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Abstract: Since power transformers are the most important pieces of equipment in electricity trans-
mission and distribution systems, special attention must be paid to their maintenance in order to
keep them in good condition for a long time. This paper reviews the main steps in the process of
diagnosing the health of power transformer insulation, which involves the science of analysing the
gases dissolved in power transformer oil for effective identification of faults. An accurate diagnosis of
incipient faults is favourable to sustainable development and necessary to maintain a reliable supply
of electricity. The methods presented for fault diagnosis in mineral-oil-immersed power transformers
are divided into analytical and graphical methods and have been found to be simple, economical and
effective. After describing the methods, both their strengths and weaknesses were identified, and
over the years, the methods were complemented to provide highly accurate information, validated
by field inspections. This paper focuses on practical information and applications to manage mainte-
nance based on accurate and up-to-date data. The contents of this paper will be of particular use to
engineers who manufacture, monitor and/or use high-power transformers in the energy sector, as
well as to undergraduate, master’s and PhD students interested in such applications.
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1. Introduction

In the structure of electricity transmission and distribution networks, the most eco-
nomically important piece of equipment is the power transformer. Its failure will not only
affect consumers in the form of a lack of electricity but also the grid itself in terms of huge
financial costs due to disruption and costly repairs. It is therefore essential that special
attention is paid to transformer maintenance to ensure a reliable power supply [1,2].

Good monitoring of the operating conditions of a power transformer can prevent
possible power transformer failures by eliminating the causes that interfere with the opera-
tion of the transformer. Power transformer monitoring is an economically useful tool for
both power distribution companies and power generation companies. Through the moni-
toring process and the application of proper maintenance management, the transformer
can be maintained in the optimal operating conditions, with parameters that indicate its
health being maintained in a viable state. It is therefore advisable to detect (early) faults
in transformers, whether electrical or thermal, as early as possible in the operation and
maintenance of electricity networks [3].

Over time, several techniques have been proposed to diagnose the condition of power
transformers based on measurements and analysis of the insulating oil [4,5]. Of these,
dissolved gas analysis (DGA) is the best known and the most commonly used method for
detecting incipient faults in power transformers. This method was developed in the 1980s
and is also used to diagnose other oil-filled equipment (instrument transformers, bushings,
tap changers, shunt reactors, etc.) [6]. The popularity and widespread use of this method is
due to the fact that it is non-invasive and can be used for real-time monitoring [7,8].
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This method is based on periodic sampling of insulating oil from the transformer and
identification and quantification of the gases dissolved in it using gas chromatography
(discovered in the 1940s) [9]. The data obtained must be interpreted using a diagnostic
criterion to identify the type of fault (electrical or thermal) on which the transformer
condition assessment is based [10–12].

When the transformer begins to fail due to thermal and/or electrical stresses, various
processes of degradation of the mixed (paper–oil) insulation system of the transformer
occur through the generation of gases that dissolve in the transformer oil. The gases
dissolved in the oil are hydrogen (H2), methane (CH4), ethane (C2H6), ethylene (C2H4) and
acetylene (C2H2). Carbon monoxide (CO) and carbon dioxide (CO2) will also be present in
significant quantities when the cellulose insulation is degraded or in small traces from the
surrounding atmosphere when the oil itself is degraded [13–15].

Considering that gas production is favoured by the temperature level and/or the
energy generated by the fault, several methods have been proposed in the literature
to predict the occurrence of faults and to determine their type by interpreting the gas
concentration detected in the transformer oil [16–18]. Therefore, several committees and
organisations, such as the International Electrotechnical Commission (IEC) [19], the Institute
of Electrical and Electronics Engineers (IEEE) [20] and the International Council on Large
Electric Systems (CIGRE) [21], provide guidelines for the interpretation of DGA.

This paper reviews the main steps in the process of diagnosing the health of power
transformer insulation, involving the DGA technique in diagnosing the condition of power
transformers immersed in mineral oil, from oil sampling to analysis of the results obtained.

The paper describes the development of the main techniques/methods implemented
in international standards, providing general information on the evolution of research in
this field, including the development of AI techniques to reduce the diagnostic times and
optimise the application of informed and timely decisions [22–36].

DGA-based methods for analysing the health of transformer mixed insulation systems
are an important element in maintaining a sustainable energy system due to the fact
that a precise diagnosis of incipient faults is appropriate for sustainable development
and necessary in guaranteeing a supply of electrical energy to users and consumers [22].
Besides DGA-based methods are other techniques for identifying the defects that appear in
power transformers, focused on frequency response analysis (FRA), acoustic fingerprinting,
ultrasound, spectrofluorimetry and Fourier transform infrared spectroscopy (FTIR) [37–42].

The structure of this work is as follows: Section 2 presents the mechanism of fault
gas formation in transformers immersed in mineral oil. Analytical and graphical methods
for fault diagnosis in power transformers are described in Sections 3 and 4, respectively.
Section 5 presents the improved performance of DGA-based fault diagnosis methods, and
Section 6 presents conclusions and future approaches.

2. Gas Formation Mechanism in Oil-Immersed Transformers

In power transformers, mineral oils are used, whose chemical composition is a mixture
of hydrocarbon molecules with chemical groups as follows: a methyl radical (CH3•), a
methylene radical (CH2•) and a methine group (=CH–) or methine bridge, linked by
carbon–carbon (C–C) molecular bonds [15,19].

During operation, power transformers are subjected to a range of electrical, thermal,
oxidative and mechanical stresses. Under the action of thermal and electrical stresses, a
series of C–H and C–C bonds break (split), forming unstable fragments, either in ionic
form (hydrogen and carbon ions) or in radial form, which react rapidly to form the gas
molecules H2, CH4, C2H6, C2H4, C2H2, propane (C3H8), propylene (C3H6), etc., or they
recombine to form new condensable molecules in the form of solid carbon particles and
hydrocarbon polymers (such as X-wax). Small amounts of CO and CO2 are produced when
the oil is oxidised.
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Since gas production depends on temperature, the outgassing speed of each gas can be
estimated at any temperature, so the relationships between gas production and temperature
have been established for each hydrocarbon gas concentration as follows [12]:

• H2 and CH4 concentrations start to form at temperatures around 150 ◦C;
• H2 continues to increase with increasing temperature;
• At ~250 ◦C, C2H6 starts to form;
• At ~350 ◦C, C2H4 starts to form;
• Between 200 ◦C and 300 ◦C, CH4 production exceeds H2 production;
• At temperatures above ~275 ◦C, C2H6 production exceeds CH4 production;
• At a temperature between 500 ◦C and 700 ◦C, C2H2 formation starts and continues to

increase so that at a temperature of ~800 ◦C, it has the highest concentration compared
to the other gases;

• From ~455 ◦C to ~750–800 ◦C, H2 production exceeds other gases.

It should be noted that after the peaks are reached, the production of CH4, C2H6 and
C2H4 decreases with increasing temperature [21].

Thermal stress also degrades the cellulose insulation, resulting in the formation of
carbon oxides (CO and CO2), which are dissolved in the oil in large quantities.

