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Abstract— Dissolved gas analysis (DGA) is a common technique
to identify the transformer faults. The transformer faults are
identified based on the concentration of the combustible gases
such as Hydrogen (Hz2), Methane (CHa4), Ethan (C2He), Ethylene
(C2H4), Acetylene (CzH2), and Carbon mono-oxide (CO) in
addition to the ratios between these gases. On the other hand, the
DGA technique identifies only the transformer fault type not the
severity of this fault. In this paper, three objectives should be
achieved, the first one is determining the transformer fault type
based on the Duval triangle rules using a Fuzzy Logic model and
secondly, determining the partial discharge severity based on a
thermodynamic approach based on the starting decomposing
materials (n-Octane (CsHis) and Eicosane (CzoHa42)), thirdly,
comparing the severity of the partial discharge based on the type
of the starting decomposing material. The results indicate that
the severity of the partial discharge influenced by the type of
starting decomposing material.

Keywords—~Partial discharge, power transformer, dissolved gas
analysis, insulating oil.

I. INTRODUCTION

A power transformer is one of the most important parts in
the power network so its reliable operation is necessary. Early
stage detection of transformer faults avoided a catastrophic
damage and unwanted outage of the transformer from the
network [1]. Most of the transformer faults were developed in
the insulation systems, which consists of the insulating oil and
paper. Due to electrical, thermal and mechanical stresses, the
insulation oils degraded and decomposed. The decomposing of
the insulation oil generated dissolved gases, which were
categorized to combustible and incombustible gases. These
gases are Hydrogen (Hz), Methane (CH.), Ethan (C:Hs),
Ethylene (C;H4), Acetylene (CoH,), and Carbon mono-oxide
(CO). These Hydrocarbon gases are combustible gases and the
energy required to form these gases increases in the order CH,
< CyHs <=CO <=C;H4 <=H,<< C;H>. There were several DGA
techniques, such as Dornenburg method, Rogers’ method, Key
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gas method, Interational Electro-technical Commission (IEC)
standard code, and graphical representation method (triangle
and pentagon), which were used to diagnose the transformer
faults [1-4]. Recently, artificial intelligent techniques are
merged with the previous DGA techniques to enhance the
diagnostic accuracy [1, 5-13]. In spite of the ability of DGA
techniques to detect the transformer faults, they can’t monitor
the severity of these faults [14].

The conventional DGA techniques such as Dornenburg ratio
method, Rogers ratio method and IEC standard code were
based on the ratios between main five combustible gases such
as Hydrogen (H.), Methane (CH4), Ethan (C;Hs), Ethylene
(C2Ha4), Acetylene (CyH2). For Dornenburg ratio method, the
ratios are CH4/H2, Csz/C2H4, Csz/CH4 and CzHe/Csz. For
Rogers four ratio method, the ratios are CHa/H,, CoHo/CoHa,
C2H4/CoHs and CoHe/CH.. For IEC Standard code, the ratios
were CHu/H;, CyH/CoHs and CoHa/ CoHe. The previous
methods have poor accuracy for detecting transformer faults
and in some conditions, it fails to interpret the transformer fault
type. The Duval triangle is one of the conventional DGA
methods and it is stable and reliable for many years and its
common population DGA method all over the world. It
depends on percentage of three combustible gases only which
are Methane (CH.), Ethylene (C2H4), Acetylene (CzH,) to their
sum. All of these conventional methods were addressed in
detail in [1].

The total dissolved combustible gases (TDCG) were used
as an indication of the severity of the transformer conditions
accordingly the maintenance actions are addressed [2, 15]. The
TDCG which is the sum of all combustible gases is not
sufficient to determine the fault severity since it did not take
into account which gas rate was varied. The impact of the
energy weighted of the dissolved gases was addressed in [16]
that to evaluate the severity of transformer faults. The proposed
Artificial Neural Network (ANN) model based on the rules of
Duval triangle was built to identify the transformer fault and
used n-octane as a starting decomposing material to determine
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the transformer fault severity [3]. On the other hand, Eicosane
was used as a starting decomposing material to investigate the
severity of the transformer fault [17]. The diagnostic fault
model was constructed based on the rules of IEC standard
code.

