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The high frequency of operation of commuter trains, due to 
passenger demand as well as the selection of railway as the 
mode of daily transportation for commuting on weekdays, 
increases the usage of on-board power, especially for a train’s 
traction system. As maintenance is rarely performed on 
transformer oil, it deteriorates and negatively affects 
transformer performance, increases heat, and may damage the 
transformer as well. This will result in significantly costly 
maintenance expenses for train operators. Therefore, this paper 
proposes a predictive maintenance schedule for transformer oil. 
The recommendations are based upon an analysis of 
transformer oil contents and its properties over a 90-month 
period of operation. A linear correlation between the properties 
of the oil and the train’s period of operation yielded a predictive 
maintenance schedule, primarily reclamation and filtration, for 
the oil at the threshold of each property. Major oil changes are 
to be considered when all properties are approaching their 
thresholds. As oil deterioration increases over time, a specific 
maintenance schedule was suggested. This was tested and 
observed on several transformer units. The content analysis of 
each oil is also discussed. Based on the results, this predictive 
maintenance schedule can be used on other trains with the same 
transformer model or other trains using the same type of 
insulating oil.  
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1.0 INTRODUCTION 
A commuter train is a passenger rail transport service that primarily operates between city 

centres. Many people choose commuter trains for their daily commute to work on weekdays. 
These numbers are on the rise as it helps commuters not only avoid heavy traffic and shorten 
travel times but eliminates the cost of fuel and vehicle maintenance. Therefore, in order to meet 
rising demands, train operators will have to eventually increase the frequency of train operations 
which will result in heavy usage of the on-board power supply which draws power from a high-
voltage transformer. Train operators already have a periodic maintenance schedule as well as 
methods to solve issues that arise (Feng et al., 2017a; Kiessling et al., 2018; Zhou et al., 2017; 
Munteanu et al., 2017; Lu and Liu, 2016; MehdipourPicha et al., 2019; Feng et al., 2017b; Rao et 
al., 2019; Saponara et al., 2016; Chamaret and Frugier, 2016; André-Philippe et al., 2016 and 
Noman et al., 2019). However, oil-insulated high-voltage transformers (Adekoya & Adejumobi, 
2017; Maharana et al., 2018a; Maharana et al., 2018b; Evangelista et al., 2017; Emara et al., 2017; 
Garcia et al., 2020) only undergo maintenance and testing once every six months (Saponara et al., 
2016; Rao et al., 2019; Noman et al., 2019) even though it is a critical component of a train’s 
operation (Feng et al., 2017b; Chamaret et al., 2016). Therefore, the failure of a transformer due 
to deterioration, aging, and oil degradation is not only unacceptable but could prove catastrophic 
(Fofona et al., 2016; Tee et al., 2016; Regnima et al., 2018; Sitinjak et al., 2003; Hill et al., 1996; 
Azli et al., 2013).  

In the best-case scenario, the train simply breaks down in the middle of the track with no 
injuries or casualties. In the worst-case scenario, the transformer oil overheats and the 
transformer catches fire putting the lives of the passengers in danger. In both scenarios, the 
responsibility and blame will fall squarely on the operator. Therefore, as transformer oils can last 
for up to 30 years (Adekoya & Adejumobi, 2017; Wibowo et al., 2011; Ayuningsih et al., 2017; Fu 
et al., 2009), regular oil testing is necessary to determine its electrical properties, its expiry date, 
if regeneration or filtration is required, to reduce oil costs, to increase the product life cycle of the 
transformer’s components, to prevent premature transformer failures, and to optimise safety 
(Amalanathan et al., 2019; Kaur and Singh, 2016; Baruah et al., 2019; Munajad and Subroto, 2018; 
Betie et al., 2019, Ranga et al., 2018; Fofana et al, 2016; Gao et al., 2016; Shaban et al., 2016; 
Adekoya and Adejumobi, 2017; Wibowo et al., 2011; Ayuningsih et al., 2017 and Fu et al., 2009).   

The main function of transformer oil is to insulate the transformer from arc discharge and to 
cool its coil and core. This is performed by measuring the properties and contents of the oil, 
particularly its dielectric property. Dielectric materials or substances are very poor conductors of 
electric current. The higher the dielectric value, the higher the amount of electrical energy that it 
can store, therefore, the better the electrical resistance and insulation (Mansour et al., 2016; Lv et 
al., 2017; Dong et al., 2017; Aberoumand and Jafarimoghaddam, 2018; Rafiq et al., 2019; Rao et 
al., 2018; Hamid et al., 2016; Nazari et al., 2016, Rao et al., 2016 and Darma, 2008). The dielectric 
value of transformer oil is called the breakdown voltage (BDV). BDV is determined by evaluating 
at what voltage sparking threads when separated at a particular distance between two electrodes 
immersed in oil. A low BDV value indicates the presence of moisture, impurities, and other 
conductive substances in the oil while a higher BDV value indicates a dry and clean oil. As such, 
BDV is an important and common transformer oil test as it is the primary indicator of oil health 
and can be done easily at the site. 30 kV is considered the minimum BDV value; or dielectric 
transformer oil strength; at which an oil can safely be used in a transformer (Wibowo et al., 2011; 
Ayuningsih et al., 2017; Fu et al., 2009).  
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Over the years, the materials insulating the inside of the transformer and its electrical 
equipment break down and release gases inside the device. The distribution of these gases may 
be caused by a type of electrical fault while the rate of gas production may indicate the intensity 
of the fault. In any good preventive maintenance programme, identifying the gases being 
produced by a given unit can be very useful information (Feng et al., 2017a). Dissolved gas 
analysis (DGA) can be used to determine the amount of dissolved gases (Cui et al., 2019; Chen et 
al., 2019; Gui et al., 2020; Zhou at at., 2020; Ma et al., 2019; Dai et al., 2017; Bustamante et al., 2019; 
Park et al., 2019; Uddin et al., Liang et al., 2018; Fan et al., 2019; Taha et al., 2017; Fan et al., 2018; 
Bakar and Abu-Siada, 2017; Faiz and Soleimani, 2017; Falafah and Yehia El-Naggar, 2018). This 
entails sampling the oil and sending it to an analytical laboratory. Remote DGA units can also be 
transported and used on-site while others can be connected directly to a transformer. Although 
many types of gases are produced when gassing occurs in a transformer, an analysis of nine key 
gases; nitrogen, oxygen, carbon monoxide, carbon dioxide, acetylene, ethylene, methane, ethane 
and hydrogen; produced during the process is enough to provide adequate information such that 
the additional gases are not generally investigated. Oil samples, laden with these gases, are 
pumped into a gas chromatography machine where the columns isolate the gases. The columns 
selectively retard the sampled gases and they are marked as flowing at different chromatograms; 
or times; past a detector. Separate gases are then detected as ambient gases by a thermal 
conductivity detector while a flame ionization detector detects hydrocarbons and carbon oxides. 
When in very low concentrations, a methanator is used to detect carbon oxides by converting 
them to methane. However, as a diagnostic method, DGA has many drawbacks, one of which is 
that it cannot precisely locate a fault.  If a transformer is refilled with fresh oil, a DGA will not be 
able to indicate faults. In the presence of electrical and thermal issues, a fundamental gas; 
hydrogen; emerges and contributes to the deterioration of cellulose and oil thereby playing a 
major role in the early identification of failure modes or irregular conditions within the 
transformer (Gouda et al., 2019; Zhang et al., 2018; Hengyi and Youyuan, 2010 and Prasojo et al., 
2017).  

