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ABSTRACT The current paper presents an alternative and innovative technique to predict the severity of
pollution of high voltage insulator using a higher harmonics component with up to the 7" component of
leakage current. The leakage current was measured using a current transformer and a shunt resistor. Next,
laboratory tests were conducted on glass and porcelain insulators with artificial pollution under salt-fog
pollution state which is further represented by three levels, namely light, medium, and high contamination.
In this case, the formulation of a new severity of harmonic index refers to a ratio of the sum of 5 and
7" to the 3™ harmonic component. More importantly, the new index managed to provide more accurate
results when used as a diagnostic tool for the levels of pollution, compared to the ratio of the total
harmonic distortion (THD) to the number of odd harmonics components (n) as the boundaries. In this
case, the insulators were found to be in a clean and normal condition when the K(s47y/3 value was greater
than 3%. Contrastingly, the insulators were in an extreme condition when the K(57)/3 was lower than 3%.
Nevertheless, there is a high probability of a flashover in glass and porcelain insulators if the K (547),3 value
is less than 2%. The present study shows the possibility of utilizing the value of strange harmonics up to
the 7" component of leakage current as the parameter for the monitoring of leakage current in overhead
insulators in the presence of contamination. Overall, it can be concluded that the 3rd 5t and 7% harmonics
details extracted from the leakage current act as a good indicator for the level of contamination.

INDEX TERMS Polluted insulators, leakage current, harmonic components, total harmonic distortion, fast

fourier transform, salt fog.

I. INTRODUCTION

High voltage insulator is one of the vital components in
the power system and delivery. Generally, it is utilized to
isolate the conductor from the grounded tower as well as
provide mechanical support for the power lines. Regarding
this matter, it should be noted that the performance of the
outdoor insulator is highly influenced by various mechan-
ical and environmental factors such as the type of mate-
rial, installation arrangement, and pollution severity [1]-[3].
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Moreover, the polluted environment tends to cause the insula-
tors to be susceptible to the high magnitude of leakage current
and lead to an increase of discharge activities over its surface.
Accordingly, these conditions may result in an undesirable
flashover phenomenon which can cause an interruption in
power transmission [4]—[7]. Therefore, the condition moni-
toring of the leakage current requires considerable attention
in ensuring the overall health of the insulator. Accordingly,
this will improve the understanding of the power supply
reliability.

The deposited surface pollutant such as dust and chemical
emission can be regarded as one of the biggest threats to
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TABLE 1. Performance comparison of proposed approach to evaluate the contaminated insulators conditions from previous studies with respect to
parameter index, define index, application, limitation, efficiency, method and acquisition system.

True predict Acquisition

Ref Parameter Index Define index Application Limitation Method
/all tests system
Frequency String/ Single . . .
[12] . N/A . N/A N/A Analytical Online/offline
harmonics insulator
[20] Phase shift cos (By — 6)) Single insulator N/A 8/11 Determined Oftline
s String/Single . .
[21] FOV Fitting curve . Flashover N/A Regression Offline
insulator
[27] THD THD Single insulator N/A N/A Analytical Online/offline
[30] 3rd, 5th 5th /3rd Composite N/A 32/41 Determined Oftline

outdoor insulation, thus leading leads to material degrada-
tion resulted from surface tracking and erosion. In addition,
the insulator surface characteristics may undergo a few
changes due to the arcing and corona activities which can
lead to premature ageing [8]-[11]. Regarding this matter, it is
important to note that all of these factors are a well-known
phenomenon that promotes the increase in the magnitude of
leakage current (LC) flow over the insulator surface. Accord-
ingly, the assessment of outdoor insulator properties and its
long-term performance has been a major area of interest in
the scholarly community [12]-[16].

In particular, one issue of interest refers to the establish-
ment of an accurate relationship between the leakage current
and pollution severity when the insulator is in service. In this
case, several authors [17]-[19] have predicted the pollution
severity by employing the statistical values of the LC which
include the mean, maximum, and standard deviation (STD)
values. Specifically, these values allow the dimensions and
severity of the pollution layer to be estimated. In another
approach [20], the phase shift between the currents and
voltage waveforms was monitored to predict the pollution
level. In particular, the result indicates that the variations
in the cosine of the phase angle (displacement factor) are
a good indicator in determining the pollution and humidity
difference with respect to the clean and dry condition [20].

On a similar note, the flashover v measurement method
can be utilized to access the pollution severity on outdoor
insulator [10], [21], [22]. However, it should be understood
that this approach requires the insulator to achieve the range
of the flashover voltage. Furthermore, prior knowledge on
the parameters such as the dry bands are deemed neces-
sary. Meanwhile, another interesting approach that can be
used to predict the pollution severity refers to a technique
known as the leakage current extraction which has been
widely adopted by several researchers [23]-[25]. In this case,
the leakage current time profiles are analyzed in the frequency
domain using Fast Fourier Transform (FFT), power spectrum,
or wavelet analysis. Overall, it has been concluded based on
the frequency content that the presence of leakage currents
intensifies the odd harmonic components of the leakage cur-
rent. The results found that the harmonics of concern are
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150 and 250 Hz for the 50 Hz system [25]. Accordingly, this
seems to suggest that the intensification leads to the increase
of the total harmonic distortion (THD) which tends to vary
depending on the pollution level [26].

