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Abstract: Considering the ice shedding phenomena on ice-covered outdoor insulators, this paper
conducted the artificial experiments by using a five-unit suspension ceramic insulator string covered
with wet-grown ice to investigate the effects of ice shedding on the icing discharge characteristics.
According to IEEE Standard 1783/2009, the minimum flashover voltage (VMF), propagation of
discharges to flashover and related leakage current (LC) were measured. It was found that VMF after
ice shedding can be increased by about 17% as compared with that before ice shedding. The initiation
and formation of discharge arcs across ice-free regions caused by ice shedding become difficult,
showing an unstable propagating path, indeterminate arc shape and longer arc column. Although
VMF under ice shedding conditions is higher than that without ice shedding, the fundamental
component, and harmonics show lower amplitudes for the latter case. The ratios of harmonics to the
fundamental are well in accordance with discharge characteristics during the flashover for which the
ratios show a relatively stable varying tendency in the absence of ice shedding, but show changeable
and indeterminate variation under ice shedding conditions. The obtained results are helpful to
understand the icing state and its influence on surface discharges for preventing the icing flashovers.

Keywords: ice-covered outdoor insulators; ice shedding; discharge characteristics; AC flashover;
minimum flashover voltage; time-frequency analysis; leakage current

1. Introduction

Icing flashover of outdoor insulators has already been considered as a major factor affecting the
stable and safe operation of the power grid in cold climate areas [1–5]. For the purpose of improving
the performance of outdoor insulators applied in these areas, theoretical simulation and experiments
have been conducted to study the icing formation and the characteristics of surface flashover on iced
insulators by a large number of scholars [6–12]. Insulator geometrical parameters and types, and
shape, density, and the amount of ice have distinct impacts on the icing flashover. It has also been
found that water film, air gaps, contamination level, atmospheric pressure and ambient temperature
are significant factors that affect the icing flashover.

In these studies, ice shedding has been mentioned to happen during the ice accretion or ice
flashover process [13–22]. As a result of cumulative effects from leakage current, discharge behaviors
and environmental factors, ice shedding from outdoor insulators is a complicated moving process
under the joint action of ice accumulation and ice melting. Once the surface adhesion force between
ice and the insulator is weakened, ice chunks will fall down if gravity is higher than the adhesive
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force. Because of the presence of ice-free areas (air gaps) caused by ice shedding, it will have an
impact on the withstand and flashover voltages of insulators [14–16]. It was pointed out that AC
arc propagation on iced insulators can be expanded on account of the melting and falling down of
ice chunks, influencing the arc maintenance conditions and the critical conditions toward flashover
occurrence [17]. However, due to the complicated formation process of ice accretion and the generation
of partial arcing discharges randomly, it is difficult to precisely determine the formation and location
of ice shedding [18]. By using a boundary element method, investigation was carried out on modeling
ice shedding as it influences the density and amount of ice accretion, as well as the electric field.
Consequently, formation and propagation of partial arcs are greatly influenced by ice shedding [19,20].
Wang et al. have analyzed the influences of wind speed and ambient temperature on the ice shedding
based on ice-melting simulation and experiment, and found that the ice shedding rate is faster under
the conditions of lower wind speed or higher ambient temperature [21]. Jiang et al. have established
a dc ice-melting model and analyzed the impacts of wind speed, environment temperature, current
density and iced thickness on the ice-melting process by means of the results of simulations and
experiments [22]. However, few studies have been done to form the connection between ice shedding
and discharge propagating characteristics on iced insulators. Discharge characteristics of ice-covered
outdoor insulators are investigated during the deicing process, which can better understand the
process and mechanism of ice flashover, and lay the foundation for improving operating reliability
and stability of ice-covered insulators.

In this paper, the effects of ice shedding on discharge propagating characteristics of an iced
insulator are analyzed comprehensively and systematically during the AC flashover process. Flashover
experiments were conducted before and after ice shedding. The minimum flashover voltage and
related leakage current were measured. Based on time-frequency analysis of leakage current, the
propagation characteristics of surface discharges to flashover were acquired for discussing the influence
of ice shedding on discharge characteristics of ice-covered outdoor insulators.

