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The power transformer is one of the most important and critical assets involved in the grid and, at the same
time, one of the most expensive. Several transformer condition parameters allow to assess the degradation of
assets. These help in the decision-making process on the operation, repair, refurbishment, or replacement of
transformers. Dissolved gas analysis (DGA) is one of the most commonly used methods to manage maintenance
and establish the health index of power transformers, as well as to identify the type of fault. This paper
examines and explores the studies related to graphical methods for the identification of faults in power
transformers that had been developed over the last almost 50 years. The main types of faults and the sub-types
presented in the analysed studies are compiled in this paper. The main differences between the methods in
terms of their graphical representation, number of gases used, type of data used from the DGA results, and
number of faults and sub-faults identifiable in each of them, are also presented. The application of the reviewed

methods was carried out using two real DGA results.

1. Introduction

Oil-immersed power transformers are one of the most important
assets in the power grid. Power transformers are used in the generation,
transmission, and distribution of electricity, and they are the founda-
tion of the power grid [1]. Power transformers are highly reliable grid
assets, but like all assets, they are susceptible to failure. In addition,
there are many degradation mechanisms that can occur in both com-
ponents and subsystems that will reduce the useful life of the asset [2].
Some transformer condition parameters need to be assessed in order
to detect asset degradation. This helps in the decision-making process
regarding transformer operation, repair, refurbishment, or replacement.

Dissolved gas analysis (DGA) is one of the most commonly used
methods to manage maintenance and determine the health index of
power transformers [3,4]. DGA measures the concentration of gases
in transformer oil. The gases normally measured are hydrogen (H,),
methane (CH,), acetylene (C,H,), ethylene (C,H,), ethane (C,Hg),
carbon monoxide (CO), and carbon dioxide (CO,). These gases are
produced by the decomposition processes of insulation, which are
caused by active faults. From the gas concentrations obtained in the
DGA results, it is possible to identify the type of fault.

Traditional methods for interpreting incipient faults in power trans-
former oil, developed in the 1970s, used several gas ratios. These
methods are the Doernenburg ratio method (DRM) [5,6], the Rogers
ratio method (RRM) [7], and the IEC ratio method (IRM) [8]. The Key
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Gas Method (KGM) [9], developed by Doble Laboratories (1973), uses
the individual concentrations of four gases to identify the fault. It was
also in this decade that the first graphical fault identification methods
were developed. The first method was developed by Fallou et al. [10]
and the second was the first version of the Duval triangle method (DTM
1) [11]. The first method calculates two ratios from the concentrations
of 4 gases, which are plotted on a 2-axis graph to identify the type of
fault. DTM 1 uses three gases corresponding to the increasing energy
content or temperature of the faults to identify the type of fault in the
transformer. Another graphical method, the PEM (propylene, ethylene,
methane) method [12], was developed in 1979. The PEM method
correlates the theoretical thermodynamic formation of C; hydrocarbon
gases with oil temperatures in the range of 220-820 °C.

Currently, methods based on artificial intelligence (AI) or Al com-
bined with traditional techniques are being developed to identify faults
in power transformers. In [13], five different DGA techniques are used
to identify the type of fault: conditional probability, clustering, DTM 1,
RRM, and artificial neural network (ANN). In [14], DTM 1 and ANN are
used for multi-fault diagnosis. Another DGA approach for transformer
fault identification based on the combination of techniques is presented
in [15], where ANN and conditional probability are used. Combinations
of RRM, DRM and IRM with fuzzy logic (FL) or ANN are devel-
oped in [16] to improve diagnostic accuracy. With the same aim of
improving power transformer fault diagnosis, an optimized ANN-based
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Nomenclature

Abbreviations

A

Al
ANN
C
C,H,
C,H,
C,Hq
C;Hg
C;Hg
CH,
CNN
Cco
CO,
D+ T
D+ T1
D+ T2
D+ T3
D1
D1-H
D1-P
D2-H
D2-P
DGA
DPM
DRM
DSAE
DTM
ETRA

FGT
FL

D2
HCCD
IRM
KGM
LCCD
MCCD

OL
OLTC
PD
PEM
RRM

T1
T1-C

T1-O
T2
T2-C

Arcing

Artificial intelligence

Artificial neural network

Possible carbonization of paper

Acetylene

Ethylene

Ethane

Propylene

Propane

Methane

Convolutional neural network

Carbon monoxide

Carbon dioxide

Mixture of electrical and thermal faults
Mixture of electrical and thermal fault T1
Mixture of electrical and thermal fault T2
Mixture of electrical and thermal fault T3
Discharges of low energy

Arcing fault (D1) in mineral oil only
Arcing fault (D1) in paper insulation only
Arcing fault (D2) in mineral oil only
Arcing fault (D2) in paper insulation only
Dissolved gas analysis

Duval pentagon method

Doernenburg ratio method

Double-stacked autoencoder method

Duval triangle method

Electric Technology Research Association
(Japan)

Universal fault gas triangle

Fuzzy logic

Pyrolysis or thermal decomposition
Hydrogen

Discharges of high energy

High concentration of cellulose degradation
IEC ratio method

Key gas method

Low concentration of cellulose degradation
Medium concentration of cellulose degrada-
tion

Overheating of paper or mineral oil
(<250 °C)

0Oil leakage from OLTC

On-load tap-changer

Partial discharges

Propylene, ethylene, methane [method]
Rogers ratio method

Stray gassing

Thermal faults (<300 °C)

T1 with likely involvement of paper, show-
ing carbonization

T1 without carbonization of solid insulation
Thermal faults (300-700 °C)

T2 with high likelihood of paper involve-
ment

T2-O0 T2 but unlikely to involve solid insulation
or paper carbonization

T3 Thermal faults (>700 °C)

T3-C T3 with paper involvement (carbonization)

T3-H T3 in mineral oil only

approach is used in [17]. A novel double-stacked autoencoder (DSAE)
based diagnosis method is proposed in [18] to achieve a reliable,
accurate, and faster diagnosis than other methods. Other Al techniques,
such as convolutional neural network (CNN) [19] or support vector
machine (SVM) [20], were also used to improve the accuracy of fault
identification methods. According to [13,14,18], there is a gap in the
development of fault identification methods for power transformers
using Al techniques and it is still an open topic for research and
development, as more reliable diagnostic methods are needed.

As indicated, the current trend is to use Al in the identification
of faults in the insulation of power transformers, usually based on or
supported by some of the methods already developed. Therefore, the
aim of this study is to help in the selection of the fault identification
method with graphical representation in which new Al-based methods
will be developed. This work focuses on graphical methods of fault
identification of power transformers immersed in mineral oil, the de-
velopment of new and improved methods, the faults identifiable by
each method, the gas concentrations used, the graphical shapes of the
methods, the equations and ratios used, and future trends in fault iden-
tification. The novelty of this review lies in the comprehensive review
of twenty-seven graphical fault identification methods published up to
2023 in journal articles, conference proceedings, standards/guidelines,
patents and doctoral theses. This study also presents the evolution of
graphical fault identification methods in terms of the number of faults
they report, the number of gases they use, how DGA results are used
to identify the fault, and the equations and procedures they use. This
review is intended as a starting point for the development of new fault
identification methods that can combine graphical methods with Al
techniques.

The paper is structured as follows: Section 1 introduces the back-
ground, the contributions, and the novelty of the work. Section 2
describes the methodology followed in this work. Section 3 presents the
review of all fault types identifiable using the DGA results presented in
each of the methods reviewed, from the 1970s to 2023. All methods for
the identification of power transformer insulation faults with graphical
representation are explained in Section 4. Section 4.1 presents the
procedures and equations used in each of the methods considered and
shows the results of the methods when using two DGA results. Section 5
discusses the characteristics of the fault identification methods, as
well as the future trend in fault identification using the DGA. Finally,
Section 6 presents the conclusions.

2. Methodology

This section presents the methodology used in this study to ob-
tain, review and extract data from the publications containing graph-
ical methods for identifying insulation faults in oil-immersed power
transformers. The flowchart of the methodology used is shown in Fig. 1.

The first step was to search for publications in scientific databases
such as ScienceDirect, IEEE Xplore, and Google Scholar. The keywords
used in combination to search for publications were DGA, dissolved gas
analysis, power transformer, fault insulation, and graphical method. In
addition to searching the scientific databases, several important stan-
dards, guidelines or manuals were consulted, including IEC and IEEE
(included in the IEEE Xplore database) standards, and CIGRE technical
brochures. No time limit was applied to this search, as the study aimed
to collect all graphical methods of transformer fault identification.
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Fig. 1. Flowchart of the methodology followed in this study.

The second step was to include or exclude the articles found based
on whether or not a graphical method was developed. Some of the
excluded articles were related to defect identification using methods
that did not present a graphical representation or developed Al-based
methods. Some of the most recent publications found that develop Al-
based methods are used in Section 1 to establish the current trend
in this topic. As an additional task, the excluded publications were
classified according to the AI techniques used for future related studies.

The initial search and classification of publications according to
whether or not a new or updated graphical method was developed
resulted in several methods presented in this study. However, in some
cases, additional searches were necessary to find the original document
in which the graphical method was first presented; this was the third
step of the methodology. For example, in the case of graphical methods
described in standards, it was necessary to find the original publication;
in other cases, the methods presented were in publications, but the
original publication describing them corresponded to patents. This step
required the assistance of library technicians to locate or obtain a
copy of the original publication, particularly for of old articles and
conference papers.

The fourth step consisted of a review of the faults identified by each
method, as well as a thorough review of each of the graphical fault
identification methods and the diagnostic process used by each method.

Finally, in the fifth step, the results of the review of the graphical
methods for identifying faults in the insulation of oil-immersed power
transformers were discussed.

3. Power transformer faults identifiable by DGA results

At the beginning of the development of DGA in the 1970s, the
first methods developed and collected in the first edition of the IEC
60599 (1978) and IEEE Std C57.104 (1978) guides, such as DRM, RRM,
and IRM, identified three, eleven, and eight fault types respectively.
According to the latest versions of the IEC [8] and IEEE [9] guidelines,
the number of main faults in power transformer insulation has been
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Table 1
Basic types of identifiable faults and gases generated [8,9].

Fault type Gas generated

H, CH, GH, GH, GCH
Discharges of low energy D1 . . °
Discharges of high energy D2 . . °
Partial discharges PD . °
Thermal faults (<300 °C) T1 o . . .
Thermal faults (300-700 °C) T2 o ° . o
Thermal faults (>700 °C) T3 o ° .

