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Abstract

The world’s first commercial High Voltage Direct Current (HVDC) transmission link was built in 1954
between the Swedish mainland and the island of Gotland. At that time, it was proved that HVDC
transmission is technically feasible. Since then, HVDC cable systems have been used worldwide in
electrical energy transportation. Most HVDC installations in use around the world today, use paper-
insulated, oil-filled type cables.

Extruded dielectric cables with cross-linked polyethylene (XLPE) has long been the preferred solution in
HVAC applications due to a combination of low material and processing costs, reliability and appropriate
mechanical and electrical properties. However, polymeric HVDC cables suffer greatly from space charge
accumulation during dc voltage application and from ‘low’ depletion rate of accumulated space charge
when the external field is removed. As a result, considerable modifications of the electric field
distribution with respect to the geometric Laplacian field occur, especially in case of voltage polarity
inversion. This may cause insulation degradation and premature breakdown.

Manufacturers are trying to tackle the problems related to space charge phenomena by introducing
additives to the insulation or semicon layers. The development of new polymeric materials with improved
performance under dc electrical stress requires a thorough investigation of the properties governing
charge injection, transport and trapping. Particularly mobility and trap depth distribution are very useful
to describe and compare the behavior of different materials from the view point of charge dynamics and
field modification.

In this thesis, different polymeric mini-cables are examined under DC stresses with regard to their space
charge dynamics. Two different types of XLPE insulation and four types of semi-conductive layers
compose eight different combinations of mini-cables.

The specimens are subjected to space charge measurements and conduction current measurements in
order for their electric field thresholds to be determined. The threshold for space charge trapping is an
important parameter for the design of insulation systems subjected to dc electrical fields. If the applied
electric field exceeds the threshold, charge injected from the electrodes can accumulate in traps located at
the interface with electrodes and in the insulation bulk.

Furthermore, depolarization characteristics obtained at high electric fields and temperatures, are used in
order to further investigate the performance of the mini-cables with respect to their apparent trap-
controlled mobilities and trap depths, including the space charge distribution along the trap levels.

The main goal of this thesis is to evaluate how the composition of insulation and semi-conductive layers
affects the space charge dynamics in polymeric mini-cables.



Table of Contents

Lo INTFOAUCTION .ttt ettt et e s b e s bt e sa et st e bt e bt e beesbeesaeesateenbeebeesaeesane e 1
1.1 The dynamic role of HVDC in transmission SYStEMS .......ueiiiciiieiiiiiee e citee et e ee e 1
1.2 HVDC CADIES ...ttt ettt et et e s e e st e e s bt e s be e e sabe e s bee e sab e e sabeeeanreesareeesareenn 2
1.3 Space Charge PhENOMENG ... .uuiii i e e e e st e e s sabe e e e e sbeee s esabaeeeenareeas 2
1.4 Polymeric cables in HVDC appliCatioNs......ccccuiiiiieiiieiceiiee ettt ettt evae e e e rae e e e erae e e e areeas 3
1.5 Polyethylene Dased CabIes.........cocuiiiiiiiii e e e e e e e bee e e e e rae e e e eareeas 3
1.6 THESIS OULINE (.t h e sttt sttt e b e b e s bt sae e et e eteenbeesbeesaeenas 4

PN = 7= ol 4o 1] oo I I o T=To T oV S PP SPR 5
2.1 Space charge aCCUMUIALION .....uiiiiiiiiie ettt e e e e s ebte e e e s bte e e e sbteeeesseaeessnsraeessnes 5

2.0.1 BaSIC FBATUIES ..ee ettt ettt ettt ettt e st e e bt e st e s be e e s ab e e sabe e s bbeesabe e e bteenateesbaeenareenn 5
2.0.2 IMACTOSCOPIC VIEW . eieeeeeeeeeieeeeeee e e eee e e eee e e ee e e e e e e e e e e s e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eeeeeeeeeeeeeaeeeeeaeeseesaesaeeeaeananens 5
2.0.3 IVHCIOSCOPIC VIBW .. eieeeeeeeeeeeeeeeeeeeeesese e e e eeee e e e e e e s e s e e e e e e e e e e e e e e e e e e e e e e e e e e eaeeeesaeeseeeeeeaeaseeseseeeseeseeeseeaaenenns 9
2.2 Trapped space charge accumulation threshold...........oociiiiiiiiicc e 15
PG T D1 1=Y [ Tord g ol o To] [ =Y o [PPSR 18
2.4 Temperature dEPENUENCE ....c.uiii ettt e et e et e e et e e e sttt e e e ssabaeeesastaeeesassaeeessssseeesansseeeans 20
2.5 Semicon - iNSUltION INTEITACE ...cocuiiiiiiie ettt st 20
P ST O g T T =d I o - [ =] £ USRI 21
2.7 Mobility and trap dEPTH ....coo e e e e et e e e et e e e e ra e e e e bae e e e e aaraeean 22

3. EXPerimental MEENOMUS. . ..o e e et e e e et e e e s ta e e e e beeeeearaeeeeanes 27

0 A =TS B o T=Tol [ 1= o OO PPOUPTPPPPPPPN 27
3001 CAbBI@S ottt et sre e sae e et reenreesane e 27
3.1.2 SEMICON PIAGUES ...ttt eetee ettt e et e e e et e e e e et e e e e eebteeeeebtaeeseassseeeenbtseeeasseeaeasssaseassneananses 29

3.2 SPACE Charge MEASUIMEMENTS ... .uviiieeiiieeeeiiieeeectte e e e itteeeestteeeestteeeeeasaeaeessaeesasseeesasteeesesseeesennsenns 29
3.2.1 PEA fOr flat SPECIMENS ....oveiieiiiee ettt e ettt e e e et e e e e e bt e e e e ebteeeeebbeeaesastseaesassaeaesnnes 29
3.2.2 PEA FOr CabI@S. ettt e 33

3.3 Conduction current measurements 0N PlAGUES .......c.uueveeiiiiieiiiieeecciee e e ere e e 40

3.4 Conduction current measurements 0N CabIes.........c.oiviiiiieiiiiienicreeeee e e 41

4. Experimental Results of Space Charge MeasuremeNnts .........ccoccuuieeeciiieeeeciieeeecireeeeecire e e e tree e e aeaeeea 44
4.1 Space charge measurements at positive POIarity ......ccccceiveeciiiiiee e 44



A.1.1 CaBIE 115432 ..ottt e et e b e e s e s be e e bee e s be e e enr e e sareesreeesbeeeane 44

A O o] [ B R PO 48
G R 0] o] T B R 1 Ft PRSPPI 51
A.1.4 Cable TL544-3 ...ttt ettt st sttt b e b be e she e sae e et e e bt e nbeenheesaeenas 54
4.1.5 Results obtained during an €arlier Project .......ceeevcuieeeeciee e e 57
4.1.6 Cable comparison & diSCUSSION ....ccccuuiiiiiiiiieieciiee ettt e ettt e st e e st e e s sraeeessbaeeessnraeeesssneeeesns 58

4.2 Space charge measurements at Negative POIArity......ccccevrciiii i 61
4.3 Mobility and trap depth @stimation..........occieiiiiiiii e 64
4.3.1 Apparent trap — controlled MOobility ........ccviiieiiiii e 64
e T A - o Jo (=T o o F TR 66

5. Experimental Results of Conduction Current MeasuremMents........coceeeecieeeeeiieeeeecieeeeeeeeeeeveeeeeeens 70
5.1 Conduction current measurements 0N SEMICON PIAQUES......ccccurereiiiiieeeriiieeeerireeesreeeesereeeeseneeeas 70
5.2 Conduction current measurements 0N Cables.......cc.iiviiiiiiiiniieniee e 71
LI R - o1 L= Y PPN 71
5.2.2.Cable 115433 ... ettt ettt b e bt sat e sttt b e bt be e she e et e et e e beenbeesaeeeas 75
5.2.3 CaBIE 115434 ...ttt st sttt b e bt be e she e st e et e e beenbeesaeeeas 79

oIS T D T I of U 11T ] o TP PP O PP PPPPOPO 83

6. Conclusions & RECOMMENAALIONS .....ccviiiiiieiieiiiieete ettt ettt st e e sbe e sbe e e sabeesbaeesaree s 84
6.1 CONCIUSIONS ...eeeneiieeiiie ettt ettt et e ettt e sttt e st e s bt e e sabee s bbeesabeesabeeesabeesabeeeasbeesabeeenaseesaseesaseeesaseeanns 84
6.2 RECOMMENTALIONS ..ottt ettt sttt b e sbe e saeesareen e e reesneesnee e 87
AppPendiX | = SigNAl PrOCESSING.....cciiiuiiiieeiieie ettt e et e e e et e e e eebae e e e abaeeeesasaeeesassseeesansreeesansranenan 89
Appendix Il - Technical Specifications of the PEA SETUD .......ooiviiiii ettt e 96
Appendix Il - Technical Specifications of the CCM Setup for Plaques .........ccceecuvveeeeciieeecciiee e, 101
Appendix IV - Technical Specifications of the CCM Setup for Cables........cccveevciiiiiciiiee e, 103
23] o FTeT =4 =T o] o 1SRRI 105
Y Yol 4 o1V 1=To Fed o T=Y oY £ TSP 107



Vi



CHAPTER 1 | Introduction

1. Introduction

1.1 The dynamic role of HVDC in transmission systems

High voltage direct current (HVDC) technology has characteristics which makes it especially attractive
for certain transmission applications. HVDC transmission is widely recognized as being advantageous for
long-distance, bulk power delivery, asynchronous interconnections and long submarine cable crossings.

The number of HVDC projects committed or under consideration globally has increased in recent years
reflecting a renewed interest in this mature technology. New converter designs have broadened the
potential range of HVDC transmission to include applications for underground, offshore, economic
replacement of reliability-must-run generation, and voltage stabilization.

HVDC techniques are used in the power grid in cases where high voltage alternating current (HVAC)
techniques simply cannot be used or have large disadvantages. If long distances have to be bridged,
HVAC cables can no longer be used due to the high capacitive currents. From a certain length of cable
on, the capacitive current is so large compared to the current that has to be transmitted, that it is no longer
feasible to use AC voltage. This break-even point depends on many factors, but at present lies around 30
km for submarine cables and around 500 km for overhead lines.

Other important advantages, that the use of HVDC in transmission can offer, are listed below.

o Connecting power grids that operate at different frequencies

o Connecting power grids that operate with different control procedures

e Increasing the transmission capacity and the possibilities for energy exchange

e Higher power transfers are possible over longer distances using fewer lines with HVDC
transmission than with HVAC transmission.

e The control of reactive power, which supports the network stability and the power quality (when
voltage source converters VSC are used)

o HVDC cable systems are considered environmentally friendly, because of their low visual and
noise impact

e Using HVDC cables in a bipolar configuration, practically no magnetic field is produced

o Relatively short time for constructing a new link

However, the electric field distribution at DC voltage differs greatly from that at AC voltage. The field
distribution at DC is determined by the conductivity & of the insulation which is not constant and depends
strongly on the temperature and the electric field. Surface charges and space charges play an important
role too. As a result, the intermediate fields are space, temperature and time dependent. This makes the
determination of the electric field at DC voltage a far more complex matter than the equivalent case at AC
voltage.
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1.2 HVDC cables

Most of the HVDC cables are mass-impregnated or oil insulated. Through the years, the power
transported by the DC links and their rated voltages have increased, the cable systems have become
longer, the AC/DC conversion technology has changed, but mass impregnated and oil-filled insulation
have been, in practice, the only type of insulation to be used up to 1999.

The type of mass-impregnated paper insulated cable is mainly used in long sea crossings. This type of
cable needs no oil feeding and has a proven reliability. The first HYDC cable in the world was a cable of
this type and is known as the Gotland cable. It connects the Gotland island with the Swedish mainland
and it was constructed in 1954.

The oil-filled cable is also paper-insulated, but impregnated with thin oil and has a proven reliability as
well. It has a higher transport capacity due to its higher continuous electrical design stress and higher
operating temperature. However, the disadvantage of this cable is the need for oil feeding once every 10
to 20 kilometers. This makes it less interesting for long water crossings. The only cable of this type in
service so far connects Denmark with Germany (400kV, 600MW, 175km).

The main issue, which needed to be resolved for the development of the HVYDC polymeric cables, is the
control of the space charge phenomena which affect the reliability of the connection. Nowadays, this
concern has been addressed, but only partially solved. As a consequence, mass-impregnated paper is still
the dominating technology for HVDC cable insulation.

Recently, some innovative HVDC cable projects making use of polymeric cable insulation have been
completed [26, 27]. However, the polarity of the DC voltage must be kept fixed and then the inversion of
the power flow has to be done by inverting the current direction. This limits the application of the
polymeric cable systems to HVDC links using IGBT-based converters (VSC).

1.3 Space charge phenomena

One of the intrinsic properties of the DC cable insulation is the accumulation of charges. Insulating
materials allow a weak electrical conduction. This weak flow of charge within the insulation may not be
uniform, because of a local non-homogeneity of the material. When an inequality occurs between the
flow of charges into a region and the flow of charges out of that region, charge accumulates in that region.

In an AC situation, the flow of charges inverts its direction too quickly to allow a significant growth of
space charge at the insulation inhomogeneities, at least for conventional insulating materials. This means
that the space charge field can be neglected.

However, under a DC stressing condition, the flow of charge maintains the same direction. This allows a
build-up of charge, which, in general, significantly affects the electric field distribution inside the
insulation.

Accumulated charges can be released by the insulation when the external field is removed and the
insulation is short-circuited. However, this process can last quite a long time, depending on the insulation
type and temperature. In general, charge depletion takes much longer for polymeric insulated cables than
for mass-impregnated or oil-filled insulated cables.
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A consequence of this phenomenon is that the accumulated charges will be kept within the insulation also
when the external DC voltage is removed or when the value of the external DC voltage changes. The
inversion of the voltage polarity in HVDC cables is a practical example of such a situation. In this case,
the insulation experiences the sum of the space charge field and the field induced by the DC voltage
which direction has been inverted. This generally leads to a maximum field near the inner conductor of
the cable.

1.4 Polymeric cables in HVDC applications

Extruded dielectric cables with cross-linked polyethylene insulation have been used for underground
transmission and distribution of power using HVAC transmission. Extruded XLPE has long been the
preferred insulation material due to a combination of low material and processing costs, reliability and
appropriate electrical and mechanical properties. However, it has been mentioned that most current
HVDC installations in use around the world today use paper-insulated, oil filled-type cables.

The reasons for using paper-insulated, oil filled-type cables are mainly two. Firstly, the adoption of XLPE
for dc applications is not possible by simple translation from ac technology. Secondly, the demand for
using HVDC cables has in the past been very low, mostly in underwater installations, so that the use of
polyethylene in HVDC became attractive to cable manufacturers only when the number of HVDC
projects increased sufficiently to make the development costs recoverable.

It is now widely believed that the extruded HVDC cables offer significant advantages over the traditional
paper insulated cable types. A higher conductor temperature can be used, giving a more compact cable for
the same power rating. Lighter moisture barriers can be used, giving a lighter cable. Joining of extruded
cables is much simpler and requires less skill. Finally, the use of extruded cables avoids the significant
long-term environmental hazards associated with oil leaks.

1.5 Polyethylene based cables

Polyethylenes vary in molecular weight and degree of branching, with the highest branching occurring in
low-density polyethylene LDPE. Other polyethylene families are unbranched or high-density
polyethylene HDPE and short-branched linear low density polyethylene LLDPE. The polyethylene most
commonly used for HV insulation purposes is cross-linked polyethylene XLPE, which is LDPE cross-
linked with an organic peroxide, typically dicumyl peroxide. XLPE offers good electrical characteristics,
ease of processing and acceptable cost, and has therefore been a popular extruded dielectric material.

In the production of XLPE, methane, acetophenone and cumyl alcohol are among the by-products of the
decomposition of dicumyl peroxide. Since methane is explosive, the XLPE insulation of cables is vented.
For instance, it is heated to 70°C in a fan-forced oven, to remove most of the methane and other by-
products before the next stage of manufacturing is commenced. The amount of dicumyl peroxide initially
added to the base polyethylene is also kept to a minimum for the same reason.

The mechanical properties of XLPE are such that, when used as insulation in a power cable, it can tolerate
a conductor temperature of 90°C almost indefinitely, 130°C for up to 36 hours during emergencies and
250°C for a few seconds during short-circuit. It undergoes a phase change from a ductile semicrystalline
solid to a noncrystalline elastomer in the temperature range 90-110°C and the associated expansion is an
important factor in the design of cable joints and terminations.
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Space charge may accumulate in a solid dielectric when a dc voltage is applied across it. The electric field
distribution is distorted and if the space charge density is sufficiently high, the local field strength may
exceed the breakdown strength of the dielectric, leading to a failure. Polymer structure and degree of
crystallinity can influence the dielectric strength and space charge formation. The amorphous regions in
polyethylene are the preferred trapping locations of charge-carrying species.

In the area of polymer insulators additive technology is used in order to improve their overall
performance. Most strategies to date involve an extension of the role of existing polyethylene additives.
Insulating grade XLPE used in HVAC cables typically contains additives, such as stabilizers (i.e.
antioxidants), cross-linking agents and other compounds that increase the ability of the material to
withstand oxidation, electrical and thermo-mechanical stresses. Lubricating additives, unsaturated
compounds to increase cross-linking density and scorch retarding agents may also be added. Additives
traditionally used for HVAC cables can be selectively used in various combinations to produce XLPE
insulation for HVDC cables with reduced space charge accumulation.

