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ABSTRACT Transformer oil insulation condition may be deteriorated due to electrical and thermal faults,
which may lead to transformer failure and system outage. In this regard, the first part of this paper presents
comprehensive maintenance for power transformers aiming to diagnose transformer faults more accurately.
Specifically, it aims to identify incipient faults in power transformers using what is known as dissolved gas
analysis (DGA) with a new proposed integrated method. This proposed method for DGA is implemented
based on the integration among the results of five different DGA techniques; 1) conditional probability,
2) clustering, 3) Duval triangle, 4) Roger’s four ratios refined, and 5) artificial neural network. Accordingly,
this proposed integrated DGAmethod could improve the overall accuracy by 93.6% compared to the existing
DGA techniques. In addition, the second part used for predictive maintenance is based on determining the
health index for five new transformers and an aged power transformer (66/11 kV, 40 MVA) filled with
NYTRO 10XN oil by evaluating the breakdown voltage, DGA, moisture content, and acidity for the oil.
In the breakdown voltage test, two practical types of transformer oil; NYTRO 10XN andHyVolt III alongside
their mixtures are estimated and compared. In addition, aged oil samples extracted from a real case study
in-service transformer during operation with different aged durations; 9, 10, 11, 12, and 13 years, are tested
for breakdown voltage, and then compared with fresh oil samples. For DGA, a temperature rise test is
performed on the five new transformers with a comparison between dissolved gases before and after the
temperature rise. In addition, winding resistance is measured after the temperature rise. Also, acidity and
moisture are measured for oils extracted from the new five transformers and from the 13-year in-service
transformer for studying their health index. The health index of the transformer insulation system is examined
using only DGA and DGA plus breakdown voltage (BDV), moisture, and acidity. The results show that by
using DGA plus BDV, moisture, and acidity, the health index provides reliable estimation results compared
to using only DGA.

INDEX TERMS Transformer oil, dissolved gas analysis, fault diagnosis, breakdown voltage, temperature
rise, health index, predictive maintenance.

I. INTRODUCTION
Power transformers are an essential apparatus in the electrical
power network. It is an expensive item in electrical networks.

The associate editor coordinating the review of this manuscript and

approving it for publication was Yu Wang .

The failure of a power transformer leads to substantial costs
either due to system outage or due to increased maintenance
costs [1]. Oil is used in power transformers as an insulating
medium and a heat transfermedium. The transformer oil insu-
lation condition shall be deteriorated by electrical and thermal
possible faults. These possible faults can be classified into

25954 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 10, 2022

https://orcid.org/0000-0002-2538-6398
https://orcid.org/0000-0002-3894-4299
https://orcid.org/0000-0002-6729-6809
https://orcid.org/0000-0002-9979-7333
https://orcid.org/0000-0001-9782-8813
https://orcid.org/0000-0002-8344-1586


M. Badawi et al.: Reliable Estimation for Health Index of Transformer Oil

electrical and thermal types. Electrical fault types include par-
tial discharge (PD) as well as low and high energy discharge
(D1 and D2), while thermal fault types include low, medium,
and high thermal faults (T1, T2, and T3) [2], [3]. Hence, the
continuous monitoring of oil insulation condition plays an
important role in increasing the power system reliability and
reducing the risk of power transformer failure. Electrical and
chemical test techniques are used as diagnostic techniques for
detecting the oil insulation condition. Dissolved Gas Anal-
ysis (DGA) is one of the most common chemical methods
used for detecting the insulation fault type [4]–[6]. During
the normal transformer operation, some low concentrations
of gases are released such as Hydrogen (H2), Methane (CH4),
Acetylene (C2H2), Ethylene (C2H4), Ethane (C2H6), Carbon
monoxide (CO), and Carbon Dioxide (CO2). While during
fault conditions, these gases are produced with high con-
centrations, and hence DGA techniques depend on detecting
the released concentrations in case of thermal and electrical
stresses [7], [8].

Many conventional techniques were developed and used
for the interpretation of transformer incipient faults based on
DGA such as key gas ratio [9], Rogers’ ratio [9], [10], IEC
gas ratio [10], Dornenburg ratio technique [9], and Duval
techniques [11], [12]. The conventional approaches do not
often yield accurate analysis while missing important incip-
ient faults, thereby leading to the ‘no decision’ issue [7].
Most of the existing DGA techniques have limited diagnostic
accuracy and may fail to interpret the oil faults in transform-
ers [13]. More studies have been presented to improve the
traditional interpretation techniques using artificial intelli-
gence (AI) and computational techniques [14]–[16]. How-
ever, most AI techniques are complicated and difficult for
practical engineers to apply. Hence, this research topic is
still open for improving the diagnostic accuracy of trans-
former faults. Recently, new approaches have been presented
including a combination and integration between the diag-
nosis results of multiple techniques. Four techniques have
been presentedwith an accuracy of 69.96%, 84.96%, 83.27%,
and 85.3% based on using 532 samples [17]. Two graphical
shapes were presented to improve the diagnosis accuracy of
the transformer fault types using the DGA approach [18].
In addition, an approach was presented based on the limits
of new gas concentration percentages to improve the faults
diagnostic accuracy [19]. In [20], a model of convolutional
neural network (CNN) was studied to accurately predict the
types of faults under different levels of noise in measure-
ments. In addition, another proposed DGA technique based
on extreme machine learning was presented as in [21]. Also,
a new maintenance decision-making model was proposed for
power transformer based on economy and reliability assess-
ment [22]. According to support vector machine (SVM),
a novel technique was proposed to improve the diagnostic
accuracy of transformer fault types [16]. DGA lacks two
main issues. Firstly, its accuracy needs to be increased for
reliable fault diagnosis. Secondly, it cannot provide sufficient
information about the condition of the transformer oil itself.

