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The power transformer is an essential component of the electrical network that can be used to step up and step down voltage.
Dissolved gas analysis (DGA) is the most reliable method for the identification of incipient faults in power transformers.
Various DGA methods are used to observe the generated key gases after oil decomposition. The main gases included are
hydrogen (H,), ethylene (C,H,), acetylene (C,H,), methane (CH,), and ethane (C,Hy). There is a lack of research that can
compare the performance of various DGA methods in identification of faults in power transformer. In addition, it is also not
clear which DGA method is optimal for identification of faults in power transformer. In this paper, the comparative
performance study of seven DGA methods such as Roger’s ratio, key gas, IEC ratio, the Doernenburg ratio, the Duval triangle,
three-ratio method, and the relative percentage of four gases is carried out in order to identify the optimal technique for fault
identification in transformer. The data of various power transformers installed in “RAWAT” NTDC grid station, Islamabad,
and “UCH-II” power station, Balochistan, are considered for the comparative analysis. This analysis shows that the three-ratio
method provides better performance than other DGA methods in accurately identifying the faults in power transformers. The
three-ratio method has 90% accuracy in identifying the faults in power transformer.

1. Introduction

Power transformer is the key component of an electrical net-
work system that can be used to step up and step down volt-
age. The health condition of power transformer mainly
depends on the insulation oil during normal operation [1].
The intensive care and analysis of insulation condition of
power transformers are essential to make certain the consis-

tent operation. Therefore, it is essential to identify the trans-
former faults at the earliest to ensure the proper operation of
an electrical power system. When used in a transformer, the
oil serves as both a heat transfer agent and a dielectric
medium. Due to accelerated stress, combustible gases such
as hydrogen (H,), methane (CH,), acetylene (C,H,), ethane
(C,Hy), and ethylene (C,H,) and noncombustible gases
carbon monoxide (CO) and carbon dioxide (CO,) are
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generated in transformer. The sum of all combustible gases
with a rise in individual or ratio gas-generated rates indicates
a transformer fault and can also indicate the fault level [2].

For the evaluation of transformer health state, various
offline and online analytical methods have been presented
for decades. Amongst these, dissolved gas analysis (DGA)
is the most advanced and technically acknowledged online
analytical method for identification of faults in power trans-
former. DGA can be utilized to evaluate type and amount of
dissolved gases in transformer’s oil, which can help in study-
ing failure procedure of transformer and ultimately prevent
transformer from the worst damage. The typical method of
identifying faults in transformers using DGA involves (i)
manually extracting a sample of transformer oil (with a
syringe) and (ii) testing and analysing of sample in labora-
tory [3, 4]. Using DGA methods on an oil sample, dissolved
gases may be measured.

At present, few publications attempted to compare DGA
methods for identification of faults in transformer. But none
of the publications comprehensively compared the perfor-
mance of all seven DGA methods. For example, References
[5-8] have not considered the three-ratio and relative per-
centage of four gas methods for comparative study. Refer-
ences [9, 10] compared the performance of IEC code and
Roger’s ratio method. Reference [11] considered the Doer-
nenburg and Roger’s ratio method for comparison, and Ref-
erence [12] lacks the comparison of key gas and relative
percentage of four gas methods. Thus, there is a research
gap regrading the evaluation of performance of different
DGA methods in identifying the faults in power trans-
former. In this work, the comparative performance study
of seven DGA techniques is carried out, which has signifi-
cant benefits for identification of several internal faults of
power transformer such as normal ageing, thermal break-
down, partial discharge, arcing, and combination of thermal
and electrical faults.

In this paper, the seven DGA methods such as Roger’s
ratio, key gas, IEC ratio, the Doernenburg ratio, the Duval
triangle, three-ratio method, and the relative percentage of
four gas methods have been selected for better fault iden-
tification of power transformer. The data of 22 critical
power transformers installed in “RAWAT” NTDC grid
station in Islamabad and “UCH-II” power station in Balu-
chistan is considered for the comparative analysis. The
analysis shows that the three-ratio method provides better
performance than other DGA methods in accurately iden-
tifying the faults in power transformers. The three-ratio
method has 90% accuracy in identifying the faults in
power transformer.

The paper is arranged in the following manner: Section
2 illustrates the detailed procedure of dissolved gas analy-
sis (DGA). Section 3 provides the dissolved gas data of
transformers installed in “RAWAT” NTDC grid station
in Islamabad and “UCH-II” power station in Balochistan.
Section 4 describes the various fault identification methods
based on DGA. The detailed comparative performance
study of different DGA techniques for identification of
faults is described in Section 5. Finally, the paper is con-
cluded in Section 6.
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TaBLE 1: Dissolved gas data of transformers.

