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The monitoring of leakage current (LC) and voltage characteristics in transmission line insulators is
regarded as a good technique for anticipating the physical state of in-service insulators. In the current
work, the temporal and frequency characteristics of LC and voltage under various situations were
derived for assessing the health condition of porcelain, glass, and silicone rubber insulators. The
contamination severity indicated by soluble deposit density, wetting level (Wt), non-soluble deposit
density, and uneven pollution distribution (PWPL were chosen as the environmental factors that
impact the insulators. Six criteria were utilized to evaluate the physical state of the insulators, with
four of those derived from the LC signal in the time domain, namely, the LC signal peak (C1), the phase
shift between applied voltage and LC (C2), the LC signal slope between two consecutive peaks (C3), and
the crest factor (C4). The remaining two indices, hamely, the total harmonics distribution (C5) and the
harmonics ratio indicator (C6), were obtained from the frequency domain of the LC signal. In addition,
the flashover voltage index (C7) was also employed. The LC indicators were then classified based on
the laboratory test results to reflect the physical state of the insulators. The findings revealed that
the proposed indicators had an important impact in determining the physical state of the insulators.
Furthermore, a confusion matrix was created for the test and prediction data using the suggested
indicators to determine the effectiveness of each indicator.

One ofthe important parts ofelectrical power transmission systems is the transmission line insulators. The effi-
ciency ofthe transmission systems is related to the health ofthe insulation systems. Accordingly, it is important
to observe different environmental factors, including the type of materials, dampness, and pollutants, that have
a considerable influence on the efficiency and health of the high voltage transmission lines insulators that can
directly affect the performance of the transmission systems. For example, pollution deposition on the surface
ofthe insulators results in the insulators being subject to a leakage current (LC) flux which leads to extensive
discharge activity on the insulators’ surfacel-6. As a result, these discharge activities can escalate and generate a
flashover occurrence, which might cause an electrical grid outage or even breakdown7-9. Therefore, it is neces-
sary to monitor and assess the health condition of insulators in order to ensure the integrity of the insulator
and the transmission system as a wholel011l This improves the grid’s performance and reduces the likelihood
of amalfunction. The scientific community considers the study ofthe qualities of outdoor insulators and their
long-term efficiency to be arelevant topic12 15.

There are several advantages of using the LC characteristics as a monitoring strategy. It considers different
environmental parameters like surrounding temperature, humidity, pollution, and rainfall16 Furthermore, LC
may be easily monitored online on an ongoing basis. Measuring and analyzing LC has stimulated the interest
of many scientists as one ofthe online tests done on polluted insulators. In addition, the monitoring of LC was
performed using a microwave reflectometer system for dry insulator surfaces17. This form of the monitoring
system is however, expensive, making it impractical for power grids. Fontana et al.18also introduced atechnique
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that employed an antenna in LC monitoring on contaminated insulators by capturing the partial discharge elec-
tromagnetic radiation. The advantage of this technique is that, unlike other approaches, the parts utilized in it
are not destroyed by flashover voltage. Furthermore, some studies in the literature presented different numerical
indices for identifying the health condition of insulators, albeit that none ofthem examined the efficacy of such
indicators on high voltage transmission line insulators. Only acoustic and thermal-based diagnostic methods,
such as infrared thermal imaging, ultrasonic wavel9, visible light images20, wireless-based system?21, acoustic fault
diagnosis22, network sensors23, and long-term analysis of LC using optical sensor24, have been used to assess the
health ofthe overhead line insulators.

Moreover, the monitoring ofinsulator LC under contaminated conditions indicates the capacity to provide
areliable indicator between LC and the condition of high voltage insulators during service. In this regard,
many studies have provided various ways of evaluating the physical state of insulators using a particular
indication1625-27. Recently, Palangar28 suggested the use of a combination oftwo LC harmonic ratios and phase
angles to monitor the status of insulators. Although the results ofthe studies2provide valuable ways for detect-
ing the status ofvarious types of insulators, estimation of the flashover probability, particularly for composite
insulators, is not considered. Meanwhile, Zhao et al.Z7employed the LC parameters such as the mean, peak, and
standard deviation values to monitor the insulators’ state. However, these characteristics were solely employed
to calculate the size and density ofthe contaminated layer over the insulator surface. Another study2 discussed
the contaminated insulator’s state by measuring the phase angle between the signals of LC and supplied voltage.
According to the findings from the literature2s, shift angle fluctuation is a good index for evaluating pollution and
humidity differences on insulators’ surfaces. Other relevant methodologies for predicting insulator pollution inci-
dence include LC components such as the 3rd and 5th odd harmonics, and the total harmonic distortion (THD),
which have been used by many researchers23-31 In this approach, the LC signal is analyzed in the frequency
domain using the fast Fourier transform (FFT) and wavelet transform. The findings suggest that pollution causes
the first and third frequency components, as well as THD 32 to grow. In other words, increasing the LC harmon-
ics raises THD, which changes according to the rate of contamination and harmonics of the applied voltage33.

Having an indicator that reflects the conditions ofthe insulatorsl6is critical. The use ofthe LC components
in frequency and time domains to compute the necessary indicators were provided in the literature34. When
calculating flashover occurrences, the indicator 5th/3rd and THD were used. In the case of silicone rubber (SIR)
and glass insulators, the extent of pollution and the value of this indicator were shown to be highly correlated.
However, disregarding the impacts ofthe 7th and 9th harmonics components might influence the accuracy ofthe
results that represent the insulator state. Furthermore, areview ofthe literature revealed that no attempt has been
made to analyze the conditions of insulators using index values that take into account the time waveform slope
and harmonics up to the 9th component for LC, statistical analysis ofthe limitations ofthe indicator as well as a
comparison ofthe performance ofthese indicators. Therefore, the goal ofthis research is to create indices based
on the characteristics of LC and voltage while considering the major impact ofenvironmental conditions on the
performance ofthree different insulator types, namely porcelain, glass, and SIR. The pollution severity in terms
of soluble deposit density (SDD), wetting level (Wt), non-soluble deposit density (NSDD), and non-uniform
distribution contamination (PwPL) were taken into consideration as the environmental factors that affect insu-
lators during their service. The indices of LC generated by the impact of these environmental elements were
compared. The suggested indicators were evaluated using the confusion matrix for the experimental data and
prediction outcomes under 11 kV AC voltage. To sum up, the main contributions ofthis paper are as follows:

« Perform experimental tests to measure LC and flashover voltage ofporcelain, glass, and SIR insulators under
different levels of SDD, NSDD, Wt, and PwPL

= Extracting the characteristics of LC such as peak, harmonics, phase shift angle, slope, and THD.

= Extracting the characteristics of applied voltage such as flashover voltage and withstand voltage.