On the other side, different approaches of diagnosis and
monitoring were used, based on a wide variety of thermal,
mechanical, electrical, and optical effects. These approaches
provided information on aging, allowing the state assessment,
and recommended measures to improve the quality of the
insulation and lifetime assessment [23], [24]. One of these
approaches is the health index, whose evaluation is based on
different factors [23], [25]. These factors include dielectric
strength measurement, DGA, turns ratio, leakage reactance,
winding resistance, and degree of polymerization for paper
insulation.

For breakdown voltage test, it is an indicator for dielectric
severity in power transformers [26]. In [27], dielectric char-
acteristics of transformer mineral oil with different composi-
tions of corn oil were studied. In addition, the effect of the
natural fibres on the dielectric strength of natural ester as a
liquid insulating material was presented in [28]. In addition,
a comparative study of the positive and negative DC break-
down voltages of different transformer oils was presented
in [29]. The aging characteristics of mineral oil were studied
in [30]. Further, a temperature rise test was used as an indica-
tor of thermal severity in power transformers [31]. According
to the literature review, most existing DGA techniques have
poor diagnostic accuracy for certain fault types, which in turn
can fail to interpret the diverse transformer oil faults. Based
on this notice, a combined DGA method could distinct the
conflict among the various transformer oil faults, yielding
higher accuracy rates. Another gap in the literature is that the
health condition index of power transformer oil is estimated
by individual approaches, which can lead to unreliable esti-
mation results, thereby it is covered in this work.

To cover the abovementioned gap in the literature, this
paper presents comprehensive predictive maintenance for
power transformers based on a new DGA technique along-
side additional health index evaluation that is simultaneously
based on the breakdown voltage test, acidity and moisture
measurements, as well as DGA results before and after tem-
perature rise test. First, the new DGA technique is presented
and developed using 360 samples of known actual faults
collected from the Egyptian Electricity network and from
literature. The accuracy of the proposed technique is com-
pared with its construction techniques as well as the recently
published techniques. Next, a health index calculation is pre-
sented, based on the test results of the transformer insulation
system (breakdown strength, dissolved gas analysis, mois-
ture, and acidity) for new and aged transformers. Transformer
case study of rating (66/11 kV) of NYTRO 10XN oil type
is collected from ELMACO Company, Egypt. For calcula-
tion of the health index of transformer insulation system,
breakdown voltage tests for two practical types of transformer
oil; NYTRO 10XN and HyVolt III alongside their mixtures
are estimated and compared. The oil mixture is investigated
to study the effect of mixing that could happen inside the
transformer in the absence of one of these oils. Finally, a
temperature rise test is performed on five new transformers of
the same rating with a comparison between dissolved gases
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before and after the temperature rise. In addition, winding
resistance is measured after the temperature rise. Also, acidity
and moisture are measured for oils extracted from the new
five transformers and from a 13-year in-service transformer
for studying their health index. The health index of the trans-
former insulation system is examined using only DGA and
DGA plus breakdown voltage (BDV), moisture, and acidity.

II. PROPOSED DGA BASED FAULT DIAGNOSTIC
TECHNIQUE
The existing interpretation techniques have not provided
properly accepted results for detecting transformer faults.
Hence, it is an open research area for new proposed DGA
techniques to overcome the problems of existing ones. The
limiting accuracy of conventional DGA techniques is still a
major problem for diagnosing transformer faults due to inter-
ference between electrical and thermal faults. A newly pro-
posed technique for fault diagnosis is prepared and presented.
This proposed technique is developed based on the integra-
tion among the results of conventional and non-conventional
techniques. These techniques are five techniques; conditional
probability [32], clustering [33], Duval [11], Roger’s four
ratios refined [34], and artificial neural network (ANN) [35]
techniques. A total of 360 samples of known actual faults
are used in developing the proposed technique, and also are
used as a dataset for testing the technique accuracy. A total
120 samples have been recently collected from the Cen-
tral Laboratory of the Egyptian Ministry of Electricity and
240 samples are extracted from literature [33]. Table 1 sum-
marizes the distribution of all these samples for various fault
types.

