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The surface discharge development processes of polluted porcelain insulators for power
transmission lines are tightly related with the development of leakage current (LC), the
characteristics of LC, the insulating condition, and discharge intensity of the insulator
surface have an important significance for revealing the contamination discharge state of
insulators. In order to analyze the LC characteristics of porcelain insulators in the process
of pollution flashover, artificial pollution flashover tests on porcelain insulators were
conducted in the artificial fog cabinet, and the characteristics of LC waveforms in time-
domain and frequency-domain were simultaneously measured and analyzed during the
tests. The results indicated that the amplitude of LC, fundamental harmonic, the third
harmonic, and fifth harmonic had a strong correlation, the maximum of LC(Im), the rate of
total harmonics (THD), and the phase difference of fundamental harmonic (θ) were used for
the representation of the characteristics of the LC waveform. The LC has the
characteristics of high amplitude, low proportion harmonic, and small phase difference
between the fundamental harmonic and voltage before the flashover occurrence. The test
results provide effective reference for porcelain insulators in pollution flashover forecasting.
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INTRODUCTION

Outdoor insulators have been exposed in severe environment since the birth of the power system
(Yang et al., 2019; Liu et al., 2020; Shen and Raksincharoensak, 2021a; Shen and Raksincharoensak,
2021b). The airborne particles are deposited on the insulator surface and the pollution builds up
gradually, which causes insulator flashover during wet weather conditions (Yang et al., 2019; Shen
et al., 2021; Yang et al., 2021). So conditions monitoring of the insulator are important to know about
insulator status of the insulator. The analysis of surface LC is necessary to know about the insulator
condition (Miyake et al., 2010; Shen et al., 2020; Yang et al., 2020; Zhu et al., 2020; Noman et al.,
2021).

A large number of research studies have dealt with LC, including the maximum value of the LC
pulse under the operating voltage, the amplitude of the LC before the occurrence of flashover and the
LC root-mean-square values (Li et al., 2010; Jiang et al., 2010). Besides, the number of the highest
peak power-spectrum is also used as methods for pollution monitoring (Chandrasekar et al., 2009;
Pylarinos et al., 2011; Pylarinos et al., 2012). Literature (Chaou et al., 2015) reported that the main
frequency of the porcelain insulator LC waveform is 50, 150, and 250 Hz and the LC waveform is
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divided into six categories. Papers (Suda T, 2001; Bashir and
Ahmad, 2010; Douar et al., 2010; Dhahbi-Megriche and Beroual,
2016) introduced the analysis of the variation characteristics of
the LC in the frequency domain power spectrum during the entire
process of the contamination flashover. But all these studies listed
have not yet reached consensus on which spectrum parameters
can represent contamination insulator surface state.

In this paper, while measuring polluted porcelain insulator LC
data and shooting discharge pictures, the frequency spectrum
characteristics of LC waveform is extracted during loading
voltage process, analyzing the variation of LC characteristics
carefully under various salt density, as well as the correlation
between each feature quantity.

EXPERIMENTAL EQUIPMENT AND
METHOD

Experimental Equipment
According to IEC60507 standard (IEC 60507, 1991), the solid
layer method experiments are carried out in an artificial fog
chamber. The schematic diagram of the test device is shown in
Figure 1. The artificial fog chamber’s dimensions are 5 × 5 × 5 m.
The power supply includes a shifting coil voltage regulator
(150 kV/4A) and test transformer (1000 kV/2250 kVA). The
high voltage supply is connected to the artificial fog chamber
through a 220 kV wall bushing. The fog is generated by the
automatic steam generator. Steam output remains at a fixed rate.
The data acquisition systemmonitors and records LC and voltage
waveforms using a LABVIEW program on the personal
computer. The leakage current sensor is connected to the low-
voltage circuit, the leakage current signal is obtained and the
voltage signal is obtained through the capacitive voltage divider,
which are then connected to the leakage current and voltage
measurement system through the double-layer shielded coaxial
cable, the sampling rate is 125kS/s, and then connected to the
computer, the software of the leakage current measurement
system finally completes the measurement of the leakage
current and the pollution flashover voltage in the artificial
pollution flashover test of the insulator.

