i:;l% electronics

Article

A Method for Assessing the Degradation of PVC-Insulated
Low-Voltage Distribution Cables Exposed to Short-Term

Cyclic Aging

Semih Bal

check for
updates

Citation: Bal, S.; Tamus, Z.A. A
Method for Assessing the
Degradation of PVC-Insulated
Low-Voltage Distribution Cables
Exposed to Short-Term Cyclic Aging.
Electronics 2024, 13, 1085. https://
doi.org/10.3390/electronics13061085

Academic Editor: Ahmed Abu-Siada

Received: 19 January 2024
Revised: 5 March 2024
Accepted: 12 March 2024
Published: 15 March 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Zoltin Addm Tamus *

Department of Electric Power Engineering, Faculty of Electrical Engineering and Informatics, Budapest
University of Technology and Economics, H-1111 Budapest, Hungary; semihbal@edu.bme.hu
* Correspondence: tamus.adam@vik.bme.hu

Abstract: The distribution grid comprises cables with diverse constructions. The insulating material
used in low-voltage (LV) distribution cables is predominantly PVC. Furthermore, the presence of
cables with different structures in the grid poses challenges in detecting the aging of the cable network.
Finding a universal and dependable condition-monitoring technique that can be applied to various
types of cables is indeed a challenge. The diverse construction and materials used in different cables
make it difficult to identify a single monitoring approach that can effectively assess the condition of
all cables. To address this issue, this study aims to compare the thermal aging behavior of different
LV distribution cables with various structures, i.e., one cable contains a PVC belting layer, while
the other contains filler material. The growing adoption of distributed generation sources, electric
vehicles, and new consumer appliances in low-voltage distribution grids can lead to short, repetitive
overloads on the low-voltage cable network. Hence, these cable samples were exposed to short-
term cyclic accelerated aging in the climate chamber at 110 °C. The cable’s overall behavior under
thermal stress was evaluated through frequency and time domain electrical measurements (including
tan ¢ and extended voltage response) and a mechanical measurement (Shore D). The tan § was
measured in the frequency range of 20 Hz-500 kHz by using the Wayne-Kerr impedance analyzer.
The extended voltage response measurement was conducted using a C# application developed
in-house specifically for laboratory measurements in the .NET environment. The study observed
a strong correlation between the different measurement methods used, indicating that electrical
methods have the potential to be adopted as a non-destructive condition-monitoring technique.

Keywords: accelerated aging; tan J; EVR; LV cable; PVC cables; regression analysis; FDS; TDS

1. Introduction

The threat of global warming continues to loom over the planet, with the greenhouse
effect playing a significant role in driving this phenomenon [1,2]. A key aspect of reducing
the greenhouse effect involves transitioning away from fossil fuels as the primary energy
source and, instead, embracing renewable sources [3]. The term energy transition refers
to reducing conventional energy production and increasing renewable sources like solar
and wind [4]. As renewable power plants expand, electricity distribution is shifting
towards a decentralized model known as distributed generation [5,6]. Unlike the traditional
centralized grid approach, this model divides the network into smaller-scale grids. In
the smart grid concept, these smaller grids can operate independently and feed excess
generation back into the main grid [7,8]. Power cables play an essential role in this transition
and the future of the energy supply system. However, the existing power distribution
networks were built several decades ago, and increasing distributed generation presents
new challenges to the infrastructure [9]. These challenges include cyclic loads, unbalanced
loads, and voltage pulses caused by inverters on low-voltage (LV) cable networks [10].
Furthermore, the occurrence of heatwaves is on the rise due to climate change. This trend
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is expected to intensify in the coming years due to global warming. This phenomenon
contributes to many power system failures, especially in urban areas [11]. On a typical hot
summer day, the failure rate of joints increases [12]. These factors can lead to insulation
degradation and pose a risk to the integrity of the cables [13]. This degradation, known as
insulation aging, refers to the irreversible deterioration of material properties caused by
external environmental factors such as heat, radiation, moisture, and electric fields. These
factors can result in chemical changes, the evaporation of plasticizers and additives, and the
formation of new molecular chains [14,15]. The aging of dielectric materials has a negative
impact on their insulation properties and can ultimately lead to electrical breakdown.
As a result, condition monitoring (CM) has become a prominent research topic in this
field [16]. In addition to various condition-monitoring (CM) techniques based on physical
measurements, recent proposals by authors have leaned towards using machine learning to
forecast failures. Atringa et al. highlighted that joints are the most susceptible components
of distribution networks, accounting for 80% of all failures between 2015 and 2020. They
implemented a machine learning methodology to anticipate power outages caused by
heatwaves [11].

