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Abstract 

Space charge, as one of the major concerns for the reliability of polymeric High 

Voltage Direct Current (HVDC) cables, has drawn wide attention in both academia and 

industry. Accordingly, measurement techniques along with accurate data interpretation 

have been required to study space charge behaviour in insulation materials and to 

provide solid bases for simulation activities. In this work, a high temperature space 

charge measurement system for mini-cables has been developed based on the Pulsed 

Electro-Acoustic (PEA) method. In parallel, simulation tools for space charge 

accumulation, based on non-linear unipolar charge transport models, the acoustic signal 

formation, transmission of acoustic waves, and their detection, have been developed for 

PEA measurement on mini-cables to provide an alternative way for interpreting the raw 

experimental data rather than the traditional approaches of reconstructing space charge 

information by signal processing and calibration.  The simulation uses 2-D simulation 

tools and includes the clamping unit of the PEA cell to provide, for the first time, a 

detailed comparison of the two commonly used shapes, flat and curved, of the base 

electrode. Benefiting from the ability of applying isothermal experimental conditions of 

20 – 70 °C, the transient of ‘intrinsic’ space charge accumulation due to the field and 

temperature dependent conductivity has been studied by means of a novel experimental 

data analysis method proposed in this work. In addition, the analysis provides a way to 

assess conductivity models by matching the simulation results with the experimental 

space charge results. By applying the simulation tools, the effect of the possible cable 

defects of non-concentricity and a mismatch between the insulation and semicon layers 

could be assessed. Furthermore, the origin of the bulk space charge signal 

experimentally observed in a mini-cable was found to be consistent with a radius 

dependent conductivity which may be a consequence of incomplete degassing.  
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1 INTRODUCTION  

1.1 Background  

This thesis sets out research work that has been carried out to develop a methodology 

for the robust interpretation of pulsed electroacoustic measurements when applied to 

the understanding of space charge development in cable insulating materials. The work 

is of particular interest to the manufacturers of HVDC power cables as the 

accumulation of space charge within the cable primary insulation material can lead to 

electrical breakdown. This is also a particular concern to end users such as the electrical 

power transmission companies as electrical breakdown can lead to power outages, 

concerns regarding the health & safety of workers, expensive repairs and reduced 

reliability of the power system. In this chapter, the background of the work is 

summarised leading to a statement of the aims and objectives of the work. A brief 

overview of the structure of the thesis and the approach taken in this work will then be 

given. 

1.1.1 HVDC Transmission  

Recent developments in power electronic semiconductors have led to a renewed interest 

in direct current (DC) transmission. Compared with traditional alternating current (AC) 

transmission, the DC transmission system has the following advantages [1]: 

 It contributes to the stability of the whole network by virtue of the 

asynchronous interconnection and rapid control of power flow.  

 The lengths of the DC transmission line are not restricted by charging the 

alternating current and reactive power compensation is no longer required. 

Consequently, the HVDC system may be the only feasible solution for long 

submarine connections. 

 DC transmission lines are more economical, because conductors are free of 

skin effect and proximity effect, as well as the insulation and conductor saving 

for the same power rating with respect to AC insulation. 

 

These advantages, in addition to the continuous development in high voltage direct 

current (HVDC) technologies, indicate a wider scope of opportunity for DC 

transmission to expand significantly in the near future. In the meantime, the trend to 

DC would raise requirements for the development of insulating materials with 
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improved endurance and properties to address the detrimental electrical properties of 

current polymeric based materials. 

In an electrical power system, energy delivery is achieved through either overhead 

transmission lines or underground power cables. Overhead transmission lines take a 

dominating role in the power transmission system. However, the usage of underground 

cables has dramatically increased in recent decades, for reasons such as: the visual 

impact of overhead lines and safety considerations in urban areas; increasingly mature 

techniques for cable manufacture as well as reducing costs, and additional demands for 

offshore power transmission.  Due to the general fact that the energy generation points 

are normally far from the load, investment in power transmission lines is considerable. 

Therefore, methods to reducing the costs of cable manufacture without compromising 

on reliability have always been of interest to the industry.  

1.1.2 DC cable insulation and space charge 

Insulating materials take a large percentage of the entire cost of cables and, to a certain 

extent, determine the voltage rating of cables. A variety of materials have been utilized 

as cable insulations, for example natural and synthetic rubber compounds, mass 

impregnated paper, polyvinyl chloride, polyethylene (PE) and its cross-linked products 

(XLPE) [2]. Since the 1990s, extruded XLPE polymeric cable has almost entirely 

substituted paper-oil in both high voltage (HV) and extra high voltage (EHV) AC 

systems due to their advantages of reduced costs, ease of processing, increased 

reliability, low maintenance and environmental impact with respect to oil-paper cable 

[3]. However their usage as HVDC cables seems not so successful considering 

premature breakdown problems which are widely believed to be related to the presence 

of space charge [1, 4, 5]. 

Dielectric materials possess macroscopic charge neutrality in normal conditions, where 

negative and positive charges (for example, electrons, protons or ions) achieve 

equilibrium where the net space charge density is zero. However, this equilibrium can 

be broken under applied electrical stress. Under application of an electrical field, 

material polarization will occur, and regions of charge in the insulation  may 

accumulate as a result of either injected charges (holes or electrons) from 

electrode/insulator interfaces or of the drift of ionised impurities within the bulk of the 

dielectric [6]. The risks associated with DC electrical stresses are fundamentally 
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different to that under AC stresses. Under AC stress (50 Hz or 60 Hz) the applied 

voltage is reversed many times per second leaving little time for space charge to 

accumulate within the cable insulation. However, cables for HVDC applications will 

have unipolar voltages applied for considerable lengths of time. For this reason, the 

electric field distribution in AC cables will be determined by the permittivity of the 

polymer which is less insensitive to temperature. On the contrary, the steady-state 

electric field under DC stress is determined by the electrical conductivity of the 

material which in general is highly sensitive to temperature. The adoption of XLPE 

technology requires the long-term processes, under which space charge accumulation 

occurs, to be fully understood. Charge accumulation may also result from the non-

linear electrical conductivity dependence with electric field in XLPE based cable 

insulation [7] or by a temperature gradient inside the cable insulation owing to the heat 

dissipated by the central conductor of the cable [8]. Charge transport within the bulk is 

also governed by trapping (at chemical and physical defects). In addition, the enhanced 

electric field and the presence of space charge may also accelerate the polymeric 

electro-thermal ageing process during service [9] leading to long term changes in the 

electrical conductivity of the polymer. As long as the processes of charge generation 

are not equal to the charge removal, charges would accumulate or decay within the 

dielectric forming regions of space charge. The presence of space charge would distort 

the electrical field inside the insulating material and at the electrode/insulator interfaces. 

More seriously, the distorted field may reach critical values within certain regions of 

the cable insulation, causing electrical breakdown of the insulation. Manufacturers and 

end users of HVDC cables are therefore interested in developing reliable techniques for 

space charge measurement and characterisation for quality control of commercial 

cables, particularly as the cables are expected to have a lifetime of 40 years. 

 

1.2 Space charge measurement techniques 

Considerable effort has been put into developing measurement techniques for the 

detection of space charge distributions in insulating materials in order to understand the 

mechanism of the space charge phenomena.  

Currently, the measurement techniques can be generally separated into two categories:  
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 Destructive methods like TSC (Thermally Stimulated Current), TSSP 

(Thermally stimulated Surface Potential) and TL (Thermoluminescence). 

 Non-destructive methods like TSP (thermal step pulse) method, LIPP (Laser-

Induced Pressure Wave Propagation) and PEA (Pulsed electro-acoustic) 

methods. 

 

Compared with destructive methods, non-destructive methods have the substantial 

advantage of preventing the space charge distribution from being affected by sample 

preparation [10].  

Among these non-destructive methods, the pulsed electroacoustic (PEA) method (also 

known as electrically stimulated acoustic wave (ESAW) method) has gained in 

popularity due to the apparatus simplicity and low-cost. For the last three decades, the 

PEA method has been applied to measure the accumulation of space charge in thin film 

samples, thick plate samples and recently the technique has been applied to coaxial 

cable samples. [11-15] 

 

1.3 Gap in knowledge when applying PEA measurements on cables 

The PEA technique is based on inducing a change in mechanical force on charges 

within the insulating material by the application of a pulsed electric field. The change in 

force induced on the charges gives rise to the generation of acoustic waves which 

propagate as longitudinal pressure waves that pass through an earthed metal electrode 

to a piezo-electric sensor. The electrical signal from the sensor contains the information 

of net charge density within the insulator and from this the space charge distribution is 

recreated using signal processing techniques [11, 16-18]. For measuring thin film 

samples, that have a parallel plane geometry, in which the applied electric field is 

uniform, the PEA method is sufficiently mature such that few controversial 

assumptions exist for interpreting the system output. However, adapting the technique 

to cylindrical geometry cable insulation involves a thorough understanding of the PEA 

technique and a reassessment of the basic assumptions that underpin the interpretation 

of the output signal. These are explored in more detail below. 



5 
 

1.3.1 Generation of pressure waves 

The forces that are exerted on space charge depend on the magnitude of the pulsed field 

applied. However, this will be a function of radius within the cable owing to the 

cylindrical electrode geometry. In thin film PEA systems, the only source term for the 

formation of the pressure waves is the net space charge. However, in the case of the 

cylindrical cable geometry, additional components of pressure waves generated include 

those generated due to the induced bulk polarisation charge and electrostriction. The 

effect of these additional pressure wave source terms need to be taken into account. To 

date, this has not been addressed in the literature except in a number of theoretical 

articles where these additional pressure wave sources have been proposed from the 

underlying physics [19, 20]. 

1.3.2 Propagation of the acoustic pressure waves 

Unlike the plane wavefront longitudinal waves generated and propagated in plane-plane 

samples, the cylindrical wave-front acoustic waves propagating in the radial direction 

in cylindrical cable insulation spread out in space. Consequently, a correction needs to 

be made for the reduction in their amplitudes during the propagation.  

When applying the PEA method to thick plate and cylindrical samples, the pressure 

waves would encounter acoustic attenuation and dispersion within the insulation 

material. Although signal processing methods to reconstructing the original acoustic 

wave have been proposed [18], it is difficult in practice to determine the acoustic 

attenuation and dispersion coefficients from the PEA output data. The technique relies 

on comparing the PEA output peaks from the two electrode-insulator interfaces in the 

frequency domain to establish a transfer function that is then used to correct the data. 

However, the technique is prone to high frequency instability and assumes that the PEA 

signal was derived from a sample in which no space charge is present and that the 

signal is not distorted for other reasons, such as imperfections in the real cable that may 

not be purely cylindrical. Rather than incurring potential numerical errors by 

compromised acoustic compensation methods like [17, 21],  some authors [15, 18, 22, 

23] made the compromise of assuming the acoustic dispersion is negligible when the 

sample thickness is not great.  
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1.3.3 Geometry of PEA base electrode 

Applying the PEA method to coaxial cables not only increases the complexity of the 

signal processing on the basis of the difficulties with thick samples, but also requires 

the modification of the system hardware. Two basic approaches have been adopted in 

the literature. These employ either a flat base electrode to couple the acoustic pressure 

waves into the PEA apparatus or a cylindrically cut surface that matches the outer 

dimension of the cable. The idea behind using a flat electrode is to produce a ‘line’ 

contact between the cylindrical cable surface and the base electrode of the PEA 

apparatus. As the acoustic wave reflects back from the surrounding cable-air 

boundaries, only the line contact between the cable and the electrode allows the 

acoustic signal to pass through and onward to the piezoelectric sensor. The PEA output 

signal therefore represents the space charge information on the slice of the insulation 

that is in the radial direction and perpendicular to the flat electrode surface. This 

approach has the advantage in that it is not necessary to machine a special base 

electrode that matches the outer dimension of the cable. 

However, there is no work in literature comparing the two techniques or querying the 

applicability of the assumption of a line contact and the feasibility of using a flat 

electrode. To achieve a good acoustic contact between the cable and the electrode, a 

reasonably high clamping force would normally be required. Under the clamping force, 

the cable will deform against the flat electrode especially at high temperatures. The 

deformation will disturb the cylindrical geometry of the insulation and consequently 

affect the electric field distribution. Moreover, the increased contact area of a deformed 

cable may not satisfy the primary assumption of a line contact.  

1.3.4 PEA calibration and cable charging  

In order to calibrate the PEA instrument, it is usual to take preliminary measurements 

under low applied voltages to avoid the accumulation of space charge. However, due to 

the employment of a cylindrical geometry, space charge may accumulate (called ‘cable 

charging’ in this work) owing to the non-linear dependence of electrical conductivity 

with electric field [2, 24-26]. For a typical cable geometry, the electric field will be 

higher by a factor of approximately 2 near the inner conductor-insulator interface 

compared with the field at the outer conductor-insulator interface. The local electrical 

conductivity of the insulation will therefore take on a non-uniform radial distribution 
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and this will give rise to space charge accumulation. The effect of this accumulation is 

to reduce the gradient of electric field in the radial direction and will change the ratio of 

the PEA output peaks from the conductor-insulator interfaces from that expected when 

no space charge is present. In the literature, this effect is either ignored [15, 18, 22, 23] 

where the calibration assumes no accumulation of space charge or the steady-state 

cable charging of the cable has occurred [27]. In the latter case, an empirical formula is 

employed assuming that there is a power law dependence of the electrical conductivity 

with electric field. Very little work has appeared in the literature regarding the 

existence or otherwise of cable charging and how it impacts on the calibration of the 

PEA instrument. 

 

1.4 Objectives of the work  

The usual approach to the interpretation of PEA signals for the reconstruction of the 

space charge profiles in cable geometry systems is to work backwards from the PEA 

raw data. The usual steps are to perform deconvolution to remove instrumental 

imperfections, radial correction for cylindrical longitudinal pressure wave propagation 

in the cable followed by attenuation/dispersion correction and finally calibration.  

These techniques are not without their problems as discussed above. In this thesis an 

alternative approach to the interpretation of PEA data is proposed by reversing the 

processes above. This will involve: 

 Development of a simulation model for charge transport and accumulation in 

cable insulation. 

 Development of a simulation model for pressure wave generation by space 

charge based on the current understanding of the underlying physics of forces 

on charges in dielectrics. 

 Development of a simulation model for acoustic pressure wave propagation in 

the cable and the coupling of the waves to the PEA instrument. To include the 

two different PEA base electrode geometries and the possibility of acoustic 

attenuation. 

 Development of a simulation model for the piezo-electric sensor and subsequent 

amplification. 



8 
 

 Bringing the above simulations together to form an integrated simulation model 

that encompasses all the processes from charge accumulation, the measurement 

technique and detection so that simulation outputs can be compared with 

experimentally derived raw data. 

 Verifying the above simulations and providing raw PEA output data for 

interpretation. The system should be able to perform reliable and reproducible 

space charge measurement on mini-cables at a temperature range of  

25 °C – 70 °C and should be manufactured to have interchangeable base plates 

(flat and curved) and adjustable cable clamping force for comparison with 

experiments.    

 

1.5 Thesis overview 

Chapter 2 covers the background knowledge and literature reviews for HVDC cable, 

space charge formation, the principle of PEA measurement and features on measuring 

cable geometry samples.  

The PEA apparatus for mini-cables designed and constructed for this project featuring 

the ability of high temperature test, cable clamping unit, changeable base electrode and 

interchangeable buffer amplifiers is introduced in Chapter 3. In addition to the 

hardware, as an equally essential part, the signal processing and calibration approaches 

are reviewed. 

To pursue an alternative way for the interpretation of PEA outputs subjected to cable 

geometry samples, simulation tools are developed in Chapter 4. The one-dimensional 

models which together represent the whole process from charge formation to PEA 

system output consist of the unipolar charge transport model, PEA acoustic model for 

signal formation and propagation and a Pspice based sensor model. Moreover, the PEA 

acoustic model is further upgraded to two-dimensional with an additional COMSOL 

based mechanical model to study the effect of cable deformation with a flat base 

electrode on PEA output.  

Chapter 5 compares the performance of two types of electrode, flat and curved, 

proposed for cable PEA measurements in both the simulation and experiments. 



9 
 

Chapter 6 describes cable charging phenomena with a novel method based on 

monitoring the electrode charge peak ratio as proposed in this work for monitoring the 

charging transient. Two empirical transport models and one hopping theory based 

conductivity model are studied by matching the experimental results under different 

field and temperature conditions.  

In Chapter 7, the applications of the simulation tools and the bespoke mini-cable PEA 

system are demonstrated. Specifically, the effect of the cable defects of non-

concentricity and an acoustic mismatch between the insulation and semicon layers are 

analysed. In Section 7.3, space charging measurements are performed on a mini-cable 

which was found to have a morphological contrast difference as observed visually on 

cut cross-sections of the cable and probably due to incomplete degassing of the cable 

insulation. Simulation models are used to mimic the experimental results with the 

hypothesis of nonlinear conductivity.  

Chapter 8 gives the overall discussion of the work. 

Chapter 9 contains the conclusions of the thesis with suggested further work. 
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2 BACKGROUND AND LITERATURE REVIEW 

In this chapter, background information will be given on high voltage DC cables, their 

construction, usage and the current state of knowledge regarding the investigation of 

cable reliability through space charge measurements. The materials employed and the 

processes that lead to electrical conduction and space charge accumulation will also be 

introduced. 

2.1 HVDC cable technology 

2.1.1 Different types of HVDC cables 

All manufactured HVDC cables have a similar structure with the main difference being 

the insulation materials. The basic structure of HVDC cables is illustrated in Figure 2-1. 

The conductor is metallic strands made of copper (or aluminium for reducing weight). 

A layer of semicon compound called the conductor screen or often referred to as the 

inner semicon layer, which is usually made of the same base compound of insulation 

but loaded with carbon particles, surrounds the inner conductor to produce a uniform 

electric interface between the conductor and the primary insulation. The relatively high 

electrical conductivity of the semicon material ensures a homogeneous electrical 

contact and avoids any air-gaps that may otherwise exist between the central conductor 

and insulator. The primary insulation protects the cable from electrical breakdown. A 

second semicon layer often referred to as the outer semicon layer surrounds the primary 

insulation layer and acts as an insulation screen to produce a homogeneous electrical 

contact between the insulation and the metallic sheath. Again this prevents air gaps 

being formed at the electrical contact between the insulation material and the outer 

sheath. The semicon layers therefore suppress the possibility of electrical discharges 

occurring in air gaps which would eventually cause electrical failure of the insulating 

material. The semicon layers are therefore fundamental to the reliability of electrical 

cables and protect the insulation layer. Consequently, the semicon layers enable the 

insulation layer to withstand the rated voltage of the cable. Additional components like 

reinforcement of steel tapes, bedding, and armour of steel wires may be included 

subject to the application of cable, for example submarine cables. [28-31] 
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Figure 2-1. Schematic drawing of the common design of high voltage cables. 

 

So far, the most widely used types of HVDC cable technology for existing underground 

and undersea cable transmission systems have been paper-oil insulated cables which 

include [28]:  

 Mass impregnated Nondraining (MIND) 

 Self-contained oil filled (SCOF) 

 High-pressure oil filled (HPOF) 

Although the oil-paper insulated cables are of more established experience, they are not 

without problems [32]: normally the operating temperature and thus the power capacity 

are limited by the maximum allowable temperature of paper-oil insulation; the 

installation lengths of SCOF, HPOF and oil-paper insulated cables are limited by the 

requirement on oil/gas pressure which also increases the complexity and cost of 

installation and maintenance; moreover, the potential environmental impact associated 

with oil leaks is also a major consideration.  

Due to the above disadvantages of paper-oil insulated cables, considerable attention has 

been paid to developing highly reliable polymer based extruded HVDC cables. 

Compared to the oil-paper insulation cables, the extruded HVDC cables have the 

following advantages:  Higher conductor temperatures and thus a more compact design 

(for the same power rating); no limitation on the length; lighter weight due to the lighter 

moisture barriers; easier cable joining; no environmental hazards. [33]   

Conductor screen Insulation 

Insulation screen 

Metallic sheath Polymeric outer sheath 

Conductor 
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2.1.2 PE based insulation  

The insulation materials for extruded cables are highly pure polymeric materials, 

mainly polyethylene (PE) based polymers. Additional additives such as antioxidants 

and cross linking agents are used for improving their thermal or electrical properties. 

PE is a polymer of ethylene whose molecular structure is shown in Figure 2-2.  

              

                        Ethylene                                        Polyethylene 

Figure 2-2. Molecular structures of ethylene and polyethylene 

 

Depending on the pressure and temperature applied during the polymerisation of 

ethylene, the structure of PE is distinct [34]. At low pressure of a few atmospheres and 

about 100 °C, the produced PE molecules have long linear polymer chains with few 

side branches enabling them to fold on themselves and form crystals. A material with 

high crystallinity of 70-80% and a density of 0.94-0.98 g/cm3 is produced and therefore 

named as high density PE (HDPE). On the contrary, at high pressure of about 150-300 

atmospheres and around 200 °C, the product named as low density PE (LDPE) has 

linear chains with short chain side branches. The side branches prevent crystallisation 

(folding of the polymer chains) and thus a low crystallinity of 45-55% results. The 

density of LDPE is normally around 0.91-0.923 g/cm3.  

The crystallinity affects both the mechanical and electrical characteristics [35] of the 

PE based insulation. In particular, the space charge behaviour is found to differ between 

the LDPE and HDPE [36-39]. The amorphous phase is more electrically conductive 

than the crystalline part, and has the potential to generate and trap charge carriers [40].  

The amorphous polymeric material between the crystalline regions of PEs (LDPE and 

HDPE) will melt at increased temperatures and consequently degrade the insulation 

properties.  Therefore the maximum operating temperature of PE is normally restricted 

to below 70 °C for LDPE and 80 °C for HDPE. [41]  
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To improve the thermal properties of thermoplastic PEs and therefore increase the 

maximum operating temperature, the polymer is cross-linked to produce cross-linked 

PE (XLPE). XLPE insulating materials have been developed since the 1950s [41]. The 

crosslinking is firstly achieved chemically by using peroxide as the cross-linking agent 

under a high temperature and pressure. The XLPE possesses the raised continuous 

working temperature of 90 °C and the higher short circuit temperature of 250 °C 

compared to 150 °C for LDPE [29]. 

As indicated by the name, extruded HV cables are made via the extrusion process. 

Currently the widespread extrusion technique employed for the reliable manufacture of 

XLPE cables is the triple extrusion process where the inner semi-conductive layer 

(conductor screen), insulation and the outer semi-conductive layer (insulation screen) 

are formed in a single operation [42-44].   

 

2.2 Space charge formation  

Owing to the success of the triple extrusion process to form homogeneous electrical 

interfaces between the cable conductors and the insulating material, cable faults due to 

electrical discharges in air gaps at the central conductor and the at the outer sheath have 

largely been eliminated. The application of extruded cables for reliable HVDC 

transmission is mainly restricted by the formation and accumulation of space charge, 

overall or locally, within the cable insulation during service [4, 45]. Space charge has 

been implicated as a major factor in failure mechanisms either directly (space charge 

accumulation induced electric field magnification) or indirectly (space charge 

controlled failure mechanisms) [46] . The premature failure of cables for HVDC can 

occur during service and especially during polarity reversal as a consequence of space 

charge formation [4, 33, 47].  

As mentioned before (Chapter 1), the presence of space charge can be explained as an 

unbalance of charge injection and extraction in a localized domain within the cable 

insulation. Non-homogeneous properties which result from either the semi-crystalline 

properties induced during the extrusion process or service conditions of the cable, for 

example a temperature gradient, would also contribute to this unbalance [48]. In a 
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perfect insulator, intrinsic free charges are rare; it is therefore necessary to identify the 

origin of charges [25].  

2.2.1 Energy band theory for polymers 

The energy band theory for semiconductors has been expounded in order to understand 

the electronic properties of the covalently-bonded crystal materials. It may also be able 

to describe the electron energies found in polymers. Based on the conventional energy 

band theory, a large band gap is assumed to exist for an insulator (at least the crystalline 

part of a polymer) which alone is less likely to provide enough free electrons or holes 

for the conduction by thermal excitation of valence electrons across the band gap. 

However, polymer DC insulation materials have complex structures. For example, the 

simplest form of PE, LDPE, contains a crystalline part surrounded by an amorphous 

phase, additives and residual by-products of the cross-linking reactions. The structural 

disorder of polymer chains and chemical inhomogeneity (induced by the additives and 

residuals) change the band gap (spatially and temporally) and bring in localised states 

instead of an extended conduction band which are also called trap centres. With respect 

to the origin of the traps, they can be further classified into two categories: 1) physical 

traps which are shallow trapping centres due to chain bends and entanglements and 2) 

chemical traps which are formed due to the presence of impurity atoms or molecules 

which have deeper energy levels. The presence of traps for electrons and holes and the 

thermally activated hopping and tunnelling of charge carriers between traps provide the 

transport mechanisms for electrons and holes, in amorphous polymeric materials.[25] 

2.2.2 Charge generation 

 

Figure 2-3. Charge generation mechanisms. 
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Generally, the source of space charge can be separated into two categories as illustrated 

in Figure 2-3: injected charges from electrodes and internally generated charges due to 

the field assisted drift of ionised impurities [49].  

Schottky injection theory [50] can be used to describe the charge injection process at 

the metal/dielectric interface where electrons of sufficient thermal energy enter the 

conduction band of the insulation by overcoming a field-reduced potential barrier. At 

very high electric fields, above 100 kV/mm, Fowler-Nordheim injection due to the 

tunnelling through the narrow potential barrier should be adopted. [25] 

However, at low applied electric fields, the exchange of charges across the 

electrode/insulator interface is usually considered Ohmic [51, 52] as contact charge is 

usually exchanged at interfaces between different materials. 

2.2.3 Bulk charge transport 

 

Figure 2-4. Charge transport mechanisms. 

 

Charge transport mechanisms can be separated into electronic processes and ionic 

processes as summarised in Figure 2-4. Furthermore, electronic processes can be 

interpreted by: Hopping, Poole Frenkel effect and space charge limited current (SCLC) 

models [25, 53-55].  

The hopping process describes electrons that move from one trapping site to adjacent 

trap sites by overcoming a potential barrier due to thermal energy or tunnelling through 

it if the applied electrical field is sufficiently high [56]; The Poole-Frenkel effect which 

involves hopping transport [57] can be treated as a bulk-version of Schottky injection. 
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The SCLC model relates the mobility of carriers to the density of available trap states. 

As for ionic processes, ionic conduction is due to the drift of ions in an applied electric 

field and will have a mobility that depends on the molecular mass (size, shape) of the 

molecular ion and the nature of the polymeric host material [58]. 

2.2.4 Heterocharge and homocharge  

The two words, ‘homocharge’ and ‘heterocharge’, have been frequently used when 

describing space charge accumulation adjacent to the electrode/insulator interfaces. The 

homocharge / heterocharge represents the accumulated space charge having the same / 

opposite polarity with the adjacent electrode. Apart from the convenience, the 

necessities for emphasizing the polarity of accumulated charges with respect to the 

neighbouring electrode may be:  

 Firstly, the polarities of the accumulated charge relate to either the reduction or 

enhancement of the interfacial electrical field. To be more specific, the 

formation of homocharge reduces the electrical field across the interface while 

heterocharge does the opposite.  

 Secondly, the formation of homocharge or heterocharge may suggest different 

dominating mechanisms. The net charge distribution is the result of the 

competition between all the charge related processes including the charge 

generating and transport mechanisms. For example, the formation of the 

homocharge may be caused by charge injection from the electrode into the 

insulator dominating over charge transport in the bulk material. Heterocharge 

accumulation, on the other hand, may be caused by charge transport within the 

bulk of the insulator dominating over charge injection at the electrodes. 

Moreover, experimental work [59, 60] has demonstrated that homocharge is 

normally observed in cross-linked polymers, probably as a result of injected 

charges being trapped by carbonyl groups, whereas residual cross-linking by-

products (such as acetophenone) contribute to the formation of heterocharge.  

 

2.3 Electrical field in HVDC cables 

Unlike the well-known capacitive electric field distribution that is set up in an HVAC 

cable insulation, the distribution of the electrical field in the HVDC cable insulation is 
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more complicated as the DC electric field is both time and temperature dependent, 

which is, in turn, due to the field and temperature dependent electrical conductivity of 

the polymeric insulation. [61-63] 

To be more specific, the AC electric field is determined by the electrical permittivity 

which is less insensitive to temperature and electric field change. If the permittivity of a 

homogeneous insulation is a constant and has negligible change over the operating 

temperature of the HV cable, then the electric field distribution, EAC(r), as a function of 

radius, r, inside the cable insulation under the applied voltage U0 (phase to ground) can 

be expressed as [34]: 

  ���(�) =
��

���
�
�

 (2.1) 

 

where a and b are the inner and outer radius of the insulation layer. 

The DC electric field is however governed by the distribution of electrical conductivity 

of the insulation material. Unlike the permittivity that has an almost constant value, the 

conductivity of commonly used DC insulation materials is strongly related to the 

temperature (primary) and electric field (secondary) [2, 24, 25, 61, 64].  

Under loading conditions, the inner conductor of the HVDC cable will normally be of a 

higher temperature due to Joule heating. This may result in a temperature gradient 

along the radius of the insulation as the outer temperature of the cable will be 

determined by a usually lower ambient temperature. The presence of a temperature 

gradient will modify the conductivity distribution inside the cable insulation and may in 

some circumstance lead to a ‘field inversion’ [8] where the electrical stress at the outer 

radius becomes higher than that at the inner radius. Even under isothermal conditions, 

the conductivity may still be non-uniform across the thickness of the cable insulation as 

the electric field is divergent owing to the cylindrical geometry and if the electrical 

conductivity is field dependent.  

The dependence of the insulation conductivity on the temperature and electric field can 

therefore result in the formation of space charge which in turn modifies the electric 

field within the insulation. It is therefore essential when studying space charge 
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accumulation to have representative electro-thermal models for electrical conduction in 

the cable insulation. 

 

2.4 Electrical conductivity models 

Electrical conduction in polymers is in general non-ohmic, which means the 

conductivity is not a linear function of the electric field. A number of functional 

relationships between the electrical conductivity as a function of electric field and 

temperature have been proposed in the literature. The DC electrical field within cable 

insulation is normally derived from the functional relationships of the conductivity, 

(E,T),  which is both temperature, T, and electric field, E, dependent. Therefore the 

knowledge of DC conductivity and its dependence on temperature and field are 

fundamental to the HVDC cable design as they take into account the space charge 

accumulation. Three of the most common models describing the conductivity of DC 

insulating polymers are given below. Two of the models are empirical in origin whilst 

the third model is based on a hopping model for electrical conduction.  

 

 Model 1 – Empirical power law field relationship [2, 26]: 

In this model, the electrical conductivity takes an empirical power law form for the 

electric field and the exponential temperature dependence. 

 

 �(�,�) =  ���
�(����)(

�

��
)��  (2.2) 

where σ0 is the reference conductivity at the temperature T0 and applied electrical field 

E0; α is the temperature coefficient and Cm is the power law index for the electric field 

dependence. Here T has units of Celsius and hence the first term does not represent a 

thermal activated process unless temperature in Kelvin are employed and T0 is absolute 

zero temperature. 
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 Model 2 – Empirical exponential field relationship [2]: 

 

 �(�,�) =  ���
����� (2.3) 

In this model, the conductivity is given by an empirical function which possesses not 

only an exponential field but also exponential temperature dependence. The parameter, 

, is the temperature coefficient and the parameter  is called the stress coefficient. The 

parameter 0 represents the conductivity at a standard voltage and temperature. The 

possibility of using the above relationship to describe the conductivity of extruded 

polymeric insulation was studied in [61]. For XLPE, a consistent temperature 

coefficient of 0.11 /℃  for α was obtained. In order to use this model to describe a 

thermal activated process with an activation energy related to the value of α, then 

temperature in Kelvin should be used. The temperature term e(αT) appears to be an 

approximation adopted for computational convenience in the early days of DC cable 

design [24].The stress coefficient β was however found to be unpredictable as it varies 

with temperature. For XLPE extruded cable insulation with carbon loaded screens, the 

value of 0.24-0.55 mm/kV for β may be reasonable [61].  

 

 Model 3 – Hyperbolic sine field relationship [24, 25]: 

 

 �(�,�) = ��
�
�∙�
��� 

���ℎ (�|�|)

|�|
 (2.4) 

where A and B are constants; φ is the thermal activation energy in eV; T is temperature 

in Kelvin, kB is Boltzmann’s constant and q is the charge on an electron. This model is 

based on a hopping model for charges in traps of a fixed energy depth. Therefore it has 

been regarded as a well-established theoretical model and not an empirical model in the 

literature.  

 

Model 1 is similar to Model 2 with the field dependence changed to follow a power 

law. Model 1 yields analytical equations for the steady state electric field distribution in 
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a cylindrical geometry appropriate for HVDC cables under a DC applied voltage of U 

[65, 66]:  

 �(�) =
������

�� − ��
 (2.5) 

where   

 � =
�� + ��
�� + 1

 (2.6) 

where Cm and Cr are material and temperature associated dimensionless constants.  Cm 

is approximately 2.1-2.4 for PE, and CT is 0 when the cable is under isothermal 

conditions. 

The conductivity describes the overall behaviour of charge transport processes. 

Considering the complexity of accessing the macroscopic transport phenomena of 

various charge carriers, these conductivity models may provide an easy way to model 

the space charge formation. 

2.5 Mini-cables 

Space charge measurement on commercial HVDC cables may be beyond the ability of 

laboratory-based experiments due to the high cost of equipment and the considerable 

amount of laboratory space required for the required voltage rating. Instead, the 

common test samples used in the laboratory are either plane-plane samples (usually 

laboratory-made using a heated press) or mini-cables (cables usually provided by the 

manufacturer and made using the extrusion process).  

                          

Figure 2-5. Structure of a mini-cable; Dimensions are for the mini-cables used in this project. 
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The so called mini-cables are small-size models of the normal power cables. Like the 

full size cable, mini-cables are composed of a solid copper or aluminium conductor 

(with a diameter of 1-2 mm), extruded XLPE insulation (with thickness of 1-2 mm), 

and inner and outer semicon layers as shown in Figure 2-5 . The dimensions shown are 

consistent with those provided in this work. Mini-cables have proved to be convenient 

models for the study of space charge phenomena on real-size DC cables [67] in a 

laboratory environment and they have advantages over film (or plane) samples due to 

the following aspects: 

1. Mini-cables are more representative of commercial full-size cables than plane 

film samples in terms of their morphological characteristics, because they 

benefit from a similar extrusion process employed in their manufacture. The 

underlying crystalline morphology of films manufactured by hot pressing or 

injection moulding may be distinct from that of cable insulation.  

2. Normally, film samples are manufactured without the semicon layers. However 

the semicon/insulator interfaces are critical for power cables as they affect 

charge injection and therefore affect the resultant space charge phenomena.  

3. Film samples are unable to simulate the non-uniform electrical field in 

cylindrical insulators. 

4. Crosslink by-products and impurities have significant effects on the dielectric 

characteristics of XLPE. Film samples are less likely to represent the 

concentration and distribution of by-products and impurities that result from the 

extrusion process. 

 

2.6 The PEA space charge measurement technique 

The general idea of the PEA method is to detect the acoustic waves generated by the 

displacements of space charge when the space charge is subjected to an applied pulsed 

electric field. From the magnitude and time delay of the generated acoustic waves as 

they propagate through the system, the magnitude and location of the net charge in the 

insulator material can be inferred. [68] 
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2.6.1 Principle of the PEA method 

 

 

Figure 2-6. Principle of the PEA method (adapted from [68]). (a) Schematic representation of the 
PEA space charge measurement system for film samples; (b) Charge distribution:σsc1 
and σsc2 are the internal space charges σsc induced charge density on cathode and anode 
interfaces respectively, σDC and σp are surface charges induced by DC voltage and 
pulsed voltage respectively; (c) Acoustic pressure waves whose polarity indicates a 
rarefaction or compression wave; (d) Voltage induced across PVDF acoustic sensor, ∆t 
indicates the time of the acoustic wave travelling through the lower electrode. 

