Heliyon 9 (2023) e16796

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

Effect of the relaxation time of mineral oil and monoesters on the
fractal dimension and mutual information of creeping discharges
propagating along a pressboard

Jean Lambert Jiosseu® , Ghislain Mengata Mengounou ",

Emeric Tchamdjio Nkouetcha”, Adolphe Moukengue Imano ™"

2 Pure Physique Laboratory UFD MIP, University of Douala, Douala, Cameroon
Y Laboratory of Technology and Applied Sciences, University of Douala, Douala, Cameroon

ARTICLE INFO ABSTRACT
Keywords: This paper presents a new method for analysing creeping discharges based on information theory
Creeping discharges as it applies to medical imaging. The analysis of information surface data is used to determine the

Fractal dimension

Mineral oil

Mutual information

Palm kernel oil methyl ester
Relaxation time

impact of relaxation time on the characteristic parameters of creeping discharges. The same in-
formation is used to make a comparative study of the morphology of discharges propagating in
palm kernel oil methyl ester (PKOME) and in mineral oil (MO). Other comparative methods based
on fractal analysis and normality hypothesis tests associated with Anderson Darling (AD),
Kolmogorov-Smirnoff (KS) and Shapiro-Wilk (SW) statistics are used. The results show that very
short relaxation times increase the error on the measurement of the fractal dimension and the
maximum extension of the discharges. A growth of the mutual information between 0 and 60% is
observed for relaxation times varying between 60s and 420s respectively. For the same time
interval, the P-value increases from 0.027 to 0.821 according to the AD statistic, from 0.01 to
more than 0.150 according to KS and from 0.083 to more than 0.1 according to SW. This result
indicates that the data are from a normal distribution. After 420s of relaxation, the error on the
maximum extension measurement is reduced by 94% in PKOME and 92% in MO. Similarly, the
error on the mean fractal dimension in MO is reduced by 86.7% for a relaxation time between
301s and 420s, and by 84.6% in PKOME for a time between 180s and 420s. These different results
imply that the impact of the discharge can be predicted when it is in its initial phase during which
the number of discharge occurrences is reduced. On the other hand, the physicochemical char-
acteristics of the insulating liquid used dictate the relaxation time to be allowed for the laboratory
measurements.

1. Introduction

The solid/liquid insulation system is one of the important parts for the survival of high voltage equipment, in this case the power
transformer [1,2]. However, it is known that due to the effect of high electrical stresses, the solid/liquid contact points are usually the
seat of creeping discharges. This phenomenon contributes to the progressive degradation of the insulation system [3]. Understanding
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the process behind these creeping discharges is an important challenge for the preventive maintenance of high voltage equipment.

The analysis of the behaviour of creeping discharges at the solid/liquid interface for the characterisation of insulating liquids is still
relevant. Several sophisticated techniques for analysing this phenomenon are common in recent and earlier work. Sitorus et al. [4],
rely on the characterization of these discharges through the calculation of the maximum branch extension. This technique allowed
them to conclude that Jatropha methyl ester has the same capacity as mineral oil to stop the propagation of creeping discharges.
Kebbabi et al. [5] make an experimental characterisation of the phenomenon. In particular, they evaluate the effect of the thickness
and nature of the solid insulator on the maximum extension and density of the branches produced. Their work shows that the length of
the discharges is clearly reduced for solid insulators with a greater thickness. They also show that the relative permittivity of the
solid/liquid insulation system has a significant impact on the occupancy density of the discharges. The same result is observed on the
maximum length of the discharges. Beroual et al. [6] study the behaviour of these discharges through a fractal analysis of the phe-
nomenon. The experiment shows that, for a given voltage level, the fractal dimension decreases as the thickness of the solid insulator
increases. Similarly, the fractal dimension increases for liquids with reduced permittivity. Reffas et al. [7] evaluate the effect of the
electrode system configuration on the extension of discharges in mineral oil compared to vegetable oils. The experimental results show
that there is a linear relationship between the maximum lengths of the discharges and the applied voltage. They find that the slopes of
the maximum lengths are dominant for vegetable oils compared to mineral oil. The study proposed by Ediriweera et al. [8] consists in
evaluating the effect of the shape of the solid insulator on the area occupied by the discharges. They show that, for a given voltage level,
solid insulators with a circular shape stop discharges relatively less than a square-shaped insulator. Li et al. [9] observe the inception
voltage and charge produced by these discharges under a combined AC and DC voltage stress. The results of the work show that the
propagation of creeping discharges is difficult to induce with this voltage combination.