In general, accelerated aging tests are commonly conducted to estimate the lifetime of
insulating materials used in power cables [17]. These tests typically involve exposing the
materials to prolonged periods of increased temperatures. However, in the actual cable
lines, the insulation is subjected to thermal cycling due to cyclic loads, which introduces
additional stress and triggers degradation mechanisms that are not simulated in standard
thermal aging tests [18]. While constantly elevated temperature tests provide valuable
insights into the long-term behavior of insulating materials, they do not fully replicate the
real-life conditions experienced by cables in operation. The thermal stress resulting from
cyclic loads can lead to additional degradation mechanisms, such as thermal expansion
and contraction, which can accelerate the aging process of the insulation [19]. Traditional,
accelerated aging tests, conducted at a constant temperature, do not adequately capture
these mechanisms [18]. Two primary degradation processes occur when plasticized PVC is
exposed to high temperatures. These are dehydrochlorination and the loss of the plasti-
cizer [20]. Dehydrochlorination is the removal of hydrogen and chlorine atoms from the
PVC polymer chain. This process leads to the formation of double bonds and the release of
hydrogen chloride gas [21]. On the other hand, there is the loss of the plasticizer, which
is a substance added to PVC to improve its flexibility and processability [22]. At high
temperatures, the plasticizer molecules can evaporate or migrate out of the PVC matrix,
resulting in plasticizer loss, which can decrease the flexibility and mechanical properties of
the PVC material. At lower temperatures, the primary degradation mechanism observed
in plasticized PVC is the loss of plasticizers [20,23,24].

The distributed sources are usually connected to the low-voltage cable network [25],
which contains various cables with different constructions. However, PVC is most com-
monly used as the insulating material in LV distribution cables [26-28]. Multiple factors
influence the degradation of the insulating material, and the diverse cable structures make
it challenging to detect aging on the cable network. However, knowing the correct con-
dition could optimize cable replacements in the network [29]. In the case of low-voltage
power cables, the most common cause of failure is water ingress through the damaged
jacket [30]; therefore, one of the most important condition characteristics is the jacket’s
mechanical integrity. Several techniques can measure the mechanical characteristics of
cable insulation; nevertheless, these test methods are destructive because samples must be
taken from the cable [31]. Hence, several studies have investigated the correlation between
the mechanical and dielectric properties of the polymeric components of low-voltage cables.
For example, in the case of widely used ethylene propylene rubber (EPR) and cross-linked
polyethylene (XLPE), the dissipation factor and the imaginary permittivity measured in
the kHz and MHz range, typically 100 kHz, correlate well with the mechanical proper-
ties [32-35]. But, in the case of different cable structures (e.g., non-shielded XLPE-insulated
and CSPE-jacketed cable) and the two different insulating materials necessarily only being
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able to be measured together, other frequencies of dielectric spectrum, e.g., 100 Hz, cor-
relate with the mechanical properties [36]. In the low-voltage distribution grid, different
cables with different structures are usually used even in the same cable line, making the
dielectric-measurement-based condition testing more difficult because the various cable
components affect the dielectric properties differently [37]. Consequently, it is imperative
to identify a non-destructive method that can be universally applied to low-voltage PVC
cables in the distribution grid.

