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ABSTRACT

Due to the substantial advantage compared to porcelain and glass insulators, Composite
insulators have been widely accepted in electric power utilities worldwide. Compared with
porcelain and glass insulators, the flashover performance of composite insulators is superior
under the contaminated condition, whereas their icing flashover performance should be
investigated further. As shown in previous studies, many factors influence the flashover
performance of composite insulators under icing conditions. In order to figure out the factors
that influence the flashover performance of insulators, experiments were carried out on ice-
covered energized and de-energized composite insulators under icing condition. The results
show that the flashover performances of composite insulators are superior under energized
condition compared with de-energized condition. Under energized condition, when icing is
light, the flashover performance of different shed configurations is decided by creepage
distance. When icing is moderate, the flashover performance of insulator is influenced by
water freezing conductivity, shed configuration, creepage factor, and so on. When icing is
heavy, most of the sheds are bridged and the configuration of the last few sheds near the high
voltage end have important effect on the flashover performance.

Index Terms - Composite insulator, Shed configuration, Icing flashover, energized icing.

1 INTRODUCTION

heavily contaminated environment. Thirdly, compared with

THE consumption and generation of electric power is seldom
in the same region, so that electric power is transmitted through
transmission lines from the generation sites to the distribution
level at high voltages [1]. Two types of insulators, ceramic and
composite insulators, are used to provide electrical and
mechanical support for transmission lines. The use of composite
insulators in recent years has increased to the extent that most
utilities are using these insulators on major transmission lines.
The primary motivation of their wide acceptance by the electric
power utilities is their substantial advantage compared to
porcelain and glass insulators. Firstly, due to their low surface
energy, composite insulators maintain good hydrophobic surface
properties in the presence of wet conditions such as fog, dew and
rain. Secondly, composite insulators are lightweight which
results in a more economical design of the towers and in reduced
installation and maintenance costs such as insulator washing
which is often required for porcelain and glass insulators in
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porcelain and glass insulators, composite insulators have
excellent pollution performance due to the hydrophobicity of the
housing material and are thus suitable for use in highly polluted
areas. In recent years, especially after the 2008 Chinese Winter
Storm which was a series of winter storms that affected large
portions of Southern and Central China from January 25 to
February 6, 2008, many Chinese researchers made a lot of
studies on the influence of ice on insulator flashover
performance, icing test methods and so on. According to some
studies [2-12], the flashover voltage of ice-covered composite
insulators is lower than that of ice-covered porcelain and glass
insulator strings on the same operation voltage level under the
same icing condition. The main reason for this shortcoming is the
effect of the insulator shape configuration. Compared with the
shapes of porcelain and glass insulator strings, the shed spacing
of composite insulators is shorter which makes the air gaps
between adjacent sheds of a composite insulator easy to be
bridged [13-15]. As the air gaps are bridged, the total leakage
distance decreases, leading to a lower flashover voltage. Many
studies show that CF (creepage factor) is also an important factor
influencing the electrical performance of composite insulators. A
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optimal CF should be chosen when composite insulators are
used in the icing districts. The Chinese Electric Power Industry
Standard suggests that CF should not be higher than 3.2 for
grade I (light) and grade Il (medium) polluted regions and 3.5
for grade III (heavy) and grade IV (very heavy) polluted
regions. Some research shows that the optimal CF ranges from
3.2 to 3.4 based on experimental studies on composite insulators
with different salt deposits[14]. In Hu's study [16], many
experiments were carried out with CF's of composite insulators
ranging from 2.87 to 3.94. The results showed that when the
icing is light, the flashover performance of composite insulators
increases and then decreases with the increase of CF. When the
icing is moderate or heavy, there is no obvious relationship
between flashover performance and CF. However, most of these
studies are based on de-energized conditions. There are few
studies on flashover performance of insulators energized at
service. Therefore, it is meaningful to study the flashover
performance and icing characteristic of energized composite
insulators with AC service voltage under the icing condition
[5][18]. To find out relationships between flashover
performance of composite insulators under AC and parameters
such as CF, in icing conditions, some experiments have been
carried out in the large climate chamber of Chongging
University.

