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Abstract
Moist polluting substances on high-voltage insulator surfaces can cause power-line failures by
triggering electric arcs. There are at present no effective methods of measuring insulator
pollution levels during normal operations. In this work, we attempt to estimate insulator
pollution leakage current (PLC) as an indirect method of measuring deposits in a 30 month
period of simultaneously recording leakage current and related environmental variables in
substation insulators. We analyzed the relationship between raw leakage current and
environmental variables. We canceled out the influence of relative humidity on leakage current
by adaptive filtering and then obtained the PLC by filtering out the anomalous peaks in the
recording. The proposed method considerably reduces the correlation between leakage current
and relative humidity (0.826 vs 0.019). The resulting signal was only slightly correlated with
other environmental variables (<0.03), suggesting that the relationships between leakage current
and temperature, wind direction and speed are mainly attributable to their influence on relative
humidity. The PLC presents a quasi-annual smooth fluctuation over time with a magnitude
similar to those obtained in laboratory tests. This novel technique could be used to monitor
insulator PLC in real time and thus improve power supply continuity and reduce maintenance
costs.

Keywords: leakage current, flashover, high-voltage insulator, adaptive filtering,
pollution deposits associated with leakage current, pollution leakage current

(Some figures may appear in colour only in the online journal)

1. Introduction

High-voltage electrical insulators in outdoor substations are
routinely exposed to polluting substances such as dust,

Original content from this workmay be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

chemicals, traffic pollution, and mineral salts at coastal
substations, which accumulate on exposed surfaces forming
contamination deposits. When the insulator surface is dry, the
leakage current due to ohmic conduction is negligible. How-
ever, when combined with the moisture caused by light rain,
fog, mist, or dew, it can form a conductive layer on the surface
and trigger an electric arc through the well-known pollution
flashover process [1, 2] in which leakage current begins to flow
through this wet conductive layer and heats the surface. Over
an extended period of time this process may cause the electric
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field to increase locally due to the appearance of dry areas (dry
bands [3]), and it may initiate partial discharges that finally
trigger an electric arc [3], which can irreversibly damage the
insulator coating and cause power-line failure. Although this
behavior can be substantially improved by insulation coating,
as the coat ages, hydrophobicity is reduced and the dry band
increases, producing subsequent partial discharges.

To guarantee power system continuity and quality, some
research groups have focussed on determining the reliable per-
formance limits of the electric insulators during normal opera-
tions, analyzing the different causes of leakage currents. Some
attempted to analyze the optimal insulator shape and different
surface treatments to minimize pollution deposits associated
with leakage current (PLC), while others aimed to determine
the threshold level of soluble or non-soluble polluting sub-
stances that trigger the dry band in order to prevent electric
arcs [4–8].

Previous studies have used lab tests to determine the rela-
tionship between the deposit levels of soluble and non-soluble
salts [9, 10] and leakage currents under predefined working
conditions [11, 12] to obtain valuable information on the risk
of electric arc onset. However, in real applications, a mixture
of sediments whose composition varies over time is deposited
on the insulator surface [9], which makes it difficult to determ-
ine the PLC level and its possible negative consequences on the
insulator. There is currently no effective method available to
directly or indirectly measure pollution deposits in real-time
applications, which would be very useful for electrical com-
panies in conducting maintenance [11] or monitoring the state
of insulator coatings (e.g., room temperature vulcanization,
RTV) and their useful life.

Monitoring insulator PLC could be used to indirectly
measure the contamination deposit level due to the underlying
relationship between these two factors. Abeysekara et al ana-
lyzed the leakage current in glass insulators for different saline
deposit levels and found that the kurtosis value of the leakage
current increased with saline deposition (k = 2.93 for clean
insulators vs k = 12.33 and 22.11 for 10 and 40 g l−1 saline
deposits, respectively) [11]. The superficial resistance of the
insulator was found to be inversely proportional to the ESDD
[13], while Fierro-Chavez reported that the ESDD was pro-
portional to the leakage current [14, 15]. Sahli et al proposed
a multiple regression model to estimate insulator surface con-
ductivity from different pollution compositions, obtaining an
R2 of 99% [16]. Other authors have also reported that the pol-
lution level greatly influenced the leakage current and led to a
lower flashover voltage [16–18].