Currently, accumulation of space charge limits the use of polymeric insulated HVDC cables to
transmission systems that do not undergo polarity reversals and have a limited voltage range. The use of
polymeric insulation for HVDC cables is highly desirable from a commercial perspective, and so there is
a need for further research to gain a more complete understanding of processes involved in space charge
accumulation.

1.6 Thesis outline

The aim of the here described research is to electrically characterize different polymeric mini-cables with
regard to their space charge behavior under HYDC. More specifically, the space charge dynamics of these
mini-cables is investigated by means of space charge and conduction current measurements. The mini-
cables under investigation are based on different types of insulation and semi-conductive materials and
the goal is to evaluate the performance of each combination when it is subjected to HVDC fields.

In chapter 2, the basic background theory related to space charge phenomena is presented. In the
following chapter, the experimental methods used for the space charge and conduction current
measurements are described in detail.

In chapter 4, the experimental results with regard to the space charge measurements are presented and
discussed. The space charge accumulation thresholds at positive and negative polarity are presented in the
first part of the chapter. Next, a comparison between all the specimens follows in order to evaluate the
performance of each mini-cable with respect to its electric field threshold. Finally, the results of apparent
trap-controlled mobilities and trap depths are displayed and discussed in the last part of the chapter
including the space charge distribution along the trap levels.

The experimental results of the conduction current measurements on three mini-cables are quoted in
chapter 5. The purpose of these measurements is to verify the results of the space charge measurements
with regard to the electric field thresholds of the mini-cables with the use of another technique. The two
measuring techniques should give close, if not identical, results.

Chapter 6 contains the conclusions drawn from the measurements and some recommendations for future
research.
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2. Background Theory

In this chapter, the background theory of the main processes whose parameters are measured by means of
space charge and conduction current measurements is explained. An overview of space charge
accumulation is given in section 2.1. In section 2.2, the concept of electric field threshold for space charge
accumulation is discussed. Section 2.3 contains the effect of dielectric polarization which occurs when a
dielectric is subjected to a DC electric field. The effect of temperature and the role of semi-conductive
layers are explained in section 2.4 and 2.5 respectively. The space charge behavior at high electric fields
related to the generation and movement of charge packets is presented in section 2.6. Finally, section 2.7
contains the basic theory behind the estimation of apparent trap-controlled mobility, trap depth values and
distribution by using depolarization characteristics.

2.1 Space charge accumulation

The major phenomenon of space charge accumulation which complicates the design procedure under DC
stress is discussed in this section. Space charge is examined both from a macroscopic and a microscopic
point of view [1],[4],[5].

2.1.1 Basic features

The existence of space charge causes two major problems:
i Space charge distorts any electrical field present according to Poisson’s equation.

p
E0Er

—

V-E=

2.1)

ii. Energy is required to separate charged particles of different polarity. This energy is stored in
the system and may be used to damage or deform the material locally.

2
= SOEZE (22)

2.1.2 Macroscopic view

From a macroscopic point of view, space charge accumulates when the current density J is divergent.
Therefore, when the flow of charged particles into a region of space differs from the flow out of that
region, a net charge builds up in time in this region [5]. Places and circumstances that can lead to a
divergence of current density are listed below.

e Electrode-dielectric interface

e Dielectric — dielectric interface

e In the presence of a temperature gradient
e In case of gross inhomogeneities

e In case of morphological inhomogeneities
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Electrode — dielectric interface

The flow of charged particles through the interface is determined by the charge injection/extraction
mechanisms and their field and temperature dependence. On the other hand, the flow of charged particles
through the dielectric is governed by the charge transport mechanism of the dielectric and its field and
temperature dependence. Therefore, the build-up of space charge depends on the difference:

]inj(E; T) = Jtran(E;T) = A]interface (2.3)

Where Jiy; is the injection current density and Jy, is the current density through the dielectric. Three cases
can be distinguished which are described below.

1. ]inj(E; T) = ]tran(E; T)
In this case the interface is called Ohmic and no space charge is accumulated as the amount of
charges injected/extracted from the electrodes is just enough to replace the charges that are
removed from/towards the interface by transport.

2. ]inj(E; T) < ]tran(E; T)
In this case the electrode interface cannot convey the charges as fast as the dielectric can conduct
them. Therefore, positive hetero-charge will build up in front of the cathode and negative hetero-
charge in front of the anode. The hetero-charge increases the electric field in front of the electrode
and hence the injection current while reducing the bulk field and the transport current. Eventually,
a steady state situation is achieved when the two currents coincide.

Anode
(+)

Cathode
)

Unaffected electric field

— —

1 ) Electric field due to
hetero-charge formation

»

E

Figure 2.1 — Effect of hetero-charge on the electric field
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3. ]inj(E; T) > ]tran(E; T)
In this case the electrodes yield more charges than the dielectric can handle. Therefore, negative
homo-charge builds up in front of the cathode and positive homo-charge in front of the anode.
The homo-charge decreases the electric field in front of the electrode and hence the injection
current while increasing the bulk field and the transport current. Eventually, a steady state
situation is achieved when the two currents coincide.

Anode
(+)

Cathode
)

Unaffected electric field

— [ Electric field due to
homo-charge formation

E

Figure 2.2 — Effect of homo-charge on the electric field

Dielectric — dielectric interface

Space charge accumulation at the interface of two different dielectrics is described by the Maxwell —
Wagner theory. A hypothetical capacitive configuration is used to describe the phenomena at the interface
between two different dielectrics which is called Maxwell capacitor. The latter consists of two plan-
parallel electrodes separated by two dielectric slabs A,B of thickness d, and d, respectively. The Maxwell
capacitor is presented in figure 2.3.

+ Uo

Figure 2.3 — Maxwell capacitor
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At time t=0, a DC voltage U, is applied. Equation 2.4 combines the laws of Maxwell, Ohm and
continuity.

d
. Ry B 2.4
% aE+dtV cE =0 (2.4)

In a homogeneous electric field E acting in one direction, equation 2.4 results in equation 2.5.

d
(0aEq = 0pEp) + - (¢aFa — &pEp) = 0 (2.5)

Where &, &, denote the permittivities of the two materials, o,, o, denote the conductivities and E,, E, are
the electric field components in the two materials.

The voltage between the electrodes is given by equation 2.6.
daEa + dbEb = UO (26)

By using equation 2.6 and eliminating the term Ey, the solution of the differential equation 2.5 is given by
equation 2.7.

opUy (—t) Uy (—t)
E,=—220 (1- — )+ —L%  exp(— 2.7
a dbO'a + daO'b < exp T + dbga + daeb exp T ( )

Where z is the time constant and it is calculated according to equation 2.8.

. dbga + dagb

= 2.8
dbO'a + daO'b ( )

T

The growth of the surface charge « at the interface is calculated with the use of equation 2.9.

- —t
K= MUO (1 —exp <7>> (2.9)

B dbO'a + daO'b

The difference in permittivities and conductivities between the two materials leads to a discontinuity in
the electric field at the interface. As a result, a difference in conduction current density occurs which
results in the formation of space charge at the interface.
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Temperature gradient

A deviation from the geometric Laplacian electric field can occur when a cable is supplied by a DC
voltage and the insulation is subjected to a temperature gradient caused by heating losses originating from
the current in the conductor. Because the electrical conductivity of any insulating material depends
exponentially on temperature, a temperature gradient generates a conductivity gradient and thus the
permittivity to conductivity ratio e/o varies as well. Therefore, space charge p is generated in the dielectric
according to equation 2.10 [8].

p=J- V(g) (2.10)

Where J is the steady dc current density flowing through the insulation, ¢ is the permittivity of the
insulation and ¢ is the conductivity of the insulation.

The electric field profile at steady state can be significantly different from that derived by considering
only the cylindrical geometry of the cable insulation. If the accumulated space charge p is sufficiently
large, the electric field at the sheath of the cable can become higher than the field near to the conductor.
This phenomenon is known as field inversion.

Gross inhomogeneity

Most of the insulating materials contain fillers with inevitably different conductivities and permittivities
to that of the host material. The presence of those fillers introduces numerous interfaces between the host
material and the fillers. As a result, space charge accumulates at these interfaces due to the fact that the
guotient /o differs between the two materials.

Morphological inhomogeneity

In polymers such as polyethylene, crystalline parts and amorphous parts can be observed. The different
conduction properties between these regions can lead to charge accumulation at the boundary between
crystalline and amorphous regions.

2.1.3 Microscopic view
From a microscopic point of view, three important parameters are related to space charge accumulation in
polymers [4].

e Trapping of charge carriers
e Injection and extraction of charge carriers
e Conduction
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Energy band model

At this point it is essential to mention the difference between insulators, semi-conductors and conductors.
Their different behavior can be explained by using the atom model of Niels Bohr. According to that, a
number of electrons move in separate orbits around the nucleus of an atom. Not every orbit is possible; a
limited number of orbits which are situated at discrete distances from the nucleus are available. An
electron may leap from one orbit to another; it cannot move in between, every orbit represents a distinct
energy level.

There are two important energy bands, the valence band and the conduction band which are shown in
figure 2.4. In the valence band the electrons are firmly coupled to the atom. The upper band is the
conduction band. Electrons in this band can easily leap from one atom to another. Between these two
bands lies a forbidden area, the band gap. No electrons can occur in this band gap. An electron from the
valence band can reach the conduction band only if it obtains sufficient energy (thermal or otherwise) to
pass the forbidden band gap in one single leap. The same consideration is also valid for holes.

Vacuum level

Energy

level
conduction band

valence band

Figure 2.4 — Energy band model of Niels Bohr

Therefore, the conductivity of a material depends on the size of the band gap. If this gap is large it is
extremely improbable that an electron can pass the gap and add to the conductivity. The width of this gap
is expressed in electron volts eV. The band gap for an insulator is larger than 2eV, for a semi-conductor is
between 0.2 and 1eV and finally for a conductor is less than 0.2eV.

Structure of polyethylene

Polyethylene consists of long-chain molecules of CH,-groups. Sometimes side chains occur which disturb
the regular shape of the macro molecules. These regions are shown in figure 2.5. The main chains have a
length of thousands to tens of thousands CH,-groups. These chains run partly parallel to themselves or to
other chains. The parallel regions form the crystalline part of the polymer.

However, for another part of their length, the chains follow an arbitrary path and create amorphous
regions. In these regions, additives such as impurities and anti-oxidants are accumulated. This is an
important factor for the formation of space charge [4].

10
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The amorphous regions play an important role in determining the electrical properties of polyethylene and
it is thought that charge transport occurs mostly within them [8]. However, electron and hole transport
through band structure may exist along the length of polymer chains where a regular chain conformation
is maintained [1].

Amorphous regions

Crystalline regions

Figure 2.5 — Molecular structure of Polyethylene

Trapping of charge carriers

Incompletely bound atoms at crystal defects give rise to dangling bonds which can be satisfied by either
the removal or donation of an electron (or both) and thus behave as states within the band gap. However,
these energy states are not extended throughout the crystal, they only exist in the vicinity of chemical or
structural defects (often in amorphous regions). Electrons and holes entering these localized states are
therefore not available for conduction and may have to acquire considerable energy before they can leave.
These states are called traps. A trap for electrons is called acceptor and a trap for holes, donor.

Donors have energy levels immediately above the top of the valence band and acceptors have energy
levels immediately below the bottom of the conduction band.

conduction band

traps for electrons : acceptors

traps for holes : donors

Figure 2.6 — Energy levels of electrons and traps
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Furthermore, traps may take the form of sites where the field from an electron or hole can reorientate the
local structure thereby creating a potential well from which escape may be difficult. The depth of a trap is
defined as the energy that a charge carrier needs in order to be liberated. These are called self-traps.

Self-trapped charge is a form of space charge in which a region of an insulation contains localized charge
of one polarity which is not compensated by an equal concentration of opposite polarity charge [1]. This
causes local field enhancement due to Poisson’s equation.

= Pe
€

VE (2.11)

Where p. is the charge density (C/m®) and ¢ is the permittivity. Self-traps can be deep and keep charges
for a considerable time, up to many hours or even days.

Electrons can escape from localized states given sufficient energy and drift to other localized states under
the influence of the local electric field. However, conduction in the band gap by this method is very slow
since carriers spend most of their time in traps and very little travelling between them (trap-limited
conduction).

The occurrence of these traps is related to the additives in polymers, which tend to concentrate in the
amorphous regions. These additives consist of anti-oxidants which are added to the material to counteract
thermal aging, residues of the chemical processes during production such as crosslinking by-products and
finally, impurities which cannot be prevented in any material. Small differences in additives can have
large effects in the number of traps, so that the ability to store space charge is greatly affected by the type
and concentration of additives.

Injection and extraction of charge carriers

The conduction and the emission of charges in polyethylene are mainly performed by electrons, not by
ions [4]. Injection of electrons at the cathode and extraction of electrons at the anode are the main
mechanism for the emission of charges in polyethylene.

In order for a charge to leave the metal and enter the insulation, a potential barrier has to be passed. The
height of this barrier depends on the interface properties. Figure 2.7 presents this potential barrier.

Vacuum

A

E_

Electrode

Figure 2.7 — Barrier at the interface between electrode and dielectric
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The required energy for electrons is given by equation 2.12.
W=d—y (2.12)
Where @ is the work function of the metal and y is the electron affinity of the insulator.

Two main processes of charge injection are considered. The first one is the Schottky injection and the
other one is the Fowler-Nordheim injection.

The Schottky process is valid for “low” fields up to ~100kV/mm. Due to the applied electric field the
potential barrier is reduced and an electron can travel across the barrier. The Schottky injection current
density depends on temperature T and electric field E according to equation 2.13.

|[ P - e\}47f£Es ]
] =ATzexp 0cr (213)

| kT |
| |

Where A is a constant, T is the temperature and @ is the total barrier height.

On the other hand, the Fowler — Nordheim injection is valid for “high” fields above ~100kV/mm. In this
case the barrier becomes very thin, less than 1nm at 1000kV/mm. Therefore, electrons can pass through
narrow potential barriers despite having insufficient energy to surmount them, this is known as tunneling.
The injection current density, according to equation 2.14, depends strongly on electric field E and there is
no or small temperature T dependence.

3

—Cp2

] = BE?exp (2.14)

Where B and C are constants and ¢ = @ — Efepp;.

Conduction

Conduction occurs when charge carriers move in response to an electric field. However, in many
dielectrics charge carriers spend most of their time in traps and they cannot move even if an electric field
is applied [5].

Electrons can travel very quickly between traps with velocity approximately 10° m/s. On the other hand,
an electron spends more time trapped than travelling between traps. For “shallow” traps, the trapping time
is short. For instance, for traps with depth smaller than 0.5eV, the trapping time at 20°C is less than 1ps.
However, in traps of 1eV depth, electrons can spend more than an hour. The mobility of these electrons is
effectively reduced by the traps. This is called trap-limited mobility or trap-limited conduction.

If an insulator already contains charge, then it is likely to be deeply trapped. This is known as space
charge and can result in the increase of the mobility of other charges.
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Poole — Frenkel mechanism

In this case, barriers which are localizing carriers within the dielectric are lowered by the applied electric
field in contrast to the Schottky effect where the electrode-insulator barrier is lowered. As a result there is
an increase in the conduction. This is called Poole - Frenkel effect and according to that, the conduction
current density is given by equation 2.15.

ed — BVE

2.15
2kT 219

J = opEexp [—

Resonance tunneling

As it is mentioned above, conduction mainly takes place in the amorphous regions of polymeric materials
where defects occur in the crystal structure. In order for the conduction of the amorphous parts of the
molecular chains to be explained, the theory of hopping is devised. There are many dislocations in the
chain, where an electron can be trapped. The potential barrier between two traps is so high that an
electron cannot pass this barrier. However, from the point of view of quantum mechanics, the position of
an electron can also be regarded as the probability that an electron is located on the other side of the
barrier. This probability depends on the distance between traps. As this distance is small, the probability
differs from zero, so that an electron can sometimes appear on the other side of the barrier. This is called
resonance tunneling, as it can be said that the electron digs a tunnel through the potential barrier.

However, a pure tunneling process is valid only at zero temperature (T=0K) because at higher
temperatures the exponential reduction of the electron wavefunction with distance limits the range over
which it can be effective and also the principle of energy conservation restricts the participating sites to
those having the same energy level [1]. Therefore, what actually takes place at higher temperatures is a
thermally assisted tunneling from site to site. According to that, thermal promotion at one site raises the
electron to a level which is equi-energetic with that of an empty neighboring site. Tunneling between the
two sites is allowed at this energy level and there will be a finite probability that the electron resides at the
previously empty site.

Space charge limited conduction SCLC

A power law dependence of the current density J on the electric field E has been found for electrical
conduction in insulating polymers [33]. Therefore, equation 2.16 can be used for describing this
statement.

J = aE™ (2.16)

Various conduction mechanisms are characterized by different values of n. The case in which n equals 1
is known as Ohmic conduction and carrier concentration and mobility are field independent.

