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Electrical Field Modelling at the Cable Joints

Nebojsa B. Ratevic

Abstract: There is a large nhumber of parameters that influence to the ofidlye
producing cable joints, and therefore the greatest atient paid on the electrical
field density shaping. This is done in order to efficientlyuee electrical field den-
sity, especially the tangential electrical field comporerhe insulator surface. The
described problem solving presents very important and déexnjask of high power
technology for producing power cables and correspondirgssories. Finite ele-
ments method, finite difference method, charge simulatiethod, boundary relax-
ation method or boundary elements method can be appliedafuie goints calcula-
tions, as well as equivalent electrodes method (EEM) [1TBE simplest calculation
can be carried out using equivalent electrodes method astatains very high accu-
racy of calculated values. Equivalent electrodes methaghjgied on non-modelled,
as well as on some geometrically modelled cable joints, whey are assumed as
deflectors of funnel form, which border lines can have aligitshape, the shape of
polynomial or exponential function, as well as the form gated as the combination
of the shapes mentioned above. The results for the disibwif the electrical po-
tential, radial and axial electrical field components arespnted in the paper. The
equipotential surfaces in the vicinity of cable joints alsbgresented.

Keywords: Equivalent electrodes method, Deflectors, Elliptical, yiRolmial or ex-
ponential function, Electrical potential and field distritons.

1 Introduction

Security of the electric power systems strongly dependsabiemetworks reliabil-
ity, involving the way of cable jointing and terminating [
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At the places of cable connecting, the exterior cover is radand the radial
character of electric field is disturbed. There is high istgnof axial electric field
at the end of the cable isolation [10-17].

There are many approaches for solving the problem of minirgizlectrical
field density at the places of power cable splicing. The mresjfently used method
for minimizing electrical field density in the vicinity of éhsharp end that is part
of the insulator screen, is based on the application of thadlilike, appropriately
modelled screen extension. This way of electrical field st known as geo-
metrical modelling.

Far away from the cable break, charge distribution at itsloators is uniform.
There is uniformly distributed positive charge at the ifgern, = ' /(2ma), and
negative charge at the exterior conductiy—= —q'/(2mb). If the distances between
contact places of the interior conductors={ 0) and area where the charge distri-
bution at the coaxial cables conductors can be assumed fasnrare different,
L1 # Lo, approximate expression for potential is:
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whereU is the voltage the coaxial cable is supplied by andz are cylindrical
coordinates and:

A% =r? + a? — 2arcosb'; (2)
B2 =r?+b?— 2brcosh’; (3)
f(u,v) =u+vV2+ 12 4)

InP, 0<r<a
I(r) = InF, a<r<b ()
0, r>hb.
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2 Outline of the Method

For electric fieldEg =U /a,
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the complete elliptic integral of the first kindy its squared modulus, and

!/
m(r,r’,zZ) =K2(r,r',2Z) = (r+r’)jir(z—z’)2’ 7)
axial component of electrical field is
Ezspipr: a ( K(Zmrbzl))  K(3mrazl))
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The charge distributions mentioned above do not coincida thie real ones,
on the places where cables are merged, because the boumdalifions are not
satisfied, so consequently the conductors are not of carstéential. Due to this,
additional expressions are superposed to the previous whese equivalent elec-
trodes are used as additional elements.

Toroidal electrodes are employed as equivalent electrddesng cross section
radii ag = L1/4N; andag = (L2 — z4) /4N,, and which medium lines are located
at the places

gﬁqm—n%; r=a; 9)

I
zbn:zd+(2n—1)§2; r=nh. (10)

3 Numerical Results

There are many means of modeling cable joints exterior cciodends. The best
results are obtained when shape of exterior conductorktfisl’ one of the equipo-
tential surfaces, although they cannot be presented &slyt using known math-
ematical functions. In order to provide simplicity in pragtog cable joints, geo-
metrical modeling is realizing by using some of known mathgaoal functions.
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Using the equivalent electrodes method it is possible terdehe potential
and electrical field distribution in arbitrary chosen paafitcable end region. The
calculation is done for cable joints having funnel shapeictvtaxial sections are
either polynomial or exponential functions and when thegat conductor end is
modeled by ellipse.