To address this issue, this study aims at comparing the thermal aging behavior of
different LV distribution cables with various designs. Correlation analysis aims to find a
common aging marker and a reliable non-destructive CM technique that can be applied for
both cable types. Two PVC-insulated LV cable specimens, SZRMtKVM- and NYCWY-type,
with different structures and cross-sections, were prepared and subjected to short-term
cyclic thermal stress in a climate chamber. The dielectric parameters, specifically tan 6, were
measured after each aging round using a frequency range of 20 Hz to 500 kHz. Furthermore,
the decay and return voltage slopes (S;, S) were measured via extended voltage response
(EVR) as the time domain spectroscopy (TDS) measurement. Last but not least, the mechan-
ical measurement was performed with a Shore D hardness tester. The correlation between
all the dielectric parameters and the hardness was analyzed. The results presented in this
paper serve as a solid foundation for finding common condition-monitoring systems for
different types of cables in the grid.

Section 2 presents the methodology and materials used in this research. Section 3 gives
an overview of the results obtained. Section 4 provides the analysis of the results obtained
from the measurements, and finally, Section 5 is the conclusion, where the main findings
are summarized.

2. Materials and Methods

Two different LV cable samples with different geometries were exposed to cyclic
thermal stress. The study examined how thermal stress affects the dielectric and mechanical
parameters by utilizing frequency domain spectroscopy, including tan J, and extended
voltage response measurements in the time domain. Lastly, the hardness of the jacket was
evaluated using the Shore D method.

2.1. Sample Types

A total of six specimens were prepared from two PVC-insulated LV cables to find a
general dielectric-measurement-based condition monitoring technique:

e NYCWY 0.6/1 kV 4 x 10 mm?, manufactured by Cablel Hellenic Cables Group.
The structure from inside to outside: 1. copper conductors, 2. PVC core insula-
tion, 3. filling material, 4. copper wire and tape screen, and 5. PVC jacket. The cable
structure of the NYCWY type can be seen in Figure 1. The maximum conductor
operating temperature of NYCWY is 70 °C.

e SZRMtKVM 0.6/1kV 4 x 6 mm?, manufactured by Pyrismian MKM Kft. The structure
from inside to outside: 1. copper conductors, 2. PVC core insulation, 3. PVC tape belt,
4. steel armor, and 5. PVC jacket. The cable structure of SZRMtKVM can be seen in
Figure 2. According to the datasheet, the maximum conductor operating temperature
of SZRMtKVM is 70 °C.
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Figure 1. Cable structure of NYCWY cable.

R R N R P

Figure 2. Cable structure of SZRMtKVM cable.

2.2. Aging

Three cable samples from each group were exposed to accelerated cyclic thermal aging.
The aging temperature was 110 °C, and the duration was 3 or 6 h per round. A total aging
time of eighteen hours was achieved. As shown in other studies presented in the literature,
which utilized 18 h or even longer aging times, the initial behavior of aging exhibits a
non-uniform trend; for instance, Shore D hardness decreases after the first aging cycle
and, then, increases in subsequent cycles [38,39]. This study also observed that the aging
behavior is uniform in later cycles, as evidenced by the consistent trend observed towards
18 h. The steps of one aging round were as follows:

1. Setting the climate chamber temperature to 110 °C.

2. Placing the samples inside the climate chamber once the temperature reached the
setpoint value.

Keeping the samples inside the climate chamber for accelerated thermal aging.
Removing the samples from the climate chamber.

Placing the samples at room temperature for pre-conditioning for 24 h.

Performing the dielectric measurements.

According to IEC 60502-1, thermal aging should be carried out at least 10 4-2 °C more
than the maximum conductor temperature, which is 70 °C during normal operation and
160 °C during short-circuit operation [40]. The temperature for thermal aging was set to
110 °C. This temperature was chosen for easier comparison with previous studies and was
intended to use a temperature higher than specified in the standard.

