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Abstract

In this work, the influence of antioxidants in solid and liquid states was studied on the formation of space charge when cross-linked
polyethylene (XLPE) was insulated in medium voltage cables that were thermally treated for up to 168 hours at a temperature of 120 °C.
The results, which used the pulsed electro-acoustic technique (PEA) with a voltage of 120 kV applied to the cable show the use of solid
antioxidants in an increased formation of bulk charge in the XLPE in comparison to those who have used liquid antioxidant. The PEA
measures are consistent with those obtained by the thermally stimulated depolarization currents (TSDC) technique, which also have a
greater depolarizing current in samples that use a solid antioxidant.

Keywords: Space charge, cross-linked polyethylene, solid and liquid antioxidant, Pulsed Electro-acoustic (PEA), Thermally Stimulated
Depolarization Currents (TSDC).

Influencia del antioxidante sélido y liquido sobre la formacion de carga
de espacio en el aislamiento de XLPE de cables de media tension

Resumen

En este trabajo se estudio la influencia del antioxidante en estados sélido y liquido en la formacién de carga de espacio en el aislamiento
de polietileno reticulado (XLPE) en cables de media tension que fueron tratados térmicamente hasta 168 horas a la temperatura de 120 °C.
Los resultados mediante la técnica del Pulso Electroacustico (PEA) para una tension de 120 KV aplicada al cable muestran que el uso de
antioxidante solido da como resultado una mayor formaciéon de carga volumétrica en el XLPE comparado con los que se han usado
antioxidante liquido. Las medidas PEA son coherentes con las obtenidas por la técnica de las Corrientes de Despolarizacion Estimuladas
Térmicamente (TSDC) que también evidencian mayor corriente de despolarizacion en las muestras con antioxidante solido.

Palabras clave: Carga de espacio, polietileno reticulado, antioxidantes sélido y liquido, Pulso Electroacustico (PEA), Corrientes de
Despolarizacion Estimuladas Térmicamente (TSDC).

of high voltage insulators. The term space charge describes
the electrical condition of a poor conductor material that
maintains electrical charges that are relatively immobile. The

1. Introduction

The phenomenon of space charge is gaining more

importance in the industry every day. It is also becoming
more important for researchers as it helps them understand
the space charge generating mechanisms or level of applied
voltage, monitor the production process of insulating
materials and study the possible deficiencies in the behavior

study of the effect of space charge on the properties of
insulating materials is becoming more important due to its
influence on the aging processes and dielectric rupture, which
are limitations in their performance [1,2].

It is well known that having a space charge in insulating
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Figure 1. Medium voltage cables
Source: Adapted from internet http://www.viakon.com/pdf/categorias/10.pdf

materials increases the electric field several times in relation to
the applied field. This contributes to the increase in conductivity
and triggers the dielectric rupture process that eventually
decreases the cable performance and its service life.

A great deal of research work has addressed the causes of
space charge formation in XLPE cable insulation. The
phenomena in which space charge formation in materials have
important effects include temperature [3,4], acetophenones [5],
the by-products from the cross-linking reaction [6], antioxidants
[7], as well as dielectric strengths, arborescences and aging.
During extrusion of medium voltage cables, polyethylene
insulation is subjected to stresses that cause cracks in the material
[8] contributing formation and charge conduction.

Taking into account all of the above, it is important to
know all the factors that contribute to space charge formation
in order to reduce its presence in cable insulation and thus
optimize it to extend its service life and improve its
performance. Currently, dielectric materials doped with
nanoparticles that reduce the formation of space charge are
being researched [9,10].

2. Medium voltage cables

The medium voltage cables in this study (Fig. 1) are
obtained through a process of vulcanization in which
temperatures of up to 220°C can be reached. It consists of a
hard aluminum conductor (a), two semiconductor layers (b
and d) that form interfaces with the XLPE insulation (c), a
copper metallic shield (¢) and a PVC sheath (f). In general,
these cables are used in primary distribution networks. They
work within a 10-20 kV voltage range and during their
operation they can reach temperatures up to 90 °C.

