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Abstract

The DC electric power transmission through power lines represents one of the most important
concerns of the electricity producers and users. Unfortunately the polymeric insulated cables have an
important disadvantage: the development of a space charge inside the insulation (which modifies the
electric field repartition) and especially its long persistence after the voltage switching-off.

In this paper a computation method of the electric field in the homogeneous polymeric insulation of a
DC cable is presented. It is assumed that the cable is in operation and some charge layers near the
inner and outer semiconducting layers are presented. The computations are done for a medium
voltage cable and show that an important local increase of the electric field (near the inner
semiconductor layer) is produced. This increase depends on the sign and amount of the charge and on
the layer thickness and may lead to the breakdown of the insulation at lower voltages.
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1. INTRODUCTION

High-voltage direct current (HVDC) electric power transmission system uses direct current for the
transmission of electrical power (Arrillaga 1998). The most common reason for choosing HVDC over
AC transmission is that HVDC is more economic than AC for transmitting large amounts of power
over long distances.

Even though HVDC conversion equipment at the terminal stations is costly, overall savings in capital
cost may arise because of significantly reduced transmission line costs over long distance routes.
HVDC needs fewer conductors than an AC line, as there is no need to support three phases. Also,
thinner conductors can be used since HVDC does not suffer from the skin effect. These factors lead to
large reductions in power transmission cost for a long distance HVDC system (Hincomni 1996). On
the other hand, HVDC transmission losses are quoted as about 3 % per 1,000 km, less than typical
losses in an AC transmission system. Generally, DC line losses are 30—40 % less than with AC lines,
at the same voltage levels (Wikipedia).

The disadvantages of HVDC are in conversion, switching, control, availability and maintenance.
HVDC is less reliable and has lower availability than AC systems, mainly due to the extra conversion
equipment (Wikipedia). The required converter stations are expensive and have limited overload
capacity. At smaller transmission distances, the losses in the converter stations may be bigger than in
an AC transmission line.

An important disadvantage of DC cables represents the existence of the space charge inside the
insulation. This charge may appear during the manufacturing processes (breaking of the polymer
molecules etc.), thermal and radiative degradation of insulation, charge injection from the electrodes
with defects (protuberances etc.) etc. This charge (positive and/or negative) is fixed (on the traps
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related with the insulation defects) especially near the semiconducting layers. This may leads to the
apparition of some charge layers, whom thickness and densities depend on the content and dimensions
of the insulation defects, electric field strength, characteristics of the semiconductor-insulation
surfaces, content and dimensions of the water trees etc. (Notingher 2005; Wang et al. 2008; Suh et al.
1994; Li et al. 1997, Li, Fouracre&Crichton 1994; Fouracre, Given&Crichton 1986).

The presence of space charges leads to the modification of the electric field inside the insulation,
respectively to its increase near the semi-conductive layer, and to the decrease of the partial discharge
and electrical trees inception voltage, making easier the breakdown of the insulation at voltages close
to the operating level (Notingher 2005). On the other hand, due to the large relaxation times of the
charge in polymers, polymeric insulations are still charged even after the switching-off of the voltage.
This leads to the apparition of high electric fields in the cables vicinities, compromising the safety of
the operator. For this reason, the computation of the electric field in homogeneous or inhomogeneous
(especially that contain water trees) medium or high voltage cable insulation, in the absence or
presence of the space charge has been an important research topic (Buller 1967; Stancu et al. 2009;
Abou-Dakka, Bulinski&Bamji 2004; Mizutani et al. 2004).

Thus, in (Acedo et al. 2001; Radu et al. 2000; Notingher, Radu&Filippini 2000), the distribution of the
electric field has been calculated in the presence of water trees without considering space charges. The
electric field computation by the boundary element method in the presence of space charges has been
done in (Bamji, Bulinski&Prasad 1993). The calculation of the electric field in electrostatic regime,
considering a parabolic variation of the charge density and an exponential variation of the permittivity
in water treed areas, is shown in (Stancu et al. 2009; Stancu et al. 2006), where it is considered that
water trees are continuous and they have developed either toward the inner semiconductor or the outer
semiconductor.

