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Abstract 

Since its first introduction in 1998, extruded direct current (DC) cable 

technology has been growing rapidly leading to many cable system installations 

with operation voltages up to 320 kV. Cable manufacturers invest heavily on 

technology development in this field and today extruded DC cable systems for 

operation voltages as high as 525 kV are commercially available.   

The electrical field distribution in electrical insulation under DC voltage is 

mainly determined by the conduction physics, therefore a good understanding of 

the DC conduction is necessary. In case of Cross-linked Polyethylene (XLPE) 

insulation, the presence of the peroxide decomposition products (PDP) is believed 

to influence its electrical properties. The PDP are volatile and therefore they may 

diffuse out of the samples during sample preparation and testing. Besides, the 

morphology of the XLPE is known to evolve over time even at moderate 

temperatures. Since the material may change during preparation, storage and even 

measurement, the procedure during all stages of the study should be chosen 

carefully. 

In this work, the physics of the dielectric response and conduction in XLPE is 

briefly discussed. The existing measurement techniques relevant to 

characterization of DC conduction in XLPE insulation materials are reviewed. The 

procedure for high field DC conductivity measurement is evaluated and 

recommendations for obtaining reproducible results are listed. Two types of 

samples are studied, i.e. thick press molded samples and thick plaque samples 

obtained from the insulation of in-factory extruded cables. For press molded 

samples, the influence of the press film used during press molding and the effect 

of heat-treatment on the electrical properties of XLPE and LDPE are studied. High 

field DC conductivity of XLPE plaque samples is measured with a dynamic 

electrode temperature to simulate the standard thermal cycles. 

Investigations show that using PET film during press molding leads to higher 

apparent DC conductivity and dielectric losses when compared to using aluminum 

foil. The influence of heat-treatment is different depending on the press film. High 

field DC conductivity measurements and chemical composition measurement of 

samples obtained from the cable insulation are in good agreement with the results 

obtained from the full scale measurements. Finally a non-monotonic dependence 

of apparent DC conductivity to temperature of some samples pressed with PET 
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film is discovered which to the author’s best of knowledge has not been previously 

reported in the literature.  

Keywords 

HVDC insulation, power cable insulation, cross-linked polyethylene insulation, 

conductivity, dielectric losses, space charge 
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Sammanfattning 

Sedan det första införandet i 1998 har extruderad likspänning (DC) 

kabeltekniken vuxit snabbt och har lett till många existerande 

kabelsysteminstallationer med driftspänningar upp till 320 kV.  Kabeltillverkare 

investerar kraftigt i teknikutveckling inom detta område och idag finns 

extruderade DC kabelsystemen tillgängliga för driftspänningar så höga som 525 

kV. 

Elektrisk fältfördelning i isolationsmaterial under hög DC spänning, beror 

framförallt på materialets elektriska ledningsfysik, därför är en bra förståelse av 

DC ledningsförmåga nödvändig. Isolationsmaterial av tvärbunden polyeten (PEX) 

innehåller tvärbindningsrestgaser som tros påverka materialets elektriska 

egenskaper. Restgaserna är flyktiga och kan diffundera bort från proven under 

preparering och mätning, även under måttliga temperaturer. PEX materialets 

morfologi ändras även med tiden. Med tanke på att materialet kan ändras under 

provpreparering, lagring och även vid mätning, så måste samtliga steg ovan väljas 

mycket försiktigt.  

I detta arbete diskuteras grundläggande fysik för dielektrisk polarisering och 

ledningsförmåga i PEX-isolation tillsammans med granskning av existerande 

mätteknik relevant för karakterisering av ledningsförmåga i PEX. Procedurer för 

mätning av DC ledningsförmåga under höga elektriska fält är undersökta och 

rekommendationer för reproducerbar mätningar är framtagna. Två typer av 

prover är studerade, tjocka pressade plattor och tjocka plattor som ursvarvats från 

kommersiell tillverkade högspänningskablar. För pressade plattor, studerades 

effekten utav press-filmens påverkan på de elektriska egenskaperna hos PEX och 

LDPE. Påverkan av värmebehandling på DC ledningsförmåga av PEX plattor 

studerades också. Slutligen studerades DC ledningsförmåga av PEX och LDPE 

plattor under höga DC fält och med dynamisk temperatur på elektroderna med 

syftet att efterlikna standardvärmecyklingar.   

Undersökningarna visade att användningen av PET filmer under pressning av 

plattor ledde till högre DC ledningsförmåga och högre dielektriska förluster i 

proven i jämförelse med användning av aluminiumfolie. Påverkan utav 

värmebehandling är olika beroende på typ av film som används pressningen. Det 

finns en stark korrelation mellan resultaten från DC konduktivitet och kemisk 

komposition mätningar från plattor skaffat från kabelisolation och resultaten från 

fullskaliga kabelmätningar. Slutligen, upptäcktes ett icke monotont beroende av 
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DC konduktivitet hos PEX och LDPE plattor på temperatur som tidigare inte 

rapporterats i litteraturen. 

Nyckelord 

HVDC isolation, kraftkabel isolation, tvärbunden polyeten isolationsmaterial, 

elektrisk ledningsförmåga, dielektriska förluster, rymdladdning 
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Chapter 1 
1 Introduction 

High voltage (HV) overhead transmission lines with AC (Alternative Current), 

have since long, been the main method of power transmission over long distances. 

Although this solution is simple, low cost and easy to maintain, but for some 

applications the overhead transmission line is not a feasible option. For example 

for power transmission in populated areas and protected natural or historical 

areas, overhead line is not a good option and instead high voltage power cables are 

used. The first generation of power cables were insulated using oil impregnated, 

lapped paper insulation. Later on, the introduction of extruded insulation 

materials helped to reduce the production costs. Nowadays, due to the simplicity 

of production and good electrical, thermal and mechanical properties, crosslinked 

polyethylene (XLPE) is the main insulation material used in HVAC power cables.  

For power transmission over longer distances, for example over sea, due to the 

very high capacitive currents, the use of HVAC cables is problematic. In these 

applications, using HVDC (Direct Current) is advantageous since no capacitive 

current exists. Application of HVDC voltage has other advantages as well such as 

no skin effect, no need for synchronization at the two ends, possibility of 

connecting systems with different frequencies, etc. The main disadvantage of 

HVDC transmission systems is the higher costs than HVAC systems which makes 

it economic only for longer distances in the range of 50 km or more. 

1.1 Extruded HVDC cables 

The first extruded XLPE DC cables were introduced in 1998 for a voltage level 

of 80 kV [1], followed by the installation of the first commercial extruded HVDC 

cable system in Gotland, Sweden [2]. Since then the technology has grown very 

rapidly and today many commercially installed extruded HVDC connections for 

voltages up to 320 kV exist [3, 4]. Cable manufacturers invest heavily on extruded 

DC cables and nowadays systems with voltage ratings as high as 525 kV are 

available [5].   

1.1.1 Applications 

Power transmission with high voltage DC (HVDC) is generally more expensive 

than high voltage AC (HVAC) it is due to technical advantages in many cases is 
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preferred over HVAC. The main advantage of HVDC transmission is that the 

transmission capability is decoupled from the capacitance or inductance of the line 

which is advantages for transmission with extra high voltages and/or over very 

long distances. Besides, with DC there is no need for synchronization of the two 

connected AC systems which is advantageous for power flow control in 

interconnection application. In case of undersea cable connections, the cables 

capacitive charging current limits the transmission length with AC, and therefore 

for longer undersea connections HVDC is the only feasible technology. 

The main application of HVDC cables include, transmission of power from off-

shore wind farms, power from shore to remote oil platforms, subsea 

interconnector, and special application for strengthening the power network or 

connection of systems with different frequencies [6].  

1.1.2 Production method 

Figure 1.1 shows a typical HVDC extruded cable with an XLPE insulation 

system. The cable production starts by producing the conductor from aluminum 

or copper wires covered by conductive tapes to keep the wires in place and water 

blocking tapes to provide longitude water tightness in case of damage. Then a thin 

semi-conductive inner shield, a layer of insulation and a thin semi-conductive 

outer shield is extruded in one step. The cable then goes through a vulcanization 

step at temperatures in range of 200 - 300 °C to crosslink the polymers. The XLPE 

insulated cables usually go through a heat-treatment step to remove the volatile 

gases which are formed in the insulation by the crosslinking reactions. Thereafter, 

other layers including protective bands, water blocking tapes, shield wires, metallic 

barrier laminates, and plastic jacket are added. Depending on the application, lead 

sheath, armor wires and yarn and bitumen may be also added to the cables.  

It is notable that for connecting cables to each other or to the ending points other 

parts are required which are known as cable accessories. These include cable joints 

and cable terminations. This work only focuses on the cable insulation system and 

therefore the accessories are not discussed further. Detailed discussion on the 

HVDC cable accessories and the application of field grading materials can be found 

in literature; please refer see [7, 8, 9, 10].  
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Figure 1.1: A typical extruded HVDC cable. Photo from ABB High Voltage Cables [5]. 

1.1.3 Insulation materials 

In the first commercial extruded DC cables, XLPE was used as the insulation 

and in the semiconducting shields. Nowadays, still XLPE is the main insulation 

material used in extruded HVDC cables but alternative technologies are emerging 

including concepts based on thermoplastics [11, 12] or systems with micro or nano-

particle filled polymers [13, 14, 15].  

Today, a large group of the research on insulation materials is focused on finding 

new insulation materials including new concepts such as thermoplastics and nano-

composites. As important as these efforts are, there are still many properties of 

existing commercial XLPE insulation materials, especially their DC conduction 

properties which are not well understood. Studying the DC conduction properties 

of XLPE, not only leads to a deeper understanding of the existing HVDC cables, 

but it also provides the scientific platform for designing the future’s insulation 

materials. This work has been carried out with this mindset, and aims to deepen 

the understanding of the HVDC cable XLPE insulation materials. 

1.2 Conduction characterization methods 

A wide range of methods exist for studying the dielectric properties and 

specifically the conduction phenomena in the insulation materials. They range 

from rather simple and classical methods to more elaborate and complicated 
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techniques. Each method provides information about different aspects of the 

conduction physics and a combined use of several of them is required to achieve a 

more accurate picture.  

1.2.1 Polarization-depolarization current measurement 

Measurement of polarization and depolarization current is a classical 

measurement method used for characterization of dielectric materials. This 

method is applicable both to cables and to pressed plaque samples but the latter is 

more common. In this case, the three electrode system is commonly used that is 

also the standard electrode system for volume resistivity measurements according 

to IEC 60093 [16] and ASTM-D257-07 [17]. As shown in Figure 1.2, depending on 

the connections the same electrode system can be used for either volume resistivity 

or surface resistivity measurements. 

