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Abstract: Over operation time, there are a number of internal and external factors that change the
characteristics of dielectric materials that are part of the electrical equipment. In areas with high
pollution, an important requirement is the acidic chemical compounds in the soil in which the power
cables are laid, which penetrate the insulation by infiltration, resulting in changes in the parameters
of electrical insulation and causing a decrease in operating time. The paper is focused on the analysis,
through a series of experimental determinations, of the effects of stresses to which the power cables
laid in acidic environments are subjected, by simulating the operating conditions in the laboratory,
obtaining concrete results. It also describes the direct current test installation used in the laboratory
and presents the two stages of testing the cable sample inserted in the electrolyte, the first being
a stage of accelerating the degradation of the insulation by supplying higher voltages to require
insulation, and the second stage being the testing in the absence of the electric field, under the direct
action of the chemical compounds from the installation tank. Given that in alternating current, the
electric field causes an additional heating of the dielectric due to energy losses by electric polarization,
the test is performed in direct current, precisely to be able to monitor the variation of insulation
resistance in relation to temperature and losses through conduction currents, as a result of the Joule—
Lenz effect and not as a result of the dielectric polarization process. At the same time, the power of
the direct current source used is lower compared to that of an alternative current test source and does
not contribute to the generation of electrical discharges during testing.

Keywords: high-voltage testing installation; insulation resistance; electrolytic solution; induction

current; insulation in acidic environment; breakdown voltage

1. Introduction

During operation, electrical equipment is influenced by a number of internal and ex-
ternal factors, which cause degradation of its insulation over time [1]. Humidity, chemicals,
salinity on the one hand, but also the influence of the electric field, accelerate the aging
process of insulation, the final effect being its penetration and decommissioning [2-6].

Because in operation the power cables are supplied at different voltages, research has
been carried out on the behavior of insulation at low voltages, using different methods to
highlight the degradation of insulation in these conditions [7]. At the same time, electrical
discharges precede the breakthrough phenomenon and generally occur in electric fields of
lower intensity rather than those indicated by electrical equipment manufacturers. In most
cases, electrical discharges occur only on small portions of the insulation, using the term
“partial discharge”. Monitoring of partial discharges of electrical equipment in operation is
important in assessing the actual state of insulation [8-12].

Energies 2022, 15, 3550. https:/ /doi.org/10.3390/en15103550

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15103550
https://doi.org/10.3390/en15103550
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en15103550
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15103550?type=check_update&version=1

Energies 2022, 15, 3550

2 0f 10

In order to investigate the mechanisms of degradation of the electrical insulation of
electricity cables in operation, measurements were performed in the laboratory at predeter-
mined intervals on samples of cables with insulation made of PVC, XLPE [13-15].

In the experimental study, the cable sample was placed in a rigid PVC pipe filled
with an electrolyte solution, the composition of which comprised a series of chemical
compounds, in order to simulate the environmental conditions in operation [4,14,15].

For testing, a monopolar cable was chosen with the following characteristics: type
NA2XSY; Uo/Up = 12/20 kV; section 185 mm?; compacted aluminum conductor and copper
wire screen. The cable, with a length of 4 m, was inserted into the vat in such a way that its
two ends were located outside of it, at a height of more than 30 cm from the extremities, in
order to avoid the phenomenon of contouring.

The test was performed in two stages. In the first phase, the cable was tested at the
rated voltages above the recommended voltage, and the conduction currents, insulation
resistance and electrolyte temperature were monitored at 24 h intervals.

The cable was tested for DC electric fields, where the values of the running currents
are relatively low compared to those resulting in the case of AC electric fields, also taking
into account the protection of the test equipment during the monitoring period.

At the same time, the direct current testing avoided the occurrence of losses caused by
the phenomenon of dielectric polarization due to manufacturing defects, only monitoring
the losses due to conduction currents following the Joule-Lenz effect [16,17].

In the second stage, the same cable sample was tested for a period of time in the
absence of the supply voltage, being subjected only to the corrosive action of the electrolyte
in the installation’s vat [18], and in the following time intervals, it was refueled at different
voltage values until the penetration of the insulation occurred.

2. Description of the Experimental Equipment

The experiment was carried out for the cable during the two stages with the help
of a high-voltage test installation, type HPG 70 D SEBAKMT (Figure 1), consisting of
a high-voltage transformer, coupling capacitor, rectifier diodes, command, and control
(Figure 2).

