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Abstract 

Polymeric insulating materials are being re-evaluated in the context of the re-

emergence of HVDC and its advantages in bulk power transfer over long distances. 

This has been met with new sets of requirement such as; the use of polymeric 

insulation, compaction of HV equipment (e.g. HV cables), and innovations in 

converter technology. This equipment requires high power rating and hence will be 

exposed to high electric stresses. One of the properties of polymeric DC insulation is 

its ability to retain injected charges at high DC fields leading to local field 

modification and subsequent breakdown of the insulation through electrical treeing. 

Electrical treeing is one of the important failure mechanisms of solid polymeric 

insulations resulting from high voltage stresses and a precursor to failure of electrical 

equipment. Hence, the performance and reliability of polymeric insulation designs 

will be affected by electrical treeing. Literature shows that electrical trees initiate 

easily with switching voltages such as impulses, voltage surges and reversal of power 

flow direction. Innovations in converter technology employs fast switching devices 

such as insulated gated bipolar transistors (IGBTs) which generates substantial 

amount of harmonics and may also impact insulation systems reliability.  

This research investigates the reliability of epoxy resin (LH/HY 5052) for suitability 

in HVDC applications due to its excellent properties as jointing compound in 

medium and high voltage cables systems.  The development of test facilities for short 

term breakdown strength, space charge measurement and electrical treeing 

experiment have allowed short term breakdown strength on homogeneous layers of 

thin epoxy-epoxy samples and long term breakdown through electrical treeing under 

DC, AC and AC superimposed on DC to be investigated so that an understanding of 

the link between space charge, material strength and life times can be clarified. 

The results on short term breakdown showed the layered samples have 6% reduction 

in strength compared to un-layered samples. For long term treeing test, 100% of the 

samples stressed with negative DC did not fail while 67% of the sample stressed with 

positive DC failed with average lifetime of 250 minutes. Samples stressed under AC 

showed forward and reverse directions of tree growth with average lifetime of 143 

minutes from 70% failed samples. For AC superimposed on ±DC all samples failed 
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with average lifetimes of 54 and 78 minutes for positive and negative bias tests, 

respectively. 

It is concluded that, the differences in lifetime obtained under positive and negative 

pure DC tests and that of the positive and negative DC bias tests are associated with 

space charge causing field relief under negative DC and negative bias tests. The huge 

reduction in lifetimes under AC superimposed on DC as ripples tests highlights the 

potential threat of power quality issues on the reliability of DC systems. Electrical 

tree growth from the ground planer electrode (reverse tree) observed under AC test 

was associated with relatively low voltage under AC test compared with the other 

tests see Table 8-1 for test voltages employed. 
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1. Introduction 

 Top and Tail 1.1

“Transformation of the Top and Tail of Energy Networks” more commonly known 

as “Top and Tail” was a collaborative project consisting of 8 Universities including 

the University of Manchester and funded by The Engineering and Physical Sciences 

Research Council (EPSRC) UK [1]. The overall aim of “Top and Tail” is to develop 

the technologies to transform physical infrastructure in energy networks, required to 

move the UK to a low carbon economy, and achieve the Government’s target in CO2 

emission to 80% of the 1990’s level by 2050. The two areas in the existing energy 

networks that require radical change have been identified as: 

1. The “Top of the network” where the highest transmission voltages occur. A 

radical innovation in converter technology and the need to increase cable 

capacity is urgently needed in order to take advantage of diversity in 

renewable sources to enable power exchange between UK, Europe and 

elsewhere and also to meet the demands in diversity of loads. 

2. The “Tail of the network”, where the low voltage distribution assets exists, 

including behind-the-meter wiring into consumer premises. There is a need 

to re-engineer the existing assets in response to energy consumption 

behaviour without digging up buried cables and pipes in the ground. 

This study is at the top of the “Top and Tail” project and is part of the work package 

1.3, which envisages HVDC cable transmission links of the order of 20 GW. In 

response to this, work package 1.3.1 is looking into the possibilities of developing 

HVDC cable and converter technology of ratings up to 1 MV/5 kA, and this study is 

focused on polymeric insulating material for HVDC use. 

 Overview of HVDV transmission      1.2

The re-emergence of high voltage direct current (HVDC) can be traced back to 1954 

when the first commercial submarine cable, (100 km/20MW±100 kV) using mercury 

arc converter stations was installed between the Swedish mainland and island of 

Gotland [2].  

Even though HVDC technology has been in existence since 1882 [3], the progress in 

HVDC technology has been slow due to cost of converter stations and technological 
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barriers such as low power rating of converters and inability to efficiently reduce 

voltage levels using DC-to-DC converters [2]. On the other hand, the ability to use 

transformers to efficiently step voltages up and down with minimal losses, has 

resulted in the worldwide embrace of AC power transmission systems [4].  Thus, to 

date, most of the power system grid all around the world is interconnected with AC 

systems, and DC is only employed where the use of AC system is not feasible such 

as water crossings, bulk power transfer over long distances and connection of 

unsynchronised AC systems [2]. 

Recent advances in converter technology and competition in the market place have 

resulted in increased power rating of converters with decreased cost of installation. 

The low cost/high power rating in converter technology, together with government 

policies to reduce CO2 emission by encouraging green and clean energy generation 

and transmission lead to increase in HVDC projects installation around the world. 

These are mostly point to point connection. In the UK for example, apart from the 

existing HVDC links: BritNed 1000MW/260km, Moyle Interconnector 

2x250MW/64km  and England-France Interconnector (IFA) 2000MW/73km,  

several transmission reinforcement strategies have been proposed, with some under 

construction in an anticipation to meet the government target of 15% of energy 

demand coming from renewable sources by 2020 [5].  Most of these interconnectors 

are either underground cable or subsea cables. An example of a reinforcement 

projects is the western link project between Scotland and Wales with power rating of 

2200MW/422 km long scheduled for 2016 completion. Several others documented in 

[5]. 

 Current trends in HVDC transmission cables 1.3

HVDC transmission is the economical and technically viable means of bulk power 

transfer over long distances compared to HVAC where the distance of transmission 

is limited by the coaxial capacitance in cables [2]. HVDC transmission can be 

accomplished by using overhead lines and underground cables (mainland 

transmission) or submarine cables for sea crossing. Usually, at the transmission 

voltages, overhead lines are employed due to their lower cost compared to 

underground cables which are mostly used in the distribution network. Even though 

HVDC overhead lines require narrower transmission corridors compared to HVAC, 

in general acquiring permit for overhead lines is difficult as compared to 
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underground cables especially in crowded cities due to their visual and 

environmental impact.   

Traditionally paper insulation impregnated with oil has been employed for HVDC 

cable insulation, and they prove to be very reliable with good service records. 

However, manufacturing processes and maintenance of these cable types are 

expensive compared to extruded cables. As such, extruded cables are now considered 

as a potential alternative for HVDC due to their excellent physical, thermal and 

electrical properties. Extruded cables have been used successfully for HVAC 

transmission up to 500 kV [6]. However, under DC transmission, there are some 

drawbacks which are due to space charge accumulation in polymeric dielectrics [7]. 

 Limitation of Extruded HVDC cable 1.4

1.4.1 Effect of space charge 

A significant issue with the use of polymeric insulating material for HVDC 

application is its ability to trap electrical charges at structural discontinuities [8-9]. 

These trapped charges (space charge) are the net localised charges present in the bulk 

of an insulating material which may be coming from electrode injection or from 

dissociation of ionic impurities in the bulk of the insulating material [10]. These 

space charges whether trapped or mobile can cause local field enhancement, and on 

energised loaded cables leads to field inversion and accelerated ageing resulting in 

failure [8, 10-11].  

Unlike under AC where the frequency of the applied voltage is too quick (40 ms 

every half-cycle of the applied waveform) to allow enough time for space charge to 

accumulate in the insulation, as shown by Takada in [12], for measurement of space 

charge at frequency range of 0.0002 Hz to 50 Hz. Under DC stress, space charge will 

slowly build up locally due to the constant direction of electric field and may 

increase throughout the polymeric insulation lifetime [8,10].  Electric field 

distribution in DC insulation is non-uniform and depends on the conductivity 

(resistivity) and temperature due to space charge build-up [10-11].  This situation is 

very serious on polarity reversals due to field inversion causing higher field at the 

vicinity of the conductor than the outer screen as shown in [11]. The issues with 

space charge has brought into question of using the recommended DC voltages [13], 
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on routine diagnostic test on AC power cables due to pre-mature failures experienced 

by utilities on 5 kV to 35 kV extruded power cables which is believed to be caused 

by space charge accumulation [12].Thus an alternative on-site test technique using 

very low frequency (VLF) 0.1 Hz which require further clarification on frequency 

dependency on space charge has been adopted [12-14]. It is evident from above that 

space charge is a big issue with regard to the use of polymeric insulation for HVDC 

application. It is reported in [9] that an ideal dielectric insulation for HVDC cable 

should possess the following properties: 

 High DC breakdown strength, particularly under superimposed impulse 

conditions. 

 Stable insulation resistance that does not change in the presence of an electric 

field or thermal gradient. 

 Low space charge retention properties. 

 Low thermal resistance. 

However, no single material has been identified so far to possess all these properties 

[9]. It is summarised in [8] that the success of mass impregnated paper insulation 

under applied DC field compared to polymeric insulation is that, the accumulated 

charge in polymeric insulating material takes much longer time to dissipate than in 

mass impregnated paper insulation on removal of the applied field. This is the main 

limitation of the use of polymeric insulating cables for HVDC transmission 

compared to HVAC transmission as discussed above. 

1.4.2 Converter technology and power quality 

Another drawback of the use of polymeric insulation for HVDC application is the 

converter technology barrier at higher voltages. Converters are required at the 

sending (rectification) and the receiving (inversion) ends of DC link as shown in 

Figure 1-1.  
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Figure 1-1: Typical HVDC system [2]. 

The proven technology for converter stations is the traditional line commutated 

converters (LCC) which have so far been used up to ± 800 kV on mass impregnated 

paper insulated cables [15]. To reverse power flow direction using LCC converter, 

the polarity of the voltage needs to be reversed. This is one of the main operations of 

DC transmission and this will present a threat to cable insulation if not well managed 

due to space charge injection, especially where polymeric insulation is employed. An 

example of this threat was experienced in the early 1970’s in Japan when a project 

which was intended to use cross-linked polyethylene (XLPE) cable for DC 

transmission between Hokkaido and Honshu was abandoned due to the effect of 

space charge during pre-installation tests [7]. This project was later completed by 

using the traditional oil-filled cable in 1978. 

Recent voltage source converter (VSC) technology eliminates the need to reverse 

voltage polarity to achieve reversed power flow direction. However, VSC 

technology, which employs insulated gated bipolar transistor (IGBT) devices, has a 

lower voltage rating compared to LCC which uses thyristors. The world’s first 

extruded cable HVDC link was installed in 1999 on the island of Gotland and has 

voltage rating of ± 100 kV, 50 MW [16]. Since then, a lot of progress in voltage VSC 

technology has been made and voltage rating is now available up to ± 500 kV. The 

highest rating of a VSC HVDC link installed so far is the 500 kV/715MW for the 

Skagerrak 4 project between Norway and Denmark awarded to ABB in 2011 [15]. 

These advances in voltage ratings of converter stations, together with a breakthrough 

in HVDC circuit breakers capable of interrupting short circuit current up to 16 kA 

within 5 milliseconds [17], has eliminated most of the barriers of HVDC 

transmission and resulted in increased installation of HVDC projects around the 
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world. Thus the use of polymeric insulation for cables at higher voltages requires 

more investigation. 

Converters produce substantial amount of harmonics from the fast switching 

operation of the semiconductor devices employed in both LCC and VSC. It is known 

that harmonics cause voltage distortions which impact power quality with 

consequential effect on cable insulation. Thus costly filters are installed on both the 

AC and DC sides of the converter to reduce voltage distortion and other interference 

(such as from telephony) [2] [18] as shown in Figure 1-1. Power quality will 

influence insulation ageing and the key question is “how do we know the role the 

various disturbances play in ageing and failure processes of this insulation?” [19]. 

Electrical insulation is one of the extensively researched areas of HV electrical 

equipment because it is one of the vulnerable parts of the overall system. As a result, 

insulation design is usually based on wide margin of safety a situation dubbed as “the 

factor of ignorance” by Miner [20]. The move toward HVDC transmission and the 

quest for more compact and reliable equipment means electrical insulation is going 

to be exposed to higher electrical fields than before [21].  

Electrical treeing is one of the important mechanism that cause failure of insulation 

of high voltage electrical equipment such as cables, electrical machines, switchgear 

and transformers bushings and is a major concern to the electrical generation, 

transmission and distribution industries [22-23]. Treeing is the name given to the type 

of long term progressive damage through a dielectric insulation section under 

electrical stress, so that, if visible, its path looks something like a tree [24]. Generally 

treeing is more associated with AC or impulse voltages [24], but it is reported to 

have been observed under high DC voltage stress under wet experimental condition 

in [24].  

This means more research is needed to better understand and improve insulation 

design for more compact and reliable HVDC links. 

This study looks at how various high electrical stresses (AC, DC and composite AC 

and DC) affect ageing of polymeric insulation in relation to electrical tree growth 

resistance, electric breakdown strength, and vulnerability to charge injection at 

interfaces. 
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 Research aim and objectives 1.5

The main aim of this research is to develop understanding of the potential issues of 

using solid Polymeric insulating material for HVDC application, and in particular, 

the response of the material to high DC electric stress. The specific objectives are to 

investigate: 

 The electric strength of thin homogeneous layers of polymeric (epoxy resin) 

insulating material. 

 The vulnerability of polymeric insulating material to charge accumulation at 

layer interfaces under DC field. 

 The nature of electrical tree growth and their contribution to failure in solid 

polymer samples exposed to AC and DC fields. 

  The use of combined AC and DC fields to investigate how a superimposed 

AC component (noise) on DC impacts electrical tree growth. 

The outcome of this research will report on the electric performance of the studied 

polymer samples, under various electric stress conditions which is hoped will 

ultimately lead to increased knowledge of reliability and design of solid polymeric 

insulation for HVDC application. 

 Overview of methodology 1.6

Epoxy resin was used in this research due to its range of properties which makes it 

suitable for use as an insulating material in HV electrical equipment. Its transparency 

and ease of moulding into different shapes makes it one of the materials normally 

used for experimental work where imaging and sample fabrication is required.  

Sample preparation: Reproducibility of experiments will always depend on how 

well the samples under test were fabricated. In this study, a lot of effort has been 

made to standardise the sample fabrication procedure as much as possible. The 

procedure for sample fabrication for this study is reported in chapter 3. Two sample 

types were fabricated using epoxy resin. For short-term breakdown and space charge 

measurement, thin films of epoxy up to about 250 μm were fabricated, while for 

electrical tree growth investigation, the traditional point-to-plane sample 

configuration was used.  

