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Abstract

The output power of the photovoltaic system is heavily dependent on the low voltage (LV) DC cables which are exposed 
to multiple stresses such as climatic, mechanical, electrical, and thermal stress, hence makes them more exposed to aging 
as compared to other components in the system. Accordingly, it is essential to monitor the state and know the real cause of 
the insulation degradation of the cable. The physio-chemical changes inside the insulation during service is attributed to 
the thermal stress, which the cable has to endure constantly. Traditionally, destructive test techniques have been adopted to 
study the aging phenomenon in the cable insulation, making them unsuitable for on-line condition monitoring. This research 
work has been aimed to study the degradation in LV photovoltaic DC cables under thermal stress by measuring the dielectric 
properties; complex permittivity, tanδ with the change in frequency and decay and return voltage slopes using extended 
voltage response method. The non-destructive diagnostic methods used are based on the phenomenon of polarization and 
conduction in the insulation material. The noteworthy change in the values of the imaginary part of permittivity, tanδ at low 
frequencies, and the overall decrease in the values of return voltage slope showed the change in the structure of the polymer 
matrix under the stress which was related to the cross-linking based chemical reactions. The results show that the techniques 
can be adopted for the on-line condition monitoring of the cable for the PV system and the dielectric parameters can be used 
to study the chemical and physical changes happening inside the material effectively.

Keywords Photovoltaic power system · Low voltage DC cables · Thermal stress · Complex permittivity · Extended voltage 
response

1 Introduction

The share of renewable energy in the over-all world electric-
ity consumption is rapidly growing due to its clean, green 
and reusable characteristics [1]. The photovoltaic (PV) sys-
tem is one such renewable energy source out of other availa-
ble sources which has been recognized as a cost-competitive, 
safe, environment-friendly, and reliable source of energy. It 
has been predicted that PV will surpass its competitor wind 
in new installed capacity in the coming years as a result 

of huge price declines in recent times [2–4]. With more 
PV installation and usage, the knowledge and experience 
with this system have also increased [5]. This results in the 
observation and reporting of such faults which occur very 
occasionally, one such rare case is the failure of DC cable 
insulation [6].

In a PV system the four main components are to be con-
nected, PV modules, the charge controller, the batteries and 
the inverter [4]. DC cables are used to connect the PV mod-
ule and the inverter; converts the DC power into AC power 
which is the most important one and as the most popular 
form of electricity accepted in appliances. Although the 
DC cables account for only 2% in the solar project cost but 
they have a significant impact on the power output [7]. The 
PV modules and the DC cables are vulnerable to several 
extreme environmental conditions such as hot and cold tem-
peratures, humidity, UV radiation, and wind [8]. In addition 
to the environmental stress, the DC cables also have to bear 
the mechanical and electrical stresses such as bending and 

Online ISSN 2092-7592
Print ISSN 1229-7607

 * Ehtasham Mustafa 
 mustafa.ehtasham@vet.bme.hu

1 Department of Electric Power Engineering, Budapest 
University of Technology & Economics, 18 Egry Joszef 
Street, 1111 Budapest, Hungary

2 Department of Electrical Power and Machines Engineering, 
Helwan University, 1 Sherif Street, Helwan, Cairo 11792, 
Egypt

http://orcid.org/0000-0002-3232-6115
http://crossmark.crossref.org/dialog/?doi=10.1007/s42341-020-00201-3&domain=pdf


504 Transactions on Electrical and Electronic Materials (2020) 21:503–512

1 3

voltage drop heating, respectively. Since the insulation of 
the cables is a polymer in nature, so the temperature stress 
and the voltage drop heating; combined as thermal stress 
affects the structure of the polymer [9, 10]. This degradation 
phenomenon in cables is of more concerned than in other 
components of the PV systems as the thermal stress cre-
ates a chemical and physical alteration in the properties of 
the insulation. This may lead to safety hazards and reduced 
power output, in addition to the generation of leakage cur-
rent which could end up in insulation failure and hence sys-
tem failure. The cost of system shutdown combined with the 
cable replacement and repair is very high. Hence, this makes 
necessary to have the knowledge of the state and properties 
of the cable insulation and the mechanism of failure dur-
ing operation. In this scenario, using the type of diagnostic 
method to study the cable insulation is imperative.

