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Abstract— The level of the partial discharges (PDs) activity in
solid or liquid dielectrics indicates to a reliability of
electrotechnical equipment. A stochastic model of partial
discharges inside gas inclusions (voids or bubbles) in solid or
liquid dielectrics was developed. The equations for electric field
potential and electric charge transfer are solved together for
dielectric with gas voids. Computer simulations show the
possibility of a "relay-race' propagation mechanism of a wave of
partial discharges in a linear chain of gas inclusions. This
mechanism can be realized if the distances between voids are
relatively small and the dependence of probability function is
relatively sharp. In other cases, the partial discharges in the
chain of gas voids is completely stochastic.
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I. INTRODUCTION

When the high voltage is applied to an electrode gap filled
with a solid or liquid dielectric, partial discharges may occur
that do not lead to the loss of the insulating properties of the
dielectric as a whole. The pulses of current are registered in the
electric circuit at this time. The number and intensity of these
pulses can predict the probability of a future breakdown of the

gap.

One type of partial discharges in condensed dielectrics is
the electrical discharges inside the cavities or bubbles. One of
the first attempts to model the stochastic nature of PDs using an
equivalent electric circuit of a void was carried out in [1]. The
probability of PD initiation was assumed to be proportional to
the over voltage in a void. Later, several other attempts were
made to model PDs with allowance for their stochastic nature
[2-5]. However, these studies did not take into account the
spatio-temporal evolution of the electric field in the gap. Thus,
all these models did not consider relative positions of the voids
and ignored the possible influence of a micro-discharge in one
void on the processes in other voids. The works [6-7] were
devoted to computer simulations of the partial discharges in
liquid and solid dielectrics and took into account the electric
field distribution in the gap. The partial discharges in closely
spaced voids were simulated. After the discharge in a void, the
internal electric field in the neighbor void increased. The
increase of the probability of PD in the neighbor void was

The study was supported by the Russian Science Foundation (Grant No.
16-19-10229).

978-1-5090-4877-9/17/$31.00 ©2017 IEEE

demonstrated.

In the present paper, the partial discharges in a chain of
several identical gas inclusions placed along the electric field
line in condensed dielectric between two flat electrodes are
studied. The possibility of a "relay-race" propagation of the
wave of partial discharges in the chain of voids is
demonstrated. This mechanism differs from deterministic
mechanism of hopping spread streamers in the medium with
bubbles [8, 9], since the stochastic nature of PDs plays
important role at the "relay-race" mechanism of propagation.

II. PARTIAL DISCHARGES IN A SINGLE VOID

Gas inside a small cavity in solid dielectrics or inside a
micro-bubble in a liquid has the dielectric strength which is
much lower than that of the condensed matter. The probability
of a micro-discharge in an inclusion during time step At
depends on the local electric field £ inside an inclusion. The
stochastic criterion MESTL (multi-element stochastic time lag)
[10] was used to describe the probability of occurrence of a
micro-discharge in a cavity. The stochastic lag time ¢¢ of a
micro-discharge is calculated in accordance with the density
distribution function for the probability of rare events

Flts) = r(E)exp(~r(E)g). (1)

Here, r(E) is the sharply increasing function of the electric
field. For small time step Af <<1/r(E), the probability of a
micro-discharge in a cavity is equal to [ =r(E)Ar. It was

assumed that the micro-discharge in a cavity occurs at the
current time step if the condition 7g < A¢ is satisfied.

The dependences of the function r(E) for the occurrence

of partial discharges in the cavity are shown in Fig. 1 that take
into account the threshold character of partial discharges [11]

0 for E<E,,
r(E)= 2
o(E—-E,) for E>E,.

Here, E. is the value of the electric field above which the

partial discharges in the cavity become possible. For inclusions
of d ~ 10 microns, the breakdown voltage of air in a cavity is
~ 350 V [12], which value corresponds to the threshold field
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E, =350 kV/cm.

In the simulations, we used the pattern of the conductive
structure arising inside a cavity during the partial discharge
shown in Fig. 2.
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Fig. 1. Probability function I”(E) for PD in a cavity. Curves 1,2,3
correspond to 0 = 1, 10, 20 cm/(ms-kV).

Fig. 2. Pattern of a conductive structure arising in a cavity during PD [7].

The Poisson’s equation was used for numerical calculations
of the distribution of the electric field potential ¢ between the

electrodes at each time step. The electric charge transfer inside
the conductive cavities was used together with Ohm’s law

div(egyVo) =—q, E=-Vo, (3)
dq .

= _divj, i=¢-E . 4
5 ] i=o (4)

Here, € is the permittivity of fluid, ¢ is the electric charge

density. The periodic boundary conditions are used in x
direction. It was assumed that the current density j and the
conductivity ¢ are nonzero only within gas inclusions after
their breakdown. The permittivity of the condensed dielectric
is taken as € =2. The time-implicit finite-difference schemes
were used for charge transfer and Poisson’s equations [13].