= Proposing six different indicators based on the characteristics of LC.

= Proposing indicator based on the characteristics of insulator voltage.

« Evaluating the insulator condition using the proposed indicators.

= Statistical evaluation using the confusion matrix between the insulator conditions and prediction conditions
based on outcomes ofthe proposed indicators was performed in order to compare the performance ofthese
indicators.

Method and materials

Test sample. Three types of insulators specimens (porcelain, glass, and SIR) were collected from the trans-
mission lines in Malaysia. The insulators were all naturally field-aged samples with similar aging and service his-
tories. Figure 1 depicts the primary form ofthe chosen insulators. Table 1lists the specifications ofthe insulators.

Experimental setup. The experimental setup was carried out according to the IEC 60,507 standard® "Arti-
ficial pollution tests on high-voltage ceramic and glass insulators to be used in AC systems". All of the trials
were conducted in a 50 x 50 x 75 cm test room with polycarbonate sheet walls. Four inlet valves were put in the
chamber that was used to moisten the test insulators. Figure 2a shows the schematic diagram for the high voltage
insulator experimental setup. Figure 2b depicts a visual representation ofthe high voltage laboratory’s test setup
and equipment. The following components made up the experimental circuit setup: A is an energized trans-
former (230 V/100 kV, 5 kVA, 50 Hz), B is a capacitive voltage divider, C is a test sample, D is a LC monitoring
system, E is a steam fog generator and controller, and F is a resistive voltage divider (10,000:1) that is employed
to capture the LC data. During the test, the energizing voltage was steadily increased by 2 kV step voltage until it
reached 11 kV, and LC was measured at 11 kV. With 11 kV, LC was monitored without interruption under clean,
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Figure 1. Insulators samples.

Parameter Symbol Porcelain  Glass SIR
Leakage distance Insulator length 32 34 40
High H (cm) 14.6 14.6 33
Diameter D(cm) 255 28 10
dj(cm) 19.5 225
Rib diameters d2(cm) 145 16
d3(cm) 10.5 8
Core diameter dc(cm) 5 5 8

Table 1. Insulators parameters.

mild, and medium pollution conditions. Under heavy pollution and wet condition, the step voltage was steadily
increased by 1kV to avoid unintended flashover; under this condition, the discharge activities and the flashover
could happen before 11 kV. When a flashover occurred, LC rose sharply to about 10 times the critical current,
thus interrupting the voltage supply system.

Pollution and wetting process. Liquid alcohol was used to thoroughly remove traces of oil and grime
from all insulators ahead ofthe experiment. The insulators were then let to dry naturally for one day under the
sun’ rays. After that, using the solid layer approach36-33 the contamination was placed on the insulator surface.
The SDD was determined using sodium chloride (NaCl) salt while the NSDD was determined using kaolin.
1000 mg of water was used to evenly mix NaCl salt and kaolin uniformly. A conductivity meter was utilized to
measure the pollutant solution conductivity at room temperature in order to determine SDD. The SDD was then
estimated using Eq. (1) based on the IEC 60507 standard35:

SDD = (5.7 x O20)1°3 x V/A 1)

where a20 denotes the pollution solution conductivity at 20 °C, V denotes the pollution solution volume, and A
is the insulator surface area. Meanwhile, Eq. (2) was used to determine the NSDD.

NSDD = ((ws —wj) x 103)/A )

where wsis the mass ofthe filter paper under pollution and w, is the mass ofthe filter paper in dry conditions. As
shown in Table 2, three degrees of SDD and NSDD were assessed in this study, corresponding to light, medium,
and high pollution based on the IEC 60,507 standard35. The sample was artificially polluted and hung vertically
in the test room for around 24 h to allow it to dry naturally. The test room pressure remained constant through-
out the experiment, matching the laboratory’s ambient pressure of about 99.5 kPa. The temperature in the test
room was roughly 28 °C, which was about the same as the indoor temperature in Johor, Malaysia. The wetting
procedure was carried out using the spray technique. To moisten the tested insulators, eight nozzles were placed
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Figure 2. Insulator test: (a) Schematic diagram for experimental setup; (b) Test pictorial view.

Parameters Values

a2 (S/m) 0.00 0.39 0.79 1.38
SDD (mg/cm?2) 0.00 0.05 0.12 0.20
NSDD (mg/cm?2) 0.00 015  0.25 0.35
Wt (I/h) 0 3 6 9
Contamination level Clean Light Medium Heavy

Table 2. Pollution severity readings.

around the chamber wall in aregular pattern. The control panel outside the high voltage test cage was in charge
of controlling the fog flow rate. The controller was used to manage the wetting rate ofthe contaminated insula-
tors by adjusting the water flow rate and air pressure. Three levels of wetting rates were employed to mimic the
wetting of insulators in different climates: 3 I/h, 6 I/h, and 9 I/h corresponding to low, moderate, and high wet-
ting, respectively39. An issue taken into consideration in choosing the wetting rate between 3 and 9 I/h was the
minimum time to wet the sample with no hazard in the pollution layer on the insulator surface.

The insulators were tested under non-uniform and uniform pollutant scenarios. In the case ofnon-uniform
contamination, three distinct contamination ratios ofthe top to bottom side SDD (PwPL) were chosen: 1/3, 1/5,
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Figure 3. Leakage current monitoring process.

and 1/8. The insulator top and bottom surfaces were polluted separately during the non-uniform application of
the contamination layer to generate SDD1and SDD2 whereas the overall SDD may be met by Eq. (3)540:

SDD1x S1+ SDD2 X S2
SDD = e o e 22 ((33)

where S1 and S2 arethe insulator’s upper and lower surface areas, respectively. Based on these specified pollution
ratios, the pollutionofthe upper side SDD1 and lower side SDD2 can be satisfied by Eq. (4):

2 x SDD 2 x SDD
SDD\ = -eeeememeoemeneee- , SDD2 = - (4)
1 1+ (Pu/P1) 1+ (PulP1) 4

Flashover voltage test. The flashover voltage testing was carried in the test chamber. The flashover volt-
age was measured using the up-and-down technique. For each contaminated sample, at least 11 tests were done.
After passing the first acceptable experiment, the flashover voltage was changed by 5% lower or higher than the
prior value in the next ten tests. As a result, the voltage was raised (or decreased) by 2 kV/s increments up (or
down) to flashover. In the event of a flashover, the following test was conducted with a 5% lower voltage value;
otherwise, the voltage was increased by 5% (after at least 20 s). The average flashover voltage (UFO and standard
deviation (a) were determined using Egs. (5 and 6), respectively:

N
Ufo —~ Ui/N, N —11(5)
IN
"'EM —uFo)
i=i 100 (6)
e —— G —
N —1 Ufo

where U represents the applied voltage in the ith test and N is the total number oftests.

