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ABSTRACT

The paper introduces a multi electrode ({field
optimization strategy from the point of view of efficient
utilization of the electric field space. The <calculation
method 1s based on lhe application of optimized charge
simulating systems, as they can be determined for an
accurate simulation by means of minimizing algorithms. The
insertion of such optimized charge simulating systems in the
field optimization process will be enabled by means of a
potential approach, in a raticnal manner, so Gthat GtLhe
optimization of electrodes can be undertaken following the
electric field calculation within a safely converging and
accurate computational process. Thereby, every electrode is
Lo be optimized for the case at which the electrode
underlies the highst possible field sltress. By this means,
subsequent electrode optimization leads Lo the best
utilization of the electric field caused by a multi high
vollage electrode system.
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1. 1NTRODUCTION

The continuosly increasing voltage level of high
voltage apparatus requires to utilize the {field space as
well as possible. This goal requires to design the field
systems for optimal electrode forms having the lowest
possible electrical field stress, s8¢ that allowed mpaximun
field strengths are not exeeded.

The solution of this problem i3 normally undertaken by
calculatlng the electrical field strength of known electrode
contours. Quite often the desired electric field strength
can only be achieved by repeated alteration of electrode
contour and renewable field calculatisn., Therefore, it has
been necessary to devlop computer aided design methods for
the design of optlmal electrode forms.

It has been shown that the charge simulalion method is the
best qualified calculation method regarding the coptimization
of electrode contours [1-4]. With the help of this method,
the potential distributions as well as the electric field
lines can be easily calculated and altered. However, the
work done in this area is limited for the person who has s
high degree of experience, specially by the placement of the
simulating charges which can strongly affect the accuracy of
sglution. On the .otherhand, increasing the number of
simulating charges may not only lead to storage problems but
also to bad conpditioning soclutions, instead of increasing
the simulation accuracy |3,5].

To overcome problems associated with the coanventional
charge simulation method, optimized charge xmisulating
systems have been developed ([3,5]. These asystens lead to a
greal improvement of the accuracy of the field coaputation
within a safely converging <omputational process without
great computing expense [3,5]. Thereby, the optimal
placements and eamounts of the charges are determined by
means of minimizing algorithms, that an accurate simalation
results with the help of only few simulating charge number.

By means o¢f a novel potential approach, the optimization of
electrode systems could be formuleted as a special cage of
the potential simulation [(3,6-8]. 1t became possible to
undertake the optimization of electrode systems following
the electric field calculation in a rational manner.
Thereby, the minimizing algorithms take over the task of
changing the placements and amounts of the simulating
charges automatically and thus releave the developing
engineer strongly.

Since the optimigzation of electrode forms can be understood
aa a special part of the field calculation ares, more
intereat has been attained to the optimized charge
simulation method [9,10) than to the field optimizgation one.
The application of the field vptimization method, based on
the optimized charge simulating method, has msinly been

demonstrated on single electrode optimization
exanpies(3,6,8]. Whether and how can this wmethod be
applied to a multi electrode field optimization probiem,

ia the main goal of this paper.
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2. FIELD OPTIMIZATION METHOD

2.1 General

The goal of the field optimization in this work is_the
design of electrode configurations with a constant fle%d
strength distribution value on their surfaces. To this
extent, the electrode contours are te be formed such that
the minimum pessible constant value of the f%eld
distribution can be attained. Only in Lhis case an optimal
utilization of the electric field 1i= achieved.. The
optimization is here foreseen for space charge free fields

[315].

The necessary foundation for the optimizatlion of electrode
systems is thereby the knolledge of the potential and field
distributions onh the electrode surfaces as well as in the
field space. The method of calculating and optimizing the
electric field strength used in this paper is hased on the
application of optimized discrete charge simulating systems,
as Lhey can be deltermined for an accurate simulation by
means of minimizing algorithms. The insertion of such
optimized charge simulating systems in the field
optimization process will he enabled by a potential
approach. By this means, optimization of electrode systems
can be undertaken following the electric field calculation
in a very rational manner.

In this work the methodology of using the minimization
technigques for achieving optimized charge simulating systems
will be shortly noted, because it 1is published in details

elsewhere [3,5-7]). More details are dedicated Lo the
optimization strategy applied on a multi electrode
system.

2.2 Conventional Charge Simulating Method

The conventional charge simulating method expresses the
Laplace’s egquation as a superposition of particular
solutions due to discrete ficticious charges. These charges
must be -placed cutside the field space in which the field is
to be computed. The magnitude of these charges have Lo be
calculated so that their integrated effect satisfies tLhe
bounhdary conditioni exactly at a selected number of contour
points on the boundary egual to the number of the simulating
charges, This can be pregsented by the following linear
system of equations, which must be solved for the unknown
column of the amounts of the charges {Q)., After this, these
charges describe, with their equipotential surfaces, Lhe
field space.

