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Abstract: An experimental investigation is conducted to measure and correlate the impact of the
water content on the electrical characteristics of the mineral oil for transformers, particularly the
breakdown voltage, the resistivity, and the dielectric dissipation factor. Regression method is carried
out to compare the results obtained through laboratory experiments with those predicted using an
analytical model. A treatment to reduce water content in oil involving filtration, degassing and
dehydration using a SESCO mobile station was applied to the new, regenerated, and used oil samples
in service. The breakdown voltage, the resistivity, and the dielectric dissipation factor of the samples
were measured. Regression analysis using an exponential model was applied to examine the samples
electrical properties. The results show that, after treatment, the breakdown voltage and resistivity
increase as the water content decreases, unlike the dielectric dissipation factor which exhibits a
decreasing trend. This trend is found to be similar for the three oil samples: new, regenerated, and
used. The results of the regression analysis give close agreement with the experimental results
for all the samples and all studied characteristics. The model shows strong correlation with high
coefficients (>90%).

Keywords: transformer oil; electrical properties; water content; physical treatment; correlation;
regression approach

1. Introduction

Oil immersed transformers are amongst the key components in the electrical power
apparatus. They are exposed to electrical, thermal, and chemical stresses during their
service life, which can cause liquid and paper insulation to deteriorate, undermining their
efficiency. Condition assessment and monitoring of the transformer insulation is crucial for
mitigating this deterioration, thereby reducing energy losses and costly systems disruptions.
The monitoring is systematically centered on electrical, chemical, and physical properties
analysis of the oil [1-4]. Moisture is known to be one of the factors having the most adverse
effect on transformer paper and oil insulation. It reduces the dielectric strength and the
partial discharge (PD) inception voltage, which affects the electrical properties [5-7].

The most significant factors that favor moisture ingress in transformers are aging and
external factors. The moisture equilibrium properties of oil and paper insulation are well-
known and widely used to predict the amount of moisture [8,9]. When the moisture in oil
has reached its steady state, tests can be used to measure the humidity in Reference [10,11].
The work reported in Reference [12] shows that more than 99% of moisture exists in the
paper insulation, and the rest remains in the oil.
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Water can be present in mineral oils in a number of physical and physico-chemical
states which may be united together into a boundary state. For physical states, water takes
a molecular distributed state, associated state, colloidal state (fine dispersion) and emulsion
state. For physico-chemical states; it takes cluster state, adsorbed state, clathrate state and
chemisorbed state. The total volume of water in these liquids, regardless of the state, is the
water content of insulating oil [11].

The moisture due to aging mechanism leads to reduced dielectric strength and in-
creased viscosity especially for the aged oil. Hence, the electrical properties deteriorate;
the breakdown voltage and the resistivity decrease, and the dielectric dissipation factor
increase as reported by several researchers [13-17]. The degree of polymerization (DP)
and tensile strength (TS) of paper are reduced and these precipitate the deterioration of
the solid insulation. The aging mechanism also leads to the formation of dissolved gases
in oil, hence degrading the physico-chemical properties of the insulation system [6,18,19].
Consequently, assessing and monitoring the oil/paper insulation is crucial in order to
maintain a reliable operation of power transformers.

In a prior investigation [20], it was reported that the transformer oil thermal aging
causes a rise in the quantity of water in oil. The electrical properties of the oil, such as
dielectric strength and resistivity, are strongly affected by this rise, as was confirmed by
many research studies [21-23]. The interdependence between the electrical parameters of
insulating oil and its water content has been studied by many researchers. Some researchers
have used a regression approach to model this interdependence. However, the developed
models considered every electrical property separately [24,25].

Correlating between the oil’s breakdown voltage, its resistivity and dielectric dis-
sipation factor offer an attractive tool for assessing the amount of water in transformer
oil. This study seeks to explore such correlations between the variations in water content
and these three electrical characteristics of oil obtained from experimental investigations.
Three transformer oil samples were tested: new, regenerated, and used. For the new and
regenerated samples, a quantity of water was added to the oil samples to increase their
water content. The three samples were given a physical treatment with a SESCO mobile
station to decrease their water content. The oil samples electrical properties were measured
during the treatment process. The measurements of the breakdown voltage, the resistiv-
ity, and the dielectric dissipation factor were conducted in accordance with the relevant
standards. After that, the relationship between the samples electrical properties and the
water content variation was examined. Regression approach is applied to the experimental
results in order to find a mathematical model showing strong correlation between the
numerical and experimental results of the the breakdown voltage, the resistivity, and the
dielectric dissipation factor after reducing water content.