AN

2.3. Measurement Techniques
2.3.1. Dielectric Response Measurement

The dielectric response (DRM) is an extensively beneficial CM technique that re-
searchers in the field use [41]. It is based on measuring the current that flows through
the tested dielectric when it is excited by voltage. The measured current is recorded in
the time domain if the tested insulation is excited by DC voltage. However, in the case of
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AC voltage, the amplitude and phase of the current are assessed across a wide frequency
spectrum. DRM is used to monitor the degradation of LV cables [42].

e Tan § Measurement

When a sample under testing is subjected to AC voltage, the ratio of the resistive
and capacitive currents flowing through the insulation is referred to as tan J. It is a non-
destructive CM technique, and it assesses the dielectric loss of insulation. Therefore, it
is an extensively used method [43]. It is used for describing the losses in the dielectric.
A Wayne-Kerr 6430A impedance analyzer, shown in Figure 3, was utilized for measuring
tan J in the frequency domain from 20 Hz to 500 kHz.

Ihézolored wires of
the Analyzer

Figure 3. Wayne-Kerr 6430A impedance analyzer.

The cable sample was wrapped with aluminum foil to create a conductive surface
on the jacket. Since the cable samples were multi-core, the cores and tape screens were
short-circuited. One probe from the measuring device was connected to the jacket, and the
other was connected to the rest, as seen in Figure 4.

Wayne-Kerr 64130A 5 Faraday coge
Aluminium
| | foil

e  Extended voltage response (EVR)

Figure 4. Measurement setup.

This measurement technique is based on charging and discharging the dielectric by
applying a constant DC voltage. It measures the decay and return voltage slopes. The decay
voltage slope (S;) is measured once the charging period (t.,) finishes. On the other hand,
the return voltage slope (S;) is measured after a few seconds of shorting (f;.,). Sy is
directly proportional to the conductivity, while S, is directly proportional to the polarization
conductivity. The classic voltage response (VR) measurement was extended with multiple
discharging points. Multiple discharging times allow for investigating different polarization
processes [44]. Having a long discharging time allowed us to investigate slow polarization
processes like interfacial, bulk, and hopping polarizations [45].

The VR and EVR timing diagrams can be seen in Figure 5. The usefulness of the EVR
measurement on LV PVC-insulated multicore cables has been shown in various publications
in the literature [38,46—48].
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Figure 5. VR vs. EVR in terms of timing diagrams [47].

2.3.2. Mechanical Measurement

Shore D: This measures the mechanical property changes in the cable’s plastic compo-
nents by assessing the penetration depth with a constant force. The Bareiss HPE II Shore
D durometer was used to measure the hardness of the jacket. It measures how deep the
indenter of the instrument travels inside the material when pushed against it. The scale
of indentation is from 0 to 100. If the result is 0, this indicates the highest indentation.
Similarly, 100 means no indentation. Previous studies have shown it is useful equipment in
cable diagnostics [37]. According to the ASTM D2240-05 standard, at least a 6 mm thickness
of the tested material is needed [38,49]. Since the thickness of the cable jacket is smaller than
6 mm, the Shore D results were used for comparison purposes. The Shore D measurement
is a simple process. It is performed by holding and pushing down the loading hull against
the sample, as shown in Figure 6. It is important to mention that a foot adapter must be
attached to the Shore D durometer to measure round surfaces. The Shore D measurement
is performed randomly with ten measurement points on the tested sample. The average of
these 10 points was considered for evaluation.

Loading
hull .

Sample—_

Figure 6. Bareiss HPE II Shore D durometer.
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2.4. Regression Analysis

Regression analysis is a method that researchers use to study the relationships be-
tween independent variables [50]. It is aimed at determining the effect of one variable on
another. There are several types of regression analyses, such as single linear regression,
multiple linear and logistic regression, etc. [51]. Due to most diagnostic methods changing
linearly, the linear regression model can be used for identifying the aging markers in aging
studies [52].

The linear regression model is used in this study to determine the correlation between
the mechanical parameter Shore D and the electrical parameters such as tan ¢ and the decay
and return voltage slopes of the cable samples during the aging study. The dependent
variables (Y) are the values of the diagnostic properties like the changing of tan §, and the
predictor variable (X) is the hardness—Shore D.

Calculating the correlation coefficient is necessary to investigate the strength of the
relationship between two variables.

