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Abstract. Power transformers are one of the most important
and critical assets in the electricity distribution and transmission 
network. Power quality (PQ) can be disturbed when a power 
transformer is brought into or out of service, so it is very important 
to be sure of the reason for this action. Dissolved gas analysis 
(DGA) in oil can be used to diagnose the condition of transformer 
insulation. There may be situations where the DGA results 
indicate the presence of a serious fault which would lead to the 
transformer being taken out of service, when in fact the high gas 
concentrations are due to the leakage into the main oil tank of 
gases generated in the on-load tap-changer (OLTC) during normal 
operation. In previous work, using machine learning techniques 
and a distribution system operator's DGA database, a decision tree 
(DT) was developed to identify oil contamination from OLTC 
gases. In this work, the developed DT is applied to a new DGA 
database to identify contaminated transformers and test its 
accuracy. A total of 1161 DGA results from 95 transformers with 
OLTC were used, giving an initial DT accuracy of 83.13% when 
all samples were analysed and 85.26% when the last DGA result 
from each transformer was used. 

Key words. Communicating OLTC, dissolved gas 
analysis, maintenance management, oil insulation, power 
transformer. 

1. Introduction

One of the most important and critical assets in the 
electricity distribution and transmission network are the 
power transformers. As they are critical and very expensive 
machines, the maintenance work carried out on them is 
very important to ensure the correct operation of the 
network. Taking a power transformer in or out of service 
can lead to power quality (PQ) disturbances, so it is very 
important to know why this action is being taken. For 
example, taking a transformer out of service requires the 
load to be transferred to another part of the network or the 
back-up transformer to be energised, causing PQ 
disturbances in the network [1], [2], [3]. 
One of the most widely used tools for diagnosing the 
condition of transformers is dissolved gas analysis (DGA). 

It is possible to use DGA to diagnose the presence of 
insulation faults, which can lead to the need to take a power 
transformer out of service. The DGA measures the 
concentrations of gases in the transformer oil. These gases 
are hydrogen (H2), methane (CH4), acetylene (C2H2), 
ethylene (C2H4), ethane (C2H6), carbon monoxide (CO), 
and carbon dioxide (CO2). According to IEC [4] and IEEE 
[5] guidelines, these gases are generated with a 
characteristic pattern that allows the type of fault to be 
identified. One of the existing fault identification methods, 
such as the Duval triangle (DTM) [6] and pentagon (DPM) 
[7] methods, can be used to diagnose the fault.  

None of the methods for identifying transformer insulation 
faults takes into account the possibility of DGA results 
being contaminated by on-load tap-changer (OLTC) gases. 
In the in-tank OLTC design, gas leakage from the OLTC 
compartment to the main tank can occur [8]. This will cause 
the DGA result to be due to gases generated during OLTC 
operation and not due to an insulation fault. 

In a previous work [9], a methodology for identifying oil 
contamination (OC) was defined using the DGA database 
and the knowledge of the distribution system operator's 
(DSO) maintenance engineers. This methodology was 
based on the application of the C2H2/H2 ratio collected in 
the IEC [4] and IEEE [5] guides and the study of the DGA 
results of transformers with high C2H2 concentrations. By 
applying machine learning techniques to the results of the 
methodology, a decision tree (DT) was developed to 
automatically define the contamination [9]. 

In this work, the developed DT is applied to a new and 
different DGA database relating to power transformers 
with OLTC of a DSO. The results of the DT are compared 
with those defined by the maintenance engineers to verify 
the accuracy of the DT. Finally, the results obtained by 
applying the DT to the latest DGA results are studied in 
detail to identify new cases of contaminated transformers. 

119

mailto:bustamantes@unican.es
mailto:jose.martinezlastra@tuni.fi


2. Dissolved gas analysis 
 
The DGA is the most widely used tool for identifying and 
diagnosing insulation faults in power transformers. The gas 
concentrations generated in the transformer oil are related 
to the type of fault and the energy and temperature at the 
fault location [4], [5].  
 
