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THE ELECTRIC FIELD INTENSITY AMPLIFICATION INITIATED BY THE MICROPOINT
ON THE SURFACE OF PLANE-PARALLEL ELECTRODES

The research is devoted to the determination of local electric field intensity in the plane-parallel electrode system with the micropoints
on the electrodes’ surface. The study has revealed that the electric field intensity at the tops of the Gaussian micropoints on the metal
electrodes surface exceeds the average electric field intensity between the plane-parallel electrodes no more than 10-20 times. To
consider the real pattern of the electric field in a polymer dielectric it is necessary to take into account not only its distortion by asper-
ities on the surface of the electrodes, but also the result of injection of charge carriers into local states - space charges’ accumulation.
New approach to the determination of electric field pattern between plane-parallel electrodes with micropoints enable the exact solu-
tion’s finding. Thorough knowledge of processes occurring in the insulation of high voltage equipment clears the way to the equip-
ment’s quality and reliability increasing.
Keywords: electric field distortion; point; plane-parallel electrodes, local intensity.

A.IIl. MAJTFIOIIIEBCBhKA

3BLIBIIEHHS HATIPYKEHOCTI EJEKTPUYHOI'O IOJIA, IHIIIHOBAHE MIKPOBICTPSIM
HA ITOBEPXHI IIVIOCKOIMAPAJIEJIBHUX EJIEKTPOJIIB

JlocnizkeHHs TIPUCBAYCHO BU3HAUCHHIO JIOKAIBHOI HAIPY)KEHOCTI €JIEKTPUYHOrO MOJI B IUIACKO-TIAPANSIIBHUX EIEKTPOIHHUX CHC-
TeMax 3 MIKpPOBICTPSAMHU Ha IOBEPXHi eneKkTpoiB. JloCHimKeHHsS NOKa3aid, 0 HAMPY)KEHICTh SNEKTPUYHOrO IOJIs IPH BEpIIHHAX
MiKkpoBicTpiB ['aycoBoi ¢opMu Ha MOBEPXHI METANIEBUX ENEKTPOIIB MEPEBHILYE CEPEAHIO HANPYKECHICTD SIEKTPUIHOTO MO B Jlie-
JeKTpUKY He Oinmbine Hik B 10 — 20 pasis. BcraHoBneHO, M0 A BU3HAYCHHS PEATBHOTO PO3MOALUTY €NEeKTPHYHOTO MOJS B HOTIMEp-
HOMY JAi€JICKTPHUKY HEOOXiJHO BPaxOBYyBaTH HE TIIBKU CIIOTBOPEHHS, IO IX BHOCATH BUCTYIIM Ha IIOBEPXHI EJICKTPOJIB, aje i pe3yib-
TaTH IHKEKIii HOCITB 3aps/iB 3 €NEKTPOJIiB Ha JIOKAIBHI CTAaHU B MOJTIMEPHHUX MOJIEKyJlaX — HAaKOIMHUIyBaHHS 00’ eMHHX 3apsiniB. Ho-
BUH MiJXiX 1O BU3HAYEHHS PO3MOALTY €JISKTPUYHOIO OIS B INIACKO-TIAPANICNIBHUAX €JIEKTPOIHUX CHUCTEMaX 3 MIKPOBICTPSIMH Ha IO-
BEPXHI €IEKTPOAIB J03BOJIMB OTPUMATH TOYHE PillIeHHs 11t GOPMU BiCTps, sIKa HAHOLIbII GJIM3bKa 10 (OPMH pealbHUX BUCTYIIIB.
Ku11040Bi c/10Ba: CIOTBOPEHHS €IEKTPUYHOTO I10JIS; BICTPS; IUIACKO-TIApasieNbHi eIeKTPOJIH; JIOKaJIbHA HAIIPYKEHICTb.

Al MAJTIOLLIEBCKAA

YBEJINWYEHUE HANIPAKEHHOCTHU SJIEKTPUYECKOTI'O ITIOJIA, UTHUIITUNPOBAHHOE
MHUKPOOCTPUEM HA NOBEPXHOCTH IVIOCKOIAPAJIJIEJIBHBIX 9JIEKTPO0OB

