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 12 

Abstract: The aim of this paper is the presentation of an analytical model of insulator flashover and 13 

its application for air at atmospheric pressure and pressurized SF6. After a review of the main 14 

existing models in air and compressed gases, we develop a relationship of flashover voltage on the 15 

basis of an electrical equivalent circuit and the thermal properties of the discharge. The model 16 

includes the discharge resistance, the insulator impedance and the gas interface impedance. The 17 

application of this model to a cylindrical resin-epoxy insulators in air medium and SF6 gas with 18 

different pressures gives results close to the experimental measurements. 19 

Keywords: surface discharge; flashover; gas; modelling; pressure; thermal properties 20 

 21 

1. Introduction 22 

In order to optimize the insulation level for high voltage components (Air Insulated Substations 23 

-AIS-, Gas Insulated Substations -GIS- and Gas Insulated Lines-GIL-, Breakers, Overhead lines…), a 24 

special attention is given to creeping or surface discharges because the thermal effects and the faults 25 

that they can produce by sparking or flashover. Then, the knowledge of the parameters characterizing 26 

this kind of discharge is essential to understand the complexity of the mechanisms involving in their 27 

development. Thus, it is fundamental to acquire such information enabling to build mathematical 28 

model that can help optimizing the insulation efficiency.  29 

This paper aims to carry out a review of existing models of creeping discharges and to propose 30 

an analytical approach for the calculation of flashover voltage of solid insulators in gases under 31 

lightning voltage stress. 32 

2. Review of surface discharges and flashover models in gases 33 

From the insulation viewpoint, the triple junction (metal-gas-solid) constitutes the weakest point 34 

in high voltage equipment. Indeed, when the electric field reaches a critical value, partial discharges 35 

(PDs) can be initiated in the vicinity of this region. The increase of the voltage leads these PDs to 36 

develop and to transform into surface discharges (creeping discharges) that propagate over the 37 
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insulator up to flashover [1 - 3]. In the case of GIS and GIL, the worst case is when insulators (spacer, 38 

post-type insulator) are contaminated by metallic particles on their surfaces [5, 6].  39 

The physical mechanisms responsible for the surface discharge propagation are not still well 40 

known because of the complexity of the phenomena and the interaction of different factors, such as 41 

the interaction between the discharges, nature of gas and the proprieties of the solid insulating 42 

material, gas pressure, surface charges and pollution (metallic particle), geometrical parameters 43 

(insulator shape, electrodes form…), etc. Fundamentals studies have been conducted to understand 44 

the inception and propagation of creeping discharges in various gases [7 - 14]. It appears from the 45 

reported results that the phenomena start with corona discharges that evolves into ramified streamers. 46 

When the streamer discharge reaches a certain length, a leader channel with streamers at its head 47 

appears. 48 

Figure 1. Instantaneous current and voltage during flashover at the surface of cylindrical epoxy insulator according to [9]. 49 

 50 

The creeping discharge propagation dynamics in SF6 has been investigated by many researchers 51 

[7 – 11]. Okubo et al. [8] reported that the creeping discharge has the same dynamics as in air (Fig. 1). 52 

Tenbohlen and Schröder [9] analysed the surface discharge under lightning impulse (LI) voltage with 53 

different electrical charges deposition on the insulator surface. Figure 1 illustrates the current 54 

waveform from the inception to flashover with different electrical charges on the insulator surface. 55 

From figure 1, some similarities with discharge current propagating in air [13] can be noted; the 56 

current increases with the leader elongation until the discharge reaches the critical length. Then, the 57 

final jump occurs causing the full flashover. 58 

 59 

Hayakawa et al. [7] analysed the mechanism of impulse creeping discharge propagation on 60 

charged PMMA (poly-methyl methacrylate) surface. Their results showed that the discharge 61 

propagation is influenced by the charged surface and can be explained by the streamer propagation 62 

and streamer-to-leader transition based on the precursor mechanism. On the other hand, according 63 

to Okubo et al. [8] and Beroual [3] and Beroual et al. [10, 11] the creeping discharge propagation 64 

depends on the specific capacitance of the solid insulator. The permittivity, the conductivity and the 65 

geometry of insulator affect the propagation of the surface discharge [10 - 12]. 66 
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Modelling and calculation of flashover voltage is not an easy task because the interaction of 67 

