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  Abstract- Electrical apparatus including HVDC cables are 

subject to transient events during their operating lifetime. This 

paper studies the effect of Superimposed Switching Impulses 

(SSIs) on the space charge accumulation behavior in extruded 

HVDC cable insulation. Results show a significant increase in the 

ability of the aged XLPE to store space charge at room 

temperature. This tendency is further enhanced at higher 

temperatures (i.e., 70 °C). The apparent trap depth characterizing 

this material is increased by aging process. Local field 

enhancement points were detected due to positive hetero-charge 

accumulation especially at high temperatures. 

 
I.    INTRODUCTION 

 

   High voltage direct-current HVDC cables are gaining more 
importance due to the integration of renewables in the electrical 
grid. Therefore, the reliability of HVDC cable systems is 
becoming more critical, especially, with the continuous efforts 
to increase both operating voltages and temperatures [1]. 
HVDC cables are subjected to many types of transient 
overvoltages during their operational life [2]. For this reason, 
the effect of electrical transients on the aging phenomena in 
HVDC cable insulation has been recently investigated using 
both simulations as in [3],[4],[5],[6],[7] and experimentally as 
in [8],[9]. This paper complements ongoing research on the 
investigation of the effect of Superimposed Switching Impulses 
SSIs on the dielectric properties of HVDC cable insulation, 
studying the effect of SSIs on space charge accumulation, 
trapping behavior, and field enhancement in the HVDC cable 
insulation. 
 

II.   MATERIALS AND METHODS 

A.     Aging procedure: 

Flat specimens of 0.15-mm-thick cross-linked polyethylene 
dedicated for DC applications (DC-XLPE) peelings (already 
degassed) were aged by repetitive High Voltage HV impulses 
at room temperature by means of a low voltage programmable 
signal generator and a high voltage amplifier (Fig. 1). The 
applied waveforms feature superimposed switching impulses as 
defined in CIGRÉ Technical Brochure 852 [10] (Fig. 2). The 
characteristics of the HV impulses waveshape are also 
presented in Table I. It is worth noting that no relaxation period 
is needed between impulses, since the duration of the impulse 

is negligible (in the order of ms) compared to the time constant 
of the dielectric (from few minutes to hours) [11]. For the latter 
reason and for the sake of accelerating the aging test, the 
repetitive impulses are separated by a period of only 1 second 
(as shown in Table I). Each specimen was stressed by 2000 
impulses (which is much higher than 40: the total number of 
superimposed impulses that cables have to withstand during 
tests recommended in [12]). The reason is to consider all 
presumable switching events that are expected to occur during 
the entire cable’s design lifetime of 40 years (i.e., about one SSI 
every week). 
 

 
Fig. 1. Block diagram of the aging and measuring process 

 
Fig. 2. Superimposed switching impulse of the same polarity as the 

positive DC voltage for VSC cables, according to CIGRÉ technical 
Brochure 852 [10]. 

 



TABLE I 

SWITCHING OVERVOLTAGE CHARACTERISTICS 

Parameter Value 
Nominal voltage �� (kV) 3.75 
Peak voltage ���,� (kV) 8.25 

Front time (μs) 250 
Time to half-value on the tail (μs) 2500 

Repetition rate (1/s) 1 
Number of impulses 2000 

Total aging time (min) 33.3 
  

B. Space charge measurement: 

After the aging process, both aged and unaged specimens are 
characterized by space charge measurements (Fig. 1) using the 
Pulsed Electro-Acoustic method (PEA), at two temperatures 
(25°C and 70°C, being typically in the range of those found in 
an unloaded and loaded cable). Tests were performed on 
materials stressed by an electric field of 20 kV/mm, chosen as 
the typical average field of DC-XLPE insulations. Results on 

space charge distribution in specimens from PEA were further 
processed to calculate the local electric field using the following 
relationship: 
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where 
�� is the calculated local electric field at the point x 
inside the specimen, � is the thickness of the specimen (m) and 
��  is the charge density at the point �  inside the specimen 
(C/m3). The maximum electric field is found as follows: 
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Fig. 3 Space charge (color bar in C/m3) evolution inside the insulation thickness (y-axis) over time (x-axis) for: 
(a) non-aged specimens at 25 °C 

(b) aged specimens E0=25 kV/mm, 2000 impulses at 25 °C 
(c) non-aged specimens at 70 °C 

(d) aged specimens E0=25 kV/mm, 2000 impulses at 70 °C 

 



The probability density function of the trap depth is given by 
the Kernel density estimator of the apparent trap depth � 
obtained from [12]: 
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Where �  is the trap densities distribution, #  is Boltzmann 
constant, $  is the absolute temperature, ℎ  is the Planck 
constant, )  is the electron charge, *  is the mean distance 
between localized states (* = 5. 1001 ��)), � is the apparent 
mobility, ��� �!)  is the net (average) charge density in the 
specimen at time t [13]. 
 