A transformer’s faults due to a DGA are thermal faults, overheating winding, overheating oil, 
corona (Swati et al., 2018), and arcing. Thermal failures are indicated by the existence of strong 
isolating decomposition by-products. As solid insulation is typically made of cellulose fibre, it 
normally breaks down, but the rate of deterioration increases as the isolation temperature rises. 
When an electrical failure occurs, it releases energy that breaks the insulating fluid's chemical 
bonds. If these elements are broken, these bonds stabilise the fault gases easily. For each of these 
gases, the energies and rates at which they are produced vary. This enables the analysis of gas 
data to assess the type of faulting operation taking place inside the electrical equipment. 
Overheating windings usually allow the cellulose isolation to decompose thermally. DGA findings 
indicate high concentrations carbon oxides; monoxide and dioxide; with methane and ethylene 
observed at higher concentrations in extreme cases. Overheating oil results in liquid breakdown, 
as well as the formation of methane, ethane, and ethylene. Corona is a partial discharge with DGA 
indicating elevated hydrogen levels. Arcing is the most extreme state that a transformer can be in 
and is detectable even at low acetylene levels. Interpretation of the results obtained from a 
transformer requires awareness of the unit era, the loading period, as well as the date of 
significant maintenance activities; such as oil filtering. The IEC Standard 60599 and the ANSI IEEE 
Standard C57.104 provide instructions for determining the condition of an equipment based on 
the amount of gasses present and the volume ratios of gas pairs. The first step in assessing DGA 
findings is to evaluate the concentration levels (in ppm) of each main gas in the samples. Values 
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are measured over time for each of the main gases so the rate of change of the different gas 
concentrations can be calculated. Any sharp rise in key gas concentrations is indicative of a 
possible transformer crisis. 

Another method of transformer oil analysis is water content; which is limited to below 30 to 
35 ppm of water in transformer oil as water affects the dielectric properties of the insulation and 
the aging rate of the insulation materials (Yang et al., 2019; Taylor, 2004; Mahanta and Laskar, 
2017; Yusoff et al., 2018 and Sarfi et al., 2017). It is, therefore, vital that transformer oils to have 
low water content for safe operation, reliability, and to slow the aging of the transformer 
(Karthikeyan et al., 2019; Dahim et al., 2018; Palitó et al., 2018 and Dhofir et al., 2018). In extreme 
cases, the insulation of a transformer can fail due to excess water. Humidity and water content in 
transformer oil are strongly discouraged as they adversely affect the oil's dielectric properties 
(Du et al., 2001; Perkasa et al., 2014). It also impacts the transformer’s core paper insulation and 
winding. As paper is extremely hygroscopic, it will absorb the maximum quantity of oil and water 
which will affect it insulation capabilities and decrease its life cycle. However, as oil becomes 
hotter in a charged transformer, the water solubility of the oil also increases. As a result, the 
insulation paper releases water into the transformer oil and raises its water content. Therefore, 
the temperature of the oil is critical when collecting a sample for testing. Acids are also formed in 
the oil during oxidation (Raof et al., 2019). As acids also increase the water solubility of oil, oils 
containing higher concentrations of acid and water deplete at a faster rate. Water content in oil 
should be measured in ppm (parts per million unit). As recommended by IS–335 (1993), oils are 
permitted to only have a water content of up to 50 ppm. However, in order to detect such low 
concentrations of water, more precise and sophisticated water content calculation instruments 
are required; such as the Coulometric Karl Fisher Titrator. 

 Transformers account for nearly 60% of the cost of high-voltage substations (Feng et al., 
2017b) while some require more than a year to repair (Feng et al., 2017b). Therefore, given the 
long downtime for repairs, it is imperative to accurately monitor the health of the transformer. 
Over time, as the transformer’s insulator oil degrades due to mechanical, electrical, and chemical 
stresses, its quality is an excellent indicator of its condition (Tee et al., 2016). For years, measuring 
the interfacial tension (IFT) between the transformer oil and water, in accordance with the ASTM 
D971 standard, was used to effectively monitor oil and transformer health. At the interface 
formed between two the immiscible liquids, the molecular cohesive and adhesive forces cause a 
“film” to form which is analogous to an elastic sheet with an associated tension force. This is called 
interfacial tension (IFT) and it is very sensitive to impurities in either liquid. In fact, IFT 
measurements are an excellent way to test the quality of many other commercially used liquids; 
such as jet fuel (Taylor, 2004). Therefore, it is useful in assessing the existence of polar pollutants 
and products of oil decay. Good new oil typically exhibits high tension between both surfaces. 
However, as transformer oil degrades over time or as contaminants are introduced, the IFT 
between it and the pure water will reduce indicating the deteriorating health of the transformer 
(Yang et al., 2019). Contaminants from oil oxidation also lower the IFT. The way to calculate the 
attractive molecular force between water and oil in Dyne/cm or milli-Newton/meter is the IFT 
between the interface of the water and the oil.  

Acidic transformer oil is a deleterious commodity. When an oil becomes acidic, it becomes 
more soluble in the water content of the oil. Acidic oil also diminishes the insulating properties of 
winding paper insulation (Chen et al., 2019; Adekoya & Adejumobi, 2017). As acidity hastens the 
process of oxidation in the oil, in the presence of moisture, it also causes iron to rust. Transformer 
oil acidity tests may be used to calculate contaminant acid constituents. The acidity is expressed 



Jurnal Tribologi 17 (2020) 71-101 

 

 75 

in mg of KOH; where the acidity of oil needed to neutralise the acid present in a gram of oil or the 
number of neutralisations. A transformer’s insulating oil only passes an acidity test if the acidity 
content does not exceed 0.2 mg of KOH/g oil as per the recommendations of the American Society 
of Testing Materials (ASTM) Test Method. This is the critical acid number and, if this amount is 
surpassed, the degradation increases quickly. 

 In this paper, the transformer oil of the commuter rail system connecting Kuala Lumpur 
International Airport to Kuala Lumpur Central was studied. It comprises of two types of 
commuter trains (Figure 1); namely, express commuter rails (ECR) and transit commuter rails 
(TCR) and covers a distance of 59 kilometres (Figure 2) (Abdullah et al., 2014; Abdullah et al., 
2018). During its previous maintenance session, the primary and secondary dampers were 
replaced in order to reduce body vibrations. Due to curved tracks, dynamic vibrations and 
swaying are observed during operation (Abdullah et al., 2018). The slowing down of a commuter 
train is observed by the reduction in its longitudinal acceleration (Abdullah et al., 2014). The trend 
and performance of its brake system were also analysed and studied (Habeeb et al., 2020). The 
data of the transformer oil was taken within 90 months of operation. Within this period, the 
transformer oil was not replaced. Predictive maintenance of the oil; such as filtration and oil 
reclamation; were performed when certain parameters met their limits. Based on the trend of the 
readings and correlations between variables and time, predictive maintenance can be performed 
or omitted based on these results.   

  

 
Figure 1: Commuter train. 
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Figure 2: Commuter track route (Abdullah et al., 2014; Abdullah et al., 2018). 