Monitoring of data. The applied voltage was measured using a capacitive voltage divider via the control
panel in the experimental setup as shown in Fig. 2. Meanwhile, the LC monitoring system for LC includes a data
acquisition (DAQ) card N16024E, acomputer, and an oscilloscope. A voltage downscaling divider (10,000:1) was
employed since the DAQ’s input voltage range was just 10 V. The data was sent from the DAQ to the computer,
where it was stored as a CSV file and shown in Laboratory Virtual Instrument Engineering Workbench (Lab-
VIEW). The oscilloscope was used to calibrate the DAQ data reading for testing the accuracy ofthe data reading.
Matrix Laboratory (MATLAB) software was used to convert the LC signal in the time domain into the frequency
domain. Figure 3 shows the technique used for monitoring and assessing LC.

Characteristic parameter of leakage current.  One ofthe effective ways for developing new techniques
for detectinginsulators’ health is to extract features from LC waveform. These properties may be derivedfrom

the frequency and time domains ofthe LC signal. Six LC characteristics/indicators were extractedin both the
time and frequency domains in this work. Figure 4 shows the insulator condition diagnostic diagram utilizing
LC characteristics.

Leakage current characteristic in time domain. Four characteristics were chosen in the temporal
domain of LC. The peak of LC (Im) and the phase shift between applied voltage and LC (0) were derived from the
general formula ofthe AC shown in Eq. (7) 4L

I = Imsin(at + 0) (7)

where « is angular frequency calculated by, « = 2nf, with the value of frequency f in this study being 50 Hz. So,
the first two characteristics can be defined in Eqgs. (8) and (9):

Cl —™m (8)
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At °
C2=0=Y 360° 9)

The phase difference between the applied voltage and LC (©), as shown in Fig. 5, was determined using
MATLAB software.

Calculating the slope ofthe line between two successive leakage current signal peaks yielded the third indica-
tion C3 As aresult, Eq. (10) is used to represent C3:

m m
B g:lbn—yn-llz FOIAy"I

N —nt

(10)

where Ay, is the difference in leakage current between neighboring peaks at n, and Ax,, is the time period between
these peaks. Figure 6a shows how the LC signal slope was determined. The fourth index was the crest factor
(C4), which was calculated by dividing the peak value by the RMS value ofthe leakage current (as illustrated in
Fig. 6b). As aresult, Eq. (11) was used to represent C4:

C Ipeak

Ry j (11)

~ Jrms

Characteristic of the leakage current in frequency domain. The LC frequency domain at a fre-
quency below 500 Hz for insulators under contamination has characteristic features. Therefore, in this work, the
odd harmonics and total harmonic distortion (THD) of LC under 500 Hz were employed to propose indicators
for insulators’ condition assessment. The LC frequency features were defined by the C5(THD) and C6(harmon-
ics ratio) indices in Eqgs. (12 and 13), respectively:
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Figure s . Extracting leakage current characteristics: (a) slope curve, (b) crest factor.

©
Eb (12)
C5= THD
E In
C6= — n=577.9 (13)
6 3

where Inis the nth order harmonic and n represents the order odd harmonics number.

Flashover voltage indicator. The flashover voltage indicator (C7) was defined as in Eq. (14):

~Uro - Uo
=_ (14)

where Uois the flashover voltage under clean conditions, which was measured to be around 53.4 kV for the
porcelain insulator, 61.7 kV for the glass insulator and 66 kV for the SIR insulator.

Results and discussion
Leakage current results.  Figure 7 depicts the sample of LC results in the time and frequency domains for
porcelain, glass, and SIR insulators under different SDD pollution levels, 0.15 mg/cm2of NSDD and 3 I/h of Wt
and uniform pollution distribution. Figure 7 illustrates that increasing pollution severity SDD under specific
NSDD, Wt, and PwPLcauses a large rise in LC. The current spike could be explained by the creation of a layer
because of pollution and moisture, which enhanced conductivity along the insulator’s surface. Consequently,
a path was created to flow LC in the form ofions between insulator poles. Spot-arcing was found on occasion
under high pollution conditions, particularly in the presence of moisture. The signal of LC looked to be sub-
stantially warped during the arcing activities, as illustrated in Fig. 7d. When LC increased, THD and harmonics
levels also increased, but the phase shift angle between LC and voltage decreased. Because the resistive current
increased with the constant capacitive current, the phase angle between LC and voltage decreased. Furthermore,
a great variance in the odd harmonics 3rd to 9th could be observed when the contamination severity on the
surfaces ofthe insulator was increased gradually, where the third harmonic would increase to overtake other odd
harmonics (5th, 7th, and 9th), with a considerable rise in both ofthe 7th and 9th harmonics, as shown in Fig. 8.
It can be noted that when the insulator had an arcing activity on its surface, the 3rd harmonic increased sharply.
Table 3 represents the characteristics of measured LC (Im harmonics, THD, and 0) oftested insulators under
various levels of uniform pollution for all the circumstances in Table 2. The LC characteristics under non-uniform
pollution distribution are listed in Tables A1-A3 in Appendix A. The 5th and 7th harmonics components were
bigger than the 3rd harmonic component in the clean state. Furthermore, this state showed no evidence of
flashover. It could be observed that LC rose marginally as the wetting rate increased when the clean insulators
were tested under various wetting conditions. This indicates that wetting the insulator surface causes increased
charges to flow from the high voltage electrode to the ground electrode. Table 3 shows that LC on aclean insula-
tor surface is very low, approximately 0.183 mA, and that it is primarily capacitive, with a phase change angle of
around 90°. Tables A1-A3 in Appendix A demonstrate the effects of PWPL, Wt, and NSDD. Generally, the test
findings in Table 3 and Tables A1-A3 indicate that:

(1) Surface conductivity was lowest in dry circumstances. As aresult, raising SDD and NSDD had only aminor
influence on LC and its components.

(2) As the pollution levels SDD and NSDD, as well as the wetting rate, rose, LC increased significantly.

(3) As SDD, NSDD, and Wt increased and PwPL dropped, LC harmonic amplitudes and THD increased.
Meanwhile, 0 decreased when SDD, NSDD, and Wt rose and PwPLdropped.
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Figure 7. LC waveform and its FFT under different SDD pollution degree, 0.15 of NSDD, and 3 I/h ofwetting
rate: (a) SDD =0.00 mg/cmz; (b) SDD =0.05 mg/cmz, (c) SDD =0.12 mg/cmz, (d) SDD =0.2 mg/cm2.