2 TEST FACILITIES, SPECIMENS AND
PROCEDURES

2.1 TEST FACILITIES

The experimental investigations were carried out in the
large multi-function artificial climate chamber with a diameter
of 7.8 m and a height of 11.6 m at Chongqing University. The
climate chamber consists of a power system, cooling system,
water spraying system and wind controlling system. The
minimum temperature in the chamber can be regulated down
to -45 1 °C and the air pressure in the chamber can be as
low as 30 kPa, which can simulate atmospheric conditions at
an altitude of 9000 m.

For the tests, power was supplied by a 2000 kVA/500 kV
test transformer and was channeled in through a 330 kV wall
bushing. A relatively uniform wind was obtained by using a
system of ten fans set in a tapering box with a diffusing
honeycomb panel. The wind speed can be controlled between
0-12 m/s and the water droplets produced from nozzles had a
diameter size from 20 to 120 pm. Details of the test circuit of
the ice-covered flashover experiment are presented in [16].
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2.2 SPECIMENS

This paper presents two groups of composite insulators
used in the icing districts. Three types are applied to the 35 kV
nominal AC system (type A to type C) and four types are used
for the 110 kV nominal AC system (type D to type G). The
CFs of the insulators range from 2.17 to 3.42. The profiles
and configurations of the test specimens are presented in
Figure 1 and Table 1.

2.3 TEST PROCEDURES

According to previous studies [19-21], flashovers often
happen in wet-grown conditions. This type of ice involves the
formation of icicles around the insulator skirts and bulks of
glaze deposits on the surface of insulators. Therefore, wet-
grown ice was focused on in this paper. As the insulators in
service may be contaminated before icing, two methods are
used to simulate the icing process in laboratory. The first one
is the solid layer method in which the insulator is
contaminated and dried before icing. The second one is the
freezing water conductivity method in which the insulator is
cleaned before icing and then sprayed with water of
equivalent conductivity as compared with the first method.
The equivalence relationship between the solid layer method
and the freezing water conductivity method in terms of
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Figure 1. Profiles of tested specimens.

Table 1. The profile parameters of the tested insulators.

Type Dry arc distance | Leakage distance | Shed diameters | Shed numbers | Rod diameter | Shed spacing CF=L/h
h (mm) L (mm) D1/D2/D3 (mm) N1/N2/N3 D (mm) d1/d2/d3 (mm)
A FXBW-35/70 (1) 478 1035 150/90 3/4 24 60/60 2.17
B FXBW-35/70 (II) 495 1145 129/89 5/4 25 45/45 2.31
C FXBW-35/70 (III) 511 1295 150/100 5/4 24 45/45 2.53
D FXBW-110/100 (I) 1209 3587 170/100/80 6/6/24 20 45/50/85 2.97
E FXBW-110/100 (II) 1217 3778 170/100/60 5/13/13 20 35/50/85 3.10
F FXBW-110/100 (IIT) 1210 4014 170/130/80 6/6/24 20 40/70/85 3.32
G FXBW-110/100 (IV) 1206 4125 170/100/60 10/10/10 20 35/50/85 3.42
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impact on the flashover voltage of ice-covered composite
insulators is investigated in [27]. Previous studies showed that
it is difficult to get uniform pre-contamination on the surface
of the insulators before icing using the solid layer method.
The test results based on the solid layer approach are more
scattered than those based on freezing water conductivity. In
Qin Hu's study [16], the solid layer method was selected. The
insulators were pre-contaminated before icing with salt
deposit density of 0.05 mg/cm® and non-soluble deposit
density of 0.3 mg/cm®. During the experiments, a freezing

water conductivity of 120 pS/cm was used in the spray system.

According to [27], it is equivalent to a freezing water
conductivity of about 500 to 600 pS/cm using the freezing
water conductivity method. Unlike Hu's study, the freezing
water conductivity polluting method was used in this paper,
with y,, (freezing water conductivity at 20 ‘C) values set at
300, 640, 1120 and 1825 pS/cm. The test procedures were
depicted as following.

2.3.1 PRE-CONTAMINATION
Before the tests, all the specimens were cautiously cleaned
so that all traces of dirt and grease were removed. Then the
specimens were dried naturally.

