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Abstract: The aim of this paper is the presentation of an analytical model of insulator flashover and
its application for air at atmospheric pressure and pressurized SFs. After a review of the main
existing models in air and compressed gases, we develop a relationship of flashover voltage on the
basis of an electrical equivalent circuit and the thermal properties of the discharge. The model
includes the discharge resistance, the insulator impedance and the gas interface impedance. The
application of this model to a cylindrical resin-epoxy insulators in air medium and SFs gas with

different pressures gives results close to the experimental measurements.
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1. Introduction

In order to optimize the insulation level for high voltage components (Air Insulated Substations
-AIS-, Gas Insulated Substations -GIS- and Gas Insulated Lines-GIL-, Breakers, Overhead lines...), a
special attention is given to creeping or surface discharges because the thermal effects and the faults
that they can produce by sparking or flashover. Then, the knowledge of the parameters characterizing
this kind of discharge is essential to understand the complexity of the mechanisms involving in their
development. Thus, it is fundamental to acquire such information enabling to build mathematical
model that can help optimizing the insulation efficiency.

This paper aims to carry out a review of existing models of creeping discharges and to propose
an analytical approach for the calculation of flashover voltage of solid insulators in gases under

lightning voltage stress.

2. Review of surface discharges and flashover models in gases

From the insulation viewpoint, the triple junction (metal-gas-solid) constitutes the weakest point
in high voltage equipment. Indeed, when the electric field reaches a critical value, partial discharges
(PDs) can be initiated in the vicinity of this region. The increase of the voltage leads these PDs to

develop and to transform into surface discharges (creeping discharges) that propagate over the
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insulator up to flashover [1 - 3]. In the case of GIS and GIL, the worst case is when insulators (spacer,
post-type insulator) are contaminated by metallic particles on their surfaces [5, 6].

The physical mechanisms responsible for the surface discharge propagation are not still well
known because of the complexity of the phenomena and the interaction of different factors, such as
the interaction between the discharges, nature of gas and the proprieties of the solid insulating
material, gas pressure, surface charges and pollution (metallic particle), geometrical parameters
(insulator shape, electrodes form...), etc. Fundamentals studies have been conducted to understand
the inception and propagation of creeping discharges in various gases [7 - 14]. It appears from the
reported results that the phenomena start with corona discharges that evolves into ramified streamers.
When the streamer discharge reaches a certain length, a leader channel with streamers at its head

appears.

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

The creeping discharge propagation dynamics in SFs has been investigated by many researchers
[7 —11]. Okubo et al. [8] reported that the creeping discharge has the same dynamics as in air (Fig. 1).
Tenbohlen and Schrdder [9] analysed the surface discharge under lightning impulse (LI) voltage with
different electrical charges deposition on the insulator surface. Figure 1 illustrates the current
waveform from the inception to flashover with different electrical charges on the insulator surface.
From figure 1, some similarities with discharge current propagating in air [13] can be noted; the
current increases with the leader elongation until the discharge reaches the critical length. Then, the

final jump occurs causing the full flashover.

Hayakawa et al. [7] analysed the mechanism of impulse creeping discharge propagation on
charged PMMA (poly-methyl methacrylate) surface. Their results showed that the discharge
propagation is influenced by the charged surface and can be explained by the streamer propagation
and streamer-to-leader transition based on the precursor mechanism. On the other hand, according
to Okubo et al. [8] and Beroual [3] and Beroual et al. [10, 11] the creeping discharge propagation
depends on the specific capacitance of the solid insulator. The permittivity, the conductivity and the

geometry of insulator affect the propagation of the surface discharge [10 - 12].
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Modelling and calculation of flashover voltage is not an easy task because the interaction of
different parameters such as: gas pressure and its chemical constitution, physicochemical properties
of the solid insulator, nature and distribution of the surface charges, etc. Different models enabling
to compute the inception voltage of creeping discharges and flashover voltage of insulator in air at
atmospheric pressure have been proposed [2, 3, 13]. Figure 2 depicts the different evolution steps of

creeping discharge on insulator.