. major concentration; o: secondary concentration; -: trace concentration.

simplified to six. These six basic types of potential faults are divided
into two groups: thermal faults and electrical faults.

Thermal faults are classified according to temperature, as the effects
are different. If browning of the paper is detected, it is a thermal fault
in oil or paper with temperature <300 °C (T1). If there is carbonization
of the paper, the temperature reached is >300 °C (T2). Finally, if there
is strong evidence of carbonization of the oil, metal discolouration
(800 °C) or even metal fusion (>1000 °C), it is a thermal fault >700 °C
(T3).

Like thermal faults, electrical faults are identified by their effects.
If X-wax is deposited on the paper, there are partial discharges (PD) of
the corona type. If the effects are carbonized perforations through the
paper, carbonization of the paper surface, or carbon particles in the oil,
the potential fault is low energy discharges (D1) or partial discharges of
the sparking type. High energy discharges (D2) in oil and/or paper are
evidenced by large destruction and carbonization of paper, metal fusion
at the discharge ends, large carbonization in oil, and even transformer
tripping.

Table 1 shows the six basic types of fault described and the com-
bustible gases generated in each of them.

The DTM 1 (in the third version of the method) added a new zone to
the graphical representation, a mixture of thermal and electrical faults
(D+ T), one of the first sub-types of faults listed in Table 2.

The creation of Duval triangles 4 (DTM 4) and 5 (DTM 5) for
low temperature faults resulted in three new sub-types of thermal
faults [27,28]. These three new sub-faults indicate low temperature gas
generation (stray gassing — S), overheating of paper or mineral oil (O)
at temperatures <250 °C, or possible carbonization of paper (C).

The fault identification method developed in [23,24], called the
Gatron triangle, included a new zone indicating oil leakage or oil
contamination (OL) from on-load tap-changer (OLTC) gases. This iden-
tification of oil contamination was not included in any of the earlier
or later methods. Communication between the main tank and the
OLTC compartment only appears in the IEC [8] and IEEE [9] guides.
These guides indicate that this oil communication is possible when
the C,H,/H, ratio is greater than two or three. This identification is
important because gas leakage between oil compartments can influ-
ence the DGA results and the identification of transformer insulation
faults [8,9,29].

The modification of DTM 1 made in [30], includes three new sub-
types of D+ T faults. In this case, the type of basic thermal fault present
is indicated by adding the number of the thermal fault (1, 2, or 3).

Three new zones are defined in the heptagon graph [21] to indicate
cellulose (paper) degradation. These three zones indicate three levels of
paper degradation, high, medium, and low degradation. When the solid
insulation of power transformers is subjected to heating, the cellulose
generates CO and CO,. High concentrations of these gases are indicative
of thermal ageing/degradation of the cellulose insulation [21].

A new sub-type of thermal fault was created in the first version of
the Duval pentagon 2 (DPM 2) [31]. This new fault indicates thermal
fault (>700 °C) in mineral oil only (T3-H). Recently, the new versions
of DPM 1 and 2 [25] and DTM 1 [26], developed in 2022, allow to
distinguish arcing faults in paper and in oil. These new versions split
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Table 2
Sub-types of identifiable faults [8,9,21-26].
C Possible carbonization of paper
D+ T Mixture of electrical and thermal faults
D+ T1 Mixture of electrical and thermal fault T1
D+ T2 Mixture of electrical and thermal fault T2
D+ T3 Mixture of electrical and thermal fault T3
D1-H Arcing fault (D1) in mineral oil only
D1-P Arcing fault (D1) in paper insulation only
D2-H Arcing fault (D2) in mineral oil only
D2-P Arcing fault (D2) in paper insulation only
HCCD High concentration of cellulose degradation
LCCD Low concentration of cellulose degradation
MCCD Medium concentration of cellulose degradation
(0] Overheating of paper or mineral oil (<250 °C)
OL Oil leakage from OLTC
S Stray gassing
T1-C Thermal fault (<300 °C) with likely involvement of paper, showing carbonization
T1-O Thermal fault (<300 °C) without carbonization of solid insulation
T2-C Thermal fault (300-700 °C) with high likelihood of paper involvement (probability of 80%)
T2-0 Thermal fault (300-700 °C) but unlikely to involve solid insulation or paper carbonization
T3-C Thermal fault (>700 °C) with paper involvement in the fault (carbonization)
T3-H Thermal fault (>700 °C) in mineral oil only

the D1 and D2 fault zones depending on whether the fault is in oil
(D1-H and D2-H) or in paper (D1-P and D2-P).

Five new sub-types of faults collected in [22] combine the three
basic types of thermal faults with the sub-types of low-temperature
thermal faults developed in the DTM 4 and 5 [27,28], and the DPM
2 [31].

Table 2 shows the sub-types of faults discussed, which are used by
the graphical fault identification methods reviewed in this paper.

4. Graphical fault identification methods

Graphical fault identification methods, based on ratios or relative
percentages of gas concentrations, identify the type of fault in the
transformer. In several of the methods reviewed, it is possible to see the
trend of faults by plotting several DGA results over time for the same
transformer. This makes these methods very interesting for utilities to
use in their asset performance management systems.

One of the first graphical methods was the PEM method [12],
developed in Thailand and Japan in 1979. The PEM method uses the
relative percentages of propylene (C;Hg), C,H,, and CH, to obtain
the theoretical values of the transformer oil temperature from 227 to
827 °C, as shown in Fig. 2. It should be noted that this theoretical
temperature can be very different from the actual temperature, and
should therefore only be used with caution [12]. It should also be noted
that this method does not indicate the actual type of fault, but rather
the theoretical oil temperature, so it was not included in the following
parts of the review.

Twenty-six fault identification methods with graphical representa-
tion or improvements of some of them developed in the last fifty years
or so were found. Fig. 3 shows the distribution by country of the main
authors of the graphical fault identification methods reviewed. In the
case of the method developed by Fallou et al. [10], since several authors
from different countries are involved, it was decided to locate it in the
country of the Working Group of the Study Committee that performed
the work, in this case France.

Fig. 3 shows that the countries with the highest number of de-
veloped methods are Canada, Egypt, South Korea, and Japan. These
methods include those developed by the Japan Electric Technology
Association (ETRA). In addition, Fig. 4 shows the number of graphical
fault identification methods developed each year during this period.
From 1970 up to and including 1980, six graphical methods were
developed, and the remaining twenty methods were developed from
1999 onwards.

Table 3 lists all the graphical methods analysed in this work, from
oldest to newest.

Fig. 2. PEM method [12].

One of the most important differences between the methods is the
shape of the graphical representation. There are several methods that
use 2-, 3-, or 8-axis charts, others that use 3-, 4-, 5-, or 7-sided polygons,
one method that uses a nomogram, and another that uses a nomograph.
One of the polygon methods uses a 4- or 5-sided polygon, depending
on the gas concentrations converted to relative percentages. The shape
of each method is shown in Table 3.

The number of gases used is also a major difference between the
methods. This number varies from three to seven gases. In addition
to the number of gases, Table 3 shows the individual gases used in
each method analysed. The methods that use the least number of
gases, in this case three gases, are those that have a triangle-shaped
graphical representation and use the relative percentages of the gas
concentrations. Each relative percentage of gases is plotted on each side
of the triangle to identify the fault. As an exception, the Gatron triangle
has a triangular shape but uses seven gas concentrations. To calculate
the relative percentage it uses on one side, the Gatron triangle does the
sum of five gas concentrations. There are also two other methods using
seven gas concentrations: the heptagon graph [21] and the nomograph
method [34,35]. The Gatron triangle uses propane (C;Hg) and C;Hy as
the sixth and seventh gas, while the heptagon graph and the nomograph
method use CO and CO,; the other five gases used being the main
combustible gases measured in the DGA.

Table 3 also shows the type of data used. Several methods use the
ratios of gas concentrations to plot them on 2- or 3-axis graphs, shown
in the last column of Table 3 as Ratios. Most methods use relative
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Fig. 4. Number of graphical methods developed per year and cumulative number.

percentages of gas concentrations according to the number of gases
used (shown in Table 3 as Gas %). There is one method that uses three
ratios of five gases, and then converts them to relative percentages,
shown in Table 3 as Ratios + %. This method was developed by Gouda
etal. [51] in 2019. Finally, two methods use gas concentrations in ppm
without converting them into relative percentages. These two methods
are the nomograph method [34] and the radar charts method [40] .
The use of gas concentrations in ppm is indicated in the last column of
Table 3 as ppm, but as the radar charts method additionally uses the
sum of gas concentrations on one of its axes, this case is indicated in
Table 3 as ppm & sum.

The main difference between all the methods is the number of faults
and sub-faults they are able to identify. The number and type of faults
and sub-faults that each of the graphical methods can identify is shown
in Table 4. The number of faults and sub-faults identifiable by the
methods ranges from three to twelve.