Salem et al [19, 20] and Chandrasekar et al [21] attemp-
ted to estimate the pollution deposits on the insulator surface
by analyzing harmonic distortion in the 150–600 Hz band-
width of a leakage current waveform obtained in laboratory
tests. However, this technique still presents some technical dif-
ficulties in measuring pollution deposits in real-time applica-
tions. This is due to the fact that high-voltage lines themselves
usually have a large component of harmonic distortion, which
may be associated with the use of nonlinear loads by the end
users, such as electronic power devices using current in abrupt
short pulses [22]. It is therefore difficult to detect harmonic

distortions due to pollution deposits from those associated
with the network itself during normal operations. In this con-
text, the root-mean-square value of leakage current is a more
reliable measurement since it is less influenced by harmonic
distortion. Even so, insulator leakage current measurements
in real-time applications depend not only on pollution deposits
but also on environmental variables, which fluctuate over time
[10, 23]. Salam et al found that the leakage current increased
as the wind speed increased in the range of 2–4 m s−1 [24]
and other authors found that the leakage current increased
when insulators lost their hydrophobicity [25–29]. Several
studies have reported the relationship between leakage cur-
rent and relative humidity [13, 25, 27], and others found that
temperature changes had a minor effect on leakage currents
[30]. In summary, no techniques have so far been reported
to estimate PLC during normal insulator operations in actual
service.

We here propose a novel technique to estimate PLC in out-
door insulators in real time during normal operations by elim-
inating the influence of environmental variables, improving
power supply continuity and quality, andminimizing unexpec-
ted power-line failures.We validate and demonstrate its effect-
iveness in a 30 month long-term recording of leakage current
and related environmental variables in substation insulators.
Section 2 describes the materials and data analysis method.
Section 3 demonstrates its effectiveness in canceling out the
influence of environmental variables on leakage current and
analyzes the characteristics of the remainder leakage current.
Section 4 contains a discussion of the origin of the remainder
leakage current and outlines the limitations of this work.

2. Materials and methods

2.1. Test setup

The study analyzed the in-situ performance of seven new insu-
lators installed on a test panel in an outdoor substation on the
Mediterranean coast with a high level of saline contamination.
Their main characteristics were shown in table 1.

Insulators 1–6were the same substation post-porcelain type
with different silicone RTV coatings, except number 3 without
a coating. Number 7 was a silicone composite-line insulator.
All the insulators were connected to the same phase of a 20 kV
busbar (figure 1)

Figure 2 shows a block diagram of the experimental setup.
The isolators to be tested were mounted on another auxiliary
isolator on the pole structure to confine the leakage currents
to the measurement system. To measure both the surface
and capacitive current, which vary according to the pollu-
tion deposits, an insulated copper cable was connected to the
junction between both insulators, through which the leakage
current flowed to the measurement system. The insulated cop-
per cable was connected to a plate with shunt resistors pro-
tected from possible short-circuit currents to the ground by a
surge arrester, the measurement ranges being from 600 µA to
4000 µA.

The voltage in the resistor terminals was processed by a sig-
nal conditioning circuit with a 4–20 mA current loop output,
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Figure 1. Coated insulators in the test panel.

Figure 2. Sketch of the experimental setup.

which was electrically isolated to protect the rest of the meas-
urement equipment. The root-mean-square value was com-
puted continuously every 250 ms, taking into account the
bandwidth of the target signal (<800Hz).The 4–20mA current
loop was connected to the input of a CR1000× commercial
data logger specially designed for extreme outdoor condi-
tions (Campbell Scientific Company). The average value of

Table 1. Characteristics of tested insulators.