2 ”
Uinception :£ U :—136X10 Imax = k’CZU54’ﬂ
C streamer co4 L at

(a) (b) (©

Figure 2. Steps of creeping discharges according to [2].
According to [2], the corona inception voltage depends on the equivalent capacitance of the

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

u_ A (1)

inception — Ca

The second step is the appearance of streamers (figure 2-b). The streamers voltage inception is given
by [2]
B
U =

streamer C b

)

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

|maX:k-c2-u5-</@ 3)
dt

Then, if the voltage is increased, the discharge will be irreversible and propagates until flashover. In
this case, the flashover voltage U can be calculated as well
D 4)
U fov — C_d
where

e Cis the equivalent capacitance,

e A, Band D are parameters that depend on the geometry and the material of insulator, the kind
of the discharge and the experimental conditions (gas, pressure, temperature, humidity,
electrodes shape, voltage waveform...), respectively. Terms a, b and d are empirical parameters
the values of which vary in the range 0.2 - 0.44.

These models involve only the capacitance of insulator and are mainly empirical.
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In the case of SFs, Laghari [14] proposed a relationship of flashover voltage on the basis of the
efficiency coefficient that represents the ratio of the flashover voltage for uniform electrical gradient
distribution to the voltage breakdown of the same gap without insulator with the same configuration

of insulator as well

_ 124 Kk In(s)
TIn,) kg

Vo ©)

where V, = const +(E] .p-d (6)

cri

Vb is the breakdown voltage calculated according to Paschen law. ki and ko are parameters that
depend on the roughness and the contact nature between the insulator and the electrodes. &r is the
permittivity of insulator.

Hama et al. [16] proposed a semi-empirical relationship of flashover voltage based on the
mechanism leader/precursor:

X L
_ eader
Vfov - D .V +VLeader (8)
pol ¥ Leader

where Xteader and Vieader are the length and the voltage of the leader discharge, respectively; and Dy
is a coefficient that dependent on the polarity of the applied voltage, the reduced critical electrical
gradient and the shape of the electrodes, with
E
I:)pol = const x [EJ X ¢( Ryﬁictrodes )
cri

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

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

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

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

3. Principal of circuit model

Surface discharges have similarities with spark (streamer/leader) discharges; i.e., a hot leader
column and a streamers zone at its head [8, 9, 13, 17]. Based on Figure 3, the voltage along the
discharge can be written as follows:

Vi=Vi+ Vs=xiEi+xsEs=xaral 9)
where Vi, Vi, Vs are the voltages of the discharge, the leader channel and the streamers, respectively.
xi, s, Bt and Es are respectively the length and the electrical gradient of the leader channel and the

streamers. xd, 14, and I are resp. le discharge length, the discharge resistance and the current.

X Streamers

N\

Leader

HV

x>

P
I \
P
]

'
ST

Figure 3. [llustration of leader column and streamers head of a discharge at the surface of an insulator.
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From Equation (9), we deduce the discharge resistance
[ = X E, +X.E, (10)
X4

Where Xd = Xs + XI

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

assume that the discharge channel is a uniform cylinder.

Many researchers published photos of surface discharges indicating that there are two regions;
the main luminous discharge (leader + streamer head) and less luminous branches, as illustrated in
figures 4 and 5 [10, 18]. So, we can imagine that the presence of those less luminous discharges can
be represented as a resistor parallel to the insulator surface. On the other hand, several researches
investigations demonstrate the existence of a dark current in high pressurized gases that contribute
to increase the insulator conductivity [19]. These currents contribute to the appearance of the second

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

luminous plasma branches

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

luminous plasma branches

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

3.1. Parameters of the circuit

The model is based on an equivalent electrical circuit representing the electrical discharge, in
series with the unbridged gap (the distance between the head of discharge and the opposite electrode)
and consisting of a gas layer and of the solid dielectric at the interface (Figure 6). The gas layer is
assumed to be equal to the diameter of the discharge channel. This model was developed elsewhere
[13] in the case of air at atmospheric pressure and represent the instant when the discharge reaches a

maximum length (called critical length) before the final jump [13]. In the following, we will adopt the
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same approach [13] with the assumption that the LI waveform can be considered as a quart-cycle of

sine signal with a frequency about 0.3 MHz.

