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Dielectric Behaviors and Discharge Phenomena of SFe¢ Gas in
Inhomogeneous Field Caused by a Conducting—particle
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1. Introduction . .
space charge effects are ohserved. Up o now,

de(SEY ( numerous experimental and theoretical investiga-
The sulphur-hexafluoride(SFg) 15 a gas o . . ) )
b ( . | - d( & i tions have bheen carried out on the dielectric
widespread use as the insulating and quenching . . )

P i & ¢ bl ; breakdown behaviors of SFs gas for quasi

ediums in high-voltage equipments, because 0 . o X .
m g€ ag hl ' J , ‘ N uniform clectric fields and D.C or well-defined
its high dielectric strength and excellent  heat . . )

& . & i " b voltages. In particular, in order 1o improve the
ransfer properties. However, strikes that occur - o .
tra prop ) ) ‘( reliability - of (IS, the wunderstanding of the
as a result of the disconnect operation of a o .

) | discharge  phenomena  of  SFe gas  and  the
apacitive load lead to fast wransient overvolt . X L )
capac - ° C ) detatted  study for the influences of conducting
ages(FTOs) inside the SFs  gas-insulated » .

A particles on the discharge development are  of
switchgear(GISY. These FTOs act as travelling . )
. . oh gredat important
surges originating from the disconnecting switc . . ‘
uree & ‘ g A & Further works of the discharge phenomena of
and have oscillation frequencies up to more than

100 MHz.
The dielectric strength of SFs gas stressed by

SFa gap stressed by fast transient overvoltages
in inhomogeneous  ficld  caused by the

o o conducting ~particles  need  to be  investigated.
FTOs is verv sensitive to the local electric field . X . ) )
- ; ['he  purpose  of  this  work  is to present
disturbed by the  surface  roughness ) o )
: i ‘ ) ) informations on the prebreakdown phenomena of
conductors or conducting particles. Paschen's . . L
;’. I(_ ) ‘ the conducting particle- inttated  breakdown  for
law is not generally valid in  inhomogencous . . . . .
= : ¢ . the sske of the insulation and coordination in

field configurations, the anomalies armng h()m L . )
eld gure ‘ ¢ e (IS, The experiments have been performed by

€ ol eti WAl e )
xSk o] cp 717} 2 b}
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S *MLH & %17!—0 ot
ﬁ?%?x} D199 9 49
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using  non oscillating  and  damped-oscillating
impulse  voltages  in the  simplified  coaxial
cyvlindrical electrode arrangements.

The experimental  apparatus was made of a



S iy
400 kV  real-sized GIS arrangement. The
breakdown voltage-time characteristics and
prebreakdown developments for positive and

negative polarities were measured. All signals
were recorded by a transient digitizer with a
bandwidth of 350 MHz.

down is caused by a conducting -particle and the

The electrical break-
influence of the oscillation frequency on the
prebreakdown development processes is signif-
icantly presented. In addition, the prebreakdown
behaviors are discussed in detail based on the

waveform of corona current pulses.

2. Measuring Principle of Prebreakdown Cur-
rent

The conductivity of gas is originated from
the fact that charged particles such as electrons
or ions exist in the gas, and an clectric field

moves the charged particles, so the current
flows in the gas. When the discharge takes
place in the gap, the prebreakdown current

results from the moving space charge except the
outside element.

In Fig. 1, the current [; in the ith electrode
due to the point charge ¢ at free position » can
be expressed as

I.= () - Epl7) (D
J 7
where Eni(r) is the electric field at ith clectrode,

V(r) is the velocity of ¢ at r, and V; i1s the

potential at ith electrode.
In the following, we will use Povnting vector

to derive an expression for the clectrode lead

6.7

current”. The input power in the electrode
svstem 1s given by Poynting vector.
Pm:7 J I\(E"H) - d5 (2)

where 5 is a closed surface made up partly by

the electrode  surface and  also by another
surface chosen sufficiently  far away that the
plasma contribution to E at that surface is

negligible.

