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Flashover Risk-Based Probabilistic Design of
Transmission Line Insulators under
Contamination Conditions

Yukio Mizuno

Abstract—In the traditional designs against contamination of
transmission line insulators, the maximum insulator contamina-
tion severity and insulator surface wetting are assumed as the
most severe conditions. Then, the required number of insulator
units per string is determined, where a safety margin of insulator
unit(s) is usually allowed based on knowledge obtained at sites
and in laboratory tests. Other insulator designs may be created
by considering the probabilistic distributions of factors affecting
insulator flashover, such as contamination severity, surface wetting,
and flashover voltage. Based on this concept, flashover risk, which
indicates flashover probability in a certain period, is used in this
study as an evaluation function of reliability. The characteristics of
flashover risk are discussed, and the proposed probabilistic method
is applied to the insulation design of a 500 kV ac transmission
line. Assuming a certain acceptable flashover risk, the number of
cap-and-pin insulator units per string is calculated and compared
with that obtained using the conventional deterministic method.
When the number of insulator units per string is fixed, flashover
risk can determine the number of flashover events in a certain
period, such as a year. Findings suggest that the probabilistic ap-
proach is a potential insulation design method under contamination
conditions.

Index Terms—Contamination, flashover
probability, transmission lines, wetting.

risk, insulator,

1. INTRODUCTION

RASMISSION line insulators are traditionally designed
T using the deterministic method. The worst contamination
and wetting conditions are assumed, and a certain margin is
set between the withstand and target operating voltages. This
approach is persuasive because the said margin depends on long-
term performance of insulators at sites and/or results of artificial
contamination tests conducted in laboratories. Most insulation
designs developed using this method are safe as the probability
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of the worst contamination and wetting conditions is extremely
low.

However, a probabilistic approach based on flashover may
result in more rational and therefore more economical designs.
In such a method, a proper evaluation function of flashover
probability is derived using the probability distribution functions
of factors affecting flashover. Flashover voltage is a probabilistic
variable affected by insulator contamination severity and insula-
tor surface wetting, which have distinct statistical distributions
depending on the environmental conditions at the installation
sites of insulators.

Probabilistic approaches can be classified into two categories:
static and dynamic methods. In a static method, the probability
functions of flashover voltage and factors affecting flashover are
considered, and insulation reliability in a certain period is eval-
uated. In a dynamic method, real-time reliability is calculated
using time-varying instantaneous values of factors affecting
flashover. The flashover performance of contaminated ceramic
insulators was analyzed via both static [1], [2], [3], [4], [5] and
dynamic [6], [7], [8] methods from the 1970s to the 1990s.

Probabilistic approaches have been attracting attention again
since the statistical approach for flashover of contaminated
insulators was provided in an appendix of an IEC standard
[9]. Application cases of these probabilistic methods have been
reported for ac [10] and dc [11]. These papers proposed statistical
approaches considering log-normal statistical distributions of
the equivalent salt deposit density (ESDD; mg/cm?) and non
soluble deposit density (NSDD; mg/cm?) based on many mea-
surements. The unified specific creepage distance (USCD) is
defined as a function of the salt deposit density (SDD; mg/cm?).
The relation between the number of flashover events per year and
required insulator length is calculated under a given condition.
Statistical approaches permit a more rational design in general,
but the evaluation function of flashover probability has not been
clarified.

A statistical method of flashover probability assessment was
proposed to develop a unified model applicable to various in-
sulators with different shapes [12]. Based on fog test results of
insulators with different specifications, flashover voltage is re-
gressed as functions of leakage distance, ESDD, hydrophobicity,
form factor, and form factor ratio. Then, flashover probability is
calculated by standardizing the flashover voltage distribution.

