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NUMERICAL STUDY OF ELECTRIC FIELD DISTRIBUTION
IN HIGH-VOLTAGE CABLE TERMINATION WITH STRESS CONTROL CONE
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The electric field distribution in the vicinity of stress cone of high-voltage XLPE insulated cable termination (110 kV) is
studied by computer modeling. The dependence of cable insulation conductivity on electric intensity and the different
cone positions relative to the cutting ends of the cable outer semiconducting layer and copper wire shield are taken into
account. The stress control cone is considered both in the form of only cone reflector and as a complete stress cone with
insulation body. The peculiarities of field distribution depending on the cone shape and surface roughness are analyzed.
The attained results are of interest for designing and improvement of up-to-date high- and extra- high-voltage cable
terminations. References 13, figures 5, table 1.
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Introduction. The end terminations are an important part of power cable systems. Their enough
complex construction includes insulation, cable components, in particular the cable insulation and shield
cut-back. The terminations are based on the field control within the inner and ambient space. The reduction
in electric field nonuniformity inside high-voltage cable terminations is realized, as a general rule, by stress
control cone. The stress cone prevents the insulation failure in the termination of a shielded cable caused
by high concentration of electric flux and high potential gradient. The stress cone is a two-component ele-
ment that consists of cone reflector placed into insulating material of insulation body (fig. 1).

The modern high- and extra- high-voltage

(HV/EHV) cable terminations serve to ensure high reliabil-

ity operation of cable lines. This depends on cable termina-

C—— tion construction, used insulating materials, stress control
insulation methods as well as mounting practice.

The major developments in construction of

™~ HV/EHV cable terminations are presented in table [8]. The

elastomers (rubbers), used as field grading materials, pos-

sess the adequate both mechanical properties (invariable
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voltage) [9]. The insulation of cable terminations of the last

| generation and their stress cones are made with silicone

0" materials having all required service properties [12]: high
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contaminations, chemical stability, elasticity.
At the same time, the test findings of paper
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ness and micro-sized defects in the form of protrusions (1-10 pm in height) at stress cone surface lead to the
increase of electric intensity (100 times greater at the tops of the micro-protrusions) and discharge initiation.

The stress control means in cable terminations are made with materials characterized by different
electric properties (dielectric permittivity, dielectric loss factor, conductivity) and by their dependence on
electric intensity and temperature [4, 5, 9].

The purpose of the present work is to study the electric field distribution inside the high-voltage ca-
ble termination with stress cone depending on the cone shape, surface roughness, position of stress cone rela-
tive to cutting points of cable components and also on cone structure (cone with and without insulation
body). The termination of single conductor 110 kV XLPE insulated power cable is considered. The stress
cone and termination insulation are made with silicone. The computer modeling is carried out by finite-
element method in professional code Comsol [3]. The dependence of cable insulation conductivity on elec-
tric intensity is taken into account.

The preliminary examination of electric filed in medium-voltage cable termination with stress con-
trol tube is implemented in [10].

Model for computations. The following assumptions and statements are taken in the model:

— the model is presented as two-dimensional and axially symmetric one (in cylindrical coordinates
rOz in fig. 1) because the cable termination is symmetric about an axis Oz;

— the electric field varies slowly with time; the problem is stated in quasi-static approximation at fre-
quency =50 Hz;

— the environment for the end cable termination is the surrounding air;

— the cable components such as copper shield, primary polyethylene insulation, its inner and outer
semiconducting layers are considered;

— the insulation materials of the cable and termination are isotropic; they are characterized by their
invariable values of dielectric permittivity; the cable insulation conductivity depends on electric intensity and,
in the general case, is a function of temperature [11].

The following laws and relations in terms of complex vector quantities are used to derive the equa-
tion for electric potential:

— Gauss' law in the differential form

V-D=p making an assumption that p=0;
— the constitutive relation D = gogE =-5,6V@  using the relationship between electric field and

potential: E=-V¢;
— Ohm's law J =cE;

— the continuity equation V J , =0, where J = oE + i a)gogE .
Here D is the electric displacement vector; p is the electric charge density or charge per unit volume
(V-D=0 when p=0); g, =8.,85- 1072 F/m is the free-space permittivity; & is the relative permittivity of
the material; J is the conduction current density vector; J , 1s the total current density; o is the electrical
conductivity of the material; E is the electric field; ¢ is the electric potential; @ =27 f is the angular fre-
quency; j is the unit imaginary number.