Transformer oil also contains dissolved oxygen (O2) and nitrogen (N2). Their presence
is either due to the oxidation of the oil as a result of overheating or contact with atmospheric
air in the free-breathing transformer conservator or to air entering the equipment through
leaks [19–21].

Additional sources of gas may be the result of other chemical side reactions, such as
rusting of uncoated surfaces, steel or protective paints [20].

Following several studies on the different concentrations of dissolved gases in trans-
former oil, several methods have been developed to predict and define the type of trans-
former failure based on analysis of the composition and volume of gases dissolved in
the oil.

The six most important types of major transformer faults have been defined and
classified in the IEC and IEEE standards [19,20] as follows:

• PD—Partial discharge;
• D1—Low energy discharge;
• D2—High energy discharge;
• T1—Thermal failure at low temperature T < 300 ◦C;
• T2—Thermal failure at medium temperature 300 ◦C < T < 700 ◦C;
• T3—Thermal failure at high temperature T > 700 ◦C.

The methods presented in this paper are applicable only to transformers immersed in
mineral oil.

Currently, all the diagnostic methods using dissolved gas analysis differ in terms of
the type of diagnosis (analytical and/or graphical), the diagnostic criteria used and, not
least, the number of defects detected.

3. Analytical Methods for Fault Diagnosis

Analytical diagnostic methods are based on correlating the values of ratios of fault gas
concentrations to fault types based on fault type codes.

The IEC and IEEE standards [19,20] propose a few methods for DGA technique
interpretation based on the ratios of gases dissolved in oil, which are briefly presented in
this section.

3.1. Key Gas Method

This method is substantiated on the principle of signaling a fault when producing
gases that exceed the value limits considered normal in the degradation of the insulation
system; the gas that defines the fault is called the key gas and is predominant in relation to
the rest of the dissolved gases in classic formations of faults.
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The main gas faults that can be detected using this method are shown in Table 1 [4,6].

Table 1. Key gas faults.

Type of Fault Gases Generated Key Gas

Electric arc in oil
- large amounts: H2 and C2H2
- small amounts: CH4 and C2H4

(there also may be CO and CO2 present)
C2H2

Partial discharges in oil - large amounts: H2 and CH4
- small amounts: C2H6 and C2H4

H2

Over-temperature in oil - large amounts: C2H6 and C2H4
- small amounts: CH4 and C2H2, C2H4

Cellulose overheating - large amounts: CO and CO2
- small amounts: CH4 and C2H4

CO and CO2

According to this method, a transformer can operate safely even if an imminent hazard
has been identified, provided that the rate of generation of the associated key gas does not
constantly increase. For these reasons, this method is not widely used for diagnosing a
transformer’s condition [9,20].

3.2. The Doernenburg Ratio Method

This method was proposed in 1974 and used for the recognition of incipient faults
using the technique of key gas ratios (H2, CH4, C2H6, C2H4 and C2H2) [9].

The principle of the method is that if one of the key gases exceeds double the reference
value presented in Table 2, or if CO or C2H6 exceeds the reference value, a fault is established
and then analysed according to Table 3.

Table 2. Reference values for key gas concentrations [20].

Dissolved Gases H2 CH4 CO C2H2 C2H4 C2H6 CO2

Reference concentrations 100 120 350 1 50 65 2500

Table 3. Failure analysis with the Doernenburg ratio method.

Type of Fault CH4/H2 C2H2/C2H4 C2H2/CH4 C2H6/C2H2

Thermal decomposition >1 <0.75 <0.3 >0.4
Corona (low-intensity PD) <0.1 negligible <0.3 >0.4
Arcing (high-intensity PD) >0.1 ÷ <1 >0.75 >0.3 <0.4

3.3. Rogers and IEC Ratio Methods

Both the Rogers ratio method proposed by IEEE Std.C57.104 [20] and the IEC ratio
method (IEC 60599 [19]) use the same gas ratios (C2H2/C2H4, CH4/H2 and C2H4/C2H6).
Ranges of the reported values and related defect types for these two methods are shown in
Tables 4 and 5 [23].
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Table 4. Fault analysis based on the Rogers ratio method.

Type of Fault C2H2/C2H4 CH4/H2 C2H4/C2H6

Normal unit <0.1 >0.1 to <1 <1
Partial discharge <0.1 <0.1 <1
Arcing 0.1 to 3.0 0.1 to 1 >3
Low thermal
temperature <0.1 >0.1 to <1 1 to 3

Thermal < 700 ◦C <0.1 >1 1 to 3
Thermal > 700 ◦C <0.1 >1 >3

Table 5. Fault analysis based on IEC ratio method.

Fault Code Type of Fault C2H2/C2H4 CH4/H2 C2H4/C2H6

PD Partial discharge NS <0.1 <0.2
D1 Low energy discharge >1 0.1 ÷ 0.5 >1
D2 High energy discharge 0.6 ÷ 2.5 0.1 ÷ 1 >2
T1 Thermal: <300 ◦C NS >1 but NS <1
T2 Thermal: 300 ◦C < T < 700 ◦C <0.1 >1 1 ÷ 4
T3 Thermal: >700 ◦C <0.2 >1 >4

The IEC 60599:2022 standard recommends that if the ranges of the reported values
do not fall inside the limit ranges and do not correspond to the types of faults, a two- or
three-dimensional plot of the quantities of the dissolved gases should be used, because
the type of fault can be precisely the area close to the undiagnosed case. Using a Cartesian
representation of the IEC ratio method, it can be seen that faults D1 and D2 overlap.
Although these are both cases of energy discharge, misinterpretation of the intensity of
the fault type can occur. In conclusion, one of the main disadvantages of these techniques
consists of the fact that the gas proportion obtained does not fall within the specific domain
of values, leading to an inconclusive diagnosis of the defect [23].

3.4. TRT (Three Ratio Technique)

In 2018, Gouda et al. [24] proposed a new diagnostic technique, the three ratio tech-
nique (TRT). This method uses three new combinations of gas ratios to more clearly classify
fault types and severity (Table 6). These ratios are:

R1 =
C2H6 + C2H4

H2 + C2H2
(1)

R2 =
C2H2 + CH4

C2H4
(2)

R3 =
C2H2

C2H4
(3)

Table 6. Coding of the TRT’s diagnostic interpretation.

Ratio Range
Code

R1 R2 R3

R1 < 0.05 R2 < 1 R3 < 0.05 0
0.05 ≤ R1 ≤ 0.9 1 ≤ R2 ≤ 3.5 0.05 ≤ R3 ≤ 0.5 1

R1 > 0.9 R1 > 3.5 R3 > 0.5 2

Like the other gas ratio methods, this technique is used when the concentration of at
least one gaseous hydrocarbon exceeds the normal limits given in Table 2.
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Table 7 shows the corresponding fault types for the different code combinations of the
TRT’s diagnosis.

Table 7. Fault diagnosis using the TRT method.