Space charge limited conduction SCLC occurs when the conduction is the result of the injection of excess
carriers from an Ohmic contact into a material of very low mobility. In case that traps are present in the
dielectric, some of the carriers become trapped and do not contribute to the conduction. As a result, only a
proportion of the charges contribute to the conduction. At a sufficiently high voltage the charge carrier
number density being injected is approximately equal to the number density of traps. In this case the traps
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must be considered deep instead of shallow. When all the traps are filled the so-called trap-filled limit is
reached and the number of electrons available for conduction increases which results in the rapid raise of
the current density. The SCLC current density is given by equation 2.17.

_ 9euv?
8 I3

] (2.17)

Where ¢ is the relative permittivity, x is the carrier mobility, V the applied voltage and L is the sample
thickness.

O’Dwyer [3] has shown that combining the effects of a non-Ohmic contact (i.e. Schottky barrier) with the
effects of space charge results in a current density given by equation 2.16 where the exponent n is equal
or larger than 2.

2.2 Trapped space charge accumulation threshold

The concept of electrical threshold for insulating materials has been considered in literature over the
years. It is defined as the value of the electric field above which space charge accumulates. Estimation of
dc electric field threshold can be achieved either by dc charging measurements or space charge profile
observation. Both methods should give very close threshold values.

The presence of space charge modifies the internal field distribution in a dielectric. In a parallel plate
configuration the electric field is uniform when the total space charge is zero. A linear relationship exists
between the current and the applied voltage (Ohmic behavior). In this case, the charge contributed by the
mobile carriers is compensated by an equal amount of counter charge, and the net charge density is zero.
An increase in the voltage causes the accumulation of some amount of space charge (both mobile and
trapped), so that a non-linear relationship is established between current and voltage. Ohmic behavior and
space charge are mutually incompatible [17].

A life model which describes the mechanism of insulation degradation due to the presence of space
charges, is based on the assumption that even if the applied electric field is not large enough to inject hot
electrons which are able to break inter and/or intra-molecular bonds, the trapped charges are responsible
for local storage of electromechanical and electrostatic energy which may favor degradation reactions via
a process of lowering an activation energy barrier. This occurs above a level of electric field, which
changes with material and technology, and it is called threshold for trapped space charge accumulation.

It has been proposed in recent literature that the threshold for electrical aging under dc field may be close
to the threshold above which space charge becomes trapped in the insulation [17]. Therefore, the meaning
and investigation of such a threshold can acquire fundamental importance in electrical insulation
characterization, since working at electric stresses below the threshold means extremely long lives with
regard to electrical aging and thus high reliability in service, provided that there are no other significant
stresses acting on the insulation.

The direct way to examine the formation of space charge into insulation is resorting to techniques able to
display space charge concentration along the insulation thickness. In this work the pulsed electro-acoustic
method PEA is used for this purpose.
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The determination of the electrical threshold requires an electric field E- average space charge density p
characteristic, in order to single out the electric field above which space charges become steadily and
noticeably resident in insulation and increase with field. Therefore, measurements at different voltage
levels are required. A typical form of the E-p characteristic of an insulation is shown in figure 2.8.
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Figure 2.8 — E-p characteristic of an insulating material

The slope S of the E-p characteristic represents the rate of charge accumulation as function of the applied
electric field.

According to the space-charge limited current theory, dc charging currents measured at different values of
electric field can provide voltage- steady-state current characteristics which reveal the transition from a
low-field regime where Ohm’s law prevails (represented by a straight line with slope approximately equal
to 1 in a log-log coordinate system) to a high-field behavior, determined by the establishment of steady
trapped space charges. In the latter condition, the conduction model is described by a power law,
providing a straight line in log-log coordinates with slope equal or larger than 2.

When the logarithm of steady-state values of current or current density (I or J) are considered and plotted
vs. the logarithm of applied voltage or field (V or E), the transition from the low-field regime to the high-
field behavior is evident and the value of the electric field at which the transition occurs can be roughly
estimated. Therefore, the change of the J-E characteristic from linear to supra linear is accompanied by
the onset of space charge. This kind of behavior is presented in figure 2.9 and in figure 2.10.
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2.3 Dielectric polarization

When switching on a DC voltage U, the dielectric is stressed as if it were an AC voltage. A capacitive
current i, flows through the dielectric which is given by equation 2.18.

du
ip=C— (2.18)

dt
After this, the current falls back to a small steady-state leakage current. But before this occurs, a transient
phenomenon takes place which is called polarization current. This current decreases slowly and it can
take several hours before it reaches a steady-state value. This kind of behavior is presented in figure 2.11.
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Figure 2.11 —t-1 characteristic of a dielectric after voltage application

Every kind of dielectric consists, at an atomic level, of negative and positive charges balancing each other
on the microscopic and macroscopic scale (if no unipolar charge was deposited within the material by

well known charging effects). Macroscopically, some localized bipolar space charge may be present, but
even then, an overall charge neutrality exists.
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As soon as a dielectric is exposed to an electric field (generated by a voltage across electrodes embedded
in the insulation), the positive and negative charges become oriented and form different kind of dipoles
even on atomic scales. A local charge imbalance is thus induced within the neutral species as the centers
of gravity for the equal amounts of positive and negative charges +¢ become separated by a finite distance
d, thus creating a dipole with a dipole moment p = qcf which is related to the local or microscopic
electric field E acting in close vicinity to the charges. The dipole moment can also be written as p = ak,
where a is the polarizability of the dielectric. As the distance will be different for different species as well
as their number of dipoles per unit volume, the polarizability is also different. Due to chemical
interactions between dissimilar atoms forming molecules, many molecules will have a stable distance d
between the charge centers, thus forming permanent dipoles, which are usually randomly oriented and
distributed within the material, as long as no external field is applied [32].

Polarization arises from a finite displacement of charges in a steady electric field and this is to be
contrasted with the complementary physical phenomenon of electrical conduction which arises from a
finite average velocity of motion of charges in a steady electric field.

Dipoles are polarizing species which are incapable of leading to a continuing conduction current in a
static electric field, since the charges in question cannot be completely separated or dissociated under
normal conditions. A dipole could only become dissociated in a field that would be sufficiently large to
break the strong bonding forces of the neutral dipolar molecule and this is not normally possible in solids
and liquids where various forms of electrical breakdown take place at much lower fields.

The main mechanisms that produce macroscopic polarization are listed below.

e Electronic polarization is effective in every atom or molecule as the center of gravity of the
electrons surrounding the positive atomic cores will be displaced by the electric field. This effect
is extremely fast and thus, effective up to optical frequencies.

o lonic polarization refers to materials containing molecules forming ions that are not separated by
low electric fields or low working temperatures. A process which is effective up to infrared
frequencies.

e Dipolar polarization refers to materials with permanent dipole moments with orientations
statistically distributed to the action of thermal energy. Under the influence of an electric field the
dipoles will be oriented only partially, so again, a linear dependence of polarization and electric
field exists. An effect which is effective up to infrared frequencies.

e Interfacial polarization is predominantly effective in insulating materials composed of different
dielectrics. The mismatch of the product of permittivity times resistivity for the different
dielectrics causes, under the influence of an electric field, movable positive and negative charges
to become deposited on the micro- or macro-interfaces of the different materials, also forming
some kinds of dipoles. This phenomenon is often very ‘slow’ and general active in the power
frequency range and below.

e Space charge, trapped charge polarizes the surrounding medium. It is a very ‘slow’ process,
below the power frequency.

19



CHAPTER 2 | Background Theory

2.4 Temperature dependence

As it is mentioned in section 2.2, below a given electric field (the threshold for space-charge
accumulation), the same amount of injected charge from one electrode is extracted by the other electrode
and no space charge remains trapped in the bulk of the insulation (Ohmic behavior). As soon as the field
exceeds the threshold, the electrodes are not able to extract the increasing amount of injected charge,
which finally accumulates in the insulation bulk.

The dynamics of space charge injection and accumulation depends significantly on temperature as charge
injection and transport are mostly thermally activated mechanisms. The threshold field shows negative
temperature dependence. Therefore, an increase in temperature results in a decrease of the threshold field.

Furthermore, DC conductivity is much dependent on temperature and electric field. An increase in
temperature leads to an increase in steady-state conduction current density.

2.5 Semicon - insulation interface

As the conductor and the earth screen surface are relatively rough with protrusions and sharp points, the
application of a semicon layer can result in a uniform electric stress distribution over the rough metal
surfaces. The inner semicon ensures a tight contact between the insulation and the cable conductor,
avoiding cavities that may lead to partial discharges. Similarly, the outer semicon ensures a tight contact
between the insulation and the earth screen.

Both semicon layers are chemically bonded with the cable insulation. This is obtained by the triple
extrusion production process and the following cross-linking process. The smoothness of the semicon-
dielectric interface is very critical with regard to the performance of the cable, as protrusions of the
semicon into the insulation can lead to local field enhancements.

Interfaces can constitute weak points of the insulation, at which space charge can be accumulated and/or
injected and electric fields can be enhanced. As it has been mentioned in section 2.1.3, for fields up to
100kV/mm, the Schottky law is used to describe the injection mechanism according to equation 2.19.

AW — [)’S\/F>

— (2.19)

] = AT?exp (—
Where J is the conduction current density, A is a constant of the material, T is the absolute temperature, k

3
is Boltzmann’s constant, AW is the activation energy and E the electric field. Finally, g, = /% .

The properties of the electrode-insulation and thus semicon-insulation interface will considerably affect
the activation energy AW and therefore, the extent of injected and accumulated space charge.

A previous investigation [24] has revealed that semi-conductive materials seem to have a large influence
on charge injection and removal at the electrodes. Therefore, this particular interface plays a major role in
space charge injection/accumulation in the insulation bulk.
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2.6 Charge packets

Charge packets are a feature related to charge injection and transport which has been observed in solid
polymeric insulation. The phenomenon known as a ‘charge packet’ is a pulse of net charge that remains in
the form of a pulse as it crosses the insulation. Charge packets are activated generally by high dc fields,
with inception values depending on material, temperature and mechanical stress. Contaminants present in
a material decrease the charge inception field. They constitute an important aging factor, concerning dc
electrical stress, due to large magnification of the electrical field inside the insulation associated with
packet movement. Charge packets have typically a mobility in the range of 10™ to 10™ m?/(Vs) and they
are considered as “slow” packets in contrast to the “fast” packets having a mobility ranging from 10™° to
10° m?/(Vs).

The generation of slow charge packets requires a local production rate of charge that exhibits a form of
hysteresis. A low generation rate switches to a high rate when a given local field is exceeded, and reduces
back to a low rate as the local field is reduced to the generated charge. In the absence of such hysteresis
the charge is generated continuously and cannot form a pulse. Although, a number of different theories
has been proposed, currently none of these theories is able to describe the large generality of cases of
slow charge packets. The common point is that high electrical fields are required to activate packets and
the presence of contaminants can drastically reduce this field.

Due to fast space charge acquisition systems, it has been observed that hetero-charge formation can occur
very rapidly in thin polymeric materials, within a fraction of a second or a few seconds. Very fast charge
packets or pulses, characterized by high repetition rate and small charge magnitude have been observed.
This high mobility of fast charge packets cannot be obtained considering the conventional packet theories.
The mobility of these charge packets depends significantly on temperature, their average mobility
increases with temperature.

This rapid appearance of hetero-charge might be explained through the separation of ionic species due to
the presence of contaminants and/or crosslinking by-products in the insulation bulk. Also, hetero-charge
accumulation could be associated with injection, when the rate of charge trapping is low compared to the
transit time of the charge and extraction is slow compared to the rate of arrival of charge. In this case a
hetero-charge region would build up at the counter electrode, with a width that increases with time but
without any observable change in the bulk of the material.

Positive and negative space charge pulses of small charge magnitude and high repetition rate have been
observed crossing 1mm thick specimen of nanostructured epoxy resin during space charge tests [19].
These tests carried out with the use of an ultra-fast space charge acquisition system. The shape of each
pulse did not change while crossing the insulation, even for a distance greater than 1mm, while the
opposite occurs for slow packets. This leads to the speculation that charge pulses propagate as charged
solitary waves rather than independent charge carriers as in slow packets. The packet therefore behaves
as a single charged entity, which has been termed in physics as a soliton. The latter is a wave in which the
forces that would cause it to break up have been countered by a non-linear binding mechanism. In
addition, it seems that, contrary to slow packets, traps cannot be involved in such phenomenon, due to the
inherent low mobility that even shallow traps can cause.
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Semicon layers between insulation and electrode can significantly modify charge injection and extraction
features. Relevant investigation has revealed that hetero-charge build-up can be observable only if a semi-
conductive layer is present between insulation and metal electrode. Tests performed on flat specimens
having semicon layer only on one side showed that no hetero-charge was observed close to the electrode
not in contact with the semicon [21]. It seems that semicon material can partially block the extraction of
injected charge from the counter electrode.

It has been observed that charge packets cross an insulation without any detectible change in material
properties [10]. Packets due to ionization fronts and compression boundaries, leaves the material
unchanged after passage and thus should not cause aging themselves. Therefore, any aging effects that
occur should be due to the modification of field distribution as the packets move.

2.7 Mobility and trap depth
Mobility

Charge accumulation constitutes a major problem for HVDC cable insulation materials. These materials
should not only store limited amounts of charges when voltage is applied but also deplete charge rapidly
as voltage is switched off or inverted. Therefore, this kind of behavior would enable a fast material
relaxation in the absence of voltage and prevent or limit the formation of hetero-charge distributions close
to the electrodes when voltage polarity is inverted.

Mobility and trap depth in polymeric DC insulation are important parameters from a DC design
perspective as their value range can affect conduction and trapping mechanisms of charges in polymeric
materials. Therefore, these quantities can be used to describe or even compare the behavior of materials
from the viewpoint of charge dynamics and field modification.

Charge transport quantities seem to be sensitive to material degradation and evidences were found of
mobility decrease and trap depth increase for thermally and/or electrically aged polyethylene-based-
materials [20]. This phenomenon can be attributed to the fact that during aging process additional and
deeper traps are formed resulting in mobility decrease and trap depth increase.

Mobility can be estimated from the ratio between charge packet velocity and applied electric field when
charge packets cross the insulation thickness. This procedure requires the application of high electric
fields, as at lower fields the space charge dynamic is very low, if not negligible.

=— 2.20
H=g (2.20)

Where s is the packet charge velocity and E is the mean electric field.
However, this is a rough approximation and it relies heavily on the assumption that charge transfer is

unipolar and that charge recombination processes in the material are negligible. Also, field amplification
IS not taken into account.

Furthermore, mobility can be estimated by using the space charge limited current SCLC theory.
Therefore, a first approximation of mobility can be determined from the results of conduction current
measurements above the electric field threshold according to equation 2.21.
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Where J is the current density, V is the potential, ¢ is the electric permittivity and d is the thickness of the
sample.

u= (2.21)

However, this expression should be applied to the steady-state measurements of the charging current at
different poling fields and it is expected to provide information related to the free or shallow trapped
charges.

Finally, depolarization characteristic from space charge measurements can be used in order to achieve an
estimation of the range of apparent trap-controlled mobility and trap depth distribution. The polarization —
depolarization procedure consists of the application of a poling field for a given time, so charge is trapped
in the insulation. Then the voltage is removed and the electrodes are grounded for a certain time period. If
it is assumed that the recombination between opposite charges can be neglected then the charge is
depleted via the electrodes within a time period related to the depths of the charge traps and to the transit
time between the traps. If the transit time is negligible with respect to the time spent within the traps,
mobility and trap-depth calculations can be carried out through proper processing of the depolarization
characteristic. This particular type of mobility is defined as apparent trap-controlled mobility as it
depends only on the time that charges spend within traps and it can be described as the mobility of
charges trapped at different states due to chemical-physical features.

The average magnitude of the volume density of the charge accumulated in the specimen at time t of
depolarization can be calculated from the space charge profiles by using equation 2.22.

1 Tout
q= —j lg(r)ldr 2.22

Tout — Tin Jr, (2.22)
However, in order to derive information about apparent trap-controlled mobility from equation 2.22, two
main considerations should be taken into account. First of all, charge acquisition during depolarization
begins 30 seconds after voltage removal. This delay is due to the fact that the HVDC generator has to
discharge after turning off the voltage and the oscilloscope has an initialization time in order to suppress
the noise by averaging over 1000 sweeps. Since, the initial transient is omitted for apparent trap-
controlled mobility evaluation; the derivation of the mobility of the free or shallow trapped charges is not
possible.

Secondly, the use of depolarization characteristic in order for the apparent trap-controlled mobility to be
estimated, takes into account average values of space charge density (equation 2.22). Therefore, there is
no distinction between positive and negative charges and the estimation of mobility holds essentially for
unipolar distributions.

The relationship for apparent trap-controlled mobility is derived in [20] and it is given by equation 2.23.

2¢ dq
q*(t) dt

u(t) = (2.23)

Where q is the mean density of the total measured charge and ¢ is the electric permittivity.
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Apparent trap-controlled mobility varies with time, since it is related to progressive emptying of deeper
and deeper traps as depolarization time elapses. On the contrary, mobility, estimated from the space
charge limited current (equation 2.21), it is not a function of time as it is related to the free or shallow
trapped charges.

Equation 2.23 related to the estimation of apparent trap-controlled mobility is considerably approximated
[20]. However, it can provide a useful quantity for evaluating different materials.

Trap depth estimation

The model for trap depth evaluation which is used in this particular work is derived in [13] and it is
applied to the depolarization characteristic. For the derivation of this model three situations are
considered. Firstly, the equilibrium of trapping — detrapping between trap levels due to thermal excitation.
Then, the effect of the external applied electric field on space charge accumulation and finally, the
discharging procedure when the voltage is removed and the electrodes are grounded.