According to [10], C2H2 is formed at temperatures above 
800 ºC, followed by rapid cooling. This occurs in high and 
low energy defects and thermal defects at temperatures 
above 700 ºC. However, the presence of high 
concentrations of C2H2 does not always indicate the 
presence of the above defects. During normal operation of 
OLTCs, high concentrations of C2H2 are generated during 
tap changes as a result of arcing between the fixed and 
moving parts and are dissolved in the OLTC oil 
compartment. In transformers with the in-tank OLTC 
design, the oil compartments may be in communication, 
causing the gases generated in the OLTC to leak into the 
main tank [8]. This results in altered DGA results which, 
when using any of the fault identification methods, will 
result in one of the faults discussed above, when in fact the 
gas concentrations are due to the correct operation of the 
OLTC. The typical C2H2 concentration ranges given in the 
IEC guide are different depending on whether OC is present 
or not, being 60–280 and 2–20 ppm respectively. 
 
None of the methods for identifying transformer insulation 
faults take into account the possibility that DGA results 
may be contaminated by OLTC gases. The methodology 
presented in [9] is intended to assist in determining whether 
or not the transformer is contaminated by OLTC gases. 
This methodology is based on the application of the 
C2H2/H2 ratio reported in [4], [5] and the study of DGA 
results of transformers with C2H2 concentrations above 10 
ppm, referred to as expert knowledge (EK) in [9]. As a 
result of this methodology and the application of machine 
learning techniques, the DT in Fig. 1 was created with the 
aim of automatically detecting oil contamination. If the oil 
is not contaminated, the result of the DT is 0, and if it is 
contaminated, the result is 1 or 2, depending on whether the 
contamination is defined by the EK or by the application of 
the IEC ratio. 
 
The accuracy (𝑨𝑨) of the DT was calculated using the 
following equation: 
 

 𝑨𝑨(%) = �
𝑻𝑻𝑻𝑻 + 𝑻𝑻𝑻𝑻

𝑻𝑻𝑻𝑻 + 𝑻𝑻𝑻𝑻 + 𝑭𝑭𝑻𝑻 + 𝑭𝑭𝑻𝑻
� .𝟏𝟏𝟏𝟏𝟏𝟏 (1) 

 
where TP and TN are the number of predicted true positives 
and true negatives, respectively, and FP and FN are the 
number of predicted false positives and false negatives, 
respectively. 
 
3. Material and method 
 
The initial data for this study were the 1274 results that 
make up the DGA database for 104 power transformers 
from a DSO. 
 

 
Fig. 1. Decision tree obtained in [9] (concentrations in ppm and 

power rating in MVA). 
 
An initial screening of the database was carried out, 
removing DGA results from transformers without OLTC, 
as there can be no contamination from the OLTC gases. 
This first screening resulted in a working database of 1174 
DGA results from 95 power transformers. Fig. 2 shows the 
distribution of the 95 transformers in terms of age, voltage 
class, and power rating. The number of transformers by age 
is broadly distributed, as shown in Fig. 2, with the highest 
numbers in the 10–20 and 50–60 age groups. Most 
transformers are of 50, 132 and 220 kV voltage class. In 
terms of power rating, most are between 10 and 100 MVA. 
 

 
Fig. 2. Distribution of power transformers by (a) age, (b) voltage 

class, and (c) power rating. 
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In accordance with [5], a second screening was performed 
to check the reliability of the results by eliminating DGA 
results with missing data or abnormal gas concentrations. 
In this second screening, 13 DGA results were eliminated, 
leaving the working database with a total of 1161 DGA 
results from 95 transformers with OLTC. These DGA 
results were obtained between June 2004 and August 2023. 
 
In the first part of this study, the DT shown in Fig. 1 was 
applied to the last DGA result for each transformer. The 
result was a prediction of whether or not oil contamination 
was present. A comparison was then made between the 
prediction made by the DT and the maintenance engineers' 
definition, focusing on the results of incorrect predictions. 
In the second part of this study, the DT was applied to the 
entire DGA database in order to observe the reason for the 
previous incorrect predictions. In addition, the results of 
transformer predictions where at least one did not match the 
maintenance engineers' definition were examined. 
 
4. Results and discussion 
 
Applying DT to the latest DGA results of the 95 power 
transformers resulted in an accuracy of 85.26% using 
equation 1, with fourteen cases of incorrect predictions, as 
shown in the confusion matrix in Fig. 3. The DGA results 
for the fourteen incorrect predictions are shown in Table I. 
The OC column indicates whether the contamination was 
present or not, as defined by the maintenance engineers. 
The DT column gives the prediction result, 0 for 
uncontaminated, 1 for contaminated according to EK, and 
2 for contaminated according to IEC ratio. 
 