R1 R2 R3 Type of Fault Fault Code

1 or 2 0 0 or 1 High-temperature thermal fault T > 700 ◦C T3
1 or 2 1 0 or 1 Medium-temperature thermal fault 300 ◦C < T < 700 ◦C T2
1 or 2 2 0 or 1 Low-temperature thermal fault 150 ◦C < T < 300 ◦C T1

1 — 0 Low-temperature thermal fault T < 150 ◦C T0
0 1 or 2 0 or 1 Low partial discharge PD1
0 1 or 2 2 High partial discharge PD2

0 or 1 0 or 1 2 High energy discharge D2
1 or 2 2 2 Low energy discharge D1

2 0 or 1 2 Combination of electrical and thermal faults DT

According to [24], this TRT has an accuracy of 99.86%, compared to 85.67% for the
Duval triangle 1 method, 75.08% for the Doernenburg method, 47.34% for the IEC method
and 39% for the Rogers method, based on 688 cases analysed.

3.5. Other Methods Using Ratios for Diagnosis
3.5.1. Single Gas Ratio Method

The international standards [19,20] propose as complementary methods for the diag-
nosis of defects in transformers three single gas reports (CO2/CO, O2/N2 and C2H2/H2)
to the previously presented methods [23].

The values of the carbon oxide concentration and the CO2/CO ratio indicate the
involvement of cellulose insulation in a diagnosed transformer fault. However, according
to the latest analysis by experts from the CIGRE, IEC and IEEE working groups, the
involvement of cellulose insulation in faults will be confirmed not only on the basis of CO
and CO2 but also through analysis of other gases or other types of oil analysis (e.g., analysis
of furan compounds and analysis of low-molecular-weight alcohols such as methanol
and ethanol).

A normal value of the O2/N2 ratio differs depending on the following factors: the type
of transformer, the load and the conservation system used. The experts of the CIGRE have
determined that all nitrogen blanket transformers and about 60% of the membrane-sealed
types have an O2/N2 ratio < 0.2, and all free breathing transformers and the remaining 40%
of the membrane-sealed types have an O2/N2 ratio > 0.2.

The C2H2/H2 ratio values for power transformers equipped with on-load tap-changers
(OLTCs) give information on the possibility of the contamination of the oil in the main tank
with oil or gas from the OLTC. In this situation, the interpretation of the DGA results of the
oil in the main tank must be undertaken by subtracting the dissolved gas values from the
OLTC, or the analysis is considered inconclusive.

3.5.2. C3 Hydrocarbon Method

The previously presented methods of interpretation for DGA only consider C1 and C2
hydrocarbons. More recently, some methods used in practice also use C3 hydrocarbons,
which specialists in the field consider useful for a more accurate diagnosis.

CIGRE specialists have presented detailed fault identification methods using C3 hy-
drocarbons in [21]. Therefore, we can say that the additional C3H6/C3H8 and C2H4/C3H8
ratios are applied to confirm the temperature domains for thermal defects (Table 8).



Energies 2024, 17, 2331 7 of 26

Table 8. Temperature domains for thermal faults.

Gas Ratios
Temperature Range [◦C]

150 ÷ 300 300 ÷ 700 >700

C3H6/C3H8 <2 2 ÷ 6 >6
C2H4/C3H8 <3 3 ÷ 15 >15

In conclusion, ratio-based methods can only be used if the gases used in the ratio are
of a significant quantity (above the limits imposed by the standards). Otherwise, these
methods will result in “Fault not identified” because the values of the domain are not in
the specific range and the type of failure cannot be determined [8]. These techniques also
have the major disadvantage of not allowing a decision to be made in some cases that fall
outside the specified codes.

4. Graphical Fault Diagnosis Methods

Graphical diagnostic methods are based on a graphical representation (triangle, square,
pentagon, etc.), where the different types of defects are visualised using specific areas of a
graph. Each side of these graphs represents the relative proportion of concentrations or
combinations of key gases. Some graphical methods use gas ratio values as coordinates of
the diagnosed object.

The following is a brief overview of graphical methods for fault diagnosis in power
transformers.

4.1. Triangle-Based Graphical Diagnostic Methods
4.1.1. Duval Triangle

In 1974, to overcome the shortcomings of fault diagnosis methods based on gas
ratios, Michel Duval, a researcher at Hydro Quebec, developed a triangular graphical
representation to visualise the different types of faults in power transformers immersed in
mineral oil, called the Duval triangle or triangle 1.

This method is based on the values of the concentrations of the three gases CH4, C2H4
and C2H2, which also correspond to increasing levels of their formation, expressed as
percentages of their sum (each part of the triangle represents the corresponding percentage
of the three gases from 0% to 100%). The intersection of these percentages determines the
location of a point within the equilateral triangle, which is divided into areas of faults that
may occur in transformers in service (Table 9), as shown in Figure 1 [23].
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Table 9. Faults identified with Duval triangle 1.

Fault Code Type of Fault or Stress

PD Corona-type partial discharges
D1 Low energy discharges
D2 High energy discharges
T1 Thermal faults due to temperature < 300 ◦C
T2 Thermal faults due to temperature 300 ◦C < T < 700 ◦C
T3 Thermal faults due to temperature > 700 ◦C
DT Combination of electrical and thermal faults

The simplicity and robustness of this method have led to its widespread use for
dissolved gas analysis in mineral-oil-filled transformers and even its inclusion in the
standards [19,20].

Although the Duval triangle 1 method is effective in determining the main faults
occurring in transformers immersed in mineral oil, in operation, it has been supplemented
by two further Duval triangles (triangles 4 and 5), which should not be used for the D1 and
D2 faults identified using Duval triangle 1.

If low-energy and low-temperature faults such as PD, T1 or T2 are identified using
Duval triangle 1, Duval triangle 4 is used to obtain more information, using the so-called
“low-energy-consumption gases”: H2, CH4 and C2H6. And when Duval triangle 1 identifies
high- and very high-temperature thermal faults, for more information, and to indicate
faults with insecurity after using Duval triangle 4, Duval triangle 5 is used based on the
“temperature gases”: C2H4, CH4 and C2H6.

Graphical representations of these two triangles are shown in Figure 2, and the defini-
tion of the fault areas in these triangles is shown in Table 10 [23].
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Table 10. Definition of fault areas in Duval triangles 4 and 5.

Fault Code Type of Fault or Stress

PD Corona-type partial discharges
S Stray gassing of mineral oil
C Hot spots accompanied by paper carbonisation (T > 300 ◦C)
O Overheating (T < 250 ◦C)
T2 Thermal faults due to temperature 300 ◦C < T < 700 ◦C
T3 Thermal faults at very high temperatures (T > 700 ◦C)
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In 2008, Michel Duval presented in his paper [25] Duval triangle 2 for mineral-oil-
insulated on-load tap-changer compartments, where normal operation involves arcing in
oil, and Duval triangle 3 for transformers filled with alternating oil (such as natural or
synthetic esters and silicones), such as BIOTEMP, silicone, MIDEL and FR3. Subsequently,
Duval triangle 3 for FR3 oils is complemented by Duval triangles 6 and 7, which are used to
obtain additional information on faults identified using Duval triangle 3 as low-temperature
faults (PD, T1 or T2) and thermal faults (T1, T2 or T3), respectively.

