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Abstract. Photovoltaic and wind turbine energy systems have a pivotal role to
meet the growth in power demand. The power generated from the renewable
energy sources has main advantages of the absence of harmful emissions and
infinite availability. The integration of photovoltaic systems into the power grid
is expected to increase with the continuous reduction in the capital cost of these
systems. The photovoltaic systems are exposed to extreme ambient conditions
such as solar radiations, wind, humidity and thermal stresses. Cables in the
photovoltaic systems are of great importance since they provide the link
between the main components of the photovoltaic systems so, the reliability,
efficiency and lifetime of the photovoltaic systems affected greatly by the
functionality of these cables. This research presents a study of the insulation
condition of Cross-Linked Polyolefin insulation based photovoltaic cable sam-
ples exposed to elevated temperature of 120 °C for four cycles. The analysis
based on the measurement of the insulation capacitance, insulation resistance
and the dissipation factor or tangent delta after each cycle as a function of
frequency ranged from 100 Hz to 500 kHz. The results showed that the
capacitance had a slight change with increasing the ageing period while the
insulation resistance and the dissipation factor were more affected.
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1 Introduction

Electric power utilities face many challenges from the huge development towards an
extensive integration of different renewable energy sources into the power grid such as
photovoltaic (PV) energy systems [1]. Taking into consideration the PV source relia-
bility, availability, visibility and other factors such as the stability of the power grid, the
integration process should guarantee the mutual benefits between the two energy
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sources. A typical PV system comprises of solar panels which convert the incident of
solar radiations into DC power, inverter which provide the interface between the solar
panel and the utility network, batteries and charge controller as main components [2].
The design of the PV system components should be done accurately to obtain maxi-
mum output power and minimum losses in the system. The PV cables are used to
connect between the components of the PV system. PV cable management is of a great
importance aspect of the safety and lifetime of the PV system. This is primarily due to
the usage of exposed cables in the PV array since the PV system is installed outdoors
on rooftops and open fields where harsh ambient conditions such as solar radiation,
wind, humidity, and hot & cold temperatures stress exposed components as modules
and cables [3]. Theses harsh ambient conditions affect the insulation integrity of the
cables used in the PV systems where insulation degradation becomes more significant
affecting the overall PV system [2]. For this reason, the functionality of these cables
should be guaranteed over a long period since the estimated thermal lifetime of theses
cables is about 25 years [4–7]. In this research, samples of Cross-Linked Polyolefin
(XLPO) insulation-based PV cables were subjected to accelerated thermal aging to
investigate the effect of thermal stresses on the insulation integrity. The evaluation of
the insulation state carried out by measuring the insulation capacitance, insulation
resistance and the dissipation factor (tand) using a precision component analyzer with
output voltage of 5 V over a range of frequency from 100 Hz to 500 kHz.

2 Experimental Work

2.1 Specimens

The measurement of the insulation parameters was carried out on samples of low
voltage PV cable. The cable consists of three main parts, fine wire tin-plated copper
conductor with cross sectional area of 4 mm2, inner and outer insulation made of
XLPO as in Fig. 1. The cable technical specifications are given in Table 1.

Fig. 1. Cross section of the cable.
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2.2 Accelerated Aging Procedure

Before starting the thermal aging, the samples have been preconditioned in an oxygen-
controlled oven to remove any moisture from the samples as shown in Fig. 2. The
preconditioning was for one day at temperature of 70 °C. After that, the samples were
kept at room temperature for one day. Before starting the thermal aging, a benchmark
measurement for the capacitance, insulation resistance and tand was carried out. The
accelerated thermal aging was at a temperature of 120 °C for different periods of 240,
480, 720 and 960 h. Between each period, the measurements were carried out to clearly
investigate the effect of different aging periods. For the measurement of the capaci-
tance, Insulation Resistance (IR) and tand the samples were covered with an aluminum
foil so, the measurement was between the conductor and the aluminum foil at room
temperature. All the measurements carried out in Faraday cage to eliminate any
interference during the measurement.

Table 1. Technical specifications of the cable.