A more comprehensive and practical discussion is needed
to apply the probabilistic approach to actual insulator design
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TABLE I
COMPARISON OF DETERMINISTIC AND PROPOSED PROBABILISTIC DESIGNS
Deterministic design Proposed probabilistic design
-voltage
-voltage -insulator contamination
Input | -insulator contamination severity
severity -number of strings
-acceptable flashover risk*
-derivation of evaluation
function (flashover risk)
-determination of statistical
distribution of
L . -insulator contamination
-determination of withstand .
. severity (ESDD, NSDD)
voltage (kV/unit) based on . .
. -insulator surface wetting
Design laboratory tests and field . .
. (relative humidity)
process experience
. . . -flashover voltage
-consideration of a certain .o
marein (standard deviation of
g 50% FOV and truncation
rate on low-voltage side)
-calculation of flashover risk
for each number of insulator
units
. . -required number of insulator
-required number of insulator . . .
Output units per strin units per string to achieve the
p & acceptable flashover risk*

*When the number of insulator units per string is inputted, the number of
flashover events of insulator strings in a certain period (number of
flashovers/certain period) or a period in which one flashover occurs can
be outputted.

against contamination. One of the authors has proposed a prob-
abilistic flashover assessment of transmission line insulators in
[4], where the evaluation function of flashover risk was derived.
Basic studies of risk of failure were performed as the first step of
the probabilistic approach [4], [S]. The present study is intended
to progress the proposed approach to the next stage and to discuss
a possibility of its application to a practical insulation design
of transmission line insulators under contamination conditions
through a case study.

Table I outlines the deterministic design and the proposed
probabilistic design. The effect of the statistical distributions
of flashover voltage, insulator contamination severity, and insu-
lator surface wetting on flashover risk is discussed first. Then,
assuming five levels of flashover risk, the number of cap-and-pin
insulator units required per string of a 500 kV ac transmission
line is calculated probabilistically to compare the proposed
probabilistic method and the conventional method.

II. PROBABILISTIC EVALUATION FUNCTION OF FLASHOVER

The probabilistic evaluation function of flashover (denoted as
flashover risk) derived in our previous paper [4] is explained
briefly.

Flashover voltage follows a normal distribution [4]. Thus, the
flashover probability of a single insulator string is expressed by

(1.
Pl (Uwv w, h)
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where

Py (U, w, h) : flashover probability of a single string under
U,, w, and h;

U, : applied voltage;

w : insulator contamination severity;

h : degree of insulator surface wetting;

Vso(w,h) : 50% flashover voltage under w and 4;

o(w) : standard deviation of flashover voltage under
the condition of w; and

t : dummy variable for integration.

Equation (2) gives the flashover risk of a single insulator
string considering the statistical distributions of insulator con-
tamination severity and insulator surface wetting. For simplicity,
insulator contamination severity and insulator surface wetting
are assumed to be independent of each other in this study.

Ry Uy, w, h) = / / Py (Uy, w, h) f () g (h) dwdh, (2)

where

Ry (Ug, w, h) :flashover risk of a single insulator string under
U,, w, and h;

fiw) : probability density function of insulator con-
tamination severity; and

g(h) : probability density function of the degree of

insulator surface wetting.

This concept is expanded to the case of N parallel insula-
tor strings subjected to the same contamination and wetting
conditions in a limited area. The flashover probability Py and
flashover risk R are given by (3) and (4), respectively.

Py (Uy, w, h) = 1—{1 =Py (Uy, w, W)}V, (3)

Ry (U, w, h) = //PN (Us, w, B) f (w) g (h) dwdh,

(C))
where
Pyn (Uy, w, h) : flashover probability of N parallel insulator
strings under U, w, and h and
Ry (Uy, w, h) : flashover risk of N parallel insulator strings

under U, w, and h.

When one-year statistical distributions are used for f{iw) and
g(h), (4) gives flashover risk in one year. Flashover is assumed to
occur after the insulator surface is contaminated rapidly, dried,
and wetted. Because this process consumes at least one day,
flashover is considered to occur once a day at most. When
flashover occurs every day (365 days), the flashover risk is
regarded as 1. So, the product of 365 and flashover risk means
the number of flashover days in a year. Considered from different
angle, the flashover rate, which is the period during which one
flashover event occurs, can also be calculated from flashover
risk.
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Fig. 1. Assumed statistical distribution of f(w) based on measured ESDD
obtained at exposure stand at Takeyama, Japan.

III. FACTORS AFFECTING FLASHOVER RISK

Equation (4) indicates that the probabilistic distributions of
insulator contamination severity f(w), insulator surface wetting
g(h), and flashover voltage Py (U, w, h) affect the evaluation
of flashoverrisk Ry (U, w, h).Inthis section, statistical distri-
bution functions of factors affecting flashover risk are formulated
as examples, referring to available data.