Considering that the most dangerous transformer failures are arcing in the cellulose in-
sulation and thermal charring of the paper in the windings, as these can lead to catastrophic
transformer failures, Duval identified new sub-areas in Duval triangle 1 [26], published
in 2022, and Duval triangle 5 [27], published in 2023. They allow maintenance efforts to
be focused on transformers by helping operators to establish whether the transformer
necessitates urgent maintenance actions or repairs or being taken out of service.

The new sub-areas in Duval triangle 1 (Figure 3) make it possible to specify whether
arc faults D1 and D2 in operating transformers are in paper or oil. These new sub-areas are
as follows:

• Faults caused by low-energy (D1-P) and high-energy (D2-P) arcs in the cellulose
insulation of transformers;

• Faults caused by low-energy (D1-H) and high-energy (D2-H) arcing in transformer
insulating oil.

In general, oil arcing is considered to be much less harmful than paper arcing. How-
ever, some arcs in oil may be of concern and require further investigation, especially if the
C2H2 concentrations are significant or high, until their exact location is found.
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Figure 3. Sub-areas in Duval triangle 1 for faults produced by arc forming.

If, following the DGA, defects of a thermal nature involving cellulose insulation (and
its carbonisation) are detected, determination of the location of the defect is indicated. This
situation is signaled by the concentration levels of C2H4, which are defined as warning
indicators in the production of thermal defects with paper carbonisation.

The new sub-areas in Duval triangle 5 (Figure 4) help to distinguish between paper
carbonisation C faults in transformers, e.g., in cables, on the outside of windings and
between winding turns or inner windings. This can also be carried out using acoustic tests,
but these involve high costs and only apply to a limited number of transformers.
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Figure 4. The sub-areas for faults with paper carbonisation in Duval triangle 5.

The sub-areas indicating paper carbonisation C faults are defined as follows in Table 11.

Table 11. Definition of the sub-areas of faults in Duval triangle 5.

Fault Code Type of Fault or Stress in Sub-Areas

C1 carbonisation fault between winding turns or inside windings
C2 carbonisation fault on the outside of the windings
C3 carbonisation fault in cables
4 overheating O, only with browning of the paper

The typical and pre-fault ethylene (C2H4) concentration values for each type of paper
carbonisation thermal fault are given in CIGRE Technical Bulletin 771:2019 [21]. These
values can be used to determine whether there are still acceptable stresses (below 90% of
the typical values) or confirmed, potentially more dangerous faults (above the typical and
pre-fault values).

Duval triangles 1 and 5, updated as described above, provide additional information
on the cause of gas formation and are both proposed for a new way of interpreting the
position of points in certain areas of the triangles and an aid to users in managing the
maintenance of oil-immersed power transformers.

4.1.2. Gouda Triangle

In the paper [12] published in 2019, Gouda et al. proposed a new technique consisting
of a triangular graphic representation using three new gas concentration ratios converted
into three percentage ratios, taking into account all five key gases (H2, CH4, C2H6, C2H4
and C2H2). The purpose of this new technique was to resolve the inconsistencies that occur
in Duval triangle 1 (ethane and hydrogen were not included in the Duval triangle, despite
their importance in diagnosing certain types of faults) and other traditional techniques.

The five hydrocarbon fuel gases are organised into the new three gas ratios according
to the following formulae:

R1 =
CH4

CH4 + C2H6 + C2H4 + C2H2
(4)

R2 =
C2H2

H2 + CH4 + C2H6 + C2H4
(5)
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R3 =
C2H4

H2 + CH4 + C2H6 + C2H2
(6)

These gas ratios are converted into triangular coordinates before being plotted in a
triangle. The relative proportions of these gas ratios can then be determined separately
using the following equations:

P1 =
R1 × 100

S
(7)

P2 =
R2 × 100

S
(8)

P3 =
R3 × 100

S
(9)

Gouda’s graphic technique consists of an equilateral triangle expressed according
to triangular coordinates (P1, P2 and P3). The triangle vertices represent the relative
proportions (from 0 to 100%) of each gas ratio (R1, R2 and R3) to the total of the three gas
ratios (S = R1 + R2 + R3) in the clockwise direction, as shown in Figure 5, and a description
of the types of faults detectable using the new triangle technique is given in Table 12.
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Table 12. Classification of fault types in the Gouda triangle.

Fault Code Type of Fault or Stress

T1 Thermal faults T < 300 ◦C
T2 Thermal faults 300 < T < 700 ◦C
T3 Thermal faults T > 700 ◦C
PD Corona-type partial discharge
D1 Low energy discharge
D2 High energy discharge
DT Combination of electrical and thermal fault
N Normal ageing

This new triangular technique is applied by following these steps:

Step 1: Determination of gas concentrations using gas chromatography.
Step 2: Verification of gaseous hydrocarbon concentration limits. If at least one of the gas

concentrations (in ppm) of the five key gases exceeds the limit given in Table 2, the
transformer is considered faulty, and the next step is taken.
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Step 3: Determination of ratios R1, R2 and R3 and calculation of relative percentages P1, P2
and P3.

Step 4: Sequential comparison of each percentage with the values obtained from the flowchart
in the order P1, P2 and P3.

Step 5: If all the calculated percentages for a particular type of fault are within the values
contained in the table, then the fault diagnosis is valid.

According to [12], this technique is able to classify fault types in a clear, simple, highly
reliable and more accurate way compared to other traditional techniques. It also has an
accuracy of 85.42%, compared with 77.21% for the Duval triangle, 56.58% for the IEC
method, 65.33% for the Doernenburg method and 55.15% for the Rogers method, using the
same set of data.

4.1.3. Low Energy Degradation Triangle (LEDT)

LEDT—the Low Energy Degradation Triangle (published in 2020)—is composed of H2,
CH4 and CO, gases that generally start to form during low energy degradation processes
in the operating power transformer [18]. This triangle is sensitive to both cellulose and
oil insulation degradation and the amount of energy that may be present, ensuring early
detection of transformer condition changes from normal to fault conditions.

The three proposed dissolved gases (H2, CH4 and CO) are plotted onto a triangular
graph, similar to Duval triangle 1, with each side starting at zero and reaching 100% at
the far end. There is clockwise movement along the triangular graph for each of the three
parameters. Figure 6 shows the LEDT with the detectable fault areas.
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Normal (N) is indicated by the green area at the lower-left vertex of the LEDT.
Upward movement along the % CH4 axis is characterised by thermal heating with a

high % CH4 and a relatively constant % H2. This region consists of T1 (thermal fault, T <
300 ◦C) and T2 (thermal fault, 300 ◦C < T < 700 ◦C) faults and may vary accordingly.

Fault progression can fall into the regions D1 (low energy discharges), D2 (high
energy discharges) and T3 (thermal faults, T > 700 ◦C). These regions are characterised by
significant increases in the % H2 and % CH4 in varying proportions. Partial discharges
(PDs) are in the yellow area at the lower-right vertex of the LEDT, which is for % H2 levels
greater than 90%.