CHV Pulse generator 

RHV HVDC source 
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A classic setup of the PEA method is shown in Figure 2-6 (a). A flat or thin film sample 

is sandwiched between two aluminium electrodes. A high voltage is applied across the 

sample to set up an electric field inside the material. A pulse generator having 

amplitude of around one-tenth of the applied DC voltage is used to induce a pulsed 

electric field that is superimposed on the applied DC field. The HVDC source and pulse 

generator are coupled to the electrode via a high value resistor RHV (to prevent loading 

of voltage pulse by the DC source) and a capacitor CHV (for isolating the pulse 

generator from the HVDC).  

Under the high applied DC bias voltage, capacitive charges are formed immediately on 

both electrodes due to the capacitive nature of the sample. The surface charges on each 

interface are labelled as σDC. Under a suitably high DC voltage, the internal field will 

be sufficiently high to cause space charges to accumulate in the sample bulk as in the 

example of the space charge σsc shown in Figure 2-6 (b). In the meantime, the 

formation of the space charge would induce surface charges σsc1 and σsc2 on the two 

interfaces. The sum of σsc1 and σsc2 should be equal to the σsc.  

When a voltage pulse is applied, a transient electric field is formed in the insulator 

material. As the transient field is normally much smaller than (< 10%) of the DC field, 

the pulse induced surface charges σp are normally negligible. Under Coulomb 

force, � = � × � [69], the charges experience transient displacements and 

correspondingly produce acoustic waves, as shown in Figure 2-6 (c), which are 

assumed to have the same shape as the charge distribution in Figure 2-6 (b). In fact, the 

perturbation of the charge would generate two kinds of stress waves, the rarefaction and 

compression wave, which then propagate in opposite directions [49]. Only the wave 

propagating towards the bottom electrode (where the piezoelectric sensor is attached) is 

detected to produce the charge profile. For acoustic waves travelling towards the top 

electrode, part of them would reflect back from the free surface and the reflected wave 

travels towards the PVDF sensor. However, these reflected waves will be separated by 

the time delay caused by the additional acoustic path length. Whether the un-reflected 

waves travelling towards the lower electrode are rarefaction waves or compression 

waves depends on the polarity of the charge and the pulsed voltage. After travelling 

through the sample and the lower electrode, the acoustic waves finally reach the 

piezoelectric transducer. The piezoelectric sensor transforms the pressure signal into a 

voltage signal. The output signal, as a function of time, is then amplified and recorded 
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by the oscilloscope as shown in Figure 2-6 (d). The magnitude of the voltage signal 

represents the net charge quantity and the time delay indicates the position of charge 

inside the insulator material. By analysing the voltage signal, the space charge profile 

can then be obtained. 

2.6.2 Forces in the electrostatic field 

As described above, the source of the PEA signal is the electric stimulated variation of 

the electrostatic force induced on charges in the material by the application of an 

applied pulsed electric field. The transient increment of the force density acts on the 

material and results in the generation of elastic waves, which after propagating through 

the insulator material and the PEA base plate (acting here as a waveguide for the 

acoustic waves), are converted to voltage signals by a piezoelectric sensor.  

The force per unit volume that acts on a dielectric body is [70-72]: 

 �⃗ = � ∙��⃗ −
��
2
∙�� ∙∇�� −

��
2
∙∇(�� ∙�) (2.7) 

where the arrows placed above certain parameters (f and E) indicate that these are 

vector quantities.  ρ is the space charge density, ε0 and εr are the vacuum permittivity 

and relative permittivity of the dielectric respectively, a is the electrostriction 

coefficient. The first term represents the Columbic force due to the applied electric field 

E. The second term exists whenever there is an inhomogeneous dielectric (regions of 

differing relative permittivity) in the insulator. The third term is the force due to 

electrostriction, which is due to a dimensional change of the dielectric when an electric 

field is present in the dielectric. [20] 

As the PEA method was original proposed for measuring thin film samples, two 

assumptions are normally made in that the sample is homogenous and the applied 

electrical field is uniform across the plane-plane sample. Consequently only Columbic 

force is usually considered when interpreting the PEA signal [16, 18, 68, 73] and thus 

leads to the widely accepted conclusion that the raw PEA output is in proportion to the 

space charge density. However, when the PEA method is applied to cable geometry 

samples, the divergent field within the cable enhances the last two terms because they 

contain either spatial derivatives of the electric field or the square of the electric field as 

shown in Equation (2.7). Therefore systematic errors may be incurred if the last two 
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terms are ignored when a highly divergent electric field is present as in the case of an 

HV cable. 

2.6.3 PEA acoustic signal  

In the brief description of the PEA principle (Section 2.6.1), a perfectly elastic loss-less 

sample was assumed. Then the acoustic pressure wave would maintain the same 

amplitude and shape as it propagates through the insulation. Although the pressure 

waves may be generated at different locations within the sample and therefore have 

different acoustic path lengths in the sample, the amplitude and shape of the waves will 

be preserved. Based on this assumption, the area of the detected acoustic signal can be 

regarded as proportional to the electrostatic force generated inside the sample.  This is 

also the case for the pressure waves generated by the charges at the material/electrode 

interface if the Columbic force is the only source of pressure waves. However, if the 

acoustic waves propagate through a non-ideal material, as is likely in most polymeric 

materials used for DC insulation [27],  the propagating pressure waves are subject to 

absorption and dispersion, leading to signal broadening and attenuation. The degree of 

attenuation and broadening of the pressure waves will depend on the acoustic path 

length in the material. Accordingly, the detected PEA output signal will also change as 

a function of the transmission length.  For the quantitative study of space charge, the 

effect of the acoustic attenuation and dispersion therefore needs to be considered. The 

influence of the acoustic attenuation and dispersion on the PEA measurement will be 

briefly illustrated below.   

Since the PEA technique is a 1D measurement, the wave equation for a time-harmonic 

plane wave in a lossy homogeneous media can be expressed as [18]: 

 �(�,�) = �������(�����) (2.8) 

where P is the amplitude of the pressure wave p(t) at the generation point, z=0, and 

where α and β are the frequency dependent attenuation and dispersion coefficients 

respectively. With the assumed coefficients (attenuation dominated) as shown in Figure 

2-7, an example of the pressure wave propagation is shown in Figure 2-8. This example 

simulated a Gaussian wave travelling through a 1.5 mm polymeric plate. The graph of 

the normalised pressure wave (Figure 2-8 (b)), where the pressure wave is time shifted 
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to centralise all the peaks at the centre of the graph, clearly shows the broadening and 

attenuation of the acoustic wave at different positions during its propagation. 

 

Figure 2-7. Assumed attenuation and dispersion spectrums for the demonstration of wave 
propagation.  

(a) 

                                   (b) 

Figure 2-8. (a) Propagation of acoustic wave in an acoustically lossy medium. (b) Normalised 
(centralise to the peaks) waves of various positions.  
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A typical initial measurement of a 1.5 mm thick flat sample made from an acoustically 

attenuating and dispersive insulator in which no space charge is present is shown in 

Figure 2-9. The two peaks represent the electrode charges at two interfaces where the 

charge density should be identical due to a uniform electrical field in the plane-plane 

geometry. However, the acoustic signal generated at the upper interface will travel 

through the thickness of the sample and therefore be attenuated and dispersed compared 

to the signal generated at the sample – electrode (lower interface) as shown in the 

figure.  

 

 Figure 2-9.  Example of the PEA output for a 1.5 mm plant (polymeric) sample. The second peak 
is attenuated during propagation. Width is the full width at half maximum. 

 

As it is the peak area that represents the space charge density, the maximum signal 

reduction is about 5% for the wave propagating through the entire 1.5 mm thick sample 

as shown in the example in Figure 2-10.  Consequently even for materials exhibiting 

moderate attenuation and dispersion, this needs to be taken into account when being 

applied to cable geometry systems. This applies particularly to the interpretation of 

PEA signals from full size commercial cables where the insulation may be 

approximately 10 times the thickness of a typical mini-cable [1]. 
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Figure 2-10. Peak area change during propagation.  

 

Although the signal processing method used to reconstruct the original acoustic wave 

has been proposed in [18], it is difficult to determine the acoustic attenuation and 

dispersion coefficients [21]. The reconstruction technique is based on establishing a 

transfer function describing the attenuation and dispersion. However, identifying the 

values of the transfer function from the experimental PEA output assuming zero bulk 

space charge is difficult as the procedure can lead to numerical instability and 

oscillations in the recovered signal. Rather than incurring potential numerical errors by 

compromised acoustic compensation methods like [17, 21],  some authors [15, 18, 22, 

23] reached a compromise in assuming that the acoustic dispersion is negligible when 

the sample thickness is not great.  

2.6.4 PEA method for cable geometry 

The PEA method is an excepted technique that has been widely and successfully used 

in measuring the space charge distribution in both thick and thin plate samples [74, 75]. 

To apply the technique to cable geometry samples, it is necessary to take into account a 

number of factors that are usually not considered when the technique is applied to flat 

specimens. The question of ‘whether the PEA method is capable for measuring space 

charge in cable insulation’ leads to the question of ‘what is different when measuring a 

flat sample and cable insulation’. Obviously one difference is that the cable insulation 

has a cylindrical geometry, which consequently results in a non-uniform applied 

electrical field [69].  Both the HVDC field and the applied pulse field decrease with 
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increasing radius. This results in a non-uniform (radially dependent) force density as 

the source of the acoustic waves. In addition, the propagation of waves with a 

cylindrical wave-front causes the intensity of the pressure waves to decrease as they 

spread out in space during their propagation along the radial direction of the cable [76]. 

More specifically, the alterations of the PEA method for the cable are: 

1. The DC electrical field applied to cylindrical geometry systems is non-uniform 

across the insulation and is a function of the radial position. (Section 2.3) 

2. The divergent field may initialise the formation of space charge formation (as cable 

charging) due to the impact of a non-Ohmic electrical conductivity [77]. 

3. The magnitude of the applied pulsed electrical field is also non-uniform. It is a 

function of time and radial position in the cable insulation. The amplitude of the 

pressure wave for unit charge density (the Columbic force) will therefore be a 

function of radial position [27]. 

4. Columbic force may not be the only source of pressure waves in the insulating 

material due to a change in the electrostatic field. Electrostriction force may need to 

be considered in the divergent field [19]. 

5. The amplitude of the cylindrical pressure waves reduce during the propagation 

through the insulating material [76]. 

 

Although the space charge measurements on cable samples seem more complex than 

that on plane – plane samples, they offer unparalleled benefits for analysing the 

reliability of polymeric HVDC cables. The benefits of adapting the PEA space charge 

measurement technique to cable geometry samples are that space charge measurements 

can be taken without disturbing the electrical stress applied; the technique is non-

destructive and allows the development of space charge accumulation to be investigated 

without disturbance or dissecting the cable and the impact of non-uniform field 

distribution can be experimentally assessed. 

2.6.5 Acoustic radiation from cylinders 

In order to study the impact of applying the PEA system to cylindrical cable geometry 

samples, it is necessary to understand the physics of acoustic wave propagation within a 

cylindrical geometry. In this work it is assumed that the media has elastic properties 

similar to a dielectric fluid. This follows the work of Holé [71] where it was pointed out 
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that transverse pressure waves have velocities of propagation that are much less than 

for longitudinal pressure waves. Hence within the PEA apparatus, by employing a 

suitable length waveguide for the base electrode it is only necessary to consider the 

propagation of longitudinal waves. The coordinate independent wave equation for the 

propagation of longitudinal pressure waves in a homogeneous loss-less elastic media is: 

 
1

��
 
���

���
− �∇ ∙(

1

�
∇�) = 0 (2.9) 

 

where p is the pressure, ρ is the density and c is the speed of sound. If the density is a 

constant, then it can be expressed as: 
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In cylindrical coordinates (where r is symbolizes radius), the solution to the above 

equation is [78]: 
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(�)(��) (2.11) 

 

where the two Hankel functions represent the inward and outward propagating waves 

respectively having a propagation coefficient k. In Appendix A, it has been verified that 

the magnitude reduction of outgoing cylindrical waves fit with the approximation of the 

Hankel function for far field that follows the behaviour of 1/√r (which was used in 

[76]). 

2.6.6 Cable PEA systems – state of art 

The PEA measurement on the cylindrical cable was firstly attempted by Fukunaga [79] 

using a curved electrode matching the outer surface of the cable, a curved piezoelectric 

film and curved acoustic absorber. This design maintains the propagation of cylindrical 

acoustic waves, but in the meantime the application of a system (the PEA cell) is 

limited to cables of a specific dimension. Moreover, in practice, good acoustic contacts 

may be difficult to achieve between the outer surface of the cable, the electrode, the 

piezoelectric sensor and the backing acoustic absorber. To overcome these drawbacks, 
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it was proposed to substitute the flat electrode and associated flat sensor and absorber 

for these curved parts as the works in [80, 81].  

PEA systems, with the curved electrode, have been used commercially for measuring 

full-size HVDC XLPE cables as the works presented in [15, 82, 83] with the pulse 

coupling method for long cables proposed by [13]. However, due to the large space 

demand and high investment of experimental HV equipment, most laboratory based 

experiments (for example with the system in [84, 85]) are using model cables instead. 

For convenience, these PEA systems developed for measuring model cables are quoted 

as mini-cable PEA systems hereafter in the work. Compared with the work using a PEA 

system for plane-plane samples, the application of cable PEA systems makes up a 

smaller proportion. Some examples of the application of the cable PEA systems are 

briefly introduced below. 

By using a Digital Signal Averager (the same approach in [86]), fast measurements on 

mini-cables are achieved in [87, 88] to observe the charge packets under DC stress. A 

few works [67, 89, 90] focus on the interface which may be present in the cable 

associates with considering the effect of temperature. However, in these works less 

information is given about the specific measurement system and the signal calibration 

process. To the author’s knowledge, so far there has not been a universal protocol for 

the PEA system design specification and the signal processing methods. In fact, the 

PEA raw output obtained from measuring cables/mini-cables could largely depend on 

the features and characteristics of the measurement system and the therefore the signal 

calibration process may be different.  

Currently in the literature, there are few mini-cable systems that perform in isothermal 

conditions. Some systems [84, 85] use induced current to heat the conductor and leave 

the outer surface to the ambient temperature to apply the temperature gradient. 

However, the temperature gradient may be very difficult to be accurately controlled in 

practice.  

Moreover, to the author’s knowledge, neither the effect of the clamping pressure on the 

PEA output response has been investigated nor a detailed comparison of the PEA base 

electrode, curved or flat, on PEA system performance has been reported in the 

literature.  
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3 DESIGN OF PEA SYSTEM FOR MINI-CABLES 

3.1 Introduction 

To measure the space charge behaviour in model polymeric DC cables (mini-cables), a 

measurement system based on the PEA method was developed and features the ability 

of high temperature measurements, adjustable cable clamping pressure and two base 

electrode configurations, flat and cylindrical. The main components of the system 

developed in this work will be introduced in detail in the following sections of this 

chapter with respect to the design requirements as discussed at the beginning (Section 

3.2). At the end of this chapter, the traditional method of signal processing to 

reconstruct the space charge distribution from measured data and calibration of the 

PEA system are reviewed and demonstrated step by step using experimental data. 

 

3.2 Design requirements of PEA system 

Subject to the dimension of the model cables (mini-cables) provided for this project (as 

given in Chapter 2.5), the design requirements of the PEA method based space charge 

measurement system for model cables (quoted as mini-cable PEA system thereafter in 

this work) are listed in Table 3-1. The detailed descriptions of each requirement are 

given in the following subsections. 

Table 3-1. Design requirements for the mini-cable PEA system. 

E(kV/mm) 
Temperature 

(°C) 
Spatial 

resolution 
Sensitivity 

(C/m3) 
Features 

0 – ±30 20 – 70 5%×1.5 mm 0.1-0.5 
Controllable Clamping force; 

Different shapes of base 
electrode. 

  

3.2.1 Electrical stress  

For the purpose of investigating the reliability of commercial HVDC polymeric cables, 

it is necessary that the experimental electric stresses are comparable to the real working 

conditions (10 kV/mm – 30 kV/mm). This is due to the fact that at different 

field/voltage levels the dominating mechanisms for space charge formation may vary, 

for example the charge injection models at the cable – electrode (semicon) interfaces 
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are different as discussed in Chapter 2.2.2. As a consequence, the interested range of 

electrical field applied to the cable insulation is relatively low (up to ±30 kV/mm) in 

this work.  

Experiments on the mini-cables under low electrical stresses not only allow the 

processes of space charge accumulation to be examined at the service stresses of 

commercial cables, but also make it possible to observe the cable charging phenomena 

as will be described in detail in Chapter 6.   

3.2.2 Isothermal condition 

As discussed in Chapter 2.4, temperature is an important concern for the reliability of 

polymeric HVDC cables as the conductivity of polymeric insulation is believed to be 

temperature dependent. Therefore, the mini-cable PEA system is required to be able to 

monitor the space charge formation in a temperature range from 20 °C to 70 °C.  

In addition, a well-controlled temperature is critical for the reproducibility of the PEA 

measurements as the location of charge is calculated by the time delay of the PEA 

output signal and the temperature dependent wave velocity in the insulation material. 

The variation of temperature would therefore affect the spatial information of the space 

charge profiles.  

3.2.3 Spatial resolution  

Spatial resolution is a significant parameter for a space charge measurement system. 

For the PEA apparatus, a high resolution is particularly valid for detecting charges 

adjacent to the interfaces. The spatial resolution of a PEA system is affected by various 

factors which include the pulse width of the pulse generator, pulse coupling method 

(which may alter the pulse width), thickness of acoustic sensor which may be 

compromised for increasing the Signal to Noise Ratio (SNR), bandwidth of amplifiers 

(and analogue optical link circuit if applied), and numerical signal processing 

(especially for recovering the acoustic attenuation and dispersion).  

In this project, the requested spatial resolution is 75 μm, e.g. 5% of the 1.5 mm 

insulation. 
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3.2.4 Sensitivity  

The sensitivity of the PEA systems varies and can be as low as 10-1 C/m3 [32]. The high 

sensitivity normally requires a large number of signal averaging iterations to reduce the 

white noise of the system for an acceptable signal to noise ratio. However it may not be 

necessary to pursue the lowest possible sensitivity with the expense of longer 

measurement time (thus lower measurement rate) and a compromise is often made. For 

this project, the sensitivity of 0.1-0.5 C/m3 is the aim but which may vary dependent on 

the different types of mini-cables and experimental conditions.  

3.2.5 Cable clamping unit  

In order to investigate the reproducibility of measurements, it is required to 

mechanically load the mini-cable in the PEA cell under the controllable force 

conditions. In addition, for the purpose of examining the influence of cable deformation 

upon the PEA measurements, a robust clamping unit is required to be able to apply 

sufficient clamping force to cause considerable deformation on the mini-cable. 

3.2.6 Different base electrode 

Although using a flat electrode for cable PEA system have been proposed and used 

[81], little attention has previously been paid on carefully examining the influence of 

cable deformation against the flat electrode under a constant temperature and during a 

successive temperature cycling of the cable. To experimentally compare the two types 

of base electrode, flat VS curved, the design of the PEA cell should facilitate the easy 

replacement of the electrode with less interruption on the remaining parts of the PEA 

system.   

 

3.3 Overview of the high temperature mini-cable PEA system  

The system designed responding to the above requirements is shown in Figure 3-1. 
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Figure 3-1. Schematic diagram of the high temperature mini-cable PEA system. 

 

A purpose-made pulse generator provides 200 Hz, 20 ns, 0.8 – 8 kV voltage pulses 

which are then coupled to the mini-cable conductor via a coaxial delay line and an 

HVDC blocking capacitor CHV. The HVDC source unit is connected to the mini-cable 

conductor via a high resistance resistor, RHV, which prevents loading of the voltage 

pulses by the low output impedance of the HVDC source. At the connection point, a 

metallic shield was used to smooth the electric field and therefore to prevent the corona 

discharge. A purpose-made Π (pi) type 50 dB attenuator provides a matched 50 Ω 

termination for the pulse generator and simultaneously sends trigger signals to the 

oscilloscope. The PEA cell that is composed of a spring loaded cable clamp, bottom 

electrode, and piezoelectric sensor is placed inside an oven to achieve the accurately 

controlled isothermal conditions. The piezo-electric voltage generated by the pressure 

wave sensor is connected to an amplifier unit via a short semi-rigid cable. The amplifier 

unit contains two amplifiers, a purpose-made transimpedance amplifier (buffer) for 

improving the electrical impedance and a 50 input impedance Low Noise Amplifier 

(LNA) of gain 49 dB. The amplifiers are necessary to boost the small piezo-voltage 

signal. The amplified PEA output signals are sent to an oscilloscope which 

communicates with a computer for data recording and further processing. Moreover, 

the system has the ability of automatic measurements with computer controlled pulse 

generator and HVDC source. 

Oven 
HV Shielding 

RHV 

Pulse Generator 

Mini-cable 

CHV 

GPIB 

Semi-rigid cable 

Amplifier unit 

Coaxial delay line 
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3.4 HVDC source 

The HVDC source provides the electrical stress, for example for poling and polarity 

reversal, on the mini-cables. The required voltage rating of the HVDC source is 

determined by the thickness of the cable insulation and the required maximum electric 

field in the cable insulation. In this work, the insulation thickness of the mini-cable is 

1.5 mm and the maximum field is ± 30 kV/mm (in the insulation adjacent to the inner 

conductor). Consequently the corresponding HVDC sources are required to provide at 

least ± 30kV DC.  

Normally, the commercial HVDC sources are of single polarity, but are supplied with a 

replaceable voltage multiplication unit to produce voltages of opposite polarity. For 

convenience of changing polarity, two GLASSMAN high voltage DC supplies, -100 to 

0 kV and 0 to +100 kV, were used and could be interchanged quickly. These were 

combined with the same earthing point and utilized in the PEA system. 

 

3.5 Pulse generator  

The width of the voltage pulses determines the maximum possible spatial resolution of 

a PEA system. 

The schematic drawing of the pulse generator circuit is shown in Figure 3-2. The core 

component of the pulse generator is a fast HV MOSFET switch (BEHLKE Power 

Electronics GmhH) which features the maximum switching voltage of 8 kV, maximum 

pulse peak current of 200 A and on-time of 20 ns. The switching is controlled by a 200 

Hz TTL signal.  When the switch is off, the energy storage capacitor, Cstore, is charged 

by a DC power supply in series with a current limiting resistor RHV. When the switch is 

triggered by a 2 V – 10 V voltage pulse (high level of the TTL signal), the switch is 

closed for about 20 ns to form a voltage pulse. The voltage pulse then propagates to the 

sample and the 50 Ω impedance matching unit (which is the attenuator in the system) 

through the 50 Ω delay line made from coaxial cable (RG 213/U). Details concerning 

the pulse coupling will be given in Section 3.6. 

The simulation of the pulse generator is given in Appendix B. 
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Figure 3-2. Schematic diagram of the pulse generator circuit. 

 

3.6 Pulse delay line 

An RG 213/U coaxial cable (50 Ω) is used to transmit the pulses from the output of the 

pulse generator to the mini-cable conductor. As the cable is effectively equivalent to a 

capacitor, in order to match the impedance of the coaxial cable, an attenuator of 50 Ω 

input impedance is connected to the output terminal of the coaxial cable as a matched 

load. However, the capacitance of the mini-cable is connected in parallel with the 

attenuator and thus makes it practically difficult to match the impedance to 50  at high 

frequencies. Therefore a certain amount of pulse energy would inevitably reflect back 

to the pulse generator. At the pulse generator side, due to the low switching frequency 

of 200 Hz, the switch would remain open for 5 ms after sending out each pulse. 

Therefore the pulse generator is an open circuit for the reflected pulses. Consequently 

the reflected pulse oscillates forwards and backwards along the coaxial cable until 

being damped-out as indicated by the schematic diagram of pulse and reflections in 

Figure 3-3. 

In addition, it has been experimentally observed that the high frequency noise signals 

produced by the pulse reflections would be induced in the PEA voltage output. This 

interference signal may superimpose on the space charge measurement window (the 

time window which contains the space charge information of the mini-cable insulation). 

A sufficiently long coaxial cable is therefore necessary to ensure that the reflected 

pulses do not occur at the same time as the PEA output signal is recorded. 

As demonstrated in Figure 3-3, when a voltage pulse reaches the sample after a pulse 

propagation time t1 in the coaxial cable, space charge inside the sample would respond 

to the voltage perturbation and generate the acoustic waves which would result in the 

PEA signal (P1st) after travelling through the aluminium electrode to a piezoelectric 
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sensor. The acoustic wave generated at the lower surface would directly travel through 

the PEA base electrode after a time delay of t3, while the acoustic wave generated at the 

upper surface of the sample would spend an extra time of t2 to travel through the 

sample itself. Then the window of space charge measurement is from t1+t3 to t1+t3+t2 as 

shown in Figure 3-3. The first reflected pulse, V1st, from the pulse generator would act 

on the sample after the time delay 2×t1 and generate another space charge profile (P2nd) 

likewise.  

 

 

Figure 3-3. Schematic diagram of the pulse reflections in PEA system and the PEA output 
corresponding to the time delay of pulse and reflections with considering the pulse 
induced noises. 
 

To avoid the problem of the reflected pulse disturbing the space charge signal, the 

following two conditions have to be satisfied:  

1. (a) Reflected pulse generated signal P2nd does not overlap the space charge 

measurement output signal P1st or (b) P2nd is much smaller than P1. 

2. Pulse induced noise does not present itself in the space charge measurement 

window. 

Pulse and reflections 

V1st 

st nd 

PEA output 

Space charge measurement window 

Pulse induced noise 

(time) 

(time) 
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Condition 1 

For condition 1(a), it requires that the time delay of the reflected pulse 2×t1 is larger 

than the length of space charge window t2, i.e. 2×t1> t2. If assuming the sound velocity 

in the coaxial cable and insulation sample are a constant of 1.98×108 m/s and 2000 –

1500 m/s at 20 – 70 °C respectively and the thickness of the sample is 1.5 mm, then the 

length of coaxial cable should be longer than 75 m at 20 °C and 100m at 70 °C.  

Condition 1(b) is equivalent to that the first reflected pulse should be much smaller in 

amplitude than the main pulse, as the first reflected pulse, V1st, will be the biggest 

among the reflected pulses. Assuming 50 % (conservative value for the worst 

circumstances) of the pulse is reflected back from the sample side to the pulse generator 

and the attenuation in RG 213 coaxial cable for 20 ns pulses is 5 dB / 100 m (assumed 

to be less than that in manufactory’s datasheet), the normalised magnitude of the first 

reflected pulse with various lengths of the coaxial cable is plotted in Figure 3-4. It can 

be seen that the reflected pulse is less than 10 % of the pulse that generates the PEA 

signal when the length of the coaxial cable is longer than about 140 m. 

 

Figure 3-4. Normalised magnitude of the first reflected pulse Pr with different length of coaxial 
cable with the assumption that 50 % of the pulse would reflect back from the sample 
side and the coaxial cable has an attenuation factor of 5 dB / 100 m. 
 

Condition 2 

Figure 3-5 shows an example of the pulse induced noise in a PEA raw voltage signal 

with a 70 m RG 213/U coaxial cable. The theoretical locations of the reflected pulses 

have a time interval of 2×t1 and are indicated using dash lines. It can be seen that the 

calculated locations match the experimental results. Moreover, low frequency noise 

oscillations (due to earth loops) were found occurring after the high frequency direct 

coupled noise with a longer time period. The presence of the low frequency noise near 

the space charge measurement window would disturb the baseline. 
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Figure 3-5. Example of a PEA raw voltage output (1000 sweeps averaged) when using a 70 m RG 
213/U coaxial delay line and the calculated time of reflected pulses, from the 2nd to the 
7th, acting on the sample. 

 

The locations of the reflected pulses in time with different lengths of delay line are 

plotted in Figure 3-6. To satisfy condition 2, the length of the coaxial delay line needs 

to be longer than 175 m. However, as indicated in Figure 3-4, the pulse induced noise 

may become negligible even when the delay line is short than 175 m. 

 

 

Figure 3-6. Locations (blue cross) of the coupled reflected pulse in the PEA output. The estimated 
(from experimental results) window of PEA signal is from 4.2 µs to 4.95 µs at 20 °C and 
4.2 µs to 5.2 µs at 70 °C. Circles represent the position of the first interface charge peak 
and the triangles represent the position of the second interfacial charge peak at the two 
temperatures 20 °C and 70 °C. 

707ns 

Space charge measurement window 

20 °C 70 °C 

Low frequency 
oscillations  
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Combining the above two conditions, the optimised length of the coaxial delay line 

should be around 170 m in order that the location of the reflected pulses occur outside 

the PEA measurement window. To verify this conclusion, the performance of the PEA 

system with different lengths of coaxial cables is evaluated experimentally using three 

lengths of delay lines, 0.7 m, 70 m and 170 m. The raw PEA outputs are shown in 

Figure 3-7.  

 

Figure 3-7. Normalised PEA raw outputs (1000 sweeps averaging with 3.2 kΩ buffer at 30 °C) with 
different lengths of coaxial delay line. DC bias voltage is 8 kV. 

 

With a 0.7 m delay line, low frequency noise was found in the measured PEA raw 

output and disturbed the base line. With a 70 m delay line, the high frequency pulse 

noise appeared near the first PEA peak as estimated in Figure 3-6. With a 170 m delay 

line, neither the low nor high frequency noise was present in the PEA raw output. 

Although the pulse magnitude is attenuated by the long delay line, the S/N ratio (after 

1000 sweeps averaging) of the PEA raw signal is comparable to that with a 0.7 m delay 

line. Therefore a 170 m coaxial delay line was used in the system. 

In addition, the pulse shapes with the three lengths of delay lines are simulated using 

the simulation circuit introduced in Appendix B with typical propagation parameters for 

RG 213/U cable. The simulation results, shown in Figure 3-8, demonstrate that longer 

delay lines would result in a longer pulse propagation time and more attenuation on the 

pulse magnitude and slightly broadening of the pulse width. 
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Figure 3-8. Simulated pulse shapes at the output of 0.7 m, 70 m and 170 m coaxial delay lines. 

 

3.7 Solutions for high temperatures  

The requirement of high experimental temperatures (up to 70 °C) is one of the main 

challenges for the system design. Most conventional PEA systems are designed for 

room temperature measurements in which case, the PEA unit is able to have a compact 

design combining the upper electrode, pulse coupling circuit, lower electrode, 

piezoelectric sensor and amplifier. More specifically, the piezoelectric sensor is 

normally shielded together with the amplifier to improve the noise immunity. With 

such a design, to realise isothermal conditions in the sample, it would inevitably be 

required that the temperature for the whole PEA cell should be the same. However 

some components may not survive at high temperatures or may have temperature 

dependent characteristics and therefore affect the measurement during the temperature 

change. These components are discussed below: 

1. Piezoelectric sensor:  

The piezoelectric sensor is attached to the lower surface of the bottom Al 

electrode. PVDF film has been widely used in the past as the piezoelectric senor 

in PEA space charge measurement systems. It is stable under room temperature, 

however it becomes ineffective as a piezo-electric sensor at high temperatures 

[91, 92].  
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2. Amplifier:  

For a conventional film PEA system, the common approach is to place the 

amplifier in an electrically shielded box together with the piezoelectric sensor to 

avoid external noise signals. For example this method is employed in the PEA 

systems described in [93, 94]. The amplifier will therefore have to experience 

the high temperatures. However, the maximum operating temperature of 

commercial amplifiers are normally rated less than 70 °C or 85 °C. And, more 

importantly, their characteristics may change with temperature.   

 

3. HV coupling capacitor:  

The role of a coupling capacitor, which connects the output of the pulse delay 

line to the mini-cable conductor, is to isolate the pulse generator from HVDC 

applied on the mini-cable conductor. It is desirable for the capacitor to be 

directly coupled to the conductor of mini-cable to minimise the inductance of 

connection, and hence it would be necessary for the capacitor to be positioned 

in the oven along with the PEA system and the mini-cable. However the 

capacitor may not be able to survive at the high temperature, and even it can, its 

capacitance would significantly vary with the temperature and thus affect the 

pulse magnitude as the HV coupling capacitor forms a potential divider with the 

cable capacitance. For example the capacitance of a TDK UHV ceramic 

capacitor would decrease by 33 % when the temperature rises from 25 °C to  

85 °C [95].  

 

The solutions adopted for the above issues were:  

1. For the piezoelectric sensor, a co-polymer of PVDF, poly[(vinylidenefluoride-

co-trifluoroethylene] [P(VDF-TrFE)], which has a maximum operating 

temperature of 110 °C (according to the datasheet provide by Precision 

Acoustics Ltd) is utilized instead of PVDF film. Moreover, the temperature 

stability of the PVDF-TrFE film was tested experimentally in Section 5.5.4. 

 

2. To maintain a relative constant operating temperature for the amplifier, the 

amplifier unit is separated from the shielded box of the piezo-electric sensor in 
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the PEA cell and placed outside the oven with a short semi-rigid coaxial cable 

connection as shown in Figure 3-1. 

 

3. The HV capacitor is placed outside the oven along with the ends of the mini-

cable. This would incur a temperature gradient through the length of mini-cable 

at elevated oven temperatures. However the space charge measurement region 

of the cable would not be unduly affected as demonstrated by the analysis 

shown in Appendix C. 

 

3.8 Design of PEA cell 

 

 

 

 
Figure 3-9. Schematic drawing of the PEA cell structure. 

 

Responding to the demands of the clamping unit and changeable base electrode, the 

PEA cell designed for this project is shown in Figure 3-9. The main aluminium (AL) 

frame provides a robust structure for the spring loaded cable clamp to apply the high 

clamping force (up to 2200 N limited by the spring) onto the mini-cable. Additionally, 
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the main aluminium frame and base electrode acts as a thermal mass to damp the effect 

of temperature fluctuation inside the oven on the mini-cable. There are two cable 

clamps with a ‘V’ shaped cut-out to centralise the cable along the axis of the PEA 

system and provided with different lengths, 30 mm and 50 mm, in contact with the 

mini-cable. The short 30 mm clamp was purposely used to maximise the deformation 

of the mini-cable with a flat base electrode for examining the effect of cable clamping 

pressure on the PEA raw output. The 50 mm clamp is of the same length as the base 

electrode and is used for normal tests. The steel top with a tapped hole in the centre 

provides a solid base for the M16 Hex bolt and is assembled to the main frame with 4 × 

M8 (socket cap) bolts. The M16 bolt is to adjust the cable clamping pressure. The 

detached top also facilitates assembling the spring (assembly without removing the base 

electrode or increasing the overall height of the PEA cell). The base electrode is fixed 

to the bottom plate of the frame with 4 × M4 (socket cap) bolts. Accordingly the sensor 

hole is in the centre of the bottom plate and contains the PVDF copolymer sensor film, 

PMMA acoustic absorber and a disk spring. With this design, it is easy to change the 

bottom electrode without interrupting the sensor connection as well as the other parts of 

the PEA cell.  

 

3.9 Design of PEA base electrode 

3.9.1 Flat electrode 

Historically, when the PEA method was first adapted to measure cable samples, a 

curved bottom electrode (and piezoelectric sensor) was utilized to match the outer 

surface of cables and maintain the cylindrical propagation of the acoustic waves [11]. 

However, practical difficulties arise when using a curved electrode. Firstly, a good 

homogeneous acoustic coupling is hard to obtain if the cable has a non-perfect 

curvature. Secondly, the curved electrode can only be used for cables of one size. To 

overcome these difficulties, cable PEA systems with a flat earth electrode were then 

developed [80]. In this case, acoustic waves are coupled to the flat aluminium electrode 

along the ‘line’ of contact which acts as a secondary source of cylindrical acoustic 

wavefronts in the base electrode. The flat electrode PEA technique features flexibility 
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in that the dimension (radius) of cable samples is no longer critical. However, the flat 

electrode is not without problems.  