S.no. CH, CH, CH, CH, H, CO CO,
T-1 1 68 30 70 55 150 1500
T-2 1 20 10 70 20 280 1400
T-3 21 380 91 200 160 612 1100
T-4 0 60 40 200 80 1650 4000
T-5 0 70 15 10 40 1200 2700
T-6 0 60 20 100 35 140 900
T-7 22 291 94 134 156 1400 1800
T-8 0 350 60 270 100 250 1500
T-9 1 360 80 240 115 1300 5000

T-10 0 270 75 250 100 310 1600
T-11 200 370 630 1200 1300 790 2800
T-12 0 140 60 80 80 600 3000
T-13 65 100 130 240 200 612 2250
T-14 125 50 38 95 700 500 4550

T-15 1 20 80 120 45 1100 5100
T-16 0 400 70 300 180 500 1100
T-17 1 50 40 8 40 2700 3500

T-18 67 282 95 140 152 610 11000
T-19 15 55 70 70 800 500 5100

T-20 0 90 10 40 20 70 900
T-21 0 230 70 120 60 1080 5580
T-22 0 60 80 15 10 700 4600

2. Dissolved Gas Analysis (DGA) Procedure

The DGA technique works effectively in laboratories since it
necessitates high-precision measuring devices. It can be
stated in four steps [3].

2.1. Oil Taken from the Unit. In any case, confirmation of a
dielectric will pass by taking a test; safety measures are
required for it to be an agent of the dielectric contained
within the transformer [5]. The method of collecting the test
sample differs depending on the location, mode, term, recur-
rence, climate, and weather. All these factors will have an
impact on the consistent quality of the outcomes. As a result,
we must be aware of the effects on the sample taken.

Take a test as soon as possible after the transformer has
been turned off to get a regular test resulting from the blending
works caused by the dielectric development. On the other
hand, this test will continue to warm, leaving it less exposed
to the possibility of surrounding sticky condensation.

2.2. Extraction of Gases from Oil. The nominal key gases are
extracted using a degassing technique, which frequently
employs a Toepler pump system. While long-term experi-
ence has shown that this extraction is eflicient and yields
good results for subsequent analysis, this vacuum pump typ-
ically contains high levels of mercury, posing a risk to the
operating personnel as well as the environment [6]. Alterna-
tive processes such as “headspace extraction,” in which the
number of dissolved gases is determined by dissolving the
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FiGure 1: Continued.
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FIGURE 1: (a) “Arcing in oil” fault identified in transformer “T-3” with 36% of C,H, gas. (b) “Overheat of cellulose” fault identified in
transformer “T-7” with 133% of CO gas. (c) “Overheat in oil” fault identified in transformer “T-13” with 66% of H, gas. (d) “Corona”

fault identified in transformer “T-18” with 91% of C,H,.

gases in the liquid into a designated gas in the Phiole head-
space, produce somewhat different findings and are more
imprecise, as stated in the standard IEC 60567.

2.3. Analysis of Extracted Gases. With the use of the nominal
gas chromatography strategy, the extricated gas blend is seg-
regated into different chemical constituents after extraction.

Each compound is identified and the concentrations of each
are calculated [7].

2.4. Interpretation of Gas Data. It is time to translate the
results after the unique gases in the oil test have been discov-
ered and examined. What must be resolved to assess the
transformer’s condition is whether the displayed sum of
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dissolved gases is abnormal or not. In the event of irregular
gas production, attempting to pinpoint the start of the gas
production is a challenge [8].

3. Collected Data of Dissolved
Gases of Transformers

To compare the performance of various DGA methods, the
various transformers installed in “RAWAT” in Islamabad
and “UCH” power station in Balochistan, Pakistan, are con-
sidered. The considered transformers have different ratings
such as 450 MVA, 250 MVA, 20MVA, 1600kVA, and
1000 kVA. These transformers are tested in the laboratory,
and the generated gas data of various transformers are
obtained and are summarized in Table 1.