different parameters such as: gas pressure and its chemical constitution, physicochemical properties 68 

of the solid insulator, nature and distribution of the surface charges, etc. Different models enabling 69 

to compute the inception voltage of creeping discharges and flashover voltage of insulator in air at 70 

atmospheric pressure have been proposed [2, 3, 13]. Figure 2 depicts the different evolution steps of 71 

creeping discharge on insulator.  72 

 73 

 74 

 75 

 76 

 77 

 78 

 79 

 80 

 81 

(a)                                  (b)             (c) 82 

Figure 2. Steps of creeping discharges according to [2]. 83 

According to [2], the corona inception voltage depends on the equivalent capacitance of the 84 

system; it can be calculated with the following relationship [2] 85 

 86 

     87          (1) 

 88 

The second step is the appearance of streamers (figure 2-b). The streamers voltage inception is given 89 

by [2] 90 

 91 

     92          (2) 

 93 

According to Toepler [3], the maximum (critical) length of the discharge that leads to flashover is  94 

  95 

     96        (3) 

 97 

Then, if the voltage is increased, the discharge will be irreversible and propagates until flashover. In 98 

this case, the flashover voltage Ufov can be calculated as well 99 

      100          (4) 

 101 

where 102 

• C is the equivalent capacitance, 103 

• A, B and D are parameters that depend on the geometry and the material of insulator, the kind 104 

of the discharge and the experimental conditions (gas, pressure, temperature, humidity, 105 

electrodes shape, voltage waveform…), respectively. Terms a, b and d are empirical parameters 106 

the values of which vary in the range 0.2 - 0.44. 107 

These models involve only the capacitance of insulator and are mainly empirical. 108 

 109 
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In the case of SF6, Laghari [14] proposed a relationship of flashover voltage on the basis of the 110 

efficiency coefficient that represents the ratio of the flashover voltage for uniform electrical gradient 111 

distribution to the voltage breakdown of the same gap without insulator with the same configuration 112 

of insulator as well 113 

( )
( )1

2

ln12.4

ln

r
fov b

rb

k
V V

kV




=               (5)  114 

where b

cri

E
V const p d

p

 
= +   

 
           (6) 115 

Vb is the breakdown voltage calculated according to Paschen law. k1 and k2 are parameters that 116 

depend on the roughness and the contact nature between the insulator and the electrodes. εr is the 117 

permittivity of insulator. 118 

Hama et al. [16] proposed a semi-empirical relationship of flashover voltage based on the 119 

mechanism leader/precursor: 120 

Leader
fov Leader

pol Leader

X
V V

D V
= +              (8) 121 

 122 

where XLeader and VLeader are the length and the voltage of the leader discharge, respectively; and Dpol 123 

is a coefficient that dependent on the polarity of the applied voltage, the reduced critical electrical 124 

gradient and the shape of the electrodes, with 125 

( )pol 閘ectrodes

cri

E
D const Ry

p


 
=   

 
     126 

The application of this model shows results close to the experimental measurements but it is 127 

limited to the shape of the used insulators and the experimental conditions. 128 

 129 

In the following, we recall the main principles of an analytical static model based on the electrical 130 

equivalent circuit and thermal discharge temperature we previously developed [1, 13].  131 

 132 

3. Principal of circuit model 133 

Surface discharges have similarities with spark (streamer/leader) discharges; i.e., a hot leader 134 

column and a streamers zone at its head [8, 9, 13, 17]. Based on Figure 3, the voltage along the 135 

discharge can be written as follows: 136 

Vd = Vl + Vs = xlEl + xsEs = xd rd I             (9) 137 

where Vd, Vl, Vs are the voltages of the discharge, the leader channel and the streamers, respectively. 138 

xl, xs, El and Es are respectively the length and the electrical gradient of the leader channel and the 139 

streamers. xd, rd, and I are resp. le discharge length, the discharge resistance and the current.  140 

 141 

 142 

 143 

 144 

 145 

 146 

Figure 3. Illustration of leader column and streamers head of a discharge at the surface of an insulator. 147 