2.3.2 PARAMETER DEFINING ICING DEGREE

As icing degree is a very important factor influencing
flashover performance, two methods were used in the
experiments to define icing degree. The first method consists
in measuring the ice thickness d (in mm) of the ice accretion
on monitor cylinders. Two monitor cylinders with length of
600 mm and diameter of 28 mm are set at the top and bottom
positions near the specimen respectively during the
experiment. The monitor cylinders rotated at one r.p.m. The
average ice thickness on both cylinders was used as the
measure of icing degree. The second method consists in
measuring the average weight of ice accreted on the insulator.
After the ice is accreted on the insulator, the ice weight is
measured.

2.3.3 FLASHOVER TEST METHOD
In the real world, the insulators are at service voltage during
the icing process. In presence of an electrical field, ice weight,
ice density and ice shape will be different as compared to the
de-energized condition. Therefore, it is more realistic to do the
experiments under energized rather than the de-energized
conditions.

There are suggested methods for testing ice-covered
composite insulators [21-23]. Chongqing University has
carried out studies of the flashover performance of iced
insulators since 1980s [16] and has obtained many results.
Based on these results, some methods to prevent ice
flashovers on transmission lines have been proposed. As
flashover of ice-covered insulators is more likely to occur
during ice melting periods, Chongqing University put forward
a U-shaped curve method to investigate the flashover
performance of iced insulators during ice melting periods. The
U-shaped curve method was recommended as one of the test
methods used for evaluating the electric strength of ice-
covered insulator in the work statement of CIGRE 33.04.09
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[25-26]. To obtain the Uy, the U-shape curve method was
chosen in this paper. Voltage was applied during the ice
accretion process. The voltages applied for the 35 and 110 kV
composite insulators were 22 and 67 kV respectively in the
tests. During the ice accretion period, the ambient temperature
was kept at -7 C to -5 ‘C. When ice accretion on the monitor
reached the expected degree, the spraying system was turned
off. Then, the iced composite insulator was frozen for 15
minutes. The detailed procedure can be found in [16].

The flashover tests were followed with the gradually rising
voltage method. The voltage was increased to 75% of the
expected flashover voltage V, at a rate of 15 kV/s and then
increased at a lower rate of 2%x V,/s until flashover. The
flashover procedure was repeated at an interval of 2 to 3 min
until most of the ice accreted on the composite insulator
melted. The test procedure is depicted in Figure 2.
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Figure 2. Test procedure of the experiments.

After the tests, the U-shape curve of the flashover voltage
of the iced composite insulator was drawn up. If a series of
flashover voltages obtained by the U-shape curve method are
noted as Uy, Up,.., Us, then the minimum flashover voltage
can be obtained as

Ufmin :Mnimum(Ufl,Ufzanp"-aUfn) (D

From Figure 3, it can be observed that flashover
performance of the insulators first decreases to a minimum
and then increases gradually. The curve of flashover
performance over time looks like a U-shape curve.
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Figure 3. Flashover voltages and ambient temperature during the test of
insulator E with the conductivity of 1825 uS/cm.
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Table 2. E), and ice weight when the ice thickness d=15 mm.
D E F G
T 1 ight E
pe Ice weight Ex Ice weight Ex Ice weight Ex c(ekvgv;;g) "
z’ig om) (kg/m) (KV/m) (kg/m) (kV/m) (ke/m) (KV/m) (kV/m)
300 4.19 148.5 3.66 154.6 4.02 138.0 5.06 120.8
Uapp= 640 3.97 110.2 3.64 114.8 4.32 90.5 5.22 88.3
0kV 1120 43 78.7 3.78 84.2 4.13 79.3 5.39 77.8
1825 4.01 54.4 3.7 58.8 3.95 58.2 5.22 51.7
300 3.76 154.9 3.7 162.9 3.78 144.3 4.85 129.3
Uapp= 640 3.8 116.8 3.49 121.2 3.57 106.1 4.64 94.0
67 kV 1120 3.36 88.3 3.29 90.1 3.55 86.7 4.66 81.9
1825 3.23 66.1 3.16 68.3 3.47 60.6 4.39 58.7

Table 3. £, and ice weight when the ice thickness d=15 mm.