Electric strength: A test cell was designed and developed to investigate short-term 

breakdown tests on fabricated thin/layered samples.  Test was performed under 
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AC/50 Hz and DC (positive and negative polarity) to compare the performance of 

single-layer and layered thin samples. Chapter 4 reports the development of the 

experimental set up and outcome of test results. 

Space charge measurement: It is often the case that interfaces are locations for 

charge accumulation leading to local field enhancement and material degradation. 

The pulsed electro-acoustic method of charge measurement has been developed to 

investigate charge dynamics in thin layered samples and is reported in chapter 5. 

Electrical treeing:  A new system has been developed capable of simultaneously 

monitoring electrical tree growth through image capture and partial discharge 

measurement. Electrical trees were grown by applying either AC voltage at 50 Hz, 

DC, or AC superimposed on either positive or negative DC voltages. The 

development of the experiment is reported in Chapter 6.  

 Main contributions 1.7

This research project yielded the following achievements: 

 Three experimental systems were successfully designed, built and operated 

which facilitate means of dielectric material ageing, monitoring and lifetimes 

investigations under AC, DC and composite waveforms 

 Successful and well control method sample preparation was developed 

resulting in consistency of obtained experimental results. 

 Electrical tree was successfully grown under DC with repeatable results. 

 Capturing of electrical tree growth from counter electrode (reverse tree) 

repeatedly has resulted in the 5 stage model of tree growth proposed in this 

study.   

 Outline of the thesis 1.8

This thesis consists of ten chapters: 

 Chapter 1: Introduces the overall Top and Tail project, its aim and objectives 

and where this study fits.  

 Chapter 2: Presents background knowledge on polymeric insulating 

materials. Literature reviews on ageing mechanism and breakdown processes 

of solid polymer insulation is presented. 
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 Chapter 3: The procedure developed for consistent sample preparation is 

reported for both planar and point to plane samples 

 Chapter 4: Reports on the development of a system and measurement 

procedure for short-term breakdown tests on thin layered and un-layered 

epoxy resin samples of about ~200 μm. 

 Chapter 5: The system developed for measurement of space charge on planer 

samples using the pulsed-electro acoustic technique together with 

measurement results is presented. 

 Chapter 6: Development of a system for long-term breakdown tests which 

incorporates simultaneous imaging and partial discharge measurement is 

reported. 

 Chapter 7: This chapter presents preliminary tests on treeing degradation and 

partial discharge measurements before a protocol for further testing is 

outlined. 

 Chapter 8: This chapter presents a protocol adopted for treeing tests under 

various voltage regimes. 

 Chapter 9: Results on the treeing tests and partial discharge measurement is 

presented in this chapter. 

 Chapter 10: Discussions on the test results is presented, from which 

conclusions from this study was drawn and areas identified for future work 

proposed. 

  



  

   34 

 

  



  

   35 

 

2. Background knowledge 

 Introduction 2.1

In this chapter, background knowledge of polymeric insulating materials and their 

electrical properties are discussed. References are made to polymeric insulating 

materials in general such as polyethylene (PE), cross-linked polyethylene (XLPE) 

and epoxy resins as they are the polymeric insulating materials most frequently used 

in HV equipment. Epoxy resin is the material used in this study, and where necessary 

it will have more emphasis.  

 Polymeric insulating materials 2.2

Increased use of polymeric insulations for insulating high voltage equipment is a 

testimony to their excellent physical, chemical and electrical properties [25-26]. 

These materials have been used in applications such as power cables, transformers 

and rotating machines as a result of these excellent properties. However, their 

complex nature also presents new sets of challenges with regard to charge injection, 

trapping/transport and storage especially at high voltages where contact with other 

materials is inevitable. Thus understanding their properties is essential to the 

performance and reliability of HV equipment in which they are employed. 

2.2.1 Polyethylene 

Polyethylene is one of the most studied polymeric insulating materials. It consists of 

long-chain of macromolecules with a repeating base unit called ethylene (C2H4) from 

which polyethylene (C2H4)n, is derived, where n is the degree of polymerisation [8] 

[27]. Branching of the main polymer backbone (linkage along the length of the 

polymer) influences physical properties, because it reduces the potential for regular 

molecular packing leading to smaller crystalline regions and more amorphous 

regions which in turn lowers the material density [8]. This can present trapping sites 

for charges injected at high fields, leading to ageing processes [8]. For example, 

different types of polymer with varying degrees of densities can be produced by 

controlling the branching of the back bone of polyethylene resulting in materials 

such as; linear low density polyethylene (LLDPE), low density polyethylene, 

(LDPE) and high density polyethylene (HDPE). HDPE exhibits higher mechanical 
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strength than its corresponding counterparts (LLDPE and LDPE). Also the physical 

and chemical properties of polyethylene can be modified by a process called cross-

linking which result in a thermosetting material called crosslinked polyethylene 

(XLPE) with superior electrical properties [8]. 

2.2.2 Epoxy resin 

Epoxy resins are a group of thermosetting polymers in which two components (the 

resins and the hardener) are mixed to form an end product with superior electrical 

properties for high-voltage electrical insulation [28]. Curing or hardening of an 

epoxy resin is the process by which a curing agent or hardener is mixed with the 

resin to convert the compounds into a thermoset form. The action of the curing 

agents is to open and join into the epoxide rings to form a strong covalent bond, and 

it is in this form that the resins are mostly used [26, 28]. Epoxy resins have a time 

after mixing within which it must be applied to the job concerned called the “pot 

life”. The pot life is the time taken from the initial mixing of the resin and the 

hardener to the point when the viscosity of the material is so high that if not applied 

to the intended job it render the mixture useless [26].  

2.2.3 Properties of epoxy 

Epoxy resins can be cured both at room temperature and at higher temperatures when 

required. Cured epoxies are mechanically strong and, usually among the polymeric 

insulating materials, are able to withstand long-term exposure to temperatures of the 

orders 210-260 C [26]. For example only 1.08% weight loss was observed when 

cast epoxy system was kept at 210 C for 500 h and a 9.20% weight loss after 200 h 

at 260 C [26]. Table 2-1 shows the maximum operating temperatures of some 

polymers.  
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Table 2-1: Maximum operating temperatures for some polymers [26]. 

 

This property makes epoxy resins find use in many electrical applications such as 

rotating machines, distribution switchgear, transformers, cable jointing, printed 

circuit boards, bushings, encapsulation of electronic devices as well as 

indoor/outdoor insulators.  

To improve their properties further and reduce cost, most epoxy insulation systems 

are filled with micro-particulate inorganic materials. Most commonly used is silicon 

oxide (silica), which prevents chemical reaction on the material surfaces. Aluminium 

trihydrate is also used as flame retardant and anti-tracking filler because it degrades 

endothermically at elevated temperatures. Inorganic fillers are also used to improve 

thermal, mechanical and electrical properties. Aluminium oxide (alumina) for 

example is used to improve thermal conductivity of epoxy resin components [29]. 

Some of the properties which recommend epoxy resins for use in HV electrical 

applications are [26]: 

 The ability to cure with negligible shrinkage and absence of volatiles. 

 High mechanical strength, which is retained at elevated temperatures. 

 High dielectric strength, volume and surface resistivity. 

 High resistance to chemical and atmospheric attack and to absorption of 

water. 

 High heat resistance and dimensional stability. 

 Good adhesion to metals, glass, porcelain, rubber and other materials. 

Plastic Temperature [°C]

 Phenolic moulding materials 150-250

 Epoxy casting 50-260

 PTFE 260

 Polypropylene 120

 Polycarbonate 120

 Rigid PVC 90-100

 Nylon 66 90

 Polysterene 65-85

 Polyurethane 88
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2.2.4 Amorphous and crystalline polymers 

Most polymers are amorphous above their melting temperature, where irregular 

packing of molecular chains is observed, and crystalline below their glass transition 

temperature where orderly packing of the molecular chains is observed. Polymers 

may contain both amorphous and crystalline regions for example PE and PP. The 

amorphous (low density) and crystalline (high density) regions can act as traps for 

electrons and holes leading to increase in local space charge concentration which 

may influence the electrical properties of the polymer [8]. Figure 2-1 (A) and (B) 

schematically shows crystalline and amorphous regions in polyethylene [27]. 

 

Figure 2-1: Schematic of: (A) crystalline and (B) amorphous regions in polyethylene [27] 

2.2.5 Glass transition temperature 

A glass transition temperature (Tg) is a temperature above which polymers are 

rubbery and below which they exhibit a glassy state as shown in Figure 2-2. A semi-

crystalline polymer will have a sudden change in specific volume when it is cooled 

from its liquid state through the melting temperature, which is an indication of closer 

regular packing of molecules into crystalline structures. For amorphous polymers, 

the change in specific volume is gradual and there is no observable melting 

temperature until the glass transition temperature is reached. Also in the region 

between the glass transition temperature and melting temperature, both amorphous 

and semi-crystalline polymers are mechanically rubbery. They exhibit continuous 
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decrease in specific volume at a slower rate below the glass transition temperature 

[8]. 

 

Figure 2-2: A schematic diagram showing the variation of specific volume with temperature 

for an amorphous and a semi-crystalline polymer [8] 

 Response of a polymer dielectric to an electric field 2.3

The response of a dielectric to an applied electric field is defined as their electrical 

properties [30-31]. Ku and Leipins [30], summarised these responses into two main 

parts: firstly as dielectric properties and secondly as bulk conductive properties. They 

listed four fundamental parameters characterising both the dielectric and bulk 

conductive properties as: 

 Dielectric constant; representing polarisation or movement of bound charges.  

 Tangent of dielectric loss angle; representing relaxation phenomena or energy 

conversion/loss. 

 Dielectric strength; representing breakdown phenomena  

 Conductivity; representing electrical conduction (movement of non-localised 

charges). 

These fundamental properties form the basis of understanding the extent to which 

dielectrics respond to an applied electric field. Dielectrics are employed in various 

electrical and electronic applications where they perform different functions. 

Examples are electrical energy storage as in capacitors, or insulating electrical parts 

as in cables.  
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A simple parallel plate capacitor as shown in Figure 2-3 is considered. At low fields 

when a voltage is applied across its plates, charge build up is realised on the plates in 

response to the applied field due to various types of polarisation (electronic, atomic 

and molecular) of the bound charges which depend on whether the material between 

the plates is polar or non-polar.  

 

Figure 2-3: A simple parallel plate capacitor with dielectric between its plates. 

Two important equations representing polarisation shown as equations (2.1) and 

(2.2) can be derived (see [30-31] for more details) as: 

)1(   EP o      (2.1) 

LEnP      (2.2) 

Where:   

P; is the various polarisations in the material (electronic, atomic or molecular). 

E; is the applied electric field.  

ɛoɛ; is the absolute permittivity and ɛ is the dielectric constant. 

EL; is the local electric field including from the various polarisations. 

α; is the polarizability defined as the average molecular polarised dipole moment 

produced under action of an electric field and  

n; is the number  of contributing elementary entities per unit volume of the 

dielectrics. 
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Equations (2.1) and (2.2) give two alternative expressions for polarisation and 

together they permit polarisability (α) and dielectric constant (ԑ) to be related. The 

dielectric constant ɛ is a macroscopic quantity, whereas polarisability α is a 

microscopic quantity, which is related to the molecular structure of the dielectrics. 

Thus the field acting on individual polarisable entity such as atom or molecule in the 

material, results in the local field (EL) modification and it differs from point to point 

as the dielectric material is not homogeneous. It is the response of the atoms and 

molecules in the dielectric material to the applied field which serve an important 

concept of linking observable bulk behaviour to microscopic material properties [30] 

[31].  

 Charge injection and transport 2.4

Charge injection and transport depends on the nature of material interfaces such as 

electrode-insulator or insulator-insulator contacts. Lewis (1989), reviewed the nature 

of these interfaces and of charge transfer between them in [32], while Ditchi et al 

(1989) study the influence of the composition of insulating resins and that of the 

electrodes at the interfaces using pressure wave propagation [33]. Ditchi et-al [33] 

observed that according to the chosen combinations of the resins and the electrodes, 

either charge transfer can occur at the interfaces, or transfer of ionisable impurities 

from the polymer can occur. They concluded that impurities contained in the 

insulating resin or diffusing from the electrodes into the insulator may be the origin 

of space charge build-up, or dipole orientation [33].  

The two possible processes involving electron or hole injection from the electrode 

into the insulation at high fields are examined in details in [8, 31-32, 34] and are 

briefly described below as: 

 Schottky injection; where electron/holes possess enough thermal energy to 

overcome the energy barrier and hop from one site to another. The ability to 

hop depends on the shape and site separation (barrier width) as well as the 

work function of the electrode-insulator interface. 

 The Fowler-Nordheim effect; where electron/holes are able to tunnel through 

the barrier at high fields instead of hopping over due to reduction of the site 

separation (barrier width) by the applied field. 
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In general, it is felt that these processes are more likely at the p-n junctions in 

semiconductor devices than at real interfaces in the dielectric situation. Figure 2-4 

shows the diagram of electron-transfer between adjacent sites separated by a 

potential barrier describing the charge transfer mechanisms discussed above. For 

tunnelling to occur, the separation between site 1 and site 2 for the approaching 

electron should be sufficiently thin (~ < 10 nm) otherwise it will be reflected back 

according to quantum mechanics [8]. 

 

 

Figure 2-4: A simplified representation charge transfer mechanism [31] 

2.4.1 Charge traps 

The application of the band theory to solid dielectrics predicts a large energy band-

gap (Eg) between the valence and the conduction band in insulators and ideally no 

conduction species (electrons/holes) should be present in the energy gap (i.e. in a 

perfect insulator). However, localised energy states for both electrons and holes 

called charge traps are formed within this energy gap due to the imperfect and 

complex nature of polymer morphology, which allow charge movement within the 

insulator via hopping or tunnelling effects. The depth of a trap depends on the energy 

required to release the charge from the trap site and is related to the affinity with 

which the charge is bound [35]. 

2.4.2 Electric conduction in polymeric insulating materials 

Ideally, electrical insulating materials should prevent electrical conduction under any 

conditions of use. However, low-level conduction is often inevitable at high fields as 

no known insulator is completely free of conduction processes no matter how small 
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the quantity of charge carriers it may possess [30-31].  At sufficiently high fields 

(Ehigh), insulators may behave as semiconductors, and conduction species such as 

electrons (ne), holes (pe) or ions if present will drift, resulting in a current (J) flow as 

shown by equations (2.3) and (2.4) where: σ is the conductivity, and μn and μp are the 

respective electrons and holes mobilities [36]. 

highEJ       (2.3) 

pn pene        (2.4) 

Insulators are wide band-gap materials, having energy gap (Eg) of several electron 

volts (eV) between the valence band and the conduction band [8].  This means that 

electrons must possess a lot of energy to be able to surmount this energy gap to 

become available for electrical conduction if present. The band theorem has been 

used to explain how this conduction process may be possible in insulators see [8, 31]. 