Discharge Rd Interface Zg = Rg #/ Cg
I=ig+h g

[
Solide Insulator
Zi=RilCi

Zyx) = Ry(x)//Cpix)

I
R L = 1 I=1-1,
—_—
N T— |
L T

Zix) = Rax)/Cux) L

¥
~
v

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

The electrical Equation describing this circuit is

V=R, ()1 +[Z, (x)1Z,(x)]1 (11
Where
R.(x) riL-x) riaolLl-x’
Z,(X) =R, (x)/1C, (¥)= —— = il
(1)1, (x) 1+ joR, (x)C, (x) 1+(reo)  1+(r,c,0) 12)
_ RO n-¥ reel-x)’

Zi(x)_Ri(X)”Ci(X)_H joR (X)C(X) 1+ (rco) ’ 1+(rc0)

And

Rd(x)zrdx=x& ;
Sd

C S: c S L-x L-
C(X)=—"—=g——;C,(X)=—2—=¢, —2—R(X¥)=r(L-X)=p—;R,(X)=r,(L-X)=
I( ) L—X IL—X g( ) L—X <c"g L—X () ( ) p Si () g( ) pg .

rq is the linear resistance of the discharge channel; 1i, 15, ci, cg €i, €, pi, and pg, are respectively the

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

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

cross sections of the solid insulator and the layer of unbridged gap. w is the pulsation (w = 27f, fbeing

the frequency).

Then the equivalent impedance of the system will be
Zeq(x)=rdx+%Gl(L—x)+jiGZ(L—x) (13)

g%i Ay

where
Ty = PyEq@ =I,Cq

(14)
T = pigo =LGo


https://doi.org/10.3390/en13030591

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 October 2019

205
206
207
208
209
210
211

213
214
215
216
217
218
219
220
221
222
223
224
225
226

227

228
229
230
231
232
233
234

236
237

238

239
240
241
242

7 of 16

The product t2>>1 and 742>> 1, then

a; ® Z'iz
2 (15)
a, =T

g

The terms Giand G2 are

22424 (16)
GZ = 22
23 + 24

where

I r. I I
9 i 9 i
Z,=|—+—|[(1-7)—| 5—— 74 + 7
gz J( | [fé ff]( o) (17)
N 2
r .
9 i
;= >+—
3 Tg Tizj
2
r .
7, =| 241
Tg T
The square of the modulus of the equivalent impedance is
r
12| = 7x2+2Lxlrd (rd e GlJ—y:| (18)
74T
where
2 2
rgh; rghi
7= 7G| %G (19)
TgTi TgTi

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

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

d|z
435 (20)
dx
By differentiating Equation (18) with respect to x, we get
2
d |Zeq| i
T=2}/X+2L Iyl Ty _2_2_.2G1 -y <0 (21)
gti
Then
X Iy 2 2
—=1<| ——= 1 G — 757,
L |:7T§Ti2( gL gt d)] (22)
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243 The total flashover of the solid dielectric is realized when Equation (22) is equal to zero, i.e,, when
244 the discharge length is equal to the total creeping (leakage) distance. This Equation can be considered
245  as “the flashover condition”. Therefore, the maximum length of the discharge corresponding to

246  flashover or the discharge critical length is
247

L
248 Xcri = —[7792Ti2 - I’d (I’d - ngTizGl)j| =L-n (23)
249 Yy
250  where
251

252 n= %[yrgriz —ry (rd -, riGl)} (24)
253 7fo

254  Where0<n<1

255

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

257

258 — (g6~ el ) 2 0 (25)
259 et

260

261 The term —,— isalways positive, then

262 g
263
264
265  Equation (26) can be written as

266 2.2

267 =K<l (27)

268  where

269 0<K<1 (28)

270 Or

271 f<K-G- % (29)

272 77

273

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

I’g r,Gl > Tg Ti2 I’d (26)

275  corresponds to the propagation condition in which the discharge length is sufficient for causing the
276  final jump and thence the flashover [13].