An Eicosane and n-octane were two starting decomposing
material, which were used in the thermodynamic approach to
estimate the severity of the transformer fault [14-17]. In this
paper, the impact of the starting decamping material (Eicosane
and n-octane) to determine the partial discharge severity was
addressed. This comparative study was an evidence to explain
that the variation of the starting decomposing materials led to a
variation of the partial discharge fault severity. The constructed
model to identify the partial discharge fault severity was based
on the Duval triangle method, where the fault type was
determined using a fuzzy logic system based on Duval triangle
fault region rules. The results are based on random selected
samples demonstrated that the partial discharge severity is
medium with Eicosane and low severity with n-octane. For the
emergency condition, the maintenance process should take into
consideration the results based on Eicosane.

I1. DGA BASED ON THE DUVAL TRIANGLE METHOD

The Duval triangle is a common DGA method for
transformer fault diagnosis and was built using more than 1000
DGA samples of faulted transformers. Diagnosis of the
transformer fault was based on the relative ratio of three
combustible gases (CHa, C2Ha4, and CyHy) referred to the sum
of the three gases [2, 3, 18]. Figure 1 shows the fault zones and
the corresponding boundary based on the percentage of (CHa,
CoHs, and CyH,) and Table 1 demonstrated the meaning of
each abbreviation. The gases’ percentage can be calculated as
follows;

[Xpr] = [%CH,, %CyHy, %CyHo]"

1)
Where,
%CH, = CZH#;% x 100
%C,H, = W x 100
%C,H, = W x 100

P, =% CH,

Fig. 1. Duval triangle as a diagnostic tool to detect incipient faults in
transformers [19]
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TABLE 1 Legend of Duval triangle

Legend

PD=Partial Discharge

T1=Thermal fault less than 300°C
T2=Thermal fault between 300 °C and 700 °C
T3=Thermal fault greater than 700 °C
D1=Low energy discharge (sparking)
D2=High energy Discharge (Arcing)
DT=Mix of thermal and electrical fault

1. THE Fuzzy LOGIC SYSTEM BASED ON THE DUVAL

TRIANGLE METHOD

The inputs of the Duval triangle fuzzy system were CH4%,
C2H1%, and CoH2%, the outputs were constant referring to the
fault type (FT), and the rules box was as Sugeno. A trapezoidal
membership function was selected to express the system inputs
and every input was categorized to ten membership functions
(mfl-mf10). The membership function boundaries for all
inputs were indicated in Table 2.

TABLE 2: the boundaries of the membership functions of each input

variable

CH:% CoH4% CoHx%
mf limits mf limits mf limits
1 [-0.050 86 86] 1 [-0.0502323] 1 [[12.99 13 99.99 100]
2 [-0.050 64 64] 2 [22.99 23 40 40] 2 [131399.99 100]
3 [-0.05030.99 31] 3 [[39.994070.99 71]| 3 [29 29 70.99 71]
4 98 98 100 100] 4 [-0.0501.999 2] 4 [-0.0501.999 2]
5 [[76 76 97.99 98] 5 [-0.050 20 20] 5 [-0.05 0 3.999 4]
6 [45.99 46 80 80] 6 [[20 20 50 50] 6 [-0.0503.999 4]
7 [-0.0505050] 7 [[5050 100 100] 7 [-0.050 15 15]
8 [47 47 96 96] 8 [-0.050 40 40] 8 [3.9941313]
9 |[27 27 50 50] 9 [[40 40 50 50] 9 [[3.99 4 29 29]
10 [-0.050 35 35] 10 |50 50 100 100] 10 [14.99 15 29 29]

Seven membership functions expressed the output, which
were selected as a constant membership function. Each one of
the transformer fault types can be expressed using a number
from 1 to 7, where, 1 for PD, 2 for D1, 3 for D2, 4 for T1, 5 for
T2, 6 for T3 and 7 for Undermined fault (UD). The rules of the
constructed fuzzy system can be shown as in Fig. 2. This
Figure demonstrated the relation between the inputs and the
output of the system, i.e., when the CHs% was 99.9999%,
C,H1% was 0.000014%, and C;H»% was 0.000014%, then the
output was “1” which referred to the partial discharge fault
(PD). In addition, Fig. 3 explained the SIMULINK model of
the constructed system.

IV. THERMODYNAMIC MODEL

(A) N-OCTANE (CgH1s) STARTING DECOMPOSING MATERIALS

An n-octane was selected as starting decomposing
compound in the thermodynamic approach to investigate the
severity of transformer faults. It is a paraffin compound that
generates gases when the insulating oil subjects to stresses
(thermal or electrical). The following equations demonstrate
the decomposing of n-octane to the gases that produced during
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stresses on the transformer oil such as Hz, CHs, CoHes, CoHa,
and Csz [14-15]'

CgHug(1)=CHa(g)+ CrH1(1) (2.2)
CgHia(l)=CoHg(9)+ CsHiall) (2.b)
CgHug(l)=CaHa(g)+ CeHuall) (2.0)
CgHs(l)=H2(9)+ CgHasl1) (2.d)
CgHig(l)=CoH2(9)+ Ha(g)+CeHuall) (2.€)

ccl?’

where, “9” refers to gas state and “I” refers to liquid state.