Table 1 summarizes existing significant work which
explored different approaches in monitoring the health of the
insulator. Apart from that, it is deemed extremely useful to
have an index (a number) that reflects the health condition
of the insulators as suggested by [27], [28]. It would be very
useful to have an index (a number) that Regarding this matter,
authors in [14] adopted the frequency components decom-
position concept to compute the related indices. Specifically,
the ratio of the 5"/3™ harmonic of the leakage current and the
THD was computed in predicting the flashovers occurrences.
The reported results on silicon rubber and porcelain insulators
indicated a strong relationship between the pollution severity
and the value of this ratio. Nevertheless, a search of the
literature revealed that the severity research on the porcelain
and glass insulators concerning the 7" component of surface
leakage current has never been attempted. More importantly,
this approach is expected to produce a more accurate pre-
diction compared to the 5%/3™ ratio. Therefore, the current
research aims to develop a new indicator based on the odd
harmonic ratio up to the 7 considering the significant effect
of different wetting levels of pollution on the performance of
leakage current. In addition, three different rates of wetting
will be applied to establish a reliable result, followed by an
observation on the THD of the leakage current concerning
the pollution level boundary on 22, 33, and 66 kV insulator
strings.

Il. LEAKAGE CURRENT HARMONICS

A. BACKGROUND THEORY

In electrical discipline, the term harmonics refers to a sinu-
soidal waveform which is described as multiple frequencies
of the system. For example, the frequency which is three
times the fundamental is known as third harmonics, followed
by fifth harmonics as the five times the fundamental, and
others [29]. Hence, the harmonics (especially the odd har-
monics 39, 51 and 7M) are regarded as a dominant factor
in the production of distortions on the current and voltage
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FIGURE 1. Current waveform with harmonics and expansion of the overall
current into its harmonic components 1 (fundamental), 3, 5, and 7 [29].

waveforms. Figure 1 shows the leakage current waveform /(¢)
and its odd harmonics 1st, 3™, 51 and 7th,

The frequency of the harmonics component is given as
follows:

Jo=hx[fr ey

where f;, is the frequency of the harmonic, / represents the
harmonics order number, and fr postulates the fundamental
frequency. In Figure 1, the distorted leakage current wave-
form I(¢) can be observed with its constituent harmonics
in time and frequency domains. The general expression of
leakage current harmonics waveform can be written as shown
below:

Iy = Ly sinQr(h x fe)t +¢p) h=1,3,5T..n (2)

Meanwhile, the current for odd components from /% to 7th
can be expressed as:

I = Ly sinQRm (1 x fr)t + ¢1) For 15t component
I = L3 sinRr (3 x fr)t + ¢3) For 31 component
Is = Iy5sin(2w (5 X fr)t + ¢s) For 5th component
I; = L7 sinQu (7 X fr)t + ¢7) For 7™ component

3
The total leakage current can be given as:
7
I(t):Zlh h=1,3,5 and7 )

h=1

where Iy, I,,, and ¢y, respectively represent the current of Kt
harmonic component, the amplitude of 4" harmonic com-
ponent, and the phase angle between fundamental and A’
harmonic component. The fundamental frequency fr = S0Hz
is in accordance with the Malaysian power system. The total
harmonic distortion THD is calculated by [30],

ISy
h=2

I

where n represents the last odd harmonic component number.

THD = 5)
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B. LEAKAGE CURRENT CRITERIA DIAGNOSTIC

On another note, the present study proposed the criteria
for the detection of insulators conditions. More importantly,
it should be noted that the indexes took into account the
parameters that have a direct impact on leakage current
value which include odd harmonics components, total har-
monic distortion, and phase shift between leakage current and
voltage.

As previously mentioned, the variations of third, fifth,
and seventh harmonics components are commonly used as
the criterion to evaluate the contamination severity for the
service condition of insulators. In addition, the rate of total
harmonic distortion THD to the number of odd harmonies
41 (n£1) plays an important role in the diagnosis of pol-
lution intensity which will be used as the limits for index.
Meanwhile, the number of harmonics +1 (n%1) is used as
confidence intervals for medium pollution level, followed
by the (nx1) which is adopted as inequality among the
three pollution levels. For example, light pollution higher
than the upper limit at THD/n—1, medium pollution between
upper limit at THD/n—1 and the lower limit at THD/n+1,
and heavy pollution below the lower limit at THD/n+1.
Regarding this matter, it is important to understand that
the increase in total harmonic distortion and third harmonic
component, especially of LC is resulted by surface pollution
including other effects such as humidity and temperature.
Therefore, the index K(547)/3 is defined as follows:

(5™ + 7™) harmonics compenents

Kisy73 = (6)

3rd harmonic compenent
where 3, 5t and 7™ respectively represent the third, fifth,
and seventh leakage current harmonics components. In the
case of the present study, odd harmonics until the 7" compo-
nent were used to analyse the pollution severity on the surface
of the insulator which is further clustered as below:

THD .
K73 > 1 Light

THD K THD Medi
> > — edium
1 73> 7
© THD o
< —— Heav
(5+7)/3 n+ 1 y

where n is the number of odd harmonics until the
7% component.

lll. EXPERIMENTAL SETUP

A. SPECIMEN PREPARATION

In the current research, two suspension types of insulators
were adopted, namely the glass insulator and porcelain insu-
lator. Table 2 tabulates the dimensions and parameters, as well
as the profiles of both insulators. As can be observed, H is
the insulator height, D refers to the insulator diameter, and
L postulates the leakage distance. Meanwhile, the picture
of a two-unit glass insulators string tested in contaminated
conditions is depicted in Figure 2.
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TABLE 2. Tested insulators parameters.

TABLE 4. ESDD and electrical conductivity for tested specimen.

