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Abstract

There is a rapid increase in the offshore wind farms and the intercon-
nection between countries which results in an increased energy transfer over
longer distances. High voltage DC (HVDC) cables can transfer this energy
in a reduced cost and efficient way in contrast with high voltage AC (HVAC)
along with many other benefits. For the HVDC cables extruded cross linked
polyethylene (XLPE) insulation is preferred over the mass impregnated paper
oil cable due to advantages such as low costs, simplicity, no use of oil and high
operating temperatures.

One of the main degradation mechanism for such insulation type is weak
electrical conduction of charges due to the material conductivity. Due to a
local inhomogeneity of the insulation the flow of these charges is non-uniform.
This results in the charge flowing inside of a region not equal to the charge
flowing out of that region which causes a local charge build up. These charges
are known as space charges. These create region(s) of high electrical stress
which can result in partial breakdown or in some cases complete breakdown
of the insulation material as well. Hence, space charge accumulation in cable
insulation material governs the failure behavior and life time of the cable.

This thesis look into the possibility of carrying out an offline space charge
measurements for real-sized HVDC polymeric cable insulation samples using
the electrostatic probe technique. The first objective is to develop a calib-
rated sample using which it is possible to carry out the space charge measure-
ment. Secondly, the possibility to convert the measurements obtained from
the sample into the space charge distribution is looked into. A calibrated
sample (prototype) is prepared and both the objectives are evaluated using
it.
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CHAPTER

1
INTRODUCTION

1.1 General

1.1.1 HVDC technology

Previously, HVDC technology has only been used when AC was technically not
possible to use. The main reason for that was the expensive converter station at the
end of both connection sides which caused the overall price of the whole system to
be very high. With the developing converter technology the price of the converter
station and thus the overall system costs have dropped considerably.

HVDC provides benefits over the AC especially over long distances (500 km for
over-head line and 30 km for submarine line [1]). In 1954 one of the world’s first
commercial HVDC cable system was constructed in Europe between Gotland Island
in the Baltic Sea and mainland of Sweden to provide for a power capacity of 10-20
MW. Since then the DC technology has advanced very much. HVDC offers the
following advantages compared to HVAC: [2, 3, 4]

1. Power grids that operate at different frequencies can be connected with a
HVDC link which allows the possibility of energy exchange.

1



Chapter 1. Introduction

2. In comparison to HVAC transmission, HVDC can provide the same power
transfer but with less space. Moreover, less amount of insulation and conductor
is needed to transfer the same amount of energy.

3. Improved AC grid stability as HVDC is highly controllable and acts as a
“decoupler”.

4. Over long distances the losses for DC transmission are less than for AC.

5. The capacitive cable charging current is absent for DC.

1.1.2 Space charge phenomena

In the earlier DC systems the insulation used was mostly paper-oil. But due to
the increased advantages provided by extruded polymer insulation, the use of such
insulation in comparison to paper-oil in DC systems has dramatically increased. A
few of the benefits obtained by the extruded insulation are: low costs, simpler, no use
of oil and higher operating temperatures. But, the main issue in using the polymeric
insulation is the accumulation of charges inside. Insulating materials always show a
weak electrical conduction of the charges caused by the material conductivity. Due
to a local inhomogeneity of the insulation the flow of these charges is non-uniform.
Therefore the charge flowing inside a region is no more equal to the charge flowing
out of the region which causes a local charge build up. This local charge is called
the space charge.

This phenomena of charge build-up is not experienced in the AC cables as a result
of the periodical polarity change many times in a second which also changes the
direction of charge flow accordingly. However in case of DC the polarity remains
constant for a longer amount of time causing the direction of charge flow to remain
same and thus causing charge build up at the inhomogeneity.

In order to remove these space charges from the insulation the voltage needs to be
removed followed by short circuiting the conductor to the earth. The time required
to deplete these charges depends on the conductivity of the insulation. This time
can vary from some minutes to a few weeks depending on the insulation and on the
temperature. The depletion of these charges takes much longer time as compared
to the paper-oil insulation.

Therefore, these charges remain in the insulation even when the DC voltage is re-
moved or the polarity is reversed. In case of polarity reversal with the space charge
still present in the insulation material the total electric field strength becomes the
combined effect of the electric field due to space charges together with the electric
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1.2. Motivation

field strength due to reversed polarity. This causes a high electric field strength at
the conductor.

1.2 Motivation

The energy market of the future will be more focused on the clean energy. A major
part of this energy is coming from the offshore wind farms. These remote wind farms
are most of the time connected with HVDC interconnections due to the advantages
that it offers. Such projects cost millions of euros out of which the transmission
cable takes up to 65% of the budget [5]. Therefore, there exists a need to have a
well-designed, robust and highly reliable cable system. In addition to these, there are
huge costs involved in the outage, service and repairs of such cables. Subsequently
a reliable cable design is of utmost importance.

With this rise of offshore wind farms and interconnection between countries, the
lengths of cable systems are increasing. The extruded cables offer a reduced cost
in contrast with mass impregnated cables. This has led to increased demand in
production for XLPE cables.

However, as mentioned in section 1.1.2 XLPE cables are more vulnerable to prema-
ture failure due to localized electrical charge accumulation known as space charges.
This accumulation leads to significant distortion of electric field so that higher than
average rated electric field occurs in certain parts of insulation. This can lead to
breakdown thus compromising the reliability of the HVDC connection.

Nevertheless from the state of art there exists no reliable method to find the space
charge distribution in the cable insulation for real-sized cable thickness. This dire
need to bridge the knowledge gap gives rise to a project such as thesis.

1.3 Aim of the thesis

The aim of this thesis is to investigate the feasibility of offline space charge measure-
ments for real-sized HVDC polymeric cable insulation samples using the electrostatic
probe technique.

3
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1.4 Research questions

In order to achieve the aim of the thesis the following questions needed to be
answered:

• Which measurements should be performed to get space charge distribution in a
cable, using a sample obtained after finish of DC type test or pre-qualification
test?

• Is it possible to develop a calibrated sample for space charge measurements to
be able to carry out measurements that are repeatable and contain a known
charge distribution?

• In what way (techniques) can the measurements taken from the calibrated
sample be converted to the space charge distribution present?

1.5 Outline of the thesis

The thesis is arranged in the following way:

• Chapter 2 gives the theory behind the space charge accumulation in insulation.
Moreover, it also looks into the state-of-the-art for space charge measurements.

• Chapter 3 discusses the details about the cable sample and the test technique
to be looked into further in the thesis.

• Chapter 4 deals with the COMSOL simulations performed to anticipate the
results from the measurements to be performed.

• Chapter 5 includes a mathematical model to present the possibility to convert
the measurements taken from the sample to the actual space charge distribu-
tion.

• Chapter 6 presents the laboratory work done to be able to develop a calibrated
sample to carry out the desired space charge measurements.

• Chapter 7 analyses the results obtained from the measurements carried out on
the calibrated sample.

• Chapter 8 summarizes the outcomes of the entire research with some conclud-
ing remarks and recommendations for further investigation.

4



CHAPTER

2
THEORETICAL BACKGROUND

In this chapter the theory behind the space charges is discussed. The section 2.1
deals with the processes that cause the accumulation of space charge in the insula-
tion. This is followed by the state of the art techniques that are currently available
for space charge measurement in section 2.2. The chapter is concluded with the
reason for choosing electrostatic probe as the selected technique for space charge
measurement.

2.1 Space charge accumulation

This section deals with describing the processes which are quantified by the space
charge measurements. The basic disturbances that the space charge accumulation
can cause are:

• The additional electric field Ep due to space charges in addition to the applied
electric field Eo is given as:

∇.(εoεr)Ep = ρ

where εo is the permittivity of air, εr is the relative permittivity of the material
and ρ is the space charge density inside the material.

5



Chapter 2. Theoretical Background

This electric field Ep adds to the external electric field Eo which is also called
the Laplacian field. The electric field Etotal then experienced by the insulation
is given as:

Etotal = Eo + Ep

This Etotal results in local enhancements of the field and thus decrease the life
of the cable or may ultimately result in breakdown.

• In order to separate space charges of different polarity energy is needed which
is stored inside the system itself. This excess energy, given by W might cause
some local deterioration in the material.

W =
(εoεr)(Ep)

2

2

The space charge formation can be considered from two perspectives: macroscopic
and microscopic view. [6, 7, 8, 9, 10]

2.1.1 Macroscopic View

Looking from a macroscopic perspective the space charge accumulation occurs when
current density J is divergent. This means that the amount of charge flowing into
a volume is not equal to the amount of charge flowing out of the volume. This
inequality causes a charge buildup in that volume. The most common places and
circumstances where charge buildup can occur are:

• Electrode-Dielectric interface.

• Dielectric-Dielectric interface.

• Presence of a temperature gradient.

• Presence of gross inhomogeneities.

• Presence of morphological inhomogeneities.

Each of these cases is discussed now in the following sections.

Electrode-Dielectric interface.

The buildup of space charges though an electrode-dielectric interface is defined by the
difference ∆Jint(E, T ) in the injection current density Jinj(E, T ) and transportation

6
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current density Jtran(E, T ) as well as their field and temperature dependence of the
flow of these charged particles. This difference is represented by the equation 2.1

∆Jint(E, T ) = Jinj(E, T )− Jtran(E, T ) (2.1)

From the equation, three cases can build up

1. Jinj(E, T ) = Jtran(E, T )

In case the injection current density Jinj(E, T ) is equal to the transport current
density Jtran(E, T ), the difference ∆Jint(E, T ) becomes zero and there is no
space charge buildup at the interface. Such an interface is called Ohmic. The
charge that is delivered at the interface is just enough to be transported and
extracted through the dielectric.

