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ABSTRACT 

In this paper, a new mathematical model is proposed to predict the pollution flashover voltages of porcelain disc insulators subject 

to AC voltages. The pollution flashover mechanism is most commonly influenced by the parameters such as applied voltage, pollution 

resistance, arc length and arc constants. The proposed model is developed by establishing the relation between the above said 

parameters using the dimensional analysis. The Ayrton’s arc constants A and n used in the model are estimated using optimization of 

the published experimental data of arc voltage and arc current of a real insulator.  For a number of insulators of different geometrical 

dimensions, the pollution flashover voltages are computed using the new proposed model and are compared with experimental and 

analytical results of other researchers of the same insulators. It is found that the computed results are in good accordance with the 
experimental and analytical results of other researchers. 
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1. INTRODUCTION 

With the rapid growth of industrial sector and changes 

in lifestyle of the people, the need for electrical energy has 

been increasing day by day and thus widening the gap 

between generation and demand. To minimize this gap, the 

electrical power has been transferred at higher voltage 

levels. Due to rise in the voltage levels, the performance of 

insulators has been affected by the effect of polluted 

atmospheric conditions in the field and as a result of it the 

insulators have been found to be failing at working or 

system voltages only. The Eskom [1] a South African 

electricity public utility has recorded a total of 12,000 

outages of transmission line over a period of 16 years from 

1993 to 2009.   The entire study revealed that a total of 89% 

of outages were mainly due to pollution flashover of 

insulators, birds, lightning, and fire. It is clear from the 

result of the study that the pollution flashover of insulators 

is still a serious threat in achieving a safe and successful 

operation of the transmission network. The problem of 

pollution induced failure of insulators has been investigated 

in many ways, such as natural testing of insulators, artificial 

pollution flashover testing of insulators in laboratories and 

a mathematical approach to predict the pollution induced 

flashover voltages. The natural testing method suffers from 

the limitations such as, it requires more time to test the 

insulators and also it is not an economical procedure. The 

limitation with artificial testing of insulators is difficult to 

mimic the practical scenario of pollution distribution and 

wetting of the insulators. Therefore the mathematical 

modelling of polluted insulators to predict the pollution 

induced flashover voltages is more effective and 

economical. From the literature, it is observed that to 

predict the pollution induced flashover voltages of 

porcelain insulators, flat plate glass / porcelain model of 

rectangular [2-4] triangular shape [5,6] and cylindrical 

model [7] has been used in place of actual insulator. The 

pollution induced discharges in the above said models may 

not be in the same way as in case of actual insulator because 

the arc formed would be certainly on the surface of the 

model and also steam formed may readily disperse. In 

actual insulator, the scintillations/arc develops on the 

underside of the insulator from pin towards the edge 

through several ribs of insulator and also the steam 

developed by the arc may confine to the underside and it 

cannot readily disperse as in flat plate case. This may make 

a considerable difference. Hence, above said models may 

not represent the actual insulators. The intelligent systems 

such as artificial neural networks [8], support vector 

machines [9], fuzzy logic [10], FEM [11, 12] and Wavelet 

Transform [13] have also been adopted in the prediction of 

pollution induced flashover voltages. The accuracy of such 

prediction may be confined to only to the insulators which 

have been used in the prediction of flashover voltages. 

There are models developed [14, 15] based on the real 

insulators, but in such models the number of parameters 

involved are more hence increasing the complexity of the 

model. 

 With respect to the above discussions, the present study 

deals with the development of a mathematical model based 

on geometrical parameters of a real insulator to predict the 

pollution induced flashover voltages of porcelain disc 

insulators under varying pollution conditions. The type of 

pollution in the field varies from place to place such as 

marine pollution, desert pollution and industrial pollution. 

In the present study marine pollution is considered to 

pollute the insulators. 