2. Experimental Work
2.1. Experiment Preparation

The experiment included three oil samples: new, regenerated, and used produced
by APAR INDUSTRIES LTD oil originally from India, commonly used as transformer
insulation in power transport and transmission networks in Algeria. The key characteristics
of the transformer oil samples were measured as specified in relevant standards and are
summarized in Table 1.

The three oil samples used in the experiment are shown in Figure 1. As specified
in the standard [26], the color of the sample reflects clearly its condition. The darker the
color, the more degraded is the oil, with the new sample showing a transparent color. The
regenerated sample’s color is improved from dark to yellow following treatment.

The ASTM color scale given in Reference [26] presents the color values of mineral oil.
It undergoes from 0 value, corresponding to water white, to reach a value of 8, which is
dark, by 0.5 increment unit. The color scale representation is presented in Figure 2.
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Table 1. Transformer oil samples properties.
Propert Standard Unit New Sample Regenerated Used Sample
perty P Sample P
Acidity IEC 62021 mg KOH/g 0.012 0.03 0.21
Water content IEC 60814 ppm 23.4 31.59 69
tan & (x107%) (90 °C) IEC 60247 — 27 31.15 1832
Permittivity IEC 60247 — 211 2.12 2.19
Resistivity (90 °C) IEC 60247 GQOQ'm 200 153.2 1.353
Breakdown voltage IEC 60156 kV 423 33.6 18.4
Viscosity (40 °C) ISO 3104 mm? /s 6.78 6.78 9.91
Density (20 °C) ISO 3675 g/mL 0.875 0.875 0.862
Color index ISO 2049 — <0.5 0.5 5
T L

0.5

(c)

Figure 1. Transformer oil samples: (a) new sample; (b) regenerated sample; (c) used sample.

1.0 1. 20 25 3.0 315 40 45 5.0 55 60 6.5 1.0 1% 80

Figure 2. The color scale representation of mineral oil.

The regenerated oil sample was collected from the reclamation or regeneration of
degraded oil sample. This process is based on the removal of acidic elements, water
and aging by-products in the oil using adsorption processes with activated bentonite
as adsorbent. Figure 3 shows the adsorption processes, which include drying, filtering,
sedimentation, and removing impurities [27,28]. The regeneration treatment is conducted
in accordance with IEC 60422 Standard [29].

| USED OIL

Used Sorbent

Water CENTIFUGATION
Light S E————
hydrocarbons '_i DESHY DR;\I ATION
FINISHING
TREATMENT
(Adsorption by adsorbent)
L]
| FILTRATION
¥
| BASE OIL l

Figure 3. Adsorption processes of the oil regeneration.
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2.2. Method of Physical Treatment

A SESCO mobile station based on physical treatment process was used for the trans-
former oil samples to decrease the amount of water in them, the mobile station is located
in an electrical utility’s dielectric laboratory. This treatment consists of the purification,
vacuum distillation and drying of the oil, that is an essential process before the oil is in-
jected into the transformer and during regular maintenance [27]. The steps of the treatment
presented in Figure 4 starts with filtration of water and impurities from the oil sample. The
second step is the dehydration of the oil sample in a degassing chamber using an electric
heater system. By spraying mineral insulating oil into a vacuum chamber and heating it to
80 °C and vacuuming it down to 0.5 mmHg, this step efficiently reduces the gas and water
content of the oil. At the exit of the degassing chamber, the oil sample is filtered again in
order to remove fine particles and residual water.

Figure 4. SESCO physical treatment mobile station (1, Degassing chamber, 2, Electric heater bloc, 3,
Filtration oil system, 4, Control unit).

