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Abstract

The main aim of this study is to investigate the ageing process of Low Voltage cables in smart grid. In addition, the behavior of ageing 

phenomenon has also been investigated. The Low Voltage cable networks were developed decades ago and it is of utmost importance 

to make comprehensive study over the health of existing Low Voltage cable networks so as to avoid any unprecedented damage. 

Incessantly increasing energy demand and distributed generation makes it among top priorities to investigate the ageing process of 

Low Voltage cables.

The effect of thermal stress over dielectrics was investigated as a part of research. To be able to determine these effects the 

measurements were done on PVC insulated (both cores and jacket) cable by measuring tanδ (dissipation factor), capacitance, return 

voltage of cable and hardness of insulations. In order to determine thermal effects on dielectric, the measurements were done 

in different ageing temperature ranges i.e. at 110 °C, 125 °C and 140 °C.

The results of this study support the expectations. The mechanical and the electrical parameters of cable insulation are affected 

by thermal stress. The dissipation factor and the hardness are increased while the decay voltage slope ( Sd ) is decreased by ageing.
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1 Introduction
Cables are one of the main and important assets of power 
distribution and transmission systems. The distribution 
cable networks were built several decades ago. Due  to 
increasing number of electric vehicles and renewable 
based distributed generation systems, the distribution net-
work assets are affected by new stresses such as repeti-
tive pulses generated by power electronics and short term 
thermal stresses by rapid time variation of load and gen-
eration. It means Low Voltage (LV) cables, which are one 
of the most important assets of distribution network, will 
operate more destructive conditions in near future [1–4]. 
All these factors create irreversible changes in the mol-
ecule structure of cable insulation due to some stresses. 
These changes are called the ageing of insulations.

Ageing of insulation decreases the performance of the 
system and on the other hand increases the failure rate. 
Replacing whole distribution cable network and rede-
signing it according to new requirements can be a solu-
tion to prevent those failures and outages. However, this 

is not a cost effective way [1–5]. That is why the condi-
tion monitoring of currently used cables are strategically 
important in order to assess the reliability of cable net-
work. There  are many existing methods which measure 
mechanical, electrical and chemical parameters of insula-
tions for condition monitoring [6].

In order to examine how the LV cable insulation is 
affected by short term thermal stress, the mechanical and 
the electrical parameters of insulation are investigated 
in the laboratory of Budapest University of Technology 
and Economics. Previous studies  [3–5] have shown that 
the effects of thermal stress can be monitored by using 
well-known techniques such as dissipation factor (tanδ), 
Extended Voltage Response (EVR) method and Shore D 
hardness test. The advantage of these techniques to give 
an opportunity on-site measurement without removing 
samples from the network. Furthermore, the activation 
energy of degradation process by fast repetitive thermal 
stress was calculated by using the Arrhenius equation. 
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Using the calculated activation energy the equivalent age-
ing time in service conditions was determined.

2 Experiments
During this study NYCWY 0.6/1  kV 4  ×  10  mm2 type 
9 cable specimens are prepared and divided into three 
groups according to ageing temperature (140 °C, 125 °C 
and 110 °C). Each group contains 3 cable specimens with 
50 cm length (Group A, Group B, Group C). 

The structure of cable specimens is shown by Fig.  1, 
where the numbers represent the part of cables. These are:

1.	 Copper conductors
2.	PVC Core Insulations (black, grey, brown, blue)
3.	 Filling material
4.	 Grounding tape
5.	 PVC jacket.

The minimum ageing temperature is chosen based on 
IEC 60216 according to Fig. 2 [7]. 

Thermal class of PVC is considered Y according to 
STN EN 60085 [7]. As it can be seen in Fig. 2, the min-
imum ageing temperature of PVC can be set to 110  °C. 
15 °C difference is set between the ageing temperatures.

The experiments are repeated in 4  ageing cycles. 
The ageing time was 3 hours in the first 2 cycles after that 
it is increased to 6 hours in 3rd and 4th cycles. The elec-
trical properties of core and jacket insulation are investi-
gated by observing the alteration of the dissipation fac-
tor and the Extended Voltage Response measurement 
while the mechanical condition of a jacket is investigated 
by  Shore  D hardness test. The room temperature was 
23±1 °C during the measurements.

3 Measurement methods
3.1 The dissipation factor
The dissipation factor is a tangent of angle between capac-
itive and leakage current if the tested insulation is con-
nected to an AC voltage source. The dissipation fac-
tor and capacitance values are measured for each core 
insulations and PVC jacket, as well in various frequen-
cies (20  Hz…….500  kHz) at 5  V by using Wayne-Kerr 
Impedance Analyzer. The cable samples are covered 
by aluminum foil in order to make a conductive surface 
for  measuring jacket. The arrangement of cable sample 
can be seen in Fig. 3. During the measurement one probe 
of impedance analyzer is connected to the measured. 
The  other probe is connected to the other three cores 
which are connected to the grounding screen.