Profile H(mm) D(mm) L(mm) Type
A N
(= \i) 46 255 320 (orass
\ Y. (GLASS)
-

XP-70

146 255 305 .
(Porcelain)

FIGURE 2. Contaminated glass insulator for laboratory testing.

TABLE 3. The test insulators strings.

Name of . .
Disc Operating
Insulator Type THD%
. number voltage (kV)
string
SA 2 22 3.37
SB 3 LXY1-70 33 4.69
(glass)
SC 5 66 6.32
SD 2 22 337
PX-70
SE 3 . 33 4.69
(Porcelain)
SF 5 66 6.32

The set of insulators strings (SA, SB, SC, SD, SE, and
SF) used for laboratory testing in the current work is tabu-
lated in Table 3. Specifically, the applied voltages of 22-kV,
33-kV, and 66-kV AC were selected with THD of 4.37%,
5.69% and 7.32% respectively to simulate the operating volt-
age of distribution lines. Meanwhile, five different pollutions
with different ratios of the NaCl solution were used as a solu-
ble contaminant in representing clean, light, moderate, heavy,
and very heavy polluted condition. In addition, the equivalent
salt deposit density (ESDD) values were adjusted to model
various levels of pollution as shown in Table 4.

As can be observed in Table 4, the ratio (R %) is defined
as the amount of salt which is mixed in 1-litre water. In this
case, the solid layer method was employed to apply the
contaminants on the surface of the insulators [11], [31], [32].
Accordingly, the test specimens were sprayed with the pre-
pared solutions and dried naturally at a temperature of 27 C °©
for 24 hours before being suspended inside the chamber.
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S -
R % ESDD Measured electrical Pollution

Salt /water (mg/om?) conductance veri

(¢/1liter) gle (mS/em) severity
0.00 0.00 0.00 Clean
0.03 0.061 0.473 Light
0.05 0.122 1.326 Medium
0.1 0.208 2..287 Heavy
1.8 0.3 3.6897 V Heavy

Next, the values of ESDD were extracted by mixing different
proportions of salt NaCl to 1-liter of distilled water (R%)
(Table 4) considering that it will provide a direct effect on
electrical conductivity o of the polluted layer. Regarding
this matter, approximately 40 (g/l) Kaolin powder can be
used for non-soluble contaminant according to the IEC50607
standard [33].

Next, the insulators that were completely dried then sus-
pended in an artificial test chamber made of polycarbonate
sheet walls with the dimension of 50 cm x 50 cm x 75 cm.
Specifically, a total of eight nozzles were placed around
the internal wall of the chamber, fed from a compressed-air
pipeline and a water pipeline.

Next, the polluted insulators were wetted with light,
medium, and heavy fog conditions which are respectively
represented by an approximate of 7 + 0.5 g/s.cm?, 43.3 &
1.5 g/s.cm?, and 83.8 & 2.3 g/s.cm® of flow rate. Apart
from that, the chamber temperature was regulated between
26 C ° and 30 C °, while the relative humidity produced
by the fog generator was maintained between 79% and 99%.
The schematic diagram of the leakage current test used in
the present study is shown in Figure 3.

Chamber

Measuring Capacitor

HYV Test Transformer| Computer

N
’ 0-220 kV I || |

Control panel

3
generator

FIGURE 3. Schematic of the leakage current test circuit.

B. CONDUCTIVITY AND ESDD MEASUREMENT

The uniformly contaminated layer was carefully removed
from the surface of the insulator to calculate the conductivity
and equivalent salt deposit densities (ESDD), which was then
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dissolved in 1-litre de-ionised water. Next, the conductivity
of the solution was measured under room temperature using
a conductivity meter HI8733. In this case, the conductivity o
and ESDD were calculated according to the IEC 60507 [33]
as described in the following expressions:

Sy xV

ESDD = 8)
Sa = 5.7 x (020)"" )
o2 = oy X [1 — b6 — 20)] (10)

b=09x 10762 - 0.8 x 10730 +0.0353 (11)

where o;9 defines the layer conductivity at 20°C, oy is the
volume conductivity at 8°C, 6 postulates the temperature
of the solution, and A refers to the area of insulator sur-
face. As can be observed, Sa represents the salinity of the
solution, V is the volume of the solution (cm3), and b is
the factor depending on temperature & which is found to
be approximately equal to 0.02 at the test room temperature
0 = 27°C [33].

The non-soluble deposit density (NSDD) was calculated
based on the following expression [33]:

(wr —wy) x 103
A

where wy is the weight of the filter paper containing pollu-
tants, followed by w; which describes the initial weight of
the filter paper under dry conditions, and A represents the
insulator surface area.

NSDD = (12)

C. LEAKAGE CURRENT MEASURMENT SETUP

In the current research, the diagnosis of contamination sever-
ity on the insulator surfaces was carried out in two stages,
namely the measurement stage and investigation state. The
measurement stage involves the process of transmitting mea-
sured data from tested insulator strings to the storage system
during the test. Next, the investigation stage’ was imple-
mented using LABVIEW software with the main function of
collecting and analysing data. Moreover, appropriate alarms
will be generated when prospective hazardous pollution lev-
els are detected. Specifically, the measurement stage was
carried out in an artificial test chamber based on the following
specifications: A 230 V/100 kV, 5 kVA, 50 Hz. Meanwhile,
a single-phase transformer was used to provide single-phase
AC voltage up to 66 kV to energise the tested samples,
while the supply voltage was measured using a capacitive
divider. Figures 3 and 4 demonstrate the experiment setup and
pictorial view of the leakage current measurement system.
As can be observed, the leakage current of polluted string
insulators was measured using the voltage divider (1000:1)
located between the top insulator cap and the ground elec-
trode. The voltage divider was chosen based on the protection
of monitoring and measuring equipment which can decrease
the recorded data values within the allowable input voltage
range of the DAQ card NI6024E (£10 V) [34]. The results
of the experiment were recorded using Data Acquisition
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FIGURE 4. Laboratory setup.