However, the morphology of an insulating polymers are so complex that the band 

theory can only be applied to it based on assumptions which many suggest may not 

be appropriate.  

The conductivity of a practical electrical insulating material should be very low, such 

that the flow of current within it can be ignored completely. For this to happen, an 

insulating material should be able to confine the flow of current within a well-

defined path (i.e. a conductor) and to prevent its leakage through the insulator [20]. 

At high voltages these conditions can only be met if a solid insulating material 

possesses the following properties [28, 30]: 

 High resistivity. 

 High dielectric strength and low dielectric loss. 

 High mechanical strength and stiffness. 

 Free of gaseous inclusions and moisture. 

 Resistant to thermal, chemical deterioration. 

 Resistant to water penetration.  

 Ability to withstand high temperatures during service.  
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Inability to meet these properties could result in a current flow leading to ageing 

processes which will eventually compromise the reliability of the insulation.  

 Ageing degradation and breakdown 2.5

Kelen [37], defined ageing as a change to material property owing to the action of 

several ageing factors when exposed to the service environment. Densely [38], on the 

other hand, listed ageing factors under the headings thermal, electrical, 

environmental and mechanical as shown in Table 2-2, and stated that, the electrical 

insulation will fail after a period of exposure to these ageing factors when it can no 

longer endure them.  

Table 2-2: Ageing factors which affect extruded insulations for systems for cables [38]. 

 

Densely [38] characterised ageing into intrinsic and extrinsic and defined intrinsic 

ageing as the results from the interaction of the ageing factors which when singly or 

in combination acted on the insulation system can induce changes to  the material 

properties. Extrinsic ageing was defined as the degradation caused by the interaction 

between the ageing factors and defects such as protrusions, cavities and voids in the 

material bulk or at the interfaces. Figure 2-5 shows how the various intrinsic and 

extrinsic ageing factors could lead to insulation failure. 

 Thermal  Electrical  Environmental  Mechanical

 Maximum T  Voltage (AC, DC, impulse)  Gasses (air, oxygen, etc)  Bending

 Low, high ambient T  Frequency  Lubricants  Tension

 Temperature  gradient Current  Water/humidity  Compression

 Temperature  cycling  Corrosive chemical  Torsion

 Radiation  Vibration
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Figure 2-5: Extrinsic and intrinsic ageing factors [38]. 

 

Dissado and Fothergill [8], summarised these ageing factors into physical, chemical 

and electrical ageing and defined each of them as follows: 

 Physical ageing; as time dependent changes in the polymer which arises as a 

result of structural relaxation of the polymer chain via segmental motion in 

the amorphous region due to variation in glass transition temperature [8]. It is 

suggested that the glass transition temperature is a critical parameter that 

determines the material state, and a slight change in it determines whether 

ageing will take place or not. Dissado et al. [8] added that, in the case of 

amorphous polymers, physical ageing can be associated with inefficiency of 

molecular packing (free-volume) which can prevent all the potential lattice 

sites from being occupied due to chain structure and steric hindrances. 

 Chemical ageing; chemical ageing may change the behaviour of the 

insulating material due the environmental events outlined in Table 2-2, 

liberating electrons and ions via chain scission and bond breakage due to the 

action of light, UV radiation, heat or outdoor weathering. This may cause 

ionic conductivity leading to local joule heating at high fields resulting in 

current flow and thermal runaway. 



  

   46 

 

 Electrical ageing; while physical and chemical ageing can occur in the 

absence applied electric field; the application of an electric field will 

accelerate the degradation process in both. The rate of material degradation 

depends on the type and magnitude of the applied field as well as thermal, 

environmental and mechanical stresses listed in Table 2-2. 

Mechanical ageing may be influenced by torsional vibrations, tensions and bending 

stresses while thermal ageing may result from electrical ageing altogether leading to 

physical and chemical changes to the insulation structure such as cracks, protrusions, 

delamination voids or poor adhesion to interfaces; for example in cable construction. 

While physical ageing may be reversible by re-conditioning [39], chemical ageing is 

irreversible due to the morphological changes in the composition of the material 

produced after chemical reactions [40].  

Figure 2-6 shows some of these defects in a simplified construction of a HV power 

cable used for AC or DC transmission. These defects may be formed during 

extrusion processes and others as a result of exposure to service conditions and 

together they lead to long-term irreversible ageing with eventual reduction of cable 

life. The discussions above show how multi-factor ageing processes are linked 

together. How these multi-factor ageing processes lead to the actual breakdown of 

the solid dielectrics is a subject of intense research activity due to the uncertainty 

surrounding ageing and degradation [41-42].  

 

Figure 2-6: Power cable structure showing possible defects encountered in service. 

Experiments have shown that time to breakdown decreases with increasing electric 

field [39] and also deviation from Ohm’s law in conduction current and thermo-

electrical ageing [43-45] suggest that both thermal and electrical effects may induce 

ageing which will finally lead to breakdown.  
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 Breakdown processes of solid dielectrics 2.6

Research activity into physical processes involved in breakdown of gaseous, liquids 

and solids dielectrics lead to several breakdown theories with that of the solid 

emerging in 1922 by Wagner [46] which was based purely on local joule heating 

leading to thermal breakdown. Some of the early proposed theories of solid 

breakdown can be found in [8, 31, 47] and are listed as: 

 Electronic breakdown. 

 Electromechanical breakdown. 

 Thermal breakdown. 

 Breakdown due to discharges. 

The breakdown processes listed above, usually occur in combination rather than 

singly on voltage application. The breakdown processes can be classified into either 

short-time or long-time breakdown. The former is used in determining the strength of 

a material, whereby a continuous rising voltage is applied to the material under test 

sandwiched between two electrodes at a constant rate or in steps within a short time 

period [48-49]. The latter is usually used in determining a material’s life time and its 

resistance to various applied voltages through laboratory treeing tests [24, 50]. 

Thermal breakdown; when a high electric field of high intensity is applied to a test 

specimen, cumulative joule heating and temperature rise can occur more quickly in 

the material than the material can dissipate it. This increases the conductivity of the 

material further leading to thermal instability and eventual breakdown.  

Mizutani [51] studied pre-breakdown currents in polyimide (PI) films of about 25 μm 

thick sandwiched between brass electrodes at 150C. He observed a steep increase in 

pre-breakdown current with increasing temperature from about 10 ms. He attributed 

this to thermal run-away which resulted in filamentary thermal breakdown path in 

the PI samples. Nagao et al [52], also detected joule heating points prior to 

breakdown on thin films of Polyethylene of about 25-30 μm  but at room temperature 

under dc fields. It was noticed that when one side of the samples under test was 

covered with epoxy resin, used as heat sink, the voltages at which the joule heating 

point appeared and electrical breakdown occurred were higher than the sample 
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without the heat sink suggesting that heat accumulation is strongly linked to lower 

breakdown field. 

Intrinsic breakdown; is the maximum breakdown strength that can be attained from 

a solid insulating material by optimizing all test conditions [53]. This type of 

breakdown is solely dependent on the material property and can occur in the absence 

of discharges and thermal breakdown [49]. This breakdown type can reach electric 

fields in the excess of 100 MV/m [31]. However this intrinsic value is difficult to 

attain due to non-homogeneous nature of the insulating material and the imperfect 

testing environment.  

In the intrinsic breakdown process, it is assumed that the inherent electrons in the 

material gain energy through collisions under the influence of the high electric field 

from which electronic or avalanche breakdown may occur. This theory is based on 

the understanding of avalanche processes in gasses which had been extended to 

solids. Von Hippel [54] captured electron multiplication by impact ionisation in 

liquid nitrogen which led to avalanches as shown in Figure 2-7. 

 

Figure 2-7: Transient discharges in nitrogen showing how the electrons multiply as in an 

avalanche [54] 

Electromechanical breakdown; This is a dielectric failure resulting from 

electrostatic compressive forces which exceed the mechanical compressive strength 

when a high electric field is applied to solid dielectrics usually sandwiched between 

two electrodes. If the initial thickness of the dielectric is do and d is the compressed 

thickness after voltage V is applied, then an equilibrium exists prior to breakdown 

where the electrostatic compressive force and mechanical compressive strength are 

equal which according to Stark and Garton [55] is given by equation (2.5), where 
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Y and orεε  are the Young modulus and dielectric constant of the material. This 

model predicts instability when the thickness is reduced to 40% of the original 

thickness. This model leads to prediction of breakdown fields much higher than seen 

in real solids. 
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Breakdown due to discharges; discharges can occur externally or internally to the 

material during short-term or long-term testing. External discharges occur in the 

medium surrounding test specimen and can cause failure to occur beyond electrode 

edges [47]. Internal discharges on the other hand occur within the material as a result 

of defects such as voids or bubbles causing partial discharges (PD) which then lead 

to deposition of space charge and subsequent local erosion (treeing) leading to final 

breakdown [38, 56]. The physical evidence of long term electrical degradation and 

breakdown (treeing) in solids is linked to partial discharges as well as space charge 

injection and formation in the dielectrics. Thus space charge measurement [57-58], 

partial discharge monitoring [59-61] and electrical treeing [24, 50, 53] become 

important tools in monitoring the health state of the material and are discussed in the 

sections that follows. 

 Partial discharges 2.7

IEC 60270 [62], defines partial discharge “as localised electrical discharge that only 

bridges the insulation between conductors and which can or cannot occur adjacent to 

a conductor”. Partial discharge can occur at operating voltages in electrical trees, 

voids, cuts, cracks, fillers and contaminants with poor adhesion to the insulation and 

delamination at interfaces [59]. Inception of partial discharge is a sign of ageing and 

degradation in solid insulating systems of power plants and can be detected in an 

external circuit as electrical current pulses related to individual discharges in the 

material [63]. These discharges depend on the availability of a free electron in the 

gas filled cavity which may come from cosmic radiation  which ionises atoms on 

solid surfaces or gas in the void [64] or charge injection from electrodes at high field 

[56, 64]. Degradation due to partial discharges is localised and minute in magnitude, 
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nonetheless it can cause progressive damage which overtime, leads to equipment 

failure [65].  

The availability of wide bandwidth (800 kHz to 1 GHz) equipment, has allowed 

detection of short pulses of rise times in the regions of 1 to 2ns [66], which are 

usually companied by emission of sound, light, heat, chemical reaction and 

electromagnetic radiation [62-63]. Partial discharge can be detected by various 

techniques: electrical [65, 67] and non-electrical [62, 63]. The electrical means of 

partial discharge detection can be classified into detection for internal, surface and 

corona discharges. Surface and corona discharges are accompanied by large 

discharge magnitudes and usually occur at the insulation surfaces or at sharp points 

around conductors [65]. Surface and corona discharges are generally less harmful as 

compared to internal discharges which are triggered in cavities internal to the 

insulation with low discharge amplitudes and are often hidden or mistaken for 

disturbances. This could lead to data misinterpretation inducing excess or lack of 

equipment maintenance [68].  

A common method of interpretation of partial discharges is the phase-resolved partial 

discharge analysis (PRPDA). PRPDA allows extracted discharge quantities, their 

magnitudes, time and phase of occurrence with respect to the applied voltage to be 

described [63]. These quantities can provide information about the nature of a defect, 

its size, location and the extent of damage it may cause within the insulating material 

[63,67, 69] where:  

 qmax - is the maximum discharge magnitude; which is indicative of the defect 

site and size. 

 N/nq - discharge pulse repetition rate/number; indicative of the severity of 

defect, where periods of continuous discharge activity are considered more 

damaging as compared to the periods of intermittent discharge activity. 

 ϕi (t) - discharge phase angle; indicative of the defect’s ignition condition. 

For example the energy at discharge site which may cause degradation of the 

dielectrics can be determined by the product of the apparent charge (qi) and the 

instantaneous voltage (vi) given by; PD Energy = (qi * vi) [67]. 
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 Space charge measurement 2.8

The net charges present in the bulk of an insulating material at any point in time are 

referred to as space charges. Space charge modifies the Laplacian electric field 

according to Poisson’s equation given by equation (2.6): 

)()( xxE
dx

d

ro


  (2.6) 

Where E(x) is the electric field as a function of position in space (x); ρ(x) is the local 

space charge density and ro  are the permittivity of free space and the relative 

permittivity respectively. The use of the x coordinate only implies uniformity in the 

yz plane.  

These charges may come from electrode (anode and cathode) injection where 

charges travel across the bulk of the insulation and get blocked at the opposite 

electrodes, or may be dissociated from the material bulk in the form of ions and get 

attracted by the opposite electrodes [70-71].  Charge injection and transport 

processes are highly dependent on the conditions at the electrode-material interfaces 

as well as the work function of the electrode material [8]. Typical charge injection 

threshold was estimated in [43-44] to be about 10 to 20 kV/mm for polyethylene 

based materials. The work function of a material is defined as the minimum energy 

in eV required to remove an electron from the surface of that material. Thus the 

higher the work function of an electrode material, the lower the injection rate of that 

electrode. See Chapter 9 of [8] for detailed treatment of this subject by Dissado and 

Fothergill. 

Chen et al [2001] investigated the effect of electrode materials on space charge 

formation in [72] using aluminium, gold and carbon loaded XLPE (semicon). In their 

experiment, they used these electrode materials as either anode or cathode and 

measured charge injection in each case alternately. They found the following trend 

for both electron and hole injection from the materials as; the semicon material 

injects more electrons/holes than the aluminium electrode and the aluminium 

electrode also injects more electrons/holes than gold (i.e. electron/hole injection; SC 

> Al > Au). Their result is in agreement with the work of Fukunaga et al [73] on 
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measurement of space charge behaviour of the charge transport layer coated on a 

polyester film. From the table of measured work functions of materials of their work 

in [73], gold’s work function; Au (4.7 ± 0.02) is higher than that of aluminium; Al 

(4.08 ± 0.05). Thus gold is expected to inject less charge than aluminium as observed 

by Chen et al [72]. 

2.8.1 Space charge characterisation 

Space charge can be characterised as either homo-charge or hetero-charge depending 

on the polarity of the net charge that accumulates next to the electrodes. 

Accumulated space charges next to an electrode and having the same polarity as that 

of the electrode are termed as homo-charge, while hetero-charges are accumulated 

space charges next to an electrode and having a polarity opposite to that of that 

electrode [70]. Both homo-charges and hetero-charges are field and temperature 

dependant. While homo-charges are generated as a result of charge injection at the 

electrode-insulator interfaces, hetero-charges are generated due to ionic dissociation 

of additives such as cross-linking agents used in improving the electrical properties 

of an insulator [33, 70-71]. The homo-charge and hetero-charge will modify the 

electric field distribution at the interfaces, as well as in the bulk of the insulating 

material and provides a mechanism by which electrical energy is transformed into 

potentially destructive mechanical energy leading to failure [8]. 