In the proposed model, there are m number of available energy levels (trap levels). Potential energy
decreases from level 1 to level m. N(i) stands for the maximum number density of charges trapped in each
energy level and it is assumed to be constant for i=1,2,...,m. Furthermore, n(i) is the number density of
charges trapped in the ith level. The level 1 corresponds to the energy state of free charges.

i. Equilibrium distribution when no electric field is applied, zero net charge

If an uncharged material is considered, some of the trap sites are occupied. The charge is continually
exchanged between different levels. Therefore, a charge from level i can be thermally excited to the
highest level 1, from which it can fall back to any unoccupied trap of the lower levels. The rate of charge
exchange is given by equation 2.24.

N, —n,(t) v
N,

d(ny) _ Ny —ny (1) vexp [Uz —U; (2.24)

t
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Where v=kT/h is the attempt frequency and h is the Planck constant, U,-U; is the activation energy
between levels 2 and 1. Finally, the relative trap density available at level i is given by equation 2.25.

N; —ny(t)

m (2.25)

The first term of equation 2.24 determines the rate of promotion of charge from level 2 to level 1 and the
second term describes the rate of demotion to level 2 from level 1.

As the rate at which charge is promoted to the top level is equal to the rate at which it falls back into the
lower levels (dn/dt = 0), no space charge builds up.
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il. Electric field application , net charge

The applied electric field results in the injection of charges at the electrodes. These charges occupy empty
trap sites. Equilibrium is again reached but with a higher amount of charge due to the additional occupied
traps which were previously unoccupied.

Due to the applied electric field a current flows through the external circuit. This charge flow can be
described by the term n;Gm where G is a factor equal to pEe and y is the mobility of the charges in level
1.1t should be mentioned that only charge transport (drift) is assumed and diffusion is neglected.

The charge exchange rate is still expressed by equation 2.24 assuming that the applied electric field does
not modify the trap depth and the term n,G is subtracted from the left term. However, at higher fields this
assumption is not valid and the energy levels should be corrected (Poole-Frenkel effect).

iil. Electrodes are short-circuited, discharging

As the electric field is removed and the electrodes are grounded, a discharge current flows through the
external circuit. This current can be described in a similar way as in equation 2.24 by making the
assumption that the charge promoted to level 1 is immediately discharged before being able to degrade to
lower levels. Therefore, the number density of trapped charges in level 1 is zero, ny(t)=0, since the
mobility at level 1 is so high. Therefore, the latter becomes empty providing the discharge current. So,
equation 2.24 is converted into equation 2.26.

dn; dn
L=< n, (t)vexp [

dt  dt

U, — Uy
KT

+ Promotion from level 3

(2.26)

+ Promotion from level i

m

= Z n;(t)vexp

i=1

U= U
kT

Therefore, the number of charges trapped in the specimen at time t is given by equation 2.27.

Rror(®) = ) mi(®) = ) asexp(=bit) .
i=2 i=2 .

’

U' ' ’ ’
Where: a; =n;(0), b; = vexp [k_Tl] and AU; =U; - U,
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The depolarization characteristic can be used to estimate the coefficients a; and b;. It is noteworthy that
the energies U; and U, differ from the energies U; and U; due to the effect of local field on the energy
barrier. Therefore, the measured values Ui' and Ul' are lower than the actual values as the local electric

field decreases the energy barrier for charge detrapping. As a result, AU; represents the energy barrier for
charge detrapping decreased by the local electric field.

The corresponding unaffected energy levels AU; could be derived by subtracting a suitable expression for
the field dependence from AU, (i.e. a correction term based on the Poole-Frenkel law). However, the
effectiveness of such a correction is questionable and the analysis will be limited to AU, values.

The depolarization characteristic is divided into an appropriate number of segments; each of them
corresponds to a trap level. The number of segments depends on the steepness of the depolarization
characteristic.
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3. Experimental Methods

In this chapter, a description of the specimens under examination is given in section 3.1. All the setups
used for evaluating the performance of the test objects are described in the rest of the chapter. In section
3.2 the PEA methods for space charge measurements on plaques and cables are presented. A description
of the setups for conduction current measurements on plaques and cables is given in section 3.3 and 3.4
respectively.

3.1 Test specimens

3.1.1 Cables

Experimental investigations were performed on 8 different polymeric mini-cables composed of different
combinations of insulation and semi-conductive layers.

A mini-cable is essentially a scaled down test model of a DC power cable consisting of an inner
conductor, an inner semi-conductive layer, the dielectric and an outer semi-conductive layer. A schematic
representation of a mini-cable produced by a triple extrusion process is shown in figure 3.1. The extrusion
process results in a chemical bond at the semicon-insulation interfaces through a crosslinking process.
The result is a chemical interface between the insulation and the semicon in the mini-cable which is
similar to those found in a full scale DC power cable.

Quter semicon

Inner semicon

Conductor

Figure 3.1 — Schematic representation of a mini-cable

Two types of insulation are used. Type | which consists of crosslinked polyethylene PE with less than 0.5
wt.% styrenic charge trapping agent and type Il composed of crosslinked polyethylene PE with less than
1 wt.% carbon black.

Styrenic charge trapping agent is added to the insulation in order to create more shallow traps and not
deep traps. The purpose of adding carbon black is to increase the overall conductivity.
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As far as the semi-conductive layers are concerned, 4 different types are used. Type C, E and D which are
composed of ethylene copolymer with polar comonomer but each type contains different amount of
carbon black. The fourth type, F, consists of copolymer blend of reduced polarity with a certain amount of
carbon black. The carbon black content of each semicon is given in table 3.1.

Table 3.1 — Composition of the different semicon types

Semicon Type Composition Carbon content
C ethylene copolymer with polar comonomer ‘low’
E ethylene copolymer with polar comonomer ‘medium’
D ethylene copolymer with polar comonomer ‘high’
F copolymer blend of reduced polarity ‘medium’

The cables under examination are presented in table 3.2 and their dimensions in table 3.3.
Table 3.2 — Composition of the cables under examination
Cable Type of insulation Type of semicon

11543-1 I F
11543-2 I
11543-3 I
11543-4 I
11544-1 1
11544-2 1
11544-3 |

O m m O O O m

11544-4 I

Table 3.3 —Cable dimensions

Cable Radius [mm] Thickness [mm]
Conductor 1
Inner semicon 1.320 0.505
Insulation XLPE 2.845 1.525
Outer semicon 3.605 0.760

The specimens used for space charge and conduction current measurements were initially free of space
charge. Discharging of charged specimens were brought by short circuit and, if necessary, by heating the
specimens at 80°C for a sufficient period of time.
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3.1.2 Semicon plaques

The different semicon types which are used in the cable production are also provided in the form of
plagues. Each semicon plaque is a square of 20x20mm with thickness approximately equal to 0.65mm.

Conduction current measurements were carried out on these plaques in order to determine their
conductivity. The results are presented in section 5.1.

3.2 Space charge measurements

Space charge inside an insulator distorts the electric field and can cause significant field enhancements.
Therefore, the magnitude and location of the space charge in a dielectric is a matter of major importance.
In earlier days, destructive methods to measure space charge were used such as field mills and capacitive
probes [4]. These methods are, in fact, surface charge measurements as the test object has to be cut into
slices in order to arrive at the site of the charge.

The disadvantage of destroying the sample has been overcome by the use of a new generation of space
charge measurement methods. All these methods use a common principle. An externally applied physical
guantity interacts with the charge inside the sample. The charge in its turn interacts with, or generates a
second physical quantity that can be externally measured. The physical quantities differ per method and
they can be pressure, temperature, electric voltage or current.

Nowadays, pulsed methods are widely used and the most popular method used to determine the charge
profile in dielectrics is the acoustic pulsed method. If the acoustic wave is generated externally and
propagating in the dielectric to profile the space charge, it is called the pressure wave propagation PWP
method. If the acoustic wave is internally generated by the space charge and propagates through the
dielectric with the space charge information, it is known as the pulsed electro-acoustic PEA method. In
this work, the latter method is used.

3.2.1 PEA for flat specimens

A schematic representation of the PEA setup for flat specimens is displayed in figure 3.2. The PEA
method for flat specimens is used in order to explain the basic operational principle behind this measuring
technique [6],[9],[30].

In the Pulsed Electro-Acoustic PEA method, a pulsed voltage U,(t) is applied across a flat test object. The
pulsed voltage can be superimposed on a DC voltage U,. In order to achieve this, a decoupling capacitor
C and a resistor R should be placed in series to the pulse source and the DC source respectively.

The applied DC voltage U, results in the formation of surface charges on the electrodes and space charge
in the material. During a measurement, a very short high voltage pulse U(t) is applied which results in
an electric field which acts on the surface charges on the electrodes and the space charges inside the
material. Due to this field, the charges experience an electrostatic force. This force causes the charges to
move slightly. This movement can initiate an acoustic wave at the charge location which travels through
the sample and the earth electrode towards the piezoelectric sensor PVDF. Depending on the thickness of
the sample, the amplitude of the pulse ranges between 0.1 and 4kV whereas the pulse width varies from 5
to 200ns. Also, it is worth noting that the earth electrode is much thicker than the HV electrode. In this
way, the former has the function of delaying the acoustic wave until its arrival at the piezoelectric sensor.
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The delay is necessary, because of the interference of the electromagnetic noise caused by the firing of the
electrical pulse.

earth HV
electrode clectrode electrode
PVDF sensor / charges
PVDF non-polarized 7
absorber / \ ﬁ
- space .,.//
- =2 charge i%
SCope - = i%
- - = +/
- € ¢%
% sample %
C .
amplifier Up(t) X
@l |
Uo R §

Figure 3.2 — Schematic representation of the PEA setup for flat specimens

The polyvinylidene fluoride PVDF sensor is a polymeric piezoelectric transducer with certain properties
that make it suitable for detecting acoustic signals generated by space charge and converting them into
voltage signals. The magnitude of the signal is proportional to the space charge density and the sign of the
signal coincides with the sign of the space charge. That means that positive charges will cause a positive
voltage and vice versa. Such kind of properties that favor the use of PVDF sensors are: high levels of
piezo-activity, an extremely wide frequency range, a broad dynamic response and a low acoustic
impedance. In order to avoid reflections of acoustic waves, a proper acoustic termination is required at the
sensor. For this purpose, a material (PVDF non-polarized) with the same acoustic properties of the sensor
is used in combination with a material (absorber) able to absorb the acoustic waves. The electrical signal
provided by the sensor is amplified and fed into an oscilloscope, where it is displayed and stored.

Deconvolution

The amplified electrical signal detected at the scope does not directly represent the acoustic signal at the
sensor. This is mainly due to the fact that the sensor itself has a certain capacitance which in combination
with the input resistance of the amplifier acts as a high pass filter. Therefore, the higher frequencies are
gained in favor of the lower frequencies. In order to correct the detected signal a deconvolution technique
is adopted.
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Attenuation and dispersion

Acoustic waves are attenuated and dispersed while travelling through lossy media. Therefore, the acoustic
signal detected at the sensor does not directly correspond to the space charge distribution within the test
specimen.

In a lossy medium, the amplitude of a pressure wave due to space charge decreases while the wave travels
through the test object. Attenuation is a frequency dependent phenomenon which causes high frequency
components to be more attenuated than lower frequencies. Therefore, the charge peak in the detected
signal results not only smaller but also wider if compared to the peak that would be detected if the
medium was ideal.

In a dispersive medium, the shape of a pressure wave due to space charge changes while the wave travels
through the material. This is due to the fact that the speed of sound in a material is frequency dependent.

In figure 3.3, the effect of attenuation and dispersion is shown for acoustic signals originated at different
locations of a test object. It is clear that the longer the distance that waves have to travel within the
medium, the more attenuated and distorted the corresponding signals are. The attenuation and dispersion
phenomena are frequency and position dependent.

pressure

Figure 3.3 — Attenuation and dispersion of acoustic waves in PEA method

Calibration

Finally, calibration of the measuring system must be performed in order to convert the detected signal at
the scope [mV] into a space charge density signal [C/m?]. This procedure can be carried out on the basis
of a known charge distribution at the earth electrode.

To convert a voltage signal v(t) into a calibrated space charge profile p(t), a calibration factor K. is
defined according to equation 3.1.
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Where v,(t) is the processed signal after deconvolution, attenuation and dispersion correction.

(3.1)

In order for the calibration factor to be calculated, a certain DC voltage V is applied to an initially space
charge free sample. The calibration factor can be calculated according to equation 3.2.

f;z Vpr (x)dx

O¢

(3.2)

cal =

Where x; and x, denote the starting and the ending point of the earth electrode respectively, o. is the earth
electrode surface charge density and for a known applied voltage V it can be calculated according to
equation 3.3.

O, = €9&rE, = €ofr 7 (3.3)

Where d is the sample thickness and ¢, is the relative permittivity of the sample.

Once the calibration factor has been determined, the space charge profile can be obtained according to
equation 3.1.

In order to verify that the calibration procedure is correctly done, the electric field distribution E(x) across
the sample can be calculated according to equation 3.4.

d
E(x) = 818 f p(x)dx (3.4)
0

ocr
Afterwards, the voltage distribution V(x) across the sample can be calculated according to equation 3.5.

d

V(x) = —f E(x)dx (3.5)
0

Measurement procedure

Measurements can be performed in two different ways. The first case is voltage-on measurements where
space charge within the test object is measured while a DC voltage is applied. The space charge present in
the bulk of the insulation and the charges at the electrodes are detected. Electrode charges consist of two
types of charges. The first type is a result of the presence of the DC voltage and the second type is
induced by the space charge in the sample.

Furthermore, voltage-off measurements can be carried out where space charge is measured while the DC
voltage is absent and the test object is short-circuited. The space charge present in the bulk of the
insulation is detected. Charges at the electrodes are also detected but they are only induced by the space
charge. These charges at the electrodes are called mirror charges.
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3.2.2 PEA for cables

The operational principle of this method is the same with the PEA method for flat specimens. However,
there are some differences between the two methods. In this work the PEA method for cables is used as
the tested objects are cylindrical mini-cables. Their construction consists of a conductor, an inner semi-
conductive layer, an insulation layer of XLPE and finally, an outer semi-conductive layer. A cross section
of such a mini-cable is presented in figure 3.4.

outer semicon

inner semicon
cable conductor

XLPE insulation

Figure 3.4 — Cross section of a mini-cable under examination

A schematic representation of the PEA setup used for space charge measurements on cables is displayed
in figure 3.5. The technical specifications of all the components of the setup are given in Appendix Il.

Current
transformer -

Pulse electrode

Current
PEA cell induction —=
transformer

“ Variac
T 0-280V (AC)
outer semicon

XLPE
conductor

Figure 3.5 — Schematic representation of the PEA setup for cables

A DC voltage is applied between the cable conductor and the earthed outer semi-conductive layer via a
resistor. This voltage causes a DC electric field and in its turn results in the formation of space charge in
the bulk of the insulation. The use of the resistor Ry is essential in order to limit the maximum current
drawn from the DC supply and to decouple the power supply. The value of the resistance is 30MQ.

33



CHAPTER 3 | Experimental Methods

Pulsed voltage

In this work the pulsed voltage is applied to the outer semi-conductive layer with the use of a pulse
electrode wrapped around the cable. The pulse electrode is made from copper tape. In this case, the pulse
is applied between the pulse electrode and earth. Therefore, the PEA cell is at earth potential. This fact
enables the equipment for measuring the output signal to be directly connected to the PEA cell without
the use of an electrical isolation system between the measuring equipment and the PEA cell. Furthermore,
a decoupling capacitor is not necessary as the cable itself acts as a decoupling capacitor.

The generation of the pulses is performed with the use of a HVDC power supply connected to a switching
device which switches the high DC voltage. The output of the switching device is connected to the pulse
electrode with the use of a cable. The characteristic impedance Z;;,. of the cable is 50Q. Therefore, the
cable is properly terminated by means of the resistor Ryys. and its value equals 509 as well.

The pulse has a very short rise time and a narrow width. Typical values are 2-20ns and 20-200ns for pulse
rise time and pulse width respectively. The amplitude of the pulse is in the range of 0.5 to 5kV.Therefore,
stray inductances L present at the test cable can cause the generation of fly-back voltages. This effect can
distort the pulse shape. Moreover, the outer semi-conductive layer has a finite resistance Rg, between the
pulse electrode and the earth electrode which can cause a mismatch in the termination of the pulse cable.

In order to reduce the distortion caused by the effects mentioned above, a low inductance damping
resistor Ry is placed in series between the termination of the pulse cable and the pulse electrode. The
value of this resistor equals 155Q. Figure 3.6 shows the equivalent circuit.

Ls
Zline Rd Rsem

Up —

Rpulse

Figure 3.6 — Equivalent circuit of the pulsed voltage

The amplitude of the pulsed voltage ranges from 3.5 to 4kV. The rise time of the pulse is 10ns and the
pulse width 4t is 80ns. Therefore, the spatial resolution r equals 160um according to equation 3.6.

r=Atx*v (3.6)

Where v [m/s] denotes the acoustic wave velocity in XLPE insulation.