2. Jinj(E, T ) > Jtran(E, T )

In case the injection current density Jinj(E, T ) is greater than the transport
current density Jtran(E, T ) through the dielectric, the difference ∆Jint(E, T )
becomes positive and thus a negative homo-charge accumulate at the cathode
interface. Thus electric field strength decreases due to the negative charge
buildup at the cathode. In order to compensate for this, there is a decrease in
injection current density while increasing the transport current density through
the dielectric which causes a positive homo-charge buildup at the anode as
shown in figure 2.1. This change in the current densities happens until a
steady state is reached and the two current densities become equal.

Figure 2.1: Homo charge build up

3. Jinj(E, T ) < Jtran(E, T )

In case the injection current density Jinj(E, T ) is less than the current density
Jtran(E, T ) through the dielectric, the difference ∆Jint(E, T ) becomes negative
and thus a positive hetro-charge accumulate at the cathode interface. Thus
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electric field strength increases due to the positive charge buildup at the cath-
ode. In order to compensate for this, there is an increase in injection current
density while decreasing the transport current density through the dielectric
which causes a negative hetero-charge buildup at the anode as shown in figure
2.2. This happens until a steady state is reached and the two current densities
become equal.

Figure 2.2: Hetero charge build up

Dielectric-Dielectric interface

Space charge accumulation at the dielectric-dielectric interface is due to the change
in conductivity and permittivity and can be explained by the Maxwell-Wagner the-
ory. A hypothetical capacitor with two plane parallel electrodes separated by two
dielectric slabs as shown in figure 2.3 is considered.

Figure 2.3: Maxwell-Wagner capacitor model

8



2.1. Space charge accumulation

From the theory, the charge k(t) at the interface when a DC voltage U0 is applied
across the capacitor is given by the equation 2.2 [11]

k(t) =
σbεa − σaεb
bσa + aσb

.U.(1− exp− t

) (2.2)

where σa and σb are conductivities of the material, εa and εb are permittivities
of the material, a and b are the thickness of the dielectric. In the literature [10]
it is mentioned that the time constant to develop a pure DC field, in case of
polymers, is estimated to be around 10 hours. This means that it takes a long time
for space charges to develop across an interface and similarly a longer time for them
to disappear as well.

This charge is developed due to the change in the quotient ε/σ. A difference in
conductivity causes a change in the current density J as given by the equation 2.3
which results in the accumulation of the charge at the interface.

J = σE (2.3)

While a difference in permittivity causes a change in the field strength E across the
interface according to equation 2.4.

En2 =
ε1
ε2
En1 (2.4)

This change in field strength results in a change in current density as given by
equation 2.3 which results in accumulation of charge at the interface.

Presence of a temperature gradient.

When a DC voltage is applied to an insulation, it experiences a temperature gradient
as a result of the losses caused by heating due to the current in the conductor. Since
the conductivity is highly temperature dependent, there is a change in the quotient
ε
σ

which results in space charge accumulation as discussed in the dielectric-dielectric
interface section.

Moreover, the transport current density of the material is also temperature depend-
ent. Therefore, a change in temperature causes a difference in transport current
density which results in accumulation of charge.

9
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Presence of gross inhomogeneities.

In the presence of filler in insulating material there are numerous interfaces generated
between the filler and the insulating material where there is a difference in quotient
ε
σ

which results in space charge accumulation.

Presence of morphological inhomogeneities.

Polymeric insulation contains crystalline regions which are nicely ordered as well as
amorphous regions where there is a disorder. The conductivity of the amorphous
part is much higher than the amorphous regions and as a result charge accumulates
at the boundary between crystalline and amorphous regions.

2.1.2 Microscopic View

From a microscopic view, space charge accumulation in the insulation is due to the
following three mechanisms:

• Trapping of charge carriers.

• Injection and extraction of charge carriers.

• Conduction of charge carriers.

Each of these mechanism is discussed now in the following sections.

Trapping

Trapping occurs when a charge carrier gets stuck due to a dangling bond or a self-
trap. Trapping can be explained by the Niels Bohr energy band model. According
to the model, it is not possible for electrons to take up any energy levels rather they
take up discrete values of energy levels. These energy levels combine to form energy
bands: conduction and valence bands. Between these two bands is an energy gap
known as the forbidden band gap where no electron can exist.

A dangling bond is formed due to an incompletely bound atom at the crystal defects
formed due to inhomogeneity of the material (usually in amorphous areas). It is an
absence or an excess of an electron which can be satisfied by adding an electron or a
hole respectively. Dangling bonds are therefore allowed energy states in the energy
band model which trap charge carriers. The traps for electrons are called acceptors
and the traps for holes are called donors.
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Trapping can also occur due to self-traps which are potential wells caused due to
the change in the local structure of the polymer due to a free charge carrier. The
potential well attracts the charge carriers and it traps them. Energy is needed by
the charge carrier to go against this potential and get out of this well thus the charge
carrier traps itself by the potential well created by itself. Thus the name self-trap.

The difference between the self-trap and the trap by the dangling bond is that there
is no charge of opposite polarity for compensation in the former case which results
in the formation of space charge in the material. This well is deep and the charge
stays there for many hours and even days.

The occurrence of these traps is mainly due to physical and chemical defects. Phys-
ical defects occur in the end of molecular chain in the amorphous regions mostly
while the chemical defects occur due to the addition of additives to avoid thermal
aging, residues and impurities during production. Chemical defects are more threat-
ening and cause deeper traps. A modest increase in additive can have a large increase
in the quantity of traps which increases the chance of space charge formation.

Injection and extraction

In polyethylene, injection and extraction of carriers take place by electrons. Injection
of electrons takes place at the cathode while the extraction takes place at the anode.
In case this injection and extraction are not equal, it results in space charge formation
as mentioned earlier.

In order to inject the electron from the metal into the insulation, a barrier needs to
be crossed. This barrier is shown in the figure 2.4

Figure 2.4: Energy barrier between metal and insulator

The electron needs to overcome an energy equal to W = φ− x where φ is the work
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function of the metal and x is the electron affinity of the insulator.

Injection takes place by two processes: Schottky injection and Fowler-Nordheim
injection.

• Schottky injection occurs when the E-fields are less than approximately 100
kV/mm. In this case, the low E-field reduces the barrier potential and the
injection can easily take place. The Schottky injection current density is given
by the equation 2.5:

J = AT 2exp[−
φ− e

√
eE

4πεoεr

kT
] (2.5)

where A is a constant, T is the temperature, E is the electric field and φ is the
total barrier height.

• Fowler-Nordheim injection occurs when the E-fields are more than around 100
kV/mm. In this case, the barrier becomes thin and electrons can pass through
such thin potential by a process called tunneling although they do not have
enough energy. The Fowler-Nordheim injection current density is given by the
equation 2.6

J = BE2exp[−CΦ
3
2

E
] (2.6)

where B and C are constants and Φ = φ− Efermi
These mechanisms are the reasons charges are injected into the dielectric.

Conduction

Conduction occurs when charge carriers move in response to electric field. In insu-
lators, the band gap between the conduction and the valence band is very high so it
is very difficult for electrons to gain such high energy and move from the valence to
the conduction band. Therefore the conduction band of an insulator contains very
less or almost no electrons resulting in a very low conductivity.

The crystalline regions in the insulators are excellent insulators and their conduct-
ivity is almost negligible (around 10−20 S/m) whereas the amorphous regions have
charge traps due to material defects. These charge-traps capture carriers passing
through that region and then release after some time. These charge carriers travel
quickly from trap to trap with a velocity of 105 m/s. Thus they spend more time in
traps then traveling between traps. Thus the conductivity of a material depends on
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the density and the depth of the traps present. This is called trap-limited conduc-
tion or trap-limited mobility.
The conduction in the insulation is dictated by two mechanisms:

• Poole - Frenkel mechanism : The application of an electric field lowers the
potential barrier of the well in which the charges are trapped thus making it
easy for them to escape. This increased mobility of the charge-carriers results
in an increased conductivity. This is known as the Pole-Frenkel mechanism.

• Resonance tunneling : Another conduction mechanism called resonance
tunneling can be defined. According to quantum mechanics a finite probability
exists that a charge carrier is present at the other side of the potential barrier
between two traps. This probability is of course very small. However when the
distance between two traps is very small (< 1nm) this probability is not zero
and an electron can sometimes appear on the other side of the barrier. This
process is called tunneling because it seems that the electron digs a ”tunnel”
through the barrier

These are the mechanism that dictate conduction in polymers and greater the con-
duction the lesser chances of space charge accumulation in the insulator.

2.2 Review of space charge measurement tech-

niques

This section presents an overview of the measurement techniques that are currently
available to carry out space charge measurements.

Space charges deteriorate the insulation and decrease the life of a HVDC equipment.
Due to the different reasons as discussed in section 2.1.1, regions of high electrical
stress are created. Therefore, it is necessary to carry out a quantitative space charge
measurement to find the distribution through the insulation and access the find-
ings to prevent possible breakdown. Moreover, space charge measurements are also
needed to be carried out after DC testing to check the robustness after production
of an extruded cable before installation in the field. There are two ways to do the
space charge measurements: destructive and non-destructive.
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2.2.1 Destructive space charge measurements

In the case of destructive space charge measurement techniques, one of the para-
meters like electric field or the electric potential is measured from the outside of
a prepared sample. The sample has to be prepared in a way that it cannot be
used again for the same application and the space charge distribution is affected to
some extent. This explains the name destructive techniques. Some of the common
destructive techniques are as follows:

1. Powders

2. Field mill

3. Electron beam probing

4. Electrostatic probe

Powders

This was one of the first techniques to measure space charges. Electrostatic powder
was put on the samples. These samples are made by cutting the dielectric into slabs.
These powders attach to the surface. Red-colored lead oxide (Pb3O4) detects positive
charges while yellow colored sulfur (S) detects the negative charges. Putting the
two-dimensional slabs on top of each other revealed the original three-dimensional
space charge profile. This technique gives a qualitative information about the space
charges.

