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Summary:

High-voltage (HV) cable systems are the foundation for the transmission of electricity, but
they are susceptible to partial discharges (PD), particularly at joint locations, which can
cause insulation failure leading to breakdown.

This thesis investigates the potential of advanced laser scanning techniques, combined with
simulations and calculations, to predict and mitigate such discharges by identifying the
voltage levels at which they initiate. The predicted voltages were compared with empirical
testing results to validate the methodology used.

Utilizing a HandySCAN BLACK""|Elite handheld 3D scanner, the study generated detailed
3D models of deliberately implemented cuts in cable insulation. These models were analyzed
to derive the depths of the cuts, which were used in electric field simulations to calculate
the Field Enhancement Factor (FEF), quantifying the increase in electric field intensity due
to the defects. Subsequent calculations of Partial Discharge Inception Voltage (PDIV) were
based on these FEFs and Paschen’s Law to predict the voltage at which PD would initiate.
Empirical tests measured the PDIV of the physical cable end, validating the accuracy of the
simulation model through comparison. The findings confirm the effectiveness of using 3D
laser scanning for defect detection and subsequent simulations and calculations for PDIV
estimations, indicating significant enhancements in HV cable installation processes and
quality control.

The University of South-Fastern Norway accepts no responsibility for the results and
conclusions presented in this report.


http://www.usn.no

Preface

This thesis is the result of work on the Master’s degree in Electrical Power Engineering,
conducted at the University of South-Eastern Norway, campus Porsgrunn. The thesis is
written during the spring of 2024.

[ am very grateful for the support, guidance, and contributions from multiple individuals
making this work possible. Firstly, I would like to thank my supervisor, Elin Fjeld, for her
insightful feedback and constructive suggestions for writing and structuring the report.

A special thanks goes to the team at Nexans’ HV lab. To all the technicians who as-
sisted with the laboratory setups, making the experiments possible. To Jostein-Marken
Mjglnergd, whose insights into both theoretical problems, as well as practical work were
invaluable. Furthermore, I want to thank Espen Doedens at the R&D department for his
deep technical knowledge and our enriching discussions around the theory behind this
work.

Lastly, my heartfelt thanks to my family, and especially my fiancée, who has been my
devoted support through the challenges that arose in the work of this thesis. Your support
was essential in maintaining my motivation and focus throughout this journey.

Porsgrunn, 15th May 2024

H arald \Gr(ao/&

Harald Korpas



Contents

Preface 3
Contents 6
Listof Figures . . . . . . . . 8
Listof Tables . . . . . . . . . . . . 9

1 Introduction 1
11 Background . . . . ... 1

1.2 Previouswork . . . . . ... e 12

1.3 Objective . . . . . . . . 13

1.4 Limitations . . . . . . .. 13

2 Theory 15
2.1 The high-voltage powercable . . . . . . . . .. .. ... ... ... .... 15
2.11  The components of a plastic-insulated HVcable . . . . . . . . . . .. 15

2.1.2 Joints and terminations in high-voltage cable systems . . . . . . . .. 18

2.2 Theelectricfield . . . . . . . . ... ... 20
2.2.1  Relation between electric potential and electric fields . . . . . . .. 21

2.2.2 Electric field distribution in coaxial cylinders . . . . . . .. ... .. 21

2.2.3 Numerical methods for electric field and potential distribution . . . . 22

2.2.4 Electric field distribution in various geometries . . . . . . . . . . .. 25

2.3 Breakdownofair. . . . . . . .. ... 26
2.31 The Townsend Mechanism . . . . . .. ... ... ... ...... 26

2.3.2 TheStreamer Mechanism . . . . . . . ... ... ... .. ..... 27

2.3.3 Pashcen’slaw . . . . . . . . . ... 28

2.4 Partial Discharges . . . . . . . . . ... 29
2.41 Methods for PD detection and measurements . . . . . .. ... .. 29

2.4.2 Different Types of Discharges . . . . . . . . . . . .. ... ..... 30

2.5 ThePDdetectioncircuit . . . . . . . ... ... ... ... ... ... .. 34
2.51 Noise and frequencyrange . . . . . . . . . . ... ... .. .... 36

2.5.2 The Partial Discharge Inception Voltage (PDIV) . . . . . . .. . . .. 37

2.5.3 AnalyzingPD activities . . . . . . . . . ... L. 38

2.6 3Dscanning . . . ... 40
2.6 Typesof3Dscanners . . . . . . . . . . .. ... .. 40



2.6.2 Markers . . . . .,

Test object

31 TheHVecable . . . . . . . . .
3.2 Testsetup . . . . . . . .
3.3 Damage implementation on XLPE insulation . . . . . . . . . ... ... ...

3.4 Location of the cuts, the installation of the PMJ, and their implications . . . .
3.5 Discussion . . . ..

3D scanning

41 Scandevice . . .. L
4.2 Scanning procedure and resultingmesh . . . . . . ... ...
4.21 Noise mitigation . . . . . . . . ...
4.2.2 Resulting3D meshofthecuts . . . . . ... ... ... ... ....
4.3 Measurements of the scanned cutdepths . . . . . . . . ... ... ... ..
4.31 Resultingcutdepths . . . . . . . . ...
4.4 Discussion . . ... L e

PDIV measurements

5. Laboratorysetup . . . . . . . ..
5.1.1 SafetyMeasures . . . . . . ...
5.2 PDdetection hardwareandsetup . . . . . . . .. ... ... ...
5.21 Calibration . . . . . . ...
5.2.2 Frequency and bandwidth . . . . . . . ... ... ... ..
5.3 Procedure . . . . . ... e e
5.4 Results . . . . . .
5.5 Discussion . . . . ... e e e

Simulations and calculations

6.1 Simulationmodel . . . .. ..
6.2 Simulationscenarios . . . . . . . ...
6.3 Electricfield simulations . . . . . . . . . ... ...
6.3.1 Visualization of electric field lines and intensity . . . . . . . . .. ..
6.3.2 Simulated electric field intensity . . . . . . . .. ... ...
6.4 Calculation of the Field Enhancement Factor (FEF) and Partial Discharge Incep-
tion Voltage (PDIV) . . . . . . . . . . .o
6.41 ResultingFEFandPDIV . . . . . . . . . . .. ... ... ...
6.5 Comparing calculated and measuredPDIV . . . . . . . . .. .. ... .. ..
6.6 Discussion . . . . . .
Discussion

43
43

45
48
49

51
51
52
52
53
54
55
57

58
58
59

62
64
64
65
67

69
69
71
72
72
74

78
79
81
82

85



8 Conclusion and future work 87

8.1 Conclusion . . . . . . .. 87

8.2 Futurework . . . . . .. 88
Bibliography 89
A MATLAB script for finding the maximum depths of height maps 92
B Resulting PRPD plots from PDIV measurements 94
C Simulation plots 97
D Python script for calculating FEF and PDIV 106



List of Figures

2.1
2.2

2.3
24

2.5
2.6

2.7

2.8

2.9

2.10
2.11
2.12
2.13

2.14
2.15

2.16

3.1
3.2

3.3

3.4

General illustration of an HV plastic-insulated power cable [9] . . . . . .
General illustration of an HV cable joint, using a PMJ body (not to scale)
[12] .
General illustration of an HV cable termination (not to scale) [12] . . . .
Visualization of the electric field through field lines of an electrical dipole
[15]. .
Representation of the electric field in a coaxial cylinder [17]. . . . . . ..
Mesh of a simplified HV cable’s cross-section in 2D, utilizing triangular
elements of different sizes. . . . . . . ... oo
The connections of triangular elements at a common node i in a FEM
mesh, illustrating the potential contributions from each bordering element

Paschen’s curve for air, illustrating the relationship between pd and break-
down voltage [19].. . . . . . . ...
Mlustrations of external PD types, based on [20]. . . . . . . ... .. ...
ustrations of internal PD types, based on [20]. . . . . . . ... .. ...
Insulating medium between two electrodes with the triple-point marked.

Dielectric medium with a gas-filled void, based on [16]. . . . . . . . . ..
Equivalent circuit of a dielectric medium with a gas-filled void, based on
[16]. . .
Schematic of the PD test circuit, based on [22]. . . . .. ... ... ...
Schematic of the PD test circuit with a calibrator injecting charge go to
the terminals of the Cr, based on [22]. . . . . ... ... ... ... ...
The principle of triangulation 3D scanning illustrated [2]. . . . . . . . ..

[lustration of the layered structure of the test object (not to scale). . . .
The test setup, illustrating the HV cable configuration with one end ter-
minated and the other end jointed to an insulating plastic using a PMJ
(not toscale). . . . . . ..
Detailed view of the cable end connected via a screw connector to an
insulating plastic (not shown) within a PMJ (not to scale). . . . . . . ..
Schematics for the template used for implementing cuts to the XLPE
insulation. . . . . ...

20
22

24

24

28
31
31
32
33

34
35

36
42

43



3.5

3.6

3.7

3.8

4.1
4.2

5.1

5.2
2.3
0.4
2.5
2.6

5.7
2.8

6.1
6.2

6.3
6.4

6.5

6.6

6.7

6.8

The manufactured templates with the custom knife for implementing cuts
to the XLPE insulation. . . . . .. ... .. .. ... ... ... ...
[lustration of the prepared cable end with a cut in its insulation (not to
scale). ..o
Zoomed in view of the cut region on the cable end. ”y” marks the distance
from the semiconductor cutback to the cut, and "x” marks the intended
cut depths (not to scale). . . . . . . . ...
Visualization of the cable end connected via a screw connector to an in-
sulating plastic (not shown) within a PMJ, showing the cut positioned
beneath the PMJ’s EPDM insulation (not to scale). . . . .. .. ... ..

™

The HandySCAN BLACK " |Elite handheld 3D scanner [31]. . . . . . ..
3D scanned segment of the prepared cable end, comparing the mesh quality
before (a) and after (b) the shutter speed adjustment. . . . . . . ... ..

Laboratory setup, seen from above. A = Step-up transformer, B = HVAC
generator, C = Voltage divider, D = Coupling capacitor, E = Termination,
F = Test object. B, C, D, and E are connected with busbars. . . .. ..
The components of the MPD 800 universal PD measurement and analysis
system [34]. . ..
Connection of the MPD 800 system to the test setup, based on [33]. . . .
The OMNICRON CAL 542 charge calibrator [35] . . . . ... ... ...
Connection of the OMICRON CAL 542 charge calibrator to the test setup
Visualization of the 5 pC calibration charge in a PRPD plot. . . . . . . .
Visual representation of the measured PDIV for the different cut depths.
PRPD plot of the cable end with a cut depth of 0.6525 mm at its PDIV
of 85 kV. . . .

Views of the 3D simulation model, constructed in COMSOL. . . . . . . .
Views of the cut region in the simulation model. Dimensional specifics are
not shown due to confidentiality. . . . . .. .. .. ... ... ... ...
Representation of the simulation domain. "x” marks the depth of the cuts.
1D plot of the simulated and analytically calculated electric field intensity
for an air-filled void in contact with a semiconductor. . . . . . . . . . ..
1D plot of the simulated and analytically calculated electric field intensity
for an air-filled void in contact with EPDM. . . . .. .. ... ... ...
1D plot of the simulated and analytically calculated electric field intensity
for an oil-filled void in contact with a semiconductor. . . . . . . . . . ..
1D plot of the simulated and analytically calculated electric field intensity
for an oil-filled void in contact with EPDM . . . . . ... ... ... ...
Comparison of the predicted PDIV from the air-filled void simulations and
measured PDIV. . . . . . . ..

47

47

48

49

ol

23

29

61

67
70

70
74



List of Tables

2.1
3.1

4.1

4.2

5.1
5.2

6.1
6.2

6.3
6.4
6.5
6.6

Typical PRPD patterns for different types of discharges [13]. . . . . . ..
Technical specifications of the test object. . . . . . ... ... ... ...

Zoomed-in views of the mesh generated by the 3D scans, of the various
cut depths. . . . . . .
Height maps and measured cut depths from 3D scans. . . . . . . . . . ..

Midband frequency and bandwidth used for PD detection . . . . .. ..
Measured PDIV for the various cut depths. . . . . . . . ... ... ...

Relative permittivity (&) for materials used in simulations. . . . . . . ..
2D plots visualizing the electric field intensity (kV/mm) for cuts under
different scenarios. . . . . . . . ...
Calculated FEF and PDIV for the intended cuts, air-filled . . . . . . ..
Calculated FEF and PDIV for the intended cuts, oil filled . . . . . . ..
Calculated FEF and PDIV for the measured cuts, air-filled . . . . . . . .
Calculated FEF and PDIV for the measured cuts, oil-filled . . . . . . ..



Nomenclature

Abbreviation

3D

AC
BEM
CAD
CB
EPDM
FDM
FEF
FEM
GIS
HFCT
HV
HVAC
IEC
kV
LiDAR
PD
PDIV
PMJ
PRPD
PSA
SiR
STL
Surfical
TOF
UHF
uv
XLPE

Explanation

Three-dimensional

Alternating Current

Boundary Element Method
Computer-Aided Design

Carbon Black

Ethylene Propylene Diene Monomer
Finite Difference Method

Field Enhancement Factor

Finite Element Method
Gas-insulated switchgear

High Frequency Current Transformer
High-Voltage

High-Voltage Alternating Current
International Electrotechnical Commission
kilovolt

Light Detection And Ranging
Partial Discharge

Partial Discharge Inception Voltage
Pre-molded Joint

Phase Resolved Partial Discharge
Pulse Sequence Analysis

Silicone Rubber

Stereolithography

Surface Inspection and Control Algorithms
Time of flight

Ultra-high frequency

Ultraviolet

Cross-linked polyethylene

10



1 Introduction

1.1 Background

High-voltage (HV) cable systems are the foundation of modern electricity transmission,
yet their safety and operational efficiency are compromised by the occurrence of partial
discharges (PD). PD often occurs from minuscule defects or geometric irregularities in
the insulation, particularly at the material interfaces in the cable system, such as those
encountered during jointing and termination processes [1]. These processes are often
performed on-site and are therefore not always subjected to the same rigorous protocols
as when manufactured in the factory for practical reasons. The defects that may arise
during these processes are preferably detected by the operator and removed or fixed.

The introduction of 3D laser scanning technology provides a promising solution for enhan-
cing quality control in HV cable preparation and installation. This technology is widely
used in fields such as reverse engineering and quality control [2], and its high precision
and adaptability make it exceptionally suited for detecting defects that could potentially
lead to PD [3]. These capabilities are essential in managing the risks associated with
the manual preparation of HV cable ends, where even skilled execution can introduce
inconsistencies that result in sites susceptible to PD initiation [1].

To mitigate the risk of this, a digital process involving the laser scanning of cable ends
has been developed [4]. This process includes subsequent mathematical processing and
field calculation to compute local PD inception voltages for cavities. This could provide
operators with immediate go/no-go criteria based on the calculated local field enhance-
ments, which are critical indicators of the reliability of the cable interface. While this
methodology may have shown promise, proof and calibration of its effectiveness remain
necessary.
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1.2 Previous work

Recent studies have emphasized the utilization of 3D scanning technology in quality con-
trol across various industries. A notable case study [5] investigated the use of 3D scanning
as a verification method in technical quality control. In their study, they detailed the
usage of a 3D scanner to evaluate the technical specifications of projectiles by comparing
scanned models to pre-existing Computer-Aided Design (CAD) models. The research
highlighted the precision and efficiency of 3D scanning in detecting minuscule deviations
and irregularities, thus supporting its potential to enhance quality control processes. Des-
pite the positive outcomes, the case study also emphasized the need for precise scanner
settings and thorough surface preparation to mitigate issues such as gaps that are not
detected by scanner light, which are typically filled in by software approximations.

