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This paper deals with the analysis of partial discharge (PD) occurrences
based on leakage current (LC) pulses distribution under different level of
contamination. In this work, laboratory based contamination performance
tests are conducted on four units of glass insulator string stacked in I-
position. Results show that PD can be characterized (according to their
occurrence with respect to the AC supply) as follows: corona discharge
occurring dominantly in lightly contaminated insulators, surface discharge
occurring dominantly in medium contaminated insulators and finally internal
discharge occurring dominantly in heavily contaminated insulators. The
ability to distinguish the type of PDs from the LC waveform could be used to
monitor and predict the condition of the insulator. The outcome can be
incorporated in a conditioning monitoring system.
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1. INTRODUCTION
Insulator strings that widely used for suspension overhead transmission and distribution lines have

provided excellent services for decades. The primary function of overhead insulators is to mechanically
support high voltage (HV) cables and electrically isolating them from the grounded structure. However,
overhead insulators are often beset crucial problems when dealing with contamination [1]. The voltage
distribution of dry and contaminated insulators has uniform resistivity in the absence of water [2]; but in wet
condition, uneven resistance exists. The wet surface of contaminated insulator due to high humidity, light
rain and fog may lead to the formation of conductive layer and cause leakage current (LC) to flow.

It is an accepted fact that the discharge on the surface of wetly contaminated insulators is directly
related to the dry bands [3]. The uneven deposition of contamination sources causes some parts of the
insulator to have highest current density especially around the insulator pin [4]. These regions dry more
quickly and their resistance increases due to a large amount of heat generated, thus leading to the formation
of dry bands. The dry bands existence may lead to the propagation of arcs on the insulator surface which at a
certain period of time this arcs may elongate until they bridge the electrodes and finally direct to total
flashover.

Dry band arcing plays a negative role in the insulation performance. The appearance of dry bands as
a result of Joule effect due to the flow of LC on the contamination layer located on the insulator surface may
modify the voltage distribution along the insulator surface. Most of the applied voltage will be distributed at
this region since it has high resistance. Localized arcing will be developed if this dry band region cannot
withstand the voltage [3]. Further, the formation of dry band distorts the electric field within the band under
influence of any moisture and leads to occurrence of partial discharge (PD).
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As quoted from IEC 60270, PD is defined as localized electrical discharges that only partially
bridges the insulation between conductors and which can or cannot occur adjacent to a conductor [5]. In
accordance with the standard, PD pulse is current or voltage pulse that results from PD occurring within the
object under test. Therefore, the LC pulses can be potentially used to indicate the occurrence of PD, referring
to the concept applied in PD measurement itself. Although PD does not cause immediate breakdown of the
insulation, the appearance of PD indicates the presence of default which cause energy dissipation and further
leads to insulation degradation [6, 7]. It is therefore, important to diagnose the existence of PD activities so
that early prevention action can be taken into consideration.

Literature has shown that LC is the most efficient technique to monitor and investigate the condition
of insulator surface. Numerous methods have been used to measure the LC flows on the service insulators; a
current transformer (CT) was used in [8] to measure the LC flow on five units of string insulators under
contamination test; a combination of CT and shunt resistor was used by [9] to study the flow of LC on the
insulators of 400 kV transmission lines. Researchers [10] utilized the advantages of optical fiber as it is
immune to electromagnetic interference for their online LC measurement at 500 kV field tower as well as
230 kV and 500 kV substation towers. The surface current of transmission line insulators was observed in
[11] using antenna. A novel broadband microcurrent transducer was applied in online measurement of LC
system by [12]. The flow of LC of the insulators available on 275 kV line in YTL Power Station was
investigated by [13] using artificial electrode. Various methods were implemented as described above to
investigate the flow of LC. This shows that the presence of LC is crucial and may lead to arcing activities on
the surface of insulators, which may result to contamination flashover.

Therefore, an attempt to characterize the type of PD based on LC pulses waveform is presented in
this paper. A string of four glass insulators (without grading ring) used as main sample was contaminated
with different levels of contamination. The flow of LC is measured by using a 100 Ω shunt resistor at the
grounded end of the string insulators and analyzed by superimposed compilation of 10 cycle current pulse
events.

