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ACCUMULATION AND EFFECTS OF SPACE CHARGE
IN DIRECT CURRENT CABLE JOINTS. PART II: SPACE CHARGE
DENSITY AND ELECTRIC FIELD DETERMINATION
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Part II of the paper show the effect of temperature and electric field on the space charge accumulation (bulk and superficial
charge) in direct current cable joints with Ethylene-propylene rubber/Cross—linked polyethylene insulation. The bulk charge
was determined by using some electroacoustic pulses (the pulsed electroacoustic method (PEA)) and the superficial charge was
determined experimentally - from the measured bulk charge - , as well as by computation - using the electrical conductivity and
permittivity. The results show that both the electric field and the temperature increase the space charge values. Moreover, even
after the voltage cancellation, there are residual charges that produce a residual electric field, whose values can be higher than

the partial discharges and/or electrical treeing inception values.

1. INTRODUCTION

In [1], a model and two methods for computing the space
charge densities (volume and superficial) were presented,
as well as the variation with the temperature and electric
field of the electric conductivities of the dc cable joint's
insulation layers — respectively of cross-linked polyethylene
(XLPE) and ethylene-propylene rubber (EPR). In this paper
(Part II) the results of the bulk (experimentally) and
superficial (experimentally and by computation) space
charge densities determinations, as well as the resulting
electric field — in the presence and in the absence of the
voltage — are presented.

2. CHARGE DENSITY

Using the direct current (dc) electrical conductivity
values determined in [1], the values of the space charge
densities accumulated in cylindrical samples were
determined, in the absence and presence of voltages of 25,
50, 75 and 100 kV at 6 = 30, 50, 70, 80 and 90 °C. The
increase of the voltage to the set value for each
measurement was performed continuously in 2 s for 25 kV,
5 s for 50 kV, 10 s for 75 kV and 30 s for 100 kV, and the
power-off was performed in 1s for 25 kV, and,
respectively, 2, 3 and 5 s for the other voltages.

2.1. VOLUME CHARGE

2.1.1. VOLTAGE ON

Figures 1 — 4 show the variations with time and coordinate
r of the volume (bulk) space charge density (p,) determined
experimentally in EPR/XLPE cylindrical samples having the
dimensions: ;=8 mm, r;; = 11.7 mm and r, = 12.6 mm. It is
found that, after applying the voltage, in the vicinity of the
electrodes, charges of the same polarity as that of the
electrode potential (Homocharges) are separated (Fig. 1), and
in the volume of the samples, both positive and negative
charges are separated (Bulk charges). On the other hand, the
maximum values of the volume charge densities increase
with the voltage application time (Figs. 1 and 2), less for
lower voltages (25 kV) and more for higher voltages (75—
100 kV).

For example, if ¢ increases from 1 to 3600 s, in the points
near the vicinity of surface S| (respectively, for
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Fig. 1 — Variation of the volume space charge density with coordinate r,
in EPR/XLPE, at different instants: 1 (1), 60 (2), 600 (3) and 3600 s (4)
(Voltage On, U= 100 kV, 6 =30 °C).

r= 8.2 mm), p, increases 1.18 times for U =50 kV and 1.29
times for U =100 kV.

These increases are explained by the increase in time of
the injected charge from the electrodes compared to the one
cancelled in the volume of the sample or at the
electrodes [2].

Increasing the voltage applied to the samples leads to a
significant increase in the charge density values p,. This
increase is lower for lower values of ¢, respectively
immediately after Voltage On (¢ =1 s) and higher for higher
values of ¢ (Figs. 3 and 4).