All approaches to discharge analysis proposed in the literature have proven to be very effective in characterising creeping dis-
charges. The new method which is the subject of this work does not discredit the others, but provides additional information on the
morphology of discharges. Indeed, the various articles available on the subject of creeping discharges do not highlight the impact of the
relaxation time between consecutive lightning strikes on the various parameters observed. This article is devoted on the one hand to
the evaluation of the propagation of creeping discharge propagating along a pressboard immersed in insulating liquids. The two liquids
being compared are palm kernel oil methyl ester and mineral oil. On the other hand, an analysis is made to evaluate the impact of the
relaxation time on the characteristic parameters of creeping discharges. The parameters examined are maximum extension of the
discharge and fractal dimension. One part of the study is based on the analysis of the distribution of the sample data by statistical laws.
The other part uses a new parameter which is the mutual information based on Shannon’s theory.

2. Background on mutual information and hypothesis testing
2.1. About mutual information

Spatial matching of images by robust registration is essential for many clinical tasks. These include image fusion, creation of organ
atlases and tumour growth monitoring [10,11]. One of the most widely used methods is based on information theory [12,13]. Indeed,
mutual information between two images is the amount of information that one image contains about the other and vice versa [14].
Image registration by mutual information is one of the most widely used techniques, due to its accuracy and robustness [15-17]. In
general, the maximum amount of information between images from different sources is reached when they are matched. Registration
is therefore an essential step in the image processing chain. The objective of registration is to estimate a geometric transformation
allowing the spatial superposition of the structures present in each of the images. In general, the degree of similarity between the
images is measured from the mutual information (MI) given by equations (1)-(3) [18].

MI(A,B)=H(A)+H(B) — H(A|B) (@)}
H(X)= P, log,P, @
H(X,Y)=> P, log,P,, 3)

Here, H(A) represents the Shannon entropy relative to the image matrix A, H(B) represents the Shannon entropy relative to the
image matrix B. H(A|B) represents the joint entropy, it measures the amount of information contained in image A when image B is
known, P, and P, are the marginal probabilities, P,, is the joint probability function.

It has been shown that the mutual information measure is sensitive to the amount of overlap between images. Therefore,
normalized mutual information was introduced to mitigate this problem. An example of the NMI(A, B) normalized mutual information
is given by equation (4) [19].

H(A)+ H(B)

NMI(A, B) = HUATE)

(€))



J.L. Jiosseu et al. Heliyon 9 (2023) e16796
2.2. About hypothesis testing

The Kolmogorov-Smirnoff KS test was first introduced by Kolmogorov [20,21] and Smirnoff [22]. It compares a distribution of
theoretical data with that of an empirical distribution that would be expected if the data were normal. Its simplest form is given by
equation (5) [23].

KS, = \/nSup,|F,(x) — F(x)| ®

The function F(x) is associated with the value of the theoretical distribution in x, and F,(x) is associated with the value of the
empirical distribution for a sample of size n. The value of KS, is decisive for the conclusion on the hypothesis. If KS, is greater than the
critical value KS, for a given «, the null hypothesis that F,(x) comes from the underlying distribution F(x) is rejected. See Massey [24]
for critical values for different sample sizes. The two-sample version of the KS test generalizes to equation (6) [23].

K8, =\ ESup, |y (x) — Fy (3) ©

Where F,(x) and F,; (x) are empirical cumulative distribution functions at time x, and from data of size n and n’ respectively. If KS, is
greater than the critical value KS, for a given o, the null hypothesis that F,(x) comes from the underlying distribution F,; (x) is rejected.
The KS test is very sensitive to the shape of a distribution. Indeed, it can detect differences everywhere along the scale which makes it
mainly advantageous. The other advantage is that it is suitable for experimental situations with a small number of samples [23].
The Anderson-Darling test was originally developed to solve problems in the field of engineering. It was developed in 1952 by T W.
Anderson and D.A. Darling [25] as an alternative to other statistical methods. The objective is to detect deviations from normality of
sample distributions. This test is characterised by its non-directionality. For one sample tests and is given by equation (7) [23].

n

AD=—n-— rl; > @2i— 1) [In(x) +In(1 = (¥e-p))] )

i=1

Where {x(1) < ...x(n)} is the sample of size n arranged in ascending order, and F(x) is the underlying theoretical cumulative distri-
bution against which the sample is compared. If AD is greater than the critical value AD, for a given a, the null hypothesis that
{x(1) < ...x(n)} comes from the underlying distribution F(x) is rejected. There is also the two-sample AD test, introduced by Darling
[26] and Pettitt [27], which generalizes according to equation (8).