4. DGA Fault Identification Methods

The various DGA methods used for fault identification in
power transformers are IEC ratio, key gas, the Doernenburg
ratio, Roger’s ratio, the Duval triangle, three-ratio method,
and relative percentage of four gases. The detailed analysis
of these methods is as follows:

4.1. Key Gas Method. The key gas method specifies key gases
for every fault type and utilizes percentage of that gases to
identify fault. Hydrogen (H,), ethylene (C,H,), ethane
(C,Hg), methane (CH,), acetylene (C,H,), carbon monoxide
(CO), and oxygen (O,) are main gases generated by break-
down of oil and paper insulation. Excluding oxygen (O,)
and carbon monoxide (CO), all other gases are generated
by oil’s decomposition. Degradation of paper insulation gen-
erates carbon dioxide (CO,), carbon monoxide (CO), and
oxygen (O,). The type and amount of gas are governed by
the type of transformer fault, their severity, and energy of
incident. The key gas method identifies four different faults
in transformer [13-15].

The DGA data of transformers (T-3, T-7, T-13, and T-
18) taken from Table 1 are presented here as a sample for
easy understanding. The key gas method is implemented
into these transformers to assess different faults. The fault
“arcing in oil” is identified in transformer “T-3” due to
36% generation of key gas ethylene (C,H,) as shown in
Figure 1(a). The “overheat of cellulose” fault is observed in
transformer “T-7” due to 133% generation of key gas carbon
monoxide (CO) as depicted in Figure 1(b). Similarly, in
transformer “T-13, the “corona” fault is identified due to
60% generation of key gas hydrogen (H,) as shown in
Figure 1(c). The “arcing” fault is observed in transformer
“T-18” due to 91% generation of key gas acetylene (C,H,)
which is shown in Figure 1(d).

This method is unable to provide numerical correla-
tions between gas types and fault types [5]. This technique
needs a lot of practice for accurate diagnosis of faults in
transformer.

4.2. Roger’s Ratio Method. This technique was proposed in
1973, revised in 1975, and developed in 1977, based on
Halstead’s thermodynamic model [2]. The technique was

TaBLE 2: Gas and Roger’s ratio codes [2].

Gas ratios Ratio code Range Code

<0.1
>0.1, <1.0
>1.0<3.0

<3.0

CH,/H, i

<1.0

C,H,/CH, j 10

—= O NN = O U

<1.0
>1.0<3.0

>3.0

C,H,/C,H,q k

<0.5
>0.5<3.0

>3.0

C,H,/C,H, !

N o= O = O

developed into IEC standard after considering industry
experiences, laboratory experiments, and theoretical study.
CH,/H,, C,H,/CH,, C,H,/C,H,, and C,H,/C,H, are the
four gas ratios studied by Roger’s ratio method. This is a
simple method for identification of faults in transformer
relying on ratio ranges. Identification of faults is achieved
using basic code mechanism relying on ratio ranges as
shown in Tables 2 and 3 [9].

The DGA data of transformer “T-18” is taken from
Table 1 and evaluated using Roger’s ratio code scheme to
identify faults in the transformer. After using Roger’s ratio
code scheme, CH,/H, ratio range is i > 1, and its code = 1.
C,H,/CH, ratio range is j= 1 and its code = 1. C,H,/C,H,
ratio range is k <i and its code =0. C,H,/C,H, ratio range
is 120 and its code=0. Thus, ultimately, “thermal fault
T,<150°C T, <200°C” fault condition is identified which
can be seen in Table 4, and all ratio ranges and their codes
are shown in Table 3.

This method did not consider values of dissolved gases
lower than normal concentration which may lead to many
misread cases [5].

4.3. IEC Ratio Method. The International Electrotechnical
Commission (IEC) adopted Roger’s ratio method with
the exception that ratio C,H/CH, is removed because it
merely indicates narrow range of temperature decomposi-
tion [9]. The left over three gas ratios are sufficient for
the identification of faults in transformer. These faults
have various ranges of codes as compared to Roger’s ratio
method as depicted in Table 4. This method can detect
nine different kinds of transformer faults as depicted in
Table 5 [10].

The DGA data of transformer “T-14” is taken from
Table 1 and is assessed using IEC ratio method for identifi-
cation of faults in it. By applying this method to the given
data, high-energy discharge fault is identified. Each gas ratio
range and corresponding code are as follows: C,H,/C,H, gas
ratio range is >1.0 < 3.0 and its code = 1. CH,/H, gas ratio
range is >0.1<1.0 and its code=0. C,H,/C,H gas ratio
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TaBLE 3: Fault classification using Roger’s ratio codes [2].

Ratio codes

Identification of faults

1/2
1/2

S NN = = O O O O o>
O O O O O O O Of—

1/2 1/2

O O O O O O O = o= O O O|-.

g o O O = = O O

0 1/2

Normal
Partial discharge
Thermal fault T, Ty, <150°C
Thermal fault T,, 150°C< T, < 200°C
Thermal fault T, 200°C < T, < 300°C
Overheating in conductors
Circulating currents in winding
Circulating currents in tank and core, overheated joints
Flashover without power follow-through
Arcing (high energy)
Continuous sparking to floating potential

Partial discharge with tracking (CO), involving solid insulation

TaBLE 4: Overheating in conductor fault identified based on
Roger’s ratio code.

