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Abstract— This research shows the effect of oil mixture and temperature on breakdown
voltage. Palm oil is combined with diala-b oil in various mix ratios and various temperatures.
Test results on the sample, as the concentration of the mixture of diala-b oil increases, the
breakdown voltage value also increases. The breakdown voltage values of all oil mixture sam-
ples that have gone through the treatment process have met the IEC standard No. 56 of 1991
with results that are classified as above the standard (standard > 30kV/2.5mm). Breakdown
voltage values for the composition of 100% diala-b oil, 100% palm oil, and a mixture of 50%
diala-b oil: 50% palm oil at 60 °C, 70 °C, 80 °C, 90 °C, and 100 °C is above the standard that
is > 30 kV. Water content and acidity affect the breakdown voltage value. Based on the results
of breakdown voltage testing that has been done, palm oil can be used as an alternative to trans-
former oil.

Keywords: breakdown voltage, diala-b oil, palm oil, transformer oil

Article received April 9", 2023. Resubmitted May 8™, 2023. Final Acceptance May 24", 2023.

1 Introduction

The power transformer is one of the important pieces of equipment in the power system, and its
safe operation is closely related to the safe and reliable power supply of the power system. During
transformer operation, due to disturbances such as partial discharge, and overheating, various gases
will be released in the transformer oil. Monitoring and analysis of gas concentrations can evaluate
the operating status of the transformer and find potential faults [1] [2] [3] [4]

In the power transformer used at the substation, there is transformer oil which functions to sepa-
rate electrically between the primary coil and the secondary coil so that a breakdown voltage does
not occur. This transformer oil has a better insulation level when compared to free air. One of the
parameters that can indicate whether the insulation level of a material is good or bad is its breakdown
voltage.

Mineral oil made from petroleum is a type of oil that has been used as transformer-insulating oil
for decades [5]. Petroleum is widely used to date, because of its excellent cooling performance, large
dielectric strength, low dielectric loss, and good long-term performance. [6]. Apart from its good
properties as insulating oil, mineral oil has a bad impact on the environment because it is not biode-
gradable. Due to environmental problems and their diminishing sources, eco-friendly resources such
as vegetable oil are the best alternatives to replace them.
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Vegetable oil has successfully replaced mineral oil as insulation in distribution transformers since
the late 1990s [7]. Coconut oil is one of the popular vegetable oils in many tropical countries in the
world and its use as a raw material for industrial applications, such as lubricants, metal cutting fluids,
and biodiesel has also been researched in recent years [8][9][10][11]. In addition, an alternative to
mineral oil is palm oil. Investigations on the electrical, physical, and chemical properties of palm ail
show that it is suitable for use as a substitute for mineral oil in high-voltage equipment [12]. Utilities
are increasingly open to using vegetable oil in power transformers [13].

Palm oil is extracted from the mesocarp layer. Then it goes through a bleaching and deodorizing
process called Refined Bleaching Deodorized Palm Oil (RBDPO). This process will decrease the
fat content of palm oil, this is not good because the quality of palm oil depends on the fat content of
the oil and the more fat content, the better the dielectric properties of the oil. [6]. Plus the availability
of abundant palm oil and coconut oil in Indonesia. Palm oil contains high levels of saturated and
unsaturated fats such as lauric acid (48%), myristic acid (8.4%), and palmitic acid (8.4%) [14].

Variations in the dielectric properties of palm oil with changes in temperature, in general, have
the same tendency as mineral oils and silicone oils [15]. Another research on testing vegetable oil
resulted that vegetable oil can be used for power transformers [16]. Another type of vegetable oil
has been tested, namely pure coconut oil. Based on the breakdown voltage test, which is 29.17
kV/2.5 mm. This value does not meet the IEC 156 standard, which is 30 kV/2.5 mm [17]. Oil has
the potential to be used as a substitute for mineral oil, therefore in this study, a liquid insulator test
of a mixture of palm oil and diala-b oil was carried out with various compositions to determine its
characteristics as an alternative to transformer oil.

The use of transformer oil has special requirements that have been regulated by SPLN'50-1982
"Guidelines for Testing Oil-immersed Transformers”. and IEC No0.56.Thn1991, among others, re-
garding the requirements and reliability of transformer oil with an oil penetration power of at least
30 kV/2.5 mm.

2 Test Method

2.1  Sample Data

There are two types of oil used, palm oil and diala-B oil. Table 1 show the sample tested consisted
of a mixture of palm oil and diala-B oil.

