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Abstract: Cables are critical elements of the network. Therefore, their integrity is of utmost
importance. Many factors influence the insulation integrity of the cables, such as
manufacturing procedures, operating conditions, and various stresses, during their lifetime.
Increasing the number of renewables resulted in increased distributed generation, which may
cause reverse power flow. The electricity demand is constantly growing with the increased
number of novel appliances on the consumer side, electric vehicles, etc. This fact can create
short-term overloads, which may cause a temperature elevation beyond the cable's maximum
operating limit, compromising insulation degradation. Therefore, this research investigates
the impact of short-term cyclic thermal ageing on SZRMtKVM-J 4 x 6 mm PVC insulated low
voltage cable using the polarization/depolarization current measurement (PDC).
Accelerated thermal ageing tests were performed by placing the samples inside the
temperature-controlled oven for 6 hours/round. After each round, the polarization and
depolarization currents were measured. DIRANA Dielectric Response Analyzer by Omicron
has been employed for the measurements. The results have shown an increase in the
polarization and depolarization current.

Keywords: PVC Insulation; Thermal Ageing; PDC Measurement; Polarization/
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1 Introduction

PVC insulated low voltage (LV) cables are commonly used in several applications,
like electric distribution, power plants, communication, security systems, etc. [1]
[4]. The 2030 Climate Target Plan encourages countries to minimize greenhouse
gas emissions by at least 55% by 2030, aiming at achieving climate neutrality by
2050 [5]. Therefore, countries are abandoning fossil fuels to reduce greenhouse gas
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emissions, meaning more share for renewables. The term smart grid is getting more
attention as we move towards the decentralized generation with increased
renewables. The distributed generation means the current can flow in both
directions, from load to the grid and vice versa. The new appliances connected to
the network can cause short-term overloads. These overloads may increase the
temperature above the operation limit, which leads the insulation degradation [4],
[6], [7]. Therefore, the impact of cyclic short-term thermal ageing has been the focus
of this research.

Variations of PV power generation can be modelled in several ways [8]. This paper
employs a similar method by utilizing a constant ageing temperature on cable
samples in order to simplify the laboratory simulation of accelerated ageing [9].
The purpose is to model the peak power generation of photovoltaic (PV) systems
that typically occurs around noon when production is at its highest.

It is vital for the system's safety and reliability; the insulation should perform its
intended function, preventing current from flowing [10]. The cables are faced with
some stresses in normal operation, which causes a mutation in the molecule
structure and degrade the insulation. This is known as insulation ageing [11]-[14].
The electricity market is growing in a direction in which several independent
companies compete, such as transmission operators, system operators, and
distribution operators. These companies must cut costs while keeping the supply up
and running. Costs will not be reduced with the "unscheduled maintenance"
philosophy. As the name implies, unscheduled maintenance occurs only when
necessary, such as when a transformer or cable fails. However, this usually
interrupts the energy supply, making breakdowns much more expensive than
preventative maintenance [15]. Therefore, the condition monitoring (CM) of the
cables in the network is essential.

Several condition-monitoring techniques are employed by researchers. These CM
techniques can be destructive and non-destructive [16]. Since most LV distribution
cables are buried underground, a non-destructive CM technique has been used in
this study.

Polarization-Depolarization (PDC) measurement is a well-known condition
monitoring technique based on the dielectric relaxation for the transformers and
cables [17]. It is based on the measurement of polarization (charging, absorption)
current and the depolarization (discharging, desorption) current. Morsalin et al.
stated that the time constant of polarization/depolarization currents correlates well
with ageing and insulation deterioration [18].

This work presents a novel approach to studying the behaviour of insulating
materials exposed to short-term, cyclic thermal stress. It is known that each material
responds in distinct way when subjected to these stresses [19]. To assess the changes
in conductivity, a PDC measurement technique is employed on a specific type of
cable (SZRMtKVM-J 0.61/1 kV 4x6 mm? PVC insulated) after each thermal ageing
cycle. DIRANA Dielectric Response Analyzer, commonly used for condition
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monitoring of power and instrumental transformers, is utilized as a measuring
device for this low-voltage (LV) cable type. This research extends the application
of the DIRANA and provides valuable insights into the unique responses and
conductivity changes exhibited by insulating materials under short-term cyclic
thermal stress conditions.