 

Figure 1.2: Three electrode system for volume and surface resistivity measurements; two connections, 

left volume resistivity and right surface resistivity measurements [16].  

In this technique, a constant voltage is applied in one step and the charging 

current leaking to the measurement electrode is logged using a picoammeter. The 
charging current (𝐼𝑐ℎ𝑎𝑟𝑔𝑒) includes both a conductive current and polarization 

current (𝐼𝑝𝑜𝑙) and if the voltage 𝑈𝐶  is applied at 𝑡 = 0 can be written as: 

𝐼𝑐ℎ𝑎𝑟𝑔𝑒 = 𝐶0𝑈𝐶 (
𝜎0

𝜀0
+ 휀∞𝛿(𝑡) + 𝑓(𝑡))  and 

Eq. 1.1 

𝐼𝑝𝑜𝑙 = 𝐶0𝑈𝐶(휀∞𝛿(𝑡) + 𝑓(𝑡)),  Eq. 1.2 
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in which 𝐶0 is the geometric capacitance, 𝑈𝐶  is voltage step at t=0, 𝜎0 is the 

conductivity, 휀0 is the vacuum permittivity, 휀∞ is high frequency permittivity, 𝑓(𝑡) 

represents the slow polarization of the dielectric. 

The high frequency permittivity leads to an impulse current.  The polarization 

current is a function of time and decays towards zero as time passes after the 

voltage step. For very long times after the voltage applications, the charging 

current tends to a purely conductive current.  

The depolarization current is measured after the voltage is removed at 𝑡 = 𝑇𝑐 

and at the same time the high voltage electrode is abruptly grounded. The 

depolarization current flows in opposite direction of the charging current and 

contains no conduction term and, for 𝑡 ≥ 𝑇𝑐: 

𝐼𝑑𝑒𝑝𝑜𝑙 = −𝐶0𝑈𝐶(휀∞𝛿(𝑡 − 𝑇𝐶) + 𝑓(𝑡 − 𝑇𝐶) − 𝑓(𝑡)),  Eq. 1.3 

in which 𝑇𝑐 is the duration of the polarization before the system is grounded. 

Considering the 𝑇𝐶  as the reference time, 𝑡′ = 𝑡 − 𝑇𝐶 , one obtains: 

𝐼𝑑𝑒𝑝𝑜𝑙 = −𝐶0𝑈𝐶(휀∞𝛿(𝑡′) + 𝑓(𝑡′) − 𝑓(𝑡′ + 𝑇𝐶)).  Eq. 1.4 

For longer polarization periods, 𝑓(𝑡′ + 𝑇𝐶) can be neglected and therefore the 

depolarization current will be equal to the polarization current with opposite 

polarity: 

𝐼𝑑𝑒𝑝𝑜𝑙 = −𝐶0𝑈𝐶(휀∞𝛿(𝑡′) + 𝑓(𝑡′))  Eq. 1.5 

 By analyzing the polarization and depolarization currents, it is possible to 

obtain the conductivity of the sample and also the polarization as a function of time 

or frequency; for a more detailed discussions please see [18, 19]. 

Since this test method, mainly provides information about the polarization 

properties of the insulation therefore it may considered more relevant for AC 

insulation. But even understanding the polarization properties of DC insulation is 

also crucial in order to distinguish between the polarization current and decaying 

conduction current. Besides, the results of this test method can be compared with 

frequency domain dielectric spectroscopy to confirm the accuracy of the test 

methods. 
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1.2.2 High field leakage current measurement 

The polarization-depolarization current measurements are usually suitable for 

lower field levels. For lower electric fields, the solid dielectrics (such as XLPE) 

show a constant conductivity but at higher electric fields the conductivity appears 

to be field dependent [20]. The conductivity appears to decay by time and a steady 

conductive state will not be achieved even after longer times [21, 22, 23, 24]. The 

change of conductive current with time makes it very hard to decouple from the 

decay of the polarization current. Except for very short times after voltage 

application, the conductive current is also often much larger than the polarization 

current.  

For higher electric fields and voltage levels, often a protective circuit is needed 

to protect the picoammeter which may be a hinder to measure the depolarization 

current [24]. Because of this reasons usually for higher electric fields, mainly the 

charging current is measured and one tends to omit measuring the depolarization 

current.  

It is notable that high field leakage current measurement can also be done on 

small scale or full scale high voltage cables with insulated jacket. In this case, the 

screen wires are connected to a picoammeter via a protection/filter system [25]. In 

this case, the shield wires should be insulated from ground from the other end. It 

is also possible to separate the cable system in several sections and measure the 

leakage of each section separately. This is done by a so called “screen separation” 

which is made e.g. by disconnecting the screen wires over a certain length to obtain 

a high enough resistance over the outer semiconducting layer. Another method is 

to include the screen separation in a prefabricated joint. 

Although conductivity is one of the most important properties of HVDC 

insulation materials, majority of publications in this field limit the studies to space 

charge measurements do not provide conductivity measurements. Therefore there 

is a need for more detailed high field conductivity measurements on XLPE 

insulation materials. Besides, it is necessary to compare the conductivity 

measurements on plaque samples to those of cable tests. It is also possible to test 

plaque samples from the insulation of high voltage cables and compare the results 

to the full scale tests.   

In this work high field DC conductivity measurement is the main method used 

for studying the XLPE insulation materials. 
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1.2.3 Pulsed electro-acoustic method (PEA) 

PEA method is technique to obtain information about the total apparent space 

charge in the insulation bulk [26]. The principles of this method is illustrated in 

Figure 1.3.  

For PEA measurements, first the insulation system is put under a high voltage 

DC field to introduce the space charge, then fast voltage pulses are applied to the 

system either via the ground electrode or the high voltage electrode. The voltage 

pulse causes the space charge to displace and this leads to a pressure change and 

onset of acoustic waves which depend on the space charge distribution in the 

system. The acoustic waves will transmit through the insulation and can be 

recorded using an acoustic-electric transducer which often is made of 

polyvinylidene fluoride (PVDF). The acoustic signal can then be post processed, 

and using inverse methods (including deconvolution), one can calculate the space 

charge in the insulation bulk and the surface charge on the electrodes. 

 

Figure 1.3: Principle of PEA measurements  

This method started to be used by several institutes in the early 1990s [27, 28] 

and since then has been applied broadly by many research institutes to study the 

space charge distribution in different insulations. Especially normal and 

crosslinked polyethylene has been the subject of many of the space charge 

investigations [20, 29]. PEA measurements are often done on thin plaque samples 

with thicknesses around 100-400 µm [20, 26, 30], but it is also possible to be done 



8 

 

on cables as well [29, 31]. It is possible to perform the PEA measurements and 

leakage current measurements at the same time [32]; this can provide a more 

complete picture of the conduction phenomenon. 

During PEA measurements the detected signals are related to the unpaired real 

space charge as it is discussed in Chapter 4.1, at steady state conditions under 

HVDC voltage the measured charge can be written as: 

𝜌𝑚 = 𝜌𝐶 − (𝛁휀). 𝑬 = −
𝜀

𝜎
(𝛁σ). 𝐄,  Eq. 1.6 

where 𝜌𝐶  is real “unpaired” space charge due to conduction, 휀 𝜎⁄  is the ratio 

between permittivity and conductivity, 𝑬 is the electric field. 

The measured space charge concentration is related to the gradient of 

conductivity; it differs from the real space charge with a term which depends on 

the gradient of permittivity and the electric field. The result is therefore completely 

determined by the objects geometry and the divergence of the electrical properties 

through the bulk of the insulation. Because of this inherent object sensitivity, the 

space charge measurements using PEA and other techniques are best to be 

performed on the goal object, i.e. full scale cable. Although PEA on thin films can 

be very useful to understand the conduction physics in the insulation [21, 33], but 

it can be misleading to extrapolate its results to larger objects with different 

geometry.  

In order to clarify the term “space charge” a more detailed theoretical discussion 

is provided in this work. The aim is to stablish a clear definition of “space charge” 

and distinguish between the existing similar terms. It is concluded that the PEA 

method is best fit for characterizing a complete insulation system (e.g. a full scale 

cable) and is not the best method for comparison of materials in small scale plaque 

sample experiments. 

1.2.4 Thermally stimulated current measurement 

The thermally stimulated current (TSC) measurements are often done on thin 

pressed films [34]. Different methods for TSC measurements exist depending on 

the electrical history and treatment of the sample prior to the measurement. Using 

a fresh sample, one can measure the thermally stimulated polarization current 

(TSPC). This will provide information about the activation energy of the different 

polarization and conduction phenomena. Figure 1.4 shows the principle of X-ray 

induced TSPC measurement [34].  
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Figure 1.4: Typical electric field and temperature profiles during X-ray induced thermally stimulated 

polarization current measurements. 

The samples is first cooled down to temperatures as low as -100 °C, then without 

voltage it is excited by X-ray to fill the traps with different energy depths. Then, DC 

voltage is applied followed by increasing the temperature (up to e.g. 100 °C) at a 

typical rate of a few 𝐾/𝑚𝑖𝑛 and the TSPC is measured. The same procedure can be 

done without X-ray excitation as reference. The measured TSPC current, as shown 

in Figure 1.5, include peaks which give information about the activation energy of 

the existing charge traps in the system [35, 36]. 

Another method is to first polarize the samples with high voltage DC, then 

having the voltage on, the samples are cooled down to freeze the polarizations and 

space charges in the system. Then the thermally induced depolarization current 

(TSDC) is measured while the temperature is increased. Different polarizations 

and charges will be relaxed at different temperatures relating to their activation 

energy and type of the dipole. 
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Figure 1.5: Example of X-ray induced thermally stimulated current (TSC) and thermal luminescence 

(TL) curves measured on LDPE films. Figure from [36]. Different peaks can be associated to different 

traps or polarization relaxations. 

This method is a very valuable technique for understanding the types of charge 

carriers, charge traps and polarization physics of the polymer. TSC is almost only 

done on thin films and is not at the moment possible to be done on larger test 

objects. In the TSC measurements often the current is often measured only during 

heating therefore the behavior of the current during cooling is not well studied. In 

this work, the leakage current of thick plaque samples under DC voltage is also 

measured during thermal cycles including both heating and cooling periods to 

provide a better insight into the behavior of the current during thermal dynamics. 