A B C
Type Iee E, Iee E, Lce E,
V20 weight weight weight
300 4.77 98.3 5.19 101.0 5.48 99.8
Uapp = 640 4.81 67.0 5.05 74.6 5.28 76.3
(13'3% 1120 4.67 62.8 5.25 67.5 5.38 67.5
1825 4.92 46.0 5.09 48.5 5.54 52.8
300 4.14 104.6 4.79 107.1 4.95 105.7
Uapp = 640 3.79 72.6 4.24 78.2 4.62 82.2
22kV | 1120 3.64 67.0 3.9 70.1 429 70.1
1825 3.45 52.3 3.78 52.5 4.17 58.7
Table 4. £, (kV/cm) when d=15 mm and Type = C.
300 (uS/cm) | 640 (uS/cm) | 1120 (uS/cm) | 1825 (uS/cm)
Uspp =14 kV 99.8 80.2 70.5 56.8
Uapp =30 kV 109.6 94.0 82.2 68.5
Table 5. £, when Y 20 = 640 puS/cm and U“EP: 67 kV.
D E F G
En(kV/m) Ex(kV/m) Ex(kV/m) Ex(kV/m)
d=5 mm 171.3 183.6 182.2 189.3
d=30 mm 71.2 80.4 69.3 75.7

3 TEST RESULTS AND ANALYSIS

3.1 TEST RESULTS
The flashover performance of Type A to Type G insulators were
carried out in the climate chamber using the test method described
in Section 2. The test results are shown in Table 2-5. Figure 4
shows pictures of the insulators after icing. The minimum flashover
voltages Uy, were obtained by the U-shape curve method. The
flashover voltage gradient £, is used in this paper.

E,=U, ... h 2

f min
where h is the dry arc distance.

Pictures of iced insulators are shown in Figure 4. From these,
it can be seen that the icicles of insulators are different under
energized and de-energized conditions. Without voltage,
water droplets at icicle tips are only subjected to gravity and
wind force causing the icicles to grow almost vertically
downward. In presence of voltage, the water droplets in the
tips are also subject to electric field force. Under the resultant
forces, the icicles grow vertically first and then toward the rod
of the insulator. It can also been seen that when there is no
voltage, adjacent sheds are more easily bridged by the icicles.

When icing degree is moderate, even the big sheds are bridged.
However, when voltage is applied, the big sheds can hardly be
bridged even the icing degree is heavy. This can be explained
by the fact that as icicles grow, leakage distance decreases and
electric field at the air gap increases. When the electric field is
increased up to a certain level, discharge happens which stops
icicle growth because of Joule heat.

(a) Type A (b) Type A (c) Type B (d) Type B

De-energized

Energized

De-energized Energized

Ty?e‘G‘

Tybe E Te G

Type E

De-energized Energized De-energized Energized

Figure 4. Pictures of ice-covered insulator types compared as energized and
de-energized.
3.2 RELATIONSHIP BETWEEN THE FLASHOVER
AND THE ICING STRESS PRODUCT

Previous studies show that the flashover voltage of an ice-
covered insulator decreases as ice weight and freezing icing
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Table 6. The values of A, p and R? for different types of composite insulators under energized and de-energized condition.

Uapp=0 kV for all types of insulators

Uapp=22 kV for A,B,C U,,,=67 kV for D,E,F,G

FXBW-35/70

A, p. R
A

p
R2

A
4063
0.39
0.962

B
4030
0.38

0.949

C
2605
0.33
0.983

A
4542
0.4
0.962

B
6763
0.43

0.977

C
3262
0.35

0.999

FXBW-110/110

A p, R
A

p
R2

D
29151
0.55
0.975

20840
0.52
0.978

F
10612
0.46
0.98

G
7689
0.42

0.935

D
19706
0.51
0.977

E
22897
0.52
0.991

F
13702
0.48
0.975

G
8444
0.43

0.963

1301

1101
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90F
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Figure 5. Relationship between AC flashover and ISP.

water conductivity increase [7-9, 28-30]. Decrease in electric
strength is a result of both factors. The combined effect of
icing water conductivity and ice weight can be described by
the icing stress product (ISP). ISP is defined as the product of
ice accretion per centimeter of dry arc distance and water
conductivity corrected to 20 C:

E, =A4-(ISP)™" 3)
where 4 is the coefficient whose value is related to the profile

of insulators; p is the characteristic exponent characterizing
the influence of ISP.