System (DAQ) that is able to directly convert the measured
voltage to leakage current.

Next, the measured leakage current was saved to the PC
in CSV (MS-excel) file format. To the best of the author’s
knowledge, the leakage current test had to be repeated at
least four times for each case; hence, the mean values of all
recorded leakage currents were calculated as the final result.

The operating voltage for each group was energised after
the wetting process of the contamination layer was com-
pleted. As mentioned above, the elaborated monitoring sys-
tem is intended to measure the leakage current (LC) on the
polluted insulators. The measured data will then be trans-
ferred to a collecting system where the data can be anal-
ysed to determine the pollution conditions of the insulators.
Regarding this matter, it should be noted that the collecting
system consists of two units, namely hardware and software.
The software unit is utilized to take measurement from the
DAQ card NI6024E, save the data, and then display it on
a graphical interface. Apart from that, the software unit is
also used to detect and manage alarms by generating warn-
ing messages. In the present study, software LabVIEW was
employed for the implementation of the software interface
of the supervision system. Specifically, the launching of the
software was carried out by projecting a dialogue box on the
display. The front panel allows the user to record the current
session online, load an old session, or display the alarm
history. Moreover, the interface of a current session shows the
evolution time of LC, applied voltage, and spectrum analysis.
Figure 5 presents the real-time leakage current and voltage
signal waveform in the time and frequency domain. The
graphical interface allows the monitoring and recording of
data to:

« Display current and voltage waveform.

o Perform FFT analysis and display the values of harmon-
ics as well as THD.

o Save the measured data to CSV (MS-excel) files for
post-processing.

Figure 6 illustrates the diagram of the LabVIEW block
which is the source code of the VI- the built-in language of
graphical programming of LabVIEW. In addition, it should
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FIGURE 5. LabVIEW user interface panel.

0 s M0 s o0 mo a0 o4 &0 si
e

FIGURE 6. LabVIEW block diagram:(1) DAQ Block, (2) FFT transform
waveform, (3) Show harmonics values, (4) Save data (5) Leakage current
history, (6) Timer (7) Current and voltage waveform and (8) Start/stop.

be noted that the block diagram is the actual executable
program consisting of built-in functions, constants, sub-VIs,
and control structures for program execution. The LABVIEW
program runs in conjunction with the test run for the purpose
of capturing and storing data.

In this case, the alarms will be generated during the leakage
current measurement, which indicates a dangerous situation.
Meanwhile, the analysed saved data and alarm generating his-
tory can be read from the LabVIEW interface. More impor-
tantly, the odd harmonics, total harmonic distortion, and
phase shift angle of the current waveforms have been deter-
mined as the main part of the diagnostic process. Regarding
this matter, voltage distortions were also taken into account
considering its sensitivity towards the changes in the level of
pollution of insulator surface [35].

The total harmonic distortion was employed in the current
research as a judgment on the degree of intensity of pollution.
Apart from that, it was also aimed at studying the distorted
LC signals resulted from the presence of discharges. In this
case, it should be noted that the leakage current signals from
the test sample are analogues in realty. In particular, these
signals are subjected to digitising before arriving at PC using
DAQ. Meanwhile, the signals were acquired by DAQ through
a process known as sampling, followed by the digitising of
the analogue samples. A sampled signal can be given as
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follows [36]:

x5(r) = g(t)x(1) 13)
s .
- ( Z Cne/'ﬂ”fsf>x(z) (14)
n=—0o0

> .

= > Cux(t) ™! (15)
n=—0oo

where x(t) represents the periodic waveform at t = n*T,

T postulates the single sample period, C, is the Fourier
coefficient at T, and g (¢) describes the sampling function at
fs=1 / T. Meanwhile, the equation in the frequency domain
is written as below:

o

X ()= / x (t) e 2 gy (16)
—00

where f represents the frequency. In this case, the numerical

integration was performed to calculate the Fourier transform

to obtain the discrete Fourier transform (DFT) using the

following expression:

N-—1
X = ane_ﬂ”k”/N k=1,2...N (17)
n=0

where n represents the sample number.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. VALIDATION OF LABVIEW SOFTWARE

The results of the validation of LabVIEW software was
carried out by comparing the achieved LabVIEW outcomes
with those given by the oscilloscope connected in paral-
lel. Table 5 presents the measurement of leakage current
under several factors which are the light pollution level of
0.06 mg/cm? ESDD, fog rate of 7 # 0.5 g/s.cm?, and operat-
ing voltage of 11kV.

TABLE 5. LabVIEW and oscilloscope results comparison.

Leakage current Results by Results by Error %
characteristics LabVIEW oscilloscope
LC peak 0.814 0.187 0.002121
Ist 0.796 0.799 0.001212
3rd 0.163 0.164 0.000707
5th 0.329 0.327 0.001414
7th 0.145 0.146 0.000707

B. LEAKAGE CURRENT COMPONENT OF CLEAN
INSULATORS UNDER DRY CONDITION

Figure 7 illustrates the time leakage current waveform and its
FFT for the insulators string in clean condition for dry and
different levels rate of fog. In this experiment, the operating
voltage was energised for each string.
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FIGURE 7. Leakage current components of clean-dry insulators strings
under operating voltage.