2. Experimental Setup and Procedures

As shown in Figure 1, the experimental sample was a five-unit suspension ceramic insulator
string, of which the shed height was 146 mm and the shed diameter was 254 mm. The leakage
distance of the insulator was 305 mm, as well as the arcing distance was 809 mm. Before the start of
experiments, the specimens were wiped by pure ethanol and then stored in a dust-free environment at
room temperature.

According to IEEE Standard 1783/2009, the experiments for ice shedding and flashover were
carried out in the specified cold-climate room, the dimensions of which were 4.8 m × 2.8 m × 3.5 m.
When the sample was installed, a cooling system could make the room temperature decline to −12 ◦C
quickly, which was adjusted by a high-resolution proportional integral and differential (PID) system.
When keeping the sample under the setting ambient temperature for more than 16 h, the AC power
source energized the specimen at the voltage of 75 kVrms (15 kVrms per unit). Meanwhile, supercooled
water droplets with the average radius of 40 µm were sprayed on the sample surface with the help
of four pneumatic nozzles connected with the wind, which could be generated by a 10-fan system.
Mixing deionized water with sodium chloride made the water conductivity be 30 µS/cm and the
parameter could be measured by the digital conductivity meter. Besides, the mean wind velocity was
set at 3.3 m/s.

A monitoring cylinder with a 3.8 cm diameter at a 1-rpm rotating speed was used to measure
ice thickness. Once a 2-cm thick ice was accreted, the ice regime was stopped and preparation for the
flashover test was finished in 2 min. Then, voltage was increased to the estimated flashover voltage at
the rate of 3.9 kV/s. Depending on the occurrence of flashover or withstand during 15 min, the applied
voltage for the next flashover test was respectively decreased or increased at a step voltage of 3 kV.
Each test under the same icing conditions was only carried out for one time with the predetermined
voltage. Finally, the minimum flashover voltage (VMF) was determined when there were two flashovers
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occurring on the specimen and three withstands under a voltage one step (3 kV) lower than VMF.
In the entire process of the experiment, leakage current and voltage were both obtained by the shunt
resistor (5 Ω) and the resistance-capacitance (RC) divider based on the data acquisition system at the
sampling time of 10−4 s. Simultaneously, surface discharge activities during the flashover process
could be captured through applying a high-speed video camera at the sampling rate of 6000 frames
per second.
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3. Flashover Performance on an Ice-Covered Insulator

3.1. Icing State of an Ice-Covered Outdoor Insulator with and without Ice Shedding

After the icing regime, the icing state of the ice-covered insulator with and without ice shedding,
before the flashover tests, is displayed in Figure 2. The former plays an inhibitory role for the ice
accumulation, the LC passing along the insulator surface producing the thermal energy and the arc of
partial discharge in air gaps of the insulator, resulting in the raising of ice temperature to make ice
drop from the insulator surface. The latter plays a positive role in promoting the icicle length and icicle
number on the air gaps between two sheds and increasing the ice thickness of the insulator surface. The
laboratory environment could be controlled to make the experimental temperature constant at −12 ◦C
and the low-temperature water to accumulate on the insulator surface, causing the ice accumulation
and insulator sheds to be connected by the icicles shown in Figure 2a. As can be seen, the surface
characteristics of the ice-covered ceramic insulator could be composed by the following four aspects:
Ice accumulating on the metal fittings and the insulator surface, air gaps between the generated icicles
and the shed surface, icicles without connecting the different sheds (Shed No. 4 and Shed No. 5) and
icicles connecting the different sheds (Shed No. 1 to Shed No. 3).

In order to simulate ice shedding on energized outdoor insulators, an artificial method was carried
out to remove the covered ice from the 5th shed surface, as shown in Figure 2b. Therefore, the shed
insulating surface was added to the components of the ice-covered ceramic insulator surface compared
with that without ice shedding.
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Figure 2. Surface condition of ice-covered outdoor insulators: (a) occurrence of ice shedding;
(b) without the ice shedding.