Flashover voltage results. The flashover voltage experimental result under different conditions for the
tested insulators are listed in Table 4. The flashover voltage as a function of SDD and NSDD under different Pw
PLfor the glass specimen as an example is displayed in Fig. 9a. Meanwhile, Fig. 9b depicts the influence of SDD
and wetting rate on the flashover voltage. The findings indicate that the flashover voltage drops significantly
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with the rising value of the pollution severity/SDD. As the contamination severity increases, the contamination
layer’s electric conductivity improves. Therefore, the flashover takes place at a lower voltage level. According to
the results in Table 4 and Fig. 9, it can be noted that the effect of wetting rate on the flashover voltage is greater
than NSDD for the same values ofSDD and Pu/PL.

Leakage current indicators trend under clean condition. As mentioned before, the value of LC
changed minorly when the rate of wetting increased on a clean insulator; correspondingly, the LC characteris-
tics would change. Accordingly, the LC indicators of clean insulators under different wetting rates have a slight
change as shown in Fig. 9. It can be noted that there is no significant difference between different NSDD in
the same wetting rate Wt in the clean condition. Generally, the indicators Q, C3, C4, and C5increased with an
increase in Wt and NSDD. In aclean state, when Wt increased from 3 to 9 I/h under NSDD of 0.15 mg/cm2, Q
increased from 0.42 to 0.83, C3increased from 0.065 to 0.11, C4increased from 1.56 to 1.585, and C5increased
from 0.0028 to 0.0049. On the contrary, the C2and C6 decreased with the rise in NSDD and Wt. When the Wt
increased from 3to 9 I/hunder a0.15 mg/cm20fNSDD, the C2decreased from 87.2 to 86.01% and C6decreased
from 5.9 to 4.7. The slope of increment and decrement under NSDD 0.25 mg/cm2 and 0.35 mg/cmz2 is approxi-
mately the same as in the 0.15 mg /Zcm2with a slight change in the amplitude of indices.

Leakage current indicators trend under various SDD. The SDD has a great effect on the LC indica-
tors. The LC indicators Cj, C3, C4, and C5rose considerably when SDD increased under any NSDD, Wt, and
PwPLwhile the C2 and C6 dropped dramatically as the SDD increased under the same conditions. To show the
LC indicators trend under various SDD for porcelain insulator polluted uniformly, Fig. 10 was plotted. In addi-
tion, Table 5 illustrates the results of the LC indicators for the porcelain insulator as an example while the LC
indicators result for both glass and SIR insulators are listed in Appendix B1 and B2. According to the results in
Fig. 10 and Table 5, with Cland Cé6taken as an example, under NSDD of0.25 mg/cm2, Wt of 6 I/h and PwPL of
1/1, Clcorresponded to 1.49, 1.96, and 3.29 mA when SDD was 0.05, 0.12, and 0.2 mg/cm2, respectively. It can
be observed that the Clincreased by 10.4% and 15.95% when the SDD increased from 0.05 to 0.12 and 0.2 mg/
cm2, respectively. Whereas for C6, when SDD was 0.05, 0.12 and 0.2 mg/cm2, C6corresponded to 2.63, 1.09, and
0.56 mA, respectively. It can be said that the direct relationship of insulator surface conductivity with the SDD,
which affects the LC signal, is the cause ofthe large influence on the LC indicators with changes in SDD.

Leakage current indicators trend under different NSDD. The performance of the indices is similar
to the previous case with changing NSDD. However, there are discrepancies in the magnitude of increase or
decrement. The test results indicated that for constant SDD, Wt, and PwPL, if the NSDD increased, the C1, C3,
C4, and C5would increase while the C2and C6would decrease. Figure 11 depicts the C1, C3 C4, C5 and C6versus
NSDD curves for porcelain, glass, and SIR insulators with SDD =0.2 mg/cm2, Wt =6 I/h, and PwPL= 1/1 to help
demonstrate the relationship between NSDD and the suggested indicators.

Leakage current indicators trend under different Wt.  Figure 12 shows the connection between the
suggested C1-C6indices and Wtfor porcelain, glass, and SIR insulators under SDD = 0.2 mg/cm2, NSDD =0.35 mg/
cm2, and Pw/PL= 1/1. It can be seen that when Wt increases, C2, and C6 decreases while the C1, C3, C4, and C5
increases. For example, when Wt increased from 3 to 6 and 9 I/h with SDD =0.2 mg/cm2, NSDD =0.35 mg/cm2,
and PwPL=1/1, C1for porcelain insulator rose by 13.4% and 15.4%, respectively. Meanwhile, C2fell by 72.1%
and 57.2%, respectively, under identical conditions.

Leakage current indicators trend under different P,/PL  Figure 13 shows an example of the rela-
tionship between the suggested C1-C6 indices and PwPL for a dirty porcelain insulator with SDD of 0.2 mg/
cm2 NSDD o0f0.35 mg/Zcm2, and Wt of 9 I/h. It can be noted that rising PwPLleads to increased C2and C6 but
decreased C1 C3 C4, and C5. This suggests that insulators under uniform pollution conditions have a higher
probability of flashover occurrence than insulators under non-uniform pollution conditions.
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SDD NSDD wt