The electric field £ is assumed to be brought
about by superposition of two different electric
fields: the space charge free field between the

ojf o g

oj%8, ¢ o]

a1 grbdE s EAskh: As-e vhd s
Fig. 1. Mult-electrode system with space charge

inside the inter-electrode volume

clectrodes Ep and the electric field Es¢ due to the
frec space charges. The input power can now be
rewritten as

P, = JJ V[[(]-Jdvﬁ_ff flvESC.Jdv

aE Nel

+6“ffﬁ£’ at

where o

aE (.

dv+teg J f J[E Y

the
Using Gauss’ theorem and continuity
equation, the input power is given as following:

Po= | [ [ S s

4 fef [ 20 B

dv (3)

15 a volume made up by closed

surface 5.

(4)

Provided that the assumptions are satisfied as
followings:

(1) the total electric field in the gap being
curl free.

(2} the space charge electric field being curl
Tee,

The current of a two electrode syvstem with

one electrode grounded can be expressed as

K=

1 8 1 -
-+ 7'Vg(t')' 5; 5 [S) L( f V[Em . Emdb’ 5)

where V. is the potential difference across the



gap.

The first term on the right-hand side in Eq.
(5) represents the conduction current caused by
the moving space charges. The second term on
the right-hand side in Eq. (5) represents the
change of the electric field energy stored in the
electrode system, ie., this term stands for the
displacement current component and can he
written as ‘

Vi(t) a% %eofffv[m cEydv

140
=C YI (6)
Therefore, in order to detect only the

conduction current originating from the moving
space charges flowing into the external circuir,
it is necessary to minimize the displacement
current component.

3. Experimental Apparatus and Procedure

3.1. Experimental apparatus and measuring
system
The experimental apparatus used here was

designed to simulate the fast transient over-
voltages that might be generated in GIS during
the switching operation of disconnector, and was
fabricated by real-sized GIS arrangement. Fig. 2
shows a simplified diagram of the experimental
apparatus. Fig. 3 presents the block
diagram of the total experimental system. The
voltage applied to the test gap was measured by
a comical type electric field probe[8]. The test
voltages were non-oscillating impulse of 1.7/44us
and damped-oscillating impulse voltage of 400
ns/1.14 MHz.

A pair of coaxial cylindrical electrodes was
and the gap
The electric field of
test gap was disturbed by
needle-shaped
electrode.

Also,

mounted in the pressure vessel
separation was 37 mm.
a stainless steel

the  earthside
In order to minimize the displacement
current as described Sec. 2, the needle-shaped
protrusion the
earthed electrode. Curvature radius and length

of the needle-shaped protrusion are 0.3 mm, 15

protrusion  on

was electrically isolated from
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Fig. 2. Simplified diagram of the experimental
apparatus
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Fig. 3. Block diagram of the ttal experimential
svstem

mm,

respectively.  Thus the distance between

the inner electrode and the tip of needle-shaped

protrusion is 22 mm. The prebreakdown current
was observed by a shunt of 30 Q. All signals
were  recorded by an  oscilloscope  with a

bandwidth of 350 MHz(Tck. 2440). The pressure

vessel was evacuated to 0.13 Pa and then
commercial grade SFs gas was filled.

3.2 Electrode geometry

Fig. 4 shows the cross-sectional view of the

coaxial cylindrical clectrode geometry. The outer
and inner cylinder radii are 54 mm and 17 mm,
respectively. To reproduce the inhomogeneous
electrical field, a metallic needle-shape protrusion
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Fig. 4. Cross—sectional view of the coaxial
cyvlindrical electrode geometry
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Fig. 5: Electrical equivalent circuit of the
electrode geometry.
is installed at the outer cylindrical electrode.

Based on the stray capacitance and the current
equivalent
be

resistance, the electrical
the

constructed as shown in Fig. 5.

detecting

circuit for electrode geometry can
The output voltage Vy detected by resistance

Ry is given by

R,
+JWRO( C3+ Cg+

V():\ Cg CgCg (7)
I+, c, )

In order that the conduction current I, is
directly proportional to the output voltage V),
the electrode system should be designed and
prepared by the following conditions,

C.C,

C»Cyp wRY(Ct Cyt 5
0

K1

When we detect the prebreakdown current, the
needle-shaped protrusion is electrically insulated

2l
472, 4

s G

Eink
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i,

from the outer cylindrical electrode so that the
displacement current can be minimized. This gap
geometry provides a distinet outburs: of the first
streamer corona and allows the measurement of
the  prebreakdown the
displacement current.

current  minimizing

3.3 Electrical field distribution of the electrode
system

To calculate the electrical field distribution of

the

electric fields for a coaxial cylindrical electrode

electrode system, we must combine the
and needle-to-plane electrode geometries. The
electrical field of coaxial cylindrical electrode is