HV 
x
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From Equation (9), we deduce the discharge resistance  148 

l l s s
d

d

x E x E
r

x I

+
=                (10) 149 

Where   xd = xs + xl 150 

 151 

According to Equation (10), we can consider the creeping discharge as a non-linear resistance and 152 

assume that the discharge channel is a uniform cylinder. 153 

 154 

Many researchers published photos of surface discharges indicating that there are two regions; 155 

the main luminous discharge (leader + streamer head) and less luminous branches, as illustrated in 156 

figures 4 and 5 [10, 18]. So, we can imagine that the presence of those less luminous discharges can 157 

be represented as a resistor parallel to the insulator surface. On the other hand, several researches 158 

investigations demonstrate the existence of a dark current in high pressurized gases that contribute 159 

to increase the insulator conductivity [19]. These currents contribute to the appearance of the second 160 

region (called luminous plasma) of depicted in figures 4 and 5. 161 

 162 

 163 
Figure 4. Surface discharge at the surface of insulator in SF6 with 3 bar under LI+ according to [10]. 164 

 165 

 166 
Figure 5. Surface discharge at the surface of coated electrode in SF6 with 1 bar under LI+ according to [18].  167 

3.1. Parameters of the circuit 168 

The model is based on an equivalent electrical circuit representing the electrical discharge, in 169 

series with the unbridged gap (the distance between the head of discharge and the opposite electrode) 170 

and consisting of a gas layer and of the solid dielectric at the interface (Figure 6). The gas layer is 171 

assumed to be equal to the diameter of the discharge channel. This model was developed elsewhere 172 

[13] in the case of air at atmospheric pressure and represent the instant when the discharge reaches a 173 

maximum length (called critical length) before the final jump [13]. In the following, we will adopt the 174 

luminous plasma branches 

luminous plasma branches 

 

+52 kV 
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same approach [13] with the assumption that the LI waveform can be considered as a quart-cycle of 175 

sine signal with a frequency about 0.3 MHz.  176 

 177 

 178 
Figure 6. Insulator cylindrical model with a discharge channel and the corresponding equivalent electrical circuit. 179 

 180 

The electrical Equation describing this circuit is  181 

  182        (11) 

 183 

Where 184 

 185 

 186 

  187 (12) 
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rd is the linear resistance of the discharge channel; ri, rg, ci, cg, i,, g, i, and g, are respectively the 193 

linear resistance, capacitance, the permittivity and the resistivity, respectively of the solid insulator 194 

and the unbridged gap; sd is the cross section of the discharge channel, si and sg are respectively the 195 

cross sections of the solid insulator and the layer of unbridged gap. ω is the pulsation (ω = 2πf, f being 196 

the frequency). 197 

Then the equivalent impedance of the system will be 198 

 199 
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The product τi2 >> 1 and τg2 >> 1, then 205 

 206 

  207              (15) 

 208 

 209 

The terms G1 and G2 are 210 

 211 

                                   (16) 212 

 213 

 214 

where 215 

 216 

 217 

 218 

      219   (17) 

 220 

 221 

 222 

 223 

 224 

 225 

The square of the modulus of the equivalent impedance is 226 
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where 228 

 229 

     230             (19) 

 231 

According to Dhahbi et al. [20], the discharge propagates when the equivalent impedance 232 

decreases with increasing of its length. The discharge propagation condition is such as  233 

                    234 

                                    (20) 235 

 236 

By differentiating Equation (18) with respect to x, we get 237 
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The total flashover of the solid dielectric is realized when Equation (22) is equal to zero, i.e., when 243 

the discharge length is equal to the total creeping (leakage) distance. This Equation can be considered 244 

as “the flashover condition”. Therefore, the maximum length of the discharge corresponding to 245 

flashover or the discharge critical length is 246 

  247 

 248      (23) 

 249 

where 250 

 251 

         252        (24) 

 253 

Where 0 < n < 1 254 

 255 

From Equation (12), we can derive the worst case that corresponding to 256 

 257 

 258          (25) 

 259 

 260 

The term 261 is always positive, then 

 262 

 263             (26) 

 264 

Equation (26) can be written as     265 

 266 

           267             (27) 

where  268 

          0 < K ≤ 1               (28) 269 

Or  270 

 271              (29) 