Insulator
number

Insulator
base material Insulator coating

1 Porcelain A type (Medium silicone proportion +
filler) manufacture 1

2 Porcelain B type (High silicone proportion +
filler)

3 Porcelain Without coating
4 Porcelain C type (Medium silicone proportion +

filler) manufacture 2
5 Porcelain D type (Medium silicone proportion +

filler) manufacture 3
6 Porcelain E type (Medium silicone proportion +

filler) manufacture 4
7 Silicone

composite
—

the signal was obtained in 5 min windows and stored on a
microSD card using a CR Basic programming language soft-
ware for further processing to reduce the computational cost.

In addition to the leakage current in the seven insulators, the
environmental variables were also recorded, including temper-
ature, relative humidity, and wind direction and speed at a rate
of one sample every 5 min by means of a METSENS600 met-
eorological station, which is compatible and easily integrated
with any Campbell Scientific data logger through an SDI-12
port. The study period extended from February 2015 to August
2017.

2.2. Data analysis

The Spearman correlation coefficient, which measures the
strength and direction of monotonic nonlinear relation-
ships between two ranked variables, was computed for the
environmental variables to assess their underlying non-linear
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Figure 3. Data analysis flowchart to estimate the pollution-related leakage current.

relationship with leakage current. As there may be a
relationship between the different variables that could mask
a relationship with leakage current [31, 32], to determine
these variables’ intrinsic relationship with leakage current we
also computed the partial Spearman correlation coefficient
between raw leakage current and the environmental variables,
which obtained a moderate average correlation above 0.20
when controlling the effect of the other variables. For example,
when we analyze the partial correlation of leakage current
with wind speed, it may indicate the relationship between
these variables by removing possible humidity-wind speed,
wind direction-wind speed and temperature-wind speed inter-
actions. Least-squares adjustments were also carried out to
determine the underlying relationship between the raw leakage
current and the different variables using the lineal, exponential
and second-order polynomial functions.

We then attempted to cancel out the influence of relative
humidity on leakage current, since a close correlation between
these two factors may be expected [33]. In this context, the
conventional filter is ineffective since the bandwidth of the
relative humidity signal is unknown and can vary over time.
We assume that the raw leakage current e[k] is an unknown
mixture of relative humidity, modulated leakage current r0[k],
pollution leakage current and others d[k]. In this context, r0[k],
which represents the variation of the leakage current associ-
ated with relative humidity, could be expected to correlate with
the recorded relative humidity (r1[k]). We therefore decided
to use adaptive filtering to cancel out the influence of relative
humidity on leakage current using the recorded relative humid-
ity as a reference noise signal r1[k] (see figure 3). An adaptive
filter was used to estimate the noise source r̃1 [k] = h [k]r1[k].
The system output of the adaptive noise canceler x[k] was the
source estimation, which is the target signal d[k] plus noise
source r0[k], and then subtracted from the estimated noise
source r̃1 [k]. If r0[k] and r̃1 [k] are close enough, a better estim-
ation of the target signal can be obtained. For this, the system
output x[k] has to be minimized in terms of the LMS of the
power as follows:

x [k] = d [k] + r0 [k]− r̃1 [k] (1)

Squaring equation (1) and considering the condition that the
signal source d[k] is uncorrelated with the noise signal, r0[k]
and r̃1 [k] produce

E
[
x2
]
= E

[
d2
]
+E

[
(r0 − r̃1)

2
]

(2)

The best least square estimate of the signal d[k] can be

achieved by minimizing E
[
(r0 − r̃1)

2
]
in the least square

mean.

E
[
x2
]
= E

[
d2
]
. (3)

The least mean square (LMS) algorithm is used to obtain a
desired filter by finding the filter coefficients that attempt to
produce the LMS of the system output x[k]. The filter coeffi-
cient is usually initialized at zero, and updated for each sample
as follows:

h [k+ 1] = h [k] +µx* [k] · r1 [k] (4)

where h [k] = (h0 [k] ,h1 [k] , . . .hp−1 [k− p+ 1])T is the filter
coefficient in sample k, p is the filter order, and µ is step size.
We established a filter order to 20 and step size µ = 10−6.

