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Abstract:

Worldwide, most medium-voltage paper-insulated lead-covered cables are operating beyond their
intended design life, increasing the likelihood of failure. Irregular electric field distribution over the
insulation material causes partial discharge degradation, which reduces the cable’s efficiency. Online
partial discharge monitoring is used to evaluate the health condition of medium-voltage underground
cables. Online partial discharge behaviour detection is highly sensitive to variations in the electric field
distribution within three phase medium-voltage cable insulation. The analysis of partial discharge
phenomena in medium-voltage cables is mainly based on electric field analysis. Analysing online partial
discharge characteristics requires a deep understanding of partial discharge behaviour in insulation
systems. The initiation and propagation of partial discharge activity are subject to the critical electric
field across the degradation of voids within the cable insulation. This paper presents a study of the
electrostatic consequences of void defects and considers the likelihood of internal partial discharge
occurring within these defects based on their position and size in belted medium-voltage cables. The
nature of the electric field distribution in the cable is presented through finite element analysis. The
electric stress variation across different air-filled void defect sizes at multiple positions within the
insulation of 11 kV three-phase paper-insulated lead-covered belted cables under online in-service
conditions is analysed. The findings contribute to a better understanding of partial discharge behaviour
in three-phase medium-voltage cables, enabling enhanced evaluation of asset condition and effective
extension of operational lifespan.

Keywords: Medium voltage PILC underground cable, Partial discharge, Finite element analysis,

Electric field intensity, Void-defect.
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Introduction

Worldwide, most Medium Voltage (MV) underground cables that were installed are paper-insulated
lead-covered (PILC) cables [1, 2]. According to the recommendations of cable manufacturers, the
expected lifespan of PILC cables is 40 years [3, 4]. However, many of these cables have been in service
for 60 years or more and are now operating beyond their lifespan; therefore, failures are likely to
increase [5, 6]. Over time, thermal and electrical operational stresses can lead to partial discharge (PD)
activity, which may cause failure of the cable insulation. Partial discharge within cable insulation typically
leads to a gradual degradation process that can continue for years before eventually resulting in critical
failure and disrupting the power supply to consumers. Interpreting PD activities from online systems
should differ from offline PD measurement because during online monitoring (a) all three phases are
energized therefore the electric field rotates with power frequency while in off-line test only one phase
is energized at a time; (b) the cables are disconnected from the network during off-line test resulting in
signal reflections; this does not happen when on-line PD monitoring systems are adopted as cables
remain connected in power network and do not have the discontinuity of impedance at a cable end; (c)
only a snapshot of the PD activities may be captured with off-line testing as this type of investigation
uses short term testing and (d) because changes in load current which occur during normal operation
are not applied during off-line tests; these variations in load current have been shown to result in
variations in the cable temperature which, in turn, has been shown to give rise to varying PD patterns.

Several types of cable joints have been found to suffer from deterioration and breakdown caused by
various factors, including aging, operational stress, and errors during manufacturing or installation [7].
During operation, cable insulation is subjected to mechanical, thermal, and electrical stresses, which
over time may induce degradation resulting from alterations in the cable’s physical and chemical
characteristics. It is well understood that degradation regardless of its specific cause leads to the
generation of partial discharges (PDs) at the affected locations. The PDs are small electrical discharges
that occur due to localized intensification of the electric field at the fault. Such discharges within or along
the surface of insulating materials are typically triggered by highly non-uniform electric fields, which
often result from imperfections such as voids, air bubbles, or other structural defects. These
imperfections have been identified as the primary sources of PD activity [8, 9].

Charge redistribution in the solid, liquid, or gas causes a spark that produces electrical, mechanical,
and thermal stress in the insulation. The signals produced in the PD are determined by the physical
conditions and can be used for identifying the presence of the fault. Due to difficulties in making cable
connections in outdoor situations, as discussed above, PD usually begins within insulation material of
the cable accessories, joints, and terminations. The most common sites for the progressive degradation
of the insulation system are the joints [10 — 12] Partial discharge typically occurs in insulation before
complete failure. Monitoring PD serves as a crucial tool for identifying potential issues and preventing
catastrophic system failure [13]. With effective PD diagnostic systems, it becomes possible to detect
some weak spots in cable insulation materials before they lead to a breakdown [14, 15]. In utility
operations and industries that use medium-voltage cables, the success of condition-based maintenance
depends on continuous monitoring. Online PD-based condition monitoring has become widely adopted
[16], and the ability to identify faults within the enclosed structures of cables and joints through remote
monitoring benefits both utilities and customers. PD monitoring is an effective tool for assessing the
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insulation condition of high-voltage equipment and identifying insulation defects to avoid failures in
service [7]. It diagnoses early-stage faults before any significant damage occurs [15].