Field mill

The field mill gives a quantitative measurement of space charges in a sample by
measuring the surface potential. It determines the relative strength of electric field
by comparing to a known electric field. The field mill determines the relative quality
of the electric field by looking at the level of the electric field on a known, stable,
uncharged reference object. It consists of a measuring electrode and a rotating
shutter which exposes the measuring electrode to the electric field being generated
from the surface whose potential is being measured. Due to the rotation of the
shutter the electric field reached the measuring electrode periodically. This generates
an alternating current which is amplified and recorded. This alternating current
is directly proportional to the amount of charge present inside the sample. The
construction of this field mill is given in the figure 2.5.
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Figure 2.5: Construction of a field mill[12]

Electron beam probing

With this technique the sample is incident with an electron beam which penetrate
to a depth of the sample proportional to the energy of the electrons. The irradiated
region has a higher conductivity compared to the normal region. This difference in
conductivity causes a current to flow between the two electrodes which is measured
and gives a spatial distribution of trapped charges. The set-up for this technique is
shown in the figure 2.6.

Figure 2.6: Set up for electron beam probing[13]

The measurement cannot be repeated on the same sample as the electron beam
irradiated changes the distribution of charges inside the sample.
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Electrostatic probe

For this technique, flat samples are taken from the dielectric and the charge of each
slice is measured. This technique is the main focus of this thesis and is discussed in
more detail in section 3.2.

2.2.2 Non-destructive space charge measurements

This class of space charge measurement is based on the principle that the charges
present in the insulation are excited by an external source and the response of the
charges based on this excitation is measured. Although this class of measurements
is not the focus of this thesis, for the sake of completeness and possible future work
a brief comparison of all the non-destructive techniques that are currently used for
space charge measurements are presented [14, 15, 16].
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Figure 2.7: Comparison of non-destructive techniques for space charge measurements
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2.3 State of the art

A literature review has been carried out and an overview of the space charge meas-
urement techniques is summarized in the figure 2.2. From the literature review, the
following common disadvantages were observed:

• Even in the case of the techniques being labeled as non-destructive the outer
screen and sheath had to be removed to apply the input signal which meant
that the techniques could not be applied to cables under operation or during
test without further improvement.

• A lot of signal processing is involved to convert the measured signal into the
space charge distribution over the entire insulation. Generally, for this ad-
vanced equipment is needed which is often an issue in the field or laboratory
test environment.

• Most of the research work conducted for these techniques was either done on
mini-cables or on thin samples and not on real-sized HVDC power cables with
thick (> 10mm) insulation.

The results obtained from these techniques clearly showed the space charge distri-
bution at the electrode-insulation interface at the conductor as well as the ground
side but did not give satisfactory information about the space charge distribution
inside the insulation.

In order to have an idea of the amount of space charge distribution inside the cable
the electrostatic probe method was looked into. This is discussed in the section 3.2.
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CHAPTER

3
EXPERIMENTAL METHODS

This chapter gives a description of the used test specimens, test techniques and
equipment used.

3.1 Test specimens

3.1.1 Cable sample

The test specimens used in this case were cylindrical samples of high voltage DC
cables. These samples were obtained from DNV GL high voltage laboratories. The
cable underwent a DC type test at their high voltage laboratories in Arnhem.

This is a type testing based on the different IEEE standard tests to check if the cable
manufactured can withstand the harsh working conditions. As an added remark, no
AC test was conducted at the end of the testing which means that in case the space
charges developed during the testing, it stays there. Otherwise, it would probably
destroy the accumulated space charge distribution during the DC tests. As a result
the samples can be taken from the cable to perform the measurements. The figure
3.1 shows the set-up for the DC test performed at the DNV GL HV laboratories.
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Figure 3.1: Set up for the DC test performed at the DNV GL HV laboratories

Therefore, after the completion of the test, two samples were taken from the cable.
One of the sample was taken before the test while the other one was taken after the
test to make a comparison of the space charge development during the test. The
samples taken after the testing were taken near the joints. A preference for taking
samples near the joints was that they are the regions where more accumulation is
expected due to a change in the interface.

The cable used in this case is a 2500mm2 copper XLPE 320 kV DC cable. It consists
of a stranded copper conductor which is surrounded by an inner semi-conductive
layer. The insulation is made up of XLPE followed by an outer semi-conductive
material with the same material properties as the inner semi-conductive material.
The structure of the cable is shown in the figure 3.2

The dimensions of the different parts of cable used are mentioned in the table 3.1.
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Figure 3.2: Structure of the cable [17]

Table 3.1: Dimensions of cable parts

Nominal thickness(mm)

Conductor(radius) 31.2
Conductor screen 1.9

Insulation 21.5
Insulation screen 1.5

3.1.2 Conditioning of the cable sample

As soon as the testing was finished, the samples were taken by making a transverse
cut to obtain a cylinder. At first all the outer layers were removed so that only
the conductor, insulation and the semi-conductive layers remained. The conductor
was then removed from the cylindrical sample by a hydraulic press. After that the
top and bottom surfaces were smoothed out and removed using a special cutting
machine. The sample obtained is shown in the figure and it has a vertical height of
about 30 mm.

Due to this process a layer at the top and the bottom of the sample is present, which
contains almost no space charges. Therefore, the space charges are only present in
the middle of the sample. During the whole process it was made sure that there was
no temperature variation in the sample to avoid variation of space charges in the
sample. Afterwards, the sample was stored in a cool environment to avoid humidity
and high temperature that could affect the space charges.
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Figure 3.3: Sample obtained after cutting

3.2 Test technique

There are several ways to measure space charges in cable geometries as discussed
earlier in section 2.2 . The technique used in this case is known as the electrostatic
probe method.

The theory behind this technique is taken from the work done by Lord Kelvin for
the vibrating Kelvin probe. It is a non-contact surface potential measurement and
it does not load the sample which is being measured.

Space charges in the insulator creates a surface potential which induces a voltage on
the center conductor of the probe. The probe consists of an outer conductor which
is grounded and shields the inner conducting electrode. The probe is set close to
the sample object and scans along the surface with a fixed air gap. This induces
a potential on the center conductor which is measured by a voltmeter with a very
high input impedance. The basic construction of the probe is shown in figure 3.4.

Figure 3.4: Construction of the probe[18]

A multi-point measuring technique is employed in which the probe is moved across
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one axis and the voltage measurement for each corresponding position is recorded.

3.2.1 Principle of operation

The probe works by vibrating in a direction perpendicular to the tested surface.
The current flow to and from the probe changes proportionally to the amplitude and
frequency of that vibration. The voltage between probe-to-ground is made equal to
the voltage on the surface. This nullifies the current and the voltage measurement
taken represents the surface potential present [19].

3.3 Measurement set-up

A schematic and a photo of the measurement set-up used in this case is given below
in the figure 3.5 and 3.6 respectively.

Figure 3.5: Schematic diagram
Figure 3.6: Actual set-up

The electrostatic probe used for this test was Trek Model PD1216P probe with
a highly sensitive Trek non-contacting electrostatic voltmeter model number 325.
The voltmeter could measure a voltage 0 to +/- 40 V over a wide range of probe to
surface distances. Although this is not the right equipment to use for a high voltage
research, since it measures a maximum voltage of 40 V only, due to limitation of
resources this instrument was used. Some of the specifications of the voltmeter are
mentioned in the table 3.2.

The sample in this set-up is fixed while the stage moves along one axis so that
the electrostatic probe can scan across the sample. The stage in this case can
move the sample by a smallest possible distance of 0.5 mm and can provide a total
displacement of 50 mm.

23



Chapter 3. Experimental methods

Table 3.2: Specifications of the equipment

Voltmeter
Parameter Value

Sensitivity 1 mV
Noise <1 mV

Speed of Response <3 ms
Accuracy 1%

Probe
Parameter Value

Aperture Size 4.6 mm
Probe-to-surface separation 0.2 mm to 2 mm(recommended)

This measurement equipment was provided by Delft Spectral technologies and was
a part of their Corona charging system named ”Corona CS”.
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CHAPTER

4
FINITE ELEMENT MODELING

This section describes the simulation process that is used to model and analyze
the cable sample. In order to estimate the potential that could be expected at the
surface, a 2D axis symmetric design was developed in COMSOL was developed and
simulated.

4.1 Finite element modeling

It is a numerical method for solving a partial differential equation(PDE). It is very
difficult to solve such an equation with analytic methods. In such a case, a PDE is
converted into simpler system of algebraic equations which is then solved by algebraic
methods. The solution to the numerical model equations is then an approximation
of the real solution to the PDEs. In this modeling, a structure of two dimensional
or three dimensional is divided into several small parts known as elements. The
elements are connected to one another, but only at interconnected joints, known as
nodes. The smaller the elements the more closer the approximation is to the analytic
solution.

COMSOL Multiphysics is a tool to solve such PDEs. It allows the user to con-
centrate on physics, geometry and results and it performs all the underlying FEM

25



Chapter 4. Finite element modeling

calculations. The main focus in this thesis is to solve the Maxwell equations as we
are dealing with problem related to electrostatic.