A. Insulator Contamination Severity

Insulator contamination severity is reasonably represented by
the ESDD. Few studies have been published about the statistical
distributions of ESDDs recorded at fixed locations for long
durations. One of available data are results of exposure tests of
250 mm cap-and-pin insulator strings performed for four years
at Takeyama, Japan [13]. The upper and lower surfaces of three
insulator units were washed separately with water and ESDD
was measured every 3 months. Since the test site locates near
the coast, quick salt accumulation by wind and self-cleaning by
rain may result in large variation of ESDD (0.005-1.50 mg/cm?).

In the present study, ESDD of the upper surface is used
because of its higher value, and its statistical distribution is
assumed by (5) for simplicity. The mean and standard deviation
values are calculated according to their definitions from raw
data. Fig. 1 shows the statistical distribution of f{iw). The actual
distribution does not satisfy (5) strictly.

[ (w) = b ex 1 (loglow - log100.08)2
T 045V Py T2 oTE .
(5)

flw) is formulated based on four-year observation data, but
flashover risk in a year is discussed in the present study. So,
the fiw) is regarded as a one-year distribution function for
convenience because ESDD data of one year is not available.

Although NSDD is also an important factor affecting
flashover risk, it is not considered here due to the unavailability
of its appropriate distribution. Nonetheless, the effect of NSDD
on flashover risk is discussed in Section V.

B. Insulator Surface Wetting

Long-term measurement data of insulator surface wetting are
unavailable, so relative humidity (RH) is used as an index of
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Fig. 2. Assumed statistical distribution of g(h) based on RH recorded at
Yokohama weather observatory station in Japan.

insulator surface wetting. Utilized RH data are hourly observa-
tion data recorded for a year at Yokohama weather observatory
station near the place where the ESDD distribution is obtained.
The actual distribution does not follow a normal distribution,
but the probability density function of g(h) is assumed by (6)
and shown in Fig. 2. The mean and standard deviation values
are calculated according to their definitions from raw data.

1 1/h—0.65\>
g (h) = 0.13v2r exp{_2( 0.13 ) } ©)

Actual wetting is affected not only by RH but also by other
factors, such as the temperature difference between the insulator
and the surrounding atmosphere. Such effects are not considered
in this study for simplicity.

C. 50% Flashover Voltage

A series of experiments are conducted on the influence of the
ESDD and RH on the flashover voltage of a small glass plate
contaminated with NaCl (0.001, 0.005, 0.1, and 0.2 mg/cmz)
and kaolin (0.2 mg/cm?) [14]. Dimension of the glass plate is 80
mm (length) x 50 mm (width) x 2 mm (thickness). The electrode
distance is 60 mm. The glass plate is fixed horizontally, and
flashover voltage is measured by the up-and-down method under
the controlled RH (65-95%) and temperature (20 degrees C).
The contamination layer suddenly shows a high conductivity
at an RH of 75%, and the resultant flashover voltage drops
drastically.

Since suitable experimental data are not available for trans-
mission line insulators, it is assumed the results of glass plates
in [14] can be applicable to insulator strings. An extrapolation
gives the following equation:

1
Vso (w,h) = Ky {1— 1+exp{1oo(h0.75)}}

1
1+ exp{—100(h — 0.75)}

+ Kyw™*? )

K}, and K, are constants related to the dry and contamination
flashover voltages, respectively. K}, is determined based on the
relation between flashover voltage and the length of insulator
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string at RH = 0%. K, is calculated based on ESDD dependence
of withstand voltage of unit insulator at RH = 100%.

As an example, the ESDD and RH dependence of Vo (w, h)
in the case with 46 insulator units is shown in Fig. 3.

D. Standard Deviation of Flashover Voltage

The standard deviation o of flashover voltage was about 0.05
(5%) in artificial contamination tests [15]. About 0.20 (20%)
was obtained for naturally contaminated and wetted insulators
[15]. Thus, both 0.05 and 0.20 are adopted as the values of o.

