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Effect of Semicon-Dielectric Interface on Conductivity and
Electric Field Distribution
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Technical University of Denmark
DK-2800 Lyngby, Denmark .

and Steven Boggs?

Electrical Insulation Research Center
Departments of Electrical Engineering and Physics
University of Connecticut
Department of Electrical and Computer Engincering
University of Toronto

ABSTRACT

Development of solid dielectric dc transmission class cable has become a priority
throughout much of the world. Interdiffusion between the semiconducting elec-
trode materials and the dielectric inevitably canses variations in conductivity of the
dielectric near the semicon which results in distortion of the electric field and space
charge formation under dc conditions. Analytical approximations and numerical
computations provide a basis for analyzing space charge measurements, and based
on such space charge measurements and the analysis, we estimate the field distor-

tion for several material systems.

1 INTRODUCTION

HE relative dielectric constant, €, of olefinic

polymers is normally close to 2.3 and varies little with
temperature. While the conductivity is a strong function
of temperature and field, it never comes close to €,e. @
during normal operation, so that for ac-graded conditions,
the cable always remains capacitively graded,

Under de resistively graded conditions, the field grading
depends on the conductivity of the dielectric, which can
vary over orders of magnitude as a function of tempera-
ture and electric field. In the case of fluid-impregnated
laminar dielectric cables, ion mobility in the fluid assures
fairly uniform, although temperature-dependent, conduc-
tivity [1-7]. The nature of the laminar dielectric can be
varied across the insulation to vary the conductivity as a
function of radius. In the case of solid dielectrics, the
-thermal activation energy is generally quite large, in the
range of 0.5 to 1 ¢V, which results in a very large temper-
ature-dependence of the conductivity [8-10]. In addition,
localized variations in conductivity can result from “con-
tamination” of the dielectric from sources such as interdif-
fusion with semiconducting layers. Such interdiffusion and
the effect thereof on dielectric properties has been docu-
mented in the literature [11].

! NKT Research, Denmark.
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In this contribution, we develop an analytic approxima-
tion for the space charge caused by such interdiffusion,
provide more accurate numerical simulations of the space
charge based on mecasured matcrial propertics, and com-
pare these simulations with actual measurements of space
charge at the dielectric-semicon interface to estimate the
variation of the conductivity.

As is well known, olefinic polymers have a band gap of
about 8 eV [8]; however, conduction is dominated by im-
purity states within the band gap, the nature of which is
not really understood. However, any “contamination” of
the polymer tends to increase the conductivity. The base
polymer for carbon-filled semiconducting compounds ‘is
generally polar to ease the difficult task of dispersing the
carbon black into the polymer. As a result, the chemical
composition of semiconducting compounds differs sub-
stantially from that of the nonpolar compounds used as
diefectrics, and diffusion of components from the semi-
conducting polymer into the dielectric constitutes “con-
tamination” which is almost certain to increase the con-
ductivity of the dielectric.

The ability to quantify, even indirectly, the effect of such
interdiffusion-induced contamination on the local conduc-
tivity of the dielectric is of value in optimizing a dc cable
system. An increased conductivity near the semicon will
cause space charge formation and a reduction in the elec-
tric field under resistive grading, with a corresponding in-
crease in the electric field after polarity reversal.

1070-9878/1/$17.00 © 2002 IEEE
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2 ANALYTIC APPROXIMATION

Normal diffusion causes exponential concentration pro-
files, so that the most reasonable assumption is that the
conductivity of the dielectric makes an exponential ap-
proach to its bulk value as a function of distance away
from the semicon. With this assumption, the system is
characterized by two parameters, the increase in conduc-
tivity at the semicon and the distance constant for ap-
proach to the bulk value.

In a resistively graded system, a variation in conductiv-
ity causes formation of space charge the magnitude of
which is easily derived from Poisson’s equation and the
equation for current continuity as (for spatially invariant
permittivity):

(x) = 122 (1

where ¢ is the space charge density, € is the absolute
dielectric constant, J is the current density, and p is the
resistivity. As per above, we assume that the conductivity
is given by

a(xy=0c(ET)

1+(n0—1)-exp(;{)) (2)

\

where the interface is at x =0, n, is the factor by which
the conductivity increases at the interface, and y,, is the
distance constant which characterizes the decrease in con-
ductivity to its bulk value.

