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Abstract: This article proposes a method to modify the construction of a medium voltage (MV) heat
shrinkable cable termination in cases of atypical damage to the shields of cross-linked polyethylene
(XLPE) insulated cables. The proposed solutions include a modified method of assembling electric
field control coating. An attempt was made to check the effect of such damage to the shields of
MYV cables with XLPE insulation on the level of occurrence of partial discharges within the cable
termination. The investigations included testing the XRUHAKXS 1 x 240/25 cable type using the
electric method (ME) and high frequency (HF) method with sinusoidal AC test voltage. As a result

heck f of the measurements, the values of total charges in the period and phase-resolved partial discharge
check for

updates (PRPD) patterns were obtained. The presented experimental results show the influence of the damage
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of the semiconducting coating surface on the occurrence of a defect in the cable termination without
a modified method of control mantissa pinning. We suggest new methods of assembling MV cable
accessories in the case of the presented coating damage in MV cable insulation.
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1. Introduction

Academic Editor: Juri Belikov There is no doubt that medium voltage (MV) cable lines are a key element of the
distribution network for distribution system operators (DSOs). Cable lines are usually used
in stations where typical overhead lines cannot be applied (highly urbanized areas) or in
case of the highest reliability requirements (plants or high priority customers). Currently
built MV cable lines based on cross-linked polyethylene (XLPE) insulation replace older,
much more unreliable cables, e.g., paper insulated lead covered (PILC) cables and those
with polyethylene (PE) insulation [1,2].

The methods for assessing the technical condition of MV cable lines are usually
based on statistical analyses of the failure events in a given section of the grid. This is
an inaccurate method because it is based only on emergency events that have already
taken place, and it involves only selected operational tests of a selected population of cable
lines. For this reason, DSOs perform diagnostics of MV cable lines based mainly on partial
discharge (PD) measurements and the dielectric loss factor (g J) [3-5]. In case of cables
in exploitation, the key objective of the PD tests is to identify and locate the source of
PD [6-8]. However, diagnostic tests are also carried out on new and overhauled MV cables
to confirm they meet the technical requirements prior to commissioning [9-11]. The most
Attribution (CC BY) license (https:// ~ common failures in MV cables are directly related to cable equipment failures (Figure 1).
creativecommons.org/ licenses /by / This situation is mainly influenced by power grid anomalies (short circuits, overloads)
40/). and the associated thermal effects [12-16]. As a result, the highest possible quality and
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durability of joints and cable terminations should be sought. The current development
of technology and materials makes it possible to simplify the assembly process of cable
equipment. Despite the efforts of manufacturers and electricians performing the installation
work, the problem with exceeding the acceptable values of electric field strength (E) and
the PD activity in the areas of terminations and joints still exists and plays a key role in the
cable systems. A number of current studies are aimed at recognizing faults in XLPE cables
and cable accessories [17-24]. Alternative methods have also been introduced for real-time
monitoring of the cable systems using high frequency (HF) and ultra high frequency (UHF)
methods [25-31].

S A

Figure 1. Example of damage to a cable joint mounted on a cable type XRUHAKXS 1 x 240/50.

Analysis of the state of the art showed that not too many publications consider the
unusual cases of semiconductor coating failure in the cable insulation system (Figure 2c),
which may lead to failure of the entire cable insulation [15,27]. Therefore, the subject of this
paper is to pay attention to the aspects of the correct method for installation of the cable
terminations, which has a direct impact on the generation and development of PD in the
MYV cable lines. The results and analysis presented in the next part of this paper clearly
show that the incorrect execution of a cable joint or cable termination directly affects the
operation and reliability of the entire cable system. According to the authors” experience,
some of the tools used in on-site work to remove the screen from the main insulation of the
cable may significantly damage the insulation surface (Figure 2). A visual inspection of
some newly assembled and finally unaccepted MV cable terminations (Figure 3) showed
damage to the shield surface and deformation of the semiconductor coating. These are
defects that in some perspective may lead to the PD. They are also very difficult to detect
during the first on-site screening tests and even during typical commissioning tests after
the assembly of the MV cable line [32-34].

