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A fundamental parameter of polluted insulator online monitoring is the leakage current,
which has already been shown to be well-related to the pollution discharge of insulators. In
this article, in an effort to quantitatively reflect the discharge intensity and the discharge
status by the leakage current, we carried out an experimental study on artificial pollution
discharge of insulators. A high-speed photographic apparatus was utilized to capture the
entire process of local arcs on a porcelain insulator surface, including the arc generation,
the arc development, and the flashover, for which the associated leakage current of
insulators was synchronously digitized. A comparative analysis of the relation between the
two-dimensional discharge image and the leakage current waveform in the process of arc
generation and development shows that if the arc area on the insulator surface is relatively
small and the leakage current passes through zero, the arc might completely become
extinct, whereas this phenomena will not occur if the arc area is larger. In addition, the
amplitude of the discharge arc area is found to be roughly proportional to the square of
leakage current over the range of leakage current amplitude from 0 to 150mA. Our results
can provide an important guidance for judgment of the discharge status and the discharge
intensity on insulator surfaces using the leakage current of insulators.
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INTRODUCTION

Transmission line insulators are exposed to the natural environment during their long operation
period, and the pollutants floating in the air are easily deposited on insulator surfaces under the
influence of various external forces, leading to pollution of the insulators (Liu et al., 2020; Shen et al.,
2020; Yang et al., 2021; Shen et al., 2021; Shen et al., 2021). Under severe weather conditions, such as
fog, dew, and drizzle, the flashover might occur even at normal operating voltage, resulting in serious
threats to the safe and stable operation of the power system (Yang et al., 2019; Yang et al., 2020; Shen
and Raksincharoensak, 2021). Generally, the pollution flashover will experience four stages: the
pollution deposition, the wetting, the dry band formation, and the local arc generation and flashover
development. A discharge arc will be generated before flashover (Yang et al., 2019; Shen et al., 2020;
Zhu et al., 2020; Noman et al., 2021; Shen and Pongsathorn, 2021). Meanwhile, the leakage current is
associated with the whole operation process of insulators and is able to reflect the generation,
development, extinction of the arc and, if possible, the full flashover. The leakage current, whose
amplitude is affected by the pollution level, the humidity, the discharge strength, etc., may also be
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used to reflect the insulator surface condition, the climatic
condition, and the applied voltage condition. In recent years,
many efforts have been devoted to determining the discharge
status using the leakage current (Yang and Di, 2018; Zhang and
Luo, 2018; Bakeer Abualkasim et al., 2021; Li et al., 2021; Nayak
et al., 2021).

There is a belief that the leakage current waveform of
insulators can be well-related to the arc condition
(Gencoglu and Cebeci, 2009; Du et al., 2012; Cong and Li,
2014). The leakage current can be used to distinguish three
different discharge statuses of insulators, namely, no
discharge, arc discharge, and continuous arc discharge
(Ahmadi–Joneidi et al., 2013). If the discharge is weak and
invisible, the amplitude of leakage current, in a form of sine
wave, is relatively small. When a filamentous discharge occurs,
the leakage current is featured with small pulses with a
triangular shape; furthermore, if there exists a small amount
of weak arcs, a distorted triangular waveform will be presented.
However, if the discharge becomes intense, the leakage current
pulse will be larger in amplitude and will occur more
frequently, the waveform being distorted as well, with a
shape of an inhomogeneous sine wave (Kumagai and
Yoshimura, 2004; Pylarinos et al., 2012; Moula et al., 2013).
The length and strength of the resultant discharge arc will also
periodically change along with the variation of the alternating
leakage current flowing through the equipment surface, and
hence, whether the arc quenches or reignites can be
determined through the observation of the leakage current
waveform (Claverie and Porcheron, 2007).

Although many studies have been carried out to correlate
the discharge status of insulators with the leakage current,
due in part to the complex relationship between each, this
issue has not been fully solved. To our knowledge, until now,
the discharge status of insulators is still in the stage of
qualitative description, and the relations between the
pollution discharge status, the discharge strength of the
insulator, and the leakage current are not clear. Therefore,
it is urgent to build a quantitative relation between the
discharge strength and the leakage current.

In the present work, an experimental study on artificial
pollution discharge is conducted in an artificial fog room. A
high-speed photographic apparatus was utilized to capture the
entire process of local arcs on a porcelain insulator surface,
including the arc generation, the arc development, and the
flashover, for which the associated leakage current of
insulators was synchronously digitized. We discuss the
relationship between the leakage current and the arc area.