2.8.2 Electric field modification due to space charge 

Figure 2-8 (b) and (d) show homo-charge and hetero-charge accumulation at the 

electrode-dielectric interfaces, while Figure 2-8 (a) and (c) show the electric field 

modification due to their effect. The average electric field is E0 = V0/d; given by the 

ratio of the applied potential difference V0 to that of the material thickness d 

sandwiched by the electrodes assuming the material is homogeneous.  

Figure 2-8 (a) shows the reduction of electric field below the average field E0 at the 

electrode-dielectric interfaces and electric field enhancement in the material bulk due 

to homo-charge injection from the electrodes as shown in Figure 2-8 (b). 
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Figure 2-8: Electric field medication caused by the presence of homocharge injection [(a) 

and (b)] and hetero-charge distribution [(c) and (d)] in the bulk of an insulation material 

[12]. 

Hetero-charge accumulation results from polarization and dissociated impurities in 

the material bulk which is attracted by the opposite electrodes but is not easily 

extracted at the electrode-dielectric interface. This results in field enhancement above 

the uniform field E0 at the interfaces and reduction in field in the bulk of the material 

below the uniform electric field E0 as shown in Figure 2-8 (c). Thus the total field in 

the presence of space charge is given by equation (2.7); 

scT EEE  0  (2.7) 

Where; E0 is applied average field and ESC is the field due to space charge.  

Thus the total field within the material may differ from location to location across the 

material by external voltage application.  

 Space charge measurement techniques 2.9

Space charge measurement is now a common method use to characterise the 

properties of solid dielectrics. Several techniques have been developed over the years 

for measurement on sample plaques [7, 57, 74-76] as well as for full-size cables [77-

80]. Among these techniques, the pulsed electro-acoustic (PEA) technique is the 

most widely used because it allows the profile and charge distribution in stressed 

solid dielectrics to be observed non-destructively [71, 76, 81].  
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The quest for realisation of space charge free cables for HVDC application has led to 

the development of a facility for ageing HVDC cable at Alstom Grid now General 

Electrics in Stafford UK [82]. The facility is the world’s only ageing laboratory for 

XLPE cables capable of monitoring cable insulation using either the PEA [80] or 

thermal step method (TSM) [83-84] techniques of space charge measurement. The 

photograph of the laboratory set up is shown in Figure 2-9. 

 

Figure 2-9: Alstom HVDC cable ageing facility, Stafford UK [82]. 

2.9.1 The PEA measurement technique 

for plague of samples 

Space charge measurement on sample plaques and in cables is based on the same 

principles the only difference is the sample geometries.  Figure 2-10 shows the 

schematic diagram of the measurement principle of space charge measurement for 

plaque samples using the PEA method [76].  

 

Figure 2-10: Schematic diagram of the PEA technique [76]. 



  

   55 

 

In this method, a short pulsed voltage coupled via a charging capacitor is used to 

perturb the internal charges in a sample sandwiched between two electrodes, which 

cause the charges to vibrate. The vibration of the charges launches an acoustic wave 

proportional to the charge distribution. A piezoelectric sensor (PVDF) which is 

essentially a microphone is used to detect the acoustic sound waves and transform it 

into an electrical signal which is then amplified and viewed with an oscilloscope.  An 

oscilloscope with a high signal averaging rate of at least 2GS/s is enough to record 

and improve the sensitivity of the output signal which is then passed to a computer 

program (for example LabView) for processing. Details of signal processing 

technique can be found in [85-87]. 

The application of a DC electric field polarises the sample between the electrodes 

which results in a large surface charge accumulation on the electrodes seen as two 

peaks on the oscilloscope. If this field exceeds the threshold for charge injection 

(between 10 and 20 kV/mm in XLPE) [43-44, 88], charges are injected from the 

electrodes into the material bulk. The injection rate depends on the work function of 

the electrode material as shown in [72]. 

 Electrical treeing 2.10

Electrical trees are micrometre scale defects which developed in high voltage solid 

polymeric insulating materials, and are precursor to long term failure. Treeing 

degradation is one of the most important physical evidence of internal damage to 

cable insulation caused by high electrical stress [24, 89-90]. Electrical treeing 

phenomena have been studied for many years, under both AC and DC conditions 

with the earliest publications reported to have emerged in 1912 [24].  

Figure 2-11 outlines three distinct stages of tree growth model proposed by Dissado 

and Fothergill [8]. The initiation stage is define by a finite inception time which is 

the waiting time required for generation of a visible tree of about 10 μm in length 

after voltage application. The propagation stage is the second phase of tree growth 

marked by initial fast growth reported to be intermittent in form with bursts of 

growth decaying to a standstill and then followed by a region of slow fractal 

propagation and finally the runaway stage leading to breakdown as can be seen from 

the Figure.  
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Figure 2-11: Schematic representation of typical electrical tree growth [8]. 

 Electrical tree initiation stage 2.11

Several ageing mechanisms/models have been proposed to take place prior to the 

sighting of the first tree artefact (initial tree). Typical examples for dry ageing 

proposed by Densley [38] are shown in Figure 2-5.  

Shimuzu [90] reviewed mechanisms of electrical tree initiation and the process 

occurring prior to electrical tree inception. He considered two scenarios for tree 

initiation as:  

 Long-term tree initiation define with timescale >> 1s under low voltage 

application where; cumulative degradation under AC or repetitive pulsed 

voltages and other kind of stresses could lead to formation of gas-filled voids 

or defects leading to local field enhancement. 

 Short-term tree initiation defined by time scale < 1s under high voltage; 

where AC, DC or impulse voltage application could lead to local breakdown 

involving electron avalanches in the solid.  

Dissado et al. [8], on the other hand considered detection of small current pulses of 

about 0.04 -0.30 pC magnitudes to be the true onset of tree initiation. Tree initiation 

and propagation under AC, is proposed by some researchers to be induced by space 

charge [56, 91] coupled with frequency-dependent ageing (fatigue) [92-94] causing 
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Maxwell compressive stress which result in the formation of crazes, cracks or voids. 

While others are of the view that repeated electron injection and extraction to and 

from the polymer from the electrode each half cycle as a more viable process through 

which electrons gain enough kinetic energy of about 3–4 eV [95] under the influence 

of high field causing bond scission and physical damage to the polymer on collisions 

resulting in partial discharges and channel formation seen as tree [90, 96-98]. Under 

DC however, the initiation and propagation is proposed to be due to electrons 

injection and extraction during ramped DC voltage resulting in a sustained sequence 

of avalanche erosions creating channel in one direction only, with each new channel 

tip acting as possible branch point [8, 96, 99-100].  

Tanaka [101], presented a typical waiting time for tree initiation under various 

applied voltages as shown in Figure 2-12. As can be seen from the Figure, for 

impulse and ramped DC voltages (monopolar voltages), the waiting time for tree 

initiation lies in the regions of nano-seconds to milli-seconds, while for an AC 50/60 

Hz voltages, the waiting time is divided into three regions depending on the 

magnitude of the applied voltage. For low voltages; indicated by 5 units or less on 

the applied voltage axis, it can be seen that, the waiting times for tree inception in the 

third region is in days to years.  

 

Figure 2-12: Schematic V-t characteristic for thick dielectrics in divergent field over wide range 

of time [101]. 

Tanaka [101] emphasised that material degradation in this region is not solely due to 

electrical, mechanical or thermal stresses but the combined effect of these stresses 
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and together with wet environmental condition can lead to water trees. Water and 

electro-chemical trees are the other types of trees observed in cable insulation [24]. 

Figure 2-13 (a), (b) and (c) show images of electrical water and electrochemical 

trees. While electrical trees are caused by electrical stress in the absence of water, 

water and electrochemical trees are caused by the combined effects of water, 

chemicals solution (ions) as well as electrical stress [102-105].  

 

Figure 2-13: Tree types. (a) electrical tree, (b) water tree and (c) electrochemical tree [24]. 

Examination of electrical trees using scanning electron microscopy has shown that 

each branch consists of a permanent channel believed to emanate from material 

decomposition due to repeated periodic partial discharges [24]. Water trees, on the 

other hand, are found to compose of very fine diffused paths along which moisture 

has penetrated under the action of a voltage gradient. These paths disappear on 

drying or when the source of water and electrical stress is removed [24, 104]. Figure 

2-5 shows that partial discharges and water trees may occur before an electrical tree 

is initiated. Thus partial discharge measurement is routinely used as on-line and off-

line diagnostic tool for monitoring on-going degradation in insulation systems [106-

107]. Prior to tree initiation, light emission is reported to have been observed and 

confirmed to be not partial discharges but rather electroluminescence; an indication  

of on-going ageing processes prior to measurable PD event [108-110]. 

2.11.1 Electroluminescence 

Electroluminescence (EL) is a light detection associated with space charge injection 

into the body of a stressed polymer at high fields.  The threshold for detection both 

space charge and EL is reported to be about ~ 100 kV/mm [90, 111]. EL has been 

detected under both AC and DC stresses as reported in [112]. Two possible 

mechanisms reported to be responsible for the observation of EL are: 
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 Impact of hot electrons resulting in excitation or ionisation of polymer 

molecules; the mechanism is reported to be due to electron injection from the 

embedded electrode or extraction from the polymer during negative and 

positive half cycle of applied AC voltage. These electrons are accelerated 

under the influence of the applied field and on collision excite a polymer 

molecule. When the molecule returns to its ground state it emits light 

detected as EL [89-90]. 

 Recombination between carriers of opposite charges; in this case, it is 

believed that during the negative half cycle of the AC waveform, negative 

electrons are injected into shallow and deep traps in the polymer structure, 

and on the positive half cycle of the waveform, most of the shallow-trapped 

electrons return to the electrode and the deep trapped electrons still remain 

trapped which then recombine with the injected holes emitting light through 

the processes [89-90].   

Thus electroluminescence can be used to detect ageing processes prior to tree 

initiation. Bamji et al. [108-109] investigated tree initiation in low density 

polyethylene by simultaneously monitoring light (EL) and partial discharges. The 

sensitivity of their PD detector was about 0.04 pC, whilst the light detector can detect 

light of PD down to about 0.0005 pC using photomultiplier tube. The samples in 

their investigations were held at test voltages ranging from 10 – 42 kV and emission 

of light intensity were monitored at different wavelengths.  

They found that the detected light in the visible range was more intense than that in 

ultraviolet (UV) light at all voltage levels and the UV light is only detected above the 

light inception voltage which corresponds to about 3645 Å and 3000 Å for two 

different samples respectively [108]. According to Bamji et al. [108-109], electrical 

trees did not develop when the samples were held below the light inception level for 

hundreds of hours and no PD is detected even at a very low PD detection sensitivity 

of about 0.04 pC [109]. However when the voltage is held above the light inception 

level, electrical tree always developed, with appearance of intense light and the time 

to treeing was observed to depend on magnitude of the applied voltage to the 

polymer under test [108-109]. Bamji et al. attributed the formation of the tree to 

photo degradation of the polymer caused by UV radiation and that the light inception 
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voltage at which the samples were held for long time without treeing is the threshold 

at which the polymer starts to degrade [108-109], and suggested that the inception 

voltage for light emission is probably higher than that for charge injection [108].  

 Electrical tree inception techniques 2.12

Treeing may take years to form under service conditions as shown in the low voltage 

region of Figure 2-12 (Third region). Thus, under laboratory conditions various field 

enhancing geometries and techniques which simulate structural defects are employed 

in order to initiate and propagate electrical tree within a short time period.  

Some of the stresses enhancing techniques employed by researchers are:  

 Wire-plane geometry attached to semi-conducting tab and moulded into the 

dielectric material [113]. 

 Leaf-like specimen configuration [114]  

 Point-to-plane configurations [115-119]. 

The point to plane sample geometry is the most commonly used technique to 

generate high field. The geometric field enhancement, ignoring space charge effects 

can be determined using Mason’s equations (2.8). 

 )/4(1ln

2

rdr

V
Etip




 
(2.8) 

Where; V is the applied voltage, r is the radius of the needle tip, d is the gap distance 

between the needle tip and the ground and Etip is the calculated electric field at the 

needle tip  due to electrode system geometry in the absence of space charge.  

 Electrical tree propagation under DC  2.13

The main culprit causing initiation and propagation under DC is believed to be space 

charge. The relationship between space charge and tree imitation has been observed 

by many researchers in experiments involving application of ramped DC voltage, DC 

polarity reversal test, grounding DC after period of DC pre-stress or DC pre-stress 

followed impulses of different polarity [113, 115-118, 120-124]. These techniques 

are employed due to the difficulty of growing trees under pure DC.  

For example, Ying and Xiaolong [122] investigated behaviour of tree initiation in 

XLPE cable insulation under various DC voltages. They initiated trees under impulse 
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voltage of 35 kV. However, with continuous application of +70 kV and -60 kV DC 

stress for up to about 11 hours they could not initiated DC tree. Wang [113] et al. on 

the other hand showed that negative DC pre-stress followed by positive impulses 

produced repeatable results in tree initiation and propagation. Wang [113] et al’s 

observation is explained by many in the literature to be due to high inverse fields set 

up by space charge during application of the impulse voltage after initial field relief 

during DC pre-stress. Ieda and Nawata [118], investigated various circumstances 

under which DC tree can grow including temperature dependence of tree extension 

length. They showed by flight distance calculation that the observed tree length 

during a short circuit after a period of negative DC pre-stress can be taken as a 

measure of spatial distribution of space charge at the instant of short circuit which 

they calculated to be ~50 μm. 

 Electrical tree propagation under AC 2.14

Tree initiation and propagation under AC is strongly linked with partial discharge 

activity as mentioned in section 2.11. In order to determine tree growth 

characteristics, simultaneous measurement of partial discharge and electrical tree 

imaging have been carried out by many researchers [77, 125-129]. Partial discharges 

have been observed to behave differently during such experiments with the evolution 

of tree branches.  