These increases are mainly due to the increase in the
concentration of charge carriers injected by the electrodes
(e.g. by Schottky effect [2]), respectively electrons at the
cathode and holes at the anode.
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Fig. 2 — Variation of the volume space charge density with time, in
EPR/XLPE, at points on the cylindrical surfaces of coordinate
r= 8.2 mm (in the vicinity of the HV electrode), for U=25kV (1),

50 kV (2), 75 kV (3) and 100 kV (4) (Voltage On, 0 = 30 °C).
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Fig. 3 — Variation of the volume space charge density (absolute values)
with the voltage, in EPR/XLPE, at points on the cylindrical surface of

coordinate » = 8.2 mm (in the vicinity of the HV electrode),
at 1 (1) and 3600 s (2) (Voltage On, 6 = 30 °C).
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Fig. 4 — Variation of volume space charge density (absolute values) with
the voltage, in EPR/XLPE, at points on the cylindrical surface of
coordinate »=12.5 mm, at 1 (1) and 3600 s (2)

(Voltage On, 6 = 30 °C).

Thus, increasing the voltage from 25 to 100 kV causes an
increase in the values of p, of 7.1 times at # = 1 s and 9.29
times at ¢+ = 3600 s in the points in the vicinity of §;
(r=28.2 mm), and of 11.50 times at =1 s and 13.43 times
at t = 3600 s in the points in the vicinity of the ground
electrode (= 12.5 mm).

2.1.2. VOLTAGE OFF

After voltage-off, the space charge density values and
shapes modify, compared to those existing during
Voltage On.

It is to be noticed that immediately after the voltage
cancellation (¢ =1 s), the curves p, (r) (Fig. 5, curve 1) have
the same shape as those in the presence of the voltage
(Fig. 1), the higher values of p, corresponding to the higher
applied voltage values (Fig. 6). On the other hand, the
values of the charge density at the points in the
neighbouring areas S; (»=8.2 mm) and in particular S,
(r=12.4 mm) are considerably reduced over time (Figs. 5—
7). For example, if ¢ rises from 1 to 600 s, in the vicinity of
S,, the p, value decreases 5.5 times for U = 50 kV and 1.87
times for U =100 kV (Fig. 8).

However, it should be noticed that p, is not cancelled
even after one hour from the disconnection of the voltage
source, the higher values of p, resulting for higher applied
voltage values (Fig. 8).

2.2. SUPERFICIAL CHARGE

2.2.1. VOLTAGE ON
Changing the values of the electrical conductivity leads
to the modification of the superficial charge density (ps,c./)
values on the S}, interface (Figs. 9 and 10). Thus, the
computed values of p; ., increase over time to a limit value
ps. (specific of each temperature) at which it stabilizes, after
a certain time Tmay,. This increase happens very fast at
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Fig. 5 — Variation of volume space charge density with the coordinate r,

in EPR/XLPE, at £ =1 s (1), 60 (2), 600 s (3), 3600 s (4), 7200 s () and
10800 s (©) (Voltage Off, U= 50 kV, 0 =30 °C).

HV Electrode Ground
1.0 ! |7 Electrode
i P 3 ! !
. ! ; ! |
© ! 1 7 ] i
£ o5 : : Hol
9 i i omocharge
200 1
& |
g | Homocharge
"g -0.5 ¢ i Bulk charge—— 1
B
S0 o '
O $1 S12 f
s 1 EPR | XLPE 2
' 8 12 13

10 11
Coordinate »(mm)
Fig. 6 — Variation the the volume space charge density with the

coordinate 7, in EPR/XLPE, at t = 60 s for U=25kV (1),
50 kV (2) and 100 kV (3) (Voltage Off, 6 = 30 °C).
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Fig. 7 — Variation with time of the volume space charge density at
r=28.2mm (1), 9.5 mm (2), 11.5 mm (3) and 12.4 mm (4)
(Voltage Off, U= 50 kV, 6 =30 °C).
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Fig. 8 — Variation with time of the volume space charge density near the
ground electrode (» = 12.4 mm), for U=25kV (1), 50 kV (2), 75 kV (3)
and U= 100 kV (4) (Voltage Off, 6 = 30 °C).