The method that identifies the least number of faults or sub-faults
is the method presented by Fallou et al. [10], which identifies three

nomogram is able to identify the following fault mixtures:

1. Sparking, creeping discharge

2. Overheating passing into PD

3. Overheating passing into arcing

4. Overheating passing into discharges

The combined Duval pentagons method, as the name suggests, is
able to identify all the faults that identify DPM 1 and DPM 2, mixing
the basic thermal fault types T1 and T2, and the sub-types O and C, and
mixing T3 and C. In the heptagon graph, the number of faults identified
increases because it is able to identify paper degradation. This method
identifies three levels of degradation. In the radar charts method, the
faults identified are a mixture of the faults and sub-faults. The list of
faults identified by this method are:

. Low energy PD, ageing

. High energy PD and low temperature heating
PD and low temperature heating (X-wax)

. High energy PD

. Thermal insulation breakdown

. Low energy PD and high temperature heating
. Ionization insulation breakdown

NoOUA WM
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Table 3
Shape, number of gases, and data type for each graphical method.
Author Year Shape No.gases Gases used Data type
Fallou et al. [10] 1970 2-axis chart 4 H,, CH,, C,H,, C,H, Ratios
Duval [11,26,32,33] 1974/ Triangle 3 CH,, C,H,, C,H, Gas %
(DTM 1) 1989/
1999/
2022
Church et al. [34,35] 1975 Nomograph 7 H,, CH,, C,H,, C,H,, C,H¢, CO, CO, ppm
(Nomograph)
Doernenburg and Hutzel 1977 2-axis chart 5 H,, CH,, C,H,, C,H,, C,H¢ Ratios
[6]
ETRA [36,37] 1980 2-axis chart 3 C,H,, C,H,, C,Hg Ratios
(ETRA Square)
ETRA [36,38] 1980 Nomogram 5 H,, CH,, C,H,, C,H,, C,H{ Ratios
(Nomogram)
IEC 60599 [8,33] (IRM) 1999 2 & 3-axis charts 5 H,, CH,, C,H,, C,H,, C,H, Ratios
ETRA [37,39] 1999 2-axis chart 3 C,H,, C,H,, C,Hg Ratios
(ETRA Square 2)
Duval [27,28] (DTM 4) 2008/ Triangle 3 H,, CH,, C,Hq Gas %
2012
Duval [27,28] (DTM 5) 2008/ Triangle 3 CH,, C,H,, C,Hq Gas %
2012
Brisel and Sasum [23,24] 2009 Triangle 7 H,, CH,, C,H,, C,H,, C,Hy, C;H,, C;Hy Gas %
(Gatron triangle)
Davydenko [40] 2009 8-axis chart 7 H,, CH,, G,H,, C,H,, C,H¢, CO, CO, ppm & sum
Mansour [41] 2012 Pentagon 5 H,, CH,, C,H,, C,H,, C,Hq Gas %
Moodley and Gaunt [42] 2012 Triangle 3 H,, CH,, CO Gas %
Kim et al. [43] 2013 2-axis chart 5 H,, CH,, C,H,, C,H,, C,H, Ratios
Kim et al. [44,45] 2013 2-axis chart 5 H,, CH,, C,H,, C,H,, C,H{ Ratios
Lee et al. [46] 2013 Square 4 H,, CH,, C,H,, C,H, Gas %
Lee et al. [46] 2013 2-axis chart 4 H,, CH,, C,H,, C,H, Gas %
Duval and Lamarre 2014/ Pentagon 5 H,, CH,, C,H,, C,H,, C,H{ Gas %
[25,47] (DPM 1) 2022
Mansour [48] 2015 Pentagon 5 H,, CH,, C,H,, C,H,, C,H{ Gas %
Duval [25,31] (DPM 2) 2016/ Pentagon 5 H,, CH,, C,H,, C,H,, C,H{ Gas %
2022
Spremic [30] 2017 Triangle 3 CH,, G,H,, C,H, Gas %
Kim and Seo [49,50] 2017 Square 4 H,, CH,, C,H,, C,H¢ Gas %
Gouda et al. [21] 2018 Heptagon 7 H,, CH,, C,H,, C,H,, C,H¢, CO, CO, Gas %
Gouda et al. [51] 2019 Triangle 5 H,, CH,, C,H,, C,H,, C,H¢ Ratios + %
Cheim et al. [22] 2020 Pentagon 5 H,, CH,, C,H,, C,H,, C,H, Gas %
Emara et al. [52] 2021 Square andpentagon 5 H,, CH,, C,H,, C,H,, C,H{ Gas %
Ratios: Ratios of gas concentrations;
Gas %: Relative percentages of gas concentrations;
ppm: Gas concentrations in ppm;
ppm & sum: Gas concentrations in ppm and sum of gas concentrations with scaling factor for CO and CO,;
Ratios + %: Ratios of gas concentrations and then conversion to relative percentages.
8. H%gh energy Pp and high temperature heating 12 [ No. of methods ° ]
9. High energy discharge (arc) ...‘
10. High energy discharges and high temperature heating 11 12 3 4 1
11. High temperature heating, ageing of insulating materials 2 10 A Ay
12. High temperature heating due to ferroresonance 3
8
o 9
Although not shown in Table 4, the only method with a graphical §
=
representation that identifies the normal state of the transformer is e 8
(7]
the one produced by Moodley and Gaunt [42,53]. The other methods T 7
. . . . . . . =
do not indicate this, as it is assumed that if any gas concentration °
value exceeds the limits, there is a fault and the graphical method 2 6
is used to identify it. In contrast, if none of the gas concentrations 5
exceeds a threshold, the power transformer is considered to be in
normal condition, and no fault identification method is required. 4
Fig. 5 shows the number of faults and sub-faults identifiable by 3@ 1
the graphical methods over time. The trend (represented by the red 1970 1980 1990 2000 2010 2020

line) shows that the number of faults and sub-faults identifiable by
the methods is increasing. The black arrows shown in Fig. 5 represent
the change (or not) in the number of identifiable faults in DTM 1, 4,
and 5, and DPM 1 and 2 between their first and current versions. For
example, the first version of DTM 1 (1974) identified four fault types,
the second version (1989) six, the third version (1999) seven, while the
latest version (2022) is able to diagnose nine fault types.

Fig. 5. Number of faults identifiable by graphical methods over time.

As discussed, there are many differences between the existing graph-
ical fault identification methods. Table 5 shows the graphical represen-
tation of each of the methods together with a brief summary description
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Table 4
Identifiable faults and sub-faults of each method.
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Author Types of faults and sub-faults

PD D1 D2 D+T Ti1 T2 T3

T1-0O Ti1-C T2-0 T2-C

T3-H T3C S O C HCCD MCCD LCCD OL

v v vk
Fallou et al. [10]*
Duval [11,26,32,33] v /! s/m e v v v
(DTM 1)°
Church et al. [34,35] v v VP
(Nomograph)©
Doernenburg and Hutzel v v v 4
[61°
ETRA [36,37] 4 v v
(ETRA Square)?
ETRA [36,38] v v vt v v v v
(Nomogram)?
IEC 60599 [8,33] (IRM)*¢ v v v v v v
ETRA [37,39] v v v v v v A
(ETRA Square 2)*
Duval [27,28] (DTM 4)°
Duval [27,28] (DTM 5)°
Brasel and Sasum [23,24]
(Gatron triangle)®
Davydenko [40]°
Mansour [41]8
Moodley and Gaunt [42]°
Kim et al. [43]°
Kim et al. [44,45]?
Lee et al. [46]"
Lee et al. [46]?
Duval and Lamarre
[25,47] (DPM 1)&
Mansour [48]8
Duval [25,31] (DPM 2)&
Spremic [30]°
Kim and Seo [49,50]"
Gouda et al. [21]
Gouda et al. [511°
Cheim et al. [22]8
Emara et al. [52]8"
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2 Shapes:
b Shapes:
¢ Shapes:
4 Shapes:
¢ Shapes:
f Shapes:
& Shapes:
b Shapes:

2-axis.
triangle.
nomograph.
nomogram.
3-axis.
8-axis.
pentagon.
square.

i Shapes: heptagon.

I The method indicates the fault type discharge but not the energy level (D1 or D2).
k The method indicates thermal decomposition of the oil.

' The latest version of the method splits the D1 fault into D1-H and D1-P.

m The latest version of the method splits the D2 fault into D2-H and D2-P.

™ The first and second version of DTM 1 did not identify the fault D+ T, the current version does.
° The first version of DTM 1 identified hot spots but did not indicate the temperature level.

P Pyrolysis or thermal decomposition.

9 The method indicates accelerated decomposition of solid insulation.

' The thermal fault covers temperatures from 200 °C to the melting point of the metal.
The method indicates that the fault can be T3 or D+ T.

¢ Mixing of faults and sub-faults. Comprehensive lists of identifiable faults are provided in the text.

" The first version of DTM 5 did not identify the fault T2, the current version does.
v Three types of D+ T according to the three basic thermal fault types.

of the methods. The methods are listed in Table 5 from oldest to
newest. The types of faults and sub-faults listed in Tables 1 and 2 are
represented by the same colour in the graphical representations of each
of the methods in Table 5. DTM 1, 4, and 5 are shown in Table 5 at the
date of publication of the first version of the methods, but subsequently
underwent changes and modifications, which are shown as the current
version.

As discussed, the number of faults that the graphical methods
reviewed can identify ranges from three to twelve, but it is interesting
to note that the methods have increased the number of faults they

can diagnose over time. In the 1970s, the graphical methods identified
three or four faults, whereas in the methods developed in the last
decade this range has increased to between six and ten. This can be
attributed to the splitting of different faults into subtypes, for example,
depending on the location of the fault (paper or oil) or the severity of
the fault (temperature-dependent thermal faults).

The most common of all the graphical methods reviewed in this
study is the use of gas concentrations converted into relative percent-
ages to the number of gases defined in each method, and the use
of multiple gas ratios. Similarly, the use of combustible gases (H,,
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Table 5
Summary list of graphical methods.
Author Year Graph Summary
Fallou 1970 ' This method is described in the report prepared by several
et al. 10 members of the Working Group on Paper-oil 15.01 [10], including
[10] R. R. Rogers and E. Doernenburg (later authors of other methods
100 k decil:mél' for identifying faults by DGA). In this work it is shown that some
postion of the gases generated are dissolved in the oil, so that DGA can be
= used to identify the type of fault. The CH,/H, and C,H,/C,H,
= 107! ratios are used for this purpose. A similar graph for the
© Discharge interpretation of dissolved gases in the Buchholz relay is also
02 b presented in this report.
103 . . . .
102 10! 10° 10!
CyH,/CoHy
Duval 1974/ R The first version of the DTM 1 was developed in 1974. This version
[11,32] 1989/ 2nd \i:::wn identified four types of fault. The relative percentages of three
[26,33] 1999/ combustible gases, CH,, C,H,, and C,H,, are used to identify the
(DTM 1) 2022 00 fault. In 1989, Duval created the second version of the DTM 1. The
e, v identifiable faults are the six basic fault types, the zone of the first
w0 © Hotspois DTM 1 indicating hot spots was divided according to the
Y ‘is" 0w temperature level of the thermal fault. The third version of DTM 1
o was introduced in 1999 and identifies seven types of faults, adding
woow e 0 a zone of mixed thermal and electrical faults to the previous six
- types. The temperature ranges of the three types of thermal faults
3rd version Current version were also changed. The current version of DTM 1, presented in
PD 2022, splits the D1 and D2 fault zones according to whether the
fault is in the oil (-H) or in the paper (-P). As in previous versions,
the relative percentages of three combustible gases, CH,, C,H,, and
C,H,, are used to identify the fault.
”’. %CoHy
y v T2
%CH, y \ %Gty
/AR . ) 60 40 20
ct - %CyHy
Church 1975 The logarithmic nomograph method was developed by J. O. Church
et al. in 1975. This method combines the concept of fault gas ratios and
[34,35] established threshold values. It provides a graphical representation

CHy

O, Gl ‘co o,

of the fault gas data and the means to interpret its significance. The
logarithmic scales and their relative positions were based on data
published by Doernenburg and Strittmatter [5]. Over time, minor
adjustments have been made to the placement of the logarithmic
axis scales based on historical data from faulted transformers. On
the logarithmic axes there are shaded and unshaded arrows. The
shaded arrows correspond to the threshold criteria used by the
Bureau of Reclamation, and the unshaded arrows match the
threshold criteria of Doernenburg and Strittmatter [5].