»
expressed as

E(»n= VRR 8)
2
rIn( R, )
where r ! radius direction distance from inner
cylinder
£ [ radius of outer cylinder
R radius of inner cylinder
V @ applied voltage

Also,
electrode system is given hy

v

the electrical field of needle-to-plane

M

E(x) - xg - (9)
AV d(R+d) (1— m5)
i (N R+d+VR+Vd
where A =In( \/R+d+\/?—\/ia’)
0.71
0.6
E 0.5
£
S 0.4
Y 0.3
0.2+
0.14
5 10 15 20
Distance mm’

a3 6. WAy A WARE
Fig. 6. Normalized electric field distribution of
the electrod= system



V : applied voltage
R : curvature radius of needle
d : gap separation

x : distance from needle tip along its axis

R and d of this electrode geometry are 0.3
mm and 22 mm, respectively. Fig. 6 shows the
field distribution the
electrode system used in this work when applied

normalized electric of

voltage is 1 V.
4. Experimental Resuits and Discussion
4.1 Dielectric characteristics
The breakdown voltage-time(V-t) character-

istics were measured by using the positive and

negative non-oscillating and oscillating impulse
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Fig. 7. A tvpical of the

electrical breakdown for the oscillating

voltage waveform

impulse voltage

voltages. Fig. 7 shows a tvypical voltage wave
form of electrical breakdown for the oscillating
impulse voltages. The oscillation frequency and
the decay time to half amplitude are 1.14 MHz
and 40 us, respectively.

Fig. 8 presents the V-t curves depending on
the waveform of applied voltage for the positive
and negative polarites.
depicted by

The V-t curves were
the
recorded prior to electrical breakdown, according
to [EC standard 60.2. Also, the polarity of the

voltage in this paper indicates on the basis of

taking maximum  voltage

that of the needle-shaped protrusion. Also, Fig.
9 shows the examples of the breakdown points
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Fig. 8. V-t curves depicted as a parameter of
the applied voltage waveform and
polarity

for non-oscillating and oscillating  impulse

voltages in the positive and negative polarities.
The electrical breakdown mostly occurs at the

rising parts of oscillation and/or around the

crests.  The breakdown voltages of the negative

polarity are higher than ones of the positive

polarity, and the difference between the positive

and negative breakdown voltages is prominent.

Even in case of the same polarity the
breakdown  voltages for oscillating  impulse
voltage are almost equal to those for non-

oscillating impulse voltage, but the scatter of the
breakdown voltage for the negative oscillating
impulse is remarkable.

The time to breakdown in the positive polarity
the that the
negative polarity. noticeable for

shorter than n

The

1S on whole

trend is
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lower gas pressure and is attributed to a leader

breakdown controlled by space charges due to

The
depend

the
developments strongly

streamer corona.

voltage waveform, which affects

prebreakdown
on the applied

the leader

propagation across the test gap. In particular, in

the presence of the negative polarity the time to

breakdown of oscillating
noticeably

impulse voltage is
longer than that of non-oscillating

impulse voltage. Also, the time-lag of electrical

breakdown on the wave tail is mainly subject to

the field stabilization due to streamer corona

space charges”". An electrical breakdown at the

falling part of wave tail and/or trough part of

oscillation can only take place

if the

leader

overcomes the reduction of electric field caused

by the variation of the applied voltage and space

The

interrupted  as

charges. prebreakdown

the electric

development  is
field

strength  is

decreased by an oscillation of applied voltage.

The consequence brings on a
the
prebreakdown development

between leader  steps.

for

long
However,

time -lag
the

non-oscillating

impulse voltage i1s continuous and leads to an

electrical breakdown in the short time.