Based on the results of Tables 2 and 3, relation between E),
and ISP can be plotted as shown in Figure 5. The values of 4,
p and the correlation coefficient R’ are also shown in Table 6.
From Table 6 and Figure 5, it can be seen that the exponent p
is different, being related to the profile of the insulator. Thus
the profile of the insulator can affect the flashover
performance of composite insulators. Furthermore, the values
of p are different under energized conditions from de-
energized ones even for the same composite insulator. In
general, for the same composite insulator, the value of p is
larger under energized conditions which means that the ISP
has a more negative effect on the flashover performance of
insulators. This can be explained by the fact that insulator
surfaces, acting as a condensation nucleus, accelerate the
freezing velocity of cooling water. During the transition of
freezing water to ice, the regular arrangement of water
molecules lead to the expulsion of conductive impurities
(mainly NaCl for these experiments) to the surface of the ice
which makes the salinity at the ice surface higher than that of
the ice [31-32]. Consequently, the conductivity of melting
water is higher than that of freezing water for polluted
insulators. When icing is effected under energized conditions,
it induces the salt expulsion process, due to the heat effect.
Thus, melting water conductivity collected during the
flashover test under the energized condition is higher than
under the de-energized conditions, which is consistent with
the experimental observations.

The following relationship was observed between flashover
stress Esj, in kV per meter of dry arc distance, and ISP in
(g/lcm)xuS/cm for the selection of station insulators with
respect to ice and snow under the most severe meteorological
conditions leading to slow melting [22].

E,, =396-(ISP)™"" “4)

From Figure 6, it can be seen that when freezing
conductivity is large and icing is moderate, in which
conditions the insulators are not bridged, the test flashover
voltages are higher than the calculated values based on
Equation (4). Compared with the de-energized conditions, the
difference between the test values and the calculated ones are
larger under the energized conditions. From Figure 7, this
difference can be obtained when icing is heavy and
conductivity is modest, but the test flashovers are still higher
than the calculated values. There are some reasons that can
account for this. Firstly, Equation (4) only applies when the
insulator is fully bridged. A composite line insulator with
alternative diameter sheds is not easy to be bridged unlike a
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station insulator. In particular, when tests are carried out under
energized conditions, the insulators can hardly be fully
bridged because of heat effect even when icing is heavy.
Secondly, because droplet diameter is small, ice accretion is
actually a mixture of hard rime and glaze. Thirdly, the
temperature rise during the test procedure is about 6 ‘C/h,
which is higher than 2-3 °C /h recommended by IEEE
Standard 1783 [20]. Fast temperature rise makes the ice melt a
little faster.

751

——U, U=6TRY
701 —aE, U=67kV
=l U= 0k
—o—E,,, U= 0KV

E, (k¥/m)

Insulator Type

Figure 6. Uj,;, and calculated Es) under the energized and de-energized
condition when the conductivity is 1825 uS/cm and ice thickness is 15 mm.

851

50 . )
D E F G
Insulator Type

Figure 7. Uj,;, and calculated E5) under the energized condition ( U,,, = 67
kV) when the conductivity is 640 pS/cm and ice thickness is 30 mm.

3.3 INFLUENCE OF FREEZING WATER
CONDUCTIVITY AND CF ON ICE WEIGHT

From Table 2, it can be seen that ice weights are different
under the different icing conditions. When there is no voltage
applied, the ice weight of a fixed specimen is almost constant
under different y,, values. With the voltage applied, the ice
weight decreases as water conductivity increases. This is
because some icicles are burned down during icing when the
voltage is applied and the increase of y,,has a positive effect
in heat production. It can also be seen from Table 2 that under
the energized conditions ice weight is less than with the de-
energized conditions within a range of 7.8 to 29.8% with an
average of 19.1% for the 35 kV composite insulators and
within a range of 1.1 to 21.9% with an average of 11.3% for
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the 110 kV composite insulators. Tables 7 and 8 show the ice
weights and their relative standard deviations when icing is
moderate and conductivity is 640 puS/cm. From these tables, it
can be seen that test-to-test repeatability of ice weights is good
when no voltage is applied during the icing process and the
relative standard deviations are between 4.8 and 8.5%. When
icing occurs with applied voltage, the test-to-test repeatability
degrades and the relative standard deviations are between 9.2
to 13.2%. These results are reasonable as the icing process is
more complex with voltage applied. Except for gravity,
buoyancy force and drag force, the trajectory of water droplets
is also influenced by the electric field when approaching the
insulator. As ice weight increases during the icing process,
there is some discharge at the high electric field location
which makes the growth of ice more random. The CF
coefficient also influences ice weight. As shown in Figure 8§,
when ice thickness is 15 mm, the weight of ice accretion is
proportional to the CF coefficient for FXBW-35/70 and
FXBW-110/100. With the same arcing distance, a larger CF
means a longer leakage distance which can be achieved by
decreasing the shed spacing. As the shed spacing is shortened,
the sheds are more easily bridged. From the experiment results,
it can also be seen that ice density has no relationship with
water conductivity when there is no voltage applied during the
ice accretion. With voltage applied, ice density first decreases
and then increases as water conductivity increases.