The substantial assumption of using a flat electrode is that the mini-cable has a line 

contact with the base electrode. In another words, it is assumed that the mini-cable does 

not deform under the clamping force. In practice, a reasonable high clamping force is 

critical to keep a good acoustic coupling between the mini-cable and the base electrode 

for the transmission of acoustic signals and some deformation of the cable is inevitable. 

This assumption may hold to some extent at room temperature when the insulation 

material is relatively hard. However at high temperatures, as the insulating material 

softens, mini-cables are likely to have noticeable deformation which leads to an 

increased contact area with the electrode. Detailed analysis of using a flat electrode at 

various clamping force and temperatures will be given in Chapter 5. 

3.9.2 Half-curved electrode 

With the raised concerns about employing a flat electrode for cable PEA system 

particularly at elevated temperatures, a curved electrode which fits the outer surface of 

tested mini-cables was manufactured for comparison with the flat base electrode.  

In principle, a curved electrode as shown in Figure 3-10 is ideal for the PEA system 

measuring the space charge in cylindrical coaxial samples. The matched contact 

maintains the cylindrical wavefront of waves generated within the mini-cable insulation 

and the increased contact area minimises the deformation of mini-cables under 

clamping force. However in practice it is not easy to mount the sensor (PVDF-TrFE) 

film on the rear of a curved electrode. Moreover it is relatively inconvenient to produce 

a mirror finish on the curved surfaces.  

 

 

Figure 3-10. Schematic drawing of a curved electrode PEA cell. 
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Limited by practical difficulties, a compromised design was manufactured to be used as 

shown in Figure 3-11, where a cylindrical groove of the same diameter as the outer 

diameter of the mini-cables was machined in the surface of a flat bottom electrode. In 

this way, the deformation of the mini-cable can be restricted and a low surface 

roughness can be preserved on the flat rear surface where the sensor film attached.  

 

 

 

 

 

Figure 3-11. Schematic drawing of the half-curved electrode. 

 

For the sake of convenience, the half-curved electrode will be called the ‘curved 

electrode’ instead in the following content. 

3.9.3 Design requirements of base electrode 

3.9.3.1 Thickness  

The bottom electrode acts as a waveguide to delay the transverse pressure waves 

(having a lower propagation velocity) from longitudinal ones, so only longitudinal 

waves are transferred to form PEA output signal by the piezoelectric transducer during 

the measurement time window [71]. Then the length of waveguide, i.e. the thickness of 

electrode, has to verify: 

 ����������> ���  
�� ��
�� − ��

 (3.1) 

 

where tsc is the duration of the space charge profile, vT and vL are the speed of 

transverse and longitudinal waves in the waveguide respectively.  

In addition, the bottom electrode needs to provide enough acoustic delay to separate the 

acoustic wave reflections within the electrode from the measurement time window. To 
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separate reflected waves at front and bottom aluminium/air interface, the thickness of 

the bottom electrode has to verify: 

 ����������>
��� ��
2  

 (3.2) 

 

In practice, a much thicker electrode may be preferred to keep the measurement 

window away from the pulse generator induced noise at the trigger point (when the 

main voltage pulse acts on the cable). Moreover, a longer propagation distance is also 

beneficial in reducing the mismatch between the cylindrical wavefront and the flat 

transducer. Consequently, with satisfying above requirements, the electrodes used in 

the system are: 25 mm thick flat electrode and 30 mm thick curved electrode with 3 

mm depth groove. 

3.9.3.2 Width  

Reflections also occur at sides of the electrode (boundaries L and R in Figure 3-11). So 

the electrode also requires enough width, Welectrode, to avoid detection of these reflected 

waves in the measurement time window. The minimum width of the bottom electrode 

has to satisfy the following equation (as details in Appendix D): 

 

 � ���������> ������� 1 +
2 ∙����������

������
 (3.3) 

 

With an electrode thickness of 25 mm and a measurement window of 700 ns, the 

minimum width of the bottom electrode is about 16 mm. In practice, a conservative 

design of 80 mm width is used for both flat and curved electrodes. 

 

3.10 Piezoelectric sensor 

3.10.1 Thickness 

The thickness of the sensor film affects the spatial resolution of the PEA system and 

should be matched to the duration of the applied voltage pulse. The resolution is 

primarily determined by the width of the voltage pulses. Normally all the acoustic 
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signals generated by charges under the application of the pulsed electric field are 

assumed to have the same width. This is the case if acoustic dispersion does not occur 

in the sample, base electrode wave guide and the sensor. Matching the sensor thickness 

to the wavelength of the pressure pulses is required to maintain the pulse determined 

resolution. In principle, this requires the wave propagation time inside the sensor film 

to be much less than the pulse width. However the thickness of PVDF-TrFE film is 

limited by availability in the market where the common thicknesses available are 9 µm, 

28 µm, 52 µm and 110 µm. An empirical choice for the thickness is that the wave 

propagation time is about the same with the acoustic pulse width. In this project, the 

pulse width is about 20 ns. Then the thickness of the PVDF-TrFE film should be 

approximately 40 µm when assuming the sound velocity in PVDF-TrFE is 2000 m/s. 

To investigate more thoroughly the effect of the sensor thickness and acoustic coupling 

with the backing material (acoustic absorber), a simulation model has been utilised and 

will be presented in Section 4.5. 

3.10.2 Area 

Specific to the geometry of the bottom electrode, the surface area of the sensor film is 

limited in a cable PEA apparatus. For the PEA cells designed for plane samples, the 

sensor film can be relatively large as acoustic waves generated in the sample are plane 

waves. However as the acoustic waves originated from the cable samples are of 

cylindrical wavefront, the shape mismatch between acoustic waves and the sensor film 

may cause signal distortion and reduce the spatial resolution. As illustrated in Figure 

3-12, assuming the cable has a line contact (point contact in cross-section view) with 

the flat base electrode (which is equivalent to a curved electrode where the centre of 

cable is at the contact point of flat electrode), then the line of contact acts as a 

secondary wave source. The range of time delay, ∆t, of the acoustic wave reaching the 

sensor film varies in accordance with: 

 
∆� =

��� + (
�
2 )

� − �

���
 

(3.4) 

 

where D is the thickness of the bottom aluminium electrode, W is the width of the 

piezo-electric film, VAL is the sound velocity in aluminium.  
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Figure 3-12. Schematic drawing of the cross-section of PEA cell illustrating the time delay of the 
cylindrical wave arriving at the flat piezo sensor. 

 

Figure 3-13 shows the variation of time delay with different film width (up to 10 mm) 

when a 25 mm aluminium electrode is utilized. Therefore, for detecting cylindrical 

waves, the width of the flat sensor film would limit the maximum possible spatial 

resolution which is primarily determined by the sensor thickness. For example, a 5 mm 

wide and infinity thin senor film would reduce the spatial resolution by half when the 

duration of acoustic waves is 20 ns. Nevertheless, the effect of the time delay on spatial 

resolution would reduce with the increase of the sensor thickness.  

 

 

Figure 3-13. Time delay of a cylindrical wave reaching a flat piezo film when the thickness of 
bottom electrode is 25 mm and assuming the sound velocity in aluminium is 6400 m/s. 

Although the length of the sensor film is only limited by the physical size of the PEA 

cell, it should be as short as possible in practice to avoid any possible deviation in the 

axial direction of the mini-cable. Consequently, the sensor film used for a cable PEA 

system with a flat bottom electrode has a very restricted acting area.  
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The effect of the sensor area with respect to a 52 μm PVDF-TrFE film will be further 

studied by the 2D simulation tools in Section 4.7.7.  

 

3.11 Transimpedance preamplifier (buffer) 

A low noise amplifier (LNA) is generally required in a PEA system to amplify the low 

output voltage of the piezoelectric sensor. However the input impedance of the 

commercially available LNAs are normally low (50 Ω or 75 Ω) compared to the high 

and frequency dependent capacitive impedance of a piezoelectric film. Thus a 

frequency dependent impedance mismatch exists that result in signal distortion 

equivalent to that caused by the high pass filter and the PEA apparatus incurs signal 

overshoots in the amplified raw output data [10]. To solve this problem, a 

transimpedance amplifier (buffer) has been developed. 

3.11.1 RC circuit  

The PVDF-TrFE sensor film utilized in the system has a relative permittivity of r = 10 

[96], thickness d of 52 μm and area A = 20 mm × 5 mm (restrict to the size of the 

sensor hole in Figure 3-9). The equivalent capacitance of the sensor is given by the 

following relation: 

 

 � =
��∙��
�

� = 170 �� (3.5) 

 

With a 50 Ω LNA, the time constant of the RC circuit is therefore only 8.5 ns which is 

much less than the minimum signal width (20 ns). The RC circuit is acting as a high 

pass filter which therefore works as a differentiator on the piezo-electric signal. The 

resultant effect on the amplifier output is shown in Figure 3-14. The distortion of the 

amplifier output signal is normally regarded as signal overshoots in PEA raw signals 

[10]. Integration seems to be a possible way to numerically restore the signal from the 

RC differentiator circuit. However it may not be practical due to the instrumental noise 

as discussed in Appendix E. Consequently, it is preferred to find a solution from the 

hardware side (rather than through numerical signal processing). 
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Figure 3-14. Time domain response of the sensor – amplifier system with the input of a 20 ns pulse 
signal (taken the capacitance of sensor film as 170 pF and input impedance of 
amplifier as 50 Ω). 

 

To solve this distortion, it is necessary to increase the time constant by either increasing 

the capacitance of the piezo film or the input resistance of the amplifier. The 

capacitance of piezo film is proportional to its area and inversely proportional to its 

thickness. The area of piezo film is limited as discussed in section 3.10.2 and its 

thickness depends on the availability of films for the manufacturer (9 μm is the thinnest 

available in the market). On the other hand, most LNA features low input impedance 

(50 Ω or 75 Ω). Since it is difficult to change either of these two components, the 

solution lies in adding a transimpedance circuit (buffer) in-between to increase the 

amplifier input impedance from 50 Ω to a much larger value.   

3.11.2 Input impedance of the buffer amplifier 

The space charge signal covers a wide frequency bandwidth. The highest possible 

frequency component is defined by the pulse width. Therefore the upper-limit of the 

PEA signal spectrum would be 50 MHz if 20 ns pulses were applied. The lower limit is 

set by the time window of the PEA response and will be approximately 1 MHz 

consistent with the propagation time of the acoustic waves through the mini-cable 

insulation of approximately 1 µs. The input impedance of the buffer amplifier should be 

as high as possible to record these low frequency components. However, on the other 

hand, high impedance would incur high noise level. Consequently, with respect to the 

estimated piezo-sensor capacitance of 170 pF, two buffer amplifiers with 3.2 kΩ and 75 

N
o

rm
al

is
ed

 V
o

lt
ag

e 



53 
 

kΩ input impedances were developed with the circuits and simulation detailed in 

Appendix F. 

3.11.3 Performance of the buffer amplifiers 

The performance of the buffer circuits of two different input impedances (3.2 kΩ and 

75 kΩ) have also been assessed experimentally. Under a very low DC bias voltage of 8 

kV (which generates the maximum electrical field of 7.7 kV/mm in the 1.5 mm thick 

insulation), raw buffered and amplified data was obtained. In the data acquiring system, 

synchronous averaging of 1000 sweeps was performed (as default for all PEA 

measurements) by the oscilloscope before sending to the computer. The raw output for 

the same sample using the two buffer amplifiers are shown in Figure 3-15.  

 

 

Figure 3-15. Raw PEA outputs (1000 sweeps averaging as default) with 3.2 kΩ and 75 kΩ input 
impedance buffer circuits at room temperature (18 – 20 °C) with +8 kV DC bias 
voltage. 

 

The raw PEA output with 3.2 kΩ buffer was found to have a good signal to noise ratio. 

When using the 75 kΩ buffer, the SNR of the PEA raw output is much worse but could 

be improved by more averaging or employing a numerical noise filter on the PEA 

output data. 

The noise reduced PEA outputs using the numerical filter (80 MHz Gaussian high pass 

filter implemented using MATLAB) and 4000 sweeps averaging are shown in Figure 
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3-16. The main difference between the two buffers appears on the low frequency 

signals while the two interfacial peak signals (high frequency) are about the same.  

 

 

Figure 3-16. Noise reduced PEA outputs using an 80 MHz Gaussian high pass filter and 4000 
sweeps averaging.  

 

In summary, although the 75 kΩ buffer provides sufficient bandwidth and hence a 

voltage output with less distortion than the 3.2 kΩ buffer, abundant signal averaging to 

achieve a reasonable signal to noise ratio (SNR) is required.  The two buffer amplifiers 

could therefore be used interchangeably. When the SNR using the 75 kΩ buffer is too 

low, the 3.2 kΩ buffer could be used instead. However, in this case the effect of 

impedance mismatch must then be numerically recovered using signal processing (see 

Section 3.12.4).  

 

3.12 Traditional approach to signal processing and calibration of the PEA  

The PEA method is a non-direct measurement technique with output being the voltage 

signal representing the space charge density distribution convoluted with the instrument 

response function (IRF) of the PEA apparatus. Consequently, signal processing of the 

raw PEA voltage signal and calibration is required to reconstruct the original space 

charge distribution.  
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This section starts with illustrating the relationship between the space charge density 

distribution and the PEA raw output based on the assumptions made for each stage. 

These assumptions are also the foundation for PEA signal interpretation as well as 

signal processing and calibration. Based on these relationships, the system transfer 

functions subjected to the cylindrical geometry sample are introduced individually. 

Then the conventional calibration method is reviewed. A step by step example of the 

signal processing will be then demonstrated using experimental raw data obtained from 

the PEA apparatus followed with a detailed discussion on the geometry effect and 

acoustic loss during propagation. 

3.12.1 Relationship between space charge and PEA output 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-17. From charge density to PEA output and vice versa. 

 

Figure 3-17 demonstrates the processes of producing a PEA output signal from the 

charge density with the assumptions for each stage.  
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To start with, the fundamental assumption of the PEA method is that the Columbic 

force is the only source of electrostatic force, so that the generated acoustic signal P(t,r) 

can be possibly related to an image of the net charge. Whilst it needs to be pointed out 

that for cable geometry samples, there are other potential force terms as discussed in 

Section 2.6.2 and the pulsed field is divergent which results in a radius dependent 

enhancement Ke(r) on the resultant pressure wave P(t,r).  

The generated pressure wave then propagates through the cable insulation and the thin 

outer semicon layer, to the base electrode waveguide and finally arrives at the 

piezoelectric sensor after a time delay ∆t. Subjected to cylindrical geometry, the 

magnitude of the pressure wave reduces during propagation through the cable 

insulation with a geometry factor Kg(r). Moreover, during propagation inside an 

acoustic lossy media, the pressure wave would suffer from acoustic attenuation and 

dispersion with a transfer function Ga(t,r). An underlying assumption for the wave 

propagation stage through the aluminium base electrode is that the acoustic wave guide 

successfully separates the acoustic shear waves from the measured longitudinal waves 

and any reflected acoustic signal.  

The transfer function, CP, represents the conversion of the pressure waves to an 

electrical signal. If it is assumed that the PVDF-TrFE sensor has a wide uniform 

bandwidth and with a matched acoustic absorber, then the transfer function would be 

regarded as a constant.  

Afterwards the PEA raw output would be directly proportional to the sensor output with 

a voltage gain of CA if no impedance mismatch existed for the buffer and amplifier 

circuit i.e. whose (normalised) transfer function H(ω) is a constant (i.e. H(ω)=1) over 

the signal bandwidth.  

In summary, with accepting all the assumptions, the relationship between charge 

density and PEA raw output in the time domain is  

 

 �(�) = � (�) ∗��(�,�) ∗(�� ∙�� ∙��(r) ∙��(r) ∙�(�)) (3.6) 
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3.12.2 Signal processing 

To reconstruct the charge density ρ(r) from the raw PEA output, V(t), it is necessary to 

solve Equation (3.6) by employing signal processing techniques such as deconvolution. 

Moreover, for the cylindrical insulation of mini-cables, the correction for the geometry 

related influences, Kg and Ke, have also to be taken into account. 

In addition to the processes for recovering the space charge profile, signal processing 

should also include the preconditioning of the raw PEA output. That includes de-

noising by signal averaging (and/or numerical filters) and baseline correction.  

3.12.2.1  H(t) 

The response of sensor–amplifier system which incurs the impedance mismatch has 

been discussed in Section 3.11.1. Buffer circuits have been developed to minimise the 

impedance mismatch. To further compensate the attenuation on the low frequency 

components, deconvolution can be applied with the transfer function H(t) estimated by 

the known or measured capacitance of the sensor and the input impedance of the buffer 

amplifier. 

3.12.2.2 Ke 

The applied pulsed electric field in a cylindrical system is dependent on radius, r, and 

follows equation (2.1). The pulsed electric field decreases along the radial direction, r, 

from the inner (radius a) to outer semicon interface (radius b) in proportion to 1/r. The 

enhancement term Ke on the pressure wave due to the divergent pulse field with respect 

to the outer interface is: 

where Ep(r) and Ep(b) are the applied pulse electric field magnitudes at radial positions 

r and b respectively.  

 

3.12.2.3 Kg 

As discussed in Section 2.6.5, the magnitude of the cylindrical acoustic wave reduces 

with the square root of the radius when travelling in the radial direction. Therefore the 

 ��(�) =
��(�)

��(�)
=
�

�
 (3.7) 
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reduction factor applied on the generated signal is [27]: 

 

 ��(�) = �
�

�
 (3.8) 

3.12.2.4 Ga(t,r) 

The effect of the acoustic attenuation and dispersion on the PEA signal has been shown 

in Section 2.6.3. The signal recovery process for the plane-plane PEA geometry can be 

referred to reference [18]. Whereas for processing the signal of mini-cables, the 

geometry effects (as introduced in above two subsections) need also to be considered.  

Specifically, the system transfer function Ga related to the acoustic attenuation and 

dispersion of wave propagation is derived from the calibration measurement in which 

only the capacitive electrode charges are assumed to be detected as two interfacial 

peaks P1 and P2. Since the signal generated at interfaces can be treated as delta 

functions, P1 and P2 should have the same wave shape but differ in magnitude due to 

the cylindrical geometry and the applied DC and pulsed Laplacian electrical field, E, at 

the two interfaces, a and b and the wave radiation in the cylindrical wave path domain. 

The acoustic transfer function Ga for traveling the entire thickness (b-a) can therefore 

be estimated from the pulses P1 and P2 as: 

 ��(�,� − �) =
��(�)

��
��

 ��(�) ��(�) ��(�)
 (3.9) 

 

Then the full matrix of the transfer function Ga(t,z) can be constructed using the same 

method with that in [18] where z is defined as the distance into the cable insulation 

from the inner interface, i.e. z = r-a. 

 

3.12.3 Calibration  

When applying a calibration procedure it is usually assumed that the cable insulation is 

free of any space charge and hence the magnitudes of the interface charges when a DC 

voltage is applied is determined by the geometry of the cylindrical system and the 

magnitude of the applied DC voltage. A calibration signal is therefore recorded prior to 
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any space charge measurements in order to obtain the calibration constant for the PEA 

instrument. This constant enables the corrected PEA raw output signal to be expressed 

directly in C/m3 such that it is electrostatically consistent with the magnitude of the 

applied electric field. The method involves consideration of the area enclosed by the 

first interface peak from position b in the cable. The PEA calibration signal is normally 

obtained by taking measurements under a low DC applied voltage and within a 

sufficiently short time to ensure no charge has accumulated inside the sample insulation 

during the calibration measurements. In this case, the PEA output would only contain 

two peak signals responding to the capacitive electrode charges, at positions a and b. 

Since these interfacial charges are located in very thin layers, they can be treated as 

delta functions. The interfacial charge density, σ, can be calculated by: 

 � = ����� (3.10) 

where ԑ0 is the permittivity of free space, ԑr is the relative permittivity of sample and E  

is the electric field at the interface and can be calculated based on Equation (2.1). 

Considering the outer interface signal peak, P1, is not affected by the geometry and 

propagation effects, the calibration constant is determined [11, 16] by space integration 

of the signal under the first peak i.e. ∫P1V(r)dr, then dividing σb representing the surface 

charge density at interface position b. 

3.12.4 Example of signal processing applied to raw PEA output data 

In this section the traditional approach to reconstruct the space charge profile from raw 

data obtained using the PEA technique is described in detail. The step by step 

processing on typical raw PEA output data to reconstruct the space charge profile in 

cylindrical geometry cables is illustrated using a PEA measurement on an ‘as-received’ 

D807D mini-cable under 20 °C isothermal condition. 

Step 1. Baseline correction  

The first step is to remove any signal acquisition artefacts by establishing a true 

baseline for the PEA signal. The measured signal contains the system DC drift and low 

frequency components in the PEA raw signal due to coupling of the pulse generator 

signal with the PEA output signal, if any, and the pulse voltage induced high frequency 

signals. The baseline signal is acquired with zero applied DC voltage to the cable such 



60 
 

that the charges at the interfaces are only due to the applied pulse voltage, as shown in 

Figure 3-18. In this figure, the baseline signal is compared with a PEA measurement 

taken when the DC voltage applied to the cable is increased to +14 kV in order to make 

clear the position of the interfaces and the relative signal magnitudes. In this case the 

electrode peak charges become clearly visible. Normally, to decrease the noise level to 

a minimum in the baseline measurement, the baseline signal is acquired using data 

averaging. Repeated PEA acquisitions are made typically 10,000 times to reduce the 

white noise component in the signal by data averaging in the oscilloscope. The resultant 

PEA baseline signal with zero DC voltage applied to the cable is then subtracted from 

all subsequent PEA measurements of the space charge.  

 

  

Figure 3-18. Raw PEA outputs under +14 kV calibration bias voltage and the averaging increased 
Voff measurement (with pulse voltage only) which gives the baseline. 

 

Step 2. De-noising 

The procedure adopted for raw PEA measurements of the space charge is to average 

1000 acquisitions of the PEA raw output and averaging using the oscilloscope to reduce 

noise in the signal. The measurement and function of the oscilloscope is controlled in 

Labview. However in some cases, as shown in Figure 3-18 for the data obtained at +14 

kV applied voltage, significant white noise may still be present in the data after 

averaging. Therefore a numerical 80 MHz Gaussian high pass filter (implemented in 

MATLAB) was used to reduce the high frequency noise in the baseline subtracted raw 
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PEA output. An example of the de-noised signal compared with the averaged signal is 

compared in Figure 3-19.  

 

Figure 3-19. De-noising using the numerical Gaussian high pass filter. 

 

Step 3. Correction for electrical mismatch 

The buffer circuit of 3.2 kΩ input impedance was used for this test. As discussed in 

Section 3.10, the low frequency signal components would be attenuated by the high-

pass sensor-buffer circuit. To recover the signal, the output signal was convoluted with 

the inverse transfer function of the RC (C = 170 pF, R = 3.2 kΩ) sensor-buffer circuit 

as implemented in MATLAB. As shown in Figure 3-20, the recovered signal shows 

less overshoot in the electrode peaks P1 and P2 and a flat signal between the two peaks. 

 

Figure 3-20. Signal recovered (RC recovery) from the electrical mismatching between the sensor 
(200 nF) and 3.2 kΩ buffer. 

P2 

P1 
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Step 4. Acoustic propagation and geometry compensation  

 

 

 

 

 

 

 

 

 

  

 

Figure 3-21. Signal recovery from the acoustic and geometry distortion during wave propagation 
within the insulation. 

 

The procedure of the signal recovery correcting for the acoustic propagation and 

geometry effects are shown diagrammatically in Figure 3-21. Firstly, the integrated 

transfer function G(t,z) is constructed following the work in [81] while assuming a 

Laplacian DC field. Then the corrected voltage signal V’(t) is obtained from the PEA 

output V(t) by solving  

 �(�) = �(�,�) ∙��(�) (3.11) 
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To solve this equation, it is necessary to find the inverse of the transfer matrix, G(t,z).  

In order to avoid unnecessary high frequency components present in the inverse matrix, 

it is useful to reduce the sampling frequency of the raw data. Typically the sampling 

frequency is reduced by a factor of 4 from the maximum of the oscilloscope of 2 GS/s. 

This is sufficient to reduce the condition number of the otherwise ‘ill-conditioned’ 

transfer matrix G(t,z). The procedure was implemented in MATLAB. 

The corrected signal and the original RC corrected signal are shown in the lower part of 

Figure 3-21. The acoustic propagation and geometry correction produces a narrower 

peak P2, while P1 maintains the same, as expected. The area ratio of the two peaks is 2 

which is the same as the ratio of Laplacian interfacial field at a = 1.5mm and b = 3 mm. 

 

Step 5. Calibration of the corrected PEA signal 

Using the known sound velocity of the cable insulation material at the experimental 

temperature, the recovered voltage signal, ‘Acoustic Rec’, as a function of time can be 

plotted against the radius position with respect to the known mini-cable dimensions 

(Section 2.5) as shown in Figure 3-22. As described in Section 3.12.3, the calibration 

coefficient, the product of Cp and CA, is achieved by determining the ratio of the area of 

P1 (shaded area under P1 in Figure 3-22) and the calculated surface charge density: 

 �� ∙�� = 
∫ �(�)
 

��

������
 (3.12) 

  

This implies that the accuracy of calibration depends on the knowledge of the electrical 

field at the outer semicon – insulation interface.  

With the calculated calibration coefficient, the space charge density profile along the 

radius can be derived from the corrected PEA voltage signal as shown in Figure 3-22.  
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Figure 3-22. Converting the time delay dependent signal ‘Acoustic Rec’ to the radius position. For 
convenience of signal processing, the two interfacial peaks are located at the radius of 
interfaces (i.e. a = 1.5 mm and b = 3 mm), while the true interfaces for the measured 
signal are indicated by the dash lines.  Dash area highlights the area of the P1 for the 
voltage signal.  Calibrated space charge density as a function of radius is plotted in the 
second axis. 

 

Step 6. Internal electric field distribution E(r) and electric potential V(r) 

Finally, the accuracy and electrostatic consistency of the signal processing and 

calibration steps can be verified by calculating the electrical field (by applying 

Poisson’s equation to the calculated space charge density) [27] and voltage (by 

integrating the electrical field across the radius of the cable insulation thickness). These 

can then be compared to the theoretical field and electric potential (either assuming no 

space charge or once steady state charging of the cable had occurred) and the applied 

voltage. As shown in Figure 3-23, the reconstructed electrical field fits the Laplacian 

distribution with some minor deviations due to the noise presented in the charge density 

profile. The calculated voltage at the conductor side is consistent with the voltage 

applied to the cable, +14 kV DC. This example illustrates the importance of a space 

charge free cable in the PEA calibration. It would be difficult to justify that the cable is 

free of space charge when the calibration signal is obtained at the beginning of the 

experiment.  

r=a r=b 

P1 

P2 
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Figure 3-23. Calculated electric field and voltage distribution.  

 

3.13 Summary  

The high temperature mini-cable PEA system hardware was developed for measuring 

the space charge in mini-cables cable under applied maximum DC fields of 0 kV/mm – 

30 kV/mm at the inner semicon interface consistent with the service conditions of 

commercial cables and under controlled isothermal conditions (20 °C – 70 °C). The 

pulse generator was designed for this system with the coaxial pulse delay line whose 

length was carefully examined and optimised to provide a noise free measurement 

window. The design specifications were met on realizing the high temperature 

requirement. 

In addition the design of the PEA cell features the ability of performing verification and 

comparison tests by employing the cable clamping unit which is able to provide 

controlled clamping force. This will enable the effect of cable deformation on PEA 

measurements to be evaluated. Interchangeable base electrodes of two shapes, flat and 

curved to match the outer diameter of the mini-cables were constructed to enable a 

comparison on the PEA performance of using the flat or curved base electrode to be 

made.  

The limitations on the size of the sensor film were discussed which leads to the 

common issue for the PEA apparatus on the importance of impedance matching 

between the sensor and amplifier to prevent information loss due to the filtering of the 
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low frequency components of the PEA raw output signals. To overcome this problem, 

two buffer amplifiers of 3.2 kΩ and 75 kΩ input impedance were developed. For most 

measurements, the 3.2 kΩ buffer amplifier was found to be suitable as it produce less 

noise although signal correction for the impedance mismatch has to be used. 

The assumptions and techniques for the traditional approach to the interpretation of the 

PEA raw output and performing the necessary signal processing and calibration were 

reviewed. The traditional signal calibration method was illustrated using real PEA 

measurement data taken on a manufacturer supplied mini-cable. In order to provide a 

more robust interpretation of the PEA raw output signals a new approach to the analysis 

will be presented in Chapter 4. 

  



67 
 

4 DEVELOPMENT OF SOFTWARE TOOLS FOR 

INTERPRETATION OF PEA DATA 

4.1 Introduction  

For a robust understanding and interpretation of the PEA raw data obtained from space 

charge measurements using cable geometry samples and in assisting the PEA system 

design, various simulation tools were developed as detailed in this chapter.  

A one-dimensional unipolar charge transport model was developed for investigating the 

space charge accumulation as a consequence of field and temperature dependent 

conductivity in cylindrical cable insulation. To directly compare the simulated charge 

profile with experimental results, a 1-D PEA acoustic simulation model was also 

developed and coupled to the output of the charge transport model. In addition, a Pspice 

based sensor model focuses on examining the sensor response and hence the overall 

system response of the PEA apparatus. Bridging these simulation models together will 

enable the simulated PEA raw output (to be generated from space charge distribution 

predictions from the charge transport model) to be directly compared to experimentally 

derived space charge data from mini-cables. This new approach encapsulates the non-

ideal characteristics of the PEA system and overcomes the problems associated with the 

traditional approach of applying signal processing to the raw data to recover the 

original space charge profile (for example the issues of  attenuation and dispersion 

correction as discussed in [21]). 

The one-dimensional simulation approach was further extended to two dimensions in 

order to examine the influence of the PEA design parameters, i.e. the use of a flat or 

curved base electrode and the effect of mechanical deformation of the cable under high 

clamping force. 

At the end of the chapter, the application of the new integrated 1D simulation models to 

interpret PEA data are illustrated step by step. 
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4.2 1D unipolar charge transport model for cylindrical geometry  

4.2.1 Development of charge transport models  

The first simulation model for bipolar charge transport in polyethylene (PE) was 

derived from concepts utilized in semiconductor physics [97] by Alison and Hill [6].  

This model utilizes a system of convection (drift of charge carriers in an applied field) 

and reaction (trapping, recombination of charge carries) equations combined with 

Poisson’s equation to simulate the behaviour of bipolar charge (electrons and holes) 

transport for degassed cross-linked polyethylene under DC stress in steady state 

conditions. Charge trapping was assumed to be at a single deep trapping level with a 

constant trapping cross section and recombination specific to each electron-hole pair. 

Thereafter, the model has been further developed by many experts [98-101] who bring 

the process of de-trapping into consideration and use the Schottky injection mechanism 

as the source of charge carriers at the electrodes instead of a constant charge source as 

used in Alison and Hill’s model. Moreover, a model with exponential distribution of 

trap depths was developed in [100].  

Although the bipolar charge models may be the most advanced in terms of describing 

the physics of charge transport in PE, it requires a variety of parameters and advanced 

simulation techniques to solve the set of convection equations. Moreover the 

calculation would become more complicated when the carrier’s mobility is a function 

of the electrical field. 

In this project, the charge formation due to the field and temperature dependent 

conductivity at relative low applied DC fields (< 30 kV/mm), which will be discussed 

in Chapter 6, is of interest. To avoid the difficulty of the parameterization of the bipolar 

charge transport model, a simplified unipolar model that considers the field and 

temperature dependent conductivity and Ohmic contact at the electrode – insulation 

interfaces has been developed instead.  

4.2.2 Model description 

4.2.2.1 Space charge  

The fundamental set of coupled equations for the time-dependent space charge 

simulation is the same as that used for the bipolar charge models: Poisson’s equation 
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provides the electrical field distribution as a consequence of space charge formation, 

while, with respect to the conductivity, the local field determines the current flow 

which in turn impacts the net charge density. Due to the axial symmetry of the space 

charge distribution in cable insulation, the model is developed in one dimension. In 

cylindrical coordinates, the equations are: 

Electrical field  �(�) =
1

��
� � ∙�(�)
�

�

 �� +
�

�
 (4.1) 

Continuity  
��

��
= −∇ ∙� (4.2) 

 Ohm’s law  �= �(�,�) ∙� (4.3) 

 

where E is the electric field; ε is the permittivity of polyethylene and is assumed to be a 

constant independent of the electric and thermal conditions in this work; ρ is the free 

charge density distributed in the radius r within the insulation domain from the inner 

radius, a, and outer radius, b, of the insulation; K is a constant of integration; J is the 

current density (flux); T is temperature and σ(E,T) is the field and temperature 

dependent conductivity as described in Section 2.4.  

Combining equation (4.2) and (4.3), yields the following equation that describes the 

growth of the space charge in both time and space: 

 

 � +
�

 �

��

��
= �∙∇(

�

�
) (4.4) 

 

The (cylindrical) insulation domain is discretized by m nodes with equal spatial 

intervals of distance dr as shown in Figure 4-1. The two extra nodes at each end of the 

insulation domain represent the two electrodes (semicon/insulator interfaces). 

 

           

 

Figure 4-1. Simulation domain comprises m nodes for the insulation and two nodes at terminals 
representing the electrodes.  

m 

1 2 3 … m+2 
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In the Finite Difference Method, equation (4.4) can be written as:  

 

 ��
��� = ��

���
� ∙

∆�

2∆�
 �

1

����
� −

1

����
� � − �

��
�

�
∆� − 1���

�  (4.5) 

 

where ∆t and ∆r are the time and spatial steps, i = 3,4,…m in the insulation domain and 

n is the iteration number. 

4.2.2.2 Electrode charge  

To determine the electrical field across the insulation, the electrode charge which is the 

combination of capacitive charge and induced charge due to the bulk space charge 

needs to be determined first.  

The capacitive charge density, QDC, in the simulation domain can be calculated from 

the capacitive surface charge density which is determined by the Laplacian field EL (at 

radial positions, r = a and r = b) and the permittivity, , of the insulation as: 

 

  ��� = ���/(∆�/2) (4.6) 

 

Substituting Equation 2.6 for the Laplacian field EL at the inner interface r = a, results 

in: 

 ��� (� = �) =
���

��� �
�
���

∆r
2 �

 (4.7) 

The charge density induced by the accumulated bulk space charge on the inner 

electrode (i=1) is then calculated from [65]: 

 

 ��
� = − (� (1 −

ln�
�
��

ln�
�
��
) ∙�(�)� ∙2�� ��

�

�

)/(∆r/2) (4.8) 

 

To calculate the electrical field based on Equation (4.1), it is only necessary for one of 

the electrode charge densities to be known. 
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4.2.2.3 Electrical field and Voltage 

The electric field, based on Equation (4.1), at iteration step n is given by 

 

 �(�)� =
1

��
� � ∙(��

� +
�

�

��� + ��
�) �� (4.9) 

 

and the corresponding voltage distribution is [102]: 

 

 �(�)� = � �(�)� ��
�

�

 (4.10) 

 

4.2.3 Simulation methodology 

The simulation program developed in Matlab that implements the charge transport and 

accumulation due to the field and temperature dependent conductivity is briefly 

demonstrated in Figure 4-2. 

 

 

 

 

 

 

 

 

 

Figure 4-2. Flowchart of the simulation iteration procedure.  