3. Pulsed electro-acoustic technique (PEA)

Space charge measurement is one of the most important
variables to be studied in order to discover the factors that
degrade insulation and also for the purpose of improving the
quality of insulating materials. There are many techniques
used to study space charge measurement that have emerged
since the end of the last century and the beginning of this one.
For this study, we are focusing on the Pulsed Electro-acoustic
(PEA) technique. It consists of applying an electric pulse of
a controlled frequency and amplitude to the dielectric
material. The facilities used are shown in Fig. 2.

This technique consists of applying a controlled
frequency electric pulse (pulse time = 40ns) and amplitude
(400V) to the dielectric material using a pulse generator (1).
The objective of this experiment is to find out the different
samples of a disturbance.

The samples are placed between two electrodes in the cell
that is to be measured (5) in a high voltage DC (2), at 120 kV.
The consequence is that the internal electric field is modified
which causes an electromagnetic interaction and creates an
elastic wave. This is proportional to the charge that
propagates to a piezoelectric transducer, transforming itself
into a voltage signal. From the voltage signal profile load
space with a deconvolution software is obtained.

The amplitude of the acoustic wave in the material is
recorded in an oscilloscope (3) and this is related with the
quantity and its distribution in the sample volume. The cable
samples studied were conveniently prepared so that the
pulsed electroacoustic (PEA) could be applied with high
fields. The measurements were undertaken in the Dielectric
Materials Physics Laboratory (DILAB) at Barcelona Tech.

4. Thermally Stimulated Depolarization Current
Technique (TSDC)

This technique is based on the combined effect of electric
field and temperature to polarize the material and freeze the
polarization mechanisms while samples are being cooled
(Fig. 3). Next, the material is depolarized by increasing the
temperature, which leads to a depolarization electric current.
Integrating the curve I = f(T) gives a measure of the amount
of charge in the volume of the material.

The methodology used for the polarization and
depolarization is described below:

a) The sample is heated up to the temperature of polarization
Ty (1)

b) The polarizing field Ep is applied with high voltage DC
(2) while the temperature remains constant.

¢) The sample is cooled at a constant velocity (Ve) until the
temperature To (non-isothermal polarization) (6).

d) The electric field is eliminated, which short-circuits the
sample through an electrometer at temperature To.

e) The sample is heated, usually at a constant velocity (Ve),
generating thermo-stimulated depolarization while the
current detected by the electrometer (4) is recorded
according to the temperature in the PC (5).

Figure 2. Facilities for the measurements using PEA
Source: The authors.
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Figure 3. Facilities for the measurements using TSDC.
Source: The authors.

Charge density (C/m*3)

5. Results using the PEA technique
Thickness (mm)

Figs. 4 and 5 show the PEA measurements on the cables
that were not thermally treated. By undertaking a
comparison, we are able to see that in the sample with liquid
antioxidant a positive charge profile distribution can be
observed that is close to the outer insulation surface
(cathode). This is not observed in the cable with a solid
antioxidant. If you refer to the charge density values in the
Table 1 for 0 hours, it can be seen that the sample with liquid
antioxidant charge density is higher in the cathode, the anode
and the volume profile.

When the samples are treated for 8 hours at 120°C, we can
observe a similar charge distribution on both insulations near
the cathode and anode (Figs. 6 and 7). However in the case
of the solid antioxidant, two small charge distributions are
formed close to the outer electrode. In the one with the liquid
antioxidant, the initial distribution splits in two to produce a
lesser value. The charge in the cathode is small for the sample
with liquid antioxidants (values for 8 hours), as can be noted
in Table 1.

Figure 5. XLPE with liquid antioxidant 0 hrs at 120 °C.
Source: The authors.

Charge density (C/m"3)

Thickness (mm)

Figure 6. XLPE with solid antioxidant at 120°C for 8 hrs.
Source: The authors.