In this paper, the analytical calculation of the electric field in the insulation of a medium voltage cable
is presented. If in the previous papers (Stancu, Notingher&Plopeanu 2011; Stancu, Notingher&Plopeanu
2012) it was considered that the insulation contains water trees, in this paper it is assumed that the
insulation is homogeneous and contains one or two charge layers (positive or negative) near the inner
and outer semi-conductive layers. The values of space charge density used in the calculations have
been determined from space charge measurements carried out by the thermal step method (TSM) in
flat samples (Notingher jr. et al. 2009).

2. COMPUTATION MODEL

In order to calculate the electric field the cylindrical insulation of a medium voltage cable was
considered (Figure 1). The insulation (polyethylene of relative permittivity €,) is bounded by the inner
semiconductor layer of outer radius 7, and potential V; respectively by the outer semiconductor layer
of inner radius r, and potential V, (Figure 2). It is considered that the insulation contains one or two
charge layers (positive or negative) and has a cylindrical shape (of thickness /. and volume density p,).

As the electrodes but also the charge layers have a cylindrical shape, the electric field is plane parallel
(radial). The computation was done in plane domains D having a crown circular shape. The
electrostatic regime of the electric field and the cylindrical coordinate system (7, 0, z) with Oz parallel
with the axis of the cable were considered. Because the electric field does not depend on the 6 and z
coordinates, for numerical computation of the potential ¥(r) and electric field £(r) in a point P(r) from
the calculation domain, the following equations were used:

- The Poisson equation:
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- The theorem of electrostatic potential:

E(r)= _82’{1’), )

where the permittivity &(r) and the volume space charge density p,(r) are known in each point P(r)
inside the insulation (Stancu 2008).

Boundary (at the interfaces between the semi-conductive layers and insulation) and the source

conditions (volume charge density values near the semi-conductive layers) are added to the equations
(1) and (2).

Fig. 1. Medium voltage cable: 1 — Conductor, 2 — Inner semiconductor layer,

3 — Insulation, 4 — Outer semiconductor layer, 5 — Sheath, 6 — Jacket.

3. COMPUTATION OF THE ELECTRIC FIELD

The numerical computation of the electric field was done for three computation domains D, with the
charge layers: a) near the inner semiconductor layer, b) near the outer semiconductor layer and ¢) near
both the semi-conductive layers.

3.1. Charge layer near the inner semi-conductive layer
3.1.1. Computation domain

The computation domain D is presented in the Figure 2. It consists of two sub-domains: D; where a
charge layer has developed (of known average density p,,..), bounded by the cylindrical surfaces S;
(of radius ) and S, (of radius | + /., /. representing the charge layer thickness) and sub-domain D,
without charge, bounded by the surfaces S, and S; (of radius ;). The numerical computations were
done for [.€[0.1...1]1 mm, g, (r) = & (r) = 2.2 &, & = 8.85x107"? F/m, pynes € [- 0.1...4+ 0.2] C/m’ and
Vy=20kV.
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Fig. 2. Computation domain of the electric field in the presence of

a charge layer near the inner semiconductor layer.

The charge density in the sub-domain D; — p,(r) — was considered either constant (p, = p,(r) =- 0.1...+
0.2 C/m®), or parabolic variable with r-coordinate, respectively:

pv(r):pvo(ar2 +br+e),

where p,o represents the charge density value near the inner semiconductor layer and a, b and e are
calculated.

Using the condition that the total charge O, contained in a region with the length and section identical
to the one of the sub-domain D;, in the case of a constant charge p,.. (Figure 3):

0 = pvmedn[(rl +1, )2 —r12]

to be equal to the one of a variable charge density p,, respectively O :

Q1' = J;Wc P.o (ar2 +br+ e)mfzdr.

the values of p,o were calculated.