 

The initial condition is that no space charge has accumulated in a (electrically) fresh 

cable and hence only the capacitive charge in Equation (4.7) due to the applied DC 

Equation 

(4.5) Equation (4.9) 

Empirical expressions 
for σ(E,T) at isothermal 

Equation (4.3) 

Initial condition for 
free space charge ρ0 = 0 

ρ 

qe 

E 

σ(r) 

J 

Equation (4.8) 
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voltage U0 appears on the electrodes. With this initial condition, the DC electric field is 

the Laplacian field. The electrical conductivity inside the insulation domain is then 

calculated based on the expression introduced in Section 2.4 (Equations (2.3) to (2.2)) 

subject to a specific isothermal temperature. The current flow, J, is then determined 

using Equation (4.3). With the above initial conditions, the iteration of charge transport 

starts obeying Equation (4.5).  

Based on the procedure given in Figure 4-2, a Matlab simulation program was written 

that calculates the space charge density, electrical field and voltage distribution as a 

function of time from voltage application. As an example, the space charge density, 

electric field and electric potential within the insulator domain, of relative permittivity 

2.3, are shown in Figure 4-3 (a), (b) and (c) respectively after a time of 236 minutes. In 

addition, in Figure 4-3 (d) the ratios of two interfacial stresses Ea/Eb are recorded 

throughout the simulation time. 

 

 

Figure 4-3. Matlab simulation tool for the unipolar charge transport model. The software interface 
displays the real-time space charge density, electrical field and voltage distribution in 
(a), (b) and (c) respectively. The black dash lines correspond to the initial conditions 
and the blue solid lines indicate the iteration results at 236 minutes.  (d) displays the 
historical ratios of two interfacial stresses Ea/Eb during the iteration. The simulation 
parameters refer to Table 6-1. In specific, σ model 1 was used with 20 kV DC voltage at 
50 °C. 
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The results demonstrate that space charge accumulation occurs within the bulk of the 

insulation and therefore modifies the electric field distribution within the cable 

insulation becoming much more uniform compared with the initial Laplacian field. The 

voltage across the insulation remains the same after the accumulation of space charge 

and therefore the model is electrostatically consistent. The time evolution of the space 

charge accumulation is shown as the ratio of the electrode electric fields (Ea/Eb). Space 

charge accumulation reaches a steady state after about 14000 seconds for the 

parameters used in this simulation. 

4.2.3.1 Heterocharge and homocharge  

The unipolar charge simulation model as introduced so far does not include the 

formation mechanisms of charge injection or ionization of impurities. To be able to 

mimic the experimental results with homocharge or heterocharge formation, an 

artificial modification term for the insulation conductivity is introduced. This 

modification term originates from [103] where an exponential dependence on 

conductivity close to the electrode interface is described as a consequence of the 

impurity diffusion into the insulation at the semicon layers. The modified conductivity 

is expressed as: 

 �� (�) = �(�,�)(1 + (�� − 1) ∙�
���
�� )(1 + (�� − 1) ∙�

���
�� ) (4.11) 

 

where na and nb are the magnification (na,b > 1) or reduction (na,b < 1) term for the 

conductivity in the homocharge/heterocharge formation region adjacent to the inner 

semicon interface at radial position a and outer semicon interface at radius b, da and db 

are the distance constants that characterize the thicknesses of the 

homocharge/heterocharge regions at the inner interface a and outer interface b 

respectively. 

The following example shows the effect of the modification term on the formation of 

homocharge and heterocharge compared with the original non-modified charge 

distribution (σE). On the inner interface, magnification terms of na = 10 (σ1) and na = 

100 (σ2) were applied while reduction term of nb = 1/10 (σ1) and n = 1/100 (σ2) were 

used for the outer interface as shown in Figure 4-4. With a +12 kV DC voltage applied 

on conductor, positive charges accumulated, shown in Figure 4-5, adjacent to the inner 
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interface as homocharge and outer interface as heterocharge. The corresponding steady 

state electrical fields are shown in Figure 4-6. 

 

 

Figure 4-4. Conductivity distributions along the radius. σE: field dependent with na = 1, nb = 1. σ1: 
na = 10, nb = 1/10, da = db = 0.05 mm. σ2: na = 100, nb = 1/100, da = db = 0.05 mm. 

 

 

Figure 4-5. Space charge profiles, ρ1 and ρ2, at steady state with respect to the initial conductivity 
distribution of σ1 and σ2 respectively. 
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Figure 4-6. Electrical field distributions responding to the charge distributions in Figure 4-5 
compared with the Laplacian field.  

 

4.3 1D simulation of PEA acoustic signal  

4.3.1 Introduction  

To be able to directly compare the charge transport simulation results obtained using 

the simulation model as described in Section 4.2 with experimental PEA results, an 

additional simulation model realizing the formation of acoustic waves and their 

propagation through the PEA apparatus is required. In this section, a 1D model will be 

introduced with the assumption of ideal coaxial geometry of the cable (i.e. non-

deformed cable) and a cylindrical acoustic path (curved electrode) and sensor.   

4.3.2 Generation of PEA acoustic signal  

The excitation source for the PEA acoustic signal is the pulsed electric field ∆E. 

Recalling the electrostatic force in a dielectric containing space charge is given by 

Equation (2.7) and ignoring the electrostriction term, the force vector can be written as: 

 �⃗ = ���⃗ −
1

2
 ��∇ε (4.12) 

To avoid the complication of the calculation of the charge density at the interfaces, the 

force density can be expressed as the divergence of Maxwell’s tensor Mij. The 

advantage of using this formulation is first introduced into PEA theory by Holé [71] 
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that the force vector can be written in terms of the electric field vector without the need 

to calculate the interfacial surface charge densities. Eliminating ρ using Poisson’s 

equation [104] the force vector can be written: 

 �� =
�� ��

���
=
�(�����)

���
−
1

2

�(���)

���
 (4.13) 

 

where the indexes, i and j refer to the components of the 3-D vector. [71] 

Then assuming the permittivity is a constant, the Maxwell tensor becomes: 

 � ��= ����� −
1

2
������ (4.14) 

 

The application of pulse field, ∆E, results in a transient term in the tensor as: 

 � ��+ ∆� ��= �(��+ ∆��)(�� + ∆��) −
1

2
�(� + ∆�)���� (4.15) 

 

which can be re-expressed as: 

 ∆� ��= �(��∆�� + ��∆��+ ∆��∆��) −
1

2
�∆�����− ���∆����� (4.16) 

 

In one dimension, Maxwell’s tensor becomes a scalar, M, as:  

 ∆� =  ��∆� +
1

2
�∆�� (4.17) 

 

To define the shape of the applied voltage pulses, a normalised time dependent 

coefficient Vp was introduced to represent the time dependent applied voltage having a 

Gaussian wave shape and is given by 

 ��(�) = �
����(�)

��
�  ∙ (����)

�

 (4.18) 

where tp defines the pulse delay time and tw is the pulse width. 

An example of the applied Gaussian pulse of unit magnitude is shown in Figure 4-7.  
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Figure 4-7. The shape of a Gaussian voltage pulse with a width (at half maximum) of 50 ns. 

 

Then the time and radially dependent pulse electric field can be expressed as 

 ∆�(�,�) = ��(�) ∙��(�) (4.19) 

 

where Ep(r) is the radial dependent field for applied pulse voltage. It is normally 

assumed that the applied pulse duration is too small in magnitude and duration to cause 

any space charge accumulation [20] and so Ep(r) can be calculated using Laplace’s 

equation.  After substitution into Equation (4.17) followed by the above pulsed field, 

Maxwell’s scalar becomes: 

 ∆� = ���� ����(�) +
1

2
�∆����(�)

� (4.20) 

 

4.3.3 Wave propagation in 1D cylindrical coordinates 

In one dimension and using cylindrical coordinates, the governing equations for 

acoustic wave propagation in isotropic lossless media are [105]: 
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where the coordinate, r, corresponds to the radius. P is the scalar pressure field, v is the 

vector velocity in the radial direction, C represents the bulk modulus (reciprocal of the 
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compressibility) which is approximated to the product of density (ρ) and the square of 

sound velocity (c), i.e.  

 � = ��� (4.23) 

 

Including the source term which is the Maxwell scalar as given in Equation (4.13), 

Equation (4.21) becomes: 
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The acoustic simulation is based on the Finite-Difference Time-Domain (FDTD) 

method which was first proposed for solving the time-dependent Maxwell’s equations 

[106]. The FDTD method can be applied to simulate the acoustic wave propagation and 

scattering as the governing equations for acoustic wave propagation as one field is 

related to the spatial derivative of the other field. 

4.3.4 Simulation domain 

The finite difference simulation domains are shown in Figure 4-8. The dimension of the 

cable is consistent with the mini-cable used for experiments (dimensions see Section 

2.5). The centre of the mini-cable is at the origin of the cylindrical coordinate system 

(i.e. r = 0). Only the wave propagation in the r-direction, i.e. towards the sensor, is of 

interest, as the oppositely propagated signal would be separated by the time delay of the 

additional acoustic path in the cable domain. Acoustic absorption and dispersion are not 

considered in either the cable or the electrode domains. However, this could be 

implemented by augmenting the acoustic wave equations to express an acoustically 

absorbing and dispersive media. Alternatively, the acoustic attenuation and dispersion 

can be applied directly on the simulated signal by convoluting with the propagation 

transfer function Ga (Section 3.12.1). Therefore the length of the electrode only needs to 

satisfy Equation (3.2) to avoid space charge signals being overlapped by their 

reflections. The PMMA block is of sufficient thickness to avoid any reflected acoustic 

waves at the air-PMMA boundary appearing in the space charge measurement window. 

As the influence of the coupling between the sensor and acoustic absorber will be 

extensively discussed with a Pspice simulation model in Section 4.5, the PMMA is 
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defined here as identical to the acoustic properties as the PVDF-TrFE sensor to enable a 

perfectly matched boundary condition.  Two outputs signals were generated by this 

simulation model: 1. the pressure at the surface (lower r) of the sensor is recorded as the 

PEA acoustic signal; 2. the integral of the pressure wave over the sensor domain is 

regarded as proportional to the PEA voltage output signal assuming that the 

piezoelectric constant d33 is a constant for all frequency components making up the 

PEA output signal.  In addition, a RC high pass filter is built into the MATLAB model 

to simulate the PEA raw output with the effect of the sensor – amplifier (buffer) circuit 

included in the system response.  

 

                                 

 

Figure 4-8. Schematic representation of the simulation domains: mini-cable, electrode, sensor and 
PML layers.  

 

4.3.5 Example application of the 1D simulation model 

Combining the 1D PEA acoustic model with the unipolar charge transport model as 

described on section 4.2, enables the raw PEA output signal to be simulated. This will 

enable space charge distributions to be directly compared with experimental PEA 

measurements. The electric field distribution obtained from the simulated space charge 

data shown previously in Figure 4-6, was used as the input to the PEA 1-D simulation 

model described above. The simulated PEA voltage signal (as introduced in the last 

subsection) from the PEA acoustic simulation model (using a 30 ns Gaussian voltage 

pulse, 52 μm thickness, PVDF-TrFE sensor of 170 pF capacitance and 3.2 kΩ input 

impedance buffer amplifier) are shown in Figure 4-9. Comparing with the outputs of 
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charge transport model shown in Figure 4-5, the outputs of the acoustic model now 

includes the signal related to the electrode charges along with the homocharge and 

heterocharge regions in the insulation next to the semicon layers. The presence of 

heterocharge has the effect of boosting the charge on the adjacent electrode whilst the 

region of homocharge has the opposite effect. 

 

 

Figure 4-9. Simulated PEA raw output for the space charge distribution predicted in Figure 4-5. 30 
ns Gaussian voltage pulse, 52 μm 170 pF PVDF-TrFE sensor and 3.2 kΩ buffer were 
used in the simulation model.  

 

4.4 Bulk polarization charge in cylindrical geometry 

It has been widely accepted for interpreting the PEA measurement results that a zero 

(flat) baseline represents the condition of no space charge within the bulk of the sample. 

This is true for measuring homogenous plane-plane samples. Based on this assumption, 

the deconvolution procedure [68] for removing the system responses (which normally 

includes signal overshoots) using an artificial Gaussian signal becomes possible. 

However when applying the PEA measurement technique to the cylindrical geometry 

cable samples, the PEA method should also respond to the bulk polarisation charge that 

is induced due to the non-uniform applied electric field. In this case a non-zero baseline 

would be expected even in the absence of free space charge as shown in Figure 4-10. 

r =3 mm      Radius direction               r = 1.5 mm 
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Figure 4-10. The PEA acoustic signals (or output with ideal thin sensor) generated from the 1-D 
PEA acoustic model for measuring the mini-cable with Laplacian DC field and three 
different pulse widths: 20 ns, 50 ns and 75 ns.   

 

Based on Poisson’s equation, in a homogenous material (where ∇ε = 0) the relationship 

between electric field and net space charge density ρ follows [107]: 

 ∇ ∙E��⃗ = ρ/ε (4.25) 

 

This equation implies that where the space-derivatives of E are not zero, there must be 

space charge formation. The electrical field in the cable insulation is primarily 

geometry determined. Consequently, the divergent electrical field leads to local 

polarization of the insulation material in the radial direction. The PEA output should 

therefore respond to the polarization charge and should therefore generate an output 

signal with a sloped baseline between two electrode signals when there is no free 

charge (net charge) as shown by the simulation result in Figure 4-10. The example 

profiles with different pulse width also indicates that the relative magnitude of the slope 

is proportional to the pulse width or, to be more specific, the spatial resolution of the 

measurement system. 

So far, the slope in the PEA output due to the non-uniform polarization of the insulation 

material under divergent electric field has never been recorded in the experimental PEA 

data, even though much effort had been made to verify the ability of the system for 

measuring such a low frequency signal. Further work is therefore required to be done to 
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understand the reason for the absence of the slope in the experimental PEA output 

signal under divergent electric fields focusing on examining the assumptions made in 

simulation for the origin of the PEA signal (i.e. the electrostatic force term) and the 

wave propagation in the dielectric.  

4.5 Simulation of piezoelectric sensor  

4.5.1 Introduction  

The 1D PEA acoustic simulation tool in Section 4.3 provided a simple model for the 

sensor response (the integral of the pressure wave within the sensor domain). However 

the FDTD based simulation model is less effective in terms of investigating, for 

example, the effect of the sensor thickness and the acoustic matching with the backing 

acoustic absorber.  

The piezoelectric sensor is used to convert the PEA acoustic signals (pressure waves) to 

voltage signals. An essential requirement for the correct interpretation of PEA output 

signals is that in the conversion, the signal does not suffer distortion and the voltage 

output remains an accurate representation of the profile of the acoustic pressure wave. 

In reality, a perfect matched backing material for the sensor film is almost impossible 

and hence distortion due to the reflection of acoustic waves at the two surfaces of the 

sensor material is inevitable. Therefore it is necessary to identify the optimized 

thickness of the sensor with respect to the width of acoustic signal while considering 

the practical imperfections of acoustic reflections.  

For these purposes, a Pspice simulation model of the piezoelectric sensor was built 

based on existing published works [108-114]. The model was used to determine an 

optimum thickness from the commercially available dimensions for the PVDF-TrFE 

film that minimises signal distortion given that, for the experimental PEA apparatus, 

the acoustic waves have a duration determined by the width of the applied voltage pulse 

(20 ns).  

4.5.2 Literature review of piezoelectric sensor modelling 

Using the electromechanical analogy, Mason’s electrical equivalent circuit for 

modelling a electromechanical piezo transducer was first published in 1942 [108], 

which features a negative capacitance and an ideal transformer for the 
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electromechanical coupling. Afterwards, Redwood [109] incorporated a section of 

transmission line into Mason’s model (substituting the T-network in Mason’s circuit) to 

account for mechanical waves propagating inside the transducer. In 1970, Krimholtz, 

Leedom and Matthaei [110] introduced an alternative equivalent circuit, the KLM 

model, which features a frequency dependant electrical network to provide a better 

electrical representation of the piezoelectric sensor [111]. To avoid the presence of 

discrete components with negative capacitance, frequency dependent transformer ratio 

and reactance, Leach [110] developed a controlled-source analogous circuit model for 

elementary piezoelectric transducers. Based on Leach’s model, Puttmer, et al. [112] 

took the acoustic losses of transducers with a low mechanical Q factor into account by 

adding resistance in the acoustic transmission line  

For materials like PVDF and PVDF-TrFE, due to their frequency dependent dielectric, 

elastic and piezoelectric properties as well as high dielectric and mechanical losses, 

special consideration is required when applying classical electromechanical circuit 

modelling [113].  To realise the mechanical/viscoelastic, dielectric/electrical and 

piezoelectric/electromechanical losses, Dahiya, et al. [114] developed a SPICE model 

using complex elastic, dielectric and electromechanical constants.  

4.5.3 Pspice model 

 

Figure 4-11. Schematic of the Pspice equivalent model of a piezoelectric sensor. 
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The Pspice simulation model shown in Figure 4-11 was adapted from the lossy 

piezoelectric polymers model in [114]. This model is comprised of five blocks 

representing the main components of the PEA apparatus: aluminium bottom electrode, 

PVDF-TrFE and PMMA blocks implementing the acoustic transmission from sample 

to sensor; electro-mechanical conversion block realised by a voltage controlled voltage 

source and a lossy capacitor accounting for dielectric losses in the sensor material. 

Acoustic losses are neglected in the aluminium bottom electrode to simplify the 

simulations. The piezo sensor is assumed to be connected to an amplifier/buffer having 

an input impedance of value, R_LNA, or operating at open circuit with no load 

connected when the value of R_LNA equal to infinity. Values of parameters used in the 

model are summarised in Table 4-1. 

 

Table 4-1. Values of parameters for the Pspice simulation model. 

 
Parameter Value 

PVDF-TrFE 

Area(m) 4.90E-05 

C(F) 1.87E-06 

G 9.8958e-8*SQRT(-s*s) 

L(H) 0.0921 

LEN(m)=thickness 5.20E-05 

R 0 

PMMA 

C(F) 8.41E-07 

G 0 

L(H) 1.50E-01 

LEN(m) 1.00E-02 

R 6.45E+04 

AL bottom electrode 
Acoustic impedance(Ω) 8.46E+02 

TD(time delay in second) 1.00E-06 

Air Acoustic impedance(Ω) 2.00E-02 

Gain terms 
E1 and  E2 ((3.03e9)-(7.25e8)*(-s/abs(s)))/s 

E3 1/(s*(4.54e-11+8.25e-12*(-s/abs(s)))) 

 

4.5.4 Acoustic mismatch 

In the PEA apparatus, a PMMA block acts as an acoustic absorber and provides 

mechanical support for the piezoelectric PVDF-TrFE film. To demonstrate the 

importance of acoustic matching, three matching conditions were simulated: where the 

acoustic impedance of the acoustic terminal was much lower, the same and much 

higher than that of PVDF-TrFE. Specifically, the acoustic parameters for air, PVDF and 
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aluminium (values see Table 4-1) are utilised respectively as backing materials. The 

simulation results for the above three conditions are shown in Figure 4-12.  

 

 

Figure 4-12. Simulated piezo voltage signals generated by a 52 μm PVDF-TrFE film subjected to a 
23 ns Gaussian acoustic wave with a perfectly matched boundary (red), air soft 
boundary (green) and aluminium hard boundary (blue).  

 

The non-disturbed signal, shown in Figure 4-12, was obtained when PVDF is the 

backing material. In this case no acoustic reflection occurs to disturb the acoustic signal 

being measured. Air can be considered as a soft boundary for PVDF-TrFE sensor. 

Reflected waves from the sensor-air interface have 180˚ phase shift to the incident 

wave, which leads to severe ringing of the PVDF sensor output voltage, both positive 

and negative.  The damping of the signal oscillation depends on the acoustic reflection 

coefficients at the boundaries of the sensor and the acoustic losses within PVDF-TrFE. 

On the other hand, aluminium can be treated as a hard boundary for the PVDF-TrFE 

sensor. Reflected waves from the sensor-Aluminium interface would maintain the same 

polarity (no phase shift). For aluminium-sensor-aluminium system, the reflected waves 

from two ‘hard’ boundaries maintain the same polarity leading to broadening of the 

detected pulse and a slight magnitude enhancement.  In practice a PMMA block is 

employed in the PEA system design as the backing material. PMMA is chosen to 

minimise acoustic reflections due to that its acoustic impedance is similar to that of the 

PVDF-TrFE. Therefore, acoustic mismatch would still be present at the sensor/PMMA 

interface to some extent especially considering a temperature range of 20 °C – 70 °C 

           Time

1.0us 1.1us 1.2us 1.3us 1.4us 1.5us
-V(R_LNA:2)

-200mV

0V

200mV
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and therefore the reflected acoustic wave may disturb slightly the space charge signal. 

This is examined in the next section. 

4.5.5 Optimized thickness of sensor film 

As discussed above, the acoustic impedance mismatch between sensor and backing 

material would lead to signal distortion affecting both the pulse shape and magnitude. 

Moreover in practice, the mismatch is almost inevitable. This section discusses how to 

minimise the influence of the backing material by optimising the thickness of the sensor 

film.  

A sequence of acoustic pulses with a variety of widths (8 ns, 24 ns and 46 ns) as shown 

in Figure 4-13 was applied to the PVDF-TrFE film in the simulation model. Voltages 

generated across the PVDF-TrFE film (under open circuit condition) with various 

combinations of pulse width and sensor thicknesses are shown in Figure 4-14. In 

addition, for the convenience of analysis, the signal distortion conditions are classified 

in Table 4-2. 

 

Figure 4-13. Input signal for the Pspice simulation model comprising three Gaussian pulses with 
the width of 8 ns, 24 ns and 46 ns. 

 

As shown Figure 4-14, when the acoustic pulse width in the PVDF sensor is much less 

than the sensor thickness, the output voltage amplitude saturates with the 28 m and 52 

m films giving nearly the same peak amplitudes. This is because the voltage induced 

across the sensor is due to the integral of the pressure wave over the thickness of the 

sensor. Therefore sensor thicknesses much greater than the acoustic pressure pulse 

wavelength are undesirable. 
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According to simulation results, only when the wave propagation time through the 

sensor film is less than half of the pulse width, the generated piezoelectric voltage 

across the sensor film would be less affected by the acoustic mismatch of the backing 

material in terms of both pulse shape and pulse magnitude. This is particularly the case 

when the 9 m sensor film is used. The magnitude would still differ from that when a 

perfect matched boundary is used. However as long as there is no frequency dependent 

acoustic reflections, the acoustic wave inside the sensor with different width would be 

attenuated or strengthened in proportion according to the corresponding acoustic 

reflection coefficient. 

 

Figure 4-14. Simulation results of the piezoelectric outputs with sensor films of 3 three different 
thicknesses (9 μm, 28 μm and 52 μm) when a non-perfect acoustic matching present; 
three different width of Gaussian pulses are used as the source of acoustic wave: (a) 8 
ns, (b) 24 ns and (c) 46 ns.  

 

Table 4-2.  Evaluation of pulse distortion conditions with different combinations of pulse widths 
and sensor thicknesses when acoustic mismatch is present at the sensor-backing 
interface. The colours indicate the degree of signal distortion from serious (red) to 
modest (yellow) and no distortion (green).  

Thickness (um) 
Time of 

Propagation (ns) 
8 ns Pulse 24 ns Pulse 46 ns Pulse 

9 4 modest no no 

28 12 serious modest no 

52 23 serious serious modest 

(a) (b) (c) 
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4.6 Cable deformation  

4.6.1 Introduction  

The fundamental assumption for the 1D simulation and also the interpretation of 

experimental PEA results is that the cable is of an ideal cylindrical geometry. This 

assumption is feasible if ignoring defects of the cable itself and using a curved 

electrode matching the cable outer surface. However if a flat electrode was used, the 

cable deformation against electrode surface might occur. Consequently, it is necessary 

to determine the degree of distortion of the mini-cable sample and thus the influence of 

this deformation upon the PEA outputs. In order to introduce cable imperfections and 

deformation it is necessary to extend the 1-D simulation models introduced earlier in 

this chapter to 2-dimensions along with the development of a mechanical simulation 

model to determine the cable deformation for a range of PEA electrode base plate 

geometries (flat and curved) under a defined clamping force. 

In this section, a two-dimensional mechanical simulation model is developed in 

COMSOL Multiphysics to mimic the deformed (cross-sectional) geometry of the mini-

cable subjected to the cable clamp force as used in the real PEA measurement system. 

The simulation results could be then used to calculate the electric field distribution in 

the distorted cable and applied to a 2-D PEA acoustic simulation model (Section 4.7) to 

evaluate the effect of cable clamping pressure on the PEA output. At this stage, due to 

the high computational overhead in solving the acoustic propagation in 2-D, the 

simulations will be restricted to space charge free situations where the only charges are 

the electrode charges plus bulk polarisation charge. In addition, useful information 

would be generated by the simulation, for example to determine the contact area of the 

cable and the flat base plate (contact width in 2D model), and the von Mises stress 

distribution. 

4.6.2 Mechanical Model description  

The 2D Solid Mechanics interface from the Structural Mechanics Module in COMSOL 

is appropriate for this simulation.  

The geometry of the model is shown in Figure 4-15. A mini-cable sample is clamped to 

the bottom electrode using a 3-point contact. The length of the cable clamp is 30 mm 
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along the cable axial direction. The mini-cable model has the same dimensions with the 

mini-cables used in the experiments, comprising the aluminium conductor, 

polyethylene insulation layer and the two semicon layers which are assumed as 

polyethylene in this mechanical simulation.  

 

 

Figure 4-15. Geometry of the model built in COMSOL. Domain 1, 2 are aluminum bottom 
electrode; Domain 3 is the aluminum cable clamp; Domain 4 and 6 are polyethylene 
based semicon layers; Domain 5 is the polyethylene insulation layer. Domain 7 is the 
aluminum conductor. 

 

Contact pairs are defined on the contact boundaries between: mini-cable and clamp, 

mini-cable and electrode, cable conductor and inner semicon layer. The bottom of the 

electrode is a fixed constraint. The clamping is realised by applying a prescribed 

displacement (downwards) on the top boundary of the clamp. Clamping force is 

calculated from the contact pressure applied to the top surface of the electrode by the 

cable.  

4.6.3 Simulation results 

An example of the simulation results (material properties see Table 5-1) are shown in 

Figure 4-16 and Figure 4-17. Figure 4-16 demonstrates the von Mises force distribution 

when a force of 380 N was applied onto the cable clamp. The contact width, d, was 

found to be approximately 1.4 mm. The high clamping force also results in high 

Displacement 

Bottom electrode 

Inner semicon 

Conductor 

Outer semicon 

Insulation 

Clamp 

 Radius 

(mm) 

Conductor 0.75 

Inner 

semicon 

1.45 

Insulation 2.95 

Outer semi 3.12 
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compressional stress in the vicinity of the inner and outer semicon layers. The 

maximum Von Mises stress in the cable insulation is around 8 MPa. Figure 4-17 

highlights the deformation of the geometry. The original non-deformed boundaries are 

shown as black solid lines while the deformed domains under 770 N clamping force are 

represented with different colours. Under such a high clamping force, the inner semicon 

layer was found to be detached from the conductor at two regions. 

                         

Figure 4-16. Cross-section view of the mechanical stress in the mini-cable sample when the cable 
clamp has a downward movement of 0.25 mm by applying about 380 N onto the mini-
cable. ‘d’ is the width of contact between the cable and bottom electrode due to 
mechanical distortion. 

 

 

Figure 4-17. Deformed geometry when the clamping force is about 770 N. Original non-deformed 
boundaries are in black solid lines. Deformed Domains are in different colours. 

d 

(Pa) 
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4.6.4 Maximum clamping force 

The simulation also assists in determining the maximum applied clamping force 

without incurring plastic deformation on the mini-cable insulation. The maximum von 

Mises forces in the insulation domain under different clamping force are shown in 

Figure 4-18. Taking a conservative value of the yield stress for polyethylene based 

insulation as 10 MPa [115], the clamping force applied on the 30mm clamp should be 

below 550 N. 

 

Figure 4-18. Maximum von Mises force in the insulation domain with different clamping force. 

 

4.6.5 Electrical field in deformed cable 

The deformed geometry obtained from the mechanical simulation model can be 

exported to the Electrostatics simulation interface in COMSOL. The required boundary 

conditions are that an electric potential equal to the applied voltage is specified at the 

inner semicon – insulation interface and a ground boundary (zero volts) is specified at 

the outer semicon – insulation interface. The solution of the Laplace electrical field (in 

the absence of bulk space charge can be obtained based on Poisson's equation in the 

COMSOL stationary study where the space charge density is set to zero.  

The example shown in Figure 4-19 is the surface plot of electrical field magnitude 

distribution in the insulation domain. As indicated by the contour lines, the field 

distribution in the space charge measurement region (between cable/electrode contact 

area and the conductor) is disturbed from the ideal Laplacian case. A line plot of the 
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electrical field along the y-axis in the centre of x-axis (the white dash line in Figure 

4-19) is shown in Figure 4-20. Comparing with the dashed line which indicates the 

Laplace field in the non-deformed insulation, the electrical field in the compressed 

insulation is significantly different. 

 

 

Figure 4-19. Electrical field distribution with contour lines inside the insulation layer with 1 kV DC 
bias voltage and 470 N clamping force.  The unit of colour bar is V/m. 

 

 

Figure 4-20. Electrical field distribution along the thickness of the insulation with 470 N clamping 
force. Black dash line is Laplacian field in the non-deformed insulation. 
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4.7 2D simulation of PEA acoustic signal 

4.7.1 Introduction  

To evaluate the effect of cable deformation on space charge measurement, the 1D PEA 

acoustic simulation model (Section 4.3) was extended to two dimensions with the 

assumption that the cable deformation is consistent along the cable axial direction 

within the space charge measurement region.  

For simplifying the 2D model, only longitudinal waves (and hence the relevant 

longitudinal components of wave velocity) are considered.  As the transverse waves 

have velocity approximately one-half of the longitudinal velocity they will be separated 

(in time) by the PEA base electrode acting as an acoustic waveguide (Section 3.9.3.1).  

Then the governing acoustic equations for a linearly elastic and isotropic lossless 

medium in a two dimensional Cartesian coordinate system are: 
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where vx and vy are the vector velocity in the x and y coordinate directions respectively, 

p represents the pressure (scalar), ρ is the mass density of the medium, for longitudinal 

waves only C11 in the elastic stiffness tensor is taken into account i.e. C = C11. 

4.7.2 Perfectly-matched layer (PML) 

Although the simulation of PEA acoustic signal propagation does not involve open-

region problems as the air surrounding Polyethylene mini-cable and aluminium 

electrode will act as a soft boundary condition, it is still reasonable to use absorbing 

boundary conditions (ABC’s) in order to reduce the spatial extent of the computational 

domain. 
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The perfectly-matched-layer (PML) absorbing boundary condition [116] is a material-

based absorbing boundary condition. The PML introduces a region of high attenuation 

and produces no acoustic reflections for waves traveling into it.  

For associating the attenuation coefficients of the PMLs, αx and αy with the vector 

velocities in the x and y directions, vx and vy, the pressure scalar p is artificially split 

into px and py [117]: 

 

 � = �� +  ��  (4.29) 

 

Then the acoustic wave equation in the PML region can be constructed as [117]: 
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The wave equations in the remaining lossless parts of the computational domain have 

the same form as the equations above but with the attenuation coefficients set to zero. 

4.7.3 Computational domain 

4.7.3.1 Acoustic path 

The actual geometry of the PEA cell containing the acoustic path for PEA acoustic 

pressure waves is shown in Figure 4-21. Under applied voltage pulses to the cable, the 

pulsed electric field within the cable insulation causes the space charge to generate 

pressure waves. These will travel through the cable insulation, outer semicon layer, 

aluminium bottom electrode and finally act on the piezoelectric sensor. As the extruded 

semicon layers are made from carbon loaded insulation, they will have similar acoustic 

properties to the insulation material. In this case, there is no significant acoustic 

reflection at the outer semicon layer/insulation interface. Air surrounding the mini-
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cable sample acts as a soft boundary for the acoustic wave (acoustic impedance for air 

and polymer are about 415 rayls and 1.8 Mrayls respectively), so nearly all acoustic 

energy would be reflected back into the cable at the cable/air surface. Only the 

‘window’ of contact between the outer semicon layer and the plane electrode will allow 

acoustic waves to propagate from the cable into the plane electrode and onwards 

towards the piezoelectric sensor. 

 

 

 

 

 

 

 

Figure 4-21. Schematic diagram of the PEA cell. 

 

4.7.3.2 Acoustic absorber  

An acoustic absorber, made of PMMA, provides additional acoustic path to avoid the 

signal overlap by the reflected acoustic waves from the rear surface of the piezo-electric 

sensor, it also provides mechanical support to clamp the transducer onto the surface of 

the PEA base electrode. The acoustic absorber (PMMA) is chosen as it has similar 

acoustic impedance with the transducer to minimise the reflection at the transducer – 

absorber interface. 

In the simulation, the transducer is taken as a line (or point) probe, so material 

properties of the transducer film are ignored. As a consequence, the absorber should 

have the same acoustic impedance as the bottom electrode instead of the transducer. A 

simple solution is to extend the bottom electrode to realise the extra time delay 

introduced by an acoustic absorber. However the drawback of this solution is that 

increased computational domain aggravates the memory requirements of the computer 

used for the simulations. 

Bottom electrode 

 

 

Mini-cable 

Telectrode = 25 mm 
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Another (and better) solution is to use an absorbing boundary condition (ABC) at the 

bottom boundary of the electrode. With a properly defined PML, reflections from the 

bottom boundary are eliminated.  

4.7.4 Simulation procedure  

To solve the acoustic wave equations in the PEA domain Matlab software was used. 

4.7.4.1 Comsol to Matlab 

The simulation results, from the mechanical cable deformation under clamping force, as 

well as the electrical field distribution, also calculated in Comsol Multiphysics as 

described in section 4.6, can be exported to and post-processed in Matlab through the 

Livelink for Matlab toolbox.  Alternatively, results can be exported and saved as 

datasheets (.txt files) and then be loaded into Matlab. 

To simulate the PEA signal, two data files are required from Comsol: the deformed 

geometry of the cable and the electric field distribution within the deformed insulation, 

as shown in Figure 4-22. The different geometric regions of the cable can be 

distinguished by different material properties like density, permittivity, etc. For the 

convenience of loading into Matlab, the data can be exported in terms of a matrix 

through the COMSOL data Export function. Specifically, points can be selected either 

in Grid or Regular grid. If the option of Grid is selected, the range of grid (start and end 

point) and step of increment need to be defined. Only the total number of points needs 

to be defined for a regular grid (which selects the whole domain as default). Care was 

taken when defining the number of points to maintain the same spatial step in both 

dimensions (i.e. dx = dy) when the domain is not square. Figure 4-23 shows the grid of 

points (red dots) representing data that would be exported. In the exported matrix, 

points responding to the location outside all defined domains are set to NaN (not a 

number). To reduce the memory usage, the grid only covers the cable and a small part 

of the electrodes.  

The exported files were read into Matlab. The matrix contains the material property 

(permittivity in this example) but can be reassigned to density (rho) and elastic stiffness 

(C) as shown in Figure 4-24. Each grid in Figure 4-24 corresponds to each dot in Figure 

4-23. 
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             (a)                                                                                   (b) 

Figure 4-22. Surface plot of the relative permittivity (a) and Electric field (b); For the electric field, 
10 kV DC voltage was applied to the conductor, the outer surface was defined as 
ground boundarys. A relative permitivity of 2.3 was used for the insualtion.  

 

 

Figure 4-23. Data output in term of grid. (points are from -3.5 mm to 3.5 mm with a increment of 
0.2 mm for both coordinate directions) 

 

 

Figure 4-24. Matrix built form the COMSOL exported files in Matlab. (Poor mesh is used here 
only for the sake of demonstrating the procedure used. A much finer mesh is 
employed in the actual simulation.) 
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4.7.4.2 Domains  

The COMSOL exported matrices need to be reconstructed to take the bottom electrode 

and the PML layers into account. Regarding to the discussion in Section 4.7.3, the 

computational domains are shown in Figure 4-25. For the sake of convenience, the 

bottom electrode keeps the same width of the cable domain imported from Comsol. 