Furthermore, this kind of fault is hard to fix without pre-preparing the cable for
assembly, which requires cutting out another piece of the cable. It is not always possible
in on-site scenarios because it involves pulling up the cable reserve, if there is any. The
objective of this paper is to propose a modified method for minimizing the impact of
imperfections (or even errors) during on-site cable equipment assembly work on the PD
activity in MV cables. This method can be used in cases where the external semiconductor
coating on the working insulation of the cable is damaged and when it is not possible
to re-prepare the cable for the installation of cable accessories (e.g., no spare cable or it
is not possible to pull it up, etc.). One of the prime assumptions for this method was to
use only typical materials commonly available in the joints and terminations mounting
kits in order to make it easy, inexpensive, and available for on-site applications. So far,
none of the currently proposed methods has addressed (or solved) this problem. It is
expected that this research would draw attention to the correct installation of the MV
cable joints and connectors. Unfortunately, based on the authors” observations, these
issues are often ignored in the construction of MV cable lines. Thus, this paper verifies
the impact of the XLPE cable defect described above on the PD activity in the area of the
MV cable terminal. Presented tests were conducted with particular consideration of the
cable operation under real working conditions. The experimental studies clearly showed
that the weakest elements of MV cable lines are their joints and terminations. Based on
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laboratory tests, it has been shown that the elements with the lowest reliability in the cable
line are its accessories, and the PD in MV cables usually occurs in incorrectly assembled
joints and terminations. The presented method has already been implemented by DSOs
with effective results.

(o)

Figure 2. Process of preparing cable type XRUHAKXS 1 x 240/25 for installation of MV cable
accessories: (a) device for removing shield from the insulation, (b) action removing shield from the
cable insulation, (c) view of the cable shield after improper use of the device

_— i

(a) (b)

Figure 3. MV separable tee shape connector: (a) external view, (b) view of shield damage and control

mantis deformation

2. Materials and Methods
2.1. Heat Shrinkable Terminals of MV Cable

The test to determine the effect of the cable preparation quality for the cable termina-
tion assembly was carried out under laboratory conditions using heat-shrinkable MV cable
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terminations. The prime assumption for this research was to use only typical materials
commonly available in the joints and terminations mounting kits and used in on-site work
for cables in exploitation. The cable terminations used in this research were 24-EPOT-
1/70-240/(U) type, manufactured by Energy Partners, which are designed for connecting
single-conductor cables with XLPE insulation and extruded screen at a rated voltage of
12/20 kV with MV distribution devices (switches, fuse bases) in overhead conditions. This
type of termination can also be used in dusty and dirty environments (switching stations,
transformer chambers) (Figure 4).

(b)

Figure 4. Heat shrinkable of MV cable termination type 24-EPOT-1/70-240/(U): (a) assembled cable
head, (b) example of cable head application.

The termination structure includes conductive materials, insulating and controlling
the electric field. The termination of the cable is a critical point due to the need to reduce the
electric stresses caused by the change of the surface and shape of semi-conductive coatings,
electric loads (thermal resistance of insulation), and protection against environmental
conditions (moisture, significant differences in ambient temperature). For this reason, it
is essential to select materials so that such phenomena occur at a minimum or not at all.
Table 1 shows the components of the assembly kit.

Table 1. Elements of MV cable terminations type 24-EPOT-1/70-240/(U).

Item Number Item Type Elements View
1 Screw tip
2 Heat-shrinkable cover CES-02
3 Electrically insulating grease
4 Insulating pipe RART 49/16-450
5 RSCT 47/14-160 control tube
6 EP MASTIK 30 mastic

7 EP STRESS 20 control strap
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2.2. Research Model

The tests concerning the evaluation of the cable terminations installation method due
to the generation of internal PD were carried out under laboratory conditions on the actual
XRUHAKXS 1 x 240/25 cable model with a length of 5 m. According to the manufacturer’s
declaration and factory test protocols, the PD level did not exceed 2 pC. For experimental
purposes, the construction of one of the terminations was modified.

Figure 5 shows a fragment of the assembly instructions for installing the EP-STRESS
20 control tape. According to Figure 5, one should tie the tape below 20 mm of the end of
the screen, carefully fill the edge of the end of the screen on the insulation, and finish it
with 10 mm on the insulation.

20mm 30 mm

/ SHN

conductor

insulation XLPE

stress control tape
EP-STRESS 20

insulation screen

Figure 5. Correct assembly of the EP-STRESS 20 control strip according to the assembly instructions
for the Energy Partners heat shrink termination type 24-EPOT-1/70-240/(U).