Insulator Sample
The XP-70 porcelain insulator is used to measure the LC in the
test. A sample insulator string includes seven pieces of porcelain
insulator that are used for the experiments. The details of the
dimensions of the porcelain insulator are in Table 1.

Test Methods
The solid layer method as described in IEC60507 is used in the
test (IEC, 1991). NaCl is used as soluble salt. Kaolin powder is
used as non-soluble salt. First, NaCl is mixed with Kaolin powder
in a certain proportion in distilled water. Then the mixture is
coated on the clean porcelain insulator surface. Finally, the pre-
contaminated samples are hung in the laboratory until they
naturally dry for more than 24 h before the experiment. Based
on the IEC60507 standard, four levels of equivalent salt deposit
density (ESDD) are applied to the experiment, respectively, 0, 0.1,
0.2, and 0.4 mg/cm2. And the non-soluble deposit density
(NSDD) is set to 1.0 mg/cm2. The commonly used methods of
artificial pollution test include constant pressure lifting method.
During the test, when the wetness of the umbrella skirt surface
reaches a fully saturated state, the pressure is immediately
increased to flashover. The speed of the increase is not
specified before 40% of the expected flashover voltage. Then
the voltage is increased to flashover at a rate of 10–20% of the
expected flashover voltage per second.

RESULTS AND DISCUSSION

Discharge Image and LC Waveforms and
Frequency Spectrum
As shown in Figure 2, at the first stage of discharge, the weak
filamentary discharge can be seen on the surface of the porcelain
insulator. With the increase of voltage, the “squeak” sound can
be heard.

Contaminant forms a layer on the surface of the insulator in
combination with water, which causes the formation of
conducting films, and that causes to flow the LC through the
insulator surface under wet conditions. Evaporation of water
layers in these areas forms dry bands. The appearance of dry
bands on the insulator surface causes arcs. Such arcs may elongate
until they bridge the two metal electrodes of the insulator, and
total flashover occurs.

With the increase of voltage, partial arcs will enter into a stage
of stability. Blue-violet partial arcs will appear on the surface of
the porcelain insulator. For the whole insulator string, the
development of partial arcs of each piece of porcelain
insulator is relatively independent.

FIGURE 1 | Schematic diagram of the test device.

TABLE 1 | Dimensions of test porcelain insulator.

Parameters Dimensions in mm

Maximum diameter 255
Creepage distance 295
Axial height 146
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Bright blue-violet arcs are changed into light yellow, while the
bright arcs are rotated around the axis of the porcelain insulator.
A large number of small arcs get together to form the main arc

and develop along the surface of the insulator. As voltage
continues to increase, the partial arcs have a tendency to
through the surface of an insulator, when they cross 70%

FIGURE 2 | The process of contamination discharge of insulators.
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creepage distance of the insulator, porcelain insulator string
flashover.

Figure 3A shows a typical waveform of LC obtained at the
test. Figures 3B–D show the frequency spectrum of Figure 3A.
The frequency components of LC were studied within 0–100 Hz,
1–4, and 4–44 kHz. With the increase of frequency, the
amplitude of LC decreases gradually. The maximum value of
LC at 1 kHz is only 0.04 mA, which is more than that at 1.5 kHz.
The amplitude of LC is less than 0.005 mA. It is only 0.1% of the
fundamental harmonic. In Figure 3A, it is obvious that there is
the third, fifth, and seventh harmonics, especially the third and
fifth harmonics, expect the amplitude of the fundamental
harmonic at 50 Hz.