 
 

2.0 METHODOLOGY 
The transformer used in this research is used by the Siemen Desiro ET 425 train model. Figure 

3 pictures the traction transformer by Siemens for Electric Multiple Units (EMU) (Siemens, 2020). 
Figure 4 shows the inside tank where the transformer is installed. The transformer is liquid cool 
using SHELL Diala Oil B mineral oil. This high-performance, non-inhibited insulating oil; which 
meets the specifications for DIN 57370-1/VDE 0370 Part 1, Class A and IEC 296, Class II for high 
voltage 25 kV application; is filled in the tank. The transformer unit is forced cooled by this oil via 
a three-phase motor pump. In order to lower the temperature of the oil, an air-oil heat exchanger 
is used. The system is open to ambient and protected by a silica gel breather which keeps the oil 
dry between maintenance cycles. The breather is mounted and completely protected against 
damages from flying stones by metal screens. An additional storage box (similar to a conservator) 
is positioned between the breather and the vessel to keep the oil in the vessel. Two coolers are 
installed in the cooling compartment and are easily exchangeable and dismountable from the 
mechanical rig. Each and every cooler is connected to a radial ventilator that provides sufficient 
airflow to dissipate the high temperatures. For oil circulation, a pump is installed. The pump sucks 
the oil from the vessel and pumps it into the heat exchanger where it flows through pipes and 
tubes directly into the coil system which works as a heat exchanger. The main transformer is a 
single-phase transformer with traction windings, to feed the four-quadrant chopper, as well as an 

5 km 
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auxiliary winding. The consumers connected to the outputs are switched on and off without 
influence from the transformer. The main transformer transforms the primary voltage from the 
25 kV 50Hz -line to 1st output 1180V AC, 50 Hz to supply traction and 2nd output 350 V AC, 50 
Hz to supply auxiliary devices. Table 1 shows the transformer system’s properties. 
   

 
Figure 3: The train’s transformer. 

 

 
Figure 4: The fixed main transformer in the tank. 

 
Table 2 tabulates the preventive maintenance schedule based on the operation mileage. A 

dielectric strength test and a moisture content test were scheduled at T4. The definitions of the 
terms are as follows; T3 = 3 times T2, T4 = 5 times T3, T5 = 5 times T4, and T6 = 2 times T5. 

The penetration of the oil into the coil, even under lowest temperatures, is essential and 
facilitated through the existence of layers and ducts within the coil. The transformer oil of choice; 
the SHELL Diala B; fulfils the required cooling capabilities across a full temperature scale 
(Wibowo et al., 2011; Ayuningsih et al., 2017; Fu et al., 2009). The filling level was calculated at 
20C. The oil expansion factor  was set at 76 x 10-5 K-1. The oil compensation levels for the oil at 
each temperature is presented in Table 3. This was largely dependent upon the ambient 
temperature. If the ambient temperature was below 20 C, the quantity of oil was reduced. If the 
ambient temperature was above 20 C, then the quantity of oil was increased. 

Core 

Winding 

Oil circulation 

To 

radiator 



Jurnal Tribologi 17 (2020) 71-101 

 

 78 

Table 1: Properties of the transformer system. 
Electrical Data, Single Phase Transformer 

Rated Voltage 25 kV 

Max.-Operating Voltage 27.5 kV 

Max.- Voltage 30 kV ( 5 min. ) 

Min.- Operating Voltage with full load 23,0 kV  50 Hz - Traction 
20,0 kV  50 Hz - Auxiliary 

No Load Losses at 22,5 kV 550 W 

 Primary 

Rated Power 1030 kVA 
 Rated Current 41,1  A 
 Rated Voltage 25 kV 

Resistance ( 20°C ) 7,9  

Load osses (only sinus Current) 43,4 kW at 41,1 A 

Test Voltage 60 kV / 50 Hz / 1 min. 

Traction 

Rated Power  2x 410 kVA 

Rated Current 2 x 348 A 

Rated Voltage 1180 V 
 Resistance ( 20°C ) 37 m 
 leakage inductance 2.56 mH 

ux (referred at 450 kVA) 23.7 % 

Test Voltage 3.5 kV / 50 Hz / 1 min. 

 
Table 2: Preventive maintenance schedule. 

Maintenance Term Operating Time Timing term 
T2 10 000 km +10% 10 days 
T3 30 000 km +10% 1 month 
T4 150 000 km +10% 6 months 
T5 750 000 km +10% 2 years 
T6 1.500.000 km +10% 4 years 

 
Mineral oils; such as the SHELL Diala B; with their specified identities are defined as oils mainly 

used to create high insulation levels in electrical appliances (Wibowo et al., 2011; Ayuningsih et 
al., 2017; Fu et al., 2009). SHELL Diala B has high ageing stability, excellent dielectric abilities, and 
good thermal characteristics. It fulfils all the requirements of the German Standard VDE 0370/ 
DIN 57370 part 1 and international standards according to the IEC 296. It is specially refined 
without the addition of mineral strange ageing materials. All SHELL Diala oils are not to be mixed 
with other cooling liquids; such as PCB, silicon oil, or ester. With adequate maintenance, the oil 
has a life cycle of 30 years. All materials used in the transformer unit are of organic origin and 
subject to ageing from exposure to oxygen, heat, moisture, humidity, and other chemical 
interferences that cause catalytic processes.    
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Table 3: The oil compensation levels. 
Temperature Compensation (liter) Quantity of oil (kg) Volume at 20 C (liter) 

10 C  -6  
 
 
 
 
 

680-710 

 
 
 
 
 
 

750-790 

12 C  -5 

14 C  -4 

16 C  -2 

18 C  -1 

20 C  0 

22 C  +1 

24 C  +2 

26 C  +4 

28 C  +5 

30 C  +6 

32 C  +7 

34 C  +8 

36 C  +9 

38 C  +11 

40 C  +12 

 
Transformer oil needs to be put through a filtration process to treat and purify it (Gainullina 

& Tutubalina, 2020; Chen, 2020; Salvi & Paranjape 2017; Wang et al., 2018; Jun Gong et al., 2017; 
Gong et al., 2017a, Gong et al., 2017b; Safiddine et al., 2017; Guerbas et al., 2016; Guerbas et al., 
2017; Guerbas et al., 2018; Hafez et al., 2017; Ab Ghani et al., 2018; Allaf & Mirzaei, 2017; Ab Ghani 
et al., 2018). Filtration of the insulating oil extracts sludge and moisture from the transformer oil. 
The advantages of oil filtration are: improved oil insulation properties, longer transformer life 
span, decreased breakdown of the transformer, and good investment returns for a better engine. 
Another maintenance strategy to improve the quality of used transformer oil is oil reconditioning 
(Rodiah & Haryono, 2018; Rodiah et al., 2020). Oil reconditioning reclaims the oil and extends its 
life for reuse. The steps in oil reclamation include: increment of oil temperature, elimination of 
dirt and impurities, filtration via candles filter, centrifugal motion filtration, as well as 
dehydration and degasify of the extracted oil. The temperature of the oil is increased to 65°C to 
provide latent heat to separate moisture and gases. It also makes it easier to filter the oil due to 
decreased viscosity. There are two methods with which to remove sludge, debris, and soil from 
transformer oil. A classical edge filter or depth style filter may be used to filter the insulating oil 
via filter candles. However, new developments have been made in which transformer oil filtration 
machines use filter cartridges instead. Another way to separate dirt from oil is through 
centrifugation which eliminates the ongoing cost of replacing filters. The insulating oil is then 
dehumidified and degassed in a chamber in the dehydration stage. As research indicates that 
contaminated oil causes 80 per cent of all oil-related failures and breakdowns (Jaber et al., 2016), 
preventive maintenance is, therefore, essential in ensuring the optimal reliability of the 
machinery. As such, using reliable transformer oil filtration equipment can achieve an effective 
insulating oil filtration which will improve the transformer’s performance and reliability. The 
limits of the analyses are shown in Table 4. These limits are based on the manual and 
manufacturers guide for the maintenance of the transformer.   
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Table 4: Oil analyses and their limits. 
Analysis Limit 