Table 7. Ice weight and relative standard deviation when d=15 mm and
conductivity = 640 puS/cm.

A B C
Ice Weight o, | Ice Weight | | Ice Weight |

kem) | O] kgm) [P gm) |

Uy = 0KV 4.81 8.5 5.05 6.6 528 |73
Uapp = 22kV 3.79 109] 424 17| 462 |94

Table 8. Ice weight and relative standard deviation when d=15 mm and
conductivity = 640 pS/cm.

D E F G
Ice Weight | . |Ice Weight | . |Ice Weight|  |Ice Weight| ,
aem) %7 keim) | kem) |°7°| aemy O
Uspp =
0KV 3.97 7.8 3.64 8.1 4.32 8.3 5.22 4.8
Ugpp =
67 KV 3.8 12.7 3.49 13.2 3.57 10.4 4.64 9.2
7 T T
d=15mm De-energized
6f y20=640pS/cm| | I Energized k!
C
5 Ao c 1
£ B F
[=2] D
4 A D B E .

Ice Weight (k
l\‘> w

-
T

0 217 231 253 297 3.1 332 342
CF

Figure 8. Ice weight comparison with different CFs. The applied voltage is 22
kV for A, B, C and 67 kV for D, E, F, G under the energized condition.
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3.4 INFLUENCE OF FREEZING WATER
CONDUCTIVITY AND CF ON FLASHOVER VOLTAGE

From the experiment results, it was observed that the
flashover performance of insulators is better with voltage
applied than without. The ratios of Uj,;, under energized and
de-energized condition are shown in Tables 9 and 10. The
flashover voltages are 3.8 to 13.6% higher for 35 kV
composite insulators and 4.3 to 21.4% higher for 110 kV
composite insulators under energized conditions compared
with the de-energized conditions. Compared with de-
energized conditions, the adjacent sheds are not as easily
bridged because of the presence of electric field under
energized conditions. When ice melts, there is a thin water
film on the surface of the ice. Since an increase in freezing
water conductivity can lead to an increase in water film
conductivity, freezing water conductivity has a negative
influence on the flashover performance of composite
insulators. Flashover performance is also influenced by the
CF coefficient. For example, when ice thickness is 15 mm and
conductivity is 640 uS/cm, the difference of flashover voltage
gradient can be as large as 22 kV/m under the same energized
or de-energized conditions, which is consistent with [16].
When conductivity is higher than 640 uS/cm, the influence of
CF diminishes.

Table 9. Ratio of Uy, under energized and de-energized condition when the
ice thickness d = 15 mm.

Type A B c
Y20 (uS/cm
300 106.4 106.0 105.9
640 108.4 104.9 107.7
1120 106.7 103.9 103.8
1825 113.6 108.3 1111

Table 10. Ratio of Uy, under energized and de-energized condition when the
ice thickness d = 15 mm.

Type
Y20 D E F G
(uS/cm)
300 104.3 105.3 104.6 107.0
640 106.0 105.6 117.3 106.4
1120 112.1 106.9 109.3 105.3
1825 121.4 116.1 104.1 113.6

3.5 INFLUENCE OF ICE THICKNESS ON
FLASHOVER VOLTAGE

The results of previous studies show that icing flashover
voltage under energized or de-energized conditions decreases
with an increase in ice thickness d or ice weight. A recently
rough relation has been established at the CIGELE laboratory
(UQAC) that the ice thickness on the reference cylinder and
the weight of accreted ice per meter of 300 mm uniform shed
profile station post insulator can be related as follows [22]:

Ice Weight g/cm dry arc = 4 X Thickness mm (5)

In this experiment, the relation between ice thickness and
ice weight are plotted and compared with composite insulator
S [24], which has a CF of 3.19, in Figure 9. The ratio of ice
weight (g/cm dry arc) and ice thickness (mm) is between 2.3
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and 3.1 when d is no higher than 15 mm. When d increases
further, the ratio decreases due to the fierce discharge activity.
Because the post insulator [22] is easier to be bridged and has
a larger diameter, it is reasonable that the ratio for the station
post insulator is higher than that of line insulators.