TaBLE 6: High-energy discharge fault identification based on IEC
ratio code.

Concentration
(ppm)
140/152 0.9
95/140 0.6
282/95 2.9
67/282 0.2

Ratio code Gas ratio Code

i CH,/H,

j C,Hg/CH,
k C,H,/C,Hg
! C,H,/C,H,

Overheating in conductors

S = O O

TaBLE 5: Gas and IEC ratio codes [9].

Ratio code Range Code
<0.1 0
>0.1<1.0
21.0<3.0

>3.0

C,H,/C,H, (I)

N =

<0.1
>0.1<1.0
>1.0<3.0

>3.0

CH,/H, (i)

<0.1
>0.1<1.0

>1.0<3.0
>3.0

C,H,/C,H, (k)

N o= O O (NN O

range is k> 1.0 < 3.0 and its code = 1. Hence, finally, “high-
energy discharge” fault condition is identified which can be
seen in Table 6, and all gas ratio ranges and codes are pre-
sented in Table 7.

In any case, it is unable to classify electrical and thermal
faults of transformer into exact subtypes. Power transformer
faults are normally categorized as partial discharges, dis-

Gas ratio Concentration (ppm) Codes
C,H,/C,H, (I) 125/50 25 1
CH,/H, (i) 95/700 0.1 0
C,H,/C,H, (k) 50/38 1.3 1

High-energy discharge fault

TABLE 7: Fault classification based on IEC ratio codes [9].

Ratio codes . . .
10 Fault identifications

Thermal fault T,, 150°C < T, < 300°C
Thermal fault T, 300°C < T, <700°C
Thermal fault T, T, >700°C

I i k

0 0 0 Normal

0 1 0 Partial discharge (low energy)

1 1 0 Partial discharge (high energy)
1 0 1 High-energy discharge

1 0 2 Low-energy discharge

0 0 1 Thermal fault T, Ty, < 150°C
0 2 0

0 2 1

0 2 2

charges of low and high energy, and thermal faults in which
severity relies on fault temperature.

4.4. Doernenburg Ratio Method. In 1970, Doernenburg was
able to find arcing, thermal faults, and corona discharge by
evaluating gas concentration ratios such as CH,/H,, C,H,/
C,H,, C,H,/CH,, and C,H¢/C,H,, as shown in Table 6
[15]. This method is based on the concepts of thermal dete-
rioration. The ratio process is valid in this method if the gas
concentrations (ppm) for hydrogen (H,), methane (CH,),
acetylene (C,H,), and ethylene (C,H,) surpass twice the
value of the fixed limit for each gas and exceed thrice the
value of the fixed limit for CO and C,Hy as shown in
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TaBLE 8: Fault identification for the Doernenburg ratio method [11].

Fault diagnosis CH,/H, (R,)

C,H,/C,H, (R,)

C,H,/CH4 (R,) C,H//C,H, (R,)

Corona (low-intensity PD) <0.1<0.01 Not significant <0.3<0.1 >0.4>0.2
Thermal decomposition >1.0>0.1 <0.75< 1.0 <0.3<0.1 >0.4>0.2
Arcing (high-intensity PD) >0.1>0.01 >0.75> 1.0 >0.3>0.1 <0.4<0.2

TaBLE 9: Gas generation rate of T-11 for the Doernenburg ratio
method [15].

TaBLE 10: Identified fault in “T-11” based on the Doernenburg
ratio method.

Key gases Concentration (ppm) Gas ratio Concentration (ppm)
Acetylene (C,H,) 200 CH,/H, (R,) 1200/1300 0.9
Ethylene (C,H,) 370 C,H,/C,H, (Ry) 200/370 0.5
Ethane (C,Hy) 630 C,H,/CH, (R)) 200/1200 0.1
Methane (CH,) 1200 C,H¢/C,H, (Ry) 630/200 3.1
Hydrogen (H,) 1300 Corona (low-intensity PD)

Carbon monoxide (CO) 790

Table 8 [11]. Each consecutive ratio is then compared with
values to determine the validity of the four ratios. Finally,
if the entire four subsequent ratios for specific fault mode
lie within predetermined values presented in Table 9, then
identification of fault is confirmed.

For better understanding of the Doernenburg ratio
method, the concentration values taken from Table 1 have
been increased for transformer “T-11,” and this method
was used for identification of fault in it.

