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Abstract
Elcctrode roughness gready reduces the breakdown
voltages  of lugh voltage equipment insulated by

compressed Sulphur Hexafluonde (SFs ). The situauon 1s
comphicated by the presence of non-uniform fields which
previnl 1in practice with gas-insulated systems (GIS). This
paper models the tnsulation breakdown mechamsm in the
presence of such surface roughness. or protrusions. taking
mto account therr random nature which lends the problem
10 probabilistic treatment. In order to generalize the
surface roughness effect on the dielectnc withstand of SF¢-
msulated system. surface roughness 1s simulated by using a
random ¢vent generator. The perturbations which these
protrusions nflict on the field distnbution in a nearly-
umform field gap are assessed. The corresponding
breakdown voltages are estumated for different patterns of
surlace roughness. The results are statisucally formulated .

INTRODUCTION

SF. was-insulated power apparatus (GIS) are rcquired to be
opcrated with the lughest insulation performance and
rchabithty 1o ensure a stable electnc power supply [1].
Iheretore. the development of a prevenuve technology for
msulation breakdown n GIS becomes umportant. One of
the features which would produce service interruption is
caused by the distoruon of the clectric field due to
protrusions (or. roughness) on the electrode surface. The
diclectne withstand of SF« insulated svstem 1s extremely
sensine 1o local inhomogenenty of the electne field. wiich
mav  result from the presence of defects such as protrusions
on clectrode surface. metallic parucies. contaminauons.
tnple juncuon. ctc. Invesugauons ol ways (o reduce the
cITeey of such defects are thus important.

Electrode surface roughness causes a large reducuon in the
breakdown strengths of  gas-insulated apparatus [2].
Surtace roughness leads to the existence of localized
microscopic regions with local field intensities larger than
the average ficld in the gas near the electrodes. Depending
on the gas pressure. such regions of cnhancement field
intensiy would result in a large reduction of the breakdown
voltage.  Some of the main factors whuch influence those
disclurges in SF6 are the shape. size. distnbutions and
chemical  composition of the contaminants over the
clectrode  surtaces. The staustical distribution of the
clectrodes surface and the degree of clectrode surface
roughness then become distinctly reievant .

Unlike the case of perfectly smooth surfaces, modeling
rough electrode surfaces becomes complex because of the
complexity of the geometncal structure of the surfaces.
Efforts were recently made to model surface roughness and
simulate the surface profile formed in the machining
process [3.4].

In order to assess the influence of surface electrode
roughness. the spatial distribution of electric field perturbed
by surface protrusions must be modeled. This is followed
by invesugating the effect of such perturbauon on the
breakdown voltage. The present paper siumulates a
pracuical electrode rough surface taking into account the
staustical nawre of that roughness. The corresponding
breakdown voltages as related to the degree of roughness
for compressed SF; gaps are then assessed.  In a recent
paper. this approach was applied to air insulation [6].

METHODOLOGY

The analysis of the present problem runs in three
consecutive vet interrelated steps. The electrode surface
texture 1s modeled at first. the electnc field enhancement
due to surface roughness is then estimated. and .finally. the
discharge through SF, 1s modcled and the breakdown
voltage 1s estimated.

Simulation of Surface Texture

In order to mvestigate the influence of surface roughness its
random nature must be taken nto consideration.
[rregulanues in the clectrode surface are produced by the
metal fimishing  process and also by system aging and
.therefore. surface [catures can be very complex (7). [t has
been shown that the surface texture is cither flat or wavy or
a combination of both as seen 1n Figure (1). In addition 10
the rough texture unposed on the surface by the finishing
process there 1s an inherent micro-structure irregularity due
to the crystalline. or even molecular. structure of the
matenal. Very few natural surfaces are known to be
molecular smooth. such as mica. However. in metals. the
presence of grain boundanes will give nse to troughs and
ndges of the order of 100 pm, Mechanical studies |7] of
this phenomena found that the irregularity over a surface 1s
random and can be characterized:

e the center line of the irregulanty height :  and

e the degree of sharpness which may be characterized
by the protrusion’s “mean sharpness angle” in this
work.
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“1eure (1) - The Consutuents of Surface Texture.

l'o model the roughness of a complex surface texture the
“Monte Carlo” technique is used.  Two statistical vanants
are identified. namely. the protrusion’s height and 1ts mean
angle (sharpness degree of the protrusion).  Appropriately
chosen standard probability distributions are assigned to the
above two vanants based on the physical data of the
surtice The parameters of the distnbutions of the two
varants are  computed and the correlation between them 1s
deternuned The following steps are subsequently
unplemented

| Random number generator (RNGIL) 15 used to
enenite the protruston’'s  height  from ats fitted

Normal (caussian) distibution N (R, a . y. where

R . @ are the mean and standard deviation of the
marzinal roughness distnbutions. respectively.  For

i enen protrusion herght .the conditional normal
distnbution  parameters (mean and standard

Jdeviation) of the protrusion mean angle 8 are
calculated by

f’) :(?+f'|0’,) / O’,.)(R "Ri)
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Where R 1s thet” protrusion height generated by
RNGI. s the correlation coefficient between the

roughness height and its width & and O'a

are  the margmal values of the protrusion
sharpness.