In addition, in case of the oscillating impulse

voltage the displacement current, which is due

to the derivative
the

flows

capacitance between leader
opposite  electrode,

channel.

of applied voltage

through
This displacement current

and the
tip and the
the  leader

s decisive

for the leader development and the subseguent

breakdown. Generally, the event will act
simultaneously but its  weight 1s different
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Fig. 9.Examples of the breakdown points for a
gas pressure of 0.1 MPa

according to the experimental conditions such as
voltage waveform, gap geometry, gas pressure,
polarity, and so forth. As an example, B. Heer
and A. Stepken reported that the breakdown
was observed only at the rising part and/or



crests of no
took of
oscillation'”. Further, in order to understand the

around applied voltage, and

breakdown place  near trough
dependence of the V-t characteristics on the
polarity of applied voltage, it is necessary now
the mechanism  of
prebreakdown developments, the detailed

behavior of the prebreakdown process should be

to  consider physical

and
investigated and will be discussed in Sec. 4.2.
4.2 Prebreakdown Phenomena

Fig. 10 the
prebreakdown current waveforms in the positive

shows applied voltage and
and negative non-oscillating impulse voltages for
of 02 MPa. Also the

prebreakdown developments mainly depend on

a gas pressure

the gas pressure and the applied voltage
lo.3
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Fig. 10. Applied voltage and prebreakdown
current waveforms for non-

oscillating impulse voltages.

waveform. A prebreakdown development is

initiated by the first streamer corona from the

tip of a needle-shaped protrusion and is
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propagated by a
first

stepwise leader The
lower gas pressure

was started by a pronounced pulselike current,

regime.
streamer corond for

and it was gradually decreased with increasing
the gas pressure.

Also  the
then is formed by streamer corona in front of
the which  the
electric quasi-uniform.  The

gas

weakly conductive plasma channel
needle-shaped protrusion  at
ficld

streamer  to

becomes
transition
and the
the
takes place

leader for higher
leader
gap. The
the lcader
That is, it is inferred that
breakdown would take

pressure 18 formed propagates

with  stepwise into electrical

breakdown as jumps
across the gas gap.

the place by streamer
corona sequences at the tip of the conductive
plasma channel. Also, even if an applied voltage
is not enough for electrical breakdown, one or
more corona outbursts occur but fail to reach
the opposite electrode.

- There
prebreakdown  development mechanisms  for the
but the

streamer corona current for the negative polarity

is no essential difference between the

positive and negative polarities, first

was more pronounced compared to that for the
The
with streamer corona ordcer.

positive  polarity. prebreakdown  current
Also the
mean time interval between the leader steps is

longer than that for the positive polarity. In the

increases

presence  of the negative polarity the high
current of first streamer corona and the long
leader stepping time arc originated from the

production process of initial electrons and the
distribution and lifetime of space charges due to
the streamer corona.

Fig. 11 shows the voltage and prebreakdown
current waveforms for the positive and negative
oscillating impulse voltages. Comparing break-
the the
non-oscillating and oscillating impulse voltages,

down voltages between data for
there is little difference as discussed in Sec. 4.1,
but the different regimes of the prebreakdown
developments were observed.

The

polarity

in the positive
the
Similar observa-

prebreakdown currents

are bipolar corresponding to
oscillation of applied voltage.

tions of the correlated photographic and streamer
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Fig. 11. Applied voltage and prebreakdown
current waveforms in the positive
and negative oscillating impulse
voltages for a gas pressure of 0.2
MPa
corona current data for the prebreakdown
developments were reported by S. Matsumoto et
al'. The first corona at the rising part of
applied voltage takes place in front of the
needle-shaped protrusion and forms positive ion
space charges. The positive leader then

propagates with stepwise toward the opposite
electrode. As the potential of the needle-shaped
of
potential

protrusion is decreased by the oscillation
voltage, there the

difference between the needle-shaped protrusion

applied exists

and the positive space charges. This process
reforms an electric field in the direction opposite
to the leader development, and then the negative
puiselike current flows. The implication is that

392

the backward prebreakdown processes develop
toward the needle-shaped protrusion.
If the

slower than the diffusing time of positive space

variation rate of applied voltage is

charges, the unidirectional prebreakdown current
The diffusing

charges determines whether a bipolar current

flows. time of positive space

flows or not. The bipolar prebreakdown current
is mainly related to the oscillation frequency of
applied voltage, gas pressure and gup geometry.

The negative prebreakdown development is
started by the first streamer corona, which is a
very small at the front part of oscillation wave.
The pattem is
essentially similar to the positive prebreakdown
current  waveform. The

prebreakdown  development
accompanying current
pulse is extremely larger than that of the first
corona current. But after the

pulse,

appearance of

strong corona current leader s

stopped, and a bipolar current is fainter than
that for the positive polarity.

the

The leader stepping time, which is the pausc
time between steps, is required to create a new
leader precursor and is strongly dependent on

200 T - MAX
50 o AVE
1507 - MIN
4
100 4
"
frid
50 +
} f g 2 ;
0 l+—+ —t+— ——t :
0.1 015 0.2 025 0.3 035 0.4 045

P MPa

oy 12, shaskEel digh gely AHE AL
12, Leader stepping time plotted as a
function of the gas pressure.