Throughout the treatment process, the oil samples electrical characteristics were
measured. According to the IEC 60814 standard [30], the reduced water content was
assessed using an automatic coulometric Karl Fischer titration. The measurements of
breakdown voltage, resistivity and dielectric dissipation factor were conducted as specified
in the relevant standards [31,32]. The breakdown voltage was measured by a Megger
Spintermeter Oil Test Sets OTS 100 AF/2 using a test cell with two spherical electrodes of
12.5 mm diameter and a gap between electodes of 2.5 mm. The resistivity and the dielectric
dissipation factor were measured by an Automatic Test Equipment Dieltest DTL system.
The dielectric dissipation factor measurement is based on Schering bridge at a temperature
of 90 °C and 2 kV ac voltage. For the resistivity measurement, a dc voltage of 500 V is
applied to the test cell at a temperature of 90 °C.

3. Correlation and Regression Analysis

The regression analysis approach is useful to explore and highlight the significance
type and the connection between measured values of tested samples and random variables
statistical samples [5]. If linear dependence exists between the tested random variables, the
correlation analysis can help identify the key interaction [6,33]. This correlation becomes
stronger when the obtained random variables values are closer to the experimental values.

The functional relationship between random variables can be examined using re-
gression analysis. Furthermore, similar relationship between variables and experiment
parameters can be investigated. A mathematical procedure can then be utilized to solve
such two diverse problems. For this type of analysis, the variables are graphically pre-
sented using the regression approach. In this work, the interest is focused on establishing
whether or not nonlinear dependence between random variables and experimental values
is present.
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Considering the distribution of the random variables is nonlinear, the values are
normally correlated by a nonlinear equation. The mathematical expression is determined
from the graphical representation displayed by the sample of pairs of experimental values.
The obtained results are then dispersed on the nonlinear regression. Moreover, if the
appropriate correlation factor or the coefficient of determination is small, it follows that the
nonlinear dependence between random variables is weak. In contrast, the dependence is
strong when the test results are concentrated around given coordinates [6].

In our investigation, an exponential regression model is developed to estimate break-
down voltage, resistivity and dielectric dissipation factor of transformer oil as a result of
water content in oil. The adopted generic form of exponential regression models is given
in Equation (1):

y; = axexp(bx;) + c x exp(dx;), (1)

where x; is the water content, and y; is the concerned electrical property. a, b, ¢, and d are
the parameters of the regression method.

The random variables obtained by regression analysis are given by the Y vector given
in Equation (2), it represents the values of the three studied characteristics: the breakdown
voltage, the resistivity, and the dielectric dissipation factor.

Y = [y1/y21y3/---ryn]‘ (2)

The X vector represents the values of oil water content after applying a physical treatment.
X = [x1,X2,X3, ..., Xp). ©))

The variation is defined as the difference between each individual value and the mean.
The sum of variation square defines the sum of squares SS. It is calculated by squaring and
then summing up the distance between each data point and the best trend line. The best
trend line minimizes this value and is calculated using Equation (4),

55 = i[(f(b(i),x(i)) ) @

where:

b(i) is the vector containing the regression model parameters a and b;
x(i) are the water content values;

y(i) are the experimental values of each electrical property; and
f(b(i),x(i)) is the exponential given in Equation (1).

The correlation coefficient or the residual sum of squares named R-squared or R?,is
the square of the correlation between the predicted values by regression model and the
experimental values. An R? of 0 means that the experimental values cannot be predicted by
the regression model. An R? of 1 means that the experimental values can be predicted by
the regression model without error. An R? between 0 and 1 means that only a percentage of
the experimental values can be predicted by the regression model [34,35]. This coefficient
is calculated with Equation (5).

RZ =1— Z?:l(yl_y,\l)z

=, 5
i1 (yi — yi)? ©

where:

y; are the experimental values of each electrical property,

;i are the correlated values obtained by the regression analysis for each electrical property,
and

J; are the mean of the six test values for each point.
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4. Results and Discussion
4.1. Breakdown Voltage

The results of the breakdown voltage variation with the reduced water content for the
three oil samples: new, regenerated, and used are shown in Figures 5-7, respectively.