3.2. Flashover Process of Ice-Covered Insulators with and without Ice Shedding

After the ice accretion, the flashover experiments were conducted under the conditions of with and
without ice shedding, whose minimum flashover voltage (VMF) is 84 kVrms and 98 kVrms respectively,
as shown in Figure 3. It can be calculated that the VMF is increased by about 17% due to the appearance
of ice shedding. It is known that flashover occurrence on ice-covered insulators is mainly related to the
discharge arcs across air gaps and to the residual surface resistance [23]. Based on the same ice regime
conditions, the properties of the ice accreted on the insulator can be considered the same, while there
are differences for air gaps and shed surfaces without ice, as shown in Figure 2. Therefore, a higher
voltage drop along the air gaps is required to reach the threshold of air breakdown and the non-iced
shed surface can sustain more voltage to inhibit the extension of discharge arcs up to the critical length
for flashover. This is the reason why the VMF of ice-covered insulators with ice shedding is much
higher than that without ice shedding.
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Figure 3. Minimum flashover voltage (VMF) of ice-covered insulators with and without the occurrence
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The VMF variation is also associated with different discharge phenomena during the flashover
process of ice-covered insulators with and without ice shedding, as shown in Figure 4. From discharge
inception to flashover propagation, the apparent differences can be observed and detailed as follows:

(1) At the stage of discharge inception: Due to the non-uniformity of ice distribution, the larger
voltage drop will be sustained by the units without ice or with less ice. Under the no ice shedding
condition, partial discharge arcs can be easily initiated at air gaps by increasing the applied voltage,
as shown in Figure 4(a1,a2). Due to the formation of air gaps during the icing regime (Figure 2a),
the electric field distribution along the ice-covered insulator can verify the fact that the electric field
strength at the air gaps becomes strong enough to induce an air breakdown, which is relatively stable
for the air gap locations. When there is ice shedding, although partial arcs are also initiated in the
ice-free regions, the arc locations are unstable due to the indeterminacy and air breakdown. Meanwhile,
the arc shape is also indeterminate and longer compared with that without ice shedding, as shown in
Figure 4(b1,b2).
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phenomena on the insulator without ice shedding; (b) the discharge pehnomena on the insulator with
the occurrence of ice shedding.

(2) At the stage of discharge propagation: The discharge intensity can be gradually increased to
form stronger white discharge arcs by increasing the applied voltage. Without ice shedding condition,
when the applied voltage reaches VMF, the initiated partial discharge arcs can still shorten the air
gaps for a long time, but will become stronger and brighter, as shown in Figure 4(a3–a7). During this
period, the heat energy produced by LC Joule heat and discharge energy can cause the melting of
the accreted ice, even making some of them fall down to the ground. Due to the multi effects of ice
melting water, falling ice and zero-crossing properties of AC voltage, discharge arcs show obvious
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extinguishing and re-ignition behaviors, but can still be sustained stably across the air gaps. Based
on the modeling of AC discharge arcs on an ice surface [23–25], except for sustaining the burning of
air-gap discharge arcs, the applied voltage also supplies the energy for the ice melting. Associated with
the formation, evaporation and dripping of ice-melting water film on the ice layer, the distribution of
the electric field becomes more uneven, causing many small discharge arcs on the ice surface. With
the extinguishing, re-ignition, propagation and connection of these small arcs, longer discharge arcs
can be finally developed to connect with the air gap discharge arcs, to induce a complete flashover.
Therefore, although discharge arcs on ice-covered insulators without ice shedding is a dynamically
varying phenomena, their occurrence path can be determined by the shortest air-gap direction between
the HV electrode and the grounded line.

Under ice shedding condition, most of electric field stress is sustained by the ice-shedding surface
and the air gaps. The partial discharge arcs show the indeterminate propagating paths in the curve
shapes, which are dependent upon the onset and development of streamers and the formation and
diffusion of space charges in these ice-free regions. During this period, relatively stable discharge arcs
cannot be easily formed across the shed surface and the air gaps (Figure 4(b3,b4)), which conversely
reduces the melting process of the ice layer. With the development of ice melting, more voltage can
support the stable occurrence of partial arcs and, as a result, discharges are initiated and extended
along the ice surface to cause a complete flashover (Figure 4(b5–b7)). Therefore, ice shedding increases
the difficulty of initiation and formation of local discharge arcs in the ice-free regions. The discharge
propagating path is curved and lengthened compared with the one without ice shedding.