The equivalent electrodes, which replace various segneéiriterior conductor
ends, have toroidal shapes. Their cross sections radiiedegrdined as:

e The first step is to divide the curve modeling is done atNgsegments and
to connect these points;

e Equivalent radiusdy) is determined as the forth of smallest distance among
the points;

¢ Centers of the equivalent electrodes are placed on the medie ( = rpp,
Z = Zpn) among the points, but on the vary surface on the exteriodecior.

In order to determine unknown EE charges, the system offliagaations is
formed, using boundary condition that electrodes’ sudaare on the same poten-
tial. Afterwards, it is possible to determine all necesselactrical field parameters
using standard procedures.

3.1 Geometrically modelled cable joint by power or exponenl functions

The appearance of cable joint realized in this way is presemt Fig. 1.

Fig. 1. Geometrically modelled cable joint using power goamial) or exponential functions.

The parametric expressions of the power function used fds enodelling of
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the coaxial cable exterior conductors are:

2t) =2 —t(za—2), r(t)=b+t(ro—b), (11)
and parametric expressions for exponential function hagddrm:
ro 1-t
2t) =2+tz—2). 1t)=b(F) . (12)

wherek is the degree, andis parameter having value between 0 and 1.

Centers of toroidal equvalent electrodes, which replaats erf outer conduc-
tors, are:
rm=rtn); zn=2(tn), (13)
where
2n—-1

= . 14
= 14)

To illustrate EEM application for calculating the cablensi modelled in this
way, the joint having parametels= 3a, zy = 6a, ro =44, Zp = 3aandL; =L, =8a
is observed. Number of EE used for substituting interior ertirior conductors
are chosen to bN; = 40, N, = 20, N3 = 50, and polynomial degrde= 3.

The numerical solution of the cable joints has been obtaiyeeimploying the
algorithm described in the previous section. Table 1 shdwained convergence
of the results for electric field, normalized Ky, when the number of equivalent
electrodes and the length of a cable joint which is being reatby equivalent
electrodes, are used as parameters. An accurate detdomioathe fields in the
immediate neighborhood of the shield end has to take intowattche details of the
local geometry and is in general done using EEM. The eletdtfield is calculated
at the segments center, which is modeled by equivalentetis. In the case when
n; equivalent electrodes are placed on the cable ends it isnebtaan accurate
result at one decimal figure. Whemn, equivalent electrodes are placed on the
cable ends it is obtained an accurate result at two decimatefsy and similarly
whennin,...n are used the accuracy of the results aredscimal numbers.

The equipotential lines of observed cable joint are preskim Fig. 2 and Fig. 3.
It can be notice that the highest density of equipotentialeslis very close to outer
conductor, inside the cable joint. This is the region with #itrongest electrical
field strength. Outside the outer conductor, far away fromdhble break, there
is a region with zero potential. In this place equipotensiaifaces are changed.
Dielectric breakdown is energetic phenomenon, so thavitiig important to know
a surfaces shape with equal energy (equienergetic suyfaces

Equipotential lines of geometrically modelled cable jan¢ shown in the next
two figures (Fig. 4 and Fig. 5), for exponential function aratgmeters values:
b=3a,z4="6a rg=4a zp=3aandL; =L, = 8a.
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1 - Fig. 3. Equipotential lines of exactly de-

A fined potential, for geometrically shaped ca-
ble joint, when power function is used, for

Fig. 2. Equipotential lines of geometrically
modelled cable joint, when power function is Parameters valuesk = 3, b = 3a, 7y = 6a,
used, for parameters valuek:= 3, b=3a, fo=4az=3aandl;=L,=8a

Zg =6a, rg=4a, zp=3aandL; = L, = 8a.