Fig.

the gas pressure. Fig. 12 shows the relationship
between the leader stepping time and the gas
the
leader
the

current

pressure in the positive under
The

from

polarity

oscillating impulse voltage stress.
time
of  the

The vertical

stepping Ts is determined

oscillogram prebreakdown

waveforms. lines and the circle
marks indicate the variation range ot the leader
the

stepping

and values,

Ts

time Ts
The

stepping
respectively.

average

leader time



decreases with increasing the gas pressure and
its change is insignificant for gas pressure of
more than 0.3 MPa.

Irregularity of the leader stepping time Tk is

and it
the
pressurc increases. It was observed that in the
the

ntensive

prominent for lower gas pressures

exhibits a declining tendency as gas

range of lower streamer
the

probability of direct breakdown which indicates

gas  pPressures,

corona current 1s more and

a space charge controlled streamer breakdown is

increased. Because the applied voltage 1s a
damped oscillating impulse voltage, it 15 not
obvious whether the fluctuation of the leader

stepping time Ts is dominantly caused by the

effect of corona space charges with a gas
pressure or by the variation of applied voltage
level. The leader propagation for a low gas

pressure seems to be markedly influcnced by the

space charges effect due to strecamer corona
current  level. The gas pressure  increases
accordingly, the attachment coefficient of S

gas is increased and the radial development of

the streamer corona sheath is reduced. the
stepwise  leader is  frequently  propagated.
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13. Relation
voltage and time

between  corona  inception

Fig.

The results of corona inception voltage under
the

voltages for a gas pressure of 0.3 MPa were

non-oscillating  and  oscillating  impulse
shown in Fig. 13. The corona mnception voltage
then the of the

first corona current pulse as indicated in Fig. 10.

is determined hv appearance

The minimum corona inception voltages for the
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positive and negative
the

inception

polarities
but the

are  approxi

mately same, deviation of corona

voltage polarity is
much more outstanding than that in the positive
polarity. Also, it is known that the deviation of

corona

in the ncgative

inception  voltage is decreased with
increasing the gas pressure.

[n particular, the significant scatter of corona
nception the polarity is
appreciably associated with the cathode surface
The MICTOSCOPIC

the of needle-shaped
protrusion according as the clectrical breakdown
the field

the

irregularly

voltage in negative

PSRN EE
conditon ™. protuberance

protrudes  on surface

1s repeated.  Apparently, ecmission  of

initial clectrons from needle - shaped
As a
the

characteristics

be
the
breakdown voltages in the Vot

protrusion can produced.

consequence, noticeable  scatter  of
and the corona inception voltages is believed to
be duc principally to statistical effect and other

experimental uncertainties.

5. Conclusions

To
level

the insulation
of  SFs

overvoltages.

the information

breakdown

obtain

and

by
behaviors

ST

on
mechanism gas
the

and prebreakdown phenom -

caused fast  transient
dielectrie
of

oscillating

cna gas under non oscillating  and

impulse  voltages  were
GIS
4 consequence, a single avalanche alone in
ficld hy a
conducting particle is too weak to give rise 1o
of

as

investigated
using  a  actual sized
As

nhomogencous

modeling  apparatus.

contaminatesd

the clectrical  breakdown the gas and

the

critical

gap,

some  other criteria such streamer Lo

leader  transition and  the volume

formation of space charges are necessary o

bridge the test gap. The breakdown voltages of
SFe gas in inhomogeneous fileld arc noticeably
of

applied voltage and the emission mechanism of

influenced by the waveform and polarity

mitizl electrons. Comparing  breakdown voltages
in the presence of the positive polarity between
the data for the non oscillating and oscillating

impulse  voltages, there is  littde  difference.

However, 1t was found that the outstanding



=525
difference  between  temporal prebreakdown
developments for the non-oscillating and
oscillating impulse voltages mainly results from
the space charge effects. And  bipolar

prebreakdown currents were observed when the
test gap was stressed by the oscillating impulse
voltage.
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