1 ntm 1

2
AD*% ; (NiZ(n+n1—;1[)) m (8)
Z(n+m) is the ordered combination of the data X(n) and Y(m), of size n and m, and Ni is the number of observations in Z(n) that are
equal to or less than the ith observation in Z(n + m). The null hypothesis that the data X(n) and Y(m) are from the same distribution is
rejected if AD is greater than the corresponding critical value.
The Shapiro-Wilk test tests the null hypothesis that a sample x;...x, comes from a normally distributed population. It is defined
according to equation (9) [23].

n 2
( Z aix(,»))
W= i=1 (9)

o

> (= %)

i=1

With x(i) the i-th order statistic, i.e. the i-th smallest number in the sample. The constants a; are given by equation (10) [23].

m' V!
(017---701'):7]/2 (10)
(mTV*IV*lm)

Wherem = (my, ...mn)T and my, ...m, are the expected values of the order statistics of independent and identically distributed random
variables sampled from the standard normal distribution, and V is the covariance matrix of those order statistics.

In the end, the normality of the data observed from the different statistics mentioned, are verified from the p-value. The p-value is
used to quantify the statistical significance of a result in the case of a null hypothesis. The objective is to determine whether the null
hypothesis is verified or not. If it is, the observed result is highly unlikely. This is an extension of the principle of proof by the absurd. As
it is a probability value, the p-value is calculated as a value between zero and one.

3. Experimental details
3.1. Experimental set-up

The experimental set-up consists of a Marx generator (200 kV - 1.25 kJ) which provides a standard negative and positive lightning
impulse voltage (1.2/50 ps), a control case, a capacitive voltage divider, a shunt current sensor. All this equipment developed in



J.L. Jiosseu et al. Heliyon 9 (2023) e16796

Cameroon is the property of the University Institute of Technology of the University of Douala in Cameroon. The test cell is a porcelain
vessel with a volume of 5 L and a wall thickness of 10 mm. It is entirely covered with transparent glass of 8 mm thickness. It contains a
tungsten tip electrode with a tip radius of 50 pm. The tip is a product of the Zhuzhou Hongtong Tungsten Carbide Co in China. The flat
brass electrode with a thickness of 30 mm and a diameter of 250 mm was machined on site in Cameroon. The volume of oil used for
each test is 3 L. The pressboard used is 10 mm thick, with a square shape of 120 mm per side. The optical discharge detection system
consists of a Panasonic GP-KR22 CCD colour camera and a computer. Fig. 1 shows the schematic diagram used for the measurement.
The images and data are processed using OriginPro and Matlab software.

3.2. Esters processing

The biobased insulating liquid is obtained from dried palm nuts. The vegetable oil is extracted from the nuts by mechanical pressure
using an auger after the nuts have been crushed. The liquid obtained is then decanted for 48 h. This stage is followed by a degumming
operation. This consists of extracting the phospholipids and gums that may become insoluble through hydration. To do this, dem-
ineralised water heated to 90 °C is added to the oil in a proportion of 20%. The whole is mixed slowly at 30 rpm for 40 min with the
help of a stirrer. After decanting, the oil is separated from the gums and can be recovered. The next step is to add sodium hydroxide
(NaOH) to the oil, at a concentration of 14°Be. This stage of the process reduces the acid number by neutralising the free fatty acids.
The last step consists of reducing the viscosity of the liquid resulting from transesterification [28]. Indeed, at room temperature,
vegetable oils are generally subject to rancidity and crystallisation. Adding a basic catalyst such as potassium hydroxide (KOH) to the
liquid allows it to be separated from the glycerol which is the main cause. The esters obtained are finally dried at 80 °C for 24 h [29,30].