As can be observed, the LC values are very small in mag-
nitude and predominantly capacitive with approximately 90°
phase shift on a clean surface as shown in Table 6.

Nevertheless, no traces of flashover could be observed in
this condition test. The harmonics and phase angle of leak-
age current are useful in understanding the behavior of the
equivalent circuit of the insulator. In addition, it is important
to mention that the indices of diagnostic were determined
using odd harmonics, THD, and phase angle. In clean-dry
case, the 3rd harmonic component always appears to be less
than the 5th harmonic component as shown in Figure 7(c).
Meanwhile, the phase shift angle was determined by cal-
culating the difference between the angle of LC in normal
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TABLE 6. Leakage current components in mA of clean insulators under
dry condition and operating voltage for each string.

String insulators types -

LC Operating voltage

components g SB sc SD SE SF
22 kV 33kV  66kV 22kV  33kV 66 kV

1st 0.176 0.168 0.161 0.171 0.162 0.15
3rd 0.0002  0.0003 0.0002  0.0004 0.0003 0.0002
Sth 0.006 0.005 0.007 0.004 0.006 0.005
7th 0.003 0.001 0.001 0.0008  0.0006  0.003
THD 529% 4.44% 532%  457%  441%  4.52%

0 ~90

condition (using 90° as reference) and angle LC in the other
conditions using FFT analysis of two cycles of the leakage
current signal. The results for the insulator strings (SA, SB,
SC, SD, SE, and SF) in clean and dry cases show that the peak
values of leakage current are 0.176 mA, 0.168 mA, 0.161 mA,
0.171 mA, 0.162, and 0.150 mA, respectively.

C. LEAKAGE CURRENT COMPONENT OF CLEAN
INSULATORS UNDER WET CONDITION

In the case of the present study, the clean insulators strings
were tested under different levels of fog flow rate and oper-
ating voltage. The results of LC measured under three lev-
els of wetness for insulator string A (SA) are illustrated in
Figure 8. As can be observed, the result shows the insignifi-
cant influence of fog flow rate in leakage current amplitude
on the clean insulators. However, a slight increase is notable
in the LC value due to the increase in wetness rate when the
samples were tested in clean condition. A possible expla-
nation for this may be described by the presence of more
water droplets that raises the conductance along the insulator
surface. Consequently, this produced an easier path for flow
current in the form of the positively and negatively charged
ions that move from one electrode to another. Apart from
that, the increase in the leakage current is clearly shown to
be accompanied by an increase in phase shift angle § due
to the enhanced resistive current without a change in the
capacitive current. For instance, the leakage current values of
insulators string A (SA) are 0.176 mA, 0.226 mA, 0.284 mA,
and 0.345 mA when the flow rate of fog are 0.00 g/s.cm?,
74 0.5 g/s.cm’, 43.3 & 1.5g/s.cm?, and 83.8 & 2.3 g/s.cm?,
respectively.

D. LEAKAGE CURRENT COMPONENT OF POLLUTED
INSULATORS UNDER DRY CONDITION

In this section, LC measurement was carried out for the
varying levels of pollution of insulators strings under dry
condition. Figure 9 illustrates the leakage current waveform
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FIGURE 8. Leakage current waveform and its FFT for clean-wet insulator
string A (SA) under different fog flow rates.

and the frequency spectrum of the insulators string A (SA)
for the considered ESDD (0.06, 0.14, 0.22 and 0.3 mg / cm2)
with 0.15 mg/cm? NSDD under the operating applied voltage
which occurred in a uniform pollution condition. According
to Figure 9, no significant change in leakage current value
can be observed for the varying levels of pollution (ESDD)
under dry condition. As can be observed, the increase in
the dry contamination severity on the surface insulator has
caused the odd harmonics of leakage current to amplify itself.
On the other hand, the sinusoidal waveform becomes less
deformed with the decrease of the capacitive character of the
pollution layer. Apart from that, it also decreases the insulator
surface resistance [37]. More importantly, it should be noted
that the increase in LC is accompanied by an increase in
THD coefficient as well as the decrease in the LC phase
shift resulted by the increased contamination severity for dry
insulator string. For example, this can be observed in string
insulator SA shown in Figure 10. The standard deviation
obtained is between 0.12% and 0.24 %.

E. LEAKAGE CURRENT COMPONENT OF POLLUTED
INSULATORS UNDER WET CONDITION

The result of the test showed no traces of flashover in normal
condition. Moreover, it can be observed that the value of the
15t harmonic component of leakage current increases consid-
erably with the increase in the wetting rate. Meanwhile, the
3 harmonic of the leakage current appears to be less than the
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FIGURE 10. THD and LC phase shift against pollution level.

5™ harmonic in the polluted insulators without the presence of
fog. On the other hand, a significant change in odd harmonics
(3", 5t and 7™) can be detected when fog is applied and the
wetting rate on the insulator surface is increased. Moreover,
the 3™ harmonic started to escalate until it exceeds the 51
harmonic, while the value of the 7 harmonics increases and
become approximately equal to the amount of 3™ harmonic.
Regarding this matter, it is important to note that the changes
in harmonics magnitude were resulted by the decrease in the
pollution layer resistance due to the moisture absorption of
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the fog. The increase in leakage current components for the
3t 5t and 7™ harmonics caused by the increase of the rate of
wet and pollution level has led to the increase in the leakage
current value I(t). Figure 11 and Figure 12 show the influ-
ence of the increase of wetting rate and contamination level
on the leakage current components and THD of insulators
string A (SA) under a standard applied voltage.
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FIGURE 11. Leakage current with vary of ESDD and wetting rate for
insulator string A (SA).
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FIGURE 12. THD with vary of ESDD and wetting rate for insulator
string A (SA).