1.2.5 Frequency domain dielectric spectroscopy 

In frequency domain dielectric spectroscopy, AC voltage with varying 

frequencies is applied to the samples and the capacitive current of the samples is 

measured. Separating the capacitive current in the real and imaginary part, one 

obtains the real and imaginary permittivity of the material as a function of 

frequency. Dividing the imaginary and real capacitance, the dissipation factor (see 

Eq. 4.22 below) is calculated as a function of frequency. Finally, by fitting 

polarization models at lower frequencies, one can estimate the conductivity of the 

material. This method was the main measurement investigated in two of the 
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supervised MSc. thesis work within this project, hence it is discussed in details in 

the thesis reports [18, 19]. In this report a summary of these works is presented. 

1.3 Crosslinked polyethylene 

Polyethylene (PE) is the most common plastic which is produced from ethylene 

via polymerization reactions at high temperatures and pressures and in presence 

of catalyzers. Depending on the chain length, branching degree and morphology, 

different grades of PE with different densities exist such as high density 

polyethylene (HDPE) and low density polyethylene (LDPE). The latter is used to 

produce crosslinked polyethylene which is a common cable insulation material.  

1.3.1 Production  

The most common method of crosslinking polyethylene which is also used in 

cable production is to use the peroxides. Peroxides are compounds containing an 

oxygen-oxygen single bond and can be represented as R1OOR2 in which R1 and R2 

are commonly hydrocarbon groups.   

Dicumyl peroxide (DCP) is a very common peroxide in XLPE insulated cable 

productions. The main reactions during crosslinking of LDPE using DCP is shown 

in Figure 1.6. 

The crosslinking reactions start when at higher temperatures the DCP molecules 

split into two radicals (a). Two main paths for the crosslinking reactions exists. In 

the first path (b), the peroxide radical, can further split into acetophenone and a 

methyl radical; this radical can react (d) to the LDPE polymer and create a radical 

on the polymer chain and one methane molecule. In the second path, the peroxide 

radical reacts (c) to the LDPE polymer and create a radical on the polymer chain 

and one cumyl-alcohol molecule. Polymer chains with radicals can react (e) and 

create one crosslink. In certain conditions, the cumyl-alcohol may go through a 

dehydration reaction (f) and split into an alpha-methyl-styrene molecule and one 

water molecule. Other chemical reactions may also happen for example two methyl 

radicals 1 may meet and create and ethane molecule [37].   

                                                             
 
 
1 In chemistry, a radical (or a free radical) is an atom, molecule, or ion that has 

unpaired valence electrons.  The free radicals are highly chemically reactive 
towards other substances, other free radicals and even themselves.  
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Figure 1.6: Main crosslinking reactions mediated by decomposition of dicumyl peroxide (DCP).  

The formation of crosslinks in the polymer changes its nature from a 

thermoplastic polymer into a thermoset polymer. In the latter due to the presence 

of an interconnected network of chains (also known as the gel), above the melting 

temperature, the polymer will not flow and can preserve its shape. This is a 

desirable property of crosslinked polyethylene which makes it useful for power 

cable applications because it will not become soft in case of temporarily high 

temperatures due to large fault current in the conductor and the XLPE insulation 

will preserve its shape and keep the conductor in place. 

1.3.2 Morphology 

 Polyethylene has a semi-crystalline structure in which crystalline regions are 

surrounded by amorphous regions as shown in Figure 1.7.  



13 

 
 
 

 

Figure 1.7: On top: semicrystalline structure of polyethylene with crystalline and amorphous regions; 

on the bottom: molecular structure of the crystalline regions; Figure from [38]. 

The shape, size, proportion and distribution of the crystalline amorphous areas 

differ between different polyethylene grades. Morphology of PE strongly 

influences the physical properties of the polymer, i.e. the mechanical, electrical and 

thermal properties. For example PE with higher crystallinity, is often more rigid, 

has a higher thermal conductivity [39] and lower electrical conductivity [40]. 

Crosslinking also influences the polymer morphology. The presence of the 

crosslinks limit the freedom of movements of the chains and prevents alignments 

that cause crystal formation, therefore XLPE usually has lower crystallinity than 

LDPE. 

Besides the chemical formulation of the polymer, the thermal history also 

influences the morphology. Slower cooling rate allows for annealing (i.e. easier 

migration of atoms in the structure) and therefore enhances crystallite formation 

and growth.  

1.3.2.1 Differential scanning calorimetry 

In differential scanning calorimetry (DSC) measurements, the heat flow to the 

polymer is measured as its temperature is gradually increased from very low 
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temperatures to well above the melting point [41]. Since the crystallites with 

different size melt at different temperatures, they will lead to steps or peaks in the 

measured heat flow obtained in DSC measurement. For example, Figure 1.8 shows 

the DSC measurement results for LDPE samples which have been heat-treated at 

different temperatures. Heat-treatment at higher temperatures and for longer 

durations leads to the formation of thicker crystallites which manifest as a peak in 

the DSC results. 

Since the morphology of LDPE and XLPE changes even at temperatures as low 

as 50 °C [18, 42], the structure of the polymer should be considered as a dynamic 

property.  

 

Figure 1.8: Influence of heat-treatment on the morphology of polyethylene. Heat-treatment at higher 

temperatures lead the formation and growth of the crystalline regions to an extra peak in the measured 

DSC curve [42]. 

1.3.3 Heat-treatment effects 

During the DCP mediated crosslinking reactions, methane, acetophenone and 

cumyl-alcohol is formed. Cumyl-alcohol can further split into alpha-methyl-

styrene and water. These chemicals are also known as the peroxide decomposition 

products (PDP) or crosslinking by-products. It is notable that the type of 

crosslinking by-products can be completely different for different peroxides. But 
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since DCP is the most common peroxide in XLPE cable insulation, the term PDP 

is usually used to refer to the above mentioned chemicals.  

The XLPE insulated cables usually go through a heat-treatment process also 

known as “degassing” to remove the methane. In case of HVDC applications, 

degassing also helps to remove the polar PDP from the cable insulation [32, 43]. 

The speed of diffusion depends on the molecule size, morphology and content of 

polar groups in the polymer and temperature [44]. Due to the temperature 

dependence of solubility [45], polar molecules (such as water) dissolved in a non-

polar polymer (such as LDPE) can go through phase transitions upon temperature 

variations and form agglomerations in form of droplets [46].  

Many studies have been performed on the correlation between heat-treatment 

of XLPE and its electrical properties. It is shown that the presence of the polar PDP 

such as acetophenone can improve the AC breakdown withstand strength of 

polyethylene [47, 48].  This can be attributed to the electronegative properties of 

acetophenone which may hinder the acceleration of electrons (“voltage 

stabilizers”). 

As for DC cables, the general belief is that degassing leads to the removal of the 

polar chemicals and other mobile species capable of dissociation into ions leading 

to less number of charge carriers and hence improving the electrical properties [43, 

49, 50]. From investigations on plaque samples, it has been reported that 

degassing of XLPE plaque samples leads to a reduction of their conductivity [32]. 

Degassing also is reported to influence the space charge profile measured on thin 

plaque samples [43].  

Although heat-treatment in presence of air, at higher temperatures and long 

times, may lead to oxidization, studies show that with moderate temperatures (< 

90°C) the oxidization is small [51]. Nevertheless, since the presence of carbonyl 

groups can modify the electronic structure of LDPE, the effect of oxidization shall 

not be totally neglected [34].  

It is also known that heat-treatment influences the morphology of polyethylene 

[42, 43]. Since heat-treatment influences both the chemical composition and the 

morphology of the polymer (e.g. the size of the spherulites), it is challenging to 

distinguish the two effects. Therefore the reduction of apparent conductivity in 

XLPE plaque samples upon degassing, cannot be solely attributed to the PDP 

content before evaluating the effect of morphology. In this work, studies were 
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designed aiming at distinguishing the influences of morphology and the PDP 

content. This is done by performing heat-treatment studies on both XLPE samples 

and PDP free LDPE samples as reference.  

1.4 Scope and aim of the project 

1.4.1.1 Scope 

The scope of this project is to firstly evaluate the existing measurement 

techniques relevant to characterization of DC conduction in XLPE insulation 

materials. Secondly, the measurement techniques are to be used on XLPE samples 

to provide accurate and reliable measurements on the samples with different 

preparations and finally to provide a deeper understanding in the physics of high 

field DC conduction in polyethylene and crosslinked polyethylene insulation 

materials. The project is an industrial PhD project funded by ABB and performed 

at laboratories at KTH and ABB High Voltage Cables.  

Definition and supervision of MSc. thesis projects is also a part of the project. 

Within the project, three MSc. thesis projects have been defined and supervised by 

the author. The goal of the MSc. projects has been to provide wider knowledge via 

performing different electrical measurements on similar samples.  

1.4.2 Aim 

The aim of this work is to 

 investigate electrical characterization techniques in specific the 

measurement of high field DC conductivity by performing comparative 

studies on plaque samples. 

 study the samples preparation method and recommend a method for 

obtaining reproducible results. 

 study the influence of post manufacturing heat-treatment on the physical 

and electrical properties of XLPE plaque samples.  

1.5 Thesis outline 

This licentiate thesis is based on the Papers I-IV and the summary of the results 

obtained in the MSc thesis I-III. Chapters 1 through 5 provide an introduction and 

serve as a guide to the results and discussions in Papers I-IV.  



17 

 
 
 

Chapter 2 gives a summarized description of the materials which have been 

studied, the sample preparation, storage and handling procedures.  

In Chapter 3, a brief description of the frequency domain dielectric spectroscopy 

measurements, mainly done within the MSc thesis II and III, is provided; and the 

main results of these experimental works are listed. 

In Chapter 4, first a discussion on solid dielectric physics is provided, defining 

the terms used in the work; in the second part, a summary of the high field DC 

conductivity measurement setup used in this work is given. Finally, the main 

results obtained from high field DC conductivity experiments at constant 

temperature and with dynamic temperature are listed. 

Chapter 5 summarizes papers I to IV. 

Chapter 6 presents the general conclusions and defines the future work.  

1.6 Author’s contributions 

The author has been the main responsible in the design and construction of the 

high-field DC conductivity measurement setup at ABB High Voltage Cables which 

has been used in most of the experiments presented in this work. 

The author is responsible for Papers I-IV. Paper I summarized the results of a 

series of round-robin measurements on high—field DC conductivity measurement 

setups, performed together with two other institutes (Borealis AB Stenungsund 

and ABB corporate research center in Västerås). In Paper II, the high field DC 

conductivity measurements on LDPE samples are presented together with the 

results of dielectrics spectroscopy measurement results from the MSc. Thesis II 

(supervised by the author). In Paper III, the results of the high field DC 

conductivity measurements on thick XLPE insulation samples extracted from the 

insulation of two cables are presented and compared to the results obtained from 

full-scale tests. In Paper IV, the high field DC conductivity measurements on XLPE 

samples with different heat-treatments are presented together with dielectrics 

spectroscopy measurements from the MSc. Thesis III (supervised by the author). 