(P} . (Q) = (¥) (L)

Hereby {(P) 1illustrates the matrix of the potential
coefficients of the charges related to the contour points
and (¢) is the column of the boundary conditions, which must
be satisfied, The most wused kinds of discrete charges are
the point charges, the line charges and the ring charges.
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Boundary layers and thin tied surface forms can be simulated
by means of surface charges. In this work,the representation
of the influence of dielectric materials by the simulating
process is undertaken by means of a combined numeric -
analytic surface charge simulation method simplifying the
most complicated surface charge simulation method of Singer
[11] as detailed in [2,8].

The simulation of two dielectric fields by means of the

surface charges can be regarded through the Fulfilling of
the dielectric boundary conditions and leads to the
following equation instead of eqn. {1}

1) o ()

where {F) is an electric field coefficient matrix determined
by dielectric ©boundary conditions at a selected number of
points on the boundary surfaces equal tc the starting and
end number of the surface charge densties [2,8]).

2.3. Optimized Charge Simulating Systems
An accurate simulation of electrode systems can be
interpreted as the proposition of minimizing the following
function of potential error e:
1 .
minimize e, e = 7 5 (Q - 0 } dJ {3)
¢ a r

where %4 corresponds to the potentials along the simulated
contour 1 due to the excitation of the system of simulating
charges and %, are the rated boundary potentials. The
minimization of the above error function e corresponding to
a system of n simulating charges can only_ be realized by
means of varying the geometrical placement s vovoy Tn and
the amounts @), ...., @, of these charges which represent
the independent variables of the funciion. Hence, Lhe error
function e under minimization can also be written as:
-+ -+ T
e = e(x); (x} = (r reery Ty QL)---tQ ) {4)
. ] n n

The use of simple geometrical forms to define the allowable
charge placement zones enables the transformation of these
zones into unconslrained regiona. Thus highly efficient
converging wunconsktrained minimizing algorithms can be
applied [3,5].

When the fault in the boundary potential is sufficiently
reduced such that an adjustment of the locations of the
gimulating charges 1s no Jlonger necessary, Lhe rest-faull
will be further minimized in an easy manner with the use of
multiple linear regression. This 1is possible, because the
potential error Ffunction (4) will be a linear function, if
it is reduced to be only dependent on the amounts of the
aimulating charges as follows
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’1\
e = e {X)i (H-)=(Q$ '°°'|Q) (5}
1 n

The resulting simulating charge system atter minimizing the
rotential error ig the so called optimized charge simulating
system.
A practical application of the optimized charge simulation
method can be achieved, 1if the employment of these systems
would be limited on the high stressed regions only, while
! less stressed zZones may be simulated in the conventional
way. Such a procedure is possible according to the fact,
that the charge simulation method is based on Lhe
guperposition of particular solutions [3,5-7].

2.4. Field Optimization Strategy

The use of a potential approach detailed in references
[3,6-7] enables an iterative changing of the form of the
electrode in the direction of the wunknown, but wanted
optimal form. This form is then achieved, when Lhe electric
field on the electrode contour gets a& uniform valuc.

The polential approach transforms Lhe deviation between the
existing electric field value due tv charge excitation atl
the 1 th interval Ej; and the desired field value E4 into a
potential error A mi, where

ﬁ‘Pj=k{Ed_ Ei)/E.d’i=l'2""’“° t6)
Thereby, k is & constant proportional to. the highst

potential difference within the electrode arrangement [3]
and np is the number of contour intervals. By this means

optimization of electrode systems can be undertaken
following the electric field calculation in a very rational
manner.

2.5. Multi Electrode Field Optimization Strategy

The field optimization by means of the polLential
approach can be undertaken as a special case of potential
gimulation of electrode contours. By this means, a field
optimization strategy 1is changed 1into a special potential
gtrategy, which is adapted to the sgpecial features of the
field optimization.

Starting point of an optlmization calculation is the Field
computation of an appearantly suitable electrode contour.
Thereby, the potential distribution which causes the highst
possible field stress should be taken inlLo consideration.
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Beginning with only one electro
changes w%ll be calculated from the potential approach.These
changes will be superposed to the acual rated potentials of
Lhe contour inlerval peints of the starting electrode
contour. Thus, & new equipotentijal contour having the rated
potential will be produced. the new contour serves Lhen a

start contcour for a new optimization iteration. ° @

de to be optimized, potential

After optimizing the flrat electrode, the field distribution
of the next, to be optimized, electrode should be also
calculated for the potential distribution correspanding to
the highat . stress case. The optimization procedure is then
to be execuded a3 by the exceeding electrode. Such a
subsequent electirode optimization is necessary, since the
potential distributions are to be altered for each electrode
optimization pracess.

