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Abstract- This paper is focused on the measurement of space
charge in flat specimens deriving from a cable subjected to the
Pre-Qualification (PQ) test. In particular, before starting the PQ
test and after finishing them, the flat specimens have been taken
from the cable. This with the aim to evaluate the effect of PQ test
on the space charge accumulation phenomenon. The PEA cell has
been used for the space charge detection, while the Standard IEEE
1732-2017 has been followed for the measurement procedure. For
both unaged and aged specimens, the space charge and the related
electric field distribution have been reported in the paper.
Measurement results highlight that the more accentuated electric
field distortion has been observed during the test carried out on
the aged specimen stressed under positive polarity.
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[. INTRODUCTION

In the field of High Voltage Direct Voltage (HVDC) systems
the main insulation degradation factor is attributed to the space
charge accumulation phenomenon [1-2]. The accumulation of
charge in dielectric is mainly due to the applied voltage
magnitude and thus to the electric field gradient but also to the
temperature gradient within the dielectric layer as well as to the
dielectric interface conditions [3-8]. Considering the
importance attributed to the space charge phenomenon, a
Standard IEEE 1732-2017 was issued [9]. The Standard is
referred to the cable specimens and introduces the measurement
of space charge in the routine test of HVDC extruded cables for
rated voltage up to 550 kV. For the space charge test, the
Standard proposes a protocol to be followed for two different
measurement techniques, such as the Thermal Step Method
(TSM) [10] and the Pulsed Electro-Acoustic (PEA) method
[11-12]. In addition, the mentioned Standard indicates that the
ageing status of a dielectric can be evaluated by means of
electric field gradient calculated starting from the accumulated
charge.

Based on the above, in the present work the protocol proposed
by the Standard IEEE 1732-2017 has been followed in order to
evaluate the accumulated charge in flat specimens deriving
from an HVDC cable subjected to Pre-Qualification (PQ) test
[13-14]. The PQ tests belong to the routine tests carried out on
cables before being installed and have the purpose of evaluating
the long-term performance of the cables themselves. However,
the aim of the present work is to evaluate the effect of PQ test
on space charge accumulation phenomenon which, in turns,

indicates how much these tests influence the cable lifetime [15].
For this aim two set of specimens have been obtained from
longitudinal slicing of a HVDC full-size cable before and after
it has been subjected to the PQ test. As indicated in the Std,
starting from the detected charges, the electric field gradient is
calculated as well as its maximum absolute percentage
variation, AE. The latter value indicates if the electric field is
stable or not and therefore it provides an indication regarding
the ageing status of the dielectric under test.

The choice to measure the accumulated charge in flat

specimens was mainly due to the fact that several difficulties
are still present in the charge measurement on the cable sample
[16]. However, by means of the new PEA cell developed by S.
Zahra et al. some issues were overcome [17]. Therefore, in
future works, by using the proposed new PEA cell the effect of
PQ test could be evaluated directly on the cable.
The followed protocol for the measurement of space charge and
for the evaluation of AE is given in the next Section. In the other
Sections, instead, the specimens under test, the measurement
procedure and the experimental results are reported.

II. THE STANDARD IEEE 1732-2017 AND MEASUREMENT
PROCEDURE

In 2017, the IEEE Standard 1732-2017 named
“Recommended Practice for Space Charge Measurements on
High-Voltage Direct-Current Extruded Cables for Rated
Voltages up to 550 kV” was proposed [9]. The Standard is
conceived for cable specimens and suggests the procedure to be
followed for the space charge measurements during routine
tests. However, for the purpose of this work the guidelines
proposed by the above-mentioned Standard have been adapted
for flat specimens. The protocol suggested by the Std in its
original form for cable specimens has been summarized and
reported in a previous work [18]. In the present work, instead,
because our PEA cell for flat specimens is not able to carry out
measurement under thermal gradient, the test procedure has
been slightly modified as below.

A - Sample preparation. The unaged and aged samples have
been obtained from a HVDC cable before and after the PQ test,
respectively.