The author has been responsible for definition and supervision of the MSc 

Thesis projects I-III. 
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Chapter 2 
2 Sample preparation method 

2.1 Materials 

In this work, HVDC grade, LDPE and XLPE insulation materials provided by 

ABB High Voltage Cables, have been investigated. The XLPE is based on LDPE and 

includes antioxidant, peroxide and other additives normal in cable XLPE 

compounds. The peroxide in the studied XLPE is dicumyl peroxide (DCP). As a 

reference, the base LDPE compound of the same XLPE is also used. The base LDPE 

is free from antioxidant and peroxides.  

The studied materials are free from organic or inorganic micro- or nano-

particles.  

2.2 Considerations for electrical characterization methods 

There are several important aspects which should be carefully considered in 

preparation and handling of XLPE samples. Especially since conduction in XLPE 

is very sensitive to chemical composition and physical structure of the polymer, it 

is of immense importance to control these parameters. Here is a list of 

considerations which shall be respected for DC characterization of polyethylene 

samples. 

1. Since the crosslinking reactions can be influenced by the crosslinking 

temperature, it is important to choose the right press molding program and 

keep it consistent. Since the two main crosslinking reactions temperature 

dependent [52], the chemical composition may vary based on the pressing 

program. 

2. Different cooling rates lead to annealing and this influences the 

morphology of the samples. Therefore it is best to use the same cooling method 

and not to change it. 

3. Two protective pressing films are needed to protect the polymer sample 

from the external impurities or other effects during pressing. The most 

common pressing film is polyethylene terephthalate (PET) since it is a good 

diffusion barrier [53] and can be easily removed from the PE sample. But it 

has been shown that pressing with PET film can lead to the introduction of 
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carbonyl groups on the samples surface [54]; studies have indicated that 

pressing with PET film may influence the results of space charge 

measurements on LDPE samples in comparison to pressing with aluminum 

foil [54, 55]. Due to these facts it is important to evaluate and choose the right 

pressing film. 

4. After preparation of the XLPE sample, in order to keep the chemical 

composition of the sample one should keep the diffusion barrier on the sample. 

It is possible to wrap the samples in aluminum foil as a good diffusion barrier. 

The amount of time which the sample is exposed to air prior to the 

measurement should be kept to a minimum, otherwise the chemical 

composition of the samples may change. 

5. Since the morphology of LDPE can change even at normal temperatures, it 

is best to store the samples in a freezer. In this case, one can wrap the samples 

in aluminum foil and store them in freezer. Of course the storage time should 

be kept short to be sure that the sample does not change by time. 

6. In case of keeping samples in the freezer, when removed from the freezer, 

they should be brought to room temperature before removing the diffusion 

barrier. This is to eliminate the risk of water condensation which may influence 

the results. 

7. It is very important to keep a rigid control of the thermal history of the 

samples. Therefore, one needs to control and note the duration of time before 

the electrical tests which the samples have been exposed to temperatures 

higher than room temperature (20 °C). 

8. After application of high voltage DC to plaque samples, the intrinsic charge 

carriers and ions will move in the sample. Some of the charge carriers will be 

swept out of the system, new charge carriers may be injected, and some charge 

carriers will be trapped. Therefore the electrical history of the sample is 

expected to be of importance. A sample which has been exposed to HVDC is 

no longer comparable to a fresh sample. Therefore the samples cannot be 

reused and it is best to prepare new samples for each experiment. 

In the analysis and reporting of the results, it is important to provide detailed 

information about all of the above mentioned concerns.  

2.3 Sample preparation and handling 

Two types of samples have been used in the investigation. Most of the works are 

done on thicker (0.5-1.0 mm thick) press molded samples. In Paper III, 1 mm thick 
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plaque samples extracted from a cable insulation are studied. In this case, the 

results are compared to the results obtained from the full scale testing of the same 

cable. Using samples from the real cables has been since long an approach to obtain 

representative small scale samples [56, 57, 58]. While, in most of the available 

prior researches, the obtained samples have been degassed before testing, in this 

work the samples immediately after production are frozen to keep the chemical 

composition intact.  

In this work, the focus has been on thicker plaque samples. Using thicker 

samples makes it easier to control and sustain the chemical composition of the 

samples. In case of using 100 µm thin samples, a major part of the volatile 

chemicals may be degassed out of the sample in a short exposure time. 

2.3.1 Press molding  

The press molded samples are produced using XLPE or LDPE granulates. The 

polymer granulates are separated from the external impurities using two layers of 

press films under and over the polymer granulates. In Paper I and II and MSc 

thesis I-II only PET film was used as the pressing film. Later on, to investigate the 

influence of PET film, samples were produced with PET film or aluminum foil as 

described in Paper III and IV and MSc thesis III. 

As shown in Figure 2.1, for pressing XLPE, the melting period at 130 °C is 4 

minutes at 20 bar followed by 2 minutes with 200 bar then keeping 200 bar 

pressure, the temperature is increased to 180 °C to crosslink the samples during 15 

minutes. The sample is then cooled down to room temperature under 200 bar 

pressure using the press water cooling function.  

The pressing molding program for LDPE includes 12 minutes of heating from 

room temperature to 130 °C with 20 bar pressure, followed by 18 minutes at 130 

°C with 200 bar pressure and finally cooling with the presses water cooling 

function with 200 bar during 9 minutes. 

Most of the samples were press molded using a Schwabenthan Polystat 300S 

press at ABB High Voltage Cable, shown in Figure 2.2. This is a press with two pair 

of press plates which their temperatures can be controlled separately. For pressing 

XLPE the two pairs were heated to 130 °C and 180 °C respectively for melting and 

crosslinking. 
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Figure 2.1: Pressure and temperature program during press molding of XLPE plaque samples. 

 

Figure 2.2: Schwabenthan Polystat 300S press used for pressing plaque samples. 
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2.3.2 Samples extracted from cables 

It is possible to perform electrical characterizations on samples obtained from 

the cables insulation. Such samples can be obtained in different ways including 

peeling, lathing and cutting. In this work 1 mm thick samples were extracted from 

the insulation of large scale cables using lathing. In this method, a short piece of 

the cable (20-30 cm) is cut, the conductor is removed, and using a lathing machine, 

the outer semicon and the insulation is removed till reaching the desired outer 

radius of the sample. Then lathing is done from the inner side of the sample till 

only a 1 mm thick cylinder is remained; the cylinder is cut open to form a plaque 

sample as shown in Figure 2.3. The insulation cylinder (tube) is cut open to obtain 

a plaque sample. The plaque sample is then immediately wrapped in aluminum 

foil and stored in freezer prior to the measurements.  

 

Figure 2.3: A 1 mm thick plaque sample extracted from the insulation of a cable via lathing. 
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2.3.3 Heat-treatment 

To investigate the influence of heat-treatment on the insulation, press molded 

samples have been heat-treated in different ways. In this case the heat-treatment 

is done either by removing the diffusion barrier and exposing the sample to air 

(degassing) or by keeping the diffusion barrier (PET of aluminum foil) on the 

samples. All heat-treatments are done in presence of air in the ovens. 

In all studies presented in this report the heat-treatment temperature of 50 °C 

was chosen. This temperature was chosen to have reasonable diffusion speed of 

the PDP to be able to capture the changes for different treatment times. For 

example the diffusion constant of acetophenone in XLPE at 50 °C is around 9.3 ×

10−12  𝑚2 𝑠⁄  which is around four times smaller than the 3.7 × 10−11  𝑚2 𝑠⁄  at 70 °C 

[59]. 

The samples extracted from the cable insulation are not heat-treated prior to the 

tests.  

2.3.4 Storage 

After production, all samples are tightly wrapped in aluminum foil and 

immediately moved to a freezer with a temperature less than -10 °C. The samples 

are kept in the freezer until the measurements. After removal of the samples from 

the freezers, they are rested to reach the room temperature, eventual humidity 

condensation is dried before removing the diffusion barrier. After removing the 

diffusion barrier, the exposure time is kept minimized not to allow for the chemical 

composition of the samples to change. 

In case of heat-treated samples, the samples are moved directly from the oven 

to the measurement cell and no storage time is applied.  
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Chapter 3 
3 Dielectric spectroscopy on thick plaque samples 

MSc. thesis I and II were focused on performing frequency domain dielectric 

spectroscopy (FDS) on LDPE and XLPE samples with different heat-treatments. 

This was meant to be a complement to the high field DC conductivity results. The 

results of these works are reported in [18] and [19]. Here only the main conclusions 

of these works are briefly listed. 

3.1 LDPE and heat-treatment 

A measurement system capable of providing high accuracy FDS measurements 

on thick (> 0.5 mm) plaque samples was developed and a series of measurements 

was performed on thick press molded LDPE samples with different heat-

treatments. In this work all samples were pressed using PET film as the press film. 

The heat-treatments were done by removing the diffusion barrier and exposing the 

samples to the air. As shown in Figure 3.1, the results showed that the samples 

thickness increases by heat-treatment.  

 

Figure 3.1: Change of LDPE sample thickness upon heat-treatment 
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This change can be up to 2% of the thickness before heat-treatment. This is due 

to the relaxation phenomena in the polymer. This effect should be considered in 

the analysis of the FDS results otherwise the results will be misinterpreted.  

The change of sample thickness has been measured and accounted for in the rest 

of the FDS investigations. As shown in Figure 3.2 the DSC results confirmed an 

increase in the crystallinity of the LDPE samples. FDS investigations on LDPE 

samples with different heat-treatment time, showed that the dielectric response of 

the LDPE samples is not sensitive to heat-treatment. 

 

Figure 3.2: Crystallinity of LDPE samples versus heat-treatment time. 

3.2 XLPE and heat-treatment 

FDS measurements on XLPE samples were done on samples pressed either 

using PET or aluminum press film. The samples were heat-treated either with or 

without the diffusion barrier. The change of thickness was also considered in the 

analysis of the results. 

As shown in Figure 3.3, from Paper IV, XLPE samples pressed with aluminum 

foil show lower dielectric losses at 10 mHz. Independent of the type of the press 

film degassed samples show lower dielectric losses than fresh samples.  
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Figure 3.3: Dissipation factor of XLPE samples pressed with PET film or aluminum foil (AL) and heat-

treated with or without the barrier; measured at room temperature and 10 mHz. 

When XLPE samples pressed with PET film were heat-treated keeping the film 

as diffusion barrier, the dielectric losses appeared to increase. This is attributed to 

diffusion of chemical species from the PET film into the XLPE sample. The samples 

pressed with aluminum foil did not show this behavior, and the dielectric losses 

decrease upon heat-treatment with the diffusion barrier. 