15 T T — 1
NPT /1007 Conductivity
/ 8 10 / 30 I\\1OO - Enhancement
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Position (pm)

Figure 1. Space charge density computed from equation (3) with a
distance constant, y,, of 50 wm, a bulk conductivity of 107'% S/m,
an average electric field of 25 kV/mm (J = 25 nA/m?), and relative
dielectric constant of 2.3. Note that based on the assumptions of the
analytic approximation, the peak magnitude of the space charge does
not change with the conductivity enhancement at the electrode, rather
the position of the peak space charge shifts into the dielectric with
increasing conductivity enhancement.
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Figure 2. Similar conditions to Figure 1 except that the distance

constant has been increased to 100 pm; note the change in position

scale. The position of the peaks has increased by a factor of two,
however, the peak space charge has decreased by a factor of two.

If we invert equation (2) to obtain the resistivity and
substitute into equation (1), we obtain for the space
charge,

(na—l)EXp( X]

o

a(E,T)x, (1+(n(, —1)‘3"1’( XX])z

o

Je

{(x)=

(3)

Figures 1 and 2 show the space charge plotted as a
function of conductivity enhancement at the semicon for
different distance constants y,. Based on this analysis, we
find that space charge generated by variation in polymer
conductivity near the electrode is Gaussian-like, varies lit-
tle in magnitude with conductivity enhancement, but varies
substantially in position of the peak relative to the elec-
trode with conductivity enhancement.

We can also evaluate the field distortion caused by the
variation in conductivity. Since the distorted region is very
small relative to the 9 mm thickness of the dielectric, it
has little effect on the current density. Thus assuming the
current density is determined by the bulk material (here
assumed to have a conductivity of 1071 §/m}, the current
density is just the product of the bulk conductivity and the
field, which we will assume to be 20 kV/mm to give a
current density of 20 nA /m?. The electric field is then just
the current density divided by the conductivity and is
shown in Figure 3. As expected, substantial enhancements
of the conductivity bring the field near the electrode close
to zero. This might be seen as an advantage in that it
shields defects at the electrode from the field. The prob-
lem, of course, the drop in field for the resistively graded
condition becomes an increase in field at the electrode
upon polarity reversal. Thus a relatively small increase in
conductivity near the electrode can cause a very substan-
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Figure 3. Analytic approximation to the resistively graded electric

field distribution near the electrode as a function of conductivity en-
hancement. s

3 . - . ? ) a
tial increase in the ficld at the electrode upon polarity
reversal, and a factor of 10 is'a “small” change in conduc-
tivity as variations of 5 or,6 orders of magnitude are possi-

ble as a function of temperature dnd field.

3 NUMERICAL SIMULATIONS

The above analytical approximation does not take into
account the effect of field-dependent conductivity, which
can be appreciable above 10 kV/mm. Numerical simula-
tions were therefore undertaken for a range of materials
including one with a very large field coefficient of conduc-
tivity (o} and one with a more typical field coefficient
(o,) (equations (4 and 5), respectively and Figuré 4). The
coefficients in these equations were derived from fits to
measured data over the temperature range from 40 to 80°C
and at fields from 10 to 30 kV/mm. All simulations were
undertaken at a temperature of 25°C. The means by which
the field coefficient was measured have been descnbed 1r1
12}

—-0.56-¢g
O'I(E, T) = 3.2781t:xp T
B

sinh(2.7756 X107 | £ 1)
x

4
S E| (4)
7 98 q
o2 E,T) =3.6782x 10%xp |, W
A
4 sinh(1.086 X 1077 E)
X ~E (5)

The numerical simulations employ a custom program
for transient nonlinear finite element analysis which iter-
ates to the self-consistent solution for the electric poten-
tial, given that the field depends on the conductivity and
the conductivity is a function of the field [13]. The output
from the program is the electric field as a function of po-
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Figure 4, Conductmty at about 45°C as a function of electric ficld
for the oy and o, as provided in equations (4 and 5).