It results:
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va = pvmed 1+, (rl +lC)_r1 dr (3)
J.(ar4 +br? +er2)
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Fig. 3. Variation of the charge density p, with the » — coordinate in the sub-domain D;.

3.1.2. Equations
Boundary and the crossing conditions are added to the equations (1) and (2) as follows:

- Boundary conditions

MP)=V,PelsS
NP)y=V,=0,Pe$ @)

- Crossing conditions on the surface S:

Vi(P)=1,(P). P e s,
dv,(P) _ dv,(P)

dr dr

9P € S25 (5)

where V7 (P) and V, (P) represents the values of the potential in the point P € S,, computed with the
expressions corresponding to the sub-domains D; and D.
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3.1.3. Equations of the potential and electric field

Using the equations (1), (2), (4) and (5) the equations of the potential and electric field were obtained:

4 3 2
Vl(r)z—pv0 (alr+blr—i-elr4]+C1 Inr+C,

e, L 16 9
E(r)=P2]q i+b ﬁ+e£ G (6)
‘ e\ 4 '3 2

the values of the constants a,, by, e, C;...C4 being presented in the Annex 1 (Stancu 2008).
3.1.4. Results
3.1.4.1. Positive charge case (Pymea > 0)

Figure 4 is concerned with the variation of the electric field £ with respect to the coordinate » in the
absence and in the presence of a positive charge layer. It comes out that the presence of the charge
near the inner semi-conductive layer leads to the decrease of the electric field in this area and to its
increase in the outer area. The maximum electric field value is obtained at the tip of the charge layer.
For [, =1 mm, Ep.x = E (9 mm) = 5.064 MV/m with 10.64 % higher than its value in the absence of
the charge layer.

e
e,

0 T T T T T T T T T 1
8 9 10 11 12 13

r [mm]
Fig. 4. Variation of the electric field £ with the » — coordinate in the absence (1)
and presence of a positive charge layer with /.= 0.1 mm (2), /.= 0.5 mm (3)

and .= 1 mm (4) (Pymea = + 0.106 C/m2’, ¥; = 20 kV).
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Increasing the charge layer thickness, the electric field E decreases near the inner semi-conductive
layer (from 4.638 MV/m for /. = 0.1 mm to 0.304 MV/m for /. =1 mm) but also at the tip of the charge
layer (from 5.064 MV/m for /. =0.1 mm to 5 MV/m for /. = 1 mm). Near the outer semi-conductive
layer the electric field £ increases (from 3.172 MV/m for /. =0.1 mm to 3.506 MV/m for /. =1 mm)

(Figure 5).
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Fig. 5. Variation of the electric field E with the charge layer thickness /.: near the inner semi-
conductive layer (1), at the tip of the charge layer (2) and near the outer semi-conductive layer (3)
(Pomea =+ 0.106 C/m’, V; =20 kV).

Increasing the pymes values (from 0.106 C/m’ to 0.2 C/m’) the electric field E decreases near the inner
semi-conductive layer (from 3.638 MV/m to — 15.5 MV/m) and increases at the tip of the charge layer
(from 4.923 MV/m to 5,952 MV/m) and near the outer semi-conductive layer (from 3.218 MV/m to
3.891 MV/m) (Figure 6).

3.1.4.2. Negative charge case (Pymea < 0)

Figure 7 is concerned with the variation of the electric field £ with respect to the coordinate 7 in the
case of a negative charge existence. It comes out that the charge presence near the inner semi-
conductive layer leads to the increase of £ in this area and to its decrease in the outer area. Therefore,
for /. =1 mm and p,es = - 0.106 C/m’ , the electric field value E is 94.5 % higher than in the charge
absence.