Figure 5 shows that, when the water content in oil decreases as a result of the dehydra-
tion process, the breakdown voltage of the new oil sample increases. It rises from 42.3 kV
for a water content of 23.4 ppm to 80 kV when the water content is decreased to 3.1 ppm,
which means that its value increases by 89% when the water content decreases by 68%.
This trend is similar to those observed for the regenerated and used oil samples; however,
the variations in breakdown voltage are less significant compared with that measured for
the new oil sample. It can be observed on Figure 6 that the breakdown voltage for the
regenerated oil sample increases from 33.6 kV to 63.4 kV, when the water content is reduced
from 31.6 ppm to 8.4 ppm, which means that the value of breakdown voltage increases by
88% when the water content decreases by 73%. In Figure 7, as a result of decreasing water
content from 69 ppm to 12.5 ppm for the used sample, the value of breakdown voltage
increases from 18.4 kV to reach 45.8 kV, which means it increases by 148% when the water
content decreases by 81%.

80+

’t Model
) o e testl
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Figure 5. Variation of the new oil breakdown voltage with water content.
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Figure 6. Variation of the regenerated oil breakdown voltage with water content.
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Figure 7. Variation of the used oil breakdown voltage with water content.

After applying multiple physical treatment process, the reduction of new oil sample
water content is more significant (3.1 ppm for the new oil sample, 8.4 ppm for the regen-
erated oil sample, and 12.5 ppm for the used sample). As a result, the improvement of
breakdown voltage is more important for the new oil than it is for the regenerated oil.
The high values of breakdown voltage for these two oil samples indicate higher dielectric
strength of the oil. Nevertheless, the clear improvement in the breakdown voltage level for
the used oil sample is not as significant as it is for new and regenerated samples. This is
attributed to the contaminated state of the used oil, which has a severe acidity level.

It is common knowledge that, when the oil water content value is very small, the
partial discharge activity decreases and the dielectric strength of the oil increases. Con-
sequently, the breakdown voltage is high [20,36-38]. However, when the oil sample is
highly contaminated and contains a large amount of water, the reduction in water content
is relatively small, despite applying several cycles of dehydration operation, in comparison
with the oil sample containing only a small amount of contamination.

The breakdown voltage regression analysis for the three studied samples exhibits a
non-linear relationship with water content. Table 2 summarizes the regression analysis re-
sults.

Table 2. The regression analysis of breakdown voltage.

. The Exponential Model 2
The Oil Sample BDV = a-exp(b - WC) + c-exp(d - WC) R S5
BDV = 437-exp(—0.9676 - WC) + .
New 60.71-exp(—0.0144 - WC) 99.24% 11.43
BDV = —5.85 x 10%-exp(—0.0607 - WC) + 5.851 o
Regenerated X 105-exp(—0.0607 - WC) 92.05% 62.94
Used BDV = 75.56-exp(—0.09457 - WC) + 99.77% 133

23.44-exp(—0.003706 - WC)

BDV: breakdown voltage (kV), WC: water content (ppm), R%: residual sum of squares or correlation coefficient, SS: sum of squares.

Figures 5-7 and Table 2 show that the experimental and regression results are identical
for the three oil samples. The proposed exponential model is adequate with correlation
coefficients of 99.24%, 92.05%, and 99.77% for the new, regenerated, and used oil samples,
respectively. This correlation coefficient is less smaller for the regenerated oil sample
compared from those of the new and used oil samples because of the model is close to
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linear trend rather than exponential trend. A high value of R? indicates that the model is
highly significant.

In Table 2, the g, b, ¢, and d regression parameters of new and used oil samples are
relatively close to each other, this is clearly related to the high correlation coefficients of the
exponential model for the new and used samples. However, these regression parameters
differ significantly for regenerated oil as a result of the linear trend of the model which
explain the smaller correlation coefficient compared from those of new and used samples.
For this regenerated oil sample, the regression parameters a and ¢ on one side, and b and d
on the other side, are highly similar.

The proposed exponential model for the breakdown voltage for the three oil samples
in our case is highly significant.

4.2. Resistivity

The results of the resistivity variation with the reduced quantity of water for the three
oil samples, new, regenerated, and used, are shown in Figures 8-10, respectively.

400
L]
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=
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200 1

0 25
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Figure 8. Variation of the new oil resistivity with water content.
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Figure 9. Variation of the new regenerated resistivity with water content.
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Figure 10. Variation of the used oil resistivity with water content.