sition in the dielectric, from which we can compute the
conductivity as a function of position from an equation
such as 4 or §, which is an “input” to the program. The
electric field will be qualitatively similar to Figure 3. How-
ever, the electric field as provided by the program is not
very smooth as it must be computed from the derivative of
the potential. In order to proceed with the analysis, we
need to take a derivative of the resistivity with respect to
position, which is essentially equivalent to taking a deriva-
tive of the field. To facilitate this, we fit an analytic func-
tion to the field as a function of position.
Thé-function

a
] E(x) =Yyt

ool

where a, b, ¢, x,, and y, are constants, fits the numeri-
cally computed data (dots in Figure 5) extremely well. We
can substitute equation (6) into equation (5), invert the
result to obtain the resistivity, take a derivative with re-

(6)
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Flgure 5. Fit of equation (6} to computed field. The solid line is the
fit, and the dots are every fifth dawim in the computed field. The
dara are camputed for a conductivity corresponding to equation )
with an enhancement factor. of 100 at the electrode. This is a near
worst case fit, as the goodness of fit decreases with increasing en-
hancement factor. The average field is 20 KV/mm; however, the large
reduction in field at the electrodes causes the field in the bulk to rise
to about 25 kV/mm.
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Figure 6. Numerically computed space charge density ({inchuding the
effect of field-dependent conductivity) as a function of position for
the matertal characterized by equation (5) with factors of 3, 10, 30
and 100 increase in conductivity at the electrode and a distance con-
stant of 50 pm.

spect to x, multiply by Je, and obtain an equation for the
space charge density as a function of position. Although
the equation is much too long to print, computed data are
shown in Figure 6 for the field distribution of Figure 5.

In comparing Figure 6 with Figure 1, we see good quan-
titative agreement in the space charge magnitude but sub-
stantial differences in the position and shape of the space
charge distribution. For example, the numerical data for
100 times conductivity enhancement look more like the
analytical approximation for 30 times rather than 100
times. This is undoubtedly the result of the field-depen-
dent conductivity of the dielectric. From Figure 4, we can
see that the conductivity for a field of 20 kV/mm is about
5 times that for no field. According to Figure 3, the field
near the electrode is nearly zero, so that the conductivity
will vary substantially within the problem, and since the
space charge is a direct function of the spatial variation of
the conductivity, we cannot expect quantitative agreement
between the analytic approximation and the more accu-
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Figure 7. Conductivity as a function of position for the conditions
of Figure 6. The lower curve shows the conductivity without the ef-
fect of field-dependent conductivity, while the upper curve shows the
actual conductivity in a dielectric characterized by equation (5), in-
cluding the effect of field-dependent conductivity.
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Figure 8. Numerically computed space charge density (including the
effect of ficld-dependent conductivity) as a function of position for
the material characterized by equation {4) with factors of 3, 10, 30
and 100 increase in conductivity at the electrode and a distance con-
stant of 50 pm. The conductivity of this material changes much more
rapidly with field than “normal” polymers with the result that the
space charge distribution at the electrode is highly “distorted”.

rate numerical simulations. Indeed, if we compute the
conductivity as a function of position based on the data of
Figure 35, we arrive at Figure 7, which indicates that al-
though the conductivity of the polymer increased by a fac-
tor of 100 at the electrodes, the actual variation in the
conductivity between the bulk matcrial (at 25 kV/mm) and
the electrode (near zero field) is only a factor of 30 as a
result of the ficld-induced increase in conductivity in the
bulk. This explains why the numerically computed curve is
much closer to the analytical curve for an enhancement
factor of 30 than to that for 100, even though the compu-
tation which resulted in Figure 6 was for a conductivity
enhancement factor of 100 at the electrodes, i.c., was of
the form of equation (2), where o,(E,T), ie., equation
(5), was substituted for ;. We also note that the ampli-
tude-of the space charge is not constant in Figure 6 and
approaches that of the analytical approximation with in-
creasing conductivity enhancement. ’

Figure 8 shows the results of numerical simulations on
a material with the field-dependent conductivity charac-
teristics corresponding to equation (4). This material has a
much greater field-dependent conductivity than a “nor-
mal” polymer and results in extreme distortion of the space
charge relative to the analytic approximation or the more

typical materjal characterized in Figure 6.

