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Abstract

The paper is aimed at the study of the dynamic of discharges propagating at the surface of flat PVC insulator (i) with uniform
continuous pollution layer and (ii) with uniform discontinuous pollution layer of different conductivities, under lightning
impulse voltage for both polarities. It is shown that the morphology of discharges, the current and the voltage as well as the
discharge velocity depend on the polarity of voltage, the configuration and the conductivity of the pollution layer; and the
behavior of discharges is similar to that of discharges in long air gaps.
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1 Introduction

Investigation of lightly polluted insulator flashover (FOV)
represents a great interest for the insulation design of electri-
cal power grid. Overvoltages and travelling waves induced
during switching impulse (SI) or lightning impulse (LI)
stressed the equipment especially with the ground rise poten-
tial. The direct consequence is the flashover of wetted or
lightly polluted insulators. In [1-3], it was shown that the
FOV voltage depends on the voltage polarity, the pollution
conductivity. On the other hand, the pollution continuity
plays an important role on FOV process [4-7].

Many mechanisms have been proposed to explain the
FOV discharge process and propagation in dc and ac. The
relevant ones are given as follows: the progressive ionization
[8], the dielectric breakdown [9], the thermal force [10], the
electrostatic force [1] and the progressive ionization associ-
ated with partial dielectric breakdown [2, 3]. Other expla-
nations have been proposed in recent years based on the
same previous approaches [11]. For this purpose, different
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experimental studies have been conducted to follow the
FOV discharge propagation. In [2] and [11], the discharge
dynamic is tracked based on the electrical current flowing
across the pollution layer that can be associated with pho-
tomultiplier along the discharge path [12-14]. In [11, 13,
15] streak rapid camera was used and in [16] spectroscopic
measurements have been performed. Other researchers com-
bined electrical measurement and optical characterization in
order to correlate the signals [15, 17, 18].

Many authors proposed relationship of the FOV discharge
velocity. We will retain that one which is the most interesting
from our viewpoint
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where u is the electron mobility, £, and Epr are, respectively,
the discharge electrical gradient and the pollution electrical
gradient at the discharge root. €y b, I Py and a, are the pol-
lution layer depth, the polluted channel width, the discharge
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current, the pollution resistivity and the discharge radius,
respectively.

Equation (1) was proposed by Anjana and Lakshmi-
narasimha [19] and indicates that the discharge velocity
depends on the electron mobility p within the discharge
and its electrical gradient E,; Equation (2) was proposed
by Rahal [1]. The discharge displacement is assumed to
be governed with the ions extracted from the discharge
body and the average velocity of those ions is propor-
tional to the electrical gradient at the discharge E .. On the
other hand, a restoring force from the discharge column is
exerted on these ions. Then, the resultant electrical gradi-
ent is the difference between E,,, and E,;.

According to Beroual [20], Dhahbi and Beroual [21],
and Fofana and Beroual [22], the total energy injected in
the system W,, is consumed with different forms. A part
of this energy is transferred to the discharge channel as
a kinetic energy enabling a partial displacement dx of
discharge.

W, = pW, @)

where f is the energy fraction used for the discharge propa-
gation and varies between 0 and 1.

During a time dt, the mass m, of the elementary channel
added to the discharge channel is equal to the product of
the gas density M, multiplied by the added volume (nadzdx)
such as.

my = Mvirai,dx 6))

and the kinetic energy is

1 1
W, = Emdvlzl = EMvﬂaidx.vj 6)
where v, in the translation velocity of the discharge.

By substituting (5) in (6), it yields

dw(z)
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Thus, the instantaneous discharge velocity of the dis-
charge will be

_ L|28P@®
valt) = Mv”a,zj ®)

where P(t) is the discharge power during a lap time dz.
This paper presents an investigation of the FOV dis-
charge propagation dynamic under LI stress 1.2/50 ps for
both polarities with a continuous and discontinuous pollu-
tion layers with different conductivities. Optical and electri-
cal investigations of the discharge morphology, the propa-
gation dynamic and the discharge velocity will be carried
out for a continuous uniform pollution layer. In the case of
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discontinuous pollution layer, a focus about the discharges
behavior and morphology will be achieved.