After canceling out the influence of relative humidity on the
leakage current, anomalous current peaks are usually present
in the signal output x[k]. These anomalous peaks may be asso-
ciated with other external factors [34], for example, power
cuts or extreme adverse environmental conditions, such as rain
and frost. We proceeded to eliminate these anomalous cur-
rent peaks by means of a specially designed filter based on
the target signal information. These usually presented much
higher amplitudes than PLC, which should present smooth but
not sudden variations over time. This filter consisted of two
phases: an initial phase in which the adaptive threshold level
Threshold1[n] was applied to a 1 month moving window with
50% overlap. The average of the threshold levels of the last
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Figure 4. Scatter representation of raw leakage current and the different environmental variables. (a) Temperature. (b) Relative humidity.
(c) Wind direction. (d) Wind speed.

three analysis windows was calculated and the resulting sig-
nal was labeled y[k].

Threshold1 [n] =
Thr [n] +Thr [n− 1] +Thr [n− 2]

3
(5)

Thr [n] = µ [n]± b ·σ [n] = µ [n]± 2σ [n] (6)

where Thr[n], Thr[n − 1] and Thr[n − 2] were the threshold
levels of the last three analysis windows, which were calcu-
lated from the mean µ and standard deviation σ of the sig-
nal x[k] of the analysis window. Both the window length
(1 month), the number of windows to consider, and the coef-
ficient b were experimentally determined to cancel out the
anomalous peaks as far as possible using a conservative cri-
terion while keeping the target information.

In the second phase, we attempted to eliminate the current
peaks that were not canceled out in the previous phase due to
the high density of anomalous variations over time. Based on
the fact that the PLC varies gradually over time, the cumulative
2-point derived function was implemented to accentuate the
abrupt variation of the leakage current (see equation (7)). The
resulting signal was squared to further accentuate the abrupt
leakage current variation. A second adaptive threshold level
Threshold2[n] was finally applied for the moving window of
this latter signal H[k], thus obtaining the remainder leakage
current z[k].

H[k] = (|y[k]− y[k− 1]|+ |y[k− 1]− y[k− 2]|)2 (7)

Threshold2[n] = µ[n]± c ·σ[n] (8)

where y[k] was the output signal of the first phase of the
anomalous peaks filter, µ[n] and σ[n] the mean and standard
deviation of signal H[k] in the analysis window. In this case,
the best result was obtained for a 2 month moving window
with a 50% overlap. Unlike the previous phase, the threshold
level was calculated only with the statistics of the current ana-
lysis windowwithout taking into account the previous analysis
windows. The coefficient cwas experimentally determined for

each insulator to cancel out the abnormal current peaks as far
as possible. Again, we used a conservative criterion to estab-
lish this coefficient c while preserving the target information.

The effectiveness of eliminating the influence of environ-
mental variables was assessed by calculating the Spearman
correlation coefficient of the rectified remainder leakage cur-
rent |z[k]| of each insulator with different environmental vari-
ables to compare with those obtained for raw leakage current.

We also attempted to compare the remaining leakage cur-
rents of different insulators to determine their susceptibility
to accumulating polluting substances by subtracting both the
mean, standard deviation and maximum value from the recti-
fied signal of the remainder leakage current |z[k]|.

3. Results

Figure 4 shows the scatter plot of the raw leakage current of
insulator 3 and the different environmental variables. The raw
leakage current presented a weak non-linear relationship with
temperature (see trace a), with the lowest value for both high
and low temperatures (T > 30 ◦C or T < 5 ◦C). No prevail-
ing wind direction was obtained throughout the whole year
(see trace c), which had no clear relationship with raw leak-
age current; there was a clear non-linear relationship between
raw leakage current and humidity (trace b) and wind speed
(trace d); high wind speeds were associated with low leakage
current while high humidity was accompanied by high leakage
current values.