Finally, when the samples are treated for 168 hours at 120°C,
it can clearly be observed in Figs. 8 and 9 that, in the XLPE solid
antioxidant charge distributions are formed all the way to the
center of the insulation. However, in the XLPE with liquid
antioxidant, the charge in the volume distributions decreases and
a better behavior in terms of space charge is achieved. Also, the
charge on the inner cathode continues to decrease. This can be
seen in Table 1 charge values for 168 hours

Charge Density (C/m*3)

6. Results using the TSDC technique

Thickness (mm)

When comparing the TSDC measurements, note the area
under each curve in Figs. 10 and 11. It is clear that the sample

Figure 4. XLPE with solid antioxidant at 120 °C for 0 hrs. . . .
8 with liquid antioxidant and no thermal treatment (0 h) has

Source: The authors.
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Figure 7. XLPE with liquid antioxidant at 120°C for 8 hrs.
Source: The authors. Figure 9. PEA in XLPE liquid antioxidant 168 hrs at 120°C
Source: The authors.
Table 1.
—_ Treatment Outer Positive Volume Inner
o To 120°C Electrode Profile Profiles Electrode
e (anode) interface (cathode)
) XLPE with Density Density Density Density
; Antioxidants Cim? Cim? Cim?® Cim?
= Solid (0 hours) -0.87 5.86 Not 1.63
C Liguid (0 hours) -10.17 727 248 278
3 Solid (8 hours) 512 511 0.56 228
© 0.10
o Liguid (8 hours) -520 5.00 043 1.82
P -147
(@] -3.12 479 0.07 2.13
Bolid (168 hours) 0.07
. 0.16
o -0.80
Ke) Liguid (168 hours) -3.12 4.8 Not 1.64
5@\ Source: The authors.
. §
Thickness (mm) <
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Figure 8. XLPE with solid antioxidant at 120°C for 168 hr
Source: The authors. B 7
1.2E-11 —
more accumulated charge than the sample with solid L .
antioxidant. However, if the treatment time is increased at a
9E-12 — —

temperature of 120 °C on both samples, the results is different
behavior. In the case of the sample with a solid antioxidant,
the accumulated charge increases from 0 to 168 hours.
However, in the one with the liquid antioxidant, the charge
decreases.

In Table 2 we can observe the changes occurring in each
case. These were calculated by obtaining the area under the
curve in Figs. 10 and 11.

Although the liquid antioxidant initially generates more
charge, after the thermal treatment it produces a better
behavior since it tends to decrease the accumulated charge 0 W= P VP

. . ’ 40 50 60 70 80 90 100 110 120 130 140
This result may be caused by the fast decomposition of the Temperature (°C)
liquid antioxidant, which produces more by-products that Figure 10.TSDC in XLPE with solid antioxidant
contribute to the formation of more charge. However, with Source: The authors.

Intensity (A)
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Figure 11. TSDC in XLPE with liquid antioxidant
Source: The authors.
Table 2.
Treatment Solid Ligquid
Time at 120°C | Anfioxidants Antioxidants
(hours) Charge ( nC) Charge (nC)
0 5.09 17.73
8 342 1630
168 10.45 6.17

Source: The authors.

the treatment they vaporize and are released from the XLPE,
leaving a more homogeneous structure with less defects and
less charge. We suggest either using the liquid antioxidant
and increasing the crosslinking temperature during the
process or having previous treatment to guarantee a thermal
cleaning of the by-products for the crosslinking reaction. This
will guarantee a lower amount of space charge in the volume
of the XLPE and in the XLPE-semiconductor interface.

7. Conclusions

The use of a solid antioxidant in the XLPE insulation of
the medium voltage cables studied contributes to the
formation of a greater amount of space charge. This could be
due to the fact that the solid antioxidant does not totally
decompose in the cross-linking process, and the residues
create defects in the inner structure. These act as a charge
trapping and accumulation center.

The results obtained by using the TSDC technique are in
line with those obtained from the PEA technique. Both cases
show that the samples with solid antioxidants accumulate
more space charge if they are heat treated for a longer time at
120 °C.

To understand the complex form in which space charge
in the cable insulation evolves, there is a need to carry out

systematic studies that involve thermal and electric aging. It
should be noted that space charge is a degrading factor for
insulating materials that can foster other factors and that can
also be unfavorable for insulation as it can cause partial
discharges and dielectric ruptures. As we have demonstrated
in this study performing a simple analysis on the samples
with no aging can lead to contradictory interpretations.
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