Table 1. Test sample

Sample (%)
No- ™ biala-B oil Palm oil

1 100% 0%

2 80% 20%
3 60% 40%
4 50% 50%
5 40% 60%
6 20% 80%
7 0% 100%

In addition, a test was also carried out to determine the effect of the temperature of the liquid
insulator on the value of the breakdown voltage test. In the sample shown in Table 2, a heating
temperature from 30 °C to 100 °C will be given with an increase every 10 °C. The treatment for
mixing the oil was equated by stirring the composite oil for 3 minutes.
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Table 2. Test samples with the effect of temperature

No. Sample (°C)
Diala-B 100% Palm 100% Diala-B 50% and Palm Oil 50%
1 30°C 30°C 30°C
2 40 °C 40 °C 40 °C
3 50 °C 50 °C 50 °C
4 60 °C 60 °C 60 °C
5 70°C 70°C 70°C
6 80 °C 80 °C 80 °C
7 90 °C 90 °C 90 °C
8 100 °C 100 °C 100 °C

2.2 Breakdown Voltage Test

Dielectric strength is a measure of the ability of a material to withstand high stresses without
causing dielectric failure. The dielectric strength of liquids depends on the atomic and molecular
properties of the liquid itself, the material of the electrodes, temperature, the type of voltage applied,
the gas contained in the liquid, and so on which can change the molecular properties of the liquid.
In liquid insulation, the dielectric strength is equivalent to the applied voltage [18]. According to
Paschen's law, the dielectric strength of liquids ranges from 107V /¢cm[19]. The liquid dielectric will
fill the volume of the space that must be isolated and will simultaneously dissipate the heat that
arises by convection.

Liquid dielectric has a density 1000 times greater than gas dielectric so the dielectric strength is
higher than gas dielectric [20]. Another advantage of a pure liquid dielectric is that it can self-repair
if a discharge occurs. One of the disadvantages of liquid dielectrics is that they are easily contami-
nated. Dielectric properties can be observed in all material phases, namely solid, liquid, gas, and
plasma. The interaction of molecules in the material at the microscopic level is due to the strong
external electric field. The increase in the electric field through the interaction of electric charges in
the medium is known as Coulomb's law, namely:

1 Q102
- E 4TEQ ar (1)
F =QE (2)
so that
_120
k= 4meg 12 ar (3)

By Fdenoting the Coulomb interaction force between 2 charges, which are Q,and Q,which are
separated by r meters in a dielectric medium, and a,.expressing the unit vector along the direction
r. Fcan be expressed as the product of Qand Erepresents the intensity of the electric field [21].

The intensity of the electric field is related to a quantity called electric potential V. Electric po-
tential is a switching quantity that is formulated mathematically as follows:

E=-VV (4)

So that the electric potential equation is obtained.

L2 )

4TCEY T

By Vstating the potential on the distribution of electric charges.
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Based on all the theories that discuss the breakdown voltage in liquid materials, a relationship
can be drawn between the distance between the electrodes and the maximum dielectric strength. The
relationship between the distance between the electrodes and the breakdown voltage in the liquid
dielectric can be formulated into a general equation, namely:

Vbd = Adn (6)

By V,4stating the magnitude of the breakdown voltage and dstating the distance between the
electrodes, Aand na constant which is a logarithmic approach to the relationship between the dis-
tance between the electrodes and the breakdown voltage, with a value nalways <1 [22].

The new insulating oil is expected to have a minimum breakdown voltage value of 30 kV — 50
kV. The value of the breakdown voltage is very dependent on the presence of contaminants in the
insulating oil. The presence of contaminants such as water and solid particles will drastically reduce
the breakdown voltage value, but a high breakdown voltage value does not necessarily indicate that
the oil is free from the presence of contaminants [23]. Therefore, testing the breakdown voltage can
be an indication of the presence of contaminants in the insulating oil and the first step in purifying
the insulating oil.

The breakdown voltage test was carried out according to the standard test method IEC 60156,
using a pair of ball electrodes having a gap of 2.5mm. To get the same particle distribution, the oil
is mixed by stirring [16]. The test was carried out at the High Voltage Lab, Department of Electrical
Engineering and Information Technology, Universitas Gadjah Mada. The procedure for testing the
Dielectric Breakdown Voltage is as follows in Figure 1.
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Prepare test

Mixing palm oil and diala B oil with a
composition ratio (palm oil - diala B oil)
(100%:0%); (80%:20%); (60%:40%);
(40%:60%); (20%:80%); (0%:100%)

v

Reach room temperature/
heating at least 20 °C.

v

Increase voltage until breakdown
voltage occurs

v

Record the breakdown
voltage result

v

| Decrease the voltage |

v

Turn off the power switch

A 4

A

Have done 5x tests

ave all test variables
been tested?