Table 2 shows the insulators’ Spearman correlation coeffi-
cient of raw leakage current with different environmental vari-
ables. Figure 5 gives the average R2 value of the least-squares
adjustments between them for the seven insulators. Differ-
ent insulators had similar relationships with different envir-
onmental variables. The raw leakage current barely correlated
with temperature, achieving a relatively low average correla-
tion coefficient of 0.139 ± 0.063. This was also reflected in a
low averageR2 (below 0.05) regardless of the adjustment func-
tion type, while it was strongly related to humidity, regardless
of insulator type, with an average correlation coefficient of up
to 0.826± 0.051. In this case, the polynomial and exponential
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Table 2. Spearman correlation coefficient of raw leakage current with different environmental variables. Partial correlation was obtained for
raw leakage current and humidity, wind direction and speed when the effect of the other variables was controlled.

Temperature Humidity Wind direction Wind speed

Insulator Corr Partial Corr Partial Corr Partial Corr Partial

1 0.114 NA 0.860 0.870 −0.315 −0.070 −0.494 −0.142
2 0.085 NA 0.858 0.853 −0.311 −0.073 −0.490 −0.115
3 0.275 NA 0.717 0.750 −0.334 −0.115 −0.397 −0.117
4 0.116 NA 0.847 0.851 −0.315 −0.077 −0.487 −0.134
5 0.148 NA 0.841 0.858 −0.316 −0.068 −0.484 −0.153
6 0.121 NA 0.849 0.857 −0.313 −0.068 −0.487 −0.135
7 0.114 NA 0.810 0.801 −0.303 −0.063 −0.447 −0.066
µ ± σ 0.139 ± 0.063 NA 0.826 ± 0.051 0.834 ± 0.043 −0.315 ± 0.009 −0.076 ± 0.018 −0.469 ± 0.036 −0.123 ± 0.029

Figure 5. Average R2 value of least squares adjustments between
raw leakage current with different environment variables for the
seven insulators.

functions better described the underlying relationship than the
linear function, obtaining an average R2 of about 0.50. Raw
leakage current also presented a moderate inverse relationship
with wind direction and speed, obtaining an average correl-
ation coefficient of −0.315 ± 0.009 and −0.469 ± 0.036,
respectively. Both the polynomial and exponential functions
were found to better define the underlying relationship of raw
leakage current with wind direction and speed (R2 ∼ 0.25).We
therefore further analyzed the partial spearman correlation of
the raw leakage current of individual insulators with humid-
ity, wind direction and speed while controlling the effects
of the other variables. As can be seen in table 2, the raw
leakage current had a high partial correlation with humidity
(0.834 ± 0.043) and a considerably reduced partial correla-
tion with wind direction and speed of −0.076 ± 0.018 and
−0.123 ± 0.029, respectively.

Figure 6 shows an example of the simultaneous record-
ing of relative humidity (trace a) and raw leakage current
(trace b). Trace c shows the corresponding x[k] after elim-
inating the influence of relative humidity by an adaptive fil-
ter. It can be seen that the time evolution of both raw leak-
age current and relative humidity signals show a similar trend,
which disappears after applying the adaptive filter. In addition,
the proposed custom-designed filter also appropriately filters
out the anomalous peaks embedded in the original recording,

obtaining a remaining leakage current |z[k]| with a regular
variation over time. This latter presents a quasi-annual fluc-
tuation over time, achieving the minimum value in winter and
the maximum value in summer.

Unlike raw leakage current, we did not find any specific
relationship of the rectified remainder leakage current |z[k]|
with any environmental variable (see scatter plot in figure 7).
Table 3 shows the Spearman correlation coefficient of the rec-
tified remainder leakage current |z[k]| with different environ-
mental variables. Again, regardless of insulator type, |z[k]|
after eliminating the influence of humidity and anomalous
peaks, it presents an irrelevant correlation with different envir-
onmental variables below 0.03.