0 0

0.05 0.25

0.35

Porcelain insulator Glass insulator Polymer insulator
Im 3rd 5th 7th 9th THD ¢ Im 3rd 5th 7th 9th THD ¢ Im 3rd 5th 7th 9th THD ¢
0.183 0.0005 0.002 0 0.002 6.76 90 0.162 0.0006 0.001 0.001 0.002 6.44 89.6 0.158 0.0004 0.003 0 0.001 6.53 90
0.20 0.0006 0.003 0.001 0.0005 6.82 90 0.193 0.0005 0.002 0.001 0.0006 6.77 89.3 0.187 0.0005 0.004 0.0007 0.0006 6.41 90
0.44 0.003 0.0151 0.03 0.0008 7.43 87.2 0.322 0.004 0.0147 0.02 0.0007 7.23 87.6 0.268 0.005 0.017 0.03 0.0005 7.17 87.4
0.72 0.004 0.0127 0.008 0.0007 7.52 87.13 0.96 0.005 0.0125 0.006 0.001 7.48 87.17 0.70 0.004 0.012 0.009 0.0004 7.46 87.11
0.90 0.007 0.017 0.01 0.006 8.04 86.01 0.84 0.007 0.022 0.007 0.004 7.85 85.73 0.76 0.009 0.023 0.008 0.006 8.11 84.91
0.22 0.003 0.014 0.002 0.002 6.95 88.98 0.18 0.004 0.016 0.001 0.003 6.84 88.87 0.16 0.002 0.011 0.003 0.001 6.78 88.91
0.67 0.01 0.041 0.005 0.006 7.93 87.25 0.60 0.008 0.038 0.004 0.004 7.87 87.11 0.56 0.007 0.031 0.006 0.004 7.75 87.02
0.87 0.0108 0.04 0.008 0.007 7.99 87.34 0.83 0.012 0.03 0.01 0.005 7.72 87.03 0.75 0.01 0.02 0.006 0.008 7.55 86.85
0.97 0.017 0.06 0.01 0.008 8.38 86.45 0.93 0.016 0.05 0.011 0.008 7.8 86.05 0.88 0.015 0.05 0.008 0.009 8.12 86.14
0.41 0.0058 0.012 0.009 0.009 7.31 88.26 0.398 0.006 0.012 0.009 0.009 7.09 85.689 0.373 0.005 0.011 0.008 0.008 6.645 80.236
0.74 0.018 0.06 0.005 0.003 8.4 86.06 0.718 0.017 0.058 0.005 0.003 8.15 83.553 0.673 0.016 0.055 0.005 0.003 7.636 78.236
0.91 0.02 0.0635 0.006 0.005 8.62 85.44 0.883 0.019 0.062 0.006 0.005 8.36 82.951 0.827 0.018 0.058 0.005 0.005 7.836 77.673
1.05 0.033 0.073 0.007 0.009 8.73 85.04 1.019 0.032 0.071 0.007 0.009 8.47 82.563 0.955 0.030 0.066 0.006 0.008 7.936 77.309
0.522 0.009 0.043 0.009 0.004 8.21 82.2 0.507 0.009 0.042 0.009 0.004 7.97 79.806 0.475 0.008 0.039 0.008 0.004 7.464 74.727
0.9 0.125 0.32 0.06 0.03 10.23 79.31 0.874 0.121 0.311 0.062 0.029 9.93 77.000 0.818 0.114 0.32 0.055 0.027 9.300 72.100
1.19 0.136 0.3 0.083 0.04 11.29 67.5 1.155 0.132 0.291 0.081 0.039 10.961 65.534 1.082 0.124 0.273 0.075 0.036 10.264 61.364
1.57 0.18 0.36 0.092 0.077 14.42 57.61 1.524 0.175 0.350 0.089 0.075 14.000 55.932 1.427 0.164 0.327 0.084 0.070 13.109 52.373
0.73 0.014 0.056 0.008 0.007 8.901 80.75 0.709 0.014 0.054 0.008 0.007 8.642 78.398 0.664 0.013 0.051 0.007 0.006 8.092 73.409
1.23 0.142 0.231 0.085 0.066 10.89 66.21 1.194 0.138 0.224 0.083 0.064 10.573 64.282 1.118 0.129 0.210 0.077 0.060 9.900 60.191
1.49 0.167 0.23 0.14 0.07 12.85 54.25 1.447 0.162 0.223 0.136 0.068 12.47 52.670 1.355 0.152 0.209 0.127 0.064 11.682 49.318
1.84 0.179 0.231 0.15 0.08 15.03 42.66 1.786 0.174 0.224 0.146 0.078 14.59 41.417 1.673 0.163 0.210 0.136 0.073 13.664 38.782
0.91 0.018 0.065 0.013 0.01 9.631 78.32 0.883 0.017 0.063 0.013 0.010 9.350 76.039 0.827 0.016 0.059 0.012 0.009 8.755 71.200
1.63 0.19 0.252 0.102 0.056 13.34 56.21 1.583 0.184 0.245 0.099 0.054 12.95 54573 1.482 0.173 0.229 0.093 0.051 12.127 51.100
2.04 0.22 0.24 0.14 0.09 15.77 40.13 1.981 0.214 0.233 0.136 0.087 15.31 38.961 1.855 0.200 0.218 0.127 0.082 14.336 36.482
2.61 0.261 0.32 0.12 0.11 18.84 33.22 2.534 0.253 0.311 0.117 0.107 18.29 32.252 2.373 0.237 0.291 0.109 0.100 17.127 30.200
0.636 0.022 0.072 0.011 0.008 8.21 71.2 0.617 0.021 0.070 0.011 0.008 7.971 69.126 0.578 0.020 0.065 0.010 0.007 7.464 64.727
1.48 0.31 0.27 0.04 0.05 15.33 55.21 1.437 0.320 0.262 0.039 0.078 14.883 53.602 1.385 0.33 0.245 0.04 0.073 13.936 50.191
1.63 0.41 0.32 0.062 0.12 18.88 38.53 1.583 0.398 0.311 0.060 0.117 18.330 37.408 1.482 0.373 0.291 0.056 0.109 17.164 35.027
1.93 0.46 0.41 0.095 0.08 23.25 27.16 1.874 0.447 0.398 0.092 0.078 22.573 26.369 1.755 0.418 0.373 0.086 0.073 21.136 24.691
0.75 0.032 0.084 0.013 0.021 9.88 75.89 0.728 0.031 0.082 0.013 0.020 9.592 73.680 0.682 0.029 0.076 0.012 0.019 8.982 68.991
1.72 0.35 0.31 0.104 0.09 21.74 52.52 1.670 0.340 0.301 0.101 0.087 21.107 50.990 1.564 0.318 0.282 0.095 0.082 19.764 47.745
1.96 0.53 0.37 0.11 0.098 25.25 30.22 1.903 0.515 0.359 0.107 0.095 24515 29.340 1.782 0.482 0.336 0.100 0.089 22.955 27.473
2.34 0.57 0.41 0.13 0.11 31.97 25.12 2.272 0.553 0.398 0.126 0.107 31.039 24.388 2.127 0.518 0.373 0.118 0.100 29.064 22.836
0.94 0.041 0.088 0.031 0.023 9.91 70.43 0.913 0.040 0.085 0.030 0.022 9.621 68.379 0.855 0.037 0.080 0.028 0.021 9.009 64.027
1.98 0.56 0.36 0.13 0.16 30.51 39.66 1.922 0.544 0.350 0.126 0.155 29.621 38.505 1.800 0.509 0.327 0.118 0.145 27.736 36.055
2.04 0.72 0.41 0.15 0.13 34.63 20.63 1.981 0.699 0.398 0.146 0.126 33.621 20.029 1.855 0.655 0.373 0.136 0.118 31.482 18.755