This paper presents an experimental study of PVC insulated LV cable exposed to
cyclic thermal stress. Following the introduction section, a brief explanation of PDC
technique is given. The experimental work is given in the third section, where a
detailed introduction about the cable sample, ageing temperature and how it was
chosen, the measurement setup, and accelerated ageing tests are presented.
The fourth chapter is dedicated to the results and discussions. Last, but not least, the
fifth chapter is the conclusion. It is worth mentioning that this is an ongoing study,
and the preliminary results are presented here. The dielectric relaxation
measurement was applied on thermally aged cable samples in the time domain, and
polarization/depolarization currents were measured.

2 Methodology

Researchers widely accept Dielectric Response Measurement (DRM) in their study
to investigate the insulation's dielectric characteristics like tand, capacitance,
insulation resistance, polarization, and depolarization current [20]. It is possible to
conduct DRM in the time domain or frequency domain. These dielectric
measurements are non-destructive, which is quite advantageous because these
techniques can make it possible to measure the dielectric parameters without
removing the samples from their network.

The PDC measurement is based on two processes. These are charging and
discharging the test sample. The circuit diagram of PDC measurement is shown in
Figure 1. The sample is charged with a voltage source (Vc) for a definite time
through a closed S; switch. The flowing current is called the polarization current
(ip) during charging—the polarization current's amplitude changes by orders of
magnitude over time. I, is dependent on the insulation conductivity. Once the
charging period is over, S; opens and S, closes to discharge the sample.
The depolarization current (iy) is measured. It is shown in Figure 1 that i, and iy
flow in opposite directions.
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The circuit diagram of PDC

The polarization current is explained in Equation 1:

0 = . |2
() = ol [+ (0 0

Where:

Co is the geometric capacitance, ¢ is conductivity and f{?) is the dielectric response
function.
The depolarization current is explained in Equation 2;

iq(t) = CoU[f () — f(t +t)] (2)

If the polarization process is sufficiently long enough, conductivity ¢ can be
expressed as in Equation 3.

o =%[ip(t) —ig(®)] 3)

Figure 2 depicts the timing diagram of PDC measurement. The polarization and
depolarization currents are both affected by the insulation geometry and material
properties [21] [24].

The polarization and depolarization currents are influenced by the properties of the
insulation material and also by the geometric structure of the insulating system [25-
26].
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Figure 2
The timing diagram of PDC

3 Experiment

3.1 Cable Sample

In this experiment, 0.6/1 kV 4 x 6 mm2 PVC insulated cable (type SZRMtKVM-J)
samples, made by Pyrismian Hungary Kft., were used. Three cable specimens, each
of 50 cm, were cut from the bulk of the cable. The cable samples meet the
requirements of IEC 60502-1, which specifies the standards for power cables with
solid insulation in terms of design, dimension and testing. According to the cable
datasheet, the maximum operating temperature is 70°C. The cable consists of five
layers, which is illustrated in Figure 3.

Figure 3
The cable structure

The layers from inside to outside as below:

1. 4 x copper conductor.
2. PVC core insulation.
3. PVC tape belt.

4. Steel armour.

5. PVC jacket.
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3.2 Thermal Ageing

As mentioned, the cable temperature may rise beyond the maximum limit due to
short-term overloads. Therefore, this paper aims to observe the effect of these short-
term temperature rises. The accelerated thermal ageing was performed by placing
the samples in the temperature-controlled oven for a short time and was repeated
over the cycles. The ageing temperature was set to 110°C.

IEC 60502-1 states that thermal ageing can be performed at least 10+£2 °C higher
than the maximum conductor temperature [27]. Figure 4, taken from IEC 60502-1,
shows that the maximum conductor temperature of PVC insulated cable can be 70
°C in normal operation and 160 °C in short-circuit operation.