The values of E increase with /. near the inner semi-conductive layer (from 5.66 MV/m for /. = 0.1
mm to 9.993 MV/m for /. =1 mm) and to its decrease at the tip of the charge layer (from 5.08 MV/m
for /.= 0.1 mm to 4.089 MV/m for /. = 1 mm) and near to the outer semi-conductive layer (from 3.165
MV/m for /.= 0.1 mm to 2.831 MV/m for /. = 1 mm) (Figure 8).

112 | Published by Info Invest, Bulgaria, www.sciencebg.net



Journal of International Scientific Publications:

Materials, Methods & Technologies, Volume 7, Part 1
ISSN 1313-2539, Published at: http://www.scientific-publications.net

10 -

2
= /.
i
> P N\

3
2 ol
Q

i
-104 1
-15—‘ L]
0.10 0.12 0.14 0.16 0.18 0.20
3
Pymed [C/m”]

Fig. 6. Variation of the electric field £ with the average charge density p,u..: near the inner semi-
conductive layer (1), at the tip of the charge layer (2) and near the outer semi-conductive layer (3)

(I.=0.5 mm, ¥, = 20 kV).

r[mm)]
Fig. 7. Variation of the electric field £ with the » — coordinate in the

presence of a negative charge layer with /. = 0.1 mm (1), /.= 0.5 mm (2)

and /.= 1 mm (3) (Pume = - 0.106 C/m’, ¥ =20 kV).

113 | Published by Info Invest, Bulgaria, www.sciencebg.net



Fig. 8. Variation of the electric field £ with the charge layer thickness /.: near the inner semi-
conductive layer (1), at the tip of the charge layer (2) and near the outer semi-conductive layer (3)

Journal of International Scientific Publications:

Materials, Methods & Technologies, Volume 7, Part 1
ISSN 1313-2539, Published at: http://www.scientific-publications.net

E [MV/m]

10

0.0

0.2 0.4 0.6 0.8 1.0
[ [mm]

c
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3.2. Charge layer near the outer semi-conductive layer

3.2.1. Computation domain

Figure 9 is concerned with the computation domain D which contains the charge layer near the outer
semi-conductor. It consists of two sub-domains: D; (without charge), bounded by the cylindrical
surfaces S (of radius ry) and S, (of radius r;, - /., [. representing the charge layer thickness) and D,
(with charge), bounded by the surfaces S, and S; (of radius ;). The numerical computations were done

for [. € [0.1...1] mm, pyueqs € [-0.1...+0.2] C/n?’ and ¥, = 20 kV.
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Fig. 9. Computation domain of the electric field in the presence

of a charge layer near the outer semiconductor.
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3.2.2. Equations

The crossing conditions on the surface S, are added to the equations (1), (2) and (4).

dv,(P) _dv,(P)
dr dr

V,(P)=v,(P),Pes,

, P e Szy (7)

where V7 (P) and V, (P) are the values of the potential in the point P € S, computed with the
corresponding equations of the sub-domains D, and D,.

3.2.3. Equations of the potential and electric field

From (1), (2), (4) and (7) the equations of the potential and electric field in the sub-domains D, and D,
were obtained:

E(r)=—=" ®)

4 3 2
P, r r r
Vz(}"):— 0[61216+b29+€24J+C31n1"+C4

values of the constants a,, b,, e,, Cy...Cy4 being presented in the Annex 2 (Stancu 2008).
3.2.4. Results
3.2.4.1. Positive charge case (Pymea > 0)

Figure 10 is concerned with the variation of the electric field £ with respect to the coordinate the » for
positive charge layers of different thicknesses. It comes out that the presence of a charge layer near the
outer semiconductor leads to the increase of the electric field in this area ant to its decrease in the outer
area. Therefore, for p,u. = 0.106 C/m’, the electric field value in the coordinate point » = 13 mm is
115.8 % higher than its value in the absence of the charge layer
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Fig. 10. Variation of the electric field £ with the r-coordinate in the absence (1)
and presence of a positive charge layer with /. = 0.1 mm (2),

[.=0.5mm (3) and /. = 1 mm (4) (Pymea = + 0.106 C/m3, Vy=20kV).