Table 1. Electric fieldE/Ep, at outer conductor surface in pointstn), z(tn).

2(n+i)—1
th= N n=1 n=3 n=>5

i =45 0.637962 0.296344 0.272487
i =40 0.269218 0.268255 0.270089
i=35 0.271206 0.272982 0.273511
i =30 0.273167 0.271144 0.267335
i=25 0.264797 0.258593 0.251132
i=20 0.247035 0.238327 0.229222
i=15 0.224623 0.215512 0.206727
i=10 0.202523 0.194593 0.187404
i=5 0.184115 0.178176 0.17309
i=0 0.170843 0.166721 0.161189

3.2 Geometrically modelled cable joint using ellipse
The ellipse used for deflectors modelling is defined by exgioes:
Z(0) = Zc. — aposing;  r(8) =rc—bpocosh. (15)

The anglea is determined as
l'ker —To
a = arcco . 16
S( o b) (16)

For example, the cable joint having parametdrs; 3a, zy = 0.5a andL; =
L, = bais analysed.
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e 1 2 o 5 4 5 Fig. 5. Equipotential lines of exactly de-
fined potential, for geometrically shaped ca-
Fig. 4. Equipotential lines of geometrically ble joint, when exponential function is used,
modelled cable joint, when exponential func-for parameters valuesi = 3a, zy = 6a, ro =
tion is used, for parameters values:= 3a, 4a, zy=3aandL; =L, =8a.
Zq = 6a, rg =4a, zp = 3aandL; = L, = 8a.
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Fig. 6. Geometrically modelled cable joint using ellipse.

Distributions of the axial component of electrical fielddFB) and electrical
field intensity (Fig. 9) in axial direction are presented.

Axial cross-section of equipotential surfaces, for geaioally modelled cable
joint by using ellipse, with parameter values- 3a, zy = 7a, ro = 3.754, r, = 3.53,
Z, =4aandL; =L, = 8a, is shown in Fig. 7. Density of equipotential curves is less
then density at cable joints modeled with power or expoaéfinctions. Result of
this is better reduction of strong electrical field near thble break. For practical
applications when cable joints are geometrically modetedximal value of the
axial component of the electrical field is mostly considerBdie to these reasons
distribution of electrical fields axial component is likeofied.
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Fig. 7. Equipotential lines of geometrically modelled egjaint using
ellipse, for parameters valubes= 3a, zg = 7a, ro = 3.753, ry, = 3.5a,
Z =4aandL; =L, =8a.
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Fig. 8. Axial electrical field component
(Ez/Ep) in axial direction g/a), for different
radial coordinate values.

Fig. 9. Electrical field intensityE /Ep) in ax-
ial direction {/a), for different radial coordi-
nate values.

3.3 Geometrically modelled cable joint using ellipse and p@er function

The best results and the maximum reduced electrical fielslaained when cable
joints are modelled with both ellipse and power functionig (EO).

Radial and axial coordinates of ellipse’s center are detexcthby using condi-
tion of "flat contact” between ellipse and power function@be part of deflector. In
these points the first derivates of functions are the samgpéting this condition,
coordinates of center of ellipse are

Ze=20+ o ; (7
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Fig. 10. Geometrically modelled cable joint using ellipggdther with power function.

1 b2 1

rC:rO_ 7 Zﬂ 9 (18)
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where b
fo—

r'(ro,z0) = —k 19
(ro.20) — (19)

is the first derivate in "contact” points.
This part of deflector is modeled by toroidal equivalent etetes, placed in
points with coordinatespe = I (en) andzpen = Z(en), Where

a a—a

The cable joints, modelled in this way, with:= 3a, zy = 8a, ro = 44, Zp = 5a,
apo = 28, byo = a, a = 3m/4 andL, = L, = 9a, are observed. Polynomial degree
is k = 2. Calculated center has parameters= 4.6, z. = 6.6.