2 Experimental setup and methodology

The experimental setup consists of a Marx generator
(220 kV - 2 kJ - 1.2/50 ps) that provides a standard light-
ning impulse (LI) voltage, a control panel, the investigated
insulator and a data acquisition system (Fig. 1). The current
associated with the discharges is measured thanks to a cur-
rent probe (Tektronix—30 MHz). The displacement of the
discharge is measured thanks to an arc detector connected
to optical fibers (OF) placed at different positions Xi on the
insulator surface (Fig. 2). The positions of OF are chosen for
detecting and correlating the optical signal and the current.
The average discharge velocity is measured between two
successive positions Xi and Xi+ 1 corresponding to time
tiand ti+ 1.
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The arc detector consists of an optoelectronic circuit
and a fluorescent OF which is the sensor [23]. It is sen-
sitive to a radial incident light flux and reemits mainly
in the axial direction. The used detecting fiber reemits
mainly in the red frequencies. This choice is only justi-
fied by the sensitivity range of the optoelectronic receiver
(ref. HP 2502, Hewlett Packard) used, the maximum sen-
sitivity of which is at 670 nm. The fiber (1 m maximum
length), well-polished at its extremities, is soldered to a
PMMA transparent plastic fiber, which serves as a wave-
guide and permits the transmission of information at long
distances, while ensuring a perfect electrical insulation.
The optical signals are visualized and recorded with a
high-resolution Agilent Technologies MSO6104A 1 GHz
oscilloscope and post-processed by using conventional
office software. The OF are arranged at the following dis-
tances from the HV needle: O;-1 cm, O,-2 cm, O3-7 cm
and O4-12 cm.

The current and the voltage are visualized and recorded
with a high-resolution Tektronix DSA601A 60 MHz
oscilloscope connect to a PC and the data a post-pro-
cessed by using WaveStar software. The discharges are
observed with a SGVA Sony HC-HRS58 high-resolution
(767X580 pixels) CDD camera connected to a PC via a
Meteor II /Multichannel acquisition card.

The insulator model consists of a rectangular channel
made of PVC with 1.8 cm depth, 5 cm width b and a total
leakage length L of 20 cm (Fig. 3a). One of the ends of
this experimental model is in contact with a grounded
electrode consisting of a band of aluminum. The high
voltage (HV) electrode consists of a point made of tung-
sten which overhangs the electrolyte at a height h of
1 mm; it is placed at a distance L= 14 cm from the ground
electrode (GND). In the case of discontinuous pollution
layer, the insulators are constituted of partial polluted
bands and dry/clean bands (Fig. 3b, c). Two discontinu-
ous pollution layer distribution are considered: two dry
bands and two polluted bands (2DB2PB) and three dry
bands and three polluted bands (3DB3PB). The dimen-
sions of each band are given in Fig. 3.

3 Results and discussion

In this part, results and discussion will be presented for
both of continuous and discontinuous pollution layer dis-
tribution. In first part, focus on the discharge propagation
dynamic and discharge velocity in the case of uniform
continuous pollution layer is presented. The second part
focus on the discharge morphology and dynamic accord-
ing to the pollution distribution.
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(a) Continuous Pollution.

o

(b) Discontinuous Pollution with 2 Dry Bands and 2
Polluted Band (2DB2PB) with L1 = L2 =4 cm and Xb = 1

mil@@lDDB

(¢) Discontinuous Pollution with 3 Dry Bands and 3
Polluted Band (3DB3PB) with L1 =L2 =L3 =3 cm and Xb
=1cm.

Fig.3 Insulators models. a Continuous pollution. b Discontinu-
ous pollution with 2 dry bands and 2 polluted band (2DB2PB) with
L1=L2=4 cm and Xb=1 cm. ¢ Discontinuous Pollution with 3 dry
bands and 3 polluted band (3DB3PB) with L1=L2=L3=3 cm and
Xb=1cm

3.1 Discharge morphology, discharge velocity
and propagation dynamic

Figures 4 and 5 illustrate the static photographs of the dis-
charge propagation seen from above for conductivities 10
pS/cm and 100 pS/cm for both polarities. The discharge pre-
sents a cylindrical channel shape whose diameter decreases
at its head whatever the polarity and the conductivity. The
body of the discharge (column) is brighter than its head. The
head of the discharge has ramifications (streamers) that are
the consequence of an ionization at the front of the discharge
head and at the vicinity of its column. This could be due to
the intensification of the electrical gradient of the pollution
layer and to the radiation of the discharge which would cause
photoemission from the electrolyte (pollution). The radius of
the discharge increases with the conductivity of the pollution
and therefore with the current.

