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Abstract— Power cables are used in the transmission network
in cities and for overseas power transmission. The polyethylene
cables used for medium voltage were vulnerable to breakdown
due to water treeing. Water treeing significantly reduces the
electric breakdown strength of the insulation. The presence of
water tree results in the reduction of their dielectric strength.
Here the finite element simulation technique is used to evaluate
the electric field inside the 10 kV 15 kV and 20 kV power cables.
A model that illustrates the water-dielectric interface within the
cable insulation system is proposed. The link between the local
field concentration in the vicinity of water void and the
possibility of insulation failure, which can be developed to a
complete breakdown is discussed.

Index Terms — Electrical insulation, finite element, power
cables, water absorption.

[. INTRODUCTION

HE vital role of transmitting electric power between

different arcas in the power transmission network are

performed by power cables. Ordinarily overhead lines are
used for this task, but circumstantially power cables are the
preferred choice of transmission component. For example,
power cables are less sensitive to weather and environmental
conditions and therefore more reliable than overhead lines.
Power cables are eco-friendly and are less space devouring
than overhead lines.

The presence of water inside the insulation material of the
cables shortens the life of high voltage cables. This simply
explains the fact that, after some years of introducing
polyethylene cables (PE), electric breakdown due to ““water
trees™” appeared [1,2].
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Fig. 1. Damaged insulation-water tree formation.
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In this present work the aim is to create models of medium
voltage power cables infested with water and to use these
models to investigate the risk of water treeing. These models
comprise regions of insulation material and water particles
with elliptical geometric structire. The field computation
program COMSOL Multiphysics 3.3a has been used for the
modeling. The cables being modeled are 10 kV, 15 kV and 20
kV medium voltage power cables with Polyethylene insulator.
The field enhancement as a function of sharpness of water
particles is determined. The potential and field strength values
throughout the insulation are calculated for cable under wet
and dry conditions. The results for all the three power cables
arc used to demonstrate the mechanisms responsible for tree
mitiation and growth, which could be developed to cause
breakdown inside the cable insulation.

I. MODELLING AND SIMULATION

A FE Software

A 2D field computer software [3] is being used in the
present study. This sofftware provides automatic mesh
generation for solving electrostatic and electromagnetic
problems by a differential operator FE method. The
computational properties of the Comsol Multiphysics software
enable to plot the field and potential values at any boundary.

B. System Consiellation

In order to study the electric field characteristics in cable
msulation, the Comsol Multiphysics FE computer software is
used to build a two-dimensional model for the cables under
study as the investigated field lines are perpendicular to
equipotential lines and directed from conductor to the outer
sheath of the cable, a section made across the cable can
fllustrate the circumference and sharp edges of the cllipsoids
aligned along these field lines.
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Fig. 2. Simplified proposed model of water content in the power cable
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TABLEI

CABLE COMNFIGUEATION

TAEBLE IOI

FINITE ELEMENT LOG

Rated Voltage | Conductor radius r | Insulation thickness It Rated Voltage Nodes generated Elements generated
(kW) (tarn) ()
(mm) 10 100 4537
10 2.8209 34 15 158 6410
15 33378 45 Zat 230 befs
20 37847 55
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Fig. 4. Computational segment for FE simulation purposed.

generated by the FE model are depicted in Table IIT above.
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Fig. 2 Cable section containing water bubbles in symmetrical constellation.

Therefore, the investigation of field development at the
ellipse sides and the determination of its enhancement at the
sharp ends of the ellipsoids are achieved by inspecting the
field distribution on the plane of cable section. The lateral
component of electric field around the ellipsoid surface, which
penetrates the cable depth has less value than that at the l
horizontal ellipsoid edges. The cable configurations used in
the three case studies are tabulated in Table I shown above [4].
Each cable comprises of an inner Copper conductor and outer ‘!L:
insulation of polyethylene which has a permittivity of 2.3.