4.2 Modeling in COMSOL multi-physics

4.2.1 Electrostatic physics

The AC/DC interface was used with the electrostatic physics as the chosen one.
Electrostatic study is performed to calculate electric field and potential distribution
in dielectric when the charge distribution is specified. This physics solves the Gauss’s
law given by the equation 4.1 for the electric field using the scalar potential as the
dependent variable. In the equation 4.1 E is the electric field and V is the potential
distribution generated due to the presence of a space charge density ρ.

E = −∇V (4.1)

∇.(εoεrE) = ρ (4.2)

Taking into account the symmetry of the cable sample that needed to be modeled,
2D axis symmetric space dimension was used. This allows to easily model the 3D
structure by using a 2D planar structure which represents the longitudinal cut plane
section of the structure and extend it to a 3D domain by using the axis-symmetric
condition.

It is intended to study the charge distribution, static electric field and electric po-
tential which is not changing with time. Therefore the model is studied using the
stationary study in COMSOL.

4.2.2 Assumptions

The following assumptions were made while designing the model:

• Space charge density of constant magnitude is assumed to be distributed in
the form of cylinders in the insulation concentric to the conductor

• There is no space charge in top and bottom of the insulation for up to a depth
of 1mm as mentioned in 3.1.2

• It is assumed that the space charge inside the insulation can never be higher
than the charge at the dielectric-electrode interface and a space charge equal
to that was taken.
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• The space charge decay is neglected meaning that the space charge magnitude
throughout the simulation is constant.

4.2.3 Geometry

2D axis symmetric model of the DC cable with space charge is shown in figure 4.1
and the dimensions of the cable used to construct the simulation are the same as
mentioned in the section 3.1.2. Figure 4.1 represents a cross-section of the cable
sample that gets rotated around the axis r=0 as shown in the figure to form the
complete cable sample as shown in figure 4.2 .

Figure 4.1: 2D axis symmetric model geometry

Figure 4.2: 3D model of the cable sample

As a first step the rated voltage of 320 kV was applied to get the voltage and E-field
distribution as shown in the 4.3 and 4.4 respectively along a 2D cut-line within the
cable sample.

As a next step to determine the amount of space charges that are developed at the
interface, the electric current physics was used with the same geometry. The electric
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Figure 4.3: Potential distribution

Figure 4.4: Electric field distribution

28



4.2. Modeling in COMSOL multi-physics

current physics was used because it is not possible to observe the space charge
density using the electrostatic physics. The space charge density along a 2D cut-line
within the cable sample is shown in the 4.5. These are developed due to the voltage
applied a capacitor is formed using the conductor as the high voltage electrode and
the insulation as a dielectric. These charges are deposited on the electrodes due to
the voltage applied.

Figure 4.5: Space charge density

From the literature, it has been observed that the space charge density in the in-
sulation is generally less than the space charge density at the electrode-dielectric
interface [20]. The charge that is developed at the electrode-dielectric interface tries
to reach the other end and in the process is trapped in the insulation due to pro-
cesses mentioned earlier in chapter 2. Therefore this charge cannot be greater than
the charge at the electrode-dielectric interface. In case the charge in the insulation
becomes equal to the electrode-dielectric interface the insulation is going to break
down due to the increased electric field strength.

For the model development, parameters were changed and their effect was observed
on the surface potential measured. The main motive to do so was to be able to
predict the effect of changes on the potential being measured. Using the electro-
statics physics, the insulation was divided into four concentric solid cylinders where
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each cylinder had a specific known space charge density to represent a varying space
charge density throughout the insulation. The geometry formed as a result of divid-
ing the insulation is shown in figure 4.6 where SC1, SC2, SC3 and SC4 are cylinders
1, 2, 3 and 4 respectively within the insulation as mentioned in table 4.1

Figure 4.6: Geometry with known space charge distribution

Using the figure 4.5 it is calculated that the magnitude of charge at the interface
was in the order of 0.5 µC to 0.9 µC. This is obtained by multiplying the space
charge density with the volume where space charge is present. As discussed earlier,
a charge less than this amount was to be put in the insulation to closely represent
the actual scenario. In this case a charge of 0.1 µC was put into each cylinder. The
space charge density for each cylinder 1, 2, 3 and 4 is given in the table 4.1

Table 4.1: Space charge density in each cylinder

Cylinder Amount of charge(µC) Volume of element(m3) Space charge density(C m−3)

1 0.1 0.0966× 10−4 0.0114
2 0.1 0.1111× 10−4 0.0099
3 0.1 0.1256× 10−4 0.0088
4 0.1 0.1402× 10−4 0.0078

The parameters changed are as follows:

• Measuring potential at different vertical distances

• Grounding at different positions
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Measuring potential at different vertical distances

To simulate this effect, the semi-cons screens were grounded as well as the lower part
of the XLPE as shown in figure 4.8. The space charge distribution is as mentioned in
the table 4.1. In order to simulate this effect, the potential was measured at different
vertical distances from the surface. The results obtained from this are shown in the
figure 4.7.

Figure 4.7: Potential at different vertical distances

From the figure it is observed that the surface potential measured decreases as the
distance between the surface and measurement is increased. This is according to
the inverse square law which states ”a specified physical quantity or intensity is
inversely proportional to the square of the distance from the source of that physical
quantity”.

Grounding at different positions

In order to simulate this effect, the potential was measured at a vertical height of 1
mm. Three different cases were simulated to observe the effect of changing ground
positions in the cable sample. A description of the position of grounding is given in
table 4.2 and is shown in figure 4.8, 4.9 and 4.10.

The results obtained from this are shown in the figure 4.11
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Figure 4.8: Case 1 Figure 4.9: Case 2 Figure 4.10: Case 3

Table 4.2: Grounding positions for different cases

Case 1 Grounding the semicons and the lower surface of XLPE in the cable sample
Case 2 Grounding the lower surface of XLPE in the cable sample
Case 3 Grounding only the semicon layers

Figure 4.11: Grounding at different positions

From the figure 4.11, it is observed that the potential at the surface will decrease as
we increase the amount of grounding positions in the sample. This is because most
of the field lines generated from the charge will try to terminate at the ground(since
a positive charge is added) thus concentrating the field lines inside the sample which
decreases the surface potential due to these charges.
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4.3 Conclusion

2D axis-symmetric simulations are simpler and easier to visualize and work on in
comparison with 3D simulations. They give an estimate of how surface potential
changes when put under different conditions. One of the main conclusions from this
was that space charges can generate a surface potential in the order of a few kVs.
This can be seen in all the simulations performed.
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CHAPTER

5
MATHEMATICAL MODELING

In this section, a mathematical model to calculate the space charges from the meas-
ured surface potential is discussed. The section 5.1 discusses the basic idea behind
this model. The section 5.2 and 5.3 discusses the two different kinds of geometries
while the section 5.4 gives an alternate approach of convolution to find out the space
charge distribution.

5.1 Introduction

From the basic law of physics, we know that the electric potential (voltage) at any
point in space produced by any number of point charges can be calculated from the
point charge expression by simple addition since voltage is a scalar quantity. In the
case of the point charges as shown in the figure 5.1 the potential at position A is
given by the equation 5.1

UA = k(
Q1

r1
+
Q2

r2
+
Q3

r3
) (5.1)

where k is the Coulomb’s constant and is given as k = 1
4πεoεr

and r1, r2 and r3 are
the distances between the point charges Q1, Q2 and Q3 and the point A respectively.

35



Chapter 5. Mathematical Modeling

Figure 5.1: Potential at a point due to point charges

A more general representation of this equation is

UA = k
i∑

n=1

Qn

rn
(5.2)

where i are the total number of point charges present.

In order to find the voltage on the surface due to space charge densities in a geometry,
the geometry is divided into small elements of equal size. In each element the
following assumptions were made:

• All the charge in the area is accumulated as a point charge. The magnitude of
this point charge is found out by multiplying the space charge density by the
volume of the element calculated.

• The location of the point charge is exactly at the center of the element.

5.2 Rectangular geometry

As a start, a simpler rectangular geometry is chosen. In case of a single dielectric
material in the form of rectangular geometry, the geometry is divided into elements
and the point charges are located as shown in the figure 5.2 at the center of each
element.

The position of the calculation points is shown in the figure 5.3.
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Figure 5.2: Division of elements and location of point charges

Figure 5.3: Position of the voltage calculation points with respect to space charges

The relation between the voltage and the point charges can then be found by the
matrix relation given by 5.3

V1
V2
.
.
Vn

 =
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k
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. . k
rn1

k
r12
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. . k
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. . . . .
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r1n
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. . k
rnn



Q1

Q2

.

.
Qn

 (5.3)

In this case rij is the direct distance between the charge i and the position j. These
distance are calculate by rules of geometry e.g. Pythagoras theorem. V1, V2 and
so on are the potentials calculated at position 1, 2 and so on. k is the Coulomb’s
constant as discussed in equation 5.1.

The equation 5.3 can be written in a more compact form as equation 5.4

V = AQ (5.4)

Q = A−1V (5.5)

In the equation 5.4 V is the matrix containing the potential at the surface of the
dielectric and n is the number of measurement points taken while measuring and
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Q is the matrix containing the point charge in each element. The elements are
hypothetical divisions and increasing the number of elements gives a better estima-
tion of the amount of charge and thus the space charge density. The matrix A can
be formed by calculating the distance between the assumed point charge and the
position of charge measurement. Consequently, the charges can then be calculated
using the equation 5.5 which can be translated into the space charge density for the
respective element by using the calculated volume.