Figure 1. High-voltage test installation type HPG 70 D: (1) IT transformer; (2) Capacitor coupling
and multiplication; (3) Multiplier rectifier diodes; (4) Connection cables; (5) Connection box.
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Figure 2. The interface of the command and measuring panel.

The developed principal scheme of the experimental installation for testing electrical
insulation is presented in Figure 3.
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Figure 3. Components of the experimental installation for testing with high voltage using DC current.
1—Voltage regulating autotransformer; 2—Safety protection of the installation; 3—Voltage trans-
former; 4—Coupling capacitor; 5/6—Rectification and multiplication diodes; 7—Tertiary winding of
measurement; 8—Main conductor; 9—Cable screen; 10—PVC tub; 11—Graphite counter electrode;
12—IT isolator.

The components of the experimental test installation with increased voltage in di-
rect current:

1—Voltage regulation autotransformer;
2—Safety of protection of the installation;
3—Transformer voltage lifter;
4—Coupling capacitor;

5/6—Recovery and multiplication diodes;
7—Tertiary winding of measure;
8—Main conductor;

9—Cable screen;

10—PVC pipe;

11—Graphite counter electrode;
12—IsolatorlIT.

High voltage is not measured directly but by means of the tertiary winding (7) of the
transformer. For example, an alternating output voltage of 230 V AC, will mean a voltage
of 70 kV DC applied to the power cable [19]. For a high (infinite) charge, at the capacitor
terminals (4), the voltage will remain constant and equal to the voltage in the transformer’s
secondary. The voltage applied to the diode (5) is equal to the sum of the voltage of the
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transformer’s secondary and the voltage drop on the coupling capacitor (US+UC). The
resulting voltage is filtered and multiplied by a coefficient of 2.0 from the output voltage of
the transformer [4,19].

The desired voltage level was obtained by varying the voltage applied to the trans-
former (3) using the autotransformer (1), the output voltage being read directly in kilovolts
at the analog kilovoltmeter located on the control panel of the command and control
unit [19]. The rigid PVC pipe was mounted in a horizontal position and fixed on IT (high
voltage) ceramic insulators for the purpose of insulation from the ground. At the ends,
there were mounted two PVC bends with an inclination of 87°. For the fixation of the
insulator tube, perforated metal tape and barrel-type insulators were used, with the role of
insulating the metal tape from its insulators (Figure 4). A mixture of electrolytic substances
was introduced into the pipe, and at one end of the PVC pipe, a counter electrode made of
inert material (graphite) was mounted, fixed on the insulating support [4].

. / cablu MT ;_h
308 mn‘ || 308 mm
192 mm 000 mm 19
— Pe—3
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Figure 4. (a)Assembly of the multilayer PVC pipe, fireproof type SN4-125x3.2, PVC elbow type
D125 87°; (b) Method used for fixing the tube on the IT insulating support.

In terms of chemical composition, the liquid substance introduced into the PVC tube
was obtained by combining sulphuric acid (H25S04) and nitric acid (HNO3), both diluted
with water (HO), in order to obtain a composition similar to that of the acid rain existing in
the atmosphere, with oxidizing properties [15,20-22].The acidity of the resulting electrolyte
was measured using a digital pH meter with a thermometer, in the measuring range
0-14 pH (accuracy 4-0.01 pH). This temperature-compensating device of Extech PH 220-C
type, produced by Cole-Parmer, allows measurements to be recordedfor any temperature
in the range 0-100 °C (accuracy £0.5 °C) [23].

From the experimental research in the field, it has been shown that water has the
neutrality point for a pH = 7. Below this value, water becomes acidic. In view of this, a
concentration with a pH of 3.9 was obtained, a value frequently recorded in the composition
of acid rains near industrial areas with high pollution [20-23].

3. Experimental Research

The laboratory installation was designed to create the necessary conditions for the
electrochemical corrosion process [15,22], namely the existence of an anode and a cath-
ode, the electrolytic solution and the conductor. For this purpose, a cable sample was
chosen to contain in its structure metal materials of different potentials, which could be
connected galvanically.

In the present case, the aluminum conductor of the test cable, being a more electroneg-
ative metal than copper, became the cathode of the installation, while the copper wire
screen became the positive pole (anode).
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The conduction current, which circulates between the anode and the cathode through
the electrolytic solution (leakage current), is the one that causes the degradation of the
insulation by electrochemical corrosion [4].