Each gas ratio range and corresponding code are as
follows:

(i) CH,/H, gas ratio range is R, <0.1 <0.01

(ii) C,H,/C,H, gas ratio range is R, <0.75< 1.0
(iii) C,H,/CH, gas ratio range is R <0.3<0.1
(iv) C,H¢/C,H, gas ratio range is Ry > 0.4 >0.2

Hence, finally, corona (low-intensity PD) fault condition
is identified which can be seen in Table 10.

If all succeeding ratios for a specific fault type fall within
the values given in Table 9, the suggested diagnosis is valid.
Else, the Doernenburg ratio method can lead to considerable
proportion of no decision in many scenarios [15].

4.5. Duval Triangle Method. “Michal Duval” introduced the
Duval triangle in 1979. In this method, methane (CH,),
ethylene (C,H,), and acetylene (C,H,) gases are used
for identification of fault in power transformers. These
gases are generated due to high electrical and thermal
stresses occurred in power transformer. For each of these
gases, methane (CH,), ethylene (C,H,), and acetylene
(C,H,), its individual percentage share in the total con-
centration is determined in accordance with the mathe-
matical expressions using (1) to (3) [16-18]. The sum
of gas percentages must be equal to 100% [16-18]. The
Duval triangle consists of seven different faults as shown
in Table 10.

Consider the proportions of three gases and draw paral-
lel lines on the corresponding sides of the triangle. The dot
visible inside the triangle indicates the fault zone. The main
gas concentrations (ppm) taken are %CH, = 68, %C,H, =21,
and %C,H, =11.

Considering CH, (point A), C,H, (point B), and C,H,
(point C), construct parallel line to JK, KI, and IJ, respec-
tively. These lines intersect at one point which is the fault
indicator region.

wept - 100X C,H, )
*722 T CH, + C,H, + CH,
100 x C,H
%C,H, = 24 2
*¥2M T CH, + C,H, + CH, @)
100 x CH
%CH, = il (3)

- C,H, +C,H, +CH,

Figure 2 depicts the Duval triangle output for concentra-
tion of gases given in Table 11, which indicates that key gas
concentrations %C,H, =11, %CH, =68, and %C,H, =21.
Thus, it identifies fault “mix of electrical and thermal faults.”
The main drawback of this method is that it ignores hydro-
gen (H,) and ethane (C,H) concentrations in fault identifi-
cation [13].

4.6. Relative Percentage of Four Gas Methods. This technique
symmetrically places relative percentage of various gases
(H,, C,H,, C,H,, and CH,) to classify zones according to
the six types of faults in a transformer. The H,, C,H,,
C,H,, and CH, are associated with low-energy electrical
faults, high-energy thermal faults, high-energy electrical
faults, and low-energy thermal faults, respectively. The rela-
tive percentage of four gases is calculated using mathemati-
cal expressions (4)-(7). The sum of gas percentage should
be equal to 100% [2, 13, 14, 19, 20]. The gas concentration
values of transformer “T-17 “are taken from Table 1, and
this technique is applied to identify faults in it. The process
of this technique is depicted in Figure 3. Initially, the relative



International Journal of Energy Research

%C,H,

FIGURE 2: Identified faults in “T-5” using the Duval triangle method.

8

TaBLE 11: Legends of the Duval triangle method [16].
PD Partial discharge
T, Thermal fault 150°C < T,,,, <300°C
T, Thermal fault 300°C< T, <700°C
T, Thermal fault T, > 700°C
D, Low-energy discharge (sparking)
D, High-energy discharge (arcing)
Dy Mix of electrical and thermal fault

percentage of various gases is evaluated. The parallel lines
are drawn for these percentage values. The mid point where
intersection occurs represent the fault identification. For
example, the mid point is T}, “thermal fault” as depicted
in Figure 3. The relative percentages of four gases are 52%
H,, 12% C,H,, 4% C,H,, and 38% CH,.