Parameter Value

Rated voltage (AC) 1 kV
Inner insulation XLPO
Insulation thickness 1 mm
Outer (jacket) insulation XLPO
Jacket thickness 0.77 mm
Outer diameter 5.8 mm
Max. conductor temperature 120 oC

Fig. 2. Samples in the oven.
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3 Results and Discussion

Figure 3 depicts the capacitance, the insulation resistance (IR) and tand of unaged
samples over the whole frequency range (100 Hz to 500 kHz). The values of the
capacitance and IR decreased with increasing the frequency as shown in Fig. 3a and b
respectively while Fig. 3c shows that the values of tand increased moving to the higher
frequencies showing how the leakage current dominate in the insulation at higher
frequencies.

Figure 4 illustrates the capacitance after the thermal aging. The capacitance had the
same profile as the unaged case i.e., the capacitance values decreased with increasing
the frequency. Besides, after the first aging cycle (240 h), the capacitance decreased
slightly below the baseline measurement over the whole frequency range showing that
the dielectric insulation lost around 2% of its electrical capacitance [8]. While it
increased after the second cycle (480 h) showing that the insulation starts to retain its
original capacitance since the decrease in the capacitance became 1.2%. Moving to the
third and fourth cycles (720 and 960 h) respectively, the insulation recovered its

Fig. 3. The benchmark measurement (a) Capacitance (b) Insulation resistance (c) tand.
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original capacitance since only 0.1% and 0.22% difference after the third and fourth
cycles respectively [9].

The plot of the insulation resistance is shown in Fig. 5. Like the capacitance, the
insulation resistance had the same profile of the unaged case i.e., the higher values of
IR were shifted to the lower frequency range. Also as shown in Fig. 5, starting from
100 Hz towards 2 kHz, the IR values increased with increasing the aging period while
the IR values were less affected with the aging period increased for the frequency range
from 5 kHz to 500 kHz.

Basically, the dielectric dissipation factor is an indication for the losses in the
dielectric material. The active losses in the dielectric are conduction losses (Pc),
polarization losses (Pp) and ionization losses (Pi). The conduction losses depend on the
insulation resistance. The dissipation factor is dependent on the applied electric field,
frequency, insulation resistance of the dielectric material and temperature [8, 10]. The
dissipation factor is calculated as follows,

tan d ¼ IR=IC ¼ 1=ðx:C:RÞ ð1Þ

Where IR and IC are the leakage and charging current respectively and x is the
angular frequency. Figure 6 depicts the dissipation factor of the aged and unaged
samples. The tand values decreased with increasing the aging period starting from
100 Hz to 2 kHz and this can be explained by the increase of the insulation resistance
which leads to reduction in the leakage current (IR) for the same frequency range as
shown in Fig. 5. After the fourth cycle (960 h), the tand values increased with
increasing the frequency from 5 kHz to 500 kHz due to the decrease in the insulation

Fig. 4. Capacitance of aged and unaged samples.
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Fig. 5. Insulation resistance of aged and unaged samples.

Fig. 6. tand of aged and unaged samples.
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resistance after this cycle for the same frequency range showing more leakage current
passing through the insulation.

4 Conclusion

In this work, low voltage XLPO insulation based low voltage photovoltaic cable
samples were thermally aged at temperature of 120 °C for four aging cycles 240, 480,
720 and 960 h. The capacitance, insulation resistance and dissipation factor were
investigated to find out the integrity of the insulation after the thermal aging. The
measurements were carried out using precision components analyzer with frequency
range from 100 Hz to 500 kHz.

The results showed that, the capacitance decreased after the first thermal cycle and
it increased with increasing the aging period. The change in the capacitance after the
end of the fourth cycle was very slight, 0.22% of its original value before aging.

The values of the insulation resistance increased with aging period increased for
frequency range from 100 Hz to 2 kHz and it decreased moving to the high frequency
range showing more conduction losses in the insulation. Consequently, the profile of
the dissipation factor was correlated to the insulation resistance profile. For frequency
range from 100 Hz to 2 kHz, the dissipation factor values decreased with the aging
period increased while it increased moving to the high frequency range showing more
leakage current passed through the insulation.

Chemical investigations are needed to provide more explanations to the obtained
results.
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