3.3 Conclusions  

The main conclusions of the FDS experiments are: 

 LDPE and XLPE pressed plaques can change in thickness upon heat-

treatment. This can depend on the press program and thermal history. 

Although the change is small (1-2 %), if not considered this may lead to 

wrong analysis of the electrical results. 

 The dielectric response of LDPE is not sensitive to heat-treatment. 

 The dielectric loss of XLPE, is very sensitive to the type of pressing film 

used during the press molding. PET film leads to higher losses in the 

sample. 
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 Heat-treatment of samples pressed with PET film while keeping the PET 

film as the diffusion barrier, lead to higher losses in the FDS results. 

 Degassing of XLPE samples leads to a reduction of the dielectric losses. 
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Chapter 4 

4 High field DC conduction measurement 

4.1 Solid insulation under electric field 

4.1.1 Dielectric physics 

The electric field can be determined using the Maxwell equations and certain 

simplifications. 

  𝜵. 𝑫 =  𝜌𝐶  Eq. 4.1 

where 𝜌𝐶  is sometimes called the “free charge” as in [60] but in this work we use 

the term “unpaired charge” to clarify that this charge includes both the mobile or 

trapped charges without a counter charge. In HVDC cable insulation, the unpaired 

charge is formed due to the movement and trapping of singular charge carriers in 

the system. D is the electrical displacement which can be defined as: 

  𝑫 = 휀0𝑬 + 𝑷 Eq. 4.2 

in which 휀0 is the vacuum permittivity, 𝑬 is the electric field and 𝑷 is the dielectric 

polarization of the dielectric.  

One can rewrite Eq. 4.1 by replacing D from Eq. 4.2 as: 

  𝜵. 𝑬 =
1

𝜀0
(𝜌𝐶 − 𝜵. 𝑷) =

1

𝜀0
(𝜌𝐶 + 𝜌𝑃) Eq. 4.3 

where the polarization charge is defined as: 

   𝜌𝑃 = −𝜵. 𝑷 Eq. 4.4 

The polarization charge is due to the gradient of polarization and is not directly 

related to the conduction physics.  

For solid dielectrics the polarization depends on the applied electric field and is 

formed by alignment of the dipoles with the electric field. For linear and time-

invariant (LTI) systems the time dependence of polarization can be formulated as: 
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𝑷(𝑡) =  휀0 ∫ 𝑓(𝜏). 𝑬(𝑡 − 𝜏). 𝑑𝜏
𝑡

0
  Eq. 4.5 

For low frequency applications, polarization can be simplified to: 

  𝑷 = 휀0(휀𝑟 − 1). 𝑬 Eq. 4.6 

in which, 휀𝑟 is the relative permittivity of the polymer. The electrical displacement 

can then be written as:  

  𝑫 = 휀0휀𝑟𝑬 Eq. 4.7 

For low frequencies and inside an insulation material, the influence of change 

of magnetic field can be neglected: 

𝜵 × 𝑬 = −
𝜕𝑩

𝜕𝑡
= 0  Eq. 4.8 

Since the curl of the electric field is zero, according to the Stoke’s theorem, a 

scalar potential field can be defined: 

 𝑬 = −𝜵𝑉  Eq. 4.9 

The unpaired charge in Eq. 4.1 can be calculated from: 

𝜵. 𝑱𝑪 = −
𝜕𝜌𝐶

𝜕𝑡
  Eq. 4.10 

𝜌𝐶(𝑡) = 𝜌𝐶0 + ∫ 𝜵. 𝑱𝑪. 𝑑𝜏
𝑡

0
 , Eq. 4.11 

in which 𝑱𝑪 is the conduction current density. Note that the total current density 

which one obtained from leakage current measurements includes the 

displacement current density 𝑱𝑫: 

𝑱𝒎 = 𝑱𝑪 + 𝑱𝑫  Eq. 4.12 

where the displacement current density is: 

𝑱𝑫 =
𝜕𝑫

𝜕𝑡
 . Eq. 4.13 

The conduction current is due to the movement of charge carriers under the 

electric field. The conductive current from one charge carrier (with index i) can be 

formulated as a function of electric field as:  
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𝑱𝒄𝒊 = 𝑛𝑐𝑖 . 𝜇𝑐𝑖 . 𝑞𝑐𝑖 . 𝑬 , Eq. 4.14 

in which 𝑛𝑐𝑖 is the density of the ith carrier,  𝜇𝑐𝑖   is its mobility, and  

𝑞𝑐𝑖  is its electric charge which is an electron charge. The immobile background 

charges may also be included in this model as charge carriers with very small (or 

zero i.e. 𝜇𝑐𝑖 = 0) mobility so that their contribution to the conduction current is 

zero. 

For a system with 𝑁 charge carriers the total conductive current is: 

𝑱𝑪 = ∑ 𝑱𝑪𝒊
𝑁
𝑖=1 = ∑ |𝑛𝑐𝑖𝜇𝑐𝑖𝑞𝑐𝑖𝑬|𝑁

𝑖=1   Eq. 4.15 

Understanding of conduction current is quite challenging since the number of 

charge carriers depend on the electric field, temperature and external effects such 

as chemical species introduced in the sample during sample preparation and 

testing. It is also notable that the mobility is temperature dependent. Therefore it 

is very hard to reduce the equations further. But for simplicity and being 

pragmatic, sometimes the conduction current is simplified to: 

𝑱𝑪 = 𝜎𝑬 . Eq. 4.16 

This is a useful pragmatic representation which helps to understand many 

phenomena, but one should remember that this is only a simplified representation 

of the conduction current in which one postulates the conductivity of the materials 

as an inherent property. Using such formulations, many attempts have been taken 

to measure the functionality dependency of the conductivity to electric field and 

temperature for different material compositions [23, 25, 61, 62]. Different 

formulations for the functionality of the conductivity are found in the literature. A 

common representation is made assuming a decoupled Arrhenius temperature 

dependence and an exponential electric field dependence. 

𝜎 = 𝜎0𝑒
−

𝐸𝑎
𝐾𝐵

(
1

𝑇
−

1

𝑇0
)

(1 + (
𝐸

𝐸0
)

𝑛

)  
Eq. 4.17 

In which 𝜎0 is the conductivity at reference temperature 𝑇0, 𝐸𝑎 is the activation 

energy and 𝐸0 and 𝑛 define the electric field dependence. 

The Arrhenius dependence is common in chemistry and material science when 

molecules or particles need a certain amount of energy to be able to take part in a 

certain reaction. In this case, at each temperature, only a fraction of the particles 

have a kinetic energy greater than 𝐸𝑎 which can be calculated from statistical 
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mechanics. An Arrhenius temperature dependence of conductivity also means that 

the charge carriers contribute to conduction only if they have acquired a certain 

energy level. For example a molecule can dissociate into ions after acquiring a 

certain energy level or an electron can be exited to the conduction band with a 

certain energy level. 

4.1.2 AC versus DC 

Generally, the choice of insulation material and the design of the cables is much 

more complicated in case of HVDC cables compared to HVAC cables. In case of 

HVAC cables, since normally no space charge is present in the system, therefore: 

𝜵. 𝑫 = 0  Eq. 4.18 

In a system with only one frequency (𝜔 = 2𝜋𝑓) the equations can be written 

using phasors; for example the electric field time derivative can be written as: 

𝑑𝑬

𝑑𝑡
= 𝑗𝜔𝑬  Eq. 4.19 

And the displacement current is also represented as: 

𝑫 = (휀′
𝑟 − 𝑗휀′′

𝑟). 휀0. 𝑬 = 휀(𝜔). 휀0. 𝑬  Eq. 4.20 

in which 휀′
𝑟 and 휀′′

𝑟 are the real and imaginary part of relative permittivity and are 

both frequency dependent. The capacitance of the system can also be written as: 

𝐶(𝜔) = 𝐶0휀(𝜔) = 𝐶′(𝜔) − 𝑗𝐶′′(𝜔)  Eq. 4.21 

The dissipation factor of the insulation is defined as: 

𝑡𝑎𝑛(𝛿) =
𝜀′′

𝑟

𝜀′
𝑟

=
𝑐′′

𝑐′
  

Eq. 4.22 

Note that  tan (𝛿) is also frequency dependent.  

The electric field distribution in the cable insulation is determined by the 

capacitive field distribution in the insulation. Since the permittivity of XLPE 

insulation materials is not sensitive to electric field or temperature, usually the AC 

field distribution is geometrical and does not change much due to temperature 

gradient, i.e. is determined by the geometrical arrangements of the electrodes and 

the present dielectric materials.  
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In case of HVDC, right after voltage application since no space charge is present 

in the insulation, the electric field distribution is similar to that of an AC cable. But 

as time passes, due to the conduction current in the insulation, space charge is 

formed in the insulation which changes the field distributions. For longer times 

after voltage application (𝑡 ≫ 휀0휀𝑟/𝜎), the field distribution will be purely 

determined by the conductivity of the insulation. This distribution can be very 

different from the initial field right after voltage application.  

At steady state DC conditions, due to 𝛁. (𝜎𝑬) = 0, the electric field distribution 

will be sensitive to the gradient of conductivity through the insulation; in the parts 

with higher conductivity, the electric field will be lower and instead it will be higher 

in the parts with lower conductivity. It is known that conductivity of polymeric 

insulation materials is sensitive to temperature and electric field. Eq. 4.17 is an 

example of a typical empirical equation for dependence of conductivity to 

temperature and electric field. 

When a cable is under the operation load, because of the ohmic losses due to 

load current, a temperature gradient is formed through the insulation. This will 

lead to higher electric field at the outer parts of the cable insulation. As shown in 

Figure 4.1, as the load changes, the temperature gradient will also change and this 

may change the field distribution drastically. While for low temperatures the field 

is higher in the inner parts of the insulation, after heating, due to temperature 

gradient the field profile changes and the field will be highest in the outer parts; 

this phenomena is known as the “field inversion”.  

Another consequence of temperature dependent conductivity is that since a high 

conductivity leads to higher ohmic losses in the insulation, this may contribute to 

an increase in the temperature. If no sufficient cooling exists this may lead to a 

positive feedback loop and overheating of the cable insulation. This phenomena is 

known as the “thermal runaway”. At high electric fields, the conductive losses in 

the insulation are not negligible. For example Figure 4.2 shows the calculated 

stable conductor temperature in a HVDC cable, under different voltage levels.  
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Figure 4.1: Field inversion in cables under HVDC voltage [63]. At high load conditions, the temperature 

gradient leads to higher electric field at the outer parts of the insulation.  