However, online PD monitoring has sensitivity limitations in detecting PD due to high noise levels
[17]. The detection and localization of partial discharges in a three-phase cable are complicated due to
the difficulty in determining which of the three phases influences the PD signal. It is difficult to localize
and identify the origin of PD pulses. Understanding PD activity in three-phase PILC cable insulation
remains a challenge [18]. Analysing the electric field characteristics of void defects is crucial for
understanding PD phenomena [19]. Recent studies [20, 21] show that Void defects greatly influence
the distribution of the electrostatic field within the insulation of 11 kV three-phase PILC belted cables,
potentially increasing the electric field stress inside the void. The work presented here involves online
PD monitoring. This paper investigates the characteristics of electrical signals produced by different
void-defect sizes at various positions in the cross-section of a three-phase belted-insulated PILC cable
under online three-phase voltage. The occurrence of PD due to significant void defects based on their
position and size in this three-phase PILC cable model is investigated. The cable dimensions and
characteristics are based on data from a commonly used three-phase 11 kV belted PILC cable, as
shown in the Figure 1 [20].

Figure 1: Standard configuration of a three-core 240 mm? PILC cable, showing: (1) copper core, (2)
paper insulation saturated with compound, (3) filler material, (4) belted insulation layer, (5) lead
covering, (6) bitumen-coated paper layer, (7) steel armouring, and (8) polyvinyl chloride sheath [20].

Methodology
Partial discharge inception field

Most insulation system failures are caused by partial discharges that are preceded by electric field
breakdown. [22, 23]. PD generally arises when the dielectric strength of the cable insulation cannot
withstand the electric stress applied during high-voltage operation [24]. Discharges usually originate in
cavities such as air voids. As the applied voltage increases, the electric field within the air void also
increases, leading to a greater generation of free electrons within the void [8]. The likelihood of a
discharge is influenced by several factors, including temperature, pressure, and the geometry, size, and
location of the void. PD initiation in medium-voltage cable insulation depends on the critical electric
stress across the void; therefore, PD occurrence in MV cable insulation can be characterized by the
partial discharge inception electric field (PDIE).

The breakdown strength of an air-void defect depends on the void’s size and pressure [25]. When
the void size reaches a critical threshold, significant PD activity can occur [26]. The Paschen curve in
Figure 2 shows that the relationship between the breakdown voltage of an air-void defect at atmospheric
pressure and its diameter is approximately linear within a certain region. On the left side of the Paschen
curve, an increase in void diameter results in a lower breakdown voltage. In contrast, on the right side
of the curve, the breakdown voltage rises as the void diameter becomes larger. The relationship
between the electric field breakdown of an air-void defect and its diameter is inverse in nature [27]. The
equations for PDIV and PDIE derived from Paschen’s curve are given in equations 4 and 5, respectively.
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Figure 2: Paschen’s curve for air at atmospheric pressure [27].

The electric stress over the void can be obtained by:

AV
E=— 1
y (1)
AV =V —V, 2)

The voltage across the void is AV, with V1 and V2 values dependent on the void’s position.

When electrical stress across the void reaches PDIE, the void will discharge and the breakdown
electric field ( E, ) over the void can be determined by:

E =-- (3)

When Vb 2V citca and Eb 2 E critical

Vb =6.72pd +2436pd  (4)

Where V b = the breakdown voltage of the void which allows PD to occur in kV (peak).

p = 1 atmospheric pressure in the void.

d = depth of the void in cm.

The void critical electric field E citical that allows PD to occur or PDIE can be obtained from Paschen’s

Law based on equation 4 as: [28 — 30].

E criticar= 6.72 % +24.36 p (5)
The critical size of an air-void,to allow discharge to occur can be written as: dc

d =— (6)

Modelling of electric field

The electric field of a standard energized, buried 3-phase 11 kV PILC belted cable is developed, and
finite element modelling in COMSOL software is used to study the cable under both defective and non-
defective insulation conditions. The Electrostatics module addresses the Poisson’s equation as follows:

V(eW)= -V-(geVV)=p 7)

The density of charge p.
By applying the negative gradient of the potential, the electric field intensity is determined as:

E=-VV (8)

The distribution of the electric field in the cable cross-section is determined over a single AC cycle
of the applied 50 Hz voltage. An 11 kV voltage is applied to the three conductors, while the outer sheath
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is grounded at 0 V. The electric field is evaluated in two dimensions for the intact system configuration,
providing a baseline for future study. Internal air void defects are introduced into the insulation system
to assess changes in electric field stresses. The electric stress within the void is determined using
Equation 1.

