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Abstract: As a result of lightning strikes, pollution, and ice, overhead distribution wires might be
short-circuited and trip. As a result, researchers have developed a new lightning protection composite
insulator. There is still a need to test its pollution and icing performance. Based on the finite element
and field test method, this paper studies the electric field distribution and AC (Alternating Current)
breakdown characteristics of polluted novel lightning protection insulators under icing conditions.
Firstly, the finite element calculated results show that this novel insulator’s electric field distribution
is different from that of a conventional insulator. The locations with sizeable electric fields are located
in the insulation section, and the electric field in the arrester section is tiny. In addition, when the
insulator surface is covered with ice, there is an increase in the electric field along the surface and
pin electrodes. Compared with the dry conditions, when there is an ice layer and icicle, electric field
peaks increase by 48.85% and 46.08%, respectively. Secondly, the test results show that there are three
types of arc paths in different pollution levels. The arc paths are related to ESDD (equivalent salt
deposit density) under icing conditions. Uy shows a downward trend with increased pollution levels,
and the maximum flashover voltage is 2.70 times more than the minimum. Finally, four fitting
methods are proposed in this paper. After comparing the goodness of fit of different functions,
the quadratic function and negative power function with the constant term are recommended as
empirical formulas for calculating flashover voltage of novel insulators under icing conditions in
different pollution levels. The research results of this paper have a specific guiding role for the selection
of the external insulation of transmission lines and structural optimization of novel insulators.

Keywords: AC breakdown characteristics; arresters; lightning protection insulator; electric field
calculation; icing conditions

1. Introduction

As a result of lightning strikes, pollution, and ice, overhead distribution wires might
be short-circuited and trip [1]. As a result, researchers have developed a new lightning
protection composite insulator [2,3]. Lightning accidents can be avoided by using the new
insulator. In practical use, it can replace ordinary insulators and lightning arresters at the
same time. In terms of length and installation, it is the same as a conventional insulator,
but with the added benefits of low cost and ease of installation. However, worries have
been raised about its pollution and icing performance. Large-scale power outages caused
by pollution-induced flashover accidents might harm social-economic growth [4-6]. In
addition, as a unique form of pollution, the harm of insulator surface icing to the power
systems is prominent [7-9].
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Many research investigations have been carried out on power line insulators to
determine their icing [10-13] and pollution [14-17] performance. First and foremost,
the pollution level has a significant impact on the flashover performance of composite
insulators. A negative power function connection between pollution failure voltage and
salt deposit density (SDD) is also discovered [15]. Namely, the flashover voltage decreases
with the increase of pollution degree. Because of the narrower distance between composite
sheds, icicles may cross it more efficiently, resulting in poor insulation and even power
outages [18-20]. In addition, some literature has studied the relationship between electric
field and icing [21,22]. The ice accretion performance of 220 kV composite insulators with
two shed configurations on occasions of different electric field distributions is analyzed in
the study [21]. The test results indicate that the intensity and homogeneous distribution of
electric fields positively affect the ice’s appearance, density, and weight. In the study [22],
based on a kind of 10 kV composite insulator computation model, the electric field distri-
bution magnitude of composite insulator coated by different icicle lengths were calculated,
respectively, under icing and de-icing conditions. It could be found that the electric field
strength around the icicle increases along with the increasing of the length of the icicle.

The above research has important guiding significance for selecting external insulation
of ordinary insulators under pollution and icing conditions. However, there are few studies
on the flashover characteristics of this novel lightning protection composite insulator under
icing and pollution. Only the literature has made a preliminary study [1,23-25]. In one
study [24], the new composite insulator’s AC flashover performance was examined in
detail. Tests were done at the Natural Ice Test Base to determine the effect of icing thickness
on AC flashover performance. Next, to calculate AC flashover voltage, an empirical
equation was developed. Literature [25] studied the failure arc paths of the novel insulator.
The findings indicate that low, medium, and heavy pollutions caused different arcing under
AC voltage. In addition, the arc path was affected by both the pollution level and impulse
voltage amplitude. Based on the test results recorded by a high-speed camera, 14 types of
arc paths were defined and analyzed. However, the above literature does not consider AC
breakdown characteristics of polluted novel lightning protection insulators under icing
conditions. In addition, the electric field distribution characteristics on the surface of this
novel insulator under icing conditions have not been studied.

Based on the above, this paper studies the electric field distribution and AC breakdown
characteristics of polluted novel lightning protection insulators under icing conditions,
based on the finite element and field test method. The research results of this paper have
a specific guiding role for the selection of the external insulation of transmission lines and
the structural optimization of novel insulators.