The change in the structure of the insulation material due 
to thermal stress results in a change in the chemical, mechan-
ical and electrical characteristics of the material [11]. One 
way to study these changes happening inside the material 
is to use destructive chemical methods; density, ultrasonic 
velocity, thermogravimetric analysis (TGA), gel content, 
Fourier-transform infrared spectroscopy (FTIR), and oxida-
tion induction time (OIT), and mechanical methods; elonga-
tion at break (EaB) and indenter modulus (IM) [12]. Due to 
destructive nature of the tests, their application for on-line 
condition monitoring has been limited. Since the primary 
purpose of the electrical insulation is its electrical integrity, 
so it is important to study the dielectric characteristics. The 
study of conduction and polarization phenomenon in the 
material is one such method that helps in understanding the 
changes happening inside the insulation material due to the 
thermal stress.

Cross-linked polyolefin (XLPO) has been widely used 
polymer in PV insulation DC cables due to a number of 
advantages such as thermal stability, dielectric properties, 
and solvent resistance. But XLPO has shown anomalous 

behavior during aging and has been reported in a number of 
literature [13–15]. The behavior of XLPO has been studied 
in these literature using destructive chemical and mechani-
cal techniques. In this paper, the conduction and polariza-
tion phenomenon has been studied in view of the electrical 
properties of the complex permittivity ( �* ), dissipation factor 
(tanδ), decay voltage slope ( S

d
 ) and return voltage slope 

( S
r
 ), being non-destructive methods. The phenomenon has 

been studied using component analyzer and extended volt-
age response (EVR) methods for thermally aged low voltage 
(LV) PV DC cables. Although a number of researchers have 
studied the electrical properties due to aging in LV cables 
[16–19] but none of them have studied the phenomenon for 
PV DC cables, which need due consideration for the safe 
and reliable operation of PV system. The prominent change 
in the values of tanδ, the imaginary part of permittivity ( �ε ) 
and return voltage slopes ( S

r
 ) proved that the applied meth-

ods are reliable and effective in studying the aging phenom-
enon in the PV DC cables without any damage to the cables, 
making them suitable for the on-line condition monitoring 
adopted for the PV system.

The paper has been organized as follows: the cable struc-
ture and characteristics, accelerated thermal aging, measure-
ment of dielectric properties and EVR setup have been pre-
sented in Sect. 2. In Sect. 3, the results of the measurements 
have been laid out and a discussion on them in Sect. 4. While 
the conclusion and further prospects have been discussed 
in Sect. 5.

2  Experimental Work

2.1  Materials

The LV PV DC cable under investigation had the inner insu-
lation and jacket composed of XLPO, Fig. 1a. The cable 
had a single-stranded copper conductor with tin plating 

Fig. 1  a Low voltage power 
cable sample under investiga-
tion; b Air circulating oven for 
thermal aging
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(diameter = 2.25 mm). The outer diameter of the cable was 
5.8 mm. A short length of the insulation was removed from 
the conductor and a short length of the jacket was removed 
from the insulation to prevent any leakage current to flow 
during measurements.

2.2  Accelerated Aging

The cable samples under consideration, one meter long were 
subjected to thermal stress at 120 °C for four cycles; 240, 
480, 720 and 960 h in an air circulating oven, Fig. 1b. The 
thermal cycles were equivalent to 20, 40, 60 and 80 years 
of service time at 60 °C, which were based on the calcula-
tion using Arrhenius’s relationship with taking the activation 
energy of 1.24 eV into account. The jacket and the insulation 
were kept in contact with the conductor to obtain the results 
as the cable is subjected to the field conditions. After each 
thermal cycle, the samples were removed from the oven for 
analysis.

2.3  Measurement of Dielectric Properties

Precision Component Analyzer was used to study the dielec-
tric properties, real (��) and imaginary (���) part of complex 
permittivity and dielectric loss (tanδ). The impedance and 
tanδ of the cable samples were measured with an R–C par-
allel configuration setup for a frequency range of 20 Hz to 
500 kHz at an applied voltage of 5  Vrms and at a room tem-
perature of 25 °C ± 2%. The input signal was applied to the 
conductor and the output signal was measured from a wire 
braid positioned on the outer surface of the cable. The cable 
samples and the electrodes were placed in the Faraday cage 
to reduce any pickup from the external noises.

The real permittivity (��) is a measure of how the exter-
nal field energy is amassed within a material while how 
the material dissipates the energy from the external field is 
defined by the imaginary part of permittivity (���) [20–23]. 
The real and imaginary part of the complex permittivity 
were evaluated from the measured data using the expres-
sions [24]:

where C
o
 is the reference capacitance and is calculated by 

the known dimensions of the cable and the electrodes, while 
f  being the particular frequency during measurement.