2. Random number generator (RNG2) 1s used to produce

4 protrusion sharpness angle from the conditional

normal distrnibution NJ 9 , O |

3. The steps 1.2 are repeated to scan the whole electrode
width.

Assessment of Field Enhancement
To quanufy the effect of surface roughness . the electnc
field enhancement due to the presence of a protrusion must
be assessed and its distnbution inside the proposed gap
must be determuined. Basicallv. the computation of electric
ficlds is 10 solve Poisson s equation

Vie=-£

gll

in the presence of free space charge an which @ is the

potenual. o is the space charge density. and 6, IS space
permuvity. In the case of a space charge-[ree field the
above equation reduces to Laplace’'s cquation:

Vid=0

Laplace’s cquaton 1s solved bv the charge simulation
method (CSM) where the electrodes surfaces and diclectne
interfaces are replaced by a svstem of discrete charges
located outside the domain of ficld computation.  The
form of the simulating charge 1s predeterined to best sunt
the clectrode shapes and the boundary conditions. The
optimum positions and numbers of those simulation charges
are detenmined according to the accuracy required.

in the present problem the umform clectne ficld 1s
svnthesized by a sct of finite charee seements placed along
the axis ol sviunetry bevond the clectrode.  The surlace
roughness 1s stmulated by a complex of protrusions located
over the clecirode surface. Euach smgle protrusion is
simulated by a ndge of height R sharpness angle 8;and
length L. as scen m Figure (2).  To avoid singulantics
caused by the sharp edges of the protrusion. cach protrusion
1s termunated by a hemi-cvlindncal cap. Finite line
charges arc placed inside the protrusion whose number
ranged from one 1o three according (o the protrusion
dimensions. Charge magnitudes are determined by
solving the svstem's linear cquations The simulation
validuy s evaluated by venifving whether the boundan
conditions are fulfilled. The mean ficld error in the
present studv 1s forced (o be less than 3% over the enuire
clectrode surtace.
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Flgure (2)  Stmulauon of a single protrusion . and the gap
under study . G- the gap length,  d: the electrode width.

Determination of Breakdown Voltage

The diclectric withstand of any electrode system 1s reduced
by stress enhancements that cause increased clectnc fields
i smail volume regions withun the dielectric. In SF.
breakdown 1s cenain to occur bevond Y0k Vicm-bar. which
s the field at wiich the number of clectrons generated 1s
arcater than the number of electrons auached by SFs. The
process  of inhomogeneous field breakdown for a
nonuniform ficld 1s much more complex but at lcast as
unportant 8] SF, - insulated apparatus for power
cneineering  use 15 designed to have very hitle, 1f any.
crincal volume (gas stressed above Y0 kV/cm-bar) at us
Leltming impulse ratung. Therefore. 1f such apparatus fails.
some defect 1s thought 1o have caused an ncrease ol the
ficld over the design value. 1.c. means an inhomogeneous
ficld condition

[he process by which a small stress enhancement can cause
breakdown of the total gap in SF..is explained as follows
With an applied electnic ficld. discharges in the gas occur as
1 result of 1omization created from  the enhanced elecine
licld at the protrusion tps on the clectrode surtace. The
discharges nuay lcad to streamer formauen and ultimate
breakdown of the gas For a non-umiform licld gap.
corona discharees will occur when the conditions lor i
sircamer  tormauon n the gas  are lulfilled. Streamer
tormation 15 dependent on  the was pressure and licld
distribution. Therefore. 1t depends on the electrode prolile.
scometry - of  the  surtace  protrusions  and  on  the
mstantancous value of the anbient lield. The condition for
streamer formtion 1s given by

J-[a(.rl—f;(.r}}nir;- A (h

Where., e(n) and n(y) are the first iomzation coclficient and
the coctficient of attachment. respectively: both being
fincuiions of field and thus of geometry  The distance x,
rom the protrusion tp 1s where the net 1onization 1s zcro.
normally known as the onization boundary: The constant K
v taken 1o saustyoan o clectron avalanche size in the order
[ 1e¢ K = 184 The effect of avalanche space charge was
aken mto consideration. Over a certiun pressure range the
ficld at the hugh-stress clectrode 1s stabilized near its corona
onset value by the shielding effect of the corona discharge.
resulung in a relauvely high breakdown voltage. With
mcreasing pressure. the corona stabihizauon weakens unul.

at a cniucal pressure P, . breakdown occurs directly at onset.
However. the space charge effect in Uus case was found 10
have only a little effect as it was reported once before [4].