HccnenoBaHue OCBAIIEHO OIPEETISHHIO JTOKaIbHON HAPSHKEHHOCTH 3IEKTPHYECKOTr0 TOJIS B IIOCKO-MapajlIeIbHBIX JIEKTPOIHBIX
CHCTEMaX C MUKPOOCTPHSIMH HA TIOBEPXHOCTH JIEKTPOI0B. [IpoBeieHHbIE HCCIIe0BaHus TOKA3aIld, YTO HANPSKEHHOCTD JJIEKTpHYe-
CKOT'O TIOJISl Y BEPIINH MUKPOOCTPHI rayccoBoi ()OPMBI Ha MOBEPXHOCTH METAJUIMYECKUX JJIEKTPOIOB IPEBBIIACT CPEIHIO0 HAIps-
KEHHOCTb TOJIA MEXIY IJIOCKOIapaieabHbIMU IeKkTponamu He Ooinee yeM B 10-20 pas. [lyis paccMOTpeHHs peaabHOM KapTHHBI
pacrpezeneHus SIEKTPUYECKOro 10 B MOJIUMEPHOM JMAIEKTPUKE HEOOXOJMMO YUUTHIBATH HE TOJIBKO €r0 MCKAXKEHUE BHICTYNAaMH
Ha HOBEPXHOCTH 3JICKTPO/IOB, HO M PE3YJIbTAT HHXXEKLMU HOCHTEJIE! 3aps/I0B Ha JIOKAIBHBIC COCTOSHHMS B IOJIMMEPHBIX MOJIEKYJIaX —
HaKOIUICHHE 00BEMHBIX 3apsioB. HOBBIH MOAXOM K ONPEACICHHUIO PACIPEACNICHHs dJIEKTPHYECKOro MOJI B IUIOCKO-NapalIeNbHBIX
ANIEKTPOIHBIX CHCTEMAaX C MUKPOOCTPHSIMH Ha MOBEPXHOCTH 3JIEKTPOJIOB ITO3BOJIMII HOJYYUTh TOYHOE PEIIeHHe I (POPMBI OCTPHS,
HanboJee OJM3KOM K peaTbHOM.

KnroueBble ciioBa: HMCKaKEHHE DJIEKTPUYECKOTO IOJS; OCTPHE; IUIOCKO-TIapaJUICNbHBIC JJIEKTPOBL; JIOKaJbHas HAIpPsDKECH-
HOCTB.

Introduction. The development of power engineer-
ing, automatization of production processes and the elec-
tric energy usage area expansion pose to the developers of
electrical insulation the task of reliability increasing at the
early design stage. The demands to the new electrical ma-
terials application and the tightening of the requirements
for the reliability of electrical equipment increase the im-
portance of the insulation life-time prediction and its trou-
ble-free operation probability forecasting. Capacitor-
building is an important branch of electrical engineering
that meets the growing needs of the energy complex. The
development of capacitor-building poses ever rising re-

quirements for the reliability and durability of polymer
insulation, as it is often operated under rather severe con-
ditions. For example, in pulse capacitors of electric stor-
age power plants the operating electric field intensity in
the dielectric between capacitor plates runs up to 100-200
MV/m (provided that capacitor life-time is limited).

Analysis of last researchers. The electric field in-
tensity is the main factor determining the specific charac-
teristics, materials consumption and reliability (in particu-
larly the resource) of the capacitor [1]. For power (includ-
ing high-voltage pulse) capacitors an assortment of elec-
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trotechnical materials, used in the isolation constructions,
is very narrow. These are special condenser paper and thin
(10-20 pm) synthetic polymer films, as well as liquid elec-
troinsulating materials that fill pores and gaps between
layers of insulation. High-voltage capacitor electrodes are
usually an aluminium foil or an aluminium layer, applied
to a capacitor film (paper) [2]. Ceteris paribus, the foil
design has better thermal characteristics, this is very im-
portant condition for high-voltage pulse capacitors, as
their operation implies the large discharge currents’ flow.
Metallized capacitor plates allow to use the self-healing
effect of the capacity, this effect significantly increases the
service life of the products [3]. It is assumed during ca-
pacitors design planning (excepting specially specified
cases of segmented metallized plates), that the plate’s ma-
terial is homogeneous and have the equal thickness. The
average electric field intensity in the dielectric between
plates is normally defined as the ratio of the applied volt-
age to the distance between the plates. However, there are
unremovable asperities and points on the real electrodes’
surface and such objects distort the electric field pattern in
the dielectric. Even when the aluminium layer is deposited
on an optically smooth glass, the images obtained with the
atomic-force microscope indicate the presence of a huge
number of micropoints of various shapes and sizes. Their
height can reach 0,1 um, and the ratio of the height to the
basis’ width varies from 1 to 10. Thus, the distortion of
the electric field pattern by micropoints in the capacitor
dielectric is unavoidable at this stage of electrotechnical
materials’ development and subject to intensive study.
The plates’ thickness and their displacement’s influence
on the electric field pattern, the field distortion by current
outlets and by heterogeneities in the structure of the di-
electric components, the electric field intensity near the
electrode plate’s edge are studied in depth, meanwhile the
electric field intensity at the top of the micropoint and the
size of the region, where the field distortions reach the
highest values, have not yet been studied.