The modification introduced in this research consisted of adding an extra wrap of EP-
STRESS 20 control tape over a larger area of the shield on one side of the cable (Figure 6b),
which covered the damage to the shield caused by the stripping device. Further work on
both terminations was carried out by the installation instructions. The modified termination
was marked for later identification.

(b)

Figure 6. Stage of installation of the SN cable head type Energy Partners 24-EPOT-1/70-240/(U):
(a) installation of the EP-STRESS tape on the cable surface according to the assembly instructions,
(b) additional fastening of the tape on a larger area of the cable screen.

2.3. Measurement Methodology Adopted

The verification procedure included tests of the XRUHAKXS 1 x 240/25 cable with
the simultaneous use of the ME and HF methods with the 50 Hz sinusoidal AC test voltage
Uy, and a testing voltage ramp of 0 to 36 kV, which was three times the rated line voltage
(new cables and equipment can be tested to this voltage). In actual field measurements,
the tests should be performed up to twice the rated line voltage following IEC60502, IEEE
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400.2. Due to the power limitations of test voltage sources for field tests caused by the
cable line charging current, field test are performed using the very low frequency (VLF)
methods or the wave oscillating test system (OWTS). The tests were performed in the
following configurations:

1. Cable type XRUHAKXS 1 x 240/25,12/20 kV with ends of cable terminations type
24-EPOT-1/70-240/(U) with installed corona rings,

2. Cable type XRUHAKXS 1 x 240/25, 12/20 kV with cable terminations type 24-EPOT-
1/70-240/(U) without installed corona rings.

The purpose of the test without corona rings was to illustrate the operation of the
cable line under actual conditions and to show the influence of the heterogeneity of the
electric field distribution (E) at the screw terminals (Table 1, Item 1) on the appearance of
PD in the cable termination area.

The test was carried out on a test bench equipped with the following devices (Figure 7):
PS10-250 control panel,

Capacitive voltage divider to measure the output voltage of the test transformer,

TP test transformer with mains frequency f = 50 Hz and voltage ratio ¢ = 0.22/110 [%],
Omicron MPD 600 PD analysis system, which includes:

(@) PC,

(b) MPD600 data acquisition unit,

(c) MCU504 control unit,

(d) CPL542 measuring impedance,

(

(

(

L

e) CALb542 charge calibrator,
f)  MCC210 coupling capacitor,
g)  HFCT coil type 991/21.

To achieve the assumed research objective, several activities had to be carried out in
order to determine the location of PD in the MV cable with cable terminations mounted.
The experiment began with removing impurities and degreasing and dehumidifying the
surfaces of the tested cables by washing them with isopropyl alcohol and technical acetone.
The MV cable with the prepared cable terminations was placed on the test stand. One end
of the cable equipped with the termination was connected to the output terminals of the
test transformer, and the return conductors to the earthing busbar as shown in Figure 7.
The other end of the cable was insulated from the ground potential with an MV strain relief
isolator. The system was also calibrated using the CAL542 calibrator. The tests for each
configuration began with increasing the test voltage to the value determined by the voltage
ramp through automatic settings on the PS10-250 control panel. Measurement data were
recorded with the Omicron MPD 600 system using two measurement tracks (ME and HF).
The obtained measurement data were processed using the dedicated software.

TP

—MCC210

Y
I

% ] L XRUHAKXS 1 x 240/25
Up

HFCT

PS10-250

T MCUS504 |—{ MPD600

Figure 7. Scheme of the measurement system.
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3. Results and Discussion
Results Analysis
As a result of the measurements carried out with the ME and HF methods, the values

of apparent charge according to IEC60270 Qyt4, maximum Q s, average Quog and PRPD
measurement results were obtained. The results are presented in Tables 2-5 and Figures 8-11.

Table 2. Measurement results of Q depending on the U, for the XRUHAKXS 1 x 240/25 cable with
the corona rings installed.

ME Method HF Method
Test Voltage 1 2 3 1 2 3
Qutd Qpeak Qavg Qutd Qpeuk qug
[kV] [pC]1 [pCl] [pCl [pCl] [pCl [pCl
12 14 22 14 10 27 10
17 16 22 15 13 24 12
20 16 19 16 13 17 12
22 15 21 16 13 23 13
26 30 125 16 25 115 13
32 145 270 130 142 249 123
36 115 250 129 119 229 122

! total charge per cycle IEC60270; 2 total charge per cycle max; 3 total charge per cycle average.