2. DEVELOPMENT OF MATHEMATICAL 

MODEL 

The pollution flashover mechanism can be analysed 

into different phases and are 

I- Accumulation of contaminants  

       II- Wetting of the surface 

       III- Formation of Dry bands 
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IV- Arcing of dry bands which may lead to flashover 

 

In the above phases, phase (III) and (IV) mainly 

depends on phases (I) and (II).  In practice, the phases (I) 

and (II) are non-uniform in nature resulting in multiple dry 

bands and multiple arcing. It would be difficult to bring in   

all these complicated phases in the development of the 

model, therefore certain assumptions are made in the 

development of the model and they are,  insulator will have 

uniform pollution distribution across its surface, uniform 

wetting of its surface and only one arc will be dominant on 

the surface leading to flashover. 

From the literature, it is observed that the most of the 

common factors characterizing the pollution flashover 

phenomena are pollution resistance (Rp), arc length (Larc), 

applied voltage (Vs) and arc constants(A & n). The above 

factors are considered in the development of a 

mathematical model, which will represent the pollution 

flashover phenomena. The dimensional analysis is used in 

the model to establish the relation between the above said 

factors. A relation between theses parameters can be 

written with the help of function  ‘f’ and is given as 

 

Vs= f (A, Rp, (Larc))                                                          (1) 

Where ‘f’ is an unknown function. 

A matrix is formed in terms of the fundamental dimensional 

units of the considered factors in the form of M L T I as 

mass, length, time and current respectively. For example 

voltage (Vs) is written in its fundamental dimensional unit 

as (M1L2T3I-1) M=1, L=2, T=-3 and I=-1  

Then the dimensional matrix is given by 

 

 

 

 

 

 

 

The rank of the above matrix is found to be 3 and the 

numbers of variables are 4, therefore as per the Bukingham-

π theorem [16] the solution can be in the form of 1 

independent dimensionless product (π). The parameters A, 

Rp, and (Larc) are considered as   repeated variables, then the 

left out parameter Vs is the dimensionless product and can 

be written as 

 

Π =   Aa   (Larc) b    Rp
c                                        (2) 

Where a, b and c, are the exponents of arc constant A, arc 

length (Larc) and pollution resistance Rp respectively. 

Since the objective of the present work is to predict the 

pollution flashover voltages, hence Π can be written with 

the fundamental dimensions of the repeated variables as 

Π= [M LT-3 In-1 ]a [L ]b [M LT -3I -2]c                                  (3) 

 

 

[M L2T -3I -1]= [M L T -3 I n-1] a [L] 
b  [M LT -3 I -2] c           (4) 

 

The solution of equation (4) is obtained by equating the 

exponents of the fundamental units on both right hand side 

and left hand side of the equation (4) 

 

1 = 𝑎1 + 𝑐1                                                                         (5) 

2 = 𝑎1 + 𝑐1                                                                     (6) 

−3 = −3𝑎1 − 3𝑐1                                                           (7) 

−1 = (𝑛 − 1)𝑎1 − 2𝑐1                                                   (8) 

 

The obtained solution is 

a = 1/n+1, b=1 and c = n/n+1 

Now substituting the power exponents and the equation 

for Vs becomes 

𝑉𝑠 = 𝐾 (𝐴)
1

(𝑛+1)    (𝐿𝑎𝑟𝑐)1 (𝑅𝑝)
𝑛

𝑛+1                                    (9) 

 

Thus the equation for Vs is rewritten as 

𝑉𝑠 = 𝐾 𝐴
1

𝑛+1   (𝑅𝑝)
𝑛

𝑛+1  (𝐿𝑎𝑟𝑐)                                 (10) 

 

Where ‘K’ is the dimensional constant and is found using 

experimental data in the further sections 

Equation (10) can be modified to predict the flashover 

voltages by replacing the arc length Larc by critical arc 

length (Larc)c. Hence the equation (10) becomes 

 

𝑉𝑓𝑜 = 𝐾 𝐴
1

𝑛+1   (𝑅𝑝)
𝑛

𝑛+1  ((𝐿𝑎𝑟𝑐)𝑐)                           (11) 

 

The above equation (11) can be used to estimate the 

pollution flashover voltages, when the pollution condition 

is given in terms of pollution resistance (Rp). However, if 

the pollution condition is given in terms of layer 

conductivity then in the equation (11) Rp is replaced in 

terms of layer conductivity and can be written as. 