 

 

Figure 4.2: Stable conductor temperature in a typical HVDC cable with different voltage levels [6]. 

Higher voltage levels leads to higher conductivity and losses, therefore with the same current, higher 

temperatures are reached. 

With the same current, at higher electric fields, the joule heating in the 

insulation leads to higher conductor temperatures; for voltage levels above a 
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certain level, thermal runaway happens and therefore no steady state temperature 

can be calculated. Since conductivity is also temperature dependent, the thermal 

runaway voltage decreases with increasing conductor temperature. 

 Due to the importance of the electrical conduction in insulation materials for 

HVDC applications, a lot of research has been conducted on this subject.  

4.1.3 Space charge 

Since the term “space charge” is very often used and discussed in HVDC cable 

applications, it is valuable to clarify the definition of space charge.  

In air insulated systems, the main charge carriers, electrons and ions have very 

different mobility and therefore, the electrons tend to be attached by the electrodes 

and mainly the positive ions are left. These charges create a so called space charge 

cloud which modifies the external electric field distribution. Both electrons and 

positive ions are free to move in the air as long as they have not reached a physical 

barrier. The electrons and positive ions may recombine therefore the positive and 

negative charge clouds are often mostly separated. 

But in case of solid dielectrics both positive and negative charge concentrations 

may overlap. In space charge measurements the sum of the positive and negative 

charges are obtained. For example in a system where the positive and negative 

charge densities are similar, the measured space charge will be zero while the 

concentration of the charge carriers is not zero.  

In HVDC cable applications, the term space charge is used to refer to the results 

obtained from space charge measurements such as PEA method. These techniques 

provide net apparent space charge in the system. This includes both the unpaired 

space charge (𝜌𝐶) due to conduction and also the bound polarization charge (𝜌𝑃) 

which is formed due to the gradient of electrical polarization.  

The unpaired space charge is formed due to the conduction in the insulation and 

can be calculated considering as described by Eq. 4.10. Assuming 𝑱𝑪 = 𝜎𝑬, and 

assuming a steady state (
𝜕𝜌𝐶

𝜕𝑡
= 0) one obtains: 

𝜵. (𝜎𝑬) = (𝜵𝜎). 𝑬 + 𝜎𝜵. 𝑬 = 0  Eq. 4.23 

From Maxwell equations at steady state: 
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𝜵. 𝑫 = 𝜵. (휀𝑬) = (𝜵휀). 𝑬 + 휀𝜵. 𝑬 = 𝜌𝐶   Eq. 4.24 

From Eq. 4.23 and Eq. 4.24 it can be derived: 

𝜌𝐶 = (𝜵휀). 𝑬 −
𝜀

𝜎
(𝜵𝜎). 𝑬  Eq. 4.25 

The gradient of permittivity in XLPE insulation is often small and the unpaired 

space charge is mainly determined by the gradient in conductivity. 

𝜌𝐶 = −
𝜀

𝜎
(𝜵𝜎). 𝑬  Eq. 4.26 

The polarization space charge is formed due to the gradient in the electrical 

polarization. Polarization can include a permanent polarization term which for 

electrical insulation materials may be neglected. Assuming no permanent 

polarization and a constant permittivity, the polarization charge can be written as: 

𝜌𝑃 = −𝜵. 𝑷 = −휀0(휀𝑟 − 1)𝜵. 𝑬  Eq. 4.27 

In some text books [60], the sum of the unpaired and polarization charges are 

referred as the total charge which defines the divergence of the electric field: 

𝜌𝑡𝑜𝑡 = 𝜌𝐶 + 𝜌𝑏 = 휀0𝜵. 𝑬  Eq. 4.28 

In the literature, often the term space charge is used to refer to the results 

obtained from PEA (Pulses Electro Acoustic) measurements. Therefore it is 

important to clarify the relation between the PEA results and the terms mentioned 

above.  Neglecting the mechanical deformation in the material and change of 

density due to the presence of electric field; the electrostatic force, 𝒇𝒆 can be written 

as the gradient of the electrostatic pressure, 𝑝𝑒 as: 

𝒇𝒆 = 𝜵𝑝𝑒 = 𝜵 (
1

2
𝑫. 𝑬) = (𝜵. 𝑫)𝑬 +

1

2
((𝜵. 𝑬)𝑫 − (𝜵. 𝑫)𝑬)  Eq. 4.29 

Replacing from Eq. 4.1 and Eq. 4.7 in Eq. 4.29: 

𝒇𝒆 = 𝜌𝐶𝑬 −
1

2
(휀0(𝜵휀𝑟 )𝐸2)  Eq. 4.30 

During PEA measurements a voltage pulse ∆𝑉 is applied to the system which 

creates a pulse in the electric field ∆𝑬. This leads to a pulse in the force which is a 

function of the electric field pulse: 
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 ∆𝒇𝒆 = (𝜌𝐶 − 휀0(𝜵휀𝑟 )𝑬). ∆𝑬  Eq. 4.31 

The measured space charge can be then written as: 

𝜌𝑚 = 𝜌𝐶 − 휀0(𝜵휀𝑟 )𝑬  Eq. 4.32 

Replacing the unpaired charge at steady state from Eq. 4.25, the measured space 

charge can be written as: 

𝜌𝑚 = −
𝜀

𝜎
(𝜵𝜎). 𝑬  Eq. 4.33 

Note that while the real unpaired charge (𝜌𝐶) includes the gradient of 

permittivity, the measured space charge (𝜌𝑚) differs from the unpaired charge with 

a term dependent only on the gradient of conductivity while the gradient of 

permittivity is not captured with PEA.  

In homogeneous insulation systems such as extruded cable insulation, the 

gradient of permittivity is negligible and therefore the difference between the real 

unpaired charge and the measured charge is very small. On the other hand, in 

systems with more than one material, the gradient of permittivity may be large and 

this may lead to a difference between 𝜌𝐶  and 𝜌𝑚 should be considered in the 

analysis of the measured signals and calculation of the space charge.  

In this work, like it is common in the literature, the term “space charge” is used 

to refer to the real unpaired space charge in the system which for a cable with 

homogenous insulation material is the same as the space charge measured via 

PEA. 

Note that the formulations above is written assuming that a steady state in the 

conduction can be reached in which the divergence of the current densities is 

unchanged and the space charge does not change by time. In reality often even 

after long times, both measured leakage current and the space charge profiles do 

not show a steady state and appear to change by time. Therefore, in certain cases, 

such formulations may be misleading and one should always use them while 

remembering the underlying assumptions.  

In the above mentioned formulation, the conductivity is used as a material 

property according to the simplifications mentioned in the previous section. Using 

the charge transport models, the outbound space charge can be simply calculated 

by summing up all the charge carrier concentrations as Eq. 4.34; note that in this 
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case the immobile background charges are also included as charge carriers with 

zero mobility.  

𝜌𝐶 = ∑ 𝑛𝑐𝑖𝑞𝑐𝑖
𝑁
𝑖=1   Eq. 4.34 

In Eq. 4.34 the positive and negative charges will cancel out. One can define the 

absolute charge concentration by neglecting the sign of the charges as follow. 

𝜌𝑎𝑏𝑠 = ∑ 𝑛𝑐𝑖|𝑞𝑐𝑖|𝑁
𝑖=1   Eq. 4.35 

The absolute charge concentration is not possible to be measured directly but it 

is a useful concept to distinguish between the net charge concentration and the 

absolute charge concentration. It is possible to imagine two insulation systems 

which have the same apparent space charge concentration (same net charge 

concentration) but a different absolute charge concentration. In this case the 

system with higher absolute charge concentration is expected to show higher 

leakage current and apparent conductivity. Besides the system with higher 

absolute charge concentration is expected to manifest faster dynamics in the 

measured space charge and be able to form space charge of higher concentrations 

within a shorter time. 

4.2 Experimental setup 

The high-field DC conduction measurement setup is built at ABB high voltage 

cables material laboratory in Karlskrona Sweden. Figure 4.3 illustrates the design 

of this measurement system.  

The author of this work has been responsible for the design and construction of 

the measurement setup. The MSc. Thesis I contributed to the evaluation of the 

accuracy and reliability of the measurement setup.  

The system is controlled using a Labview program which makes it possible to 

run complicated test programs including voltage and temperature variations. 

During the test, the computer will log all the measurement parameters including 

the applied voltage, leakage current, air and electrode temperature, etc. A detailed 

description of this measurement setup is included in this MSc. thesis report [24], 

therefore in this report only a brief description of the system will follow. 
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Figure 4.3: The high field conductivity measurement system used in the present studies [24]. 

4.2.1 Electrical system 

The electrical system includes a Spellman SL100*300 DC voltage source capable 

of supplying up to 100 kV. The measurement electrodes system is based on the 

three electrode system as recommended by IEC 60093 [16]. Two identical 

electrode systems connected to the same voltage source are built which makes it 

possible to compare two samples by having identical testing conditions. This 

allows for very accurate comparative measurements. The electrical system also 

includes a 100 MΩ high voltage resistance in series with the sample as a current 

limiter in case of breakdown. The system also includes a filter and protection box 

including a 0.68 µF filter capacitor, two small spark gaps, and two Zener diodes.  

Besides the physical filter in the measurement system, a digital filtering is also 

used to reduce the measurement noise. In this case the moving median MATLAB 

function in Appendix A was used to eliminate the noise. 

The accuracy of the measurements is ±30 pA; this corresponds to an accuracy 

of ±0.1 fS/m when testing on 0.5-1 mm thick samples at 30 kV/mm.  
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4.2.2 Temperature control 

The measurement electrodes are put inside an oven from Memmert GmbH 

which is capable of providing temperature control with 0.1 °C accuracy. The air 

temperature is measured by the oven and the electrode temperature is measured 

using a PT100 sensor mounted on the ground electrode.  

4.3 Thermostatic tests on pressed plaques 

The simplest case for measuring the conductive current is when the tests are 

performed with constant electric field at iso-thermal conditions. In this case, after 

eliminating the noise, the dynamic in the measured leakage current is only 

attributed to the decay of polarization and the decaying conduction phenomena.  

Since the leakage current (𝐼) depends on many parameters such as voltage (𝑉), 

samples thickness (𝑑) and measurements electrodes area (𝐴), it is practical to scale 

the measured leakage current to obtain the apparent conductivity 𝜎𝑎 as: 

𝜎𝑎 =
𝐼

𝑈
.

𝑑

𝐴
  Eq. 4.36 

𝜎𝑎 has the same dimension as conductivity (S/m). For shorter time periods after 

voltage application, it includes a contribution of the polarization current as well 

but as time passes, due to the decay of polarization, it tends to the real conductivity.  