After examining Figures 6 and 8, we can see very clearly
that quantitative interpretation of space charge measure-
ments in the present context (and in many contexts) re-
quires knowledge of the field-dependent (and if tempera-
ture gradients are involved, temperature-dependent) con-
ductivity followed by computations which include these
phenomena. The effects of field-dependent material
properties under dc conditions, even at normal engineer-
ing fields, are not second order effects. They are often the
dominant effect.
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Space Charge Density (C/m®)
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Figure 9. Analytical approximation for the effect of permittivity
variation near the semicon-dielectric interface on the space charge
under resistively graded conditions. The dielectric constant of the
bulk is assumed to be 2.25 with percent enhancements at the semi-
con-dielectric interface as shown in the figure. The distance constant
for the exponential drop in dielectric constant and conductivity to
bulk values is 50pum with a conductivity enhancement factor of 5.

0

3.1 EFFECT OF PERMITTIVITY

Equation 1 is derived from Poisson’s equation with the
assumption that the permittivity is not a function of posi-
tion. When this assumption is relaxed, equation {1) be-
comes

dp(x de(x
p;x)+p ;x) (7)

EHxy=ne

If both the conductivity and permittivity increase in the
dielectric as the semicon is approached, then the first term
in equation (7) will be negative while the second term is
positive. Thus the effect of the spatial variation in the per-
mittivity is to decrease the space charge density near the
semicon. Of course, if the permittivity were decreasing as
the semicon is approached, the effect would be to in-
crease the space charge. This could happen if, for exam-
ple, highly polar volatile cross linking byproducts, such as
acetophenone, were diffusing out of the dielectric. The
semicon is probably much more permeable than the di-
electric, so that diffusion would cause a density gradient
at the interface which could result in a decreasing dielec-
tric constant as the semicon is approached.

Figure 9 shows a computation in which the dielectric
constant has been modeled as

—x
e(x)=eoe,(1+(n5—1)-exp(—)) (8)
Xe
while the conductivity is modeled as per equation (2). The
distance constants, x, and x,, are 50 um for the permit-
tivity, and conductivity, and the ¢onductivity enhancement
factor, n,, is 5.

As noted above and seen in Figures 6 and 8, the peak in
the space charge distribution moves into the bulk of the

dielectric with increasing conductivity enhancement factor
because the space charge density depends on the deriva-
tive of the resistivity rather than conductivity. However,
the effect of the dielectric constant depends on the
derivative thereof which is maximum at the electrode.
Thus if we had plotted Figure 9 for a conductivity en-
hancement factor of 50, the variation in dielectric con-
stant would have negligible effect on the space charge dis-
tribution, as the peak in the space charge distribution
would have been well into the dielectric, where the varia-
tion in dielectric constant is small.

4 SEMICON-INDUCED
CONDUCTIVITY

4.1 SPACE CHARGE MEASUREMENT

For the above reasons, we have measured the field-
dependent conductivity of several polymers along with the
field-induced space charge at the semicon-dielectric inter-
face. In the case of cable samples, the space charge for-
mation over time was measured using the laser induced
pressure pulse method. The geometric field near the in-.
ner semiconductor was 20 kV/mm and the laser pulse en-
ergy was 450 m] with a pulse width of 7 ns. The laser
pulse was applied directly to the surface of the ground
shield semiconductor. The space charge induced signal was
measured using a coupling capacitor of 1.5 uF to an am-
plifier with a 20 MHz bandwidth. In the case of plaque
samples, space charge was measured using the pulsed
electroacoustic method. The geometric field across the di-
electric was again 20 kV/mm. The amplitude of the elec-
tric pulse was 2 kV with a pulse width of 25 ns. The space
charge induced signal was recorded using a digital oscillo-
scope,