Furthermore, a recent study specifically addressed the application of 3D scanning techno-
logy to HV cable joints [6]. This research developed an innovative method that combines
point cloud remapping with image segmentation to effectively measure and quantify sur-
face defects on manually polished cross-linked polyethylene (XLPE) cable joints. The
study addressed challenges like low detection accuracy due to weak textures and strong
reflections on cable joint surfaces. By using a modified radius filtering algorithm to refine
disordered point clouds and a method to enhance feature visibility from point clouds,
the approach significantly improved the precision in identifying and measuring defects.
The effectiveness of this method was confirmed through extensive experiments on both
simulated and actual cable joints, which showed substantial enhancements in defect de-
tection and quantification compared to traditional methods. These advancements mark
a significant step forward in quality assurance techniques for HV cable installations.

While 3D scanning has been researched for quality control and defect detection, pre-
dictive modeling of the Partial Discharge Inception Voltage (PDIV) has been studied as
well. A notable study [7] utilized Finite Element Method (FEM) simulations to obtain
electric potential values, which were compared with values given by Paschen’s Law to
predict PDIV in motor coils constructed with enameled wire. This approach improved
the precision of PDIV predictions by incorporating actual electric field line lengths and
considering various physical and environmental parameters such as electrode material,
gas pressure, and gap distance between electrodes. In addition, [8] investigated PDIV
in medium voltage cable accessories through experimental and theoretical approaches.
The study utilized hollow glass microspheres embedded in silicone to simulate defects
and subjected these to varying electric fields at different frequencies to empirically de-
termine PDIV. The theoretical estimation of PDIV incorporated Paschen’s Law and the
Field Enhancement Factor (FEF). Further, FEM simulations were utilized to analyze
field enhancements, providing an understanding of the factors influencing PD inception
in practical scenarios.
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1.3 Objective

The primary objective of this thesis is to investigate how laser scanning technology can
be used to predict the PDIV of defects at HV cable ends through both simulations and
actual PDIV measurements.

To achieve this objective, the thesis is structured around several specific sub-objectives:

1. Defect introduction and detection

o Intentionally introduce controlled defects in the form of cuts on the insulation
surface of a prepared HV cable end to simulate common on-site issues.

o Use 3D laser scanning technology to detect these defects accurately and create
precise 3D models for detailed geometrical analysis.

2. PDIV measurements

o Conduct empirical testing to determine the PDIV for the cable end with the
introduced defects.

3. Simulations and calculations

o Perform electric field simulations based on the cuts in the cable end insula-
tion, to find the Field Enhancement Factor (FEF) caused by these cuts under
various conditions.

e Do calculations to predict the PDIV based on the FEF from these simulations.
4. Comparison of predicted and empirical data

e Compare the PDIV predicted from simulations and calculations with the PDIV
measured during empirical testing to validate the accuracy and effectiveness
of the 3D scanning technology in predicting PD initiation in HV cables.

1.4 Limitations

o The study is limited to examining cuts as the only type of defect and focuses on
just one defect at a time on a single cable end. This limits the generalizability of
the findings to other defect types or multiple defects on the same cable end.

e The thesis focuses exclusively on PDIV measurements. It does not consider the
apparent charge, which might provide additional insights into the severity and
characteristics of the discharges.
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o Details regarding the preparation of the cable, 3D scanning, and other laboratory
procedures are confidential and, therefore, are not disclosed in this thesis, and may
limit the reproducibility of the study.
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2 Theory

This chapter lays the foundational theory relevant to the research conducted in this
thesis. It begins with an overview of HV power cables and their components, followed by
electric field theory and its behavior. Subsequently, the mechanisms of air breakdown are
explained, before the PD phenomena, along with methods for their detection and analysis
are presented. Lastly, the principles of 3D laser scanning technology are described.

2.1 The high-voltage power cable

HV power cables are fundamental in electrical power systems, enabling the transmission
of electricity over long distances. The design of HV cables includes a central conductor
insulated by a material capable of withstanding high electrical stress. In general, HV
cables can be categorized into paper-insulated and plastic-insulated categories.

These cables are used in various contexts, from underground and underwater transmission
to the interconnection of electrical substations, designed to operate at various voltage
levels. A significant advancement in their technology was the introduction of XLPE as the
insulating material, which has improved HV cable design due to its superior properties.
This section will focus on plastic-insulated cables, highlighting their structural design
and the roles of these layers in the cables’ functionality and reliability in HV applications

[9]-

2.1.1 The components of a plastic-insulated HV cable

Figure 2.1 provides a general illustration of the components in an HV plastic-insulated
power cable, demonstrating the arrangement of layers from the conductor to the outer
jacket. Each component is specifically designed to serve a unique purpose, ensuring safe
operation under HV conditions.

15
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Figure 2.1: General illustration of an HV plastic-insulated power cable [9]

The conductor

The main task of the conductor is to efficiently transfer electrical energy. The effectiveness
of an electrical conductor is determined by the ability of electrons to move freely between
atoms. The conductor is primarily made of copper or aluminum, where the selected metal
is based on various factors like weight, cost, and specific transmission needs. Aluminum is
widely used for its affordability and lightness, whereas copper is chosen for high-demand
scenarios or where flexibility is an important factor [10].

Copper stands out for its superior conductivity, ease of handling due to its flexibility, and
its natural corrosion resistance. On the other hand, aluminum, though less conductive
and more susceptible to corrosion when exposed to moisture, benefits from a protective
oxide layer that forms on its surface. This layer, while protective, requires careful hand-
ling during installation to ensure effective electrical connections. Despite its drawbacks,
aluminum’s cost-effectiveness and lighter weight make it a viable option as a conductor
material [10].

Inner and outer semiconductor

The semiconductive layers, commonly referred to as semicons or semiconductors, serve
as essential components in bridging the conductive and insulating parts of a power cable.
These layers are divided into the inner semiconductor, which interfaces between the cable
conductor and its insulation, and the outer semiconductor, which interfaces between the
insulation and the metal sheath.
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The primary role of the inner semiconductor is to even out surface irregularities and
eliminate air pockets between the conductor and insulation. This is essential for ensuring
a uniform distribution of the electric field across the insulation layer, significantly reducing
the risk of PD and further degradation of the insulation.

Similarly, the outer semiconductor serves the same role as the inner layer, by smoothing
out irregularities between the insulation and the metal sheath. This effectively encloses
the electric field within the insulation, aiding in a uniform radial distribution of elec-
tric field lines. Both semiconductive layers are typically vulcanized together with the
insulation, making it necessary to utilize specialized tools for their removal.

The semiconductors consist of a polymer blend, containing XLPE in the case of XLPE-
insulated cables, combined with carbon black (CB). CB is highly conductive, giving the
semiconductor its conductive properties while maintaining the thermal characteristics of
XLPE. The right amount of CB in the blend ensures that the layers maintain consistent
conductivity, which is important for managing the electric fields [10].

Insulation

The primary function of the insulation in HV power cables is to act as an effective
barrier between conducting surfaces with significant potential differences. The insulation
needs to be clean and free from defects to maintain its structural integrity and functional
performance. Additionally, the insulation must possess mechanical strength, be resistant
to temperature variations, and demonstrate long-term durability.

XLPE is a preferred insulation material due to its superior properties. Unlike stand-
ard polyethylene (PE), which softens and melts around 80-110 °C, XLPE maintains its
structural integrity at higher temperatures, displaying high dielectric strength until it
undergoes pyrolysis at temperatures above 300°C. XLPE is developed from PE through
the addition of organic peroxides, followed by extrusion around the cable’s conductor
in a high-pressure, high-temperature environment. This process is done to prevent the
formation of gas bubbles within the insulation, which could weaken the material and lead
to PD or complete dielectric breakdown [11].

Metal sheath

The metal sheath protects the insulation from water ingress, necessary for maintaining
the insulation’s dielectric strength. These sheaths are typically made of aluminum, lead,
or copper, each chosen for their protective properties and specific application.

17



Lead sheaths provide excellent protection against water and humidity. However, the
density of lead also adds significant weight to the cables, which, while beneficial in stabil-
izing submarine cables on the seafloor, can pose challenges during the installation of land
cables. Additionally, lead is a soft material and must be protected against mechanical
damage. It is susceptible to fatigue due to vibrations, repeated bending, and thermal
cycling, which can lead to the formation of cracks. Such damage can compromise the
integrity of the sheath, potentially affecting the cable’s overall water-tightness and dur-
ability [11].

Jacket

The jacket, also known as the oversheath or outer sheath, serves to mechanically and
chemically protect the inner layers of the cable. The most commonly used materials
for the jacket are plastics, typically PE or polyvinyl chloride (PVC). PE is favored for
its stability against aging, low water absorption, and minimal chemical and biological
reactivity. Additionally, it is recyclable and resistant to ultraviolet (UV) light [10].

2.1.2 Joints and terminations in high-voltage cable systems

Pre-molded joints (PMJ) are accessories that ensure secure and durable connections
between cable segments. They consist of multiple semi-conductive and insulating ma-
terials, designed for high electrical stresses and durability. Their construction allows for
quick and reliable connections, which is particularly beneficial during repairs or cable
jointing in the field. These joints are fabricated and assembled under controlled factory
conditions, where they undergo comprehensive testing, including PD tests, to ensure that
they are free from defects.

The PMJs are also compatible with various conductor connections, such as welding,
compression sleeves, and screw connectors. Furthermore, the alignment of the joint is
made easy due to its expandable body, which contracts after installation to maintain
radial pressure on the jointed cable segments [11].

Figure 2.2 illustrates the electrical layers of an HV cable joint utilizing a PMJ body.
The insulating materials in PMJs are usually rubbers, such as ethylene propylene diene
monomer (EPDM) and silicone rubber (SiR) [12].
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Figure 2.2: General illustration of an HV cable joint, using a PMJ body (not to scale) [12]

Terminations are accessories that connect the ends of HV cables to other electrical infra-
structure, such as bus bars, gas-insulated switchgear (GIS), and overhead lines, ensuring
secure and efficient electrical connections.

Terminations are categorized based on their insulation and sealing mechanisms into fluid-
filled, gas-insulated, and dry types. Fluid-filled and gas-insulated types are favored for
their ability to handle environmental variations and thermal stresses, while dry types are
valued for their maintenance-free operation and environmental friendliness. Figure 2.3
illustrates a simplified model of a gas-insulated or fluid-filled termination.

M&ﬂ&V&iXJ&QQXKwKKjﬁgg AULERN

Cable screen
connection

Equipotential lines

Oil or SFg gas

-~ il or SFe gas

Interface towards oil or SF¢ gas
Radially and tangentially stressed physical interface

Radially stressed physical interface

TAxissymmetry

Cable conductor (Cu or Al)

Cable semiconductor (CB doped polymer) ) ) i
Cable insulation (highly resistive polymer) B insulator housing with rain sheds

Stress-cone semiconductor (CB doped rubber) Il Top connection (weld or crimped/screwed ferrule)

ELHE

Stress-cone insulation (SiR or EPDM) Metallic termination top and bottom plate

Figure 2.3: General illustration of an HV cable termination (not to scale) [12]

Similar to PMJs, these terminations incorporate a stress cone that employs geometric
field control. These are designed for managing the electric stress at the point where the
cable insulation terminates, ensuring that the electrical field is distributed evenly and
preventing high field concentrations.
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Managing the interface between cable ends and the accessories presents a significant
challenge. Minor geometric deviations can create air pockets, weakening the insulation’s
integrity. To prevent this, a medium such as grease or oil is used, aiding in proper fitting
and enhancing the overall reliability of the installation. Additionally, the stress cone is
designed to maintain steady contact pressure through its radial extension, increasing the
strength of the interface and ensuring operational reliability [12] [13].

2.2 The electric field

An electric field is a vector field that surrounds a charged particle, representing the
force that other charged particles would experience within its vicinity. The strength and
direction of this field (E) can be described by (2.1).

F
q0

where F is the force experienced by the test charge go. The direction of E is determined
by the force acting on a charge [14].

E= (2.1)

The electric field can be visualized by electric field lines, which provide a representation
of its behavior. These lines are directed outwards from positive charges and inwards to
negative charges. Additionally, they never intersect, providing a consistent direction and
magnitude of the field at any given point. The density of these lines is indicative of the
field’s strength, whereas closely spaced lines indicate a stronger field [14]. Figure 2.4
visualizes the electric field by field lines of an electric dipole.

Figure 2.4: Visualization of the electric field through field lines of an electrical dipole [15].
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2.2.1 Relation between electric potential and electric fields

The electric field is connected to the electric potential, where the electric potential (V)
at a point indicates the electric field strength at that location, and the change in electric
potential across space is what creates the electric field, expressed mathematically by
(2.2).

E=-VV (2.2)

This equation reveals that the electric field vector, E , points in the direction where the
potential decreases most rapidly and its magnitude is proportional to the rate of decrease
of potential with distance.

In dielectrics, the concept of the electric field is expanded to include the electric flux
density or electric displacement field, D. This field adapts the idea of electric fields to
account for how the dielectric reacts to the electric field and is given by (2.3), where € is
the relative permittivity of the dielectric.

D=¢E (2.3)

The displacement field is linked to the volume charge density, p,. The divergence of the
displacement field then leads to Poisson’s equation (2.4).

V-f):pv—>V2V:—% (2.4)

When there are no free charges within a region, such as in the insulating materials of HV
systems, Poisson’s equation simplifies to Laplace’s equation (2.5) [16].

ViV =0 (2.5)

2.2.2 Electric field distribution in coaxial cylinders

Gauss’s Law establishes a relationship between the electric flux passing through a closed
surface and the net charge enclosed within it, making it particularly useful for calculating
electric fields in symmetrical geometries, such as cylinders. The formal expression of
Gauss’s Law in integral form is given by (2.6).

Qencl

&

d)E:?{E-dﬁz (2.6)
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where @ is the electric flux through a closed surface, E is the electric field vector, dA
is the vector area element of the closed surface, and & is the permittivity of vacuum,

quantified as 8.854 - 10_12N¢—;2 [14].

In coaxial cylinders, the electric field distribution is influenced by this symmetry, resulting
in force lines that radially extend outward from the cylinder’s axis. This configuration
allows the magnitude of the electric field, E, to vary only with the radial distance, x, from
the central axis, as visualized in Figure 2.5.

Figure 2.5: Representation of the electric field in a coaxial cylinder [17].

Assuming uniform charge distribution across the surfaces of the cylinders, with a charge
per unit length A, and a voltage V applied across the electrodes, Gauss’s Law can be
used to derive the electric field intensity at any radial distance x by (2.7).

E(x) =

Ao
e x m(m) x VM 27)

where A represents the charge per unit length (C/m), € is the permittivity of the material

between the cylinders (F/m), V is the applied voltage (V), r; and r; is the radius of the
inner and outer cylinder (m), and x is the radial distance from the center (m) [17].

2.2.3 Numerical methods for electric field and potential distribution
For calculating the electric field and potential in unsymmetrical and complicated geomet-

ries, numerical methods are commonly used for solving Poisson’s (2.4) and Laplace’s (2.5)
equations. These methods are also beneficial when dealing with two- or three-dimensional
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fields that have complicated boundary conditions or are within materials with variable
permittivities and conductivities. The most commonly utilized numerical methods are:

 Finite Difference Method (FDM):
This method organizes the problem area into a grid. At each grid intersection,
a Taylor expansion of the differential equations is used to derive numerical equa-
tions, which are typically solved using iterative methods. While effective for two-
dimensional geometries, its accuracy diminishes with the inclusion of curved or
irregular three-dimensional volumes.

« Finite Element Method (FEM):
FEM transforms complex domains into manageable subdivisions, simplifying the
approximation of field quantities within discretized elements that can vary in phys-
ical properties. It converts partial differential equations into algebraic expressions
through the minimization of an energy functional, leading to a sparse matrix that
allows for efficient computational solutions.

« Boundary Element Method (BEM):
BEM simplifies problems by modeling only the surfaces of regions, using one- or
two-dimensional elements, thus reducing computational complexity and eliminating
the need to discretize air spaces.

Each method comes with its unique set of advantages and limitations, and often they are
used in a complementary fashion depending on the specific problem at hand [9]. This
section will focus on FEM due to its extensive use in the field and this thesis.

Finite Element Method (FEM)

FEM discretizes the domain of complicated geometries into a finite set of subdomains
called elements, which enables a piecewise approximation of the potential V.