It has been reported that the amount of water, which can be
absorbed by cable insulation, varies in the range 2-6% of the ,l,
total insulation volume [5], and in the present analysis, the
absorption was taken to be 2%. The radius of the spherical
water droplet varies in the range of 0.1 to 5um [6]. It is taken l
here to be 2.5 um. Therefore, the total number of water APPLY BOUNDARY CONDITIONS
bubbles in the considered cross sectional area can be easily
ciphered, and for the present system, these numbers have been l
ciphered to be as shown in Table II.

To assuage computation of electric field distribution, it is
arrogated that the water bubbles are distributed radially along _|,
the lines emanating from the conductor surface to the outer | SOLVE THE MODEL ‘
surface of insulation, as demonstrated in Fig. 2. If it is J,
arrogated that the elongation of water void to form an ellipse
does not alter its area, the number of water voids per radial
line can be ciphered as indicated in Table II. These numbers
also satisfy the condition that bubbles adjacent to cable v
conductor and subsequent bubbles in the insulation will not ‘ NOTE DOWN THE READINGS ‘
overlap. Fig. 3 depicts how these bubbles are arranged to form
sections of cable insulation restricted between pairs of rows of
water voids. On the other hand, the electrostatic field analysis
is simplified using this symmetrical model in which the total
number of nodes and the triangular elements

l-fu I,

SET THE AXS/GRID SETTINGS
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APPLY MATERIAL
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TABLEIL
WATER VOID3 CONFIGURATION
Eated voltage V) “Water voids voidsiradial line ‘ PLOTS ‘
10 98376 16
15 160928 27
END
20 230021 38 ) »
Fig. 5 Zaling the model through FE software.
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The impact of cable insulation on the field distnbution is
dependent on the shape of water bubbles. Being in a non-
uniform field, the spherical water particles are subjected to
some elongation and therefore, they are considered to have
elliptical shape [6]. Transition from spherical water particles
with circular cross sectional area to the elliptical particles with
a cross sectional area as given in equation 1 was performed
without changing the cross sectional areas of the water
particles. It is worth noting here that, the ellipticity of the
water bubbles is strongly related to the applied electric field,
whereas altering the bubble’s area did not have a significant
mfluence on the field strength. For simulation purposes and
from symmetry point of view, it iz sufficient to take the
computation segment as shown in Fig. 4. Fig. 5 shows a flow
chart for sailing the model through FE software.

Area of ellipse = mab (1)
where ais length of major axis; bis length of minor axis

III. RESULTS

For an insulation system which 1s waterless, the potential
and field values have been decreasing in unequal steps from
the conductor surface to the cable outer sheath. However,
when the water particles are included within the insulation
area, the field and equipotential lines show more divergence
compared with the dry case. This non-uniform distribution of
field and equipotential lines becomes more noticeable at the
dielectric-water interface as the permittivity of the water is
significantly greater than the dielectric. Fig. 6 depicts the field
and potential lines arranged perpendicular to each other with
refraction at the dielectric-water interface.

In this study investigation is done in the field distribution
mitially with a pure and dry insulation system. The field
strength at the surface of the conductor is calculated as shown
in Fig. 7, 8 and 9 for respective voltage ratings of the cables. It
is in good agreement with analvtical calculations of electric
fields in such geometry.

TWater bubble

Fig. 6. Electric potential and field lines plot.
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Fig. 7. Electric field variation in dry cable insulation.

When the water voids are sneaked in the cable insulation,
the electric field at the tips of elliptically shaped water
particles will be much higher. With a relative permittivity of

water Sw — 80 [6,7,8] compared with the cable insulation

permittivity (Sins — 2.3) it is expected to find that the field is

heavily distorted in the vicinity of water bubble.