Hozumi et al [77], observed positive pulses of 0.05 to 0.1pC at the instant of tree 

initiation first before continuous positive and negative pulses were observed when an 

initial tree appeared, which then grew rapidly to about 10 μm. The growth rate 

dropped when the tree branched, followed by disappearance of negative pulses 

leaving only positive pulses which were concentrated at about 90 from the peak of 

the applied voltage waveform [77]. Vogelsang et al [127] also used image capture 

and PD measurement to monitored tree growth characteristics and identified three 

stages of tree growth characteristics as in [8]. At the initiation stage, no detectable 

PDs were observed. In the second stage they observed PDs of about 5 – 30 pC with 

accompanying tree channels of about 10 μm and 1 μm diameters at the tree trunk and 

at the tips respectively. The trees propagated to the counter electrode but did not 

result in immediate breakdown, and they assumed that, the trees have low 

conductivity [127]. In the third stage however, they observed widening of the tree 
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channels to diameters of about 60 – 150 μm which was accompanied by fluctuating 

discharges of about 50 – 220 pC reaching 2500 pC occasionally which then lead to 

breakdown [127]. Chen et al [125] and Wu et al [128] have observed a period during 

tree growth and PD measurement when the tree ceases to grow, and was 

accompanied by drop in observed PD magnitudes. During this period, pine braches 

(small fine side branches) were observed to extend from the stagnant branches in 

[125]. The response of partial discharges to internal degradation has allowed partial 

discharge measurement to be used for monitoring on-going degradation where 

imaging cannot be employed especially in filled materials [130].  

Trees observed during such experiments have been named by their visual physical 

appearances. The most commonly observed tree shapes are; branch-type, bush-type 

and bush-branch-type [8, 96, 131-133] as shown in Figure 2-14 . Other tree shapes 

such as; bow tie tree, broccoli-type tree, delta, strings, dendrites, plume, spikes and 

fans, have been observed on cables removed from service [134]. Recently, laboratory 

grown trees have revealed shapes such as; branch-pine shape [125, 135-136] bine-

branch shape [135, 137], stagnated tree [125] or monkey puzzle [135, 138], with 

each shape determining growth rate and subsequent time to breakdown. While time 

to breakdown in bush-type tree is longer due to slow growth rate of highly dense 

network of tree channels, in branch-type trees time to breakdown is shorter. Time to 

breakdown in bush-branch-type trees is intermediate between bush-type and branch-

type tree.  

 

Figure 2-14: Common shapes of electrical trees captured at the University of Manchester. 

Generally, bush-type trees were observed at relatively higher voltages than branch-

type and bush-branch type trees [8, 96, 131]. Electrical tree shape and growth rate is 

also known to be influenced by voltage type (AC or DC), magnitude as well as 

frequency [53, 139-142]. Electrical trees can be categorised as conducting or non-
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conducting depending on whether the material (epoxy) is above or below its glass 

transition temperature [22-23]. Confocal Raman microprobe spectroscopy has shown 

that conducting tree channels contain graphitic carbon whereas for non-conducting 

tree the channels contain only fluorescent decomposition residues, reflecting 

differences in their visual structure as very dark channels (conducting) and less dark 

channels (non-conducting) [143]. Tree growth experiments with partial discharge 

and light detection also showed that for non-conducting trees, the detected light and 

partial discharges were large and confined mainly within the tree channels and close 

to the point electrode, whereas for conducting trees the partial discharge activities 

and light were detected at the ends of the growing tree tips [23, 143-145]. 

 Electrical tree imaging techniques 2.15

Electrical trees grow as 3-dimensional structures in solid insulation; see [146-148] 

for example. However captured 2D images are often used to characterise the tree 

growth characteristics. Usually parameters such as tree length [125-126, 131, 135, 

137, 149-150], tree growth rate [125, 137, 140, 149], the expansion co-efficient of 

the tree [135], fractal dimension [125, 135, 140, 149-151], or accumulated damage 

zone as a function of zone radius [131] are used to characterise the tree growth 

characteristics. Fractal dimension or accumulated damage zone technique depend 

primarily on the area covered by the tree structure in pixels (damage zone) after 

image processing (conversion from grey scale to black/white) to characterise the 

extent of damage. However, fractal dimension is reported by Zheng et al (2008), to 

have limitations when identifying mixed tree structures [135].  For example, Figure 

2-15 shows an attempt in this PhD work to binarise a fully grown electrical tree 

image with mixed (dark and fine) tree structures. As can be seen in Figure 2-15 (b) 

all the fine tree structure is lost during this process.  

 

Figure 2-15: Digitizing fine tree structure; [a] before, [b] after. 
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Thus where fractal dimension or accumulated damage zone cannot be used to 

characterised degraded regions occupied by trees, measured tree length and width 

from projected 2D images together with propagation time are used for characterising 

the tree growth characteristics. These parameters are defined as: 

 Tree length ; the longest distance from the needle tip to the furthest end of the 

tree tip or tips in the direction of the electric field (y-axis plane) in the 2D 

projected image which is limited by the gap distance between the two 

electrodes (in this study 2mm)  as depicted by the schematic drawing in 

Figure 2-16 

 Width: defined as the extent of spread of the tree channels as they grow away 

from the tip towards the ground electrode in 2D projected image in the x-axis 

plane. In this study, the maximum tree width that can be viewed is 6 mm 

(limited by the field of view of the lens employed).  

 Growth rate (dL/dt): defined as the average rate of change of the tree length. 

 Expansion co-efficient (D/L): defined as the ratio of absolute tree width (W) 

to the absolute length (L) from the captured tree images. 

Figure 2-16 depicts the schematic representation of maximum image dimension that 

can be obtained by the optics employed in this study at the propagation stage which 

is 6 x 5 mm. This corresponds to 2452 x 2056 numbers of pixels representing width 

and height of the captured 2D projected images.  

 

Figure 2-16: Schematic representation of 2D projected tree image from test sample. 
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With the known ratio (mm/pixel) between the accurate size and pixel numbers of the 

recorded series of 2D projected images, the tree length and width can be manually 

measured and calculated as the use of software becomes impossible due to the fine 

nature of the tree channels as illustrated in Figure 2-15. For example, if the electrical 

tree traversed the 2 mm gap distance, then maximum number of pixels representing 

its length would be 822 pixels (i.e. 2/5*2056) approximately. Although for each test 

the distance between camera lens and the needle tip is fixed in order to maintain a 

constant calibration ratio, errors can be introduced in the measurements due to the 

following limitations: 

 The tree channel may grow out of focus of the camera lens (i.e. in a direction 

away or near the camera lens out of the camera depth of field) resulting in 

image blurring. In this case, out of focus tree channels may reach the counter 

electrode without being seen leading to error in the maximum measured tree 

length. 

 For the same reason mention above, breakdown can occur before a visible 

tree channel is seen to have traversed the gap distance. 

 Using one camera for capturing 3D images of electrical tree visually limits 

the accuracy in determining the general direction of the absolute length and 

width of the furthest tree channels. 

 The intensity of the illuminating back light can also lead to a very fine tree 

channel not being very visible leading to human error in measured length and 

width.    

 Summary and areas identified for investigation 2.16

Polymeric insulations have been successfully used in low, medium and high voltage 

application due to their excellent properties. Their reliability at higher voltages is a 

subject of intense research activity due their vulnerability to charge injection and 

subsequent treeing which cause their limitation for use, especially under high DC 

voltage regimes. It is clear from this literature review that electrical treeing is one the 

major cause of insulation failure and has been studied for many years under both AC 

and DC conditions. The link between charge injection and material ageing, 
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degradation and breakdown; through mechanisms such as electroluminescence, 

partial discharges and electrical tree initiation and propagation have been reviewed. 

Whilst retained charges under AC stress is minimal resulting in the success of using 

polymeric insulation at higher voltages (500 kV), such success is limited under DC 

due to the ability polymeric insulation to retained injected charges which modify 

local field and reduce the breakdown strength of DC insulation. This limits the rating 

of polymeric cables to 320 kV under DC although 500 kV DC cables have been type-

tested with modified insulation.  

The current trend in bulk power transfer is to use HVDC technology as discussed in 

sections 1.3  and 1.4.  However the complexity of such technology is beyond cable 

systems as shown in Figure 1.1. Converters are employed at both sides of the cable 

systems, and in recognition of harmonics introduced by such converters (VSC or 

LCC) filters are employed to mitigate the effect of harmonics. The un-answered 

question here; “is how harmonics will impact the cable insulation system”. Literature 

showed that higher frequencies propagate electrical trees faster under AC. Switching 

(impulses, grounding and polarity reversal) experiments under DC has shown 

vulnerability of DC insulation to tree initiation in such circumstances. However in 

general, very little work has been done under DC especially using pure DC for tree 

initiation and propagation. 

The subject of tree initiation and propagation is still one of the extensively 

researched areas due to incomplete understanding of the treeing phenomena. Treeing 

is better understood in AC insulation, allowing design criteria for cables and HV 

insulation system to be established. However, the knowledge of tree growth under 

DC is still at an infant stage and a subject of on-going research activity.  

The literature survey presented in this chapter has shown a strong link between space 

charge injection and material ageing causing degradation, tree inception and 

propagation and subsequent failure. Considering this, the following areas are 

identified for research in this study: 

 Short term breakdown strength of epoxy resin samples under AC and DC. 

 Material vulnerability to charge injection through space charge measurement 

under DC. 

 Electrical treeing under “Pure DC” and “pure AC” voltages. 
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 Electrical treeing on AC superimposed on either positive or negative DC 

voltages. 
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3. Sample preparation 

 Introduction 3.1

In this chapter, the material selected and the methods of sample fabrication for the 

entire study are described. Some of the challenges encountered and how those 

challenges were overcome is also highlighted. In a study designed to observe the 

electrical properties of a material, it is important to ensure that the observed 

behaviour is from the material property and not dominated by way the material is 

prepared [152-154]. Factors such as mixing, de-gassing and moulding/de-moulding 

techniques employed as well contact pressures applied to the samples may affect 

material characteristics if not well controlled.  In order to achieve reproducibility of 

test results, a lot of effort has been made to standardise the method employed in 

material preparation and fabrication in this study.  

Two samples types were fabricated using epoxy resin in this study. For the study of 

electric strength of the material and its susceptibility to charge injection, thin films 

up to about 250 μm were fabricated.  Epoxy resin blocks cast into acrylic tubes, with 

an embedded needle to simulate structural defects generating high divergent fields 

[119], were employed for study of electrical treeing.  

 Material for this study  3.2

The material employed for this study is a low viscosity epoxy resin Araldite® LY 

5052 and the corresponding hardener Aradur ® HY 5052 both supplied by 

Huntsman.  This mixture is a cold-curing epoxy system, and from the manufacturer’s 

data sheet, the material has the following properties: 

 Low viscosity, providing easy impregnation of reinforcement materials. 

 Long pot-life (2 hours for 100 ml at ambient) giving ample processing time. 

 High temperature resistance (glass transition temperature after ambient cure 

is 60°C, and after post-cure is 100-120°C). 

 Excellent mechanical and dynamic properties after ambient cure with 

improved properties after post-cure at elevated temperatures. 

Epoxy resin is used in many engineering applications and also as dielectric material 

in high voltage equipment as mentioned in section 2.2.1. Thus investigations on 
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various types of epoxy resins [154] have been conducted by many researchers. This 

epoxy resin system was selected for this study because of the previous experience at 

the University of Manchester [155-156]. To date, the experience with this epoxy 

resin system at the University of Manchester is limited to point-to-plain 

configurations of sample fabrication [157-158]. In this study, the use of this epoxy 

resin system has been extended to fabricating thin films up to about 250 μm 

thicknesses. To ensure the observed behavior reflects the intrinsic material 

characteristics, a standardised preparation scheme shown in Figure 3-1 and described 

below is followed each time samples are prepared.  

 

Figure 3-1: Standardised sample preparation scheme. 

 Mixing 3.3

To obtain the optimal properties from the material, it is ensured that the material is 

accurately weighed in a beaker using 100:38 (parts by weight) mixing ratio indicated 

by the manufacturer to obtain the required volume. The required volume of the 

components (Araldite LY 5052 and Aradur HY5052) is hand-mixed for about a 

minute, followed by magnetic stirring for 5 minutes. The mixing process results in 

trapped air bubbles which need to be removed through the next stage of the process 

by degassing.  

 Degassing 3.4

The pot life of this epoxy resin system is about 120 minutes, meaning it must be 

applied to the intended application (casting) within this time period otherwise it will 

become too viscous to be useful. Thus the epoxy resin mixture is degassed in a 

vacuum chamber for about 60 minutes (determined by experience as the optimum 

time of degassing) before it is removed from the vacuum chamber. A two-stage 

degassing procedure is adopted to enable efficient removal of air bubbles in the 

mixture: 
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 In the first stage, the vacuum chamber’s vent is closed and the air inlet/outlet 

lever of the vacuum is turned to an open position and the pump switched on 

to allow the air in the vacuum chamber to be removed to until a high vacuum 

is attained (usually below 1mbar) on the vacuum chamber’s gauge. This 

results in an upsurge of bubbles, from the mixture when very low pressure is 

attained. The inlet/outlet lever of the vacuum chamber is then turned to a 

closed position and the bubbles allow to settle down for 30 minutes under 

low pressure. 

 In the second stage of degassing, the vacuum’s lever is turned to an open 

position and the pump is switched on again, but this time degassed 

continuously for another 30 minutes, as before. This is to ensure that all 

bubbles trapped in the bulk of the material are brought up to the surface. 

After the 30 minutes, the pump is switched off and vacuum chamber’s vent 

opened. This allows air back into vacuum chamber and material returns to 

atmospheric pressure again. This results in any remaining bubbles on the 

surfaces to burst. This completes the degassing process and the material is 

now ready for casting. 

 Casting of thin film samples 3.5

Mould plates made from 10 mm thick flat mild steel of dimensions (160 x 280) mm 

shown in Figure 3-2 were designed for fabricating thin sheet samples for electric 

breakdown strength and space charge measurements. The internal surfaces of the 

plates were machined to prevent major roughness on the surfaces of the samples to 

be prepared. The measured internal surface roughness of the plates with a Carl Zeiss 

(S/N: 3518000952) microscope gave an average roughness Ra: of 8.84μm to 12.0μm. 

Prior to casting, the following steps were followed: 

1. Plates were cleaned with acetone and a thin layer of moisture curable 

silicone sealant (Polycoat™) release agent was uniformly applied to the 

plates with fine microfiber cloth.  

2. A Mylar™ spacer gasket of thickness 100 μm or 200 μm was placed on the 

plates depending on the thickness of the sheet required. 
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3. The degassed material in the beaker was then poured onto the middle of the 

bottom plate. The top plate was then positioned in place and quickly fastened 

with bolts and nuts. 

4. The material now sandwiched between the plates with the gasket was 

allowed to cure for 24 hours at room temperature after which the samples 

were removed from the moulds. 

5. The removed samples were laser cut into discs of 55 mm diameter, bagged in 

re-sealable polyethylene sample bags and kept in a desiccator ready for post 

curing and testing. The desiccator was kept at room temperature and at 

47±5% relative humidity (RH), using Silica gel. 

6. If double layer samples are required then laminates are formed by first 

curing a single plaque of epoxy and then forming a second layer of epoxy by 

doubling the gasket thickness. With this process, following the same curing 

regime, an epoxy-epoxy interface region with identical material properties is 

created. 