Table 3 — Maximum conductor temperatures for different types of insulating compound
Maximum conductor temperature
Insulating compound Short-circuit
Normal operation (5's maximum
duration)

Polyvinyl chloride (PVCIA)

Conductor cross-section 800 mm 2 70 160

Conductor cross-section >300 mm 2 70 140
Cross-linked polyethylene (XLPE) 90 250
Ethylene propylene rubber (EPR and HEPR) 90 250

Figure 4

The maximum conductor temperature [27]

By choosing 110 °C as the ageing temperature, it is desired to apply higher thermal
stress to the samples than given in the standard. Also, it is aimed to make the
comparison more effortless with the previous studies [4], [6], [7], [28], [29].
Eighteen hours, 6 hours/round, ageing time have been reached. Equivalent ageing
time can be calculated using the Arrhenius equation, which is Equation 4.

b _rlrT)

t (4)

Where:
et~ Operating time.
e t,=Equivalent ageing time.

e E,=Activation energy, taken from the literature and set to 80kJ/mol
(0.829¢V) [30].

e k=Boltzman constant: 8.617333262x107° eV/K.
e T~=Absolute temperature (70°C) in Kelvin: 343.15 K.
e T,=Absolute ageing temperature (110°C) in Kelvin: 383.15 K.

It can be calculated that eighteen hours of ageing at 110°C would equal 330 hours
at 70°C. Table 1 shows the equivalent ageing times after each round.
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Table 1

Equivalent ageing time

Round Ageing time (hours) (ta) Equivalent time in
operation (hours) (ts)
1 6 110
12 220
3 18 330

3.3 PDC Measurement

In the time domain, i, and iy currents were measured using DIRANA. The general
dielectric configuration was chosen from DIRANA library. This configuration can
be seen in Figure 5.

The parameters of the measurement were set as follows:
e Test voltage: 200 V.
e Polarization time: 5000 s.

e Depolarization time: 1000 s.

Zaengl et al. suggested that the polarization time should be at least five times higher
than the depolarization time [15]. Therefore, the polarization and depolarization
times were chosen accordingly. The reason for choosing 1000 s for discharging time
is to investigate the slow polarization process. Faraday cage was used to avoid
external disturbances. The measurement was performed inside the laboratory,
where the temperature was constant at 24+0.5°C.

Dirana test system Output voltage

(vellow liné)

i

\

= la L
i Measurement line L
(red line)

Cable under test

—

Figure 5
General dielectric measurement configuration from DIRANA library

ip and iy current for the core and jacket were measured. 30 cm length of aluminium
foil is used to create a conductive surface by wrapping the jacket with it.

For core measurement;

e The measuring probe is connected to the conductor of the cable.
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e  The other cores and the aluminium belt were short-circuited, and the output
probe is connected to them.

e The guard probes are connected to the core insulation, which is being
measured.

e  The ground probe is connected to the earthing point of the Faraday cage.

For jacket measurement;

e The measuring probe is connected to the jacket and wrapped with
aluminium foil.

e All core conductors and aluminium belt were short-circuited, and the
output probe is connected to them.

e The guard probes are connected to the jacket.
e The ground probe is connected to the earthing point of the Faraday cage.
The guard probes are used to eliminate the surface leakage current. A single-point

grounding was used to prevent any circulating current that could interfere with the
results. The sample measurement arrangement is shown in Figure 6.

Figure 6

PDC measurement arrangement — Core measurement

The cable samples were short-circuited to the ground between each measurement
round to ensure that no remaining charges existed to affect the results.
The polarization current curves show a similar trend after each round. This proves
that the samples were discharged adequately after each round [15].