34



CHAPTER 3 | Experimental Methods

PEA cell

Different types of PEA systems have been developed for space charge measurements on cables. The main
difference between them is in the shape of the earth electrode. The earth electrode can be curved in order
for the outer semi-conductive layer of the cable to fit in. In this case, the sensor and the acoustic
termination have a curved geometry as well. The second arrangement includes a flat earth electrode, a flat
sensor and a flat acoustic termination.

In this work a flat PEA cell configuration is used. A flat earth electrode can ensure a better acoustic
contact at the electrode-sensor interface and also, cables of different sizes can fit into the setup. However,
in the flat-electrode configuration, the piezoelectric sensor is relatively narrow. Then, the capacitance of
the sensor is smaller than that of the sensor used in the curved-electrode configuration. A low sensor
capacitance may lead to a distorted signal if the input impedance of the amplifier is low. Figure 3.7 shows
a cross section of the PEA cell.

spring system

cable holder

test object

PVDF sensor
PVDF non-polarized
abhsorber

amplifier
Figure 3.7 — Cross section of the PEA cell

The outer semi-conductive layer is to be attached to the measuring electrode of the PEA cell. The acoustic
impedance of the semi-conductive layer is similar to that of the cable insulation. Therefore, no reflections
of acoustic waves occur at the semicon-insulation interface. The cable holder guarantees a good contact
between the outer semi-conductive layer and the measuring electrode. Furthermore, in order to improve
even more the acoustic contact between the cable and the measuring electrode, silicone oil is applied to
this particular interface before applying pressure to the cable holder.
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The piezoelectric sensor consists of a polyvinylidene fluoride PVDF foil of 25um thickness. The used
amplifier has an input impedance of 1.5kQ in order to overcome the low capacitance of the piezoelectric
sensor. However, this high input impedance causes higher noise level. The gain of the amplifier is 70dB
and the bandwidth ranges from 0.1 to 100MHz.

Heating system

Tests at higher temperatures than room temperature are carried out with the use of an induced current
heating technique composed of an AC current induction transformer. In this way, an AC current is
induced in the inner conductor of the cable and flows in a closed loop as the ends of the cable are
connected to each other. Therefore, the cable is heated up due to resistive losses. A temperature gradient
is present between the inner conductor and the outer semi-conductive layer of the cable. The temperature
at the inner conductor is higher than the temperature at the outer semicon.

The tested cable plays the role of the secondary winding of the current induction transformer. The
primary winding of the current induction transformer is connected to a variable autotransformer.
Therefore, the primary current is adjusted and the current which flows through the tested cable can be
regulated in order for the desired temperature to be reached.

The temperature is always monitored both at the inner conductor and the outer semi-conductive layer with
the use of thermocouple sensors. However, as the inner conductor is under high voltage, the temperature
sensors cannot be connected to it. Therefore, a dummy loop with the same length and characteristics as
the tested cable is used. This dummy loop is not connected to high voltage and the thermocouple sensors
are placed at this cable. Two sensors are attached to the outer semi-conductive material of the mini-cable
and two more are inserted between the conductor and the inner semi-conductive layer.

In order to ensure that the temperatures of both cables (tested cable and dummy cable) are equal, the
currents flowing through the two cables are always monitored. This is achieved with the use of two
current transformers in combination with two ammeters. These two currents should always be equal.

The measurements at 20°C were performed without the use of the heating system as the ambient
temperature in the laboratory was approximately 20°C (£1°C). Therefore, there was no temperature
gradient across the insulation and isothermal conditions were considered. However, the measurements at
40°C and 60°C were carried out with the use of the heating system. In the case of 40°C, there was a
temperature difference between the inner and the outer semicon of approximately 5°C. In the case of 60°C
the temperature difference was nearly 10°C. This temperature gradient leads to a conductivity gradient
which could affect the threshold for space charge accumulation, as it is mentioned in section 2.1.2.

Signal processing

As in the case of PEA for flat specimens, the amplified electrical signal detected at the scope does not
directly represent the space charge distribution in the sample. The signal should be processed in an
appropriate way in order to obtain the space charge profile in the insulation. Deconvolution, attenuation
and dispersion correction can be performed in the same way as in the PEA method for flat specimens.

However, due to the cylindrical geometry of cables, the electric field distribution is not homogeneous but
divergent. Therefore, the divergence of the pulsed field and of the acoustic waves has to be taken into
consideration.
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The correction procedure includes deconvolution, divergence correction, attenuation and dispersion
correction and finally, calibration. All these processes are discussed in detail in Appendix |.

Accuracy of the measurements

The accuracy of the PEA measurements is subjected to an uncertainty of approximately 15%. This is due
to a systematic error in the calibration procedure and a statistical error due to the presence of noise in the
output signal.

The systematic error in the calibration process depends on the dimensions of the tested object, the speed
of sound inside the insulation, the calibration DC voltage and the area of the signal peak at the earth
electrode. The systematic error is approximately 12%.

The presence of noise in the signal results in a statistical error. Sources of noise are considered to be the
sensor-amplifier connection, the amplifier and the cables which bring the signal into the oscilloscope. The
signal is saved at the scope by averaging 1000 sweeps. This technique results in the reduction of the noise
level by a factor 32. The statistical error is approximately 3%.

Finally, electromagnetic disturbances generated by the firing of the pulse affect the detected signal.
However, these disturbances are constant and can be removed by saving the initial signal before starting a
measurement. Then, this signal is subtracted from the detected signal.

Measurement procedure

As in case of flat specimens, voltage-on and voltage-off measurements can be carried out for space charge
measurements on cables as well.

During voltage-on measurements the space charge accumulation in the tested object is recorded while a
DC voltage is applied. The process of space charge accumulation in an insulation is called polarization
process. In this case, space charge present in the bulk of the insulation and the charges at the electrodes
are detected. Electrode charges consist of two types of charges. The first type is a result of the presence of
the DC voltage and the second type is induced by the space charge in the sample (mirror charges). A
typical processed waveform of such a measurement is displayed in figure 3.8.

In this work, the polarization duration was two hours at each poling field. At least three hours of
relaxation are required in order for the accumulated space charge to be depleted before starting a new
measurement. The polarization characteristics were used in order to obtain the electric field — average
space charge density (E-p) characteristics. The latter were used for the determination of the electric field
thresholds of the cables as it is explained in section 2.2.

Furthermore, voltage-off measurements can be carried out where space charge is measured while the DC
voltage is absent and the test object is short-circuited. The space charge present in the bulk of the
insulation and the mirror charges at the electrodes are detected. Figure 3.9 represents a relative processed
waveform obtained during a voltage-off measurement.
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Figure 3.8 — Processed signal of a voltage-on measurement

] Sample thickness [mm] 152
Figure 3.9- Processed signal of a voltage-off measurement
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Before starting a voltage-off measurement, the tested object is polarized for a certain time period. The
polarization duration in this work was three hours. Afterwards, the applied DC voltage is removed and the
tested object is short-circuited. As a result, the space charge which has been accumulated during the
polarization time starts depleting with a certain rate. This particular process is called depolarization
process. In this work, the depolarization duration was three hours. The depolarization characteristics were
used for the determination of the apparent trap-controlled mobility and the values of the trap depths.

During polarization or depolarization, the average space charge density pay(t) in the sample is calculated
with respect to the elapsed time according to equation 3.7.

1 Tout
Pang(£) = ——— f p(r)ldr (3.7)

Tout ~ Tin Jryy,

A typical waveform which corresponds to a voltage-on measurement within two hours of polarization is
given in figure 3.10.
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Figure 3.10- Average space charge density during a voltage-on measurement
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3.3 Conduction current measurements on plaques

A schematic representation of the setup which is used for conduction current measurements on plaques is
displayed in figure 3.11. The technical specifications of all the components of the setup are given in
Appendix IlI.
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Figure 3.11 - Schematic representation of the setup for conduction current measurements on
plaques

During a conduction current measurement, a DC voltage is applied across the sample and current flows
through the material. When the transient phenomenon of polarization processes (section 2.3) is finished,
the current reaches a steady state value which is called conduction current. The required time for the
conduction current to reach a steady state value depends on the kind of the material, the applied electric
field and the temperature. An insulating material requires much longer polarization time than a semi-
conductive material as the conductivity of the latter is much higher. Also, at relatively high electric fields
and temperatures a steady state value is reached sooner.

The DC voltage is supplied to the tested object via a Rogowski-profiled electrode made from aluminum.
In order to protect the sensitive electrometer from overcurrents, a resistance Ry, is connected in series
with the DC supply. The value of the resistance is 627MQ. Also, in order to avoid currents which flow
along the surface of the tested object, a grounded guard electrode is placed around the measuring
electrode. In this way, surface currents cannot reach the measuring electrode.
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Finally, the electrometer is connected to a computer via a GPIB interface in order for the data to be
displayed and stored. The total measuring setup is placed in an EMC shielded cage in order to avoid
electromagnetic disturbance.

Measurement procedure

Once the conduction current | at a certain poling field E is determined, the conduction current density J
can be calculated according to equation 3.8.

I
J=g— (3.8)

Ameas_electr

Where Anpeas elecrr 1S the area of the measuring electrode.

So, the conductivity o of the insulation can be determined with the use of equation 3.9.

sl (3.9)

Accuracy of the measurements

The accuracy of the conduction current measurements is subjected to an uncertainty of approximately
12%. This is due to the uncertainty in the applied DC voltage and the thickness of the tested object which
is about 12%. Also, there is a statistical error of 2% due to noise in the measured current.

3.4 Conduction current measurements on cables

A schematic representation of the setup used for conduction current measurements on cables is presented
in figure 3.12. The technical specifications of all the components of the setup are given in Appendix IV.

The voltage is applied with the use of a dc generator and it is connected to the cable conductor via a
protecting resistance and an aluminum spherical electrode. The value of the resistor is equal to 627MQ
and it is used in order to protect the electrometer from overcurrents. The spherical electrode is used in
order to avoid corona discharges.

Two grounded guard electrodes are used in order to prevent surface currents which can reach the
measuring electrode. These electrodes are made from copper tape and they are wrapped around the cable.
The measuring electrode is made from copper tape as well.

A coaxial cable connects the measuring electrode to the electrometer. The latter is connected to a
computer via a GPIB interface in order for the data to be recorded.

It is worth noting that the measured currents are at low levels (in pA range or lower) and therefore noise
currents generated in the cable or from other sources can affect the results. Currents generated by
triboelectric effects are a primary cause of noise currents. These currents are generated at the junction
between a conductor and an insulator due to friction. Free electrons rub off the conductor and create
imbalance that causes the current flow. In order to minimize these effects, all the connections should be
kept short, away from temperature changes which would create thermal expansion forces. Furthermore,
the measuring coaxial cable of the electrometer and the tested cable should be kept as still as possible by
tying them to a non-vibrating surface.

41



CHAPTER 3 | Experimental Methods

inner conductor
spherical
electrode

guard electrodes \
/measu]"il]g electrode

T
outer semicon electrometer GPIB
-

—

Figure 3.12 - Schematic representation of the setup for conduction current measurements on cables

Measurements at higher temperatures are carried out with the aid of an oven. The tested object is placed
in a suitable furnace which can heat the cable up to 80°C. No temperature gradient is present in the cable.
The whole measuring setup is placed in an EMC shielded cage in order to avoid external electromagnetic
disturbance.

Measurement procedure

The measuring procedure is the same as in the case of conduction current measurements on plaques. A
voltage is applied to the sample and current flows through the cable insulation. The current reaches a
steady state value when all polarization processes are finished. A typical waveform is presented in figure
3.13. At 40 °C and 60 °C the steady state value of the current is reached in a shorter time period than in
case of room temperature.

At room temperature and at low electric fields (below 5kV/mm) the conduction current can be too low
and significantly affected by noise currents. In this case, the conduction current is estimated with the use
of the extrapolation technique. Thus, a fitting line described by a power law is used in order to estimate
the steady-state value of the current.

After determining the conduction current | at a certain poling field E, the conduction current density J can
be calculated according to equation 3.10.
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I
J . — (3.10)

Ameas_electr

Where Aneas elecrr 1S the area of the measuring electrode and it is given by equation 3.11.

Ameas_electr = 27Troulfl (3-11)

Where r,, is the outer cable radius and | is the length of the cable. The conductivity ¢ of the insulation
can be calculated with the use of equation 3.12.

(3.12)

Q
Il
IR

Accuracy of the measurements

The accuracy of the conduction current measurements on cables is subjected to an uncertainty of
approximately 14%. This is due to the uncertainty in the applied DC voltage and due to the presence of
noise currents. The latter play a significant role as the conduction current is at low levels. In some cases

(low applied electric fields at room temperature) the conduction current can be comparable to the noise
currents.

Apart from triboelectric effects, noise currents are caused by thermoelectric voltages. These voltages are
generated when different conductors made of dissimilar materials are joined together.

107

Current [(A)

107

107

107

Figure 3.13 — Typical waveform of a conduction current measurement @20 °C
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4.Experimental Results of
Space Charge Measurements

In this chapter, the results of the space charge measurements are presented and discussed. Section 4.1
contains the results of the space charge measurements at positive polarity including a comparison between
all the cables. In section 4.2, a cable is examined under negative polarity and the relevant results are
presented. Section 4.3 includes the evaluation of the apparent trap-controlled mobility, trap depths and
space charge distribution along the trap levels for all the cables.

4.1 Space charge measurements at positive polarity

In this work, the space charge accumulation threshold for four different cables under positive voltage was
examined by means of the pulsed electro-acoustic PEA method. The polarity of the applied voltage refers
to the polarity of the cable conductor.

The threshold for space charge accumulation is determined by carrying out a number of measurements at
different poling fields ranging from 1.5kV/mm to 20kV/mm and at three different temperatures, 20°C,
40°C and 60°C.

The average space charge densities accumulated at higher poling fields (i.e. 30kV/mm and 60kV/mm)
were obtained during an earlier project carried out at TU Delft.

4.1.1 Cable 11543-2

Space charge accumulation threshold

This cable is composed of insulation type | (cross-linked polyethylene with less than 0.5 wt.% “styrenic”
charge trapping agent) and two semicon layers of type E (ethylene copolymer with polar comonomer,
“medium” carbon black loading). The obtained E-p characteristics at 20°C, 40°C and 60°C are displayed
in figures 4.1, 4.2 and 4.3 respectively.
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Figure 4.3 - E-p characteristic

of cable 11543-2 @60°C

The point at which the slope of the E-p characteristic changes, determines the electric field above which
space charge starts accumulating. At 20°C the electric threshold field is found to be at 6kV/mm. At 40°C
and 60°C the threshold for space charge accumulation is determined at 4.5kV/mm and 3.5kV/mm

respectively.

In figure 4.3, it can be observed that the average space charge densities at 30kV/mm and 60kV/mm are
higher than expected according to the fitting line. Fast moving charge packets could cause this difference.
They activated generally by high dc fields and the basic theory behind this process is presented in section
2.6 of this thesis.

Temperature effect on the fitting line slope

The slope of the fitting line above threshold determines the dependence of the space charge density on
the applied electric field. The slopes at the three different temperatures are presented in table 4.1.

Table 4.1 — Fitting line slopes at different temperatures for cable 11543-2

Temperature 20°C
Slope 1.37
Angle 53.8°
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The steepest fitting line is observed at room temperature. The slope of the fitting line decreases when
temperature increases. Therefore, at a certain applied electric field more space charge is accumulated at
room temperature than at higher temperatures. This particular behavior is observed in figure 4.4 and it

could be attributed to the temperature dependence of injection, extraction and detrapping processes of
charge carriers.

According to the Schottky injection process (equation 2.13), the Schottky injection current density
depends positively on temperature. Thus, an increase in temperature, results in an increase in injection
current density. Moreover, the rate of charge detrapping increases as temperature increases due to the

higher thermal energy of the trapped charge carriers. Finally, the extraction process is assumed to have a
positive temperature dependence as well.

Therefore, the fact that the slope of the fitting line decreases as temperature increases can be attributed to
the hypothesis that when temperature increases, the injection rate increases at slower pace than the
extraction and charge detrapping rate. However, at high temperatures, the injection rate is still higher than
the detrapping and extraction rate. Otherwise, there will be no space charge formation in the insulation.

—
DI

[

—
—

Average Space Charge (C/nt)

i
a3

10 10
Electric Field (k\V/mm)

Figure 4.4 - Fitting line slopes above threshold at different temperatures for cable 11543-2

Threshold temperature dependence

The space charge accumulation threshold shows an exponential temperature dependence according to
figure 4.5. Equation 4.1 describes the threshold temperature dependence of cable 11543-2.

(4.1)

1314.5
Etpr = 0.067Sexp[ ]

47



CHAPTER 4 | Experimental Results of Space Charge Measurements
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Figure 4.5 — Temperature dependence of electric threshold for cable 11543-2

4.1.2 Cable 11544-2

Space charge accumulation threshold

This cable is composed of insulation type Il (cross-linked polyethylene with less than 1 wt.% carbon
black) and two semicon layers of type E (ethylene copolymer with polar comonomer, “medium” carbon
black loading). The obtained E-p characteristics at 20°C, 40°C and 60°C are displayed in figures 4.6, 4.7
and 4.8 respectively.

For this cable the electric field thresholds are the same as in the case of cable 11543-2. Therefore, at 20°C
the threshold is determined at 6k\V/mm. At 40°C and 60°C the thesholds are 4.5kV/mm and 3.5kV/mm
respectively.

The only difference between the two cables is the type of insulation as both of them have the same type of
semicon. This observation suggests that the threshold is significantly affected by the semicon type.