Void positions

As spherical void defects are common in insulation materials [31, 32], two-dimensional spherical air-
void models have been incorporated into the cross-sections of PILC cable insulation. Void-defect sizes
were selected based on typical sizes found in the insulation systems of electrical apparatuses in
practice. The selected void diameters for partial discharge investigation are 0.3 mm, 0.5 mm, 1 mm, 2
mm, and 3 mm, to evaluate the effects of electrical stress levels on medium-voltage insulation [32]. The
void-defect sizes were chosen in accordance with practical void defects reported in references [33 —
36] The void-defect map is defined by the coordinates x and y within the cable insulation cross-sectional
domain, with respect to electric field variations across the medium-voltage cable insulation [20]. In the
3-phase PILC belted cable cross-section shown in Figure 3, impregnated oil-paper with a relative
permittivity of 4 is used for the insulation layers, including the conductor, filler, and belt.

Taking into account the cable’s symmetrical structure, the investigation concentrates on selected
void-defect positions. Air-filled voids are introduced at ten locations within the cross-section: five along
a circular path and five along a vertical path, each corresponding to different electric field intensities.
First, five voids are placed between the phase conductor and the grounded sheath along a circular arc
at angular positions of 0°, 15°, 30°, 45°, and 60°. Second, five additional voids are introduced at vertical
positions 1, 2, 3, 4, and 5. Based on the cable’s symmetrical layout, these positions correspond to
equivalent locations throughout the remaining cable region.

Figure 3: Cross-sectional representation of the PILC cable in the XY coordinate plane, with internal
air voids arranged along circular path positions at angles of 0°, 15°, 30°, 45°, and 60°, and at vertical
positions 1, 2, 3, 4, and 5.

Results and analysis
Analysis of partial discharge considering the size and position of the void defect

The analyses of PD phenomena focus on variations occurring within a single AC cycle lasting 20
ms. The highest electrical stress within air-filled voids of sizes 0.3, 0.5, 1, 2, and 3 millimetres, at the
void positions shown in Figure 3, was determined. The locations of the voids (or their centres) remained
constant, while their sizes varied. The procedure was applied across a range of voltage magnitudes in
the three-phase cable. The void electric field was calculated using equation 1 and the PDIE was
determined using equation 5, both expressed in kV/mm (peak) at an atmospheric pressure of 1 atm.
Figures 4 and 5, and Tables 1 and 2, presented the maximum values of the electric field and partial
discharge inception field in the void over an AC cycle.

In voids at vertical positions (1, 2, 3, 4, and 5), as shown in Figure 3, the maximum values of the
electric field and partial discharge inception field for different void sizes over an AC cycle have been
determined. The results are presented in Table 1 and Figure 4. The electric field within the various void-
defect sizes is highest at positions 1 and 3 and decreases gradually at positions 2, 4, and 5. At all
positions, the highest electric field magnitude is observed for a void size of 0.3 mm, while the lowest
occurs at a void size of 3 mm. The electric stress within the void defect gradually decreases as the
defect size increases from 0.3 mm to 3 mm. Additionally, larger void sizes correspond to lower electric
stress values. This occurs as a result of the decreased effective void dimension (d), as described by
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the equation E=AV/d, leading to reduced electric stress within the void. Moreover, although the
diameter of the void (d) increases, the maximum electric potential difference across the void (V) also
increases, making the effect of void size (d) more pronounced. This is in agreement with Paschen’s
curve in Figure 2, which shows that the breakdown electric stress decreases almost linearly as the void
depth increases, whereas the breakdown voltage increases. It is also consistent with similar work on
11kV XLPE cable [32].

The results demonstrate that the electric stresses for different void-defect sizes located in high
electric field regions (positions 1 and 3) are higher than those located in low electric field regions
(positions 2, 4, and 5). The highest electric stresses are measured for different void-defect sizes at
position 3. This is because the maximum electric potential difference across the different void-defect
sizes at position 3 situated between two conductors is higher than that across void defects of the same
sizes at positions 1, 2, 4, and 5. It can be seen from Figure 4 that there is a probability of PD occurrence
within various void-defect sizes in the 11 kV PILC cable insulation at positions 3 and 1, due to their
higher electric stress, which exceeds the PDIE according to the Paschen curve. Partial discharge is
unlikely to occur in void defects of different sizes situated in low electric field regions, i.e., positions 2,
4, and 5. This is due to the lower electric potential across those void sizes, resulting in lower electric
stress.