To investigate the influence of the electric field distribution
on the wet insulation of the cable, it was necessary to
concentrate on one elliptical shape of water particles. The
magnitude of the electric field was calculated for a number of
points located in the symmetrical section. Fig. 10, 11 and 12
llustrate Potential distribution along the radial line connecting
a number of water voids for 10 KV, 15 kV and 20 KV cables.
Fig. 13, 14 and 15 illustrates the values of electric field at the
tips of the radially lined water voids computed along the lLine
commecting the water bubbles for respective voltage ratings of
the cable. The field strength at the wvicinity of the water
particles is greatly intensified compared with that at the same
location when the water particles are absent. With slight shift
away from the sharp edge of the water particles, the field starts
to decrease dramatically, and its variation from that in pure
msulation becomes insignificant. The electric field strength
around the circumference of the first elliptically shaped water
void are depicted in Fig. 16, 17 and 18 for respective voltage
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Fig. 8. Electric field variation in dry cable insulation.
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Fig. 9. Electric field variation in dry cable insulation.

ratings of the cables. The lowest wvalue of this field

corresponds to the middle point of the curved side at the 20500.00

vertex of this curvature. It is reasonable for the field to have

the lowest value at this location, since it is the farthest point 20000.00 4

from the sharp ends of the elliptically shaped water particle. > 1950000 |

Regarding the field strength inside the water bubble, it is =

expected to be of a very low value, since the permittivity of = 19000.00 1

the water is much higher (33 times) than the surrounding =

; ; : o o 18500.00 1

insulation. However, the degree in the slope of potential inside a

the water particles 1s slightly lower than in the enclosing 18000.00 4

insulation media. Fig. 19, 20, 21 and 22, 23, 24 clearly illustrate

these findings for respective voltage ratings of the cables, 17300.00 ————— ' '
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shaped water particle. Due to the symmetrical arrangement of the

cpmputation Segment‘ the same value; of pqtential and el_eCtric Fig. 12. Potential distribution along the radial line connecting a number of
field were obtained on the cormresponding points of the adjacent water voids (20 KV).

string of water particles.

TV. GENERAL DISCUSSION
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Fig. 10. Potential distribution along the radial line connecting a number of
water voids (10 kV).

Authorized licensed use limited to: NATIONAL INSTITUTE OF TECHNOLOGY SURATHKAL. Downloaded on March 04,2021 at 05:00:26 UTC from IEEE Xplore. Restrictions apply.



6000000 8000000.00
£ 5000000 - “\ £ 5000000.00
£ 4000000 . + - z
S £ 400000000 -
2 1000000 | E
g £ 3000000.00 -
% 2000000 | i
z @ 2000000.00 -
i 1000000 - D
) e & 1000000.00
0.003343  0.003347 0.004351 0.004855 0.005359 000
Horizontal pointlocation in m 1 2 3 4 5 8
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Fig. 17. Field Strength distribution on the curved surface of the elliptical
shaped water void (15 kV).
5000000
E 5000000 v v \—_‘ 5000000.00
-E 4000000
= £ 400000000 4
3000000 =
= 2000000 = 300000040 4
= 1000000 =
i £ 2000000.00 4
0 : . v T -
000379 000451 000523 0.005% 000557 = yo0000000 |
Horizontal point location in m -
000 . . .
Fig 15. Field strength at the tips of the radially lined elliptically shaped water f : 3 4 5 £
woids (20 kV). Horizontal point coordinate
Fig. 18. Field Strength distribution on the curved surface of the elliptical
5000000.00 shaped water void (20 kV).
4500000.00 -
4000000.00 -
£
S 3500000.00 6000000.00
'_E 3000000.00 - £ 500000000 -
B 2500000.00 -
% SR = 4000000.00 -
T 1500000.00 ©3000000.00 -
| =
i. 1000000.00 @
50000000 += 2000000.00
0.00 : ; ; = 1000000 00
1 2 3 4 5 6 o
- . " 0.00 ———— T
Horizontal point coordinate
0.002822 0002823 0002824 0.002625 0002826 0002827
Fig. 16. Field Strength distribution on the curved surface of the elliptical ; . ;
shiped soatee woidiE0 V). Horizontal distance in m

Authorized licensed use limited to: NATIONAL INSTITUTE OF TECHNOLOGY SURATHKAL. Downloaded on March 04,2021 at 05:00:26 UTC from IEEE Xplore. Restrictions apply.