Hence the governing equation for electric potential is

-V [(6Vo+ joc,cVep]=0. )
This equation is written for complex quantities — electric potential ¢ and permittivity £ in conse-

quence of time-harmonic electric field.
The next boundary conditions are defined. The phase voltage U (¢ =U ) is set on the cable conduc-

tor boundaries; the condition ¢ =0 is specified on the boundaries of cable shield; the continuity condition is

prescribed on the inner interfaces; the outer boundaries of the computational region (see fig. 1) excepting ax-
ial symmetry are assumed as electric insulation boundaries.

The differential equation (1) with the boundary conditions formulates the boundary value problem
for electric potential solved numerically in Comsol. The electric intensity is determined from solution of the

problem by expression: E=-V¢.
The effective conductivity of polyethylene insulation is expressed as [11]
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where g, =-1,602:10" C is the charge of the electron; kg = 1,381:10% J/K is the Boltzmann constant;
a=3,2781 and b =2,7756 are the constants found by experiment; 4 =0,56 eV is the activation energy; T

o=0(E[,T)=a-exp(-

, 2

is the temperature chosen to be equal to 20°C.
The effective insulation conductivity is introduced under condition that the harmonic component of
current density at 50 Hz frequency is related to the sinusoidal component of electric potential by expression:

J= o(| E |)E . Then equation (1) defines, as a first approximation, the fundamental harmonic of the potential

in a dielectric with nonlinear properties. In fact the non-sinusoidal variations of electric potential and current
density are replaced by equivalent sinusoids. The analogous approach is used in [13] for calculation of
nonlinear circuits, in particular for the analysis of ferroresonance when the consideration of the non-
sinusoidal current, voltage and magnetic flux presents substantial difficulties.

Computer simulations. The computer modeling is performed for end termination of 110 kV XLPE
insulated power cable having conductor cross-section area of 500 mm”* (conductor diameter of 26 mm), insu-
lation thickness of 16 mm, 35 mm” cross section area of copper wire shield (shield thickness of 4 mm).

The components of cable and termination have the properties given in paper [10]. The conductivity
of stress cone is equal to o=2-10"* S/m; the permittivity of stress cone is & = 2,5. The cone insulation is
characterized by electric parameters: o =0; & =22.

Without any additional field grading means, the regions near the edges of cable elements are the
weak areas with the dense concentration and high magnitudes of electric intensity. In this connection, the dif-
ferent positions of stress cone relative to the cutting ends of the cable outer semiconducting layer and copper
wire shield are considered and illustrated in fig. 2.

The fragment of the high-voltage cable termination under study is shown on the left-hand side of
fig. 2. The configuration of equipotential lines, the electric field distribution shown in color near the stress
cone and also the variation of electric field along the outer boundary of cable insulation (plots on right-hand
side) are given for two variants: when the stress cone is placed above the cutting end of copper shield and
envelops the cutting point of semiconducting layer (fig. 2, @) and when the cone is arranged above the layer
and the shield (fig. 2, b). As shown, the abrupt change of electric intensity at the ends of copper shield and
semiconducting layer takes place for the last variant. Note that the values of ratio || /U corresponding to
displayed equipotential lines are indicated in the centre of fig. 2.

As a result, the data of fig. 2 reveal that the stress cone must be installed correctly and cover the cut-
ting ends of cable copper shield and outer semiconducting layer of cable insulation to avoid high stress area
inside termination, to prevent discharge initiation and to protect cable insulation against accelerated ageing.
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The correlation between stress cone shape and electric field distribution near the cone and cable sur-
face is studied. The two cones with the different rounding radii and shapes: rounded cone (fig. 3, @) and
sharper cone (fig. 3, b) are examined. Fig. 3 shows the electric field distribution (in color and by arrows)
with maximum electric intensity | E lmax O the outer surface of cable insulation (left-side patterns). The la-

bels of a number of sections on the cone surface are given in the centre of fig. 3. Here the ends of the sec-
tions are marked by arrows; the cone boundary consists of the displayed sections-segments of polygonal line.