𝑉𝑓𝑜 = 𝐾 𝐴
1

𝑛+1  (
𝐹𝐹

𝐾𝑠 (𝐿−(𝐿𝑎𝑟𝑐)𝑐)
)

𝑛

𝑛+1 ((𝐿𝑎𝑟𝑐)𝑐)           (12) 

 

Where FF is the form factor of the insulator, Ks is the layer 

conductivity and L is the total leakage distance. Now 

above equation (12) can be used to predict the pollution 

flashover voltages when pollution condition is given in 

terms of layer conductivity. In practice, even equivalent 

salt deposit density (ESDD) is also used to express the 

pollution condition. Now to account for ESDD, which is 

the amount of salt in the deposit on a given surface of the 

insulator divided by area of surface, the equation (12) can 

be modified by uttering Ks in terms of ESDD with the help 

of a power fit given in(13) from the values of ESDD and 

Ks referred from[17]. 

Ks = 86* ESDD0.9                                (13) 

 

Now the modified equation of Vs in terms of ESDD is 

given by 

𝑉𝑓𝑜  =   𝐾 𝐴
1

𝑛+1  (
𝐹𝐹

(86∗ 𝐸𝑆𝐷𝐷0.9)(𝐿−(𝐿𝑎𝑟𝑐)𝑐)
)

𝑛

𝑛+1 ((𝐿𝑎𝑟𝑐)𝑐)         (14) 

 

 

 

 Vs A (Larc) Rp 

M 1 1 0 1 

L 2 1 1 1 

T -3 -3 0 -3 

I -1 n-1 0 -2 
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Now, the equation (14) can be used to compute the  

pollution flashover voltages, for a given pollution condition 

in terms of ESDD. The critical arc length (𝐿𝑎𝑟𝑐)𝑐 is 

calculated [18] as  

 

(𝐿𝑎𝑟𝑐)𝑐 =
𝐿

𝑛+1 
                                                        (15) 

 
From the equation (14), it is clear that for a given insulator 

and ESDD, total leakage distance L and form factor FF  are 

known and (𝐿𝑎𝑟𝑐)𝑐 is calculated using equation (15) after 

knowing the value of ‘n’, constants A , n and dimensional 

constant K are the only unknowns.  The next section 

discusses estimation of Ayrton’s arc constants A and n. 
   

3. ESTIMATION OF AYRTON'S ARC 

CONSTANTS A & n 

 

From the literature [18], it is seen that The Ayrton’s arc 

equation of the form shown below 

 

Earc = A I-n                                                                             (16) 

 

has been used in most of the mathematical models.   The 

models developed based on equation (16), have used 

different Ayrton’s arc constants A and n. The Table 1 above 

shows the values of Ayrton’s arc constants A and n adopted 

by different researchers in their mathematical models. 

From the Table 1 it is clear that the arc constant A and n lie 

in the wide range of values 31-500 (V/cm) and 0.24 to 1.13 

respectively. It is also observed that arc constants A and n 

have been determined from the experimental arc voltage 

and arc current based on cylindrical model [6] and 

triangular glass plate [7] instead of real insulator. However, 

authors [19] have determined the arc constants A and n 

using arc voltages and arc currents obtained from a real life 

insulator. Authors [19] have conducted experiments on a 

real life insulator to obtain arc voltages and arc currents for 

different ESDD and different arc lengths. The experimental 

data of arc currents and arc voltages for different ESDD and 

different arc lengths obtained on a real insulator [19] are 

used in the equation (16) and as a result of it, a system of 

63 equations with unknown arc constants A and n are 

formulated. To optimize the arc constants, the equation (16) 

is rewritten to form an objective function as shown below 

in (17) 