Water content (WC), ppm 50 maximum 
Interfacial tension (IFT), mN/m 20 minimum 

Dielectric strength (DS), kV 30 minimum 
Carbon dioxide (CO2), ppm, l/l 2500 maximum 

 

3.0 RESULTS AND DISCUSSION 
Tables 5 to 8 tabulate the transformer oil analyses results for ECR 1 to 10 and TCR 1 to 10. The 

data was collected once every six months or T4. Of the actual oil analyses data, only four results 
are considered critical: water content, IFT, DGA carbon dioxide (CO2), and dielectric strength. The 
deterioration of transformer oil is determined by increments in water content and carbon dioxide 
and reduction of IFT and dielectric strength. Graphs of these analyses are shown in Figures 5 to 
12 for ECR and TCR. Water content and CO2 generally showed increasing trends for both ECR and 
TCR as the operation period increased while IFT and dielectric strength showed increasing trends. 
Further analysis was performed by developing a linear correlation between the data and time 
which produced the rate per unit of time. For water content, the rate was measured as 
ppm/month, for IFT mN/m/month, for CO2 ppm/month, and for dielectric strength kV/month. 
From this analysis, the higher the absolute value of the rate, the higher the rate of transformer oil 
deterioration. Tables 9 and 10 present the analyses of the rate for both ECR and TCR, respectively. 
The average rate represents the final value of the rate.  

As seen in the tables, the average rate of water content per month was almost identical for 
both TCR and ECR with 0.1332 and 0.1310 ppm/month, respectively. This suggested that, for both 
types of trains, differences in loads and operation routines did not affect the rate of water content 
increments in their transformer oils. However, ECR had higher rates of IFT, CO2, and dielectric 
strength than TCR. The absolute value rate of IFT was 0.2005 mN/m/month for ECR but only 
0.1957 mN/m/month for TCR. The rate of CO2 was 6.5424 ppm/month for ECR and 4.9737 
ppm/month for TCR while the rate of dielectric strength for both ECR and TCR were 0.1848 
kV/month and 0.1434 kV/month, respectively. This could be due to differences in the standard 
operation routines and loads of ECRs and TCRs. For instance, ECR is physically weightier than TCR 
and, therefore, requires more current to run its traction motor than TCR. The air-conditioning in 
ECRs are also maintained at comfort levels; which requires higher current and electric loads; as it 
serves international passengers. This continuous use of higher currents and heavier electrical 
loads rely fully on the transformer; which will significantly affect the transformer oil. In 
comparison, TCR is lighter and, therefore, requires less current. 

These three results were found to simultaneously increase as the operation time increased. As 
the preventive maintenance schedule of transformer oil, for filtration, is based on a reduction in 
dielectric strength, the transformer oil of ECRs required earlier maintenance the transformer oil 
of TCR. During the 90-month operational period, whenever the dielectric strength decreased to 
bare minimum levels; 30 kV; preventive maintenance via oil filtration was performed. However, 
although filtration improves dielectric strength, it is not able to renew it to its dielectric strength 
when it was fresh and in brand-new condition. Over the time, the dielectric strength decreases 
again. It was discovered that whenever preventive maintenance through oil filtration was 
performed, the other three parameters; water content, IFT and CO2; also improved. 
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(a) 

 

 
(b) 

Figure 5: Water content of transformer oil for (a) ECR 1 to 5 and (b) ECR 6 to 10. 
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(a) 

 

 
(b) 

Figure 6: Interfacial tension of transformer oil for (a) ECR 1 to 5 and (b) ECR 6 to 10. 
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(a) 

 

 
(b) 

Figure 7: Carbon dioxide of transformer oil for (a) ECR 1 to 5 and (b) ECR 6 to 10. 
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(a) 

 

 
(b) 

Figure 8: Dielectric strength of transformer oil for (a) ECR 1 to 5 and (b) ECR 6 to 10. 
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(a) 

 

 
(b) 

Figure 9: Water content of transformer oil for (a) TCR 1 to 5 and (b) TCR 6 to 10.. 
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(a)  

 

 
(b) 

Figure 10: Interfacial tension of transformer oil for (a) TCR 1 to 5 and (b) TCR 6 to 10. 
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(a) 

 

 
(b) 

Figure 11: Carbon dioxide of transformer oil for (a) TCR 1 to 5 and (b) TCR 6 to 10. 
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(a)  

 

 
(b) 

Figure 12: Dielectric strength of transformer oil for (a) TCR 1 to 5 and (b) TCR 6 to 10. 
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Table 9: Rate of analysis for ECR. 

Train 

Rate 
Water content, 

ppm/month 
Interfacial 

tension, 
mN/m/month 

CO2, 
ppm/month 

Dielectric 
strength, 

kV/month 
ECR 1 0.1958 -0.1981 6.8643 -0.2875 
ECR 2 -0.0851 -0.2074 7.8143 -0.1351 
ECR 3 0.0940 -0.2289 3.1631 -0.1935 
ECR 4 0.1440 -0.1819 3.1917 -0.1762 
ECR 5 0.0286 -0.1854 9.0280 -0.2220 
ECR 6 0.0798 -0.2280 -1.7625 -0.2136 
ECR 7 0.2327 -0.2276 -3.4786 -0.1613 
ECR 8 0.1548 -0.1885 0.7274 -0.1446 
ECR 9 0.1875 -0.2198 18.1400 -0.1702 

ECR 10 -0.0280 -0.1391 2.3500 -0.1440 
Average 0.1310 -0.2005 6.5424 -0.1848 

 
Table 10: Rate of analysis for TCR. 

Train 

Rate 
Water content, 

ppm/month 
Interfacial 

tension, 
mN/m/month 

CO2, 
ppm/month 

Dielectric 
strength, 

kV/month 
TCR 1 0.0827 -0.2208 6.2613 -0.2310 
TCR 2 0.0446 -0.1443 2.7470 -0.2435 
TCR 3 0.0619 -0.2312 1.7899 -0.1500 
TCR 4 0.1423 -0.2344 6.6679 -0.1387 
TCR 5 0.2065 -0.2009 2.2917 -0.1637 
TCR 6 0.1381 -0.1683 4.3185 -0.2905 
TCR 7 0.0446 -0.2279 5.0917 -0.0327 
TCR 8 -0.0119 -0.1884 4.1929 -0.0774 
TCR 9 0.2935 -0.1826 10.3800 -0.0397 

TCR 10 -0.1405 -0.1578 -1.5679 -0.0667 
Average 0.1332 -0.1957 4.9737 -0.1434 

 
 
4.0 CONCLUSION 

The issues relating to transformer oil was analysed and identified from data collected over a 
period of 90 months. As transformer oil has a life cycle of 30 years and does not require replacing, 
filtration was found to be the most effective maintenance method. The predictive maintenance 
schedule proposed was developed based on actual analytically data in correlation to time. A linear 
relationship was used to observe the pattern and trend of the oil analysis. The transformer oil of 
ECRs require earlier maintenance than TCRs although they share the same product expiry of 30 
years. Based on the patterns and trends observed, a predictive maintenance strategy can be 
implemented which will reduce the risk and possibility of train failure due to a faulty transformer. 
Oil filtration was found to improve water content, IFT, CO2, and dielectric strength. Since the data 
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was collected from actual operations, the uncertainty of the values is noted. Thus, the trends and 
patterns are useful for implementing a predictive maintenance strategy. Standard maintenance 
procedures may be applied for the transformer oil drain and refilling for oil samples taken. Our 
method of developing strategy a predictive maintenance schedule can be used by other operators 
running the same train model.        