(3) At the stage of flashover: A white discharge arc can be observed to develop downward
along the residual leakage distance and to join with discharge arcs, causing the rapid occurrence of
flashover. The flashover arc shows the characteristics of a very bright white central core surrounded
with discharges of the decreasing brightness. By comparing Figure 4(a8) with Figure 4(b8), the diameter
and brightness of the flashover channel show enhanced properties in Figure 4(b8), which reflect that
the flashover under the ice-shedding condition is much stronger and brighter than that without
ice shedding. It indicates that although ice shedding can inhibit the initiation and propagation of
partial discharge arcs to flashover, it may significantly damage the insulator due to the higher energy
produced by the flashover.

4. Time-Frequency Analysis of Leakage Current (LC) during Flashover Process

As the partial discharge occurs on the ceramic insulator surfaces, the waveform of leakage current
passing along the insulator surface will be changed by different types of harmonics [26–28]. Analysis of
the variation characteristic of leakage current harmonics is significant to associate the characteristics of
discharge propagation on ceramic insulators with the change in the surrounding environment before
the occurrence of complete flashover [29–31]. As spectrum analysis of LC on ice-covered insulators
shows that the low-frequency components (below 7th harmonic) can be the major LC content to have a
significant influence on the distortion of LC waveforms associated with discharge phenomena [32],
this paper analyzes the fundamental component, and the 3rd, 5th and 7th harmonics of LC to reflect
the discharge characteristics with and without ice shedding during the flashover process.

4.1. Temporal Variation of LC Components

As the ice-covered insulator flashover results from discharge arcs burning across the air gaps
and LC passing along the ice surface, a time-frequency analysis of LC was carried out to obtain
the temporal variation of different LC components (the fundamental component, 3rd, 5th and 7th
harmonics) during the flashover process with and without ice shedding, as shown in Figure 5. It can
be found that although VMF under the ice shedding condition is higher than that without ice shedding
(Figure 3), the investigated LC components under ice shedding show an obviously higher value than
those without ice shedding, at flashover occurrence. Before the flashover, the fundamental component,
the 3rd, 5th and 7th harmonics of LC under ice shedding condition are practically all lower than those



Energies 2018, 11, 2440 7 of 11

without ice shedding. Meanwhile, the variation of LC components under the ice-shedding condition
shows a bigger fluctuation than that without ice shedding.

As discussed above for the flashover process, complete flashover is initiated by discharge arcs
in the air gaps, developed by the propagation of discharge arcs associated with ice melting, and
concluded by the elongation and connection of discharge arcs up to the critical length for flashover.
The change of leakage current components is obtained to be associated with the surface performance,
where the basic component indicates the melting process of the accreted ice on the insulator surface
and the harmonics agreed with the discharge behavior in the air gaps between the insulator surface
and the icicles.
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Under the without-ice shedding condition, all the analyzed leakage current components reflect
an increasing trend with the occurrence of flashover accident, which is associated with the stable
behaviors on the shed surface of the ceramic insulator. At the beginning of the flashover process, the
ice layer can be considered as an amorphous semiconductor [25], associated with the air gaps, the
insulator surface reflecting resistive-capacitive characteristics resulting in the minor amplitude in both
fundamental and harmonic components of LC. The water film formed by ice melting has a relatively
higher conductivity, which resulted in the rejection of conductivity impurities into the outer ice layer
and by-products of corona discharge during the ice accretion. Therefore, most of the applied voltage
can fall across the air gaps to bring out the discharge arcs, causing an essential increasing tendency in
the leakage current components. The steady occurrence of air-gap discharge arcs and the development
of ice melting can make the equivalent surface resistance decrease, which causes an increase in the
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fundamental component. In the meantime, the conductivity of ice surface increases, leading to the
applied voltage redistribute [18]. As a result, improving the electric field intensity at certain spots
along the ice-covered areas will produce more discharge arcs, as well as an increase in the harmonic
components. In addition, the added heat generated by the discharges and the conductive current can
accelerate melting the ice layer. The alternate behaviors of arc discharges on the ice surface make the
leakage current components fluctuate. When partial discharge arcs develop to a certain length, usually
two-thirds of the dry arc distance of the insulator string [1], the flashover arc suddenly occurs and a
rapid increase can be observed in the investigated LC components, as shown in Figure 5a–d.