3.5.1 The development of thin film casting process 

One of the good qualities of epoxy resin is its remarkable adhesion to metals [26]. 

With the exception of Teflon [159], epoxy resin sticks to almost all solid materials 

and in most cases, the use of release agent is not recommended because the release 

agent may penetrate the epoxy and alter its properties. This is what makes it difficult 

to fabricate thin films of epoxy resin sheets, especially if the mould is made out of 

metal. The choice of a metal mould is to ensure uniform contact pressure is achieved 

on the entire surface of the sample during fastening and to control the thickness of 

the fabricated samples. 

Several unsuccessful attempts to de-mould the thin sheets from the mould plates with 

Silicone oil and Teflon spray used as release agents were experienced. Figure 3-2 

shows one such attempt with the cured epoxy resin stuck to the plates. Although 

Teflon is known to be a good release agent, the spray form was not found to be 

helpful on this occasion. On removal of the samples, stains are observed on the 

samples thus defeating the purpose as the sample is now contaminated with Teflon 

and processing fluids.   
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After several unsuccessful attempts, a few modifications were made to improve de-

moulding of the samples which proved to be successful. These improvements are; the 

use of release agent, employing a permanent coating of Teflon on the mould plates 

and casting the material between transparent Mylar films as detailed below. 

 

Figure 3-2: Unsuccessful attempt; showing sample stuck to the mould plate. 

3.5.2 Release agent 

Although the use of release agent is not ideal, because of its potential to influence the 

material being moulded, PolyCoat™, a release agent supplied by Mouldlife was 

employed and this proved to be successful. This release agent is one-part moisture-

curable silicone sealant which when applied to the mould plates serves as semi-

permanent coating on the plate which does not stick to the sample. Reading et al, 

[154] used similar release agent called QZ 13 in a study on epoxy resin which also 

proved to be effective at aiding to de-mould the samples. 

3.5.3 Teflon coated plates 

The Second improvement attempt was to send the mould plates out (Impreglon UK 

limited) to be permanently coated with about 10 μm thick Teflon. The second 

attempt proved to be the easiest way of de-moulding the sample from the plates. 

However the finish of the coating is not very smooth as expected resulting in rougher 

samples compared to the ones obtained using the PolyCoat
TM

 release agent. 
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3.5.4 Casting between transparent Mylar films 

In this method, transparent Mylar films cut to the same dimensions as the mould 

plates, and with holes at the same locations as on the mould plates were used. The 

Myler films were first placed and taped to both the top and bottom of the mould 

plates followed by placing a gasket having a thickness of the sample sheet to be 

fabricated. The required volume of the epoxy material is then poured onto the Mylar 

sheet on the bottom plate, followed by the top plate together with the Mylar sheet 

and fastened quickly. The material is allowed to cure between the Mylar films. The 

mould plate is unfastened after the curing time with the epoxy sheet sandwiched 

between the Mylar films. The epoxy sheet is removed by peeling off the Mylar sheets 

from both sides. This procedure is very successful resulting in much smoother epoxy 

resin sheets than from the Teflon coated plates. However extra care is required 

during peeling off of the Mylar films as the cured epoxy sheet is fragile and can 

result in damage of epoxy resin sheet. The epoxy resin sheets were laser cut to 65 

mm diameter discs, labelled and kept in a desiccator ready for testing.  

Figure 3-3 shows the Teflon coated plates and epoxy resin samples cut to sizes and 

labelled ready for testing.  Steps 1 to 5 of section 3.5 above were used for producing 

both single and double-layer samples of about 100 μm to 230 μm. Double layer 

laminates are formed by first curing a single plaque of epoxy and then forming a 

second layer of epoxy by doubling the gasket thickness. With this process, following 

the same curing regime, an epoxy-epoxy interface region with identical material 

properties is created. 
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Figure 3-3: Improved sample preparation method; (1) - Top Teflon coated plate, (2) – 

Uncoated plate with samples cast between transparent Mylar film, (3) – Bottom Teflon coated 

plate showing spacer gasket and (4) – De-moulded sample cut to size and labelled ready for 

testing. 

 Casting the treeing sample 3.6

The point-to-plane method of sample preparation has been adopted at the University 

of Manchester [155-158] for many years. Both hypodermic (tip radius = 3 μm, 

thickness 1.1 = mm) and Ogura (tip radius = 3 μm, thickness 1 = mm) needles have 

been employed for sample preparation using acrylic cubes moulds of dimensions (25 

x 25 x 25) mm as shown in Figure 3-4. 

 

Figure 3-4 Point-to-Plane sample configuration. 
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3.6.1 Ogura Vs Hypodermic needles 

Whilst the Ogura needle is symmetrical with a well-defined rounded tip, the 

Hypodermic needle has a hollow shank sliced at the tip and coated with transparent 

lubricant for medicinal use [160]. Whilst the Hypodermic needle cleaning is 

laborious due to the silicone coating supplied on it (see cleaning details in [157]) the 

Ogura needle is easy to clean. The Ogura needle is cleaned by dipping the tip of the 

needle in a bottle of acetone and removing it immediately ensuring that the tip does 

not touch anything to prevent damage to the tip. It is then wiped dry with a fine fibre-

free cloth by carefully stroking it once from the middle of the shank toward the tip. 

Figure 3-5 shows the images of the two needles. With the hypodermic needle, sharp 

points are often encountered along the sliced edges of the hollow tip, and tree 

initiation is often observed along this area instead of the tip see section 7.1.1. 

 

Figure 3-5: [1] Ogura needle, [2] Hypodermic needle. 

3.6.2 Preparation of the acrylic cubes and sample casting 

Previous studies [155, 157] adopted the use of polytetrafluoroethylene (PTFE) tape 

to seal off the bottom the acrylic cubes and secure it in a recessed PTFE slab to 

prevent permanent bonding of epoxy to the rig. However this procedure does not 

always result in a completely flat bottom sample and filing of the sample’s bottom is 

needed to achieve flatness, which leads to reduction in the gap distance.  

In this study the acrylic cubes were cut to the dimensions shown in section 3.6 and 

bottoms were sealed off with 1 mm thick PET films which were easy to remove after 

curing and ensured the bottoms of the samples were flat. The needles were set 

2±0.2mm from the plannar surface using 2 mm thick soft rubber slab as gauge for 



  

   77 

 

gap distance, and the needles were secured with the needle cap holder as shown 

Figure 3-6 

 

Figure 3-6: Point-to-plane sample preparation rig showing: (1)-Needle, (2) - Needle cap 

holder, (3) – Sealed acrylic cube, (4)- 1 mm PET Film sealant (5)- 2 mm gap slab. 

The de-gassed epoxy resin mixture is then carefully poured into the acrylic cubes 

placed on a pre-marked position on a flat 3 mm thick acrylic sheet secured on the 

sample preparation rig. Each rig has a maximum capacity of six samples and with 

two rigs, twelve samples can be prepared in a batch. The samples were allowed to 

cure at room temperature for 24 hours, followed by a further 4 hours of post curing at 

100 °C to achieve optimal sample characteristics [154]. Samples were removed from 

the acrylic tube by cutting the exposed edge of the tube (away from the epoxy) with 

hacksaw and using a flat head screw driver to crack it open the tube. 

 Sample metallisation 3.7

In a point-to-plain sample configuration, the sample’s bottom is usually painted with 

sliver paint [118, 124] or with a carbon based conductive substance Aquadag [53, 

157] to ensure sound electrical contact of the sample to the ground plate. Many of 

these substances are water based liquids, and can result in water absorption by the 

samples under test, especially when epoxy resins are used since they are 

hygroscopic. Initial investigations in this study also show that carbon painted on 

samples as electrodes using aquadag dissolves when the sample under test is 

immersed in oil. This also reduces the insulation properties of the oil for later tests. 
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Thus the bottoms of the samples in this study were metallised by vacuum 

evaporation with aluminium. 

3.7.1 VCM 600 V2 Vacuum evaporation system 

The samples’ bottom surfaces were metallised using a compact desk-top thermal 

vacuum evaporation system (VCM 600 V2) which can create a highly uniform thin 

film of metals on substrate. The system incorporates; a thermal source, high power 

turbo pump and rough pump (external to the unit), high power supply unit up to 150 

A current, a glass bell jar, a glass mesh guard, a vent valve and safety interlocks for 

turbo and filament protection. The unit operates from the mains supply with power 

rating of 2000W. Figure 3-7 shows the system in operation. 

 

Figure 3-7: VCM 600 V2 thermal vacuum evaporation system. 

3.7.2 Metallisation procedure  

The metallisation process takes about an hour to complete. Prior to metallisation, the 

system is disassembled as shown in Figure 3-8.  
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Figure 3-8: Disassemble parts of evaporation unit prior to sample metallisation; (1); 

Sample holder, (2); Tungsten filament, (3); Samples to be metallised and (4);  Glass bell jar. 

The metal (aluminium) to be vaporised is wound around a tungsten filament heat 

source. A U-boat heat source can also be used but this requires higher current and 

longer time to vaporise the metal, which may damage the sample surface. The post-

cured samples are secured on a sample holder designed to hold 12 samples and the 

system re-assembled. Metallisation of the samples were made following the 

vaporisation procedure below: 

 Close the vent valve (clockwise) and power the system by turning on the 

main power switch followed by that of the rough pump to initiate vacuum 

process. 

 Monitor the reduction in pressure on the vacuum control indictor until the 

pressure falls below 1 mbar, then start the turbo pump on to accelerate 

vacuum attainment. 

  When a high vacuum is achieved, the power to the heat source engages 

automatically, and the red light on the front panel turns on indicating 

evaporation can be started. 

 The rate of current increase (temperature control) determines the 

evaporation/deposition rate. This is achieved by carefully turning the 

sensitive current knob on the current controls. 25A through a tungsten 

filament was found to be the optimal current for achieving good evaporation 

on the samples within one minute. 
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  On completion the current is minimised and the turbo pump turned off to 

allow the filament to cool for about 35 minutes. 

 The vent valve is opened slowly until atmospheric pressure is reached. The 

power to the system is then switched off, and the bell jar slowly lifted and 

kept aside safely.  

The samples are removed and kept in a desiccator (at 47±5% RH) to prevent water 

absorption. The glass jar is thoroughly cleaned using propanol with soft tissue or 

cloth. Vinyl gloves are worn throughout this process to avoid contamination.  

3.7.3 Sample conditioning 

Fabricated samples for this study and the oil in which they immersed are pre-

conditioned, conditioned and kept in a desiccator and oven at room temperature prior 

to testing. The pre-conditioning stage of the samples produced for this study is the 

post-curing (4 hours at 100 °C) process outlined in 3.6.2. Afterwards, the samples are 

allowed to cool to room temperature and then kept in a desiccator (conditioning) 

before testing. For tests carried out in oil, the silicone oil is dried at 85 °C for 24 

hours in a vacuum chamber and the temperature reduced to 23 °C and left under 

vacuum for a further 72 hours before any experiment is commenced.  

The temperature and relative humidity of the testing environment and that in the 

desiccating chamber is always measured. Thus the pre-conditioning, conditioning 

and testing (M) codes [161] for samples in this study is summarised as: 

24h/85C/0%+72h/23±2C/0%+4h/100C+24h/23±2C/47%±5;M/23±2C/47±% 

 

 

Figure 3-9 shows comparisons of fabricated samples’ bases prior to metallisation, 

after metallisation and a sample with the base painted with Aquadag. It can be seen 

that the metallised sample appears more uniform than the Aquadag painted sample.  

Oil pre-conditioning 

and conditioning 

Sample pre-conditioning 

and conditioning 

Testing 

condition 
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Figure 3-9: Fabricated point-to-plane sample - (1); un-metallised sample, (2); metallised 

sample, (3); sample painted with Aquadag. 

The samples were labelled using the nomenclature shown in Figure 3-10, where: 

 Bn: stands for batch number. 

 Sn; stands for sample number. 

 n; is an integer. Numbering starts from 1.        

 

Figure 3-10: Sample nomenclature for easy identification. 

For example, samples number 2 and 3 fabricated from the same batch say batch 1 

will have identification as B1#S2, and B1#S3, and samples 5 and 7 fabricated from 

say batch 2 will be identified as B2#S5 and B2#S7 respectively. This way any trend 

or anomaly during testing coming from the same batch of samples can be easily 

tracked as samples were randomly selected for testing. 

 Summary 3.8

The growth of electrical trees and short term breakdown measurement is very 

dependent on sample preparation. This chapter has highlighted the methods 

developed to ensure consistent and well controlled sample fabrication for testing, 

both in thin planar and needle to plane sample geometries.  The challenges of 

demoulding cast epoxy film on metal plates and from acrylic cubes have been 

resolved. 

For thin films, the use of permanent coated PTFE on the metal plates requires little 

effort and saves time. Also casting the epoxy between transparent PET films was 
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successful, but the challenges here lie in the peeling of the PET films off the cast 

material. This stage requires care and can be time consuming due to the fragile nature 

of the thin epoxy cast between the PET films. Samples used for short term 

breakdown tests and space charge measurements in this study were those cast on 

transparent PET films because of the smoother finishing compared to those from the 

Teflon coated plates. 

Needles for treeing samples are fragile and should be handled with utmost care. In 

case a dropped needle is to be used for any reason, the tip should be examined under 

microscope for damage before use. 
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4. Electric strength of a dielectric material  

 Introduction 4.1

In chapter 3, the care taken to prepare samples in a reproducible way has been 

described in detail. Similarly composite dielectrics need careful blending, and the 

importance of this is the subject of on-going work.  

In this chapter the electric strength of the thin films of fabricated epoxy resin samples 

tested under DC (positive and negative) voltages as well as AC voltages is described. 

The electric breakdown strength of epoxy resin is quoted to lie between 25 –

45 kV/mm [162-163]. In reality, the breakdown strength of such a material is 

dependent on its intrinsic properties and other factors such the rate of voltage rise, 

surrounding medium, electrode configuration, contact pressure and environmental 

conditions during test [48]. Thus care has been taken to design a test cell to facilitate 

such a measurement following the guidance in IEC 60243 parts 1 and 2 [48, 164]. 

The developed system is described in the sections below. 

 The Test Cell Design 4.2

The designed test cell consists of 3 main parts, namely; the electrode system, the 

sample holder, and the oil bath. The test cell is designed such that the whole system 

is stable and no movement of either the electrode system or the cable attached to 

them is possible during experiments. The individual parts of the test cell are 

described below. 