A typical LC waveform and corresponding spectrum graph are
shown in Figure 4. When the porcelain insulator surface is dry or
extremely low contamination degree, there is LC waveform in
Figure 4A. The waveform is a sine wave, but the phase difference
is larger between the voltage and the fundamental harmonic,
some even meet to 90°. When the insulator surface appears weak
discharge current slowly, the LC waveform begins to distortion
into symmetrical triangle waveform (Figure 4B), the odd
harmonic increases sharply; when the discharge becomes more
obvious and intense, the triangle wave will significantly increase,
the peak of the LC waveform becomes more prominent, an
asymmetric waveform is formed (Figure 4C); the strong arcs
almost across insulator string before flashover occurs. The
characteristics of LC are mainly decided by the nature of the
arcs, a long arc represents resistance. As shown in Figure 4D,
resistive current will appear again, but the amplitude of LC will
increase tens to hundreds of mA.

LC Characteristic
The change curves of applied voltage and LC of porcelain
insulator under different salt density are shown in Figure 5.
With the increase of voltage, LC increases linearly, when the
voltage rises to a certain value, the amplitude of LC begins to

fluctuate, the value of salt density is higher, the discharge becomes
more powerful and intense. The amplitude of LC increases
sharply before the flashover is coming.

THD Variation Law of Polluted Insulators Under Wet
Conditions
THD is the total harmonic distortion of LC (Khodsuz and Mizaie,
2015). The change curve of THD during loading voltage process is
shown in Figure 6. The curve of THD of a clean insulator is
shown in Figure 6A, the initial applied voltage is small, the LC of
a clean insulator is also small, the interfering signals cause higher
distortion. With the increase of voltage, the LC increases, the
value of THD decreases gradually; a small number of arcs appear
on the surface of the porcelain insulator. THD increases suddenly
before the flashover is coming. As shown in Figures 6B,C, when
the salt density is 0.1, and 0.2 mg/cm2, THD changes greatly after
the pressure for more than 20 s. With the salt density increased to
0.4 mg/cm2, THD changes more intensely.

Phase Angel θ of Polluted Insulators LC Variation Law
Under Wet Conditions
The θ is the phase difference between the applied voltage and LC.
Change curves of phase difference under different salt densities
are shown in Figure 7. The LC phase of clean porcelain insulators
decreased gradually with the voltage increased, which decreased
from 75 to 20°. The phase difference was mutated into a negative
value before flashover occurs, which shows that there is a big arc,
and following with insulator flashover.

LC contains resistive current and capacitive current, the
proportion of resistive current is different from capacitive
current, so the phase difference fluctuates between the positive
and negative. With the increase of voltage, the porcelain insulator
surface does not appear to discharge, the phase difference
gradually decreases to negative, then the insulator begins to
violently discharge and the phase difference begins to flounce
between positive and negative.

FIGURE 3 | The LC waveform and its Fourier transform.
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FIGURE 4 | LC waveforms and frequency spectrum of different discharging strength.

FIGURE 5 | Curves of LC with the increasing voltage.
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The Relationship LC Characteristics
LC fundamental harmonic, the third harmonic, the fifth
harmonic, and the rate of total harmonic and the phase
difference of the fundamental harmonic has carried on the
correlation analysis.

From Table 2 to Table 3, the correlation coefficient between
the amplitude of LC and fundamental harmonic, the third
harmonic, and the fifth harmonic is more than 0.800. The
amplitude of the LC can be used to represent the fundamental
wave, third, and fifth harmonic; current amplitude has a low

FIGURE 6 | Curves of THD of insulators under different pollution conditions.

FIGURE 7 | Curves of θ of LC under different ESDD.

TABLE 2 | The coefficient of LC eigenvalues on clean insulator.

Im I1m I3m I5m θ THD

Im 1.000 0.908 0.998 0.998 −0.229 0.418
I1m 0.908 1.000 0.928 0.886 −0.461 0.285
I3m 0.998 0.928 1.000 0.994 −0.252 0.431
I5m 0.998 0.886 0.994 1.000 −0.197 0.425
θ −0.229 −0.461 −0.252 −0.197 1.000 0.249
THD 0.418 0.285 0.431 0.425 0.249 1.000

TABLE 3 | The coefficient of LC eigenvalues (ESDD� 0.1 mg/cm2).