The electric potential V is then approximated by minimizing an energy functional for
each element. Assuming constant permittivity and absence of charge density, reducing
Poisson’s equation to Laplace’s equation, the energy functional for a two-dimensional

domain is given by (2.8).
€ VN [aV)\?
F = E// ((a) —+ <a—y> >a’x,dy (28)

This functional represents the stored electric energy and its minimization with respect
to the potential at the nodes of the elements, producing a system of algebraic equations.
When solved, these equations provide the distribution of the electric potential V over
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the entire mesh by ensuring the potential is continuous across element boundaries and
satisfies the governing differential equations.

Figure 2.6 illustrates a completed FEM mesh of the cross-section of a simplified HV cable,
showing how the computational domain is discretized into triangular elements.

Figure 2.6: Mesh of a simplified HV cable’s cross-section in 2D, utilizing triangular elements of different
sizes.

All elements in the mesh are connected through shared nodes, as shown in Figure 2.7,
which shows the typical connectivity at a common node i in a FEM mesh. Each node
receives potential contributions from every connected element, ensuring a continuous solu-
tion across the entire domain and compliance with the governing differential equations.

element 6

element 5
element 1

K

element 4
element 2

element 3

Figure 2.7: The connections of triangular elements at a common node i in a FEM mesh, illustrating the
potential contributions from each bordering element [9].
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For node i, the relationship with the neighboring elements is expressed by (2.9).

oF dF,

Where the sum of the contributions from the elements connected to node i is represented
by ¥.. Based on this equation, the global stiffness matrix [S] and the nodal potential
vector {V} are assembled, resulting in the system equation (2.10).

S]{V}=0 (2.10)

Where the stiffness matrix [S] represents how the nodes are connected and is derived from
the geometric and material properties of the mesh. This leads to a sparse matrix that is
computationally efficient for solving large-scale problems [9].

2.2.4 Electric field distribution in various geometries

The distribution of electric fields over different geometric configurations can significantly
influence the local field intensities due to the geometry’s features, such as edges or corners.
In the context of HV cables, local surface irregularities can distort the electric field distri-
bution, creating areas of increased or decreased field strength. The Field Enhancement
Factor (FEF) quantifies the local variation in electric field strength caused by these irreg-
ularities. It provides a means to analyze how surface features affect field intensity without
altering the bulk material properties [12]. The FEF can be expressed by (2.11).

Elocal

FEF = (2.11)

Ey. ference

where Ej,., represents the local electric field intensity at a specific point on the surface
that includes irregularities, and Eference is the electric field intensity at the same point
under idealized conditions, considering no surface imperfections.

Surface roughness and geometry play pivotal roles in the local redistribution of the elec-
tric field. This redistribution occurs because the electric field lines are normal to the
conductor’s surface, and any deviation in this surface can either concentrate or disperse
the field lines. Consequently, regions with acute protrusions or indentations often exhibit
higher local field strengths due to the concentration of field lines, leading to higher FEF
values. Conversely, smoother or more gradually curved areas might show a decrease in
local field intensity, hence a lower FEF [12].
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2.3 Breakdown of air

The electrical breakdown of air signifies a transition where air ceases to be an insulator
and becomes conductive. This phenomenon is caused by the electric field reaching a
threshold that enables a series of ionization events, fundamentally changing the dielectric
properties of air [9].

2.3.1 The Townsend Mechanism

The Townsend mechanism further explains how these ionization events occur, leading
to the breakdown of air. When charged particles, such as electrons, are subjected to
intense electric fields, they can accumulate sufficient kinetic energy to ionize neutral
molecules upon collisions. This energy accumulation and following ionization initiate
with primary electrons near the cathode, which are forced toward the anode by the
electric field. As these electrons move, they ionize the neutral molecules, leading to
an exponential increase in electron numbers and the creation of positive ions, known
as an electron avalanche. These ions then migrate back towards the cathode, inducing
secondary electron emission upon collision with the electrode surface. This interaction of
primary and secondary processes, which includes both ionizing and non-ionizing collisions,
is central to Townsend’s theory [16] [18].

To describe these phenomena, Townsend proposed three specific coefficients, which he
then combined to formulate the criteria for electrical breakdown in gases. These coeffi-
cients were:

« The first Townsend coefficient (o)
Often referred to as the ionization coefficient, represents the number of additional
electrons one electron generates per unit path length in the electric field’s direction.

« The second Townsend coefficient ()
This coefficient describes the ionization caused by the positive ions during break-
down. However, this coefficient was found to be less important, because the energy
of an ion is too low to effectively ionize a neutral gas. Therefore, B ~ 0 is generally
assumed.

e The third Townsend coefficient (7)
This coefficient is known as the secondary electron emission coefficient, which quan-
tifies the number of secondary electrons emitted from a surface per incident particle
that bombards the surface [18].

The Townsend breakdown criterion is formulated from these coefficients and is given by
the condition when the growth of the electron avalanche, driven by «, and the generation
of secondary electrons, driven by 7, reach a critical point where the gas transitions from
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being an insulator to a conductor. This transition occurs when the criterion in (2.12) is
met.

y-e@d) — | (2.12)

where d is the distance between the electrodes, and e is the base of the natural logarithm,
indicating an exponential increase in ionization events. This criterion represents the self-
sustained nature of the discharge, where the gas no longer quenches the ionization process,
leading to a complete breakdown [18].

2.3.2 The Streamer Mechanism

While the Townsend mechanism is dominant under low pressure and electrode separation,
characterized by a pressure and distance product (p-d) typically below 5 bar-mm, the
streamer mechanism becomes more relevant under different conditions. Specifically, the
streamer mechanism provides an explanation for electrical breakdown at a higher p-d,
typically over 5 bar-mm, where the configuration leads to different electrical discharge
behaviors.

In this configuration, the streamer mechanism provides an explanation for electrical
breakdown that differs from the Townsend mechanism. It begins with a single electron,
which triggers an electron avalanche due to the influence of a strong electric field, similar
to the Townsend mechanism. However, when this avalanche travels towards the anode,
it generates a trail of positive ions. The front part of the avalanche accumulates space
charges, which increase the local electric field, while the back part forms a plasma-like
region with a balanced charge.

The transition from an avalanche to a streamer occurs when the enhanced electric field
at the leading edge of the avalanche leads to increased ionization. This ionization process
releases numerous photons, which ionize nearby neutral molecules in areas of high electric
field. The resulting photoionization events initiate secondary avalanches that merge with
the initial one, enlarging the plasma column and eventually spanning the gap between
electrodes. The formation of this conductive plasma path is the fundamental step in
establishing a streamer discharge.

Streamer discharges are characterized by their rapid development, with photon-induced
ionization occurring more quickly than ionization due to electron impact. Typically,
streamer breakdown occurs within a brief time frame, from 1 to 10 nanoseconds, compared
to the longer duration associated with the Townsend mechanism, which can extend from
several tens to hundreds of nanoseconds for gaps of 0.1 to 1 mm [19)].
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2.3.3 Pashcen’s Law

Paschen’s Law, which fundamentally relies on the Townsend mechanism (Section 2.3.1),
provides an understanding of electrical breakdown in gases under varying pressure and
electrode separation conditions. This law predicts the breakdown voltage (V},) required to
initiate a discharge between electrodes in a gaseous medium. In analytical form, Paschen’s
Law is expressed by (2.13) [13].

B-pd

Apd
In (57 (1+p1_/y) )

where p is the pressure of the gas (bar), d is the distance between the electrodes (mm),
and A, B, and Yy are empirical constants specific to the gas and electrode materials.

For air, and copper as electrode material, these values are A = 1130 1/(mm-bar), B =
27.4 kV /(mm-bar), and y = 0.025 [13].

V, = (2.13)

This equation highlights how breakdown voltage varies with the product (pd), displaying
a characteristic curve known as Paschen’s curve, shown in Figure 2.8.

-
= air
] / 20°C

Bar mm

Figure 2.8: Paschen’s curve for air, illustrating the relationship between pd and breakdown voltage [19].

The curve demonstrates that at a critical pd value, known as the Paschen minimum,
the breakdown voltage reaches its lowest point, derived from Equation 2.13 to be ap-
proximately 350 V for air. Below this pd value, the breakdown voltage rises sharply,
due to the lack of sufficient gas molecules to sustain the avalanche process needed for a
discharge. At higher pd values, the breakdown voltage also increases, but the rise is more
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gradual compared to the sharp increase observed at lower values. This is due to both the
reduction in the electric field strength per unit length due to longer distances between
the electrodes, and the decrease in the mean free path of electrons caused by higher gas
pressures [13].

2.4 Partial Discharges

PD are localized electrical breakdowns occurring within the insulation system of HV
equipment. These discharges may occur when the local electric field surpasses the local
dielectric strength at or near an energized object [20]. Since these discharges only af-
fect a part of the insulation, they do not lead to immediate breakdown. PD can occur
across various types of insulation systems and under different electrical stress conditions.
Although PD might not significantly impact short-term electric strength, they are par-
ticularly detrimental to the long-term integrity of organic insulating materials. Frequent
and repetitive discharge impulses, especially at alternating current (AC) voltages and re-
petitive impulse voltages, lead to erosion of the insulation. This erosion typically results
in a drastically reduced service life of the insulation material. Consequently, the occur-
rence and characteristics of PD serve as an essential criterion for assessing the quality of
insulation [9] [13].

2.4.1 Methods for PD detection and measurements

Various methods have been developed and employed to identify and quantify PD. The
main methods and their uses are:

o Electrical measurement
Quantifies PD by directly measuring electrical parameters such as current and
voltage, offering precise data on the intensity and nature of the discharges.

o Ultra-high frequency (UHF') detection
Captures the high-frequency electromagnetic waves emitted by PD, offering insights
into the characteristics and location of the discharges.

e Acoustic detection
Utilizes sensitive microphones to detect the sound waves produced by PD, useful
in pinpointing the location of discharges, especially in enclosed systems.

o« UV light camera
Uses UV cameras to visually detect PD by capturing the UV light emissions during
discharge events, particularly effective in outdoor HV applications [20].
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Among these methods, electrical measurement is the most common one and is the method
that will be discussed further in this thesis.

2.4.2 Different Types of Discharges

PD can appear in various forms and types, primarily divided into two main categories
based on their location within or around the insulation system:

o« External PD: Occurs on the surface or around the insulation material.

— Corona discharges
Occur at high electric field concentrations, often at sharp edges or conductor
points, leading to ionization of the surrounding air and potential insulation
degradation.

— Surface discharges
Develops along the surfaces of exposed insulating materials, potentially leading
to flashover, an increase in current due to air breakdown around the insulator.

e Internal PD: Occurs within the insulation material.

— Void discharges
Localized electrical breakdowns within cavities in the insulation, may lead to
further degradation such as electrical treeing.

— Electrical treeing
Progressive degradation resulting from prolonged exposure to void discharges,
leading to branching conductive paths through the insulation and eventual
breakdown [16].

Each category and type of discharge presents unique features that impact the integrity of
the electrical system. The different discharge types is illustrated in Figure 2.9 and 2.10
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(a) Corona discharges (b) Surface discharges

Figure 2.9: Illustrations of external PD types, based on [20].

il

(a) Void discharges (b) Electrical treeing

Figure 2.10: Illustrations of internal PD types, based on [20].

Corona discharges

Corona discharges are typically initiated at points where the electric field is intensified,
such as at sharp metallic points or edges. These discharges are not exclusively associated
with the HV electrode and can also be observed at the grounded side or even midway
between two electrodes.
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These discharges do not only indicate a physical phenomenon but also serve as a source
of electrical noise, causing a challenge during PD testing. To reduce this, it’s essential to
ensure the testing environment is free of any elements that could induce corona, not just
on the HV apparatus but also within the surrounding testing area [19].

Surface discharges

Surface discharges occur at the interface between gas and solid insulating materials within
electrical systems. These are most evident in scenarios such as cable terminations where
insulation is partially stripped, creating areas of dense inhomogeneous electric fields. This
leads to increased electrical stress and possible initiation of discharges along the surface
of the insulating material [13].

The critical point for surface discharges to initiate, where gas, insulator, and electrode
meet is known as the triple-point. Figure 2.11 illustrates the triple-point, where dis-
charges are prone to igniting due to the distorted field caused by surface irregularities,
contaminants, or moisture. Once discharges occur, they tend to escalate and progress
along the insulation’s surface, eventually leading to flashover when reaching the opposite
electrode.

HV
| Triple-point

b

Insulating medium

]

Figure 2.11: Insulating medium between two electrodes with the triple-point marked.

By managing the inhomogeneities at the triple-point, and ensuring that the insulating
material is free from damage and contaminants, the possibility of surface discharges
leading to flashover can be significantly reduced [13].

Internal PD

Internal PD occurs in defects of both solid and liquid insulation, often associated with gas-
filled voids. Figure 2.12 illustrates a dielectric medium with such a void. Here, each part
of the material is visualized as an individual capacitance, indicating the material’s ability
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to store electrical charge. The specific geometry of the insulating material influences the
formation of these capacitances, which affects the distribution of electrical stress. As
the applied voltage increases, the void may become the point of PD inception, due to
enhanced field gradients caused by the difference in permittivities and the geometry of
the void [16] [21].

HV

Electrode —

Insulating material

L

Figure 2.12: Dielectric medium with a gas-filled void, based on [16].

An equivalent circuit of the dielectric material containing a gas-filled void can be made,
considering (2.14) and (2.15) for the capacitances.

Co=Cy+Cp (2.14)
Cp1-Cpo

C, = b2 2.15
Cp1 +Cp2 (2.15)

This circuit is shown in Figure 2.13, where C, is the equivalent capacitance of the dielec-
tric, Cp is the equivalent capacitance of the dielectric in contact with the void, and C, is
the capacitance of the void.
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Figure 2.13: Equivalent circuit of a dielectric medium with a gas-filled void, based on [16].

Applying a voltage V over the electrodes, thereby charging the sample, the voltage V.
across the void rises, potentially leading to a discharge if it reaches the inception voltage,
modeled by the closure of switch S. This discharge initiates a current i.(z), which then
releases a charge g., defined by (2.16).

ge = AV.C, (2.16)

where AV, represents the voltage drop across the void due to the discharge and C. is
the capacitance of the void. However, in practical scenarios, C, and C. are usually
unknown, making it impossible to directly measure the actual charge g.. This leads to
the PD detection circuit, used to measure a related quantity, the apparent charge Qqp,
by introducing a coupling capacitor. [16] [21] [22].

2.5 The PD detection circuit

The TEC 60270 standard outlines the technique for detecting and measuring PD through
a dedicated test circuit, illustrated in Figure 2.14. In this circuit, the coupling capacitor
(Ck) serves as a voltage supply to the test object during PD events, where Q,, can be
measured based on the discharge produced by Cx. The test object (Cr) represents the
entire assembly of capacitors (Cy, Cp, and C, in Figure 2.14) [21].
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Figure 2.14: Schematic of the PD test circuit, based on [22].

When a PD event is initiated, the impulse current, i(¢), resulting from Q,, flows through
the measurement impedance (Z,;) and the coupling device (CD) which converts the cur-
rent into voltage signals ultimately registered by the measuring instrument (MI) via the
transmission system (CC). The low- and high-voltage sides are represented by LV and
HYV respectively, while the optional impedance (Z) functions as a filter for reducing back-
ground noise from the HV source [21] [22] [23].

The sensitivity and accuracy of the PD measurements are significantly influenced by
the ratio of capacitance between Cx and Cr. To maintain high measurement sensitivity
without imposing excessive demand on the HV supply, Ck is typically chosen to have a
minimum capacitance of 1 nF [23].