PML boundaries are attached at the left, right and bottom of the domain to reduce the 

computer memory load. 

 

 

25mm 

 

 

 

 

 

Figure 4-25. Computational domains. (an extral 5 mm was added to the thickness of the 25 mm 
bottom electrode) 

 

4.7.4.3  FDTD equations  

To facilitate the calculation with the split pressure px and py, the source term M is 

equality divided into two components along the x and y directions as [117]: 

 � = � � + � �  (4.34) 

where Mx = My = 0.5M. 
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The 2D FDTD algorithm with PML boundary conditions are developed from equations 

in section 4.7.2. Taking the source term into account, the governing equations are:  
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where the superscript n is the iteration index, dz and ∆t are the spatial and time steps 

respectively. i and j refer to the sample coordinates in x and y directions respectively. 

The attenuation coefficients α and γ are non-zero only in the PML regions.  

In the PML regions, the corresponding attenuation coefficient increases from zero to a 

maximum in a quadratic form from the inner to outer surfaces. For example, if the PML 

contains m layers (spatial steps of dz), in the right PML boundary region: 
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A similar procedure was used to set the attenuation coefficients for the other PML 

layers. 

4.7.5 Simulation results for flat PEA base electrode 

 

Table 4-3. Material properties used in simulation 

Material Density (kg/m3) Wave velocity (m/s) Relative dielectric constant 

Air 1.8 343 1 

Aluminium 2700 6295 \ 

Polyethylene 900 2200 2.3 

 

Parameters used for this simulation are listed in Table 4-3. In this example, it is 

assumed that no space charge exists in the cable insulation and therefore both the DC 

field EDC and pulsed field ∆E are Laplacian fields. The propagation of acoustic waves 

corresponding to the electrode charges at six different times as they travel through the 

cable and PEA apparatus are shown in Figure 4-26. 
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Figure 4-26. Simulation of the PEA acoustic signal propagation from the mini-cable to the flat base 
electrode at different times (from time t = 0). 

 

The recorded pressure waves correspond to the time points: 

 During the application of the pulsed voltage at Time = 60 ns. 
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 When the pressure wave generated at the outer semicon – insulation interface 

enters the aluminium electrode at Time = 160 ns.  

 The acoustic wave originating at the inner semicon – insulation interface 

propagating to the cable surface at Time = 820 ns.  

 Both waves propagating in the aluminium base electrode at Time = 1020 ns and 

1080 ns. Reflections occurred at the edges of contact between the cable and 

electrode 

 When the first wave reaches the acoustic detector at Time = 4200 ns. 

Three different point probes are located at the horizontal centre of the bottom electrode 

with different distances of 0 mm, 12 mm and 25 mm to the cable/insulation interface as 

shown in Figure 4-27. The simulation outputs which are proportional to the pressure 

waves at each probe as a function of time are also shown in Figure 4-27. These 

waveforms consist of an initial delay representing the time taken for the first pulse 

(origins the outer semicon/insulator interface) to reach the probe followed by the 

second pulse (from the inner semicon/insulator interface) and subsequent reflection 

signals. 

                  

Figure 4-27. PEA acoustic signal obtained by probes with different distance to the cable – base 
electrode interface: 0 mm, 12 mm and 25 mm. The red triangle markers identify the 
detected pulses from the outer and inner semicon – insulation interfaces. 
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An important characteristic of the simulation output is the presence of signal 

overshoots. The overshoots were observed for the probes which were located at 12 mm 

and 25 mm away from the cable – electrode interface. However, signal overshoots were 

not found when the acoustic wave just entered the electrode as detected by the ‘0mm’ 

probe. Comparing the wave propagation graphs shown in Figure 4-26 at Time = 1020 

ns and 1080 ns, it can be noticed that the pressure wave which would eventually lead to 

the overshoot in the simulation output originates from the acoustic reflections occurring 

at the edges of the cable – electrode contact interface.  

Eliminating the signal overshoot is essential for correctly interpreting the PEA 

measurement output. Normally, the signal overshoots are regarded as a system response 

due to the impedance mismatch between the high impedance piezoelectric film and the 

50 Ω Low Noise Amplifier (LNA) or due to the acoustic reflection at the PVDF sensor 

– PMMA backing interface and is usually solved using the signal processing using 

deconvolution. However, according to above simulation results, reflections at edges of 

the cable – electrode interface can also be the source of signal overshoots. However 

unlike for example the system response of the sensor – amplifier circuit, the reflections 

from edges may not be consistent over experiments as the contact area may change 

with the clamping force and temperature variations. As a consequence, systematic 

errors may be incurred during the deconvolution if using the same system response 

function. 

4.7.6  Simulation with curved PEA base electrode 

 

Figure 4-28. Surface plots of the material modulus C (a), density rho (b) and electric field E (c). 

(a)                                                              (b)                                                            (c) 
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As a contrast, the simulation of acoustic wave generation and propagation with a 

curved electrode has also been performed using the same simulation model and 

parameters. The geometry, material properties and electric field distributions are shown 

in Figure 4-28. Corresponding to Figure 4-26, the propagation of PEA acoustic waves 

with the curved base electrode are demonstrated in Figure 4-29.  

 

 

Figure 4-29. Propagation of the PEA acoustic signal from mini-cable to matched curved electrode. 
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The time dependent simulation output representing the detected acoustic signal by the 

three point probes positioned at 0 mm, 12 mm and 25 mm from the cable – electrode 

interface are shown in Figure 4-30. The simulated signals with the curved electrode do 

not show the signal overshoot as the electrode matches the outer surface of the mini-

cable and therefore maintains the cylindrical wavefront of the PEA acoustic signal. The 

signal deviated from a zero baseline between the first two peaks (representing the 

electrode charges) are the consequence of bulk polarisation induced by the non-uniform 

electric field within the cylindrical cable insulation. 

 

 

Figure 4-30. PEA acoustic signal recorded by three point probes at 0 mm, 12 mm and 25 mm from 
the cable – base electrode interface. The markers identify the detected pulses from the 
outer and inner semicon – insulation interfaces. 

 

4.7.7 Effect of acoustic sensor width 

Subject to the shape of base electrode, there is a geometry mismatch between the 

cylindrical wave and the flat sensor.  The influence of this mismatch has been briefly 

discussed in Section 3.10.2 where it was explained that the extra time delays of the 

cylindrical pressure wave would be incurred and thus reduces the spatial resolution. 
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Now with the 2-D PEA acoustic model, it is able to assess the actual effect of sensor 

width on the space charge measurement results. 

The simulation domain with the curved base electrode was adapted to employ the 

sensor and acoustic absorber (PMMA) domains as shown in Figure 4-31. The thickness 

of the bottom electrode was made thin to reduce the memory load and to exaggerate the 

effect of sensor width compared to the previous simulations. The width of the sensor 

was expressed as the normalised values to the distance to the cable centre as W/D. The 

material properties of the sensor and the PMMA are listed in Table 4-4. With these 

parameters, there would be the acoustic mismatch between the sensor and PMMA due 

to the smaller acoustic impedance for the PMMA. 

 

 

Figure 4-31. Simulation domains distinguished by the density. 

 

Table 4-4. Material properties used in the simulation [118] (the wave velocity of PMMA is adapted 
to incur reflections). 

Material Density (kg/m3) Wave velocity (m/s) Thickness 

Sensor 1780 2140 52 μm 

PMMA 1180 2190 2 mm 

 

The simulation compared the signal outputs with three different sensor widths, for W/D 

= 0.5/6, 1/6 and 5/6, and the results are shown in Figure 4-32. Signal overshoots 

presented in the data of narrow sensors (W = 0.5 mm and 1 mm) demonstrate the 

D 

W 
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reflected acoustic signal from the mismatched PMMA absorber (of smaller acoustic 

impedance). However, due to the reduced spatial resolution, the signal overshoots were 

not observed in the profile with a wide sensor.  

In the real PEA system, the PVDF-TrFE film has a width of 5 mm and distance of 30 

mm to the cable sensor. This is equivalent of W/D = 1/6. As confirmed by the 

simulation, for the 52 µm thick sensor film, the actual width of 5 mm for the sensor 

employed in the PEA system would therefore not affect the spatial resolution from the 

ideal response.  

 

 

Figure 4-32. 2-D acoustic simulation results with different sensor widths: W = 0.5 mm, 1mm and 5 
mm.  

 

4.8 Application of integrated simulation model  

The developed simulation models described in this chapter provide an alternative 

methodology for the interpretation of PEA space charge measurements. The 1-D 

models provide a complete linkage between charge transport and charge accumulation 

models and simulated PEA output data. The 2-D models enable the imperfections of the 

PEA technique to be explored. In this section, the approach taken for the simulation of 

PEA raw data using the 1-D models will be discussed. 
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4.8.1 1D PEA system simulation model  

Calibration is required for initialising the 1-D PEA system model to adjust the 

parameters representing the material properties (for example sound velocity, acoustic 

attenuation and dispersion coefficient) and system features (for example buffer and 

acoustic absorbers). This can be achieved by matching simulation results with the 

calibration measurements obtained from the experimental PEA hardware (with low 

applied DC voltage to reduce the possibility of space charge accumulation in the cable 

insulation). The process is illustrated by the flowchart in Figure 4-33 and described in 

detail in the following sections. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-33. Simulation procedure corresponding to the experimental conditions.  
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4.8.1.1 Calibration measurement 

The calibration measurements were performed on a fresh mini-cable at 20 °C initially 

with zero DC voltage but just the pulse voltage applied (called the Voff measurement) 

for baseline correction and after a voltage of +14 kV DC was applied to the mini-cable 

(called the Von measurement). The PEA outputs are shown in Figure 4-34. The Voff 

measurement gives the baseline (contains low frequency noise and pulse noise) and 

pulse response of the PEA system. Then the calibration profile representing the DC 

capacitive charges was obtained by subtracting the Voff measurement from the Von 

measurement. In addition, from the Von measurement, the sound velocity in the 

insulation at the measurement temperature is estimated by the time delay between two 

peaks and the given dimension of the mini-cable.  

 

Figure 4-34. PEA outputs (3000 sweeps averaged) of the Von (+14 kV DC) and Voff measurement. 
3.2 kΩ buffer was used. 

 

4.8.1.2 Acoustic simulation of experimental data  

For the 1-D PEA acoustic simulation model, the applied DC electric field and the 

applied pulsed electric field are required. Since it is assumed that no space charge had 

accumulated during the calibration measurement, the applied electric field distribution 

in the cable insulation was assumed to be Laplacian. Instead of assuming a Gaussian 

wave shape, the shape of the applied pulse voltage was assumed to be the same as that 

of the attenuated pulse voltage of the hardware pulse generator that is used as the 

trigger signal for the oscilloscope. The measured waveshape of the attenuated pulse 

measured using an oscilloscope is shown in Figure 4-35 which is a -52 dB attenuated 
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version of the pulse voltage applied to the cable. The voltage waveform consists of the 

initial peak followed by smaller amplitude oscillations. 

 

Figure 4-35. Trigger signal which is an attenuated version of the pulse voltage applied to the cable 
during the PEA space charge measurements 

 

The 1D acoustic model is able to generate two profiles. One is the pressure presented 

on the sensor surface (as ‘PEA acoustic’ in Figure 4-36) and another is the integral of 

the pressure within the 52 μm sensor domain being regarded as the voltage output of 

the ideal sensor (as ‘1D acoustic’ in Figure 4-36). The difference between these two 

profiles demonstrates the effect of the thickness of the sensor on the simulated PEA 

output. The sensor of 52 m thickness broadens the peak and ‘filters out’ the pressure 

waves formed by the subsequent oscillations. The baseline remains the same and the 

areas of the peaks are preserved.  

 

Figure 4-36. Simulation results of the 1D acoustic model. 1D acoustic: output of the ideal 52 μm 
sensor. PEA acoustic: pressure of the acoustic wave arrived at the sensor surface. 
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In the 1D model the acoustic absorber for the sensor is assumed to be perfectly 

matched, having the same acoustic properties as the sensor. If this assumption is also 

valid in reality (in the real PEA system hardware), the sensor voltage output (1D 

acoustic) can be directly used for the following data processing otherwise the 1D Pspice 

model would have to be employed to mimic the effect of an imperfectly matched 

absorber. 

4.8.1.3 Acoustic attenuation and dispersion  

To improve the efficiency of the 1-D simulation, the medium (insulation, semicon, 

aluminium electrode and sensor) were assumed to be acoustically lossless for the 

propagating pressure waves. The effects of the acoustic attenuation and dispersion 

within the cable insulation domain were performed independently on the output of the 

acoustic model by convolution using MATLAB. The system transfer functions and the 

geometry factors as introduced in Section 3.12 needs to be determined by comparison 

with the base-line corrected experimental calibration profile. The 1D acoustic model 

output pressure waves arriving at the sensor and its convolution with the acoustic 

transfer function, Ga (Section 3.12.2.4), generating the dispersed signal are shown in 

Figure 4-37. The effect of acoustic loss and dispersion causes the wave shape of the 

second pulse to be severely distorted compared to the case when attenuation and 

dispersion are neglected.  

 

Figure 4-37. Performing the acoustic attenuation and dispersion on the acoustic model output. 
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4.8.1.4 Pspice sensor model 

The dispersed pressure wave profile is then used as the input for the Pspice sensor 

model. Here, the sensor – buffer (3.2 kΩ) response is also built in the Pspice equivalent 

circuit of the sensor. In order to fit with the experimental result, the acoustic impedance 

of the absorber was estimated to be 127 % of the PVDF-TrFE. The output of the Pspice 

model is shown as the blue line in Figure 4-38. It can be seen that there is a small 

discrepancy in the level of the baselines of the simulation and experimental results as 

the bulk signals (between two peaks) shows a DC offset due to the bulk polarization of 

the PEA while the two peaks are about the same. To fit with the experiments, a first 

order high pass filter was applied to the simulated data producing the red trace in Figure 

4-38. The baseline now compares more favourably with the experimental data. 

However, the underlying reason for the absence of the bulk polarization response in the 

experimental data and for the necessity in applying the high pass filter to the simulated 

data has not been located in the scope of this work. One possibility is that the 

experimental calibration data has been subject to cable charging due to a non-linear 

dependence of electrical conductivity with applied electric field. The wave shape for 

the second pulse clearly shows the effect of dispersion as the pressure waves propagate 

through the insulation material. Dispersion is caused by a frequency dependence of the 

pressure wave velocity.  

 

Figure 4-38. The result of the PEA simulation model (High-pass) compared with the output of the 
Pspice model (Pspice) and the experimental data. The acoustic impedance of the 
absorber is 127 % of sensor. 
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4.8.1.5 No acoustic mismatch 

 

Figure 4-39. Simulation of the raw PEA experimental data. Blue trace is the output from the 1-D 
acoustic simulation, red trace is the correction for attenuation and dispersion, green 
trace is the corrected buffer amplifier output signal and after an additional high pass 
filter.  The dashed line is typical experimental data obtained using the experimental 
apparatus. 

 

If the effect of the acoustic mismatch between sensor and absorber is not significant, 

the sensor output of the 1-D acoustic model may be used directly. Then a sensor output 

profile needs to be processed to take into account the impedance mismatch of the 

sensor capacitance, C, and buffer input resistance, R. This is achieved by convolution 

using the calculated transfer function of the RC circuit using MATLAB on the 

simulated data after applying the attenuation/dispersion correction. The simulation 

results are shown in Figure 4-39. Similar comments can be made regarding the 

comparison with experimental data. 

 

4.9 Conclusions  

In this chapter a number of simulation models have been introduced. The aim of these 

models is to provide a software toolkit enabling the output from PEA experiments to be 

critically assessed with the basic underlying principles of charge accumulation in cable 

insulation and current understanding concerning the operation of a PEA based space 

charge measurement system applied to cable insulation. The simulation models 

introduced in previous subsections can be divided into two categories dependent on 
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their purpose. The 1-D charge transport model (Section 4.2) and the 1-D PEA system 

model which is the amalgamation of the 1-D  PEA acoustic pressure wave propagation 

model, attenuation and dispersion model and piezo-electric sensor model incorporating 

the buffer amplifier response (Section 4.5) provides a suite of tools that form the basis 

for an alternative approach to the interpretation. Instead of employing the traditional 

approach of working backwards from the PEA raw output data to ascertain the space 

charge profile, models of the electrical conduction processes in insulating materials can 

be used as the input to PEA simulation models providing an output that can be 

compared directly with the experimental raw data. The second category of models 

introduced in this chapter, the mechanical deformation model (Section 4.6), the 1-D and 

2-D PEA acoustic pressure wave propagation models (Section 4.3 and 4.7), attenuation 

and dispersion model and the  sensor model (Section 4.5) can be used to investigate the 

non-ideal characteristics of the measurement technique.   
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5 COMPARISON OF SPACE CHARGE MEASUREMENTS 

USING PEA WITH FLAT VS CURVED BASE ELECTRODE 

5.1 Introduction  

The PEA method was originally designed for flat specimens but has recently been 

adapted for measuring the space charge in cylindrical geometry samples. Work 

published in the literature relating to cylindrical cables has used different shapes for the 

base electrode including flat, ‘double-curved’ (with curved sensor) and ‘hybrid-curved’ 

(quoted as ‘curved’ in this work as introduced in Section 3.9.2). The authors of the 

work refer to different advantages/disadvantages associated with the various shapes. 

However, to the author’s knowledge, little attention has been paid to the validity of the 

various approaches for the robust determination of space charge or to justify the 

particular approach of using a particular base plate geometry by direct comparison with 

the other proposed geometries. The simulations in 2-D of the PEA system 

measurements suggest that differences in the space charge data obtained using the 

techniques will likely occur. It is often assumed that the various techniques will all 

provide the same representative measurement of the space charge inside a cable 

insulation. In particular, when using the flat electrode for high temperature 

measurements, there exists no data in literature that explore the impact of the cable 

clamping force on the experiments. Therefore it is imperative to provide a detailed 

analysis and comparison on the performance of different shapes of base electrodes. 

In this chapter a comparative set of experiments using the PEA technique with flat and 

curved electrodes will be described in section 5.2. In section 5.3, the influence of cable 

clamping force on PEA measurements obtained using the PEA apparatus with a flat 

base electrode will be investigated and the conditions for experimental reproducibility 

will be explored through experiments and simulation. The feasibility of using a flat 

base electrode PEA system for high temperature measurements will be explored in 

section 5.4. Section 5.5 examines the performance of the PEA system using a curved 

electrode in terms of the sensitivity to the clamping force and contact quality as well as 

the high temperature measurements.  
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5.2 Electrode geometry induced overshoots in the flat electrode PEA  

The simulations of a flat electrode PEA as described in Figure 4-26 indicate that signal 

overshoots occurred due to acoustic reflections at the edges of the cable – electrode 

contact area. To confirm this, space charge measurements were performed on a mini-

cable using the flat base electrode and the curved electrode. To minimise potential 

cable related differences between measurements, different axial positions of the same 

mini-cable under identical experimental conditions (DC voltage, pulse magnitude, 

clamping force and temperature) were used for direct comparison between the two 

configurations.  

5.2.1 Experimental results 

 

 

Figure 5-1. PEA voltage outputs (10000 sweeps averaging) with a curved and flat base electrode. 
The experimental conditions for both measurements are identical: 10 kV DC bias 
voltage, 24 °C, and 3.2 kΩ buffer. The difference in the length of profiles suggests the 
more serious deformation of the mini-cable with the flat electrode than with a curved 
electrode under the same force for clamping. 

 

As shown in Figure 5-1, the experimental results are consistent with the simulation 

results in that the overshoots only exist when using a flat electrode. The undershoots 

presented in the PEA raw data when using curved electrode are likely to be the 

consequence of other system responses which are due, for example, to the mismatching 

between the sensor and the backing acoustic absorber. In addition, it is obvious that, 
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when the flat electrode is used, the profile length is shorter than when the curved 

electrode is used, though the clamping forces were the same for both measurements. 

This is the consequence of the greater mechanical deformation of the cable due to the 

force being concentrated over a small contact area of the cable on the flat electrode. 

5.2.2 Feasibility of signal recovery 

It is necessary to determine whether the geometry related response is a linear time-

invariant (LTI) system, in other words, whether the geometry induced overshoots can 

be restored by the technique of deconvolution.  

To do so, the flat base plate PEA signals for the mini-cable were simulated using the 

2D acoustic model (Section 4.7) with zero bulk space charge using a deformed cable 

geometry generated by the mechanical model (Section 4.6). The benefits of using the 

simulation rather than experimental data are that:  

 The simulation can focus on a specific system response by assuming a 

homogenous and acoustic lossless insulation, the ideal sensor and the buffer 

amplifier of infinite input impedance. Therefore, the overshoots found in the 

simulation are only related to the geometry of the base plate.  

 With the simulation, the PEA signal without overshoots i.e. before being 

overlapped by the reflected acoustic wave can be accessed. Therefore if there is 

a LTI system response, the recovered signal by deconvolution should be the 

same as the un-overlapped signal. 

The PEA signals at the entrance (0 mm) and 25 mm from the surface of the flat 

electrode are shown in Figure 5-2. At the entrance of the electrode, the signal has not 

been seriously affected by the acoustic reflection while the PEA signal measured at 25 

mm depth into the base plate shows clear overshoots. After applying deconvolution on 

the 25 mm signal, the recorded profile, quoted as ‘decon’ in Figure 5-3, is similar to the 

0 mm signal. This demonstrates that the geometry induced overshoots are able to be 

recovered. 
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Figure 5-2. Simulated PEA signal at the entrance (0 mm) and 25 mm depth of the flat base 
electrode. 

 

 

Figure 5-3. After removing the overshoots on the simulated 25 mm PEA signal by deconvolution, 
the recovered profile ‘decon’ is about the same as the 0 mm signal.  

 

However, even if the geometry induced overshoots could be solved by deconvolution, it 

does not mean that the output of the system with different electrodes is equivalent. 

After applying deconvolution on the two experimental results of Figure 5-1, the 

processed signals are still dissimilar as shown in Figure 5-4. Specifically, the fall time 

of P2 is longer when the flat electrode is used than when the curved electrode is used 

but the area of P2 seems bigger when the curved electrode is used than when the flat 
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electrode is used. This means the PEA signals are already different when entering the 

electrode. The discussion about this difference will be given in the next section.  

 

 

Figure 5-4. Deconvolution over the PEA outputs with flat and curved electrode. 

 

5.3 Influence of cable clamping force on measurement reproducibility  

At the end of the last section, it was shown that even after removing the system 

responses (which are responsible for the overshoots and undershoots) the PEA outputs 

with the curved and flat electrodes are still not the same. This section focuses on how 

the clamping forces influence the output signal and hence control the experimental 

reproducibility in a flat electrode PEA system.  

5.3.1 Experimental  

A series of experimental PEA measurements with various clamping forces was 

performed. The cable deformation on the space charge measurement region is 

characterised by the insulation thickness changes which are quantized by the length 

variation of the space charge profiles. The experimental results are illustrated in Figure 

5-5. Since only the profile length changes are of interest, the PEA raw outputs (without 

signal processing and calibration) were used. The force applied for each test is 

estimated by the deformation of the pressure spring that loads the 30 mm cable clamp. 

P2 

P1 
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Figure 5-5. PEA output data (using the 3.2 kΩ buffer amplifier and 1000 sweeps averaged) of the 
mini-cable PEA system. A range of clamping forces was applied on a mini-cable 
through a 30 mm length clamp, with 10 kV HVDC, 800 V (amplitude) 20 ns (duration) 
pulse. The pulse at about 0.16 s at the lowest clamping force (93 N) is due to poor 
electrical contact between the cable outer semicon and the flat aluminium base 
electrode. 

 

Since the PEA measurement with 0 N clamping force cannot be performed, an 

assumption was made that the profile length with 93 N clamping force is 97 % of that 

with 0 N (based on the theoretical and calculated thickness of mini-cable insulation 

under 0 N and 93 N clamping force). As the profile length variation under different 

clamping forces was known, the polyethylene material properties in simulation were 

adapted to fit with the experiments as plotted in Figure 5–6. The resultant material 

properties are then listed in Table 5-1, in which the aluminium properties are taken 

from the COMSOL material library. 

The experimental results are also valid for analysing the effect of the clamping force on 

the PEA outputs, especially in terms of the reproducibility. However, the system 

response of a real PEA apparatus is complicated. Changing the clamping force may not 

only modify the degree of cable deformation and the contact area, but other effects like 

the acoustic transfer coefficient between the cable and the electrode may also be altered 

as well as the density distribution of the insulation in the cable due to mechanical 

compression. To confirm the understanding and conclusion of the effect of cable 

clamping, simulation tools developed in Chapter 4 have also been used. Subsequently, 
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experimental data can be analysed in parallel and compared with the simulated PEA 

outputs under a range of clamping forces.   

 

 

Figure 5–6. Simulated insulation thickness changes and the length variation of the space charge 
measurement profiles under different clamping forces. An assumption is made that the 
space charge profile length at 93 N is 97 % of that at 0 N. 

 

Table 5-1. Material properties for mechanical simulation 

 Polyethylene Aluminium 

Density [kg/m3] 920 2700 

Young’s modulus [Pa] 0.13e9 70e9 

Poisson’s ratio 0.4 0.33 

 

5.3.2 Simulated PEA signals under different clamping forces. 

The COMOL simulation model for cable deformation has been introduced in Section 

4.6. The deformed cable geometries under different clamping forces were imported into 

the 2D Matlab PEA acoustic simulation model as presented in Section 4.7. The Pspice 

sensor model was not used for this purpose as the clamping force of the cable would 

not affect the sensor. Consequently the acoustic pressure signals were used directly as it 

was assumed that the sensor output was proportional to the pressure wave. As has 

already been shown in Section 4.7.5, the overshoot would be present in the PEA output 

when using a flat electrode. Therefore both the PEA output with the geometry induced 
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overshoot and the non-disturbed acoustic signal at the entrance of electrode as recorded 

by the 0 mm probe (see Figure 4-27) were used. 

The simulated PEA signals recorded by the transducer and 0 mm probe are shown in 

Figure 5-7 and Figure 5-8 respectively. 

 

 

Figure 5-7. Simulated PEA acoustic signals with different clamping forces recorded by the line 
transducer at 25 mm distance from the cable – electrode interface. 

 

 

Figure 5-8. Simulated PEA acoustic signals with different clamping forces recorded by the point 
probe at the cable – electrode interface.  
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5.3.3 Contact width 

Along with changes to the insulation thickness, the contact width of the cable with the 

flat electrode will also change with cable clamping force. It is not possible from the 

experimental set-up to measure the contact width directly and an indirect method was 

used that is based on the amount of cable distortion that occurs under a given cable 

clamping force. The distortion can be measured directly as the relative change in the 

inter-electrode peaks in the simulated data and simultaneously, the contact width may 

also be determined directly from the simulation results as a function of the cable 

distortion as shown in Figure 5-9. The contact width of a mini-cable in the experiment 

can then be related to the applied clamping force by measurement of the relative change 

in peak position in the measured data. A plot of estimated cable contact width as a 

function of the applied clamping force for the experimental data is shown in Figure 

5-10. This demonstrates a significant change in the contact width and therefore the 

contact area when the cable is clamped with force up to 800 N. 

 

 

Figure 5-9. Contact width (in the cross-section) of the cable – electrode contact interface as a 
function of the PEA signal profile length where it is assumed that L would decrease by 
3 % with the clamping force of 93 N. 
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Figure 5-10. Contact width between the cable and base electrode as a function of clamping force. 

5.3.4 Discussion  

5.3.4.1 Response with clamping force 

According to the experimental data (Figure 5-5) and simulation results (Figure 5-7 and 

Figure 5-8), the voltage signal becomes greater with a higher clamping force. Moreover 

P2 shifts to the left and broadens slightly with increasing clamping force. This is likely 

because the compressive deformation of the mini-cable reduces the thickness of its 

insulation and therefore the mini-cable loses its cylindrical symmetry. 

 

 

Figure 5-11. Variation of the peak areas as a function of the clamping force. All simulation data 
normalised to the experimental data (blue) at the maximum force. P1 and P2 are peak 
areas for experimental data. Transducer and probe refer to the data shown in Figure 
5-7 and Figure 5-8. 
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The variations in the peak areas of all experimental and simulation data are plotted in 

Figure 5-11. It can be seen that the simulation data of both the probe (without 

overshoots) and transducer (with overshoots) recorded are consistent with experimental 

results in that both peak areas increase with increasing clamping force. 

5.3.4.2 Consequences for calibration and measurement reproducibility 

The relative values of the signal peak areas for P1 and P2 are related to the interfacial 

electric fields inside the cable. In the absence of space charge, these areas are 

determined by the Laplacian electric field as well as the acoustic propagation 

parameters in the cylindrical geometry including attenuation and dispersion. Correction 

of attenuation and dispersion is usually achieved by comparison of the pulse shapes of 

P1 and P2 in the frequency domain [11] to obtain the attenuation and dispersion 

propagation parameters for the cable insulation material. However, due to the non-

uniform deformation of the insulation profile, the ratio of the two areas of the two 

peaks, as shown in Figure 5-12, decrease as a function of increasing clamping force. As 

a consequence, for room temperature tests, the clamping force has to be held constant 

throughout all measurements, otherwise systematic errors would occur when 

reconstructing the space charge profile from the raw experimental data. 

It can be noticed that the ratio with the lowest clamping force for the experimental data 

deviates from the simulation results. This may be due to the relatively large 

experimental errors with a poor electrical and acoustic contact between cable and 

electrode. 

 

Figure 5-12. Ratios of peak areas as a function of clamping force.  
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5.3.4.3 Acoustic signal coupling to the base plate 

     

Figure 5-13. The ratio of the area of signal peaks to the contact width at different clamping forces. 

 

Figure 5-13 illustrates how the ratio of peak area to contact width, d, changes with 

clamping force. It shows that the ratios of P1/d and P2/d are independent of the contact 

force (within experimental uncertainties) for a clamping force greater than 200 N. This 

confirms that the acoustic energy transferred from the cable to the plane electrode is 

proportional to the contact area between the cable and the flat base electrode of the 

PEA apparatus. At clamping forces less than 200 N, the ratios, particularly P2/d (probe 

and transducer), show a clear downward trend with the increase of clamping force. It 

can be inferred that the mechanism of signal enhancement under increased force may 

not be the same through the thickness of the insulation.  

5.3.4.4 Electrical field in deformed insulation 

Due to the augmented cable deformation with increasing clamping force, the PEA peak 

area ratio P2/P1 change is also partly due to the change in the Laplacian electrical field 

in the compressed deformed insulation layer. In particular, the ratio of the electric field 

at the inner and outer semicon interfaces, E2/E1 also plays a role in determining the 

peak area ratio P2/P1. The electrical field distribution along the y-coordinate (see Figure 

4-19) under different clamping forces is shown in Figure 5-14. The deformation of the 

thin outer semicon layer is very limited. Therefore the location of the insulation – outer 

semicon interface, B1, has little change.  
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Figure 5-14. Electrical field distribution in deformed insulation layer. Detailed geometry see Figure 
4-19. 

 

To estimate the contribution of electrical field enhancement on the boosting of the PEA 

output signal, the increments of the electrical field at the two interfaces are shown in 

Figure 5-15. The interfacial electrical field E2 at B2 remains almost unchanged. And the 

increase of E1 is much lower than the peak area change in Figure 5-11. This indicates 

that the electrical field increase is not a dominating factor for the enhancement of PEA 

output. 

 

Figure 5-15. Enhancement of interfacial electrical field normalised to the lowest clamping force. 

 

80%

90%

100%

110%

120%

130%

140%

0 200 400 600 800 1000

N
o

rm
al

is
ed

 P
ea

k 
ar

ea
 a

nd
 

in
te

rf
ac

ia
l 

el
ec

tr
ic

 f
ie

ld

Clamping Force

E1%

E2%

B1 B2 



128 
 

5.4 Feasibility of high temperature measurements with flat electrode  

As discussed in the last sections, the clamping force has to be held constant through a 

room temperature test to preserve an identical PEA system response. However, for 

measurements at high temperatures or under cyclic thermal conditions, the 

corresponding variation in material properties, such as the bulk modulus and material 

thermal expansion, would result in further cable deformation even when the clamping 

force remains constant. This section discusses the feasibility of using a flat electrode 

PEA system for space charge measurements on mini-cables during thermal cycles 

between 25 °C and 70 °C.  

A fully degassed mini-cable sample was utilised for this test. A low DC voltage of 8 kV 

was applied during the test to avoid space charge accumulation inside the mini-cable 

insulation. Therefore only interfacial charges at two semiconductor – insulation 

interfaces were generated and measured to evaluate the change of system response over 

the temperature cycle shown in Figure 5-16. 

 

Figure 5-16. Temperature of the PEA cell during heating and cooling processes of the thermal 
cycle. 

 

The amplified raw signal from the piezo sensor was averaged over 1000 cycles to 

reduce the incoherent electrical noise produced by the amplifier. Typical averaged 

signals recorded for a cable clamp force of 250 N at temperatures of 25 °C (before the 

thermal cycle), 70 °C (during the peaks of thermal cycle) and 25 °C (after the thermal 

cycle) are shown in Figure 5-17. P1 and P2 are due to the acoustic waves generated at 
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the outer semicon-insulation and inner semicon-insulation interfaces respectively. The 

time delay between these two peaks is related to the temperature dependent acoustic 

wave velocity in the cable insulation material and the thickness of the insulation 

material. The time shifts, ∆t, between the peaks of P1 recorded at each temperature are 

due to the expansion and change in acoustic velocity of the aluminium base plate as 

well as the outer semicon layer of the mini-cable. Although the position of peak P1 

returns to the same time position following the temperature cycle, the position of P2 

becomes earlier in time after the thermal cycle compared to its original position i.e. 

before the thermal cycle. This demonstrates that additional distortion of the cable 

profile had occurred at 70 °C and had frozen-in return to room temperature. The 

positive voltage overshoot after P1 in all cases may be due to the IRF (instrument 

response function) of the system rather than due to the accumulation of space charge. 

 

Figure 5-17. Averaged raw PEA outputs of the flat electrode PEA system for a fully degassed mini-
cable  with +8 kV DC bias voltage and a clamping force of 250 N (applied on a 30 mm 
cable clamp) before the heating, after being heated to 70 °C and after cooling back to 
25 °C.  

 

To compare the waveforms of Figure 5-17, it is useful to normalise the time axis for the 

70 °C data to take into account the different acoustic velocities of the aluminium base 

plate and the cable insulation at 25 °C and 70 °C. According to [119], the acoustic wave 

velocity in XLPE decreases by 25 % on increasing the temperature from 25 °C to 70 

°C. Applying this correction and shifting the time axes of the three data sets to 

compensate for the change in acoustic velocity in the flat aluminium electrode, the 

∆t 

P2 

P1 
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averaged raw data, after converting the time axis to distance using the acoustic velocity 

at 25 °C, can be re-drawn as shown in Figure 5-18. 

 

Figure 5-18. Averaged raw data rescaled to correct for acoustic velocity difference at 25 °C and  
70 °C and with time axis converted to distance. 

 

In Figure 5-18, the initial PEA measurement taken at 25 °C before the thermal cycle 

differs significantly to that of the subsequent measurements taken at the elevated 

temperature of 70 °C and after the temperature was then returned back to 25 °C (after 

the thermal cycle). First, the amplitude of the peak P1 measured at the beginning of the 

experiment is significantly less than that measured at 70 °C and following its return to 

25 °C. The second peak, P2, retains a similar amplitude for all three measurements but 

the initial measurement appears to have a reduced duration. The second difference 

between the original measurement at 25 °C and subsequent measurements is that the 

measured distance between the peaks decreased on heating to 70 °C but that no further 

change occurred when cooling back to 25 °C.   