L LX) -Y)
VI (X = X2 (% - V)2

1)

where 7 is the number of observations, X; the values of the predictor, and Y; the response
values. The correlation coefficient is in the —1, meaning a strong negative, to 1 range,
meaning a strong positive correlation.

The regression line function is determined in Equation (2).

§=Dbo+bix )

The slope by and intercept by are calculated by using Equations (3) and (4), respectively.

anl dXY
1 Y dye 3)
bp=Y—-b-X 4)

The squared differences of the independent variable (X) are calculated by Equation (5).
dy> = (X; — X)? (5)
Equation (6) calculates the product of these differences.

dxy = dx -dy (6)

Equations (7) and (8) calculate the difference between each data point and their
respective means.
dx = X; — X (7)
dy =Y, - Y (8)
Equation (9) calculates the mean of independent variable X, while Equation (10)
calculates the mean of dependent variable Y.

>
I

X; ©)

S|

n

1

—_

=
Il
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M-
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(10)
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Furthermore, the coefficient of determination (R?) can be calculated by using Equation (11).
The R? value ranges from 0 to 1. A higher R? indicates that a larger proportion of the total
variation is explained by the regression model, meaning the model fits the data better.

SSR

RZ=1-""C
SST

(11)

where SSR refers to the sum of squared residuals and SST refers to the sum of squares.

SST =Y (Y, —Y)? (12)

i=1
n —
SSR=Y (5 —Y) (13)
i=1

3. Results

This section is dedicated to the measurement results. This section is divided into two
sub-section, where the results of individual cables are presented. Eighteen hours of total
aging time was reached in 3 cycles for the SZRMTkVM-type cable, while it was reached in
4 cycles for NYCWY. The aging temperature was 110 °C. All measurements were performed
at the room temperature pf 25 £ 0.5 °C. Three samples from each cable type have been
exposed to thermal aging. The results presented in this section are the average of these
three samples.

3.1. SZRMtKVM-Type Cable
3.1.1. Results of Tan 6 Measurement

The tan ¢ values were registered and presented in a log chart in a frequency range
from 20 Hz to 500 kHz (Figure 7). The logarithmic steps were considered for determining
the target frequencies. The typical trend of the tan § curve was as follows: It started from its
lowest value and increased until it reached the peak point from which a turn was observed
in the curve. The tan J values started to decrease with the increase in frequency. This tan
0 behavior could be seen before aging (0 h) and after aging. It has been observed that
there was a monotonic increase in tan § during the first two aging cycles and also in the
third aging cycle up to a frequency of 5 kHz. However, after the third aging cycle, tan §
decreased below the levels observed during the second aging cycle for frequencies ranging
from 10 kHz to 500 kHz.

Nevertheless, a clear increasing trend in the tan 6 values with thermal aging has been
noted so far.

0.08

0.07

0.06

0.05 4

Tan delta

0.04 4

0.03 4

Tororrrr T LA ) T T
10’ 10° 10° 10° 10° 10°

Frequency (Hz)

Figure 7. Tan ¢ for all frequencies for SZRMtKVM.
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3.1.2. Results of EVR Measurement

The results of the EVR measurement for the SZRMtKVM-type cable is shown in
Figure 8. Figure 8a illustrates the changes in S; with aging. A clear increase was observed
in the first two aging rounds for S;. A slight reduction was observed in the third round.
Nevertheless, the overall S; increased from 2.248 V /s to 26.109 V /s over the course of three
aging rounds.

As discussed in the previous section, the total discharging period has been divided
into smaller discharging points for the EVR measurement. S, has been measured after
each of these discharging points. Figure 8b depicts the changes in S, in relation to the
discharging times, presented in a semilog chart. A minor decrease was observed after
the first aging round in the initial discharging points. The subsequent two aging rounds
showed an increasing trend compared to the unaged result.