277
278 On the other hand, the power loss per unit length pa in the discharge channel is
2
279 Py =1yl (30)
280 By combining Equations (30) and (26), it yields
281
282 = [ (31)
283 ‘

284  The square of the modulus of the voltage - Equation (11) is
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|V|2 = || |2 "Zeq ‘2 (52)
By substituting Equations (23), (24) and (30) in Equation (18), we get
2
wt-n(3)
with 9!
B= KZGlZnZ+(Gf+Gzz)(l—n)2+2K2Gln(l—n) (34)

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

voltage

L I, (34)
Veoy =——,|Pg -~ B
TgTi I’d

3.2. Thermal conductivity and discharge resistance

According to the solution proposed by Frank-Kamenetski [21, 22], the energy dissipated by
thermal conduction within the discharge channel is

K
P, =1674, WBTZ (35)

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

pressure

L _ [zK rh,
Vegy =4——T B ay 2.
FoV 7ot \/Wi d r, B (36)

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

following Equation [23]

= la
1 AV (37)
V.

a

2(0)

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

Also, the discharge resistance in air at atmospheric pressure is given by [24]

(7)) =1ag exp(V%KBT) (38)

where rod is a constant in the range of operating temperatures of the discharge. Wi represents the
first ionization energy of the different species constituting the discharge channel; Ks is the Boltzmann

constant.
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In the case of SFs, both discharge resistance and discharge thermal conductivity are function

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

A =T(T.,p)

(39)
Oy = 2(T’ p)

According to Pinnekamp and Niemeyer [27], and Niemeyer et al. [28], the temperature of the
leader discharge is between 2400 K and 2800 K. On the other hand, on the basis of the transport
parameters data of SFe published in the literature [25, 26], we plot the thermal conductivity as
function of gas pressure (Figure 10) and the discharge resistance against gas pressure (Figure 11) for
a range of temperature between 2500 K and 3500 K. From these figures, we can derive numerical
empirical formulae of the discharge thermal conductivity and discharge resistance against pressure

for a given temperature:

oi=Ap™ (40)
Ad=ao+ ... +anp" (41)
where p is the gas pressure; a and A are empirical parameters.
—A—Lambda 2500K =& Lambda 3000K —&- Lambda 3500K ‘
1.00E+00

E

< 7.50E-01

=3

z

=

S 5.00€-01

=]

o

=]

()

£

o 2.50E-01

=

=

0.00E+00 ~
0 2 4 6 8
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Figure 7. Discharge thermal conductance of discharge vs. variation with pressure with for different temperatures.

——Sigmaxle+6_2500K — —Sigmaxle+3_3000K — Sigma_3500K

2.50

1.50

1.00

Discharge Conductivity (S/m)

0.50

0.00

Pressure (bar)

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

To validate the proposed model, we first calculate the flashover voltage of cylindrical epoxy
insulators in air at atmospheric pressure. The second application will be for the same kind of insulator
in SFs gas medium. The computed flashover voltages are compared with the experimental data
reported by other researchers as in [12, 13, 15, 29]. Table 1 gives the characteristics of the used

insulator in the computations.

Insulator ~ Material Diameter Length Reference Gas Pressure
1 Epoxy 25 70 [13] Air Atmospheric
2 Epoxy 25 60 [12] SFs Variable
3 Epoxy 25 45 [29] SFs Variable
4 Epoxy 30 10 [15] SFs Variable

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

The lightning impulse voltage frequency is calculated based on the following Equation [30]
f=035/Tr (42)
Tr is the rising time of the voltage front equal to 1.2 us.

4.1 Air at normal atmospheric conditions

Figures 9 illustrates the results of the application of the proposed model in air at atmospheric
pressure. We compare our model with the experimental data of [13], a model we developed earlier
[1] and Toepler’s model. The temperature of discharge was taken between 1800 K and 2000 K which
corresponds to a leader phase on insulator surface. The resistance of air ranges from 10% to 10% ()/cm;
its dielectric constant being equal to 1. The effect of humidity is neglected.

By comparing flashover voltage given by Equation (36) and the other models, we observe that
the impedance of the interface between the head of the discharge and the opposite electrode plays an
important role (Figure 9). It modulates the breakdown process before the final jump of the discharge
(flashover) as described in [12].