E. Truncation of Flashover Voltage Distribution

When flashover voltage is expressed with a normal distri-
bution, flashover probability approaches zero with a decrease in
voltage but does not become exactly zero, even at an excessively
low voltage. This does not agree with empirical facts. Here,
this normal distribution is truncated mathematically to elucidate
the effect of flashover probability on the low-voltage side on
flashover risk. For example, a normal distribution is considered
above the 1st percentile value, and the frequency is forced to be
zero below the 1st percentile value. This distribution is denoted
as “1% cut.” Similarly, 3% and 5% cuts are considered. The
concept of truncation is shown schematically in Fig. 4. A normal
distribution without truncation (0% cut) is used as a reference.
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The area between a truncated normal distribution curve and
the horizontal axis shall be equal to 1, but the removed area
of a truncated normal distribution is not compensated because
of difficulty in establishing a persuasive normalization method.
This is an issue in the future.

IV. CHARACTERISTICS OF FLASHOVER RISK

In this section, flashover risk in a year is calculated under
various conditions using probabilistic distribution functions ob-
tained in the previous section. The objective is to verify if
characteristic behavior of flashover risk obtained by calculation
shows the same trend as that of on-site and experimental results.

Provided that ESDD and RH are independent of each other,
assessment is conducted for an assumed 500 kV transmission
line with insulator strings of N = 8616. A number of insulator
units per string larger than 60 is not appropriate to a typical
500 kV ac transmission line, but numbers up to 180 are assumed
here to evaluate characteristics of flashover risk calculated by
the proposed method. Non-linearity between flashover voltage
and creepage distance in a very long insulator string is not
considered.

Excel 2016 is used for calculation of flashover risk. The
integration in (4) is performed numerically using the trapezoidal
rule.

A. Effect of Insulator Contamination Severity on Flashover
Risk

Fig. 5 shows 3- and 2-dimensional plots of
Py (Ug,w,h) f(w)g(h) for a normal flashover voltage
distribution (0% cut) as an example, where the number of
insulator units per string is 46. The 2-dimensional plot is
obtained by viewing the corresponding 3-dimensional plot from
right above. High numerical values of Py (U, w, h) f(w)g(h)
are obtained in a limited region of ESDD and RH. This is
explained by their statistical distributions shown in Figs. 1 and
2. Because of the RH dependence of 50% flashover voltage
shown in Fig. 3, the numerical value of Py (Uy, w, h) f(w)g(h)
is zero below RH<0.75. In the case of o = 0.20, the value is
not zero for the wider range of ESDD and RH values, which is
attributed to the broad distribution of flashover voltage.

The values of flashover risk, which can be obtained as the
volume integral of the solid region of 3-dimensional plots in
Fig. 5, are 0.020 and 0.270 for o values of 0.05 and 0.20, respec-
tively. If flashover is assumed to occur once a day as described
in Section II, flashover risk of 0.020 means that flashover will
occur in about seven days in a year (365 x 0.020 = 7.3).

B. Effect of Number of Insulator Units in String on Flashover
Risk

Fig. 6 shows flashover risk as a function of the number of
insulator units per string when the flashover voltage follows a
normal distribution (0% cut). Flashover risk decreases gradually
with an increase in the number of insulator units per string,
which is a reasonable result. Flashover risk is higher for a larger
o for a given number of units. This is attributed to the fact
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Fig. 7.  Effect of h on flashover risk in case with 0% cut distribution, o = 0.20
(N =8616).

that Py (U, w,h) f(w)g(h) is not zero for the wider range
of variables, as shown in Fig. 5(b).

C. Effect of Insulator Surface Wetting on Flashover Risk

The effect of RH on flashover risk is discussed here using
a sample case where flashover probability follows a normal
distribution (0% cut) with o = 0.20. Fig. 7 shows that flashover
risk for a given number of insulator units changes at an RH of
75% and remains almost the same above 75%. This is attributed
to the assumed RH dependence of the 50% flashover voltage,
as given by (7) and shown in Fig. 3. Fig. 7 also shows that a
higher RH leads to a higher flashover risk for a given number
of insulator units. Fig. 8 shows the flashover probability for 60
insulator units per string as an example. Py (U, w, h) is higher
at a higher RH, resulting in an excessive flashover risk.