In eleven of the fourteen incorrect cases, they were 
predicted to be uncontaminated when they were defined as 
contaminated. In ten of these cases, corresponding to 
transformers no. 1, 2, 3, 6, 7, 8, 10, 11, 12, and 13, 
according to the methodology presented in [9] that led to 
the DT, they would not be defined as contaminated by the 
OLTC gases because their C2H2 concentrations are very 
low. It is necessary to examine the remaining DGA results 
of these transformers to check whether these transformers 
 

 
Fig. 3. Confusion matrix after applying the DT to the last DGA 

results. 
 
should indeed be defined as contaminated. For example, the 
oil may have been treated prior to the last DGA result used 
and all gas concentrations would have decreased 
significantly. The last incorrect case of this type has a 
peculiarity, it corresponds to the transformer no. 5. Looking 
at the gas concentrations in Table I, it should have been 
predicted as contaminated. However, the methodology 
developed in [9] took into account a transformer connected 
to the transport network whose C2H2 concentration was 
high enough to define it as contaminated, but it was 
preferred to set it as uncontaminated in order to control its 
status with the lower limits defined in the IEC guide [4]. 
This situation caused the DT in Fig. 1 to create branches 
depending on the power rating of the transformer. By 
pruning these branches, transformer no. 5 would be defined 
as contaminated according to EK. 
 
The remaining three incorrect cases were predicted to be 
contaminated when they were defined as uncontaminated. 
These three transformers correspond to transformers 4, 9, 
and 14. Given the high concentration of C2H2, it is most 
likely that there would have been a gas leak from the OLTC 
compartment to the main tank. Therefore, in these cases, 
the trained model correctly identified the contamination, or 
at least these three transformers will be monitored for 
possible contamination.  
 
Taking into account that four incorrect predictions could be 
considered correct, the accuracy of the DT when applied to 
the latest DGA results is between 85.26 and 89.47%. 
 

Table I. - Prediction results based on the latest DGA results for transformers that do not match the maintenance engineer's definition. 
 

Transformer 
No. 

Installation 
Date 

Power 
Rating 
(MVA) 

DGA Date H2 C2H2 CH4 C2H4 C2H6 CO CO2 OC DT 

1 1962 30 03/08/2023 5 1 3 31 3 188 2,656 Yes 0 
2 1964 50 03/08/2023 17 4 25 228 19 515 4,410 Yes 0 
3 1968 350 05/04/2022 9 1 14 155 26 353 3,279 Yes 0 
4 1969 80 03/08/2023 58 120 13 23 1 126 2,109 No 2 
5 1970 270 03/08/2023 208 409 38 79 23 167 3,321 Yes 0 
6 1971 30 03/08/2023 0 3 3 19 8 28 2,099 Yes 0 
7 1973 270 31/08/2021 31 1 155 45 321 728 2,645 Yes 0 
8 1978 16 03/08/2023 16 13 5 27 20 60 2,112 Yes 0 
9 1978 16 03/08/2023 12 21 2 161 3 152 2,050 No 1 
10 1983 60 05/04/2022 25 6 7 120 31 293 1,691 Yes 0 
11 1983 60 05/04/2022 24 13 3 18 5 305 2,219 Yes 0 
12 1987 15 05/04/2022 71 1 1 1 1 85 1,156 Yes 0 
13 1987 40 05/04/2022 27 11 4 27 10 302 2,910 Yes 0 
14 2009 100 25/03/2022 576 100 87 68 68 52 295 No 1 
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Table II. - Results of the predictions on the transformers defined as uncontaminated by the maintenance engineers, where at least one of 
the predictions does not match. 

 

Transformer 
No. 

Installation 
Date 

DGA Date 

20
04

 
20

05
 

20
06

 
20

07
 

20
08

 
20

09
 

20
10

 

20
11

 

20
12

 
20

13
 

20
14

 

20
15

 

20
16

 
20

17
 

20
18

 

20
19

 

20
20

 

20
21

 

20
22

 
20

23
 

4 1969                             2 
9 1978  1                           1 
14 2009                            1  
15 1962 1                             
16 1972   1  1                         
17 1990                      2        
18 2006       1                       
19 2006      1                        
20 2006      1                        
21 2007                      2        
22 2007                     1         

Green: prediction and definition match; Red: prediction and definition do not match. 
1: contaminated according to EK; 2: contaminated according to IEC ratio. 
 