When ice shedding occurs, the insulating properties of the non-iced shed surface can have
a significant increase on the equivalent surface resistance of an ice-covered outdoor insulator.
This influence is higher than that from the increase in the applied voltage, which causes the conductive
current passing along the insulator surface to be lower than that without ice shedding before flashover,
as shown in Figure 5a. Meanwhile, in order to sustain the burning of discharge arcs across the uniced
shed surface and the air gaps, most of the applied energy is dropped in these regions. Therefore, the
heat energy produced by the Joule heat of conductive currents and the discharge arcs around the ice
layer is inhibited by the ice shedding, which can also slow down the melting process of the ice layer
and restrict the increase in LC components. Due to the random properties of discharge arcs across
the non-iced shed surface and the air gaps and to the inhibition of discharge arcs on the ice layer, the
harmonic components of LC overall show lower values and more fluctuation than those under the
non-ice shedding condition, as shown in Figure 5b–d.

4.2. Ratio of Harmonics to the Fundamental Component

The ratio of harmonic components to the fundamental component can be attributed to the
quantitative evaluation of the distortion level in the LC waveform, which responds to discharge
behaviors related to a moderately high 3rd harmonic and successively smaller 5th and 7th
harmonics [33,34]. Figure 6 presents the ratio of different harmonic components to the fundamental
component of LC during the flashover process on the ice-covered insulator with and without
ice shedding.
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Figure 6. Ratio of different harmonics to the fundamental component during the flashover process of
ice-covered insulators with and without ice shedding: (a) ratio of the 3rd harmonic to the fundamental;
(b) ratio of the 5th harmonic to the fundamental; (c) ratio of the 7th harmonic to the fundamental.
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Under the without-ice shedding condition, all the ratios show a relatively stable variation during
the flashover process, where the ratios of the 3rd and 7th harmonics to the fundamental component
show an increasing tendency with the development of the flashover process. However, the ratio
of the 5th harmonic to the fundamental component shows a slightly decreasing tendency. Such
variation confirms that the flashover of an ice-covered outdoor insulator without ice shedding is a
determined process induced by the initiation and formation of discharge arcs at the shortest air gaps
and the discharge propagation along the ice layer due to ice melting. The obvious difference for
the ice shedding condition is that all the ratios show a significant fluctuation during the flashover
process, and that their varying tendencies cannot be clearly determined as those without ice shedding.
This varying trend is related to the notable change of icing states of the ice-covered insulator caused by
ice shedding. The appearance of the non-iced shed surface is associated with the random occurrence of
discharge arcs in the ice-free regions and the slowing down of the ice layer melting for the propagation
of discharge arcs. Therefore, the ratios of harmonics to the fundamental component are well in
accordance with discharge behaviors and characteristics observed during the flashover process, which
can be used as a tool for understanding and monitoring the impact of the icing state on the ice-covered
outdoor insulators.

5. Conclusions

By analyzing the minimum flashover voltage (VMF) and time-frequency characteristics of the
leakage current (LC) on an ice-covered suspension insulator string with and without the occurrence
of ice shedding, the effects of ice shedding on discharge propagating characteristics of ice-covered
outdoor insulators during the AC flashover process were investigated. The main conclusions are
as follows.

(1) Ice shedding restricts the extension of discharge arcs to the critical length for flashover, leading to
VMF enhancement of about 17% from conditions of without ice shedding (VMF = 84 kVrms) to
the occurrence of ice shedding (VMF = 98 kVrms).

(2) Compared with a relatively easy initiation and stable occurrence of discharge arcs in shortest air
gap on an ice-covered insulator without ice shedding, ice shedding restrains the initiation and
formation of discharge arcs across ice-free regions. These arcs are characterized by an unstable
propagating path, indeterminate arc shape and longer arc column.

(3) The temporal variation of LC low-frequency components (the fundamental, 3rd, 5th and 7th
harmonics) is well related to surface performance of an ice-covered outdoor insulator during AC
flashover process, where the fundamental component indicates the melting process of the ice
layer and the harmonic components accord with the discharge behaviors across ice-free areas.

(4) Although VMF under ice shedding is higher than that without ice shedding, the fundamental
component, 3rd, 5th and 7th harmonics under ice shedding overall show lower values and bigger
fluctuation trends with the development of the flashover process.

(5) The ratios of 3rd, 5th and 7th harmonics to the fundamental component are well in accordance
with discharge characteristics of ice-covered insulators, where a relatively stable varying tendency
can be determined for the without-ice shedding condition, but a significant fluctuation and
indeterminate tendency for the ice shedding condition.
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