The representative statistical data of the rectified remainder
leakage current are shown in table 4. The remainder leak-
age current of the insulator 3 was about 10 times higher
than the others, obtaining an average leakage current of
9.53 ± 10.253 µA. The behavior of insulators 1, 4 and 5 was
similar, with an average leakage current of about 0.9 µA. The
best performance with the lowest value was obtained for insu-
lator 7, with an average leakage current of 0.275 ± 0.298 µA.

4. Discussion

In this work, we attempted to estimate insulator PLC by elim-
inating the influence of environmental variables. For this, we
first analyzed the underlying relationship between the recor-
ded raw leakage current and different environmental variables.
Raw leakage current was found to be closely correlated with
relative humidity, the model that best describes this relation-
ship being an exponential or polynomial function. This finding
agrees with that of Zhicheng et al, who analyzed the relation-
ship between leakage current and relative humidity for differ-
ent levels of polluting substances in lab tests and confirmed
that this latter obeyed an exponential function [6]. In compar-
ison to insulator 3 without coating, the raw leakage current
measured on RTV-coated insulators presents a higher correl-
ation with relative humidity. This is probably due to the fact
that uncoated insulators have a more heterogeneous distribu-
tion of water droplets on the insulator surface in the presence
of humidity, giving rise to different current circulation paths,
so that the leakage current magnitude obtained is more dis-
persed. On the other hand, the leakage current magnitude in
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Figure 6. Simultaneous recording of relative humidity (a) and raw leakage current (b) of insulator 3 after cancelling out relative humidity
by adaptive filtering (c) and after filtering out the anomalous peaks in the recording (d).

Figure 7. Scatter representation between the rectified signal of remainder leakage current |z[k]| and the different environmental variables:
(a) temperature. (b) Relative humidity. (c) Wind direction. (d) Wind speed.

Table 3. Spearman correlation coefficient of processed data z[k] with different environmental variables.

Insulator Temperature Humidity Wind direction Wind speed

1 0.015 0.021 −0.027 0.008
2 0.034 0.001 −0.017 0.004
3 −0.009 0.034 −0.023 0.041
4 0.000 0.032 −0.021 −0.012
5 0.013 0.023 −0.025 −0.004
6 0.014 0.024 −0.025 −0.012
7 0.008 −0.001 −0.010 0.027
µ ± σ 0.011 ± 0.013 0.019 ± 0.014 −0.021 ± 0.006 0.007 ± 0.020

insulators with RTV coating is more predictable, due to the
more homogeneous distribution of drops on the surface, giv-
ing rise to a greater correlation with relative humidity.

In addition, we found that low raw leakage current val-
ues were obtained for both the high- and low-temperature
ranges, giving rise to a weak correlation between these two
factors. This finding partially agrees with other authors, who
reported that leakage current decreased due to drying as tem-
perature increased [30]. Nevertheless, we also found low leak-
age current values at temperatures below 5 ◦C, which may be

associated with the specific weather conditions of the install-
ation. Salam found that wind direction may give rise to the
heterogeneous deposition of polluting substances on insulator
surfaces [17], while Hussain found increased saline deposits in
the prevailing wind direction in short time periods [18]. Both
distance from the sea and exposure time influenced insulator
saline deposits [18]. In this work, we did not find the pre-
vailing wind direction, since the long-term recording lasted
for only 30 months. However, we did find a moderate inverse
relationship between raw leakage current and wind direction,
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Table 4. Representative statistical data (µ ± σ and maximum) of
the rectified remainder leakage current of the different insulators.

Insulator µ ± σ (µA) Maximum (µA)

1 0.876 ± 0.896 10.439
2 0.479 ± 0.503 7.790
3 9.530 ± 10.253 111.517
4 0.922 ± 0.979 11.153
5 0.997 ± 1.089 12.391
6 0.634 ± 0.669 6.097
7 0.275 ± 0.298 3.712

possibly due to the specific orientation with respect to the sea.
Specifically, a small angle in the wind direction was associated
with moist saline deposits and higher leakage current values.
On the other hand, wind speed had amoderate inverse relation-
ship with leakage current, which disagrees with Salam et al,
who reported higher leakage current at high wind speeds in
their lab tests and described this relationship as I = Dc(wv)b