In figure 4.8, the observation that the data points at 30kV/mm and 60kV/mm are not included by the
fitting line seems to be consistent. A possible existence of fast moving charge packets could explain this
kind of behavior.
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Figure 4.8 - E-p characteristic of cable 11544-2 @60°C

Temperature effect on the fitting line slope

In table 4.2, the slopes at the three different temperatures are presented.

Table 4.2 - Fitting line slopes at different temperatures for cable 11544-2

40°C 60°C

20°C

Temperature

0.69
34.5°

0.95

43.6°

1.09

Slope

47.4°

Angle

It can be observed from the above results that also for this cable the fitting line slopes show negative

temperature dependence. The possible reason for this phenomenon is discussed in section 4.1.1.

Threshold temperature dependence

The threshold values are the same as for cable 11543-2. Therefore, they can be described by the same

exponential relationship (equation 4.1).
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Figure 4.9 — Temperature dependence of electric threshold for cable 11544-2

4.1.3 Cable 11543-1

Space charge accumulation threshold

This cable is composed of insulation type I (cross-linked polyethylene with less than 0.5 wt.% “styrenic”
charge trapping agent) and two semicon layers of type F (copolymer blend of reduced polarity, “medium”
carbon black loading). The obtained E-p characteristics at 20°C, 40°C and 60°C are displayed in figures
4.10, 4.11 and 4.12 respectively.

For this cable, higher electric thresholds were found. At 20°C the threshold is almost 8kV/mm and at 40°C
and 60°C the threshold values are 5.5kV/mm and 4kV/mm respectively.

Furthermore, in figure 4.12, it can again be observed that the data points at 30kV/mm and 60kV/mm are
out of the fitting line. Therefore, the hypothesis that fast moving charge packets could cause this
difference is strengthened.
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Figure 4.12 — E-p characteristic of cable 11543-1 @60°C

Temperature effect on the fitting line slope

The slopes of the fitting lines show the same tendency as in the case of cables 11543-2 and 11544-2.
Therefore, the fitting line slope decreases with the temperature increase and the results are presented in
table 4.3.

Table 4.3 - Fitting line slopes at different temperatures for cable 11543-1

Temperature 20°C 40°C 60°C
Slope 1.13 1.00 0.70
Angle 485° 45.0° 34.9°

Threshold temperature dependence

For this cable the thresholds at different temperatures can again be fitted into a line which is discribed by
an exponential law. The fitting line is presented in figure 4.13.

A larger exponential factor B (1718.1K) is observed (equation 4.2) compared to the value of cables
11543-2 and 11544-2 (equation 4.1). This differnce shows a stronger temperature dependence of the
threshold for cable 11543-1.
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Figure 4.13 — Temperature dependence of electric threshold for cable 11543-1

(4.2)

1718.1]

Eipr = 0.0227exp[ T

4.1.4 Cable 11544-3

Space charge accumulation threshold

The last cable tested under positive electric field is composed of insulation type Il (cross-linked
polyethylene with less than 1 wt.% carbon black) and two semicon layers of type F (copolymer blend of
reduced polarity, “medium” carbon black loading). The obtained E-p characteristics at 20°C, 40°C and
60°C are displayed in figures 4.14, 4.15 and 4.16 respectively.

The thresholds are almost equal to the thresholds of cable 11543-1. At 20°C the threshold is 7.5kV/mm,
at 40°C it is 5.5kV/mm and at 60°C the threshold is determined at 4k\V/mm.

The fact that the only difference between cables 11543-1 and 11544-3 is the insulation type supports the
observation that the semicon type plays a major role in the electric field threshold determination.
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Figure 4.16 — E-p characteristic of cable 11544-3 @60°C

Temperature effect on the fitting line slope

The results of the fitting line slopes at different temperatures are displayed in table 4.4. The negative
temperature dependence of the fitting line slope can be observed.

Table 4.4 — Fitting line slopes at different temperatures for cable 11544-3

Temperature 20°C 40°C 60°C
Slope 1.56 1.15 0.81
Angle 57.3° 48.9° 39.1°

Threshold temperature dependence

As the threshold values are nearly equal to the values of cable 11543-1, equation 4.3 can describe the
threshold temperature dependence. In figure 4.17 the relevant plot is displayed.

For this cable the threshold again shows a stronger temperature dependence compared to cables 11543-2
and 11544-2.
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(4.3)

1533.3
Epyr = 0.041exp[ ]

4.1.5 Results obtained during an earlier project

The other four cables described in section 3.1.1, were tested by means of the PEA method during an
earlier project [7]. The composition of these cables is summarized in table 4.5.

Table 4.5 — Composition of the cables tested in an earlier project [7]

Cable Insulation Semicon
11543-3 I C
11543-4 I D
11544-1 1 D
11544-4 | C

The results obtained during the space charge measurements and concerning the electric field thresholds at
three different temperatures are presented in table 4.6.
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Table 4.6 — Thresholds [kV/mm] of the cables tested in an earlier project [7]

Cable 20°C 40°C 60°C
11543-3 7.3 6 4.5
11543-4 4 3 3
11544-1 4 3 2.3
11544-4 8 6 4.5

4.1.6 Cable comparison & discussion

The electric thresholds of all eight cables at 20°C, 40°C and 60°C are presented in figures 4.18, 4.19 and
4.20 respectively. In these figures, the latin numbers (I,11) refer to the insulation type and the letters
(C,E,D,F) to the semicon type.

o — ' 115431
L — 1158432
r .. — . 115433
I I 115434
3 R — — B 115441
= — — L B e 11544-2
E — — memsl  EEEERSEL 115443
Z 5r — — 1| 11544-4
E I I I
= Al — — — i
@ — — —
= — — —
S | N — — — .
g
W, H-C II-E F i
| T |
T — — I .
— — —
0 — — —

Figure 4.18 — Space charge accumulation thresholds of all the cables @20°C
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From the above results, it is clear that the cables made from the same type of semicon and different
insulation materials nearly result in the same electric field thresholds. This holds for all three
temperatures. This observation suggests that the type of semi-conductive layer plays a significant role in
determining the threshold for space charge accumulation. Therefore, it can be claimed that the
injection/extraction process at the semicon-insulation interface greatly affects the value of the electric
field threshold.

The only difference between the three types of semi-conductive layers C, E and D is the carbon black
content. The highest threshold is observed for the cables with semicon C (ethylene copolymer with polar
comonomer, “low” carbon black loading). Higher carbon content in the semicon seems to result in a
lower electric field threshold for space charge accumulation.

Furthermore, conduction current measurements on semicon plagues were carried out in order for their
conductivity to be estimated. The results are presented in section 5.1 and as it was expected, they revealed
that higher carbon content results in higher semicon conductivity. Therefore, the threshold for space
charge accumulation could also be related to the conductivity of the semicon. Higher semicon
conductivity seems to result in a lower electric field threshold and vice versa.

The cables made from semicon F (‘medium’ carbon content) have a threshold close to the cables with
semicon of ‘low’ carbon content (semicon C). This observation suggests that a possible decrease in the
carbon content of semicon F could lead to an even higher threshold.

The slopes of the fitting lines for all the cables are presented in table 4.7.

Table 4.7 — Fitting line slopes at different temperatures for all eight cables

Cable 20°C 40°C 60°C
11543-1 1.13 1.00 0.70
11543-2 1.37 0.91 0.62
11543-3 1.28 0.52 0.33
11543-4 0.69 0.55 0.61
11544-1 0.80 0.61 0.46
11544-2 1.09 0.95 0.69
11544-3 1.56 1.15 0.81
11544-4 1.47 0.80 0.62

It is clear that the slope of the fitting lines decreases as temperature increases. This observation could be
related to the injection/extraction and detrapping processes. All these processes show positive temperature
dependence which is explained in detail in section 4.1.1 of this thesis.

The decrease in the fitting line slope could be attributed to the assumption that when temperature
increases, the injection rate increases at slower pace than the extraction and charge detrapping rate.
However, the injection rate is still higher than the extraction and detrapping rate in order for space charge
accumulation to take place inside the insulation.
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4.2 Space charge measurements at negative polarity

The cable 11544-4 was examined under negative polarity, thus negative voltage was applied to the
conductor of the cable during the tests. The purpose for carrying out these measurements was to
investigate the effect of voltage polarity on the space charge accumulation threshold.

This cable consists of insulation type 1l (cross-linked polyethylene with less than 1 wt.% carbon black)
and two semicon layers of type C (ethylene copolymer with polar comonomer, “low” carbon black
loading). The obtained E-p characteristics at 20°C, 40°C and 60°C are displayed in figures 4.21, 4.22 and
4.23 respectively.

The thresholds are determined at 7kV/mm, 5.5kV/mm and 4.3kV/mm at 20°C, 40 °C and 60 °C
respectively. The results obtained under positive polarity for the same cable is presented in table 4.6.

As it can be observed, the results at positive and negative polarity are close to each other. The largest
difference occurs at 20°C. However, taking into consideration the fact that the uncertainty in the PEA
method is approximately 15% (section 3.2.2) and that the thresholds at 40°C and 60°C are almost equal
for positive and negative polarity, then it can be claimed that the voltage polarity does not significantly
affect the threshold value.
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Figure 4.21 — E-p characteristic of cable 11544-4 @20°C
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Temperature effect on the fitting line slope

The fitting line slopes at different temperatures are displayed in table 4.8. The same tendency occurs even
for negative polarity and therefore the fitting line slope decreases as temperature increases. This kind of
behavior is discussed in section 4.1.1.

Table 4.8 — Fitting line slopes at different temperatures for cable 11544-4

Temperature 20°C 40°C 60°C
Slope 1.04 0.80 0.71
Angle 46.1° 38.9° 35.6°

Threshold temperature dependence

The thresholds under negative polarity at different temperatures can also fit into an exponential
relationship. Equation 4.4 describes the threshold temperature dependence of this cable.

(4.4)

1188.6]

Epyr = 0.1233exp[ T

Electric Field (k\frmm)
=
|

107 F -

1 1 1 1
1 0-3.45 1 U-:l. 5 1 U-ZI.E'E 1 U-:l. 54

1000/T (1/K)
Figure 4.24 — Temperature dependence of electric threshold for cable 11544-4
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4.3 Mobility and trap depth estimation

4.3.1 Apparent trap — controlled mobility

The apparent trap-controlled mobilities of all eight cables were derived via their depolarization
characteristics. These characteristics obtained at 60kV/mm and at 65°C.

The poling field was chosen to be relatively high in order for a large amount of space charge to remain
after the voltage turn-off. At lower poling fields (i.e. 30kV/mm) the accumulated space charge is
relatively low and there is no significant decrease within three hours of depolarization. In this case far
longer depolarization times are required.

The calculation of the apparent trap-controlled mobility is based as explained in section 2.7, on the use of
equation 2.23 and the results of all eight cables under examination are shown in figure 4.25. The results
are also summarized in table 4.9.

Apparent trap-controlled mobility
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Figure 4.25 — Apparent trap-controlled mobility of all eight cables @65°C
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The apparent trap-controlled mobility decreases for all the cables as depolarization time increases.
Mobility characteristics vary with time since they are related to progressive emptying of deeper and
deeper traps as depolarization elapses. In order to make the comparison of the cables easier, the results of
table 4.9 are also presented in figure 4.26.

Table 4.9 - Apparent trap-controlled mobilities after 17 minutes and 3 hours of depolarization
Apparent trap controlled mobility Apparent trap controlled mobility

cank @65°C after 17 min [m?%/sV] @65°C after 3 hours [m?/sV]

11543-1 4.99*10" 3.09%10™"
11543-2 4.99*10" 3.39*10™
11543-3 3.72*10" 2.19*10"
11543-4 47110 3.51*10™
11544-1 2.06*10" 7.79%107%
11544-2 1.13*10™ 4.06*10°*°
11544-3 1.99%10™" 6.81*10*°
11544-4 1.47*10°" 3.51*10%
w10 Apparent trap-controlled maobility

35

%]
[y ]

%]

Mobility (mZA/.s)

—
m

0.5

0

1 2 3 4 ] 6 7 8
Figure 4.26 — Apparent trap-controlled mobility after 3 hours of depolarization @65°C
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From the above results, it is observed that the apparent trap-controlled mobilities of the cables with the
same insulation material but with different semi-conductive layers are close to each other. They are of the
same order of magnitude, 10™ and 10 for insulation type | and I respectively. Insulation type | has a
faster depletion rate of trapped charge than insulation type II.

The type of insulation seems to play a major role in the determination of the apparent trap-controlled
mobility. On the contrary, there is little influence of the semicon type on the apparent trap-controlled
mobility. It seems that the apparent trap-controlled mobility is significantly affected by the detrapping
process in the insulation rather than the extraction process at the semicon-insulation interfaces.

4.3.2 Trap depth

The apparent trap depths were determined from the same depolarization characteristics used for the
determination of the apparent trap-controlled mobilities of the cables. The model used to determine the
apparent trap depths is described in section 2.7. Five trap levels were assumed. Therefore, the
depolarization characteristic of each cable was divided into five segments. In each segment, the data were
fitted into an exponential law and the coefficients a; and b; were determined. Finally, the trap depth values
were derived from equation 2.27. The increase in number of trap levels does not affect the maximum trap
depth values. The apparent trap depths of all eight cables are shown in figure 4.27.
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Figure 4.27 — Apparent trap depths of all the cables within 3 hours of depolarization
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The trap depth values after 3 hours of depolarization are also shown in table 4.10 and in figure 4.30.

Table 4.10 — Apparent trap depths after 3 hours of depolarization

Cable Trap depth (eV)
11543-1 1.16
11543-2 1.16
11543-3 1.16
11543-4 1.16
11544-1 1.20
11544-2 1.21
11544-3 1.20
11544-4 1.21
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Figure 4.30 — Apparent trap depths of the cables after 3 hours of depolarization

As in the case of apparent trap-controlled mobility, the trap depths are mainly affected by the insulation
type rather than the semicon type. The cables made from the same type of insulation have nearly equal
trap depths. In insulation type Il deeper traps are present than in insulation type I.
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The addition of “styrenic” charge trapping agent seems to lead to the creation of shallower traps than
carbon black. Insulation type | exhibits a better performance with regard to trap depths. Deeper trap
depths result in longer trapping time periods. The distribution of the trapped charge along the trap levels
is presented in table 4.11.

Table 4.11 — Space charge distribution along the trap levels

Cable : 11543-1 Cable : 11544-3

Trap level Space charge density (C/m®) Space charge density (C/m®)
1 0.0379 0.0147
2 0.0160 0.0072
3 0.0107 0.0054
4 0.0085 0.0046
5 0.4273 0.4757
Cable : 11543-2 Cable : 11544-2
Trap level Space charge density (C/m®) Space charge density (C/m®)
1 0.0323 0.008
2 0.0140 0.0041
3 0.0094 0.0032
4 0.0069 0.0030
5 0.4097 0.5097
Trap level Space charge density (C/m®) Space charge density (C/m®)
1 0.0463 0.0224
2 0.0189 0.0087
3 0.0127 0.0062
4 0.0100 0.0056
5 0.4618 0.5356
Trap level Space charge density (C/m®) Space charge density (C/m®)
1 0.0226 0.0160
2 0.0099 0.0077
3 0.0069 0.0059
4 0.0050 0.0054
5 0.3861 0.5001

In insulation type I more space charge is trapped at the highest trap levels than in insulation type 1. Most
of the time, larger amount of space charge is trapped at levels 1 to 4 for insulation type 1. On the contrary,
in insulation type Il more space charge is trapped at the lowest trap level (level 5). This observation
coincides with the fact that insulation type | has a higher depletion rate (mobility) than insulation type II
as more space charge is trapped at shallower traps where less energy and time are required in order for
these charges to be liberated from there.
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5.Experimental Results of
Conduction Current Measurements

In this chapter the results of the conduction current measurements are presented. Section 5.1 contains the
results related to the measurements on semi-conductive plaques. In section 5.2, the results concerning the
measurements on three cables are included.

5.1 Conduction current measurements on semicon plaques

Four different types of semi-conductive layers are used in the construction of the cables under
examination. Conduction current measurements were performed on semicon plaques in order for their
conductivity to be determined. The composition of the different semi-conductive layers is described in
table 5.1. The measurements were carried out at 1kV and at room temperature. The results are listed in
table 5.2.

Table 5.1 — Composition of semi-conductive plaques

Semicon Composition
C Ethylene copolymer with polar comonomer, ‘low’ carbon black loading
D Ethylene copolymer with polar comonomer, ‘high’ carbon black loading
E Ethylene copolymer with polar comonomer, ‘medium’ carbon black loading
F Copolymer blend of reduced polarity, ‘medium’ carbon black loading

Table 5.2 — Conductivity of semi-conductive plaques

Semicon Thickness Applied electric field Steady-state current Conductivity
[mm] [kV/mm] [nA] [S/m]
C 0.63 1.59 1.52 3.10E-9
D 0.7 1.43 1.52 3.43E-9
E 0.7 1.43 1.48 3.34E-9
F 0.675 1.48 1.50 3.27E-9

As it was expected, the concentration of carbon black determines the semicon conductivity. Higher
carbon black concentration results in higher conductivity and vice versa.
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5.2 Conduction current measurements on cables

Conduction current measurements were carried out on three mini-cables. The purpose of these
measurements was to evaluate their electric field thresholds with the use of a different technique. In this
way, the results of the space charge measurements described in chapter 4 can be verified.