The tanδ is defined as the ratio of the imaginary part of 
permittivity (���) to the real part of permittivity �′ . When-
ever a dielectric is subjected to an electric field, there are a 

(1)�
� =

C(�)

C
o

(2)�
��
=

1

2�fRCo

number of losses; conduction, polarization, and partial dis-
charge losses [25]. The first two losses are developed at a 
low electric field while the partial discharge losses happen 
at a high electric field. The conduction phenomenon is due 
to the transportation of the mobile charge carriers while the 
polarization is a complex phenomenon, which results due 
to several elementary processes. The measurement of tanδ 
at the low electric field, as in our case, is very effective in 
studying the phenomenon of conduction and polarization 
in the material.

2.4  Extended Voltage Response

Whenever a structural change happens in the polymer matrix 
due to aging, it alters the dielectric property of the mate-
rial. This change can be detected by studying the dielectric 
polarization phenomenon inside the material by applying a 
number of techniques classified based on frequency-domain 
and time-domain methods. One such time-domain method is 
the Extended Voltage Response (EVR) method. The method 
is very effective for studying those dielectric polarization 
processes which have high relaxation time constant or hap-
pening at a very low frequency such as the bulk, interfacial 
and hopping polarization processes. The EVR method is 
an extended version of the voltage response method and in 
recent times it has been implemented successfully to study 
the phenomenon in LV cables used in nuclear power plants, 
distribution systems and in high voltage cables and trans-
former insulations [26–30].

The basic working operation of the EVR measurement 
is shown in Fig. 2a. The insulation material is first charged 
at a DC voltage of 1000 V for 4000 s. After the charging 
period, the material is discharged for 20 discharging peri-
ods i.e., from 1 to 2000s, which gives a wide range of slow 
polarization spectrum, Fig. 2b. From the method two voltage 
slopes; decay ( S

d
 ) and return ( S

r
 ) voltage slopes are meas-

ured, which is calculated by the two equations [31]:

The decay voltage slope ( S
d
 ) is generated when the charges 

on the electrodes are discharged in the insulation after the 
separation of the insulation from the voltage source and is 
directly related to the specific conductivity ( �) of the insu-
lation. While the return voltage slope ( S

r
 ) is related to the 

polarization conductivity ( �) and is produced after a short 
discharging period, as a result, the polarization processes 
which remained excited in the insulation start to relax.

For the LV PV DC cable, the voltage was applied between 
the conductor and the outer surface of the cable, Fig. 3. All 
the measurements were carried out at a temperature of 25 
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°C ± 2% and humidity of 25% ± 2%. After the EVR measure-
ments, the cable samples were discharged for 5 h before the 
start of the next thermal cycle.

3  Measurement Results

3.1  Dielectric Properties of Unaged and Aged Cable 
Samples

Figure 4 shows the �′ of the unaged and aged cable samples. 
Irrespective of the aging, the �′ of the cable increased as the 
values of the frequency were shifted to lower values. The 
�
′ decreased after the first thermal cycle at all frequencies. 

While an increase in the values of �′ was observed after the 

next three thermal cycles for the whole frequency range and 
became closer to the values of the unaged ones.

Figure 5a shows the �′′ of the PV cable for the range of 
frequency under consideration. The �′′ started from a higher 
value at high frequency and then moved to a minimum value 
with a decrease in the frequency. This behavior had been 
observed for both unaged and aged cable samples. The �′′ 
showed an interesting character with the change of frequency 
due to aging. After the first thermal cycle, a decreased in the 
values of �′′ was noted. An increase in the values of �′′ was 
observed between a frequency range of 200 Hz and 20 kHz 
after the second thermal cycle. While at all other frequen-
cies a decrease was detected. After the third thermal cycle, 
a decrease in the values of �′′ was noted at the frequency 
ranges of 20 to 200 Hz and 800 Hz to 5 kHz, whereas at all 

Fig. 2  Extended voltage response a Circuit; b Timing diagram
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other frequencies, an increase was observed. At the end of 
the fourth thermal cycle, there was an increase between 5 
and 500 kHz, though a decrease was observed between 20 
Hz and 2 kHz in the �′′.