TEST LAYOUT AND TEST METHOD

The structure and parameters of the test XP-70 insulator are
presented in Table 1. The schematic diagram of the artificial
pollution test is shown in Figure 1. The test is conducted in a
pollution chamber with a width of 2 m, a length of 2 m, and a
height of 4 m. The power supply of the test object, seven pieces of
XP-70 insulators in this article, is supplied by a transformer
cascade. The system frequency is 50 Hz. The transformer cascade,
with a maximum output voltage and rated capacity of 500 kV and
1 MVA, respectively, is equipped with two test transformers of
divided high voltage winding, and its primary voltage is adjusted
by a regulating transformer. The voltage is applied to the test
object via the bushings of the pollution chamber. For the
measurement of the applied high voltage, a capacitive voltage
divider, with a ratio of 1:1920, is used. Voltage and leakage
current signals are simultaneously digitized in a leakage
current measurement system, with a sampling rate of 100 kHz.

The predeposit method is adopted as the pollution procedure,
as recommended in IEC 60507-2013 (IEC, 1991; IEC, 2004). This
method is based on coating the test object with a conductive
suspension of diatomite in water. The conductivity of the
suspension is adjusted by salt (NaCl). Depending on the
pollution class, the artificial pollution test is performed with
different intensities of pollution. The pollution content
required in each string of the test object was calculated
according to the salt deposit density and the non-soluble
deposit density required by the test object and surface area of
the insulator. The test insulators were cleaned by washing with
tap water and then the coating of the test insulators was made by
flow coating. They were dried for 24 h to ensure a thermal
equilibrium with the ambient conditions in the pollution
chamber. Based on the IEC60507-1987 standard, equivalent
salt deposit density (ESDD) � 0.3 mg/cm2 is applied to the
experiment, and the non-soluble deposit density (NSDD) is set
to 1.0 mg/cm2.

The test object was hanged in the center of the pollution
chamber, which was closed during the test. Two pieces of
diagonally arranged steam-fog equipment, of which the
delivered fog amount can be adjusted, were used to produce
cold fog to humidify the pollutants on the insulator surface.
However, fog supply should be terminated when the water
droplets appear on the insulator surface.

The relation between the leakage current flowing through the
insulator surface and the discharge arc is investigated in this
study. The discharge development process with the uniform step-
up method is relatively faster than that with subsequent
applications of the test voltage, which is held constant, and
helpful for the synchronous monitoring of the leakage current
and discharge phenomenon (Lambeth, 1988). As a result, the
uniform step-up method was adopted in the test. Thus, the
voltage was applied at uniform speed after the pollutants on
the insulator surface were totally wetted until the full flashover
occurred.

In the test, the self-developed leakage current measurement
system was adopted to perform acquisition of the leakage current,
with a sampling rate of 100 kS/s. High-speed video frames

TABLE 1 | Structure figure and parameters of the XP-70 insulator.

Type XP-70

Configuration height (mm) 146
Disc diameter (mm) 255
Leakage distance (mm) 295
Surface area (cm2) 1,591
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showing the development of the arc were recorded using a
Photron SA1.1 high-speed camera operating at a framing rate
of 1 kfps (kiloframes per second), with 640 pixels × 640 pixels.
The high-speed camera was positioned approximately 1 m from
the test object. Both the data acquisition card for measurement of
the leakage current and the high-speed camera had external
triggered function. In order to obtain synchronous recorded
data, the synchronized trigger technology of the switch was used.

DISCHARGE ARC IMAGE PROCESSING
AND AREA CALCULATION

The white part of the discharge arc image is arc, and its size
changes with discharge strength. According to the
aforementioned characteristics, image processing
technology is utilized to quantify the discharge arc, and
the image processing block diagram is shown in Figure 2.
The arc image of the whole insulator surface collected by the
high-speed camera is the RGB image. First, the RGB image is
converted into a gray image and noise processing is
performed on it. Second, arc information is enhanced with
the image enhancement technique, and the image is
converted into a binary image with threshold
segmentation, thus extracting the arc area and segment arc
from the image. As the edge of the segmented photo is not
smooth, the edge detection operator is used to detect the arc

edge. Finally, a filling algorithm is applied to fill the arc edge
image to get the arc area (Chaou et al., 2015; Zhang et al.,
2021).

The image through the foregoing processing is the binary
image. It consists of 1 and 0, where 1 stands for the discharge arc
and 0 for the background. The arc area can be obtained by
calculating the number of points whose pixel is 1 in a 2D image.
The mathematical expression of pixel point number calculation is
as follows:

N � ∑
m

i�1
∑
n

j�1
f}(i, j), (1)

where, f}(i, j) stands for the object with the value of 1 (Wang
et al., 2014).

