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ACCYRATE CALCULATION OF VERY HIGH
DIVERGENT ELECTRIC FIELDS OF HIGH
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ABSTRACT - The calculation of very high divergent electric flelds plays a dominant
role for the full understanding of the breakdown mechandisms in the high voltage
engineering. Approximate calculation methods may lead to a faise dimensioning
of the insulating systems. TRis paper introduces an accurate way for calculatlon
such high divergent fields. Based on the optimized charge simulation method,
. the paper demonstrates an accurate field calculation of typical examples. The

proposel examples are the shielded and unshielded needle-plate electrode systems
used in the water treeling investigations of polymeric insulating.

1. INTRODUCTION

Very high dlvergent electric flelds are suspected to play a dominant
v most of insulation breakdowns, specially in vacuum and poly meric insulating

[7-9]. This is a kind of insulation degradation, which leads by the time
sulation breakdown.

To understand the water treeing behaviour in polymeric insulating
rials, it has been necessary to simulate such high divergent fields in the
oratory [7-%]. The well known needle-plate arrangement (9] is one of the typical
angements for investigation this phenomenon. However, such investigations
re not capable to glve a full unlestaning of the physical process, whether the
electric field of such arrangements is not known at the needle Hp or in the vlelnity

/ of it.
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A closed solutlon to the needle-plate fleld problem can only exlst, If
the geometrles of the needle are to be identified with a well known boundary
problem in some coordinate system. This Is not possible, since the used needles
are of a long cyHndrlcal shape and a very sharp end {mostly mass produced needies
with scattering dimensions) [7].  Thus, it Is difficult to ldendfy such a problem
wlth any known coordinate system. However, and because of the complexity
of the problem, approximate methods Ffor ecalculating such sharp needle polnt
electric flelds have been used to amalyse experimental results and get ldeas about
E:he Jgeometrlcal breakdown electric fleld strengths of such polymeric materlais
7,8).

With the ever Increasing progress In the numerical fleld calculatlon methods,
1t Is now a maln demand ko fintd a more sultable method for an accurate evaluation
of such electric flelds.

) flecently, effective and powerful program systems for the numerical
calculatlon of electrlc flelds have been developed [10-15). From these methods,
the charge simulation method (CS5M) is one of the most widely used and powerful
methods [10). It has been recognized that the CSM is very competitive and often
superlor to the flnite difference method {FDM), the finlte element method (FEHM)
and the boundory element method (BEM), at least for treating two-or three dimensi-
onal flelds withln high voltage Insulatlon systems, particularly where high accuracl-
es within highly divergent fleld areas are demanded [14,15],

f
The- GSM makes use of Mathematical linearity and derives Daplace's
equatlon as a superposition of particular solutions’due to discrete Flcticlous vharges,
which replace thephysically distrlbuted surface charges on the electrodes. The
Simulation accuracy depends strongly on the assumptons concerning the locations
of the simulatng charges. These assumptions are normally made on the basis
of experlence and may differ between varlous researchers [12). As the electrode
conflguration Increases in complexity, the experience of the researcher may fall
to give the necessary assumptions. Thus, for a very high divergent electric Fleld
as that of a needle tip-plate, the optimlzed charge simulatfon method Is, one of

the methods, which comes in question [11-17 ]

2. THE OPTIMIZED CHARGE SIMULATION HETHOD

The method of optimlzed simulation systems Is detailed in references
[11-13).  The method Is based on the applicatlon of aptimization technigues for
calculatinog- the optimal ampunt and geometrical placement of the simulatir~
charges to their respeckive contours, so that the error In the calculated bon-
potentiai is mlnimlzed. By this means, the use of a few number- of si-
charges leads to an accurate simulatlion of the electric fleld, lndepende
experience.