3.3. Extraction of mutual information

Finding the ideal transformation matrix for image registration usually requires knowledge of at least eight twin points. However,
images of creeping discharges are almost random in nature. Therefore, we propose a method based on a random search of similarity
points. The search is performed by extracting the maximum mutual information. The method consists of extracting the binary image
from the real image. The binary image is then skeletonised. Of the two images to be compared, one image is kept fixed. From the centre
of the second image, progressive translations and rotations of the second image around the first image are performed, while searching
for the mutual information. The mutual information data and the different translation and rotation operations are stored in matrices.
By plotting the information surface, it becomes easy to determine the geometric transformation parameters for the special matching of
the two images to provide an objective discussion. If we call N the number of images obtained in each insulating liquid for the same
voltage level, the final information NMI is the average of the information of N? image permutations as presented by equations (11) and
(12). With i and j the indices of the different permutations of images X and Y in the calculation of the information. Fig. 2 shows the
complete flowchart of the maximum information extraction method.

1 N
NMI = > NMI(X;,Y;) (11

i=Tj=1

CCD camera l l ,I Computer
o

Shock resistor

Marx
generator
T

controller

Creeping

discharge
Flat — > 7\!6 Solid

electrode — insulator

Fig. 1. Experimental set-up.
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Fig. 2. Algorithm for extracting information.

1 K (HX)+H(Y)
NMI =5 Z (W) (12)

i=1,j=1
3.4. Calculation of the discharge extension

The maximum length of the discharge is taken as the distance from the tip to the end of the longest branch of the discharge. An
illustrative description of the length calculation process is detailed in a previous articles [31,32]. Similarly, the total length of the
discharges is obtained after binarisation of the original image. The technique consists of counting the number of pixels in the image
obtained after binarisation and skeletonisation, and then multiplying the result by a coefficient related to the camera position. The
value of the coefficient is obtained by initially filming an image of known size to determine the millimetre equivalent of a pixel. Fig. 3a
and b shows an example of a discharge image obtained after skeletonisation.

3.5. Determination of the fractal parameter

In this work, the calculation of the fractal parameter is performed using the box-counting technique commonly used in this situ-
ation [6]. The process consists first of the binarisation of the original image. Thereafter, the output image is entirely covered with a
number N of square boxes of size r (unit in pixels). The fractal dimension is obtained by determining the slope of the plot of the log-log
function of N versus r as we vary the size of the boxes. Equations (13) and (14) give the relationships between the fractal parameter (D),
the number of boxes (N) and the box size r.

N(r) ~r P (13)
D=— 1mlogN(r) 14)
r—=0 lOg (r)

4. Results and discussion
4.1. Analysis of the shape of discharges

The visual examination of the discharges presented in Fig. 4a to d at % scale and obtained in MO and PKOME shows that they have a
filamentary aspect as reported by Kebbabi et al. in Ref. [5]. However, they have a more or less radial shape contrary to the results
reported in Refs. [6,33]. This result shows that apart from the type of solid/liquid isolation system used, the experimental setup has an
impact on the way discharges propagate. The images obtained also show a significant ionisation phenomenon around the tip, inde-
pendent of the nature of the insulating liquid. This result can be justified by the fact that the distribution of the electric field is
inhomogeneous due to the experimental configuration of the tip and plane of the electrodes. Such a configuration favours the
intensification of the field at the tip as demonstrated by Beroual et al. in Ref. [6]. This result was also confirmed by electric field

(b)

Fig. 3. Illustration of the method for calculating the length of discharge; (a): original image, (b): Skeleton.
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Fig. 4. Discharges obtained in the MO (a, b) and PKOME (b, d) under negative lightning pulse voltage.

simulations as shown in Fig. 5a and b, carried out on pressboard immersed in mineral oil in point-plane geometry. The simulation is
done on COMSOL Multiphysics software and based on the finite element method. It was concluded that the electric field distribution at
the point is more intense than on the rest of the insulating surface. On the other hand, we also notice that the increase of the amplitude
of the applied voltage has the effect of increasing the maximum extension of the discharges. The behaviour is the same for the degree of
branching of discharges. A similar result is reported in Ref. [4]. This result is to be expected, as increasing the applied voltage in-
tensifies the electric field on the insulating structure. The intensification of the field on the insulating structure leads to polarisation of
the structure, resulting in capacitive effects. The charge density at the surface of the solid insulator and the charge carrier displacement
field are related to the electric field present. This relationship leads to an increase in the mobility of the charge carriers. This phe-
nomenon is verified by the equations governing solid insulation given by Gauss’s law, as shown in equations 15-17 [34].