4.2 CONDUCTIVITY AT THE
SEMICON-DIELECTRIC INTERFACE

Knowledge of the field-dependent conductivity and
ficld-induced space charge at the semicon-dielectric inter-
face provides a basis for evaluating the field-dependent
conductivity and field distortion at the electrode. Figure
10 shows the measured space charge near the semicon-di-
electric interface along with several numerically computed
fits for the less conductive material (equation (5)). The
large peak to the left is the induced charge on the elec-
trode caused by the applied voltage. The conductivity-in-
duced space charge appears to be distorted in the imme-
diate vicinity of the electrode, probably by a blocking ef-
fect at the electrode. Three computed curves have been
plotted for comparison with the measured data. The one
corresponding to 100x conductivity enhancement and 100
pm distance constant is clearly not a good fit. The other
two curves which correspond to conductivity enhance-
ments of 1000 and 500 and distance constants of 100 and
120 wm, respectively, are better fits to the data. As noted
above, the distance constant determines the magnitude of
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Figure 10. Measured space charge along with several numerically
computed fits for the less conductive material {equation (5)). The
large peak to the left is the induced charge on the electrode caused
by the applied voltage. The conductivity-induced space charge ap-
pears to be distorted in the immediate vicinity of the electrode, prob-
ably by a blocking effect at the electrode. Three computed curves
have been plotted for comparison with the measured data. The one
corresponding to 100x conductivity enhancement and 100 um dis-
tance constant is clearly not a good fit. The other two curves which
correspond to conductivity enhancements of 1000 and 500 and dis-
tance constants of 100 and 120 um, respectively, are better fits to the
data. '

the space charge, so that a distance constant in the range
of 100 um is necessary to fit the measured space charge
magnitude. The position of the space charge peak is de-
termined primarily by the conductivity enhancement, and
a conductivity enhancement in the range of 500 to 1000 is
required to obtain a reasonable match with the measured
peak position. Thus the data suggest that the conductivity
near the semicon-dielectric interface is enhanced in the
range of 1000 and falls off with a distance constant in the
range of 100 um. Such a change in conductivity near the
electrode would be of ne consequence under ac-graded
conditions but has a major effect on the field distribution
under resistively graded conditions,

Figure 11 shows similar data for the more conductive
material {(equation (4)). The primary difference in this ma-
terial is that the space charge disappears almost immedi-
ately when the voltage is removed. This tends to suggest
that the space charge is caused by the current density ac-
cording to equation (1) or, more generally, equation (7).
According to equation (4), this material has a conductivity
of about 8.2E-15 §/m at 300 K and 20 kV/mm, the condi-
tions of the space charge measurements. This results in a
dielectric time constant of about 2400 s. However, if the
conductivity near the electrode were enhanced by a factor
of 500, the dielectric time constant would be in the range
of 5 s, and the space charge would disappear too rapidly
to be observed after the voltage is removed. Thus the ob-
servation that the space charge in this sample disappears
before it can be observed after the voltage is removed
(within about 100 s) tends to confirm that the conductivity
in the dielectric near the electrode is enhanced substan-
tially.
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Figure 11. Space charge data and fits thercto for the more conduc-
tive material (equation (4)). The dotted line shows a space charge
measurement immediately after the voltage was removed. In this ma-
terial, the space charge disappears almost immediately when the
voltage is removed, which tends to indicate that the space charge is
caused by the current density passing through an inhomogeneous
conductivity. Again, the magnitude of the space charge peak pretty
well dictates that the distance constant must be about 100 wm. Com-
puted curves with this distance constant are shown for conductivity
enhancements of 300 and 1000. The latter appears to fit better, but
in any case, the conductivity enhancement must be in this range if

the space charge is caused thereby.

Again, the distance constant must be in the range of
100 pm to obtain the appropriate space charge ampli-
tude. The enhancement factor is more difficult to judge in
this highly nonlinecar material, as the strong field-depen-
dence of the conductivity distorts the space charge distri-
bution as seen in Figure 8. Computed data for conductiv-
ity enhancements of 300 and 1000 are shown, and the lat-
ter appears to be the better fit. Thus in both materials,
the conductivity appears to be enhanced in the range of
500 to 1000 near the semiconducting electrodes.

