Electric Field Calculations with the
Boundary Element Method

ABSTRACT

The boundary element method is used to calculate the electric field profiles at needle tips
commonly used for electrical treeing tests. Field distributions are also obtained for polyethylene
containing a space charge, at the needle tip, and are compared with the values previously
obtained by the finite difference method.
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ABSTRACT

The boundary element method is used to calculate the elec-
tric field profiles at needle tips commonly used for electrical
treeing tests. Field distributions are also obtained for poly-
ethylene containing a space charge, at the needle tip, and are
compared with the values previously obtained by the finite dif-

ference method.

THE life of an electrical power device, such as a HV
transformer, cable or capacitor, usually depends on
the operating state of its electrical insulation. The use of
polymeric insulating materials in power cables and capac-
itors has been widespread. Although these materials have
excellent short-term mechanical and dielectric properties,
they are susceptible to long-term degradation produced
by the action of electric stress. Under normal operating
conditions impurities, contaminants or defects acciden-
tally introduced into the polymeric insulation during the
synthesis or manufacturing process, can act as points of
electric stress enhancement at which the degradation can
initiate.

In order to simulate such points of electrical stress en-
hancement, in most experimental studies, sharp needles
are inserted into the polymeric insulation to form needie-
plane or needle-needle geometries. The electric fields at
such points are usually estimated by equations which do
not take into account the permittivity of the insulating
material or the space charge effect. It is extremely im-

portant to know the values of the local electric fields in
the polymeric insulation because they could exceed s cer-
tain threshold level above which deterioration processes
can initiate [1}. This would ultimately cause the failure
of the HV device.

In the past, several methods such as finite difference,
finite element, boundary element, boundary integration
and charge simulation have been used for solving elec-
tric field distributions [2]. The finite difference and finite
element methods seek a direct approach for solving the
governing differential equation of the potential.

In the finite difference method, the differential oper-
ator is separated by utilizing a truncated Taylor series
expansion in each coordinate direction and then applied
at each point of a rectilinear grid placed on the region
under consideration. The method usually involves an it-
erative process and the main disadvantages are the crude
modeling of the sample geometry and large number of
unknowns, especially for open-field problems.
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The fnite slement methed wsea a variational technique
in which the polential is approzimaled by a sequence of
functions defined over the entire damain of the defined
geomelry. By minimizing & function that is proportional
to the enecgy of the system, these approzimations are
related to an operator equation which yields the values of
the salution at the nodes.

Im many practical applications, calculation of the po-
tential by interpolation and of ite derivatives through dif-
ferentiation, the derivative has discontinuities in the ge-
ametrical model. Moreaver, it is not possible to model
infinitely extending regions. These problems constitule
the major shortcomings of the finite element method,

Both methods have been reaearched extensively [3] but
require large amounts of input data and expensive com-
puter hardware. An aliernative approach bto the solution
of the boundary value problem ia the boundary elerment
method which is based on a formulation of the boundary
integral equation [4].

Thia method does nol seek a direct solution of the po-
tential, [nstead, an equivalent source which would suatain
the fizld in found by forcing it to satisfy a prescribed set
of boundary conditions, under a so-called Green's func-
tion., ‘This function relates the location and effect of the
source ko any point on the boundary and eliminates the
ne=d [or a finite elemenl mesh or a fnite difference grid.

The equivalent sacurce usually is located on the bound-
arica and interfaces of the different media, and once the
source is determined the potential or its derivatives can
be calculated at any point. Parameters, such as capaci-
tance and inductance, can be abtained.

The main advantages of the boundary element method
avef the direct approach are the elimination of differen-
tiation and interpolation to calculate the potential or its
derivatives and a more accurate modeling of the particu-
lar geometry [5].

In the present work eleckric feld profiles are calculated
by the boundary element method for needle tips embed-
ded in polyethylene. Field disteibutions are obtained alss
for polyethylene containing a apace charge at the needle
tip, and are compared with the values previcusly obiained
by the finite difference method.

The dimensicns of the needle-plane geometry used in
this work are shown in Figure 1. A needle was held in
air ar embedded in a slab of polyethylens (£ = 2.3) such
thal the needl= tip was 10 mm from a ciceular metal plate
having & radius of 50 mm. The plate and needle were at
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Figure 1.
[imensions of the needle-plane geometry.

ground potential and 10 kV, reapectively. The eleciric
fizld was calculated with the boundary element meth-
od by using a commercially available software package
‘Coulomb® on a PO 488, operating at 66 MHz, with a 8
MB RAM. A wypical caleulalion for the eleciric field pro-
file at the tip reqguired ~ 1 h, but the times increased to
0 h for caleculations which invalved space 1:h;u'g¢ diatri-
bution o the salid dielectric.

Figl.rrl 2.