This observation therefore demonstrates that as the temperature is increased to 70 °C, 

the softening of the cable insulation causes the cable insulation to deform further under 

the same applied mechanical clamping force. The deformed surface of the mini-cable 

has an increased contact area which contributes a ‘flat’ wavefront to acoustic waves 

generated at the outer semicon-insulation interface. Nevertheless, the deformation is 

less for the inner part of the mini-cable, which means the cylindrical wavefront of the 

acoustic waves that originate at the inner semicon-insulation interface is less disturbed. 
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The cylindrical waves disperse during propagation through the cable insulation while 

the plane wave originating at the outer interface maintains the same amplitude. As a 

consequence, P1 was enhanced more than P2, and shape change (broadening) only 

occurs for P2. On cooling, this deformation appears to be ‘frozen in’ with only a slight 

decrease in the amplitude of the space charge profile. 

According to the above experiments, mini-cable samples are likely to experience 

deformation at high temperatures under a reasonable (250 N) clamping force. 

Subsequent changes in the measured PEA output signals would then indicate different 

mechanisms for signal variation.  

 

5.5 Verification of the curved electrode for cable PEA system  

With a flat bottom electrode, the PEA system response is affected by cable 

deformation. This brings difficulty for signal processing and calibration. The non-

uniform strain within the space charge measurement region may also have a secondary 

influence on space charge accumulation and pressure wave generation as the strained 

insulation may have different electrical properties e.g. conductivity and permittivity. 

The main reason for using a flat electrode is that it has the flexibility of accommodating 

different dimensions of cable samples. Since issues of cable deformation have arisen 

when using a flat electrode, it is necessary to try another type of electrode; a curved 

electrode where deformation of the mini-cable can be minimised. 

5.5.1 Clamping force 

There is a practical concern regarding the usage of the curved electrode. For the PEA 

method, the output signal would be affected by the contact quality between the sample 

and the base electrode. To improve the contact quality, normal approaches are either to 

reduce the surface roughness of the base electrode, use of inert silicone oil or to 

increase the clamping force on the sample. For the flat electrode, the mirror finish 

process is recommended. However, due to manufacturing constraints, the surface 

quality of the cylindrical groove in a curved electrode may not be easily produced. 

Therefore, it is necessary to verify whether the contact quality of a given curved 

electrode would affect the PEA system responses.  
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According to a quasi-static spring model [120], the transmission coefficient at a two 

ideally elastic media (acoustic wave transport from media 1 to 2) interface is given by 

 � =
2��

��+ �� + �� ����/�
 (5.1) 

 

where Z1 and Z2 are the respective characteristic acoustic impedance of two media; ω 

is the frequency of the incident acoustic wave, K is a constant representing the coupling 

quality of two media. For infinite rigid contact, K = ∞; for infinite slack contact, K = 0. 

The induced acoustic signal in the PEA method normally contains a wide frequency 

range, and a poor contact between the mini-cable sample and bottom electrode could 

result in signal distortion as high frequency components would be attenuated more than 

low frequency components as shown in Figure 5-19. 

 

Figure 5-19 Frequency and contact quality dependent transmission coefficient (w3> w2> w1>0 Hz, 
K is a positive constant) 

 

Experiments were performed to verify whether the contact quality of the cylindrical 

groove would have a noticeable influence on PEA measurements. Specifically, a low 

DC voltage of 10 kV was applied to the cable centre conductor to generate only surface 

charges on semicon-insulation interfaces at room temperature. A range of clamping 

forces was applied to vary the quality of contact. The processed output signal (integral 

of PEA output piezoelectric current signal from the 50 Ω input impedance amplifier 

and de-noised using numerical filter and averaging) is shown in Figure 5-20. 
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Figure 5-20 Processed PEA outputs under a range of clamping forces (50 Ω amplifier used and 
detected piezo current integrated to recover voltage). 

 

The peak P1 represents the acoustic wave generated at the outer semicon-insulation 

interface. It will contain the highest frequency components of the space charge signal as 

it has the shortest acoustic path and therefore is the least dispersed. On the contrary, 

peak P2 that travels through the whole insulation thickness will contain lower frequency 

components. The absolute area ratios of P2/P1 with estimated error bar under different 

clamping forces are plotted in Figure 5-21. 

  

Figure 5-21  Area ratios of P2/P1 against the clamping force. Back solid line indicates the mean 
value. 

Considering inherent experimental errors, the peak area ratio |P2/P1| shown in Figure 

5-21 does not change significantly with the clamping force. Therefore it can be 

P1 

P2 
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concluded that during the frequency bandwidth of the space charge signal, the clamping 

force would not have such an effect on the contact quality resulting in a frequency 

dependent acoustic transmission coefficient at the cable-electrode interface. 

Additionally, unlike the flat electrode PEA system, the clamping force is not critical for 

a curved electrode PEA system. However, there is a factor of about 2 for the peak 

amplitude of P1 and P2 when the clamping force is increased from 330 N to 962 N. This 

observation suggests that a high clamping force does increase the quality of physical 

contact between the cable and the curved base plate of the PEA cell.  

5.5.2 Acoustic coupling 

Besides reducing the surface roughness and increasing the contact pressure, another 

approach to improving the contact quality is to add an acoustic coupler, for example 

high viscosity silicon oil, between the sample and the base electrode surface. With a 

mirror finished electrode, the layer of silicon oil may be thin enough to have a 

negligible influence on the PEA response. For a not so well-controlled electrode surface 

though, like the curved electrode, it is necessary to determine whether the layer of 

silicon oil would affect the PEA signal.  

The comparative experiment is produced by space charge measurements on the same 

mini-cable with low DC voltage (+14 kV) at room temperature (about 20 °C) with 

direct contact (quoted as dry) and sufficient high density silicon oil added (quoted as 

silicon) between the mini-cable and the cylindrical groove of the electrode. Relatively 

low clamping pressure was used to maximise the amount of silicon oil and therefore its 

effect on the PEA output.  

The raw PEA outputs (with excessive averaging to minimise noise) under these two 

conditions are shown in Figure 5-22. It is obvious that adding the silicon oil improves 

the acoustic coupling between the mini-cable and the base electrode, resulting in the 

stronger raw output signal than that with dry contact.  
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Figure 5-22. Raw PEA outputs (20000 sweeps averaged, with 3.2 kΩ buffer) with the dry and 
silicon oil improved contact. 

 

After normalising the two signals to the first peak (P1) as shown in Figure 5-23, it can 

be seen that the undershoot appears after P1 and P2  broaden with dry contact. However, 

after applying deconvolution (with assuming ideal Gaussian pulse shape) on the signal 

with dry contact to remove undershoots, the processed signal is the same as when 

silicon oil is used.  

 

 

Figure 5-23. Normalised PEA voltage signal after recovery from the sensor-amplifier response. 
Deconvolution was performed on the PEA signal with dry contact. 
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The above experimental results suggest that using silicon oil as acoustic couplant could 

effectively enhance the PEA output signal and may improve the shape of the output 

signal in terms of avoiding undershoots. However, the usage of silicon oil is still not 

recommended considering the possible un-determined influence on the material 

properties of the mini-cable (outer semicon layer and adjacent insulation), especially 

for high temperature measurements. 

5.5.3  High temperature performance 

The PEA system response with a curved electrode under a thermal cycle between 20 °C 

and 70 °C is tested under the same experimental procedures that were described in 

Section 5.4 for the flat electrode system. The experimental results for 20 °C at the 

beginning of the thermal cycle, at 70 °C, and after return to 20 °C are shown in Figure 

5-24. 

 

Figure 5-24 Raw PEA outputs of the curved electrode PEA system with +8kV DC bias voltage 
during a thermal cycle between 20 °C and 70 °C. 

 

Unlike the results obtained using a flat base electrode (Figure 5-17), the lengths of 

space charge profile remain almost the same before and after the thermal cycle with the 

curved electrode PEA system. Therefore no significant permanent cable deformation 

occurred during the thermal cycle. At elevated temperatures, the time delay increases 

mainly as a consequence of wave velocity reductions in the aluminium PEA base 

electrode, cable insulation and the outer semicon layer. 

P1 

P2 
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Figure 5-24 shows signal reduction at 70 °C compared to the 20 °C measurements. The 

peak area variation and their ratios during the thermal cycle are plotted in Figure 5-25 

(a) and (b) respectively.  

                          

(a) 

 

(b) 

Figure 5-25 Interfacial peak areas (a) and their ratio P2/P1 (b) recorded during the first 3 hours 
after the clamping force was applied at 60 °C. 

 

It can be seen that the two peak areas change synchronously with the temperature, 

while their ratio increased slightly at the peak temperature and returns to the same value 

after cooling back to room temperature. Since the peak area ratio remains relatively 
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constant, the signal reduction during heating and recovery during the cooling at the end 

of the thermal cycle may be a consequence of many factors. These include: 

 The temperature dependent gain of the amplifier.  

 The negative temperature coefficient of the pulse coupling capacitor. 

 Reduced sensitivity of the PVDF sensor at high temperature. 

With respect to the above discussion, the normalised space charge profiles shown in 

Figure 5-26 confirm the relative stable performance of the mini-cable PEA system with 

a curved base electrode during the thermal cycle between 20 °C – 70 °C.  

 

 

Figure 5-26. Raw data rescaled to correct for acoustic velocity difference at 25 °C and 70 °C and 
with time axis converted to distance. Profile of ‘70degC’ is normalised to match the 
magnitude of P1 of the other two profiles. 

 

5.5.4 High temperature stability 

The thermal stability of the PEA system was tested through a set of cyclic temperature 

tests and high temperature endurance tests over a long time. Specifically, space charge 

measurements (with low DC voltage of -8 kV to avoid significant space charge 

accumulation) were taken during four thermal cycles (25 °C - 70 °C). Each thermal 

cycle took about 4 hours. The time interval between 1st and 2nd, 2nd and 3rd, 3rd and 4th 

cycle are 3, 11 and 10 hours respectively. The measured space charge profiles at 70 °C 

of each cycle are plotted in Figure 5-27. Taking the random noise into account, the 
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outputs of the PEA system remain constant over the four thermal cycles without a 

noticeable systematic change. 

 

Figure 5-27 Space charge measurements at 70 °C of each thermal cycle (50 Ω amplifier used and 
detected piezo current integrated to recover voltage). 

 

The long-time stability of the PEA system at 70 °C was tested following the four 

thermal cycles. Figure 5-28 shows the outputs of the PEA operating at the 70 °C 

isothermal condition over 20 hours.  No significant degradation of the output signal 

could be found. 

 

Figure 5-28 Space charge measurements at 70 °C over 1200 minutes (50 Ω amplifier used and 
detected piezo current integrated to recover voltage). 
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Combining the temperature cycles and high temperature tests over a long time, the 

performance of the PEA system can be regarded as stable for space charge 

measurements under high temperatures up to 70 °C. 

 

5.6 Conclusion: a comparison between flat and curved electrodes 

The performances of PEA system with two shapes of base electrode, flat and curved, 

were assessed in this chapter.  

The main potential issue of using the flat electrode for mini-cable PEA system is that 

the assumption of a line contact (between the cylindrical cable and the flat electrode 

surface) may be unlikely. In circumstances of high clamping force, noticeable distortion 

of the mini-cable occurs at the line of contact leading to an increase in the contact area 

between the cable and flat base electrode. The consequences of the increased contact 

area on the PEA output are the change in signal overshoot due to reflected acoustic 

waves from the contact boundaries as observed in the simulations and experiments and 

the non-linear (radius dependent) signal enhancement which were also verified by both 

experiments and simulations in Section 5.3. This highlights the significance of 

maintaining the same clamping force during the experiments for reproducibility and 

therefore the signal calibration. However, when temperatures become a variable in 

experimental conditions, it becomes hard to preserve the reproducibility as the cable 

deformation may vary due to the temperature dependent mechanical properties of the 

cable insulation even when the clamping force is kept constant. Significant changes to 

the flat base electrode PEA outputs during the thermal cycle of 25 °C – 70 °C have 

been demonstrated in Section 5.4. In conclusion, the mini-cable PEA system with a flat 

electrode is likely to be sensitive to the clamping force and temperature change. 

Moreover, extra contribution to the signal overshoots would be formed due to the 

increased contact area. It is recommended when using a flat base plate PEA system 

with mini-cables to perform a complete thermal cycle under zero voltage conditions to 

ensure that the majority of the cable deformation takes place before each cable 

electrical tested under applied voltage.  

On the contrary, by matching the PEA base plate to the outer surface of the mini-cable, 

the curved electrode prevents cable deformation and thus contributes to the 
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experimental reproducibility. Concerning the practical difficulty in producing the low 

surface roughness for the curved electrode, experiments were taken to examine the 

effect of contact quality to the PEA outputs regarding different clamping forces and 

acoustic coupling agency (silicon oil). 

Nevertheless, it would be arbitrary to say that the curved electrode is better than the flat 

electrode as it should be remembered that the development of using the flat electrode 

was for the purpose of facilitating the measurement of space charge in cables of 

different dimensions.  

 

  



142 
 

6 CABLE CHARGING 

6.1 Introduction  

As discussed in Section 2.4, the conductivity of polymeric DC insulation material is 

normally dependent in a non-linear way on the electric field magnitude and 

temperature. The non-uniform electric conductivity that results when a voltage is 

applied to the cable causes the formation of space charge which in turn modifies the 

electric stress in the insulation. Also, during normal in-service operation, a temperature 

gradient is likely to exist in the cable insulation due to the Joule heating on the 

conductor whilst the outside temperature of the cable is determined by ambient 

conditions. Should a temperature gradient (typically greater than 20 °C) exist, this 

would significantly disturb the electric conductivity of the insulation material and result 

in raised electric stress at the outer radius of the insulation [8]. Even under isothermal 

conditions, initially in the absence of space charge, the conductivity is graded on the 

axial direction due to its dependency on the (geometry determined) Laplacian electric 

field. The continuity equation states that the time dependence of space charge density at 

a region of space must be equal to the net current density flowing into that space. 

Mathematically, we can write this as (in 1D): 

 
��

��
= −

��

��
 (6.1) 

 

where,  is the charge density, J is the current density, x is spatial position and t is time. 

Initially in the absence of space charge, J is dependent on the conductivity and the local 

electric field applied. As the field and therefore J are higher in the insulation near to the 

conductor, dJ/dx, is not zero and from the continuity equation space charge density 

must build up in the cable. A steady state is achieved when the space charge builds up 

sufficient field to cause J to become uniform, i.e. dJ/dx = 0 in the insulation. As a 

consequence, space charge accumulation is therefore an inherent phenomenon, for the 

HVDC cable insulation when the insulation electrical conductivity has a non-linear 

dependence on the electric field. For this reason, the process described above is called 

‘cable charging’ in this work. 
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The cable charging transient as discussed above has practical significance for the 

reliable operation of DC cables. For example, assuming isothermal conditions, the 

application of voltage of a particular polarity will cause the accumulation of space 

charge (cable charging) to take place. The space charge field created will oppose and 

therefore balance the applied Laplace field in the cable insulation, giving rise to a much 

more uniform field in the insulation material. This is a positive effect; as the high 

electric field that would exist at the inner conductor/insulator interface would be 

reduced during cable charging and therefore reduces the likelihood of breakdown in the 

cable. However, should the applied voltage to the cable be suddenly reversed, as could 

happen in a Current Commutated DC converter technology HVDC link, the 

accumulated space charge will produce the opposite effect; increasing significantly the 

electrical stress in the insulation close to the inner conductor/insulator interface above 

the initial Laplacian value. This is a negative situation as it would increase the 

likelihood of electrical failure of the cable insulator during the time before the cable 

discharges and then re-charges with the reverse polarity space charge. Therefore, it is 

necessary to know the ‘speed’ of the charging process such that field intensification is 

avoided during polarity reversal pausing for sufficient time for the cable to discharge.  

Knowledge of the charging transient is also essential when performing accurate PEA 

measurements particularly with regard to the initial calibration of the PEA apparatus. 

As mentioned in Section 3.12, the calibration procedure for the PEA normally requires 

zero space charge in the cable insulation to ensure that the electrode/insulator surface 

charge densities in Equation (3.10) at the two electrode/insulator interfaces are only 

dependent on the applied voltage and geometry of the cable. For samples that have no 

electrical history, the electrical field is normally calculated using Equation (2.1) which 

is based on the Laplace equation. However, as suggested in reference [27],  the formula 

for steady-state electric field after cable charging (Equation (2.5)) should be used 

instead; as the bulk charge in the cable will induce charge at the electrode interfaces 

changing the ratio of the peak areas P2/P1. However in practice, the time taken for the 

charging of a cable is unknown and it may not be clear at the outset if the charging has 

taken place quickly with respect to the time taken to perform the calibration or that the 

opposite is true. In some cases, especially for calibration at high temperatures, the cable 

sample may charge quickly in which case Equation (2.5) will apply, whereas at low 

temperature, when little charge accumulation occurs through cable charging over the 



144 
 

time of the experiment, Equation (2.1) will then apply. Correct calibration of the PEA 

therefore requires knowledge of the charging transient at applied electric field.  

In this chapter the phenomena of cable charging due to the non-linear dependence on 

conductivity with the applied electric field will be studied. In particular, the transients 

of space charge formation under isothermal conditions under both charging (poling) 

and polarity reversal will be studied through both simulation and experiments. 

Moreover this work has the potential to present a novel method to evaluate the 

parameters controlling the charging transient on cylindrical cable insulation by means 

of PEA space charge measurements. By matching the simulation (Section 4.2) with the 

experiments, the influence upon the electrical field of parameters which determines the 

conductivity can be identified and the model could be up-scaled to predict cable 

charging effects in full size commercial cables.  

 

6.2 Simulations of cable charging and polarity reversal   

Firstly, it is necessary to confirm that the ‘cable charging’ phenomenon described in 

this work refers to the process of non-linear conductivity dependence on the non-

uniform electric field that exists in the insulator. Secondly, that cable charging can take 

place under the relatively low DC applied electric field that the cable experiences 

during normal service conditions over a range isothermal temperature conditions. In 

addition, the charging dynamics on reversal of the applied DC voltage will also be 

investigated and is cited in this work as ‘polarity reversal’. 

Based on the analytical expressions for the DC steady state electric field in the case of 

non-charged and when fully charged, Equation (2.1) and Equation (2.5) in Chapter 2, 

the electric field as a function of radius r for a mini-cable insulator is plotted in Figure 

6-1. The accumulated charge due to the power-law field dependent conductivity has the 

effect of reducing the electric field at the inner conductor and increasing the electric 

field at the outer conductor from the values given by the Laplace equation. This 

demonstrates the positive nature of the cable charging process in that it makes the field 

more uniform inside the cable insulator.  
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Figure 6-1. Laplacian field and space charge modified electrical field at steady-state with +14 kV 
DC and assuming a power index of 2 for the calculation of the material conductivity 
using Equation (2.5). 

 

The variation of space charge density during the polarity reversal under -14 kV DC and 

70 °C was simulated using the model introduced in Section 4.2. As shown in Figure 

6-2, at beginning of the polarity reversal, the previous (positive) accumulated charge 

remains. Then on polarity reversal, the positive charge close to the inner electrode 

decays, being replaced by negative charge. Negative charges generally dominate the 

insulation after 36 minutes and after approximately 3 hours, a steady-state charge 

distribution is reached where the negative charges have the same radial distribution as 

the original positive charge distribution formed during the previous charging. 

The steady state electric field distributions just before polarity reversal and after 

polarity reversal are shown in Figure 6-3, along with the Laplacian field for 

comparison.  Immediately on polarity reversal, the residual positive space charge 

causes the magnitude of the electric field to increases at the inner electrode interface 

and decreases at the outer electrode compared with the steady state values after the 

initial charging. The electric field is now significantly higher than the Laplacian field at 

the inner electrode. However, as with the initial charging the electric field in the 

insulator becomes more uniform as negative charge accumulates in the insulation. The 

length of time in which the electric field at the inner electrode is higher than the 

Laplacian field value depends on the time constant for the charging process. Finally the 
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steady state electric field distribution under polarity reversal is equal in magnitude but 

has opposite sign to the original steady state field distribution before polarity reversal. 

 

 

Figure 6-2. Simulation of the space charge accumulation due to the field dependent conductivity, 
model 1 (parameters see Table 6.1), during polarity reversal (at -14 kV DC and 70 °C). 

 

 

Figure 6-3. Laplacian field and space charge modified electrical fields at the start and after the 
steady-state field had been achieved following polarity reversal of -14 kV DC. 

 

The overall effect of cable charging on the PEA output signal can be deduced by 

employing the 1D simulation model that was introduced in Section 4.3 to generate the 

raw PEA output using the data of Figure 6-1. The simulated PEA outputs for the 

reversal 
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Laplacian field distribution (zero accumulated charge) and for the steady-state charged 

case are shown in Figure 6-4. 

 

 

Figure 6-4. Simulated PEA outputs with analytical Laplacian field (zero bulk space charge) and 
steady-state charge distribution following cable charging. In the simulation, pulse 
width is 30 ns; the input impedance of the amplifier is assumed to be 2.5 kΩ; the 
capacitance of the piezoelectric sensor film is assumed to be 170 pF, the insulation is 
assumed to be acoustic lossless. 

 

As shown in the simulated profiles of Figure 6-4, the changes within the insulation 

domain (between the two peaks) are small compared to the amplitudes of the interface 

charges. Moreover, the cable charging negates the contribution of bulk polarisation in 

the insulation. These factors pose a number of difficulties in measurement of the 

charging effect within the bulk of the insulation. It can be imagined that with electrical 

noise, baseline drift and acoustic attenuation all present in the experimental data, the 

bulk charge signal would become difficult to measure. However, it can be noticed that 

most obvious changes that exist in the data are the areas of the two interfacial peaks, P1 

and P2. This observation leads to a new method to follow the cable charging process, 

which involves monitoring the peak areas as will be introduced in the next sub-section. 

6.2.1 Peak area ratio 

The areas of the two interfacial peak signals, P1 and P2, represent the total electrode 

charge at the two interfaces of the insulation and are proportional to the electric fields at 
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each interface. Without space charge accumulation, only capacitive charges due to the 

applied DC and that induced by bulk polarization charge voltage will be formed. 

Typically, for the cable dimensions of the mini cables, the electric field ratio and 

therefore the peak area ratio, P2/P1 will be approximately 2 for the case when no space 

charge has accumulated in the bulk. However, on cable charging, the accumulation of 

the space charge will cause additional induced charges to appear at the electrode 

interfaces and would generally modify the quantity of electrode charges measured in 

the PEA outputs. In Figure 6-1, the steady state peak area ratio drops from 2 to 

approximately 1.3 when the cable has achieved steady state charging. Therefore the 

variation of the ratios between two interfacial peak areas reflects the total amount of the 

accumulated space charge in the bulk. 

The advantage of measuring the peak area ratio over the total charge quantity are that: 

The space charge signal is of low frequency and is therefore may easily be attenuated 

by the sensor/amplifier circuit or other system response of the PEA apparatus; On the 

contrary, the peak signals are of high frequency and would be less attenuated and more 

clearly discerned from the background noise.  

 

6.2.2 Charging dynamics  

In order to establish the dynamics of the cable charging phenomena and how this 

relates to the changes in peak areas, time dependent 1-D PEA simulations using the 

cable charging model of Section 4.2 were used with the conductivity model 1 in Table 

6-1 (Section 6.4.3) under 14 kV DC and isothermal condition of 70 °C. 

6.2.2.1 Space charge during initial cable charging 

A simulation of the peak area ratio (P2/P1) change during the cable charging process is 

shown in Figure 6-5. As predicted in Section 6.2.1, the ratio between the inner and 

outer interfacial peak signal areas, as well as the interfacial electric fields, changes from 

about 2 (with respect to the inner radius a ≈ 1.5mm and outer radius b ≈ 3mm) for a 

Laplacian field (no space charge) to approximately 1.26 after 60 minutes.  
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Figure 6-5. Ratios of two interfacial electrical stress Ea/Eb during charging. 

 

Beside the values of the peak area ratio, the more important information contained in 

Figure 6-5 is the ‘speed’ of the ratio change. By subtracting the steady state P2/P1 ratio 

from the data in Figure 6-5, the functional shape of the decay, Ratio = Ratio - Steady 

State ratio, can be verified by plotting on a suitable axis. When plotted on a linear axis 

as in Figure 6-6 (a), the Ratio variation seems to follow an exponential decay. 

However when plotted as Log-linear against time in Figure 6-6 (b), the ratio variation is 

observed to depart from a strict exponential shape after 40 minutes. This is due to the 

fact that the conductivity is both time and spatial dependent during the charging 

transient as the conductivity determines the space charge and therefore the electrical 

field distribution which in turn modifies the (field dependent) conductivity itself. 

Although the peak ratio change may not follow a standard exponential decay, for the 

convenience of analysis, the concept of ‘time constant’ will be used to describe the time 

for charging transient. The term time constant is the time taken for the peak area ratio 

change to be 36.8 % of its initial value. In addition, the best fit of the experimental data, 

as shown in Figure 6-6, is obtained by using a Matlab toolbox (Curve Fitting Toolbox) 

which also gives the time constant of the fitted curve. Then the time constant used 

would be the mean value of the time to reach 36.8 % of its initial value and the time 

constant of the fitted curve. In this example, the mean time constant is about 15 

minutes. 
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(a) 

 

(b) 

Figure 6-6. Variation of the peak area ratios compared with the standard exponential decay in 

linear-linear (a) and log-linear (b) plots. ∆Ratio = Ratio – Ratio value of steady-state. 

 

6.2.2.2 Space charge on polarity reversal 

For the parameters given in Table 6-1 model 1, Figure 6-7 compares the time 

dependence of the peak area ratio P2/P1 following the polarity reversal with the initial 

space charge distribution equal to that obtained from the previous charging simulation. 

Due to the initial accumulated charge within the insulator, effectively acting as 

heterocharge for inner peak and homocharge for outer peak, the peak ratio at the 

beginning of the polarity reverse is increased above the Laplacian value with an initial 
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ratio of 3.2. Afterwards the peak area ratio follows the exponential decay to the same 

steady-state value with the charging process (P2/P1 = 1.3).  

 

Figure 6-7. Peak ratio variation during charging and polarity reversal. 

 

By subtracting the steady state ratios of the peak area ratios from the data shown in 

Figure 6-7, and plotting on a log(P2/P1) verses linear time it gives two straight lines 

with the same slope in Figure 6-8 as is the case for the initial charging simulation. The 

time constant characterising the dynamics of polarity reversal is therefore the same as 

the previous charging behaviour. 

 

 

Figure 6-8. The same time constants can be found for charging and polarity reversal. 
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6.3 Experimental measurements of cable charging 

Before being able to measure the space charge accumulation due to the cable charging 

process, it is necessary to take into account the following:  

 To observe the cable charging phenomena, the applied DC voltage should be 

relatively low to preserve the Ohmic contact of the electrode – insulation 

interfaces.  Under moderate to high DC applied voltages, the electric field may 

become sufficiently high for the accumulation of homocharge or heterocharge 

to take place due to charge injection or ionisation of impurities. If care is not 

taken then these may become the dominating phenomenon rather than the cable 

charging phenomena investigated here. This places limits on the DC bias 

voltage applied to the cable and raises the requirements of the system on 

sensitivity and noise immunity. 

 The simulation results shown in Figure 6-2 have shown that the accumulated 

charge due to cable charging is relatively evenly distributed within the 

insulation. The magnitude of the accumulated bulk charge is also relatively low 

compared to the interface charge response of the cable.  The bulk charges 

therefore give rise to PEA signals of low frequency compared with the 

frequency components of the interface charges. As was mentioned in Section 

3.11, PEA systems suffer an electrical impedance mismatch between the 

piezoelectric sensor and the amplifier giving rise to a high pass filter in which 

low frequency signals may be attenuated. Care must therefore be taken to ensure 

that the impedance of the buffer amplifier of the PEA apparatus has sufficiently 

high input impedance. 

 Even if the low frequency charge signals were successfully recorded in the raw 

PEA outputs, it may be wrongly treated as a part of the overall system response 

and thus be removed by using deconvolution techniques.  

These reasons may also explain why it is quite common to observe bulk charges 

(interfacial charges, heterocharge or homocharge) in the space charge profiles 

published in the literature while it is relatively rare to see data presented on space 

charge due to cable charging using the PEA method for cylindrical geometry samples 

for example in the literature [8, 12, 15, 22, 121]. 



153 
 

6.3.1 Experimental methodology 

In order to verify the above observations obtained through simulation, a number of 

preliminary experimental measurements of the charging and subsequent polarity 

reversal were carried out using the curved base plate PEA space charge measurement 

system on a mini-cable (type D807D). The PEA and cable were contained within the 

temperature controlled oven to give an isothermal temperature inside the cable of 55 

°C. A moderately high voltage of 20 kV was applied to the cable for charging 

experiment to attempt to detect space charge due to bulk polarization in the insulator 

bulk which as discussed above is difficult to detect. A voltage of -20 kV was then 

applied to the cable for the subsequent polarity reversal test. 

The space charge profiles obtained 3 minutes, 49 minutes and 203 minutes after 

polarity reversal are shown in Figure 6-9 reveals that the space charge in the cable 

insulation accumulates to a greater extent within the region close to the inner electrode. 

The areas under the electrodes peaks also change in response to the change in bulk 

space charge.  

 

 

Figure 6-9. Space charge measurements during polarity reversal at 55 °C with 20 kV DC. 

 

PEA space charge measurements taken with the applied voltage set to zero just before 

the polarity reversal and after steady state charging of the cable under polarity reversal 

are shown in Figure 6-10. The former space charge profile was multiplied by -1 to aid 
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comparison between the two profiles. The graph shows that the space charge density 

increases to approximately 0.15 C/m3 in the insulation close to the inner electrode 

interface of the cable and decreases with increasing radius. The similar space charge 

profiles obtained under the two different polarities show that the cable charging is not 

dependent on the polarity of the applied voltage to the cable and that the net charge 

accumulated within the cable insulation induce opposite charges on the cable electrode 

interfaces.  

 

Figure 6-10. Voff measurements before and after polarity reversal. 

 

 

Figure 6-11. Electrical field distribution during polarity reversal calculated from the space charge 
measurements in Figure 6-9. 

C
/m

3 
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The electric field distribution calculated from the space charge distribution of Figure 

6-9 is shown in Figure 6-11. Again the measured field profiles compare favourably 

with those simulated in Figure 6-3. 

A second preliminary experiment was undertaken to determine the peak area ratios at 1 

minute intervals during charging of the cable and under polarity reversal. The PEA and 

cable were contained within the temperature controlled oven to give an isothermal 

temperature inside the cable of 60 °C. This time a voltage of 10 kV was applied to the 

cable for charging and then -10kV was applied for the following polarity reversal. The 

tests were therefore carried out with an applied field of 10 kV/mm maximum; similar to 

the design stresses of commercial cables. The cable was previously degassed prior to 

the experiment in order to remove any volatile impurities that could contribute to ionic 

conduction.  

The peak area ratio values obtained from the raw experimental data are shown as a 

function of time in Figure 6-12. The experimental peak area ratios are consistent with 

the simulation results shown in Figure 6-7. On first application of the applied voltage 

the peak area ratio was approximately 2 which then subsequently decreased to 

approximately 1.3. Moreover, the same time constants of about 47 minutes are found 

and also can be visually confirmed by the two parallel lines in Figure 6-12 (b). This 

approves that the time constant obtained from polarity reversal is the same with that of 

charging a space charge free cable. 

 

(a) 
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(b) 

Figure 6-12. Variation of the peak area ratios obtained through the PEA measurements on a mini-
cable at 60 °C with 10 kV for charging and -10kVfor the following polarity reversal 
plotted in linear-linear (a) and log-linear (b).  

 

6.4 Application of the technique to verify charge transport models 

With the methodology proposed in the above section, the charging transient can be 

assessed by the time constant of the peak area ratio change during either charging or 

polarity reversal. Since the cable charging phenomena is only determined by the 

conductivity of the insulation material (with the permittivity assumed to be a constant) 

experimental space charge charging data could be used to test the various conductivity 

models introduced in Section 2.4. Space charge measurements were taken as a function 

of applied voltage and isothermal temperature for comparison with simulations in 

which the various unipolar charge transport models are assumed to hold. 

6.4.1 Experimental method 

A group of PEA space charge measurements with combined electric stresses and 

isothermal conditions are required to obtain the dependency of the conductivity on field 

and temperature. However, the feasible experimental conditions are limited as shown in 

Figure 6-13. For the electrical field, the minimum field (Emin) is determined by the 

sensitivity of the PEA system and the maximum field (Emax) should be lower than the 

threshold for significant homo/heterocharge formation. As demonstrated in Figure 6-13, 

the field threshold for charge injection (schottky injection) is temperature dependent. 
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The temperature range is naturally within the ability of the measurement system which 

is 20 °C – 70°C. Nevertheless, the time scope of the experiments may be too extreme at 

low temperatures. Therefore the lower triangular part in the matrix of experimental 

conditions may not be feasible. Consequently, only the white range of a trapezoidal 

shape in the condition matrix should be applied. It should be pointed out that in fact the 

lowest temperature (dotted blue line) may not be a linear function with the applied field 

and the field threshold may not linearly reduce with temperature. 

 

 

 

 

 

 

Figure 6-13. Feasible range of experimental conditions on the electric field and temperature.  

 

Ideally, each measurement should be performed on a new (space charge free) mini-

cable sample. However it is difficult to ensure or examine the consistency of samples 

utilised. To avoid any experimental error due to the change of samples, the same mini-

cable should be used for all tests. The feasibility of this proposition is benefited by the 

previously verified (in Section 6.3.1) fact that the time constants for charging and 

polarity reversal are the same. So, instead of measuring the charging for each new mini-

cable, the time constant τ(E,T) can be measured by a series of polarity reversals 

changing the temperature or voltage at each polarity reversal. 

A degassed mini-cable (D806D) was used for this experiments. The PEA 

measurements were performed at two isothermal temperatures, 50 °C and 70 °C. At 

70 °C, the time constants for cable charging were obtained under absolute DC bias 

voltages of 6 kV, 8 kV, 10 kV, 12 kV and 14kV. At 50 °C, only two levels of DC 

voltage, 12 kV and 20 kV, were applied due to time constraints.  

E

Temperature 

Emin Emax 

Tmin 

Tmax 
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6.4.2 Experimental results 

The time constants calculated from the peak area ratio changes are presented in Figure 

6-14.  The graph shows that the time constants obtained are dependent on both voltage 

and temperature and range between 14 minutes at 15 kV and 70 °C and 300 minutes at 

12 kV and 50 °C for this particular cable. Extrapolating to room temperature would 

yield time constants of the order of 1000 minutes and hence the phenomena of cable 

charging would not necessarily be discernable in short term space charge measurements. 

 

 

Figure 6-14. Charging time constants obtained from the PEA measurements on a mini-cable 
during a sequence of polarity reversals at 50 °C and 70 °C. The 10% error bar (not 
clearly shown in this figure) was applied due to the variation of the time constants 
obtained from different methods (see Section 6.2.2.1). 

 

In the log-linear plot of Figure 6-14, the time constant at 70 °C seems to fall on a 

straight line indicating an exponential dependence of the conductivity with the DC 

voltage. However, as shown in Figure 6-15, where the data is re-plotted on a linear axis 

and where an exponential and additionally a power law best fit to the data is also 

plotted, within the scope of experimental DC voltages it is unclear which function, 

power law or exponential, of the time constant follows the DC field.  
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Figure 6-15. Comparison of the power law and exponential trend lines to the time constant at 70 °C. 

 

6.4.3 Simulation  

With the experimental charging time constants obtained from above experiments, the 

1D Matlab simulation model for cable charging (developed in Section 4.2) was then 

utilised to identify the values of the model parameters in the three empirical 

conductivity expressions regarding to the field and temperatures dependency. 

All three empirical conductivity models (introduced in Section 2.5) were attempted to 

fit the charging transient (time constant) with the experimental results. The parameters 

found for the models are summarised in Table 6-1. 