The thermodynamic model based in n-octane can be
illustrated as follows;

e The hydrocarbon decomposing is an endothermic
reaction, and then absorbs energy from the

surroundings.

The enthalpy change expresses the heat content of
each reaction.

The enthalpy of reaction (AHreaction) iS the difference between
the enthalpy of the formation of the products (4H®%), and the
enthalpy of the formation of the reactants (AHs)r which refers
to the enthalpy of formation of the fault gases.
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Fig. 2. The diagram illustrated the rules of the constructed fuzzy system

[« F——1

enthalpy of reaction of Methane (CH.) as a reference as
follows;
The enthalpy change of reaction can be calculated as (3);

0 0 0
4H reaction = 4H f, products — 4H f, reactants

©)
where, (4H%) is the enthalpy of formation, therefore, a sample
calculation of the (AHCreaction) fOr reaction (2.a) is as follows;

AH(f), products:AH(f) (CH4)+AH? (C7H14) (4)

The standard enthalpies of the formation CH,4 and C7H14 were
shown as in Table 3 and were substituted in (4).

Hence,
AHE produces = —74.9 — 97.7 = —172.6 kJ /mol (5)
The standard enthalpy of the reactants is estimated by,
k]
AH]g,reactants = AH)? (CSHIS) = _250'3m (6)

Therefore, the enthalpy change of reaction (AH®action) for
CHa can be calculated based on (3) by,
AHﬁeactLon (CH4) = AH/?,products - AH]?,reactants =

—172.6— (—250.3) = 77.7 kJ /mol @)

TABLE 3 Enhalpy of formation for each product of n-octane (C8H18)
decomposing reactions at 2980K and 105 KPA [15]

molecule AH% molecule AH%
CgHss (1) -250.3 CHa4(9) -74.9
C7Hu4 (1) -97.7 C,Hs(9) -83.8
CeHu (1) -198.7 CyH4(9) 52.5
CeHlZ (I) -73 Csz(g) 226.7
CeHas (1) -121.8 H.(9) 0

By the same manner, the other n-octane product gases can
be computed as in Table 4 based on the enthalpy change of the
formation for each gas and liquid product as in Table 3.
Therefore, the relative energy factor (REF) for each gas can be
calculated as in Table 4;

The energy weighted based on the five gases (Hz, CHy,
CzHs, CoHa, and CoH,) for the n-octane gas product can be
calculated as in (8);

Energy weighted( HMEEA ) = C(CH,4 )x REF; + C(C,Hg )x REF, (8)

+C(C,H,4 )xREF; +C(H, )x REF, + C(C,H, )x REFg
The abbreviation (HMEEA) refers to Hydrogen, Methane,
Ethan, ethylene, and Acetylene.

TABLE 4 Enthalpy of reaction for each gas that was produced from n-octane
decomposing [14-15]

N ——
- Product [(AH°f Reactant] o AHCreaction
Constant T Display gas ( )S (AH f)Products ( as in (5) ) REF
e CH, -250.3 -172.6 777 | REFL[ 77.7/77.7=1.00
e CHs | -250.3 -156.8 935 |REF2 | 935/77.7=1.20
CoHy -250.3 -146.2 104.1 REF3 | 104.1/77.7=1.34
ToWonspace H, -250.3 -121.8 1285 | REF4 | 128.5/77.7=1.65
Fig. 3. The SIMULINK model of the proposed algorithm CoH, -250.7 28.0 278.3 | REF5 | 278.3/77.7=3.58

After computing the reaction of formation of the fault gases,
the energy weighted factor can be determined by taking the
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(B) EICOSANE (C20Ha2) STARTING DECOMPOSING MATERIAL

A n-octane consists of paraffin molecules which were not
stable and removed from the crude oil during its production
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process and hence, the energy required for cracking reaction to
generate n-octane can be neglected. Due to n-octane kept in
the fault zone for a long time to achieve the equilibrium state,
therefore, it considered a great issue [15]. Hence, the Eicosane
(C20H42) was proposed to construct the thermodynamic model
to identify the severity of the transformer faults based on
DGA. Equations 9a to 9b, demonstrate the reaction to produce
the combustible gases that was used in the thermodynamic
approach as follows [17];