5.3 Cylindrical cable geometry

The rectangular geometry is more simpler to visualize and calculate but the cable
has a cylindrical shape and the elements along the radius of the cable sample are
also not rectangular rather they are of a different shape (segments). This brings a
change in the element size, shape as well as the matrix A for the distances given by
equation 5.4.

In this case instead of the rectangular coordinates the cylindrical coordinates (ρ, θ, z)
are used as they offer the possibility to do calculations simply as well as provide
better visualization of the location of charges. In this case the radius of the cable
sample was assumed to be aligned with the r-axis and the height of the sample along
z-axis. The center of the cable is aligned along with the zero of all the three axis.

The division of the cable geometry is done as shown in 5.4. In this case there are
three divisions along the ρ-axis and four divisions along the φ axis. There is only one
division along the z-axis. This gives a total of 12 elements of the shape as shown.
The space charge density in each element is presented as one point charge just like
the rectangular geometry.

After the division, the process is similar to the rectangular geometry. The matrix
A in equation 5.4 is calculated which is then multiplied by the charges to get the
potential distribution in MATLAB. This distribution is then plotted in MATLAB.
The MATLAB code for this is attached in Appendix A.1. The surface potential
obtained from this mathematical model when there is a space charge density in the
first ring in comparison with the surface potential from COMSOL is shown in figure
5.5.

The comparison looks satisfactory but there is some difference in the MATLAB and
COMSOL results. This can be removed by adding some divisions along the z-axis
and increasing the number of divisions along the φ axis to increase the total number
of elements.
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Figure 5.4: Division of elements and location of point charges

Figure 5.5: Comparison of COMSOL and MATLAB results
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5.4 Convolution

It has been shown in the previous sections that if the potential distribution on
the cable sample is measured, the inverse matrix method can be used to solve the
equation 5.5 and the amount of charge can be obtained which can be converted
into space charge distribution. However in case we increase the sampling points the
computational complexity is very large [21] and it is not possible to solve the matrix
directly. Therefore, there is a need to decrease this computation time. This can be
done by employing digital signal processing.

In case the cable sample is assumed as a system as shown in figure 5.6 whose input
is the space charge distribution and the output is the surface potential due to all
these charges.

Figure 5.6: Cable sample and measuring equipment as a digital system

Before we can apply convolution to the system it is important to determine if the
system is an LSI (Linear shift invariant system).

• Linear system

Consider a system with two outputs y1(n) and y2(n) in response to input x1(n)
and x2(n) respectively. In case a sequence ax1(n) + bx2(n) is applied as an
input, the output is ay1(n) + by2(n) where a and b are constants. The cable
sample system in this case is linear because in case charge Q1 produces an
output V1 and charge Q2 produces and output V2. Then, the a combination
Q1 +Q2 produces an potential distribution V1 + V2.

• Shift invariant

A system can be said shift invariant if an input x1(n) produces and output
y1(n), then the shifted input sequence x1(n− n0) produces and output y1(n−
n0). The cable sample system in this case can be considered shift invariant.

Since this is an LSI system, convolution can be used on this [22]. The equation 5.4
can be written in terms of convolution as equation 5.6

V (n) = A(n) ∗Q(n) (5.6)
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where V (n) is the measured potential, Q(n) is the charge and A(n) is the impulse
response of the system which in this case is the measurement system. The equation
5.6 can be converted into the frequency domain using fast frequency transform and
written as

V (ω) = A(ω)Q(ω) (5.7)

The equation 5.6 can be employed in finding the space charge distribution as follow:

1. As a first step we use a calibrated prototype which is designed with exactly
similar properties as for the actual cable sample to find the matrix A(n). In
this step, a known charge distribution is created and the surface potential is
measured.

2. The potential V (n) and the charges Q(n) are converted into the frequency
domain using the fast Fourier transform into V (ω) and Q(ω) respectively.

3. A(ω) is found out by using the equation 5.8.

A(ω) =
V (ω)

Q(ω)
(5.8)

4. As a next step the potential is measured for the actual cable sample system.
The equation 5.9 is used to find out the charges

Q(ω) =
V (ω)

A(ω)
(5.9)

5. These charges Q(ω) are converted back into discrete domain using the inverse
fast Fourier transform to get back to Q(n).

Using the steps mentioned above will help in avoiding the complex computation that
results from using the geometry models in section 5.2 and 5.3.

5.5 Conclusion

Both the methods discussed in this chapter are used in chapter 7 to calculate the
amount of charge using the measurements performed on the calibrated sample (will
be discussed in chapter 6).
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CHAPTER

6
LABORATORY TESTS

6.1 Space charge development

In this section the experimental procedures followed are discussed. The experiments
performed to add some space charges to insulation are discussed followed by the
measurement done are discussed.

In order to carry out the space charge measurement technique on the sample from
DNV GL, there is first a need to be able to create some samples with space charges.
With these samples, it is possible to design a set-up that can carry out the desired
potential measurements in the actual scenario and use them to calculate the space
charge distribution.

One of the ways of preparing samples with space charges in the insulation was by
applying the rated voltage of 320 kV on a piece of DC cable for a time equal to the
time spent on the testing which was 6 months in this case. This was practically not
possible considering the resource limitations.

Another way was to create charges inside the insulation by some way which simulates
space charges. In order to achieve this, the following ways were investigated.

1. Using corona charging system.
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2. Creating charges at interface.

3. Developing charges using capacitor.

6.1.1 Corona charging system

A corona discharge is an electrical discharge that takes place when there is an ad-
equately high voltage applied to asymmetric electrodes e.g. a sharp pointed electrode
and a plate. This results in ionization of material surrounding the sharp electrode.
This ionization produces charges particles. [23]

In this set-up, a hole of diameter 4mm was drilled midway through the height of
sample and the hole had a depth of 10mm as shown in the figure 6.1. The corona
needle was inserted into the hole and a corona was applied at a voltage of 10 kV as
shown in figure 6.2.

Figure 6.1: Position of the hole
Figure 6.2: Schematic represent-
ation of setup

The sample was charged for 5 minutes as and after that, the sample was removed
and the potential at the surface of the sample was measured as shown in figure 6.4
and compared to the potential measurement on the surface before charging. The
potential measurement did not show any change. This meant that there were no
charges in the sample at the time of measurement.

In order to investigate the reason for no charge development with this technique:
the same process was repeated but instead of the corona application at the hole,
the corona was applied at the surface of the sample and the potential was measured
directly after removing the corona. It was observed that there was some potential
measured that decayed in a matter of a few seconds.

From this observation, it was concluded that in the first case the corona produced
some charges at the surface of the hole that combined with the charges in the air to
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6.1. Space charge development

Figure 6.3: Charging of the
sample

Figure 6.4: Measurement set-up

neutralize even before the measurement could be taken. Therefore, this technique
was found not suitable enough to add charges to the insulation as the charges do
not stay in the insulation trapped long enough to be able to carry out a set of
measurements.

6.1.2 Creating charges at interface

Since the corona charging introduces charges on the surface of the insulator, there
was a need for a way to add some charges within the insulator.

As discussed earlier, space charges are created at an interface in the presence of
a voltage. These charges are created as a result of a difference in the ratio of
permittivity and conductivity (ε/σ ) [10]. This theory was used to create space
charges in the sample. The cable sample from the corona charging system was used
and contained a hole drilled for the previous technique. This created an interface of
XLPE with air. It was expected that due to this defect charges will be accumulated
at the interface and then they can be measured on the surface using the technique.
A schematic representation of this defect, if the cable is cut along the radius, is
shown in figure 6.5.

A voltage of 12 kV DC was applied, as going above this voltage level caused dis-
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Figure 6.5: Schematic representation of defect

charges across the surface of the sample. This voltage was first applied for 2hours
and after that for a time period of 4 hours. The sample was then removed from the
set-up and measurements were taken across the surface. The measurements were
performed using an electrostatic field meter. The test-setup, in this case, is shown
in the figure 6.6

Figure 6.6: Setup for the applying voltage

After the applied potential is removed, potential measurements are performed. Even
in this case, no potential was observed at the surface of the cable sample. One of
the main reason is that the electric field strength is not enough to create charges
even in the presence of an interface.
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6.1.3 Developing charges using capacitor

In order to measure space charges in a sample by potential measurements, there is a
need to create a known amount of charge inside a sample and perform measurement
using the technique developed in order to calibrate the measurements. This allows
the calibration of the technique as well as creates a controlled environment for the
testing. This could be achieved by creating a capacitor surrounded by the insulation
material and applying voltage to it to charge the capacitor which puts some charge
on the plates of the capacitor. The plates are embedded in the insulator and the
measurement are taken at the surface of the insulator.

Cylindrical capacitor development

To develop such a calibration, a prototype was designed. The aim of this setup
was to develop something that is close to the actual geometry and represents the
space charges closely in the sample. In this case, cylindrical capacitors were designed
using XLPE as a dielectric. These charges on the electrodes will represent the space
charges in a cable sample.

The figure 6.7 represents a 2D view of the prototype that is rotated symmetrically
around the axis to form a cable sample.

Figure 6.7: Prototype geometry (2D axis symmetric view)

There are wires leaving the geometry from one end of the sample for the voltage to
be applied. The voltage is applied only to the copper rings and the semi-cons are left
floating. In order to calculate the capacitances and later on the charge some fixed
values were chosen. These included the distance between the copper rings taken as
3.5 mm with a ring thickness of 1 mm and a height of 8 mm. The capacitance of
each of the cylindrical capacitor formed is calculated by using the formula below:
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C =
2πεεr
ln(b/a)

L (6.1)

Q = CV (6.2)

where b is the outer radius of the cylinder, a is the inner radius of the cylinder and L
is the length of the cylinder. As an additional note the equation 6.1 is for an infinite
cylindrical capacitor4 but it gives an estimate of the capacitances that can be used
for further calculations.