(continued on next page)
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Author Year Graph Summary
Doernen- 1977 o In 1974, Doernenburg and Strittmatter [5] presented a first version
burg s of the DRM. Several of the DRM ratios are used in the graphical
and Hutzel . b1 . method to identify the types of faults that are important to the
[6] U transformer operator. The ratios used are CH,/H,, C,H,/C,H,, and
S C,H,/C,H,. As in [10], a graphical representation is also presented
5 05 to identify the fault from the analysis of the free gases from the
02 Thermal Thermal Buchholz relay.
0.1
0.05 . . . . . . el
0.05 0.1 02 0.5 1 2 5 10 0.1 02 0.5 1 2 5 10 20
CHyH, CHY/CoHg
ETRA 1980 5 Method developed by ETRA and collected in Japanese standards. It
[36,37] 10 uses the C,H,/C,H, and C,H,/C,H, ratios to distinguish between
(ETRA o b electrical faults and overheating. In 1999, ETRA Square 2 [39] was
square) Discharge introduced to complement the use of this method. The use of both
= 0 b methods increases the diagnostic accuracy.
g“ 107!
T3 or D+T
102
- E.
10?
102 10! 100 10 10° 10°
CoHy/CoHg
ETRA 1980 This method is called nomogram or gas patterns. The fault is
[36,38] diagnosed by constructing the nomogram using the ratio of the gas
(Nomogram) concentrations to the gas with the highest concentration and then

IEC 60599 1999
[8,33]
(IRM)

CayHo

CoHy
25

1.0
0.6

0.2
0.1

0.01

CaHy
CaHg

0.1 02

124 CyHy
CoHg

comparing it with the reference patterns. This method is used and
included in the Russian [54,55] and Ukrainian [56] standards. In
2017, Shutenko and Jakovenko [57] developed a method that
proposes the use of reference areas instead of reference images (gas
patterns). Reference areas were constructed for fifty-six defects after
analysing the DGA of 1,774 units with a defined defect.

The first version of the IRM (IEC 60599:1978) was developed from
the RRM [58]. The IRM uses three of the four ratios used in the
RRM, the C,H,/CH, ratio was removed. The first version was based
on a coding scheme of the ratios, while the second version (IEC
60599-1999) uses the ranges of the calculated ratios. This second
version also includes the 2D and 3D graphical representation of the
ratios.

(continued on next page)
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Author Year Graph Summary
ETRA 1999 5 Second diagnostic method using a 2-axis chart developed by ETRA.
[37,39] 10 Unlike the first method, the C,H,/C,H, ratio is used on the vertical
(ETRA axis instead of the C,H,/C,H, ratio. The upper part of the chart
square 2) 10! 102 indicating discharges was separated into three zones to indicate the
D1 energy levels of the discharges (low, medium, high). As indicated,
f; 100 the use of both methods (ETRA square 1 and 2) increases the
2 diagnostic accuracy.
S 10! T3 or D+T
102
107
102 10! 10° 10! 10 103
CyHy/CoHg
Duval 2008/ 1st version Current version DTM 4 was developed to remove uncertainty in low temperature
[27,28] 2012 transformer faults, it is considered as a complement of information
(DTM 4) for DTM 1. DTM 4 should only be used when faults are first
identified by DTM 1 as possible PD, T1, or T2 faults and should not
be used when the faults identified by DTM 1 are D1 or D2. The
o new version of DTM 4 was introduced in 2012.
80 60 40 20
%CoHg
Duval 2008/ 1st version Current version Like DTM 4, DTM 5 was developed to remove uncertainty in low
[27,28] 2012 temperature transformers faults. It is an information supplement to
(DTM 5) DTM 1. DTM 5 should only be applied to faults identified by DTM
1 as T2 or T3. It should not be applied to faults identified by DTM
1 as D1 or D2. The new version of DTM 5 was introduced
x:" Yl alongside DTM 4 in 2012.
/ 80 60 40 20
%CoHg
Brésel and 2009 Brisel and Sasum developed a graphical method called the
Sasum universal fault gas triangle (FGT) or Gatron triangle. The use of the
[23,24] graphical method to define the fault is similar to DTM 1, 4 and 5,
(Gatron but the FGT uses seven hydrocarbon gas concentrations instead of
triangle) S three. The gases are placed on the sides of the triangle to indicate
o the main fault types. H, for partial discharges, C,H, for electrical
discharges, and the remaining 5 hydrocarbon gases for thermal
faults.
80 60 40 20 TI
%CoHy
Davydenko 2009 » The method developed by Davydenko is used to determine the
[40] ’ L condition of oil-filled high-voltage equipment. In this graphical

10

method, the concentrations of seven gases are plotted on an 8-axis
chart, with the eighth axis plotting the sum of the seven gases
according to the equation shown later in the paper. By plotting the
concentrations and the sum of gases on the chart, a pattern is
obtained. This pattern should be compared with the twelve
reference patterns developed by Davydenko to identify the type of
fault.

(continued on next page)
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Author Year

Summary

Mansour 2012
[41]

Moodley 2012
and Gaunt
[42]

Kim et al. 2013
[43]

Kim et al. 2013
[44,45]

Lee et al. 2013
[46]

60
%CH,

10?

|
10 Electrical

Ro=CoHy/CoHy
2

102 Thermal o

10° 102 10" 100 100 102 100 10t
Ry=CHy/H

~CoHy/CoH
=CoHy/CoHg

Rs
Rs

10?
10!
10°
10!
105 10 107 102 10t 100 10!
Ry=CoHy/CoHy

10°
10
DI & D2
102
10° Thermal
102
10
106
© 10 10t 10

10 102100 10?
Ry=CHy/H,

Ry=CoH,/CHy
Ry=CoHa/CoHy

0 %H,

T2&T3

102 10t 10° 100 102 10 10t
Rs=CyHy/CoHg

0k D2

D1

102 107! 10° 10! 10?

Ry=CHy/CoHy

106 10 102 100 102 10t 108

Ry=CoHy/CoHg

100 A

%C,H,

%CHy

100 %CaHy

11

In 2012, Mansour presented the first pentagon-shaped fault
identification method. This method uses the five combustible gases
obtained in the DGA. Through this method it is possible to identify
the six main types of faults. The relative percentages of the five
combustible gases are calculated. It is assumed that these relative
percentages are located at each of the heads of the pentagon, so it
is necessary to calculate the centre of mass of these percentage
concentrations to identify the type of fault.

The work performed by Moodley states that incipient faults in
power transformers usually start as low-energy faults [42,53].
Therefore, Moodley and Gaunt developed this method to identify
when a power transformer is going from a normal to an abnormal
state. This method uses the concentrations of H,, CH,, and CO. In
this work it is stated that under normal conditions the relative
percentages of H, and CH, are 20%, and 80% is CO.

The authors of the paper presenting the graphical method belong to
Hyosung Corporation, except for one of them, Michel Duval. This
method is covered by two patents, granted in 2013 [44] and 2017
[45]. In this work, ten gas ratios were used to analyse the patterns
of the results and to determine whether they could be used to
discriminate between faults. The ratios used were CH,/H,,
C,H,/C,H,, C,H,/CH,, C,H,/C,H,, C,H,/C,H,, C,H,/CH,,
C,H4/CH,, C,H,/H,, C,H¢/H,, and C,H,/H,. The first five ratios
are those used in the DRM, IRM, and RRM. The last five ratios
were not used in any method or standard at the time. They then
combined fifteen gas-ratio combinations using the first six gas ratios
to define the best combinations for fault identification. They
decided to use three gas ratio combinations (R1-R2, R2-R5, and
R5-R6) and constructed the charts on the left from 122 DGA results
with identified faults. The graphical method consists of four 2-axis
charts.

This graphical method is covered by two Hyosung Corporation
patents [44,45]. In this method, four gas ratios are used and
combined into two combinations of gas ratios to create two graphs.
Using these two graphs, it is possible to identify the fault of the six
main types of failure.

In addition to the work presented in [46], this graphical method is
covered by five patents [49,50,59-61] of Hyosung Corporation. This
method uses the relative percentage of H,, CH,, C,H,, and C,H, to
identify the fault according to the six main types of faults in a
transformer. It uses H, as the gas corresponding to low energy
electrical faults, CH, for low energy thermal faults, C,H, for high
energy thermal faults, and C,H, for high energy electrical faults.

(continued on next page)
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Author Year Graph

Summary

Lee et al. 2013
[46]

100 100

%CHy

‘Thermal

0 10 20 30 40 S0 60 70 S0 9% 100 010 20 30 40 50 60 70 80 % 100
iy %y

%CHy.

%Caty

| DI

o
0 60 70 80 90 100 0 10 20 30 4

0, a0 s 6 70 80 90 100
TI2 %CaHy %CsHy

Duval and 2014/ . .
First version

Lamarre 2022 J0%H
[25,47] 2
(DPM 1)
40%C,Hg 40%C,H,
40%CHy 40%C,Hy
Current version
40%H,
40%C,Hg 40%C,H,
40%CHy 40%C,Hy
Mansour 2015
[48]

CoH, CH,

’E

CaHg CoHy

12

The graphical method presented in [46] is also covered by three
Hyosung Corporation patents [60—-62]. This method uses four
combinations of the relative percentages of two gases on 2-axis
plots. According to the authors, the combination of the relative
percentages of H, and CH, corresponds to low energy electrical
faults and low temperature thermal faults. The combination of the
relative percentages of H, and C,H, corresponds to low and high
energy electrical faults. The combination of the relative percentages
of C,H, and C,H, corresponds to high energy electrical faults and
high temperature thermal faults. And the combination of the
relative percentages of CH, and C,H, corresponds to low and high
temperature thermal faults. As a result, the fault diagnosed for each
combination may be different. To overcome this, the authors
present the weight values of the faults diagnosed for each
combination to perform the fault diagnosis.