3.2 Extended Voltage Response measurement
Since the polarization process (slow polarization process) 
has a quite important role in ageing studies, previous stud-
ies have shown that voltage response method is a useful 
tool in order to investigate the polarization process of 
insulations and condition monitoring [5, 8–11]. 

The voltage response method measures two parameters 
on charged insulations. These are:

•	 Sd stands for decay voltage slope.
•	 Sr stands for return voltage slope.

Based on Professor Endre Nemeth introduction  [12], 
it can be seen that the decay voltage slope is directly pro-
portional to the conductivity of material while the return 

Fig. 2 PVC ageing temperature table [7]

Fig. 1 The structure of cable [3]

Fig. 3 Cable sample
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voltage slope is directly proportional to the polarization 
conductivity. Circuit representation of return voltage mea-
surement can be seen in Fig. 4.

The timing diagram of the Extended Voltage Response 
measurement can be seen in Fig. 5.

The voltage response method relies on two basic steps. 
These are charging and shorting of dielectric. These two 
basic steps are divided into several sections as it can be seen 
on the timing diagram (Fig. 5). In this study, the cable is 
charged with 1000 V DC ( Vch ) for 2000 seconds ( tch ) and 
total discharging period was 1000 seconds ( tdchn ) which is 
divided into 20 small timing points (n = 20). The decay volt-
age slope ( Sd ( tch ) ) was measured just after charging period is 
over. The return voltage slopes ( Sr ( tch , tdchn )… Sr ( tch , tdch20 ) ) 
were measured after 1 to 1000 seconds of short-circu-
iting [13] in n = 20 different times in order to investigate 
slow polarization process, precisely. By adding more dis-
charging time point, the voltage response method can be 
extended [11]. By doing this different ranges of polarization 
spectrum can be studied. The previous studies show that 
Extended Voltage Response measurement is a quite useful 
tool for condition monitoring of insulations [3–5, 9–11, 13].

3.3 Shore D hardness test
As a result of various stresses, the mechanical properties 
of insulations are changed, as well. The change in mechan-
ical properties of an insulation also indicates the condition 
of cable. The PVC insulation is very sensitive for high tem-
perature. As a result of ageing, it is observed that the cable 
loses its softness. Shore D hardness measurement gives 

a dimensionless result between 0  (soft) and 100  (hard). 
The  measurement is done by taking 10  measurements 
on each jacket of cable specimens.

4 Results
4.1 Tanδ measurement
Fig. 6 and Fig. 7 show the result of loss factor measurement 
for gray core and jacket at 140 °C. Even though the experi-
ment was performed for three different ageing temperature 
(110 °C, 125 °C and 140 °C), only the result of cable sample, 
which was aged with the highest temperature, is shown here.

As a result of 4 cycle measurements, it is observed that 
the dissipation factor is increased by ageing. It is also 
observed that the difference between cycles is maximum 
while the ageing temperature is 140 °C. In addition to this, 
tanδ values are increased at power frequency level (50 Hz) 
by ageing in every sample. 

The dissipation factor measurement gives the result 
for the frequency value from 20 Hz up to 500 kHz. Due to 
the uncertainty of the measurement for the frequencies 
above 500  Hz, only the results up to 500  Hz are given 
within Figs.  6 and 7. The trend of tanδ values can be 
observed clearly up to 500 Hz.

Fig. 4 Circuit representation of return voltage measurement

Fig. 5 Timing dagram of voltage response method

Fig. 6 Loss factor of gray core aging temperature 140 °C

Fig. 7 Loss factor of jacket ageing temperature 140 °C
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The tanδ values in every cycle have shown first down-
ward trend until 500 Hz then it starts to increase until it 
reaches its maximum value. It is possible to observe the 
changings on the peak values during the measurement 
(Fig. 8). Shifting of the peak frequencies is another result 
of this measurement. The peak frequencies were shifted 
to lower frequency level which means space charge(slow)
polarization process became more dominant in lower fre-
quency level by the result of ageing. The time constant of 
polarization process is increased so that the peak frequency 
is shifted to the lower frequency level by ageing. In order to 
see the correlation between the peak frequencies and tanδ 
values, full spectrum of frequencies needs to be checked.

Since the curve becomes flatter especially in peak val-
ues with ageing, the weighted (central) frequencies (Hz) 
are calculated in order to see that how the peak values were 
shifted. The central frequency ( fc ) is calculated by using 
the following Eq. (1) [14]: 
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Table 1 shows the central frequency for the grey core. 
It can be seen the central frequency is shifted to the lower 
frequency level by ageing.