Fig. 19. Field distribution inside the elliptically shaped water particle (10 kV).
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Fig. 20. Field distribution inside the elliptically shaped water void {15 kV).
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Fig. 21. Field distribution inside the elliptically shaped water void (20 k'V).

10000
9998 4
9996 4
9994 4
9992 4
9990 4
9988 4
9986 4
9984 4
9982 4
9980 ; T T T T T T T T

0.002822  0.002823  0.002824  0.002825  0.002526

Potential in v

Horizontal point location in m

Fig. 22. Potential distribution inside the water particle (10 kV).
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Fig. 23. Potential distribution inside the elliptically shaped water void (15
kV).
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Fig. 24. Potential distribution inside the elliptically shaped water void (20
kv).

insulation. The concept of threshold for insulator materials [9,
10)], 1s applied here. In this case limiting values of electric
field must be reached in insulation to trigger microscopic
damage to incept treeing process

These field values correspond to the threshold for a specific
degradation mechanism. Therefore, the threshold for treeing
process 18 not necessary to comcide with that of other
degradation processes but it can be strongly related to it. In
configuration of non-uniform fields, the maximum electric
field is always higher than the average value. The value of this
field 13 mfluenced by the shape of electrodes, the msulating
material and the insulation system configuration. The presence
of water particles in the non-uniform field gives rise to the
elongation and shaping of these particles in elliptical form due
to the polarization effect [11].The degree of deviation of these
particles from the spherical shape is expected to be a function
of the applied potential. However, the maximum field at the
sharp edges of these elliptically shaped water voids is a
function of the curvature of these edges. Equivalence between
the obtained values of electric field illustrates that the highest
electric field is the boundary one, acting in the direction of the
major axis of the elliptically shaped water particles. According
to the results obtained the electric field distribution in the dry
mnsulation is not sufficient to cause failure for this insulation.
This means that the presence of water was the responsible
factor for this enhancement in field. If the enhancement of this
field persists for a long time the chance of developing an
electric tree in the insulation area is increased .For points
located far from the curved edges of the elliptically shaped
water voids, there 13 no sigmficant difference in the field
magnitude under dry and wet conditions.

However, the regions located in the vicimity of the sharp
edges of the water particles, especially those close to the
conductor surface and characterized by a lugh field are
suitable points for tree initiation. The growth of such trees
means a lugh field will be oniginated at the tip of the structural
chammels of these trees, which can mnevitably affect those low-
field areas with tume. If the water absorption process
continues, the number of water particles will mncrease and
consequently the number of high-field regions also increases.
With time, more space will be filled with water and the
permutation of the generation of water voids increases.

Authorized licensed use limited to: NATIONAL INSTITUTE OF TECHNOLOGY SURATHKAL. Downloaded on March 04,2021 at 05:00:26 UTC from IEEE Xplore. Restrictions apply.



V. CONCLUSIONS

In this analysis, a study of electric field and electric
potential distribution in wet cable insulation for 10kV, 15kV
and 20kV power cables are endeavored using two-dimensional
Finite Element - based model of the power cables. The models
were used to compute the field distributon mside the
insulation and the field enhancement at the tips of elliptical
water particles. It was ascertained that the field enhancement
is strongly subordinated upon the shape and quantity of the
absorbed water particles. The potential and electric field were
calculated for various cases; along the elliptical major axis
between water voids, along the void curvature and inside the
void. Eventually, the role of the electric field m the power
cable and the possible mechanisms of the insulation aging and
breakdown due to water mfestation are briefly addressed.
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