LEDT is effective when applied to on-line dissolved gas samples, where the tendencies
of dissolved gas play a key role in detecting incipient changes in the level of insulation
degradation. According to [18], LEDT has been successfully applied to the GSU transformer
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fleet of a large electric utility, where significant faulty transformer health conditions were
identified and highlighted as a warning for intensive monitoring.

4.2. Pentagon-Based Graphical Diagnostic Techniques
4.2.1. Duval Pentagons

In 2014, Michel Duval presented in his paper [16] a new technique for interpreting
DGA, described using Duval pentagons 1 and 2, using the five key gases (H2, CH4, C2H6,
C2H4 and C2H2) arranged in the vertices of the pentagons, corresponding to the energy
increase required to produce these gases in the oil of an operating transformer in a trigono-
metric sense. This arrangement of the gases was found to be the most suitable for signaling
faults in transformers according to a pentagon representation.

Duval pentagon 1 (Figure 7a) is designed for general analysis of fault types and,
in addition to the main areas typically corresponding to the “basic” electrical/thermal
faults used in the standards [19,20], also shows the stray gas “S” area corresponding to the
production of gases during the normal ageing process of the paper–oil insulation system of
power transformers.
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Duval pentagon 2 (Figure 7b) is similar to Duval pentagon 1, and its method suggests
refining the analysis if T1, T2 or T3 failures are identified in Duval pentagon 1, as it is
important to know how much paper carbonisation is involved in the failure in order to
make appropriate decisions to avoid disasters. The areas for thermal faults in this pentagon
are defined in Table 13 [23].

Table 13. Definition of the areas of thermal faults in Duval pentagon 2.

Fault Code Type of Thermal Faults or Stress

O overheating < 250 ◦C
C thermal faults with/followed by paper carbonisation

T3-H high-temperature faults that only occur in the oil

It was found that the results of DGA carried out in area “C” of pentagon 2 indicated
with 100% certainty the possibility of paper carbonisation, and therefore these transformers
require further investigation (with carbon oxides, furan compounds and low-molecular-
weight alcohols such as methanol and ethanol) to determine the level of solid insulation
degradation [23].
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The location in the pentagon of the point corresponding to a fault is determined by
the centroid of the irregular polygon formed by the relative percentages of each gas, whose
Cartesian coordinates (x, y) are given by the following equations:

Cx =
1

6A

5

∑
i=1

(xi + xi+1)
(
xiyi+1 − xi+1yi

)
(10)

Cy =
1

6A

5

∑
i=1

(
yi + yi+1

)(
xiyi+1 − xi+1yi

)
(11)

where:

xi and yi are the coordinates of the five points;
Cx and Cy (x, y) are the coordinates of the centroid;
A is the area of the polygon given by the relation:

A =
1
2

5

∑
i=1

(
xiyi+1 − xi+1yi

)
(12)

In the paper [28] published in 2020, Luiz Cheim et al. describe the combined Duval
pentagon method, which is obtained by overlapping Duval pentagons 1 and 2. The purpose
of this overlap is to facilitate the automatic detection of faults in power transformers in
service using specialised software and to take full advantage of the properties of the original
pentagons, now reduced to a single geometry.

The combined Duval pentagon method results in fewer fault areas (10 areas) than
if both pentagons were used separately (14 areas), thus eliminating the need to use two
separate pentagons. Figure 8 shows the combined Duval pentagon with the ten fault areas,
which are defined in Table 14 [23].

The combined Duval pentagon does not change the diagnostics generated by Duval
pentagons 1 and 2, but it simplifies the calculations by using a single geometry to represent
both pentagons. According to [28], in all cases, the diagnoses obtained using the pentagon
method were in 100% agreement with the results of the internal inspections carried out by
the experts.

Table 14. Definitions of fault areas in the combined Duval pentagon.

Fault Area Code Definition of Fault Areas

PD Corona-type partial discharges
D1 Low-energy electrical discharges
D2 High-energy electrical discharges
S Stray gassing of mineral oil

T1-O Thermal faults at temperatures < 300 ◦C but without solid insulation carbonisation

T1-C Thermal faults at temperatures < 300 ◦C, with probable involvement of solid insulation,
possible carbonisation

T2-O Thermal faults at temperatures between 300 ◦C and 700 ◦C, but with little chance of solid
insulation or paper carbonisation

T2-C Thermal faults at temperatures between 300 ◦C and 700 ◦C, with a high probability of solid
insulation involvement (around 80%)

T3-H Thermal faults in oil only, temperature range > 700 ◦C

T3-C Thermal failures at high temperatures (over 700 ◦C) with solid insulation involved in the fault
(paper carbonisation)
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In view of the importance of arc faults (D1 and D2) and paper carbonisation faults (C)
in transformers and in order to determine their location, Duval defined new sub-areas in
pentagon 2, similar to those in Duval triangles 1 and 5 presented in Section 4.1.1. The new
sub-areas in Duval pentagon 2 make the following possible:

• To determine whether D1 and D2 arc faults in transformers are in paper or oil (Fig-
ure 9a), [29], published in 2022;

• To distinguish between paper carbonisation C faults in transformers, e.g., in cables, on
the outside of windings and between winding turns or inner windings (Figure 9b), [27],
published in 2023.
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Figure 9. Duval pentagon 2: (a) subzones for arcing faults; (b) sub-areas for paper carbonisation
defects.

4.2.2. Mansour Pentagon

In 2015, Diaa-Eldin A. Mansour proposed a pentagon-shaped graphical analysis for
fault diagnosis [13] to simultaneously analyse hydrocarbon fuel gases (H2, CH4, C2H6,
C2H4 and C2H2), thus eliminating the shortcomings of the Duval triangle 1 method, which
does not include C2H6 and H2 gases in its analysis, gases that are relevant to fault analysis
due to overtemperature and low energy discharges.

The Mansour pentagon vertices are labelled A to E clockwise from the top (correspond-
ing to the 100% ratio level for each of the gases) and represent the percentage concentration
of each individual gas relative to the total combustible gas concentration.
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The gas corresponding to each vertex of the pentagon was specified according to
the correlation coefficient between each two gases, which was determined based on the
principle that the data samples for each fault should not be spread over the entire pentagon
but should be clustered in a particular region. He therefore identified the gases correspond-
ing to each vertex of the pentagon (A to E) as H2, CH4, C2H4, C2H6, C2H2, as shown in
Figure 10.
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The fault areas in the Mansour pentagon were identified using information from both
conventional DGA methods and actual DGA data, and their names are given in Table 15.

Table 15. Names of the fault areas in the Mansour pentagon.