The area of the discharge arc is the number of pixel point, so
the unit of area defined in this article is pixel (Chaou et al., 2015).
In the formula, i and j represent the position coordinates of the
pixel in the image.

A discharge RGB color image in Figure 3A is transformed to a
gray image in Figure 3B; the discharge region is brighter than the
background image. Next, noise processing and image
enhancement technique are performed on it; the enhanced
image is shown in Figure 3C. Then, the threshold
segmentation algorithm is used to convert the gray image into
a binary image, when the threshold value is set to 190; the binary
image is shown in Figure 3D. The edge of the image is the place
where the pixel gray scale changes, carrying a wealth of arc image
information, in order to accurately depict the outline of the arc
image. In order to accurately depict the contour of the arc image,
the edge must be extracted accurately. A Canny operator is a
multistage optimization operator with filtering, enhancement,
and detection (Mason et al., 1975; Lambeth, 1988; Zhang et al.,
2021). The Canny operator uses the Gaussian filter to smooth the
arc image to reduce the influence of noise on the arc edge
detection. In order to find the gradient magnitude maximum
and suppress the non-maximum value, the finite difference of the
first-order partial derivative is used to calculate the amplitude and
direction of the gray gradient of the pixel point. The results of the
edge detection using the Canny operator is shown in Figure 3E,
which is filled with a connected region seed-filling algorithm for

FIGURE 1 | Schematic diagram of the artificial pollution test.

FIGURE 2 | Block diagram of image processing.
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FIGURE 3 | Image after digital processing.

FIGURE 4 | Leakage current and the discharge area.
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the closed bounded arc image. Starting from any pixel of the
polymorphic interior, we judge the adjacent pixels from left to
right and from top to bottom. If it is not the boundary pixel point

and not been filled, it is filled up and its gray value is changed to 1.
Then, the previous process is repeated until all pixels arc circle
regions are filled. The filled image is shown in Figure 3F.

FIGURE 5 | Leakage current waveform and the arc area.
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RESULTS AND ANALYSIS

Figure 4 shows the time-synchronized waveform of current and
arc area variation for an entire arc discharge process, from the arc
generation to the full flashover. During 0–0.447 s, 0.520–1.193 s,
1.39–1.974 s, 2.337–2.467 s, and 2.859–3.059 s, the amplitudes of
leakage current were evenly above 50 mA, and the local arc,
although relatively weak in luminosity, appeared on the insulator
surface. During 3.809–4.334 s, the amplitude of the leakage
current was averaged at 100 mA, with a maximum value of
150 mA, and the arc area increased accordingly. During
4.554–7.005 s, the amplitude of leakage current was suddenly
increased, and the arc area was also featured with a sudden
increase along with the leakage current. In other time however,
the amplitudes of leakage current were generally small, and the
insulator surface was not featured with any arc discharges. To the
naked eye, it seems that there exists a good relationship between
the leakage current and the associated arc area.

The leakage current waveforms and the corresponding arc
discharge area variation at different times of the developing
process of discharge were chosen to conduct a further analysis.
To compare the arc area and current data with the same temporal
resolution, the current record was preprocessed by a subsection

average procedure, with a 1 ms window width. The
corresponding current value with a temporal resolution of
1 ms was calculated by averaging 100 original current data.

The discharge arcs in Figures 5A,B sporadically disperse on
the insulator surface. The amplitudes of the resultant leakage
current were about 50 mA, with very slight variations in the first
and second half waves in one period. The “zero-crossing”
phenomenon is relatively weak, similar to the triangular
waveform for which the two-side part is relatively large and
the middle part is relatively small. The corresponding arc area
also presents a feature of being relatively large in the two-side part
and relatively small in the middle part. Compared with Figures
5A,B, the discharge strength in Figure 5C increases and the
leakage current amplitudes are mostly above 50 mA. Accordingly,
the arc area, to a certain degree, also increases. The “zero-
crossing” phenomenon is quite weak for the leakage currents
shown in Figures 5A–C, in which when the electrical degree is
about 60°, a phenomenon of faint current flicker occurs, and the
corresponding arc area decreases abruptly and then increases
abruptly.

The discharge spark in Figure 5D becomes intense and bright
in luminosity. For the second piece of the insulator, the arcs on its
upper surface and those on the lower one have a tendency to

FIGURE 6 | Relation between leakage current and the arc area.
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connect with each other. Meanwhile, the leakage current
amplitude is mostly larger than 50 mA. The discharge spark in
Figure 5E is larger in area, and the arcs in the upper surface and
those in the lower one of the second piece of the insulator have
been already connected. The discharges on the surface of several
insulators between the top and bottom of the insulator are also
obviously strengthened. In addition, the amplitudes of the first
and second half waves in one period are featured with large
variations, the maximum amplitude being about 100 mA.
Waveforms in Figures 5D,E have severe distortion with the
distinct “zero-crossing” phenomenon, and the discharge is
quite weak when this current “zero-crossing” phenomenon
occurs, the arc area being quite small.