4.3.1 Typical measurement curves 

For leakage current measurements under high DC field (> 10 kV/mm) and 

elevated temperatures (> 50 °C) it is often the measured leakage current (and 

apparent conductivity) appears to decay even after several days from the voltage 

application. For example Figure 4.4 shows the measured apparent conductivity for 

a 1 mm thick pressed XLPE plaque samples tested at 70 °C for three days.  

Plotting the same data in a log-log plot (Figure 4.5), the apparent conductivity 

appears to show a power law 𝑡−𝑛 behavior. Often the slope 𝑛 is found to be close to 

0.5 [64]. For the example above 𝑛 = 0.5 [65]. Since this power law behavior with 

similar slopes can occur with diffusion physics, one may suspect that this decay is 

related to the degassing of the chemical species (for example the PDP) from the 

samples. 
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Figure 4.4: Typical measured apparent conductivity curve from high field DC conductivity tests. Test 

done on 1 mm thick XLPE sample, 70 °C and 30 kV. 

 

Figure 4.5: Typical measured apparent conductivity curve from high field DC conductivity 

measurements. The black line shows the trend line of 𝐼 = 𝐼0. (
𝑡

𝑡0
)−𝑛 with 𝑛 = 0.5. 
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As shown in Figure 4.6 the decay of the leakage current of XLPE measured at 70 

°C with different electric fields seem to follow a similar trend and the change of 

electric field from 10 to 60 kV/mm does not appear to change the behavior. 

As shown in Figure 4.7, the measurement of the PDP content prior to and after 

conductivity measurements showed that only a small amount of the PDP leaves the 

sample after 24 h of measurement. 

 

Figure 4.6: The leakage current from a 1 mm thick XLPE plaque samples measured at 70 °C and with 

different voltages. 

Measurements on clean additive free LDPE samples also leads to similarly 

decaying conductivity curve as shown in Figure 4.8. Since the PDP does not exist 

in the LDPE samples, the hypothesis that the degassing of the PDP is the main 

responsible for the decaying apparent conductivity, is not convincing. 
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Figure 4.7: The percentage of the average PDP concentration remained in a plaque sample after 24 

hours of measurement at different temperatures. 

 

Figure 4.8: Apparent conductivity of 1 mm thick XLPE and LDPE plaque samples measured at 70 °C 

and 30 kV. LDPE and XLPE show a similar decay in the measured apparent conductivity.  
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Several studies were done on press-molded LDPE and XLPE samples. The 

results show that heat-treatment of 1 mm thick LDPE plate samples at 50 °C 

without a diffusion barrier, leads to a reduction in the measured apparent 

conductivity as shown in Figure 4.9. 

The similar conclusion can be made for XLPE samples pressed with PET and 

degassed for different durations. But interestingly, when the pressing film was 

changed from PET to aluminum foil, the results changed drastically. 

 

Figure 4.9: Apparent conductivity of 1 mm thick LDPE plaque samples heat-treated at 50 °C for different 

durations and tested at 50 °C with 18 kV. Heat-treatment leads to a reduction in the apparent 

conductivity. 

The main observations were as follow: 

 LDPE and XLPE samples pressed using PET film show considerably 

higher apparent conductivity than those pressed using aluminum foil. 

 For both LDPE and XLPE samples pressed with PET film, degassing 

clearly leads to a reduction in the apparent conductivity.  

 For LDPE and XLPE samples pressed with aluminum foil, heat-treatment 

did not make a clear difference on their apparent conductivity. 
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 For both LDPE and XLPE samples a decay in the long term high field DC 

apparent conductivity is observed which is not possible be solely explained 

by loss of the PDP. 

After the above mentioned observations, it was clear that more studies are 

needed on the influence of the pressing film.  

4.4 Samples from cable insulation 

The same measurement setup is used to measure the apparent DC conductivity 

of plaque samples obtained from the insulation of large scale cables. In this work, 

the sample extraction method was first evaluated by measure the temperature 

which the material experiences during the sample production; then the PDP 

content of the obtained samples were measured using an Agilent Technology 

7890A GC (Gas Chromatography) system and compared to that of the original 

cable. The results show that it is possible to obtain samples which have similar 

chemical composition as the cable insulation. 

In the second part of the work, a series of samples from different radial locations 

of a cable was extracted and tested using the high field DC conductivity 

measurement setup. Comparison of the results to those obtained from the full-

scale testing of the original cables show good correlation. Therefore the method is 

judged to be useful for characterization of the cable insulation. This method will be 

used in the continuation of the project on different cables to gather more statistics 

on the accuracy of the measurement results. 

4.5 Measurements during temperature dynamics 

Since the temperature of the electrodes can be accurately controlled during the 

measurements, it is possible to perform the electrical tests under thermodynamic 

conditions in which the temperature is either increased or decreased while the 

voltage is constant. This is especially interesting since according to the standards, 

the electrical DC cables should go through electrical tests which include thermal 

cycling [66]. Examples of such experiments were presented for tests on plaque 

samples from cables in Paper III. As discussed in Chapter 4, conductivity of 

insulating polymers usually exhibits an Arrhenius temperature dependence as in 

Eq. 4.5.  

In this case, the apparent conductivity is measured after 15 h from voltage 

application at 70 °C while the temperature is reduced toward 25 °C; the result is 

plotted versus the electrode temperature in an Arrhenius plot. Figure 4.10 shows 
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the results of such measurements on two samples from two different radial 

locations of a cable with 12 mm thick insulation. Using such a graph, it is possible 

to calculate the activation energy for the system. 

 

Figure 4.10: Arrhenius plot of the apparent conductivity of 1 mm thick plaque samples from cable 

insulation measured with 30 kV with temperature varying from 70 °C down to room temperature. 

Samples are taken from two different radial locations of cable insulation; Radius 1: 1 mm from inner 

semicon; Radius 2: 2 mm from the outer semicon.  

A very interesting observation was made during the measurement of 

conductivity on two 1 mm thick pressed XLPE plaque samples with different 

pressing films. One sample was pressed using PET pressing film and the other one 

was pressed using aluminum as the pressing film. The samples were tested with a 

constant voltage of 30 kV and the oven temperature was changed between 25 °C 

and 90 °C. The measured electrode temperature and the measured apparent 

conductivity of two LDPE samples pressed with PET film and aluminum foil are 

shown in Figure 4.11. 

The PET pressed sample showed higher apparent conductivity. But the most 

interesting observation was that during the cooling period and the following 

heating period, the apparent conductivity of the PET pressed sample shows a peak. 
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This means that for a certain temperature range the apparent conductivity of this 

sample changes reversely with the electrode temperature.  

 

 

 

Figure 4.11: Apparent conductivity (top) and electrode temperature (bottom) measured for two 1 mm 

thick LDPE samples pressed either with PET press film or aluminum foil and tested with 30 kV.  

It is informative to plot the measurement data versus temperature in an 

Arrhenius plot; In Figure 4.12 the apparent conductivity measured upon cooling is 

plotted versus the electrode temperature in an Arrhenius plot. The sample pressed 

with aluminum appears as a line in this plot which is expected. But interestingly, 

the PET pressed sample does not follow the expected Arrhenius temperature 

dependence. It shows a very large peak upon cooling when the electrode 
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temperature is around 36 °C. The apparent conductivity at the peak is even higher 

than the measurements at 90 °C.  

 

Figure 4.12: Apparent conductivity data during cooling period from Figure 4.11 plotted versus the 

electrode temperature.  

To study this phenomenon on XLPE, other experiments were carried out on 1 

mm thick XLPE plaque samples with a constant DC voltage of 30 kV and a varying 

temperature according to the program shown in in Figure 4.13 (bottom graph). In 

this program, after heating to 70 °C the apparent conductivity is measured at 

isothermal conditions till 24 h, then the temperature is changed between room 

temperature and 90 °C while the voltage is constant.   

Such studies have been done on XLPE samples pressed with either PET film or 

aluminum foil. An example of apparent conductivity results obtained from two 

XLPE samples pressed either with PET film or aluminum foil and measured at the 

same time is plotted in Figure 4.13 (top graph). Clearly, there is a considerable 

difference in the behavior of XLPE sample pressed with PET film and aluminum 

foil. The sample pressed with PET film, not only shows much higher apparent 

conductivity throughout the test, but it also exhibits large peaks upon cooling and 
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heating periods. The sample with aluminum foil seems to follow the typical 

behavior which is expected from XLPE insulation material.  

Plotting the measured apparent conductivity from both XLPE samples versus 

temperature in an Arrhenius plot as shown in Figure 4.14, the influence of the 

pressing film is even clearer. While the aluminum pressed sample exhibits the 

expected Arrhenius temperature dependence, the PET pressed sample shows a 

major deviation from Arrhenius dependence.  

 

Figure 4.13: Apparent conductivity (top) and electrode temperature (bottom) of two XLPE samples 

pressed either with PET press film or aluminum foil and tested with 30 kV with a varying temperature 

program. 

From the investigations on the phenomenon mentioned above the results 
cannot be attributed by measurement errors or other artifacts in the measurement 
system. Also, the peak seen not to be due to capacitive currents coming from a 
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temperature dependent capacitance. The results have been reproduced using three 
different measurement setups. 

 

 

Figure 4.14: Apparent conductivity data from Figure 4.13 plotted versus electrode temperature for the 

thermal dynamics starting from 24 h. 

From literature, in the measured current during TSC measurements on 

polyethylene samples current peaks have been observed on samples with different 

preparations. For example the thermally stimulated polarization current from X-

ray irradiated samples [34, 35, 36], γ-ray irradiated samples [67] and samples 

exposed to 100% relative humidity at higher temperatures [68] show peaks in the 

measured polarization current upon heating. But in all of the mentioned studies 

above, the peaks are observed upon heating and are attributed to de-trapping of 

charges in traps with different energy levels. The new observation in this work is 

that the leakage current peaks appear both upon heating and cooling. To the 

authors best knowledge this discovered phenomenon is a behavior that is not 

previously reported in the literature. 

This result indicate that the influence of the PET pressing film is more than 

simply increasing the number of charge carriers but the conduction physics of 
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these carries seem to be different than those in the aluminum pressed samples. 

This new phenomenon will be further studied in the continuation of this project. 

4.6 Conclusions  

The following conclusions can be made from the high field DC conductivity 

measurements: 

  The results of high field DC measurements can be very sensitive to sample 

preparation, storage and treatment. Therefore, it is important to choose 

the right procedure for sample preparation and handling as explained in 

the recommendations in section 2.2. 