30

Cycle

(a) S; versus aging cycles

80

70 < —=0
o 1
+2

—v—3

60

50

40

Sr

30

20

10° 10’ 107 10° 10°*
Time (s)

(b) S; versus discharging time for different aging cycles
Figure 8. EVR measurement result for SZRMtKVM.
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3.1.3. Shore D Hardness

The Shore D hardness measurement was introduced in the previous section. At least
ten random measuring points were selected for more accuracy, and the measurement was
performed. The average of these ten measurements was then calculated. A slight increase in
the Shore D readings was observed at the end of eighteen hours of thermal aging, with the
hardness of the jacket increasing from 44.02 to 46.08, as shown in Figure 9.

50

49 -

48

—=&— Hardness

47 -

46 -

45

Hardness

44
43
42

41

40 : , . . . ,
0 1 o 3

Cycle
Figure 9. Shore D hardness for SZRMtKVM.

3.2. NYCWY-Type Cable
3.2.1. Results of Tan 6 Measurement

The tan ¢ values were registered and presented in a log chart in a frequency range
from 20 Hz to 500 kHz in Figure 10. The logarithmic steps were considered for determining
the target frequencies. The curve’s characteristic for the NYCWY sample differed slightly
from that of its SZRMtKVM counterpart. The typical pattern of the tan § curve can be
described as follows: The loss factor initially decreased with the frequency increase from
20 Hz to 50 Hz, then rose until it reached its peak value. After reaching this peak, it started
to decline as the frequency increased. The most significant increase was observed in the
first aging round, where tan J rose at every frequency compared to the unaged condition
(0 cycles). The loss factor continued to increase until 500 Hz in the second aging round
compared to the first one, with no significant difference observed for frequencies above
500 Hz. The third and fourth rounds exhibited a noticeable increase until they reached their
respective peak values, from which tan ¢ reduced with the increase in frequency. However,
a shift in the peak values of the curves was clearly observed from the initial 200 kHz to
20 kHz.

3.2.2. Results of EVR Measurement

The results of the EVR measurement for the NYCWY-type cable are shown in Figure 11.
Figure 11a illustrates the changes in S; with aging. It seemed to have a decreasing trend
with the increase of aging rounds. S; dropped to 27.129 V/s from 161.86 V/s at the end of
the fourth aging cycle.

Figure 11b illustrates the changes in Sr against the discharging times, shown in a
semilog chart. A clear increasing trend, particularly in the fourth cycle, was observed.
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Figure 10. Tan ¢ for all frequencies for NYCWY.
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Figure 11. EVR measurement result for NYCWY.
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3.2.3. Shore D Hardness

The Shore D hardness measurement was performed in the previous section. At least
ten random measuring points were selected for more accuracy, and the measurement
was performed. The average of these ten measurements was then calculated. An initial
decrease in the hardness measurement was observed, indicating slight softening on the
jacket. Further aging rounds showed a monotonic increase, as shown in Figure 12. Overall,
the Shore D value increased from 40.27 to 45.52.

50
—&— Hardness
45
[/2]
3
D 40 -
o
—_
©
T
35 4
30 . r . T . T . T
0 1 2 3 4
Cycle

Figure 12. Shore D hardness for NYCWY.

4. Discussion

Our research has employed different measurement techniques to explore aging phe-
nomena in different LV PVC-insulated cables. This discussion will focus on comparing
these findings, identifying correlations and assessing their implications for the broader
field of study.

4.1. Tan 6 Measurement

It is known that, in a normal air atmosphere, three degradation mechanisms play a
role in PVC and affect its dielectric properties. These are dehydrochlorination, oxidation,
and the migration of plasticizers [53]. Thermal stress can cause morphological alterations
within the polymer chain, potentially leading to the formation of dipolar products. These
products can induce electric dipole rotation, resulting in an increase in polarization losses.

Five frequency points were chosen to simplify the analysis. These points included the
following:

e 50Hz.

e 100Hz.
e 2kHz.

e 5kHz.

e 500 kHz.

Figure 13 depicts the changes in tan § for the chosen frequencies: 50 Hz, 100 Hz, 2 kHz,
5 kHz, and 500 kHz. It is possible to observe that the tan J increase was more dominant in
every aging cycle for the low frequencies of 50 Hz and 100 Hz. The rise in the tan ¢ values
may be linked to the presence of radicals, which contribute to both interfacial and dipolar
polarization losses in the low-frequency range [36].
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Figure 13. Changing of tan ¢ at specific frequencies.