B - Positive voltage pooling time. The space charge
measurement starts by applying a positive voltage with
magnitude 10 kV in order to obtain the rated electric field of 20
kV/mm.



C — Charge detection. After a two minutes of voltage
application, the first space charge distribution has been
acquired. This profile is used as reference for the signal
processing.

D - Subsequent measurements. Every 60 min and until 3 h of
applied voltage the space charge distributions are acquired.

E - Electric field evaluation. Starting from the charge
acquisitions, the electric field profiles have been carried out. A
comparison between the electric field at 0 hours (two minutes)
and three hours, has been made. Then, the maximum absolute
percentage variation between the two electric field profiles, AE,
is calculated by a formula reported in the Standard. If AE results
lower than the 10% the electric field is considered stable and
the subsequent point F can be neglected (go directly to point G).
F - If AE results greater than the 10% the acquisition of space
charge continues for another three hours (from 3 to 6 hours). In
this case AE is calculated between the electric field acquired at
3 and 6 hours. If AE < 10% go to point g. On the contrary, the
acquisition of space charge continues for another three hours
and AE is calculated between the electric field at 6 and 9 hours.
G - Voltage removal and Volt-off phase. The high voltage
generator is switched off, while the pulse generator is active.
During the depolarization time, with duration equal to three
hours, the trapped charge is acquired. The charge distributions
at 0,1,2 and 3 hours are evaluated as well as the residual electric
field.

H — End of the test. The test at positive voltage is concluded.
The specimen is short circuited for 24 hours.

I — Negative voltage pooling time. The points from B to H are
repeated by applying the high voltage stress in negative
polarity.

IITI. SPECIMENS UNDER TEST AND MEASUREMENT
PROCEDURE

With the aim to evaluate the effect of PQ test on the space
charge accumulation phenomenon, the samples have been
obtained from longitudinal slicing of a HVDC full-size cable
before and after it has been subjected to the PQ test [13].
Therefore, unaged and aged samples have been tested with
same measurement conditions previously reported in Section II.
The samples, with thickness 0.5 mm, are made of XLPE
dielectric material. The applied DC voltage for the tests was
+10kV in order to stress the samples with an electric field
gradient of +20 kV/mm, as in the normal operating condition of
the cable itself.

IV. MEASUREMENT RESULTS - UNAGED SPECIMEN

Concerning the unaged specimen, under the DC stress in
positive polarity a no significant accumulation of charge has
been detected within three hours of voltage application, as can
be seen in figure 1. Therefore, the electric field distribution does
not present significant distortion, as shown in figure 2. The
value of AE calculated between the electric filed at 0 and 3
hours results equal to 3% and thus, as indicated in the Standard,
it can be considered stable. The measurement under DC in

positive polarity has ended.
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Fig. 1. Space charge distributions in the unaged specimen during positive
polarity.
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Fig. 2. Electric field distributions in the unaged specimen during positive

polarity.

With reference to the acquisitions under negative DC stress,
the accumulated charge and the related electric field gradient
are depicted in figures 3 and 4, respectively.

As for the previous case, the amount of trapped charge is low

and therefore the measured AE between the maximum electric
field at 0 and 3 hours results 4.9%. This means that the step E
is satisfied and therefore it is possible to move directly to step
G of the Standard protocol.

In the step G the residual charge and the electric field are
evaluated during vol-off phase. Considering that no particular
phenomena were detected, the related graphs have not been
reported here.
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Fig. 3. Space charge distributions in the unaged specimen during negative
polarity.
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Fig. 4. Electric field distributions in the unaged specimen during negative
polarity.

The obtained electric field values at 0 hours (Eto,) and at 3
hours (Etsn), under both positive and negative polarity, as well



as the calculated AE%, are reported in Table 1.

Table I. Measurement results of the unaged specimen

Positive Polarity | Negative Polarity
E(ton) [KV/mm] 21.14 -21.18
E(t3n) [KV/mm] 21.77 -22.09
AE% (0-3) hours 3 4.9

V. MEASUREMENT RESULTS - AGED SPECIMEN

The space charge and the electric field distributions measured
in the aged specimen derived from the same cable (after having
subjected it to the PQ test) are reported in the follow.