 272 

 273 

Condition (28) indicates that the discharge propagates when the ratio K is between 0 and 1. This 274 

corresponds to the propagation condition in which the discharge length is sufficient for causing the 275 

final jump and thence the flashover [13]. 276 

 277 

On the other hand, the power loss per unit length pd in the discharge channel is  278 

2
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By combining Equations (30) and (26), it yields  280 
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 282              (31) 
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 285 

 286             (32) 

 287 

By substituting Equations (23), (24) and (30) in Equation (18), we get  288 

 289 

 290            (33) 

with  291 

 292       (34) 

 293 

By substituting Equations (31) and (33) in Equation (32), we get the general relationship of flashover 294 

voltage  295 

 296           (34) 

 297 

 298 

 299 

3.2. Thermal conductivity and discharge resistance 300 

 301 

According to the solution proposed by Frank-Kamenetski [21, 22], the energy dissipated by 302 

thermal conduction within the discharge channel is 303 

 304 

 305            (35) 

 306 

By combining (35) and (30), we get the final relationship of flashover voltage at atmospheric 307 

pressure  308 

 309 

 310          (36) 

 311 

In the case of air at atmospheric pressure, the thermal conductivity is calculated according to the 312 

following Equation [23] 313 

 314 

           (37)    315 

 316 

 317 

where λa, va and Aa are the thermal conductivity, volume fraction and kinetic gas coefficient for air.  318 

 319 

Also, the discharge resistance in air at atmospheric pressure is given by [24]  320 
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where r0d is a constant in the range of operating temperatures of the discharge. Wi represents the 322 

first ionization energy of the different species constituting the discharge channel; KB is the Boltzmann 323 

constant. 324 
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In the case of SF6, both discharge resistance and discharge thermal conductivity are function 326 

simultaneously of gas pressure and plasma temperature [25, 26].  327 

 328 

   329            (39) 

 330 

According to Pinnekamp and Niemeyer [27], and Niemeyer et al. [28], the temperature of the 331 

leader discharge is between 2400 K and 2800 K. On the other hand, on the basis of the transport 332 

parameters data of SF6 published in the literature [25, 26], we plot the thermal conductivity as 333 

function of gas pressure (Figure 10) and the discharge resistance against gas pressure (Figure 11) for 334 

a range of temperature between 2500 K and 3500 K. From these figures, we can derive numerical 335 

empirical formulae of the discharge thermal conductivity and discharge resistance against pressure 336 

for a given temperature:  337 

d = A.p-m                 (40) 338 

λd = a0 + …+anpn               (41) 339 

where p is the gas pressure; a and A are empirical parameters. 340 

 341 
Figure 7. Discharge thermal conductance of discharge vs. variation with pressure with for different temperatures. 342 

 343 

 344 

Figure 8. Discharge resistance variation with vs. pressure with different temperatures at 2500 and 3000 K, respectively. 345 
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4. Application 346 

To validate the proposed model, we first calculate the flashover voltage of cylindrical epoxy 347 

insulators in air at atmospheric pressure. The second application will be for the same kind of insulator 348 

in SF6 gas medium. The computed flashover voltages are compared with the experimental data 349 

reported by other researchers as in [12, 13, 15, 29]. Table 1 gives the characteristics of the used 350 

insulator in the computations. 351 

 352 

Insulator Material Diameter Length  Reference  Gas Pressure 

1 Epoxy 25 70 [13] Air Atmospheric 

2 Epoxy 25 60 [12] SF6 Variable 

3 Epoxy 25 45 [29] SF6 Variable 

4 Epoxy 30 10 [15] SF6 Variable 

Table 1. Characteristics of used insulators from literature used in modelling. 353 

The lightning impulse voltage frequency is calculated based on the following Equation [30] 354 

f = 0.35 / TR                 (42) 355 

TR is the rising time of the voltage front equal to 1.2 µs.  356 

 357 

4.1 Air at normal atmospheric conditions 358 

Figures 9 illustrates the results of the application of the proposed model in air at atmospheric 359 

pressure. We compare our model with the experimental data of [13], a model we developed earlier 360 

[1] and Toepler’s model. The temperature of discharge was taken between 1800 K and 2000 K which 361 

corresponds to a leader phase on insulator surface. The resistance of air ranges from 1023 to 1025 Ω/cm; 362 

its dielectric constant being equal to 1. The effect of humidity is neglected.  363 