90 °C (Fig. 9, curve 3) and much slower at temperatures
close to room temperature (Fig. 9, curve 1). Increases of
the superficial charge density with the temperature
(Fig. 10) are mainly due to the increase of the values of
the diffusion coefficient of the charge carriers with the
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Fig. 9 — Variation with time of the calculated superficial charge density
(absolute values) at the interface Sy,, for 8 =30 °C (1), 60 °C (2)
and 90 °C (3) (Voltage On, U =50 kV).
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Fig. 10 — Variation with temperature of the calculated superficial charge
density (absolute values) at the interface S;,, for £ =60 s (1), 600 s (2)
and 3600 s (3) (Voltage On, U= 50 kV, 6 =30 °C).

temperature, respectively their mobility, both in EPR and
XLPE.

The increase of p;; is of great importance for cable joint
operation. Thus, a higher value of p,, leads to more
important changes in the distribution of the electric field,
especially to its intensification in certain areas, which
makes easier the development of partial discharges and
electrical trees, making easier the insulation failure [1]. On
the other hand, the higher values of p,; lead to the
apparition of more intense residual electric fields, which
facilitates the continuation of the electrical degradation
processes of the insulation even after the cables are
removed from operation.

Knowing the experimental values of p,, the experimental
values of p; (respectively, p;..,) were determined with the
equation (17), presented in [1]:

T
ps,exp = ZJ.pV(V)VdV /(ra +rb) > (1)

a

where r, and r, represent the radii of cylindrical surfaces
very close together, located on both sides of the S,
interface (Fig. 3 in [1]).

The values of pjy,, determined at 30 °C, for different
voltages, are shown in Fig. 11. It is observed that, over
time, the values of p;,,, increase as a result of the increase
in the number of carriers displaced from the electrodes, this
increase being more important for higher values of applied
voltage, respectively for 100 kV (Fig. 11).

On the other hand, differences between the
experimentally determined values p;.., and calculated ones
pscar ([1], equation (14)) can be seen, and that these

differences vary in time (Table 1). The relative difference
between p,,, and p, .., denoted as ¢, and defined with the

equation :
o @

has very low values for ¢ close to 2400 s (g,—0) and
higher values immediately after applying the voltage and
after reaching the steady state (g,,;,— 0.65) (Table 1).

These differences are due, both, to measurement errors
and to the approximation of the thickness of the interface,
and to the computational hypotheses (homogeneous and
isotropic environments, invariable permittivity with
temperature and electric field, etc.).

2.2.2. VOLTAGE OFF

The variations in time of superficial charge density p;.x,
determined experimentally after voltage cancellation are
shown in Fig. 12. It is found that the values of p;,, rise first
(for a duration T,,,y,) up to a maximum value p;  max-

Values of T,., and p,., depend on the voltage
values U, respectively Tpu. and psey increase with the
voltage. It should be noted that the complete cancellation
of p; is not obtained even after 2 hours after the voltage-off.

If the time constant values after the superficial charge is
stabilized (reaching p,,;) are compared, respectively 50 kV
Voltage On - Ty, = 5000 s (p = 0.21 mC/m*) — Fig. 9 and
Voltage Off - T, = 10000 s (p, = 0.1 mC/m’) — Fig. 12, it
is found that the time constant value is 2 times higher after
the Voltage Off (Fig. 12, curve 2) than from applying the
voltage (Fig. 9, curve 1).

The duration of reaching the maximum value p;; during
Voltage On is lower than the value obtained during Voltage
Off due to the increased electric fields established in the
samples at the application of voltage (more intense as the
applied voltage is higher).

Erel = ps,exp - ps,cal

Table 1

Superficial charge density values, determined experimentally p;.., and
computed p; . at different moments ¢ from the voltage application
(Voltage On, U= 50 kV, 6 =30 °C)

t(s) 600 1200 2400 3600 5400
(mpé;:[)lz) —0.1258 -0.1307 —0.1424 —0.1437 | -0.1449
(m%;:llqz) —0.0433 -0.0897 -0.1561 -0.1931 -0.2191
&rer (%) 65 31 9.6 34 51
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Fig. 11 — Variation with time of the experimental superficial charge
density (absolute values) at the interface Si,, for U=25 (1), 50 (2), 75 (3)
and 100 kV (4) (Voltage On, 6 =30 °C).
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Fig. 12 — Variations with time of the experimental superficial charge
density (absolute values) at the interface Sy,, for 25 (1), 50 (2), 75 (3)
and 100 kV (4) (Voltage Off, 6 = 30 °C).