The method uses the relative percentages of the five main
hydrocarbon gases analysed by DGA in a pentagonal representation.
The carbon oxides CO and CO, are not used in this method and
must be evaluated separately as in other methods. Each relative
percentage of each gas is plotted on its corresponding axis, giving
five different points. The centroid of the irregular polygon plotted
from these five points is then mathematically calculated. The
location of this centroid represents the result of the DGA diagnosis
in DPM 1. The difference between the two versions is that the
current version splits the D1 and D2 fault zones in two to indicate
whether the fault is in the oil (-H) or in the paper (-P).

As in Mansour’s first pentagon [41], the five hydrocarbon gases
obtained in the DGA are used. This method makes it possible to
identify the six main types of failure. The procedure is similar to
the first pentagon in that the relative percentages of the five
combustible gases are calculated, assumed to be at each head of the
pentagon, so that the centre of mass of these percentage
concentrations must be calculated to identify the type of fault. The
difference with Mansour’s first pentagon is the arrangement of the
zones indicating the type of fault.

(continued on next page)
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Author Year

Graph

Summary

Duval 2016/
[25,31] 2022
(DPM 2)

Spremic 2017
[30]

Kim and 2017
Seo
[49,501

Gouda 2018
et al.
[21]

First version

40%C,Hy

.“%‘CZHZ

40%H,

40%CHy 40%C,Hy

Current version

40%C,Hy 40%C,H,

%(CH4+CyHg)

40%H,

40%CHy 40%C,Hy

PD

%CoHy

40

100

%CoHy

80 60 40 20
%CHy

%CoHg

13

DPM 2 was developed in a similar way to DTM 4 and 5 [27,28] to
remove the uncertainty in low temperature transformer faults. The
three sub-types of faults (S, O, and C) that can be identified in
DTM 4 and 5 can also be identified in DPM 2. In addition, there is
a new zone (T3-H) that indicates T3/T2 faults in oil only. When
plotting the evolution of DGA points over time in DPM 1, if any of
them are in thermal zones, the method is switched to DPM 2. Like
the current versions of DPM 1 and DTM 1, the current version of
DPM 2 splits the D1 and D2 fault zones to indicate whether the
fault is in the oil (-H) or in the paper (-P).

The work developed by Spremic aims to improve the DTM 1. The
author states that a large number of failure cases supported by DGA
results, visual inspection, and laboratory experiments, yielded
knowledge that a significant number of DGA cases are D+T failures.
According to the DGA database used by the author, a small
percentage of the DGA results with confirmed D+T failures fall into
the DTM 1 D+T zone. On the left side of the triangle, the author
uses the relative percentage of the sum of CH, and C,H,, unlike
DTM 1. The second difference concerns the layout of the zones
indicating the type of fault. Pure fault types D1 and D2 are
grouped in small zones. Mixed thermal and discharge faults are
frequent, so they represent large areas within the triangle, divided
by the temperature level of the thermal fault. Pure thermal faults
are located at or very close to the right edge of the triangle.

This graphical method is covered by two Hyosung Corporation
patents [49,50]. The method uses the relative percentage of H,,
CH,, C,H, and C,H, to identify four major fault types (three types
of thermal faults and partial discharges), a zone indicating high and
low energy discharges (D1/D2), and stray gassing. It uses H, as the
gas corresponding to low energy electrical faults, C,H, for high
energy thermal faults, C,Hy for high energy electrical faults, and
CH, for low energy thermal faults. According to the flowchart in
the patents [49,50], this method is combined with the graphical
method of the same shape presented in [46] if the result obtained
is not stray gassing.

Gouda et al. present a new graphical method using the shape of a
heptagon based on the seven gases produced in the decomposition
of transformer oil due to faults. The authors used 452 DGA results
to create the zones for the different fault types. This work takes
into account the concentrations of H, and C,Hg, and the ageing and
failure of solid insulation indicated by the concentrations of CO and
CO,, which are not usually used.

(continued on next page)



S. Bustamante et al.

Table 5 (continued).

Renewable and Sustainable Energy Reviews 199 (2024) 114473

Author Year Graph

Summary

Gouda
et al.
[51]

2019

D1

80 60 40 20
P2

PD

Cheim
et al.
[22]

2020

40%H,

40%CHg

40%CH,

40%C,H,

Emara 2021
et al.

[52]

CH,(%) CHa(%)

Hy(%) C,Hy(%)

Hy(%

)
PD

CoHy(%)

CHy(%)
)

CoHy(%)

CH (%

The authors point out that the most commonly used fault
identification method is DTM 1, but unfortunately the effects of
C,H, and H, are not included in DTM 1, despite their importance
in diagnosing certain types of faults. This work presents a new
graphical triangle method using new gas concentration ratios. These
ratios are obtained by considering the five combustible gases. The
ratios are then converted into relative percentages to be plotted on
the triangle. Like the DTM, this method identifies the six main fault
types plus DT. The authors used 383 DGA results to create the
zones for the different fault types.

This method combines DPM 1 and 2. It aims to facilitate automatic
fault identification by software and to exploit the full capability of
the two original pentagons. The combination of the pentagons
results in a reduced number of fault zones, ten as opposed to
fourteen for the original pentagons (although zones PD, S, D1 and
D2 are common to DPM 1 and 2). This reduction in zones
eliminates the need to resolve two separate pentagons when
identifying thermal faults (this is when DPM 2 is used [31]). In this
combined pentagon method, the thermal faults T1 and T2 are
doubled according to overheating (-O) or carbonization (-S) of
paper. Thermal fault T3 is also doubled according to whether the
fault is only in the oil (-H) or there is carbonization of the paper
[CHE

Emara et al. present a new fault identification method based on
five combustible gases (H,, CH,, C,H,, C,H,, and C,H,) and using
two different shapes. The relative percentage of C,H, determines
which shape to use. According to the authors, since the temperature
for small amounts of C,H, to be generated is between 500 and

700 ° C, in the case of T1 faults, the C,H, concentrations are small
enough and therefore negligible for fault identification. Four gases
(H,, CH,, G,H,, and C,H¢) and the square shape are therefore used
to identify T1 faults, in addition to PD and part of the thermal
faults (T2 and T3). In contrast, C,H, is mainly produced in the D1
and D2 faults, so the pentagon shape is used for this case. This
pentagon shape is also used to identify the remaining faults of PD,
T2 and T3. To test the accuracy of the two-shape graphical method,
the authors used 375 DGA results and obtained an accuracy of
78.93%.

CH,, C,H,, C,H,, and C,Hy) for fault diagnosis is the most common,
with only four of the twenty-seven methods reviewed using CO or CO
and CO,. Thus, the use of combustible gases remains the dominant
preference for fault identification.

4.1. Procedures and equations of the graphical fault identification methods

This section presents the procedures and equations used by the
graphical fault identification methods described in the previous section.
Fig. 6 summarizes the flowchart to be followed in each of the graphical
methods. The first step is to check whether any of the gas concentra-
tions exceed the set threshold. The relative percentages or gas ratios are
then calculated if the method uses them. The next step is to create the
graphical representation. Finally, the type of fault in the transformer is
determined directly from the graphical representation or by comparison
with reference patterns.

Since the method developed by Moodley and Gaunt [42] also indi-
cates the normal condition of the transformer, even if the answer to the
first question in the flowchart in Fig. 6 is No, it is necessary to continue
as if the answer were Yes in order to obtain the result provided by the
method.

14

Table 6

DGA results used in the application of graphical fault identification methods (ppm).
DGA no. H, CH, C,H, C,H, C,Hy co CO,
1 31 155 1 45 321 728 2,645
2 157 20 144 113 5 490 6,253

The DGA results of two oil samples from two in-service power
transformers ( Table 6) were used in each of the graphical methods
to better illustrate the procedure, application of the equations, and
interpretation of the results of each method.

The application of the nomograph method to the two DGA samples
is shown in Fig. 7. On each of the logarithmic vertical axes, the value
of the measured concentration of each of the gases, given at the bottom
of the axis, must be placed.

The values of C,Hy and CH, concentrations of sample DGA 1 exceed
the two thresholds established in the nomograph (indicated by shaded
and unshaded arrows), so it is correct to apply the method. Similarly,
for sample DGA 2, the gas concentration exceeding both thresholds is
C,H,, and C,H, exceeds one of the two thresholds, so it is also correct
to use the nomograph.
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Comparison of gas concentrations with
the established thresholds (IEC, IEEE, ...)

Is any gas
above the
thresholds?

Yes

/Calculate relative gas percentages, gas ratios,\
or gas ratios + relative percentages, or use gas
\concentrations (apply gas sum if indicated) )

!

Generate the graphical representation
(calculate mathematically the centre of
mass of the irregular polygon if necessary) )

Direct
identification
of the fault?

Compare obtained
pattern with
reference patterns

Identify fault

Fig. 6. Summary flowchart of fault identification methods.

The successive points marked on the axes are then joined. By
observing the slopes obtained by joining the points and comparing
them with those at the bottom of the nomograph, it is possible to
identify the type of fault. A negative slope of the line joining the CO and
CO, concentrations indicates an accelerated decomposition rate of the
solid insulation due to the high temperatures associated with a fault.

DGA sample number 1, represented by the red dashed line in
Fig. 7, was identified in the nomograph as H, pyrolysis or thermal
decomposition. In addition, a negative slope of the line connecting the
CO and CO, concentrations indicates an accelerated decomposition rate
of the solid insulation. DGA sample number 2, represented by the blue
dashed line in Fig. 7, was identified in the nomograph as A, arcing.

The procedures and equations of the remaining methods were
grouped according to the shape of the graphical methods studied in
this review. Table 7 lists the procedures and equations of the seven
triangular-shaped graphical methods.

In four of the seven methods, the relative percentage of three gases
is calculated and each relative percentage of gas is placed on each side
of the triangle. These methods are DTM 1 [11,32,33], 4, and 5 [27,28],
and the method developed by Moodley and Gaunt [42].