 
 
ACKNOWLEDGEMENTS 

The authors are gratefully and acknowledge the support received from the Al-Furat Al-Awsat 
Technical University, Technical College Al-Mussaib, Babylon, Iraq, Centre for Advanced Research 
on Energy (CARe), and Universiti Teknikal Malaysia Melaka, Malacca, Malaysia, as well as the 
financial support provided by the Short-Term Research Grant, Grant no. 
PJP/2010/FKM(9B)/S00655, Fundamental Research Grant Scheme (FRGS), Grant no.: 
FRGS/2010/FKM/TK03/5/F00080, and ERL Maintenance Support Sdn. Bhd., Selangor, Malaysia. 
 
 
REFERENCES 
Ab Ghani, S., Noorden, Z. A., Muhamad, N. A., Chairul, I. S., & Khalid, M. A. M. (2018). A Preliminary 

Study on Optimizing the In-Lab Reclamation Process Parameters of Used Transformer Oils 
Using the Taguchi Method. Indonesian Journal of Electrical Engineering and Computer Science, 
10(3), 1090-1097. 

Ab Ghani, S., Noorden, Z. A., Muhamad, N. A., Zainuddin, H., & Talib, M. A. (2018). A Review on the 
Reclamation Technologies for Service-Aged Transformer Insulating Oils. Indonesian Journal of 
Electrical Engineering and Computer Science, 10(2), 426-435. 

Abdullah, M. A., Hassan, N. A., Foat, N. A. M., Shukri, M. F. A. M., & Mohan, A. E. (2018). Swaying 
Phenomenon of Express Railway Train in Malaysia, Proceedings of Innovative Research and 
Industrial Dialogue’18, July 2018, pp. 98-99. 

Abdullah, M. A., Ramli, F. R., & Lim, C. S. (2014). Railway Dynamics Analysis Using Lego 
Mindstorms. In Applied Mechanics and Materials (Vol. 465, pp. 13-17). Trans Tech 
Publications Ltd. 

Aberoumand, S., & Jafarimoghaddam, A. (2018). Tungsten (III) oxide (WO3)–Silver/transformer 
oil hybrid nanofluid: Preparation, stability, thermal conductivity and dielectric strength. 
Alexandria engineering journal, 57(1), 169-174. 

Adekoya, D. O., & Adejumobi, I. A. (2017). Analysis of acidic properties of distribution transformer 
oil insulation: a case study of Jericho (Nigeria) distribution network. Nigerian Journal of 
Technology, 36(2), 563-570. 

Allaf, H. N., & Mirzaei, H. (2017). Investigations on reclaimed oil performance through 
measurement of the relative free radical content. IEEE Transactions on Dielectrics and 
Electrical Insulation, 24(6), 3481-3489. 

Amalanathan, A. J., Sarathi, R., Prakash, S., Mishra, A. K., Gautam, R., & Vinu, R. (2019). Investigation 
on thermally aged natural ester oil for real-time monitoring and analysis of transformer 
insulation. High Voltage, 5(2), 209-217. 

André-Philippe, C., Odile, B., & Patrice, P. (2016, November). Online monitoring for on-board 
traction transformer on rolling stock. In 2016 International Conference on Electrical Systems 
for Aircraft, Railway, Ship Propulsion and Road Vehicles & International Transportation 
Electrification Conference (ESARS-ITEC) (pp. 1-5). IEEE. 



Jurnal Tribologi 17 (2020) 71-101 

 

 95 

Ayuningsih, L., Dhofir, M., & Purnomo, H. (2017). Analisis Perilaku Pengotor Serbuk Jerami Dalam 
Minyak Transformator Shell Diala B Pada Medan Listrik Homogen Dan Non Homogen. Jurnal 
Mahasiswa TEUB, 5(2). 

Azli, S. A., Arief, Y. Z., Muhamad, N. A., & Bashir, N. (2013, December). The effect of electrical ageing 
on electrical properties of palm fatty acid ester (PFAE) and FR3 as dielectric materials. In 2013 
IEEE Student Conference on Research and Developement (pp. 209-214). IEEE. 

Bakar, N. A., & Abu-Siada, A. (2017). A new method to detect dissolved gases in transformer oil 
using NIR-IR spectroscopy. IEEE Transactions on Dielectrics and Electrical Insulation, 24(1), 
409-419. 

Baruah, N., Maharana, M., & Nayak, S. K. (2019). Performance analysis of vegetable oil-based 
nanofluids used in transformers. IET Science, Measurement & Technology, 13(7), 995-1002. 

Betie, A., Rao, U. M., Fofana, I., Fethi, M., & Yeo, Z. (2019). Influence of cellulose paper on gassing 
tendency of transformer oil under electrical discharge. IEEE Transactions on Dielectrics and 
Electrical Insulation, 26(6), 1729-1737. 

Bustamante, S., Manana, M., Arroyo, A., Castro, P., Laso, A., & Martinez, R. (2019). Dissolved gas 
analysis equipment for online monitoring of transformer oil: A review. Sensors, 19(19), 4057. 

Chamaret, A. P., & Chaudhuri, T. (2016, May). On-line monitoring for diagnosis on traction 
transformer for rolling stock application. In PCIM Europe 2016; International Exhibition and 
Conference for Power Electronics, Intelligent Motion, Renewable Energy and Energy 
Management (pp. 1-7). VDE. 

Chamaret, A. P., & Frugier, D. (2016). Future of on-board traction transformer for rolling stock. In 
Proc. 11th World Congress of Railway Research (pp. 1-6). 

Chen, A., (2020). Everything to know about Transformer Oil Filtration, Link: 
https://www.cmac.com.au/blog/everything-about-transformer-oil-filtration-purification, 
Last accessed 03/02/2020. 

Chen, S., Zhu, Y., Jia, Y., Yun, Y., Han, Z., Feng, G., Zhang, L. & Pang, X. (2019, July). Study on analysis 
of acid number of transformer oil by temperature titration. In IOP Conference Series: Earth 
and Environmental Science (Vol. 300, No. 4, p. 042025). IOP Publishing. 

Chen, Z., Zhang, X., Xiong, H., Chen, D., Cheng, H., Tang, J., Tian, Y. & Xiao, S. (2019). Dissolved gas 
analysis in transformer oil using Pt-doped WSe 2 monolayer based on first principles method. 
IEEE Access, 7, 72012-72019. 

Cui, H., Chen, D., Zhang, Y., & Zhang, X. (2019). Dissolved gas analysis in transformer oil using Pd 
catalyst decorated MoSe2 monolayer: A first-principles theory. Sustainable Materials and 
Technologies, 20, e00094. 

Adekoya, D. O., & Adejumobi, I. A. (2017). Analysis of acidic properties of distribution transformer 
oil insulation: a case study of Jericho (Nigeria) distribution network. Nigerian Journal of 
Technology, 36(2), 563-570.  

Dahim, M., Al-Mattarneh, H., & Ismail, R. (2018). Simple capacitor dielectric sensors for 
determination of water content in transformer oil. Int. J. Eng. Technol, 7, 157. 

Dai, J., Song, H., Sheng, G., & Jiang, X. (2017). Dissolved gas analysis of insulating oil for power 
transformer fault diagnosis with deep belief network. IEEE Transactions on Dielectrics and 
Electrical Insulation, 24(5), 2828-2835. 