The voltage applied to each copper ring and the 3D geometry obtained is shown in
figure 6.8 along with the naming of the capacitor. This geometry needed to be casted
using the insulation material. Using the equations 6.1 and 6.2 the capacitances and

Figure 6.8: Prototype geometry (3D view)

the charges on the cylinder were calculated to be:

Table 6.1: Capacitance of each cylindrical capacitor

Capacitor number Capacitance(pF) Charge(pC)

1 11.98 0.0839
2 13.35 0.1335
3 14.73 -0.1778

From the calculation the charge on each of the rings was calculated by taking the
sum of all charges on each plate.
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Table 6.2: Charge accumulated on each ring

Electrode number Charge(pC)

1 0.0839
2 0.0497
3 -0.2514
4 0.1178

Figure 6.9: Potential obtained by the prototype
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The prototype was simulated in COMSOL multi physics and the voltage obtained
is shown in the figure 6.9

From the figure 6.9 it can be seen that the potential calculated becomes smooth and
decreases in amplitude as the vertical distance between the surface and the calcu-
lation point increases. This has been earlier observed in the COMSOL simulation
in chapter 4 as well. The flat parts on the red graph show the potential that is
applied and is calculated at the point where the top insulation is placed above the
capacitors.

The capacitances obtained in this case were very low to be able to keep the charges
in the prototype for longer periods of time. In order to observe the rate of decay for
capacitors of such order of magnitudes a test was conducted. The arrangement for
the test was as shown in the figure 6.10

Figure 6.10: capacitor test arrangement

The capacitance in this case was measured to be 0.1 pF. A voltage of +2 kV DC was
applied and the voltage was removed instantaneously without allowing the charges
to discharge through the voltage source. The change in E-field measured by the
electrostatic field-meter is shown in the figure 6.11

From this test it was concluded that a possible way to increase the time constant
for the charges was either increase the voltage level by substantial amount or in-
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Figure 6.11: Decay rate for the charge

crease the capacitance. Increasing the voltage would produce a greater magnitude
of charges that would be present in a significant amount even after the decay. This
was not possible as the insulation between the capacitors would not be able to with-
stand the high voltage and break down. The capacitance would increase the time
constant directly as time constant τ depends on the resistance and capacitance. Ca-
pacitance could be increased by either increasing the distance between the rings or
by increasing the length of the capacitors. Increasing the distance between the capa-
citors affected the radius of the prototype to be not equal to the actual dimensions
while increasing the length was a practically difficult issue for casting.

Considering the constraints, it was decided to keep the voltage applied to the ca-
pacitors and move to a simpler version of capacitors compared to the geometry in
figure 6.8.

Parallel-plate capacitor development

Based on the same principles as that of the cylindrical model discussed in the section
earlier, a rectangular geometry was constructed. This was the main controlled test
specimen that was used for the all the experimental work and analysis. Therefore,
it is discussed in detail in the section 6.2
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6.2 Controlled test specimen

As mentioned in the end of the previous section 6.1.3, a controlled test specimen
is developed to carry out the measurements for the technique. This 3D modeled
specimen is shown in the figure 6.12 and 6.13 which were parallel plate capacitors
stacked together with a layer of 1mm insulation on the top and bottom.

Figure 6.12: Front end view of the proto-
type

Figure 6.13: Side end view of the proto-
type

6.2.1 Construction

This specimen was built using a plastic called PMMA as the dielectric material
(dielectric constant 3.6) between electrodes. Strips from a 1 mm thick PMMA sheet
were cut using a laser cutter to achieve precision. Strips of different sizes were cut
to be put into different positions of the prototype as shown in figure 6.14. In order
to make the electrode aluminum tape was stuck to one side of the strips as shown
in figure 6.15. The whole geometry was then assembled together to get the form as
shown in figure 6.16

The distances were kept varying to create a variation of the capacitance and thus
the charge. There were 6 electrodes to which potential had to be applied. The
connections for these are taken out as can be seen in the figure. This potential was
applied using a voltage divider. A layer of plastic was added to the top and the
bottom of these capacitors to represent the areas in the cable sample at the top and
bottom surface where there are no space charges due to the cutting and exposure to
the surroundings.
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Figure 6.14: Strips obtained after cut-
ting

Figure 6.15: Aluminum tape stuck to
a strip

Figure 6.16: Assembled prototype

6.2.2 Voltage divider

In order provide voltage to the electrodes the voltage was supplied from a voltage
divider. A schematic of this voltage divider is shown in figure 6.17. The potential on
each electrode for an applied voltage V to the voltage divider is given by the table
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Figure 6.17: Schematic of the voltage divider

Table 6.3: Voltage on each electrode

Electrode Voltage(V)

1 V
2 5V/6
3 2V/3
4 V/2
5 V/3
6 V/6

6.2.3 Test setup

The final test setup made in this case is as shown in the figure 6.18. The results
obtained from this setup are discussed in the next chapter.
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Figure 6.18: Test setup for the controlled test specimen
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CHAPTER

7
RESULTS & ANALYSIS

This chapter describes the results of the measurements performed on the prototype.
Each section presents the results obtained from the final test setup followed by an
analysis and explanation of the results.

Different voltages were supplied to the prototype discussed in the end of last chapter.
This resulted in different voltage distribution across the six electrodes thus creating
a different charge distribution inside which is measured by the electrostatic probe.

7.1 Test 1

In this test, a voltage of 40V is applied to the voltage divider and the potential
across the surface in the absence of the top plastic sheet is measured. This means
that the surface potential is measured by the probe through air. The voltages on
the electrodes are given as follows in the table 7.1

The potential obtained from the probe is then compared to the potential obtained
using COMSOL simulation of the prototype. The results for this comparison are
given in the figure 7.1

From the figure it can be observed that the towards one end of the prototype the

57



Chapter 7. Results & Analysis

Table 7.1: Voltage on each electrode for Test 1

Electrode Voltage(V)

1 33.3
2 40
3 26.6
4 13.3
5 20
6 6.6

Figure 7.1: Comparison of voltage distribution between COMSOL and measured
results with +40V applied to voltage divider
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measured potential values start to clip and start to get constant at around +26V.
This is due to the instrument limitations as the voltmeter starts to display +26V
when the voltage exceeds this value in the positive polarity. No such clipping is
observed when the voltage exceeds 26V in the negative polarity.

Moreover, it can be observed that the measured values are closely related to the
expected values gotten from the COMSOL simulation. There is a difference in value
towards the right end. The reason for this difference is as: the sensor of the probe
reads a surface area. This surface area is known as spot surface resolution of the
probe. This is a diameter on the spot of surface which is actually being measured
by the probe and gives a value of potential based on that surface area as shown in
figure 7.2. Once the probe sensor surface area is such that it is partly the sample
and partly across the sample as shown in figure 7.3 then the readings of the probe
are not reliable anymore.

Figure 7.2: Position of probe for
reliable results

Figure 7.3: Position of probe for
unreliable results
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7.2 Test 2

As an effort to avoid the clipping that is earlier discussed, a voltage of 20 V is applied
to the voltage divider and the potential across the surface in the absence of the top
plastic sheet is measured. The voltages on the electrodes are given as follows in the
table 7.2

Table 7.2: Voltage on each electrode for Test 2

Electrode Voltage(V)

1 16.65
2 20
3 13.3
4 6.65
5 10
6 3.3

Figure 7.4: Comparison of voltage distribution between COMSOL and measured
results with +20 V applied to voltage divider

The observation as can be seen from figure 7.4 are similar to the ones in test 1.As
an added remark, no clipping is seen as was observed in test 1 due to the technical
limitation of the equipment.
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7.3 Test 3

Applying a voltage of -40 V and -20 V to the voltage divider and measuring the
potential across the surface in the absence of the top plastic sheet. The voltages on
the electrodes in this case are given in table 7.3.

Table 7.3: Voltage on each electrode

Electrode Voltage(-40 V) Voltage(-20 V)

1 -33.3 -16.65
2 -40 -20
3 -26.6 -13.3
4 -13.3 -6.65
5 -20 -10
6 -6.6 -3.3

The potential distribution obtained in this case is compared with each other. This
comparison is shown in figure 7.5.

Figure 7.5: Comparison of voltage distribution with -20 V and -40 V applied to
voltage divider

The purpose of this is to see the effect on the instrument when -40 V is applied since
there was a clipping at +40V. The voltage waveforms for both -40 V and -20 V are
similar to each other without any clipping even in the case of -40 V.
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7.4 Test 4

In this test, a voltage of -20 V was applied to the voltage divider and the potential
across the surface was measured in the presence of the top plastic sheet. The results
obtained from simulating the same situation in COMSOL and the results obtained
in the actual measurement are shown in the figure 7.6.

Figure 7.6: Comparison of the potential measured v/s potential simulated in the
COMSOL with -20 V applied to divider in presence of top plastic sheet

Based on the simulation in COMSOL, as can be seen from the orange graph in
figure 7.6, it was expected that a wave shape similar to the one in test 2 will be
obtained but with attenuated magnitude of potential due to the presence of 1 mm
thick PMMA layer at the top. But, in this case, even a negative polarity of 20 V is
applied but the voltage measured is all positive. This can be explained due to the
presence of surface charges developed in the PMMA strip due to the charges inside
as well as the charges added to the system by other factors such as touching, rubbing
etc. These surface charges are much higher than the charges that are imitating space
charges and create a potential greater than +26 V which results in the clipping value
as can be seen in the blue graph from position 10 mm to 25 mm in the figure 7.6.