— CH, x 100 ”
4T CH, + GH, + C,H, + H,
CH. C,H, x 100 )
2727 CH, + G,H, + G,H, + H,
C,H, x 100
%C,H, = 24 6
"7 T CH, + GH, + C,H, + H, (©)
CH, x 100

%H, = ! (7)

CH, +CH, + C,H, + H,

4.7. Three-Ratio Method. This method is based on analysis of
five gases produced due to inner faults in oil-immersed
power transformers. The gases are comprised of hydrogen

(H,), ethane (C,Hy), methane (CH,), acetylene (C,H,),
and ethylene (C,H,) which are divided into three gas ratios
that can be used to identify faults in power transformers as
shown in Table 12. Normal ageing, thermal breakdown, par-
tial discharge, arcing, and combination of thermal and elec-
trical faults, which are presented in Table 13, are identified
by this method [12]. On the other hand, based on tempera-
ture of fault type, each fault has a different severity level
[21-23]. This method proposes three gas ratio combinations
as shown in

R = C,Hq + C,H,

* H,+GCH,
C,H, + CH
R, = 22 4 (8)
C2H4
RC _ C2H2
C2H4

The DGA data from Table 1 of transformer “T-17” is
taken, and the three-ratio method is implemented in order
to assess the faults in transformer [21]. By applying data to
this method, the thermal fault of 300 < T, < 700°C is iden-

tified. Each gas ratio range is as follows:
(i) R, gas ratio range is 0.05 <R <0.9

(ii) Ry gas ratio range is 1 <R, <3.5
(iii) R, gas ratio range is 0.05<R_<0.5

Hence, finally, “thermal faults of 300 < T, <700°C”

fault condition is identified which can be seen in Table 14.
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FiGure 3: Identified fault in “T-17” using relative percentage of four gases.

TaBLE 12: Specification of code rule based on three-ratio
method [12].

R, R, R

R, <0.05 R, <1 R.<0.05
0.05<R,<0.9 1<R, <35 0.05<R.<0.5
R,>0.9 Ry >3.5 R.>0.5

5. Comparison of Various DGA Methods

To compare the performance of various DGA methods, the
different transformers installed in “RAWAT” in Islamabad
and “UCH “power station in Balochistan, Pakistan, are con-
sidered. The considered transformers have different ratings
such as 450 MVA, 250 MVA, 1600kVA, and 1000kVA.
These transformers are tested in the laboratory, and the gen-
erated gas data of various transformers are obtained and are
summarized in Table 1.

(i) The DGA data of transformers “T-3, T-7, T-13,
and T-18” are taken from Table 1, and key gas
method is applied to them. The faults “overheat
of oil,” “overheat of cellulose,” “corona,” and “arc-
ing” are detected, respectively, in the above-
mentioned transformers by using key gas method
as displayed in Figures 1(a)-1(d). But this method
is unable to provide numerical correlations
between gas types and fault types, since accurate
diagnosis requires a lot of practice

(ii) The DGA data of transformer “T-18” from Table 1

(iii)

(iv)

(v)

is taken, and Roger’s code scheme is applied to it.
The overheating in conductor fault is identified as
shown in Table 4. This method did not consider
values of dissolved gases lower than normal con-
centration which may lead many misread cases

For better understanding of the Doernenburg ratio
method, the concentration values have been
increased for transformer “T-11” DGA data given
in Table 1 and applied to this method. The corona
(low-intensity PD) fault is identified which is shown
in Table 10. However, when gas concentrations sur-
pass the limit, faults are identified. As a result of
inadequate ratio ranges and method’s irrelevance,
the Doernenburg ratio method can result in consid-
erable proportion of no decision in many scenarios

The IEC ratio code scheme is employed to DGA
data of transformer “T-14” taken from Table 1.
The high-energy discharge fault is identified in
transformer based on IEC ratio code scheme as
shown in Table 6. In any case, it is unable to clas-
sify electrical and thermal faults of transformer
into exact subtypes. The Rogers ratio and Doer-
nenburg ratio method identified fault as “arc with
power follow-through” and “arcing” concurrently;
however, IEC ratio method fails to identify fault
and indicates “not identified” as shown in Table 15

Acetylene (%C,H,) =11, methane (%CH,) =68,
and ethylene (%C,H,) =21 are the calculation of
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TaBLE 13: Identification of fault coding used on three-ratio method [12].
Gases ratio code

R, R, R, Fault type
0.05<R,<0.9 NS R.<0.05 Thermal faults T, T, < 150°C
R,>0.9 R,>3.5 R_<0.05
R,>0.9 R,>3.5 0.05<R_<0.5

Thermal faults T,, 150 < T',,,,, < 300°C
0.05<R,<0.9 R, >3.5 0.05<R.<0.5 P
0.05<R,<0.9 Ry >3.5 R, <0.05
R,>0.9 1<R, <35 R_<0.05
R,>09 1<R, <35 0.05<R <0.5 .