2. Samples and Methods
2.1. Samples

A novel lightning-protection composite insulator was used as an experimental sample
(Figure 1). Its physical drawing is shown in Figure 1a, and its sectional illustration is shown
in Figure 1b. An arrester and insulator are combined in this 10 kV lightning protection
composite insulator. As shown in Figure 1b, (D (disk-shaped metal electrode) and @ (a pin
electrode with a spherical end) constitute the air gap. ) and (@ are silicone rubber sheds.
(® and (®) are a zinc oxide resistor and an acid, and high-temperature resistant mandrel.
Their geometrical characteristics are shown in Table 1. d1 is the arrester section’s big-shed
diameter, 42 is the insulation section’s big-shed diameter, [ is the leakage distance, and 43 is
the gap distance between @ and (2. H is the height.



Energies 2021, 14, 7493

30f11

(@)

Figure 1. The novel lightning protection composite insulator: (a) Physical drawing; (b) Sectional illustration.

Table 1. Geometric parameters of the sample.

Parameters (mm)
H di a2 1 d3

Lightning protection composite insulator 293 166 120 686 55

Sample

2.2. Electric Field Calculated Methods

This was conducted by building 1:1 two-dimensional models of the clean lightning
protection insulator and one with an ice coating on its surface, to determine how the electric
field distribution changed under the icing. The state of the ice layer can be divided into
two cases, one with icicles and the other without icicles. As for the case with the icicle,
seven icicles are set in the model, of which two are 33 mm long, two are 15 mm long,
and three are 25 mm long. The icicle is a cone with a circular arc at the tip. FEM is also
used to determine the electric potential and field distribution. The auto-generation method
divides the computational domain into refined triangular meshes in this model [1]. For the
air, a silicone rubber shed, icing layer, zinc oxide resistor, and relative dielectric constants
of 1, 3.5, 81, and 600 were utilized in the electric field simulations.

V-D=p, E=-VU, D = ¢y E €))

where p is charge density, U is the potential, D is the electric flux density, E is the electric
field strength, and ¢y is the absolute dielectric constant of the vacuum, ¢; is the relative
dielectric constant.

2.3. Flashover Test Devices and Methods

According to Figure 2, the testing was conducted at the Natural Icing Test Base.
Figure 3 depicts the test circuit. The previous paper [22] describes the experimental site
and test device parameters in detail. According to the IEC (International Electrotechnical
Commission), the power supply satisfies all requirements.

As illustrated in Figure 4, the natural icing test technique is outlined. An initial step
was to remove dirt and oil from the composite lightning protection insulators by cleaning
them with NayPOs. A solid layer pollution approach was used to pre-treat all lightning
protection composite insulators to replicate the surface state of the insulators on running
power lines. Insulator surfaces were contaminated with NaCl and diatomite to create
a corrosive environment. The quality of each was measured, as in (2),

M _ ESDD
NaCl — — § (2)
M. . _ NSDD
diatomite — S

where Myiztomite 15 the mass of diatomite, My, is the mass of NaCl, and S is the surface
area of composite insulators. ESDD and NSDD have equivalent salt deposit density and
non-soluble deposit density, respectively.
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Figure 3. Schematic diagram of natural icing test.

Figure 4. Test process.
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Lightning protection composite insulators are installed on the post insulation after it
has been contaminated. Then, the test was performed to determine the AC flashover volt-
age. Lightning protection composite insulators were subjected to at least 10 AC flashover
tests under the same conditions. Therefore, it was possible to calculate Uy and Re (relative
standard deviation error), as in,

Re = (g(u‘—u)z)/(zv—l)/u % 100% @)
IR TAC=1N f °

where Uj is the applied voltage, n; is the number of tests, and N is “valid” tests.

3. Results
3.1. Electric Field Distribution of the Insulator

The calculation results of the electric field are shown in Figure 5, from which the
following conclusions can be obtained.

(c)

Figure 5. Electric field distribution of the novel lightning protection insulator under icing conditions: (a) Electric field
distribution of a clean insulator; (b) Electric field distribution of an insulator with the ice layer without icicles; (c) Electric
field distribution of an insulator with the ice layer with icicles.
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(1) The electric field distribution of this novel insulator is different from that of
a conventional insulator. The locations with sizeable electric fields are located in the
insulation section, and the electric field in the arrester section is tiny.

(2) Both the ice layer and icicle affect the electric field distribution on the insulator
surface. Specifically, the presence of ice and icicles on the insulator surface increases the
electric field intensity on the insulator surface.

(3) When the ice layer is attached to the insulator surface, the icicle will further increase
the electric field on the surface. In particular, the electric field of the air gap of the insulator
is increased.