As an explanation for the distribution obtained between the position 2 mm to 10
mm towards the left of the blue graph: the thickness of the aluminum foil that
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is used as an electrode is 0.05 mm which adds a thickness of 0.35 mm and makes
the total top of the prototype to have a width of 27.35 mm whereas the sheet of
plastic is only 27 mm wide. This creates a gap on the left side as shown in figure 7.7

Figure 7.7: Gap position

and results in potential lines escaping into the air and creating a surface potential
distribution which is observed here on the graph. This value is still not negative due
to the surface charges as well that come under the measurement surface area of the
probe and create an overall positive voltage.

Moreover, a possible explanation for a gap of 0.35 mm creates a potential till the 10
mm position on the graph in figure 7.6 is the surface probe resolution as discussed
in section 7.1 as well as due to the combined contribution of the surface charges and
the potential lines escaping.
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7.5 Test 5

In this test, a voltage of -40 V is applied to the voltage divider. Two electrodes are
added on the ends of the prototype and they are grounded. The voltage distribution
on the electrodes in the prototype is the same as table 7.3. The potential distribution
is measured in the absence of the top plastic sheet. The waveform as that in 7.8 is
obtained.

Figure 7.8: Comparison of the potential measured v/s potential simulated in the
COMSOL with -40 V applied to divider in absence of top plastic sheet

As has been observed earlier in the case of an air layer at top, the two graph shapes
are closely related to each other.
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7.6 Test 6

The procedure is repeated as the same in section 7.5 but in the presence of the top
plastic sheet. The waveform obtained in this case is shown in figure 7.9.

Figure 7.9: Comparison of the potential measured v/s potential simulated in the
COMSOL with -40 V applied to divider in presence of top plastic sheet

The results from this test are similar to the results discussed in section 7.4. The
only difference is the grounded at the ends that can be clearly seen.
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7.7 Test 7

This test is similar to the test in section 7.6 except for the difference that in place
of a top plastic sheet a 0.5 mm XLPE layer is used. The top of the whole prototype
needed not to be covered due to the limited resolution of the probe at the distance
as shown in figure 7.10

Figure 7.10: XLPE layer at the top

For the same test, the measurements were repeated at different time periods to
observe the result. The graph for these tests are presented in the figure 7.11 where
the ’test a’ represents the measurement taken when the XLPE layer is put on the
prototype and the measurement is taken. The ’test b’ represents the test performed
when the same XLPE layer is allowed to sit on the prototype in the absence of
applied voltage for 12 hours and the measurement performed afterwards without
touching the layer. The ’test c’ represents the graph obtained when the test similar
to ’test a’ is performed at another instance.

It can be clearly seen from the figure that there is no particular pattern or similarity
that can be seen between the three measurements. This is due to surface charges as
mentioned earlier in section 7.4.

It can be observed that the waveform for ’test b’ follows a wave-shape that is similar
to the ones earlier but even in this case it is not possible to say anything about the
surface charges that are present on the layer. The reason is that the surface charges
create a voltage very easily that is much greater than the space charges that are
created in this prototype. These surface charges could have developed due to the
touching performed when putting the XLPE layer on the prototype or due to other
environmental factors. The presence of random surface charges every time makes
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Figure 7.11: Potential measured with -40V applied to divider in presence of XLPE
sheet

the results irreproducible. Even in case the XLPE layer is allowed to stand for longer
time periods or the surface charges are removed using equipment like ionizer, there
is still a small amount of surface charge [24] that will be present and which will
dominate the measurement.

One of the ways to eliminate this effect would be to use a much higher applied
voltage to the samples, however in that case we need a probe that can measure
higher voltages which was not available in the lab.

7.8 Analysis

In order to calculate the amount of charge from the potential measurement, the
mathematical model developed was applied. For this calculation the potential meas-
urement from COMSOL for 7.1 were used. The first step in this case was to find
out the charges that were produced by the number of capacitors. This provides a
reference to compare the charges calculated. For this the capacitance of each of the
parallel plate capacitor was calculated. The capacitors and electrodes were labeled
as shown in the figure 7.12 below:
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Figure 7.12: Calibrated prototype for calculation of capacitance with labelled elec-
trodes and capacitor

The capacitance for the capacitors was calculated to be:

Table 7.4: Calculated capacitance

Capacitor number Capacitance(pF)

1 59.74
2 29.87
3 29.87
4 23.89
5 29.87

Based on the voltage applied to the electrode as mentioned earlier, the charges on
each of the capacitor are calculated using the voltage difference present on each
capacitor:
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Table 7.5: Calculated charge for each capacitor

Capacitor number Charge(nC) Potential difference(V)

1 0.4002 6.7
2 0.4002 13.4
3 0.3973 13.3
4 0.1601 6.7
5 0.4002 13.4

The charge on each of the electrodes is represented by Qact and was calculated as
follow:

Table 7.6: Charge for each electrode

Electrode number Charge Qact(nC) Calculation

1 -0.4002 -Q1
2 0.8005 +Q1+Q2
3 -0.0030 -Q2+Q3
4 -0.5574 -Q3-Q4
5 0.5603 +Q4+Q5
6 -0.4002 -Q5

In the calculation performed in table 7.6 the electrode having the lower potential
takes in the negative charge while the one having a higher potential takes in the
positive charge. In this way each plate of the capacitor is given a charge and then
the overall charge is found by summing the charge on each electrode. This is also
shown more clearly in figure 7.13

7.8.1 Conversion using point charge model

In this section the conversion between the potential measured to the charge is shown
using the point charge model. For this the rectangular model from chapter 5 and
the equation 7.1 is used.
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Figure 7.13: Charge on each electrode


V1
V2
V3
V4
V5
V6

 =



k
r11

k
r21

k
r31

k
r41

k
r51

k
r61

k
r12

k
r22

k
r32

k
r42

k
r52

k
r62

k
r13

k
r23

k
r33

k
r43

k
r53

k
r63

k
r14

k
r24

k
r34

k
r44

k
r54

k
r64

k
r15

k
r25

k
r35

k
r45

k
r55

k
r65

k
r16

k
r26

k
r36

k
r46

k
r56

k
r66




Q1

Q2

Q3

Q4

Q5

Q6

 (7.1)

In this case rij is the direct distance between the charge i and the position of potential
measurement j. These distance are calculate by rules of geometry e.g. Pythagoras
theorem. V1, V2 and so on are the potentials measured above each of the 6 electrodes.
Q1, Q2 and so on are the charges on each of the 6 electrodes which have to be
calculated. k is the Coulomb’s constant.

The equation 7.1 can be written in a more compact form as equation 7.2

V = AQ (7.2)

In the equation 7.2 the matrix V is known from the potential measurements taken
from COMSOL while the matrix A is calculated using MATLAB. The code is at-
tached as an appendix.
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Assumptions

Some of the assumptions made in this case were:

• The voltage was assumed as a point measurement while in actual the probe
had an area.

• All of the charge present on the electrode was assumed to be as a point charge
located at the center of the electrode.

• The thickness of the aluminum tape used as electrode is assumed to be negli-
gible.

• The influence of capacitances other than those mentioned in the start are
neglected.

Geometry

The potential value taken from the COMSOL simulation are taken at the x-axis
value of 2 mm, 4 mm, 8 mm, 12 mm, 17 mm and 21 mm. These are presented by
the voltage V 1, V 2, V 3, V 4, V 5 and V 6 respectively. whereas, on a y-axis they are
located at the coordinate 25 mm.

The charges are located at the same position along the x-axis as the voltage positions
and are represented with the same subscripts as the voltage. On the y-axis they are
located at the center of the electrode and present at the coordinate 12.5 mm.

Results

Using the potential values from COMSOL at the mentioned distances along the x-
axis and the matrix A calculated by using MATLAB, the charge is calculated. The
charge calculated from using the inversion is represented by Qcal and is presented
in table 7.7

Analysis

As can be observed from the table 7.7 there is difference between the charge calcu-
lated Qcal and the actual values of charge Qact. This difference can be attributed
to the assumptions mentioned earlier, the charge Qact closely represents the amount
of charge present and is comparable to the charge calculated by the mathematical
model Qcal. In order to improve the charge calculation potential measurements
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Table 7.7: Calculated charge for each electrode by using the mathematical modelling

Electrode number Charge Qcal(nC) Charge Qact(nC)

1 -0.4366 -0.4002
2 0.7499 0.8005
3 -0.0706 -0.0030
4 -0.3918 -0.5574
5 0.5044 0.5603
6 -0.2785 -0.4002

closer to each other could be taken but that would create an overdetermined system
where the number of equations would be greater than the number of unknowns. Such
a system is not possible to solve and has an infinite number of solutions. Therefore
the values calculated are the closest possible to reality with the limitations of the
model taken into account.

7.8.2 Conversion using convolution

The results obtained in section 7.8.1 are validated by using the convolution method
discussed in 5.4 in this section.

In this case, the impulse function A(ω) is found out using equation 5.8 is used. This
is given as

A(ω) =
V (ω)

Q(ω)
(7.3)

To calculate the impulse response in this case the potential V (ω) for the test per-
formed in section 7.2 is known from COMSOL simulation and the charge is calcu-
lated. The calculation of the charge is similar to the one done in the beginning of
the section 7.8.