The discharge is not straight, there is a pronounced
tortuosity depending on the polarity of the needle; it is
more tortuous with a positive needle than with a negative
needle. Note that the discharge follows a straight line dur-
ing the final jump (Fig. 6). This final jump is mainly done
in the air directly with the ground electrode regardless of
the portion of the liquid remaining. This would explain
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Fig.6 Final jump and flashover

the sharp rise in current before the establishment of the
arc regime since the electronic emission would be made
directly from the metal electrode.
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Fig.7 Current, voltage and optical signals acquisition during the dis-
charge propagation and flashover with a continuous pollution 500 uS/
cm 36 kV positive lightning impulse

Figure 7 illustrates an example of the acquired current,
voltage and optical signal of arc detector during FOV pro-
cess for a 500 uS/cm pollution conductivity with 36 kV
applied positive LI. The current contains four steps:

(i) Inception transient current with high pulses corre-
sponding to corona/streamers inception [23]. The
density of the current pulses depends on the voltage
polarity and the pollution conductivity. The dura-
tion of this step is around 1 ps before the discharge
evolved to spark or partial arc.

(i) Propagation step where the current slightly increases
while the voltage decreases. This current is different
than the previous one because the discharge regime
changes from corona/streamer to spark/partial arc.
The magnitude and the duration of this step depend
on the pollution conductivity and the voltage polar-
ity. The current magnitude is related to the injected
charges from the pollution into the discharge column.

(iii) The critical current step corresponds to the phase pre-
ceding the final jump of the discharge and represents
the current for which the system becomes unstable
and evolves toward FOV. It corresponds to a critical
length of the discharge between L/2 and 2L/3.

(iv) Transition current or FOV current corresponds to the
final jump leading to FOV. In this case, the current
increases very quickly the voltage also drops sud-
denly. This current corresponds to the short circuit,
in other words, to the transition to the arc regime
when the discharge reaches the ground electrode.

According to Fig. 7, the discharge appears during the volt-
age rise and begins to propagate with a slightly increasing
current (from O1 to O2). The second stage of the propaga-
tion concerns the OF O3 where the current is more intense.
At O4, the current growth up suddenly and corresponds to
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Fig.8 Variation of the discharge velocity vs the creepage length for
different conductivities on both polarities

the FOV current. According to Fig. 7, the FOV critical con-
ditions are situated between OF O3 and O4. In this segment,
the discharge reaches the critical length that is around L/2
and 2L/3.

Figure 8 illustrates the average velocities of the FOV dis-
charge for different pollution conductivities on both polari-
ties. According to this figure, the discharge velocity for
negative polarity is higher than positive polarity whatever
the pollution conductivity. On the other hand, the discharge
is faster when it closer the ground electrode that means that
the discharge accelerates when it reaches the critical length.
Similar observations have been related by other researchers.

Figures 9 and 10 present the correlation between the
measured velocities and the calculated one based on
Egs. (1), (2) and (8) for different conductivities and voltage
polarities. According to those figures, the velocity calculated
with Egs. (1) and (2) is lower than the measured one what-
ever the value of the mobility . On the other hand, by using
Eq. (8) and considering  equal to 10% constant during all
the extension of the discharge shows a discharge velocity
different from those measured. The fraction of energy neces-
sary for propagation, 10% of the total energy of the system,
used is too large than it should be. This is why it obtains very
high velocities and therefore low FOV times. This suggests
that the coefficient f is not constant as reported in [21, 22].

From these results, one conclude that the fraction of total
energy consumed in kinetic energy changes with the length
of the discharge and therefore with time during the discharge
propagation. By considering that coefficient § in Eq. (8) is
not constant and varies with polarity and time, new plots are
made in Figs. 8 and 9. According to those results, one can
conclude that during the propagation phase this fraction of
total energy consumed in kinetic energy is small, while dur-
ing the acceleration phase, it becomes more and more impor-
tant with the increase of the total power. Thus, with positive
polarity, f varies from 0.1 to 15% when it is negative f§ varies
from 0.5 to 30%. Then, the kinetic energy increases with the

100 pS/cm ; Positive Polarity

@
27
£
<6
2
85
2 4
)
g 31
<
3 2
a
1 _—
0 . = ! : i
15 15.2 15.4 15.6 15.8 16
Time (ps)
—-Vd_mes -=-Eq(8)B=01 —+Eq(1) -+Eq(2) —-Eq(8)p=0.01-0.15
= 100 pS/cm ; Positive Polarity
E
£
<6
2
55 7
24
)
5 3
<
8 2
[a]
14 —_—
0 T : e
15 15.2 15.4 15.6 15.8 16
Time (ps)
——-Vd_mes -=-Eq(8)p=0.1 —=+-Eq(1) —+Eq(2) —-Eq(8)p=0.01-0.15

Fig.9 Comparison of measured and calculated discharge velocity on
both polarities for a 100 pS/cm pollution layer

extension (propagation) of the discharge. Note that the range
of kinetic energy variations depends on the applied polarity
and the conductivity of the pollution deposit.