4.3 IMPLICATIONS FOR DC CABLE

The electric field distribution was solved for a cable with
18 mm radius conductor and 9 mm thick dielectric with
field and temperature-dependent conductivity character-
ized by either equation (4) or equation (5), 150 kV,, ap-
plied, a conductor temperature of 85°C and a ground tem-
perature of 45°C, As stated earlier, the equations for con-
ductivity as a function of electric field and temperature
are based on measurements of commercially available
polymers. The conductivity of the dielectric at each semi-
con was assumed to increase by a factor of 1000 with a
distance constant of 100 um. Figure 12 shows the resis-
tively graded electric field and the field immediately after
a polarity reversal for such cables. As a result of the large
conductivity enhancement at the electrodes, the field at
the electrodes is near zero under resistive grading. This
might be seen as an advantage for the resistively graded
condition; however, upon polarity reversal, this reduction
turns into an enhancement which results in a field of over
40 kV/mm at the conductor while the average field is only
16.67 kV/mm, as seen in Figure 12. Without the conduc-
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Figure 12. Resistively graded field distribution (dashed lines) for the
material characterized by equation (4) (heavy lines) and equation (5)
(light lines) along with the field distribution immediately after a po-
larity reversal (solid lines). The conductivity-induced reduction in the
field at the semicons might be considered an advantage under resis-
tive grading; however it results in a very large, “transient” field under
polarity reversal. The duration of the transient depends on the mate-
rial and temperature, and could vary from minutes to many hours.
The applied voltage is 150 kV across 9 mm for an average field of
16.67 kV/mm. Upon polarity reversal, the field at the conductor
reaches over 40 kV/mm before relaxing back to nearly zero. Without
the conductivity enhancement at the conductor, the maximum field
upon polarity reversal would be 28 kV/mm and 37 kV/mm for the
matenials characterized by equation (4) and equation (5), respec-

tively.

o

edidin
@ -durl

|||1‘ITT||r|11|I<\l‘!4\|[l:v||rl\|

03— = :

T T

Ln

FEE

1013 fjli T Il

=

] P
L S U T
0 1 2 3 4 5 6 7 8 9
Pogition relative to Conductar Semicon (mm)
Figure 13. Insulation resistivities for the resistively graded cable di-
electrics characterized by equation (4) (heavy line) and equation (5)
(light line) with a conductivity enhancement of 1000 at each semicon
with a distance constant of 100 um. The applied voltage is 150 kV
across 9 mm. The conductor is at 85°C while the ground is at 45°C.
The very large field-dependent conductivity combined with the low
thermal activation energy of the “heavy line” material results in al-
most uniform resistivity through the bulk of the material in spite of
the large temperature gradient. Since the space charge is propor-
tional to the spatial derivative of the resistivity, little space charge is
created in the bulk of the dielectric. For the material with greater
activation energy and less field-dependent conductivity (light line),
the much greater variation in resistivity across the dielectric results
in a small space charge in the bulk as seen in Figure 14, However,
the really large effect is at the electrodes where the conductivity varies
by several orders of magnitude over a small distance. However even
here, the large field-dependent conductivity of the heavy line mate-
rial (equation (4)) causes the resistivity to vary by only 1 to 2 orders
of magnitude near the clectrode rather than the 2 to 3 orders of
magnitude for the light line material {equation (5)).
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Figure 14. Space charge distribution for the resistively graded cable
dielectrics characterized by equation (4) (heavy line) and equation (5)
(light line)} with a conductivity enhancement of 1000 at each semicon
with a distance constant of 100 um. The applied voltage is 150 kV
across 9 mm. The conductor is'at 85°C while the ground is at 45°C,
which results in differing ficlds, resistivities (Figure 13), and space
charge distributions in the vicinity of the two electrodes (at ¢ and 9
mm).
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tivity enhancement at the semicons, the maximum fields
upon polarity reversal would be 28 kV/mm for the equa-
tion (4) material and 37 kV/mm for the equation (5) mate-
rial based on similar numerical simulations. The high field
in the case of the equation (5) material results from the
large thermal activation energy of the conductivity (0.98
eV) and the low field-dependence, which combine to cause
the conductivity to vary substantially across the conductor
f12]. The much lower thermal activation energy of the
equation (4) material (0.56 eV) and much greater field-de-
pendence result in a much smaller variation in the con-
ductivity across the dielectric. We note that under capaci-
tive grading, the maximum field at the conductor would
be 20.5 kV/mm for 150 kV applied voltage.

The large variation in resistivity (Figure 13} at the elec-
trodes results in substantial space charge as seen in Fig-
ure 14. The variation in resistivity both in the bulk and
near the cable semicons is much smaller in the material of
equation (4) than that of equation (5} for the reasons ex-
plained above with the result that the space charge both
in the bulk and at the semicons is lower in the cable made
with the equation (4) material than the equation {5) mate-
rial.