Name of Fault Area Fault Area Code in Mansour Pentagon Fault Area Code in IEC 60599 [19]

Low thermal fault—T < 300 ◦C LT T1
Medium thermal fault—300 ◦C < T < 700 ◦C MT T2
High thermal fault—T > 700 ◦C HT T3
Low energy discharge LED D1
High energy discharge HED D2
Partial discharge PD PD

The location of the corresponding point for a given fault case in the Mansour pentagon
is determined by the centre of mass of all the vertices of the pentagon. If the vertices of the
pentagon are expressed as (x, y) coordinates, then the mathematical formula for the centre
of mass (xm, ym) is given by the relations:

xm =
1

100

n

∑
i=1

mixi (13)

ym =
1

100

n

∑
i=1

miyi (14)

where:

(xi, yi) are the coordinates of each vertex of the pentagon;
mi is the percentage concentration of each gas at the vertices of the pentagon;
n is the number of peaks or combustible gases, in this case five.

The Mansour pentagon is inscribed in a circle and has superimposed XY axes with
the origin (0, 0) in the centre of the circle with a radius of 1.00. The same applies to Duval
pentagons 1 and 2, but the radius of the circle is 0.40.
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According to [13], the Mansour pentagon method eliminates the shortcomings of
Duval triangle 1 and also has a higher diagnostic accuracy compared to other methods,
including Duval triangles and the IEC 60599 standard [19].

4.3. Diagnostic Methods Based on Other Types of Graphs
4.3.1. Heptagon Graph

Since the Doernenburg, Rogers, IEC and Duval triangle 1 methods do not take into
account the carbon oxide (CO and CO2) concentrations to assess cellulose insulation
degradation, and some of them do not take into account the effect of C2H6 and H2 gases to
assess failures caused by overtemperature and low energy discharges, Osama E. Gouda in
2017 [17] proposed the heptagon graph method.

This method consists of an equilateral regular heptagon whose vertices represent the
relative proportions of the concentrations of seven gases (H2, CH4, C2H4, C2H6, C2H2, CO
and CO2), defined as the percentage of each gas in the total concentration of the seven
gases. The points specified on the sides of the heptagon are used to define its boundaries,
which are expressed from 0 to 100 clockwise, as shown in Figure 11. Table 16 defines the
fault areas in the heptagon.

Table 16. Names of the fault areas in the heptagon.

Definition of Fault Areas Fault Area Code

High concentration of cellulose degradation HCCD
Average cellulose degradation concentration MCCD
Low cellulose degradation concentration LCCD
Thermal fault < 300 ◦C T1
Thermal fault from 300 ◦C to 700 ◦C T2
Thermal fault > 700 ◦C T3
Electrical and thermal failure TD
Low energy consumption discharges D1
High energy discharges D2
Partial discharges PD

Since CO2 is a non-combustible gas, Gouda specifies that in order to distinguish
between the electrical and thermal faults required for the heptagon coordinates, the balance
between combustible and non-combustible gases must first be achieved by calculating their
relative percentages according to the following formulae:

H2 =
H2 × 3.5

(3.5 × H2) + (2.9167 × CH4) + (5.3846 × C2H6) + (7 × C2H4) + (350 × C2H2) + CO + (0.14 × CO2)
× 100 (15)

CH4 =
CH4 × 2.9167

(3.5 × H2) + (2.9167 × CH4) + (5.3846 × C2H6) + (7 × C2H4) + (350 × C2H2) + CO + (0.14 × CO2)
× 100 (16)

C2H6 =
C2H6 × 5.3846

(3.5 × H2) + (2.9167 × CH4) + (5.3846 × C2H6) + (7 × C2H4) + (350 × C2H2) + CO + (0.14 × CO2)
× 100 (17)

C2H4 =
C2H4 × 7

(3.5 × H2) + (2.9167 × CH4) + (5.3846 × C2H6) + (7 × C2H4) + (350 × C2H2) + CO + (0.14 × CO2)
× 100 (18)

C2H2 =
C2H2 × 350

(3.5 × H2) + (2.9167 × CH4) + (5.3846 × C2H6) + (7 × C2H4) + (350 × C2H2) + CO + (0.14 × CO2)
× 100 (19)

CO2 =
CO2 × 0.14

(3.5 × H2) + (2.9167 × CH4) + (5.3846 × C2H6) + (7 × C2H4) + (350 × C2H2) + CO + (0.14 × CO2)
× 100 (20)

CO =
CO

(3.5 × H2) + (2.9167 × CH4) + (5.3846 × C2H6) + (7 × C2H4) + (350 × C2H2) + CO + (0.14 × CO2)
× 100 (21)

The weighting or multiplication factor of the above formulae is defined as the ratio
of the normal CO concentration limit to the normal concentration limit of each gas. The
above equations are adapted to the limits shown in Table 2, which are in accordance with



Energies 2024, 17, 2331 18 of 26

the latest version of IEEE Std.C57.104:2019. The weighting factors used by Gouda were
determined by the limits of IEEE Std.C57.104:2008 [43].

This new triangular technique is applied by following these steps:

Step 1: Determination of gas concentrations using gas chromatography.
Step 2: Verification of the concentration limits of the seven gases against the IEEE standard.
Step 3: The transformer is considered faulty if at least one of the gas concentrations exceeds

the limits in the standard.
Step 4: Determination of the relative percentages for each gas using the equations given

above.
Step 5: Plotting the percentage of each gas on the heptagon graph, and the corresponding

point for a given fault case is determined by the centre of mass of the percentage
concentrations.

According to [17], the accuracy of this method reached 89.41% out of 452 samples
tested, while the Doernenburg, Rogers, IEC and Duval triangle 1 methods have accuracy
percentages of 38.48%, 46.43%, 54.67% and 64.67%, respectively, for the same number
of samples.
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Figure 11. Heptagon graph showing the fault areas.

4.3.2. ETRA Square

This method was developed by the Electric Technology Research Association (ETRA)
(Japan) [30] and published in 1999. The method consists of using the ratios of three gases
(C2H2, C2H4 and C2H6) and a diagnostic graph (in the form of a square) to identify the
type of fault in oil-immersed power transformers.

Figure 12 shows a diagnostic graph with the fault areas defined by ETRA and the
corresponding codes according to the IEC and IEEE standards. For example, the partial
discharge (PD) fault area is limited by the following gas ratios, 0.01 ≤ C2H4/C2H6 ≤ 1 and
0.01 ≤ C2H2/C2H6 ≤ 1, and the medium overheating area (300–700 ◦C) is limited by the
following gas ratios: 1 ≤ C2H4/C2H6 ≤ 4 and 0.001 ≤ C2H2/C2H6 ≤ 0.01.
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Figure 12. ETRA square.

According to the analysis of the IEC, Duval triangle 1, ETRA square and nomogram
methods in [10], the graphical Duval triangle 1 and ETRA square methods provide the
highest reliability in identifying the faults analysed.

4.3.3. Nomogram Method

The nomogram method was first proposed by Japanese researchers, in the year
1986, [31] who used the ratio of the five key gases to the gas of the maximum concen-
tration to identify the type of fault in DGA results.

To identify the type of fault using this method, first, the gas of the maximum concen-
tration is determined; then, the values of the ratio of each gas to the gas of the maximum
concentration are calculated. The next step is to construct the fault nomogram as follows:
the values of the ratio obtained are placed on the Y axis and the gases are placed on the
X axis in the following order: H2, CH4, C2H6, C2H4 and C2H2 (Figure 13). Finally, the
resulting points are connected by a line.
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identification using the nomogram method.
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The resulting graph is compared with the standardised reference nomograms (e.g.,
Figure 13a—red line/dots), and the best match is selected (Figure 13b—blue line/dots).
The latter represents a nomogram of the type of fault.