Applying the DT to the entire DGA database gives an 
accuracy of 83.13%. The resulting confusion matrix is 
shown in Fig. 4.  
 

 
Fig. 4. Confusion matrix after applying the DT to all DGA 

results. 
 
Table II shows the results of the predictions of all the DGA 
results of transformers defined as uncontaminated by the 
maintenance engineers, where at least one of the 
predictions does not match. 
 
As mentioned above, the contamination predictions for 
transformers no. 4, 9, and 14 appeared in the last analysis 
carried out and they were therefore placed under 
surveillance in order to define the OC. 
 
The predictions of transformers no. 15, 16, 18, 19, and 20 
as contaminated were made using the initial DGAs carried 
out between 2004 and 2009, with the remaining predictions 
as uncontaminated using the following DGA results. 
 
The C2H2 concentrations of 10.9, 11.3, and 18 ppm for 
transformers 17, 21, and 22 respectively are what caused 
the predictions to indicate OC. As the concentrations are 
very low and the following DGA results did not show an 
increase in C2H2 concentration, these predictions are 
incorrect. 
 
Table III shows the results of the predictions of all the DGA 
results of transformers defined as contaminated by the 
maintenance engineers, where at least one of the 
predictions does not match. 

Transformer no. 26 has the same situation as no. 5 above, 
its power rating is greater than 165 MVA and, according to 
the methodology developed [9], this type of power 
transformer is analysed with the lower limits of the IEC 
guide [4]. 
 
Transformers no. 24, 25, 27, 29, 30, 33, 34, 35, and 36 had 
very low C2H2 concentrations in the first DGA results. 
Given the C2H2 concentrations in these first analyses, it is 
most likely that the definition of OC in these transformers 
was after these DGA results, so the DT would have been 
correct. 
 
The C2H2 concentrations are very variable in the last 
analyses for transformers no. 1, 2, 6, 8, 10, 11, 13, 23, 31, 
and 32, crossing the threshold of the OC definition several 
times up and down, hence the variability in the DT 
predictions. 
As in the example above, in 2017 an oil treatment was 
performed on transformer no. 28, which caused the DT to 
fail in its prediction, the rest of the predictions are correct. 
 
The two transformers whose predictions were all wrong are 
nos. 3 and 7, their C2H2 concentrations are between 0 and 4 
ppm and 0 and 6 ppm respectively. After reviewing the 
OLTC test reports, which do not specify that there is 
communication between oil compartments, and the DGA 
results, it is considered that these transformers are not 
contaminated as indicated by the prediction results. 
Similarly for transformer no. 12, only the first two DGA 
results showed a high C2H2 concentration, the remaining 
analyses showed concentrations less than or equal to 4 ppm. 
 
As shown in this section, the application of DT to the latest 
DGA results resulted in an initial prediction accuracy of 
85.26% and led to three transformers being suspected of 
possible oil contamination. This means that when analysing 
future DGA results, the possibility of oil contamination will 
considered rather than the presence of an insulation fault 
which would lead to the removal of the transformers from 
service and the consequent PQ disturbances.
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Table III. - Results of the predictions on the transformers defined as contaminated by the maintenance engineers, where at least one of the 
predictions does not match. 

 

Transformer 
No. 

Installation 
Date 

DGA Date 

20
04

 

20
05

 

20
06

 
20

07
 

20
08

 

20
09

 
20

10
 

20
11

 
20

12
 

20
13

 
20

14
 

20
15

 
20

16
 

20
17

 

20
18

 

20
19

 

20
20

 

20
21

 

20
22

 

20
23

 

1 1962                               
2 1964                               
3 1968                               
5 1970                               
6 1971                               
7 1973                               
8 1978                               
10 1983                               
11 1983                               
12 1987                               
13 1987                               
23 1965                               
24 1969                               
25 1971                               
26 1973                               
27 1973                               
28 1974                               
29 1974                               
30 1976                               
31 1978                               
32 1986                               
33 1987                               
34 1988                               
35 1988                               
36 1990                               

Green: prediction and definition match; Red: prediction and definition do not match. 
 