The relationship between £, and d can be expressed as the
following power function

E, =4-d° (6)

where 4 is a constant related to the pollution level, material
and profile of the insulator; d is the ice thickness accreted on
the monitoring cylinder, in mm; c¢ is the exponent
characterizing the influence of ice thickness on the icing
flashover voltage.

Ilce Weight (kg/m)

5 16 15 Qb 25 30
Ice Thickness d (mm)

Figure 9. Relationship between AC flashover and ice thickness d when

conductivity is 640 pS/cm and U, = 67 kV.

To investigate the influence of the ice thickness on icing
flashover under energized conditions, four types of FXBW-
110/100 insulators, namely D, E, F and G were used in the
artificial climate chamber under the different icing levels of
the present study. The values of E, under the typical ice
thicknesses resulting from light, moderate and heavy icing
conditions, are shown in Tables 2 and 5. The relationship
between E), and d is plotted in Figure 10. The values of 4, ¢
and R’ are shown in Table 11.
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Figure 10. Relationship between AC flashover and ice thickness d.

Table 11. The values of A, ¢ and R? for different types of insulators

D E F G
A 383.9 389.5 436.6 424
c 0.47 0.45 0.53 0.52
R’ 0.956 0.984 0.996 0.972
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According to the results presented in Tables 2, 5 and 11
and the experimental observations during the tests, the
following conclusions can be drawn.

(1) For all types of composite insulators with different
shed configurations, the flashover voltage gradient E, will
first decrease with an increase in ice thickness, and then
change very slowly.

(2) When icing is very light (d < 10 mm), all four types of
composite insulators behave satisfactorily. It was found that
shed configuration has little influence on the flashover
performance. This can be explained by the fact that when
icing is light, all the sheds remain unabridged. In this
situation, insulators with a higher leakage distance have a
better flashover performance. For example, insulator G
whose leakage distance is 4125 mm has the highest E) of
189.3 kV/m. Insulator D whose leakage distance is 3587 mm,
lower than other three types, has the lowest ), of 171.3
kV/m.

(3) When icing is moderate (10 mm < d < 20 mm) ,
insulators with good design show better flashover
performance than others. For example, from Tables 2 and 5,
it can be seen that insulator E behaves better than insulators
D, F and G, with G being the worst. The reason for this is
that when ice thickness is larger than 10 mm, most of the
small sheds are bridged by icicles except those with large
diameter. As the spacing of the largest diameter of insulator
G is 105 mm, it can easily be bridged when ice thickness is
increased further, as seen in Figure 4. When the big sheds
are bridged, the flashover performance dramatically
decreases. However, as the spacings of the adjacent big
diameter of insulators D, E and F are respectively about 180,
180 and 245 mm. it difficult for them to be bridged under
moderate icing conditions.

(4) When icing is heavy (d > 20 mm), insulator E shows
the best behavior among the four types. Surprisingly,
insulator G behaves even better than insulators D and F.
This is totally different as compared to the de-energized
condition where the flashover performance of all types of
insulators are almost the same.

(5) The characteristic exponent ¢ accounting for the
influence of ice thickness on flashover voltage is related to
the shed configuration. Compared with ¢ values of the other
insulator types, that of insulator E is the smallest one at 0.45.
As the smaller ¢ is, the more stable flashover performance
will be under icing condition.

3.6 SHED CONFIGURATION DISCUSSION FOR ICE-
COVERED COMPOSITE INSULATORS

Compared with glass and porcelain insulators, the inferior
flashover performance of composite insulators under icing
condition is mainly due to the shed configuration. As the shed
spacings are relatively large and as there are metal electrodes
between the high voltage and ground ends, the potential
distribution along glass and porcelain strings is more uniform
than that of composite insulators. Based on a previous study,
one of the most important factor affecting the flashover
performance of composite insulators is the presence of air
gaps, as seen the discharge paths in Figure 11. The breakdown
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voltage of air gap V), can be determined as a function of air
gap length [33-34]:
V,=4.1x+3.8 (7)

where x is the air gap length in cm. From this equation, it can
be seen that the principle of shed configuration optimization is
to increase air gap length as much as possible.