The selected samples have a convergence between the
number of samples for each fault type avoiding a noticeable
discrepancy between number of samples for each fault used
in the literature [17]. The used datasets have been analyzed
based on the IEEE Std. C57.104-2008 [9]. Fig. 1 presents the
range of gas concentration percentage (GCP) for each fault
type. GCP is the parentage of each gas divided by the sum
of the five main gases (H2, CH4, C2H2, C2H4, and C2H6) as
shown in the following equations:

GCPH2 =
H2

H2 + CH4 + C2H4 + C2H6 + C2H2
% (1)

GCPCH4 =
CH4

H2 + CH4 + C2H4 + C2H6 + C2H2
% (2)

GCPC2H6 =
C2H6

H2 + CH4 + C2H4 + C2H6 + C2H2
% (3)

GCPC2H4 =
C2H4

H2 + CH4 + C2H4 + C2H6 + C2H2
% (4)

GCPC2H2 =
C2H2

H2 + CH4 + C2H4 + C2H6 + C2H2
% (5)

Fig. 1(a) shows that H2 is the most generated gas due
to the PD fault type. Hence, H2 is the main key gas in
partial discharge. Fig. 1(b) shows that Hydrogen (H2) is
the dominant key gas in the case of low energy discharge
(D1). Acetylene (C2H2) is the dominant gas in case of high

energy discharge (D2), see Fig. 1(c). The Ethan (C2H6) is the
dominant gas in low thermal fault, see Fig. 1(d). The methane
(CH4) and ethane (C2H6) are the dominant gases in the case
of medium thermal fault (T2), see Fig. 1(e). Ethylene (C2H4)
is the dominant gas in case of high thermal fault (T3), see
Fig. 1(f). These results are summarized in Table 2, indicating
that the resulting key gas for each fault type matches the
standard IEEE Std. C57.104-2008 [9]. Hence, the accuracy
and reliability of the used datasets were confirmed.

A. THE STRUCTURE AND PROCEDURES OF THE
PROPOSED TECHNIQUE
The new technique for the fault diagnosis is prepared based
on the integration among different conventional and non-
conventional techniques. The best techniques, that exhibited
good accuracy, are adopted in this work. These techniques are
five techniques; conditional probability, clustering, Duval,
Roger’s four ratios refined, and ANN as shown in Table 3.

Techniques (1, 2, 3, 4, and 5) are based on the five main
gases (H2, CH4, C2H6, C2H4, and C2H2), represented in var-
ious ways. Techniques (1 and 2) are based on the percentages
of main five gases with respect to their summation [32], [33]
as shown in equations from (1) to (5). The technique (3) is
based on the percentages of the three gases ratio (R1, R2, and
R3) as shown in equations from (6) to (8).

R1 =
CH4

CH4 + C2H4 + C2H2
% (6)

R2 =
C2H4

CH4 + C2H4 + C2H2
% (7)

R3 =
C2H2

CH4 + C2H4 + C2H2
% (8)

TABLE 1. Number of samples for each fault type.

TABLE 2. The range of gas concentration percentage for each fault type
according to the 360 datasets.

The four ratios (R4, R5, R6, and R7), shown in equations
from (9) to (12), are used for fault diagnosis in Technique (4)
[34]. While the technique (5) in [35] is composed of multiple
ANNs; the first ANN uses the percentages of the three gases
ratio (R1, R2, and R3) as inputs, the second ANN uses the
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FIGURE 1. Distribution of the gases’ concentration percentage according to the transformer fault types. (a) PD fault, (b) D1 fault, (c) D2 fault, (d) T1
fault, (e) T2 fault, and (f) T3 fault.

four ratios (R4, R5, R6, and R7) as inputs, and the third ANN
uses the inputs of IEC technique that are given by the ratios
(R4, R6, and R7).

R4 =
CH4

H2
(9)

R5 =
C2H6

CH4
(10)

R6 =
C2H4

C2H6
(11)

R7 =
C2H2

C2H4
(12)

Using the 360 samples, the five techniques are used for
diagnosing the fault type, and these diagnoses are compared
with the actual fault. Table 4 shows which of the five methods
is more accurate in diagnosing each fault type separately.

TABLE 3. Integrated techniques used for developing the new proposed
technique.

The technique (1) is the more accurate one in all fault types
except for low thermal fault, which can be accurately diag-
nosed by techniques (4) and (5). Technique (2) has high
diagnostic accuracy for partial discharge and high energy dis-
charge fault types. The technique (3) is better in detecting the
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TABLE 4. The techniques of higher accuracy for each fault type.

low energy discharge. These results were taken into account
during the construction of the new technique.

According to the accuracy of the five techniques for each
fault type, the proposed technique is constructed based on
the integration between them. Its procedures are based on
the combination of the most accurate techniques in each
individual fault. Preparing and proceeding with the proposed
technique can be accomplished via the flowchart in Fig. 2.
The procedures of the proposed technique are implemented
based on the diagnosis (Dig) of five techniques as follows:

Stage 1: If the detection result of conditional probability
and clustering is partial discharge, the fault type is
diagnosed as partial discharge.

Stage 2: If the detection result of conditional probability and
clustering is high energy discharge, the fault type is
diagnosed as high energy discharge.

Stage 3: If Rogers refined result is low thermal fault type,
the diagnosis is low thermal fault type.

Stage 4: If the diagnosis of Duval is low energy discharge
and that of conditional probability is low or high
energy discharge, the fault type is diagnosed as low
energy discharge.

Stage 5: If Rogers and conditional probabilitymethods diag-
nosed high thermal fault type, the proposed tech-
nique result is high thermal fault type.