III.   RESULTS AND DISCUSSION 

 
Figure 3 shows the space charge density distribution in non-
aged and aged specimens at 25°C and 70 °C during a 3-hour 
polarization period (from 0 to 10800 s) and a 1-hour 
depolarization period (from 10800 to 14400 s). Comparing the 
non-aged (Fig. 3a and 3c) and the aged (Fig. 3b and 3d) 
specimens, both polarization and depolarization periods show 
that the aged XLPE tends to store more charge compared to the 
non-aged XLPE, in particular with a significant accumulation 
of hetero-charges. Indeed, space charge accumulates in the bulk 
of aged insulation at 25°C (Fig. 3b). On the other hand, at 70 
°C, aged specimens accumulate a significant amount of space 
charge in both mid-insulation and near electrodes, in the form 
of hetero-charge (Fig. 3d).  
Figure 4 shows the mean value of the stored net charge density 
��� �!) (in light and dark blue – to be read at the left y-axis) 
and the maximum electric field (in pink and red – to be read at 

the right y-axis) inside the specimen for non-aged and aged 
specimens at 25 °C and 70 °C calculated according to (1) and 
(2). It can be noticed in Fig. 4a that the stored charge is doubled 
at the end of the polarization period at 25°C. The result is even 
more significant at 70°C, where charge storage has a 5-fold 
increase in comparison to the unaged specimen. This confirms 
that the ability of the aged XLPE to store charges is relatively 
high, compared to the unaged specimens where the charge 
evolution curve is approximately constant (light blue curves in 
Fig. 4), while it is clearly increasing in the case of aged 
specimens (dark blue curves in Fig. 4). Although space charge 
storage is an important indicator of aging in insulations, the 
stored net charge density ��� �!)  itself does not necessarily 
reflect the overstress applied on the insulation due to local field 
enhancement which strongly depends on the sign of the charge 
and its place with respect to the electrodes. As a consequence, 
the local maximum electric field, calculated according to (1) 
and (2), in the aged specimen is found to be higher than that in 
the unaged specimen. Indeed, that is clearly the case at higher 
temperature (red curve in Fig. 4b), where the field increases up 
to 23 kV/mm, while this result is less clear at lower temperature 
(pink curve in Fig. 4a), where the evolution of the maximum 
electric field during the polarization period is approximately 
constant.  
During the depolarization period (i.e., between 10800 s and 
14400 s), space charge relaxation takes place gradually, with 
speed depending on the trapping properties of materials 
(Equations (3),(4)). It can be noticed that the higher the 
temperature, the faster the dissipation of the stored charge. At 
25 °C (Fig. 4a), stored charge relaxation during depolarization 
is almost negligible, while that is not the case at 70 °C (Fig. 4b). 
Fig. 5 shows the probability density function (pdf) of the trap 
depth � for both non-aged and aged specimens at 25 °C and 70 
°C calculated according to (3) and (4). Plots refer to the 
probability that a material is able to trap charge carriers at a 
certain depth, and are obtained monitoring the depolarization 
stage of the PEA measurement. Curves that are shifted to the 

 
(a) (b) 

Fig. 4. The stored net charge density ���  (in light and dark blue curves to be read at the left y-axis) and the maximum electric field (in pink and red curves to be 
read at the right y-axis) at (a) T=25 °C, (b) T=70°C. 



right (higher trap depth values) will be characterized by deeper 
traps. It is clear that, regardless of temperature, the aging of the 
specimens leads to a shift of the pdf peak towards a higher trap 
depth (i.e., from 0.88 eV to 0.94 eV at 25 °C and from 1.01 eV 
to 1.08 eV).  
Finally, it must be noticed that those results of space charge 
measurements also agree with the results obtained from other 
characterization measurements (i.e., Dielectric Spectroscopy, 
Fourier Transform InfraRed spectroscopy FTIR, and DC 
conductivity measurements) that can be found in [9]. In [9],  
noticeable formations of aging chemical bonds and polar 
products were detected in the aged specimens. The formation 
of chemical defects might justify the increase in the trap depth 
density in the aged XLPE (in Fig. 5) [14].   
 

IV.   CONCLUSION 

 
 This study investigated the effect of Superimposed Switching 
Impulses on space charge accumulation in HVDC cable 
insulation. The results demonstrated that SSIs can modify the 
dielectric properties of extruded insulation used for HVDC 
applications. Results show an increase in the ability to store 
space charge on XLPE after the application of 2000 SSIs. The 
trap depth distribution is found to shift towards higher depths in 
aged specimens compared to unaged ones. The resulting 
localized field enhancement (+15% at 70°C) might affect the 
lifetime and reliability of the HVDC cable and the whole 
HVDC insulation system.  
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Fig. 5. The probability density function (pdf) of the trap depths for both 

unaged and aged specimens at T=25°C and T=70°C calculated 
according to Equations (3) and (4). 