Meanwhile, Table 7 provides the overall results obtained
from the experimental tests for the leakage current compo-
nents which include the magnitude, harmonics, THD, and
phase shift for the tested insulators strings (SA, SB, SC, SD,
SE, and SF) under different levels of contamination, namely
light, medium, and heavy with the presence of different input
rate of fog. The results of the LC measurements reported
in Table 7 show that the leakage current in the condition
of wet insulator increases remarkably compared to the clean
state. Accordingly, this seems to suggest that the growth in
wetting rate has a considerable influence on the growth of the
odd harmonic of the leakage current as well as the behavior
variations of the insulator. Hence, it can be expressed that
the insulators are in a normal working state when the value
of the 5 harmonic is higher than the 3". The increased
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value of the leakage current harmonics components caused
by the increased pollution further indicate the influence of
wet-contamination on the behavior of electric of insulators.

On another note, the possibility of flashover occurrence is
high when the wetting rate is high under pollution condition.
Regarding this matter, it was found that the growth rate of 3™
harmonic prevailed over the 5™ harmonic even though both
the 3" and 5™ harmonics increased simultaneously. In addi-
tion, the insulator conditions became the most dangerous as
the 3" harmonic became higher than 5%, while the percentage
of the flashover occurrence increased due to the increase in
the electrical conductivity of the pollution layer.

The electrical conductivity in the surface of insulator
increases with an increase in the amount of the dissolved salt
and wetting rate of pollution layer, which increases the leak-
age current. On another note, the leakage current harmonic
distortion (THD) increased in the high wetting rate level as
a result of complete wetness and flow of liquid drops on the
surface. Hence, this led to increased electrical conductivity
on the insulator surface. Regarding this matter, it should be
noted that the leakage current parameters including the total
harmonics distortion and phase shift angle can be considered
as an appropriate criterion in determining the pollution level.
The total harmonics distortion showed a comparable ten-
dency with LC magnitude of insulators, while the phase shift
of LC was subjected to a significant drop due to the increased
severity of contamination under wet condition. For example,
the corresponding leakage current was 1.45 mA, 1.94 mA,
2.86 mA, and 4.72 mA for insulator string Type A (SA) under
wetting rate of 7 £ 0.5 g/s.cm’ when the ESDD was 0.06,
0.12,0.2,and 0.3 mg/cmz, respectively. In addition, the leak-
age current under light wetness increased by 33.8%, 97.24%,
and 225.5% when the ESDD was increased from 0.06 t0 0.12,
0.2, and 0.3 mg/cm?, respectively. Meanwhile, the percentage
of leakage current under medium wetness was increased to
50.88%, 141.42%, and 466.3%, while the leakage current
under high wetness condition rose by 50.52%, 177.6%, and
529.68%, respectively with the same increase in ESDD.

Figure 13 shows the relationship between the contamina-
tion level and wetting rate with the peak leakage current.
Overall, the leakage current is expected to increase with the
increase in the severity of contamination (ESDD) and wetting
rate. The insulator that continues under operating voltage in
light pollution condition remains to be properly functioning
in all wet levels without any occurrence of flashover among
the insulator strings. On another note, wetness is the most
critical condition for the polluted insulator (especially in
medium and heavy contamination severity) considering that
a sudden increase in the surface conductivity of the insulator
is triggered by the moistening of certain components of the
pollution layer as well as the dissolving of soluble salts.
Accordingly, this event ultimately contributes to the partial
discharge on the insulator owing to the leakage flow and
formatting of the dry bands. In the present study, some partial
discharges and flashover process occurred at moderate and
high fog rate under ESDD of 0.12, 0.2, and 0.3 mg/cm?
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FIGURE 13. Time and frequency domains of leakage current for polluted
insulators string A (SA) under (a) 7 + 0.5 g/s.cm3, (b) 43.3 £ 1.5g/s.cm3,
(c) 83.8 £ 2.3 g/s.cm3.

(medium and heavy contamination levels) for all types of
samples strings, which resulted in the appearance of pulses
in the signal. Therefore, it is important to mention that the F
sign shown in Table 7 indicates that the flashover occurred
at a voltage less than the operating voltage on the insulator
string.

V. DISCUSSION IN THE FUNCTION RANGE OF THE
INDICES K(s,7)/3
A. K(5.7)/3 INDICATOR AND ITS OPERATING
Figures 14 to 16 show the simplified process of identify-
ing and validating the proposed new technique concerning
the odd and total harmonic as well as the distortion of the
leakage current of SA, SC, and SF insulator strings which
are used as a tool in the estimation of the contamination
level. As previously mentioned, the variations of 3™, 5%,
and 7™ harmonic components were adopted to evaluate the
contamination severity of insulators under service condition.
Meanwhile, the THD to the number of odd harmonies
+1 (n£1) plays an important role in diagnosing the inten-
sity of the pollution which is specifically used as limits.
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The increase of total harmonic distortion and 3" harmonic
component, especially of LC was the result of surface pol-
lution and several other factors such as humidity and tem-
perature. Figures 14 to 16 present the new index K(s47),3 and
(THD/n=+1) versus different levels of Equivalent Salt Deposit
Density (ESDD) for the tested insulator in both single and
string cases. In clean condition, K(s;7y/3 index is shown to
be greater than 5% for all tests when the 3rd harmonic is
almost non-existent. Accordingly, it should be noted that this
value is larger than THD/n+1 and THD/n—1 values with
no occurrence of flashover. Hence, it can be noted that the
insulators are in their clean condition when K(s47),3 is greater
than 4%. In the case of light pollution condition, the K(517)/3
value appears to be more than THD/n+1 and THD/n—1 but
not exceeding 4% except in some cases with light wetting
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TABLE 7. Leakage current components in mA for different pollution levels and wetness rates under operating voltage for each string.