D. Effect of Standard Deviation of Flashover Voltage on
Flashover Risk

Fig. 9 shows flashover risk as a function of the number of
insulator units per string when flashover probability follows a
1% cut distribution. Flashover risk decreases gradually with an
increase in the number of insulator units and is higher for a larger
o. This is because Py (U, w,h) f(w)g(h) is not zero for the
wider range of variables. Compared with the case with a normal
distribution (0% cut), flashover risk is lower for a given number
of insulator units, especially for a large o.
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TABLE I
EFFECT OF RH AND TRUNCATION ON Py (Uz,w, h)

Wetting Normal d.istribution (.0% cut) ) 3% cut .
h (60 insulator units) (14 insulator units)
6 =0.05 6=0.20 6 =0.05 6=0.20

0.50 0 0.125 0 0
0.70 0 0.127 0 0
0.75 0 0.398 0 0.291
0.80 0.005 0.924 0.994 0.994

1 0.007 0.926 0.994 0.994

E. Effect of Truncation of Flashover Probability on Flashover
Risk

The effect of truncation on flashover risk under various RH
conditions is shown in Fig. 10, where a 3% cut distribution of
flashover probability and o = 0.20 are used for calculation.
Compared with the case with a normal distribution (0% cut;
Fig. 7), flashover risk is considerably lower for a given number
of insulator units. This is due to the fact that Py (U, w, h) is low
even for a small number of insulator units, as shown in Table II.
Fig. 11 shows Py (U, w, h) for 14 insulator units.

The characteristic behavior of flashover risk obtained by cal-
culation shows the same trend as that of on-site and experimental
results. Statistical distribution functions used in the present study
are not universal, but the flashover risk assessment is available
for any other statistical distribution functions.
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TABLE III
INSULATION DESIGN OF EXISTING 500 KV AC TRANSMISSION LINE [16]
Nominal voltage (kV) 500
Diameter of cap-and-pin insulator unit (mm) 280
Expected ESDD (mg/cm?) 0.063 0.50
Correction factor of ESDD 1.0 1.0
Coefficient of overvoltage 1.0 1.0
Designed withstand voltage of insulator (kV/unit) 10.8 7.2
Required number of insulator units per string 34 51
TABLE IV
CONDITIONS FOR CALCULATION OF FLASHOVER RISK
289
Applied volt kV
pplied voltage (kV) (500 KVA3)

Coefficient of contamination withstand voltage: k 6.74
Diameter of cap-and-pin insulator unit (mm) 280
Number of insulation strings: N 100, 600
99th percentile ESDD: woy (mg/cm?) 0.063, 0.50
Standard deviation of ESDD: 0w 0.377 [18]

0.0003-0.2

. 2

Range of ESDD: w (mg/cm?) 0.003-2
Standard deviation of flashover voltage: o 0.05, 0.20
Truncation rate on low-voltage side of flashover 0.1.3.5
voltage distribution (%) T

V. TRIAL INSULATION DESIGN OF 500 KV AC TRANSMISSION
LINE

The proposed probabilistic method is applied to the insulation
design of a 500 kV ac transmission line. The required numbers of
cap-and-pin insulator units per string under assumed acceptable
flashover risk levels are calculated, and the results are compared
with those obtained by the conventional deterministic method.
Five levels of flashover risk (1072, 1073, 107, 1072, and 10~%)
are considered. If a flashover event is assumed to occur once a
day as described in Section II, then a flashover risk of 10~ 2 means
that flashover will occur once in 100 days. Likewise, flashover
risk levels of 10~* and 10~° mean that one flashover event will
occur in about 27.4 years and in over 100 years, respectively.

A. Calculation Conditions

Table IIT lists the details of the deterministic insulation design
of an existing 500 kV ac transmission line in Japan [16]. The
expected ESDD is set to 0.063 or 0.50 mg/cm?, depending on
the location of the transmission line. The designed withstand
voltages of the insulator for wgg values of 0.063 and 0.50 mg/cm?
are 10.8 and 7.2 kV/unit, respectively, which are obtained ex-
perimentally for 280 mm cap-and-pin insulators by fog and
contamination tests [16].