A practical application of thls method can he achieved, If the e
of the optimlzed charge simulating systems Is limited on the high stress
only, while the less stressed zones may be simulated in the conventio!
such a procedure is possible accordlng ho the fact that the charge sim
method Is based on the superposition of partlcular solutons [10]):
In the next following text a short notaHon on the procedure is described;\.\

detalis 1t Is reffered to [11-13) -

b
w,

The electrode system will be devided Inte high stressed reglons and less
stressed regions. The less stressed reglons will be conventionally simulated
The high stressed reglones will he presented by a sufficient number of Interval
palnts and wlll be simulated by means of a charge simulatng system {Q) having
any arbitrary initial amounts. The locatlons and amounts of this charge simuiation
system will bhe Lteratively corrected by means of wminlmlzaton algorithms, so
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that the potential exrror F along the simulated contour 7 becomes

minimum accoiding £67the following equation,
2
=t {(0-9)%a..00
(’e ar

Thereby cotresponds $a to the potentiais along the simulated contour due to the
excitation of the charge simulating system and ¢, 1s the rated boundary potential.
The mlnimization of the above error Function F~ corresponding to a system of
'n simulating charges can only be realized by means of varylng the geometrical

placements o and the amounts Q1,..., Q’r‘r’ of the charges. These represent

the Independent variables of the function F, which can be rewritten as:

F=f[(x)] =, {(x) SR R L L pQ./-ﬁ) e (2)

The resulting charge simulating system after minimizing the error function F
Is the so-called optlmlzed charge simulating system.

To satlsfy the boundary conditions In the iess stressed zones, which are conventionaily
simulated, the conventional charge simulating system must be recalculated after
every iteration (13}, so that the equipotentlal surface Intersects the contour
polnts. This demand ls represented by the followlng system of equatdons, which
must be solved For the unknown amounts of the conventional charge system{gQ).

.

(P). (@ + (P). @ = B .00

Hereby, (P} is the potential coefflclent matrix of the optimized simulating charge
system (§) with respect to the contour points of the less stressed zone, (P) is
the matrix of the potential ceoefficlents of the conventional charge system (Q)
with respect to the same contour points and {§} Is the column of the boundary
conditions to be satisfied In the contour polnts.

The product {p) . (Q) gives the potential portion (49 caused by the optimized charge
simulating system at Uhe contour points.
With (5). @ = (4] . @)

equation (3} can he rewritlen as :

Py (@ = - (42 o (5)

. This system of equations should be soived for the unknown charges (). It is apparent,

that the system matrix (P} should only be once bullt and Inversed For the whoie
calculation run, because the necessary variation in the optimized charge slmulating
system goes only as a modifilcation of the potental boundary condition In the
calculation.

When the potentlal error along the high stressed simuiated contour { reaches an
acceptable preglven potential error value, the calculation procedure is terminated.

3. NEW ADDITIONAL CONSTRAINS FOR GAINING MIGHER ELECTIC FIELD
ACCURACY

The specfal geometrical properties of the needle-pidte problem must

he considered. For gaining a hlghst possible simulation accuracy, some addltional
constralns are introduced In this paper.

First of all, a concentration ©f simulating charges shouid be undertaken
in the reglon of the needle tip and its surrounding. However, since the potental
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error to be minimlzed, eqn. 1, Is the error along the whole critical contour,
some constralns must be done to lnsure no accumulatlon of potentdal errors at
the needle Hp and lts nelghbourhood  For this extend, the following two restrictions
have been found to be efflclent for controlling the accuracy of the calculated
eletric field values of the critical reglons.

3.1, Controlling An Electric Fleld Angle Error Function

It addition to the potentlal error function given by eqn. 1, an electrle
feld angle error functon Fy Is introduced, where

1 3 )2
o= 7 {,ma -8_Yal.... (6)

Thereby, §_ 1Is the electric Ffleld angle along the simulated critical contour due
to the excltation of the charge simulaling systems and @ _ Is the rated boundary
fleld angles at the iInterval polnts; "the electric Field Ehould he perpendicular
to the ‘equlpotential surface of the forglven contour of the electrode'.

Thus, the iteration process is not allowed to stop, be®fore Fg is equal or less than
a forglven angle error talerance "in the range of 0.0001 square radians .

LS

3.2. Controlling The Electric Fleld Line Integral Aleng The CrtHcal Breakdown
Path

As a second constraln, the electrdc fleld line Integral along the shortest
path between needle tip and the opposed plate has been always compared wlth
the potential difference between both electrodes.

In case of accurate simulatdon of tip electrie fleld, the line integral of the electric

fleld will be equal tg the pofentlal difference U between beth electrodes
verifying the gollow?.ng quawgmn,

2
+
1JE-!:I:«: .. (7)

+ +
where E is the electric fleld Intensity, x is the critical path of Integration, the
polnt 1 corresponds to the needle Hp and polnt 2 corresponrs to the plate.