3. ELECTRIC FIELD
3.1. VOLTAGE ON

For cylindrical samples with coordinates »; = 8 mm,
ri=11.5mm and r, = 12.6 mm, at temperatures between
30 and 90 °C and for an applied voltage U = 50 kV, the
electric field values were computed at different moments
from the voltage application (¢ =1 ... 5500 s). A part of the
results are shown in Figs. 13 — 20.

Figures 13 and 14 show the variations of the electric
field E with the coordinate r in a sample at 30, 60 and,
respectively, 90 °C, at four moments ¢ after voltage
application (1, 10, 60 and 600 s) computed in the absence
of p,, using the equations (15) and (16) (in [1]). It is found
that, for any temperature value, £ decreases with the
increase of » and shows a sudden variation at the transition
from EPR to XLPE. This is due, on one hand, to the
reduction of the relative permittivity values (from 2.77 — for
EPR - to 2.19 — for XLPE) ([1], Table 1), and, on the other
hand, to the increase in the electrical conductivity values as
the temperature increases (more in EPR and less in XLPE)
([1], [3-11]). Thus, when the temperature increases from 60
to 90 °C, the electrical conductivity at the points adjacent to
the S, interface increases, for ¢ = 60 s, 6 times in EPR and
3.5 times in XLPE. Immediately after applying the voltage,
at the points in EPR adjacent to the S, interface there is an
important increase in the electrical conductivity (see [1],
Fig. 7), followed by a reduction of its values to the steady
state. In the case of XLPE, in the first seconds there is a
pronounced increase in conductivity (see [1], Fig. 8),
followed by a slow increase when its values stabilize.
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Fig. 13 — Variation with coordinate  of the electric field
forr=1s(1),10s(2)and 60 s (3)
(Voltage On, U= 50 kV, 6 =30 °C).
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Fig. 14 — Variation with coordinate » of the electric field,
for 6 =30 °C (1), 60 °C (2) and 90 °C (3)
(Voltage On, U= 50 kV, ¢ =600 s).

The time variations of the electric field £ in different areas
of domain D, in the absence of volume charge density, are
shown in Figs. 15 and 16. It is found that, in both
subdomains, D; (EPR) and D, (XLPE), the electric field
varies over time, but not in the same manner. Thus, in
XLPE the field increases continuously: faster in the first
250 s and slower after 250 s (Fig. 15), and in the case of
EPR, the electric field suddenly increases in the first 200 s,
reaching a maximum value after approx. 500s, then
decreasing and stabilizes (Fig. 16). Depending on the
temperature, the steady state is reached at different
moments, as follows: in XLPE, after 3 h for 30 °C and after
1 h for 60 °C and 90 °C and in EPR after 12 h for 30 °C,
after 2 h for 60 °C and after 1 h for 90 °C.

The variations of the electric field £ with temperature at
different points in the layers of EPR and XLPE are shown
in Figs. 17 and 18. It is found that, after 3600 s, at all points
in the EPR layer, the electric field decreases (for example,
at the interface, £ decreases about 15 times, when 0
increases from 30 to 90 °C), while in the XLPE layer, the
electric field increases as the temperature increases (at the
interface, E increases about 2.3 times, when 0 increases
from 30 to 90 °C). These variations are mainly due to the
significant increases in the conductivity values for the EPR
layer [1, 4].