5. Improvement of the Efficiency of DGA-Based Fault Diagnosis Methods

Nowadays, several computational techniques based on artificial intelligence (AI)
have been developed to overcome the difficulties of the classical methods (analytical
and graphical) and to improve the performance of DGA-based fault diagnosis. These
techniques can only detect the types of faults for which they have been trained; otherwise,
misdiagnosis may occur. They are also complicated and difficult for practising engineers to
apply widely [32,33].

Since traditional DGA-based fault diagnosis methods use different rules and criteria
against the same DGA results and depend on the knowledge of experts in the field, the
probability of misdiagnosis increases. The integration of appropriate information into
various intelligent techniques is therefore essential to improve the accuracy and precision
of early fault diagnosis in power transformers.

To streamline fault diagnosis based on DGA interpretation, researchers in this field
have offered solutions using intelligent techniques that can be applied to the traditional
methods of fault identification in power transformers, either independently or in combina-
tion [34].

According to the literature, widely used intelligent techniques are Fuzzy Logic (FL),
Neural Networks (NNs), Expert Systems, Support Vector Machines (SVMs) and com-
bined techniques such as Adaptive Neuro Fuzzy Inference Systems (ANFISs) and Gene
Expression Programming (GEP).

FL and NN techniques help to overcome the problems of uncertainty and unresolved
diagnostic cases inherent in conventional DGA methods. ANFISs, SVMs and GEP are
binary classifiers and require the use of separate models for different fault conditions.
Therefore, they are successfully used to solve fault diagnosis problems, but the need for
adequate data samples to train the methods in the case of an ANFIS, the selection of the
kernel function in the case of an SVM and the choice of the correct matching function using
the GEP method limit their use for practical purposes [7].

Grey clustering analysis (GCA) is also used to diagnose incipient faults in power
transformers and has shown advantages over NN and FL systems because it requires
smaller data samples for training and does not require the design of membership functions
or the assignment of linguistic variables [35].

A comparative analysis of the most widely used artificial intelligence (AI) tech-
niques showed that none of them can be considered the best for diagnosing power trans-
former faults but should be considered complementary methods, as these intelligent tech-
niques provide directions for identifying the most suitable algorithm for interpreting DGA
data [36].

Example of Using AI Techniques to Develop a New Graphical Technique for DGA

The paper [14] describes a new graphical (pentagon-shaped) DGA-based fault diagno-
sis technique, which differentiates fault areas based on prediction confidence and which
combines the benefits of graphical and analytical methods.

The described pentagon was developed in the Java programming language and the
Eclipse IDE, and the initial axes and boundaries were developed using Duval pentagon 1.

On the basis of the individual error distribution model, the new pentagon identifies
two main regions according to the certainty of the predictions, the Region of Certainty
(ROC) and the Region of Uncertainty (ROU). The Multi-Layer Perceptron (MLP) network
is applied to outline overlapping fault areas from their allotment, creating areas of certainty
and uncertainty.

Since the different types of faults oscillate in size and are determined by the energy
of the formation of the fault gases, it follows that for each type of fault, some gases have
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dominant concentrations. Thus, the ROCs are distributed at the edges of the new pentagon
according to the specific gas or gases they determine. So, if the defect point is positioned in
one of the ROCs, then the defect type of the indicated area is predicted to be a defect given
by the specified DGA data. If the failure point is located in a ROU, a decision system based
on the method of combining the gas ratio and references from the graphical distribution of
the failure is used.

Figure 14 shows the new pentagon consisting of four ROCs and seven ROUs (denoted
as U1 to U7) as generated by the MLP network, and Tables 17 and 18 show the faults and
codes for the ROC and ROU regions.
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Table 17. Names of ROCs.

Definition of ROCs ROC Code

Low energy discharge D1
High energy arcing D2
Thermal fault: T < 300 ◦C/300 ◦C < T < 700 ◦C T1/T2
Thermal fault T > 700 ◦C T3

Table 18. Sets of faults related to ROUs.

ROU Code Set of Faults ROU Code Set of Faults

U1 T1/T2, PD, D2 U5 PD, D1, D2, T1/T2,
U2 PD, D1 U6 D2, T1/T2, T3
U3 T1/T2, PD, U7 D1, D2
U4 PD, D1, D2

It can be seen that T1 and T2 faults have been combined into one area. This is due to
the fact that in most of the inspections of the samples analysed, T1 and T2 faults could not
be identified separately. There is also no ROC for PDs because there is no region in the
pentagon where PD faults are exclusively dominant.

According to [14], the described method has an accuracy of 83%, which indicates
a higher performance than the methods with which it was compared, Duval pentagon
1 and the gas ratio combination method. The benefits of this method allow a concrete
and precise analysis of the DGA results, providing information on the accuracy of the
determined defect.
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6. Conclusions

This paper focuses on practical information and applications to manage maintenance
based on accurate and up-to-date data.

The diagnostic methods (analytical and graphical) for faults in oil-immersed power
transformers are simple, economical and effective. However, all of the available methods
described have discrepancies in the presentation of the results for the same defect data and
therefore have their own disadvantages:

• The main disadvantage of the key gas method is the difficulty of interpreting a fault
in practice due to the independent gases since during the occurrence of a fault in the
transformer, traces of other gases are produced in addition to the gas corresponding
to the fault. It is therefore advisable to establish a correlation between them using a
correction factor;

• Fault diagnosis in the case of gas-ratio-based methods is determined when the fault
code matches the code combination given by the ratios, but there are no available code
combinations with specific fault codes, so the problem of the lack of a decision arises;

• Due to the incomplete use of diagnostic information, the presence of rigid boundaries
and areas of mixed faults, graphical methods have some uncertainty in diagnosing
certain faults (e.g., low overheating and partial discharge in Duval triangle 1);

• None of the methods based on artificial intelligence can be considered the best for di-
agnosing faults in power transformers, as they are more likely to provide directions for
identifying the most appropriate algorithm for the most accurate interpretation of DGA
data. We can conclude that complementing AI techniques with other conventional
methods is recommended to improve their accuracy and precision.

With proper condition management of oil-immersed power transformers, faults can
be detected and diagnosed early, preventing costly repairs and reducing downtime, risk to
personnel and the destruction of nearby equipment. Understanding the types of faults and
their causes and effects is therefore very important in the development of fault diagnosis
methods and techniques, in which dissolved gas analysis plays an important role.

This article has reviewed the main steps in the process of diagnosing the health of
power transformer insulation, which involves the science of analysing the gases dissolved
in the oil of power transformers immersed in mineral oil, from oil sampling to analysis
of the results obtained. In order to emphasise the advantages and disadvantages of the
methods approached in this paper, we created Appendix A.