Something similar happens in the method developed by Brasel and
Sasum [23,24] and in the method developed by Spremic [30]. These
two methods use the sum of several gas concentrations to calculate the
relative percentage used on one side. In Brésel and Sasum [23,24] the
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Fig. 7. Example of the application of the nomograph method.

concentrations of CH,, C,H,, C,Hg, C3Hg, and C3Hg are added together,
and in Spremic [30] the concentrations of CH, and C,H¢ are added
together.

The third way of using the gas concentrations in the triangular-
shaped methods is the method developed by Gouda et al. [51]. In this
method, three ratios are calculated where the main gases are CH,,
C,H,, and C,H,; and then the relative percentages of these three ratios
are calculated and placed on each side of the triangle.

Table 8 shows the pentagon-shaped methods. In these five methods,
there are two ways to identify the type of fault.

The first is the one used by Mansour’s pentagons [41,48]. In this
case, the calculated relative percentages of five gases are placed on the
heads of the pentagon. Using the relative coordinates of each of the
heads of the pentagon and the relative percentages in the equations in
Table 8, it is possible to obtain the relative coordinates that identify
the type of fault.

The other way use the procedure described by Duval and Lamarre
[47]. On the axes connecting the centre of the pentagon to the heads
of the pentagon (the heads of the pentagon represent the relative
percentage equal to 40% for each of the gases), the relative percentages
of the five gases are placed to obtain an irregular pentagon. The
centroid of this irregular pentagon is the point that indicates the type
of fault in the power transformer.

The procedures and equations for methods using 2-, 3-, or 8-axis
charts, or a nomogram are given in Table 9. With this type of graphical
method there are two ways of identifying the fault.

The first way is to plot the gas ratios on 2- or 3-axis graphs. In
some of the methods using this first way, the fault present is obtained
by using one or two charts with different gas ratios at the same time.
However, there are others, such Kim et al. [43] and Lee et al. [46],
which follow a flowchart based on the result of the first graph in order
to identify the type of fault.
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Table 7
Procedures and equations for triangular-shaped graphical methods.
Author Year Graph Equation
Duval 1974/ Lst version ond versi %CH, = 18
v nd version
[11,32] 1989/ ™ Corm %C,H, = 2202
[26,33] 1999/ GCH. = 100z
(DTM 1) 2022 b Q) Mot spots CH, = 5 .
x, y, and z are the concentrations of
C,H,, C,H,, and CH, (ppm) respectively
Horspos (No. 1: %C,H, = 0.5%, %C,H, = 22.4%,
(200400 °C) —
w %CH, = 77.1%; No. 2: %C,H, = 52%,
Can-o %C,H, = 40.8%, %CH, = 7.2%)
3rd version
80 60 40 20
%CoHy
Duval 2008/ . . %C,Hg = 0
1st version Current version xty+z
[27,28] 2012 %CH, = 10
DTM 4 x+y+z
e . =
x, y, and z are the concentrations of
. C,Hg, CH,, and H, (ppm) respectively
" N v, (No. 1: %C,H, = 63.3%, %CH, = 30.6%,
) %H, = 6.1%; No. 2: Not identified —
W % VAN v, Method not used for the type of faults
) o identified in DTM 1 as D1 or D2)
20 / ¢ 80
Coem " %CoHg
Duval 2008/ X . Current version %CyHg = X‘fgjz
[27,28] 2012 st version urrent versio GO, = 100y
(DTM 5) 2t T e
%CH, = 0%
x, y, and z are the concentrations of
C,Hg, C,H,, and CH, (ppm) respectively
e (No. 1: %C,Hy = 61.6%, %C,H, = 8.6%,
0CHy
%CH, = 29.8%; No. 2: Not identified —
Method not used for the type of faults
identified in DTM 1 as D1 or D2)
20
80 60 40 20
%CaHg
Briisel and 2009 %H, = 120
x+y+z
Sasum %C,H, = 100-y
[23,24] R
%CH,+ =
x+y+z

60

%Hj %CHy+

60

40

oL

80 60 40 20 TI
%CoHy

16

x and y are the concentrations of H,
and C,H, (ppm) respectively, and z is
the sum of concentrations of CH,, C,H,,
C,Hg, C3Hg, and C;Hg (ppm)

(The concentrations of C;Hg and C;Hg
were not available in the DGA results
used, so it was not possible to perform
the graphical representation of the
method or to identify the type of fault)

(continued on next page)
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Author Year Graph Equation
Moodley and 2012 %H, = K'j_xy):”
Gaunt [42] %CH, = 100-y
x+y+z
100z
%CO = xtytz X
x, y, and z are the concentrations of H,,
v CH,, and CO (ppm) respectively
o (No. 1: %H, = 3.4%, %CH, = 17%,
%CO = 79.6%; No. 2: %H, =23.5%,
%CH, = 3%, %CO = 73.5%)
Normal 50 60 o 40 20 pp
: 100X
Spremic [30] 2017 PD_ %C,H, = P
100y
————— %C,H, = X+y+z
1002
%(CH, + C,H,) = 222
D+T1 x and y are the concentrations of C,H,
Wl oty 60 . and C,H, respectively, and z is the sum
«(ClrCalle o of concentrations of CH, and C,H,
40 (ppm)
(No. 1: %C,H, = 0.2%, %C,H, = 8.6%,
%(CH, + C,Hg) = 91.2%; No. 2:
,,,,,,,,,, %C,H, = 51.06%, %C,H, = 40.07%,
- T - %(CH, + C,Hg) = 8.87%)
%CoHy
— CH,
Gouda et al. 2019 Rl = TN AT TN
[51] R2— M,
T H,+CH,+C,H+C,H,
_ CH
R3= III+C114+C3;16+C3113
Pl = R1 x 100
P R 2o
p3= &3 <100

S =RI +éR2 +R3

H,, CH,, C,H,, C,H,, and C,H, are gas
concentrations (ppm)

(No. 1: R1 =04%, R2=19.4%,

R3 =66.8%, P1=13.4%, P2=13.4%,

P3 =13.4%; No. 2: Rl =0.4%,
R2=19.4%, R3 = 66.8%, P1=13.4%,
P2 =13.4%, P3 =13.4%)

The second way is used by the ETRA nomogram [36] and the radar
charts method [40] . In the ETRA nomogram [36], the calculated ratios
of each of the gases to the gas with the highest concentration are
plotted, and in the case of the radar charts method [40] the concen-
trations of the gases are plotted on each of the eight axes (the value
used on the eighth axis is obtained from the equation in Table 9). Both
methods produce a pattern, which should be compared with typical
defect patterns to identify the type of failure.

The procedures for the square, heptagon, and two-shape graphical
methods are given in Table 10. For methods using a square as a
graphical representation, the relative percentages of four gases are
plotted on the four sides of the square, creating a new square or a
rectangle within the square. The intersection of the diagonals of the
newly created square or rectangle is the point which, depending on the
zone in which it is located, identifies the type of power transformer
fault.

In the heptagon method [21], the relative percentages of the seven
gases are calculated using the equations in Table 10. These equations
give a weight to each of the gases, calculated by relating the typical
concentrations of each gas to the CO concentration [21]. The relative
percentages obtained are plotted on the seven sides of the heptagon, re-
sulting in an irregular heptagon. The centroid of the irregular heptagon
is calculated in a similar way to Mansour [41,48], but by placing the
calculated relative percentages of each gas at the heads of the irregular
heptagon. The area in which the centroid of this irregular heptagon is
located identifies the type of fault in the transformer.

The first step in the two-shape graphical method [52] is to calculate
the relative percentages of the five gases, this determines which of the
two graphical shapes to use. If the percentage of C,H, is less than or
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equal to one, the square is used; if this percentage is greater than one,
the pentagon is used. Once the shape has been selected, the percentages
of the gases are placed on the heads of the square or pentagon and the
centre of mass is calculated using the equations in Table 10. The fault
type is identified by the zone in which the centre of mass is located.

The results of applying each of the methods to the two DGA results
in Table 6 are shown in Table 11.

As the triangle developed by Brésel and Sasum [23,24] uses C3Hg
and C;Hg concentrations, and these concentrations were not available
for any of the DGA samples in the database, it was not possible to apply
the method.

Sample DGA 1 contains high concentrations of CH, and C,Hj, the
latter being the highest concentration. According to Table 1, this gas
pattern is characteristic of a thermal fault with temperature <300 °C.
As shown in Table 6, sample DGA 1 was identified with a thermal
fault in most cases. In some cases, this thermal fault was identified
as T1, T2, O, or T1-O. The ETRA square identified sample DGA 1 as
T3 or D+T. The result furthest from the majority is that obtained by
the heptagon method, which identifies the defect as D2. However, the
point identifying the fault is very close to the boundary between D2
and LCCD faults, which could suggest a possible modification of the
heptagon.

Sample DGA 2 contains, in decreasing order, high concentrations of
H,, C,H,, and C,H,. This gas pattern is indicative of low or high energy
discharges, according to Table 1. All methods applied to sample DGA
2 identified the fault as an energy discharge. Those methods that dis-
criminated between the energy level indicated whether it corresponded
to D1 or D2. In these cases, most methods indicated a D2 fault.
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Table 8

Procedures and equations for pentagon-shaped graphical methods.
Author Year Graph Equation
Mansour 2012 X, = ]—éo Y mx;
[41]

Ymy
C,H, CHy
Yimy
CoHg CoHy
Duval and 2014/ First version
Lamarre 2022 st versio
o
[25,47] 40%H,
(DPM 1)
- 40%CoHg 40%C,H,
40%CHy 40%C,Hy
Current version
40%H,
40%C,H,
40%CH, 40%C,Hy
Mansour 2015
[48]

CH,

CyHg CoHy

18

Y = T Tt MY,

x;,; are the relative coordinates of each head of the pentagon,
and m; is the percentage concentration of each gas

(Coordinate axis defined at the head of the pentagon relative to
the acetylene. Side of the regular pentagon of 50 units. No. 1:
X, = 39.24, y,, = —29.83; No. 2: x,, = 35.18, y,, = —2.27)

C= & B0+ X DY = X )
C, = (,LA ::ol i + Vi )X Yi — X V)

1 yn-1
A=3 2T (XiYigr = Xia19)
x;,; are the coordinates of the five points, A is the area of the
irregular polygon, and C,,C, are the coordinates of the centroid
(Coordinate axis defined at the centre of the pentagon. Distance
of 40 units from the centre to each head of the pentagon.
No. 1: C, = -20.96, C, = -1.03; No. 2: C, = 11.79, C, = 6.63)