Print the results

Fig. 1. Dielectric breakdown voltage test flow

The breakdown voltage test scheme is carried out with two test variations, the first without treat-
ment and the second using treatment. The treatment is carried out through a filtering process and
preheated to 100°C. Then during the breakdown voltage test, the oil is allowed to stand until it returns
to room temperature of 28°C.

Furthermore, tests were carried out to determine the effect of liquid insulator temperature on the
value of the breakdown voltage test. The one used in this testing phase uses a mixture of palm oil
and diala B oil with a composition of 50:50 Test procedure is as follows in Figure 2.
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Prepare test

Warming up with diala B oil, mixing
palm oil and diala B oil (50%:50%) and
palm oil From 30 °C, 50 °C, 60 °C, 70 °C,
80 °C, 90 °C, 100 °C

v

Increase voltage until breakdown |
voltage occurs N

v

Record the breakdown
voltage result

v

| Decrease the voltage |

v

Turn off the power switch

Have done 5x tests

Calculate the average breakdown voltage

ave all test variables
been tested?

Print the results

Fig. 2. Dielectric breakdown voltage test flow

3 Results and Discussion

3.1 Breakdown Voltage Test

In this test, the dielectric strength value is obtained from the average breakdown voltage value.
Table 3 and Figure 4 show the results of the breakdown voltage test for each test sample before
being treated (heated). Based on the test results of the breakdown voltage value all oil samples that
have not been treated are less than 30 kV, the highest breakdown voltage value is the composition
of 100 % diala-b oil: 0 % palm oil with an average value of 1.9 kV at a ball spacing of 2.5 mm
electrode.
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Fig. 3. Equipment and process of voltage breakdown testing

Table 3. The results of the breakdown voltage test before the treatment

Concentration SAMPLE (kV)
No. - - Average (kV)
Diala B: Palm oil (%) A B C D E
1 100%:0% 19 19 22 17 18 19
2 80%:20% 175 16 16 17 18 16,9
3 60%:40% 17 16 16,5 15 15 15,9
4 50%:50% 15 155 | 14,5 14 15 14,8
5 40%:60% 12 12,5 12 13 14 12,7
6 20%:80% 11 13 13 12 12,5 12,3
7 0%:100% 12 115 11 10.5 12 11,4
Breakdown Voltage
20 W m Diala B 100% : Palm 0il 0%
15 % Q “ Diala B 80% : Palm Oil 20%
\ \ & Diala B 60% : Palm 0il 40%
10 % \ — Diala B 50% : Palm 0Oil 50%
% \ - Diala B 40% : Palm 0il 60%
5 \ \ x Diala B 20% : Palm 0il 80%
o :‘i\\ & % Diala B 0% : Palm 0il 100%

Fig. 4. The breakdown voltage of the oil sample before treatment

Treatment is carried out by boiling /heating method so that the water in the transformer oil evap-
orates, but contaminants such as dirt or other things still precipitate in the isolation oil because the
boiling method is only for heating transformer isolation oil. The increase in the value of the break-
down voltage is due to the reduced liquid content in the oil. As is known, contamination factors and
impurities in transformer oil affect the value of the breakdown voltage. Impurities in transformer oil
cause unstable conditions in the electric field which can cause failure, so the insulation resistance or
dielectric strength will decrease.
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Table 4. Results of the breakdown voltage test after treatment

Concentration SAMPLE (kV)
No - - Average (kV)
Diala B : Oil palm (%) A B C D E
1 100%:0% 34 36 37 36 35 35,6
2 80%:20% 325 36 34 35 36 34,7
3 60%:40% 32 29 34 33 32 32
4 50%:50% 32 32,5 30 31 32 31,5
5 40%:60% 30 29 30 32 33 30,8
6 20%:80% 29 25 28 33 32 29,4
7 0%:100% 30 30 26 29 31 29,2
Breakdown Voltage

7777

® Diala B 100% : Palm 0Oil 0%

% Diala B 80% : Palm 0il 20%

+# Diala B 60% : Palm 0il 40%

I Diala B 50% : Palm 0il 50%

i Diala B 40% : Palm Oil 60%

a Diala B 20% : Palm 0il 80%

# Diala B 0% : Palm Oil 100%

Fig. 5. Mixed breakdown voltage values

After the treatment process was carried out on the transformer oil samples, each test sample ac-
cording to SPLN'50-1982 and IEC No.56 of 1991 the results that are classified as above the standard
(standard > 30k'V/2.5mm) can be seen in Table 5 and Figure 5. The concentration mixture that meets
the standard according to the average test results is (diala-b 40 %: palm oil 60%), (diala-b 50%:
palm oil 50%), (diala-b 60%: palm oil 40%), (diala-b 80%: palm oil 20%), (diala-b 100%: palm oil
0%). The composition of the oil mixture with the highest breakdown voltage value was 100% diala-
b oil: 0% palm oil, the test results obtained an average value of 35.6 kV /2.5mm.