Stage 6: Medium thermal fault type is detected if the result
of conditional probability is medium thermal fault
type and the results of clustering, Duval, Rogers
refined, and ANN are low, medium or high thermal
fault types.

If no condition is satisfied, the diagnosis result is that of
conditional probability.

B. PERFORMANCE EVALUATION OF THE PROPOSED
TECHNIQUE
The accuracy of the proposed technique is compared with the
five techniques, conditional probability, clustering, Duval,
Rogers refined, and ANN. In addition, it is compared with

FIGURE 2. Flowchart procedures of the proposed technique.
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TABLE 5. The accuracy of the proposed technique and its construction techniques for each fault type.

FIGURE 3. The accuracy of the proposed technique and its construction techniques.

TABLE 6. The accuracy of the proposed techneque and previous published techniques [17] for each fault type.

the previous four techniques published in [17], denoted as (a),
(b), (c), and (d). These previous techniques were constructed
by combining the results of previous studies. The technique
(a) was formed based on the outputs of three methods,
Roger’s four ratios refined, Duval, IEC refined techniques,
while technique (b) was constructed based on three (DGA)
methods (Duval triangle, clustering, and conditional proba-
bility). The technique (c) was built depending on the outputs
of two (DGA) methods (Roger’s refined method and the
ANN). Finally, technique (d) was based on the combined
outputs of techniques (b) and (c) [17]. The improved accuracy
of the proposed technique is proven using a large number of
datasets (360) of known actual faults. For these samples, the
convergence between the number of samples for each fault
type is taken into account. The accuracy of the proposed

technique is 93.3% for PD, 86.3% for D1, 98.2 % for D2,
96 % for T1, 83.7% for T2, and 98.2 % for T2.

The comparison of the proposed technique accuracy to
that of its construction techniques is depicted in Table 5 and
Fig. 3. The proposed technique accuracy is similar to that
obtained from technique (1) in the diagnosis of PD, D2, T2,
and T3. But the proposed technique could improve the diag-
nostic performance of for D1 and T1 fault types. Table 6 and
Fig. 4 present a comparison between the proposed technique
accuracy and that of the recently published four techniques
in [17]. This is prepared and presented for the 360 data sam-
ples. With the application of recently four techniques for the
datasets, the overall accuracies are 63.6%, 89.7%, 76.9%, and
85.8%, for techniques (a), (b), (c), and (d), respectively. How-
ever, the proposed technique improved the overall accuracy to
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FIGURE 4. The accuracy of the proposed technique with comparison to previous published techniques [17].

FIGURE 5. The proposed technique accuracy compared to its construction techniques and previous techniques [17] for the 36 validation
datasets.

TABLE 7. Number of validation datasets used for evaluating the
proposed technique accuracy.

93.6%.moreover, individual fault diagnosis accuracy through
using the proposed technique achieved the highest accuracy
compared to the four techniques.

For further checking the accuracy of the proposed
technique, additional 36 validation datasets of known
incipient faults have been collected from the litera-
ture [17], [19], [32]–[34] and laboratory, as shown in Table 7.
The proposed technique accuracy, for these datasets, was
compared with its five construction techniques as well as
with previously published techniques (a), (b), (c), and (d).
The overall accuracy of the proposed technique keeps up
its superiority compared to all these techniques, as shown
in Table 8 and Fig. 5. The proposed technique achieved

an accuracy of more than 91.5% for these validation
samples.

III. TRANSFORMER CASE STUDY
This part introduces a real case study for a new transformer
with a rating (40 MVA, 66/11 kV) filled with NYTRO
10XN oil type. The first section of this part presents the
breakdown voltage test for the oil type of the study case
and its comparison with another type (HyVolt III) and
their mixtures. The second section studies the tempera-
ture rise test effect on winding resistance and DGA. Then,
in the third section, acidity and moisture are measured for
the same case study, and the healthy index is calculated
using these measurements together with the breakdown volt-
age measurement and dissolved gases concentrations. The
health index is calculated for several case studies on the
considered new transformer and a case study on an aged
transformer.

A. BREAKDOWN VOLTAGE TEST
This section presents the breakdown voltage test as an
indicator for the dielectric severity in power system
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TABLE 8. The proposed technique diagnosis against its construction techniques and previous techniques [17] for validation datasets.

equipment [36], [37]. Two practical transformer oil types,
NYTRO 10XN and HyVolt III, alongside with their 50/50%
mixture were evaluated for breakdown voltage to indicate
the dielectric severity of these types. The properties of these
oil types are shown in Table 9. The mixing between oils
was carried out to study the effect of mixing that could
happen inside the transformer in the absence of one of these
oils. The breakdown voltage test, for each oil sample, was
carried out 12 times. In this test, the electrodes of the test
are mushroom-shaped copper electrodes spaced by 2.5 mm

according to IEC 60156 standard [38]. The test was carried
out using a BAUR oil breakdown voltage tester (Model:
DTA 100 C) in ELMACO company, Egypt. The test was
applied on fresh samples of these oil types. For each sam-
ple, it was magnetically stirred for five minutes before the
first measurement, then 12 measurements were carried out.
Between each two successivemeasurements, the oil wasmag-
netically stirred for two minutes. The results were analyzed
using Weibull distribution. The cumulative distribution func-
tion for a random variable x is computed as in the following
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TABLE 9. The characteristics of the used oil types.