4 Results & Discussions

The presented results in this chapter are measured quantities. The represented
graphs were plotted in a log scale based on the obtained measurement results.
The mathematical representation of PDC has been given in Chapter 2.
The polarization and depolarization currents given here are measured quantities by
DIRANA. From these results using Equation 3, the change in the conductive current
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due to ageing is obtained. Even though Equation 3 would allow the specific
conductivity to be determined, considering the complexity of the cable structure, it
would be difficult to calculate accurately [31]. Hence, the conductive current
change with ageing was analyzed here. The conductive current has been calculated
by subtracting measured polarization and depolarization currents. It is essential to
mention that this paper discusses the initial stage of the ongoing research. As a
result, no evaluation of performance has been conducted yet. To obtain a
comprehensive performance measurement, additional ageing cycles would be
required.

4.1 Core

Figures 7 and 8 illustrate the polarization and depolarization currents in a log scale
over time at different ageing rounds. Figure 7 shows that the polarization current
rose over ageing as the whole curve shows an increasing trend. It could be said that
the polarization process has increased due to chemical and physical reactions [24].
It was already mentioned in the literature that the magnitude of PDC currents
elevates with the temperature [32].

10000 Polarization current - Core

——0 hour
——6 hour
—— 12 hour

—— 18 hour

<& 1000
o

10 100 1k 10k
Time (s)

Figure 7

Polarization current — Core

The absolute values of depolarization current were used to plot Figure 8 for easier
comparison. When the first and the last round is compared, i; increased due to
ageing up to 200 s. After this point, it goes even under the first round. The reason
could be the diffusion of the plasticizer between PVC layers and new molecule
bounds, which affects the conductivity [4], [6].
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Figure 8
Depolarization current — Core

As given in Equation 3, the conduction current (i.) can be calculated as the
difference between the polarization and depolarisation currents. Based on this, the
conduction current was calculated. The sampling time is taken as 1 second. I is
calculated up to 1000 seconds, the duration of discharging period. Figure 9 depicts
the conduction current versus time in the log scale for core insulation. It is visible
that the conduction current has increased with ageing.

Conduction current - Core
1000

800 4

600 4

400 o

0 _\

T
100 1k

Ic (pA)

Time (s)

Figure 9
Conduction current — Core

4.2 Jacket

The curves of the PDC measurement of the jacket is shown in Figure 10 and 11.
By looking at the results, it is possible to see a clear increasing trend for both i, and
ia. The growing trend of polarization current indicates an increase in the polarization
level [21]. It is also possible to observe the rise in the depolarization current.
The reason could be that plasticizer evaporation from core insulation and PVC belt
towards the jacket may raise the conductivity [4], [6], [7], [28]. As a result, the
depolarization current has shown an increasing trend. However, this plasticizer
behaviour would require further chemical studies.
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Figure 10
Polarization current — Jacket
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Figure 11

Depolarization current — Jacket

The conduction current of the jacket has also shown a similar trend to the core.
It has increased after each ageing cycle. This trend can be seen in Figure 11. It is
also noticeable from the chart that the conduction current has increased significantly
after the first round of ageing compared to the unaged condition. However, the
difference between the other rounds has shrunk with ageing. The same trend can be
observed for the core, as well. As mentioned, the reason could be the diffusion of
the plasticizer between the PVC layers.
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Figure 12
Conduction current — Jacket

Conclusions

The PVC insulated low voltage distribution cable samples were exposed to the
short-term cyclic accelerated thermal ageing in the temperature-controlled oven at
110°C. Each round lasted six hours, and eighteen hours of total ageing time was
reached. The equivalent ageing time of 330 hours was calculated using the
Arrhenius equation. Non-destructive PDC measurement was used to explore the
impact of thermal ageing on the cable insulation. The results so far show that ageing
affects the polarization and depolarization current. The observed elevation in the
polarization current for the core and jacket indicates the polarisation level's rise.

It is possible to see that the jacket's depolarisation current rises due to ageing.
The migration of additives and plasticizers towards the jacket from core insulation
and PVC belt might be the reason behind this. The depolarization current of the core
has shown an unclear trend. It has increased due to ageing up to 200 s. After this
point, it goes even under the first round. The reason could be that the new molecule
bounds are being established, affecting conductivity. More ageing cycles are needed
to get a clear understanding.
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