There are several works in which the intensity of in-
homogeneous electric fields in various two-electrode sys-
tems was estimated. In the needle-plane electrode system,
the field amplification (in comparison with the average
electric field intensity) can be quite significant. At the
same time, the electric field amplification factor ¢ (in
other words the coefficient of electrical overvoltage)
strongly depends on the shape of the needle [4]. Often the
coefficient of electrical overvoltage at the top of point is
assumed to be approximately equal to the ratio //r, where
h is the height of the point, and r is its radius. For the cy-
lindrical point with a hemispherical top more exact ex-
pression was obtained: ¢ =1,2(h/r +2,15) [5], though

earlier it was assumed that in these conditions
q =h/r+2[6]. The mutual influence of closely located

surface asperities on a local electric field can be taken into
account using the expression:
12,328

Ga=q(l-e " ), (1
where Sis the distance between the asperities [5].

Inhomogeneous electric field between two plane-
parallel electrodes with semi-ellipsoidal asperity on the

surface of one of electrodes was considered in [6]. An
expression was obtained for describing the field change
endwise the axis of the ellipsoid, as one moved away from
its top:

BAX.EH, @)
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p

herein Ax is the distance from the top of the asperity,
y = (arth(c/h)—c/h)™", where ¢ is a half of the distance

between focuses of the ellipse. When the ratio A/r is not
too large, the value of y is approximately equal to one and
qg=1+hr.

q(Ax) =

Formulation of the work purpose. The aim of the
research is a deep understanding of the physical processes,
upcoming in polymers under the influence of strong elec-
tric fields, and finding the limits of the micropoints’ influ-
ence on the electric field pattern in the dielectric between
plane-parallel electrodes.

Expounding the main material and results analy-
sis. The existence of regions where the electric field inten-
sity is much higher than the mean value in polymers has
been confirmed experimentally. Increasing of the hyper-
fine splitting constant in the electron paramagnetic reso-
nance spectra of stable nitroxide radicals (introduced into
the polyethylene film by diffusion) has been revealed in
[7] when the 1-10° V/m electric field was applied to poly-
mer film. To ensure the experimentally observed shift of
this constant, the component of the field intensity by the
N — O bond should reach (3-4) - 10° V/m. In this case most
likely reason for the appearance of regions with height-
ened intensity of electric field is the presence of micro-
points on the surface of the electrodes. The electric field
amplification factor (the electric overvoltage coefficient)
can be evaluated by the ratio of the electric field intensity
at a given point of the interelectrode space to the average
electric field intensity in the dielectric. The electric field
amplification factor depends strongly on the shape of the
points on the electrodes’ surface [8, 9]. It should also be
noted, that whereas the distance between the electrodes
decreases, the electric field amplification factor increases.
This circumstance should be taken into account in the
course of the properties’ of thin polymer insulating films
considering. Nevertheless, as shown in [10], with a ratio
of the distance between the planar electrodes to the height
of the point equal to two, the increasing of the electric
field amplification factor count only 10 % versus the case
when this ratio is by order of magnitude greater.

The field distribution in the plane-parallel electrode
system has been reviewed. It was supposed, that one of
plane electrode has an axisymmetric protrusion (micro-
point) on its surface, the shape of point was determined by
x2+y?
pB>

the Gaussian function: z = Be [ ], B and B are the
distribution parameters. This function completly describes
the geometry of the real protrusions on the electrodes and
allows to vary the shape of the micropoint in a wide range.
The electrical potential of the plane, containing the micro-
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point, has been varied during calculations, and the poten-
tial of the opposite electrode was always set to be zero.

The following parameters were selected in the calcu-
lations:

— distance between plane electrodes — 1000 nm;

— micropoint’s height (B) — 250 nm;

— parameter B — varied from 0,0001 to 0,5, as this pa-
rameter increases, the micropoint becomes flater.