Here follows suggestions towards this optimization that can
be drawn from the experiments under energized condition:

(1) Increase the diameter and spacing of sheds to create
long air gaps. The major reason of the poor flashover
performance of composite insulator under icing condition lies
in the compact insulator sheds which can be easily bridged by
icicles if the diameter and spacing of sheds are too small.

(2) Use alternative diameters to create the air gaps at
different positions. For composite insulators which are used
for nominal voltages higher than 110 kV, 3 or 4 different
diameters can be chosen to create more air gaps.

Type D Type E Type F Type G

Figure 12. Photograph of the high voltage end.

(3) The spacing of the big sheds should not be too long. If
that spacing is too long, the small sheds between adjacent big
sheds will all be bridged by icicles which will decrease the
total air gap length. The big shed can also shield the small
diameter shed below it from icing. With the length of the
composite insulator constant, if the spacing of big sheds is too
large, the number of largest sheds will decrease, leading to the
decrease of the total shield effect.

(4) The distance between the last big shed and the high
voltage end should not be too long, as can be seen in Figure 12.
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For insulators D and F, the last big shed is far away from the
high voltage end. When the voltage is applied during the icing
process, the last middle diameter sheds near the high voltage
end is bridged to the last shed. With the conductive water film,
the sheds from the last middle shed to the last shed have nearly a
same potential. When the icicles from the last big shed is long
enough, changes in the electric field will cause the icicles of the
last sheds which are bridged together to grow horizontally,
leading to a great decrease of the air gap length and a lower
flashover voltage. For insulators E and G, as the distance of the
last big shed to the high voltage end is short, there is no icicle on
the small diameter sheds due to both the shield and heat effects.
This is the reason why under energized condition, the flashover
voltages of insulators E and G are higher than those of
insulators D and F when the icing is heavy.

4 CONCLUSIONS

Based on the icing flashover tests on three types of 35 kV
composite insulators and four types of 110 kV composite
insulators under energized and de-energized conditions, the
following conclusions can be drawn:

(1) The insulators are icing differently if they are under
energized or de-energized conditions. In the case of de-
energized condition, the icicles are growing downward
vertically and even the big sheds of the insulators can be
bridged by icicles when the icing is heavy. While in the case of
energized condition, the icicles are growing downwards and
toward the axis of the insulator. Due to the heat effect, the big
sheds are hard to be bridged.

(2) The flashover performances of all types of composite
insulators first decrease with an increase in ice thickness, and
then change very slowly. The flashover performance of
composite insulators under energized conditions is better than
that under de-energized conditions in a range between 3.8% and
21.4%.

(3) Freezing water conductivity and CF' coefficient have an
influence on ice weight under energized condition. When
freezing water conductivity increases, ice weight decreases due
to the heat effect. As CF' describes the compactness of the shed
configuration. A larger CF leads to a smaller shed spacing
which is more prone to be bridged. With the sheds bridged by
the icicles, the ice weight increases.

(4) When icing is light, shed configuration has little influence
on the icing flashover performance of composite insulators.
However, leakage distance plays an important role, a longer
leakage distance leading to a better flashover performance.

(5) When icing is moderate, the shed configuration of
composite insulators is the main factors influencing icing
flashover performance. To improve the flashover performance,
alternative diameters can be used to create air gaps at different
positions. Big sheds can also play positive role in the shed
configuration. However, the distance of big sheds should be
appropriate. If the distance between the big sheds is too short,
the whole insulator will be bridged easily, leading to a low
flashover voltage. If the distance is too long, the shield effect of
big sheds will be reduced.

(6) When icing is heavy, the flashover performance of the
composite insulators is mainly decided by the last few sheds
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under the energized condition. From the experiments, it can be
seen that the distance between the last big shed and the high
voltage end should not be too long.

(7) The conductivity of melting water is higher than that of
freezing water used for spray. When icing is carried out under
energized conditions, the salt expulsion process is accelerated
due to the heat effect. Thus, melting water conductivity
collected during the flashover test under the energized condition
is higher than under the de-energized conditions.
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