2.61 0.62 0.42 0.17 0.18 42.04 14.95 2.534 0.602 0.408 0.165 0.175 40.816 14.515 2.373 0.564 0.382 0.155 0.164 38.218 13.591
0.842 0.053 0.096 0.045 0.032 9.92 56.84 0.817 0.051 0.093 0.044 0.031 9.631 55.184 0.765 0.048 0.087 0.041 0.029 9.018 51.673
2.64 0.96 0.28 0.21 0.15 36.56 32.12 2.563 0.97 0.272 0.25 0.146 35.495 31.184 2.400 0.873 0.255 0.191 0.136 33.236 29.200
2.94 0.99 0.23 0.26 0.11 41.32 17.58 2.854 0.961 0.223 0.252 0.107 40.117 17.068 2.673 0.900 0.209 0.236 0.100 37.564 15.982
3.65 1.087 0.23 0.27 0.13 43.77 11.56 3.544 1.055 0.223 0.262 0.126 42.495 11.223 3.318 0.988 0.209 0.245 0.118 39.791 10.509
1.03 0.062 0.1 0.063 0.032 10.78 42.54 1.000 0.060 0.097 0.061 0.031 10.466 41.301 0.936 0.056 0.091 0.057 0.029 9.800 38.673
2.93 0.95 0.28 0.21 0.11 45.63 26.45 2.845 0.922 0.272 0.204 0.107 44301 25.680 2.664 0.864 0.255 0.191 0.100 41.482 24.045
3.29 1.09 0.27 0.23 0.12 47.84 10.73 3.194 1.058 0.262 0.223 0.117 46.447 10.417 2.991 0.991 0.245 0.209 0.109 43.491 9.755
3.99 13 0.32 0.24 0.12 53.79 1.04 3.874 1.262 0.311 0.233 0.117 52.223 1.010 3.627 1.182 0.291 0.218 0.109 48.900 0.945
1.07 0.065 0.102 0.048 0.05 10.63 32.84 1.039 0.063 0.099 0.047 0.049 10.320 31.883 0.973 0.059 0.093 0.044 0.045 9.664 29.855
3.54 1.392 0.3 0.12 0.15 51.67 3.92 3.437 1.351 0.291 0.117 0.146 50.165 3.806 3.218 1.265 0.273 0.109 0.136 46.973 3.564
5.24 1.62 0.35 0.21 0.12 59.29 2.07 5.087 1573 0.340 0.204 0.117 57.563 2.010 4.764 1.473 0.318 0.191 0.109 53.900 1.882
6.51 1.79 0.27 0.13 0.17 60.86 0.83 6.320 1.738 0.262 0.126 0.165 59.087 0.806 5.918 1.627 0.245 0.118 0.155 55.327 0.755
Table 3. Leakage current components for different pollution levels under uniform pollution distribution.
Significant values are in [bold].
Flashover voltage indicator results. Figure 14 shows an example of the flashover voltage indicator
results for porcelain insulator under different levels of SDD, NSDD, Wt and PwPL The range of flashover voltage
is between 0 and 1. The SDD and Wt have a significant effect in value of flashover voltage index compared to the
NSDD and PwPL The flashover voltage indicator shows that the insulator is in normal condition if its value is
less than 0.62, according to the testing results. A flashover voltage indication reading 0f0.62 to 0.73 shows that
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Insulator type Porcelain Glass SIR
Wt
PUP1 NSDD sSDD 3.00 6.00 9.00 3.00 6.00 9.00 3.00 6.00 9.00
0.05 24.12 19.61 18.33  25.76 20.95 19.58  28.65 23.29 2177
0.15 0.12 18.89 15.36 1435 20.18 16.40 15.33 22.43 18.24 17.05
0.2 13.81 11.23 10.49 14.75 11.99 11.21 16.40 13.33 12.46
0.05 21.97 18.31 16.55 23.46 19.55 17.67 26.09 21.74 19.65
171 0.25 0.12 17.20 13.80 12.00 18.37 14.74 1282 2043 16.39 14.25
0.2 12.57 10.08 9.02 13.43 10.77 9.63 14.93 11.97 10.71
0.05 20.58 16.73 15.64  21.98 17.87 16.70 24.44 19.87 18.57
0.35 0.12 15.52 12.62 11.79 16.57 13.47 12.59 18.43 14.98 14.00
0.2 11.34 9.22 8.61 1211 9.84 9.20 1346 1094 1023
0.05 26.53 2157 2016 28.34 23.04 2153 31.51 25.62 23.94
0.15 0.12 20.78 16.89 1579 2219 18.04 16.86 24.68 20.06 18.75
0.2 15.19 12.35 11.54 16.22 13.19 12.33 18.04 14.67 13.71
0.05 2416 2014 17.08 25.80 2151 1824 28.69 2391 20.28
1/3 0.25 0.12 18.92 15.18 13.11 20.21 16.22 14.00 22.47 18.03 15.57
0.2 13.83 11.09 9.83 14.77 11.85 10.50 16.43 13.17 11.67
0.05 22.64 18.40 17.20 24.18 19.66 18.37  26.88 21.86 20.43
0.35 0.12 17.07 13.88 1297 1823 1482 1385 20.27 1648 1540
0.2 12.47 10.14 9.47 13.32 10.83 10.12 14.81 12.04 11.25
0.05 28.24 2296 21.46 30.16 24.52 22.92 33.54 27.27 25.48
0.15 0.12 20.94 17.03 15.91 22.37 18.18 1699 24.87 20.22 18.90
0.2 15.55 12.64 11.81 16.61 13.50 12.62 18.47 15.01 14.03
0.05 25.72 21.53 18.64 27.46  23.00 19.91 30.54 2557 2214
1/5 0.25 0.12 19.07 15.81 12.93 20.37 16.89 13.81 22.65 18.78 15.36
0.2 14.16 11.92 9.91 15.12 12.73 10.58 16.81 14.16 11.77
0.05 23.52 19.12 17.87 2512 20.42 19.08 27.93 22.71 21.22
0.35 0.12 16.82 13.67 12.78 17.96 14.60 13.65 19.97 16.24 15.18
0.2 12.58 10.23 9.56 13.43 10.92 10.21 14.94 12.15 11.35
0.05 30.50 24.80 23.17 3257 2648 2475 36.22 2945 2752
0.15 0.12 22.62 18.39 17.19  24.16 19.64 18.35 26.86 21.84 2041
0.2 16.79 13.65 12.76 17.93 14.58 13.63 19.94 16.21 15.15
0.05 27.77 23.25 1999 29.66 2484 2135 32.98 27.62 23.74
1/8 0.25 0.12 20.60 17.08 13.89  22.00 18.24 14.83 24.46 20.28 16.50
0.2 15.29 12.88 10.62 16.33 13.75 11.35 18.16 15.29 12.62
0.05 2540  20.65 19.30 2713 22.05 20.61 30.16 24.52 22.92
0.35 0.12 18.16 14.77 13.80 19.40 15.77 1474 2157 17.54 16.39
0.2 1343  10.06 8.963 1512 1231 9.62 16.83 14.28 10.36