Darma, I. S. (2008, September). Dielectric properties of mixtures between mineral oil and natural 
ester. In 2008 International Symposium on Electrical Insulating Materials (ISEIM 2008) (pp. 
514-517). IEEE. 



Jurnal Tribologi 17 (2020) 71-101 

 

 96 

Dhofir, M., Hasanah, R. N., Suyono, H., Widiastuti, H. V., Ayuningsih, L., & Purnomo, H. (2018, 
September). The influence of water and straw powders contaminants on Shell Diala B 
transformator oil. In 2018 IEEE International Conference on High Voltage Engineering and 
Application (ICHVE) (pp. 1-4). IEEE. 

Dong, M., Dai, J., Li, Y., Xie, J., Ren, M., & Dang, Z. (2017). Insight into the dielectric response of 
transformer oil-based nanofluids. AIP Advances, 7(2), 025307. 

Du, Y., Mamishev, A. V., Lesieutre, B. C., Zahn, M., & Kang, S. H. (2001). Moisture solubility for 
differently conditioned transformer oils. IEEE transactions on Dielectrics and Electrical 
Insulation, 8(5), 805-811. 

Emara, M. M., Mansour, D. E. A., & Azmy, A. M. (2017). Mitigating the impact of aging byproducts 
in transformer oil using TiO 2 nanofillers. IEEE Transactions on Dielectrics and Electrical 
Insulation, 24(6), 3471-3480. 

Evangelista Jr, J. M., Coelho, F. E. B., Carvalho, J. A., Araújo, E. M., Miranda, T. L., & Salum, A. (2017). 
Development of a new bio-based insulating fluid from Jatropha curcas oil for power 
transformers. Advances in Chemical Engineering and Science, 7(02), 235. 

Faiz, J., & Soleimani, M. (2017). Dissolved gas analysis evaluation in electric power transformers 
using conventional methods a review. IEEE Transactions on Dielectrics and Electrical 
Insulation, 24(2), 1239-1248. 

Falatah, A. M., & Yehia El-Naggar, A. (2018). Transformer oil quality in view of its physicochemical, 
electrical properties and dissolved gas analysis. Petroleum Science and Technology, 36(19), 
1552-1558. 

Fan, J., Liu, Z., Meng, A., Yin, H., Sun, Q., Bin, F., & Jiang, Q. (2019). Characteristics of Tin Oxide 
Chromatographic Detector for Dissolved Gases Analysis of Transformer Oil. IEEE Access, 7, 
94012-94020. 

Fan, J., Wang, F., Sun, Q., Ye, H., & Jiang, Q. (2018). Application of polycrystalline SnO2 sensor 
chromatographic system to detect dissolved gases in transformer oil. Sensors and Actuators B: 
Chemical, 267, 636-646. 

Feng, D., Lin, S., He, Z., & Sun, X. (2017a). A technical framework of PHM and active maintenance 
for modern high-speed railway traction power supply systems. International Journal of Rail 
Transportation, 5(3), 145-169. 

Feng, J., Chu, W. Q., Zhang, Z., & Zhu, Z. Q. (2017b). Power electronic transformer-based railway 
traction systems: Challenges and opportunities. IEEE Journal of Emerging and Selected Topics 
in Power Electronics, 5(3), 1237-1253. 

Fofana, I., Hadjadj, Y., Amrani, L., & Bouazabia, S. (2016, September). Aging effect on 
physicochemical characteristics of insulating oil in service-aged transformers. In 2016 IEEE 
International Conference on High Voltage Engineering and Application (ICHVE) (pp. 1-4). IEEE. 

Fu, Q., Lin, Y. P., & Li, Z. (2009, March). Feasibility Study on Replacement of SHELL Diala Oil by 
Kelamayi EHV Transformer Oil. In 2009 Asia-Pacific Power and Energy Engineering 
Conference (pp. 1-5). IEEE. 

Gainullina, L. R., & Tutubalina, V. P. (2020). Improving the Performance of Transformer Oil Using 
Individual Sulfides. Thermal Engineering, 67(3), 185-188. 

Gao, J., Yang, L., Wang, Y., Liu, X., Lv, Y., & Zheng, H. (2016). Condition diagnosis of transformer oil-
paper insulation using dielectric response fingerprint characteristics. IEEE Transactions on 
Dielectrics and Electrical Insulation, 23(2), 1207-1218. 

García, B., Ortíz, A., Renedo, C., Burgos, J. C., Gómez, D. G., & Rosa, D. P. (2020, June). Application of 
biodegradable fluids as liquid insulation for distribution and power transformers. In 2020 



Jurnal Tribologi 17 (2020) 71-101 

 

 97 

IEEE International Conference on Environment and Electrical Engineering and 2020 IEEE 
Industrial and Commercial Power Systems Europe (EEEIC/I&CPS Europe) (pp. 1-6). IEEE. 

Gong, G. J., Zhang, T., Zhang, H., Yan, G. Z., Ge, J. B., & Wen, Y. F. (2017). The Research of Full 
Automatic Intelligent Oil Filtering System Based on Flow Totalizer Control. DEStech 
Transactions on Engineering and Technology Research, (icmca). 

Gong, G., Zhang, T., Yan, G., Zhang, H., Chen, Z., & Su, C. (2017). The research of full automatic oil 
filtering control technology of high voltage insulating oil. MS&E, 242(1), 012075. 

Gouda, O. E., El-Hoshy, S. H., & Hassan, H. T. (2019). Condition assessment of power transformers 
based on dissolved gas analysis. IET Generation, Transmission & Distribution, 13(12), 2299-
2310. 

Guerbas, F., Adjaout, L., Abada, A., & Rahal, D. (2016, September). Thermal aging effect on the 
properties of new and reclaimed transformer oil. In 2016 IEEE International Conference on 
High Voltage Engineering and Application (ICHVE) (pp. 1-4). IEEE. 

Guerbas, F., Adjaout, L., Abada, A., & Rahal, D. (2018, September). New and Reclamation 
Transformer Oil Behavior under Accelerated Thermal Aging. In 2018 IEEE International 
Conference on High Voltage Engineering and Application (ICHVE) (pp. 1-4). IEEE. 

Guerbas, F., Aoudjit, M., & Abba, S. (2017, June). Comparative Study of Transformer aged oil 
Reclamation by Fuller's earth and activated Bentonite. In 2017 IEEE 19th International 
Conference on Dielectric Liquids (ICDL) (pp. 1-4). IEEE. 

Gui, X., Zhou, Q., Peng, S., Xu, L., & Zeng, W. (2020). Dissolved gas analysis in transformer oil using 
Sb-doped graphene: A DFT study. Applied Surface Science, 147509. 

Gui, Y., Li, W., He, X., Ding, Z., Tang, C., & Xu, L. (2020). Adsorption properties of pristine and Co-
doped TiO2 (1 0 1) toward dissolved gas analysis in transformer oil. Applied Surface Science, 
507, 145163. 

Habeeb, H. A., Mohan, A. E., Abdullah, M. A., Abdul, M. H., & Tunggal, D. (2020). Performance 
Analysis of Brake Discs in Trains. Jurnal Tribologi, 25, 1-15. 

Hafez, A. I., Gerges, N. S., Ibrahim, H. N., Abou El-magd, W. S., & Hashem, A. I. (2017). Evaluation of 
kaolin clay as natural material for transformer oil treatment to reduce the impact of ageing on 
copper strip. Egyptian journal of petroleum, 26(2), 533-539. 

Hamid, M. H. A., Ishak, M. T., Din, M. M., Suhaimi, N. S., & Katim, N. I. A. (2016, November). Dielectric 
properties of natural ester oils used for transformer application under temperature variation. 
In 2016 IEEE International Conference on Power and Energy (PECon) (pp. 54-57). IEEE. 