60
< 50
=3
o 40
8
o
> 30 -
—
4
o 20 —
=
@ +Mes [13] ___ Model
w10 -
- — — 4]
0
1 2 3 4 5 6

Creepage Distance (cm)

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

pressure for insulator 1.
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4.2 SFs at variable pressure

In the case of SFs, we use Equations (37), (40) and (41) to compute the flashover voltage and its
dependency on the gas pressure and temperature. The temperature of the discharge was taken
between 2500 K and 3500 K.

A specific consideration for the resistance of the gas at the interface is required in the case of
pressurised SFe. In fact, experimental results concerning flashover of solid insulators on pressurised
gases suggest that the discharge tends to stick to the insulator surface when the gas pressure increases
[8], [12]. On the other hand, according to Figures 4 and 5, the gap between the discharges head and
the ground electrode appears like an ionized cylinder. Knowing also that the attachment of the
pressurised gas increases with pressure, we infer that the resistance of the interface between the
discharge head and the grounding electrode depends on the gas pressure also.

On the basis of the data reported in the literature [25, 26], we assume that the resistance of the
interface can be represented as a cylindrical plasma with a temperature between 1000 K and 1500K.
In this range of temperature, the plasma resistivity increases with the gas pressure as depicted in
figure 10. As can be observed in this figure, the assumption of a plasma with a temperature varying
between 1200 K and 1400 K is a good approximation since the resistivity is increasing with pressure
for all temperatures. The dielectric constant being equal to 1 and the effects of surface charge

accumulation and humidity are not considered.

©-1100K -%1200K 1300K -+-1400K -W-1500K

1.00E+27 - -
1.00E+26 -
1.00E+25 pREm
1.00E+24
1.00E+23 k/N
‘S 1.00E+22
é; 1.00E+21
£ 1.00£+20 1 4

O 1.00E+19 w/"”lﬂ
2 1.00E+18

1.00E+17 r/*,/k
1.00E+16

1.00E+15
1.00E+14
1.00E+13
1.00E+12
1.00E+11
1.00E410

Resistiv

0 1 2 3 4 5 6 7 8
Gas Pressure (bar)

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

Figure 11 illustrates the comparison of the calculated flashover voltage with the data of Slama et
al. [12] for insulator 2 of table 1. It can be seen that the calculated flashover voltages are close to the

measured values indicating that flashover voltage tends to be stable with the pressure increase.
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Epoxy ; 60 mm Lenght; 25 mm Diameter; LI+
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400
401 Figure 11. Comparison between calculated and measured flashover voltage vs. gas pressure for insulator 2 with 60
402 mm length and 25 mm diameter.
403
404 In Figure 12, we compare the calculated flashover voltage with the data of [29] obtained with

405  insulator 3. In this work, Moukengué and Feser [29] present results of flashover voltages as function
406  of gas pressure for different tests: one for a single impulse shot and the second for five impulse shots.

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

408
Epoxy ; 45 mm Lenght ; 25 mm Diameter ; LI+
200
1 4
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409
410
411 Figure 12. Comparison between calculated and measured flashover voltage vs. gas pressure for a cylindrical epoxy
412 insulator 4 with 45 mm length and 25 mm diameter.

413
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Figure 13 shows the comparison of the results using the developed model and the data of [15]
with insulator 4. Again, we observe that the calculated flashover voltages are close to the

experimental ones.

Epoxy ; 10 mm Lenght; 30 mm Diameter; LI+

200
< 150
X
9]
an
2 Cal
= —Ca
2 100
5] B Mes_Laghari
>
o
%
©
o 50

0 T T

Gas Pressure (bar)

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

insulator with 10 mm length and 30 mm diameter.

5. Conclusions

In this paper, a model is developed for surface discharges and flashover voltage modelling in
air at atmospheric pressure and compressed SFs. The proposed analytical model based on the
equivalent electrical circuit representing the discharge along the insulator surface and the thermal
properties of the discharge. The model was first applied for air at atmospheric pressure in order to
validate it against established models and data. The obtained results are very close to the measured
values. In the case of SFe, it is assumed that the area between the discharge head and the ground
electrode can be considered as a cylindrical plasma. The application of this model to various
configurations taken from literature shows that the calculated flashover voltage magnitudes are close
to the measured values and exhibit similar trend. The proposed model can be a first step to develop
a tool for the prediction and the design of the solid insulation in GIS and GIL filled with SFe.
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