Thermal faults Ty, 300 < T, <700°C
0.05<R,<0.9 1<R <35 0.05<R.<0.5 P
0.05<R,<0.9 1<R, <35 R.<0.05
R,>0.9 Ry<1 R_<0.05
R,>09 Ry <1 0.05<R.<0.5 )

Thermal faults T, T.,,, >700°C
0.05<R,<0.9 Ry<1 0.05<R <0.5 P
0.05<R, <0.9 Ry<1 R_<0.05
0.05<R,<0.9 R,>3.5 R 205
Low-energy discharge
R,>0.9 R, >3.5 R 205
0.05<R,<0.9 R, <35 R 205
High-energy discharge

R, <0.05 R, <35 R.205
R, <0.05 Ry>1 R, <0.05

Low-energy corona partial discharge
R, <0.05 Ry>1 0.05<R_<0.5
R, <0.05 R,>1 R 205 High-energy corona partial discharge
R,>0.9 R, <35 R.>0.5 Mix of electrical and thermal fault

TaBLE 14: Identification of fault in
ratio method [22, 23].

“T-17” using coding of three-

15, and T-16,” but other all methods identified
faults in these transformers

Gas ratio Concentration (ppm) (vii) Three-ratio method identified faults in all trans-
HA+C.H formers except “T-5” and “T-7”
. CHetCH, 12.800 +4.701/17.737 + 1.037  0.932193
H+CH, (viii) In this comparative performance study, various
C,H,+CH, DGA methods take into account the facts of the
R, CH 1.037 + 14.606/4.701 3.32759 entire fault identification methods and ultimately
S identify real incipient faults of power transformers.
C,H i
) »H, 1.037/4.701 0.220591 Hence., bY.com.paratlve study of all. thes.e seven
C,H, fault identification DGA methods, identification

Thermal faults of 300 < T, < 700°C

the transformer “T-16” taken from Table 1 and the
“thermal fault T}, 300°C < T, <700°C” is identi-
fied utilizing the Duval triangle method as depicted
in Figure 2. The main drawback of this method is
that it ignores hydrogen (H,) and ethane (C,Hy)
concentrations in fault identification, despite their
significance in identifying specific types of faults

(vi) The relative percentage of four gas methods did
not identified faults in transformers “T-5, T-7, T-

of all type faults is possible such as partial dis-
charge (PD) of with and without arcing, thermal
faults with various ranges (300°C-700°C), arc-
associated power follow, discharge of high energy,
arcing, and mix of thermal and electrical faults.

The performance accuracy of each technique has been
assessed as shown in Table 16. The accuracy is considered
only for the total number of cases (T.). The percentage of
accuracy is calculated using [13]

T
A = =X %100 (9)
T

C
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TaBLE 15: Fault identification results of each DGA methods.
Roger’s ratio IEC ratio  Doernenburg  Duval triangle . Relative percentage of Key gas
$. no. method method ratio method method Three-ratio method four gas methods method
T-1 T2 T2 Thermal T1 T1 NR NR
decomposition
T-2 NI T2 Thermal T1 T1 T2 NR
decomposition
T-3 T2 T3 PD T2 T3 T3 NI
T-4 T2 T2 NI NI T2 T1 PD
T-5 NI NI NI NR NI NI Overheat of oil
T-6 T3 T3 NI NR T3 T2 NR
T-7 NI NI T1 NR T3 NI Overheat of
cellulose
T-8 T2 T3 NI NI NI T3 Arc
T-9 T4 T3 NI T2 T3 T3 PD
T-10 T1 T3 NI NR T3 NI PD
T-11 DI NI Thermal DT DI T2 NI
decomposition
T-12 T3 T2 NI NI T2 NR NR
T-13 NI NI Thermal D1 D2 T1 Overheat of oil
decomposition
T-14 NI PD Arc D2 D1 D2 Overheat of
cellulose
T-15 T1 NI T1 NR D2 NI Overheat of oil
T-16 T3 T3 NI NR T1 NI Arc
T-17 NI NI T1 NR T1 PD Overheat of oil
T-18 T3 PD Arc T2 T3 T2 NI
T-19 NI F6 T1 DT D2 NR F3
T-20 T3 T3 NI NR NR T3 NR
T-21 T3 T2 NI NR T3 T2 Overheat of
cellulose
T-22 T1 NI NI NI T1 T2 Overheat of oil

TABLE 16: Performance accuracy comparison of each DGA method.

Total cases T Roger’s ratio  IEC ratio Doernenburg ~ Duval triangle Three-ratio  Relative percentage of ~ Key gas
¢ method method ratio method method method four gas methods method

Number of total
predictions TP 22 22 22 22 22 22 22
Total right

e 15 16 11 18 20 17 19
predictions T,
Total wrong ; p 1 4 5 5 3
predictions T,
Total accuracy A, 68% 72% 50% 81% 90% 77% 86%

where A, is for the total number of accuracy, T, is the total
number of right predictions, and T. represents the total
number of cases.