equation [39], [40].

f (x) = 1−e
−

(
β
α

)
x

(13)

where α and β are defined as the scale and the shape param-
eters, respectively. These parameters are calculated by the
following equation [39].

ln (ln [
1

1− f (x)
]) = β ln x − β lnα (14)

In the BDV test, the variable x is referred to the breakdown
voltage, and the probabilities of different breakdown voltages
were estimated usingWeibull distribution. Hence, the BDV at
the probability of 50% refers to the mean value. The 12 mea-
surements of breakdown test for the two oil types and their
mixture are depicted in Fig. 6(a). According to the breakdown
test for NYTRO 10XN, HyVolt III, and their mixture, the
mean values at the probability of 50% was 71.1 kV, 48.9 kV,
and 50.6 kV, respectively, as shown in Fig. 6(b). By mixing
50% of the two oil types, the dielectric strength was slightly
improved compared to pure HyVolt III. However, the type
of NYTRO 10XN oil remains the best in terms of dielectric
strength.

For Nytro 10XN oil type, an additional aged oil samples
were extracted from a real in-service aged transformer of rat-
ing (40 MVA, 66/11 kV) with different operation durations;
9, 10, 11, 12, and 13-years. These samples have been tested
for a breakdown voltage test. Twelvemeasurements were per-
formed for each sample, and their average breakdown values
were 77, 75, 27, 65, and 38 kV for 9, 10, 11, 12, and 13-years,
respectively, as shown in Fig. 7. Comparing the BDV of the
aged samples and fresh samples, the average BDV was good
after 9 and 10-years in-service. After 11-years in-service,
the BDV was reduced drastically till reaching 27 kV, which
is below the acceptable limit, due to the aging occurrence.
Hence, the transformer was taken out of service and the oil
was treated and filtered, before returning again to the service.
After the oil treatment and with one more year in-service, the

breakdown voltage attained 65 kV after 12-years in-service.
Finally, after 13-years in operation, the BDV decreased to
38 kV.

The breakdown voltage of the fresh and aged samples
(13-years in-service) shall be used as an indication for the
health index of oil quality for a new transformer and another
aged one [41], [42].

B. TEMPERATURE RISE TEST
Temperature is a quantitative measure of thermal energy con-
tained in an object, the higher the thermal energy, the higher
the temperature. The temperature rise is always defined as
the difference between the temperature of an object and the
temperature of the corresponding cooling medium (e.g., oil).
The thermal run test or overheat test is one of the tests that
are applied on power transformers.

The mean purpose of this test is to check whether the
oil and winding temperatures of the transformer meet the
values specified in the standards and by technical projects.
Temperature rise test is performed according to IEC 60076-2
standard [43], in which the low voltage winding is short cir-
cuited, and the voltage is applied to the high voltage winding,
then the temperature rise test for the top oil of transformer
is performed continuously until the winding and oil in the
tank have reached a stable temperature. This test was carried
out on a transformer of rating (40 MVA- 66/11 kV) with oil
type (Nytro 10 XN). The temperature rise test objective is
to measure the winding resistance and to predict the fault
possibility based on the rate of change in dissolved gases
concentrations before and after the test. Also, the health index
for this transformer is calculated using DGA plus acidity,
moisture, and breakdown tests.

1) MEASUREMENT OF THE WINDING RESISTANCE
According to IEC 60076-2, the measurement values should
be carried out under the following conditions: ONAN,
ONAF (100% loading), and ONAF (110% loading for two
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FIGURE 6. Breakdown voltage of Nytro 10 XN, HyVolt III and their 50/50% mixture; (a) 12 measurements, and (b) Weibull distribution.

hours) [43]. The measurement of the winding resistance is
performed by the connection of the winding to the DC mea-
suring device after the shutdown of the test power. The top oil
temperature rise (1θoil−max) does not correspond to the real
hot spot winding temperature (1θhot−spot) as indicated from
the following equation.

1θhot−spot = 1θoil−max + g.H (15)

This is due to the influence of the increased stray loss
caused by the horizontal component of stray flux. The wind-
ing oil gradient g at the top of the winding has to be
multiplied by the factor H . This factor H may vary from
1.1 to 1.5 depending on the transformer size, short circuit
impedance, and winding design. In this case study, it is taken
as 1.3.

The instrumentation used for the measurement is of
automatic recording, where a considerable number of dis-
crete readings are being made over a period of time,
and these have to be evaluated for extrapolation backward
in time to the instant of the shutdown. The change of
winding resistance against time are shown in Fig. 8 and
Fig. 9 for high voltage winding and low voltage winding,
respectively.