Figure 11 is concerned with the variation of £ with respect to the charge layer thickness /. — for pymes =
0.106 C/m’. It comes out that increasing the charge layer thickness, the electric field decrease near the
inner semi-conductive layer (from 5.143 MV/m for /. = 0.1 mm to 3.672 MV/m for /. = 1 mm) and at
the tip of the charge layer (from 3.19 MV/m for /. = 0.1 mm to 2.44 MV/m for /. = 1 mm) and to its
increase near the outer semi-conductive layer (from 3.67 MV/m for /.= 0.1 mm to 11.564 MV/m for
[.=1 mm).
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Fig. 11. Variation of the electric field £ with the charge layer thickness /.: near the inner semi-
conductive layer (1), at the tip of the charge layer (2) and near the outer semi-conductive layer (3)
(Pomea =+ 0.106 C/m’, V; =20 kV).

116 | Published by Info Invest, Bulgaria, www.sciencebg.net



Journal of International Scientific Publications:

Materials, Methods & Technologies, Volume 7, Part 1
ISSN 1313-2539, Published at: http://www.scientific-publications.net

0 ¥ T ¥ T X T L T L 1
0.10 0.12 0.14 0.16 0.18 0.20

Pyvmed [C/m3]

Fig. 12. Variation of the electric field £ with average charge density p,...: near the inner semi-
conductive layer (1), at the tip of the charge layer (2) and near the outer semi-conductive layer (3)

(I.= 0.5 mm, ¥, = 20 kV).

Increasing the values of p,,..4, the electric field £ decreases near the inner semi-conductive layer (from
4.992 MV/m to 3.42 MV/m) and at the tip of the charge layer (from 3.195 MV/m to 2.2 MV/m) and at
its increase near the outer semi-conductive layer (from 5.199 MV/m to 25.2 MV/m) (Figure 12).

3.2.4.2. Negative charge case (Pymeq < 0)

In the presence of a charge layer near the outer semi-conductive layer, the electric field £ increases
significantly near the inner semi-conductive layer and decreases near the outer one reversing even its
sign (Figure 13). This phenomenon, appropriate to DC cables, was also obtained by Bodega (Bodega
2006) which explain it by the increase, about 12 %, of the homo-charges (+ 22.5 kV), when the
difference between the conductor and sheath temperature is 20 °C.

Increasing the negative charge layer thickness values, the electric field increases near the inner semi-
conductive layer (Figure 14, curve 1) and at the tip of the charge layer (Figure 14, curve 2) and to its
decrease near the outer semi-conductive layer (Figure 14, curve 3).

3.3. Charge near both semi-conductive layers
3.3.1. Computation domain

Figure 15 is concerned with the computation domain D which contains two charge layers. It contains
three sub-domains: D; (with p,...1 # 0 and €, = 2.2 &), bounded by the cylindrical surfaces S; (of
radius ry) and S, (of radius | + /), sub-domain D, (with p,,.; = 0 and & = 2.2 &), bounded by the
surfaces S, and S; (of radius 7, - /.,) and D; (with p,,.s # 0 and &; = 2.2 &), bounded by the cylindrical
surfaces S5 and S, (of rayon r;). For space charge density p, () the following variation laws were
considered:

pv(r): pvo(alr2 +b1r+el)
in D, and

117 | Published by Info Invest, Bulgaria, www.sciencebg.net



Journal of International Scientific Publications:

Materials, Methods & Technologies, Volume 7, Part 1
ISSN 1313-2539, Published at: http://www.scientific-publications.net

Pv(r)z va(a2r2 +b2r+ez)
inDz.