The variations of electric intensity along the cone border lines with indicated 9 and 6 sections for two
different-shaped stress cones are plotted in fig. 3 on the right hand side. As seen, the largest value of electric

intensity on the outer boundary of cable insulation is higher for sharper cone and equal to |E lmax =
=6.3 kV/mm (fig. 3, b).

The roughness of stress cone surface leads to the increase of electric intensity and in accordance with
data of paper [7] causes the initiation and propagation of discharges. The maximum value of electric inten-
sity (~ 5.0 kV/mm) takes place at the top of sharp stress cone (fig. 3, b on the right).

The comparative results for two variants of stress cone are depicted in fig. 4, @ and b, respectively for
cone in the form of only reflector and for stress cone with insulation. Here the electric field distributions (in
color and by arrows) near the stress cones and the values of electric intensity at the tops of the cones are pre-
sented for the two variants under consideration. As it can be seen in fig. 4, the electric field intensity is re-
duced almost 2.7 times when using the stress cone with insulation body.

Fig. 5 gives the change of electric intensity |E| along the outer surface of cable insulation for two
types of stress cone (fig. 5, a) as well as the plot of field on the surface of insulating body of stress cone with

the indication of three sections of the body and cone peak — point 4 (fig. 5, b). The two segments of this sur-
face as the most probable regions for discharge initiation owing to field variation in the local zones are

Variant 1 Variant 2
o SR |E[=6.2:10% V/m SR
a0 / N I | I I A
N ; 6
ey E:}}IO V/m
, 1] p
: Loy
; X1
a b
Fig. 4

20 ISSN 1607-7970. Texn. erekmpoounamika. 2017. Ne 1



10° | E[, V/m 108 | E, V/
sx10°|E|, 5 x10° | E|, V/im 1 B
: dossdll : : :
L VNN SR SRR SUSUTN: S 25¢F "
3 | . S S I 27 A
5 variant 1 ‘\ : : L5 S
I § \  variant2 - | o
1 i, - |
s -3 ()_3 - : .
0 : : ) : i 0 : A : 1
0 005 0.1 0.15 0.2 025 0.3 035 008 0.1 0.2 0.14 0.16 0.18 02
zZ, m z, m
a b
Fig. 5

marked by red lines with increased thickness. Such regions are at the level of cone peak and in close prox-
imity to contact with cable insulation.

Conclusion. The various positions of stress control cone in 110 kV XLPE insulated cable termina-
tion relative to the cutting points of the cable outer semiconducting layer and copper wire shield are studied
by computer simulation (fig. 2). The dependence of cable insulation conductivity on electric intensity is
taken into account (by expression (2)). As shown, the stress cone must cover the edges of the cable semicon-
ducting layer and shield in order to provide more uniform electric field distribution in this region.

The shape and surface roughness of stress cone are two important parameters for high-voltage cable
terminations. The sharper cone as well as its surface roughness causes the increase of electric intensity in the
local zones near the stress cone and also in cable insulation (fig. 3). This is a dangerous phenomenon because
of the potential initiation and propagation of discharges.

The construction of stress cone with insulation body gives more low electric intensity at the cone
peak and on the outer surface of cable insulation (figs. 4 and 5, a). The segments of the insulation body at the
level of cone top and near the contact with cable insulation can be liable to discharge processes (fig. 5, b).

The attained results extend the understanding regarding the electric processes in multi-component
cable termination and give a possibility to use the computed data and conclusions for designing of high- and
extra- high-voltage cable terminations with stress cone.
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YUCEJBHE JOCJIIJKEHHS EJJEKTPHYHOI'O MOJIST Y BACOKOBOJIBTHIN KABEJILHIN MY®TI