Figures 19 and 20 show the variation of the electric field
with the temperature at the EPR/XLPE interface (S;,) for
different time values. It is found that, in the case of higher
temperature values (90 °C), the field reaches the same
steady-state regime, specific for each layer, respectively
0.3 MV/m for EPR (Fig. 19) and 45.5 MV/m for XLPE
(Fig. 20), regardless of the duration of the voltage
application (60 s or 3600 s).

25T

353
S
T

Electric field (MV/m

3000 4000 5000

Time (s)
Fig. 15 — Variation with time of the electric field in XLPE,
at coordinate » = 11.5 mm (1), 12 mm (2) and 12.6 mm (3)
(Voltage On, U= 50 kV, 6 =30 °C).
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Fig. 19 — Variation with temperature of the electric field in EPR at the
interface Si,, for =60 s (1), 600 s (2) and 3600 s (3)
(Voltage On, U=50kV, 6 =30 °C).

Variations of the electric field with coordinate r, in the
presence of volume and superficial charges (on the S,
interface) at different moments from the Voltage On are
shown in Fig. 21. It is found that the presence of space
charge in the bulk of the sample reduces the electric field

Fig. 23 — Variation with coordinate r of the electric field
atz=1s (1), 600 (2), 3600 (3), 7200 (4) and 10800 s (%)
(Voltage Off, U= 50kV, 6 =30 °C).

values in the vicinity of the electrodes, because they have
the same signs as the electrodes potentials
(homocharges, Fig. 5). Instead, the variations of £ in the
samples are different: £ increases in EPR and decreases in
XLPE (Fig. 22).
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Fig. 24 — Variation with time of the electric field in points on the
cylindrical surfacec with radius » = 8mm (1), 10.5 mm (2) and
12.6 mm (3) (Voltage Off, U=50kV, 6 =30 °C).

3.2. VOLTAGE OFF

Figure 23 shows the variations of the electric field with
coordinate r after Voltage Off for U= 50 kV and 6 = 30 °C.
It is found that after the voltage is cancelled, the electric
field changes in the whole volume of the sample. Thus, its
values decrease considerably, and in the vicinity of the
electrodes the field changes its sign (Fig. 23, curve 1). On
the other hand, field values change over time, respectively,
increase in the first 10 minutes, and then decrease
continuously, close to zero (Fig. 24). It should be noted the
relatively important values of the electric field in the
vicinity of the earth electrode, more than one hour after the
voltage source (about 12 MV/m) is disconnected. As these
residual fields (due to accumulated space charge)
constitute, in the case of cable joints in service (and
temporarily removed from power supply, for repair or
maintenance work) important hazards, it is necessary that,
for joints insulation, materials with lower space charge
accumulation be used. For that purpose, the use of
nanocomposites with different types of fillers is also
recommended: ZnO [12], SiO,, TiO, [13], BaSrTiO; [14],
MgO [15] etc.

4. CONCLUSIONS

The operation of power cables under continuous voltage
leads to the accumulation of space charge in cable and joint
insulations, both in the volume and at their interfaces. The
charge density values depend on the nature and structure of
the insulating materials, the magnitude and duration of the
voltage application, etc.

The different values of the conductivities and electrical
permittivity of EPR and XLPE determine the occurrence of a
space charge at the EPR / XLPE interface, whose density
varies with temperature and voltage applied to the insulation.

Connecting the conductor to the HV electrode at a positive
potential leads to the apparition of homocharges in the
vicinity of both electrodes during Voltage On.

The volume density of the accumulated charge in bi-layer
insulations has two maxima in the vicinity of the electrodes,
whose values increase with the voltage values.

The charge density values vary over time, ie. they
increase up to a limit value in the case of voltage application
and tend to zero after its cancellation.

Increasing the temperature of the insulation causes an
increase in the density of the space charge.

The accumulation of space charge modifies the
distribution of the electric field in the joint insulation, in

certain areas the values of the field can greatly intensify.

After voltage power-off, a residual electric field remains
inside the insulation whose values depend on the insulation
characteristics, temperature and applied voltage values. As
the applied voltage values increase, the accumulated charge
and its related residual field take higher values.
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