For the briefness, four reference frequencies had been 
selected; 100 Hz, 200 Hz, 10 kHz, and 200 kHz, and plotted 
against the equivalent aging time in years, Fig. 5b. As can be 

observed that the �′′ values had decreased at low frequencies, 
i.e., 100 Hz and 200 Hz as compared to high frequencies.

The tanδ of the unaged and aged cable is shown in 
Fig. 6a. There was a decrease of tanδ as the frequency was 
decreased, starting from a maximum value and after reach-
ing a minimum value at a certain frequency, there was an 
increase again in the tanδ. This variation of the tanδ with 

Fig. 3  Measurement setup of 
extended voltage response

Fig. 4  Relative permittivity 
( �′ ) vs. Frequency for different 
aging times
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frequency was also irrespective of the aging cycle. Similar 
to �′′ , the effect of aging on the tanδ values was also very 
interesting. After the first thermal cycle, there was an overall 
decrease in the tanδ for the whole range of frequency. While, 
after the second thermal cycle, at the frequency range of 
500 Hz to 20 kHz, there was an increase in the values of 
tanδ. Whereas for a range of 20 to 400 Hz and 50 kHz to 
500 kHz there was a decrease in the values. After the third 
and the fourth thermal cycle, a decrease in the values of 
tanδ had been observed for the frequency range of 20 Hz 
to 100 kHz and 20 Hz to 5 kHz, respectively. Even though 
an increase in the values had been observed between 200 
and 500 kHz for the third and between 5 and 500 kHz for 
the fourth thermal cycles. Figure 6b reports the tanδ at four 
reference frequencies; 100 Hz, 200 Hz, 10 kHz, and 200 kHz 
against equivalent aging time, where a decrease in the values 
at low frequencies was noted with aging.

3.2  EVR Measurements

The results of the EVR are shown in Fig. 7a and b for S
d
 

and S
r
 respectively. The values of S

d
 increased after the first 

and second thermal cycle. While a decrease was observed 
after the third thermal cycle and then an increase after the 
fourth thermal cycle. The overall effect was an increase in 
the values of S

d
 . The S

r
 for the different aging cycles are 

plotted against the discharging time. It was observed that 
with the increase of the thermal stress, the S

r
 increased after 

the first and second thermal cycle. But after the third and 
the fourth thermal cycle, a decrease in the values of the S

r
 

had been observed. Overall, the effect of thermal stress was 
an increase in the values of S

r
 in reference to the unaged 

sample values.

4  Discussion

4.1  Dielectric Properties

The polarization phenomenon inside the material has a 
strong relationship with the �′ [32]. Since there was no dis-
crepancy in relation to the frequency for the �′ of unaged and 
aged samples, so the �′ is independent of the frequency. The 
initial decrease in the �′ is due to the creation of the space 
charges, as it decreases the value of the permittivity. The 
increase of the permittivity after each thermal cycle shows 
that the dipolar by-products have been created which are 
adding to the polarization of the material. This shows that 
the structural changes happen inside the material.

The results of the �′′ show the dependency of �′′ on the 
frequency. The change in the values of the �′′ with aging was 
more prominent at a low frequency than at the high frequen-
cies, which depicts that at higher frequencies the dependence 
of �′′ on aging is almost insignificant, Fig. 8. The greater 
change of �′′ at the low frequency shows that due to the 
thermal stress there has been a strong effect on the polymer 

Fig. 5  a Imaginary permit-
tivity (���) vs. Frequency with 
different aging time; b �′′ vs. 
Equivalent Aging Time (Years) 
at 100 Hz, 200 Hz, 10 kHz, and 
200 kHz
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matrix. The creation of new bonds with a reduction of charge 
carriers is increasing with the thermal stress, as the change 
in the values of �′′ is increasing with each thermal cycle at 
the low frequency.

Since the tanδ is considered to be composed of three main 
losses; conduction, polarization, and partial discharge losses. 
The variation of the tanδ values is also quite large at the 
lower frequency than to the higher one, Fig. 9. The tanδ 
values decreased with the aging cycle at a lower frequency, 
showing that the losses due to polarization and conduction 
charge particles have decreased with aging. This suggests 
the formation of cross-linking based chemical reactions, 
which is a three-dimensional network within the molecules 
and restricts the mobility of charge transportation. The val-
ues of tanδ at different aging times with reference to values 
of unaged have been plotted, Fig. 9, against different aging 
times at three different frequencies, 100 Hz, 200 Hz, and 
400 Hz, which clearly shows how the charge mobility has 
decreased with aging. The high change in the values of �′′ 

and tanδ shows that the phenomenon contributing to the 
alteration to the dielectric property of the insulation mate-
rial has reached to either conclusion or stabilization after 
40–80 years.