From 0 to 3 hours of positive DC stress the accumulated charge
and the related electric field profiles are depicted in figures 5
and 6, respectively.

In this case, the maximum electric field at 0 and 3 hours result
20.72 and 23.47 kV/mm, respectively. The value of AE
calculated between (Eton) and (Etsn) results 13.28%, therefore a
significant electric field distortion occurs. Considering that this
value is greater than the 10%, the detection of the accumulated
charge continues for another 3 hours, as suggested by the
Standard.
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Fig. 5. Space charge distributions in the aged specimen during the first three
hours of positive polarity.
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Fig. 6. Electric field distributions in the aged specimen during the first three
hours of positive polarity.

From 3 to 6 hours the measured space charge and the related
electric field distributions are show in figures 7 and 8§,
respectively. At 6 hours the maximum electric field value is Eten
= 2447 kV/mm and the value of AE calculated between Etsy
and Etep results 3.4%. This last value is lower than 10% and thus
the measure under positive polarity can be concluded.

In the next step the HV generator is switched off and the trapped
space charge during volt-off phase has been detected for 3
hours. After that, the specimen has been grounded for 24 hours
to clear the specimen from the residual charge. Then the
measure under negative polarity (-10kV) has been carried out.
The charge and the electric field profiles from 0 to 3 hours are
illustrated in figures 9 and 10, respectively. Under negative DC

stress the maximum measured electric field is -20.59 kV/mm at
0 hours, and -21.63 kV/mm after 3 hours. Therefore, the
calculated AE results lower than 10% and equal to 5.02%. On
the basis of this last value, the acquisitions at -10kV can end.
After detecting the residual charge for the three hours following
the shutdown of the DC generator, the measurement is
completed.

All the obtained results for the aged specimen are summarized
in Table II.
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Fig. 7. Space charge distributions in the aged specimen from three to six hours
of positive polarity.
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Fig. 8. Electric field distributions in the aged specimen from three to six hours
of positive polarity.
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Fig. 9. Space charge distributions in the aged specimen during the first three
hours of negative polarity.
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Fig. 10. Electric field distributions in the aged specimen during the first three
hours of negative polarity

Table II. Measurement results of the aged specimen

Positive Polarity | Negative Polarity
E(ton) [KV/mm] 20.72 -20.59
E(tsn) [KV/mm] 23.47 -21.63
E(ten) [KV/mm] 24.47 -
AE% (0-3) hours 13.28 5.02
AE% (3-6) hours 3.4 -




V. CONCLUSIONS

In the present work the effect of the PQ test on the ageing

phenomenon in HVDC cables is investigated. For this aim the
accumulation of space charge has been measured in flat
specimens derived from a cable before and after it has been
subjected to the PQ test. To detect the space charges the
protocol proposed by the Standard 1732-2017 has been applied.
Measurement results show a no significant accumulation of
charge in the unaged specimen. In fact, for both polarities the
maximum absolute percentage variation AE resulted lower that
5%. For the aged specimen, instead, some differences in the
space charge accumulation behavior have been observed. In
particular, during the test under positive polarity the maximum
electric field value changes from 20.72 kV/mm to 23.47 kV/mm
in the first three hours of voltage application. This, in turn, has
generated a value of AE equal to 13.28% and therefore an
unstable electric field. For this reason, as suggested by the
adopted Standard, the charge acquisition has been carried out
for another three hours. However, the maximum electric field
value after six hours, compared to that previously obtained at
the end of three hours, provides a AE equal to 3.4%. Therefore,
no further acquisitions have been made. Under negative
polarity, instead, the space charge test was completed within the
first three hours because the value of AE resulted lower than the
10%.
Small differences in the aged specimens, not compromising the
insulation quality, were expected since PQ test has the aim to
simulate 40 years of life. The ageing effect in term of lifetime
reduction, due to the electrical stresses applied by the PQ test,
could be evaluated by means of the Inverse Power Law. For a
better and more accurate analysis, additional space charge
measurements are ongoing on further specimens deriving from
other HVDC cables, results will be shown in future works.
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