[17]. This discrepancy may be due to the fact that they only
analyzed the influence of wind speed in a restricted range of
2–4 m s−1 in their tests, and we have focussed on the analysis
of real-world long-term data. Our results partially agree with
Hussain et al, who reported a non-linear relationship between
leakage current and wind speed [18]. They observed that leak-
age current increased with wind speeds below 8 m s−1 due
to higher pollution deposits on insulator surfaces. By con-
trast, leakage current tended to decrease at wind speeds above
8 m s−1, due to the drying effect [18]. Our results suggest
that the relationship between raw leakage current and environ-
mental variables throughout the year in long-term recordings is
much more complex than in short-term recording or lab condi-
tions. To our knowledge, this is the first analysis of real-world
long-term data and paves the way for a better understanding of
the underlying interactions between raw leakage current and
different environmental variables.

Indeed, we found that the partial correlation with wind
direction and speed when controlling the effect of other
environmental variables was much weaker than their corres-
ponding correlation coefficients. In addition, the remainder
leakage current after canceling the influence of relative humid-
ity on leakage current presented a correlation coefficient with
the different environmental variables of less than 0.03. These
results suggest that the relationship between leakage current
and temperature, wind direction and speed were mainly attrib-
utable to the relative humidity fluctuation produced by the
variation of these environmental variables, indicating that it
is not necessary to design a specific filter to cancel out the
influence of these three variables on leakage current, as we
did for relative humidity. Our results agree with those of
Castillo Sierra, who found that temperature and wind direc-
tion only caused a small change in the risk of failure [31,
32]. We also agree with Salam et al, who stated that tem-
perature changes had a negligible effect on leakage current
at constant relative humidity in lab tests [17]. Our findings
also agree with Hussain et al, who reported that the non-linear
relationship between leakage current and wind speed was
associated with the wetting and drying process, and therefore

with relative humidity [18]. This finding considerably simpli-
fies the required data processing for estimating PLC and also
reduces the associated cost, since it becomes unnecessary to
measure temperature, wind direction and speed.

In this work, we proposed to use adaptive filtering to can-
cel the influence of relative humidity, using the recorded rel-
ative humidity as the reference noise signal. Using the adapt-
ive threshold levels by simple statistical methods, the anomal-
ous peaks filtering could effectively filter out both sparse and
high-density (in time) anomalous current peaks. We believe
that the rectified remainder leakage current |z[k]| was associ-
ated with polluting substances for a number of reasons. First,
the rectified remainder leakage current was not attributable
to the different environmental variables, since their correl-
ation was negligible (see table 3). Second, a similar trend
was obtained for the remainder leakage current of the differ-
ent insulators, although we do not show this data for reas-
ons of brevity. All of these presented a quasi-annual fluctu-
ation, which may be due to the self-cleaning effect of the
weather conditions. Moreover, the remainder leakage current
magnitude of the different insulators was found to be within
the PLC range obtained in the laboratory. In lab tests carried
out on a 14 kV generator applied to a glass insulator with no
pollution, Bezerra et al obtained an average maximum leak-
age current of 8.5 µA and 12 µA respectively [35]. When an
equivalent salt deposit density (ESDD)= 0.2 mg cm−2 pollu-
tion and suspension conductivity = 80 mS cm−1 was applied,
an average maximum leakage current of 42.5 µA and 60 µA
was obtained, respectively [35]. These results are compatible
with those we obtained for insulator 3 (average and maximum
leakage current of 9.530 and 111.517 µA, respectively). When
applying a 19 kV voltage in lab tests, an average leakage cur-
rent of about 6.5 µAwas obtained, before the premature aging
process of the silicone composite insulator tested [36], which
is similar to that obtained for insulator 7 in table 4. Roman et al
measured the leakage current in in-situ silicon composite insu-
lators in a high-voltage direct current (HVDC) transmission
line (400–500 kV) and obtained long-term values ranging from
10 to 60 µA [37]. The leakage current variability obtained in
these studies may be associated with different test conditions,
e.g., different applied voltages. In addition, we also performed
real outdoor long-term recordings rather than laboratory data,
which may give rise to different leakage current magnitudes
due to an unknown pollution composition.