In the scenario with the corona rings, the value of the Q,;, under the influence of
increasing the test voltage to the value of U, = 22 kV, was practically constant at approxi-
mately 15 pC for the ME and HF methods. A slow increase to the value of approximately
30 pC occurred at the U, = 26 kV. The subsequent increase of the voltage to U, = 32 kV
resulted in an increase of Q. to the value of 145 pC and its decrease to 115 pC at the
voltage of U, = 36 kV.

The phenomenon of the decrease in the value of the Q on the surfaces of dielectrics
and gas inclusions due to increasing the test voltage has been described in [35,36]. Possible
causes of this phenomenon are an increase in the gas temperature and pressure caused by
the development of PD and thus an increase in the conductivity of the insulation system
in these areas, which leads to a decrease in the charge value. Such situations may occur,
especially at the initial time of the performed tests.

For the Qs and Qqog values, a similar situation occurred regarding their increase
with the increase of the test voltage Uj,. Furthermore, there was a decrease in the charge
value for the U, above 32 kV for both measurement methods. The analysis of PRPD images
for the cable with installed corona rings for U, range from 12 to 22 kV showed no PD
increase in both half cycles, and their level was kept constant. The only noticeable value
in this voltage range were single PD pulses that appeared at angles ¢ = 20°,130°,200°,
and 320°. The intensity of these PD increased with increasing voltage values from 20 to
90 events per second.

In the case of Uy, above 26 kV, in the negative part of the sinusoid between the angles
¢ = 180° = 270°, single PD pulses of low intensity (20 events per second) and values of
approximately 100 pC were observed. Increasing the U), to the value of 32 kV resulted
in the appearance of a more significant number of PD of a similar intensity; their value
increased to approximately 200 pC.

Additionally, PD appeared in the positive part of the sinusoid between the angles
¢ = 0° +90°. The value of these PD was approximately 120 pC. With the test voltage
Uy, = 36 kV, the number and value of PD increased to 250 pC, and its level was higher in
the negative half cycle of the supply voltage.
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Table 4. Measurement results of Q depending on U, for the XRUHAKXS 1 x 240/25 cable without

installed corona rings.

ME Method HF Method
Test Voltage
thd 1 Qpeak 2 qug 8 thd 1 Qpeak 2 Qavg 8

[kV] [pCl [pCl [pCl [pCl] [pCl] [pCl
12 14 48 14 11 53 10
17 20 27 16 20 25 13
20 23 63 21 25 66 21
22 30 36 24 30 39 25
26 48 82 33 41 74 35
32 537 989 353 514 1000 360
36 2707 136,700 8286 3831 112,400 8957

! total charge per cycle IEC60270; 2 total charge per cycle max; 3 total charge per cycle average.
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Figure 9. Graphical presentation of the value of Q depending on the U, for a cable without installed
corona rings, registered with the ME and HF method: (a) Qy4, (b) Qpeaks (©) Qavg-
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PRPD images recorded with the HF method.
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Figure 10. Graphical presentation of the value of Q depending on the U}, for a cable in a configuration
with installed and removed corona rings using the ME method: (a) Quta, (b) Qpeak, (€) Qavg-
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Another analysis involved the MV cable without corona rings on the cable termina-
tions. The Qyy, for the U, in the range of 12 kV to 26 kV increased to the values of 48 pC
and 41 pC for the ME and HF measurement methods. With the U, = 32 kV, the Qs value
increased more than tenfold. In the case of the maximum and average charge values, such
increases also occurred for both measurement methods. After removing the corona bells,
an increased value of Q was noticed. This was due to the heterogeneity of the electric field
strength on the uneven shapes of the cable terminal. An increase in U, causes an increase in
E in these places. An increase in Q in this situation was expected according to fundamental
principles of the PD generation. After reaching the value of U, = 36 kV, there was a defect
and breakdown of the insulation in the cable terminations. The value of the registered
Qinax reached the value of 136.7 nC for the ME method and 112.4 nC for the HF method,
and the Q4 reached 2707 pC and 3831 pC, respectively. Figure 12 shows the successive
stages of dismantling the insulation and control layers of the cable termination to confirm
the location of the defect. The visible place (Figure 12d) with a diameter of approximately
4 mm and a depth of approximately 5 mm is damage to the surface of the cable insulation.
The terminal of the semi-conductive coating and the insulation is at the contact point. Itis a
zone of discontinuity of the electric field. The surfaces of the EP-STRESS 20 control belt and
the RSCT control tube were also damaged. This situation occured in the termination, which
was mounted according to the assembly instructions. At the other end of the cable, where
additional control tapes were attached to cover the entire surface of the semiconducting
coating (Figure 6b), the cable was not damaged.