The electric field thresholds of the cables were evaluated via the voltage - conduction current (V-I)
characteristics, as it is explained in section 2.2. A number of measurements at different voltage levels and
at three different temperatures (20°C, 40°C and 60°C) was performed in order to obtain these
characteristics.

5.2.1 Cable 11544-4

Space charge accumulation threshold

This cable is composed of insulation type Il (cross-linked polyethylene with less than 1 wt.% carbon
black) and two semicon layers of type C (ethylene copolymer with polar comonomer, “low” carbon black
loading). The obtained V-1 characteristics at 20°C, 40°C and 60°C are displayed in figures 5.1, 5.2 and 5.3
respectively.
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Figure 5.1 — V-1 characteristic of cable 11544-4 @20°C
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The point at which the slope of the V-I characteristic changes, determines the electric field above which a
non-Ohmic behavior occurs. This point coincides with the establishment of steady-trapped charges in the
insulation and therefore, with the threshold for space charge accumulation. A power law describes the
conduction mechanism above treshold (section 2.2). At 20°C the electric field threshold is found to be at
7kV/mm. At 40°C and 60°C, the thresholds for space charge accumulation are determined at 5.3kV/mm
and 4kV/mm respectively. The electric field — conductivity o characteristics for this cable are presented in
figure 5.4.
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Figure 5.4 — E-6 characteristics of cable 11544-4, a: @20°C, b:@40°C, c: 60°C

As it was expected, the conductivity increases with the temperature increase (section 2.4). The
conductivity at a given electric field above threshold and within the range 20°C to 60°C, fits well into an
Arrhenius-type relationship which is described by equation 5.1. The relevant plot is given in figure 5.5.

1.196]

&(T) = 110exp [—k—T (5.1)

Where k is the Boltzmann constant and it equals 8.617 x10~> eV/K.
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Figure 5.5 — Cable 11544-4, conductivity vs. reciprocal absolute temperature @ 8kV/mm

The trap-limited mobility is believed to be the reason for the Arrhenius-type dependence of the
conductivity on temperature [31]. Not all the charge carriers contribute to the conduction due to the
presence of trap states within the band gap of the insulation. However, the number of effective charge
carriers, which is proportional to the mobility and then to the conductivity, is a function of temperature
and an Arrhenius-type model describes the physical phenomenon.

The conductivity increase is a thermally-activated process and for this cable the corresponding activation
energy approximately equals 1.20eV.

Electric field threshold comparison

In table 5.3 the results of the space charge and the conduction current measurements on cable 11544-4 are
presented.

Table 5.3 — Electric field thresholds of cable 11544-4

Threshold @20°C Threshold @40°C Threshold @60°C
[kV/mm] [kV/mm] [kV/mm]
PEA 8 6 45
CCM 7 5.3 4
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As it can be observed, the space charge measurements by means of the PEA method and the conduction
current measurements result almost in the same thresholds. The slight difference between the results can
be attributed either to the uncertainty of each measuring technique or/and to their different sensitivity.
Also, the physics behind each measuring technique contributes to this slight difference [17].

The accuracy of each measuring technique is discussed in detail in section 3.2.2 for the space charge
measurements and in section 3.4 for the conduction current measurements.

However, it can be observed that the thresholds estimated by the conduction current measurements are
consistently lower than the values determined by the space charge measurements. This kind of behavior
could be attributed to the higher sensitivity of the conduction current measurements. As soon as a small
amount of space charge appears in the insulation, an Ohmic behavior cannot hold anymore. Space charge
and Ohmic behavior are mutually incompatible. On the other hand, a small amount of accumulated space
charge is not always detectable with the use of the PEA method.

5.2.2 Cable 11543-3

Space charge accumulation threshold

This cable is composed of insulation type | (cross-linked polyethylene with less than 0.5 wt.% “styrenic”
charge trapping agent) and two semi-conductive layers of type C (ethylene copolymer with polar
comonomer, “low” carbon black loading). The obtained V-I characteristics at 20°C, 40°C and 60°C are
displayed in figures 5.6, 5.7 and 5.8 respectively.

Current | (A

Voltage (kW)
Figure 5.6 — V-1 characteristic of cable 11543-3 @20°C
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The electric field threshold at 20°C is estimated at 6.5kV/mm. At 40°C and 60°C the thresholds for space
charge accumulation are determined at 5.3kV/mm and 3.8kV/mm respectively.

It can be observed that the thresholds for cable 11543-3 are close to the values of cable 11544-4. The only
difference between the two cables is the insulation type as they have the same type of semi-conductive
layers. This observation supports the results of the space charge measurements.

During the space charge measurements by means of the PEA method, it was suggested that the threshold
is determined to a high extent by the semi-conductive layers rather than the insulation type (section 4.1.2).
This suggestion is now verified by the conduction current measurements as well.

The electric field vs. the conductivity o of cable 11543-3 at different temperatures are presented in figure
5.9.
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Figure 5.9 — E-6 characteristics of cable 11543-3, a: @20°C, b:@40°C, c: 60°C

The conductivities of this cable at different temperatures show again an Arrhenius-type dependence.
Equation 5.2 describes the temperature dependence of the conductivity. The relevant plot is displayed in
figure 5.10.

1.181] (5.2)

O'(T) = 146exp [—k—T
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Where k is the Boltzmann constant and it is equal to 8.617 x10~> eV/K.
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Figure 5.10 — Cable 11543-3, conductivity vs. reciprocal absolute temperature @ 8kV/mm
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The reason for which the conductivity follows an Arrhenius-type dependence is discussed in section
5.2.1. The trap-limited mobility is believed to cause this kind of temperature dependence of conductivity.
The corresponding activation energy for this cable is 1.18eV.

Electric field threshold comparison

Table 5.4 contains the results of the space charge and the conduction current measurements on cable
11543-3.

Table 5.4 — Electric field thresholds of cable 11543-3

Threshold @20°C Threshold @40°C Threshold @60°C
[kV/mm] [kV/mm] [kV/mm]
PEA 7.3 6 45
CCM 6.5 5.3 3.8

As it can be observed the results are close to each other. The slight difference between the results of the
two techniques is discussed in detail in section 5.2.1. The fact that space charge is detected only above the
threshold found by the conduction current measurements is consistently observed in this case as well. The
experimental results appear to be in agreement with the theoretical prediction that space charge and
Ohmic conduction are mutually exclusive.
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5.2.3 Cable 11543-4

Space charge accumulation threshold

This cable consists of insulation type | (cross-linked polyethylene with less than 0.5 wt.% “styrenic”
charge trapping agent) and two semi-conductive layers of type D (ethylene copolymer with polar
comonomer, “high” carbon black loading). The obtained V-1 characteristics at 20°C, 40°C and 60°C are
displayed in figures 5.11, 5.12 and 5.13 respectively.

The threshold at 20°C is estimated at 3.6kV/mm. At 40°C and 60°C the electric field threshold is
determined at 2.8kV/mm and 1.6kV/mm respectively.

The only difference between cables 11543-3 and 11543-4 is the semicon type. However, there is a
significant difference in their electric field thresholds. Cable 11543-4 shows much lower electric field
thresholds than cable 11543-3 at all three temperatures. This observation coincides with the results of the
space charge measurements where it is suggested that higher carbon black content in the semi-conductive

layer results in a lower electric field threshold (section 4.1.4). This suggestion is verified by the
conduction current measurements.

Current | {A)

Voltage (kV)
Figure 5.11 — V-1 characteristic of cable 11543-4 @20°C
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The electric field vs. the conductivity o of cable 11543-4 at different temperatures are presented in figure
5.14.
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Figure 5.14 — E-6 characteristics of cable 11543-4, a: @20°C, b:@40°C, c: 60°C

The conductivity at a given electric field above threshold and within the range 20°C to 60°C, can fit quite
well into an Arrhenius-type relationship which is described by equation 5.3. The corresponding activation
energy is equal to 0.88eV and the relevant plot is given in figure 5.15.

0.88
o(T) = 0.0014exp [_k_ (5.3)

Where k is the Boltzmann constant and it is equal to 8.617 x10~> eV/K.
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Figure 5.15 — Cable 11543-4, conductivity vs. reciprocal absolute temperature @ 8kV/mm

Electric field threshold comparison

Table 5.4 contains the results of the space charge and the conduction current measurements of cable
11543-3.

Table 5.5 — Electric field thresholds of cable 11543-4

Threshold @20°C Threshold @40°C Threshold @60°C
[kV/mm] [kV/mm] [kV/mm]
PEA 4 3 3
CCM 3.6 2.8 1.6

It can be observed that the results of both techniques are close to each other in case of 20°C and 40°C.
However, at 60°C there is a significant difference between the results obtained by the space charge and
the conduction current measurements. It should be taken into account the fact that the accuracy of the
PEA method in this case is restricted by two factors.

The average space charge values at very low field strenghts are less accurate because of the fact that the
signal is relative small with respect to the distortion [7]. The combination of this with the fact that the
average space charge density rises relatively slowly with increasing field strength at 60°C makes the
determination of the threshold more difficult [7]. Therefore, the results of the space charge measurements
at 60°C for this cable should be handled with caution.
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5.3 Discussion

The conduction current measurements on the semicon plaques revealed that the concentration of carbon
black determines the conductivity of the semi-conductive layer. Higher carbon black concentration results
in higher semicon conductivity.

Combining the results of the space charge measurements (section 4.1.4) and the conduction current
measurements on the semicon plaques, the electric field thresholds of the mini-cables could also be
related to the conductivity of the semi-conductive layer. According to the space charge measurements, the
electric field threshold is significantly affected by the semicon type. Higher carbon black content results
in a lower electric field threshold at all three temperatures (20°C, 40°C and 60°C). The results of the
conduction current measurements on the semicon plaques suggest that higher semicon conductivity
results in a lower electric field threshold.

The conduction current measurements on the three cables coincide with the results of the space charge
measurements. Therefore, two important suggestions drawn from the space charge measurements are
verified by the conduction current measurements. Firstly, the observation that the type of semicon
determines to a high extent the threshold for space charge accumulation. Secondly, the observation that
the concentration of carbon black in the semi-conductive layer greatly affects the electric field threshold.

The conduction current measurements verified that the cables made from different insulation materials
and the same type of semicon result almost in the same electric field thresholds. Also, they assured that
higher carbon content in the semicon results in a lower electric field threshold. These statements hold for
all three temperatures.
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6. Conclusions & Recommendations

In this chapter, the conclusions drawn from the space charge and the conduction current measurements
are presented and discussed in section 6.1. Thus, the results of the electric field thresholds, apparent trap-
controlled mobilities and trap depths for all the cables are analyzed. Section 6.2 contains some
recommendations for further research into the space charge dynamics of the mini-cables.

6.1 Conclusions

Electric thresholds at positive polarity

The space charge measurements revealed that the electric field thresholds of these mini-cables are mainly
dictated by the semi-conductive layers rather than the insulation type. The cables made from different
insulation materials and the same type of semicon exhibit close thresholds for space charge accumulation.
Therefore, it can be claimed that the insulation material plays no or insignificant role in the determination
of the space charge accumulation threshold. This observation suggests that the electric field thresholds of
these mini-cables are significantly affected by the injection/extraction processes at the semicon-insulation
interfaces.

The fact that the insulation type does not significantly affect the electric field threshold could also be
related to the Fermi levels of the insulations used in the construction of the mini-cables. More
specifically, both insulation types seem to have nearly equal Fermi levels as the cables made from
different insulations and the same semicon result almost in the same thresholds. However, the Fermi
levels seem to vary from semicon to semicon. This suggestion is based on the fact that the semicon type
plays a significant role in the determination of the electric field threshold. Therefore, injection/extraction
of charge carriers at the semicon-insulation interface is of major importance. It can be claimed that
semicon C and F result in a higher potential barrier between the semicon — insulation interface compared
to that of semicon E and D.

The increase in carbon black concentration in the semi-conductive layers results in lower electric field
thresholds. For the six cables made from the semicon composed of ethylene copolymer with polar
comonomer, the highest threshold is recorded in the case of “low” carbon black content. The semicon
with the lowest concentration of carbon black exhibits the lowest conductivity as well. This observation is
verified by the conduction current measurements on the semicon plaques (section 5.1).

On the other hand, the two cables made from semicon F composed of copolymer blend of reduced
polarity with “medium” carbon black content, show a threshold close to the cables with semicon C
composed of ethylene copolymer with polar comonomer of “low” carbon black content. Therefore, it is
likely that a decrease in carbon black concentration of semicon F could lead to an even higher electric
field threshold.

The space charge accumulation thresholds of three cables were examined by means of conduction current
measurements as well. The results verified that the electric field thresholds are mainly determined by the
semi-conductive layers of the cables.
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The electric field thresholds of the two cables made from semicon C (‘low’ carbon content) and different
insulation materials were found to be close to each other as in the case of space charge measurements. On
the contrary, cable 11543-4 with the semicon of ‘high’ carbon content has a much lower electric field
threshold than the other two cables. This observation verifies the suggestion that higher carbon black
content of semicon results in a lower electric field threshold. The thresholds for space charge
accumulation estimated by means of the conduction current measurements are close to the results of the
space charge measurements.

Electric thresholds at negative polarity

Cable 11544-4 was examined under negative voltage. No significant variation in the electric field
thresholds was observed between positive and negative polarity (section 4.2). The slight difference in the
results cannot imply a different injection/extraction process; it is more likely to be related to the accuracy
of the measurements as there is an uncertainty of approximately 15%.

Fitting line slopes

During the space charge measurements, it was observed that when temperature increases, the slope of the
fitting line above the electric field threshold decreases. The fitting line slope expresses the dependence of
the space charge density on the applied electric field. At 40°C and 60°C, the fitting line slopes are less
steep than the slope at room temperature.

This kind of behavior is believed to be related to the injection/extraction and detrapping processes. In
chapter 4, the positive temperature dependence of these processes is discussed in detail. The fact that the
fitting line slope decreases as temperature increases could be attributed to the different way in which each
process reacts to temperature increase. Therefore, it is believed that when temperature increases the
injection rate increases at slower pace than the detrapping and extraction rate. However, the injection rate
is still higher than the detrapping and extraction rate in order for space charge accumulation to take place
inside the material.

Temperature dependence of electric field thresholds

The space charge measurements on the mini-cables showed that the electric field threshold for space
charge accumulation significantly depends on temperature. There is a clear decrease in the threshold for
space charge accumulation with temperature increase. This holds for all the cables which were examined.

As it is mentioned above, the semicon mainly determines the electric field threshold. Therefore, the
injection/extraction processes at the semicon-insulation interfaces are critical. These processes are
thermally activated mechanisms and an increase in temperature causes an increase in the thermal energy
of charge carriers. The threshold decrease could be attributed to the higher energy of charge carriers.

The electric field thresholds of all eight cables within the range 20°C to 60°C, fit well into an exponential
relationship. The exponential factors of the cables made from the same semicon and different insulation
materials are almost equal. This is expected as they have approximately equal thresholds at different
temperatures.
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However, the cables made from semicon F composed of copolymer blend of reduced polarity exhibit
stronger temperature dependence than the cables with semicon E composed of ethylene copolymer with
polar comonomer. The different temperature dependence could be related to the different properties of
either the semicon-insulation interface or/and the semicon itself.

Temperature Gradient

During the space charge measurements, a temperature gradient was present in the cable insulation. At
40°C the difference between the inner and outer semicon was 5 °C. In the case of 60 °C, the temperature
gradient was almost 10 °C. However, the conduction current measurements were performed under
isothermal conditions.

The results of the conduction current measurements showed that the temperature gradient does not seem
to influence the electric field thresholds of the cables.In spite of the fact that the conduction current
measurements were carried out under isothermal conditions, the estimated space charge accumulation
thresholds are approximately equal to the results of the space charge measurements. The slight difference
between the results of the two techniques is discussed in detail in section 5.2.1 and it could not be related
to the temperature gradient.

Apparent trap-controlled mobility and trap depths

It is found that the mobilities of these mini-cables are mainly determined by the insulation material. The
role of the semi-conductive layers is insignificant compared to that of the insulation. The fact that the
apparent trap-controlled mobility is mainly driven by the insulation type implies that the detrapping
process is the prevailing factor with respect to the depletion rate of the accumulated space charge.

The cables made from insulation type | (crosslinked polyethylene PE with less than 0.5 wt.% styrenic
charge trapping agent) show a higher mobility than those made from insulation type Il (crosslinked
polyethylene PE with less than 1 wt.% carbon black) within three hours of depolarization. Insulation type
I exhibits a more favorable behavior with regard to the depletion rate of accumulated space charge than
insulation type II.

As far as the trap depth values are concerned, shallower traps are formed in insulation type 1. This can be
attributed to the addition of styrenic charge trapping agent. The role of this additive is to create more
shallow traps and not deep traps.

Finally, the distribution along the trap levels exhibits a different behavior between the two types of
insulation. In insulation type | more space charge is accumulated at the higher energy levels. On the
contrary, in insulation type Il most of the space charge is accumulated at the level with the lowest
potential energy. Therefore, in a shorter period of time more space charge is depleted from insulation |
than insulation Il. The latter statement coincides with the fact that insulation type | shows a higher
apparent trap-controlled mobility than type II.