It is observed that the gradient of the lines is becoming smaller, and the curves are
becoming flatter at higher frequencies with an increased aging cycle. High thermal stress
could potentially lead to a decrease in the quantity of small molecules. Consequently,
these molecules may exhibit a diminished response to a rapidly changing electric field.
This could impose limitations on the increase of tan J and, in certain instances, result in a
reduction [54].

4.2. EVR Measurement

The decay voltage slope (S;) results are depicted in Figure 8a for SZRMtKVM and
Figure 11a for NYCWY, respectively. S; exhibited contrasting behaviors for these samples. It
demonstrated an increasing trend with aging in the case of SZRMtKVM, whereas it showed
a decreasing trend with aging for NYCWY. As previously mentioned, S; is proportional
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to specific conductivity. Therefore, an elevation in S; might be attributed to increased
specific conductivity.

For the case of return voltage slope S;, the chart that shows S, at a 1 s discharging time
is shown to visualize the trend better. Therefore, S, at a 1 s discharging time is presented
in Figure 14. The results of S, showed a small, but clear increasing trend for SZRMtKVM.
However, a more surprising result can be seen in the case of NYCWY with the sudden
jump in the fourth aging round from the value of 161.806 V /s to 233.09 V/s. This jump
might be due to the increase in the interfacial polarization. Table 1 presents the calculated
ratios of S, at 1 s discharging time values before and after aging.

80

75 - —®—Sr

70

65

Sr

60 —

55

50 T T T T

Cycle
(a) Sy at 1 s discharging time for SZRMtKVM type

240

220

200

Sr

180 —

160 —

140 . . . , .
0 1 2 3

~ -

Cycle
(b) S; at 1 s discharging time for NYCWY type

Figure 14. Changing of S, at 1 s discharging time.
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Table 1. Ratio of S, at 1 s discharging time before and after aging.

SZRMtKVM NYCWY
Before 61.856 161.806
After 70.369 233.09
Ratio (After/Before) 1.13 1.44

4.3. Shore D Hardness

Figures 9 and 12 depict the result of the hardness measurement. It commonly un-
derstood that the dominant degradation process for plasticized PVC is plasticizer loss at
this aging temperature [37,53]. The SZRMtKVM sample exhibited a gradual increase in
hardness. In contrast, the hardness of the NYCWY sample initially decreased after the
first aging cycle, but then, started to increase at a higher rate. The initial reduction in
hardness could be attributed to the annealing effect. It is possible that the annealing effect
may mask the plasticizer loss in the first round [37,38,55,56]. After that, the plasticizer
loss became dominant as the material’s hardness increased [39]. Nedjar et al. presented
similar observations in their research by using different mechanical measurements such as
Elongation at Break (EaB) and tensile strength. The authors first observed a reduction in
tensile strength in the initial cycles before it started to increase [57]. Table 2 presents the
calculated ratios of the Shore D values before and after aging.

Table 2. Ratio of Shore D hardness of samples before and after aging.

SZRMtKVM NYCWY
Before 44.02 40.27
After 46.08 45.52
Ratio (After/Before) 1.046 1.13

4.4. Correlation between Electrical and Mechanical Quantities

The detailed analysis of short-term cyclic thermal aging in each cable type individually
has been published elsewhere [38,46,48]. Additionally, similar findings can be observed
in another independent study conducted by a different laboratory, which utilized similar
techniques such as tan 6, Shore D, and EVR. However, S, was not investigated in that
study [39].

To identify a suitable condition-monitoring technique and aging marker for these
two cable types, the coefficient of determination (R?) was calculated between the electrical
quantities and Shore D hardness values. The calculated R? values can be seen in Table 3.