~V.(eVV)=0 (15)
or 1 (kspV2T) a7

o PspCsp

Where the current density Jgp is zero because the solid insulator has zero conductivity. pg, is the mass density, Csp is the specific heat
capacity, and kgp is the thermal conductivity in the solid insulator region.
The surface charge density, o at the liquid-solid dielectric interface can be calculated as shown in equation (18).

Multicoupes: Potentiel électrique (V) Multicoupes: Potentiel électrique (V)

x10* *
G e
4.5 4.5

4 4
35 3.5

3 3

Y

7 25 O 2.5

2 2
! 15 15

S — 1 1
0.5

. 0.5 L
Ly o x °
(a) (b)

Fig. 5. Example of electrical potential distribution on pressboard immersed in PKOME.
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do,
ot

=n.(Js+J_+J.) (18)

Where J; = p;u;E, and n is the unit vector of the exterior normal of the solid to the liquid. The surface charge density can be calculated
using Gauss’ law as given by equations (19) and (20) [34].

6, =n.(Dyotia — Diiquia) (19

Where D = ¢,.E (20)
D represents the electric charge distribution in the insulating medium under study in response to the presence of an applied electric
field E.

4.2. Impact of relaxation time on fractal dimension

The behaviour of the fractal parameter of the discharges was analyzed by two methods. The first method is based on the observation
of the variation of this parameter as a function of the relaxation time of the liquids. The results of the experiment presented in Fig. 6
show that, independently of the nature of the insulating liquid used, very short relaxation times lead to a strong instability of the fractal
dimension. A progressive increase of the relaxation time leads to a convergence of the fractal dimension. We also notice that, for results
taken under the same experimental conditions, the stabilisation time of the fractal dimension is shorter in PKOME than in MO. This
result can be justified by the physicochemical parameters of the insulating liquids. Indeed, the distribution of the space charge density
on an immersed solid surface corresponds to the distribution of a decreasing exponential function whose argument depends on the
relaxation time of the liquid used. The relaxation time of the space charges corresponds to the ratio of the permittivity of the liquid to
its thermal conductivity. On the other hand, it is known that the thermal conductivity of PKOME is higher than that of MO and of
smaller value than one, so this implies a longer relaxation time with MO. This result shows on the one hand that, during laboratory
experiments, the physicochemical characteristics of the insulators used must be taken into consideration when deciding on the
relaxation time to be given to each liquid before the experiments are resumed, in order to avoid as much measurement error as
possible. On the other hand, the convergence towards an almost fixed value of the fractal dimension with the long relaxation times
shows that the generation and propagation of this type of discharge is not a totally random phenomenon but strongly depends on the
physicochemical properties of the insulation system. It is noted that the fractal dimension increases as the permittivity of the insulating
liquid decreases, a similar result is reported in Ref. [35].

The second method of analysis is based on hypothesis testing. Fractal dimension data analyzed from the Anderson Darling test, the
Kolmogorov-Smirnov test and the Shapiro-Wilk test show that space charges and capacitive effects caused by very short relaxation
times have the effect of producing results that deviate from the normal law. Table 1 presents a summary of the results of the hypothesis
tests obtained for the three statistics as a function of relaxation time.

Such a result implies that the generation and propagation of discharges could be unpredictable and therefore uncontrollable
phenomena. On the other hand, long relaxation times lead to an almost complete alignment of the fractal dimension data with the
regression line of the normal law as shown in Fig. 7a to f for the Anderson Darling test.