10*

10’
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>
N
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i i i i 10* i i i i
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X
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Figure 11. Graphical presentation of the value of Q depending on the U, for a cable in a configuration
with installed and removed corona rings using the HF method: (a) Quta, (b) Qpeat (€) Qavg-
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By analyzing the above event, the Q(U,) dependencies were determined for the ME
and HF measurement methods, which are shown in Figure 13. The following dependencies
show that the rapid increase in charge values occurred at the U, = 32 kV (for both methods).
Along with the further increase in the voltage value, the complete extinction of PD activity
occurred (description of the phenomenon above). A very sharp increase in the value of Q,
which exceeded 3 nC (ME method) and 4 nC (HF method), caused a cable insulation defect
at the test voltage U, = 36 kV. In practice, this situation indicates what Q value can cause
immediate damage to the MV cable termination.

The analysis of PRPD images for the MV cable termination system without corona
rings at U, = 12 and 17 kV did not show an increase in PD for the ME and HF methods (only
noise was recorded and single PD pulses). Forcing voltage from the value of U, = 20 kV
caused an increase in the number of PD with values not exceeding 50 pC with an intensity
below 50 events/sec in the negative part of the sinusoid, in the phase range ¢ = 200° < 330°.
With the U, = 32 kV, the PD in both half-periods of the sine wave increased to maximum
values of 500 pC. A characteristic form appeared in the range of phase angles ¢ 30° + 60°
and 210° + 240° for both measurement methods (Tables 3 and 5).

This can probably be related to corona discharges on the copper ends of MV cable
terminations. A very similar PD form was presented in [26], which represents the XLPE
insulation with metal file inserts in a cable joint made on an MV cable with a voltage
of 11 kV. Regarding the described sceanrio, it seems very likely that with this type of
defect, the PD increase would be noticeable at the test voltage value below Up = 20 kV.
This form suggests an increase in PD in the insulation-metal connection in the tested MV
cable termination.

The analysis of PRPD images at the test voltage U, = 36 kV confirms the PD presence
in the entire phase interval, which may be characteristic of the damage to the cable surface
that occurred at this voltage.

‘

@) (b)

Figure 12. Cont.
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(0 (d)

Figure 12. Damage to the surface of the insulation and the shield of the XRUHAKXS 1 x 240/25 cable
at the MV cable termination: (a) disassembly of the insulating pipe RART 49/16-450, (b) disassembly
of the control tube RSCT 47/14-160, (c) disassembly of the control strap EP STRESS 20, (d) view of
damage to XLPE insulation
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Figure 13. Waveforms of the Q(U,) dependence for the voltage ramp without corona rings: (a) ME
method, (b) HF method.

4. Conclusions

The article proposes a method for modifying the structure of the MV heat-shrinkable
cable termination in the event of damage to the shields of cables with XLPE insulation. The
experimental results presented in Section 3 showed the effect of damage to the coating
surface on the occurrence of a defect in the MV cable termination without a modified
method of connecting the control tape. Correct assembly of all elements of the heat shrink
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termination did not protect against insulation defects at test voltages above U = 32 kV.
The presented test results are an attempt to indicate new, improved methods for mounting
MYV cable accessories in the case of the presented shield damages to the insulation of MV
cables. However, it should be taken into account that the conducted experiment did not
include a typical simulation of cable line operation under actual conditions (no-load, short
line section). However, the tested object was also subjected to tests with a voltage higher
than the rated voltage, making it challenging to interpret PD forms due to the appearance
of charges on other surfaces that were not the subject of the study. The tests without
the installed corona rings were aimed at bringing the experiment conditions closer to the
on-site working conditions, in which the ends of the cable terminations are connected to
the MV power grid apparatus. Their absence resulted in a double increase in the value
of Q in the measurement system at a voltage of U = 20 kV upwards, which could have
contributed to the damage to the cable termination in this experiment. An additional aspect
worth emphasizing when testing cables with the presented defects is the phenomenon of
the decrease in the value of Q in the system within a specific voltage range.
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