Table IV summarizes the calculation conditions for the prob-
abilistic insulation design. When relation between withstand
voltage of an insulator unit Y kV and salt deposit density X
mg/cm? is expressed as Y = kxX 2, k is denoted as coefficient
of contamination withstand voltage. For a 280 mm cap-and-pin
insulator unit, k = 6.74 is obtained experimentally [17]. The
length of transmission line is about 2 km in the case of N = 100,
assuming one-circuit three-phase lines, four parallel insulator
strings for one phase at one tower, and span of towers of 300 m.
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Fig. 12.  Assumed distribution of ESDD for flashover risk calculation.

Because of the unavailability of the statistical distribution of
the ESDD in the area of the studied transmission line, a normal
distribution is assumed; the 99th percentile value is set to 0.063
or 0.50 mg/cm?. The resulting condition is less severe than
that when the ESDD is fixed at 0.063 or 0.50 mg/cm? because
the distribution contains smaller ESDD values. Fig. 12 shows
the ESDD distribution, and its probability density function is
expressed by

1 1 (logiow — logiop :
w) = ——exp —= | —————— , (8
) = o eap g (L)
logroweg — logrop
w — 5 9
7 2.33 ©)
where
Ow : standard deviation,
L : average,
wgg :99th percentile value, and
2.33  :zvalue corresponding to a 99% probability in a standard

normal distribution.

The average and standard deviation values of ESDD are
calculated from raw data, which were measured monthly for
250 mm cap-and-pin insulator strings in an exposure test at
Takeyama, Japan [17].

Three truncations (1%, 3%, and 5% cut) are used for flashover
voltage distribution, and a normal distribution (0% cut) is used
as a reference. Surface wetting 4 is set to 1 in the present study
considering enough insulator surface wetting.

B. Results and Discussion

Table V lists the calculated required number of insulator units
per string for N = 600, wgg = 0.063 mg/cm?, o, = 0.377
mg/cm?, and five levels of flashover risk (1072 to 107°) are
provided. Table VI summarizes the results calculated under the
same conditions except that wqg is changed to 0.50 mg/cm?.

When the standard deviation o of flashover voltage is 0.20, a
larger number of insulator units is required compared with that
under ¢ = 0.05 in the cases of 0% and 1% cuts. For a broad
distribution with o = 0.20, the value of P (U, w, h)f(iw)g(h) is
not zero, even at low voltages, so the truncation of the normal
distribution affects the calculation results. On the contrary, 3%
or 5% truncation slightly affects the calculation results. The
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TABLE V
REQUIRED NUMBER OF INSULATOR UNITS PER STRING (N = 600,
wgg = 0.063 mg/cm?, o, = 0.377 mg/cm?)

Flashover Standard deviation o = 0.05 Standard deviation o = 0.20

risk Truncation (%) Truncation (%)
0 1 3 5 0 1 3 5

102 27 27 27 25 70 31 27 25
1073 31 31 30 29 151 35 31 29
10 34 34 33 31 N/A 38 33 31
1073 35 35 34 32 N/A 40 34 32
10° 36 36 34 32 N/A 40 34 32

TABLE VI
REQUIRED NUMBER OF INSULATOR UNITS PER STRING (N = 600,
wgg = 0.50 mg/cm?, &, = 0.377 mg/cm?)

Standard deviation o = 0.05 Standard deviation o = 0.20
Flashover — —
risk Truncation (%) Truncation (%)
0 1 3 5 0 1 3 5

107 41 41 40 37 102 46 40 37
1073 47 47 46 43 N/A 53 46 43
10°* 52 52 51 48 N/A 59 51 48
10°° 55 55 54 50 N/A 62 54 50
10°° 57 57 54 50 N/A 62 54 50

normal distribution (0% cut) is not suitable for the evaluation
of flashover risk because the required number of insulator units
is unreasonable in some cases. This is attributed to the fact that
flashover probability is not exactly zero even at low voltage.
Therefore, a higher wgg results in a larger required number of
insulator units.

The required number of insulator units is mostly the same for
N = 100-600 under the present calculation conditions, but it
depends on N at a higher applied voltage.