String insulators types

SA SB SC SD SE SF SA SB SC SD SE SF
22kV 33kV 66kV  22kV  33kV  66kV 22kV. 33kV 66kV  22kV  33kV  66kV
Wetting ESDD
rate LC 0.06 mg/cm? 0.12 mg/cm?
g/s.cm®  Components
1 Component 145 123 132 1.37 129 122 1.94 2214 222 1.87 1.71 1.68
39 Component ~ 0.02 0013 006 005 007  0.09 0.13 0.15 0.2 011 013 112
7+0.5 5% Component 005 003 0.17 0.14 0.18  0.16 0.31 018 027 027 026 026
7" Component ~ 0.05  0.04  0.15 0.13 0.14 019 0.07 005 004 006 005 0.8
THD % 548 841 852 725 952 859 11.8 1204 1139 1085 1052  11.09
1" Component  1.69 147 141 1.59 147 146 2.55 226 227 229 227 216
39¥Component  0.04  0.07 0.1 0.09  0.11 0.1 0.23 025 026 027 024 025
433+1.5 5" Component  0.15 0.1 023 016 0.5 0.2 0.49 043 049 041 041 048
7% Component ~ 0.03  0.09 0.2 015 012 018 0.29 025 021 016 015 0.4
THD % 844 976 948 821 881  9.06 14.5 1375 1463 1421 1381 14.06
1" Component 192  1.84 176 1.86 182 171 2.89 273 255 266 242 241
39 Component 0.1 016 012 009 011 012 0.25 028 027 018 017 025
5% Component 032 0.14 024 021 0.16 023 0.62 056 048 031 042 055
83.8:2.3 7% Component ~ 0.08 015 022 015 016  0.17 027 023 022 015 021 023
THD % 9.05 11.06 1021 9.82% 1047 1031 15.22 1556 1443 1582 164 1623
0° 313 387 3474 282 295 304 20.6 187  20.1 182 195 204
Wetting ESDD
rate LC 0.2 mg/cm? 0.3 mg/cm?
g/s.em®  Components
1" Component ~ 2.86 3214  2.62 2.7 295 241 4.72 4214 422 3.7 359 4211
39 Component 033 031 035 029 023 023 0.62 063 055 052 074 063
7£0.5 5% Component 047 037 025 022 029 027 0.67 057 046 058 051 047
7% Component  0.06 0.1 007 0.11  0.14 0.1 0.18 012 013 011 011  0.19
THD % 2194 2346 199 2361 1652 18.59 2517 2346 2339 2161 2152 2259
1" Component ~ 4.08 426 405 429 411  3.96 9.57 826 927 F 8.87  9.03
39 Component  1.34 0.9 1.1 1.07 095 115 2.12 205  1.96 F 2.14 225
433+1.5 5" Component 125 0.7 0.9 087 075  0.64 1.59 143 129 F 1.41 1.28
7% Component ~ 0.14 0.7  0.14 026 025 034 173 115 124 F 115 134
THD % 35.63 3375  34.63 3321 3181 32.06 48.81 4975  46.63 F 4524 44.06
1 Component 533 573 035 036 032 031 12.09 F 12.35 F F 11.31
39Component  1.13  1.08  1.17 1.28 1.07 155 3.38 F 2.97 F F 275
£3.84.3 5% Component 097  1.16  1.08 0821  1.02 1015 2.63 F 2.18 F F 1.95
7" Component 0.04 0.1 0.08 0.05 0.09 0.1 1.14 F 1.42 F F 1.13
THD % 40.15 3556 3743 3582 3947 4131 57.23 F 45.43 F F 4331
0° 122 7.7 6.1 8.2 9.5 8.4 43 F 2.1 F F 1.4

rates. Moreover, there is no possibility of flashover occurring
in this range due to the continuously high surface resis-
tance in these conditions. However, flashover may occur at
0.06 mg/cm?2 with heavy wetting rate due to the light conduc-
tive layer with high electrical stress. In light pollution condi-
tion, the 3rd harmonic seemed to increase but not exceeding
the 5th harmonics component. In the medium contamina-
tion severity condition, the K(s47)/3 index was reduced to a
value lower than THD/n—1 but remained above THD/n+1.
Overall, the K(517)/3 value remained between THD/n—1 and
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THD/n+1 in this case. More importantly, this confirms that
the conductance value of the insulator surface experienced a
higher increase in moderate pollution level with salt deposit
density compared to the light pollution level.