Table 1: Maximum values of the electric field and partial discharge inception field (kV/mm) for
different void sizes (mm) at vertical positions 1, 2, 3, 4, and 5, as shown in Figure 3.
Void size P1 P2 P3 P4 P5 | PDIE
0.3 5.3618 | 3.7611 | 7.2549 | 0.7604 | 0.7316 | 5.1834
0.5 5.3493 | 3.7592 | 7.2356 | 0.7599 | 0.7308 | 4.7891
1 5.3060 | 3.7436 | 7.1621 | 0.7579 | 0.7265 | 4.3954
2 5.1323 | 3.6885 | 6.8795 | 0.7501 | 0.7096 | 4.1178
3 4.8370 | 3.5943 | 6.4383 | 0.7372 | 0.6819 | 3.9949

Figure 4 presents the results of the maximum values of the electric field and the partial discharge
inception field for different void sizes of 0.3, 0.5, 1, 2, and 3 millimetres at vertical positions 1, 2, 3, 4,
and 5, as shown in Figure 3.
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Figure 4. Peak electric field corresponding to various void-defect sizes, located at positions one, two,
three, four, and five in Figure 3, and PDIE (dashed line).

Considering the analysis of the other five positions along the circular path, shown in Figure 3 as
constructed at angles of 0°, 15°, 30°, 45°, and 60°, the results are presented in Table 2 and Figure 5.
The electric field within the void defects was found to decrease gradually at positions 0°, 15°, 30°, 45°,
and 60°, respectively, demonstrating the symmetry of the electric field distribution around the phase-
voltage conductor. As in the case of the vertical positions, the highest electric field magnitude is
observed for a void size of 0.3 mm, while the lowest occurs at a void size of 3 mm across all positions.
The electric stress across all void-defect positions gradually decreases from the smallest size (0.3 mm)
to the largest size (3 mm). This occurs as a result of the decreased effective void dimension (d), as
described by the equation E= A V/d. The results also indicate that the maximum electric stress for void-
defect sizes located closest to the PILC conductor specifically at position 0° is higher than that of voids
located farther away (positions 15°, 30°, 45°, and 60°). This is because the electric potential difference
across voids near the conductor is greater than across those located farther away. Partial discharge is
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most likely to occur in void-defect sizes at position 0°, where the critical electric field required to initiate
PD is reached. In contrast, PD is unlikely to occur in voids located at positions 15°, 30°, 45°, or 60°,
where the background electric field is relatively low.

Table 2: Maximum values of the electric field and partial discharge inception field (kV/mm) for
different void sizes (mm) at circular positions with angles of 0°, 15°, 30°, 45°, and 60°, as shown in

Figure 3.

Void size P 0° P 15° P 30° P 45° P 60° PDIE
0.3 5.4948 4.4159 2.5629 1.4185 0.8475 5.1834
0.5 5.4750 4.4046 2.5605 1.4159 0.8471 4.7891

1 5.3805 4.2420 2.5411 1.4095 0.8419 4.3954
2 5.0041 3.9592 2.4810 1.3830 0.7499 41178
3 4.4457 3.8178 2.3843 1.3441 0.7292 3.9949

Figure 5 presents the results of the maximum values of the electric field and the partial discharge
inception field for different void sizes of 0.3, 0.5, 1, 2, and 3 at circular positions 0°, 15°, 30°, 45°, and
60°, as shown in Figure 3, along with the partial discharge inception field.

6 kV/mm
e P 0°

S T~ — P15
4 ey e P 30
3 e P 45

N———t—
2 e P 60
1 - S e PDIE
0 T )

0.3 0.5 1 2 3 Void size (mm)

Figure 5: Peak electric field corresponding to various void-defect sizes, located at positions 0°, 159,
309, 459, and 60° of Figure 3 and PDIE (dashed line).

The results demonstrate that void-defect electric stress depends on both the size and position of a
void. The smaller the void, the higher the electric stress, and vice versa. Void defects located in regions
of strong electric fields, particularly near the conductor, are subjected to greater electric stress. In
contrast, voids positioned farther from the conductor, where the electric field is weaker, are less likely
to initiate partial discharges. Voids ranging from 0.3 mm to 3 mm, located in high-stress regions such
as positions 1, 3, or at 0°, are more likely to initiate partial discharges in 11 kV three-phase PILC cable
insulation.

Conclusion

The electric field modelling of an 11-kV paper-insulated, lead-covered belted cable considering
various positions and sizes of void defects under a three-phase voltage system was analysed using the
finite element method. The influence of voids on the electrostatic characteristics of PILC cable insulation
was investigated, and the impact of electric stress caused by different void-defect sizes and positions
in medium-voltage PILC-insulated cables was presented. Void defects located in regions with a high
background electric field experience greater electric stress, while those in areas with lower electric field
strength experience less. Smaller voids also produce higher electric stress levels than larger ones.
Variations in electric stress play a critical role in the initiation of partial discharges. The size and position
of voids are key factors in determining the intensity of electric stress, which directly affects the likelihood
of partial discharge.
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