From the electrical and optical measurements, critical
time was estimated and corresponding to the critical length
of the discharge. Table 1 illustrates an example of the aver-
age critical time T; and the FOV time Tgqy in the two polar-
ities for pollution conductivities equal to 10 uS/cm and 100
uS/cm. The average critical time is estimated from the opti-
cal measurement of the displacement of the discharge. When
the discharge is between measurement points O, and Os, its
length will be between L/2 and 2L/3 which correspond to
the critical length of the discharge. According to this table,
the critical conditions are reached after a time equal to 9/10
of the total Ty on both polarities. The remaining 1/10 of
time is specific to the final jump from the discharge to the
opposite electrode. This result is similar to the observation
concerning d.c. FOV [24].

Consequently, the FOV time consists of two parts:

(i) A propagation time when the discharge develops
slowly on the electrolyte to its critical length (i.e. 1/2
and 2/3 of the length of leakage). During this time
interval (9/10 of the Tgqy), the discharge evolves
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Fig. 10 Comparison of measured and calculated discharge velocity
on both polarities for a 500 uS/cm pollution layer

Table 1 Critical time and FOV time

Conductivity (uS/ 10 10 100 100
cm)

Polarity + — + _
T, (us) 4.55 10.85 15.7 16
Troy (Us) 5 12 17 17.5
T.i/Trov 0.91 0.90 0.92 0.91

with a relatively low kinetic energy since the frac-
tion of the energy is less than 10% of the total energy,

(i) A second propagation time with rapid jump of the
discharge through the air to the opposite electrode.
The dielectric breakdown of the remaining interval
would be made even easier by the proximity of the
electrode and of the charges injected into the intere-
lectrode interval. During this phase, the kinetic
energy of the discharge growth up to 30% of the
total energy. This increase in kinetic energy follows
the change in regime of the nature of the discharge
accompanied by a sudden increase in power (and
temperature).
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3.2 Discharge dynamic with discontinuous
pollution layer Effect of Inmersion

In this case, several discharges appear almost simultaneously
(Figs. 11a, b): a single-trunk (or single-column) or multi-
trunk discharge at the HV electrode and other discharges
at the dry bands. The discharges have ramifications at their
head and these ramifications are less bright than the columns
and present similitudes with the streamers appearing in long
discharges. Diampeni [7] as well as in Belosheev [25] and
Anpilov et al. [26] observed similar behavior by using differ-
ent laboratory insulator models than the used one. Note that
several multi-trunk discharges in parallel appears.

The direction of propagation of the discharges varies
according to the polarity of the HV electrode. In positive
polarity, the discharges propagate from the HV electrode
and the dry bands to the discharge situated at the ground
electrode. In negative polarity, the discharges move from

Single-trunk
discharge

Multi-trunk
discharges

Positive Polarity

Multi-trunk
Single-trunk discharges
discharge

PB2

Negative Polarity
(a) 2DB2PB Pollution conductivity 10 uS/cm

Multi-trunk
discharges

3 DB2
Single-trunk
discharge
o
> DB

Positive Polarity

Single-trunk

discharge Multi-trunk

discharges I

Negative Polarity
(b) 3DB3PB Pollution conductivity 100 uS/cm

Fig. 11 Statics photographs of the discharge propagation with discon-
tinuous pollution layer. a 2DB2PB Pollution conductivity 10 pS/cm,
b 3DB3PB Pollution conductivity 100 pS/cm
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the ground to the HV electrode. In general, the discharges
at the dry bands are longer than those located at the needle.
The discharges have the same characteristics (ramifications,
appearance and radius) as those observed in the case of uni-
form pollution on both polarities. FOV is achieved when all
the partials arcs connect to each other.

Figures 12 and 13 illustrate the oscillograms of the cur-
rent and the voltage for discontinuous pollution 2DB2PB
and 3DB3PB. The first observation made is that those con-
figurations are more complex than the uniform continuous
pollution layer (Fig. 6). According to Figs. 12 and 13, that
the current goes through several stages whatever the polarity
of the voltage:

(i) Initiation of the corona discharge with a more or less
high density of current pulses during the rise time
of the applied voltage. The current pulse density is a
function of the polarity of the HV electrode and the
conductivity of the pollution. It is less dense when the
point is negative, and it also decreases with increasing
conductivity of the pollution.