An important issue to be considered is the prediction of 
transformers with power ratings above 165 MVA as non-
contaminated, even with very high concentrations of C2H2. 
As this case occurred in the original methodology, but with 
concentrations slightly above the limits, it was defined as 
non-contaminated, but in the two cases discussed in this 
section, these two transformers should undoubtedly be 
defined as contaminated. It will therefore be necessary to re-
train the model and see how new branches appear that take 
into account the power rating and the C2H2 concentration. 
 
Another important issue is that two transformers are defined 
as contaminated by the maintenance engineers, but when 
making the predictions and reviewing the DGA results, they 
should not be defined as contaminated and should be treated 
with the lower limits of the IEC guideline. 
 
The use of this new DGA database in the developed DT is 
a good source of results regarding the improvement needs 
of the trained model. Given the accuracies obtained, it is 
clear that the DT needs to be retrained. In order to do this, 
it will be necessary to apply the methodology described in 
[7] to the entire new database in order to determine the exact 
moment when the oil contamination from the OLTC gases 
is defined. 
 
Finally, the latest versions of DTM [9] and DPM [10] for 
fault identification were applied to the latest DGA results of 
the 95 transformers, as shown in Figs. 5 and 6 respectively. 
The match or mismatch between the maintenance engineer's 

definition and the DT prediction is represented by a circle 
or star respectively. In addition, the results are presented 
in colours according to the engineers' definition, green for 
uncontaminated and red for contaminated. 
 

 
Fig. 5. Application of the DTM to the latest DGA results. 

 
As can be seen in Figs. 5 and 6, most of the results of 
transformers defined as contaminated (predictions or  
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Fig. 6. Application of the DPM to the latest DGA results. 

 
engineers' definition) are found above the zones indicating 
low (D1-H) and high (D2-H) energy discharges in the oil, 
mixed thermal and electrical faults (D+T) (only in the 
DTM), and thermal faults with a temperature higher than 
700 ºC (T3). As discussed above, these types of faults 
generate C2H2 concentrations, so the identification methods 
diagnose the DGA results with these faults. 
 
Therefore, it has been discussed throughout the study that 
the methods do not allow for the possibility of identifying 
oil contamination and that the DGA results are altered by 
the gas concentrations generated in the OLTC compartment. 
 
5. Conclusion 
 
This study presents the application of a DT based on the 
methodology developed in a previous work to define 
transformer oil contamination by OLTC gases. A new 
database of 1161 DGA results from 95 power transformers 
was used in the application of the DT. This new DGA 
database and the transformers to which they belong are 
different from the one used in the first study. 
 
Applying the DT to all and the last DGA results gives an 
accuracy of 83.13 and 85.26% respectively. In the case of 
the last DGA results, this accuracy can be increased to 
89.47%, since by analysing the incorrect predictions, four 
of them could be defined as correct. In addition, the 
possibility of OC was detected in three transformers, which 
were placed under surveillance and monitored for the 
evolution of their gas concentrations. 
 
As a future study, the model will be retrained using the two 
DGA databases, the original and the one used in this work. 
This model retraining will take into account the results of 
this study, such as the influence of the DGA results of 
contaminated transformers where oil treatment has been 
carried out, or how to manage the definition of OC in 
transformers connected to the transmission network. After 
retraining the model, the decision tree run allows 
maintenance engineers to quickly decide which power 

transformers to focus on without having to review all the 
DGA results for all the transformers. 
 
One of the limitations of the study was the unavailability 
of all OLTC models. Of the 95 transformers studied, the 
OLTC model was only available for 56 of them. For this 
reason, the results of the transformers defined as 
contaminated were not classified by OLTC type, as was 
done in the first paper. For future studies and retraining of 
the model, the full information from the OLTCs will be 
made available as far as possible from the inspections 
carried out on the OLTCs. 
 
Distinguishing between the presence of a power 
transformer insulation fault and the detection of OC from 
OLTC gases allows a transformer to be taken out of 
service or not. This means that by avoiding the removal of 
a transformer from service, no PQ disturbances are 
generated by the energisation of the back-up transformer 
or by the transfer of the load to another part of the network. 
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