Table 5. Breakdown voltage 100% diala-b oil composition

Concentration TEST (kV)
No. Average (kV)
Temperature (°C) 1 2 3 4 5

1 30°C 23 22 24 22 23 22,8
2 40°C 24 24 25 28 24 25

3 50 °C 28 26 32 31 31 29,6
4 60 °C 30 34 38 29 31 32,4
5 70°C 35 | 345 | 36 34 34 34,7
6 80°C 35 36 | 355 | 37 36 35,9
7 90 °C 37 35 36 | 365 | 34 35,7
8 100 °C 36 34 37 36 35 35,6
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Breakdown Voltage
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Temperature (°C)

Fig. 6. Breakdown voltage characteristics of 100% diala-b oil composition

From the test results, as the temperature increases, it can be seen that the breakdown voltage value
is also increasing. This is because the heating process causes the water content to decrease. For the
type of 100% oil diala-b. Starting to reach the IEC standard value of > 30 kV, namely at a tempera-
ture of 60 °C with a value of 32.4 kV. From the test results, the breakdown voltage value begins to
decrease when the temperature reaches 80°C to 100°C.

After testing on palm oil, experiments were then carried out with a sample of a mixture of 50%
diala-b oil and 50% palm oil. Heating starts from room temperature (28°C) to 100°C with increments
of 10°C. The results of the experiment can be seen in Table 6 and Figure 7.

Table 6. Breakdown voltage palm oil composition 50% diala-b oil 50%

Concentration TEST (kV)
No. Average (kV)
Temperature (°C) 1 2 3 4 5
1 30°C 16 18 17 18 16 17
2 40 °C 24 20 225 24 23 22,7
3 50 °C 26 | 255 | 29 29 26 27,1
4 60 °C 32 31 34 33 32 324
5 70°C 39 35 33 34 39 36
6 80 °C 42 43 41 415 40 41,5
7 90 °C 44 45 42 41 41 42,6
8 100 °C 43 41 42 415 44 42,3
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Breakdown Voltage
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Fig. 7. Graph of breakdown voltage characteristics composition of palm oil 50% diala-b oil 50%
After testing on diala-b oil, an experiment was then carried out with 100% palm oil samples.
Heating starts from room temperature (28°C) to 100°C with increments of 10°C. The results of the

experiment can be seen in Table 7 and Figure 8.

Table 7. Breakdown voltage palm oil composition 100%

Concentration TEST (kV)
No. Average (kV)
Temperature (°C) 1 2 3 4 5
1 30°C 14 15 14 17 16 15,2
2 40°C 16 15 19 18 | 185 17,3
3 50 °C 25 24 29 25 28 26,2
4 60 °C 31 27 32 33 | 335 31,3
5 70°C 38 45 42 43 41 41,8
6 80°C 45 47 42 41 46 442
7 90 °C 43 49 50 42 48 46,4
8 100 °C 49 50 49 50 50 49,6
Breakdown Voltage
60
50 - —-=
< 40 /:/‘."‘o
& 30 _—
< [
-
S 20 ,\_’_‘/'
> |
10
0

30°C 40°C 50°C 60 °C 70°C 80°C 90°C 100°C
Temperature (°C)

Fig. 8. Breakdown voltage characteristics of 100% palm oil composition
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From Table 8 and Figure 9, it can be seen that the value of the breakdown voltage tends to increase
with increasing temperature. Test results for IEC standard palm oil > 30 kV can be fulfilled when
the oil temperature is more than 60 °C.

Table 8. breakdown voltage 3 types of oil (kV)

SAMPLE (kV) Standard
No. | Temperature (°C) [ Dijala B Palm DialaB50%: | |EC 156 (KV)
100% 100% | Palm Oil 50%
1 30°C 228 15,2 17 >30
2 40°C 25 173 22,7 >30
3 50 °C 29,6 26,2 271 >30
4 60 °C 324 313 324 >30
5 70°C 34.7 418 36 >30
6 80 °C 35.9 44.2 415 >30
7 90 °C 35.7 46.4 426 >30
8 100 °C 35.6 49.6 423 >30
Breakdown Voltage
60
50

B
(e}

Voltage (kV)
w
o

20
10
0
0 1 2 3 4 5 6 7 8 9
Temperature (°C)
—@—Diala B 100% —®—Palm 0il 100% —®—Diala B 50% : Palm 0il 50%