∑  [((Earc) − f(A ∗ I−n)]m
k=1                                                       (17) 

Where ‘m’ is number of equations 

The constraints for the arc constant A and n for the above 

objective function (17) are defined by the values of A and 

n given in   Table 1 as given below    

 

530≤A≥31                                              (18) 

 

1.13≤n≥0.24                                                                   (19) 

 

The formulated 63 equations are solved using an 

optimization toolbox in MATLAB. The resulted optimum 

values for Ayrton’s arc constants A and n are 66V/cm and 

0.7 respectively. The obtained arc constant values are 

compared with experimentally published data [19] and are 

found in good agreement with each other. Further, the 

estimated optimum values of A and n are used in the 

proposed model (14) to compute the pollution induced 

flashover voltages. Now in the equation (13), the only 

unknown is dimensional constant ‘K’ and is estimated 

experimentally. Therefore, next section discusses, the 

details of experiments carried out. 

Table 1  Ayrton’s arc constants A and n used by different 

researchers 

 

4. EXPERIMENT DETAILS 

 

In the present work, experiments are carried out with 

the arrangement of the set up as shown in the figure.1 with 

a pollution chamber of dimension 2.75m x 2.75m x 2.75m 

and source of 400V/60kV, 60kVA with R/X ratio 0.3. 

Solid layer method is adopted to pollute the test insulators 

and for the testing Procedure-A is followed as per 

standards IEC507 [17]. The porcelain insulators 

designated as Type A and Type B are used in the 

experiments whose dimensional details are given in Table 

2. 

Test Preparation: Insulator under study is cleaned 

thoroughly to get rid of any contaminants present on it and 

dried completely. The commercial sodium chloride NaCl 

Author’s 
Year 

[Ref.] 
A (V/cm) n 

Obenus 1958[20] 100 0.7 

Alston 1963[21] 63 0.76 

Claverie et al 1973[22] 100 0.5 

Jolly et al 1974[23] 296 0.397 

Rumeli 1976[24] 518 0.273 

Rahal &Hurraux 1979[25] 530 0.24 

El-Arbaty et al 1979[26] 40 0.8 

Verma M P 1983[27] 53.45 0.5 

Guan and Zhang 1990[28] 140 0.67 

Topalis et al 1992[15] 131.5 0.374 

R. P. Singh et al 1994[29] 31 to100 
0.43 to 

0.98 

Ghosh and 

Chaterjee 
1995[30] 360 0.59 

Farag et al 1997[32] 530 0.24 

M. Farzaneh et al 2000[33] 205 0.56 

Holtzhausen 2001[34] 59 0.53 

Gonos and 

Topalis 
2002[35] 124.8 0.409 

Hussein 

Hemmatjou 
2006[31] 100.25 0.6577 

Boubakeur 

Zegnini et al 
2007[36] 197.418 0.593 

Dixit et al 2009[19] 68 0.65 

Y. Sabri  et al 2010[6] 168 0.325 

Yawei Li et al 2014[7] 

112.1(Top) 

   65.8   

(Bottom) 

0.82(Top) 

1.13 
(Bottom) 
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is used to get conductivity and Kaolin as binding agent to 

mimic the marine pollution. A slurry composed of these 

two materials in a proportion as mentioned in IEC507 [17] 

is prepared with tap water (90μS/cm) for polluting the test 

insulator. Now artificially polluted test insulator is 

mounted in the pollution chamber and is exposed to the 

steam for about 20 minutes with humidity of about 90 to 

95%. 