Hengyi, C. W. L. B. Z., & Youyuan, W. (2010). The Temperature Characteristics of Photoacoustic 
Spectroscopy Detection for Dissolved Gases in Transformer Oil [J]. Transactions of China 
Electrotechnical Society, 11. 

Hill, D. J. T., Le, T. T., Darveniza, M., & Saha, T. (1996). A study of the degradation of cellulosic 
insulation materials in a power transformer. Part III: Degradation products of cellulose 
insulation paper. Polymer Degradation and Stability, 51(2), 211-218. 

Jaber, A. M. Y., Mehanna, N. A., Oweimreen, G. A., & Abulkibash, A. M. (2016). The effect of DBDS, 
DBPC, BTA and DBP combinations on the corrosion of copper immersed in mineral 
transformer oil. IEEE Transactions on Dielectrics and Electrical Insulation, 23(4), 1-7. 

Jun Gong, G., min Chen, Z., zeng Yan, G., Su, C., Zhang, H., & Zhang, T. (2017). Study on Control 
Cabinet of Automatic Filtration System for Insulating Oil of UHV Substation. DEStech 
Transactions on Computer Science and Engineering, (csae). 



Jurnal Tribologi 17 (2020) 71-101 

 

 98 

Karthikeyan, S., Mezher, M. H., Ibrahim, F., Vigneswaran, D., Amiri, I. S., & Zakaria, R. (2019). 
Graphene oxide-based optical waveguide for moisture sensing in transformer oil. Photonics 
and Nanostructures-Fundamentals and Applications, 36, 100727. 

Kaur, I., & Singh, P. (2016). Residual Life assessment with DGA, Furan content in transformer oil 
and Degree of polymerization of solid insulation. International journal of scientific and 
research publications, 6(7). 

Kiessling, F., Puschmann, R., Schmieder, A., & Schneider, E. (2018). Contact lines for electric 
railways: planning, design, implementation, maintenance. John Wiley & Sons. 

Liang, Y., Xu, Y. Y., Wan, X. S., Li, Y., Liu, N., & Zhang, G. J. (2018, May). Dissolved gas analysis of 
transformer oil based on deep belief networks. In 2018 12th International Conference on the 
Properties and Applications of Dielectric Materials (ICPADM) (pp. 825-828). IEEE. 

Lu, Y., & Liu, S. J. (2016). Performance Comparison and Selection of Transformer Fluid. In MATEC 
Web of Conferences (Vol. 63, p. 02009). EDP Sciences. 

Lv, Y., Rafiq, M., Li, C., & Shan, B. (2017). Study of dielectric breakdown performance of 
transformer oil based magnetic nanofluids. Energies, 10(7), 1025. 

Ma, S., Jin, Y., & Si, Y. (2019). Adsorption behavior of Pd-doped SnS 2 monolayer upon H 2 and C 2 
H 2 for dissolved gas analysis in transformer oil. Adsorption, 25(8), 1587-1594. 

Mahanta, D. K., & Laskar, S. (2017). Water quantity-based quality measurement of transformer oil 
using polymer optical fiber as sensor. IEEE Sensors Journal, 18(4), 1506-1512. 

Maharana, M., Bordeori, M. M., Nayak, S. K., & Sahoo, N. (2018). Nanofluid-based transformer oil: 
effect of ageing on thermal, electrical and physicochemical properties. IET Science, 
Measurement & Technology, 12(7), 878-885. 

Maharana, M., Nayak, S. K., & Sahoo, N. (2018). Karanji oil as a potential dielectrics liquid for 
transformer. IEEE Transactions on Dielectrics and Electrical Insulation, 25(5), 1871-1879. 

Mansour, D. E. A., Elsaeed, A. M., & Izzularab, M. A. (2016). The Role of Interfacial Zone in Dielectric 
Properties of Transformer Oil-Based Nanofluids. IEEE Transactions on Dielectrics and 
Electrical Insulation, 23(6), 3364-3372. 

MehdipourPicha, H., Bo, R., Chen, H., Rana, M. M., Huang, J., & Hu, F. (2019, May). Transformer fault 
diagnosis using deep neural network. In 2019 IEEE Innovative Smart Grid Technologies-Asia 
(ISGT Asia) (pp. 4241-4245). IEEE. 

Munajad, A., & Subroto, C. (2018). Fourier transform infrared (FTIR) spectroscopy analysis of 
transformer paper in mineral oil-paper composite insulation under accelerated thermal aging. 
Energies, 11(2), 364. 

Munteanu, A., Adam, M., Andruşcă, M., Dragomir, A., & Boghiu, E. (2017, October). About 
monitoring of joint coils from electric traction railway. In 2017 International Conference on 
Electromechanical and Power Systems (SIELMEN) (pp. 086-089). IEEE. 

Nazari, M., Rasoulifard, M. H., & Hosseini, H. (2016). Dielectric breakdown strength of magnetic 
nanofluid based on insulation oil after impulse test. Journal of magnetism and magnetic 
Materials, 399, 1-4. 

Noman, M. A., Nasr, E. S. A., Al-Shayea, A., & Kaid, H. (2019). Overview of predictive condition based 
maintenance research using bibliometric indicators. Journal of King Saud University-
Engineering Sciences, 31(4), 355-367. 

Palitó, T. T. C., Assagra, Y. A. O., Altafim, R. A. C., Carmo, J. P. P., Carneiro, A. A. O., & Altafim, R. A. P. 
(2018, October). Investigation of Water Content in Power Transformer Oils through Ultrasonic 
Measurements. In 2018 IEEE Conference on Electrical Insulation and Dielectric Phenomena 
(CEIDP) (pp. 279-282). IEEE. 



Jurnal Tribologi 17 (2020) 71-101 

 

 99 

Park, M. S., Lee, J. H., Park, Y., Yoo, R., Park, S., Jung, H., ... & Lee, W. (2019). Doping effects of ZnO 
quantum dots on the sensitive and selective detection of acetylene for dissolved-gas analysis 
applications of transformer oil. Sensors and Actuators B: Chemical, 299, 126992. 

Perkasa, C. Y., Lelekakis, N., Czaszejko, T., Wijaya, J., & Martin, D. (2014). A comparison of the 
formation of bubbles and water droplets in vegetable and mineral oil impregnated 
transformer paper. IEEE Transactions on Dielectrics and Electrical Insulation, 21(5), 2111-
2118. 

Prasojo, R. A., Diwyacitta, K., & Gumilang, H. (2017, October). Correlation of transformer paper 
deterioration to oil characteristics and dissolved gases. In 2017 International Conference on 
High Voltage Engineering and Power Systems (ICHVEPS) (pp. 40-45). IEEE. 

Rafiq, M., Chengrong, L., & Lv, Y. (2019). Effect of Al2O3 nanorods on dielectric strength of aged 
transformer oil/paper insulation system. Journal of Molecular Liquids, 284, 700-708. 

Ranga, C., Chandel, A. K., & Chandel, R. (2017). Performance analysis of cellulose and nomex-910 
impregnated oil filled power transformers. International Journal on Electrical Engineering and 
Informatics, 9(2), 394. 

Ranga, C., Kumar Chandel, A., & Chandel, R. (2018). Performance analysis of alternative solid 
dielectrics of power transformers with a blend of mineral and silicon oils. IETE technical 
review, 35(4), 331-341. 