4. EXECUTIVE EXAMPLE

The simulation results of two typical needle-plate problems are introduced
in this paper. Flg. l.a. illustrates the unshlelded neede - plate conflguration and
Fig. 1.b. llustrates another arrangement with a guard ring. The dimenslons of
the arrangements have heen chosen In agreement with the treeing needle - plate
arrangements used in laboratory experimental investigations [7-91.

With a needle shaft diameter of 1 mm, needle tip angle of 30° ard a
needie tip curvature radlus of 3 XM m, the electric fleld intenalty has been calculated
for a potentlal difference of 100 kV between needie and plate. For comparatve
purpose, the fleld calculaton of hoth arrangements has been done for a tip-plate
distance of & mm; (s = & mm In conflguration 1.a and Insulatlon thlekness d =
6 mm and needle penetration depth e = 2 mm fur arrangement 1.b).

Because of the rotatlonraly sym metrical nature of the electrode configurations,
point - and ring charges has been used in the stmufation process. Thereby, a
needle Hp penetration depth of 15 um has been taken as the critical zone of
the needle. For this region, an optimized charge simulating system PF 4 Point
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charges and 3 ring charges is consideced. Thereby, a concentration of the charge
locations has been undertaken in the reglon of tip curvature to lnts}l;re an accuralfte
3 3 . ~criti i T the arrangements are
lation of the tip. The so-'called non-critical reglons o
s::lrr:uulated by means of a conventlonal charge simuladng system consisting of
15 pelnt charges for the rest of needle shaft, 7 ring charges _For the plate opposite
to the needle and 7 ring changes for the guard tlng of conflguiation 1.b.
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Plate electrode

lig.1.A. Fig.1.D.

Fig.1. Typical needle - plate arrangments (dimensions as in text)
"1.A." Unshielded arrangement { 5 = distance between needie Hp and plate).

"1.8." Shtniriecl arrangement (d = jnsuiation thickness and e = needle depth
penetration

Flg.2 Hlustrates the courses of the electrlc fleld intensities, corresponding
to diffenent values of the vertical axis r, agalnst the horizontal breakdown paths
x for the needle-plate conflguration of Fig.l.a. The use of logarithmlc paper Is
necessary ln thls problem, because of the lacge distances of the breakdown paths
compared wlth the needle dlmensions.

Flg 3 Hustrates the courses of the electric fleld Intensities In the same

manner as In Flg. 2, but for the needle-plate arrangement with quard rlng shielded
electrode system.

The Ilustrated dashed lines In the flrst 1 Mm distance In both flgures
2 and 3 Indlcate  lnearly falllng electrlc fleld valdes [n this very crltical zone
(in the logarithmic scale). It is also seen From both figures, that the crtical fleld
Intensity is that of the needie tp (r=0).
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The guard ring presence Is found to strongly reduce the maximum electric
field Intensity (nearly to the haif value). The fleld course agalnst the -breakdown
path distance x is, however, of the same shape for both cases with or without
guard ring.

It should be mentioned here,that the mostly used hyperbolold approximation
formula for the needie-plate arrangement [7,8] can not he used to solve the needie-
plate problem with quard ring.Moreover, compared with the accurate soluton
Intreduced in this paper, this formula causes an error of (-12%) ln the maximum
field intensity value for the configuration without guard ring

¥y =0kv
QJz:IUUkv
s =&mm
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Fig.2. Courses of electric fleld Intensitles E agalnst horizontal breakdown paths
x for different vertical values of r, corresponding to unshlelded nproblem

as tn Fig.1.A.
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Fig.3. Courses of electrie Fleld Intensities E as In Flg.2, but for shlelded arrange-
ment in Flg.1.B.

5. CONCLUSION S

The paper introduces simple controlling constrains for insurlng an accurate
simulation of the very high divergent fleids of hlgh voltage systems. Based on
the optimized charge simulation method, the accurate calculation of a typleal
needle - plate arrangement showed the great influence of shlelding. A guard
ring presence caused a reduction of the maxlmum Fleld strength value of the
needle - plate arrangement of ahout 50% of its original values The introduced
method does not only overcome the errors associated with approxdmate fleld catcula-

tlon methods, but also enables an accurate simulation of complex arrangements,
which can not be approximated.
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