This result therefore presents an inverse effect and indicates that the relaxation time has a direct impact on the measurements
during the experiment. This is confirmed by the validation of the null hypothesis through the increase of the p-value and the decrease
of the Anderson Darling (AD) coefficient, for relatively long times as represented in Fig. 8. The same analysis applied to the evaluation
of the maximum extension of the discharges as a function of the relaxation. Fig. 9 shows the variation of ten values of maximum
discharge extension as a function of relaxation time and for a fixed voltage of 70 kV. The results show that very short relaxation times
amplify the measurement error and increase the maximum extension of the discharge. In practice, all these results show that in the case

T T T T T T ] 3,0
o— MO —— PKOME 238

F2.6

MO Fractal dimension

T T T T T T T T T T 4 T ¥ T
120 180 240 300 360 420 480
Cumulative waiting time (seconds)

Fig. 6. Evolution of the fractal dimension in MO and PKOME as a function of relaxation time.
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Table 1
Conformity test as a function of relaxation time.
Waiting time (s) ANDERSON-DARLING KOLMOGOROV-SMIRNOV SHAPIRO-WILK
AD P-value Conformity KS P-value Conformity w P-value Conformity
60 0.784 0.027 No 0.315 0.010 No 0.929 0.083 No
120 0.721 0.040 No 0.284 0.030 No 0.926 0.074 No
180 0.627 0.072 Yes 0.223 0.126 Yes 0.940 >0.100 Yes
240 0.348 0.398 Yes 0.217 >0.150 Yes 0.960 >0.100 Yes
300 0.245 0.683 Yes 0.148 >0.150 Yes 0.981 >0.100 Yes
360 0.217 0.783 Yes 0.138 >0.150 Yes 0.980 >0.100 Yes
420 0.205 0.821 Yes 0.139 >0.150 Yes 0.986 >0.100 Yes
a) 60s b 120s c 180s
99 (@) 99 (0) 99 ©)
AD 0.784 AD 0.721 AD 0.627
A [) P-Value 0.040 P-Value 0.072
90 _|P-Value 0.027 90 - u 90 u
50 1 50 50 1
10 1 10 10 1
-
g 1 T T T 1 T T T 1 T T T
2 1 2 3 0 2 4 1 2 3
)
A~ 09 1) 240s 0 (2] 300s NG 360s
AD 0.348 IAD 0.245 AD 0.217
P-Value 0.398 [ ) P-Value 0.683 _
90 1 90 - 90 - P-Value 0.783
50 1 50 50 1
10 1 10 10 4
1 T T T 1 T T T 1 T T T
0,8 1,6 2,4 1,65 1,70 1,75 1,65 1,70 1,75

Fractal dimension

Fig. 7. Distribution of fractal dimension data as a function of relaxation time for the Anderson Darling test.
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Fig. 8. Evolution of P-Value and AD-Value in MO as a function of relaxation time.
of a real transformer, the impact of such a phenomenon on the insulating surface can be predicted when it appears at long time in-

tervals. When the phenomenon starts to occur at very short time intervals, there is a greater risk of chaotic behaviour and damage to
the insulation system.
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Fig. 9. Maximum extension of discharges as a function of relaxation time.

4.3. Impact of relaxation time on mutual information

When two images or two systems share the same information, the mutual information surface has a single peak whose maximum is
100%. Fig. 10a shows an example of the resulting information surface obtained when comparing an image with itself. It can be seen
that there is no need for a geometrical transformation to obtain such a result as shown in the figure, because the algorithm takes into
account the position of each pixel in the image. The same method applied to images obtained in MO and PKOME under the same
experimental conditions with a relatively short relaxation time of 60s shows that the images do not share information. Several peaks
are observed with a maximum of 4% as shown in the example in Fig. 10b. However, a longer relaxation time of 240s has the effect of
reducing the number of peaks on the information surface. An average increase in the amplitude of the information maximum to 45% is
observed as shown in the example in Fig. 10c. A relaxation time of 420s concentrates all the information in a single peak as in the case
of mutual information between an image and itself, with an increase in amplitude to 60% as shown in the example in Fig. 10d. In
general, it can be seen that with the increased relaxation times, discharges that initially did not share information start to have
similarities. The same comparison made with images obtained at different voltage levels shows a maximum of almost no information.
These results indicate that the phenomenon is not totally random with high relaxation times.