Rao, U. M., Fofana, I., Betie, A., Senoussaoui, M. L., Brahami, M., & Briosso, E. (2019). Condition 
monitoring of in-service oil-filled transformers: Case studies and experience. IEEE Electrical 
Insulation Magazine, 35(6), 33-42. 

Rao, U. M., Pulluri, H., & Kumar, N. G. (2018). Performance analysis of transformer oil/paper 
insulation with ester and mixed dielectric fluids. IEEE Transactions on Dielectrics and 
Electrical Insulation, 25(5), 1853-1862. 

Rao, U. M., Sood, Y. R., & Jarial, R. K. (2016). Performance analysis of alternate liquid dielectrics for 
power transformers. IEEE Transactions on Dielectrics and Electrical Insulation, 23(4), 2475-
2484. 

Raof, N. A., Yunus, R., Rashid, U., Azis, N., & Yaakub, Z. (2019). Effect of molecular structure on 
oxidative degradation of ester based transformer oil. Tribology International, 140, 105852. 

Regnima, G. O., Betié, A., Koffi, T., Bagui, O. K., Fofana, I., Kouacou, A., & Zoueu, J. (2018). Monitoring 
power transformers oils deterioration using structured laser illumination planar imaging. 
Measurement, 113, 38-45. 

Rodiah, Y., & Haryono, T. (2018, August). Life Expectancy of Transformer Insulation System by 
Reconditioning. In 2018 4th International Conference on Science and Technology (ICST) (pp. 
1-4). IEEE. 

Rodiah, Y., Haryono, T., & Wijaya, F. D. (2020). Transformer Oil Dielectric Characteristics in 
Microwave Assisted Reconditioning Processes. Journal of Electrical Engineering & Technology, 
1-7. 

Safiddine, L., Zafour, A. H. Z., Fofana, I., Skender, A., Guerbas, F., & Boucherit, A. (2017). 
Transformer oil reclamation by combining several strategies enhanced by the use of four 
adsorbents. IET Generation, Transmission & Distribution, 11(11), 2912-2920. 

Salvi, S., & Paranjape, A. P. (2017). Study of Transformer Oil Filtration Machine. Int. Res. J. Eng. 
Technol, 4(4), 2471-2474. 

Saponara, S., Fanucci, L., Bernardo, F., & Falciani, A. (2016). Predictive diagnosis of high-power 
transformer faults by networking vibration measuring nodes with integrated signal 
processing. IEEE Transactions on Instrumentation and Measurement, 65(8), 1749-1760. 



Jurnal Tribologi 17 (2020) 71-101 

 

 100 

Sarfi, V., Mohajeryami, S., & Majzoobi, A. (2017). Estimation of water content in a power 
transformer using moisture dynamic measurement of its oil. High Voltage, 2(1), 11-16. 

Seimens, (2020). Siemens Energy complies with the laws and regulations affecting traction 
transformers. Last accessed: 18 December 2020, Address: https://www.siemens-
energy.com/global/en/offerings/power-transmission/transformers/traction-
transformers.html. 

Shaban, K. B., El-Hag, A. H., & Benhmed, K. (2016). Prediction of transformer Furan levels. IEEE 
Transactions on Power Delivery, 31(4), 1778-1779. 

Sitinjak, F., Suhariadi, I., & Imsak, L. (2003, June). Study on the characteristics of palm oil and it's 
derivatives as liquid insulating materials. In Proceedings of the 7th International Conference 
on Properties and Applications of Dielectric Materials (Cat. No. 03CH37417) (Vol. 2, pp. 495-
498). IEEE. 

Sumathi, S., & Subburaj, P. (2017). Performance analysis of nanomaterials based transformer oil. 
Asian Journal of Research in Social Sciences and Humanities, 7(2), 678-690. 

Swati, K., Sarathi, R., Yadav, K. S., Taylor, N., & Edin, H. (2018). Corona discharge activity in 
nanoparticle dispersed transformer oil under composite voltages. IEEE Transactions on 
Dielectrics and Electrical Insulation, 25(5), 1731-1738. 

Taha, I. B., Mansour, D. E. A., Ghoneim, S. S., & Elkalashy, N. I. (2017). Conditional probability-based 
interpretation of dissolved gas analysis for transformer incipient faults. IET Generation, 
Transmission & Distribution, 11(4), 943-951. 

Taylor, W. F. (2004). Coordinating Support of Fuels and Lubricant Research and Development 
(R&D) 2, Delivery Order 0001: Water Separation Methods Study (No. TR-632). 
COORDINATING RESEARCH COUNCIL INC ALPHARETTA GA. 

Tee, S. J., Liu, Q., Wang, Z. D., Wilson, G., Jarman, P., Hooton, R., ... & Dyer, P. (2016). An early 
degradation phenomenon identified through transformer oil database analysis. IEEE 
Transactions on Dielectrics and Electrical Insulation, 23(3), 1435-1443. 

Uddin, A. I., Yaqoob, U., & Chung, G. S. (2016). Dissolved hydrogen gas analysis in transformer oil 
using Pd catalyst decorated on ZnO nanorod array. Sensors and Actuators B: Chemical, 226, 
90-95. 

Wang, F., Wan, C., Li, J., Huang, Z., Fan, F., & Wen, G. (2018, September). Effect of Fluorination and 
Isothermal Crystallization on Polypropylene Electret Fiber Films for Transformer-oil 
Filtration. In 2018 IEEE International Conference on High Voltage Engineering and Application 
(ICHVE) (pp. 1-4). IEEE. 

Wibowo, W. K., Juningtyastuti, J., & Syakur, A. (2011). Analisis karakteristik breakdown voltage 
pada dielektrik minyak shell diala b pada suhu 300c-1300c (Doctoral dissertation, Jurtusan 
Teknik Elektro Fakultas Teknik Undip). 

Yang, Z., Zhou, Q., Wu, X., & Zhao, Z. (2019). A novel measuring method of interfacial tension of 
transformer oil combined PSO optimized SVM and multi frequency ultrasonic technology. IEEE 
Access, 7, 182624-182631. 

Yang, Z., Zhou, Q., Wu, X., Zhao, Z., Tang, C., & Chen, W. (2019). Detection of water content in 
transformer oil using multi frequency ultrasonic with PCA-GA-BPNN. Energies, 12(7), 1379. 

Yusoff, S. F. A. Z., Mezher, M. H., Amiri, I. S., Ayyanar, N., Vigneswaran, D., Ahmad, H., & Zakaria, R. 
(2018). Detection of moisture content in transformer oil using platinum coated on D-shaped 
optical fiber. Optical Fiber Technology, 45, 115-121. 



Jurnal Tribologi 17 (2020) 71-101 

 

 101 

Zhang, P., Qi, B., Rong, Z., Wang, Y., Li, C., Yang, Y., & Zheng, W. (2018, June). Anomalous State 
Detection of Dissolved Gases in Transformer Oil Based on the Canopy Hyper Sphere Model. In 
2018 IEEE Electrical Insulation Conference (EIC) (pp. 228-231). IEEE. 

Zhou, L., Wang, D., Guo, L., Wang, L., Jiang, J., & Liao, W. (2017). FDS analysis for multilayer 
insulation paper with different aging status in traction transformer of high-speed railway. IEEE 
Transactions on Dielectrics and Electrical Insulation, 24(5), 3236-3244. 

Zhou, Q., Zhang, G., Tian, S., & Zhang, X. (2020). First-Principles Insight into Pd-Doped ZnO 
Monolayers as a Promising Scavenger for Dissolved Gas Analysis in Transformer Oil. ACS omega. 
 