Test Procedure: The test insulator is artificially polluted 

uniformly for a required ESDD and exposed to the steam 

for 20 minutes. Then a low voltage is applied and 

increased gradually until flashover occurs and experiment 

is repeated for 3 trials for the same ESDD.  Now the 

experiment is repeated by applying the lowest flashover 

voltage among the three flashover voltages to the insulator 

for a time of 15 minutes. If the insulator flashes before 

said time then experiment is repeated by decreasing the 

voltage by 5% and is applied to the test insulator again for 

15minutes. If insulator does not flash then the voltage is 

increased by 2% and is applied for 15minutes, this is 

repeated for 5 times for a given ESDD. Here the lowest 

flashover voltage in the entire sequence is treated as 

flashover voltage. The above discussed procedure is 

repeated for different ESDD for both test insulators. The 

flashover voltages for different ESDD obtained for both 

the insulators are plotted and is shown in the figure 2. 

 

Table 2  Dimensional details of insulators used in the 

experiments 

 

Type of 

Insulator 

Total 

leakage 

Distance 

(L) cm 

Insulator 

Diameter 

(D) cm 

Height 

(H) in cm. 

Form Factor 

(Calculated) 

 
A 

 
30.5 

 
25.5 

 
13.5 

 
0.77 

 

B 

 

35.7 

 

25.4 

 

15.0 

 

0.73 

 

 

 
 

Fig. 1  Arrangement of the experimental set up 

 

Fig. 2  Experimental Flashover voltages against  

ESDD for both Type A and Type B insulators 

 

5. DETERMINATION OF DIMENSIONAL 

CONSTANT ‘K’ 

 

The dimensional constant K is determined using 

experimental data of flashover voltages using equation (14) 

for both type A and type B insulators.  The Value of K is 

found to be in the range 0.55 to 0.57 and 0.54 to 0.55 for 

Type A and Type B insulators respectively. To represent 

the obtained range of K value in terms of dimensions of 

insulator, a detailed study of dimensions of Insulators of 

Type A and B is done and as a result of the study it is found 

that the dimensional combination   (
𝑟

𝐿
)

𝑛

 is very close to the 

range of values of K obtained experimentally. Therefore the 

dimensional constant is given by 

𝐾 = (
𝑟

𝐿
)

𝑛

                                                            (20) 

 

Where ‘r’ is the radius of the insulator, ‘L’ is the total 

leakage distance and ‘n’ is the arc constant. 

 

Now the equation (14) can be written as 
 𝑉𝑓𝑜

=  (
𝑟

𝐿
)

𝑛

  𝐴
1

𝑛+1  (
𝐹𝐹

(86 ∗ 𝐸𝑆𝐷𝐷0.9)(𝐿 − (𝐿𝑎𝑟𝑐)𝑐)
)

𝑛

𝑛+1

((𝐿𝑎𝑟𝑐)𝑐) 

 

                                                                                  (21) 

 

The developed model (21) is to be verified for its 

correctness consequently, next section explains the results 

and discussions. 

 

6. RESULTS AND DISCUSSIONS 

To ensure the correctness of the model (21) proposed, 

flashover voltages for different ESDD are computed for the 

two insulators Type A and Type B whose dimensional 

details are given in Table II. The computed flashover 

voltages are compared with the present experimental 

flashover voltages obtained in the section IV for the same 

insulators and are shown in figure 3. 
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Fig. 3  Comparison of flashover voltages of present 

experimental and proposed model for Type A and B Insulator 

 

 

From the figure 3, it can be observed that between 

present experimental and proposed model results, there 

is a maximum of 4.7% deviation for Type A insulator 

and a maximum of 9.8% for Type B insulator. This 

shows that both model and experimental results are in 

good agreement for both Type A and Type B insulators. 

 

7. VALIDATION OF THE MODEL 

The proposed model is verified for its validity by 

comparing the model results with previous researchers 

experimental and model results [14, 15, 37, 38]. The 

dimensional details of the insulators considered in the 

study are given Table 3. The insulators are designated as 

Type A, B, C, D, E, F, G, H, I, J, K, L, M and N. The 

proposed model results are compared with experimental 

results of Insulators from Type A to F and also compared 

with analytical model results of Insulators from Type G 

to N. 

 
Table 3  Dimensional Details of Insulators considered in 

the study 

 

Insulato

r Named 

 as 

Type of  

Insulator 

[Reff.] 