2) DISSOLVED GAS ANALYSIS BEFORE AND AFTER THE
TEMPERATURE RISE TEST
DGA has been performed for the transformer oil. The first
sample was taken before the temperature rise test, while the
second sample was taken approximately 24 hours after the
temperature rise test, according to IEC 60076-2 [43]. This
study was performed on five new transformers of the same
rating and oil type before and after the test. In addition, for the
13-years in-service transformer, DGA has been performed.
These studying cases were to confirm the results obtained.
For the new five cases, the gases H2, CO, CO2, CH4, C2H6,
C2H4, and C2H2 are generated with the increase in tem-
perature. Oil samples are analyzed in the Central Chemical
Laboratories of the Egyptian Ministry of Electricity. The oil
sampling was manually performed according to IEEE Std.
C57.104 and IEC 60567 [9], [44]. The samples were taken
from a certain point in the transformer tank, through which
the oil is circulating. This is to increase the chance to catch
gases generated in various locations in the transformer tank
rather than that generated locally at the sampling point.

The oil syringe used for sampling and transporting to the
Chemical Laboratories is in the 50 ml range. For extracting
the oil sample, the sampling valve is wiped for cleaning.
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FIGURE 7. The measured breakdown voltages with different in-service durations; 9, 10, 11, 12, and 13 years for Nytro 10 XN;
(a) Weibull distributions, and (b) average measured values.

FIGURE 8. Average winding temperatures for high voltage winding.

Then, the valve is allowed to flush 2 to 3 times to remove
water and debris before a sufficient amount of oil is filled
inside the syringe without causing aeration/bubble. Finally,
the oil temperature is recorded, and the syringe is closed,
sealed, and stored for transport. Fig. 10 shows the considered
position and used tools for extracting oil samples. For each
case of the new five transformers, two samples of oil are

FIGURE 9. Average winding temperatures for low voltage winding.

analyzed using DGA, before and after the temperature rise
test. The first sample for each casewas taken two hours before
the temperature rise test, while the second sample was taken
after 24 hours of the temperature rise test, as recommended
in IEC 60076-2 [43].

The results of DGA before and after the temperature
rise for the new five cases of transformers are presented in
Table 10 alongside with the DGA result for the aged case.
According to these results, the diagnosis of new transformer
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FIGURE 10. Dissolved gas analysis sampling process and used tools.

cases before and after temperature rise is normal because the
gases concentration is not exceeding the limits specified IEEE
Std. C57.104 [9]. While by analyzing the rate of increase in
dissolved gases for case study No. 1, there was an increase
in the gases CO2, CO, and H2 after the temperature rise test.
The concentration of CO2 gas increased approximately twice,
while the concentration of H2 and CO increased approxi-
mately three times. The CO2 gas was an indicator for the
paper health condition. For the case study No. 2, CO and
CO2 concentrations were reduced by the temperature rise
test, which were considered illogical. This may be because
of the exposure of samples to atmospheric leaks. However,
the C2H6concentration was 24 times higher than that before
the test. Case study No. 3 was not highly affected by the
temperature rise test, since the rise in gases was only 1 ppm,
9 ppm, and 1 ppm for H2, CO, and CH4, respectively. CO2

concentration was reduced slightly after the test due to pos-
sible atmospheric leaks. Whereas the temperature rise test
resulted in a rise in three gases H2, CO2, and CO by 11 ppm,
62 ppm, and 4 ppm, respectively for case study No. 4. The
diagnosis of the transformer case study No. 5 before and
after the temperature rise is normal according to IEEE Std.
C57.104. While by analyzing the rate of increase in dissolved
gases for this case, there were three gases (CO2, CO then H2)
that had the greatest effect by the temperature rise, in addi-
tion to a slight increase in CH4 and C2H4 concentrations.
Fig. 11 summarizes the change in dissolved gases before
and after the temperature rise test for the new five cases
of transformers. For the aged case, it has higher values of
gas concentrations, as shown in Table 10, which has been
diagnosed as a high thermal fault type.

C. ACIDITY AND MOISTURE MEASUREMENTS
By the chemical reactions in the oil, carboxylic acids are
produced. Increased acidity of the oil affects the electrical
properties of the oil itself, and it may also cause abnor-
mal deterioration of the paper insulation used in transformer
windings [45], [46]. For the moisture, its presence can dete-
riorate transformer oil. Moisture content can cause the bub-
ble formation risk in transformer oil when water desorption
increases the local concentration of gases in the transformer
oil. Hence, this section presents acidity and moisture mea-
surements for oils extracted from the new five transformers
(66/11 kV) of oil type (Nytro 10 XN). These were collected
from ELMACO Company, Egypt, during their first-year in-
service. Another sample extracted from the 13-year in-service
transformer was tested.
Using volumetric syringes, the samples were taken, and

their moisture and acidity were measured in the Central Lab-
oratory of the Egyptian Ministry of Electricity. Table 11 and
Fig. 12 show the measured acidity andmoisture in mgKOH/g
and ppm, respectively, for the new five cases and the aged
case study.

TABLE 10. The dissolved gases before and after temperature rise test.
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FIGURE 11. Dissolved gases before and after the temperature rise test for five cases of transformers; No. 1, No. 2, No. 3, No. 4, and No. 5.

TABLE 11. Acidity and moisture content measurement for five
transformer case studies.