RESULTS AND DISCUSSIONS

The breakdown voltages for non-uniform field SF« gaps
due to protrusions on electrode surface are computed under
DC voltages. The clectrode protrusions are synthesized by
the random gcnerators events which reproduce the true
roughness texture. The effects of different parameters such
as gas pressures. the protrusions height and sharpness
degree arc presented.

Influence of SF; Gas Pressure and Protrusion Height
The influence of the protrusion height on the breakdown
voltages for the study case 1s represented in Figures (3) and
(4) for gas pressures of 1 and 3 bar: respectively. over a
height range of R = 10to 100 wm. The results are shown
for vanous protrusion angle of sharpness. namely. 107, 20"
and 30°.  As the gas pressure increases. the breakdown
voltages also increases due to a corresponding increase in
inception voltage. The breakdown voltage decreases with
an increased protrusion height and increased sharpness.

To have anover view of the etfect of the protrusion height
on the breakdown voltage. the mean breakdown voltage-for
a given protrusion height- for the entire range of scanned
sharpness anglics 1s computed. This latter “global effect” of
protrusion height 1s represented in Figure (3).  From tlus
figure. 1t 1s generally concluded that as the protrusion
height increases. the field enhancement is also increased
and so. the breakdown voltage is decreased.
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Figure (3) - Effect of roughness height on breakdown
voltage P = | bar

In figs. (3 & 4) at roughness height =0 the B.D.V (for
different cases) must be the same

It 15 10 be expecied that all curves will eventually convergee
and meet a1 a <scro roughness height giving a breakdown
voltage cqual to that of aclean surface [89 kV in Fig (3).
and 445 kV in Fig. (4) |
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Freure (4)  Effect of roughness height on breakdown
voltage P = 3 bar
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Figure (3) - Globai cffect of roughness height,

Influence of Sharpness Degree
Following a simular defimuon ot "global" effects. Figure (6)

shows the wlobal cffect of the sharpness dcgree of

protrusion on the breakdown voltages under different SF.
S pressure It s generally noted that. as the sharpness
deeree s imereased the breakdown voltages increases due 1o
the subsequent decrease in ficld enhancement.
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Freure (0) - Global ciTect of sharpness angle.

Overall and Relative Breakdown Voltages

For a given gas pressure the simultaneous random vanation
in both the protrusion's height and sharpness over the
clectrode surface resulted in an "overall" staustical
distnbuuon for the breakdown voltages. The mean and
standard deviation of that distribution was calculated for
cach gas pressure. and the results are depicted in Figure (7).
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Figure (7) - Staustical scatier of breakdown voltage.

The relative role of clectrode roughness in reducing the
breakdown voltage is different from one gas pressure to the
other. To be able to detect this feature. the results are re-
cxpressed in a "normalized" manner where the breakdown
voltage is referred to its highest value attained in the
absence of roughness. ic. using perfectly smooth
clectrodes.  Figure (8) expresses the breakdown voltage in
a relauve (normalized) fashion. [t appears that at higher
gas pressures the msulavon s relatively more sensitive (o
surface roughness as indicated by the decrease in relative
breakdown voltage.
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Figure (8) - Relative cffects of gas pressure.
PROBABILISTIC EXPRESSION OF RESULTS

When the results were staustically analvzed. it was found
that the probability densuy  distribution of the breakdown
voltage ncarly follows a skewed distribution. Figure (Y)
This figure must be viewed in the light of the results of
Figure (8) in which the relative mean breakdown voltage 1s
seen to slightly decrease with pressure up to nearly 3 bar.




following which the breakdown voitage tends (o level off.

The actual distnbuuon.
(gaussian)

lowever. 1s [lar [rom normal
and 1s generally skewed (owards smaller

vollages.
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Fieure (4 Density distributions of breakdown voltage.

The cumulauve probability  corresponding 10 i given
disinibution of breakdown voltage 1s in fact the insulation’s

breakdown soltage  probability funcuion..

Figure (10)

Jiows the final breakdown voltage probability as a function
of voltage which -as this paper concludes- 1s based on the
random nature of the electrodes’ surface roughness.
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Figure (10) : Breakdown probability function.

CONCLUSIONS

Ihe surface roughness of the electrode can be reasonably
amulated by random cvents generators based on the
practical mformation  about the  surface texture.
Clectrode surface roughness mayv be appropriately
Sharictenzed by the roughness height and the sharpness
degree

. The sharpness degree has a sigmficant etfect on the

breakdown oltage. As the sharpness degree increases
ihe breakdown voltage increases also.

i

3. As the roughness height increases the breakdown voltage
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decreases.

Expressing the results in a normalized fashion permits
the detection of the insulation’s sensitivity to surface
roughness. As the gas pressure increases the SF.
insulation becomes more scnsitive to electrode surface
roughness.

The present staustical formulation and modeling of the
problem allows the deducuon of the insulation's
breakdown probability function.
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