The tan J results at certain frequencies, S;, and S, were applied for a correlation
analysis with the Shore D results. S, at 1 s exhibited a strong correlation with hardness
for both types of cables, with R? values of 0.8875 for SZRMtKVM and 0.8289 for NYCWY.
Additionally, tan ¢ at the 50 Hz, 100 Hz, and 2 kHz frequencies showed a good correlation
with the highest R? value of 0.9317 for the SZRMtKVM cable, while frequency domain
spectroscopy demonstrated a weak correlation with the highest value of 0.5974 for NYCWY.

The following outcomes can be obtained from the analysis:

¢  For SZRMtKVM type:

—  The highest correlation between the mechanical and electrical measurements was
observed at a frequency of 2 kHz. Therefore, it can be concluded that 2 kHz can
be utilized as an aging marker for the FDS technique.

—  The S, measurement at a 1-s discharging time exhibited a strong correlation with
the hardness measurement. Therefore, it can also be utilized as an aging marker
in the TDS technique.
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- Opverall, in the case of SZRMtKVM, the FDS technique demonstrated a slightly
better correlation with aging compared to the TDS technique at frequency points
of 100 Hz, 2 kHz, and 5 kHz.

¢ For NYCWY type:

—  The frequency domain spectroscopy (FDS) technique exhibited a weak correla-
tion with hardness, with the highest coefficient of determination (R?) of 0.5974
observed at a frequency of 100 Hz.

—  The time domain spectroscopy (TDS) technique demonstrated a relatively strong
correlation, with coefficient of determination (R?) values above 0.8 for both Sr

and Sd.
Table 3. Correlation values between Shore D hardness and different electrical quantities for both
cable types.
RZ
Electrical Quantity
SZRMtKVM NYCWY
50 Hz tan 6 0.8493 0.5866
100 Hz tan 0 0.908 0.5974
2kHz tan 6 0.9317 0.3648
5kHz tan 6 0.9059 0.2488
500 kHz tan 0 0.8025 0.5374
Sy EVR 0.7548 0.8367
Srls EVR 0.8875 0.8289

The cross-comparison of the results indicated that S, at a 1 s discharging time can be
utilized as an electrical aging marker as it gave acceptable results for both cable types. This
marker is plotted in Figure 15.

75

R’=0.8875
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(a) Sy at 1 s discharging time for SZRMtKVM type
Figure 15. Cont.
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5. Conclusions

This paper investigates the overall degradation of two PVC-insulated LV distribution
cables exposed to short-term cyclic aging. The effect of short-term thermal aging was
investigated by two non-destructive CM techniques: tan 6 and EVR. Furthermore, the hard-
ness of the jacket was measured by a Shore D hardness tester. The results obtained by the
measurements were used for the correlation analysis between the electrical quantifiers and
Shore D results.

This analysis clearly demonstrated a strong correlation between the tan J values at
various frequencies and the Shore D hardness for the SZRMtKVM type, unlike the NYCWY
type. While the R-squared values—0.8875 for SZRMtKVM and 0.8289 for NYCWY—may
not represent the absolute highest, they still indicated a significant correlation for both
cables concerning the slope of the return voltage after 1 s of discharging time. Therefore,
the slope of the return voltage was conclusively established as a dependable condition-
monitoring indicator for these types of cables.

The results presented in this paper serve as a solid foundation for finding common
condition-monitoring systems for different types of cables in the grid. The future work
for this research involves increasing the number of data points for the correlation analysis.
This would require conducting additional aging cycles to validate the findings. One
typical limitation of this study is the use of brand-new, unaged cables for laboratory
aging experiments. The findings can be enhanced by extending this research to include
service-aged cables that have been removed from the grid.
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Abbreviations

The following abbreviations are used in this manuscript:

™M Condition Monitoring

LV Low Voltage

PVC  Polyvinyl Chloride

XLPE Cross-linked Polyethylene

CSPE  Chlorosulfonated Polyethylene
EPR  Ethylene Propylene Rubber

EaB Elongation at Break

EVR  Extended Voltage Response Measurement
VR Voltage Response Measurement
TDS  Time Domain Spectroscopy

FDS Frequency Domain Spectroscopy
DRM  Dielectric Response Measurement
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