Procedure similar to Mansour [41]

(Coordinate axis defined at the head of the pentagon relative to
the acetylene. Side of the regular pentagon of 50 units. No. 1:
X,y = 39.24, y,, = —29.83; No. 2: x,, = 35.18, y,, = —2.27)

(continued on next page)
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Author Year Graph Equation
Duval 2016/ First version Procedure similar to Duval and Lamarre [47] (DPM 1)
[25,31] 2022 st versio 0% (Coordinate axis defined at the centre of the pentagon. Distance
(DPM 2) o2 of 40 units from the centre to each head of the pentagon.
No. 1: C, = -20.96, C, = —-1.03; No. 2: C, =11.79, C, = 6.63)
40%CH, 40%C,Hy
Current version

40%CH, 40%CoHy
Cheim et al. 2020 40%I1 Procedure similar to Duval and Lamarre [47] (DPM 1)
[22] - (Coordinate axis defined at the centre of the pentagon. Distance

40%CHy

40%C,Hy

of 40 units from the centre to each head of the pentagon.
No. 1: C, = -20.96, C, = -1.03; No. 2: C, = 11.79, C, = 6.63)

5. Discussion

Twenty-seven methods for identifying faults in power transformer
oil were analysed in this review. All these methods have in com-
mon that they use a graphical representation to identify the type of
fault. Traditional fault identification methods using gas ratios, such
as RRM [7] or DRM [5,6] were not included in this review as these
methods are already well known and covered in IEC [8] and IEEE [9]
guides. The graphical fault identification methods found were reviewed
because their implementation in any power transformer management
system, as well as the subsequent interpretation of the results, is simple
and intuitive.

In addition to several reviews of power transformer fault identifi-
cation methods based on DGA results [63-65], this review includes all
graphical methods found in the literature. Graphical methods collected
from journal articles, conference proceedings, standards/guidelines,
patents, and doctoral theses were reviewed. This review covers the pe-
riod from 1970 to 2022. The first six methods analysed were developed
in the period between 1970 and 1980, and the remaining twenty-one
were developed from 1999 onwards.

From this review it can be seen that the main gases used in most
of the methods are the combustible gases obtained in the DGA, using
from two (also using CO) to five combustible gases. CO and CO, gases,
which indicate the degradation of solid insulation, are used in very few
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methods. Finally, the use of C; hydrocarbon gases appears in only one
of the methods reviewed.

All of the graphical methods examined identify discharges, thermal
faults, and partial discharges. As the methods become more complex,
they are able to separate the faults according to the energy level or
temperature of the fault, and even show a mixture of both. However, it
is interesting to note that only one method indicates a communicating
OLTC or a leakage from an OLTC. As stated in [29], defining the
communication between the main tank and the OLTC compartment is
very important to avoid misdiagnosing faults in the power transformer.
This may be an important point to consider in the development of
new fault identification methods, either with graphical or gas ratio-
based methods, or more complex methods using machine learning or
deep learning. The current trend is to develop methods using machine
learning and deep learning techniques. By applying these techniques,
methods could be developed to identify communication between oil
compartments in in-tank OLTC designs.

The application and implementation of each of the methods re-
viewed to diagnose the fault is one of the challenges developed in this
work. The level of difficulty in creating algorithms from the methods
is practically the same for all of them, with the most difficult part in
some cases being the creation of the base figure used by the method.
In terms of obtaining the diagnosis, the nomogram method and radar
charts method are the most difficult to programme, as it is necessary
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Table 9
Procedures and equations for graphical methods using 2-, 3-, or 8-axis charts or a nomogram.
Author Year Graph Equation
Fallou et al. 1970 , Rl =S
10 GH,
[10] 1 R2 =S
Thermal H,
100 ¢ deconposition H,, CH,, C,H,, and C,H, are gas concentrations (ppm)
£ ) (No. 1: R1 =0.0222, R2=5 ; No. 2: Rl =127, R2=0.127)
= 107!
© Discharge
102 ¢
PD
103 . . . .
102 107! 10 10!
C3Hy/CoHy
Doernenburg 1977 o Rl = §3:2
and Hutzel s L R2 = ﬁ‘
[6]1 D2 DI D2 R3 = c”H,
[]e? A ~ GHg
PD/ [ H,, CH,, C,H,, C,H,, and C,H, are gas concentrations (ppm)
Fo! r (No. 1: R1=0.0222, R2=5, R3 = 0.14; No. 2: Rl = 1.27,
02 Thermal F Thermal R2=0.127, R3=22.6)
01 I
10 01 i 02 05 1 2 5 10 20
ey CoHyCoHg
— GH,
ETRA 1980 . Rl = o
[36,37] R2 = S&Hs
C,H,
(ETRA square) 10t Discharge C,H,, C,H,, and C,H, are gas concentrations (ppm)
20k (No. 1: R1 =0.0222, R2 =0.14; No. 2: R1 =127, R2 =122.6)
3
St
I T3orD+T
10
T1 T2 T3
103 . . .
10210 100 10! 10? 108
CoHy/CoHg
ETRA 1980 . 1. Identify the gas with the highest concentration
[36,38] 09 g 2. Calculate the ratio of each gas to the gas with the highest
(ETRA concentration
nomogram) ! 2 3. Plot the gas ratios on the graph and connect the dots
09 4. Compare the pattern with the reference patterns, and the best
83 match identifies the fault
0'6 [T C TIPS (No. 1: H, =0.10, CH, = 0.48, C,H, =0, C,H, = 0.14, C,Hg = I;
0s W — No. 2: H, =1, CH, = 0.13, C,H, = 0.92, C,H, = 0.72, C,H, = 0.03)
0.4 os
03 o
02 o
0.1 03
| o2
0 01
Hy CHy GHs GHy GHy =G cn om
_ GH,
IEC 60599 1999 Call Colls Rl = on
[8,33] IRM) CaHy [T o C>Ha o |, Ry = SHs
257 [gind 257 o
(1,2: = o ‘l)z: ) RS = CjH:
02 s %] H,, CH,, C,H,, C,H,, and C,H, are gas concentrations (ppm)
! ™ol ' 1 5 (If no diagnosis can be given, the closest case is taken as the
-1 T2
001455 o A o i fault)
o o1 om ole: 134 (No. 1: R1 =0.0222, R2=5, R5 = 0.14; No. 2: Rl = 127,
Ha C2Hg R2 =0.127, R5 =22.6)
CyHa
C2Hy
10
0.1
CaHy
C2He

20

(continued on next page)
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Author Year Graph Equation
— GH,

: 2 _ GH,
R2= C,H,

(ETRA square 2)

Davydenko 2013
[40]

Kim et al. 2013
[43]

Kim et al. 2013
[44,45]

Lee et al. 2013
[46]

" E PD T3 or DT
102 i
,,,,,,,,, 2
° o |T2 T3
103
10 107 10° 10! 10? 10°
CHy/CoHg
oy
CH,
CyH, Hy
coyion
5 conm
2 any
CoHy
1
CoHg C0,/100
coyion
CO/100 coitoo
107 10!
1ot Electrical
T2&T3
= 100
2 02 = ot T
. Thermal
T
10 10?
10 107 10t 100 ' 10t 10t 10t 0?0t 1ol 10! 10 10° 10t
Ry=CHyH, Ry-CoHyCoHg
102 104
10°
3 10 D2
g 20
S s
Z z 100 DI
¢ 7
b o 10
= 10" o
T2 2
102
5 PD
1 10
[ e N 2 et e e
0% 10t 0% 07 et 10 102 10 10 1ot 10
Ra=CaHyCotly Ro=Cata/Caly
10° 100
10 10t DI
e prap P
S - 2 D2
= 100 Thermal 7
9 5 1 ™
= 02 < 10
TI
I T3
104 PD 10 T2
0t 10
10010t 0?10 107 10 106 10 10t 10?100 107 10 10°
Ry=CHa/Hy R4=CoHy/CoHg
100 100
% %0
50 0
0d . n n
“
- e
gn m § o1
0 p2
0{ 0

1)

o1 1 Thermal

S0 60 0 80 % 100
vy

. 1 :
o to/d0 m W W @ % % s W o 1o 3030 4 % 6 0t %0 10
e s

D

C,H,, C;H4, and C,Hy are gas concentrations (ppm)
(No. 1: R1 =0.00312, R2 =0.14; No. 2: Rl =28.8, R2 =22.6)

The equation used to calculate the sum of the gas
concentrations (.S) is:

=%, Ki+mKeo +Keo,)

K; are the concentrations of combustible gases (ppm), m is a
scaling factor (m = 0.01), and K¢, and K, are the
concentrations of CO and CO, (ppm) respectively.

The best match when comparing the obtained pattern with the
reference patterns indicates the fault.