The evolution of the main methods adopted in the international standards was high-
lighted, providing general information on the evolution of the research in this field, in-
cluding the development of AI techniques to reduce the diagnosis times and optimise the
application of prompt and informed decisions.

This paper can be assimilated as a supporting document to assist other researchers/
professionals in the field of developing DGA for carrying out the maintenance processes/
procedures necessary for the sustainability of energy systems.

The contents of this paper will be of particular use to engineers who manufacture, mon-
itor and/or use high-power transformers in the energy sector, as well as to undergraduate,
master’s and PhD students interested in such applications.

In future papers, we propose approaching methods other than those presented in this
paper but also methods for determining the defects and implicitly the state of health of
transformers that use alternative oils (silicone and synthetic and natural esters).
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Nomenclature

DGA Dissolved Gas Analysis
H2 Hydrogen
CH4 Methane
C2H6 Ethane
C2H4 Ethylene
C2H2 Acetylene
CO2 Carbon Dioxide
CO Carbon Monoxide
O2 Oxygen
N2 Nitrogen
OLTC On-Load Tap-Changer
TRT Three Ratio Technique
LEDT Low Energy Degradation Triangle
ETRA Electric Technology Research Association
AI Artificial Intelligence
ROC Region of Certainty
ROU Region of Uncertainty

Appendix A

Table A1. Advantages and disadvantages of DGA methods.

Method Advantages Disadvantages

Analytical Methods for Fault Diagnosis

Key gas method
Faults that can be detected: electric arcing in oil, partial
discharges in oil, overtemperature in oil and cellulose
overheating

It is not widely used for diagnosing
transformer conditions.

The Doernenburg ratio method Identify incipient faults in transformers such as thermal
decomposition, partial discharge, arcing

It provides insufficient information,
especially in the case of the existence of
multiple faults and cases that fall outside
the specified codes.

Rogers and IEC ratio methods Identify faults PD, D1, D2, T1, T2, T3

A part of the gas ratio values obtained
does not fall within the specific range of
values, making diagnosis of the fault
inconclusive.
There are overlapping situations for type
D1 and D2 defects, resulting in the wrong
interpretation of the intensity of the type
of defect.

TRT (three ratio technique)

Identify faults PD1, PD2, D1, D2, T1, T2, T3, T0, DT.
Has an accuracy of 99.86%, compared to 85.67% for the Duval
triangle 1 method, 75.08% for the Doernenburg method,
47.34% for the IEC method and 39% for the Rogers method

It provides insufficient information,
especially in the case of the existence of
multiple faults and cases that fall outside
the specified codes.

Single gas ratio method

Three unique gas ratios (CO2/CO, O2/N2 and C2H2/H2) can
be used as complementary methods for diagnosing faults in
transformers for the involvement of cellulose insulation,
mineral oil oxidation, the possibility of contamination of the
oil in the transformer main tank with oil or gas from the
OLTC

It provides insufficient information,
especially in the case of the existence of
multiple faults and cases that fall outside
the specified codes.

C3 hydrocarbon method Used to confirm the temperature range for thermal defects



Energies 2024, 17, 2331 24 of 26

Table A1. Cont.

Method Advantages Disadvantages

Graphical fault diagnosis methods

Duval triangle 1

Simplicity and robustness.
Faults identified: PD, D1, D2, T1, T2, T3, DT.
Is effective in determining the main type of fault.
New sub-areas make it possible to specify whether arc faults
D1 and D2 in operating transformers are in paper or oil.

At the boundary between two fault zones,
it is difficult to distinguish which of the
two faults is the real one.
Because it uses only three dissolved gases,
it provides insufficient information,
especially in the case of the existence of
multiple faults.
Interaction of stray gases with the correct
identification of faults.

Duval triangle 4

Is used to obtain more information about low-temperature
faults like PD, T1 or T2.
Uses the “low-energy gases”: H2, CH4 and C2H6.
Faults identified: PD, S, O, C.

Because it uses only three dissolved gases,
it provides insufficient information,
especially in the case of the existence of
multiple faults.

Duval triangle 5

It is used to obtain more information about T2- or T3-type
thermal defects and to confirm defects that present
uncertainty after using Duval triangle 4.
Uses the “temperature gases”: C2H4, CH4 and C2H6.
Faults identified: PD, S, O, C, T2, T3.
The new sub-areas indicate the location of paper
carbonisation faults.

Because it uses only three dissolved gases,
it provides insufficient information,
especially in the case of the existence of
multiple faults

Gouda triangle

Resolve the inconsistencies that occur in Duval triangle 1.
Faults identified: N, PD, D1, D2, T1, T2, T3, DT.
Has an accuracy of 85.42%, compared with 77.21% for the
Duval triangle, 56.58% for the IEC method, 65.33% for the
Doernenburg method and 55.15% for the Rogers method,
using the same set of data [12].

Uncertainty—if at least one of the gas
concentrations (in ppm) for the five key
gases exceeds the limit, the transformer is
considered faulty.
At the boundary between two fault zones,
it is difficult to distinguish which of the
two faults is the real one.

Low Energy Degradation Triangle
(LEDT)

Is sensitive to both cellulose and oil insulation degradation
and the amount of energy that may be present, ensuring early
detection of transformer condition changes from normal to
fault conditions.
Faults identified: N, PD, D1, D2, T1, T2, T3.

It is only effective when applied to on-line
dissolved gas samples, where the
dissolved gas trend plays a key role in
detecting early changes in the level of
insulation degradation.

Duval pentagon 1
Is designed for the general analysis of fault types and in
addition shows the stray gas “S” area associated with the
production of gases during the normal ageing process.

They are used after analysis with the
Duval triangles and are complementary.

Pentagon 2

Suggests filtering the analysis if T1, T2 or T3 failures are
identified in Duval pentagon 1.
New sub-areas make it possible to specify whether arc faults
D1 and D2 in operating transformers are in paper or oil, and
also the location of paper carbonisation faults is specified.

Combined Duval pentagon

Facilitates the automatic detection of faults in power
transformers in service.
Has fewer defect areas than if both Duval pentagons were
used separately.

Mansour pentagon Eliminates the shortcomings of the Duval triangle 1 method.
It provides insufficient information,
especially in the case of the existence of
multiple faults.

Heptagon graph

Takes into account carbon oxide.
It assesses failures caused by overtemperature and low
energy discharges.
It distinguishes between electrical and thermal faults.
The accuracy of this method reached 89.41%, while the
Doernenburg, Rogers, IEC and Duval triangle 1 methods
have accuracy percentages of 38.48%, 46.43%, 54.67% and
64.67%, respectively, for the same number of samples [17].
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Table A1. Cont.

Method Advantages Disadvantages

Graphical fault diagnosis methods

ETRA square Shows reliability in identifying faults compared to classical
methods.

Because it uses only three dissolved gases,
it provides insufficient information,
especially in the case of the existence of
multiple faults.

Nomogram method
It use the ratio of the five key gases to the gas of the
maximum concentration to identify the type of faults in the
DGA results.

It provides insufficient information,
especially in the case of the existence of
multiple faults and cases that fall outside
the specified codes.
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