For a practical applicatleon, Lhe optimized charge simulating
systems will be only limited to the critical regions of high
field stress, which are to be optimized. Moreover, the use
of Lhe powerful and fast converging methods feor the
unconstrained optimization of egn. {4) has been conly limited
Lo the first field optimization iteralion. The experience
shows that the charge positions after Lhe fFirst optimization
iteration are satisfactery, Lhat the less time consuming
linear regression analysis can be employed to eqn. {(5§) fer
Lhe continuity of the optimization [3,6,8].

3. APPLICATION EXAMPLE

The multi eleclrode [ield optimization sirategy will be
applied to the capsulated single phase SFy circult
breaker illustrated in figure 1, The cylindrical enclosure H
of the system is earthed and thus having zero patential,.

A potential distribution of 105 kV on one of the electrodes
and -17 kY on the other electrode will be considered in the
calculation. The geomelries of the arrangement’ as well

as the potential distributions have ©been chosen
reffering to {2} illustrating real dimensions with real
possible high stresses. The whole arrangement is

rotationally symmetric. The optimization takes place [or the
case of open contacts {contact ~lectrode is inside the right
electrode E2), The solid insulating spacer between Lhe left
elctrode E1 and the enclosure H, as illustrated in the
figure, is of a relative permittivity of €r =4, Since the
permitlivity of the spacer differs from that of SFg (E=€g),
surface charges have been used to regard these dielectric
boundaries. 8 Jlinear surface charges for each spacer aide
have been used for tLhis purpose. For the critical, to bhe
optimized, region of El 8 ring charges have been used and
for the other critical region of EZ2 10 ring simulating
charges have been wused. The simulation of the whole
uncritical regions "fixed regions” of the electrode system
have been simulated by means of 62 rind charges; 18 rings
for the wuncritical part of El, 24 rings for the uncritical
part of EZ and 20 rinds for the enclosure H.
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A conventional simulation has been firstly applied to

gimulate the whole arrangement for getting basic
informations about +the field distribution on the critical
electrode parts. 1t has been found, Lhat the maximum field

- gtress on the same electrode surface 1s higher under
positive potential atress (105 kY} than under -17 kV¥. This
is expected, since the spacer influences the field space in
an unsymmetrical manner. Thatfor, a subsequent electrode
optimization has been forseen in this paper Lo regard the
highst poasible stresses and thus to obtain & best
utilization of the electric field.

The optimization has been started Firstly for the electrode
El, because the maximum Ffield siress of this electrode wasa
found to' be higher than that of electrode EZ2. With a
potential distributien of 105 kv for El1 and -17 kV for EZ,
the optimization method has been applied to E1. Thereby,
the charge amounhts resulting from the conventional solution
have been taken as start values in the optimized charge
simulating syatem. After the fFfirst field optimization
iteration, the placements of the optimized charges have been
kept constant and the regression analysis algorithm has been
used for continuiing the optimization,

After optimizing electrode El, the procedure has been
applled . to electrode E2 in the same manner.

Fig.2 illustrates the initial critical zone of electrode El
as well as the final optimized contour. Fig. 3 illuetrates
the courses of the electric field intensities, corresponding
to the Lwo contours mentioned above in an wunrolled
demonstration.

Fig. 4 illustrates also the initial c¢critical zone of the
electrode El as well as the final optimized form, while Fig.
5 illustraktes Lhe coressponding electric field intensities.

Comparing the maximum electric fields of both electrodes El
and E2 for the same potential distribution shwos that the
initial as well as the Ffinal maximum stress of El is
slightly higher than that of E2. This can be attributed by
the fact, that the initially chosen contour of El is of
higher curvature than E2. Aleo, Lthe influence of the
dielectric spacer on the field of E1 is more than on EZ.



E.

42  Fathl M.H. Youssef.

4. GONCLUSION

The paper introduces a multi electrode field optimization
strategy based on the optimized charge simulation method.
The strategy considers the potential distributions, which
cause the highst possible field stresa, in the optimization
strategy., By this means, subsequent electrode optimization
leads to the best utilization of the electric field
caused by a multi high voltage electrode system. The
strategy has been applicated to a capsulated single phase SF
circuil breaker containing a solid dielectric spacer. The
results illustrate the highly improvements in the dielectric
strength of the arrangement, which can be attained by this
field optimization strategy.
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