discharges of high energy 0
5 | Thermal Fault of low temperature <150 0 0 1
°C
6 Thermal Fault of low temperatures 0 2 0
150-300 °C
7 Thermal Fault of medium temperatures 0 2 1
300-700 °C
8 Thermal Fault of high temperatures 0 2 2
antitative indicatidd $8:he possibilityof eachfault-is-given.—Also,inlsome cases,;

TTO v oottt oo

the DGA results cannot be matched by the existing codes making the diagnosis
unsuccessful [Duval, 1989]. In multiple fault conditions, gases from different faults are
mixed up resulting in confusing ratios between different gas components. This could only
be dealt with by the aid of more sophisticated analysis methods such as the fuzzy

diagnosis method presented in this paper.
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4 -Fuzzy IEC Codes Integration method structures (FIEC)

The diagnosis is based on the predominant dissolved gases and their proportions
relative to Total Dissolved Combustible Gas (TDCG). TDGA is the sum of the
concentration of Hydrogen, Methane, Ethane, Ethylene, Acetylene, and Carbon
Monoxide dissolved in oil. The absolute dissolved gas concentration (in PPM) and
generation rates (PPM /DAY) are used to judge the severity of any faults identified. For
example according to [Huang,2003] and [Domerberg et al., 1974] if the absolute level of
TDCG is over 720 PPM and consists about 63%o0f ethylene, then there is an indication of
overheated oil. Close monitoring is advised if the TDCG generation rate exceeds 10
PPM/DAY. Table (3) shows the gases concentrations in PPM for dissolved key gases
method.

Table (3): Concentration (PPM) for dissolved key gases

Danger Hydrogen | Methane Acetylene | Ethylene | Ethane | Carbon Carbon
level Monoxide | Dioxide
Normal 100 120 35 50 65 350 2500
Moderate | 101 - 700 121 - 400 36 - 50 51-100 |66-100 | 351-570 2500-4000
High 701 - 1800 | 401 -1000 51-80 101-200 | 101-150 | 571-1400 4001-1000
Severe »1800 »1000 »80 »200 »150 »1400 »10000

*PPM : Part Per Million

The general structure for this method is demonstrated in Figure (1).
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Figure (1): Block diagram of diagnostic approach

According to the IEC codes in Table (1), the three gas ratios (C2H2/C2Ha, CH4/H2 and
C2H4/C2Hs) can be coded as 0, 1 and 2 for different ranges of ratios. Table (1) is
rearranged to give a clear relationship between the ranges of each gas ratio and the
corresponding IEC code, as shown in Table (4).

Table (4): The rearranged IEC codes [Senior Su. Q. et al., 2000]

Ratio — Code Code 0 Code 1 Code 2
C2H2/C2H4 <0.1 0.1-3 3>
CH4/H2 0.1-1 <0.1 >1
C2H4/C2Hs <1 1-3 >3
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According to Table (2). Transformer faults can be identified by the IEC codes of three
gas ratios (Ri1= C2H2/C2H4, R2= CHa/H2, Rs= C2H4/C2He) For example, if the codes for a
set of gas concentration are R1=0, R2=2 and R3=1, the transformer is diagnosed to have a
No.7 fault, (i.e. thermal fault of medium temperature 300 - 700'c.). In the IEC code
diagnosis, actually the conventional logic (AND) and (OR) are used. For example, the
seventh fault is represented by:

F(7) = code zero(R1) AND code two (R2) AND code one(R3)

Where code zro(R1), code two (R2) and code one(Rs3)are the coded values of gas ratio R1,R2
& R3 respectively. They are either one (true) or zero (false) according to Table (3).
Therefore, fault F(7) will be either one (true) or zero (false) by means of logic operation.
Also (a and B) are random probability (0 to 1) and the best value are (0.73 and 0.27)
respectively  (trail and error method). In the fuzzy diagnosis method developed,
however, the IEC codes 0, 1 and 2 are reconstructed as fuzzy sets ZERO, ONE and
TWO. Each gas ratio r can be represented as a fuzzy vector [u zero (R1), Hone (R1) , and
M Two (R1) ].-Where:

M zero (R1), Mone (R1), and p two (R1) are the membership functions of fuzzy code
ZERO, ONE and TWO respectively.