Table 4. Flashover experimental results under different conditions for porcelain, glass, and SIR insulators.

the insulator is in an abnormal state. When the flashover voltage indicator value exceeds 0.73, the insulator is in
critical condition.

Ranges of indices based on test data. The ranges of the proposed indicators for three insulators (por-
celain, glass, and SIR insulators) corresponding to the levels of SDD, NSDD, Wt, and PwPLwere categorized in
this section based on the LC data. The experimental findings confirmed that C1, C3, C4, C5and C7levels rose in
proportion to increasing SDD, NSDD, and Wt, but decreasing PWPL Meanwhile, with arise in SDD, NSDD, and
Wt, but adrop in PwPL, C2and Cé6declined. Table 6 displays the prediction of insulators conditions ranges based
on empirically derived indicators values.

To understand the prediction process ofinsulator conditions based on the proposed C1-C7indices, the com-
parison between the indices values in Table 5 and the boundary condition in Table 6 was performed, as follows:

(1) The proposed indices values at the normal range were observed in the clean and light pollution cases with
Wt less than 4 I/h and NSDD lower than 0.2 mg/cmz2. In this case, the possibility of discharge occurrence
is almost non-existent.

(2) According to Table 5, the insulator was in abnormal condition under light pollution (0.05 mg/cm2) with
heavy wetting Wt (9 I/7h) and moderate and heavy levels of NSDD (0.25 and 0.35 mg/cm?2) for all contami-
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nation distribution (PwPL) except the 1/8 level. In addition, the insulator under examination displayed
an abnormal condition in the presence of moderate pollution (0.12 mg/cm2) under moderate wetting Wt
(6 17h), NSDD (0.25 mg/cm2), and PwPL (1/1 to 1/5). In this condition, the discharge occurring probability
is low, except in cases ofextreme wetting, where the possibility of flashover increased.

(3) The critical condition ofthe insulator under test was found under two conditions: first, in medium con-
tamination condition under Wt (9 17h), NSDD (0.35 mg/cm2), and all contamination distribution cases;
second, in heavy pollution condition under medium and heavy levels for Wt, NSDD and all pollution
distribution cases. The discharge occurring probability in these conditions is high, especially under heavy
wet and heavy NSDD.

(4) The insulator must be inspected or cleaned when the values of Q, C3, C4, C5 and C7indicators are greater
than 2.8, 5.1, 2, 45, and 0.73, respectively, and the values for C2and Cé6indicators are less than 18.7 and 1,
respectively.

(5) The indicator values at pre-flashover show that these indicators can also be used to detect the flashover
phenomenon for contaminated insulators in operation.

Determination of indices performance. To determine the performance ofthe proposed indicators pre-
cisely, the ability ofthe indicators to accurately estimate the insulators’ state based on 912 tests for three insula-
tors under different conditions was examined. The sensitivity, precision, and accuracy of these indices were
calculated using the confusion matrix shown in Fig. 15 during the assessment. The parameters of the confusion
matrix were specified based on the insulator condition preparation. The decision of test results and proposed
indices are defined as:

The tested insulator condition and the indicator prediction for the insulator condition are positive.
The tested insulator condition is positive, but the indicator prediction for the insulator condition is negative.
The tested insulator condition is negative, but the indicator prediction for the insulator condition is positive.
The tested insulator condition and the indicator prediction for the insulator condition are negative.

oOo0w >

Table 7 indicates the positive and negative values for each indicator out of the 912 test samples. The reason
for the incorrect predicting findings is either due to alack ofcorrect application of contaminants on the surface
ofthe insulator or the incorrect indicator diagnosis. The number ofprediction results for each indication varied
when compared to the total number of test outcomes. The sensitivity, precision, and accuracy results of the
proposed indices are shown in Fig. 16.

The difference in the number ofexpected outcomes may help identify which indicators are the best, with the
indices with the most correct anticipated outcomes being the best. In other words, the indices with the greatest
number of correct predicted results will be the most accurate.

According to the indices prediction results, C6 (862) had the highest number of right projected outcomes,
followed by C3(852), C7(851), C4(832), Q (812), C5(801) and C2(793). Consequently, C6has the best indica-
tion accuracy, followed by C3, C4, Q, C5, and C2 (see Table 7). Meanwhile, C6has also the highest sensitivity,
followed by C7, C4, C3, C2, Cj, and C5(see Table 7). Furthermore, the "best" performance is defined as having
the smallest fluctuation between sensitivity and specificity42 According to Fig. 16, C6 has the least difference
between sensitivity and specificity, followed by C7, C4, C3, C2, C5 and C1

Leakage current measurement in the practical electric grid. It should be noted that testing the
insulators in actual sites differs from typical experimental test setups. Recent studies43-45 show that synthetic
accelerated tests are used in experimental settings to study flashover states of contaminated insulators. It should
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Figure 10. Leakage current indicators ofuniform polluted insulators under various Wt and NSDD: (a) Cj (b)
Cz; (c) Cs; (d) Cs; (e) Cs; () Q.

be highlighted that all these studies are based on the standard process for insulator tests35. IEC standard®
describes, for example, test types and methods of pre-contamination procedures in an experiment conducted to
imitate real on-site pollution situations. Following the standard in the artificial contamination processes should
therefore provide test circumstances similar to real on-site contaminated situations, albeit that some variations
and inaccuracies between synthetic pollution test conditions and real on-site circumstances (such as noise in
voltage and LC signal) are inevitable.

It is noteworthy that the proposed indicators have yet to be tested in real power distribution lines due to the
difficulties in accessing real power distribution lines locally. However, effort is currently underway to discuss such
apossibility with the local power network provider in accessing a real power distribution line for the purpose of
testing the proposed indicators under real operating conditions. Nevertheless, we illustrate in Fig. 17 on how the
proposed LC indicators can be used at an on-site power distribution line to predict the condition of contaminated
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1/3 1/5 1/8