Calibration of the PD detection circuit

To accurately quantify Q,), the PD detection circuit needs to be calibrated. This process
involves injecting a specific, short-duration charge pulse (go) into the terminals of the
test object, as illustrated in Figure 2.15. This pulse is generated by a calibrator that
combines voltage steps (Up) with a capacitor (Cp), resulting in repetitive charges defined
by (2.17) [21]. To ensure that the measurement system is quick and accurate enough
to capture the PD events, IEC states that the rise time of the voltage steps should not
exceed 60 ns [22].

g0 = UpCo (2.17)

Calibration establishes a reference scale, which is adjusted to account for the influence
of the test object’s capacitance on the measurement circuit. Since each test object can
introduce unique variations due to different designs and materials, the calibration is
specifically tailored for each new object to avoid inaccuracies in the readings. A new
calibration is needed when the test object or circuit has been altered in any way.
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Figure 2.15: Schematic of the PD test circuit with a calibrator injecting charge g¢ to the terminals of
the Cr, based on [22].

It is important to ensure that the circuit has no supplied voltage, as well as that the
test object is de-energized during calibration, especially since the calibrator’s capacitor
(Co) typically is a low-voltage component. Additionally, the choice of go should be close
to the expected Qg to enhance the accuracy of the PD magnitude measurement. This
calibration approach ensures the detection circuit is finely tuned and capable of providing
reliable, accurate measurements under varying test conditions [21] [22].

2.5.1 Noise and frequency range

During PD measurements, external noise is a factor that can impact the accuracy of PD
measurements. To minimize the influence of this, selecting an appropriate frequency range
for the measurements is necessary. The range should be somewhere noise is minimized,
but PD is still measured accurately [21, pp. 599-614].

When considering frequency range, two separate PD measurement systems are specified:
wide-band and narrow-band systems [21].

Wide-band systems feature a broad frequency range, extending from fj to f>, that allows
for capturing various pulse shapes and sizes of PD over a wide range. The frequency
specifications for wide-band systems, as set by the IEC, are:

30 kHz < f; < 100 kHz
£ <1 MHz
100 kHz < Af < 400 kHz

where Af is the frequency bandwidth. However, the increased measurement sensitivity
in a wide-band system also raises the likelihood of detecting pulses that do not originate
from actual PD events, potentially leading to false readings [9] [22].
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In contrast, narrow-band systems utilize a smaller bandwidth, which is advantageous
for filtering out unwanted frequencies and reducing noise, thereby providing a clearer
signal in environments with significant noise interference. The frequency specifications
for narrow-band systems, as established by the IEC, are:

9 kHz < Af <30 kHz
50 kHz < f,, <1 MHz

where f, is the midband frequency [21] [22].

2.5.2 The Partial Discharge Inception Voltage (PDIV)

Linking the discharge magnitude of PD to the durability of electrical insulation systems
has proven impossible. Consequently, modern PD testing primarily relies on go/no-go
criteria based on the measured Qy), ensuring that no discharges with a magnitude over
a set threshold occur under operational voltages [24].

Despite the established testing criteria based on the magnitude of Q,), identifying the
precise voltage at which PD begins is essential for accurately assessing the operational
thresholds of insulation systems. This voltage level is specified by the Partial Discharge
Inception Voltage (PDIV), defined by IEC 60270 as "the applied voltage at which repetitive
partial discharges are first observed in the test object when the voltage applied to the object
is gradually increased from a lower value at which no partial discharges are observed”
[22].

Determining the PDIV is important since it helps in assessing the reliability and longevity
of insulation systems. A higher PDIV indicates better insulation quality, reducing the
risk of insulation failure due to PD, and extending the system’s operational life [25].

Imperfections such as irregularities, contaminants, and voids can significantly lower the
PDIV. In addition, variables such as the physical condition of the insulation material,
temperature, and pressure can further influence the PDIV. Pressure influences PDIV by
altering the air’s breakdown voltage, as explained by Paschen’s Law in Section 2.3.3.
Therefore, the PDIV can be identified as the lowest voltage at which the air gap’s voltage
meets the air’s breakdown voltage [25]. To establish the PDIV of a test object, the
initial step involves applying a voltage below the anticipated PDIV, and incrementally
increasing it until discharges that meet or surpass a set discharge magnitude are detected
[22].
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2.5.3 Analyzing PD activities

Different types of PD display distinctive patterns influenced by their characteristic phase
angles and magnitudes, which can indicate the type of discharge present [13]. To effect-
ively analyze PD activities, two main methods are used: Phase Resolved Partial Discharge
(PRPD) analysis and Pulse Sequence Analysis (PSA). This thesis focuses on the PRPD
method due to its detailed characterization of discharge patterns [26].

The PRPD method involves analyzing PD events based on their phase and magnitude
within a voltage cycle. It utilizes a plotting mechanism where the phase angle of the
applied voltage, covering a complete cycle of 360° (1 period), is represented on the x-axis,
and the detected PD charge magnitude is plotted on the y-axis. Consequently, the PRPD
pattern, which emerges by mapping these PD events to specific phase angles of the applied
voltage cycle and correlating them with their respective charge magnitudes, provides
a visual representation of the PD activity over several voltage cycles [26]. However,
the PRPD pattern is extremely dependent on the voltage shape of the supply voltage,
meaning that a supply voltage distorted by harmonics could produce inaccurate PRPD
patterns [13].

The typical PRPD patterns and a description of the types of PD that generate these are
detailed in Table 2.5.3.

Table 2.1: Typical PRPD patterns for different types of discharges [13].

Type of

discharge Description PRPD pattern

Impulses maintain a
consistent

/\ |
amplitude, with \ HH‘HH” ,_"

. their frequency Point at
Co.rona discharge: rising as the voltage  high voltage \/
Point-plane

. increases. At higher
configuration in gas.
voltages, these
discharges also

I
A ||| ANS—
N4

opposite half-cycle.
Paoint at ground

Continued on next page

38



Table 2.1: Typical PRPD patterns for different types of discharges [13]. (Continued)

Corona discharge:
Point-plane
configuration in oil.

Represented by
smaller, constant
impulses that
consistently hold
their amplitude as
the voltage
increases, leading to
a higher frequency
of events.

Point at
high veltage

|||||||||||7é—

(

H"" —=

<

FPoint at ground

Surface or cavity
discharge with
direct electrode
contact.

This type of
discharge shows
significant
variations in
amplitude across
each half-cycle,
changing by a
minimum factor of

3.

Ay u||||||||7e»

Electrode at
high voltage

@wjﬁ

Electrode at ground

§

Surface or cavity
discharge between
insulators, with no
direct electrode
contact.

These discharges
show less variability
in amplitude across
each half-cycle,
changing by a
maximum factor of

3.

filli—gli—~

Surface or creepage
discharge.

The magnitude of
these discharges
typically increases
from the zero
crossing to the
peak.
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Table 2.1: Typical PRPD patterns for different types of discharges [13]. (Continued)

These discharges
occur primarily
between loosely

connected

conductors near the

zero voltage ¢
Contact noise. crossing. This noise ||[||||[|| — [[II[[IIIII| — [IlI|]| =

continues

throughout the
entire cycle and
stops once the
conductors are
securely connected.

These discharges
are shown as
discharges with

—- — -
Discharges from constant amplitude {
electrodes on at regular intervals. ‘HH ‘”H =
floating potential. The discharge \ /

frequency increases
with the increase of
voltage.

2.6 3D scanning

3D scanning technology has become a large part of modern engineering fields for product
development, manufacturing, and quality control. This technology transforms physical
objects into accurate three-dimensional models by utilizing advanced software and hard-
ware. The 3D scanners operate by collecting surface data from physical objects to recreate
their shapes in digital form [27].

2.6.1 Types of 3D scanners

There is a variety of 3D scanners currently available, where the different types are suited
for different needs and precision levels. Simple structures can be scanned using modern
smartphones with LIDAR (Light Detection And Ranging) sensors, creating basic 3D mod-
els. However, this type of scanning does not meet the standards required for industrial
applications, where metrology-grade 3D scanners are superior [27].
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The three most common types of 3D laser scanners for industrial applications are:

o Time of flight (TOF) laser scanners

These scanners function by emitting a laser pulse towards an object and calculating
the distance based on the time it takes for the pulse to bounce back. This technology
allows for accurate 3D data collecting over distances typically ranging from 5 to
300 meters, with precision levels between 4 to 10 mm, making it useful for long-
range measurements [2]. The precision of these scanners is limited by the difficulty
in accurately timing the return of laser pulses, due to the high speed of light.
Additionally, scanning moving objects at high resolutions is especially challenging
with TOF scanners. These scans require capturing multiple sample points over an
extended period, where slight movements or vibrations can significantly distort the
data [28].

Phase shift laser scanners

These scanners utilize alternating laser frequencies to measure distances by eval-
uating the phase difference between emitted and reflected light signals. They are
optimized for shorter distances, usually within 1 to 50 meters, but can extend up
to 120 meters. Because of their rapid data capture rates, some models can achieve
up to a million points per second, offering better accuracy and resolution compared
to TOF scanners [2]. However, these scanners are more susceptive to noise than
TOF scanners [28].

Triangulation laser scanners

These types of laser scanners use a method where laser light is projected onto an
object and the reflected light is captured by an image sensor within the scanner.
This then forms a triangle between the laser source, the sensor, and the point on
the object where the laser hits, as illustrated in Figure 2.16. By knowing the dis-
tance and angle between the laser source and the sensor, the scanner calculates the
distance to the object using trigonometry. This results in precise measurements of
the angle of returned light and therefore the distance from the scanner to the ob-
ject’s surface. These scanners are designed for shorter ranges, typically less than 5
meters. They are especially proficient at capturing details of small objects, making
them ideal for high-resolution scans of smaller items [2]. Like all scanners, trian-
gulation scanners are susceptible to inaccuracies when scanning shiny, reflective, or
transparent materials due to distortions caused by reflections [28].
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Figure 2.16: The principle of triangulation 3D scanning illustrated [2].

2.6.2 Markers

Markers in 3D scanning serve as reference points that significantly enhance the preci-
sion and reliability of combining multiple scans into a 3D model. They provide stable
points recognized by the scanner, which is necessary in environments with limited scanner
visibility or dynamic conditions.

Markers are classified into two main types: coded and non-coded. Coded markers offer
superior precision and ensure clear tracking by preventing confusion with other markers.
Non-coded markers, circular and available in various sizes, are typically arranged in
triangular groups to help effectively align data points across scans. The varying sizes are
used for different scanning distances and scenarios, enhancing their versatility.

The use of markers not only reduces errors and simplifies post-processing but also im-
proves the quality of the resulting 3D model and accelerates the scanning process [29].
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3 Test object

This chapter presents the test object and setup used in this study. It begins with a
description of the test object, detailing its specifications. Following this, the components
of the test setup are outlined. The methodology for introducing defects in the form of
cuts to the cable end is then explained. Finally, the implications of the defects’ location
and other factors on the subsequent PDIV measurements are discussed.

3.1 The HV cable

The test object utilized in the study was an HVAC cable manufactured by Nexans,
specifically designed for submarine installation, rated for voltages up to 300 kV. This cable
featured an 1800 mm? copper conductor, surrounded by XLPE insulation. The cable’s
construction included CB doped XLPE as both the inner and outer semiconductive layers.
A swellable tape was positioned directly above the outer semiconductive layer, designed
to expand upon contact with water, thereby sealing off the cable’s interior from moisture
ingress.

Further protection was provided by a lead sheath, which not only shields the internal
components from physical and chemical damage but also prevents moisture ingress. Over
this, a PE outer sheath served as the final protective layer of the object. The cable was
tested prior to the application of its additional armoring for subsea installation.

Figure 3.1 illustrates the layered construction of the cable, and Table 3.1 presents the
technical specifications, including test voltages specified in IEC 62067 [30].

Lead sheath
Swellable tape Outer SC XLPE insulation Inner SC

PE outer sheath

Copper conductor

L

Figure 3.1: Tllustration of the layered structure of the test object (not to scale).
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Table 3.1: Technical specifications of the test object.

Component Description

Conductor material Copper

Conductor cross-section 1800 mm?

Maximum operational voltage 300 kV

Insulation material XLPE

Additional protection Swellable tape, lead sheath,

PE outer sheath
Specified voltages from IEC 62067 [30]
Rated highest voltage (Uy): 300 kV

Value of Uy for determination of test voltages: 160 kV

Pre-stress voltage for PD measurements (1.75-Up): 280 kV
PD measurement voltage (1.5-Up): 240 kV

3.2 Test setup

In the test configuration of the cable, one end was connected to a gas-insulated termin-
ation, which was to be connected to an HVAC source. The opposite end was jointed to
an insulating plastic utilizing a PMJ, effectively simulating a real-world jointing scenario.
This setup is illustrated in Figure 3.2.
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Figure 3.2: The test setup, illustrating the HV cable configuration with one end terminated and the other
end jointed to an insulating plastic using a PMJ (not to scale).

The jointed end was the primary focus of the test setup, where later damage to the
cable’s XLPE insulation was inflicted and subsequently tested for measuring the PDIV.
A detailed illustration of this connection within the PMJ is provided in Figure 3.3.

% EPDM l

YY) I

. Semiconductor
XLPE //
. Screw connector //

Figure 3.3: Detailed view of the cable end connected via a screw connector to an insulating plastic (not
shown) within a PMJ (not to scale).

3.3 Damage implementation on XLPE insulation

To introduce defects in the form of cuts on the XLPE insulation surface of the cable end,
a specialized template was designed. This design allowed for control over both the depth
and length of the cuts. The schematics of the template are shown in Figure 3.4.
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(b) Detailed schematic of template’s center, where "D” marks the variable

(a) Top view of the template’s schematic.  distance for different cut depths.

Figure 3.4: Schematics for the template used for implementing cuts to the XLPE insulation.

Sgrlie Verktgyindustri AS, a local tool manufacturer in Halden, was commissioned to
produce the template and a custom knife specific to the template. Five templates were
fabricated, enabling cuts at depths of 1.0 mm, 1.2 mm, 1.4 mm, 1.6 mm, and 1.8 mm.
The manufactured templates and the custom knife are shown in Figure 3.5.
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Figure 3.5: The manufactured templates with the custom knife for implementing cuts to the XLPE
insulation.

The cable end was prepared for jointing by removing the outer layers, thus exposing the
XLPE insulation surface. The template and insulation surface were thoroughly cleaned
with isopropanol before the template was positioned on the insulation surface, where it
was secured by straps to prevent movement during the cutting process. The cuts were
then implemented, starting with a depth of 1 mm, and deepened incrementally for each
subsequent test after 3D scanning and PDIV measurements.

The motivation for reusing the same cable end for each cut depth was to maintain consist-
ency, save time in preparing new cable ends for each experiment, and minimize variables
that could influence the results.

The prepared cable end, with the exposed insulation and a cut in the insulation surface,
is illustrated in Figure 3.6.

Figure 3.6: Illustration of the prepared cable end with a cut in its insulation (not to scale).

The marked area in Figure 3.6, zoomed in to show the cut area with distances and depths,

is presented in Figure 3.7. Here, "y” marks the distance from the semiconductor cutback,
which is where the exposed insulation transitions to the cable’s semiconductor, to the
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cut, and "x” marks the intended cut depths of 1.0 mm, 1.2 mm, 1.4 mm, 1.6 mm, and
1.8 mm.

.
.
1
]
.
.
.
.

Ny,

Figure 3.7: Zoomed in view of the cut region on the cable end. ”y” marks the distance from the semi-
conductor cutback to the cut, and "x” marks the intended cut depths (not to scale).

3.4 Location of the cuts, the installation of the PMJ, and their
implications

Ideally, the cuts would be located closer to the semiconductor cutback of the cable end.
This placement would ensure that the cuts ended up directly beneath the PMJ’s semicon-
ductor. However, due to the size of the templates used, the cuts were positioned further
out on the insulation surface, necessary to ensure that the template remained perfectly
aligned with the insulation surface, keeping the depths along the cut length consistent
and unaffected by any surface irregularities. Consequently, the cuts were positioned un-
der the insulating EPDM material of the PMJ, close to the semiconductor, as visualized
in Figure 3.8.
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Figure 3.8: Visualization of the cable end connected via a screw connector to an insulating plastic (not
shown) within a PMJ, showing the cut positioned beneath the PMJ’s EPDM insulation (not
to scale).