The input for FIEC method calculated from the chromatographic. Data to diagnose 8
conditions. Since 5 values of different gases are input to this method (Methane,
Hydrogen, Acetylene, Ethylene, and Ethane) and the three features are ratios of gas
concentrations:

MH = methane / hydrogen

AE = acetylene / ethylene

EE = ethylene / ethane

These three features, MH, AE, and EE are classified as low (low), medium (med), and
high (hi) according to their membership in intervals as follows:

MH =low:  Any value below 0.1.

MH =med: Between0.1and1.0

MH=hi : Above 1.0.
AE=low: Below 0.1.
AE=hi : Between 0.1 and 3.0.
EE=low: Below 1.0.
EE=med: Between | .0 and 3.0.
EE=hi : Above 3.0.

The IEC Codes Ratio method matches certain combinations of input classifications with
diagnostic outcomes as shown in Table (5). The diagnoses are:

OK: Unit normal.

PD: Partial discharge.
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Figure (4): Fuzzy membership functions for classifying Ethylene/Ethane
ratio

TL: Low-temperature thermal

TM : Medium-temperature thermal (below 700 C).
TH : High-temperature thermal (above 700 C).
ARC: Arcing.
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Table (5): IEC code ratio table

: 2011

EE=low EE=med EE=high
MH=low AE=low PD
AE=high
MH=med AE=low OK TL
AE=high ARC
MH=high AE=low ™ TH
AE=high

For the enhanced IEC method, the input classifications MH=L, AE=H, and so on
are given confidence factors calculated as the degree of membership of the gas ratio in
fuzzy versions of the intervals shown above. Then the rules implicit in Table 4 are
applied to derive confidence factors for all the IEC diagnoses [IEEE Std. C57, 1992].
The fuzzy membership functions for IEC input classifications are graphed in Figure (2)
for MH, figure (3) for AE., and figure (4) for EE. To ensure consistency with the
standard IEC method, the membership functions of the fuzzy intervals are defined so that
they equal 0.5 at the endpoints of the corresponding “crisp"” intervals. This ensures that
the cf of a diagnosis is greater than 0.5 if and only if the standard Rogers method
produces that diagnosis. Since the cf is only a rough "strength of assertion™ indicator and
not a probability, the exact shape and width of the membership function graphs is not
critical [IEEE Std. C57, 1992].

5 -Result and Diagnosis Examples

The fuzzy systems described above were implemented in computer software using
C++ program and tested on historical practical examples supplied by industrial clients. A
few of them are presented here.

Practical Example - 1:

A 132/66 kV 18 MVA transformer is in service for (41) year. Transformer oil
volume is 21UOO 1. This transformer developed a serious power arc between top of HV
coil and coil clamping ring. DGA data obtained in PPM after the fault are as shown in
Table (6), [Islam S. M., et al., 2000]. While figure (5) illustrate the output program
results.

Table (6): Transformer DGA data obtained in PPM after fault

Gas Symbol CH: C2Hs C2H4 C2H2 H:

Value (in ppm) 13 5 43 319 24
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This progean iz used to implement the FUZZY FOB - RATIO HETHOD

0 oo oo oo o oo oo o oo el o oo o o o oo e o o
Input DGA data of transformer

o0 oo o oo oo
THE OUTPUT OF PROGRAH ARE:

Bt

RA1="7. 418604 RAd=0.541667  RAI=B.5%9998
woTHE FAULT OF THE TRANSFORMER 1§
nwoenfiRCING CAUSING SEUERE OUERHEATING, NOT INUOLUIN CELLULOSE

fdvizable actions to he taken

wan Extpeme High Gas conection,strongly advice removing wnif from sevice
.ikely cauzes for this transformer fault

wu()N-LOAD TOP CHANGERS, HU CONTACTS, BUSHINGE AND SHORT CIRCUIT OF WINDING Reco

nmended Further diagnosiz method

wwe MONITOR FOR HOTSPOIS AND SAMPLE FOR TRACES OF METAL IN OIL

Figure (5): C** Execution Screen Program of transformer -1

From Figure (5): The program inputs are 5 gases values in PPM and the outputs are:
- Gases ratios (since RA1= CzH2/C2H4, RA2= CHa/H2, and RAs= C2H4/C2Hs)
- The fault of the transformer is:

**Absolutely yes in arcing causing server overheating, and not involve cellulose

- Advisable actions to be taken

**Extreme High Gas concentration, strongly advice removing unit from service
- Likely causes for this transformer fault

**on —load top changers, HV contacts, Bushing and short circuit of winding
- Recommended further diagnosis method

** Monitor for hotspots and sample for traces of metal in oil

Practical Example -2:
The first example is the one cited in the [IEEE Std. C57, 1992] IEEE DGA standard,

where several abnormal gas levels are observed here for the following two cases:

Case One:
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The input DAG data obtained in PPM after fault for this transformer is shown in Table
(7). While Figure (6) illustrates the C** Execution Screen Program output results of case
one.

Table (7): Transformer DGA data obtained in PPM after fault
Gas Symbol CHa C2oHe C2oHas C2oH2 H>

Value (in ppm) 6 1 15 0 0

Thiz program is used to implement the FUZZY FOR RATIO METHOD

LA R N RN RN RN B N R R N R N RN R N RN RN R R N R N R R N R N R RN R R R R RN R R RN R R R R R N R RN R
Input DGA data of transformer

CH4=6
C2H6=1
C2H4=15
C2ZHZ =8
12=8

THE OUTPUT OF PROGRAM ARE:

RA1-P.PARRAA  RA2-6OAPAPGA.APBRAA  RA3=14.999985
wuTHE FAULT OF THE TRANSFORMER 1S

wuSparking causing sereve overheating.not involving cellulose
fidvizable actions to he taken
s Extreme High Gas conection.consider removing from service and advice manufac
Lure

Likely causes for thisz transformer fault

e Consistence Sparking due to loose HU connections or underresize contants Rec
pmmended Further diagnosis method

# Infra-red emission monitoring for determining of hotspot
Figure (6): C** Execution Screen Program of case one

Case Two:
In this case, the input DAG data obtained in PPM after fault for this transformer is shown
in Table (8). While figure (8) illustrates the C*™* Execution Screen Program output results
of case two.

Table (8): Transformer DGA data obtained in PPM after fault

Gas Symbol CHa C2He C2Has C2H2 H>

Value (in ppm) 17 5 3 0 192
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This program 15 used to implement the FUZZY FOR RATIO METHOD

Input DGA data of transformer

2:192
THE OUTPUT OF PROGRAM ARE:

01-0.000808  RA2=.088542  RA3-A.60GA0O
Certainly,the Transformer is (ABSOLUTELY YES IN NORMAL (NO FAULT))

Figure (8): C** Execution Screen Program of case two

The transformer is tested under two cases, in case (1) the transformer has a
sparking fault which causing severe overheating but for case (2) the transformer is in
normal case (no fault).

6 - Conclusions

The IEC code method developed and implemented for many cases in this paper,
and has been successfully used for the diagnosis of several faults in different
transformers. It has been proved that using the fuzzy diagnosis method, more detailed
information about the faults inside a transformer can be obtained in addition to providing
enhanced information for the maintenance engineer while remaining faithful to the
original method.

The enhancements in the conventional IEC code method are due to the more
realistic representation of the relationship between the fault type and the dissolved gas
levels with fuzzy member ship function as shown in the output results, where in addition
to determining the fault in transformer, the recommended and the advisable actions are
demonstrated in the program for this method. Also, the multiple faults can be diagnosed
using this method, while, it may not be possible for any conventional method.
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