By comparing flashover voltage given by Equation (36) and the other models, we observe that 364 

the impedance of the interface between the head of the discharge and the opposite electrode plays an 365 

important role (Figure 9). It modulates the breakdown process before the final jump of the discharge 366 

(flashover) as described in [12].  367 

 368 
 369 
Figure 9. Comparison between calculated and measured flashover voltage vs. creepage distance in air at atmospheric 370 

pressure for insulator 1. 371 
 372 
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4.2 SF6 at variable pressure 373 

 374 

In the case of SF6, we use Equations (37), (40) and (41) to compute the flashover voltage and its 375 

dependency on the gas pressure and temperature. The temperature of the discharge was taken 376 

between 2500 K and 3500 K.  377 

A specific consideration for the resistance of the gas at the interface is required in the case of 378 

pressurised SF6. In fact, experimental results concerning flashover of solid insulators on pressurised 379 

gases suggest that the discharge tends to stick to the insulator surface when the gas pressure increases 380 

[8], [12]. On the other hand, according to Figures 4 and 5, the gap between the discharges head and 381 

the ground electrode appears like an ionized cylinder. Knowing also that the attachment of the 382 

pressurised gas increases with pressure, we infer that the resistance of the interface between the 383 

discharge head and the grounding electrode depends on the gas pressure also.  384 

On the basis of the data reported in the literature [25, 26], we assume that the resistance of the 385 

interface can be represented as a cylindrical plasma with a temperature between 1000 K and 1500K. 386 

In this range of temperature, the plasma resistivity increases with the gas pressure as depicted in 387 

figure 10. As can be observed in this figure, the assumption of a plasma with a temperature varying 388 

between 1200 K and 1400 K is a good approximation since the resistivity is increasing with pressure 389 

for all temperatures. The dielectric constant being equal to 1 and the effects of surface charge 390 

accumulation and humidity are not considered. 391 

 392 

 393 
Figure 10. Resistivity of the SF6 plasma at non thermal regime vs gas pressure et different temperatures. 394 

 395 

Figure 11 illustrates the comparison of the calculated flashover voltage with the data of Slama et 396 

al. [12] for insulator 2 of table 1. It can be seen that the calculated flashover voltages are close to the 397 

measured values indicating that flashover voltage tends to be stable with the pressure increase.  398 

 399 
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 400 
Figure 11. Comparison between calculated and measured flashover voltage vs. gas pressure for insulator 2 with 60 401 

mm length and 25 mm diameter. 402 

 403 

In Figure 12, we compare the calculated flashover voltage with the data of [29] obtained with 404 

insulator 3. In this work, Moukengué and Feser [29] present results of flashover voltages as function 405 

of gas pressure for different tests: one for a single impulse shot and the second for five impulse shots. 406 

We note that the calculated flashover voltage are close to the experimental measured values. 407 

 408 

 409 
 410 

Figure 12. Comparison between calculated and measured flashover voltage vs. gas pressure for a cylindrical epoxy 411 
insulator 4 with 45 mm length and 25 mm diameter. 412 

 413 
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Figure 13 shows the comparison of the results using the developed model and the data of [15] 414 

with insulator 4. Again, we observe that the calculated flashover voltages are close to the 415 

experimental ones. 416 

 417 

 418 
Figure 13. Comparison between calculated and measured flashover voltage vs. gas pressure for a cylindrical epoxy 419 

insulator with 10 mm length and 30 mm diameter. 420 

5. Conclusions 421 

In this paper, a model is developed for surface discharges and flashover voltage modelling in 422 

air at atmospheric pressure and compressed SF6. The proposed analytical model based on the 423 

equivalent electrical circuit representing the discharge along the insulator surface and the thermal 424 

properties of the discharge. The model was first applied for air at atmospheric pressure in order to 425 

validate it against established models and data. The obtained results are very close to the measured 426 

values. In the case of SF6, it is assumed that the area between the discharge head and the ground 427 

electrode can be considered as a cylindrical plasma. The application of this model to various 428 

configurations taken from literature shows that the calculated flashover voltage magnitudes are close 429 

to the measured values and exhibit similar trend. The proposed model can be a first step to develop 430 

a tool for the prediction and the design of the solid insulation in GIS and GIL filled with SF6.  431 
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