2. RESEARCH METHOD
Salt particularly ammonium chloride with the weights of 10 g, 50 g, and 100 g were dissolved in 1

liter of distilled water to form different saline solutions and subsequently tested for contamination level using
Equivalent Salt Deposit Density (ESDD) method. Four units of HV glass insulators were pre-contaminated
with those different saline solutions and were completely dried for 24 hours before entering the test chamber
for voltage injection. Full measurement setup which is modified from [14] is illustrated in

Figure 1 (a) with the insulators suspended vertically while the pictorial view of the experimental
setup is depicted in

Figure 1 (b). The laboratory experiment for artificial pollution tests was conducted based on IEC
60507 [15].
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Figure 1. (a) Full measurement setup and (b) pictorial view of experimental setup

The operating voltage of 33 kV AC was applied when the contamination layer is completely wetted by clean
steam fog as depicted in Figure 2 and the relative humidity in the range of 80 % to 100 %. This humidity
range is chosen by taking into account the fact that the surface conductivity often increases when the relative
humidity exceeds 75 % [16]. The flow of LC was measured by a 100 Ω standard resistor at the grounded end
of the string insulators without any electrical contact with the HV supply. The measured LC is then
continuously captured by PicoScope® and subsequently recorded by a computer, along with the HV probe
measured AC supply.

Figure 2. Insulators wetted by clean steam fog

3. RESULTS AND ANALYSIS
Table 1 presents the contamination level of the tested saline solution according to an application

guide for contaminated insulators proposed by CIGRE [17]. Based on this result, different levels of
contamination are obtained and the insulator was subsequently contaminated with ammonium chloride.

Table 1. Contamination level according to saline solution
Salt weight (g) ESDD (mg/cm2) Contamination level [17]

0 0.00 Clean
10 0.05 Light
50 0.07 Medium
100 0.13 Heavy

3.1. Clean String Insulator

Relative
humidity sensor
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Error! Reference source not found. shows the leakage current (LC) waveform for clean insulator
string. From the figure, there is a small pulse on the negative cycle of applied voltage. Small pulse of LC
which is less than 1 mA peak can be considered as typical noise [18]. This finding suggests that in clean and
dry conditions, no LC flows along the insulator surface.

Figure 3. Leakage current pulses waveform for clean insulator string

3.2. Lightly Contaminated String Insulator
Error! Reference source not found. presents the LC pulses waveform for lightly contaminated

insulator string. It is apparent that the LC pulses occur at the phase angle of 90 degrees in both cycles of
applied voltage. The presented result can be characterized as corona discharge, as the distribution of LC
pulses occurs in the range of  80 to 100 degree phase of applied voltage [19]. The appearance of higher LC
pulses in the negative cycle of applied voltage is due to the formation of negative corona discharge and
supported by [20]. This situation is due to the mobility of free electron is much faster than ion under the
influence of applied voltage. Less LC activities occurred at the positive cycle may be explained by
considering that the inception voltage for positive corona is higher compared to negative corona [21]. It can
thus be suggested that both (positive and negative) corona discharge occurs when the string insulators were
lightly contaminated and agreed by [22]. Also can be concluded that the LC pulses pattern for corona
discharge is not symmetrical in which negative corona has lower inception voltage than positive corona. It is
also noticed from the presented result that LC pulses appear around the applied voltage spike with the range
of amplitude between 0.02 A to 0.05 A.

Figure 4. Leakage current pulses waveform for lightly contaminated insulator string
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3.3. Medium Contaminated String Insulator
Figure 5 illustrates the LC pulses waveform for medium contaminated insulator string. It is clear

that the LC pulses are obtained at the location from 0 to 90 degree phase for positive cycle of applied voltage
while 180 to 270 degree phase for negative cycle of applied voltage. The presented result corroborates the
findings of researcher [23, 24] who classify discharge pattern distributed within the first and third phase
quadrant of applied voltage as surface discharge. Surface discharge may occur due to the presence of high
tangential field. The non-uniform contamination layer along the surface of glass insulator applied during the
experiment could lead to the formation of this tangential field and enable the occurrence of surface discharge.
It can therefore be assumed that the surface discharge may occur in the glass string insulator during medium
contaminated conditions. It is also can be concluded that the LC pulses pattern for surface discharge in this
work is symmetrical between positive and negative cycles. It is worth to mention that the LC appears around
the applied voltage spike with the range of amplitude is between 0.06A to 0.12 A.