Wtl/h - Ci C2 C3 Cs Cs Ce Ci C2 C3 C4 Cs Ce Ci C2 C3 C4 Cs Cs
0 044 8848 015 149 833 727 039 9025 014 149 829 880 036 9052 014 148 820 9.39
3 076 8537 039 159 1038 357 0.66 87.07 038 159 1032 369 062 8733 038 158 1022 3.89
6 100 7266 082 163 1145 332 088 7411  0.80 162 1140 350 082 7433 080 162 1128 3.67
9 133 62.01 108 164 1463 318 116 6325 1.07 1.64 1456 321 108 6344 106 163 1440 361
0 063 8691 031 165 903 715 054 8866 031 165 899 823 051 8892 031 164 889 859
3 106 7127 072 162 1105 295 092 7269 072 1.62 1099 3.09 086 7291 071 161 1088 3.22
6 127 5839 112 163 1304 28l 112 5957 111 1.63 1297 293 105 5974 110 162 1283 3.16
9 158 4592 323 165 1525 279 178 46.84 221 1.64 1517 296 129 4697 318 164 1502 296
0 077 8430 054 166 977 653 068 8598 054 166 972 7.75 063 86.24 053 165 9.62 867
3 139 6051 091 163 1353 228 121 6171 091 1.62 13.47 247 113 6190 090 162 1332 259
6 173 4319 317 164 1600 230 1.52 4406 316 164 1592 252 141 4419 312 163 1576 2.64
9 223 3576 58 165 1911 222 193 3647 585 165 19.02 240 181 3659 580 165 1882 251
0 054 76.64 066 167 833 558 047 7817 065 1.67 829 657 044 7841 065 166 820 823
3 125 5943 235 160 1555 136 110 60.61 234 1.60 1548 169 102 60.80 232 159 1531 2.04
6 139 4148 490 166 1915 139 121 4230 4.88 1.65 19.06 157 113 4243 483 165 1886 176
9 164 2923 845 232 2359 155 143 2981 840 232 2347 160 134 2991 833 231 2323 179
0 0.62 8169 082 253 1002 529 053 8332 082 253 997 599 050 8357 080 252 986 7.68
3 141 5653 588 167 2206 150 123 57.66 585 1.67 2195 163 115 57.83 580 166 2172 171
6 161 3253 705 227 2561 137 1.40 3318 7.01 227 2549 155 131 3327 695 226 2523 162
9 183 2703 897 252 3244 137 160 27.58 891 252 3228 163 149 2766 883 251 3194 167
0 079 7580 083 270 1005 435 069 77.32 0.83 270 10.00 491 065 7756 082 269  9.90 6.17
3 167 4269 538 169 3095 121 146 4355 536 168 30.80 143 136 4367 531 168 3048 152
6 172 2221 768 231 3513 121 150 2265 7.64 231 3496 134 140 2272 757 230 3459 159
9 220 1609 1082 259 4266 125 192 1642 1075 259 4244 129 180 1646 1066 2.58 42.00 147
0 071 6118 108 277 1006 357 060 62.41 1.07 276 1001 3.95 056 6260 106 275 991 493
3 224 3457 614 184 3710 070 1.94 3527 611 1.84 3691 079 18 3537 605 184 3652 095
6 249 1892 797 249 4193 066 216 1930 7.92 249 4172 069 203 1935 7.85 248 41.28 083
9 308 1245 1178 262 4441 063 269 1269 1171 262 4418 0.60 252 1273 1160 261 4372 075
0 0.87 4579 132 282 1094 343 076 4670 132 281 10.88 3.74 071 46.85 130 280 1076 450
3 248 2847 999 190 4629 074 216 29.04 9.94 1.89 46.06 075 202 2912 984 189 4558 0.79
6 2,78 1155 1167 257 4854 066 242 1178 1160 256 4830 074 227 1182 1150 255 47.79 074
9 338 112 1573 258 5457 056 294 114 1563 258 5430 061 275 115 1549 257 5373 068
0 091 3535 066 275 1078 335 0.78 3605 0.66 275 1073 3.64 074 3617 065 273 1062 4.23
3 319 422 1083 202 5243 059 292 431 1076 201 5217 0.67 175 432 1066 201 5161 082
6 483 223 1334 260 6015 070 3.44 227 1327 260 59.86 060 224 228 1315 259 5923 0.70
9 551 0.0 2096 266 6175 048 480 0.00 19.80 265 61.44 055 448 000 1751 2.64 60.80 063

Table 5. LC indicators under various SDD, wetting rate Wt and NSDD for non-uniform polluted porcelain

(2022)12:14974 |

insulator. Significant values are in [bold].

insulators. The ground electrode ofthe glass insulator on a 11 kV distribution line can be connected to aresistive
divider and subsequently to an oscilloscope for signal reading.

Conclusions

To effectively analyse the stability of contaminated insulators, this article conducted an experimental analysis
ofleakage current indices. The contamination, wetting rate, non-soluble deposit density, and non-uniform dis-
tribution pollution were all studied and executed on the porcelain, glass, and SIR insulators. Then, based on the
laboratory test results, the time and frequency characteristics of the leakage current and flashover voltage were
extracted and employed as assessment indicators for the insulators’ physical conditions. The ranges ofthe leak-
age current indicators for four different insulators’ conditions were classified. The confusion matrix technique
was used for assessing the performance of the proposed indicator. The indicators are all relevant in detecting
the condition ofcontaminated insulators. The C6, C3, and C4indicators perform better than other indicators in
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Figure 11. LC indicators versus NSDD for tested insulators under SDD =0.2 mg/Zcm2, Wt=9 I/h and P./

P =1/1: (a) Q; (b) Cz; (c) Cs; (d) C4; (e) Cs; (f) Ce.
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Figure 14. Flashover voltage indicator under different: (a) SDD; (b) NSDD; (c) Wt; (d) PwPL

Indicator Normal range  Abnormal range Critical range  Pre-flashover value

C1 <1.165 >1.165and <2.86 >2.86 >10
Cc2 >59.3 >18.7 and <59.3 <18.7 «0
C3 <153 >1.53 and<5.1 >51 >28
C4 <16 >1.6 and<2 >2 >2.8
Cs <15 >15 and <45 >45 >65
[e5) >3 >land<3 <1 <0.4
Cc7 <0.62 >0.62 and <0.73 >0.73 >0.85

Table s. Insulator condition dependent on experimentally determined indicators values.

terms of accuracy, with 0.950, 0.935, and 0.923, respectively, according to the confusion matrix analysis. Future
research directions linked to the diagnosis ofthe insulator condition can include, but are not limited to, the fol-
lowing work: (1) testing the proposed indicators in real power distribution lines; (2) designing a device capable
of directly detecting the state ofthe insulator and wirelessly transferring the data based the proposed indicators
in this work; and (3) developing a new optimization technique to denoise and classify the signal captured directly
from the transmission line based on the insulator’s conditions.
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Figure 15. Confusion matrix for determining indices’ sensitivity, specificity, and accuracy.

Indicator A B C D Sensitivity ~ Specificity =~ Accuracy

c1 812 62 39 23 0954 0271 0.892
c2 793 66 45 32 0.946 0.327 0.881
C3 852 34 27 23 0.969 0.404 0.935
c4 832 43 29 32 0.966 0.427 0.923
Cs 801 64 44 27 0.948 0.297 0.885
I 862 23 24 27 0973 0.540 0.950
cr 851 35 26 24 0.965 0477 0.918

Table 7. The indices’ sensitivity, specificity, and accuracy for the 936 tests.
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Figure 16. The indicators sensitivity, specificity, accuracy, and the difference between sensitivity and specificity.
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Figure 17. lllustration of on-site insulator testing.

Data availability

All data generated or analyzed during this study were included at https://github.com/Salem1985-dot/ali.git. All
data in this work has been obtained from the insulators test in a high voltage laboratory, Universiti Teknologi
Malaysia (UTM), Johor Bahru, Malaysia.
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