CaoHaz(1)=CH,4(g)+ CioHzs(l) (9.2)
CooHaz(1)=CoHg(9)+ CigH35(1) (9.b)
CaoHaz(1)=CoH4a(9)+ CigH3g(l) (9.c)
CaoHaz(1)=Hz(g)+ CaoHaol(l) (9.d)
CaoHaz(1)=CoHo(g)+ Ha(g)+CigHasl(l) (9.€)

Table 5 shows the enthalpy change of formation of each
product of the Eicosane (CxoHa2). Based on the magnitude of
the enthalpy change of formation of each Eicosane product as
in Table 5, the enthalpy change of the reaction of the gas
product can be calculated as in Table 6. In order to calculate
the energy weighted required to develop the gas product from
Eicosane equation (8) was applied.

TABLE 5 Enthalpy of formation for each product of Eicosane (C20H42)
decomposing reactions at 298oK and 105 KPA [17]

molecule AH% molecule AH%
CaoHaez (1) -455.8 CHJ(q) 74.9
CooHao (l) -357.9 CzHe(g) -83.8
CuoHzs (1) -345.9 C.Ha(9) 52.5
C13H33 (l) -414.6 Csz(g) 226.7
CusHas (1) 314.1 H.(q) 0

TABLE 6 Enthalpy of reaction for each gas that was produced from Eicosane
decomposing [17]

0 .
Prggsu ct (AH)reactants | (AHproducts (AHi;:aEgo)n) a REF
CH, -455.8 -420.8 35 REF1 35/35=1
C,Hs -455.8 -397.9 57.9 REF2 | 57.9/35=1.65
C,H, -455.8 -362.1 93.7 REF3 | 93.7/35=2.68
H, -455.8 -357.9 97.9 REF4 | 97.9/35=2.8
C,H, -455.8 -187.9 267.9 REF5 [267.9/35=7.65

V.SEVERITY OF THE PARTIAL DISCHARGE

The severity of the partial discharge is investigated based
on the variation of the starting decomposing material (n-
octane and Eicosane). The magnitude of partial discharge is
not sufficient to assess the life expectancy of the insulation.
Hence, additional information was required to estimate the
severity of the partial discharge. This information is the
energy that was associated with the decomposing process of
the insulating oils due to different stresses like electrical,
thermal, and mechanical stresses. Based on equation (8), the
energy weighted of the main five gases (Hz, CHa, C2Hs, C2Ha,
and C,Hy) can be calculated for n-octane and Eicosane and
then the relative ratio between the energy weighted of the five
gases and its total concentration can be computed as follows;
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EWRO=Energy weighted HMEEA for n-octane/HMEEA
concentration (10)
Where, EWRO refers to the Energy weighted ratio of n-octane.
EWRE=Energy weighted HMEEA for Eicosane/HMEEA
concentration (11)
Where, EWRE refers to the Energy weighted ratio for
Eicosane.

According to the equations (10) and (11), the energy
weighted ratios for n-octane and Eicosane (EWRO and
EWRE) were computed. The magnitude of the EWRO and
EWRE ranged from 0 to 8. The low PD severity was
considered when EWRO and EWRE were less than or equal 2,
moderate when EWRO and EWRE were greater than 2 and
less than or equal 4 and the severity was high when EWRO
and EWRE were greater than 4 [14].

Although the rules for detecting the transformer fault
using Duval triangle DGA technique were based on only three
gases (CH4, CzH4, and CyH2), the accuracy of the Duval
triangle to detect partial discharge fault is poor. This fact is
due to the importance of H, concentration in partial discharge
fault detection. Hence, the concentration of H, as well as CoHg
was taken into account for computing the energy weighting
ratio with three other gases for the Duval triangle method. The
relative energy factor (REF) for each gas based on the starting
decomposing material was explained in Tables 4 and 6.