In this research, considering the concentration of key
gases such as hydrogen (H,), ethylene (C,H,), acetylene
(C,H,), ethane (C,Hy), methane (CH,), carbon dioxide
(CO,), and carbon monoxide (CO), the faults recognized
by seven DGA techniques provide diverse conditions for

similar sample unit given in Table 1. Figure 4 indicates the
percentage prediction of all seven DGA methods. It is
depicted that the IEC and Roger’s ratio methods have an
accuracy of 72% and 68%, respectively. The performance
accuracy of the Doernenburg ratio method in identifying
faults in power transformer is 50%. The key gas and the
Duval triangle techniques have succeeded in identifying
faults in power transformer for less than 90% accuracy. This
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FIGURE 4: Performance accuracy comparison of each DGA method.

is equivalent to 17 cases out of a total of 22, followed by rel-
ative percentage of four gases with an accuracy of 77%. Cel-
lulose degradation is identified individually because none of
these methods include the interpretation of carbon monox-
ide and carbon dioxide. Three-ratio method has succeeded
in identifying faults of power transformer approximately
90%. Thus, we can say from the above discussion that the
three-ratio method is the most accurate (90% accuracy)
method in identifying the faults in power transformers
installed in “RAWAT” NTDC grid station in Islamabad
and “UCH-II” power station in Balochistan, Pakistan.

6. Conclusions

Power transformer is an essential element of an electrical
energy system. There are certain faults occurred in power
transformer due to electrical and thermal stress. An accurate
and timely evaluation of a transformer’s condition is neces-
sary for its efficient and secure functioning. The dissolved
gas analysis (DGA) method is well regarded as a viable tech-
nique for assessing transformer’s fault conditions. The trans-
former oil is an important information carrier that gives
perception on all transformer’s faults and enables for the
timely application of the most appropriate repair measures.
However, a successful gas-in-oil analysis is required, and
its success is contingent on DGA method’s proper execution.

The DGA method has been popular for almost 40 years
due to its effectiveness and appropriate methods for diagnos-
ing faults in transformers. As a result, power companies have
teamed up with the oil diagnostic industry to utilize
enhanced measuring mechanism for gas-in-oil assessment,
as well as develop statistical interpretation methods for fault
diagnosis. In this research work, the main focus is on the
detailed comparative performance study of various DGA
techniques (Roger’s ratio, key gas, IEC ratio, Doernenburg
ratio, Duval triangle, three-ratio method, and relative per-

centage of four gases) for evaluation of different faults in
power transformer. The comparative points are as follows:

(i) Partial discharge faults are low-intensity faults that
arise at minimal temperature, but they can be
accompanied with arcing discharges that produce
high quantities of methane, hydrogen, and acety-
lene in some situations

(i) Thermal faults exceeding 500°C produce huge vol-
umes of ethylene, methane, hydrogen, and
acetylene

(iii) For temperatures above 1000°C, the volume of
gases generated rapidly increases

(iv) Arcing discharge faults have a substantially faster
energy dissipation rate, resulting in the highest
hydrogen and acetylene concentrations

(v) The performance accuracy of IEC and Roger’s
ratio technique in identifying faults in power trans-
former is 72% and 68%, respectively

(vi) The Doernenburg ratio method demerits over the
IEC and Roger’s ratio methods, and it does not
provide the faults’ detail

(vii) The key gas and the Duval triangle mechanisms
have succeeded in identifying the faults in power
transformer with accuracy of 86% and 81%,
respectively

(viii) The relative percentage of four gases identified
faults in 17 cases out of a total of 22 transformers,
which indicates an accuracy of 77%

(ix) The cellulose degradation is identified individually
because none of these methods include the
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interpretation of carbon monoxide (CO) and car-
bon dioxide (CO,)

(x) The three-ratio method has 90% accuracy in iden-
tifying the faults in power transformer

(xi) Thus, we can conclude that three-ratio method is
optimal and the most accurate technique in identi-
fying the faults in power transformer

This research work has compared the performance of
various DGA techniques for fault identification in trans-
formers. The limitations of DGA techniques are taking lon-
ger time in fault identification, high cost of gases, and low
concentration of gases that might result in failure of fault
identification. In the future, this work can be extended to
incorporate machine learning and AI algorithms for identi-
fication of faults in transformer. Furthermore, soy seed-
based oils and natural ester can be utilized for transformer’s
status monitoring.
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