4.2  EVR

As discussed for the dielectric properties results, the cross-
linking reactions due to excessive thermal stress also results 
in the decrease of the interfacial polarization. The cross-link-
ing reaction not only limits the charge movement but also 
restricts the dipole orientation, hence results in the decrease 
of polarization. This phenomenon has been associated with 
XLPO, as at elevated temperature the cross-linking occurs, 
which creates a kind of repair mechanism [10, 13, 14].

The increase in the S
d
 values shows the increase in 

the specific conductivity of the material. The structural 
changes happening inside the material due to the ther-
mal stress results in the production of localized sites for 

Fig. 6  a tanδ vs. Frequency with different aging time; b tanδ vs. Equivalent Aging Time (Years) at 100 Hz, 200 Hz, 10 kHz, and 200 kHz
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Fig. 7  EVR Measurements 
a S

d
 vs. Aging time; b S

r
 vs. 

Discharging time for different 
aging times

Fig. 8  The behavior of the 
imaginary part of permittivity 
at 100 Hz, 10 kHz, and 200 kHz 
with reference to unaged values 
against Equivalent Aging Time 
in Years
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the hopping of charged particles [33]. This creates a low 
energy field for the electrode charges to occupy these sites, 
resulting in the increase of the specific conductivity of the 
material, since S

d
 is measured when the electrode charges 

are discharged inside the material after disconnecting from 
the voltage source [34].

The results of the S
r
 as a function of the discharg-

ing time, Fig. 7, suggests the validity of the results of 
the dielectric analysis in terms of diagnostic purposes. 
Since the long discharging time plot helps in estimating 
the presence of slow polarization processes such as bulk, 
interfacial and hopping polarizations. Meanwhile, in our 
case the insulation and jacket are intact so the interfa-
cial and bulk polarizations are more under consideration 
then the hopping polarization. The initial increase in the 
S

r
 values shows that due to the structural changes happen-

ing inside the matrix results in increasing the polarization 
stress on the interface of the jacket and insulation. While 
the decrease in the values of S

r
 after the third and fourth 

thermal cycles were due to the chemical species interac-
tion at high thermal stress, resulting in a reduction in the 
interfacial polarization. This is understandable as with 
more thermal stress, it is easy for the chemical species to 
interact and thus resulting in a decrease in the polarization 
and amount of aging.

The phenomenon of the re-creation of cross-linking, 
which is observed in semi-crystalline materials due to 

exposure for a long time at elevated temperature results in 
the decrease in the values of the �′′ , tanδ, and S

r
.

5  Conclusions

In this work, the effect of thermal stress on the XLPO based 
LV PV DC cables were analyzed. With component analyzer, 
the real (��) and imaginary part ( ���) of permittivity and tanδ 
for a wide range of frequency were measured and with the 
EVR, decay voltage ( S

d
 ) and return voltage ( S

r
 ) slopes were 

analyzed. It was observed that with the effect of thermal 
stress, the polymer matrix was altered and the species con-
tributing to the conduction and polarization phenomenon 
were reduced with aging.

The results of �′′ , tanδ and S
r
 show that the thermally-

induced changes in XLPO were because of re-cross-linking 
reactions; as observable by the noticeable decrease in the 
values, a phenomenon associated with semi-crystalline 
materials when exposed to high temperatures. This resulted 
in a decrease in the interfacial and bulk polarization pro-
cesses inside the material with the aging time. The tanδ at 
100 Hz, the �′′ at 100 Hz and the S

r
 showed good results of 

the state of the cable insulation, hence making them feasible 
to use as electrical aging markers for the assessement of the 
cable insulation condition. It can be speculated that these 
methods being non-destructive and simple can be used as 

Fig. 9  The behavior of tanδ at 
100 Hz, 200 Hz, and 400 Hz vs. 
Equivalent Aging Time in Years 
with reference to unaged values
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diagnostic techniques effectively with the potential of being 
applied in the field for the online monitoring of the condition 
of the cables for the PV system, which is important for its 
reliability and safe operation. Also, this research work can be 
helpful in scaling-up the current cable qualification standard. 
For the future perspective, setting the threshold values of the 
aging markers the prediction of the remaining life of the PV 
cable can be evaluated in addition to the determination of 
the state of the cable.
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