As shown in the figures, and as expected, whatever the nature of the oil sample: new,
regenerated, and used, the decrease in water content causes the increase of the resistivity.
The new oil sample resistivity increases from 200 GQ.m to 368.8 GQ).m when the value
of water content is reduced from 23.4 ppm to 3.1 ppm, which means that the resistivity
increases by 84% when the quantity of water decreases by 86%. The resistivity of the
regenerated oil increases from 153.2 GQ).m to reach 263 G().m after dehydration operation
which reduces the water content from 31.6 ppm to 8.4 ppm, which means it increases
by 71% with a water content decrease of 73%. The values of the new and regenerated
samples resistivity by the end of the dehydration operation achieve appropriate levels
according to IEC 60247 Standard [32]. Finally, the used oil sample resistivity rises from
1.3 GQ.m to reach 1.4 GQ).m at when the water content reduces from 69 ppm to 12.5 ppm,
which means that its value increases by 7% when the water content decreases by 81%. This
value of resistivity is far too low compared to the appropriate values in accordance to the
standard [32].

Compared to the resistivity value obtained with the used oil sample, the new and
regenerated oil samples show a noticeable improvement. This is explained by the dehydrat-
ing and degassing processes of the new and regenerated oil samples before their first use.
However, the used oil sample contains a large amount of water and contaminants. Despite
the application of several physical treatments, the improvement of the water content is
lower than for the new and regenerated samples.

Figures 8-10 show that the resistivity results of the regression model are very close to
the experimental results. The coefficients of regression are presented in Table 3.

The regression analysis shows that the correlation coefficients for the three oil sample
are very high. For the new and used oil samples, the correlation coefficient reaches values
of 98.38% and 95.59%, respectively, which presents close values between experimental
and regression results. For the regenerated oil, the correlation coefficient is less smaller
than those for the other samples and presents a value of 90.25%. Hence, the proposed
exponential model for the resistivity is very significant for the three oil samples.
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Table 3. The regression analysis of resistivity.
The Oil Sample o= a.;l"fpe(]bi)fpv(\);g)n filel\f;?;l WC) R? SS
New p= 62'339.1%;(%6(' 5’3?&]%2%3?@ * 98.38% 371.58
Regenerated p=—5058 % 01,5(_)2;"(%?8'2%21?1”275) 204 x 90.25% 1.1406 x 103
Used P ?(1)92903%2(2}) é;60f01%6_254 VI\/,VCC)) ’ 95.59% 6.4305 x 105

p: resistivity in (GQ.m), WC: water content (ppm), R?: residual sum of squares or correlation coefficient, SS: sum of squares.

4.3. Dielectric Dissipation Factor

Figures 11-13 present the dielectric dissipation factor variations for the new, regener-
ated, and used oil samples when reducing water content using a treatment process.

30 ~ .
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Figure 11. Variation of the new oil dielectric dissipation factor with water content.
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Figure 12. Variation of the regenerated oil dielectric dissipation factor with water content.
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Figure 13. Variation of the used oil dielectric dissipation factor with water content.

Figures 11 and 12 show that, when reducing the quantity of water in oil, the dielectric
dissipation factor of new and regenerated oil samples decreases. The dielectric dissipation
factor decreases from 0.0027 for a water content of 23.4 ppm to reach 0.0014 when the
value of new oil water content is decreased to 3.1 ppm, which means that it is reduced by
48% when the amount of water in oil decreases by 86%. The regenerated sample dielectric
dissipation factor decreases from 0.0031 to 0.0022 when the water content is reduced from
31.6, ppm to 8.4 ppm after the dehydration operation, it decreases by 29% when the value
of water content decreases by 73%. This trend is similar for the used oil sample, but
the improvement of the dielectric dissipation factor is not significant compared with the
previous samples. When decreasing the used oil water content from 69 ppm to 12.5 ppm,
the dielectric dissipation factor decreases from 0.1832 to reach 0.1551, which is considered
as an excessive value compared to that recommended by the relevant standard [32]. It is
reduced by 15% when the amount of water decreases by 81%. This can be explained by the
fact that the used sample contains much more contaminating products compared with the
new and regenerated samples. Consequently, the improvement of its dielectric dissipation
factor is not significant.

The dielectric dissipation factor reflects the oil resistive and capacitive natures. Because
the dissolution of water in oil influences both parameters at the same time, it is difficult to
interpret the obtained results. Nevertheless, it has been found that transformer oil has a
resistive character if it contains impurities and a capacitive property if it is ultra-pure [38].