4.2 Voltage response measurement
The Extended Voltage Response measurement was applied 
for the only one cable specimen in each group due to the long 
measurement time. Measurement is repeated for cores and 
jacket. While measuring the cores; all cores are connected to 
each other and the voltage probe is connected to them and the 
ground probe is connected to the grounding screen. For mea-
suring the jacket; the voltage probe is connected to the 
jacket, which is covered by aluminum foil. Meanwhile, the 
cores are connected to the grounding screen, which ground 
probe is connected to. As  it is mentioned above, the volt-
age response measurement gives an opportunity to investi-
gate the polarization process of dielectrics. The studies show 
that the decay voltage slope is proportional to conductivity. 
The previous study [8] shows that the evaporation of plasti-
cizer contents decreases the conductivity. The results of this 
study support the result of the previous study.

Table 2 and Table 3 show how the decay voltage slope 
is changed by ageing. It can be clearly seen that Sd val-
ues were decreased by ageing. Although the return voltage 
slope ( Sr ) was investigated carefully, no relation has been 
found which can be generalized between thermal ageing 
and the return voltage slope.

4.3 Shore D hardness test
The hardness of jacket is measured in order to observe the 
changing of mechanical properties of insulating material. 
It is observed that the hardness of the jacket has showed 

Table 1 The peak frequencies (Hz)

140 °C 125 °C 110 °C

Cycle Core Jacket Core Jacket Core Jacket

0 45888 47000 21838 45700 21789 102040

1 21508 46646 10015 45680 21463 99881

2 9980 46582 9965 45570 21515 46659

3 9979 45424 4057 45109 10009 46266

4 9928 21965 4092 45541 10049 46795

Table 2 Sd values of core

Sd

Cycle 140 °C 125 °C 110 °C

0 66.957 22.92 26.764

1 74.997 21.008 19.319

2 70.903 14.513 18.059

3 39.98 14.34 13.272

4 29.577 14.06 13.172
Fig. 8 The loss factor of gray core (a) and jacket 

(b) ageing temperature 140 °C

(a)

(b)
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upward trend by ageing. The measurement is concluded 
only for jacket due to thinness (3  mm) of core insula-
tions. The hardness was measured 10 times from the cable 
jacket. The hardness test is repeated after each cycle and 
the difference is observed in this study. Previous studies 
have showed that there is a correlation between the ageing 
and plasticizer contamination of the material [3, 4, 6, 15]. 
The  result of this study supports the results of previous 
studies. However, further investigation must be done 
in order to find the movement of plasticizers.

The following figures (Fig. 9, Fig. 10, Fig. 11) show that 
how the hardness of jacket is changed by ageing in three 

group. There is an interesting point in the result. As it can 
be seen on the figures, the hardness of jacket is decreased 
after the first cycle. This is the opposite result of our expec-
tations. However, this situation can be explained as follow-
ing; when the cable is exposed to the thermal stress, the 
plasticizer molecules evaporate from inner cores and filling 
material to the cable jacket. So that the hardness of jacket 
decreased in the first cycle after that it shows an upward 
trend as it is expected at each temperature level. Also, the 
steepness is higher in case of 140 °C than 125 °C and 110 °C.

Based on Shore D measurement results, equivalent 
ageing times are calculated by using the Arrhenius equa-
tion. The activation energy of process is also calculated 
by using the Arrhenius equation (Eq. (2)). The calculated 
activation energy is 100.171 kJ/mol (~1.0382 eV).
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Equation  (2) represents Arrhenius equation. Here ts 
represents operating time, ta represents equivalent ageing 
time, Ea represents activation energy of process, k rep-
resents Boltzmann constant, Ts represents absolute oper-
ating temperature in Kelvin, Ta represents absolute age-
ing temperature in Kelvin. Ageing times of Group A and 
Group B are converted to the equivalent ageing time of 
Group C by using Eq.  (2). Table  4 shows the calculated 
equivalent ageing times.

80  kJ/mol activation energy is taken from the litera-
ture [3, 15]. As it can be seen in Table 4, higher activation 
energy makes deterioration slower on insulations.

Fig.  12 represents the hardness versus time graph 
according to calculated ageing times. As it can be seen 
in  Fig.  12, general intention of hardness shows upward 
trend by ageing as it is expected. 

Table 3 Sd values of jacket

Sd

Cycle 140 °C 125 °C 110 °C

0 161.86 130.854 144.148

1 150.147 83.733 105.808

2 101.526 71.148 78.424

3 53.589 33.185 55.061

4 27.129 25.6 45.741

Fig. 9 The hardness of Group A (140 °C)

Fig. 10 The hardness of Group B (125 °C)

Fig. 11 The hardness of Group C (110 °C)
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