Although the PMJ was consistently placed at the same distance during each installation,
the exact position of the cuts relative to the PMJ’s semiconductor could vary due to the
PMJ’s slight contraction post-installation. The installation process required the use of
silicone oil as a lubricant to protect the internal components of the PMJ while sliding it
over the joint. Before finalizing the installation, the PMJ was moved back and forth over
the exposed insulation and cut region, where the surface was thoroughly cleaned with
isopropanol to ensure that the cuts remained oil-free in the final assembly. The reason for
keeping the cuts oil-free was due to the later calculations on PDIV in air-filled voids, in
addition to that oil-filled cuts would require a much higher PDIV, potentially exceeding
the safe operating voltage of the test equipment.

After the PMJ installation, self-amalgamating tape was applied to further compress the
PMJ over both the screw connector and the cut region. This step was intended to elimin-
ate any unnecessary air pockets that could lead to destructive PD during the subsequent
PDIV measurements. However, this manual process introduced uncertainties about the
pressure in the voids created by the cuts, which could not be consistently replicated due
to the variability in tape application.

The implications of these variations are further analyzed through simulations, presented
in Chapter 6.

3.5 Discussion

The use of silicone oil during the PMJ installation process, while necessary for lubrication,
introduced an uncertainty of potential oil residue that could influence the resulting PDIV,
despite the thorough cleaning procedure. Since the PMJ were installed to the cable end
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multiple times, with different cut depths for PDIV measurements, maintaining consistent
experimental conditions was needed for reliable results. Exploring alternative installation
techniques or lubricants with minimal dielectric strength could enhance the reliability of
the later PDIV measurements.

The cuts implemented on the cable end were more rift-like than precise, resulting in irreg-
ular and uneven surfaces that potentially influence the initiation of PD. Using alternative
methods and tools to make these cuts could further standardize the test conditions, lead-
ing to more consistent and reliable PDIV measurements.

The manual application of self-amalgamating tape, which was repeated for each installa-
tion of the PMJ, further supports the need for more standardized procedures. Inconsist-
encies in tape application could lead to uncontrolled void pressures, potentially resulting
in variable PDIV results. Establishing a more standardized method for the application
of this tape would improve the reproducibility of the test setup.
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4 3D scanning

This chapter outlines the 3D scanning process used to create precise models of the inten-
tionally introduced defects at the HV cable end. It begins with an introduction to the
scanning device, detailing its specifications and functionality. The procedure for scanning
is then described, followed by a presentation of the mesh results generated from the cuts
at various depths. Finally, the chapter discusses the post-processing methods used to
analyze the scans further.

4.1 Scan device

™

The 3D scanner utilized in this thesis was the HandySCAN BLACK " |Elite laser scanner,
produced and manufactured by CREAFORM. This portable, high-precision 3D scanning
device is designed for industrial design, engineering, and quality control applications. It is
specifically used for capturing the detailed geometry of physical objects to create accurate
3D models. A picture of the scanner is shown in Figure 4.1.

Figure 4.1: The HandySCAN BLACK " |Elite handheld 3D scanner [31].
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The HandySCAN BLACK"™|Elite operates together with CREAFORM’s VXelements
software, which has powerful processing capabilities that enable the capturing and re-
finement of the resulting geometric data efficiently. Furthermore, the scanner employs a
triangulation laser scanning method with 11 blue laser crosses, enabling a rapid measure-
ment rate of up to 1,300,000 measurements per second. With an accuracy of up to 0.025
mm and a mesh resolution of 0.1 mm, it was particularly suited for creating detailed and
precise scans of the cuts. [31].

4.2 Scanning procedure and resulting mesh

The test object was thoroughly cleaned using isopropanol to remove any contaminants
that could potentially influence the accuracy of the scan. Subsequently, markers were
strategically placed around the cut region, enabling the scanner to capture the cuts with
optimal detail and precision.

™

The HandySCAN BLACK " |Elite was calibrated according to the manufacturer’s specific-
ations using the calibration plate specifically provided for this scanner. This calibration
step was required to ensure the precision of the scanning process by aligning the scanner’s
settings with the known dimensions and features of the calibration plate.

To optimize the conditions for the scan, the ceiling lights were turned off. This measure
was taken to minimize potential interference from external light sources, which could
negatively influence the quality of the scan by introducing noise.

The test object was then meticulously scanned from multiple angles to capture all surface
details. The scanner and the laptop connected, running the VXelements software, then
generated a detailed 3D mesh representation of the object, capturing the topography of
the cut region.

4.2.1 Noise mitigation

Due to the reflective properties of the test object’s XLPE insulation, certain scans were
negatively affected by excessive noise, resulting in visual distortions that could blur ne-
cessary details in the generated 3D mesh.

To address this issue, the scanner’s shutter speed, a setting that influences the amount
of light captured during the scanning process, was adjusted. Reducing the shutter speed
decreased the scanner sensor’s exposure to intense reflections, thereby reducing both
brightness and resultant noise.

This adjustment was performed through a series of scans, with the shutter speed being
adjusted incrementally, where each resulting mesh was analyzed for detail capture and
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noise levels. This process enabled the identification of an optimal shutter speed that min-
imized noise without compromising the detail capture of the scans. Figure 4.2 illustrates
the impact of these adjustments, where (a) displays a section of the mesh generated with
the initial shutter speed, and (b) shows the mesh after the shutter speed adjustment,
revealing significant improvements in quality and noise reduction.

(a) Area with excessive noise (b) Area with reduced noise

Figure 4.2: 3D scanned segment of the prepared cable end, comparing the mesh quality before (a) and
after (b) the shutter speed adjustment.

4.2.2 Resulting 3D mesh of the cuts

The level of detail captured in the generated meshes from the scans displayed the scanner’s
ability to replicate the topography of the cuts. Table 4.1 presents the meshes for the five
intended cut depths on the insulation surface of the cable end. Each image is zoomed in
to focus on the area of the cut.
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Table 4.1: Zoomed-in views of the mesh generated by the 3D scans, of the various cut depths.

Intended depth of cut 3D mesh from scan

1.0 mm

1.2 mm

1.4 mm

1.6 mm

1.8 mm

4.3 Measurements of the scanned cut depths

To extract specific measurements from the mesh obtained through the 3D scans, the res-
ulting data files were exported from VXelements as stereolithography (stl) files. These
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files capture the surface geometry of the scanned cable ends, providing a detailed repres-
entation of their structure and the geometry of the cuts.

The .stl files were imported into Nexans’ patented algorithm named Surfical (Surface
Inspection and Control Algorithms), specifically developed to analyze laser scanning data
of cylindrical cable ends. This advanced algorithm facilitates various operations such as
loading, sectionalizing, computing, and displaying data, with a focus on detecting and
analyzing areas of interest, particularly regions with defects [32].

To accurately assess these defects made from the cuts, the algorithm was modified to
extract the generated height maps from the specific areas surrounding the cuts. These
maps provided a precise representation of surface topography at the cut locations, en-
abling accurate measurements of the cut depths. Afterward, a separate MATLAB script
was developed to calculate the maximum depths of these cuts by analyzing the height
variations within the maps. This script is to be found in Appendix A. The reason for
finding the maximum depth was based on the assumption that this point would have
the highest field concentration, due to both the sharp curvature at this point and being
closest to the conductor, enhancing the electric field intensity and consequently resulting
in the lowest PDIV.

4.3.1 Resulting cut depths

Table 4.2 presents the resulting height maps derived from the Surfical algorithm, alongside
the intended cut depths for the five cuts and the maximum measured depths obtained
from analyzing the height maps.
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Table 4.2: Height maps and measured cut depths from 3D scans.

gieggssh Height map Maximum measured cut depth
1.0 mm 0.6525 mm
1.2 mm 0.5528 mm
1.4 mm 1.0712 mm
1.6 mm 1.0736 mm
1.8 mm 1.1152 mm

-0.6 -0.4 -0.2 0
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From this point on, the cut depths of 1.0 mm, 1.2 mm, 1.4 mm, 1.6 mm and 1.8 mm will
be referred to as the intended cut depths, while the measured cut depths of 0.6525 mm,
0.5528 mm, 1.0712 mm, 1.0736 mm, and 1.1152 mm will be referred to as the intended
cut depths.

4.4 Discussion

During the 3D scanning process, several challenges occurred that impacted the quality
and accuracy of the scan data.

Initially, access to the Surfical algorithm, essential for processing and analyzing the scan
data comprehensively, was delayed due to the need for a separate computer to run this
confidential algorithm. As a result, most of the 3D scans were completed without being
able to analyze the defects thoroughly. In an attempt to compensate for this limitation,
there was conducted multiple scans of the various cut depths using different settings and
shutter speeds, aiming to optimize the quality of the scans.

As illustrated in Table 4.1, each cut depth presented a unique geometry within the defects,
highlighting inconsistencies in the method used to implement reproducible cuts of varying
depths. The observed differences in the geometry of each cut indicate that the precision
of the cutting tool may not be as good as anticipated. These differences could arise from
the limitations of the tool itself or its interaction with the XLPE material.

One notable issue that emerged from the measured cut depths was that some cuts inten-
ded to be deeper were scanned and measured as shallower. This could be attributed to
several factors, most likely the flings of XLPE within the cuts, which resulted from the
tools used to make these cuts. These flings could have caused data points from the scan-
ning to overlap, leading to a final mesh that inaccurately depicted the cuts as shallower
than their actual depths.

Furthermore, the settings used in the VXelements scanning software played an import-
ant role in the quality of the resulting scans, particularly in terms of noise reduction.
Adjustments made to the ambient lighting conditions around the scanning area also sig-
nificantly reduced noise levels, enhancing the scan quality. Additionally, variations in
the movement speed and angles of the scanner around the scanning area were found to
contribute to noticeable differences in scan quality.
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5 PDIV measurements

The PDIV measurements were carried out in an HV lab at Nexans in Halden, a laboratory
frequently used for HV cable testing and PD analysis. The objective of these measure-
ments was to examine the influence of various cut depths in the insulation of a cable on

the PDIV.

This chapter outlines the laboratory setup for the PDIV measurements, describes the
hardware and calibration process for PD detection, explains the experimental procedures
for these measurements, and presents the results.

5.1 Laboratory setup

The laboratory setup consisted of an HVAC generator powered by a step-up transformer,
to apply the needed voltage levels for measuring the PDIV of the test object. A voltage
divider was used to ensure precise monitoring of these voltage levels, thereby protecting
the test object from excessive voltage and securing the accuracy of the PDIV readings.
Additionally, a coupling capacitor was utilized to transfer the PD signals to the measure-
ment equipment, isolating them from the HV environment. The terminated end of the
test object was connected to the coupling capacitor via a busbar. The laboratory setup
and the arrangement of the components are visualized in Figure5.1.
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Figure 5.1: Laboratory setup, seen from above. A = Step-up transformer, B = HVAC generator, C =
Voltage divider, D = Coupling capacitor, E = Termination, F = Test object. B, C, D, and
E are connected with busbars.

5.1.1 Safety Measures

Due to the use of HV, strict safety protocols were established before applying voltage to
the test object and the following PDIV measurements. The implemented safety measures
included:

« Safety interlock system
The laboratory was equipped with a comprehensive safety interlock system linked
to the HVAC generator. This system incorporated sensors at all access points,
including doors and ports leading to the test area. Protective barriers connected to
the interlock system were set up to restrict access, and any breach in the interlock
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5.2

system during testing would result in the immediate disconnection of the HVAC
generator’s power supply and its automatic grounding.

HV warning signs
Signs displaying "DANGER HIGH VOLTAGE” were placed around the testing area
to alert individuals of the HV testing, further decreasing the risk of any breach to
the interlock system.

Warning lights on fences
The protective barriers around the HV test were fitted with warning lights, indic-
ating the status of the safety interlock system.

Post-test safety procedures
After testing, the HV source was required to be visibly turned off, and the automatic
grounding of the generator through an earth rod had to be visually confirmed.

Manual grounding

When entering the test area post-test, all installation components of the test circuit
were manually grounded using earthing sticks, connecting them to the same ground
potential as that of the HVAC generator, ensuring a safe working environment.

PD detection hardware and setup

The detection of PD was performed using the Omicron MPD 800 universal PD measure-
ment and analysis system. The MPD 800 system consisted of:

The MPD 800 acquisition unit, which served as the PD measurement instru-
ment, designed to capture and analyze PD signals in various HV applications ac-
curately.

The RBP1 battery pack, which provided an independent power source to the
MPD 800 acquisition unit, enabled uninterrupted testing.

The CPL1 coupling device, which connected the MPD 800 acquisition unit
to the test circuit’s coupling capacitor. This device is designed to handle higher
reactive currents than the MPD 800 acquisition unit can alone.

The MCU2 control unit, which was connected to the MPD 800 acquisition unit
via fiber-optic cables, converting optical signals to electrical signals, which were
transmitted to a PC via USB, where analysis was performed through the dedicated
MPD Suite analysis software [33].
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The components of the OMICRON MPD 800 system are visually presented in Figure 5.2,
while Figure 5.3 illustrates how the system was connected to the test setup.

PC running MPD Suite software

MCU2 control unit

MPD 800 device ——

CPL1 coupling device

RPD1 battery

Figure 5.2: The components of the MPD 800 universal PD measurement and analysis system [34].

HV
-——— Termination
Coupling JL
X _—
capacitor
P Tr HV cable PMJ

High-voltage area

Figure 5.3: Connection of the MPD 800 system to the test setup, based on [33].
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5.2.1 Calibration

The calibration of the PD measurement system was conducted using the OMICRON CAL
542 charge calibrator, which was capable of emitting charges at specified amplitudes:
+100 pC, £50 pC, +20 pC, +10 pC, and £5 pC. This allowed for precise adjustment of
the calibration charge based on the test conditions. The calibration unit is pictured in

Figure 5.4.
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5%

OMICRON CAL 542

Figure 5.4: The OMNICRON CAL 542 charge calibrator [35]

The calibrator was connected to the terminals of the test object, specifically the termin-
ation and the lead sheath of the HV cable, which served as the ground. This setup is
illustrated in Figure 5.5.
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Figure 5.5: Connection of the OMICRON CAL 542 charge calibrator to the test setup

Before each PDIV measurement, the system was calibrated using a 5 pC charge, selected
based on the anticipated apparent charge values to be measured during the tests, in
accordance with IEC 60270 [22]. The calibration charges were measured using the MPD
800 system, with the MPD Suite software visualizing the pulses through a PRPD plot, as
shown in Figure 5.6. The system was then calibrated based on the scale factor calculated
by the MPD 800 system, ensuring accurate and reliable PD measurements.
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Figure 5.6: Visualization of the 5 pC calibration charge in a PRPD plot.

5.2.2 Frequency and bandwidth

The frequency range used for detecting PD was narrow-band, to specifically measure the
PD pulses from the test object and minimize noise interference. The selected midband
frequency and bandwidth utilized for all tests are presented in Table 5.1.

Table 5.1: Midband frequency and bandwidth used for PD detection
fn 17058 kHz
Af 30 kHz

These parameters were chosen according to the specifications outlined in IEC 60270 [22].
The specific midband frequency of 170.58 kHz and bandwidth of 30 kHz were selected
based on previous PD measurements performed in the laboratory, which demonstrated
minimal external noise interference at these settings.

5.3 Procedure

Firstly, the OMICRON MPD 800 system was connected to the test setup as visualized
in Figure 5.3. A laptop equipped with the OMICRON MPD Suite software was set up
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outside the test area, next to the voltage regulation controls of the HVAC generator.
The grounding connection of the test circuit was then removed, and the necessary safety
measures, including the interlock system, were established to prevent unauthorized access
to the test area during the testing. Thereafter, the output voltage of the HVAC generator
was gradually increased by steps of 10 kV. Each step was maintained for 30 seconds to
allow for stabilization and recording of the PRPD plots. The steps continued until initial
changes were observed in the PRPD plot, indicating the beginning of PD activity. At
this time, the voltage steps were reduced to 5 kV to enhance the sensitivity of the testing
procedure as the test object approached the PDIV. Upon reaching the PDIV, where
noticeable PD was detected, the PRPD plot was recorded for an additional 30 seconds to
capture the discharge patterns. Following this, the output voltage of the HVAC generator
was decreased to zero, and the test circuit was re-grounded.