The acidity measurement showed that mg KOH/g was
between 0.01 and 0.06 for the new five transformers, less

than the maximum limit [45]–[47]. In addition, the moisture
content for the same new five transformers was 7.5 ppm,
6.4 ppm, 7.1 ppm, 6.8 ppm, and 6.2 ppm, which has not
been exceeded the limit value [48]. For the 13-years in-
service transformer, the acidity and moisture were 0.19 mg
KOH/g and 12.5 ppm, respectively. These values exceeded
themaximum limits due to the diagnosed thermal fault. These
acidity and moisture measurements can be used to evaluate
the health index of the transformer as a diagnosis factor.

D. HEALTH INDEX OF TRANSFORMER INSULATION
SYSTEM
The transformer Health Index (HI) represents a practical
method to quantify the results of operating observations, field
inspections, and site and laboratory testing into an objective
and quantitative index, providing the overall health of the
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FIGURE 12. Acidity and moisture content measurements for transformer cases; (a) Acidity in mg KOH/g, and (b) Moisture in ppm.

assets. The HI is helpful in the predictive maintenance plan
of transformers. This section presented two techniques for
calculating the HI of transformer oil. The first technique used
onlyDGA for HI calculation, while the second one usedDGA
with the BDV and typical chemical properties.

1) HEALTH INDEX OF TRANSFORMER INSULATION SYSTEM
USING DGA BEFORE AND AFTER TEMPERATURE RISE TEST
The HI of transformer oil can be predicted using the indi-
vidual DGA approach before and after the temperature rise
test. The time interval (t) required for the temperature rise test
is 3 hours after the top-oil temperature rise is kept within at
least 80% of the final value in the steady-state condition [43].
The Gases Rate Increase (GRI) can be calculated for each gas
according to the following equation:

GRI i =
1
t
(G2i − G1i) (16)

where G1i represent the gas concentration before the temper-
ature rise and G2i represent the gas concentration after the
temperature rise. GRIs are calculated separately for each gas
as depicted in Table 12. After that, GRIs are compared with
admissible limits of GRIs in IEC 60076-2 [43].

For cases No. (1) and (5), the GRIs for CO and CO2
exceeded the limits of the first series in IEC 60076-2. For
cases No. (4) and (5), the summation of GRIs for themain five
gases H2, CH4, C2H6, C2H4, and C2H2 exceeded the limit of
the first series in IEC 60076-2. Hence, for these three cases,
the possibility of local overheating exists. Consequently, it is
recommended that oil samples be taken at regular intervals
from the transformer and the gas analysis be performed. For
case study No. (3), the values of GRIs fulfill all the limits of
the first series in IEC 60076-2, thereby it may be concluded
that the transformer has no possibility of local overheating.
For case study No. (2), the values of gases concentration
reduced after the temperature rise test due to possible atmo-
spheric leaks. In general, most cases predicted the possible
existence of local overheating. After in-service observation
of these transformers, these results proved that HI calculation
based on only DGA is unreliable since no local overheating
occurred.

2) HEALTH INDEX OF TRANSFORMERS INSULATION SYSTEM
USING BDV, ACIDITY, MOISTURE, AND DGA
By using the results of breakdown, DGA, moisture content,
and acidity, the health index was calculated for the new five
transformer cases and the aged one. The description factor
for breakdown, DGA, moisture, and acidity can be computed
according to the following equation [25].

Description factor (DF) =

∑n
i=1 Si ×Wi∑n

i=1Wi
(17)

where the score (Si) is an assessment of the testing results of
each parameter. According to the standards of the testing for
these parameters, it can be represented in the form of numbers
with ranges. The weight of a parameter (Wi) is a factor of
the test parameter influencing a transformer; it can take the
integer value for 1 to 5 [47]. According to Table 13, the score
(Si) and weight factor (Wi) of each gas after the temperature
rise test can be determined for new cases and for an aged one.
Hence, the DGA description factor was calculated. As well,
calculation of the description factor for breakdown, moisture
content, and acidity was performed according to Table 14.
By calculating the description factor for DGA, acidity, mois-
ture, and dielectric strength according to their scoring and
weight factor, the rating code and condition can be known
according to Table 15. For the new transformer study cases,
the average DGA description factor after the temperature rise
test can be calculated according to equation (17). Therefore,
the rating code was determined. Table 16 shows that for
(66/11 kV) transformer of NYTRO 10XN oil type. The DFs
for DGA were 1, 1.16, 1, 1.11, and 1 for the new five cases,
respectively, giving a rating code (A). The DF for dielectric
strength was 1 and the rating code was (A). For all moisture
and acidity measurements, except acidity of case No. 4, the
rating code was (A). On the other hand, using equation (17),
the DF for the 13 years in-service transformer based on DGA,
dielectric strength, acidity, and moisture content was 2.88,
2, 3, and 1 of rating code D, D, E, and A, respectively,
as showing in Table 16.

The rating (A, B, C, D, E) is converted to a factor between
4 and 0, respectively, called the health index factor (HIF) in
Table 17. Then, the health index percentage was calculated
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TABLE 12. The gases rate increases (GRIS) for the five transformers.

TABLE 13. Weight factor and scoring for gas level (PPM).

TABLE 14. Weight factor and scoring for dielectric strength.

TABLE 15. Transformer rating based on description factor.

according to the following equation (18).