In the preparation of the electrolyte, a series of protective measures were undertaken,
taking into account the avoidance of direct contact with the skin, eyes, inhalation, etc.,
so that the preparation of the solution was carried out carefully by gradually pouring
the concentrated acid into the water and its continuous agitation until homogenization.
Measures were taken to ventilate the room, given the possibility of gas emanation during
the preparation and use of chemicals [16,24].

Before the installation was put into operation, the isolation resistance of the test cable
inserted into the PVC tube, respectively, of the main conductor, to the screen connected to
the graphite counter electrode, in contact with the acidic substance, was measured. The
insulation resistance was metered at 5 kVDC, for 60” by using a digital megohmmeter of
MI 2077 type [24,25].

Additionally, during the tests, measurements were taken on the humidity degree of
the electrical insulation in depth using, for this purpose, a humidity meter for materials,
type T660. This digital instrument works on the principle of capacitive measurement and
can measure the degree of humidity(%) of a material by simply approaching, at a depth of
up to 40 mm, with an accuracy of £0.1%.

The installation was put under voltage only after ensuring all the conditions of pro-
tection against electric shock were met. The direct touch of the cable was performed only
after removing the installation from the voltage and unloading it with the help of the
insulating stick.

3.1. Analysis of the Behavior of Insulation in the Acidic Environment at Different Voltages and in
the Absence of Voltage

The experimental research was carried out in two distinct stages. In the first stage of
the experimental study, the cable was subjected to different voltages, in a time interval of
168 h, being initially supplied to the voltage of 72 kV DC.

Before the start of the test phase, the values of the insulation resistance and the
conduction current were measured according to the norm [24], which stipulates that the
value of the test voltage of medium voltage cables must be 6U, (nominal phase voltage), at
20 °C, for a time interval of 15 min.

The values resulting from these verifications were the basis of reference throughout the
experimental study, also showing that the cable sample corresponds in terms of insulation
status to be inserted into the electrolyte in the tank.

At intervals of 24 h, the power supply of the tested cable was interrupted for a short
time in order to measure the R;,¢ insulation resistance and the electrolyte temperature, after
which the reinitialization maneuver was performed, starting, each time, from the voltage
measured Uy, before the disconnection.

By maintaining a high voltage level, the cable was subjected to an accelerated aging
process, under the action of the electrolyte, resulting in significant decreases in the values
of the insulation resistance compared to the initial ones.

The test was carried out until the measured values of the conduction currents I. and
insulation resistance Rj,s had stabilized (Table 1).
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Table 1. Constant measured size values in the first stage of the experimental study.

Time Intervals [kli/'nclc] [:‘Z] [lél‘(‘;] Telfgtéollyfe
Insulation test before 15” 72.0 2.0 277.0 20.0
the testing stage
1 24 h 62.2 16.8 156.0 47.8
1T 48 h 54.8 26.5 94.6 38.0
11T 72 h 46.5 45.0 86.8 324
v 96 h 329 34.5 46.5 28.5
\% 120 h 24.0 40.0 28.2 24.5
VI 144 h 23.8 423 27.9 23.7
VIL 168 h 234 41.8 27.4 23.2

In the second stage of the experimental study, the cable was devoltaged (Us = 0) for
120 h, where the only request was from the acidic medium caused by the electrolyte in the
plant’s vat. After this time interval, the cable was refueled at different voltages(Us= 12; 20;
30 kV DC) until the moment of penetration of the insulation (Table 2).

Table 2. Constant measured size values in the second stage of the experimental study.

Time Intervals [kI\J/Scc] [:5\ : [IC{%T)S] Telfgtéo]me
- - - - 294 20.0
I 24 h - - 12.5 18.7
II 48 h - - 6.5 19.2
11 72h - - 4.8 20.8
v 96 h - - 34 21.2
\% 120 h - - 14 214
Reenergisation

I 24 h 12 690.5 0.8 19.8
II 48h 20 1450.0 0.4 25.0
I 72h 30 2480.0 0.1 28.0
v - 42 — breakdown

The humidity measurement in the insulation was carried out only after the time
intervals in which the gradient of the conduction current I. was the highest and in those of
lack of voltage, each time applying the contact blade of the luminometer directly on the
surface outer sheath (previously cleaned of the electrolyte), at one of the two ends of the
bowl. In Figure 5, the place and mode of penetration of the insulation produced during the
insulation tests are shown. To visualize the penetration, the external shell of the cable and
the semiconductor layer was removed up to the area of the main conductor.
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(a) (b)

Figure 5. Visualization of the place of breakdown of the insulation: (a) after the removal of the outer

shell; (b) after the removal of the semiconductor layer.