III.  PARTIAL DISCHARGES IN A CHAIN OF GAS CAVITIES

A chain of several identical gas inclusions placed along the
electric field line is studied (Fig. 3). The distance between the
inclusions is constant and equal to Ay. The computational

lattice spacing is /. The constant voltage V' sufficient for the
occurrence of partial discharges is applied to the electrodes.

At the same dimensions of the cavities and at the same gas
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pressure inside them, the probability of micro-discharges in the
inclusions depends on the local electric field within them E;.
The stochastic criterion MESTL [10] was used to describe the
occurrence of micro-discharges in the cavities. For all
nonconducting cavities, the stochastic lag times ¢; of all
possible micro-discharges were calculated in accordance with
(1). It was assumed that the micro-discharge in the void occurs
at the current time step if the condition ¢; < Az is satisfied.

o=V

=0
Fig. 3. Chain of gas cavities in the solid dielectric. L = 1 mm. Lattice is
200x200. Ay =4h. h= 5um.

The initial values of the electric field in the voids after
voltage application are shown in Fig. 4. The electric fields
inside first and last voids exceed the threshold value E. .
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Fig. 4. Initial values of electric field inside cavities. £, =~ 350 kV/em.
Ay=3h. h= 5um. V =2839kV. O =20 cm/(ms-kV).

IV. COMPUTER SIMULATIONS OF PARTIAL DISCHARGES
The sequence of partial discharges in the inclusions has a

stochastic character at a relatively weak dependence of micro-
discharge probability on a local electric field »(£) or at the

weak mutual influence of cavities on each other (Fig. 5).

If the dependence r(E) is sharper, then under certain
conditions, there is an interesting phenomenon that is a "relay-
race" mechanism of propagation of the partial discharges along
the chain of insulation defects (Figs. 6 and 7).

After the micro-discharge in the last void (N = 15, see
Fig. 6), this void become conductive, and the value of electric
field in neighbor void (N = 14) become larger than the
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threshold value FE, . Then, the probability of a micro-discharge

in this void ( N = 14) become noticeable, and after short time
the micro-discharge occurs inside this void (Fig. 7). Then, the
process repeats for the next void ( N = 13) and so on. Thus, a
wave of breakdowns occurs in the chain of inclusions.
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Fig. 5. (a) — Increase of the probability f = I’(E)Al of a microdischarge
during time step in one of the cavities after each discharge in other

cavities [14]. (b) — The current / in the external electric circuit induced
by partial discharges in voids.
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Fig. 6. Wave of partial discharges in the chain of voids. L= 1 mm.

Ay=3h. h= 5 pm. Af=01 ps. V=2839 kv.
O =20 cm/(ms-kV).
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Fig. 7. Wave of partial discharges in the chain of voids. Ay =3h.
h=5um. At =0.1ps. ¥V =2839kV. 0L =20 cm/(ms-kV).

Two waves are also possible that propagate from both ends
of a chain (Figs. 8 and 9). As the wave of partial discharges

978-1-5090-4877-9/17/$31.00 ©2017 IEEE

propagates along the chain of the cavities, the electric field
increases inside the cavities remaining nonconductive ahead of
the waves (Figs. 6 and 8).

This "relay-race" mechanism of wave propagation of partial
discharges in the chain of inclusions differs from the hopping
spread streamers in the medium with bubbles [8,9], since the
"relay-race" mechanism simulated in the present work takes
into account the stochastic nature of the phenomenon.
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Fig. 8. Two waves of partial discharges propagate from the first and from the
I mm. Ay=3h. h= 5 um
At =0.1ps. V =284kV. 0. =1cm/(mskV).
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Fig. 9. Two waves of partial discharges propagate from the first and from the
last voids in the chain. Ay = 3h. h=5pum. Ar=0.1 ps.

V =284kV. 00 =1 cm/(ms-kV).

If the distances between voids are not small and the
dependence of the probability function is not relatively sharp
and the initial values of electric field exceed critical value in all
voids, the behavior of partial discharge become completely
stochastic (Fig. 10).

V. CONCLUSION

The stochastic model of partial discharges inside gas
inclusions in solid or liquid dielectrics was developed. The
computer simulations show the possibility of the "relay-race"
mechanism of wave propagation of partial discharges in the
linear chain of gas inclusions.
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This mechanism can be realized if the distances between
voids are relatively small and the dependence of probability
function is relatively sharp. The applied voltage should be near
the critical value so that the values of electric field in the voids
at the ends of the chain exceed the critical electric field £_,

but the values of electric field in the inner voids are less than
critical one. In other case, the behavior of partial discharges in
the chain of the voids is completely stochastic.

The experimental study of this phenomenon can give the
important information about the dependence of the probability
function r(E).
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Fig. 10. Completely stochastic behavior of partial discharges in the chain of
voids. Ay =4h. h=5pum. At =0.1ps. V' =30kV. o0 =1 em/(ms"kV).
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