Fig. 9. Graph of breakdown voltage characteristics of 3 types of oil

Seen from the three samples tested to have the same characteristics. As the temperature increases,
the breakdown voltage value also increases. The increase in the breakdown voltage value is due to
the reduced liquid contained in the transformer oil because it has undergone heating so that the water
evaporates and the water content contained in the oil decreases. Based on the measurement results,
Diala B oil has the highest value at 80 °C, which is 35.9 kV. As for palm oil, the highest measurement
results were at 100 °C of 49.6 kV. In each test sample carried out at temperatures above 60 °C,
according to SPLN'50-1982 and IEC No.56 of 1991 obtained results that were classified as above
the standard > 30 kV/2.5mm.

3.2 Moisture content test

Water and moisture in transformer oil can thicken the oil due to oxidation. Transformer perfor-
mance becomes less than optimal, due to oil viscosity and high water content. The content of water

22



Jurnal Edukasi Elektro, Vol. 07, No. 01, May 2023 E- ISSN: 2548-8260

and moisture in the oil affects the dielectric strength of the oil. The low level of the water content
affects the high dielectric strength and vice versa. Table 8 is the result of testing the water content
in oil samples.

Table 9. Test results for water content in oil (ml)

Mixed Composition (%6) Water content
No: Diala B : Qil palm (mL)
1 100% : 0% 0.16mL | 0.080%
2 80% : 20% 0.20mL | 0.100%
3 60% : 40% 0.24mL | 0.120%
4 50% : 50% 0.26mL | 0.130%
5 40% : 60% 0.28mL | 0.140%
6 20% : 80% 0.32mL | 0.160%
7 0% : 100% 0.36mL | 0.180%

The level of acidity contained in transformer oil affects the quality of the oil within a certain time.
The high level of acidity causes corrosion of the metal contained in the transformer. Corroded metal
materials cause contaminants in transformer oil content. Metal contaminants in transformer oil re-
duce the dielectric ability of the oil. Table 9 below presents the acidity level values for each oil
mixture composition.

Table 10. Test results for acidity levels (ph) in oil

Mixed Composition (%)
No. Acidity (PH)
Diala B : Oil palm
1 100% : 0% 5,32
2 80% : 20% 5,37
3 60% : 40% 5,42
4 50% : 50% 5.45
S 40% : 60% 5,47
6 20% : 80% 9,92
7 0% : 100% 5.58

The viscosity or thickness of the oil affects the smooth circulation of oil in the transformer. The
occurrence of circulation in the oil serves to cool the temperature of the transformer. If the temper-
ature is hot, the oil will circulate quickly and well, if the temperature is cold the oil will circulate
slowly. The following samples test the viscosity value of palm oil with a temperature treatment of
30°C and 40°C presented in Table 10. Table 11 shows that the viscosity value of palm oil at 30 °C
is above the standard, which is 59.19 cst. The measurement results for diala-b oil and mixtures are
still standardized at 30 °C and 40 °C.

Table 11. Viscosity test results (cSt)

Oil testing (cSt) IEC 3104 standard (cSt)
Temperature - -
Palm (cSt) Diala-B (cSt) | Mixture (cSt)
30°C 59,19 13,41 28.78 <40
40°C 38,72 10.01 19.65 <40
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4 Conclusion

From the test results, it was found that the breakdown voltage of the sample before going through
the treatment process was very low, namely between 11.4 — 19 kV/2.5 mm due to external contam-
ination such as dirt and water deposits contained in the sample. After the treatment process, good
breakdown voltage test results were obtained, namely between 30-35 kV/2.5 mm. The results of the
breakdown voltage test on the treatment samples were higher as the mixture concentration of diala-
b oil increased.

Breakdown voltage testing at 30°C, 40°C, 50°C is below IEC standard 156 while at 60°C, 70°C,
80°C, 90°C, 100°C is above standard > 30 kV. In testing the water content, the results that did not
meet the standard were palm oil at temperatures < 50 °C. Meanwhile, the sample Dia B and the
mixture at all temperatures met the standard with a value of < 30 ml. The value of acid content in
the samples of palm oil, diala-b oil, and mixtures (50% : 50%) was neutral in the range of neutrality
values from 5.5 to 6.5.

Viscosity values for samples of palm oil, diala-b oil, and mixtures (50%; 50%) obtained results
according to IEC 3104 standards (<40 cSt ) at 40 °C, and palm oil samples at 30 °C did not meet the
standard with a value of 59,19 cSt. Breakdown voltage testing that has been done palm oil can be
used as an alternative to transformer oil.
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