Cable Conductivities

The conductivity of the cables at a given electric field above threshold and within the range 20°C to 60°C,
fits well into an Arrhenius-type relationship. This observation holds for all three cables which were
examined by means of conduction current measurements.
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The trap-limited mobility is believed to be the reason for the Arrhenius-type dependence of the
conductivity on temperature. Only a number of charge carriers contribute to the conduction due to the
presence of trap states within the band gap of the insulation. However, the number of effective charge
carriers, which is proportional to the mobility and then to the conductivity, is function of temperature
which is described by an Arrhenius-type relationship.

6.2 Recommendations

Charge packets

The observation that the average space charge densities at 30kV/mm and 60kV/mm (at 60°C) are higher
than expected according to the fitting line is consistent for all the cables tested during the space charge
measurements (sections 4.1.1 - 4.1.4). Fast moving charge packets could cause this effect.

Further investigation is recommended with the use of a fast acquistition system in order to verify the
hypothesis of fast moving charge packets. If this assumption holds, a thourough investigation is required.
The inception electric field for the generation of charge packets, their temperature dependence and their
mobility should be included in the investigation.

Depolarization characteristics

If a fast acquisition system for space charge measurements is available, new depolarization characteristics
at high poling fields are recommended to be obtained. In this way, the first part of the depolarization
process is not omitted as it is mentioned in section 2.7. Therefore, the shallowest traps in the insulations
can be detected.

It should be mentioned that the polarization process should be long enough in order to reach a steady-state
situation in which no more space charge is accumulated in the insulation. As far as the depolarization
process is concerned, it should be longer than the polarization duration in order for the accumulated space
charge to be depleted to a high extent. A longer depolarization duration is recommended as most of the
time, there is an unsymmetrical space charge distribution in the insulation. Consequently, depletion of
space charge will take more time than accumulation because a part of the accumulated charge will be
driven out and a part will be forced into the bulk of the insulation.

Fitting line slopes

As it is explained in section 4.1, the slope of the fitting line above threshold decreases with temperature
increase. The assumption that when temperature increases, the injection rate increases at slower pace than
the extraction and charge detrapping rate can be further investigated by carrying out simultaneous space
charge and conduction current measurements.

A new setup is required which will be able not only to record the accumulated amount of space charge but
also the injection and extraction current density.
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Production of new mini-cables

It is mentioned in section 4.1.6 that the cables made from semicon F (‘medium’ carbon content) have a
threshold close to the cables with semicon C (‘low’ carbon content). Therefore, a new mini-cable
composed of insulation type | or Il and a new type of semicon which has the same composition as
semicon F but with lower carbon black concentration is expected to result in a higher electric field
threshold.

Furthermore, the possibility of decreasing the conductivity of semicon C could be investigated. A new
semicon type can be produced which will have the same composition as semicon C but with even lower
carbon black concentration. If this further decrease in carbon black content is possible, higher electric
field thresholds are expected for a cable composed of insulation type 1 or 1l and this new semicon type.

Production of a MV-size cable

As it is explained in chapter 4, the highest electric field threshold is observed for the cables made from
semicon F or C. Furthermore, insulation type | exhibits a better performance with regard to apparent trap-
controlled mobility and trap depths. It has a higher depletion rate (mobility) and shallower trap sites.

An MV-size cable composed of insulation type | and semicon C or F can be produced and tested in order
to investigate the effect of the larger volume (larger electrodes and insulation thickness) on the electric
field thresholds, apparent trap-controlled mobility and trap depths.
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Appendix | - Signal Processing

Deconvolution

The electrical signal is not a correct representation of the space charge profile as the amplifier acts as a
high pass filter which distorts the original pressure signal. According to convolution theorem, once the
signal response of a linear system is known, the relation between the input and output of that circuit can
be calculated. So, the system response H can give the relationship between the detected signal at the
oscilloscope Uge(t) and the original signal Uqrig(t). If the system response is known, it is possible to
compute the original signal by using the inverse system response H™. Therefore, in the frequency domain
equation 1.1 holds.

Udet(f) = H(f)Uorig(f) (Il)

In the time domain the original signal U,g(t) is given by equation I.2.

Udet(f)}
H(f)
It is worth noting that the deconvoluted signal Ugecon(t) is never identical to the original signal Ugig(t).

Thus, the deconvoluted signal is designated. The deconvolution process is explained with the aid of figure
I.1.

Uorig(t) = T_l{ (1.2)

Ja. 1
|/ Usarm(t) _’{ FFT " | Usara(f)

Uideal_earth(t) | . FFT | I

Gaussian Filter G(f)

5.4
(x )« \

Uder(t) , P Udecon(t)
) \ [ FFT —{(x = IFFT /|

Figure 1.1 — Schematic representation of the deconvolution technique
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As the system response is not known, equation 1.2 cannot be applied directly. The system response is
determined by using the signal Ue,(t) which represents the earth electrode and the bulk of the material
which is part of the detected signal Uge(t). Usually, the earth electrode is chosen because the acoustic
signal of this charge does not experience any attenuation and dispersion by the sample material.

Also, the ideal signal Ujgear_eartn(t) from the electrode charge is used. So, it is a signal without the response
of the sensor and the amplifier. This ideal signal is represented by a pulse which has approximately the
same width as the earth electrode in the detected signal Uge(t) and has a height of one. This height is
usually much larger than the height of the electrode signal in the detected signal.

The ideal signal Uigea earn(t) and the measured signal Uearn(t)are converted into the frequency domain.
Then the former is divided by the latter and the inverse response function H™(f) can be calculated.
However, the presence of high frequency components can affect the final deconvoluted signal Ugeon(t). In
order to eliminate or attenuate these high frequency components a low pass Gaussian filter with transfer
function G(f) is used.

However, the deconvoluted signal is still an approximation as the height of the ideal signal is one and the
resulting deconvoluted signal does not have the correct value. Therefore, a correction factor K is
required. This factor can be obtained by dividing the maximum value of the deconvoluted signal by the
maximum value of the detected signal according to equation I.3.

_ max (Udecon (t))

K. = 1.3
T | max (Uger (1)) (13)
So, the final deconvoluted signal Us gecon(t) is Obtained by using equation 1.4.
Udecon (1)
U aecon(t) = =22 (14)
cor

The deconvolution process is performed correctly only when the signal is free of space charge. Otherwise,
the signal Uearin(t) cannot be flat outside the charge region.

Divergence
The electric field distribution Epys due to the applied pulse U, is given by equation 1.5.

Up
Epuise (r) = M (1.5)

Tin
Where r is the cable radius.

Therefore, it is clear that the pulsed field distribution is not homogeneous and it depends on the radial
position r. As the magnitude of the pressure wave generated at the space charge location is proportional to
the pulsed field at this location, the space charge distribution will be position dependent. In order to
correct the detected signal from the divergence of the pulsed field, a correction factor Ky pus is defined
according to equation 1.6.
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K — p(rout) — Epulse (rout) — r
g-putse p(r) Epulse @) Tout

(1.6)

Where p(ro) is the magnitude of a pressure wave which corresponds to a given amount of charge at the
outer radius and p(r) is the magnitude of a pressure wave associated to the same amount of charge at an
arbitrary radius r.

The magnitude of an acoustic wave decreases while travelling from the inner part of the cable towards the
Sensor.
9%p

2|72 __ =
P~ e

v =0 (1.7)

Where v is the acoustic wave velocity inside the insulation.

Assuming that the length of the cable is much larger than its thickness and the insulation material is
homogeneous in the axial direction, then the analysis can be limited to the radial dimension only.
Equation 1.7 can be written in cylindrical coordinates.

a0/ op 9%p
2| (22} - & 1.8
v [ar(rar) ot2 (18)

The solution of the above partial differential equation is given by equation 1.9.

2 .
p(r,t) = Wexp (% (r— vt)) (1.9)

Where w is the angular frequency of the acoustic wave and A is a constant determined by the boundary
conditions.

It is clear from equation 1.9 that the amplitude of a cylindrical acoustic wave which travels in the radial
direction decreases with the squared root of the radius. Therefore, the amplitude of an acoustic wave
detected at the sensor is smaller than the amplitude of the wave at the space charge location. The detected
signal is corrected with the use of a correction factor K, .. defined according to equation 1.10.

K _ p(rt)y  p(t)  [rour
gwave = N0 t—1 - T - r (|.10)
p( out ) p(r’ t) .
\I out

Where p(r,t) is the magnitude of a pressure wave generated at an arbitrary radius r, whereas p(roy ,t-7) is
the magnitude of the same pressure wave after having traveled for a time = from the radius r to the outer
radius roy.

Finally, a correction factor which combines both effects can be defined. It is called geometrical factor K
and it is given by equation 1.11.

Kg = Kg_pulsng_wave = (1.11)

Tout
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Then, the corrected signal is given by equation 1.12.

Uaiv(t) = KgUr 4,000 (0 (1.12)

Attenuation and dispersion

A general expression for a planar acoustic wave p(x,t) travelling through an ideal medium can be
described in the frequency domain by equation 1.13.

p(x, w) = Py(w) exp(—ifw) (1.13)

Where Po(w) represents the magnitude of the pressure wave with angular frequency o at zero location
(Po(0,m)). This wave propagates without attenuation and its velocity v is related to the phase coefficient g
according to equation 1.14.

g = (1.14)

%
w
An acoustic wave p(x,t) travelling through a lossy and dispersive medium can be described in the
frequency domain by equation 1.15.

p(x, w) = Py(w) exp(—a(w)x) exp(—if(w)x) (1.15)

Where a(w) is the frequency-dependent attenuation factor and S(w) is the frequency-dependent phase
factor. The former takes into account that the wave magnitude decreases as the wave travels through the
medium and the latter takes into account the frequency dependence of the speed of sound in the medium.

p(x, w)
p(0, w)

The coefficients a(w) and S(w) are calculated with the use of two acoustic waves at two different
locations in the sample. The acoustic wave generated at the HV electrode p(d,w) and the corresponding
acoustic wave detected at the sensor p(0,w) are used. Therefore, equation 1.17 holds.

p(d, w)
p(0, )

When the function G(d,w) is defined, the coefficients a(w) and f(w) can be calculated. In this way the
function G(x,w) can be determined and the pressure distribution p(x,t) inside the sample can be derived
according to equation 1.18. The initial acoustic wave at any location is determined by the acoustic wave
detected at the sensor.

G(x,w) =

= exp(—a(w)x) exp(—if (w)x) (1.16)

G(d,w) = = exp(—a(w)d) exp(—if(w)d) (1.17)

p(x,t) = F 1{p(0,w)G(x,w)} (1.18)
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The pressure distribution p(x,0) corresponds to the acoustic wave at its initial location where it is
generated and the pressure distribution p(0,t) corresponds to the acoustic wave at the sensor location after
travelling through the sample.

In order to implement the procedure described above, the original signal at the HV electrode which
corresponds to the acoustic wave p(d,w) is required. If the sample is space charge free, the recovered
signal at the HV electrode represents the electrode charge only. This charge can be calculated when a
known voltage is applied across the sample. It is worth noting that the recovered signal does not exactly
correspond to the original signal as some of the higher frequencies of the original signal may be totally
attenuated.

The calculation of the coefficients a(w) and f(w) with the use of the function G(d,w) includes some
difficulties. Firstly, the function G(d,w) is defined as the ratio of two other functions. So, if the
denominator contains zeros, the division cannot be performed. Secondly, during the mathematical
procedure high frequencies of the signal are amplified more than the low frequencies. Thus, if noise is
present in the detected signal, it is amplified as well. These two problems can be tackled with defining
two approximating equations for the calculation of the coefficients a(w) and ().

a(w) = A+ aw? (1.19)

B(w) =bw (1.20)

Equations 1.19 and 1.20 are valid under the assumption that the original waveform y;(t) and the detected
waveform y,(t) are Gaussian functions according to equations .21 and 1.22.

y1(t) = Ay exp(—a; (t — 71)%) (1.21)

y2(t) = Az exp(—ay(t — 1)) (1.22)

In the frequency domain equations 1.21 and 1.22 can be written according to equations 1.23 and 1.24.

Y()—AJﬁ ; W’ (1.23)
(W) = Ay alexp Ty Ta, .

Y()—AJE ' W (1.24)
S(w) = A, azexp iT,w 1a, .

As a result, the function G(d,w) can be written according to equation 1.25.

Gd n A . w2<1 1)
(;w)—YZ—AZ alexP lw(ty — 72) 4 \a, a

= exp(—d(A + aw?)) exp(—ibwd)

(1.25)
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Where the terms A ,a and b are determined from equations 1.26, 1.27 and 1.28 respectively.

R oy (1.26)
d A, |ay

1,1 1
_1 1.28
b—a('ﬁ—fz) (1.28)

The values of the above parameters depend on the type of the medium and approximate values are used.
Therefore, the coefficients a(w) and f(w) can be determined according to equations 1.19 and 1.20
respectively.

The corrected signal for divergence Uy (t) is subjected to attenuation and dispersion correction according
to equation 1.29.

Uatten(t) = j:'_l{G((U)Udiv(w)} (1.29)

Where the function G(w) is calculated with the use of the parameters o and f according to equation 1.30.

G(w) = exp(—a(w)1) exp(—if(w)7) (1.30)

Where 7 is the time difference between the peak of the earth electrode and the peak of the HV electrode in
the signal. This time interval corresponds to the distance between the electrodes and thus, to the thickness
of the sample.

Calibration

As it is mentioned in section 3.2.1, a calibration factor is required in order to convert the non-calibrated
signal in mV into a calibrated signal in C/m®. The calibration procedure is the same as in the case of flat
specimens and it is based on a known charge at the earth electrode when a known voltage V is applied.
Therefore, equation 3.1 can be applied here as well. The surface charge density o, at the earth electrode is
calculated according to equation 1.31.

O, = &&rE, (1.31)

Where ¢, is the relative permittivity of the sample and E. is the electric field at the outer radius ro, of the
cable where the earth electrode is located and it is calculated according to equation 1.32.
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%4
E, =

T, 1.32
el (222) (1:32)

Then the calibration factor K, is calculated with the use of equation 1.33.

_ Sy Vareen(®)dx (133
cal
0-6
Where x; and x, denote the starting and the ending point of the earth electrode respectively.
Finally, the space charge profile can be determined.
U,
p(r) =~ ™) (1.34)
cal

Once the radial space charge distribution p(r) is known, the accuracy of the calibration procedure can be
checked as in the case of flat specimens. The electric field distribution is calculated from equation 1.35.

E(r) =

f routrp (r)dr (1.35)

Tin

r&o&y

Then, the voltage distribution is given be equation 1.36.

V@) = - f ) dr (1.36)

Tin

The voltage across the sample should be the same as the applied voltage at the HV electrode and zero at
the earth electrode. Therefore, the sample should be initially free of space charge.
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Appendix 11

Technical Specifications of the PEA Setup

Table 11.1 - HVDC generator

Type | Sorensen 1101
230V
Input 50 Hz
4A
100 kV
Output 15 mA

Table 11.2 — Pulse generator

HVDC
generator

Type Fug HCN 35-20000
Input 230V £10% 47-63Hz
Output 20kV 1.5mA

Switch Box

Built up by Riccardo Bodega

(TU Delft)
Amplitude 0-4kV
Pulse width 80 ns
Pulse rise time 10 ns
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Table 11.3 — Pulse electrode

Rpuise= 50 Q Ry= 155 Q
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Table 11.4 — PEA cell

L
)

=
-
-
—
- |
-
-
-
=
—

Sensor PVDF 25 pum
Gain 70 dB
Input impedance 1.5 kQ
Amplifier Bandwidth 0.1-100 MHz
Max. temperature 70°C
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Table I1.5 — Oscilloscope

Lecroy Waverunner 6050A
Sample rate 5 GS/sec
RIS 200 GS/sec
Bandwidth 500 MHz
Averaging Up to 1 million sweeps

Table 11.6 — Current induction transformer

De Drie electronics B.V.

Manufacturer EDE Nederland
Primary | 2*280 V | 50 Hz
Secondary | 6V |

Table 1.7 — Autotransformer

General radio company

Type W20HM
Line 240V 50 - 60 Hz
load 0-280 V 8 A
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Table 11.8 — Current transformer

Manufacturer AEG
Primary 15-800 A
Secondary 5A

Table 11.9 — Ammeter

Manufacturer Goerz Electro Ges

Type Unigor 3p

Table 11.10 — Temperature measurement

Thermocouple

Type T

Temperature indicator

Type RS 1314
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Appendix 111

Technical Specifications of the CCM Setup for Plaques

Table 111.1 - HVDC generator

Type Fug HCN 350-35000
Input 230V £10% 47-63Hz
Output 35kv 10 mA
Table 111.2 — Electrometer
Manufacturer Keithley
Model 617
Measuring range 0.1fA-20mA
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Table 111.3 — Electrodes

\

\

i

HV electrode diameter 28 mm
Measuring electrode diameter 35 mm
Guard electrode diameter 40 — 350 mm
Max. temperature 80°C
Max. voltage +30 kV
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Appendix IV

Technical Specifications of the CCM Setup for Cables

Table IV.1 - HVDC generator

Type Fug HCN 35-35000
Input 220V +£10% 50Hz
Output 3BkV 1mA
Table 1V.2 — Electrometer
Manufacturer Keithley
Model 617
Measuring range 0.1fA-20mA
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Table IV.3 — Furnace

Manufacturer Salvis
Type LSE37
Max. temperature 250°C

Table 1V.4 — Aluminum spherical electrode

)0000000000000000000 0
7000000000085 0 0
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