Step 1

As a first step, the charge Q1(n) is calculated. Based on the voltage applied to
the electrode for the test in section 7.2, the charges on each of the capacitor are
calculated using the voltage difference present on each capacitor. This is present in
table 7.8

The charge on each of the electrodes is represented by Qact and was calculated as
follow:
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Table 7.8: Calculated charge for each capacitor

Capacitor number Charge(nC) Potential difference(V)

1 0.2001 6.7
2 0.2001 13.4
3 0.1987 13.3
4 0.0801 6.7
5 0.2001 13.4

Table 7.9: Charge for each electrode

Electrode number Charge Qact(nC) Calculation

1 -0.2001 -Q1
2 0.4003 +Q1+Q2
3 -0.0015 -Q2+Q3
4 -0.2787 -Q3-Q4
5 0.2802 +Q4+Q5
6 -0.2001 -Q5

Step 2

The values of charge Q1(n) in table 7.9 is converted into the frequency domain to
obtain Q1(ω). Similarly the potential V1(n) obtained from COMSOL simulation in
section 7.2 is converted into frequency domain to obtain V1(ω).

Step 3

As a next step, the impulse response A(ω) in frequency domain is found out using
the frequency domain values calculated in the last step. This is done by using the
equation 7.3

Step 4

In this step Q2(ω) is found out. This is done by using the potential V2(ω) obtained
from the COMSOL simulation in test 1. The formula used in this case is equation
5.9 which is presented here again. The A(ω) is the same obtained in step 3.

Q2(ω) =
V2(ω)

A(ω)
(7.4)
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Step 5

The Q2(ω) calculated in the step 4 is converted back to charge Q2(n) using the
inverse Fourier transform. The result obtained in this case is presented in table 7.10

Table 7.10: Charge for each electrode calculated by convolution

Electrode number Charge Qcal(nC) Charge Qact(nC)

1 -0.3930 -0.4002
2 0.7679 0.8005
3 0.0447 -0.0030
4 -0.5523 -0.5574
5 0.4664 0.5603
6 -0.3036 -0.4002

The table 7.10 shows that the charges calculated by convolution are a better rep-
resentation of the actual charges present in the prototype. A main reason for this is
that there are no assumptions involved as made in the point charge model earlier.

7.8.3 Conclusion

The charges are calculated from both the point charge method and the convolution
method. From both the conversions, it can be concluded that convolution provides
better estimation for the charge in comparison with point charge method. The main
reason for this are the assumptions made in the latter. On the other hand, for
convolution there is a need to find the impulse response before the charge can be
calculated. This is possible if a calibrated sample is available before carrying out
the measurement. Therefore, each of the methods has its own limitations and can
be taken into account when carrying out the required conversion.
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CHAPTER

8
CONCLUSION & FURTHER WORK

8.1 Conclusion

Space charges develop in the insulation of the DC cables during operation. These
charges present inside the insulation stay there for long periods of time unless the
insulation is grounded for prolonged period. Their presence creates regions of high
electric field stress. This is highly detrimental to the cable varying from failure of
equipment due to premature aging to dielectric breakdown. Hence, space charge
accumulation in cable insulation material governs the failure behavior and life time
of the cable. Therefore, it is necessary to have knowledge of the space charge distri-
bution in a cable after laboratory pre-qualification or type tests. Electrostatic probe
technique was looked into for this purpose as it is simpler, cheaper and promising
to estimate the space charge distribution in a HVDC cable with insulation thickness
in the order of 10’s of mm, after being tested in DNV GL laboratory.

Some of the conclusions that can be drawn from the laboratory tests conducted at
TU Delft and the COMSOL simulations done in the thesis are as follows:

• In real sized DC cables, space charges can create voltages in the order of kV.
This is clear from the COMSOL simulations done and the literature review
carried out.

75



Chapter 8. Conclusion & Further Work

• A calibrated sample, that contains a known amount of charge, can be created
with charges that imitate the space charges.

• Surface charges greatly affects the space charge measurement as it creates
charges that are much higher than the space charges in this thesis and dominate
the voltage measurements.

• It is possible to carry out space charge measurements using the electrostatic
probe technique provided that a voltmeter and probe which can measure
voltage levels in the kV range are used. This is concluded from the results
as observed in chapter 7. This will allow to create potential and then measure
in the higher range to neglect the effect of surface charges and imitate more
clearly the space charge values in the real world.

Due to the reasons mentioned above, it can be concluded that the technique of an
electrostatic probe is feasible to get an estimate of the space charge distribution in
HVDC cables after testing but it requires more research and this thesis leaves this
topic open for further research as mentioned in section 8.3.

8.2 Contributions

The following contributions have been made with this thesis:

• Demonstrating the feasibility of using an electrostatic probe for off-line space
charge measurements on a real HVDC cable after testing.

• Development of a calibrated sample for space charge measurements.

• Development of a mathematical procedure along with its limitations and chal-
lenges to obtain the charge distribution from the voltage measurements with
the electrostatic probe.

8.3 Further Development

Some of the improvements that can be made to apply this technique in order to carry
out space charge measurements after type testing for the high voltage laboratories
in DNV GL are as follows:

1. Buying an electrostatic voltmeter which can measure voltage levels in the kV
range of the samples of the DC cable after test.
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2. Developing a cylindrical prototype as a calibrated sample with XLPE as the
molding material and dimensions closer to the actual cable size to represent
the sample more closely.

3. Using an automated stage with a fixed place to hold the sample and automated
recording of the potential measurements to make the measurements more re-
producible and accurate in comparison to the manual movement platform to
do the measurements

4. Carrying out the measurements in such an environment which prevents the
creation of surface charges once the sample has been left for some time to
remove them.
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APPENDIX

A
APPENDIX 1

A.1 Matlab Code 1

rings=3;
section per ring=1;
N=rings*section per ring;
a=33.05 ;
b=54.55;
x=(b-a)/N

%theeta divisions to be made R
R=4
theeta=(2*pi)/R

% inner radius of each element
I(1)= a;
for i=2:N
I(i)= I(i-1) + x;
end

O(1)=a+x;
%outer radius of each element
for i=2:N-1
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O(i)=I(i+1);
end
O(N)= b;

Q=zeros(R,N,3);

% r component of each charge
for i=1:N

Q(:,i,1)= I(i)+ 0.5*(O(i)-I(i));
end

Q(:,:,3)= 5;

Q(:,:,2)=(0+theeta)/2;

for i=2:R
Q(i,:,2)= Q(i-1,:,2)+theeta;

end

%pos v matrix
start=30;

einde=59;
noofpoints=100;
interval=(einde-start)/noofpoints;
pos v=zeros(1,noofpoints,3)
pos v(1,1,1)=start

pos v(1,1,2)=Q(1,1,2)
pos v(:,:,3)=10

for i=2:noofpoints
pos v(1,i,1)=pos v(1,i-1,1) + interval;
pos v(1,i,2)=Q(1,1,2)

end

D=zeros(R,N,noofpoints);
%distance of pos v from each charge
for k=1:noofpoints
for i=1:R
for j=1:N
D(i,j,k)= sqrt((pos v(1,k,1))ˆ2 + (Q(i,j,1))ˆ2
-(2*pos v(1,k,1)*Q(i,j,1)*cos(Q(i,j,2)-pos v(1,k,2)))
+(pos v(1,k,3)-Q(i,j,3))ˆ2);
end
end
end

vol=zeros(R,N);
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for i=1:R
for j=1:N

vol(i,j)= 0.5 *(10) * ((Q(i,j,1)+(x/2))ˆ2
- (Q(i,j,1)-(x/2))ˆ2) * ((Q(i,j,2)+(theeta/2))
- (Q(i,j,2)-(theeta/2)));

end
end

volume1=vol(1,:)
dis = D.ˆ(-1);
S = sum(dis);
potential=zeros(1,noofpoints);

charge dens=[ repmat( 0.0067,1,section per ring)
zeros(1,section per ring)
zeros(1,section per ring) ]

for i=1:N
charge(i)= charge dens(i)*volume1(1,i)*(1e-9);

end
charge

for i=1:noofpoints
for j=1:N
potential(1,i)= potential(1,i)+ (charge(1,j)*S(1,j,i)*(1e3));
end

end

potential=(3e9) * potential
plot(pos v(1,:,1),potential)

A.2 Matlab Code 2

%area of plate of capacitor
l=25;
w=150;
a=l*w;
eo=8.85e-15;
er=3.6; %relative permittivity
k=1/(4*pi*eo*er);
d=[2 4 4 5 4];
qx=[2 4 8 12 17 21 23];
vx=qx;
vy=12.5;

A=zeros();
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for i=1:6
for j=1:6

A(i,j)=sqrt((vy)ˆ2 + (vx(i)-qx(j))ˆ2) ;
end

end

B = zeros(6);

for i=1:6
for j=1:6

B(i,j)= ((A(i,j))ˆ-1);
end

end

Qcal=(1/k)*(inv(B)*(v'));

A.3 Matlab Code 3

format long
v1=[v1;zeros(20,1)];
q1=[q1];
n= length(v1) + length(q1) - 1;

q1fft = fft(q1, n);
q1fft(1) = 1e-4;

h= ifft((fft(v1,n) ./ q1fft),n );

q2fft = (fft(v2, n)./ fft(h, n))
q2fft(1) = 0
q2 rec = ifft(q2fft)
q2 rec=q2 rec(1:size(v2))
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NOMENCLATURE

AC Alternating Current
DC Direct Current
HV AC High Voltage Alternating Current
HVDC High Voltage Direct Current
kV s kiloVolts
LSI Linear shift invariant
PDE Partial differential equations
XLPE Cross-linked polyethylene
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