5.4 Results

The resulting PDIV for the different cut depths is presented in Table 5.2, and visualized
in in a bar chart in Figure 5.7.

Table 5.2: Measured PDIV for the various cut depths.
Cut depth PDIV
Intended Measured

1.0 mm 0.6526 mm 85 kV
1.2 mm 0.5528 mm 100 kV
1.4 mm 1.0712 mm 230 kV
1.6 mm 1.0736 mm 95 kV
1.8 mm 1.1152 mm 85 kV
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PDIV [kV] Measured PDIV for the different cut depths
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Figure 5.7: Visual representation of the measured PDIV for the different cut depths.

As seen in Figure 5.7, the resulting PDIV does not show a linear relationship between
the cut depths and PDIV. Additionally, the high PDIV of 230 kV for the cut depth of
1.0712 mm differs substantially from the other depths.

The resulting PRPD plot for when the PDIV was reached for the cut depth of 0.6526 mm
is presented in Figure 5.8. As one can see from the pattern, it corresponds to a surface
or cavity discharge between insulators, with no direct electrode contact based on Table
2.5.3. All measurements for the various cut depths showed the same PRPD patterns and
can be found in Appendix B.
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Figure 5.8: PRPD plot of the cable end with a cut depth of 0.6525 mm at its PDIV of 85 kV.

5.5 Discussion

Before the cable end presented in this thesis, the experiments were conducted on another
cable end. At the first attempt at measuring PDIV on this sample, it suffered a flashover
due to a mismatch in diameter between the screw connector and the XLPE insulation,
creating an air gap that initiated surface discharges. This setback demonstrated how
minor errors in the test setup could have severe consequences.

During the PDIV measurements, various challenges influenced the reliability of the res-
ults. One of these issues was the considerable amount of background noise from nearby
machinery and vehicular traffic at times, occasionally hindering the ability to detect PD.
To ensure a clear detection, the measurements were therefore postponed to times when
the noise levels were lower.

The measurement procedure itself involved maintaining voltage steps for only 30 seconds.
Extending this duration might have allowed for the initiation of PD at lower voltages, or
potentially revealed a stabilization where discharges ceased to occur. This could poten-
tially result in a more accurate representation of PDIV. In addition, the setup was further
compromised by the HVAC generator’s difficulty in maintaining stable voltage levels at
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the stepwise voltage increase. The generator frequently fluctuated by several kV, which
could have prematurely triggered PD at voltages higher than the PDIV presented.

Furthermore, pre-stressing was deliberately excluded from the PDIV measurement pro-
cedure due to the heightened risk of PD activity at these voltage levels, potentially leading
to breakdown. Although conditioning of the test object through pre-stressing is a com-

mon procedure for PD measurements, it is not required by IEC for the determination of
PDIV [22].

The nonlinear relationship between cut depths and measured PDIV, as shown in Figure
5.7, indicated an inconsistency in the test setup. This was most likely caused by either
oil residue in the cuts, or a varying void pressure, as discussed in Section 3.5.
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6 Simulations and calculations

This chapter examines the simulation and analytical evaluation of electric field distri-
butions in voids created by cuts on the insulation surface of an HV cable end. The
simulations and calculations aim to replicate and analyze conditions similar to those po-
tentially present in the physical test setup, as discussed in Chapter 3. These conditions
are represented through various simulated scenarios using COMSOL Multiphysics® to
estimate the electric field distribution and intensity, which are used for the subsequent
calculation of FEF and estimation of PDIV.

6.1 Simulation model

To simulate the electric field distribution and calculate the FEF in response to various
depths of cuts in the insulation of an HV cable, a 3D model was developed in COMSOL
Multiphysics®. This model utilized FEM for electrostatic calculations, employing Gauss’
Law for the electric displacement field (6.1) and the relationship between electric field
and potential (2.2) to solve the modified Poisson’s equation for linear dielectrics (6.2)
[36].

V-D=p (6.1)

—V.(g&VV)=p (6.2)

The model consisted of a cylindrical conductor, a dielectric insulation layer, and an outer
shield with ground potential, representing a simplified yet representative segment of the
HV cable’s end. The geometric parameters of the model were the same as the physical
dimension of the HV cable described in Chapter 3. The primary objective of these
simulations was to evaluate the impact of insulation surface defects, represented as cuts
of different depths, on the local electric field intensity. These defects were introduced into
the model as ”ideal” cuts, and do not match the exact geometries of the actual defects
3D scanned in Chapter 4. However, they accurately replicate their depth and the angle
at which they penetrate the insulation.
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To optimize computational efficiency, the model was bisected, focusing on the segment
containing the defect. This significantly reduced computational demands without influ-
encing the accuracy of the electric field simulations. The final 3D model is shown in
Figure 6.1, and a more detailed 2D view of the cut region can be seen in Figure 6.2,
highlighting the specific modifications to the insulation geometry.

(a) Isometric view (b) Front view

Figure 6.1: Views of the 3D simulation model, constructed in COMSOL.

(a) 2D view of the simulation model, visualizing the cut  (b) Detailed view of the cut region. ”x” marks the

region depth of the cuts.

Figure 6.2: Views of the cut region in the simulation model. Dimensional specifics are not shown due to
confidentiality.
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6.2 Simulation scenarios

A series of simulations was conducted to assess the electric field distribution under various
conditions. These scenarios were chosen to replicate possible conditions of the HV cable
end as discussed in Chapter 3, to evaluate both the impact of different materials in contact
with the cuts on the surface of the HV cable’s insulation and the possibility of oil-residue
filling the voids. The permittivity of the materials used in the simulation is presented in
Table 6.1, and the scenarios include:

o Air-filled void in contact with semiconductor:
This scenario simulates a void caused by a cut in the insulation’s surface, filled with
air (& = 1), and in contact with a semiconductor, modeled as a perfect electric
conductor (& = eo).

o Air-filled void in contact with EPDM:
Here, the void is filled with air, and the outer material is modeled as EPDM, an
insulating material used in the body of a PMJ (see Section 2.1.2), with a permit-
tivity of 2.73. This simulation investigates the insulating layers’ influence on the
field enhancement caused by the void, reflecting the installation condition where a
cut is positioned beneath the PMJ’s EPDM insulation rather than directly under
the semiconductor.

« QOil-filled void in contact with semiconductor:
This scenario explores a void filled with silicone oil (€ = 2.7) against a layer modeled
as a perfect electric conductor. It represents the condition where residual oil might
fill the void during the PMJ installation, influencing the dielectric characteristics
and the overall electric field distribution.

« Oil-filled void in contact with EPDM:
Similar to the previous scenario, but with the void in contact with insulating
EPDM material, this scenario examines the effects of a smaller permittivity contrast
between the void and the surrounding insulation on the electric field distribution.

For each scenario, two sets of simulations were conducted to examine both the intended
and the measured cut depths encountered in the experiments:

1. Intended cut depths simulation: Used the intended cut depths of 1.0mm,
1.2mm, 1.4mm, 1.6mm, and 1.8mm to investigate a controlled range of defect sizes.

2. Measured cut depths simulations: Utilized actual measured cut depths ob-
tained from 3D scans in Chapter 4 to reflect the conditions present in the PDIV
measurements in Chapter 5, and their effects on field distribution.
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Table 6.1: Relative permittivity (g,) for materials used in simulations.

Material Permittivity (&)
Air = 1

XLPE = 2.5
Silicon oil = 2.7
EPDM = 2.72
Conductor = oo
Semiconductor = oo

6.3 Electric field simulations

This section presents the electric field simulations conducted under the four various scen-
arios, separated into intended and measured cut depths. These simulations were per-
formed to clarify how different materials and defect sizes influence the electric field within
an HV cable’s insulation.

6.3.1 Visualization of electric field lines and intensity

To visually represent the influence of both the scenarios and cut depths on electric field
behavior, 2D plots from the simulations were made. These present the electric field
intensity at the cut region for the intended cut depths of 1.0 mm and 1.8 mm under the
different scenarios, shown in Table 6.2.
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Table 6.2: 2D plots visualizing the electric field intensity (kV/mm) for cuts under different scenarios.

Scenario 1.0 mm 1.8 mm

Air-filled void in
contact with
semiconductor

Air-filled void in
contact with
EPDM

Qil-filled void in
contact with
semiconductor

Qil-filled void in
contact with
EPDM




As seen in Table 6.2, for air-filled voids in contact with a semiconductor, there is a
pronounced concentration of higher field intensity within the void compared to the sur-
rounding XLPE insulation. Notably, higher field intensities are observed at the edges
of the cuts, specifically at the triple-points where air, XLPE, and semiconductor meet,
compared to the center of the cut. With EPDM as the material in contact with the
void, the distribution of the electric field intensity extends into both the void and the
insulation, consequently resulting in lower field enhancement at the triple-points.

In the oil-filled scenarios, the electric field intensity within and surrounding the void dis-
plays a more consistent distribution, due to the permittivity of the oil closely matching
that of the insulating XLPE material, resulting in significantly reduced field enhance-
ments.

6.3.2 Simulated electric field intensity

To accurately quantify electric field intensities for determining the FEF and calculating
the PDIV, the field intensities across all scenarios and cut depths were simulated along
the radial axis of the cable. These results were plotted in 1D graphs together with
analytically calculated field intensities, based on the theory in Section 2.2.2, assuming an
undamaged insulation surface. A visual representation of the simulation domain along
the radial axis is shown in Figure 6.3.

Simulated line (1D)
Outer boundary
(semiconductor or EPDM)

Insulation (XLPE)

Conductor (Cu)

Figure 6.3: Representation of the simulation domain. ”x” marks the depth of the cuts.

It is important to note why the simulations were specifically performed along this radial
axis, rather than focusing on the regions at the "triple-point” of the cut where the electric
field intensity peaked, as observed in Table 6.2. While the field intensity, and consequently
the FEF is higher at these points, the much smaller gap distance at these locations results
in a significantly higher breakdown voltage according to Paschen’s Law, as detailed in
Section 2.3.3, making these points less critical for PDIV prediction.
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Simulations based on intended cut depths

Simulations were performed using the intended cut depths to understand the behavior of
electric fields in response to a wider range of void sizes. Figures 6.4 to 6.7 present both
the simulated electric field intensity and the analytically calculated field intensity derived
from (2.7), assuming an undamaged insulation surface. The field intensities are plotted
along the radial axis from the conductor to the insulation and surrounding material,
zoomed in on the region near the defects to capture the deviations caused by the cuts
precisely.

Figure 6.4 illustrates the electric field intensity for an air-filled void in contact with a
semiconductor. Although the overall field intensity increases with deeper cuts, the local
field intensity at the interface between the air-filled void and the semiconductor remains
relatively consistent across different depths. This consistency indicates that while cut
depth affects the overall distribution of the electric field, it does not significantly increase
the local electric field intensity at the interface.

Figure 6.5 demonstrates the electric field intensity for an air-filled void in contact with
EPDM material. Compared to the scenarios involving a semiconductor, there is a pro-
nounced increase in the local field intensity at the interface with the EPDM. This effect
is consistent across all cut depths, indicating that the EPDM material’s properties signi-
ficantly influence the field distribution, leading to enhanced local electric field intensities
at the interface.

Figure 6.6 demonstrates how the silicon oil’s permittivity, which is closer to that of the
EPDM material than a perfect conductor, results in a much less drastic increase in the
electric field intensity at the voids compared to the air-filled counterpart. This increase
is notably localized at the edge of the cuts, closer to the conductor, compared to the
air-filled scenarios.

Figure 6.7 shows, similarly to Figure 6.6, a relatively small field enhancement for the
oil-filled voids in contact with EPDM. Additionally, the electric field intensity is lower
than when in contact with a semiconductor, resulting in a lower field intensity than the
analytically calculated field. This indicates that the silicone oil’s similar permittivity to
EPDM drastically decreases the field intensity when the oil-filled void is in contact with
EPDM.
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Air-filled void in contact with semiconductor

-=- Analytical - 1.0mm cut
-=- Analytical - 1.2mm cut
-~ Analytical - 1.4mm cut
-=- Analytical - 1.6mm cut
=== Analytical - 1.8mm cut
—— Simulated - 1.0mm cut
—— Simulated - 1.2mm cut

Simulated - 1.4mm cut
Simulated - 1.6mm cut

Simulated - 1.8mm cut

Electric field intensity [kv/mm]

45.44 45.94 46.44 46.94 47.44 47.94 48.44

Length from center of conductor [mm]

Figure 6.4: 1D plot of the simulated and analytically calculated electric field intensity for an air-filled
void in contact with a semiconductor.

Air-filled void in contact with EPDM

-=- Analytical - 1.0mm cut
-=- Analytical - 1.2mm cut
-=- Analytical - 1.4mm cut
-=- Analytical - 1.6mm cut
=== Analytical - 1.8mm cut
—— Simulated - 1.0mm cut
—— Simulated - 1.2mm cut
109 — Simulated - 1.4mm cut
—— Simulated - 1.6mm cut
— 1.8mm cut

Simulated -

Electric field intensity [kv/mm]

45.04 45.54 46.04 46.54 47.04 47.54 48.04
Length from center of conductor [mm]

Figure 6.5: 1D plot of the simulated and analytically calculated electric field intensity for an air-filled
void in contact with EPDM.
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1 Oil-filled void in contact with semiconductor

-=- Analytical - 1.0mm cut
-=-- Analytical - 1.2mm cut
-~ Analytical - 1.4mm cut
-== Analytical - 1.6mm cut
=== Analytical - 1.8mm cut
—— Simulated - 1.0mm cut

—— Simulated - 1.2mm cut
10 —— Simulated - 1.4mm cut
—— Simulated - 1.6mm cut
= Simulated - 1.8mm cut
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Length from center of conductor [mm]

48.44

Figure 6.6: 1D plot of the simulated and analytically calculated electric field intensity for an oil-filled
void in contact with a semiconductor.

Oil-filled void in contact with EPDM

=== Analytical - 1.0mm cut
=== Analytical - 1.2mm cut
-== Analytical - 1.4mm cut
-=-- Analytical - 1.6mm cut
--- Analytical - 1.8mm cut
—— Simulated - 1.0mm cut

—— Simulated - 1.2mm cut
109 —— Simulated - 1.4mm cut
—— Simulated - 1.6mm cut
—— Simulated - 1.8mm cut

—

Electric field intensity [kv/mm]

45.04 45.54 46.04 46.54 47.04 47.54
Length from center of conductor [mm]

48.04

Figure 6.7: 1D plot of the simulated and analytically calculated electric field intensity for an oil-filled
void in contact with EPDM
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Simulations based on measured cut depths

The same simulations were repeated using the measured cut depths. These showed a
similar trend to those performed in Section 6.3.2 and can be found in Appendix C.

6.4 Calculation of the Field Enhancement Factor (FEF) and
Partial Discharge Inception Voltage (PDIV)

The simulated electric field values for all scenarios and cut depths were exported from
COMSOL Multiphysics®, to perform precise calculations of the FEF and PDIV in Py-
thon.

Firstly, for the air-filled scenarios, the initial breakdown field, Ej;, was calculated with
(6.3).

Epg = % KV /mm)] (6.3)

where V}, is the breakdown voltage calculated from Paschen’s Law (kV) (2.13), and d is
the gap distance (mm). In oil-filled scenarios, the breakdown strength of 35 kV/mm for
silicone oil [16] was used as Ejg, due to Paschen’s Law only applying to gases.

The FEF, which quantifies the intensification of the electric field by defects compared to
an undamaged scenario, as detailed in Section 2.2.4, was calculated using (6.4).

Elocal

FEF = (6.4)

E ference

where Ej .o Was the highest electric field intensity caused by the cuts, exported from the
simulations in Section 6.3.2, and Eye ference Was the analytically calculated field intensity at

the same radial distance but in an undamaged insulation scenario, derived from Equation
2.7.