Electric field distribution on outer conductor is shown irbl&a2. Maximum
value of electric field intensity, in this caselis= 0.22578@&,. This value is about
tree times less then maximum value of electric field intgnattcable joint when
only power function is usede = 0.637962&,-in Table 1). Numerical evaluation
of the electric field in a cable joint is carried out by adogtenmodel based on the
electro-quasi-static approximation of Maxwell equations

Distributions of the axial component of electrical field adral direction (Fig.
11), and in axial direction (Fig. 12) are presented.

The equipotential lines of observed cable joint are showkign13.Axial cross-
section of equipotential surfaces is presented in the cdmawable joint is geo-
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Table 2. Electric fieldE/Eg,on outer conductor surface in point$8en), z(6Ben).

een:ao+(2(i+n)—1)&20d n=1 n=2 n=3 n=4
i=35 0.224139 0.115076 0.109933 0.106496
i=30 0.107376 0.109444 0.112112 0.115198
i=25 0.122152 0.125851 0.129610 0.133379
i=20 0.140825 0.144489 0.148141 0.151827
i=15 0.159559 0.163737 0.116317 0.131409
i=10 0.160278 0.173266 0.184897 0.195003
i=5 0.210443 0.215875 0.219938 0.222789
i=0 0.225540 0.225780 0.225520 0.224273

J
3 3.5 4 4.5 5 5.5 4 4.2 4.4 4.6 4.8 5 5.2 5.¢

Fig. 11. Axial electrical field component dis- Fig. 12. Axial electrical field component dis-
tribution (Ez/Ep) in radial direction (/a), for  tribution (E;/Ep) in axial direction ¢/a), for
different axial coordinate values. different radial coordinate values.

metrically modelled by using ellipse together with powendtion, for parameter
valuesb = 3a, zg = 8a, rg =4a, 70 =5a, a0 = 2a, bpo=a, a =31/4,L1 =L, =9a
andk = 2.
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Fig. 13. Equipotential lines of geometrically modelled leajwint using
ellipse together with power function, for parameters valle= 3a, zy = 8a,
ro=4a, 2o =5a, ago = 2a, bpo =a, a = 31/4,L1 = L, = 9aandk = 2.
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4 Conclusion

The above considerations are applicable to a wide class otldttrical devices
such as insulators, bushings, spacers, voltage dividele ezcessories (joints and
terminations), etc. Cable joints and terminations repretee weakest components
of a HV cable power line. The problem of electric field gradimgsuch com-
ponents, having both theoretical and technological inagilbms, can be framed in
the more general topic of field control in HV equipment. Thaagsyeometrically
modeled cable accessories for terminating and jointingpuarshielded power ca-
ble types has been well documented in the literature, buptblelem still remains
incompletely solved. Cable joints and terminations arepsspd to have small
dimensions and very good service characteristics. Thexenismber of joints de-
veloped in last few years. Cable failures still happen, iteua great economic
loss, mainly because of a cable joint breakdown. For thaorany improvement
in the cable joint construction is of interest.

Electric field of highest strength exists at cable end. Eeglis and cable pro-
ducers main aim is to reduce strong axial fields at the endsitefr @ables. It is
possible to fulfil it by applying geometrical modelling oftiia ends. For joint
modelling, the exponential function, power function, @, as well as the combi-
nation of the ellipse and power or exponential functionsused.

The calculation is carried out using equivalent electrotethod. The EEM
application advantage, compared to other methods, is luigracy, even when the
number of used EE is relatively small.

Equivalent electrodes are appointed at the end of coaxidé cavhere the edge
effect exists. At great distances from the joints, inside ¢able, it may be con-
sidered that the field is approximately homogeneous andhthege distribution is
continuous. It is possible to determine the potential aggsition of two com-
ponents: the first one originates from continuous distidsudf electrical charge,
and the second one from equivalent electrodes.
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