Electric field prafile for 1 5 pm necdle tip embed-
ded in polyethylene

The contour plot of the calculated electrie field for a
5 pm needle tip ernbedded in polyethylene is ahown n
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Figure 2, for a plane through the z-axis. The different
shades of grey indicate the magnitude of the highly di-
vergent electric field. Similar results were obtained for the
needle held in air except, as expected, the electric field
values were larger than in the dielectric. The equipoten-
tial line and voltage at any point could also be obtained.

b b
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Figure 3.
Electric field ms & function of the distance from
the needle tip.

The electric field values, for & 5 pm needle held in aic
and in polyethylene, as a function of the distance along
the z-axis are shown in Figure 3. The components [ Eg,
Ey, E;) of the electric field could also be oblained for any
point. The dotted curve in this Figure is the eslimated
value of the electric field abtained from the equation

2V

I+ 3¢ = €5/ d]In[1 + 3d/7] (1}

E(£) =

where V= 10 kV is the voltage applied to a nee.
dle represented by a hyperboloid projecting towards the
plane elecirods, » = 5 pm is the radius of the needle tip,
d = 10 mm 13 the distance of the tip from the botiom
surface and £ 12 the distance from the needle tip alung
the z-axis.

Hamji et al.: Electrie Field Caleculations

Equation (1) waa derived [tom an equation given by
Masan [8] for a conducting hyperboloid held at a distance
d from a grounded plane electrode. At the needle tip
£ =0, so BEquation (1) becomes

2V

Ern.:.: _— -
rin [l 4 4d/ 7|

(2)

Equation (2] i1 commonly used in the literature lor
extimating the electric field at a nesdle tip [7-9].
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Figure 4.

Hatio & of the elecirc field values sbtained [ram
Equation (1) to those calculated by the boundary
element method.

The graphs of Figure 3 show that, for distanpces <
B0 pm from the needle tip, the valuea of the electric feld
in air obtained from Equation (1) are larger than those
calculated by the boundary element method, The ratio
k of the electric field values oblained from Equation (1)
to those calculated by the boundary element method is
given in Figure 4. The graphs show that as the radius of
the needle Lip decreases, the ratio increases i.e. the differ.
ence belween the fizld values estimated by Equation (1)
and caleulated by the boundary element methoed becomes
larger.

For electrical treeing tests, ac voltage is usually applied
bt a needle tip embedded in the dielectric, Positive and
negative charges can be injected into the material du ring
the positive and negative half cycles of the ac voltage
[1]. Some of these charges will be trapped in the warious
trapping levels of the dielectric to form a apace charge
al the needle tip. Because of the apace t.'-h-iT!.t effect, the
actiual value of the local electric stress at the needle could
be higher of lower than the estimated value.
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Figure 5.
Eleckric field aa a function of the distance from

the nesdle tip, obtained from the finite element
methed [10].

The finite difference method was used in the past to
calculate electric field profiles at & 3 ym needle tip held at
40 kV and embedded in a slab of polyethylene containing
& apace charge [10]. The needle tip was held 10 mm from
the bottom surface of the polymer which was at ground
potential. To simplify the calculation, the space charge
was sssumed Lo be confined to a cylindrical region around
the rotational axis of the needle and was supposed to be
uniformly distributed in a cylindrical volume having a
radius of 10 pm and a length of 10 pm. The electric field
profiles along the z-axis obtained by the finite element
method [10], for two different space charge distributions
are shown in Figure 5.

The software for the boundary element method, vsed
in the present study, did not have an option for a vol-
ume charge dennity in the dielectric. Howewver, it could
accepl a surface charge density; hence, the cylindrical
space charge region, 10 pm in length, was assumed to be
made of very thin disks stacked one over the other and
the relevant surface charge wan applied to each disk, The
electrie field profiles along the z-axis calculated by this
method for two different space charge distributions are
shown in Figure 6.

The graphs in Figures 5 and & show that the electric
field at the needle tip decreases as the apace charge den-
ity increases and has a maximum value at the edge of
the space change region. For zero space charge, the val.
ues of the electric field previously obtained by the finite
element method were larger than those calculated by the
boundary element methed.

Distance From Needle Tip (um)

Figure &.

Electric field na & fumction of the distance from the
needle kip, calcolated with the bowsndary element
method.

Alao, according to the finite element method [Figure 5)
a space charge density of 3.87Tx10-% Cfem® was required
to reduce the electric ficld al the needle I:.'i]: to sero. How-
ever, according to the boundary element method |Fig.
ure G}, a space charge density of 2.27x10~* C/cm® was
sufficient to produce the same effect,

In summary, the boundary element method was used
to calculate the electric field profiles at needle tipa com-
monly used for electrical treeing teats. [t is shown that
the boundary element method can account for the pres-
ence of the dielectric while Mason's equation [Equation
(1)] cannot. The difference between the feld values ob-
tained from the boundary element method and Mason's
equation becomes aignificant for Up radii < 10 pm.

Space charge can enhance or reduce the electric feld
close Lo the needle tip depending on the nature of the ap-
plied voltage. However, the electric field profiles obtained
by various methods are highly dependent on the element
structure used. Hence, different software packages could
vield different results.
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