E 6l 32
: S

\

]
o]

8 9 10 11 12 13
r [mm)]
Fig. 13. Variation of the electric field £ with the » — coordinate in the
presence of a negative charge layer with /. = 0.1 mm (1),

I.= 0.5 mm (2) and .= 1 mm (3) (pumea = - 0.106 C/m’, 7 = 20 kV).
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Fig. 14. Variation of the electric field £ with the charge layer thickness /;: near the inner semi-
conductive layer (1), at the tip of the charge layer (2) and near the outer semi-conductive layer (3)
(Pomea = - 0.106 C/n7’, ¥, =20 kV).
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Fig. 15. Computation domain of the electric field in the presence
of two charge layers near the inner and outer semiconductor.

3.3.2. Equations

Crossing conditions on the surfaces S, and S5 are added to the equations (1), (2) and (4):

Vi(P)=1,(P). P e s,
dv,(P) _dr,(P)

dr dr

Vo(P)=V;(P). P e s,

,PeS )

dr,(P) _dv,(P)
dr  dr

,P€S3

where V; (P), V> (P) and V3 (P) are the values of the potential in the points P € S, ; computed with the
corresponding equations of the sub-domains D,, D, and D;.

3.3.3. Equations of the potential and electric field
From (1), (2), (4) and (9) the following equations were obtained:

4 3 2
p, r r r
Vi(r)=- 810 (61116—i-l)19—i-el4]+C1 Inr+C,
3 2
E(r)= Pro a—+b e L G
€, 4 3 2 r
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V,(r)=C,Inr+C,

C
E,(r)=—"2 (10)
r
4 3 2
V3(r)__on azr—+b2r +ezr— +C,Inr+C;
e, (716 79

values of the constants ay, by, ay, bs, €1, €3, C...Cg being presented in the Annex 3 (Stancu 2008).

3.3.4. Results. Discussion

Figure 16 is concerned with the variation of the electric field £ with respect to the coordinate » for two
positive charge layers of thicknesses /., = [, = /. € [0.1...1] mm and p,;,.q = 0.106 C/m’. It comes out
that the electric field £ decreases near the inner semi-conductive layer and increases the outer semi-
conductive layer (Figure 16, curves 3 and 4). These variations are more important with the increase of
l. (Figure 17, curves 1 and 4). Therefore, for /., = [, = [.= 1 mm, E values increases with 158.4 % to
those in the absence of the charge reaching to 8.166 MV/m.

As a consequence, the probability of partial discharge and electrical trees inception increases leading
to a breakdown of the insulation.

9
= 8
£,
2 6
s
4
3
2
1
0
8 9 10 11 12 13
r [mm]

Fig. 16. Variation of the electric field £ with the » — coordinate in the absence (1)
and presence of charge layers with /.= 0.1 mm (2), /.= 0.5 mm (3) and /.= 1 mm (4)
(Pomea =+ 0.106 C/m’, V; =20 kV).
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Fig. 17. Variation of the electric field £ with the charge layer thickness /.: near the inner semi-
conductive layer (1), at the tip of the charge layer with the thickness /.; = /. (2), at the tip of the
charge layer with the thickness /., = /. (3) and near the outer semi-conductive layer (4)

(Pumea =+ 0.106 C/m’, ¥ =20 kV).

4. CONCLUSIONS

Considering charge layers near the semi-conductive layers and having a constant or parabolic variable
charge density with respect to the axis of the cable, relatively simple expressions of the electric field
were obtained.

The electric field modify in the presence of space charge, depending on the position and layer
thickness, but also on their sign and of the applied potentials to semi-conductive layers.

The maximum values of the electric field increases considerably with the charge density and layer
thickness, two times higher than in the absence of the charge. Therefore, the probability of partial
discharges and electrical trees inception at lower voltages increases. As a consequence, the probability
of the insulation breakdown at nominal voltage increases.

The electric field computation in DC cable insulation in the presence of the space charge, considering
the electro-kinetic quasi-stationary regime will be presented in a future paper.
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