Heig

ht 

(H)c

m 

Total 

leakag

e 

Distan

ce 

(L) cm 

Insulat

or 

Diame

ter 

(D) cm 

Form 

factor 

(Calculat

ed) 

A 
Cap and 

Pin1[14] 
30.5 25.5 13.5 0.77 

B 
Cap and 

Pin2[14] 
35.7 25.4 15.0 0.73 

C 
Cap and 

Pin3[14] 
30.7 25.4 11.5 0.82 

D 
Fog Type1 

[15] 
14.6 43.1 25.4 0.916 

E 

Cap 

&Pin4 

[15] 

14.6 30.5 25.4 0.696 

 

F 
Cap & 

Pin5[38] 
14.6 27.9 25.4 0.684 

G 
Cap & 

Pin6[37] 
15.9 33 26.8 0.79 

H 
Fog Type2 

[37] 
16.5 40 20 1.29 

I 7k3[37] 18.5 30.4 28.8 
 

0.68 

J 
Bullers 

[37] 
14 41.8 29 0.9 

K F7[37] 14.6 31.1 25.5 0.7 

L 
80F140W[

37] 
14 41.5 28 0.9 

M 
U100L 

[37] 
14.6 30 25.5 

 

0.69 

 

N 
U70BL 

[37] 
14.6 25.5 28 

0.68 

 

Figure 4 shows a comparison of flashover voltages 

Vs ESDD for Type A, B and C insulators between 

proposed model and experimental [14]. From the figure 

3  it can be observed that present model predicts the 

flashover voltages with a deviation of less than 10% in 

comparison with experimentally [15] obtained flashover 

voltages for Type A, B and C insulators except for Type 

B insulator the prediction is having a maximum 

deviation of 21% at lower ESDD levels. Figure 5 shows 

a comparison of flashover voltages as a function of 

pollution severity in terms of ESDD (mg/cm2) between 

experimental [15, 38] and proposed model for Type D, 

E and F Insulators.  

The comparison shows clearly that the deviation 

between experimental [15, 38] and proposed model 

results is within 10% for the above three insulators under 

varying pollution conditions.  

 

 

 
 

Fig. 5  Comparison of flashover voltages of experimental [15, 

38] and proposed model for Type D to F Insulators 
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Fig. 6  Comparison of flashover voltages of model [15, 37] 

and proposed model for Type G to J Insulators 

 
 

Figure 6 depicts the relation between flashover voltages 

and pollution condition represented as ESDD (mg/cm2) 

between theoretical results of other researchers [15, 37] and 

proposed model results for the Insulators of Type G, H, I 

and J The relation exhibits a deviation of less than 10% 

between theoretical results of other researchers [15, 37] and 

present model. This comparison indicates that theoretical 

results of other researchers [15, 37] and present model  are 

in good agreement with each other. 

 

Figure 7 illustrates a comparison of flashover voltages Vs 

ESDD for Type K, L, M and N insulators between model 

[37] and present model results. From the characteristics it 

can be observed that a deviation of less than 10% is found 

between analytical results of other researchers [37] and 

present model results. Therefore proposed model results are 

very close to the model [37] results for the said Insulators. 

 
 

 
 
Fig. 7  Comparison of flashover voltages of Model [37] and 

proposed model for Type K to N Insulators 

 

8. CONCLUSIONS 

 

 The present paper discusses the development of a 

mathematical model to predict the pollution flashover 

voltages of porcelain disc insulators. The model involves 

the main dimensions of the insulator, form factor, pollution 

level and Ayrton’s arc constants. The developed model has 

been used to predict the flashover voltages of 14 different 

disc insulators and prediction shows, about 10% deviation 

in comparison with other researchers experimental and 

analytical model results.  The proposed model would be 

very much useful in predicting the pollution flashover 

voltages of porcelain disc insulators for a given pollution 

severity. It also helps in the selection of insulators for 

different pollution conditions. 
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