A more intense discharge spark on the insulator surface is
shown in Figure 5F. The amplitude of the corresponding leakage
current is quite large, about 150 mA, and the amplitudes of the
first and second half waves in one period are featured with large
variations, with a trend of abrupt increase or of abrupt decrease.
Compared with the last stage, the “zero-crossing” phenomenon is
relatively weaker. However, the current flicker phenomenon is
still obvious.

Comparing with Figures 5A–F, a sudden increase in the arc
area can be found in Figures 5G,H. The arcs on most of the
insulators in Figure 5G are connected, and those in Figure 5H are
completely connected in two terminals. In this case, the leakage

current rapidly increases, amplitudes being larger than 250 mA.
The leakage current, with a waveform similar to the sine wave, has
very slight variations in amplitudes of the first and second half
parts in one period. In this case, the current “zero-crossing”
phenomenon disappears, and the current flicker becomes
weaker. The arc area also features with the sinusoidal variation
trend, although the arc area variations do not pass zero. As is
evident from the previous analyses, although the leakage current
wave shapes for various discharge processes are different, a strong
correlation can be found between the leakage current and the
corresponding arc area. For example, when the leakage current
reaches its positive or negative peak, the corresponding arc area will
reach its maximum value, and when the leakage current passes
through zero, the corresponding arc area will reach its minimum
value. Moreover, it should be noted that the arc extinction occurs
per half wave in one period in stage 1 (indicated in Figure 4). This
can be probably interpreted as the fact that the smaller arc on the
insulator surface, together with the smaller leakage current,
corresponds to less stored energy and also shorter time required
for the completion of deionization (Yang et al., 2014; Albano et al.,
2016). In stage 2 (also indicated in Figure 4), possibly due to the
fact that larger leakage current corresponds to more input energy
and longer time required for deionization (Wang et al., 2014;
Chaou et al., 2015), when the leakage current passes through zero,
no arc extinctions will occur.

FIGURE 7 | Relation between leakage current squared and the arc area.
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In the following analyses, the two simplest relationships, a
linear correlation for the leakage current versus the arc area and
for the leakage current squared versus the arc area, will be
compared for the entire discharge process shown in Figure 5.
Figure 6 presents the scatterplots of the current versus the arc
area for six discharge processes given in Figure 5. We first use the
simplest linear model to correlate the leakage current and light
intensity, as directly shown in Figure 6. The correlation
coefficients for five cases, shown in Figures 6A,C–H, are
larger than 0.9, and only one case, shown in Figure 6B, is
lower than 0.9. Moreover, the slopes of the regression lines in
Figure 6 vary in a wide range, from 39.94 to 165.55. Furthermore,
the intercepts of the regression lines also vary considerably.
Figure 7 shows the scatterplots of the instantaneous value of
leakage current squared versus the arc area shown in Figures
5A–H. Note that the regression lines in Figure 7 are constrained
to pass through the origin. Although the resulting correlation
coefficients in Figure 7 are, to a certain degree, larger than those
in Figure 6, we cannot tell which relationship is more compelling
only by comparing the correlation coefficients. The slopes of the
regression lines in Figures 7A–F with current amplitudes below
150 mA are however found to be more or less constant (around
0.8) for different discharge processes. If we combine the results
from Figures 7A–H, it appears that when the leakage current is
smaller than 150 mA, a rough linear relationship exists between
the leakage current squared and the arc area. When the leakage
current is larger than 150 mA, the relation between the arc area
and leakage current becomes complicated. We choose to leave
that analysis for a later study.

CONCLUSION

1) When the leakage current reaches its positive or negative
peak, the corresponding arc area will reach to its maximum

value, and when the leakage current passes through zero,
the corresponding arc area will reach to its minimum value.
A strong correlation can be found between the leakage
current and the corresponding arc area.

2) In the case that the arc on the insulator surface is relatively
small, if the leakage current passes through zero, complete
arc extinction may occur. In the case when the arc is
relatively larger, even if the leakage current passes
through zero, complete arc extinction will not occur.

3) A rough linear relationship exists between the leakage current
squared and the arc area if the leakage current is smaller than
150 mA. This conclusion can be used as a proxy for judging
the discharge strength using the leakage currents of insulators.
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