The FEF was then utilized to calculate the corrected breakdown field, Epg corr, which
accounts for the variations in field strength due to the defects, calculated by (6.5).

Epq

Ebd,corr = m [kV/mm] (65)

Then, the PDIV for each scenario and cut depth were calculated to determine the voltage
at which PD would initiate. The equation for PDIV (6.6) was based on (2.7), using the
corrected breakdown field, Epg corr-

78



PDIV = Ebd,corr ) ln(r_z) [kV]

where r| is the radius of the conductor (mm), and r; is the distance from the center of

8

the conductor to the respective depth of the cut (mm).

The resulting voltage reflects the maximum voltage applied to the conductor before PD
occurs in the void, accounting for the electric field influenced by the geometry of the cuts.

The Python script used for these calculations can be found in Appendix D.

6.4.1 Resulting FEF and PDIV

The results for the calculated FEF and PDIV are presented in four tables. The first two
tables, Table 6.3 and 6.4, show the results for the intended cut depths, and Table 6.5 and

6.6, presents the results for the measured cut depths.

Table 6.3: Calculated FEF and PDIV for the intended cuts, air-filled

Condition Cut depth FEF PDIV at different pressures

1 bar 2 bar 3 bar
_  1.0mm 1.394 5458 kV 97.37kV  137.39 kV
Air-filled void in 9 5 ) 1.383 53.03kV 94.92kV  134.15 kV
contact with 4 4 1y 1.371 51.93kV 93.17kV  131.81 kV
semiconductor 4 g ) 1.365 50.56 KV 90.93 kV  128.81 kV
1.8 mm 1.351 49.79kV 89.73 kV  127.23 kV
_  1.0mm 1510 5041 kV 89.93kV  126.89 kV
Air-filled void in - 5 ) 1497 48.98kV S8T.68kV  123.91 kV
contact with 4 4 )\ ) 1483 47.87TKV 8591 kV 12157 kV
EPDM 1.6 mm 1475 46.78 KV 84.14kV  119.29 kV
1.8 mm 1461 46.03kV 82.95kV  117.61 kV

79



Table 6.4: Calculated FEF and PDIV for the intended cuts, oil filled

Condition Cut depth FEF PDIV
.  1.0mm 1.048  534.98 kV
Oililled void in 9 1)y 1.052 445.83 kV
contact with 4 4 1y 1.053 381.91 kv
semiconductor ¢ g ;) 1.055 334.52 kV
1.8 mm 1.056  296.55 kV
.  1.0mm 0.917 611.66 kV
Oililled void in 9 1)y 0.920 509.68 kV
contact with 4 4 1, 0.921 436.56 kV
EPDM 1.6 mm 0.923 382.34 kV
1.8 mm 0.924 338.91 kV

Table 6.5: Calculated FEF and PDIV for the measured cuts, air-filled

Condition Cut depth FEF PDIV at different pressures

1 bar 2 bar 3 bar
‘ 05528 mm 1418 60.88 KV 107.25kV  150.40 kV
Air-filled void in () G506 1y 1411 59.09 KV 10448 KV 146.78 KV
contact With 4 o719 ;1,390 54.09 KV 96.60 kV  136.37 kV
semiconductor 4 736 1 1388 5414 KV 96.70 KV 136.51 kV
11152 mm  1.398 53.65kV 9580 kV  135.42 kV
,  05528mm 1535 5621 KV 99.02 KV 138.85 kV
Airfilled void in () 6506 1y 1,521 5479 KV 96.88 KV 136.10 KV
contact With 4 o719 1y 1505 56.21 KV 89.22 KV 125.96 kV
EPDM 1.0736 mm  1.507 49.84 kV  89.03 kV  125.68 kV
11152 mm  1.502 49.64 kV 8873 kV  125.31 kV
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Table 6.6: Calculated FEF and PDIV for the measured cuts, oil-filled
Condition Cut depth FEF PDIV

. 05528 mm 1.042  984.59 kV
Oilfilled void in - 6596 1y, 1.044  832.08 kV
contact With 4 0799y 1.050  503.91 kV
semiconductor 4 4736 1y 1,049 503.00 kV
11152 mm  1.051  483.93 kV

. 05528 mm 0910 1126.76 kV
Oil-filled void in( 6506 1 0.914  951.17 kv
contact with 4 o799 1y 0.918  576.68 kV
EPDM 1.0736 mm  0.918  575.37 kV
11152 mm  0.919  553.06 kV

From the data presented in the tables, several consistent trends across all scenarios are
observed. Notably, the PDIV decreases with deeper cuts, and for air-filled voids, the
PDIV increases with elevated pressures.

In scenarios involving air-filled voids, whether in contact with semiconductor or EPDM,
the FEF decreases as the cut depth increases. However, while the FEF trend is similar
for both materials, the resulting PDIV is lower when voids are in contact with EPDM
compared to semiconductor. In contrast, oil-filled voids show much lower FEF and sig-
nificantly higher PDIV than air-filled voids.

6.5 Comparing calculated and measured PDIV

The resulting PDIV obtained from simulations and calculations at various cut depths for
different scenarios was compared with the empirical PDIV measurements of the cable end
to evaluate the accuracy of the methodology to predict PDIV. Due to their significantly
higher values, PDIVs for oil-filled scenarios are not included since they exceeded the
measured values by several hundred kV. The comparison is presented in Figure 6.8.
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Figure 6.8: Comparison of the predicted PDIV from the air-filled void simulations and measured PDIV.

As seen in Figure 6.8, certain cut depths such as 0.5528 mm and 1.0736 mm show a close
similarity between the measured and simulated values at a pressure of 2 bar. In contrast,
other cut depths demonstrate larger differences, particularly at 1.0712 mm where the
measured PDIV substantially exceeds all calculated air-filled results.

6.6 Discussion

Limitations of the simulation model

The simulation model’s simplicity presents limitations, particularly regarding the geo-
metric representation of voids. The physical cuts on the test object’s insulation, detailed
by the 3D scanning in Chapter 4, had irregularities that were not implemented in the
simulation model. Furthermore, the use of generalized permittivity values for materials
like silicone oil and XLPE insulation could have also altered the outcomes. Since a ma-
terial’s permittivity significantly influences electric field behavior, incorporating specific
material data would improve the accuracy and ensure that the results would be even
more representative of the test object’s behavior.
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Efforts were made to import the mesh from the laser scans into COMSOL for simula-
tions of the electric field distribution and enhancement around the precise geometry of
the cuts. However, due to various challenges and time constraints, this integration was
unsuccessful.

Resulting FEF and PDIV

From the simulations and subsequent calculations, it was found that the PDIV was lower
for air-filled voids in contact with EPDM compared to a semiconductor. One would expect
the opposite, given that the semiconductor was modeled with infinitely high permittivity,
leading to a pronounced distortion of the electric field. Table 6.2 reveals a higher field
intensity at the triple-points, which is consistent with expectations of enhanced electric
field concentration at these points. However, when the void was in contact with EPDM,
the electric field intensity appeared to be more evenly distributed across the surface of
the void rather than concentrated at the triple-points. This was confirmed by Figure 6.5,
where the field intensity was higher at the interface between void and EPDM, along the
radial axis. This explains why the resulting PDIV was lower for voids in contact with
EPDM.

Additionally, the simulations showed an unexpected trend of a slight increase in FEF
with larger oil-filled voids. This was most likely because of the more uniform electric
field distribution within the voids caused by the silicone oil. This uniformity reduced the
electric field intensification typically observed at the void boundaries, thereby slightly
increasing the FEF as the void size increased.

The notably high PDIV observed in oil-filled void scenarios underscores the significant
impact of the dielectric strength of silicone oil, which is substantially higher than that
of air. This characteristic of silicone oil, having a breakdown strength of 35 kV/mm,
substantially increased the PDIV, reflecting its potential to sustain higher electric fields
without initiating discharge. However, it is important to note that these values more
accurately represent the breakdown voltage, not the voltage at which PD is initiated.
This is because the dielectric strength used for calculations corresponds to the mater-
ial’s capability to prevent complete breakdown, rather than just the initiation of PD.
Consequently, the actual PDIV for oil-filled voids could be lower than those presented.

The lack of specific pressure data within the test object’s voids adds a layer of uncer-
tainty to PDIV estimations, particularly since Paschen’s Law, which is central to these
calculations, heavily depends on the product of pressure and distance.
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Comparing simulated and measured PDIV results

The simulations generally predicted PDIV values quite accurately, despite the model’s
simplifications, assuming that the physical voids experienced a pressure close to 2 bar
during the PDIV measurements. It was also seen that the material in contact with
the void, whether semiconductor or EPDM, did not significantly influence the simulated
PDIV values as much as the pressure did.

For the cut depths of 0.5528 mm and 1.0736 mm, the simulated PDIV closely matches
the measured values in scenarios of an air-filled void in contact with a semiconductor and
EPDM, respectively, both at 2 bar pressure.

However, for the cut depths of 0.5528 mm and 1.1152 mm, the simulated PDIV did not
match as closely with the measured values. Assuming that the pressure could vary around
2 bar, the simulations would still predict PDIV values close to the measured ones if the
pressure in these voids were slightly below 2 bar.

The exception was observed at the cut depth of 1.0712 mm, where the significant increase
in measured PDIV did not correspond with any of the simulated values. This may be
due to the presence of silicone oil in the cut region, a substantially higher pressure within
the void, or a combination of both factors, as mentioned in Section 3.5.
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7 Discussion

This thesis explored the use of 3D laser scanning and simulations to predict PDIV in
HV cable ends. This was done by introducing defects in the form of cuts and scanning
these to determine the depths. These depths were then used in electric field simulations,
which served as the base for calculating the FEF, used for the subsequent prediction
of PDIV based on Paschen’s Law. These PDIV values were compared to empirically
measured PDIV values for the physical cable end, to validate the methodology. While
this research provided insightful data, it also revealed issues affecting the results’ accuracy
and applicability in practical settings.

The precision and accuracy of the data derived from 3D scans, specifically the measured
depths of the cuts, played an important role in the electric field simulations. The rough
and irregular cuts, resulting from the tools used to make the cuts, introduced uncertainties
in the resulting 3D scans, which could have misrepresented the cuts as shallower than
they were. This could lead to variations between the predicted and empirically measured
PDIV. By improving both the method and tools used for making the cuts to ensure
they are easily reproducible, and refining the scanning procedures, the scans would more
accurately reflect the true geometry and depths of the cuts. This would further validate
the methodology for predicting PDIV by enabling more precise comparisons with the
measured PDIV of controlled defects. In practical jointing scenarios, where potential
defects are often irregular or rough, developing a specific scanning procedure to ensure
the capture of the true geometry of these defects would enhance the reliability of PDIV
predictions in real-world scenarios.

Furthermore, the electric field simulations in this study faced some limitations due to the
simplified simulation model, particularly the use of ideal’ cuts and generalized permittiv-
ities for the materials. The maximum depth derived from the 3D scans was used rather
than a detailed mesh of the actual cut geometry, which was not integrated into the model
due to technical limitations and time constraints. These simplifications could potentially
impact the reliability of the calculated FEF, and consequently the predicted PDIV. A
more detailed simulation model, based on the actual geometry obtained from the scans,
and utilizing precise material properties mirroring the physical objects’ materials would
allow for more representative PDIV predictions and their applicability to real-world scen-
arios. However, the use of such detailed simulation models would significantly increase
the computational time required to run the electric field simulations.
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While the challenges for 3D scanning and limitations for the simulations were important
factors for the predictions of PDIV, physical factors could also influence the reliability
of these. During the study, a significant observation was the impact of experimental
conditions on PDIV predictions, like pressure, location of the cuts, and the presence of
silicone oil. Initially, the focus was on investigating air-filled voids due to the extensive
theory behind breakdown in gases, and to avoid exceeding the rated voltage for the test
setup during PDIV measurements. However, in this study, the presence of residual silicone
oil in the voids was found to be the most influential factor on the predicted PDIV, more so
than pressure variations or the location of the cuts, whether in contact with semiconductor
or EPDM. Despite thorough cleaning procedures, completely removing silicone oil from
the cut regions proved challenging, suggesting a need for improved cleaning methods or
alternative lubrication materials. However, silicone oil is commonly used as a lubricant
in practical jointing scenarios, emphasizing the need to develop a more precise method
for predicting PDIV in liquid-filled voids to enable more accurate predictions. It was also
observed that the pressure variations, while impacting PDIV predictions, were found to be
relatively consistent throughout the study, typically around 2 bar based on comparisons
between PDIV measurements and calculated PDIV predictions for different pressures.

Although the thesis demonstrated the methodology’s potential under laboratory con-
ditions, translating these findings to real-world applications could introduce additional
challenges. Field conditions often include more variable factors, such as inconsistent tem-
peratures and varying installation procedures, which were not considered in this study.
These factors could influence the reliability of the methods used for predicting PDIV,
indicating the need for further research. Even though PDIV predictions could be con-
sidered a more strict verification than traditional PD measurement testing, it would be
more practical and efficient, as it can be performed directly at the site of the jointing
without the need for setting up test circuits or utilizing other PD detection methods. Ad-
ditionally, this method would exceed the conventional visual quality control performed
by operators, providing documented assurance that the joint will not be a source of PD
during operation. Regardless, the methodology shows great promise for enhancing qual-
ity control in practical HV cable jointing scenarios, though additional tests involving
various types of defects and on-site applications would be necessary to further validate
its effectiveness.
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8 Conclusion and future work

8.1 Conclusion

This thesis has demonstrated the potential of 3D laser scanning technology for predicting
the PDIV of air-filled voids in HV cable ends. By integrating cut depths derived from
3D scans into simulations and calculations, and comparing these with empirical PDIV
measurements, the predicted PDIV proved quite accurate, under the assumption of a
void pressure around 2 bar in the test setup.

The HandySCAN BLACK"|Elite 3D scanner utilized in the study proved effective and
sufficiently accurate to create precise 3D models of the defect regions. However, obtain-
ing accurate scans necessary for detailed geometrical analysis depended heavily on the
scanning procedure.

The simplified simulation model used for calculating the FEF and predicting the PDIV
proved effective. Implementing the physical geometry of the cuts derived from the 3D
scans, and specific material properties could provide more accurate and reliable results.

The study also revealed the impact of silicone oil, pressure variations, and defect location
on the PDIV predictions’ reliability. Silicone oil in the defect region was found to be
the most impactful factor, significantly influencing the accuracy of the predicted values.
Although void pressure variations affected PDIV predictions, these were relatively con-
sistent throughout the study. In contrast, the location of the defect, whether in contact
with EPDM or semiconductive material, had less impact on the predicted PDIV values.
This emphasizes the importance of controlling these conditions to ensure the predictions
are valid and applicable to real scenarios.

In conclusion, the findings confirm that 3D laser scanning technology can significantly
enhance the quality control of HV cable installations under known conditions.
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8.2 Future work

Further research is needed to validate and optimize this methodology based on the findings
and challenges identified in this thesis. The following recommendations are proposed for
continued development:

Investigate and implement methods for making more precise and cleaner cuts in
the insulation, reducing irregularities and material flings. This could enhance the
accuracy of the electric field simulations, and consequently the FEF.

Improve the simulation model to include exact geometries of the defects from 3D
scans, as well as incorporating specific material data. This would increase the
precision of the simulations and consequently the accuracy of PDIV predictions.

Develop techniques to accurately measure and control the pressure within voids
while ensuring they remain free from residual oil or explore using alternative lub-
ricants or lubrication-free methods for PMJ installation. Precise control over these
conditions is essential for confirming and refining the methodology used to predict
PDIV, enhancing the accuracy and reliability of results.

Further validate the methodology used to predict PDIV by comparing predicted
values with more empirically measured PDIV values.

Use the methodology for predicting PDIV of various types of defects. This will
help validate how 3D laser scanning and PDIV estimation can be applied to other
common defects found in HV cable jointing.

Further validate the methodology for predicting PDIV through more empirical
PDIV measurements across various setups under controlled conditions.