4.2.1 The electrode system 

The electrode system consists of ground and top electrodes made of brass spheres of 

equal diameters (20 mm). It is ensured that the surfaces of the spheres are made 

smooth and free of any defect in order to prevent local field enhancement on the 

electrodes due to irregularities. The ground electrode is designed in a mushroom 

shape so that it can be easily secured in place in the sample holder as described in 

section 4.2.2. The top and the ground electrodes are provided with 4 mm screw (M4) 

tapped holes such that the HV cable and the ground (earthing) cables can be easily 

attached to the electrodes. The system is designed such that the arrangements of the 

electrodes are in common axis which is normal to the plane of the test sample as 

shown in Figure 4-1 
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Figure 4-1: The electrode system configuration 

4.2.2 The sample holder 

The sample holder is carefully designed with the fragility of the samples to be tested 

in mind. It incorporates sample platforms which are aligned to the top of the ground 

electrode such that they are all in the same horizontal plane. This allows the sample 

under test to be placed on the sample platforms under no mechanical stress whilst 

being supported by both the sample holders and the ground electrode. Figure 4-2 

shows the arrangement of the sample holder and its dimensions. A clearance stand 

and perforated holes for oil entry are provided underneath the sample holder to 

ensure that the sample holder can be lowered easily into and out of the oil bath with 

the ground cable attached to the ground electrode without disturbing the system. 

 

Figure 4-2: Sample holder design showing sample and sample platform. 
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4.2.3 The Oil Bath 

The oil bath is made of a container of dimensions (164 x 122) mm and consists of 

two main features. One the feature is a 4 mm thick step made all around its inner 

base to secure the sample holder in position. The other feature is the HV rod holder 

made of nylon which is also centrally positioned on the oil bath lid. These two 

features are designed in such a way that when the sample holder is lowered into 

position, and the lid of the oil bath closed, the top and the ground electrodes will be 

axially aligned perpendicular to each other. The HV rod holder is made of nylon, 

with a central hole to allow the HV rod to freely slide in a perpendicular plane which 

allows the top electrode to sit on the sample under a uniform pressure. Also two 

nylon screws attached to the HV rod holder are used to secure the HV rod in position 

once it is lowered on to the sample. A weight attached to the HV rod is provided to 

ensure a uniform pressure on the sample.  Figure 4-3 (a) and (b) show a schematic 

drawing of the whole test cell and a photograph, showing the sample holder lowered 

into the oil bath. It can be seen from the photograph that the HV input cable and the 

ground cable are attached to the electrodes ready for necessary connection. 
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Figure 4-3: The schematic drawing and picture of the test cell system. Dimensions are given the 

main text. 
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 Experimental details and test procedure 4.3

4.3.1 Test circuit 

Figure 4-4 shows the test circuit employed for AC and DC breakdown tests. For the 

AC breakdown test, an 80 kV AC transformer was used, while for the DC 

breakdown test, a Brandenburg 100 kV reversible desk top DC power supply was 

used. A 10 MΩ current limiting resistor is connected at the output of the HV 

supply(s) to protect the HV supplies from damage during sample breakdown. The 

output voltages of the HV power supplies were monitored and measured via a 

10,000:1 North Star voltage divider (VD100) and a digital oscilloscope.  

 

Figure 4-4: Schematics circuit diagram for AC and DC breakdown tests. 

4.3.2 Sample configuration and test types 

Figure 4-5 shows the configurations of the test samples for this investigation.  The 

thicknesses of the samples range from about 100 μm to 250 μm. Details of sample 

fabrication method have been described in section 3.5. 

 

Figure 4-5: Sample configuration (a) single layer (b) double layer. 
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To obtain the optimal properties from the samples, the samples were preconditioned, 

followed by conditioning prior to any test as described in section 3.7.3. Single and 

double layer (epoxy-epoxy) samples were tested for three test types namely: 

I. DC breakdown tests in air. 

II. DC breakdown tests in oil. 

III. AC breakdown tests in oil. 

For each test type, four samples were tested for 40 breakdown sites (10 sites per 

sample). For DC tests, both positive and negative voltage polarity tests were carried 

out. A preliminary test (DC breakdown test in air) was carried out using 

commercially obtained Mylar (PET) films of 100 μm thicknesses used as reference 

samples and fabricated epoxy resin samples of about the same 100 μm thicknesses to 

compare the breakdown strength of the in-house fabricated samples. All tests were 

carried out at room temperature and the sample conditioning code for each test type 

is as follows [161] according to the nomenclature of section 3.7.3:  

For breakdown test in Air; 

 4h/100°C + 24h/23±2°C/47%±5; M/23°C±2/47%±5   

For breakdown test in Oil: 

 24h/85°C/0% + 72h/23±2°C/0%+4h/100°C + 24h/23±2°C/47%±5; 

M/23±2C/47±5% 

Figure 4-6 shows the test cell and bottles filled with silicone oil in an oven where 

they are kept at room temperature after conditioning prior to testing. 
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Figure 4-6: Oven where samples and test cell containing oil bath are kept at room 

temperature prior to testing after conditioning. 

4.3.3 Voltage application 

The test equipment shown in circuit diagram of Figure 4-4 is enclosed in a HV 

interlocked cage. Prior to voltage application, it is ensured that safety measures 

covered by the risk assessment for the experiment are strictly followed. 

For either AC or DC tests, a continuously rising voltage is applied to the samples 

until the sample under test breaks down. The rate of voltage application is at about 

1kV/s (manually controlled).  

The sample under test is sandwiched between the HV and the ground electrodes as 

shown in Figure 4-1. The use of a digital oscilloscope allows the breakdown voltage 

to be accurately determined by recording the applied waveform after breakdown, and 

using the cursors to determine the peak voltage at which the breakdown occurred, as 

shown in Figure 4-7 by the dotted lines. After each test, the equipment is de-

energised, and the system earthed by attaching earth stick on the output of the HV 

supply to ensure residual charges are taken to ground before any contact is made to 

the test equipment. The breakdown field is then determined as the ratio of the 

breakdown voltage and the thickness of the sample between the electrodes. Test 

results were then tabulated, and statistically analysed. 
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Figure 4-7: Captured waveforms during breakdown and a sandwiched sample between 

electrodes during test. Dotted lines on waveforms show peak voltages at breakdown. 

 Data representation and analysis 4.4

Data interpretation is the most important part of presentation and analysis of test 

results. Three statistical methods namely; Box and Whisker plots, Weibull plot and 

Student’s “t-Statistics” are used in this study. Each method has its own merits and is 

briefly described below. 

4.4.1 Box and Whisker plot 

Box and whisker provides basic information about the data distribution, and allows 

visual comparison of two or more data set. The information that can be extracted 

from box plot is: 

 The lower quartile (QL) representing 25% of the data set 

 The upper quartile (QU) representing 75% of the data set  

 The Median representing 50% of the data set 

 The Mean of the distribution. 
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The height of the box represents about 50% of the data set which is the difference 

between the upper and lower quartile called the inter-quartile range. Whiskers are 

lines extending from the lower and upper quartile to the minimum and maximum 

value of the data set considered which indicates the spread of data outside the box, 

hence the name box-and-whisker plot. 

Figure 4-8 shows a representation of a box chart with a normal distribution curve 

overlaid on the data set.  In Figure 4-8 (a) all the data set are considered whereas in 

Figure 4-8 (b) the outliers are not considered thus reducing the length of the whisker 

in the lower quartile. Also a distribution with a negative skew would have a longer 

whisker in the negative direction than in the positive direction. This is also indicated 

by a smaller mean than the median as shown in Figure 4-8 (a) and (b). 

 

Figure 4-8: Box and Whisker plot description. 

4.4.2 Weibull distribution 

In engineering systems such as HV power cable design, it is inappropriate to expect 

high failure rates as cables are design to last in service for at least 50 years or more. 

Also negative values of failure times cannot occur. In such systems, the smallest 

extreme sample statistics such as Weibull is best used to model the failure modes 
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[165]. The Weibull expression for the cumulative density functions for two-

parameters given by equation (4.1) is used for analysis: 



























t
tP exp1)(

      

(4.1) 

 

Where P(t) is the probability of failure at a voltage or time less than or equal to t. 

Equation (4.1) can be transformed into equation (4.2) given by: 

)ln()ln())](1/(1ln[(ln   ttP  (4.2) 

Comparing equation (4-2) with straight line equation; y = mx + c, this gives: 

))](1/(1ln[(ln tPy  ; is the vertical scale, a highly non-linear function of the 

probability of occurrence of event representing the cumulative distribution function 

(CDF) describing the percentage of the test specimens that will fail at any time. 

m ; is the slope (shape parameter) of the line representing a measure of the 

spread of the distribution and may provide a clue of the failure mechanism [166].  

Higher values of β, represent smaller variation across the data set (i.e. more 

deterministic). 

)ln(tx  ; is the horizontal scale representing the logarithm of the measure of 

ageing or time to failure. 

)ln(c ; is the intercept, where α represents the characteristic value (scale 

parameter) which corresponds to age at 63.2% of the sample under test will have 

failed, and is often used as a key reference time for a data set rather than the mean.  

From equation (4.2), a plot of y against x should produce a straight line from the data 

being analysed for a data set which fits the Weibull distribution. Figure 4-9 shows a 

typical plot from a measurement result on breakdown test on epoxy resin sample in 

this study. Where “B1”, “B10” and “B63.2” are percentage life prediction at which 

1%, 10% and 63.2% of the samples will have failed [166]. For example “B1”, “B10” 

and “B63.2” correspond to 157 kV/mm, 200 kV/mm and 237.4 kV/mm breakdown 

fields respectively on the x-axis of the plot of Figure 4-9. 
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Figure 4-9: Weibull plot description. 

4.4.3 Advantages of Weibull distribution 

Weibull analysis provides a simple graphical solution from which life prediction and 

forecast can be made from small sample sizes. In engineering this is very important 

for cost effective component testing [166]. The slope (β) of the Weibull plot for 

constant stress tests indicates the mechanism of failure is present [166], where:  

 (β) < 1.0 indicates infant mortality 

 (β) = 1.0 means random failures (independent of age) 

 (β) > 1.0 indicates wear out failure 

The relationship between various values of the slope and the typical failure 

modes is shown in Figure 4-10.  
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Figure 4-10: Typical failure modes plots, and suggested failure mechanisms responsible for 

each associated with different Weibull shape parameter values [166]. 

4.4.4 Student’s t-Statistics 

Student’s “t-Statistics” allows comparison of the difference between the actual 

means of two data set in relation to the variability of the data set expressed as the 

standard deviation of the difference between the means given by equation (4.3) 

where; x  is the mean given by equation (4.4), Sd  is standard deviation of the 

difference between the means given by equation (4.5) and S
2
 is the standard 

deviation of the data set given by equation (4.6). 
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It is worth noting here that; the student’s t-test is really restricted to a Gaussian 

distribution. But the test results from such statistics will reasonably conform to a 

Weibull distribution, where the shape parameter of the Weibull is >> 1 resulting in a 

highly peaked and narrow curve. See for example β = 6 in Figure 4-10. 

Formulation of “t-Statistics” test: A null hypothesis is constructed based on the 

assertion that there is no difference between the means of the two data sets. The 

outcome of the t-test allows a statistical statement to be made with some level of 

confidence whether the assertion is true or not. It is calculated following below 

procedure [167]. 

1. List the data set for each test type to be investigated. 

2. Record the number (n) of each test type ( n1 and n2). 

3. Calculate the degree of freedom [(n1 + n2) – 2]. 

4. Calculate the difference between the means of each data set ( 21 xx  ). 

5. Calculate the standard deviation ( 2S ) of each data set as 2

1S  and 2

2S .
 

6. Calculate t-statistic value using equation (4-3). 

7. Enter the t-table at [(n1 + n2) – 2] degree of freedoms at the appropraite 

column of a chosen level of significance (usually p = 0.05) and read the 

tabulated t value. 

8. If the calculated t- value exceeds the tabulated value (t-critical) we say that 

the means are significantly different at that level of probability. 

9.  If the calculated t-value is less than or equal to the probability at p = 0.05, 

this means that the null hypothesis is correct.  

A conclusion can be drawn with about 95% level of confidence based on this level of 

probability. But still there is about 5% chance of being wrong in reaching such a 

conclusion. Using t-statistic will allow a statistical statement to be made with a 

degree of accuracy, but cannot actually prove or disprove anything. For two tail test, 

the criteria for acceptance is that, the calculated t- value should be less or equal to 

the t-critical value. That is (-tcritical < tstatistics< tcritical), where t-critical is the highest t-

value that when exceeded the hypothesis should be rejected. The critical value can be 

extracted from t-table at an appropriate degree of freedom for a chosen level of 
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probability (0.1% to 10%) considered for the study. Table 4-1 shows a typical t-test 

probability table.  

Table 4-1: T-test probability table [168]. 

 

Software packages such as Excel or OriginLab can be used to compute t-statistics 

and gives statistical parameters  such as; the mean, standard deviation, variance, and 

the critical value etc. without using t-tables (manual calculation). Computation using 

these software(s) were validated with reference data from a test in this study.  

A generated report from Excel at p = 0.05 is shown in Table 4-2. It can be seen from 

Table 4-1, in the first column, that at degree of freedom of 78 the critical value at p = 

0.05 is 1.9909. The same value is generated in the Excel see Table 4-2 together with 

other statistical parameters required to either accept or reject the hypothesis at 5% 

level of probability. Since, the generated “t-Statistics” lies within the Critical t-value, 

i.e.  (-1.99 <0.80<1.99), it can be infered with 95% level of  cofidence that there is 

no significant difference between the means of positive negative DC polarity tests on 

the PET films (reference samples).  

0.1 0.05 0.02 0.01 0.005 0.002 0.001

1 6.3138 12.7065 31.8193 63.655 127.3447 318.493 636.045

2 2.92 4.3026 6.9646 9.9247 14.0887 22.3276 31.5989

3 2.3534 3.1824 4.5407 5.8408 7.4534 10.2145 12.9242

4 2.1319 2.7764 3.747 4.6041 5.5976 7.1732 8.6103

5 2.015 2.5706 3.365 4.0322 4.7734 5.8934 6.8688

6 1.9432 2.4469 3.1426 3.7074 4.3168 5.2076 5.9589

7 1.8946 2.3646 2.998 3.4995 4.0294 4.7852 5.4079

8 1.8595 2.306 2.8965 3.3554 3.8325 4.5008 5.0414

_ _ _ _ _ _ _ _

_ _ _ _ _ _ _ _

71 1.6666 1.9939 2.38 2.6468 2.8974 3.209 3.4329

72 1.6663 1.9935 2.3793 2.6459 2.8961 3.2073 3.4308

74 1.6657 1.9925 2.3778 2.6439 2.8936 3.204 3.4269

75 1.6654 1.9921 2.3771 2.643 2.8925 3.2025 3.425

76 1.6652 1.9917 2.3764 2.6421 2.8913 3.201 3.4232

77 1.6649 1.9913 2.3758 2.6412 2.8902 3.1995 3.4214

78 1.6646 1.9909 2.3751 2.6404 2.8891 3.198 3.4197

79 1.6644 1.9904 2.3745 2.6395 2.888 3.1966 3.418

80 1.6641 1.9901 2.3739 2.6387 2.887 3.1953 3.4164

Probability, PDegree of 

Freedom
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Table 4-2: Excel generated t-statistic parameters. 