Despite the promising results, this work is not exempt from
limitations. First, considering that the useful life of an insu-
lator [38, 39] varies between 16 and 30 years and the average
life is around 24 years, the materials aging during their first
2 years of life can be considered as negligible. Nevertheless,
the remainder leakage current in long term recordings in real
applications contains not only the PLC but also the fluctuation
of leakage current due to aging. Future work should determine
the feasibility of measuring PLC and material aging effects. In
practice, it will not be necessary to determine aging and pol-
lution deposits separately to improve insulator maintenance.
When the remainder leakage current is close to the critical
value of leakage currents, suggesting a failure risk [31], an
installation stop can be programmed to clean the insulators.
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Increasing the frequency of installation stops would be related
to the material aging effect, so that the old insulators would
have to be replaced by new ones. Second, we did not conduct
a discrete (one sample for each spaced time) measurement of
pollution deposits to further validate our method and provide
an experimental curve of PLCmagnitude and pollution depos-
its. In this respect, we would like to highlight the difficulty of
measuring pollution deposits in real applications. In addition,
measuring pollution deposits by cleaning the insulator may
alter the sample. Consequently, we will not be able to determ-
ine the real evolution of pollution deposits on the surface and
the possible effect of natural cleaning.

To our knowledge, this is the first study to report a novel
technique for estimating PLC that can be easily implemen-
ted in real-time applications, which is fundamental for keep-
ing insulators below the critical leakage current in real time.
This could be very helpful for better quantifying insulator
performance in-situ, enhancing power supply continuity and
quality by avoiding power failures caused by electrical arcing
and optimizing human resources for high-voltage line main-
tenance. Since the proposed method allows canceling out the
influence of environmental variables on the leakage current,
it will not be necessary to differentiate dry and wet periods
to determine the risk failure, as in Castillo Sierra et al [31,
40]. This technique has the added advantage that no prelimin-
ary information is required on relative humidity fluctuations,
but only an additional sensor for measuring this magnitude.
We therefore believe that this technique could be used for all
types of substation insulators, regardless of their geographical
location, although we only validated it in a specific substa-
tion. The cost of this novel technique is relatively low, since
it only requires the installation of the relative humidity and
leakage current sensor on insulators to predict their leakage
current. With the latest advances in electronic instrumenta-
tion, the relative humidity sensor could be further integrated
into the leakage current sensor itself without an excessive addi-
tional cost. In addition, a microcontroller, microprocessor or
digital signal processor with the proposed algorithm should be
included for data processing. It would also be recommended
to establish a training period of at least 3 months to collect
enough data to compute the statistical measures to determ-
ine the optimal threshold to filter out the anomalous current
peaks from recordings in individual substations. After estim-
ating the PLC by the proposed method, this information could
be transmitted in real time for efficient planning of insulation
maintenance.

5. Conclusions

In this work, we analyzed the underlying relationship between
long-term raw insulator leakage current data and differ-
ent environmental variables, and found that the relationship
between raw leakage current and temperature, wind direc-
tion and speed was due to the influence of these variables
on relative humidity. We also proposed a novel technique to
estimate PLC by eliminating the influence of relative humid-
ity by means of adaptive filtering. Specific anomalous peak

filtering was designed based on adaptive threshold levels by
simple statistical methods to effectively filter out both sparse
and high-density (in time) anomalous peaks in the record-
ing, thereby obtaining the PLC with gradual variations over
time. The proposed technique is low-cost and paves the way
for estimating PLC in real time, which would better determ-
ine the performance of different insulators in situ, improving
power-line continuity and quality. At the same time, this would
also facilitate planning scheduled power-line shutdowns, lead
to better resource management for conducting the associated
tasks, and consequently reduce maintenance costs.
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