The Italic and bold characters in Table V refer to cases where
the calculated required number of insulator units is equal or close
to 34. The value is obtained by the deterministic method for an
ESDD of 0.063 mg/cm?, as shown in Table III. The Italic and
bold characters in Table VI are for an ESDD of 0.50 mg/cmz,
where the deterministic method gives 51 as the required number
of insulator units.

In the case of wgg = 0.063 mg/cm?, a comparison of the
probabilistic and deterministic calculation results shows good
agreement for flashover risk levels of 1073 to 107> in the case of
the 3% cut, regardless of the value of 0. An increase of one or two
cap-and-pin insulator unit(s) per string leads to a one-digit-lower
flashover risk. Under wgg = 0.50 mg/cm?, regardless of the value
of o, the 5% cut findings generally agree well with the result
obtained by the deterministic method for acceptable flashover
risk levels of 107> to 107%. Flashover risk is decreased by an
order of magnitude by increasing the number of cap-and-pin
insulator units by two or three.

The NSDD is also an important factor affecting flashover risk.
Since an appropriate distribution of the NSDD is unavailable,
its effect on the number of insulator units per string is discussed
using fixed values of 0.01, 0.1, 1, and 10 mg/cmz. In the calcula-
tion of flashover risk, the coefficient of contamination withstand
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TABLE VII
REQUIRED NUMBER OF INSULATOR UNITS PER STRING (N = 600,
wgg = 0.063 mg/cm?, Ry = 0.01)

NSDD Standard deviation o = 0.05 Standard deviation o = 0.20
(mg/om?) Truncation (%) Truncation (%)

& 0 1 3 5 0 1 3 5

0.01 21 21 20 19 51 23 20 19

0.1 26 26 25 24 65 29 26 24

1 33 33 32 30 81 37 32 30

10 41 41 40 37 102 46 46 37

TABLE VIII

REQUIRED NUMBER OF INSULATOR UNITS PER STRING (N = 600,
wgg = 0.50 mg/cm?, Ry = 0.01)

NSDD Standard deviation o = 0.05 Standard deviation o = 0.20
(mg/om?) Truncation (%) Truncation (%)
& 0 1 3 5 0 I 3 5
0.01 32 32 32 30 81 37 32 30
0.1 41 41 40 37 102 46 40 37
1 51 51 50 47 128 58 50 47
10 64 64 63 59 161 73 63 59

voltage k is replaced by k" as

) Wy \ —0-1

W= (0.1) *y
where w,, is the NSDD. The other calculation conditions in
Table IV remain unchanged.

Tables VII and VIII show the required number of cap-and-pin
insulator units to achieve a flashover risk of 0.01 when wqg is
0.063 and 0.50 mg/cm?, respectively. As the NSDD increases,
more insulator units are required to avoid flashover. Thus, the
statistical distribution of the NSDD should be obtained to im-
prove the proposed method in the next step.

The results of this study indicate that the proposed probabilis-
tic method offers potential as a design method for transmission
line insulators. The results of the probabilistic method and the
deterministic method cannot be fairly compared. Nonetheless,
an economical design can be developed if a certain level of
flashover risk is accepted realistically. The deterministic method
offers a flexible margin between the withstand and target oper-
ating voltages in insulation design, but the probabilistic method
provides an advantage that lies in the rationale of its flashover
risk—based decision.

(10)

VI. CONCLUSION

A flashover risk-based probabilistic approach is discussed for
an insulation design of transmission line under contamination
conditions.

The proposed approach seems useful and promising for eval-
uating contamination performance of insulators quantitatively,
because (i) the characteristic behavior of flashover risk obtained
by calculation shows the same trend as that of on-site and experi-
mental results, (ii) an economical design is enabled depending on
the required reliability of a target transmission line, because the
required number of insulator units per string can be calculated if
a certain level of flashover risk is accepted, and (iii) in the case
study on some assumptions, the number of insulator units per
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string is close to that obtained by the traditional deterministic
method.

Further investigation will be necessary to establish an ad-
vanced probabilistic method reliable enough for practical insu-
lation designs against contamination. Reliable statistical distri-
butions of flashover voltage, insulator contamination severity,
and insulator surface wetting should be acquired. This may be
achieved by assessing the performance of existing transmission
line insulators by considering, for example, the number of insu-
lator units per string, applied voltage, contamination, years of
operation, and number of flashover events.
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