Health Index% =

∑n
j=1Kj × HIFj
4
∑n

j=1Kj
% (18)

By using the DGA, breakdown voltage test, moisture con-
tent, and acidity measurements of the oil, HI % for new cases

was approximately 100%. According to Table 18 [25], the
condition was very good; the expected lifetime wasmore than
15 years, keeping normal maintenance requirement. For the
aged transformer case with 13 years in-service, HI % was
approximately 36%. Hence, the aged transformer lifetime is
3 years with poor condition. With studying the state of trans-
formers in the service, the health index results using DGA,
breakdown, and the measurement of the chemical property
was closer to the reality compared to using DGA only.

IV. DISCUSSIONS
In this research, the discussions can be summarized as:

- For improving the diagnostic accuracy of transformer
faults using the DGA approach, a proposed technique
was presented. It is based on the integration of five of
the previous DGAmethods but with novelty procedures.
The proposed technique proved its high accuracy in
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TABLE 16. Case study rating based on description factor of DGA and dielectric strength.

TABLE 17. Scoring of the health index.

TABLE 18. Health index and transformer expected lifetime.

diagnosing faults. The results of this part are based on a
number of datasets that are collected from the Egyptian
Electricity network and from literature. The diagnostic
accuracy using the proposed technique was improved
compared to the previous techniques.

- For studying a transformer of rating (66/11 kV), a health
index of its insulation system was evaluated using firstly
DGA alone, then DGA plus breakdown voltage test,
moisture content, and acidity measurement. For this
objective, the breakdown test was carried out on the
study case oil type and another oil type as well as a
mixture of them by 50/50%. Mixing 50% of the two
oil types; NYTRO 10XN and HyVolt III, was slightly
higher than pure HyVolt III. But the type of NYTRO
10XN oil remains the best in terms of dielectric strength.

- The aim of this section was firstly to clarify the effect of
mixing the two types of oils on the dielectric strength to
consider the condition that could happen inside the trans-
former in the absence of one of these oils. In addition,
this breakdown voltage measurements were used to

calculate the health index of oil quality of the study
cases. A secondary, the dissolved gases in oil before and
after the temperature rise test were analyzed and com-
pared with each other. The objective of the temperature
rise test was to determine the oil health index and the
predicted fault based on the rate of change in dissolved
gases concentrations before and after the test. A thirdly,
moisture and acidity were measured for five new cases
and an aged transformer of the same rating. The acidity
results were ranged between 0.01 and 0.06 mg KOH/g,
and moisture measurements were not exceeded 10 ppm.
Accordingly, a health index was measured using DGA
alone, then using DGA plus breakdown voltage, acidity,
and water content. The dissolved gas analysis before and
after the temperature rise test predicted the existence of
possibility for local overheating. While according to the
breakdown and DGA results plus chemical properties,
the health index was calculated and resulted that the
insulation condition was good, expecting lifetime more
than 15 years for the new transformers with normal
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maintenance requirements. For the aged transformer
case with 13 years in-service, the health index results
that the aged transformer lifetime is 3 years with poor
condition. With studying the state of transformers in
the service, the health index results using DGA, break-
down, and the measurement of the chemical property
was closer to the reality compared to using DGA only.

V. CONCLUSION
A proposed combined DGA technique has been presented
based on the integration between the results of five existing
techniques used in literature. The new DGA technique had
an accuracy higher than its constructing techniques as well as
the recently published techniques, where the diagnosis accu-
racy results of the proposed technique were 93.3% for PD
diagnosis, 86.3% for D1, 98.2% for D2, 96% for T1, 83.7%
for T2, and 98.2 % for T3. Hence, the overall accuracy of
the proposed DGA technique improved significantly, reach-
ing 93.6%. While the techniques used in constructing this
proposed technique were 90%, 53.6%, 47.2%, 59.1%, and
70.8%, respectively. In addition, the accuracy of the recently
published four techniques were 63.6%, 89.7%, 76.9%, and
85.8%, respectively. In addition, new validation datasets (36
datasets) have been used for checking the proposed technique
accuracy. It exhibited a diagnostic accuracy of 91.5%, which
is a higher value than the construction techniques and the
previously published techniques.

For transformer study case (11/66 kV), the breakdown
voltage test for the transformer oil indicated that; by mixing
50/50% of two oil types, NYTRO 10XN and HyVolt III,
the dielectric strength was slightly improved compared to
HyVolt III. But the type of NYTRO10XNoil remains the best
in terms of dielectric strength. In addition, the temperature
rise test was carried out on several study cases. The dissolved
gases before and after the test were analyzed and compared.
In addition, winding dc resistance was measured. The most
affected gases by the temperature rise test were (CO2, CO,
and H2). Using DGA, moisture, acidity, and BDV results, the
health index of the transformer insulation system was evalu-
ated usingDGAonly, and usingDGAplus BDV,moisture and
acidity. By using DGA before and after the temperature rise
test, it can expect the probability of local overheating. Though
according to the breakdown, DGA, moisture content, and
acidity results, the health index was computed and indicated
that the insulation condition was superior for the new case
with an expected lifetime more than 15 years keeping normal
maintenance needs. The health index for the aged transformer
case indicated that the lifetime is 3 years with poor condition.
Hence, the health index of the transformer oil quality using
more than one diagnosis factor is more accurate than using
only DGA.
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