To more accurately describe the surface electric field of the insulator, the surface
electric field curve along the left side of the insulator is counted in this paper, as shown in
Figure 6. In addition, the electric field on the surface of the pin electrode is also counted,
as shown in Figure 7.

As can be observed in Figure 6, the electric field peaks of the three conditions on the
left side of the insulator surface are located at the creepage distance of 50 mm, and the
electric field peaks are 2.17 kV/cm, 3.23 kV/cm, and 3.17 kV/cm, respectively. Compared
with the dry conditions, when there is an ice layer and icicle, it increases by 48.85% and
46.08%, respectively. In addition, when there is an icicle on the surface ice layer, an electric
field peak (2.78 kV /cm) appears at the tip of the icicle, as shown in Figure 6, at the creepage
distance of 125 mm.

As observed in Figure 7, electric field peaks on the surface of the pin electrode vary.
The electric field peaks of the conditions with icicles are the largest, reaching 1.92 kV/cm,
followed by the dry and icing conditions (1.45 kV/cm and 1.52 kV/cm). Compared
with the dry conditions, when there is an ice layer and icicle, it increases by 4.83% and
32.41%, respectively.

Ay

T T T T T g T . T T T T T 1
100 200 300 400 500 600 700 800

-100

-100 0
Icing
T T T T T T T T T T T T T T T 1
0 100 200 300 400 500 600 700 800

Icing with icicle

WMU\F | ]

100 200 300 400 500 600 700 800
Creepage distance (mm)

Figure 6. Electric field distribution of the left side.
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Figure 7. Electric field distribution of the pin electrode.

In sum, when the insulator surface is covered with ice, there is an increase in the
electric field along the surface and pin electrode. With icicles in particular, there is
a prominent electric field peak at the tip of the icicle. In addition, it can be seen from
the calculation results that icing affects the electrical performance of the insulators; there-
fore, the icing flashover test of insulators is carried out in this paper.

3.2. AC Breakdown Characteristics under Icing Conditions

In the AC flashover test, as is shown in Figure 8, there are three types of arc paths.
Figure 8a shows the flashover arc path when ESDD is 0.01-0.02 mg/cm? (low pollution).
The flashover arc path is between the disk and pin metal gap of the insulation section.
Figure 8b shows the flashover arc path when ESDD is 0.03-0.05 mg/cm? (medium pollu-
tion). The flashover arc path is along the surface of the silicone rubber umbrella skirt of the
insulation section. Figure 8c shows the flashover arc path when ESDD is 0.07-0.15 mg/cm?
(heavy pollution). The flashover arc path is through the whole lightning protection com-
posite insulator, which means that the arrester section composed of zinc oxide resistor did
not work in the flashover process.

() (b) (©)

Figure 8. Different flashover arc paths: (a) The flashover arc path when ESDD is 0.01-0.02 mg/cm?;
(b) The flashover arc path when ESDD is 0.03-0.05 mg/cm?; (c) The flashover arc path when ESDD is
0.07-0.15 mg/cm?.
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When the insulator surface is covered with ice, the flashover voltage under different
pollution degrees is shown in Figure 9. As observed in Figure 9, the following conclusions
can be obtained.

45
41.3
40 39.3
35 339
31.6

> 30 29.1
é -
= 26. 1

25 7
] 22.3
20
15.3
15 l
' T T : T T T T
0.12 0.1

0.00 0.03 0. 06 0.09 5
ESDD (mg/cm?)

Figure 9. AC flashover test results.

(1) The Uy varies greatly in different pollution levels under icing conditions. The
value for Uf (ESDD = 0.01 mg/ cm?) ranks the highest, standing at 41.3 kV. On the contrary,
Us (ESDD = 0.15 mg/ cm?) is the lowest with nearly 15.3 kV. The maximum flashover
voltage is 2.70 times more than the minimum. What is more, U; shows a downward trend
with the increase of pollution levels.

(2) With the increase of pollution level, the flashover voltage does not decrease linearly.
There is a negative power function relationship between insulator ESDD and flashover
voltage under icing conditions for traditional insulators. However, due to the diversification
of arc paths during the flashover, the relationship between insulator ESDD and flashover
voltage should be discussed again for this novel lightning protection insulator.

In addition, the pollution flashover test of the novel insulator (without the ice layer)
was carried out. The tested pollution flashover voltage is 36.9 kV, which is 3.7 kV higher
than the insulator with the ice layer (ESDD = 0.03 mg/cm?). The simulation results show
that the electric field at the creepage distance of the insulator with the ice layer is more
extensive. Therefore, the electric field of the insulator with the ice layer is easier to reach
the air breakdown electric field, resulting in the decrease of the flashover voltage. This
tested result is consistent with the findings of the electric field simulation.