Im I1m I3m I5m θ THD

Im 1.000 0.971 0.865 0.917 −0.491 −0.061
I1m 0.977 1.000 0.802 0.881 −0.402 −0.162
I3m 0.865 0.804 1.000 0.958 −0.597 −0.021
I5m 0.917 0.887 0.957 1.000 −0.565 −0.072
θ −0.494 −0.407 −0.594 −0.564 1.000 0.094
THD −0.061 −0.162 −0.022 −0.075 0.094 1.000
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correlation with θ, the maximum value is only −0.620 under four
pollution levels, and all are negative. It is indicated that the value
of LC is bigger. That θ is smaller; the correlation of THD and
current amplitude is less than 0.44. Distortion degree of LC
waveform and the value of LC lack of a strong linear
relationship; there is no significant correlation between THD
and θ.

Themaximum value of LC is affected by the degree of pollution.
The THD represents the degree of distortion of the LC waveform;
the phase difference can distinguish effectively capacitive current
and resistive current. Three characteristics describe the situation of
LC of porcelain insulator surface from different aspects. The
waveform of LC can be characterized by three features that are
current amplitude, THD, and phase difference.

The LC Characteristics Before Flash
As shown in Figure 8, when the flashover occurs on the surface of
the porcelain insulator, the voltage drops to zero rapidly. Before
the flashover, the LC did not increase sharply, arcs almost
throughout the whole string of the insulator, which lasted for
a long time. The waveform of LC and applied voltage is shown in
Figure 9, NSDD is 1.0 mg/cm2, ESDD is 0.1, 0.2, 0.4 mg/cm2, the
amplitude of LC reached more than 700 mA before flashover. The

total harmonic and phase differences are small, and the LC
mainly is resistive current.

CONCLUSION

1) The correlation coefficient between the amplitude of LC and
fundamental harmonic, the third harmonic, and the fifth
harmonic is more than 0.800; the amplitude of the LC can
be used to represent the fundamental waveform, the third
harmonic, and the fifth harmonic; the correlation of THD and
maximum value of LC is less than 0.44; the distortion degree
of the LC waveform and the value of LC lack of a strong linear
relationship; there is no significant correlation between THD
and θ.

2) The maximum value of LC is affected by the degree of
pollution. The THD represents the degree of distortion of
LC waveform; the phase difference can distinguish effectively
capacitive current and resistive current. Three characteristics
describe the situation of LC of porcelain insulator surface
from different aspects. The waveform of LC can be
characterized by three features that are current amplitude,
THD, and phase difference.

3) Test results can be used as an effective reference for porcelain
insulators in pollution flashover forecasting.

TABLE 4 | The coefficient of LC eigenvalues (ESDD � 0.2 mg/cm2).

Im I1m I3m I5m Θ THD

Im 1.000 0.969 0.861 0.934 −0.620 0.121
I1m 0.969 1.000 0.823 0.924 −0.490 0.042
I3m 0.861 0.823 1.000 0.938 −0.701 0.158*
I5m 0.934 0.924 0.938 1.000 −0.655 0.135
θ −0.620 −0.490 −0.701 −0.655 1.000 0.012
THD 0.121 0.042 0.158* 0.135 0.012 1.000

TABLE 5 | The coefficient of LC eigenvalues (ESDD � 0.4 mg/cm2).

Im I1m I3m I5m θ THD

Im 1.000 0.919 0.901 0.845 −0.368 −0.173*
I1m 0.919 1.000 0.823 0.887 −0.204 −0.240
I3m 0.901 0.823 1.000 0.965 −0.430 −0.155
I5m 0.845 0.887 0.965 1.000 −0.444 −0.101
θ −0.368 −0.204 −0.430 −0.444 1.000 −0.383
THD −0.173* −0.240 −0.155 −0.101 −0.383 1.000

FIGURE 8 | The voltage and current waveform of flashover.

FIGURE 9 | The voltage and current waveform of pre-flashover.
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