 As explained in Paper I and MSc. thesis I, by keeping good control over the 

sample preparation and following a consistent procedure, it is possible to 

obtain good reproducibility in the obtained results. 

 The pressing film appears to have major influence on the measured 

apparent DC conductivity. It is better to avoid using PET film and instead 

use aluminum foil as the press film during press molding of samples.  

 Degassing of LDPE and XLPE samples pressed using PET film, leads to a 

reduction in their conductivity; but conductivity of the samples pressed 

using aluminum foil does not show a clear correlation to heat-treatment 

time. 

 Considering the fact that PET film is a very common film in sample 

preparation, and the influence of PET on the measured conductivity, the 

effect of heat-treatment on the conductivity should be reevaluated using 

samples pressed with aluminum foil. 

 It is possible to obtain plaque samples from the insulation of extruded 

cables with representative chemical composition. The preliminary results 

show a good correlation between the conductivity of the extracted plaque 

samples and the full-scale cable measurements.  
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Chapter 5 
5 Summary of contributions 

5.1 Summary of publications 

5.1.1 Paper I 

In this paper, the results of round-robin measurements is presented which were 

performed on the newly built measurement setup in comparison to two other 

similar setups in different locations. Measurements were done on similar XLPE 

pressed plaque samples. The PDP content of the samples was also analyzed using 

Gas Chromatography before and after the tests. It was concluded that the 

measurement show a good reproducibility of the results in each setup. Comparison 

between different setups show that the systems with similar heating method, show 

very similar results. It was shown that deviations less than 11 % can be expected 

for the results after 23 hours of test at 70 °C. The analysis of the PDP before and 

after the tests show that only a small portion of the PDP is degassed from the 

samples after 23 hours measurements. At higher temperatures, the speed of 

diffusion and degassing is faster and therefore more PDP is lost. 

5.1.2 Paper II 

In this paper, the correlation between the change of crystallinity and dielectric 

properties of clean additive free LDPE samples was studied. Investigations were 

done on 1 mm thick pressed LDPE samples with different heat-treatments, 

including DSC, FDS and high field DC conductivity. It was concluded that upon 

heat-treatment, the sample thickness increased up to 1.5% from the original 

thickness before heat-treatment. This should be considered in the analysis of FDS 

results. The DSC measurements show that heat-treatment leads to an increase in 

the crystallinity of the samples. The FDS experiments on samples with different 

degassing time did not indicate any change in the dielectric response of the LDPE 

samples; but the high field DC conductivity showed a decrease with degassing time.  

5.1.3 Paper III 

In this paper, a method for extracting representative plaque samples from the 

insulation of high voltage extruded cables is introduced. Chemical analysis and 

high field DC conductivity is performed on the extracted samples and the results 

are compared to those of the original cable experiment results. The tests were done 
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on multiple samples from different radial locations of two large scale cables. It is 

shown that by keeping a good control over the temperatures and exposure time of 

the samples during the production it is possible to obtain samples with a PDP 

content very similar to the original cable. High field DC conductivity was measured 

with 30 kV/mm and at constant 70 °C followed by cooling down to room 

temperature. From analysis of the results, it is concluded that a correlation exists 

between the plaque sample results and the large scale cable experiment results. 

Therefore this method is judged to be valuable for further considerations as a 

characterization technique applicable to high voltage DC cables. 

5.1.4 Paper IV 

In this paper, the results of a series of experiments done on XLPE and LDPE 

pressed plaque samples with different heat-treatments. The samples were 

produced either using PET film or aluminum foil and heat-treatments were done 

either without the diffusion barrier (degassing) or by keeping the barrier in place. 

The GC measurements show that as expected the PDP content of the XLPE samples 

decays upon degassing, while the DSC results show an increase in the crystallinity 

of the samples. The electrical results for samples pressed with PET film or 

aluminum foil differed considerably. The PET pressed samples show higher 

polarization losses in FDS tests and higher conductivity levels. Degassing of XLPE 

samples lead to a reduction in the polarization losses and the high field DC 

conductivity independent of the pressing film. When PET pressed XLPE samples 

were heat-treated keeping the PET film on the samples, the polarization losses 

appeared to increase. From the results it was concluded that pressing samples 

using PET film has a dominating effect on the measurement results and leads to 

samples with higher conductivity and polarization losses. It is concluded that using 

aluminum foil is a better option. 
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5.2 Summary of the supervised MSc. Thesis projects 

5.2.1 MSc. Thesis I 

This MSc. thesis was done under supervision of the author at ABB high voltage 

cables in collaboration with KTH in Stockholm. In this MSc. thesis, the design and 

construction of the high field DC conductivity test setup is reviewed. The reliability 

and reproducibility of the test setup was investigated by performing tests on a 

number of samples at different test conditions. The test setup was concluded to 

perform as desired and with a good reproducibility in the results. The details of 

this work is available in the MSc. thesis report [24]. 

5.2.2 MSc. Thesis II 

This MSc. thesis was done under supervision of the author at KTH in Stockholm. 

In this MSc. thesis, first a setup for FDS measurements on thicker plaque samples 

was prepared and evaluated. Using this setup, a series of experiments were 

conducted on pressed LDPE plaque samples with different heat-treatments. It was 

concluded that considering the changes in the sample thickness, the dielectric 

response of LDPE is not sensitive to degassing. The results of this work is 

documented in MSc. thesis report [18]. 

5.2.3 MSc. Thesis III 

This MSc. thesis was done under supervision of the author at KTH in Stockholm. 

In this MSc. thesis, FDS measurements were done on pressed XLPE plaque 

samples with different heat-treatments. It was concluded that the dielectric loss 

results are very sensitive to the type of the press film used for sample preparation. 

PET film pressed samples show considerably higher dielectric losses than 

aluminum foil pressed samples. It is shown that the influence of heat-treatment 

also depends on the type of pressing film. The results of this work are documented 

in MSc. thesis report [19]. 
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Chapter 6 
6 General conclusions and future work 

The goal of this work is to first put forward the framework and experimental 

systems required for reliable characterization of conduction on high voltage DC 

cable XLPE insulation materials. In the next step, experiments are done on 

samples with different preparations to understand the influence of relevant 

parameters on the measurement results. The setups are to be used to obtain 

reliable measurements which can then be used as basis for analysis and theoretical 

investigations on the conduction physics. 

The physics of conduction and polarization is reviewed and discussed to clarify 

the difference between the field distribution under AC and DC electric field, the 

definition of conduction and conductivity and the definition of space charge.  

A review is done on the existing characterization techniques including, 

polarization-depolarization current measurements, high field DC leakage current 

measurement, frequency domain dielectric spectroscopy, pulsed electro-acoustic 

space charge measurements and thermally stimulated current measurements. It is 

concluded that since space charge measurement results are object sensitive, PEA 

measurements are better to be done on full-scale cable objects and perhaps not the 

best method for small scale material characterization. Thermally stimulated 

current measurements are very informative in characterizing conduction, but 

these methods are applicable to very thin film samples. FDS, 

polarization/depolarization current measurement and high field DC leakage 

current measurements are applicable to a wide range of samples from thin films to 

full-scale cables.  

Reliability of measurements on thick LDPE and XLPE samples was investigated 

using high-field DC conductivity and frequency domain dielectric spectroscopy. It 

is shown that by choosing the right and consistent procedures, controlling and 

measuring the relevant parameters such as temperature and sample thickness, it 

is possible to obtain good reproducibility in the results. 

Investigations using different pressing film, show that using PET pressing film 

can lead to very different electrical results in comparison to using aluminum foil. 

This has been confirmed with high-field DC conductivity, FDS measurements and 
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even polarization-depolarization current measurements. Since PET film is the 

most common pressing film for plaque samples preparations, it is very important 

to evaluate its influence on the measurement results. Otherwise there is a high risk 

in making wrong conclusions from plaque sample experiments. 

A series of investigations has been done on LDPE and XLPE samples with 

different pressing films and heat-treatments. Using PET as the pressing film a clear 

correlation between the dielectric losses, high field DC conduction and the 

degassing time can be observed. Since most of the studies in the literature are 

believed to be done on PET pressed samples, it is possible that this has led to the 

general belief that a DC conductivity depends on the PDP content. After 

eliminating the influence of the pressing film by pressing using aluminum foil, no 

clear correlation between the PDP content and the conductivity of XLPE samples 

was observed. Therefore, the type of the press film is judged to be a very important 

factor which should be taken into account in material characterizations. 

Besides, the pressed plaques, a method was developed for extracting thick 

plaque samples from the insulation of large scale cables. Such samples can be used 

for normal characterization tests such as high field DC conductivity. Experiments 

on samples obtained from different radial locations of two cables show good 

agreement to the full scale measurement results. Since such samples can be 

obtained from different locations in the cable insulation, a better understanding of 

the distribution of dielectric properties such as DC conductivity can be made.  

Measurement of high field DC conductivity on plaque samples pressed using 

PET film and aluminum foil, with a dynamic temperature profile reveals new 

peculiarity in the results. While the aluminum pressed sample behaves normally 

as expected, the PET pressed sample, shows a peak in the apparent DC 

conductivity upon cooling and heating. To the authors best of knowledge, this 

behavior has not been observed previously, hence it deserves more investigations. 

The next steps in the project include: 

1. Investigations on samples pressed with PET and aluminum foil to better 

understanding the effect of the pressing film. The investigations can include 

electrical tests such as DC conductivity, TSC measurements and PEA 

investigations. 
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2. Further investigations on the peak in the apparent DC conductivity during 

thermal dynamics observed in the samples pressed with PET film. 

3. Collecting statistics on the DC conductivity measurement on samples from 

cable insulation in comparison to full-scale experiments.  

4. Discuss and evaluate different conduction modelling methods and suggest 

modelling methods capable of reproducing the measurement results. 
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Appendix A 

 

A. MATLAB script for moving median filtering 

 
 
function I = mavg(I1,N,Nstart) 
 
% This function makes a moving average filtering of the measured 
% leakage current. The functions selects a number of measurement 
% points, sorts them and choose the middle point (median). 
% I1: input current vector 
% N: half of the width of the moving window. 
% Nstart: determines the first and last point for filtering. 

Points prior 
% to Nstart are not changed. 

  
l = length(I1); 
for i = 1:Nstart 
    I(i) = sum(I1(1:i+N-1))/(i+N-1); % Average for starting points     

 
end 
for i = Nstart:l-N+1 
    IS = sort(I1(i-N+1:i+N-1));      % Sorting 
    I(i)= IS(N);                     % Choosing the median 
 

end 
for i = l-N:l 
    I(i)= sum(I1(i-N+1:l))/(2*N-1-l+i); % Average for the ending  

% points 
 

end     
end 
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