 

Table 6-1. Parameters for the conductivity functions   

σ model 
Constants 

Temperature 
coefficient  

E coefficient (°C) 

50 °C 70 °C 

1 �(�,�) =  ���
�� �

�

��
�
�

 

σ0= 
1.36e-19 
(Ω-1m-1); 

E0=10kV/mm 

α= 
0.156 
(1/°C) 

ν = 4 ν = 1.8 

2 �(�,�) =  ���
����� 

σ0= 
5e-21 

(Ω-1m-1) 

α= 
0.175 
(1/ °C) 

β = 0.26 
(kV/mm) 

β = 0.2 
(kV/mm) 

3 
�(�,�)

= ��
�
�∙�
��� 

���ℎ (�|�|)

|�|
 

A= 
9.98e10 
(Ω-1m-1) 

φ = 1.3 eV B = 3e-7 
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6.4.3.1 Model 1: 

The time constants obtained from simulations using the ‘power law’ conductivity 

model 1 are shown in Figure 6-16. Subject to the power law dependency of the 

electrical field in the equation, the time constant shows the same dependency on the 

applied DC voltages as indicated by the straight dash line in log-log plot. Moreover, to 

fit with the experimental data, the field power index, ν, needs to be temperature 

dependent. With the parameters in Table 6-1, the model 1 provides a good fit with the 

experiments. 

 

Figure 6-16. Time constants calculated from the conductivity model 1. 

 

6.4.3.2 Model 2: 

Similarly, Figure 6-17 shows the simulated time constants with respect to the 

exponential field dependent conductivity, model 2. The exponential term in the model 

results in the straight dash line on the log-linear plot which represents that the time 

constant for cable charging reduces exponentially with increasing DC voltage. The 

value of the  coefficient is however less dependent on temperature than for the power 

exponent of model 1. 
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Figure 6-17. Time constants calculated from the conductivity model 2. 

 

6.4.3.3 Model 3:  

The parameters for conductivity model 3 are more difficult to be identified than the 

other two models due to the hyperbolic functional dependence of the E term.  With the 

parameters listed in Table 6-1, the simulation results could match with the experimental 

results with 10 % error bars as shown in Figure 6-18 

 

 

Figure 6-18. Time constants calculated from the conductivity model 3. 
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6.5 Concluding remarks 

In this chapter, space charge accumulation in mini-cables was investigated due to the 

phenomena of cable charging. Cable charging is the result of the insulator material’s 

electrical conductivity being a non-linear function of the applied electric field which is 

non-uniform in the cylindrical cable geometry. PEA measurements have shown the 

existence of this phenomenon in XLPE based mini-cables. The time constants involved 

in the accumulation of the bulk space charge within the insulation was dependent on the 

applied voltage and on temperature. The time constants ranged from 14 minutes to 300 

minutes dependent on the actual experimental conditions of applied voltage and 

isothermal temperature applied to the cable. Although, the cable charging effect has 

been proposed in the literature before, extrapolation to room temperature predicts time 

constants typically of 1000s of minutes and it is therefore not surprising that this effect 

has not been demonstrated experimentally in the literature before. Simulations of 

charge accumulation using a unipolar model for field dependent  charge transport based 

on three empirical formula has shown that the models can successfully simulate the 

charging process and that the three models provide an adequate description of the field 

dependent charge transport that is responsible for the observed charge accumulation. 

Further experiments to fill in the condition matrix will allow better comparisons to be 

made between the experimental data and the simulations based on the three empirical 

formulae used.  

Charge accumulation through the phenomena of cable charging must therefore be taken 

into account when performing PEA calibration, otherwise an incorrect assumption 

could be made regarding the ratio of the charge peak areas that is often employed as the 

basis for the signal processing to recover the space charge distribution using traditional 

approaches. The approach taken here of starting with a model for charge transport and 

then applying PEA simulations to determine the PEA raw output data does not suffer 

from this problem. 
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7 APPLICATION OF TECHNIQUE TO PRACTICAL MINI-

CABLE INSULATION SYSTEMS  

In the chapters so far, the software analysis tools developed in Chapter 4 have been 

applied to cables assuming ideal conditions of material homogeneity, cable 

concentricity etc. However practical mini-cable systems, as well as their full-size 

commercial counterparts, are rarely ideal. In practice the cable insulation and semicon 

layers are not exactly concentric as this is difficult to control during the extrusion 

process used during manufacture. In addition a degassing stage is required to remove 

chemical impurities from the insulation material that form due to the chemical cross-

linking. This may result in non-uniform electrical properties in the cable insulation and 

give rise to the conditions necessary for space charge accumulation. It has also been 

assumed that the acoustic properties of the insulation and the inner and outer semicon 

layers are the same and that no reflection of the acoustic waves occurs at these 

interfaces. In this chapter the 2-D PEA simulation models will be applied to assess the 

effect of cable non-concentricity on the PEA raw output signal in section 7.1. The use 

of the 1-D simulation tools to examine the effect of acoustic mismatch between the 

insulation and semicon layers is described in section 7.2. In section 7.3 within the 

context of temperature and voltage ramp tests, the 1-D software tools will be used to 

examine the temperature dependence of cable charging and space charge accumulation 

within the insulation of non-degassed mini-cables. These cables were deliberately used 

as they were found to have two distinct morphological different regions inside the cable 

insulation.  

7.1 Application of the 2-D PEA simulation to non-concentric cables 

7.1.1 Sample non-concentricity 

Figure 7-1 shows a typical cross-section photographic image of a non-degassed mini-

cable. Referring to the best-fit (dashed) circles, noticeable deviation of the insulation 

and semicon layer thicknesses can be observed.   

 

 



164 
 

 

   

 

Figure 7–1. Cross-section of a mini-cable. Red dash circles are best-fit boundaries for the 
conductor, the inner semicon/insulator interface, the outer semicon/insulator interface 
and the outer profile of the cable.  

 

In addition, the deviation of the insulation thickness was estimated from the length 

variation of the space charge profiles. The mini-cable PEA system with the flat base 

electrode is appropriate for this purpose as only the slice of insulation perpendicular to 

the electrode surface would be measured. The section of mini-cable under test was 

rotated by 90˚ for each test. Therefore, as illustrated in Figure 7–1, four angular 

positions (A, B, C and D) representing the insulation thickness on four angles could be 

measured. A low and fixed clamping force was applied for each test to minimize or at 

least maintain the same deformation of the mini-cable. The lengths of space charge 

profiles were obtained by measuring the time delay for the two interface peaks, P1 and 

P2 and converted to distance from the acoustic velocity of the insulation. The profile 

lengths are recorded as shown in Figure 7–2 with the assumption that the mean value is 

the ideal thickness of 1.5 mm. The standard deviation in the measurements was found 

to be 52.6 µm.  

 

A (0˚) 

B (90˚) 

C (180˚) 

D (270˚) 

Conductor 

Inner semicon 

Insulation 

Outer semicon 

Background (cable holder) 
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Figure 7–2. Insulation thicknesses obtained from the PEA measurements at 4 angles of the same 
section of the mini-cable. The mean value of the four data is assumed to be the ideal 
thickness of 1.5 mm. Dash lines indicate the ± standard deviations.  

 

Likewise the thickness deviation was measured along the axial direction of the mini-

cable at the same angle. Measurements were taken on five random positions along a 1 

m mini-cable. The measurement results shown in Figure 7–3 indicate that there is less 

deviation for the insulation thickness on the axial direction. 

 

 

Figure 7–3. Insulation thickness obtained from PEA results at 5 random positions. Dash lines 
indicate the ± standard deviations. 

 

Standard deviation 

Standard deviation 
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7.1.2 Simulation  

To examine how the non-concentricity of a mini-cable would affect PEA outputs, the 

2D acoustic simulation tool developed in Section 4.7 was used. Referring to the 

statistics illustrated in the above subsection (Section 7.1.1), a deviation of 0.2 mm in 

the horizontal direction from the coaxial centre was applied to the conductor and inner 

semicon layer to simulate the worst case scenario where the simulation domain 

(developed in COMSOL) is shown in Figure 7–4. The simulated PEA outputs with the 

concentric and non-concentric cable geometries are compared in Figure 7–5. The 

second peak (P2) for the non-concentric cable is slightly smaller and earlier in time than 

that for the ideal concentric cable. However, even under serious non-concentric 

circumstances for the mini-cable, the difference in PEA outputs with the current system 

characteristics (i.e. thickness of the bottom electrode and width of the sensor film) are 

small compared with the spatial resolution of the PEA apparatus.  

 

 

 

Figure 7–4. Centre of the conductor and inner semicon layer (at position [0.2 mm 0]) is 0.2 mm 
deviated from the centre of outer semicon layer (at position [0 0])  in the horizontal 
direction  

 

(mm) 

(mm) 
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Figure 7–5. Small difference exists in P2 when the centre of conductor and inner semicon layer is 
slight (0.2 mm) derived from the centre of insulation and outer semicon layer. The 
simulation tool has been introduced in Section 4.7. Acoustic attenuation was ignored. A 
perfected (52 μm thick and 5 mm wide) piezoelectric sensor and matched acoustic 
absorber were assumed and without considering the effect of sensor – amplifier circuit. 

 

7.2 Influence of the temperature dependence of the acoustic properties of 

the sample on PEA measurements 

The reproducibility for the measurements under various temperatures is not only 

affected by the thermal stability of the system, but by the temperature dependent 

characteristics of material properties as these may also alter the system response as the 

temperature is changed. In this section, the influence of the acoustic matching between 

the insulation and the semicon layers at different temperatures is investigated through 

experiments and simulation. 

7.2.1 Experiments  

The experimental PEA raw output signals obtained from the same mini-cable at two 

isothermal conditions, 21 °C and 65 °C, are shown in Figure 7–6. For the convenience 

of analysis, the time delay has been normalised to P1. The meaning of P1 and P2 are 

consistent in this work, representing the interfacial charge at the outer and inner 

interfaces. P3 is the reflected acoustic wave from the central conductor that was 

generated at the inner semicon – insulator interface but travelling opposite to P2 

towards the central conductor. Therefore P3 travels twice the thickness of the inner 

semicon layer.  

P2 
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Figure 7–6. Raw PEA outputs at 20 °C and 60 °C. The time delay was normalised to the P1.  

 

As shown in Figure 7–6, at 65 °C the time delay of both P2 and P3 with respect to P1 are 

longer than that at 21 °C. This is due to the wave velocity reduction in both the 

insulation and semicon layers at elevated temperatures. If it is assumed that the 

thickness of both layers remains the same, then the matching of wave velocities for two 

materials at the two temperatures can be estimated by the variation in time delays. If the 

temperature dependencies of the velocities, VPE and Vsemi are identical, the ratios 

between the time delays, TPE and Tsemi, should be the same at the two different 

temperatures. As illustrated in Table 7-1, Tsemi/TPE (which equals VPE /Vsemi) changes 

from about 95 % at 65 °C to 93.5 % at 21 °C. Although the density variation with 

temperature was not accessed by experiments, the slight change in the wave velocity 

ratios indicates that a slight change in the acoustic matching between the insulation and 

semicon layers may exist during the temperature range of 21 °C to 65 °C.  

 

Table 7-1. The time delays between peaks at two temperatures. VPE and Vsemi are the wave velocity 
in the insulation and semicon materials; DPE and Dsemi are the thickness of insulation 
and inner semicon layers. Referring to the dimension of the mini-cable (Section 2.5), 
the thickness of the insulation layer is about twice that of the inner semicon layer i.e. 

DPE  ≈ 2 × Dsemi. 

Time 
delay 

between 
peaks 

Equal to 
Time delay at 20 

°C 
Time delay at 60 

°C 

TPE P2 to P1 DPE/VPE 725 ns 866 ns 

Tsemi P3 to P2 2×Dsemi/Vsemi 678 ns 823 ns 

Tsemi/TPE \ VPE /Vsemi 93.5 % 95.0 % 

P1 

P2 

P3 
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7.2.2 Simulation  

 

Figure 7–7. 1D simulation of PEA outputs when the wave velocity in semicon material is the same, 
half and twice that in insulation. 

 

Using the 1D simulation model (Section 4.2), the PEA output signals with significant 

mismatch between insulation and semicon layers can be assessed. In the simulation, the 

densities of the two materials are assumed to be the same. Simulations were performed 

under three conditions: where the wave velocity in semicon material is the same, half 

and twice that in the insulation. The simulation results are shown in Figure 7–7. The 

peak magnitude (or area) changes under different matching conditions. Moreover the 

small bulk signals due to the reflection in the semicon layer can be observed under 

mismatched conditions.  

The variation in the peak area ratio is of major significance, P2/P1 as summarised in 

Table 7-2, as the calibration of the PEA apparatus and the correction for attenuation and 

dispersion rely on the correct ratio being applied during the signal processing of the raw 

PEA output data. The change in the area ratio is related to the mechanical force 

generated at interfaces when the pulsed voltage is applied to the sample. On application 

of a pulsed electric field, the interfacial charges produce two acoustic waves travelling 

in opposite directions (as compressive and rarefaction waves). The energies of these 

two waves and hence their amplitudes will be the same if the acoustic properties of the 

two materials on either side of the interface are identical.  However, when there is a 

mismatch in the acoustic properties, the relative amplitudes of the compressive and 
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rarefaction waves will change. The P1 refers to the acoustic wave propagating towards 

the outer semicon while the P2 refers to the acoustic wave propagating towards the 

insulation. Then the change in acoustic matching between insulation and semicon 

layers would lead to the variation of P2/P1.  

 

Table 7-2. Ratios of the interfacial peak areas with different wave velocity in semicon material. 

Vsemi/Vpe 2 1 0.5 

P2/P1 1.766 2.616 3.481 

 

In fact, the semicon layers are normally made from the same insulation material but 

loaded with carbon particles to give a high electrical conductivity. As a consequence, as 

has also been approved by the experimental data where similar temperature 

characteristics for the insulation and semicon material were found, the insulating layer 

and semicon layers should have similar acoustic properties. The small bulk reflected 

signals as illustrated in the simulation results can be treated as an indicator for the case 

of serious acoustic mismatch.  

 

7.3 Voltage sequence test 

In order to simulate the service life of full size HVDC cables, voltage ramp space 

charge measurements under different isothermal temperatures of 30 °C, 50 °C and 70 

°C are of interest to the cable manufacturing industry. Here, experiments of the space 

charge measurements on mini-cables were designed with a sequence of voltages 

changing every three hours in sequence as shown in Figure 7-8.  The voltage sequence 

comprises 10 kV being applied for three hours, then a voltage off period for three 

hours, followed by the same plan except the voltage is increased to 20 kV then 30 kV. 

Following this, a polarity reversal at 30 kV was applied for 3 hours. 
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Figure 7-8. Voltage sequence to be applied on the mini-cable. The first two hours is for heating the 
sample and the PEA cell to the required isothermal condition. 

 

The experiment for each voltage sequence takes at least 26 hours including the first two 

hours for stabilising the oven temperature and the following 8×3 hours voltage on (Von) 

and voltage off (Voff) measurements. Given the long duration of the experiments, the 

measurements system was automated. The voltage sequence was programmed in the 

Labview to control the output voltage of the HVDC power supply. However to produce 

a polarity change, this needs to be manually changed as the power supplies are unipolar. 

To minimise any possible effect of the pulsed voltage on space charge formation in the 

cable, the pulses were applied 20s before and 5s after the space charge measurement. 

Individual PEA space charge measurements were taken with a time interval of one 

minute using the oscilloscope (1000 sweeps averaged) controlled by a computer 

running the Labview data acquisition software. Raw PEA voltage signals were stored in 

the computer synchronously during the measurement and were processed afterwards in 

Matlab. 

7.3.1 Non-Degassed Sample 

As- received D806D mini-cables were used for the voltage sequence tests. Preliminary 

observations of the non-degassed cable insulation, by cutting the cable with a knife to 

produce thin sections, showed a visual contrast difference in the insulation layer as 

illustrated by the photograph in Figure 7-9. 
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Figure 7-9. Cross-section photo of an as-received D806D mini-cable 

 

Under transmitted light, the cable insulation shows two radial regions. The inner region 

absorbs the transmitted light through the cable section more than the outer region. 

Hence the inner region appears dark while the outer region appears light. There also 

appears to be a sharp interface between these two different regions. The radial position 

of the transition between the two regions was found to vary within a single cable 

sample and also found to depend on the storage time of the cable sample from 

manufacture. 

7.3.2 PEA measurements at 30 °C 

 

 

Figure 7-10. Peak areas of the two interfacial charge signals during the voltage sequence at 30 °C. 

Insulation  

Inner 

semicon 

Outer 

semicon 
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PEA space charge measurements over the full voltage cycle were carried out and the 

two interfacial peak areas, P1 and P2, were calculated from the space charge data. The 

peak areas of P1 and P2 as a function of time over the full voltage sequence test are 

shown in Figure 7-10. No noticeable variations in either peak areas can be observed 

during the test except at +/- 30 kV where a slight reduction in the area of P2 can just be 

observed, indicating that the phenomena of cable charging is starting to occur.  

The accumulation of a small amount of homocharge near the inner interface was 

identified by the Voff measurements following voltage application at +/- 30 kV as 

shown in Figure 7-11. 

 

Figure 7-11. Voff measurements shortly after removing +30 kV and -30 kV DC bias voltages. 

 

7.3.3 PEA measurements at 50°C 

Unlike the test at 30 °C, obvious peak area changes can be noticed during +20 kV, +30 

kV poling and -30 kV polarity reversal at 50 °C as illustrated in Figure 7-12.  The peak 

area P2 decreases and peak area P1 increases during voltage application which is 

consistent with the cable charging phenomena discussed in Chapter 6. During the 

voltage off measurements the peak areas did not return to zero but showed a decay in 

time as the cable charge dissipates. The peak area ratios of P2/P1 during Von 

measurements plotted in Figure 7-13 also confirm the variation of interfacial charge 

signals and the boost in the amplitude of P2 on polarity reversal due to the charge 

already accumulated during the previous voltage application. These results are 
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consistent with the cable charging phenomena due to a field dependent electrical 

conductivity of the insulator material. 

 

Figure 7-12. Peak areas of two interfacial charge signals during the voltage sequence at 50 °C. 

 

 

Figure 7-13. Peak area ratios of P2/P1 during Von measurements at 50 °C. 

 

Typical space charge profiles obtained during the positive poling stages are shown in 

Figure 7-14. An important finding is that a bulk space charge signal (as pointed out by 

the dash circle) was formed during the +20 kV poling and kept increasing during +30 

kV poling. However, the bulk signal disappeared (within 10 minutes) when the DC 

voltage was reduced to zero as indicated by the Voff measurements shown in Figure 
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7-15. The Voff measurements also confirm the cable charging phenomena in which 

positive charge were formed during the +30 kV poling. The distribution of the space 

charge due to cable charging fits with the theory (Chapter 6) in that the charge density 

reduces with increasing radius. Comparing the Voff data at the beginning (at 910min) 

and end (at 1072 min) of the 3 hour discharging period, a minute charge density 

reduction may just be observed from the space charge in the insulation bulk and is more 

clearly observed in the induced interfacial charge signals.  

 

 

Figure 7-14. (Calibrated) space charge profiles at start (0 min) and end (180 min) of +10 kV, start 
(361 min) and end (540 min) of +20kV and start (721 min) and end (900 min) of +30 
kV poling states. 

 

 

Figure 7-15. Voltage-off measurements after the +30 kV poling whose last measurement (900 min) 
is shown as a reference.  
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On polarity reversal, the electrical field generated by the residual charges remaining 

from the previous poling would be superimposed on the DC field, increasing the area of 

P2 and therefore the maximum electric stress at the inner semicon/insulator interface. 

Specifically, before the -30 kV DC was applied, the electrical field produced by the 

remaining charge at 1072 minutes (space charge profile shown in Figure 7-15) of the 

voltage sequence is shown in Figure 7-16 (solid green line). When -30kV DC voltage 

was then applied, the electrical field across the insulation is the sum of the DC Laplace 

field (EL) and the charge induced field (1072 min). As demonstrated in Figure 7-16, the 

summed field is consistent with the calculated field from the Von space charge 

measurements at 1084 minutes.  

 

 

Figure 7-16. Electrical field distributions obtained from the space charge measurements just prior 
to polarity reversal (1072 minutes) and after polarity reversal (1084 min). The dotted 
line is the sum of the residual field before polarity reversal (1072 min) and the 
theoretical Laplace field (EL). The electric field at the end of the polarity reversal is 
also shown (1254 min). 

 

Due to the phenomena of cable charging, the electric field eventually became more 

uniform under the reversed polarity poling as shown by the electric field at 1254 

minutes in Figure 7-16. In this case, negative charges accumulated within the insulator 

bulk with positive induced charges on the semicon/insulator interfaces as can be 

detected by the space charge measurements during the polarity reversal as shown in 

Figure 7-17. 

 



177 
 

 

Figure 7-17. Space charge measurements at the beginning (1084 min) and at the end (1254 min) of 
the -30 kV polarity reversal. 

 

Additional voltage-off measurements were taken following the polarity reversal period 

to follow the discharging of the cable. After the removal of the -30 kV DC voltage, 

three space charge profiles are shown in Figure 7-18. The accumulated charges 

gradually discharged with a corresponding reduction in the induced electrode charges 

as represented by the two interfacial peak signals in the space charge profiles. After 

discharging for about 18 hours at 50 °C, a certain amount of charges were still found to 

be trapped in the insulation. 

 

Figure 7-18. Voff space charge measurements after -30 kV poling. Profiles are labelled as the time 
since voltage off rather than the time in the voltage sequence test.    
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7.3.4 PEA measurements at 70 °C 

At 70 °C, space charge accumulation due to cable charging and the bulk signal 

identified in the 50 °C measurements formed quickly (if not instantaneously) after 

applying the +10 kV bias voltage as shown in Figure 7-19 (a). The rapidly formed 

space charge under low DC voltage makes it difficult to perform signal calibration for 

the PEA signal.  Therefore for the space charge data at 70 °C, the calibration coefficient 

(C/m3/V) was obtained by first integrating the charge distribution to obtain a 

distribution in proportion to the electric field. A scale factor was then identified to 

ensure that the integral with respect to the radius of the electric field is equal to the 

applied DC voltage.  

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 7-19. Space charge measurements during (a) +10 kV, (b) +20 kV, (c) +30 kV and (d) -30 kV 
poling. 

 

At the higher DC voltage of +20 kV, the bulk signal increased accordingly until 

reaching a quasi-steady state after about 20 minutes as indicated by Figure 7-19 (b). At 

30 kV poling voltage, the bulk signal kept increasing and quickly reached the quasi-

steady state after about 6 minutes. Under polarity reversal, the previously accumulated 

positive charge decreased rapidly and the equivalent amount of negative charge formed 

within 5 minutes as shown in Figure 7-19 (d). 
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       (a) 

 
       (b) 

 

     (c) 

Figure 7-20. Space charge measurements at start and end of dischargings after 10 kV, 20 kV and 
30 kV poling. 
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The voltage-off space charge profiles at the start and end of discharging periods after 

+10 kV, +20 kV and +30 kV poling states are shown in Figure 7-20. After discharging 

for about 3 hours for each stage, the remaining space charge density is at the same level 

of instrumental noise and therefore can only be inferred from the induced interface 

charges. 

To compare the time of charging transient under different poling voltages, the peak 

areas, P1 and P2, and their ratios (P2/P1) during the voltage sequence are plotted in 

Figure 7-21 and Figure 7-22 respectively. It is clear that the charging time transients are 

much shorter at higher bias voltages and shorter than the equivalent measurements 

taken at 50 °C. Moreover, the transient time for +30 kV poling and during the polarity 

reversal of -30 kV are almost the same as shown in Figure 7-22 (b). 

 

 

Figure 7-21. Peak areas of two interfacial charge signals during the voltage sequence at 70 °C. 



182 
 

  

(a) 

  

(b) 

Figure 7-22, Peak area ratios of P2/P1 during each Von measurements at 70 °C. (Ratios are a 
function of the actual poling time rather than the time of the voltage sequence) (a) 
over the full sequence and (b) charging transients overlaid for comparison.  

 

7.3.5 Simulation of voltage sequence tests 

The most conspicuous feature of the voltage sequence tests is the formation of a bulk 

signal. As can be observed in Figure 7-9, a contrast different exists in the insulation 

layer which may indicate the insulation layer has non-homogeneous properties along 

the radius direction. One possible explanation for the formation of the bulk signal is 

that the dark region (near the inner semicon layers) may have a higher electrical 
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conductivity compared with the lighter region. To verify this assumption, the 

simulation tools introduced in Section 4.2 and 4.3 were used for comparison with the 

experimental data. Among the voltage sequence tests at the three different temperatures, 

the experimental data at 70 °C demonstrates the cable charging processes for all three 

applied voltage levels. Therefore the conductivity in the simulation model was adapted 

to match both the shape of the PEA output and the peak area change of the charging 

processes at 70 °C.  

According to Figure 7-20, a small amount of charge remained after discharging for 3 

hours. For the convenience of simulation, this residual space charge was neglected and 

the simulated charging processes at each voltage were assumed to start from a space 

charge free condition. 

The conductivity of the insulation is assumed to be field and temperature dependent. In 

addition, the dark region is assumed to have an enhanced conductivity by the factor, 

Eh(r), shown in Figure 7-23. 

 

 

Figure 7-23. Enhancement factor of the conductivity as a function of radius.  

 

The mathematical expression for the conductivity with the parameters that best match 

the experimental results is:  
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Therefore, the initial conductivities as a function of radius at the three DC voltages are 

plotted in Figure 7-25. 

 

 

Figure 7-24. Conductivity as a function of radius in the insulation at three voltage levels. 

 

With respect to the conductivity in Equation (7.1), the simulated PEA outputs at each 

quasi-steady state are shown in Figure 7-25 with the corresponding experimental data at 

the end of each poling stage. In the 1D simulation, the generated PEA output is of 

arbitrary voltage unit and was therefore normalised to the charge density of P1 of the 

experimental results. As shown in Figure 7-25, simulated PEA raw signals have a good 

match with the experimental results while the charge near the inner electrode is slightly 

underestimated by the simulation. This may be due to extra conductivity enhancement 

factors (maybe the diffusion of impurities from the semicon layer into the insulation) 

existing near the inner insulation – electrode interface. 
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(a) 10 kV                                                       (b) 20 kV 

 

                              (c) 30 kV                                                         (d) -30 kV 

Figure 7-25. Simulated PEA outputs at quasi-steady state of each voltage level, (a) 10 kV, (b) 20 kV, 
(c) 30 kVand (d) -30 kV, compared with the experimental results. Simulated PEA 
signals were normalised to the P1 of the experimental results.  

 

With the parameters in Equation (7.1), the time constants of the peak area ratio changes 

due to space charge accumulation as generated by simulations match the experimental 

data calculated from Figure 7-22 (b) as shown in Figure 7-26. 
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Figure 7-26. Time constants of the peak area ratio change during the charging process. 
Experimental data were calculated from the data in Figure 7-22. 

 

7.3.6 PEA space charge measurements on Degassed D806D mini-cable 

It was suggested that the bulk space charge signal that was observed during the voltage 

sequence tests for as-received D806D mini-cables at 30 °C, 50 °C and 70 °C was 

related to the contrast difference observed visually and interpreted in terms of a non-

homogeneous electrical conductivity in the insulation (Figure 7-9).  To verify this 

hypothesis, space charge measurements were also performed on the Degassed D806D 

mini-cable.   

The degassing by high temperature vacuum treatment on the fresh samples is expected 

to produce the isothermal crystallization and remove any residual low molecular weight 

byproducts [34]. Specifically, the as-received D806D mini-cables were degassed in a 

vacuum oven at 60 °C for 20 days. After the degassing, the contrast difference in the 

insulation was found to have disappeared (as confirmed by visual observation on thin 

slices). The space charge measurements were performed at 70 °C with an applied 

voltage of 36 kV for three hours followed by a polarity reversal of -36 kV DC bias 

voltage. The raw PEA voltage output signals (1000 sweeps averaged) were to be used 

for this test as the bulk signal may form immediately even during a calibration 

measurement at a low applied voltage of 10 kV DC. Therefore calibration 

measurements were not taken.  
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The experimental results at the start and at the end of  the 3-hour poling with +36 kV 

DC and the time taken shortly after the voltage reduction to zero are shown in Figure 

7-27 (the time delay variation of P2 is due to the transient instability of the oven 

temperature at the beginning of the test). Under these conditions, the bulk charge signal 

did not appear during the test. However, formation of heterocharge was observed near 

the outer semicon – insulation interface. Similar results were found in the polarity 

reverse test (-36 kV voltage applied) as shown in Figure 7-28. These results therefore 

support the hypothesis that the bulk space charge that had formed in the non-degassed 

samples was related to the non-homogeneous impurity present in the insulation material. 

 

Figure 7-27. Raw PEA outputs of the degassed D806D mini-cable at 70 °C under +36 kV DC bias 
voltage over 180 minutes and the measurement shortly after voltage off. The shift of P2 
may mainly be due to the temperature variation of the oven at the start of the test.  
 

 

Figure 7-28. Raw PEA outputs of the degassed D806D mini-cable at 70 °C during the polarity 
reverse of -36 kV for 180 minutes and the measurement shortly after voltage off. 
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7.4 Conclusions 

In this chapter the 2-D PEA simulation model has been used to assess the effect of 

cable non-concentricity on the PEA raw output signal. The 2-D simulation has shown 

that the PEA technique is robust against central conductor and inner semicon 

displacements perpendicular to the space charge measurement direction with very little 

distortion of the PEA output profile compared to the concentric arrangement. The 2-D 

model can be used to assess other forms of non-concentricity and distortion of the cable 

insulation.  

The 1-D simulation tools were used to examine the effect of acoustic mismatch 

between the insulation and semicon layers in the mini-cable. A significant result here is 

that the ratio of the peak areas (P2/P1) depends not only on geometrical considerations 

but also on the degree of acoustic mismatch between the insulating material and the 

semicon material. This could lead to large calibration errors or errors introduced during 

the attenuation and dispersion correction of the PEA raw data as the values of the 

attenuation/dispersion coefficients are selected based on the expected peak area ratios 

determined by the geometry of the cylindrical cable alone. However, for the mini-cable 

tested here, the time delay variation with temperature would imply that the insulation 

and the semicon layers have similar acoustic properties. 

The 1-D models were also employed to determine the parameters for the unipolar 

charge transport model for space charge accumulation for non-degassed samples in 

which a radial non-uniform electrical conductivity exists due to incomplete extraction 

of cross-linking by-products from the cable insulation. This leads to bulk space charge 

build-up inside the insulation in addition to the normal space charge accumulation due 

to the non-linear dependence of electrical conductivity with the applied electric field. 

The charge transport model gave simulated space charge accumulation dynamics 

consistent over a range of voltage and temperature with experiment. Hence this model 

could in principle be up-scaled to predict the space charge dynamics in commercial size 

cables. 
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8 DISCUSSION 

8.1 Introduction 

Analysis of PEA raw output signals to reconstruct the space charge profiles in 

cylindrical geometry insulation systems such as the case for high voltage cables usually 

employ the signal processing techniques of deconvolution, radial correction and 

attenuation/dispersion correction as reviewed in Chapter 2. The application of these 

techniques has their limitations and can potentially lead to erroneous conclusions when 

incorrectly interpreting raw PEA output data. A number of these assumptions are 

shown in Figure 3-17, for example the linearity in the acoustic force term with the free 

space charge density, perfect acoustic matches between different materials in the cable 

and PEA apparatus and can potentially lead for example to the incorrect calibration of 

the PEA apparatus. Also, the resultant (post-processed or recovered) space charge 

profiles may to some extent depend on the assumed values of the parameters used in the 

signal processing techniques applied. These include parameters such as the acoustic 

velocity, attenuation and dispersion coefficients. In the process of recovering the space 

charge profiles from raw PEA data it is often assumed that the material properties 

remain constant during long term or elevated temperature measurements and that the 

changes observed relate solely to changes in the space charge profile. However, in 

material such as polyethylene, the material is not mechanically stable and changes to 

the PEA raw output data may be due to changes involving the mechanical aspects such 

as material density that relates to change in electrical permittivity. In this case the PEA 

response will also include a perturbation due to the non-constant permittivity.  

PEA measurements using a cylindrical geometry are also more difficult to interpret 

than for the case of uniform plane-plane geometry owing to the additional force terms 

(as introduced in Section 2.6.2 from the work of Holé [71, 72]) that appear when a non-

uniform electric field is applied. These additional terms involve electrostriction 

(changes in the dimension of the insulation on application of an applied field), the 

formation of bound (polarisation charge in the bulk of the insulator) and the possibility 

of non-uniform radial dependent permittivity and conductivity owing to the method of 

manufacture (extrusion) of the mini-cables. The first two force terms have not fully 

been addressed in the literature particularly with regard to re-construction of the free 

charge density within the insulation when applied to cylindrical geometry systems. The 
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work of Liu, et al. [11] and others notably Fu [27], Bodega [122] have assumed that the 

origin of the electrostatic force term is just the free charge density.  

 

8.2 Simulation 

The work contained in this thesis provides an alternative and complementary route for 

the robust interpretation of PEA data through the development of computer based 

simulation tools that include the complete signal generation, transmission and detection 

pathway. The simulation models developed here take into account the:  

 The formation of space charge through charge transport simulation as the model 

introduced in Section 4.2.  

 The geometrical aspects of the PEA experimental technique, namely the 

generation of acoustic waves from radial dependent space charge in cylindrical 

geometry insulation materials. (Section 4.3)  

 The transport of the longitudinal waves within the cable insulation, taking into 

account the attenuation and dispersion of the acoustic waves. (Section 4.8.1.3)  

 The transmission of the acoustic waves at the cable contact with the PEA base 

plate that is determined by the geometry of the PEA base electrode as being 

simulated in Section 4.7.  

 The propagation of the acoustic waves through the PEA base plate into the 

electro-acoustic sensor and finally the absorber material as the 1D model in 

Section 4.3 and the 2D model in Section 4.7.  

 The conversion of the acoustic waves into an electrical signal that is then 

subsequently amplified by a non-ideal preamplifier (realized in either the PEA 

acoustic model in Section 4.3 or the Pspice model in Section 4.5). 

To achieve this, this work has developed a number of computer based analysis tools 

based on the finite difference method for simulating charge accumulation in cable 

systems using either empirical based non-linear unipolar field and temperature 

dependent conduction models or unipolar physical charge hopping transport conduction 

models (as discussed in Section 2.4). This work extends on the work of Bodega [122] 

who applied the model to charge accumulation in cylindrical samples having a 

temperature gradient, Boggs [103] who further developed the models for heterocharge 
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and homocharge accumulation through a radial dependent conductivity. In this work 

the conduction models are used to show the dynamics of cable charging due to the non-

linear dependence of electrical conductivity of the insulation material. The impact of 

cable charging on the calibration and post analysis of PEA raw data has not yet been 

fully explored in the literature. For example, Bodega [122] uses the assumption of an 

uncharged cable as the basis for the calibration data while Fu [27] employs the 

assumption that the cable is fully charged (the steady state equations developed and 

explored by McAllister et. al. [65] has the basis for their calibration). Often in the 

literature, for example in references [12, 13, 22, 80, 84], the authors do not state which 

assumption was used for the calibration of the PEA apparatus.  

Pressure wave generation and a propagation model are based on the current physical 

understanding concerning force developed by charges in dielectrics and the method of 

coupling the electrostatic force to the source of mechanical wave propagation as 

suggested by Holé [71]. The modelling of acoustic wave propagation of the 

longitudinal acoustic waves through the cable insulation and the PEA space charge 

measurement apparatus was achieved using finite difference methods in 1-D and 2-D to 

solve the appropriate time dependent differential equations. The modelling of the 

process of detection by conversion of the propagating acoustic waves to electrical 

signals using a piezoelectric sensor as achieved using a Pspice equivalent circuit model 

based on the existing work [108-114]. Finally the Pspice model for the piezoelectric 

sensor was modified to include the imperfection due to the impedance mismatch with 

the buffer amplifier.  