5 CONCLUSIONS

EASUREMENTS of space charge adjacent to

semiconducting electrodes can be explained by as-
suming a field-dependent conductivity near the semicon
caused by interdiffusion between the semicon and the di-
electric, Such interdiffusion is known t0 occur and to af-
fect dielectric properties {11]. Analysis of such data from
two very different dielectrics with the same semiconduct-
ing electrodes suggests a conductivity enhancement in the

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on March 10,2010 at 05:33:31 EST from IEEE Xplore. Restrictions apply.



IEEE Transactions on Dielectrics and Electrical Insulation

range of 1000 at the electrodes with a distance constant of
about 100 pm. Such a conductivity variation will increase
the maximum field;upon polarity reversal by in the range
of 50% for a good” de-cable dielectric, although it will
have little effect on the maximum field under polarity re-
versal for a “poor” dc cable dielectric. Iu this context, a
good dc cable dielectric has a small thermal activation en-
ergy of Conductmty and a large field- dependent conduc-
tivity [12] Numnerical simulations; and analytlc appr0x1ma-
tions provide a basis: for evaluatmg space charge measure-
ments to infer the variation: in conductmty ata semlcon—
dielectric intetface: ‘

REFERENCES‘ P

1} G. Bahder, F. Garcia and A 8. Brookes, “Insulation Coordina-
tion in High Veltage DC Cables™, CIGRE Paper 21-03, 1972,

[2] G. Bahder, G. 5. Eager, G. W. Seman, F. E. Fischer, and H.
Chu, “Development of +400 kV/+600 kV High and Medium-
Pressure Oil-filled Paper Insulated DC Power Cable System”,
IEEE Trans. PAS-97, pp. 2045-2056, 1978.

f3] A. L. McKean, and E.M. Allam, “Progress in Development of
1600 kV DC Cable System”, TEEE Trans. PAS-99, pp.
12511258, 1980.

[4] E. M. Allam and A. 1. McKean, “Design of an Optimized + 600
kV DC Cable System”, IEEE Trans. PAS-99, pp. 1713- 1721
1980.

[5] C. A. Arkell and A. F. Parsons, “Insulation Design of Self-Con-
tained Oil-Filled Cables for DC Operation”, IEEE Trans. PAS-
101, pp. 1805-1814, 1982.

Vol. 9, Ne. 4, August 2002 " 603

[6] O. Hauge, J. N. Johnsen, T. A. Holte, and K. Bjorlow-Larsen,
“Performance of the +250 kV HVDC Skagerrak Submarine
Cables, Further Development of the HVDC Paper-Insulated,
Mass-Tmpregnated (Solid Type) Submarine Cable”, IEEE Trans.
PD-3, pp. 1-15, 1988.

[7] F. G. Garcia, “Design Procedures for High-Voltage, Direct Cur-
rent Transmission Cables”, IEEE Trans. PD-3, pp. 425-433,
1988.

[8] A. R. Blythe, Elecirical Properties of Polymers, Cambridge Uni-
ver51ty Prcss 1986

[9] H. Fukagawa H. Mlyauchl Y Yamada s. Yoshida, and N,
Ando, “Insulation Properties of 250" kV: DC XLPE Cables”,
IEEE Trans, PAS:100, pp. 3175-3184, 1981. .

[10] B. M. Weedy and D. Chu, *HVDC Extruded Cables - Parame-
Jters: for Determination of Stresses”, IEEE Trans. PAS-103, pp.
662667, 1984,

[111 J. Bezﬂle H. Janah, J. Chan, and M. D. Hartley, “Influence of
Diffusion on Some Electrical Properties of Synthetic Cables”,
IEEE Conference on Electrical Insulation and Dielectric Phe-
nomena, pp. 567-572, 1992

[12] S. A. Boggs, J. Hjerrild, J. Holboll, and M. Henriksen, *Effect
of Insulation Properties on the Field Grading of Solid Dielectric
DC Cable”, Submitted for publication.

[£3] J. Kuang, J. D. Lavers, and S. A. Boggs. “Program for Transient
Nonlinear Finite Element Analysis with Applications to Cou-
pled Field Problems”, Proceedings ISH (International Sympo-
sium on High Voltage Engineering), Montreal, Canada, Vol. 6,
pp. 141-144, 1997.

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on March 10,2010 at 05:33:31 EST from IEEE Xplore. Restrictions apply.