4. Discussion

Under the conditions of pollution and icing, the accurate empirical formula of flashover
voltage is essential for the design of external insulation. Four fitting methods are proposed
in this paper about the calculation formula of flashover voltage of conventional insulators.
They are negative power function, quadratic function, negative power function with the
constant term, and piecewise function. The functional form is shown in Equations (5)—(8).

Us = a1 x ESDD" (5)
U = ap x ESDD? + by x ESDD + ¢, (6)
Uy = a3 x ESDD% + ¢ ?)

ba 003 < <0.
uf_{a4><ESDD 0.03 < ESDD < 0.05 ®)

as x ESDDY 0.07 < ESDD < 0.15
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The fitting results between Uy and ESDD, according to Equations (5)—(8), are shown in
Figure 10. Figure 10a—d are the fitting results using negative power function, quadratic func-
tion, negative power function with the constant term, and piecewise function, respectively.
It can be seen from the fitting results in Figure 10 that the fitting method (negative power
function) of the conventional insulator has the lowest goodness of fit (R? = 0.9037). The
fitting methods of a quadratic function and negative power function with the constant term
are better, and the goodness of fit is 0.9798 and 0.9885, respectively. As for the piecewise
function, the goodness of fit is also acceptable, which are 0.9537 and 0.9583, respectively.

45 1 45
2 axx"2+tbxx+c
40 o4
35 35
S 101 S 5 R?=0.9798
o Y )
Sy Sy
25 254
20 1 20
151 v is |
0.00 0.03 0.06 0.09 0.12 0.15 0.00 0.03 0.06 0.09 0.12 0.15
ESDD (mg/cm®) ESDD (mg/em?)
451 @ . ®) .
10 - - ype
404 axx"\b+c o Type2
251 7 \\Ri:0.9537 ‘ Types
o axx”
o 2_, 30
g 301 R"=0.9885 S axx”b
= <
251 525
2017 7 R2=0.9583
154 154 A
0.00 0.03 0.06 0.09 0.12 0.15 0.00 0.03 0. 06 0.09 0.12 0.15
ESDD (mg/cm?) ESDD (mg/cm?)
(© (d)

Figure 10. Fitting results of flashover voltage under different pollution degrees: (a) The fitting results
using negative power function; (b) The fitting results using quadratic function; (c) The fitting results
using negative power function with the constant term; (d) The fitting results using piecewise function.

According to the above fitting results, the traditional negative power function is not
recommended to calculate the flashover voltage of novel insulators under icing conditions
in different pollution levels in this paper. In addition, although the fitting result of the
piecewise function is good, it has high requirements for data points, which increases the
number of tests required for fitting data. When there are few data points, for example,
ESDD is between 0.01 and 0.02, and fitting cannot be performed.

In this paper, the quadratic function and negative power function with the constant
term are recommended as empirical formulas for calculating the flashover voltage of novel
insulators under icing conditions in different pollution levels. When the icing thickness
is between 2.6-2.9 mm, the empirical formula for flashover voltage recommended in this
paper is as follows:

Uy = 888.7 x ESDD? — 319.3 x ESDD +43.8 9)

Uy = —84.18 x ESDD®¥ +55.63 (10)
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5. Conclusions

Electric field distribution and AC breakdown characteristics of polluted novel light-
ning protection insulators under icing conditions are investigated. Compared with tradi-
tional insulators, we have made some new discoveries. From the findings, the following
conclusion can be drawn.

(1) The electric field distribution of this novel insulator is different from that of
a conventional insulator. When the insulator surface is covered with ice, there is an
increase in the electric field along the surface and pin electrode. Especially with ici-
cles, there is a prominent electric field peak at the tip of the icicle. Compared with dry
conditions, when there is an ice layer and icicle, electric field peaks increase by 48.85%
and 46.08%, respectively.

(2) Three arc paths in different pollution levels were discovered in the AC flashover
test. The arc paths are related to ESDD under icing conditions.

(3) The Uy varies significantly in different pollution levels under icing conditions.
Specifically, Ur shows a downward trend with the increase of pollution levels. The maxi-
mum flashover voltage is 2.70 times more than the minimum.

(4) This paper puts forward two more accurate empirical formulas. Specifically,
after comparing the goodness of fit of different functions, the quadratic function and
negative power function with the constant term are recommended as empirical formulas
for calculating the flashover voltage of novel insulators under icing conditions.
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