Develop methods to accurately predict PDIV in liquid-filled voids, enhancing PDIV
predictions for field applications such as jointing processes, where silicone oil is
commonly used as a lubricant.
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Appendix A

MATLAB script for finding the maximum
depths of height maps

The MATLAB script utilized for finding and presenting the maximum depths of the cuts,
based on the height maps from the Surfical algorithm is presented below.

clear all
figureFiles = {'filenamel.fig, filename2.fig, ...'};
individualMinDepths _mm = zeros(size(figureFiles));

for fileIdx = 1l:length(figureFiles)
f = openfig(figureFiles{filelIdx}, 'invisible');
individualMinDepth = inf;
ax = findall(f, 'type', 'axes');
for idx = 1:length(ax)
if ~strcmpi(ax(idx).Tag, 'Colorbar')
children = ax(idx) .Children;
for cIdx = 1:length(children)
child = children(cIdx);
if isprop(child, 'CData')
cData = get(child, 'CData');
individualMinDepth = min(
individualMinDepth, min(cData(:)));
end
end
end
end
individualMinDepths mm(fileIdx) = individualMinDepth =*
1000;
close (f);
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end

for

end

fileIdx = 1:length(figureFiles)
fprintf ('Minimum depth for ¥%s is: %.4f mm\n', figureFiles{
fileIdx}, individualMinDepths mm(fileIdx));
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Appendix B

Resulting PRPD plots from PDIV
measurements

The PRPD plots from the PDIV measurements performed on the cable end with different
cut depths are presented in the figures below. Here, the apparent charge, the PD rate,

and at which phase angle the discharge pulses occurred are shown.
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Appendix C

Resulting 1D plots from COMSOL
simulations

This appendix presents the 1D plots of the electric field intensity along the radial axis
of the simulation model. It is divided into the intended and the measured cut depths.
For all scenarios, two plots are shown. One for the whole radial axis, ranging from the
conductor to the outer boundary, and one zoomed into the region of the cuts.

Intended cut depths

Air-filled void in contact with semiconductor

-=- Analytical - 1.0mm cut
=== Analytical - 1.2mm cut
=== Analytical - 1.4mm cut
-=-- Analytical - 1.6mm cut
--- Analytical - 1.8mm cut
—— Simulated - 1.0mm cut
—— Simulated - 1.2mm cut
—— Simulated - 1.4mm cut
—— Simulated - 1.6mm cut
— Simulated - 1.8mm cut

Electric field intensity [kv/mm]
@

23.94 25.94 27.94 29.94 31.94 33.94 35.94 37.94 39.94 41.94 43.94 45,94 47.94
Length from center of conductor [mm]

Air-filled void in contact with semiconductor.

97



Electric field intensity [kv/mm]

Electric field intensity [kv/mm]

Air-filled void in contact with semiconductor

Analytical - 1.0mm cut
Analytical - 1.2mm cut
Analytical - 1.4mm cut
Analytical - 1.6mm cut
=== Analytical - 1.8mm cut
—— Simulated - 1.0mm cut
—— Simulated - 1.2mm cut
—— Simulated - 1.4mm cut
—— Simulated - 1.6mm cut
Simulated - 1.8mm cut

4
45.44 45.94 46.44 46.94 47.44 47.94 48.44
Length from center of conductor [mm]
Air-filled void in contact with semiconductor, zoomed in.
Air-filled void in contact with EPDM
16
14
12
104
84
64
44 —--- Analytical - 1.0mm cut
Analytical - 1.2mm cut
Analytical - 1.4mm cut
Analytical - 1.6mm cut
24 Analytical - 1.8mm cut
Simulated - 1.0mm cut
Simulated - 1.2mm cut
Simulated - 1.4mm cut
04 Simulated - 1.6mm cut
Simulated - 1.8mm cut
22.54 2454 26,54 2854 30,54 3254 34.54 36.54 38.54 4054 4254 4454 4654 48.54

Length from center of conductor [mm]

Air-filled void in contact with EPDM.

98



Electric field intensity [kv/mm]

Electric field intensity [kv/mm]

Air-filled void in contact with EPDM

Analytical - 1.0mm cut
Analytical - 1.2mm cut
Analytical - 1.4mm cut
Analytical - 1.6mm cut
Analytical - 1.8mm cut
Simulated - 1.0mm cut
Simulated - 1.2mm cut
Simulated - 1.4mm cut
Simulated - 1.6mm cut
Simulated - 1.8mm cut

6 \\
4
45.04 45.54 46.04 46.54 47.04 4754 4804
Length from center of conductor [mm]
Air-filled void in contact with EPDM, zoomed in.
Qil-filled void in contact with semiconductor
Analytical - 1.0mm cut
Analytical - 1.2mm cut
144 Analytical - 1.4mm cut
Analytical - 1.6mm cut
Analytical - 1.8mm cut
Simulated - 1.0mm cut
Simulated - 1.2mm cut
121 Simulated - 1.4mm cut
Simulated - 1.6mm cut
Simulated - 1.8mm cut
10
84
64
a4
24
0 ,J L
23.94 25.94 27.94 20.94 3194 33.94 35.94 37.94 39.94 4194 4394 45.94 47.94

Length from center of conductor [mm]

QOil-filled void in contact with semiconductor.

99



Oil-filled void in contact with semiconductor
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Oil-filled void in contact with EPDM
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Analytical - 1.0712mm cut
Analytical - 1.0736mm cut
Analytical - 1.1152mm cut
Simulated - 0.6525mm cut
Simulated - 0.5528mm cut
Simulated - 1.0712mm cut
Simulated - 1.0736mm cut
Simulated - 1.1152mm cut

45‘.04

45‘.54

46.04 46.54 47.04
Length from center of conductor [mm]

47.54

Oil-filled void in contact with semiconductor, zoomed in.

Oil-filled void in contact with EPDM

48.04

Analytical - 0.5528mm cut
Analytical - 0.6525mm cut
Analytical - 1.0712mm cut
Analytical - 1.0736mm cut
Analytical - 1.1152mm cut
Simulated - 0.5528mm cut
Simulated - 0.6525mm cut
Simulated - 1.0712mm cut
Simulated - 1.0736mm cut
Simulated - 1.1152mm cut

24

28

30 32 34 36 38 40
Length from center of conductor [mm]

Qil-filled void in contact with EPDM.
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Electric field intensity [kv/mm]

Oil-filled void in contact with EPDM

Analytical - 0.5528mm cut
Analytical - 0.6525mm cut
Analytical - 1.0712mm cut
Analytical - 1.0736mm cut
=== Analytical - 1.1152mm cut
—— Simulated - 0.5528mm cut
—— Simulated - 0.6525mm cut
—— Simulated - 1.0712mm cut
—— Simulated - 1.0736mm cut
—— Simulated - 1.1152mm cut

46.5

47.0

Length from center of conductor [mm]
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Appendix D

Python script for calculating FEF and PDIV

The Python script used for importing and plotting the simulated data, as well as calcu-
lating the FEF and PDIV is presented below. Some variables are generalized since they
depend on the specific simulation data.

import pandas as pd

import matplotlib.pyplot as plt
import numpy as np

N =

3

4

5 excel_file_path = r"filepath.xls"

6 data = pd.read_excel(excel_file_path, skiprows=1)
7

8 x1 = data.iloc[:, 0]

y1 = data.iloc[:, 1]
x2 = data.iloc[:, 2]
y2 = data.iloc[:, 3]
x3 = data.iloc[:, 4]
3 y3 = data.iloc[:, 5]
| x4 = data.iloc[:, 6]
5 y4 = data.iloc[:, 7]
6 x5 = data.iloc[:, 8]
y5 = data.iloc[:, 9]

W N =

19 #%% Function for finding local minima and maxima for the electric field intensity

21 def find_local_extrema(x_series, y_series):

maxima_data = x_series[(x_series >= 46) & (x_series <= 48)]
minima_data = x_series[(x_series >= 46) & (x_series <= 48)]
max_index = y_series[maxima_data.index].idxmax()

min_index = y_series[minima_data.index].idxmin()
local_maxima_y = y_series[max_index]

local_minima_y = y_series[min_index]

[CESENEN)
ST

VAN

N
0

return local_maxima_y, local_minima_y

N

0 =

#%% Function for finding r2

33 def r2(x_series, y_series):

34 minima_range = datal[(x_series >= 46) & (x_series <= 48)]
35 min_index = minima_range[y_series.namel.idxmin()

36 local_minima_x = x_series.loc[min_index]

37 r2 = local_minima_x

3

39 return r2
11 #%% Function for calculating gap distance (d)
13 def total_length(x_series, y_series):

14 maxima_range = datal[(x_series >= 47) & (x_series <= 48)]
15 minima_range = datal[(x_series >= 46) & (x_series <= 48)]

16 max_index = maxima_rangel[y_series.name].idxmax ()
17 min_index = minima_rangel[y_series.name].idxmin ()
18 local_maxima_x = x_series.loc[max_index]

19 local_minima_x = x_series.loc[min_index]

50 total_length = local_maxima_x

d = (total_length - local_minima_x) #[mm]
return d

#%% Function for calculating breakdown voltage based on Paschen's Law
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def V_breakdown(d):
A = 1130 # [1/(mm bar)]
B = 27.4 # [kV/(mm bar)]
gamma = 0.025
p = 3 # [bar]
p_d = pxd # [mm bar]
Vb = (B * p_d) / (np.log((A * p_d) / np.log(l + (1 / gamma))))
return Vb
#%% Analytical calculation of the electric field,
def E(x, rl, r2):
V = 240e3 # [V]
ri_m = r1 / 1000 # Convert rl from mm to meters
r2_m = r2 / 1000 # Convert r2 from mm to meters
x_m = x / 1000 # Convert x from mm to meters
E_field = np.zeros_like(x_m)

outside_conductor

E_field[outside_conductor] = V / (np.log(r2_m / ri_m) * x_m[outside_conductor]) / 1le6

return E_field

= (x_m > ri_m)

with no cuts

#%% Calculating analytically the electric field for all cuts

rl = 24.55 # [mm]

r2_1imm = r2(xi,y1)

r2_12mm = r2(x2,y2)

r2_14mm = r2(x3,y3)

r2_16mm = r2(x4,y4)

r2_18mm = r2(x5,y5)

E_imm = E(x1, rl, r2_1imm)
E_12mm = E(x2, rl, r2_12mm)
E_14mm = E(x3, rl, r2_14mm)
E_16mm = E(x4, rl, r2_16mm)
E_18mm = E(x5, rl, r2_18mm)
#%% Plotting

x_start = 22

x_end = 50

colors = ['blue’', 'green', 'red', 'purple',

plt.figure(figsize=(12, 6))

# Plot analytical lines

plt.plot(xl, E_imm, label='Analytical - x mm cut', color=colors[0])
plt.plot(x2, E_12mm, label='Analytical - x mm cut', color=colors[1])
plt.plot(x3, E_14mm, label='Analytical - x mm cut', color=colors[2])
plt.plot (x4, E_16mm, labe Analytical - x mm cut', color=colors[3])
plt.plot(x5, E_18mm, label='Analytical - x mm cut', linestyle= color=colors[4])
# Plot simulated lines
plt.plot(xl, y1, label='Simulated - x mm cut', color=colors[0])
plt.plot(x2, y2, label='Simulated - x mm cut', color=colors[1])
plt.plot(x3, y3, labe Simulated - x mm cut', color=colors[2])
plt.plot (x4, y4, label='Simulated - x mm cut', color=colors([3])
plt.plot(x5, y5, label='Simulated - x mm cut', color=colors([4])
plt.title('X-filled void in contact with X')
plt.xlabel('Length from center of conductor [mm]')
plt.ylabel('Electric field intensity [kV/mm]')
plt.xlim(x_start, x_end)
plt.xticks(np.arange(x_start, x_end, step=2))
plt.grid(True, which='both', axis='both', linestyle='--', linewidth=0.5)
plt.legend ()
plt.show()
#% Function for calculating FEF
def calculate FEF(x_simulated, y_simulated, x_analytical, y_analytical, x_range=(47, 49)):
mask_sim = (x_simulated >= x_range[0]) & (x_simulated <= x_range[1])
mask_ana = (x_analytical >= x_range[0]) & (x_analytical <= x_rangel[1])

X_sim_restricted
y_sim_restricted
y_ana_restricted
max_sim_y =
max_sim_pos_index
max_sim_x =
closest_x_ana_pos
y_ana_restricted
max_ana_y =
FEF = max_sim_y /

= x_simulated[mask_sim]
= y_simulated[mask_sim]
= y_analytical [mask_anal]

np.max (y_sim_restricted)

'black']

# Define

= np.argmax(y_sim_restricted.values)

_index =

x_sim_restricted.iloc[max_sim_pos_index]
(np.abs(x_analytical [mask_anal.values - max_sim_x)).argmin()

= pd.Series(y_ana_restricted)

max_ana_y

y_ana_restricted.iloc[closest_x_ana_pos_index]
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189
190
191
192
193
194

return FEF
#%% FEF calculations

FEF_1mm = calculate_FEF(x1l, y1, x1
FEF_12mm =

, E_imm)
calculate_FEF(x2, y2, x2, E_12mm)

FEF_14mm = calculate_FEF(x3, y3, x3, E_14mm)
FEF_16mm = calculate_FEF (x4, y4, x4, E_16mm)
FEF_18mm = calculate_FEF(x5, y5, x5, E_18mm)

print ("FEF for 1.0mm cut is:", np.round(FEF_imm,3))
print ("FEF for 1.2mm cut is:", np.round(FEF_12mm,3))
print ("FEF for 1.4mm cut is:", np.round(FEF_14mm,3))
print ("FEF for 1.6mm cut is:", np.round(FEF_16mm,3))
print ("FEF for 1.8mm cut is:", np.round(FEF_18mm,3))

#%% PDIV calculations

d_imm = total_length(x1l, y1) #[mm]

d_12mm = total_length(x2, y2) #[mn]
d_14mm = total_length(x3, y3) #[mn]
d_16mm = total_length(x4, y4) #[mn]
d_18mm = total_length(x5, y5) #[mm]

Vb_1imm = V_breakdown (d_1imm)

Vb_12mm = V_breakdown (d_12mm)
Vb_14mm = V_breakdown (d_14mm)
Vb_16mm = V_breakdown (d_16mm)
Vb_18mm = V_breakdown (d_18mm)

E_bd_imm = (Vb_1mm*1000)/d_1imm

E_bd_12mm = (Vb_12mm#*1000)/d_12mm
E_bd_14mm = (Vb_14mm#*1000)/d_14mm
E_bd_16mm = (Vb_16mm#*1000)/d_16mm
E_bd_18mm = (Vb_18mm#*1000)/d_18mm

E_bd_corr_imm = E_bd_imm/FEF_1imm

E_bd_corr_12mm = E_bd_12mm/FEF_12mm
E_bd_corr_14mm = E_bd_14mm/FEF_14mm
E_bd_corr_16mm = E_bd_16mm/FEF_16mm
E_bd_corr_18mm = E_bd_18mm/FEF_18mm

PDIV_imm = (E_bd_corr_imm*(ri*np.log(r2_imm/r1)))/1000

PDIV_12mm = (E_bd_corr_12mm*(rilxnp
PDIV_14mm = (E_bd_corr_14mm*(ri*np
PDIV_16mm = (E_bd_corr_16mm*(rilx*np
PDIV_18mm = (E_bd_corr_18mm*(ril*np

print ("PDIV for x mm cut is: ", np
print ("PDIV for x mm cut is: ", np.
print ("PDIV for x mm cut is: ", np.
print ("PDIV for x mm cut is: ", np.
print ("PDIV for x mm cut is: ", np.

.log(r2_12mm/r1))) /1000
.log(r2_14mm/r1))) /1000
.log(r2_16mm/r1))) /1000
.log(r2_18mm/r1))) /1000

.round (PDIV_1imm,2), "kV.")

round (PDIV_12mm,2), "kV.
round (PDIV_14mm,2), "kV.
round (PDIV_16mm,2), "kV.
round (PDIV_18mm,2), "kV.

D)
)
D)
D)
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