The simulation models developed here provide a novel means of applying space charge 

transport models for cable insulating materials to simulate the accumulation of charge 

and the corresponding raw PEA output signal that can then be compared to actual raw 

PEA data. In this way, the imperfections in the experimental technique/apparatus can 

be built into the analysis. In addition, the simulation models developed here can also be 

usefully employed as design tools to inform the design and optimisation of future PEA 

experimental apparatus.  
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8.3 Comparison with Experiments 

In general a good correspondence was found between the simulated and experimental 

data. In chapter 4, 1-D simulations and the 2-D with cylindrical base electrode 

simulations showed good correspondence with the raw output PEA data obtained 

experimentally using a cylindrical base electrode.  

Although good agreement was obtained for the electrode peaks the expected baseline 

signal due to bulk polarisation charge was not observed in the experimental data. This 

could be due either to an incorrect assumption in the physics of the dielectric and space 

charge force terms in the accepted theory for the PEA method or due to an unidentified 

shortcoming in the experimental PEA apparatus. Much effort was applied in order to 

account for the lack of bulk polarisation charge in the experimental PEA data but no 

reasons could be found to account for the differences in the PEA baseline and that 

expected from the simulations. This therefore remains an unresolved issue and it is 

recommended that this be the subject of further investigation.  

Good correspondence was found in the 2-D simulations and experiments using a flat 

PEA base electrode under different clamping force as described in Chapter 5 as well as 

in the 1-D simulations and experiments on the mini-cable which is believed to have a 

nonhomogeneous property in the insulation and thus results in a bulk charge signal as 

discussed in Section 7.3. 

 

8.4 High temperature mini-cable PEA system 

As described in Chapter 3, in order to verify the developed simulation models, a 

bespoke cylindrical space charge measurement system based on the PEA method (as 

reviewed in Section 2.6) was developed. Although the basic design methods for a PEA 

measurement system were used, the basic design was extended to enable a controlled 

mechanical pressure to be exerted by the cable clamp and interchangeable base 

electrodes to encompass the two different base plate geometries, curved and flat that 

have been used in the literature [12, 80, 123]. The PEA apparatus was also designed to 

withstand high environmental temperatures, up to 70 °C to enable isothermal 

measurements to be taken on cables over a range of temperatures. The PEA system was 

enclosed in a temperature controlled oven and enabled isothermal test conditions to be 
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set up from 25 °C to 70 °C to mimic the test conditions usually applied to full size 

manufactured cables. This enables controlled charging and discharging cable tests to be 

undertaken on the mini-cables to examine the charging and discharging dynamics. In 

order to operate at temperatures up to 70 °C an alternative piezoelectric sensor material 

(PVDF-TrFE) had to be identified as the traditional material (PVDF) used is not stable 

at these high temperatures [91, 92]. A buffer amplifier with high input resistance was 

found to be necessary to provide good electrical match to the low noise amplifier. The 

complete system allowed PEA raw data to be generated and processed either by direct 

comparison with the simulation predictions using the models described above or by the 

conventional approach of using signal processing techniques on the raw PEA data to 

reconstruct the space charge distributions.  

In Chapter 5, the developed simulation models as described in Chapter 4 have been 

used in conjunction with the developed hardware to compare the relative performance 

of PEA systems having flat or curved geometry base plates under the influence of 

differing clamping pressure. Also, the effect of resultant mechanical distortion of the 

cable insulation was demonstrated using mechanical deformation simulation in 

COMSOL and the PEA hardware. Comparison of PEA raw data obtained from a flat 

and cylindrical PEA base electrode systems have been investigated for the first time. 

The results of this comparison showed significant differences due to the way in which 

the acoustic waves are coupled from the cable to the base electrode. In the case of a flat 

base electrode PEA system, both experimentally and through simulations the signal 

peaks due to the electrode charges show distortion (overshoot) due to acoustic 

reflection at the base plate surfaces on either side of the contact area. The baseline 

signal between the electrodes peak signals show less contribution from the bound 

polarisation charge that is expected and observed in the 2-D simulations for the 

cylindrical base electrode case. Secondary changes dependent on the thermal history 

and the clamping pressure were also observed. The limited area of contact between the 

cylindrical cable and the flat base electrode depends on the clamping pressure and the 

degree of softness (which is temperature dependent) of the insulating material of the 

cable. The raw signal output is proportional to the area of contact of the cable with the 

flat base electrode. When carrying out temperature cycling measurements using a flat 

PEA base electrode it is recommended that a complete temperature cycle is first 

undertaken to allow for the initial high temperature deformation to be frozen in. This 
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would allow the most significant changes to be conditioned out before system 

calibration and electrical experiments and lead to a significant improvement in the 

reproducibility of experimental data obtained. 

 

8.5 Cable Charging 

In Chapter 6, the effect of cable charging due to non-linear field dependence of 

insulator conductivity, a process that has found to be identified empirically in previous 

research on polymeric insulation [26] was determined experimentally. The results were 

compared with simulations using the various empirical models for the field/temperature 

dependence on conductivity. Cable charging was found to occur due to a non-linear 

conductivity-field relationship of the insulator material and this leads to an 

accumulation of free charge in the bulk. The accumulation of charge leads to induced 

charges appearing on the electrode surfaces and hence changing the overall peak areas. 

This cable charging process was best followed by following the evolution of the ratio of 

the two electrode space charge peak areas. Good correspondence between model and 

experimental raw data was found. The time taken to achieve the steady state was found 

experimentally to depend on the actual cable insulation material used (i.e. changes 

between different cable types supplied) the applied voltage (field) and temperature. For 

a given cable type, the time required to reach steady state was found to follow that 

predicted from simulations based on two alternative non-linear empirical relationships 

of the conductivity with field and temperature as well as a model based on charge 

carrier hopping transport. However, it was not possible at this stage to identify the best-

fit relationship from the limited experimental data available. 

 

8.6 Application of technique to mini-cable insulation systems 

The application of the technique to practical cable systems in which the insulation 

material has an in-built radial dependence of polymeric morphology has been described 

in Chapter 7. Using the novel approach, it has been shown how local changes to the 

electrical conductivity in unipolar based conduction models can be used to interpret 

experimentally derived PEA data in terms of bulk charge formation in cables subject to 
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moderate cycled electrical stress levels similar to their service stress level ~10 kV/mm 

– 30 kV/mm and after polarity inversion at 30 kV/mm.  

In the case of non-homogeneous cable insulation, the difference could be visually 

observed on cross-section cuttings. The darker inner region would gradually disperse 

during the degassing process or when left in the laboratory. This suggests either a 

morphological contrast due to differences in crystallinity or more likely impurity 

concentration differences within the cable due to incomplete degassing of the cable. 

Space charge measurements on the D806D mini-cables were performed under three 

isothermal conditions of 30 °C, 50 °C and 70 °C. On each temperature, the voltage 

sequence of +10 kV, 0 kV, +20 kV, 0 kV, +30 kV, 0 kV, -30 kV and 0 kV was applied 

with a time interval of three hours for each voltage level. Experimental results shows 

that no obvious charge accumulation at 30 °C during the period of measurement. The 

bulk signal only becomes obvious at 50 °C with a bias voltage of +20 kV. At 70 °C, the 

bulk signal is observed immediately (within the 1 minute time interval of 

measurements) and formed even at the lowest voltage level of +10 kV. 

Using the simulation tools developed in Chapter 6, the formation of the bulk signal 

observed experimentally can be inferred as the consequence of a radius dependent 

enhancement on the conductivity (where the darker region has a significantly higher 

conductivity, consistent with a higher concentration of impurities in the inner dark 

region). By employing the unipolar charge transport model and the 1-D acoustic 

simulation model with considering the acoustic attenuation and dispersion, the 

simulated space charge profiles could match the experimental data. Not only matched at 

the steady-state condition for the PEA outputs, the matched transients were proved by 

comparing the time constants of the variations of peak area ratios between the 

experiments and the simulation. These results demonstrate the temperature and field 

dependence of the enhanced electrical conductivity within the insulation again 

consistent with an enhanced concentration of impurities.  
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9 CONCLUSIONS AND FUTURE WORK 

9.1 Conclusions  

9.1.1 Background to the Work 

The work contained in this thesis was intended to develop a toolbox of computer 

simulation software in order to provide a systematic and robust methodology for the 

interpretation of PEA (pulsed electroacoustic) space charge data. The work was to be 

supported and verified by the development of PEA hardware for the measurement of 

space charge accumulation in mini-cables. Mini-cables are small scale cables which are 

constructed employing the same manufacturing techniques and materials as in 

commercial scale cables and are useful for development of new cable designs in a 

traditional laboratory environment without the necessity of an expensive HV test 

laboratory. The software tools developed here are therefore intended for manufacturers 

of HV cables to upscale the results on mini-cables to the full scale of commercial HV 

cable systems in order to reduce development costs. 

The traditional approach is to generate PEA data (usually from mini-cables) and then 

process the raw PEA data to recover the distribution of space charge that had 

accumulated in the test insulator material at the time of measurement. This involves a 

number of signal processing steps to provide a calibrated space charge distribution. 

While these processing steps are relatively straightforward for plane-plane thin film 

geometry samples owing to the uniform applied electric field, in the case of cylindrical 

geometry systems like mini-cables, the traditional processing steps have to be modified 

to take into account the non-uniform applied electric field and the different geometrical 

aspects of the PEA apparatus on the generation of the acoustic pressure waves and their 

subsequent transmission to the PEA sensor. In the literature, these modified processing 

steps have additional assumptions regarding their use to recover the space charge 

distribution in cylindrical cable systems. Also, in the literature, the adaption of the 

signal processing techniques used for plane-plane sample geometry to cylindrical 

geometry samples has largely ignored the different experimental PEA hardware 

configurations used. For example, in the literature there are many different approaches 

taken when applying PEA techniques to space charge measurements in which the 

coupling of the acoustic waves from the cable sample to the PEA apparatus is 
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attempted in different ways. The two most common are the flat base plate PEA system 

where a ‘line’ the contact exists between the cylindrical outer surface of the cable and 

the flat PEA base electrode and the curved base electrode PEA system where the 

curvature of the base plate is machined to match the curved outer surface of the mini-

cable. In the literature, the two schemes are considered identical as far as the signal 

processing is concerned and the flat electrode system is often considered to be preferred 

owing to its convenience in the measurement of space charge in different diameter 

cables. 

9.1.2 Significant contributions to the research field. 

In this thesis the main overarching contribution to the research field was the 

development of the necessary software tools to encompass the complete experiment and 

measurement process of charge accumulation, signal generation and detection using the 

PEA technique and subsequent signal distortion caused by the signal amplification 

stage of charge in model cable systems. This is the first time that the complete 

simulation of PEA measurement process has been applied to cylindrical geometry 

systems and the simulation outputs show good agreement with experimentally derived 

PEA raw signal outputs from mini-cables. In this work it is proposed that the simulation 

tools offer an alternative methodology and approach for the robust interpretation of 

space charge measurements on mini-cables. In this alternative approach, a model for 

charge transport and space charge accumulation in cable insulation is coupled with a 

PEA simulation model for acoustic wave generation and propagation of the generated 

waves through the cable insulation and PEA apparatus and subsequent detection and 

amplification to produce simulated raw PEA signals. These simulated signals can then 

be directly compared with the experimentally derived raw PEA signals. This approach 

can be used in tandem with traditional methods of recovering the space charge profile 

from the raw PEA output data using signal processing or replacing them and allows for 

the effects of instrumental imperfections to be built into the simulation model. This 

work therefore builds on existing approaches in the literature by providing an 

alternative processing methodology that allows the assumptions used in the traditional 

approach to be tested and verified. 

In this work, three different unipolar charge transport models, previously identified in 

the literature, having field and temperature dependent electrical conductivity as 
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considered by [2, 24, 25, 65, 122] or where a non-uniform electrical conductivity is 

imposed [103] due to impurity diffusion at semicon electrodes were used as the basis 

for charge accumulation in the simulation technique. It is shown that the dynamics of 

the natural charging of the cable due to the non-linear field dependent conductivity can 

be best followed by monitoring the ratio of the peak areas of the electrode charges in 

the PEA raw output data.  This was confirmed by experiments that the charging 

dynamics cause the peak area ratio to change in time as charge accumulates in the bulk 

of the cable insulation. The change in the electrode peak areas is due to that induced by 

the bulk charge. The simulation approach proposed here can successfully reproduce the 

results of Bodega[122] (for the charging dynamics) and Boggs [103] (for the 

heterocharge/homocharge accumulation). Parallel experimental results on mini-cables 

also showed that the time span for the charge dynamics to settle to a steady state from 

an initial uncharged cable to a fully charged cable depended on the cable insulator 

material and the experimental conditions, temperature and applied electric field. Time 

constants of 14 to 300 minutes were found and are well within the range of a typical 

PEA experiment. This has significant impact on the ability to apply correctly a 

calibration procedure on the raw PEA output. Often in the literature it is assumed that 

no space charge accumulation occurs at fields less than 10 kV/mm or that steady state 

has been achieved at the time of calibration. However the results found here 

demonstrate that the assumption that the cable is space charge free at these fields 

cannot necessarily be relied upon, particularly using degassed samples at temperatures 

of 50 °C to 80 °C. In the literature the precise details of the PEA calibration are often 

neglected or simply not given. The work in the thesis builds on the work of Bodega and 

Boggs by building in the PEA system response into the analysis allowing simulation 

output to be directly compared to raw PEA data rather than by comparing the output of 

idealised charge transport and accumulation models to be compared with calibrated 

PEA output signals. The results here confirm the existence of the non-linear electric 

field – conductivity relationship in cable insulating materials such as cross-linked 

polyethylene and that charge build-up in the bulk of the insulator material (cable 

charging) is a real process and that it occurs at all applied fields and in particular at the 

service fields of commercial cables ~10 kV/mm. The results here also highlight the 

importance of taking into account the charging dynamics and stating the details of the 

PEA calibration procedure, for example no space charge or steady state charging when 

reporting results in the literature. 
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In this thesis the comparison of flat base electrode and curved electrode PEA systems 

have been compared by simulation and by experiment. This necessitated the 

development of 2-D simulation models for the generation, transmission and detection 

of the acoustic waves in a cylindrical PEA apparatus and the development of PEA 

hardware with interchangeable base electrodes (curved and flat). The simulation model 

was developed using FDTD method in MATLAB and was adapted by modification of 

the material boundaries to simulate either a flat or curved PEA base electrode hardware. 

This allows the two techniques to be compared using computer based simulation and in 

hardware for the first time. The acoustic wave generation by space charges in the cable 

system was calculated from the physics of forces on charges in dielectrics and includes 

contributions from space charge, non-uniform permittivity, electrostriction and the 

response due to bound polarisation charge that is induced in the bulk of the insulation 

material when a non-uniform electric field is applied. These additional force terms are 

often excluded from consideration in the literature. The model also allows the 

imperfections of the PEA technique to be built-in (i.e. acoustic mismatches between the 

various materials used in the cable design and PEA apparatus leading to acoustic 

reflections). In parallel with the cylindrical PEA simulation models, a hardware based 

PEA system was also developed that included controlled clamping force, 

interchangeable flat and curved base plates and temperature control in order to obtain 

reproducible results. The simulations and the hardware both showed that there were a 

number of significant differences between the flat and curved base plate PEA systems 

that need to be taken into consideration when applying the technique to practical mini-

cable systems. 

The main differences when applying the PEA technique using a flat or curved base 

electrode are: 

The curved base electrode is the preferable option as the mechanical distortion of the 

cable when working at high temperatures during temperature cycling experiments is 

minimised. When a flat electrode system was used, the cable suffers mechanical 

distortion at high temperatures that is then frozen in when the cable is returned to a low 

temperature. This causes the area of contact of the cable and the base plate to increase 

on the first elevated temperature cycle which then increases the signal amplitude of the 

raw PEA output. This distortion is due to the mechanical force acting on the cable using 

the cable clamp to ensure an acoustic contact between the cable and the base electrode 
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of the PEA system. As this mechanical distortion is unavoidable, it is recommended 

that when using a flat PEA base electrode to undertake a conditioning thermal cycle 

with no applied voltage to the cable to ensure that the initial distortion has occurred 

before applying electrical stress to the cable. This will minimise PEA response 

differences during subsequent cycles. 

While the flat base electrode PEA system is convenient for the measurement of space 

charge in cables of differing diameter, the flat base electrode PEA response includes an 

additional pulse overshoot due to acoustic reflections at the base plate – air interface on 

either side of the region of contact that does not appear when the curved electrode 

system is employed. In principle this overshoot can be corrected by applying adequate 

signal processing (deconvolution). However, the additional deconvolution can have the 

effect of increasing noise and ringing in the de-convolved signal.  

The effect of cable clamping pressure was also investigated. It was found that the PEA 

amplitude response was affected significantly for the case of the flat base electrode 

system where the raw PEA signal output increased with increasing clamping force. This 

is due to the increase in contact area with increasing clamping force. This leads to a 

change in the ratio of the electrode peak areas that could lead to miss-interpretation of 

the electrode charges and the calculated internal electric field within the cable from the 

processed raw data from the PEA system. As the cable insulation softens at high 

temperature, this effect will increase in significance. In the case of the curved base 

electrode PEA system, while the amplitudes of the PEA raw output data increased with 

cable clamp pressure, the relative amplitudes of the electrode peaks remained the same. 

The curved base electrode PEA system is therefore significantly less susceptible to 

changes in cable pressure and the resultant cable deformation.  

Taking the advantage of the 2-D and 1-D PEA simulation tools, the effect of possible 

non-concentric cable geometry and mismatches between the semicon layer and the 

insulation during the experimental temperature conditions on the raw PEA output have 

been analysed. It was found that the PEA technique was robust against lateral changes 

to the position of the central conductor and surrounding semicon layer. It was also 

found that acoustic reflections at the semicon – insulation interfaces could cause peaks 

in the PEA response that could be confused with accumulated charge in the bulk. 
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However the software tools developed can predict the positions of these reflected 

signals. 

The proposed analysis tools have also been used to interpret the accumulation of bulk 

charge within the mini-cable insulation. The observed build-up of space charge was 

found to be consistent with an inhomogeneous distribution of impurities leading to a 

radial dependence of electrical conductivity possibly due to incomplete degassing of the 

cable. 

 

9.2 Suggested further work 

9.2.1 Improvement on existing work  

Currently, there remains one important issue regarding the correspondence between the 

experimental and simulation results. This is the problem that the bound polarisation 

signal predicted in the simulations is not present in the experimental data. This may be 

a consequence of an unknown system response acting as a high pass filter as was 

demonstrated in section 4.8.1 or due to the assumptions made in the simulation 

procedure. For the 1D and 2D PEA acoustic simulation models, it was assumed that the 

insulation material was isotropic and the shear waves were not taken into account. 

Further work may be needed to verify these assumptions and to consider more closely 

the coupling of the acoustic waves through the mini-cable and PEA apparatus. 

In the PEA acoustic pulse propagation models, the insulation domains are assumed to 

be acoustically lossless and the effect of acoustic attenuation and dispersion is achieved 

by numerical processing on the sensor received signals. Simulation of the propagation 

of the acoustic waves in a lossy and dispersive medium may provide an alternative 

approach to the simulation at the expense of increasing complexity of the simulation 

algorithm. In addition, the current acoustic simulation models, especially the 2D model, 

demands large memory requirements of the computer. Improved modelling techniques 

may be developed to improve the efficiency of simulation.   
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9.2.2 Proposed experiments  

In this thesis, the space charge due to the field dependent conductivity in the polymeric 

insulation has been considered under isothermal conditions. However, the temperature 

gradient may have more significant influence on the conductivity divergence across the 

insulation thickness and consequently seriously alter the electrical field. To evaluate the 

space charge accumulation under temperature gradients, the current system needs to be 

modified to enable the Joule heating on the cable conductor and more accurate 

temperature control on the PEA cell. With the solid experimental data, the simulation 

models (unipolar charge transport model and the PEA acoustic models) will be further 

developed to employ the gradient temperature. 

In addition to the temperature, humidity may play an important role in the space charge 

behaviours [124, 125].  Therefore humidity is recommended to be specified for further 

work. And the effect of humidity on the space charge accumulation in polymeric cables 

is of interest.  

With the simulation tools introduced in this thesis, it is convenient to analyse the PEA 

signal measured on a multi-layer insulations. Further work may include the space 

charge measurement on cable joints. 

There is some concern about whether model cable samples can represent the behaviours 

of the full size cable as some phenomena may be voltage-dependent rather than field-

dependent. Therefore it is necessary to have a comparative study of space charge 

measurement on model cables of different scales as well as full size commercial cables.  
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APPENDIX A. MAGNITUDE REDUCTION OF OUTGOING 

CYLINDRICAL WAVE 

Using the Hankel function, the propagation of a 20 ns Gaussian wave generated at 

radius=1.5 mm of a lossless cylinder was simulated as shown in Figure A-1. The 

magnitude reduction of the outgoing cylindrical wave fits with the approximation of the 

Hankel function for the far field that follows the behaviour of 1/√r. As compared in 

Figure A-2, the areas of the Gaussian wave at different radius are consistent with that 

calculated by a reduction factor √ (r1.5mm/r).  

 

Figure A-1. Simulation of a 20 ns Gaussian wave propagating in a cylindrical homogeneous lossless 
media from radius a = 1.5 mm to 3 mm. 
 

  
Figure A-2. Area reduction of the cylindrical wave during the outward propagation compared with 

the reduction term of √( r1.5mm /r).   
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APPENDIX B. SIMULATION OF PULSE GENERATOR 

The pulse generator circuit is simulated using Pspice as shown in Figure B-1(a). The 

HV MOSFET switch is simulated by a voltage controlled switch circuit element 

‘Vtrige’. The TTL signal which triggers the switch is generated by a pulse voltage 

source. In reality, a one-meter coaxial cable is used for connecting the DC power 

supply to the input of the switch. A 100 mH inductance is assumed at this connection 

point. The RG 213/U coaxial cable is used as a delay line and deliveries the voltage 

pulse to the mini-cable. The π type 50 Ω attenuator provides an impedance matching 

load for the 50 Ω coaxial cable and also provides a small trigger signal for the 

oscilloscope which is simulated by a 50 Ω resistive load. The 1700 pF high voltage 

blocking capacitor, ‘HVcoupling’, is before the mini-cable. The high voltage injection 

point that provides the DC voltage to the cable is not shown in the simulation circuit as 

only the pulse response was of interest. 

The mini-cable used for this project has a length of 1 meter and is simulated by a 

distributed model of 10 segments, each of which represents a 0.1m sub-section of the 

mini-cable, as shown in Figure B-1(b). Each mini-cable segment was modelled as a 

series resistor, Rsemi, representing the outer semicon resistance, and Rcu, representing 

the inner conductor resistance and inductor, Lsemi, representing the outer semicon layer 

inductance and inductor Lcu, representing the central conductor inductance, and with 

shunt capacitance, CC, and conductance, G. The simulation parameters are listed in 

Table B-1. Among these parameters, the one most affecting the pulse quality is the 

capacitance Cc. With respect to the diameter of the mini-cable used in this work, the 

calculated capacitance per unit length is about:  

 

 � = 
2�����

ln (
�
�)

 ≈ 185 ��/� (B.1) 

 

where the relative permittivity of polymer insulation, r, is 2.3, a and b are the inner and 

outer radius of the insulation layer. In the simulation, a conservative value of 300 pF/m 

for 1m mini-cable was used. The position of the PEA cell was half way along the mini-
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cable which had a contact length of 30mm which was simulated simply using a 30 pF 

capacitor.   

 

(a) 

 

 

(b) 

Figure B-1. Pspice simulation models of the (a) pulse generator circuit and (b) mini-cable. 
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Table B-1. Parameters for the mini-cable modelling. 

Component Value Description 

R_semi 1800 Ω/dm Resistance of the outer semicon 

Lsemi 10 nH/dm Inductance of the outer semicon 

Cc 30 pF/dm Capacitance of the insulator (conservative) 

G 1e-11 s/dm Conductivity of the insulator 

Rcu 1.1 mΩ/dm Resistance of the conductor  

Lcu 5 nH/dm Inductance of the conductor 

 

The simulation result in Figure B-2 shows the voltage pulse across the space charge 

measurement region of the mini-cable with a 2 kV DC source and 1m coaxial delay 

line. The simulation result illustrates that oscillations are produced after the main 

voltage pulse as a result of the pulse reflections in the short coaxial cable. In reality, the 

voltage oscillation would be even greater if the input impedance of the attenuator was 

deviated from the ideal value of 50 Ω or the mini-cable had a larger capacitance than 

the value used in simulation or had an increased length. The voltage oscillations may 

disturb the space charge signal. This addresses the importance of using a sufficiently 

long delay line to guarantee clean pulses.  

 

 

Figure B-2. Simulated voltage pulse across the section of mini-cable that is under PEA 
measurement. In the simulation model, 1m coaxial cable delay line and 2 kV DC 
supplier were used. 
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APPENDIX C. THERMAL DISTRIBUTION OF MINI-CABLE 

The feasibility of locating the capacitor and cable terminals outside the oven is studied 

by the thermal distribution simulation using COMSOL MULTIPYSICS. 

The mini-cable is simplified by assuming the semicon layers have the same material 

properties as the cable insulation. The simulation domain of mini-cable is comprised of 

a r = 0.75 mm copper conductor and a surrounding 2.25 mm thick polyethylene layer to 

match the physical dimensions of a real mini-cable. Normally the mini-cable used in 

the project is about 1-1.2 m and the middle of the cable is under the PEA apparatus. In 

the simulation, it is necessary to include half of the cable, i.e. 50 cm, to study the 

temperature gradient along the length of the cable.  

A 15 cm section of the mini-cable is assumed to project outside the oven and the 

thickness of the oven door is ignored. The ambient temperature (outside the oven) is 

assumed to be 20 °C and oven temperature is 90 °C. This generates a worst case 

temperature gradient along the cable length. The temperature along the centre of the 

conductor is calculated in the simulation. 

Heat flux boundary conditions were applied to the outer surface of the cable. A wide 

range of convection heat transfer coefficients, Ht, for the section of mini-cable inside 

the oven was tested in the simulation. The simulation of the temperature profiles are 

shown in Figure C-1, while the heat transfer coefficient for mini-cable outside the oven 

was assumed to be 4 × Ht. The simulation indicates that the cable temperature can reach 

the isothermal condition for the PEA measurements when Ht above 10 W/(m2·K). 
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Figure C-1. Temperature distribution on the conductor with a variety of convection heat transfer 
coefficients Ht (W/(m2·K)) for the part of mini-cable inside the oven. The heat transfer 
coefficient for the part of mini-cable outside the oven is assumed to be 4 × Ht. 

 

In addition, considering the ambient condition for mini-cable outside the oven is not 

well controlled. The heart transfer coefficient may vary due to factors like convection 

cooling. Therefore a range of enhanced heart transfer coefficient, 1Ht, 10Ht, 100Ht, was 

applied to the 15cm cable section outside the oven. As the results shown in Figure C-2, 

the isothermal condition can be achieved in the worst situation.  

 

 

Figure C-2. Temperature distribution on the conductor when the convection heat transfer 
coefficient for the part of mini-cable outside the oven is 1, 10 and 100 times bigger 
than that Ht = 25W/(m2k)  inside the oven . 

  

Oven door 
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APPENDIX D.  MINIMUM WIDTH OF THE WAVEGUIDE 

(BOTTOM ELECTRODE) 

As a waveguide for the PEA acoustic signal, the width of the bottom electrode, 

Welectrode as shown in Figure D-1, has to be wide enough to ensure the reflected acoustic 

waves from two sides do not overlap the direct transmitted signals and therefore appear 

in the measured space charge profile. The minimum waveguide width, Welectrode, 

follows the relationship:  

��� +
����������

���
<

�×�(����������/�)
��(����������/�)

�

���
. 

where tSC is the time interval of the useful space charge profile, Telectrode is the thickness 

of the base electrode of the PEA cell, VAL is the acoustic velocity of the longitudinal 

pressure waves in aluminium. 

 

 

 

 

Figure D-1. Schematic diagram of the waveguide. Dashed line indicates the path of the acoustic 
wave that would reach the transducer after reflection at the side boundary.  

 

Assuming the duration of the space charge signal, tsc is 700 ns, the sound velocity in 

aluminium, VAL, is 6400 m/s, thickness of the waveguide, Telectrode is 25 mm, then 

according to the equation above, the minimum width of the base electrode is about 

16mm. A simulation of acoustic wave propagation based on the method described in 

section 4.7 with the above parameters has verified this calculation as shown in Figure 

D-2. A point acoustic source located at the position of the contact of the cable with the 

bottom electrode generates two Gaussian pulses at times t = 0 ns and t = 700 ns. P1 and 

P2 denote the first positive pulse and the second negative pulse. The first pulse reaches 

the two sides of the 16 mm wide bottom electrode after 1279 ns. Since the acoustic 

impedance of air is much smaller than that of aluminium, the acoustic waves reflect 

back into the bottom electrode with a cylindrical wavefront denoted as PR. At about 

3950 ns, P1 reached the piezo-senor. And after about 700 ns (at 4660 ns), the second 

Telectrode 

Source 

Transducer 

Welectrode 
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peak P2 arrives at the sensor. Almost at the same time, the reflected wave PR (from P1) 

also acted on the piezo-sensor. This simulation confirmed that the calculated minimum 

width of the bottom electrode (16 mm) is just sufficient to separate the reflected waves 

from the space charge profile (in the time window between P1 and P2). 

 

 

Figure D-2. Wave propagation inside an aluminium wave guide of 16 mm wide and 25 mm thick. 
The excitation sources are two Gaussian pulses P1 and P2 with a time delay of 700 ns. 
PR represents the reflected signals form the two sides of the wave guide. P1’ is the 
reflected signal of P1 at the bottom of the wave guide. (a) at time = 1279.86 ns, (b) at 
time = 3949.19 ns, (c) at time = 4649.23 ns. 
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APPENDIX E. FEASIBILITY OF USING PEA CURRENT 

SIGNAL 

If the RC time constant of the sensor – amplifier circuit is much shorter than the pulse 

width, then the recorded signal (the voltage across the input resistance) is actually 

proportional to the sensor current signal. Theoretically, the PEA voltage signal can be 

recovered by integrating the current signal as the response of the RC circuit is well 

known. However when considerable noise exists in the raw PEA current signal, there 

may be some practical difficulties in the numerical integration.  

Three methods are proposed here to restore the electrical mismatch: 

1. Apply the inverse transfer function of a RC high pass filter using the calculated 

capacitance of the piezo-electric sensor and the known input impedance of the 

amplifier.  

2. When the capacitance of the piezo-electric sensor is small enough, the RC 

network works as a differentiator on the piezoelectric signal. Therefore time 

integration of the measured current signal would then generate the original 

voltage signal. 

3. Deconvolution with an ideal Gaussian pulse. 

To examine the above three methods, a simple RC circuit as shown in Figure E-1 was 

simulated to produce an idealised high pass noisy PEA output signal. The 20 ns 

Gaussian Pulse, as shown in Figure E-2, was assumed as the generated voltage across 

the 100 pF piezo film. The voltage across the 50 Ω resistor represents the raw PEA 

output. In addition, 4 dB (S/N ratio) white Gaussian noise was added to the raw output 

signal.  

 

 

Figure E-1. Equivalent circuit of the piezo film – Amplifier system with a noise source. 
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Figure E-2. System response of a 100 pF piezo-sensor and 50 Ω resistor representing the low noise 
amplifier. The voltage across the piezo-sensor is the assumed to be an ideal Gaussian 
pulse. 4 dB (S/N) white Gaussian noises are added to the voltage cross the resistor 
which is regard as the raw PEA output. 

 

Applying the three numerical methods to restore the simulated noisy PEA output, the 

recovered signals are compared in Figure E-3. It is clear that the presence of noise 

results in serious baseline drift in all cases. Furthermore, the drift is random and hence 

hard to be removed. This is due to the fact that to recover the original pulse, it is 

necessary to integrate the raw data (as it is the differential of the original signal). In fact 

all three signal processing techniques are attempting to perform the same integral in 

different ways. Offset errors in the raw data accumulate when performing the time 

integral exaggerating the baseline drift. A low impedance (50 Ω) amplifier is therefore 

unsuitable for the application and a much higher input impedance buffer amplifier will 

be necessary to avoid performing the numerical integration on the raw data. 

 

 

Figure E-3. Signal processing for solving the impedance mismatch between a 100 pF Piezo-sensor 
and a 50 Ω LNA. Three methods were utilised: applying the inverse transfer function 
of a RC high pass filter (blue line); integration (red line); and deconvolution with an 
ideal Gaussian pulse (black line). 

output 
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APPENDIX F. BUFFER CIRCUIT AND SIMULATION 

The greater input impedance of the buffer contributes to recording lower frequency 

components of the sensor piezo-voltage signal, but with the penalty of higher noise 

level. Consequently, two buffer amplifiers with 3.2 kΩ and 75 kΩ input impedances 

were designed to assess their relative performance.  

The PSpice simulation circuits of the two buffers are shown in Figure F-1.The electrical 

equivalent of a PVDF-TrFE film is represented by a voltage generator (Vs) in series 

with a capacitance (C_sensor) which is in parallel with a high resistance resistor. This 

resistor is required by the pSpice simulator but the resistance is made sufficiently high 

not to affect the simulation outputs. The voltage across the piezoelectric film is 

proportional to the mechanical pressure applied on it. Since voltage pulses generated by 

the pulse generator for the PEA system are of 20 ns duration, the minimum width of 

pressure waves acting on the sensor film would not below 20 ns. The amplifier is 

biased for a common emitter configuration and the input impedance of the buffer is 

determined by the bias resistors R1, R2, and the output resistance as seen at the base of 

the transistor. For the 3.2 kΩ and 75 kΩ buffers, two 6.4 kΩ and 150 kΩ bias resistors 

are used respectively. A low noise NPN transistor, BC550C, which has a current gain, 

= 270 for the 3.2 kΩ buffer circuit was utilised. Nevertheless for the higher 

impedance 75 kΩ buffer, two PRF949 transistors of high transition frequency and = 

150 were connected in the Darlington configuration. The capacitance of the PVDF-

TrFE film was assumed to be 170 pF as calculated previously. Cinput and Ccouple are 

coupling capacitors for removing the DC offsets from the input and output terminals. 

Vcc is the DC supply for the buffer, which is normally 10 V – 15 V.   
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Figure F-1. Pspice simulation circuit of the 75 kΩ buffer amplifier (top). For 3.2 kΩ buffer (lower 
circuit), the Darlington transistors were replaced by a BC550C transistor.  

 

The simulated frequency response, using PSpice for the two different input impedance 

buffer amplifiers are shown in Figure F-2. As expected, the 75 kΩ buffer has a lower 3 

dB cut-off of less than 100 kHz while the 3.2 kΩ buffer has a 3 dB cut-off frequency of 

500 kHz. Both buffers are able to maintain a flat response to 50 MHz, the maximum 

frequency assuming 20 ns voltage pulses.  
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Figure F-2. Frequency responses of buffers with 3.2 kΩ and 75 kΩ input impedance. 

 

Simulations in the time domain were also carried out. An assumed idealised signal 

consists of two Gaussian pulses, 20 ns for the first pulse and 40 ns for the second pulse 

after a time delay of 700 ns to mimic the raw output response of the PEA. A linear 

offset was added to represent the lowest frequency in the PEA response. The simulation 

results of both buffer circuits are shown in Figure F-3 and compared to the idealised 

signal. The output of 3.2 kΩ buffer maintains the shape of two pulse signals with small 

overshoots while the low frequency linear signal is significantly attenuated. On the 

contrary, the 75 kΩ buffer almost retains the input signal with only small attenuation at 

the lowest frequency. 

 

Figure F-3. Time domain simulation for the 3.2 kΩ and 75 kΩ input impedance buffers. The blue 
line is the artificial piezoelectric voltage signal. 