4.4. Implication of mutual information and extension of discharges in the characterisation of MO and PKOME

It is important to note that the mutual information parameter is very important in the characterisation of discharges from a
comparative point of view. Indeed, the mutual information takes into account the morphology of the discharges through the
geometrical position of each pixel of the images to be compared. This implies that, if an image is denser, more branched or has a totally
different morphology from another, then the mutual information will be almost null. The first method of comparing the discharges
obtained in MO and PKOME was based on extracting the maximum information through the analysis of the mutual information
surface. The output data shows that the plot of the maximum information as a function of the relaxation time follows the evolution of a
logistic function with a regression coefficient of 99% as presented in Fig. 11. We also notice that the information curves returned by the
images from the MO/MO, PKOME/PKOME and MO/PKOME systems are almost identical at 60% for a cumulative relaxation time of
420s. The result for the MO/PKOME system is almost the same as that for the MO/MO system, which leads to the conclusion that the
discharge propagation is almost the same in both liquids.

The second approach is based on the calculation of the maximum extension and the total length of the discharges as found in the
literature. This technique allows to see on the one hand a linear evolution of the discharge extension with the applied voltage as shown
in Fig. 12a and b. On the other hand, it can be seen that the maximum extension and the total length of the discharges is 4% identical in
the two liquids. This difference explains the fact that the maximum mutual information does not exceed 60%. This result is promising
for PKOME, which is positioned as a potential substitute for MO in case of future depletion of sickle resources. Indeed, previous work
on the propagation of creeping discharges on pressboard immersed in vegetable oils compared to those produced in mineral oil has
shown quite different results. Among these, we note the work of Beroual et al. [6] on the analysis of these creeping discharges should be
noted. In a comparative study of the ability of mineral oils (MO) and vegetable oils to dampen the propagation of these discharges, they
show that for positive voltage stresses, the lengths of the branches are 60% higher in vegetable oils than in MO. This result is revised to
40% at a negative voltage under the same conditions. The vegetable oils studied in this work are, among others, vegetable oils
extracted from grape seed (GS), sunflower (SF) and rapeseed (RS). An almost similar result is shown by Sitorus et al. [4]. For similar
analyses conducted in the case of Jatropha curcas methyl ester (JMEO). They show that the level of attenuation of the discharge spread
is 60% higher for MO than for vegetable oil. Reffas et al. [7] carried out the same investigations. The insulating liquids used were extra
virgin olive oil (OO) without additives, synthetic esters of methyl oleate (MY) and tetra-ester (SE), a natural ester of rapeseed o0il (RO)
and mineral oil of naphthenic nature (MO). In their work, graphical representations of the maximum length of the discharges as a
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Fig. 11. Evolution of mutual information as a function of relaxation time.

function of the applied voltage are shown. The analysis of their results shows that the mineral oil has a greater ability to stop the
propagation of discharges. Ediriweera et al. [36] conducted this investigation for discharges propagating on glass immersed in
vegetable oils. The oils studied include natural esters such as: coconut oil copra type, virgin coconut oil, soybean oil and sunflower oil.
Their results were compared with those of Kebbabi et al. [37] for discharges propagating on glass immersed in mineral oil. The analysis
showed that mineral oil was more effective in stopping the propagation of discharges.

5. Conclusion

The objectives of this work were to study the impact of the relaxation time of insulating liquids on the characteristic parameters of
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creeping discharges. In addition, a comparative study of creeping discharges propagating on pressboard immersed in palm kernel oil
methyl ester (PKOME) compared to those produced in mineral oil (MO). Based on the algorithms for calculating the mutual infor-
mation, the algorithms for calculating the maximum and total extension of the discharges, the low-level analyses of the normality
hypothesis test through the Anderson-Darling, Kolmogorov-Smirnov and Shapiro-Wilk statics, we have shown that:

e The very short relaxation times maintain the capacitive effects and increase the measurement error, which leads to a disorderly
variation of the characteristic parameters such as: fractal dimension, maximum extension and total length of the discharges.
The relaxation time of each liquid is strongly related to its physicochemical characteristics. It decreases as the thermal conductivity
of the liquid increases.

Tests of the normality hypothesis showed that for large relaxation times, fractal-sized data follow the normal distribution.

The analysis of the mutual information surface led to the conclusion that, for relatively large relaxation times, the discharge
propagation phenomenon is not totally random.

The analysis of the mutual information and the total length of the discharge images from palm kernel oil methyl ester and mineral
oil showed that the propagation is almost identical in both liquids.

Combining the information obtained from these experiments with other investigations presented in the literature, it can be said that
palm kernel oil methyl ester is positioned as a potential substitute for mineral oils in the case of the depletion of sickle resources in the
future.
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