3 KOHYCOM BHUPIBHIOBAHHS I1OJIA
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Llnaxom KoMR'1OMeEPHO20 MOOENIOEAHHS OOCTIOHCYEMBCI PO3NOOLN eNeKMPUYHO20 NOJIA NOOIU3Y KOHYCA 8UPIGHIOBAHHA NONS Mydmu
sucoxogobmnozo kabvens (110 kB) 3i 3uumo-noniemunenoso i301ayicio. Bpaxogyemvcs 3anexicHicmy enekmponpogionocmi i30715-
yii kabens 6i0 HANPYIICeHOCMi eleKMPUUHO20 NOJA, 4 MAKOIC NOJIOJICEHHS KOHYCA 8IOHOCHO 3pi3y eleMenmie Kabeis — 306HiUHbO20
Hanienposiono2o wapy i301ayii ma mMiono2o expany. Po3ensa0aromscs MoJiCIUB0CMI UKOHANHS KOHYCA Y 6UsI0l 00H020 peiekmo-
pa i nogrnozo cmpec-kouyca (pegrekmopa 3 i301AYicto KoHyca). AHanizyiomsvcsa 0cooaUBoCcmi po3nooiny Noas 3a1eHCHO 8i0 Popmu
KOMyca ma HepigHocmi 11020 nogepxui. Pesyismamu uucenbno2o MoO0enosants nponoHyEmvCa 6paxo8yeamu npu npoeKmyanii ma
YOOCKOHANIOBAKHI CYHACHUX MY@m Kabenie Ha 8UCOKY ma Hadsucoky nanpyey. bibmn. 13, puc. 5, Tabm. 1.

Knrouosi cnosa: xabenp 31 3MIUTO-TIOTICTHICHOBOKO 130JIAI1i€10, BUCOKOBOJIBTHA KaOeIbHA My()Ta, KOHYC BUPIBHIOBAHHS IIOJIS, PO3-
TallyBaHHs] KOHyCa BITHOCHO €JIEMEHTIB KabeJlst, HepiBHICTh MOBEPXHI KOHYCa, KOMIT'IOTEPHE MOJICTIOBAHHSI.
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YUACJEHHOE UCCJEJIOBAHUE DJIEKTPUUYECKOI'O IOJIS1 B BBICOKOBOJIbTHOM KABEJIbHOM MY®TE C
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Ilymem KomnviomepHo20 MOOeNUPOBaHUs UCCIE0Yemcs pacnpeoeneHue dNeKmpuiecko20 nojia 601Usu KOHyca BbipagHUBAHUS N0
My@mbi 8bicoxkogonbmuozo kabensa (110 kB) co cuumo-noaudsmunenogou usonayuei. Yuumoieaemcs 3a6UCUMOCHb dIeKMponpo8oo-
HOCTU U30AAYUU KaDelis OMm HANPAICEHHOCMU dINEKMPULecKo20 NoJis, d maKdice NouodiceHue KOHyca OmHOCUMENbHO Cpe3d dieMeH-
moe kabeis — eHewHe20 NOIYNPOBOOAUe20 CLOS U30NAYUU U MeOHO20 IKpaHa. Paccmampusaiomes 603MOICHOCMU BLINOAHEHUS KO-
Hyca 6 8ude 00HO20 pehrekmopa u NOIHO20 cmpecc-KoHyca (peghnekmopa ¢ uzonayueti Konyca). Ananusupyromes ocobeHHocmu
pacnpeoenens SNeKMPUYecko20 nojis 8 3a8UCUMOCHU OM POPMbL KOHYCA U HepOSHOCMU e20 nogepxHocmu. Pezynomamul uucienmo-
20 MOOenUPOBanUs. NPeoCmasnaom unmepec 0 NPOEKMUPOSAHUsL U COBEPUICHCIBOBAHUSL COBDEMEHHbIX Mym Kabenell Ha 8blCOKOe
u ceepxevicoxkoe nanpsicenue. buobn. 13, puc. 5, Tadun. 1.

Knrouesnie cnosa: xabenb co CIINTO-TIOJUITHICHOBON M30JISIIMEH, BRICOKOBOJIBTHAS KabenbHas My(Ta, KOHYC BBIPAaBHUBAHUS 11O,
pacroyioxKeHne KOHyca OTHOCHTENBHO 3JIEMEHTOB KaOesl, HEPOBHOCTh IIOBEPXHOCTH KOHYCA, KOMIIBIOTEPHOE MOJICTNPOBAHME.
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