Numerical simulation method, well-known as finite
element method (FEM) was used to calculate the distribu-
tion of the electric field. According to the FEM the region
where the distribution of the electric potential was defined
was divided into triangular subregions. Within each trian-
gular element the potential distribution was assumed to be
linear. Knowing the potential at the vertexes of a triangle,
one can calculate it at any point inside. Thus, the problem
of the potential distribution turns to a system of linear
algebraic equations solving. The number of equations in
system corresponds to the number of triangular elements.
Solving this system enable the potential at the vertexes of
all triangles definition, then the true solution is replaced
by a piecewise-planar function, and the smooth surface of
the real potential distribution is replaced by the polyhedral
approximation surface. Taking into account the axial
symmetry of the problem, it can be reduced to a two-
dimensional one and limited by the first quadrant of the
axial section of the plane point, for example, ZX.

Triangulation of the solution search area was carried
out in the following way:

— 25 lines parallel to the axis of symmetry of the
point were drawn so that the first line coincided with the
axis of symmetry of the micropoint (the Z axis), and the
subsequent lines were positioned with an interval, increas-
ing as the distance from the axis of symmetry rises;

— between parallel planes 90 Gaussian curves were
drawn, these curves were determined by the expression

]
z=e \P 5 , the parameter P was varied in such way as to
ensure a smooth change in the shape of the curve from the
"needle" to the "plane". Points of intersection of Gaussian
curves with vertical lines determined the location of the
vertexes under triangulation.

The electric field intensity at the point with the (x,z)
coordinates was determined in the following way. First the
potentials at three points: U(x,z), U(x + Ax, z), U(x, z + Az)
were calculated, then the components of the intensity E,

and E, according to the expressions
E = (U(xsz)_U(x+Ava)) E = (U(x,z)—U(x,z+Az))
X Ax > z AZ

were defined, and finally the scalar of the electric field
intensity vector was determined: E(x,z) = Ef +E 22 .

It should be noted that at each node the function that
determines the field intensity undergoes a discontinuity,
since the right- and left-side derivatives are different. This
difference decreases if the density of the grid rises.

Fig. 1 shows the distribution of the electric field
along the axis of symmetry of the micropoint as observer
moves away from the top (the origin of the X-axis is coin-
cidal to the top of the micropoint). Calculations were car-

ried out for three micropoints: B=5-10" (curve 1),
B =510 (curve 2) and p = 0,15 (curve 3), U= 500 V.

It’s easy to see that increasing of B leads to the more
homogeneous fields’ formation and to the electric field
amplification factor’s diminution.
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Figure 1 — Distribution of the electric field along the axis of
symmetry of the micropoint depending on the distance from the
top for U=500V (I —p=510"*2-p=510>3-p=0,15)

It is significant that regardless of the B the region
where ¢ is much greater than unity do not exceed half the
height of the point. Exactly such region (where g >> 1)

suppose the one where local amplification of the electric
field is observed.
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Figure 2 — Dependence of the field amplification factor at the tip
of the Gaussian micropoint on the § — parameter

Such a result agrees with the conclusions of [10]. It
is noted therein that for single asperity the field distortion
region is commensurable with the height of the point, thus
the received results can be considered as reliable. It is
significant that for p = 5-10™* when the ¢ near the top of
micropoint comes to 11, the width of the point at its half-
height (125 nm) is only 10 nm, and the radius by which
the top can be approximated does not exceed 1 nm. It
should be noted that the evaluation of the electric field
intensity amplification at the top of similar point accord-
ing to the technique proposed in [6] gives a value of 100.
However, in [6] the projection of the ellipsoidal shape is con-
sidered and the domain of reliable solutions’ existence is
strictly limited by the ratio of the height and the radius of
curvature of the projection. The methodology proposed in
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this paper implies a more reliable description of the projec-
tion shape and simulation results are more appropriate.

Fig. 2 illustrates the electric field amplification factor
— parameter  dependence.

The findings enable the estimation of the g near the
top of any asperity. The magnitude ¢ for p<1-10* were
obtained by approximating the results of calculations for
larger magnitudes of the parameter. For example, for
B =5-10" the width of the point at the half-height level is
only 1 nm, but the electric field amplification factor does
not exceed 20.

Conclusions. The theoretical studies have revealed
that the electric field intensity at the tops of the Gaussian
micropoints on the metal electrodes surface exceeds the
average electric field intensity between the plane-parallel
electrodes no more than 10-20 times. To consider the real
pattern of the electric field in a polymer dielectric it is
necessary to take into account not only its distortion by
asperities on the surface of the electrodes, but also the
result of injection of charge carriers into local states -
space charges’ accumulation.
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