The dielectric dissipation factor results of the regression model are similar to the
experimental results, as shown in Figures 11-13. The coefficients of regression are presented
in Table 4.

The correlation coefficients for the proposed exponential model for dielectric dissipa-
tion factor, presented in Table 4, show high values for all studied oil samples. For the two
oil samples, new and used, the correlation coefficients present, respectively, 95.55% and
99.25%, and this value is less smaller for the regenerated oil sample and reaches a value of
91.16%. These acceptable factors mean that the model is very significant. The dielectric
dissipation factor is strongly related to the acidity factor variation rather than the water
content variation [20,38]. Consequently, the proposed regression model for the dielectric
dissipation factor is not only related with the water content, but it can be related with other
factors, such as the acidity.

The dielectric dissipation factor regression parameters 4, b, ¢, and d of the three oil
samples present different values. However, the only similarity is that, for the regenerated
oil sample, where the parameters a and ¢ on a side and b and d on the other sides, are
closely similar.
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Table 4. The regression analysis of dielectric dissipation factor.

. The Exponential Model 2
The Oil Sample tangd = a-exp(b - WC) + c-exp(d - WC) R 5S
tangd = 24.36-exp(0.004135 - WC)—3.369 x o
New 7.exp(—4.813 - WC) 95.55% 7.4048
tangs = 9.508 x 10%-exp(0.003997 - WC)—9.506 x .
Regenerated 104-exp(0.003994 - WC) 91.16% 7.2310
Used tangd = 17.71-exp(0.0005016 - WC)—7.414-exp(0.9475 - WC) 99.25% 0.0444

tangd: dielectric dissipation factor, WC: water content (ppm), R?: residual sum of squares or correlation coefficient, SS: sum of squares.

5. Conclusions

In this work, correlation analysis was used to establish the relationship between elec-
trical characteristics of transformer oil and its water content, namely breakdown voltage,
resistivity and the dielectric dissipation factor. This was achieved by conducting experi-
ments on new, regenerated, and used oil samples, the quantity of water was reduced by
applying a step-wise dehydration process. A regression approach using exponential model
was conducted for the purpose of correlate the experimental and numerical results.

When the water content is decreased, the breakdown voltage and resistivity increase.
However, the dielectric dissipation factor is found to decrease for all studied samples in
the experiments. The improvement in electrical properties for the new and the regener-
ated samples is clearly observed. The results showed that, for the used oil sample, the
improvement is not significant compared with the values specified in the standards. For the
new oil, the breakdown voltage and the resistivity increase by 89% and 84%, respectively,
the dielectric dissipation factor decreases by 48%. Similar, for the regenerated oil, the
breakdown voltage and the resistivity increase by 88% and 71%, respectively, the dielectric
dissipation factor decreases by 29%. In contrast, the trend is different for the used oil, the
breakdown voltage and the resistivity increase by 148% and 7%, respectively, the dielectric
dissipation factor decreases by 15%.

The regression analysis results of the electrical properties for the three transformer oil
samples show that the proposed exponential model is very significant. It presents for the
new oil sample high correlation coefficients for breakdown voltage, resistivity, and dielectric
dissipation factor, respectively (R? = 99.24%, R? = 98.38%, and R? = 95.55%). Furthermore,
for the used oil, the correlation coefficients are very high. Their values for breakdown volt-
age, resistivity and dielectric dissipation factor, respectively, are: R? = 99.77%, R? = 95.59%,
and R? = 99.25%. However, for the regenerated oil, the correlations coefficients are high
and acceptable, but they are less smaller than those from the new and used oil. These
correlation coefficients reach, respectively, for breakdown voltage, resistivity and dielectric
dissipation factor: R? = 92.05%, R? = 90.25%, and R? = 91.16%.

The proposed exponential model is highly significant because it gives close agreement
with the experimental results with high correlation coefficients (>90% ) on one side, and, on
the other side, it is valid for all the studied characteristics, such as:the breakdown voltage,
the resistivity, and the dielectric dissipation factor and all the studied oil samples.

Combining the thermal aging and the water content together in order to explore the
electrical and physico-chemical properties of transformer oil, and to correlate these between
the oil’s parameters and water content using regression approach that factors in the effect
of temperature will be considered for future work.
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