(No. 1 : .5 =586.73 ppm; No. 2 : S =506.43 ppm)

- CH1
R =

—_ CZHZ
RY= 2

_ CH,
RS =
R6 = &t

CH,
H,, CH4,4 C,H,, C,H,, and C,Hy are gas concentrations (ppm)
(No. 1: R1 =5, R2=0.0222, R5 =0.14, R6 = 0.29; No. 2:
R1=0.127, R2=1.27, R5 =22.6)

Rl =St
C,H,
R2 = o
H.
C,H,
Ra= 2

H,, CHz,hCZHZ, C,H,, and C,H, are gas concentrations (ppm)
(No. 1: R1 =5, R2=0.0222, R3 =0.00645, R4 = 0.14; No. 2:
R1=0.127, R2=1.27, R3 =172, R4 =122.6)

%C,H, = 10w

whx+y+z
100-
%C,H, = x
whx+y+z
100-y
%CH, = .
wAX+Y+Z
100-
%H, = =

wx+y+z X
w, x, y, and z are the concentrations of C,H,, C,H,, CH,, and

H, (ppm) respectively

(If the results of each combination are different, a fault
diagnosis is made based on the weight values of the diagnosed
faults given in [46])

(No. 1: %C,H, = 0.4%, %C,H, = 19.4%, %CH, = 66.8%,

%H, = 13.4%; No. 2: %C,H, = 33.2%, %C,H, = 26%, %CH, = 4.6%,
%H, = 36.2%)
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Table 10
Procedures and equations for square, heptagon, and two-shape graphical methods.
Author Year Graph Equation
Lee et al. 2013 . %C,H, = X
[46] 0 %H, 100 w‘:’l‘];’;”
100 b 0 %CHy = oo
I S Z I %CH, = —20
] DN o5 [ 47 Wtxtytz
i [ %H - 100-z
L L 27 whxtptz X
1o L w, x, y, and z are the concentrations of C,H,, C,H,, CH,, and H,
I A r (ppm) respectively
e V1 . (No. 1: %C,H, = 0.4%, %C,H, = 19.4%, %CH, = 66.8%, %H, = 13.4%;
S N e No. 2: %C,H, = 33.2%, %C,H, = 26%, %CH, = 4.6%, %H, = 36.2%)
PO Sarh: - S R T
100 %CaHy 0
: _ 100w
glm and 2017 0 vty 100 %C,Hg = e
e0 _ 100-x
[49,50] 100 T 0 %CoH, = wHx+y+z
’ 1 %CH, = —1%0
1 WAX+y+z
T %H, = 0=
4 wHx+y+z .
1 w, x, y, and z are the concentrations of C,Hy, C,H,, CH,, and H,
T (ppm) respectively
I et (No. 1: %C,H, = 58.15%, %C,H, = 8.15%, %CH, = 28.08%,
T < e %H, = 5.62%; No. 2: %C,Hy = 1.7%, %C,H, = 38.3%, %CH, = 6.8%,
FINE- %H, = 53.2%)
0 100
100
_ 3.5-H,-100
Gouda 2018 %H, = 3.5-H, +2.9167-CH, +5.3846-C,H, +7-C, H, +116.6667-C, H, +C0+0.14.CO,
et al. %CH, = 2.9167-CH,-100
[21] 4 T 35 H, +2.9167-CH,+5.3846-Cy H, +7-CyH, +116.6667-C, Hy +CO+0.14-CO,

5.3846-C, Hg 100

H, =
%C,Hs 3.5-H,+2.9167-CH, +5.3846-C, Hy +7-C, H, +116.6667-C, H, +CO+0.14-CO,
GC.H, = 7-CyH, 100

274 T 35H,+2.9167-CH, +5.3846.C, Ho+7-C, H, +116.6667-C, H, +CO+0.14-CO,

116.6667-CyHy 100

H, = 5H,
%CyH, 3.5-H,+2.9167-CH, +5.3846-C, H +7-C, H, +116.6667-C, H, +CO+0.14-CO,
%CO =

3.5-H,+2.9167-CH, +5.3846-C, H +7-C; Hy +116.6667-C, Hy +CO+0.14-CO,
(7Co — 0.14-CO, - 100

P2 T 35 H, +2.9167-CH, +5.3846-Cy Hy +7-CyH, +116.6667-C, Hy +C0+0.14-CO,

H,, CH,, C,H,, C,H,, C,H,, CO, and CO2 are gas concentrations
(ppm)

Plot the relative percentage of each gas on the heptagon graph,
then the corresponding point identifying the fault corresponds to
the centre of mass of the relative percentage concentrations ( No. 1
(red dashed line): %H, = 2.8%, %CH, = 11.8%, %C,Hg = 45.3%,
%C,H, = 8.2%, %C,H, = 3.1%, %CO = 19.1%, %CO, = 9.7%; No. 2
(blue dashed line): %H, = 2.8%, %CH, = 0.3%, %C,H¢ = 0.1%,

%C,H, = 4.0%, %C,H, = 85.8%, %CO = 2.5%, %CO, = 4.5%)

(continued on next page)
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Table 10 (continued).
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Author Year Graph Equation
Emara 2021 S=Y (P)
0, 0, i=1\"
et al. CHy(%) CoHy(%) Py = T 100
[52] P, is the concentration of each gas (ppm), .S is the sum of the

Yy

H,(%) C,He(%)

Hy(%)

C,H, (%)
Vs

CH(%)
T2

T3

CoHy(%)

CoHy(%)

concentrations of the five gases (ppm), and Py, is the relative
percentage of each gas.

If Py < 1%, the square is used and if Py > 1%, the pentagon
is used. o

The centre of mass (x,,, y,) for the four or five heads, indicating
the type of fault, is calculated using the following equations:

Xy = ﬁ 2 (Pyix)

i1
= 57 Zia (Pay)

x; and y; are the polygon head coordinates, and » is the number of
gases (four or five depending on the shape).

(Coordinate axis defined at the head relative to hydrogen in the
square and at the head relative to acetylene in the pentagon. Side
of the square and the regular pentagon of 50 units. No. 1 (square):
x,, = 33.15, y,, = 18.12; No. 2 (pentagon): x,, = 35.18, y, = —-2.27)

to compare the pattern obtained with the reference patterns. In this
review, this task was performed manually as only two DGA results were
used. However, it would be necessary to develop a system similar to
that proposed by Shutenko and Jakovenko [57] in order to incorporate
it into a power transformer management system.

One of the features that motivated this review was that these graph-
ical methods generally allow the evolution of the faults of the same
transformer to be obtained visually by plotting successive DGA results
on the same method. In this respect, the nomograph, the nomogram,
and the radar charts method do not allow the evolution of the fault to
be obtained, whereas the other twenty-four methods analysed do.

Regarding the application of the analysed graphical methods to
two real DGA results of power transformers in service, it should be
noted that this work does not aim to define which of them has the
best accuracy, since only two DGA results were used. As shown in
Table 11, the two DGA results analysed using the twenty-seven methods
allowed the fault to be identified, with the exception of the method
developed by Brésel and Sasum [23,24]. As mentioned, this method
uses C; hydrocarbon gases, which are not available in the database to
which the authors have access.

All of the methods presented in this review result in the identifi-
cation of one type of fault or a mixture of faults, whereas in reality
several types of faults can occur simultaneously. This is because the
graphical diagnostic methods reviewed use deterministic boundaries
to separate the different fault types and severities. They do not take
into account or allow interpretation of gas concentrations as the sum
of gases generated in two different faults occurring simultaneously, for
example. One of the possible lines of research in power transformer
fault identification methods using DGA would be the development of
new Al-based methods that would be able to detect the presence of
multiple types of faults in the power transformer simultaneously. The
main problem or limitation in the development of this type of Al-based
method is the training of the model, which requires a large amount of
data. To date, there is no database or results presented in articles with
the necessary volume to train the model that faithfully captures the
relationship between DGA results and the reliable presence of multiple
faults in the transformer.
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6. Conclusions

This review has analysed the literature on fault identification meth-
ods for oil-immersed power transformers, focusing on those methods
that have a graphical representation because their implementation in
any power transformer management system, as well as their subsequent
interpretation of the results, is simple and intuitive. Twenty-seven
graphical fault identification methods developed between 1970 and
2023 were found.

The review identified a number of key features of the graphical
methods, such as the number of gases used, the form of the graphical
representation, the number of faults identifiable, and the types of data
used from the gas concentrations obtained in the DGA.

This review shows the procedures and equations for the application
of the twenty-seven methods analysed to identify the type of fault in the
power transformer. To better illustrate the procedures of each method,
two real DGA samples of two in-service power transformers were used
in the application of the methods. As indicated, the application of each
method using two DGA results and the identification of the fault is not
intended to indicate the accuracy of the methods or to obtain a ranking
of the best methods, since only two DGA samples were used. What can
be deduced from the application of the twenty-seven methods is that
almost all of them detected that the first sample indicated a thermal
fault and the second a discharge fault.

This work is intended to be a starting point for the development of
new fault identification methods that can combine graphical methods
with Al techniques. As it is a comprehensive review of graphical
methods for fault identification in oil-immersed power transformers,
this review can help in the selection or comparison of methods to be
used in the development of new Al-based methods.

From the review of the graphical fault identification methods, it can
be seen that the most widely used method is DTM 1. Although it is one
of the oldest methods, it is the most widely used, either for simple fault
identification or as a basis for the development of new Al-based models.
It is also the main method used in most of the newly developed methods
to compare their accuracy, which shows that it is still the main method
to overcome. Another method used to develop new methods based on
it, or to compare the accuracy results of new methods, is DPM 1.
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Table 11

Results of the faults identified by the graphical methods.
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Author Faults identified

Sample 1 Sample 2
Fallou et al. [10]? Thermal Discharge’
Duval [11,26,32,33] (DTM 1)° T2 D2-H
Church et al. [34,35] (Nomograph)© Thermal® Arcing
Doernenburg and Hutzel [6]* Thermal’ D2/
ETRA [36,37] (ETRA Square)? T3 or D+T Discharge
ETRA [36,38] (Nomogram)? T1! D2!
IEC 60599 [8,33] (IRM)** Tl D1/D2/
ETRA [37,39] (ETRA Square 2)* T1 D2
Duval [27,28] (DTM 4)° o m
Duval [27,28] (DTM 5)" o n
Brisel and Sasum [23,24]" o o
Davydenko [40]" Thermal® Arcing?
Mansour [41]8 T1 D2
Moodley and Gaunt [42]" T1 D2
Kim et al. [43]* T2 D2
Kim et al. [44,45]* T1 D2
Lee et al. [46]" T1 D2
Lee et al. [46]? T1 D2
Duval and Lamarre [25,47] (DPM 1)8 T1 D2-H
Mansour [48]8 T1 D2
Duval [25,31] (DPM 2)# (0] D2-H
Spremic [30]" T1 D2
Kim and Seo [49,50]" S D1/D2
Gouda et al. [21] D2 D2
Gouda et al. [51]° T2 D2
Cheim et al. [22]® T1-O D2
Emara et al. [52]5" T1 D2

2-axis
triangle
nomograph

2 Shapes:
b Shapes:
¢ Shapes:
4 Shapes: nomogram
¢ Shapes: 3-axis
f Shapes: 8-axis
& Shapes:
b Shapes:

i Shapes:

pentagon

square

heptagon

J Identified fault closet to the case

k The method also indicates the accelerated decomposition rate of the solid insulation
! Identification of faults by comparison with reference patterns of defect types
m Method not used for the type of faults identified as D1, D2, or T3 in DTM 1

" Method not used for the type of faults identified as D1 or D2 in DTM 1
° It was not possible to obtain a diagnosis because not all required gas concentrations (C;H, and C;Hg) were available

P Identification of faults by comparison with radar chart patterns of defect types.
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