Figure 5. Leakage current pulses waveform for medium contaminated insulator string

3.4. Heavily Contaminated String Insulator

Figure 6 depicts the LC pulses waveform for heavily contaminated insulator string. The LC pulses
appear again at the location of applied voltage spike with the range of amplitude between 0.16 A to 0.19 A.
Interestingly, the LC pulse occurs at the phase of 0° to 90° and 135° to 180° for positive cycle of applied
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voltage while 180° to 270° and 315° to 360° for negative cycle of applied voltage. Referring to

Figure 6, the distribution of LC pulses can be characterized as internal discharge as it has similar
distribution of PD charge magnitude [20]. The result also appears to be consistent with the simulation study
conducted by [25] in the void modeling using Monte-Carlo simulation. Their finding shows that the charge is
distributed on the insulation surface initially, and then followed by a uniform distribution in the void and
finally internal discharge occurs.

Figure 6. Leakage current pulses waveform for heavily contaminated insulator string
It is well understood that internal discharge usually occurs in the void that has lower breakdown

strength than solid insulation [26]. However, in this work, it is important to emphasize that internal
discharges are initiated due to high electric concentration field between contamination layer and the glass
insulator surface. The occurrence of dry band region on the glass insulator surface could be another possible
explanation for internal discharge event during heavily contamination. The internal PD can be initiated when
there is a small glow discharge burning in the dry band region [16]. In this work therefore, there may be glow
discharge which cannot be seen directly by eye but detected by LC measurement. It is also important to
mention that the existence of LC flow causes glow and heat that can be detected by other methods such as
infrared (IR) or thermal camera.

The presented results have contributed to the knowledge of the type’s dominant PD occurrences
based on LC pulses distribution according to the contamination level with respect to the applied voltage
waveform. This knowledge can be used by service engineer to monitor the condition of string insulators
while in service and time to replace the insulators can be predicted. The dominant types of PD based on LC
pulses distribution with respect to applied voltage waveform according to the contamination level is
summarized in Table 2.

Table 2. The distribution of LC pulses with respect to applied voltage waveform according to the
contamination level

Contamination Level Phase Angle Types of Partial
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Positive cycle Negative cycle Discharge (dominant)
Clean - - No discharge
Light 80° to 100° 260° to 280° Corona discharge

Medium 0° and 90° 180° to 270° Surface discharge
Heavy 0° to 90° and 135° to 180° 180° to 270° and 315° to 360° Internal discharge

3.5. Leakage Current Amplitude
Based on the findings obtained from Section 3.1 to 3.4, it is perceived that the LC pulses amplitude

increase as the contamination level increases. Therefore, this section will discuss on the maximum value of
LC flowing through the string insulator under all conditions. Maximum value of LC flows along the surface
of insulator string with its phase angle under different levels of contamination is shown in Figure 7. It is
apparent form this figure that the value of LC magnitude increases as the contamination level is increased.
This observation is true since the LC pattern extracted from [27] also increases when the insulator becomes
more contaminated. It is also worth to mention that the value of LC is in root-mean-square value.

Figure 7. Maximum value of LC amplitude with phase angle of applied voltage waveform

Another interesting observation can be seen from Figure 7 is that the LC pulses distribution
according to the phase angle of applied voltage during heavily contaminated condition is overlapped with
lightly and medium contaminated conditions. This shows that, internal discharge occurs along with corona
and surface during heavily contaminated conditions but is dominated by the internal discharge. Similar
situation also occurs during medium contaminated conditions where the distribution of LC pulses for corona
and surface discharge overlapped at 90 degree of applied voltage. This situation indicates that the occurrence
of surface discharge during medium contaminated comes with corona but surface discharge event is more
dominant.

4. CONCLUSION
The present article provides the characterization of partial discharge based on leakage current pulses

waveform. Based on the presented results, PD can be characterized as follows: corona discharge occurs
dominantly in lightly contaminated insulators, surface discharge is dominant in medium contaminated
insulators and finally internal discharge occurs dominantly in heavily contaminated insulators. The ability to
distinguish the type of discharge from the LC waveform could be used to monitor and predict the condition
of the insulator while energized and in service. Therefore, an immediate action can be taken thus increasing
the reliability of the power system network. It is expected that when the LC pulses are distributed at phase
degrees of 0° to 360° (all four quadrant), it can be used as a pre-warning of an impending breakdown.
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