The increase in the contamination level increases led to
the increase of the 3rd harmonic but not exceeding the Sth
and 7th harmonic values. Hence, the value of the proposed
index K(57)/3 dramatically decreased compared to its value
in the condition of light pollution. Meanwhile, the decrease
in the index value which is lower than THD /n41 in some
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FIGURE 15. K(s57)/3, THD/n—1 and THD/n+1 for insulator string C (SC)
at: (a) 7 + 0.5 g/s.cm3, (b) 43.3 £ 1.5g/s.cm3, (c) 83.8 & 2.3 g/s.cm3.

moderate pollutions and wetting rate of 83.8 g/s.cm’ indi-
cates a higher flashover occurrence probability. More impor-
tantly, the increase in contamination severity level to a high
value will increase the electric conductance, which causes
the K(517)/3 value to continue to subside to a value less than
THD/n—1 and THD/n+1 that may be as low as 2%. Accord-
ingly, this seems to suggest that the Ks47),3 will be less than
THD/n—1 and THD/n+1 in the heavy contamination level
condition as well as several medium levels with a heavy wet-
ting rate similar to the results presented in Figures 14 to16 (c).
The 3" harmonic in this pollution level demonstrates an
increase which is larger than the 5™ and 7™ harmonics due
to the increase in electric conductance of insulator surface.
Under operating voltage, it can be observed that the total
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FIGURE 16. K(5+7)/3, THD/n-1 and THD/n+1 for insulator string F (SF)
at: (a) 7 + 0.5 g/s.cm3, (b) 43.3 £ 1.5g/s.cm3, (c) 83.8 £ 2.3 g/s.cm>.

harmonic deformation THD increases with the increase in
pollution intensity and the wetting rate of the pollution layer.
Table 7 presents the measured amounts whereby the increase
in the contamination level in the low wetting rate has resulted
in an approximately equal increase of THD percentage at all
pollution levels. Meanwhile, the THD in the high wetting rate
is shown to have a significant increase at the heavy pollution
level as presented in Figures 14 to 16. However, the THD may
give the excellent indicating for insulator condition, but in
some clean state appears High. So, the THD alone not enough
to diagnostic state of insulators. Generally, the 3" harmonic
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TABLE 8. The strings insulators situation according to (s 7); and THD
limited.

Insulator conditions Pollution
Kisi73% Level based to
Normal Medium Critical THD boundaries
SC  Yes SC - SC - Clean and Light
>3 and
SF  Yes SF - SF - (K(s+7>THD/n-1)
(3-2) SC Yes SC Yes SC - Medium and
- (THD/n-1
SF - SF  Yes SF - >Kissms>THD/n
SC - SC Yes SC - +1)
(2-1.7)
SF - SF - SF  Yes
Heavy and
- - Y.
<17 SC SC SC es (Kig.ys<THD/n+1)
SF - SF - SF  Yes

in the critical condition insulators under operating voltage
before the occurrence of the flashover tends to be larger
than 5™ harmonic, while the proposed indicator is commonly
lower than 2%.

B. DETERMATION OF INSULATORS CONDITIONS

In Table 8, the glass group (SC) and porcelain group (SF)
insulators conditions are listed according to the K(517)/3
index range as well as the THD/n—1 and THD/n—1 bound-
aries which are represented as normal, moderate deteriora-
tion, and critical described below:

« Normal: no electric discharge.

e Moderate deterioration: some visible point discharge
with continuous sound and linear weak local arcs.

o Critical: intermittent, strong local arcs (before
flashover).

The experimental tests were conducted on 96 cases (6 cases
clean-dry + 18 clean-wet + 72 cases wet pollution). In par-
ticular, the conditions for 46 cases were critical, followed
by Ki5473 < 2% for porcelain, and K;547),3 < 1.7 for
glass insulators. Hence, the two ranges of the K(547)/3 index
can be considered as a range of critical conditions where
the probability of flashover occurrence is high. Regarding
this matter, it should be noted that all these critical cases
tend to occur when K(517),3 is lower than THD/n+1 (heavy
pollution) for low and medium wetness, while the critical
condition is K(54+7)3 < THD/n—1 and THD/n+1 (medium
and heavy pollutions) under high wetness.

According to the results of the test, all of the six tests
conducted for clean and dry insulator were diagnosed
using the proposed technique K(s547),3 without any error.
Meanwhile, 17 out of 18 tests were recorded as a correct
diagnostic by K(s47),3 indicator for clean and wet insulators,
which is equivalent to 94.4% of the tests. The diagnosis of
the K(s417)/3 indicator for a total of 67 out of 72 tests was
true under the wet-pollution condition for insulators. More
importantly, this is equivalent to 93% of the tests.

In total, the indicator correctly recorded 90 out of 96 tests
which are represented by the indicator K(547),3 efficiency of
93.7% for all the tests.
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VI. CONCLUSION

The current research successfully proposed and verified a
new technique based on harmonics component of leakage
current which is referred to as K(s47)/3 indicator, particularly
regarding the improvement of monitoring and diagnosis of
contamination severity for glass and porcelain insulators.
In the case of the present study, the insulator strings under
salt-fog pollution condition represented by three contamina-
tion levels, namely light, medium, and high were selected
to determine a diagnostic criterion. Meanwhile, the experi-
mental results of the tested insulators strings under different
operation voltage (22kV, 33kV, and 66kV) were presented in
this paper, followed by the conclusions drawn as follows:

1. The odd harmonics till the 7 component of leakage
current can be utilized to establish a good correlation
with the pollution severity level on the insulator surfaces.

2. The proposed index, K(s47)/3 can be effectively used
as a tool to predict the pollution severity of an outdoor
insulator. The insulator is considered under a normal and
clean condition if K(517)/3 > 3%. Next, pollution sever-
ity is classified as moderate if 2% < Ki517)3 < 3%,
while the pollution level is considered to be in heavy or
extreme condition if K(547)3 < 2%.

3. The insulator is predicted to be in a critical condition
when K(s17),3 < 1.7% whereby the probability of
flashover occurrence is high.

4. The proposed technique can be a promising approach in
the prediction of pollution severity on insulator. Apart
from that, it can also be effectively implemented on any
type of insulators with the respective boundary condi-
tions in the attempt to predict the contamination level and
flashover likelihood on outdoor insulators.
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