(ii) Stabilization of the current for a certain time revealing
a first level.
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Fig. 12 Oscillogram of current, voltage and equivalent impedance
for 2DB2BP discontinuous pollution with conductivity 100 pS/cm on
both polarities. a Positive LI. b Negative LI

250pSicm ; 36KV+

g
= | |
> i i i i i
g i i i i i
s | | | i |
s | ' i ' '
1 i i i i i
£ I S, U R I R
- 1 1 1 1 1
= { i i ! i i
2 | : : | : “

' ' : ' '
[ ] 1 1 1 1
% 1 i | | [
s A A At g LL
o Y B L [ T -1
> fi | 1 1 1 -‘M\
o ! : 1 1r L) T
g s ! : et
= N i | Ll i
= it ! !
5 i T
[ Y } } -
5 3 4 5 6 7 8
© .

Time (ps)
V; l; Zeq
(a) Positive LI.

g 2500S/cm ; 33 kV-
8 : | i |
c
ks E | ! 3
[} 1 1
2 i i i i
£ | | | )
= ol A I I —
= i i i i
z ! : ! L
& i i i [
£ Ao : : !
3 FM NI tviott i Lot o et SeeVTNNUOS PN S
> T i 1 |
~ | i i oDy
z o e
£ Ndo | Ly b
= T et i Gt e et
c | | i e
[ i i i :
5 6 8 10 12 14
(&)

Time (ps)
V; I Zeq

(a) Negative LI

Fig. 13 Oscillogram of current, voltage and equivalent impedance
for 3DB3BP discontinuous pollution with conductivity 250 pS/cm on
both polarities. a Positive LI. b Negative LI

(iii) Apparition of a second level corresponding to a large
current draw for a very short time and then seeing a sta-
bilization of the current. This current level corresponds
to the connection of two successive discharges.

(iv) Apparition of a very rapid third level, the duration of
which varies with the conductivity of the pollution
and the polarity of the tip, accompanied by a sudden
increase in the current.

(v) FOV the insulator with an increase in current which
will only be limited by the impedance of the generator.

For a pollution configuration of the 3DB3PB type, the
same current pattern is observed with additional steps
(Fig. 13).

From these observations, one conclude that the structure
of the discharge presents similarities with discharges in large
air intervals with a less luminous stem. Indeed, in the case
of air, this stem includes a high density of streamers leading
to the local heating of the gas. This temperature increase
causes an emission of electrons by thermo-ionization or/
and by detachment; this results in an increase in plasma
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conductivity. In our case, the corona/streamers at the dis-
charge head seem less important than for air and one would
think that most of the charge carriers come from the liq-
uid following photoemission, secondary emission, thermo-
emission and to a lesser extent of photoionization and ion
spraying. This hypothesis is reinforced by the fact that the
luminosity and the diameter of the discharge increase with
the conductivity of the pollution whatever the polarity of
the voltage.

4 Conclusion

This paper was aimed to the study of surface discharges and
FOV dynamic along insulators with uniform continuous and
uniform discontinuous pollution layer under LI voltage.

In the case of uniform continuous pollution layer, the
experimental results show that discharge presents similari-
ties with discharges in large air intervals with a less lumi-
nous stem. The morphology of those discharges depends on
the voltage polarity and the diameter varies with the pollu-
tion conductivity. According to the current measurements,
it has been found that the FOV process follows four different
steps. Each step presents a specific current that is corre-
lated with the change on the discharge nature: from corona/
streamer to spark/partial arc.

A distinction has been made between the critical current
and FOV current. The velocity of the discharge is not con-
stant and based on the used equations, the kinetic energy
increases with the extension (propagation) of the discharge.
The critical conditions of FOV are reached after 9/10 of the
total TFOV on both polarities. The remaining 1/10 of time
is specific to the final FOV.

For uniform discontinuous pollution layer, several dis-
charges appear almost simultaneously: a single-trunk (or
single-column) or multi-trunk discharge at the HV electrode
and other discharges at the dry bands. The discharges have
the same properties (morphology/diameter) as for uniform
continuous pollution layer. The direction of propagation of
the discharges varies according to the polarity of the HV
electrode. The oscillogram of current and voltage shows that
the current goes through several stages whatever the polarity
of the voltage.
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