Table 7 explains the cases under considerations and contains
15 columns, column 1 refers to the case number, and the next
five columns indicated the concentration of Hy, CHa, CzHe,
CzH4, and CzH; in ppm. The ACT column expresses the actual
fault of each case and “1” refers to a partial discharge fault
and “4” to the low thermal fault. The eighth, ninth, and tenth
columns explained the percentage of CHi, C;Hi and C;H;
referred to the sum of them as in (1). Eleventh and twelfth
columns refer to the energy weighted ration for n-octane and
Eicosane (EWRO and EWRE) respectively. The DIG column
indicates the Duval triangle method diagnosis, which agrees
with the actual fault of all samples referring to the accuracy of
Duval triangle for detecting the fault type (100%). The last
two columns (SEV_E and SEV_O) illustrate the severity of the
partial discharge fault based on the magnitude of EWRE and
EWRO. When the severity using n-octane and Eicosane is 1, it
refers to low severity and when it is 2, it refers to medium
severity, on the other hand, 3 refers to high fault severity.

The severity based on EWRO and EWRE is different for all
studied cases As in case number 7, when the CH.% was
99.99996%, C,;H4% was 0.000004%, and C,H% was
0.000004%, and then the output was “1” which referred to the
partial discharge fault (PD), and the severity based on EWRE
(SEV_E) refers to 2 (medium severity) and the severity based
on EWRO (SEV_O) refers to 1 (low severity). Therefore,
based on the results of Table 7 the decomposing starting
material has a significant effect in determining the severity of
the partial discharge fault. For emergency monitoring of the
fault severity based on the starting decomposing material, the
severity results based Eicosane must be taken into
consideration rather than that based on n-octane.
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TABLE 7 The cases to investigate the severity based on the starting decomposing material

Case H, CH, CoHg CoHy CoH» ACT CH% CoHs% CoHy% EWRE EWRO | DIG| SEV_E SEV_O
1 110 7 <0.01 | <0.01 <0.01 1 100 0.000014 0.000014 2.65 1.61 1 2 1
2 134 13 156 <0.01 <0.01 1 100 0.000008 0.000008 2.10 1.39 1 2 1
3 1458 9 1812 | <0.01 <0.01 1 100 0.000011 0.000011 2.13 14 1 2 1
4 195 5.3 <0.01 | <0.01 <0.01 1 100 0.000019 0.000019 2.71 1.63 1 2 1
5 109 16 <0.01 | <0.01 <0.01 1 100 0.000006 0.000006 2.53 1.57 1 2 1
6 100 18 <0.01 | <0.01 <0.01 1 100 0.000006 0.000006 2.49 1.55 1 2 1
7 160 24.7 38.5 <0.01 <0.01 1 100 0.000004 0.000004 2.37 1.50 1 2 1
8 187 5 1 <0.01 <0.01 1 100 0.00002 0.00002 2.7 1.63 1 2 1
9 121 3 1 <0.01 <0.01 1 100 0.000033 0.000033 2.7 1.63 1 2 1
10 32930 2397 157 <0.01 <0.01 1 100 0 0 2.64 1.60 1 2 1
11 37800 1740 249 8 8 1 99.1 0.455581 0.455581 2.68 1.62 1 2 1
12 8266 1061 22 <0.01 <0.01 1 100 0 0 2.56 1.58 1 2 1
13 9340 995 60 6 7 1 98.7 0.595238 0.694444 2.59 1.59 1 2 1
14 36036 4704 554 5 10 1 99.7 0.105955 0.211909 2.55 1.57 1 2 1
15 33046 619 58 2 <0.01 1 99.7 0.322061 0 2.73 1.64 1 2 1
16 40280 1069 1060 1 1 1 99.8 0.093371 0.093371 2.69 1.62 1 2 1
17 26788 | 18342 | 2111 27 <0.01 1 99.9 0.146987 0 2.03 1.38 1 2 1
18 92600 | 10200 | <0.01 | <0.01 <0.01 1 100 0 0 2.59 1.59 1 2 1
19 16000 3600 670 14 <0.01 1 99.6 0.387382 0 241 1.52 1 2 1
20 2091 149 20 3 <0.01 1 98.0 1.973684 0.000001 2.63 1.60 1 2 1

V1. CONCLUSIONS

The Duval triangle method identifies only the transformer
fault, but it can’t determine the severity of the fault. Therefore,
the thermodynamic approach is used to evaluate the severity of
the fault. There are two starting decomposing material that are
found in literature and the work tries to answer the question “Is
the severity of the fault changed when the starting decomposing
material changes?”. The results of this work demonstrated that
the severity of the partial discharge fault in the transformer can
be varied with the variability of the starting decomposing
material. Based on the results, all of random selected cases had
different partial discharge severity when using n-octane and
Eicosane. Therefore, the starting decomposing material that was
used in the thermodynamic approach had a significant effect in
determining the severity of the partial discharge fault.
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