3.2. Interpretation of Results

In range I, the cable was supplied at the voltage of 72 kV DC, observing at the end of
the range a significant increase in the value of the conduction current through insulation,
which heated the electrolyte in the vat to the temperature of about 48 °C. Under these
conditions, the value of the insulation resistance decreased significantly, the percentage
decrease being about 44% compared to the initial value.

In intervals II-1V, due to losses from the dielectric, the values of the supply voltage
measured at the end of each interval continued to decrease from one interval to another,
simultaneously with smaller variations in the other electrical quantities, until the moment
(intervals V-VII) in which they began to stabilize.

The absorption of insulation electrolyte in the intervals I, II, IIT was low, with a degree
of humidity in the range of 2—6%.

The variations in the monitored size values during the first stage of the experimental
study are shown in Figure 6.

300
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140 BUm [ kV]
120 - 94:6- 86,8
100 uc [pA]

§§ L h 3 28.2-279 274 TI°C]
23 T | l ﬂ i ol

Commissioning | Vil

Figure 6. Graphical representation of the sizes during each test interval.

In the second step, the sample of the cable submerged in the electrolyte was also tested
in the absence of supply voltage for 120 h (I-V intervals). As a result of the measurements
taken, the insulation resistance values measured at intervals of 24 h recorded the largest
percentage decrease, of approximately 95% compared to the reference values at the begin-
ning of this step, indicating an accelerated degradation process (Figure 7). At the same
time, humidity measurements at the insulation level, in intervals I and V, showed a high
degree of absorption, respectively, 62% and 88%.
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Figure 7. Graphic representation of sizes in the absence of supply voltage.

After reenergizing at different voltages, the insulation resistance values continued to

decrease, while the values of the conduction current far exceeded the permissible value,
eventually causing the insulation to break down at the voltage of 42 kVDC (Figure 8).

18 BRG]
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Figure 8. Graphic representation of the dimensions until the moment of penetration of the insulation.

4. Conclusions

In conclusion, the experimental research highlights the stresses to which the electrical

power cables in operation are subjected, resulting in the following aspects:

1.

Under operating conditions at voltages close to the nominal value (U, /Un =12/20kV),
the conduction current circulating through the insulation determines normal heating,
keeping the insulation at a positive temperature, in principle higher in relation to the
temperature in the installation tank. The absorption of the electrolyte, in this case, is a
reduced one;

In the time interval in which the supply voltage has high values in relation to the
nominal voltage of the cable sample, the insulation enters a process of continuous
degradation as a result of heating, losing its insulating properties and generating a
rapid decrease in the value of insulation resistance;

In the absence of supply voltage, the internal temperature of the cable decreases with
the temperature of the electrolyte in the vat, and the process of degradation of the
insulation increases, since the insulation absorbs a greater amount of electrolyte from
the installation’s vat, causing significant decreases in the value of insulation resistance.
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The experimental results were validated to confirm the severe deterioration of the
insulation of cables buried in mining areas, near industrial areas, or in areas where water
pH measurements in the vicinity of cable routes indicated high acidity.

The insulation defects of the cables laid in these environmental conditions are char-
acterized by breakdowns of the insulation caused by the aggressive action of the acid
substance, which turned the outer electrical insulating layer into a gelatinous mass, espe-
cially next to the joint sleeves.

In order to limit incidents in the acid environment, it is recommended to use elec-
tric cables and connection sleeves with higher chemical resistance, designed for the
acid environment.

Based on these considerations, it is recommended to avoid situations where unused
electricity cables in operation are left unpowered for long periods of time. In this case,
because a conduction current (leakage) does not circulate through the insulation, the
insulation contracts and allows water and corrosive agents to penetrate inside the cable,
especially in the area of the sleeves or terminal ends. This phenomenon occurs mainly in
periods of low temperatures and high humidity.

At the same time, the use of electricity cables at voltages other than nominal ones
should be avoided, as they accelerate the aging process of the insulation and cause the
premature appearance of the dielectric penetration phenomenon.

We conclude that this experimental study is important in understanding the mech-
anisms of degradation of cable insulation in operation, to identify the causes of possible
defects and to prevent premature penetration of electrical cables.

At the same time, the results obtained experimentally are confirmed by the reports of
findings obtained in operation, on the occasion of the processes of locating the defects in
the environment with high acidity.
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