 

Also since the generated two-tail probability from Table 4-2 is 0.4255 (42.55%) and 

is greater than 0.05 (5%), this implies that, the sample mean is within 1-Standard 

deviation of the mean (μ-σ and μ+σ) which is part of the 95% non-rejection region 

of the bell shape normal distribution curve [168] as shown in Figure 4-11. Thus the 

hypothesis cannot be rejected.  

 

Figure 4-11: Rejection and no-rejection regions of t-statistics probability function [168]. 

The statistical methods introduced in this section are used for graphical 

representation of test results and data analysis in the section that follows. Test results 

PET Film SL-100 um 

DC  test in air

PET Film SL-100 um  

DC test in air

Positive polarity test Negative polarity test

Mean 232.545 229.225

Variance 373.226641 313.8711538

Observations 40 40

Pooled Variance 343.5488974

Hypothesized Mean 

Difference 0

df 78

t Stat 0.801048482

P(T<=t) one-tail 0.21276849

t Critical one-tail 1.664624645

P(T<=t) two-tail 0.425536981

t Critical two-tail 1.990847069

t-Test: Two-Sample Assuming Equal Variances

Sample ID and 

statistical parameters
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4.4.5 Single layer (SL) samples (reference and epoxy) of about ~100 μm 

thicknesses: AC and DC breakdown test in air and in oil 

Figure 4-12 shows a box chart plots for breakdown strength of about 100 μm thick 

samples in air and in oil for AC and DC tests.  

 

Figure 4-12: Box chart comparing average breakdown strength of single layer ref. and 

epoxy resin samples of ~100 μm thicknesses for AC and DC tests in air and oil. 

DC test in air: This test compares the strength of the fabricated epoxy resin samples 

and that of the reference (PET) samples. It can be seen from Figure 4-12, that the 

breakdown strength of the reference samples of ~100 μm is higher than that of the 

fabricated epoxy resin samples of ~100 μm. The difference in average breakdown 

strength for positive and negative breakdown test is about 1.4% in the reference 

samples, where as in the Epoxy resin samples this difference is about 7%. Table 4-3 

for tabulated averages of breakdown voltages and fields and Appendix A-1 to 6 for 

the tables of collated breakdown data for the entire tests. On average, the breakdown 

strength of the reference samples of ~100 μm is about 30% higher than that of the 

epoxy resin samples of about the same thicknesses for both positive and negative 

polarity tests. 

AC and DC test in oil: This test compares the strength of epoxy resin samples of 

about 100 μm thicknesses for AC and DC tests. The strength of the epoxy resin 
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samples increases to about 9.5% on average for positive and negative polarity tests 

when the test was carried out in oil compared to the test in air. The positive polarity 

test value is about 5.5% higher than the negative polarity test value. On average 

however, AC tests in oil give mean values 45% and 12% higher than DC tests in air 

and in oil for both positive and negative polarity tests as shown in Figure 4-12. 

Table 4-3: Collated average for breakdown voltages and fields for each test type. 

 

4.4.6 Single and Double layer (SL & DL) epoxy resin samples of ~200 μm 

thickness: AC and DC breakdown test in oil 

Figure 4-13 shows the box chart plot of the results obtained for single and double 

layer epoxy resin samples of about 200 μm thicknesses for AC and DC tests in oil.  

DC test: A difference of about 5.8% less in average breakdown strength is observed 

for double layer samples of ~200 μm compared with single layer samples of about 

the same thicknesses.  However, the difference between positive and negative 

polarity tests for single and double layer samples of about 200 μm are 1.5% and 

2.7% respectively with negative polarity test being higher in both cases. 

AC tests: There is no significant difference in average breakdown strength between 

single and double layer samples of ~200 μm under AC test. However comparing the 

average strength of single and double layer samples of ~200 μm for AC and DC 

tests, it is observed that the average strength for AC test is about 38% and 34% lower 

than for DC test for positive and negative polarity tests respectively as shown in 

Figure 4-13. 

BD Voltage (kV) BD Field (kV/mm) BD Voltage (kV) BD Field (kV/mm)

SL-Pet-100µm 23.25 232.55 22.92 229.23

SL-Epoxy~100µm 19.48 167.52 16.97 155.78

BD Voltage BD Field BD Voltage BD Field

SL-Epoxy~100µm 31.34 262.58 31.9 248.05

SL-Epoxy~200µm 58.65 291.37 59.97 295.82

DL-Epoxy~200µm 58.63 272.82 57.38 280.26

Sample ID

SL-Epoxy~100µm

SL-Epoxy~200µm

DL-Epoxy~200µm

29.06

37.03

37.87

291.05

182.83

181.49

Test type (I): DC Breakdown in Air

Sample ID

Test type (II): DC Breakdown in Oil

BD Voltage (kV) BD Field (kV/mm)

Test type (III): AC test in Oil

Positive polarity test Negative polarity test
Sample ID

Positive polarity test Negative polarity test
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Figure 4-13: Box chart comparing average breakdown strength of single and double layer 

epoxy resins samples of ~200 μm thicknesses for AC and DC tests in oil. 

 Observed phenomena during breakdown tests 4.5

4.5.1 Nature of breakdown event  

Figure 4-14 (a) and (b) show the electrodes-sample arrangements for tests in 

atmospheric air and in silicone oil. For test in atmospheric air, frequent sporadic 

discharge of arcs were observed in the region marked (x) in Figure 4-14 (a) prior to 

breakdown leaving a wide puncture and carbonisation at the edges of the puncture.   
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Figure 4-14: Influence of surrounding medium on breakdown channel on test samples. ԑ1; is 

the permittivity of the test samples, ԑ2; is the permittivity of air, and ԑ3; the permittivity of 

silicone oil. 

However when the test was carried out in oil, these discharges were occasional and 

in most cases, left a fine puncture as shown in Figure 4-14 (b) compared to the 

observation in Figure 4-14 (a). The explanation for this observation is that, the 

permittivity of air (Ԑ2 = ~ 1) is lower than that of the epoxy resin which is in the 

range of 2.5< Ԑ1 < 4 [169]. This results in a highly stressed region marked (x) in 

Figure 4-14 (a) and because air has a low breakdown strength, this is accompanied 

by many partial discharges in that region leading to the observed bigger puncture.  

In Figure 4-14 (b) on the other hand, the permittivity of silicone oil is in the range 

2.7 < Ԑ3 < 3.0 which is slightly lower than that of the epoxy resin, and also the oil 

supresses partial discharges at the epoxy surfaces. Thus most of the surface 

discharges were eliminated in the region marked (x) in silicone oil leading to a fine 

puncture and higher breakdown field compared to the test in atmospheric air.  

4.5.2 Apparent self-healing of test samples 

Another observed phenomenon is the ability of the test sample to recover after initial 

breakdown and sustain the applied electric field for few seconds, followed by another 

breakdown event and so on as shown in Figure 4-15. This phenomenon is observed 

in both the test in air and in oil for single and double layer samples.  
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Figure 4-15: Captured waveforms showing erratic discharges (test in air) and self-

healing events (test in oil) prior to complete breakdown of test samples. 

For test in air, a continues sporadic discharges was observed after the initial attained 

peak breakdown voltage due to the lower breakdown strength of air surrounding the 

epoxy sample. After these sporadic discharges, the initial peak breakdown voltage is 

not attained again as shown in Figure 4-15 (a), and complete breakdown ensued 

afterwards. However, when the test was carried out in oil, after initial breakdown 

event, the sample recover for few seconds and sustained the initial peak breakdown 

voltage  for few seconds followed by subsequent breakdown events as shown in 

Figure 4-15 (b), (c) and (d). The ability of the sample to recover the initial peak 

breakdown voltage is believed to be due to the fact that, the silicone oil surrounding 

the sample filled in the breakdown channel immediately after the initial breakdown 

and sustain the peak breakdown voltage only for few seconds before another 

breakdown ensued because the silicone oil less stronger than the epoxy sample.  

It is the interaction of these surrounding media with the test sample that resulted in 

the differences observed in the recorded waveforms shown in Figure 4-14.  The 

observed phenomenon during breakdown test in air is herein dubbed as “erratic 

discharges” while that during breakdown test in oil dubbed as “apparent self-healing” 
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of the test sample as the initial peak breakdown voltage is attained repeatedly before 

a complete breakdown ensued as shown in Figure 4-15 (b), (c) and (d). 

 Weibull plots for breakdown strength test 4.6

4.6.1 Test in air and oil for100 µm single layer (SL) samples 

 

Figure 4-16: Weibull plots of short term breakdown strength of reference and fabricated 

epoxy resin samples for AC and DC field samples under AC/DC field. 

Test in air: Figure 4-16 and Table 4-4 show the Weibull plots of 100 µm samples 

and the extracted Weibull parameters, where αE@63.2%; is the breakdown strength 

corresponding to the cumulative failure probability at 63.2%, and β; is the shape 

parameter depicting the measure of deviation from the straight line of the plots. The 

β values are related to the material property as described in section 4.4.2. As can be 

seen from Table 4-4 the β values for the reference sample for DC test in air are 13.07 

and 14.16; and the αE@63.2% values are 241.32 kV/mm and 237.4 kV/mm for positive 

and negative polarity tests respectively. The β values for the epoxy resin samples are 

8.68 (+’Ve)  and 5.66 (–’Ve) while the αE@63.2% values are 177.68 kV/mm (+’Ve)  
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and 168.66 kV/mm (–’Ve) which correspond to 26.4% and 29% lower breakdown 

strengths respectively compared with the reference samples.  Comparing test in air 

and in oil between epoxy samples from Table 4-4, an average of about 37% is 

observed when the test was carried out in oil. 

Table 4-4: Extracted Weibull parameters of Figure 4-16 and Figure 4-18. 

 

The lower values of β in the epoxy samples compared to that in the reference 

samples are indicative of defects or variations in the samples which are observed as 

deviation from the straight line on the Weibull plots. This observation may be due to 

the fact that the fabricated samples may contain some defects as the laboratory 

condition is not super clean. Figure 4-17 shows an in inspected fabricated epoxy 

sample under microscopic revealing void and some inclusions. 

 

Figure 4-17: Inspection of fabricated epoxy sample under a microscope showing voids and 

other defects. 

Breakdown tests in oil: Even though there is an increase in breakdown strength 

(αE@63.2%) of about 37% for both positive and negative polarity tests when the test 

was carried out in oil compared to that in air, no improvement was observed in the 

α (kV/mm) β α (kV/mm) β

 Single Layer PET film 100 μm (air) 241.32 13.07 237.4 14.16

 Single Layer Epoxy film ~100 μm (air) 177.68 8.68 168.66 5.66

 Single Layer Epoxy film ~100 μm (oil) 280.26 7.23 265.04 6.56

AC test

 Single Layer Epoxy film ~100 μm (oil)

α (kV/mm) β

Test type: AC and DC Breakdown strength in Air and in Oil for 100 μm samples

Positive polarity test Negative polarity test
DC test

300.22 18.1
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recorded values of β. This further indicates the fact that the fabricated samples are 

less clean compared to the commercially obtained reference samples.  

AC tests in oil shows an improvement of 6.6% and 11.7% in αE@63.2%  values for 

positive and negative polarity tests compared with DC tests in oil and the β values 

also show an improvement as shown in Table 4-4. Figure 4-18 below shows the 

Weibull plots for AC and DC tests in oil.  Less deviation is observed from the plot 

for AC test compared to positive and negative DC polarity tests.  

 

Figure 4-18: Weibull plots of short term breakdown strength of epoxy resin samples of 

about 100 μm thicknesses in oil under AC/DC field. 

4.6.2 Test in oil for 200 µm single and double layer samples 

DC breakdown tests on single and double samples: Table 4-5 below shows the 

extracted Weibull parameters from Figure 4-19. Polarity dependence on breakdown 

strength is insignificant between single and double layer samples under DC test. 

However, there is about 6% reduction in breakdown strength in the double layer 

samples when compared with the single layer samples. This value is similar to the 
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5.8% obtained in section 4.4.6 when computation is based on mean breakdown 

strengths, using box chart plot. 

AC breakdown tests on single and double layer samples: AC tests on single and 

double layer samples followed similar trend as those in DC test showing no 

significant difference in the obtained αE@63.2% and β values. But comparison between 

AC and DC tests on this occasion show a significant reduction of about 39% and 

35% in breakdown strength for AC test compared with DC for positive and negative 

polarity tests. This trend is opposite to what was observed in similar test with 100 μm 

thick samples where an increase in breakdown strength was observed see Figure 

4-18. 

 

Figure 4-19: Weibull plots of short term breakdown strength of 200 µm epoxy resin 

samples under AC/DC field. 
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Table 4-5: Extracted Weibull parameters of Figure 4-19. 

 

 Summary of test results 4.7

This chapter has presented test results for electrical strength of thin films of 

fabricated epoxy resin samples for short term AC and DC voltage stresses. Single 

and double layer samples were tested in air and in oil. Positive and negative polarity 

tests were carried out for DC and the effect of surrounding medium on breakdown 

event during the test was explained in section 4.5. Observed differences in 

breakdown strength using average values from box chart plots and cumulative 

breakdown strength at 63.2% using Weibull plots was discussed in section 4.6 and 

4.7 respectively.  

In this section statistical analysis using Student’s “t-test” is used to summarised and 

draw conclusions for this study. Table 4-6, shows the summary of the “t-test” at 95% 

confidence level, comparing the difference between the means ( x ) of positive and 

negative polarity test for each test type carried out in this study.  

α (kV/mm) β α (kV/mm) β

 Single Layer Epoxy film ~200 μm 310.49 7.58 309.52 11.64

 Double Layer Epoxy film ~200 μm 290.62 7.82 291.7 11.5

AC test

 Single Layer Epoxy film ~200 μm

 Double Layer Epoxy film ~200 μm

Positive polarity test Negative polarity test

 Test type: AC and DC Breakdown strenght in Oil for 200 μm

DC test

187.39 16.48

α (kV/mm) β

188.72 15.57
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Table 4-6: Student’s t-statistics test results on all test types. 

 

As can be seen in Table 4-6, all the computed “t-Statistic values” are less than the 

“t-Critical values” meaning the means ( x ) of all the tests carried out are within the 

non-rejection region of the normal distribution curve for the test data of each test. 

The calculated probabilities also show how closer or far away each test is from the 

rejection region. For example, comparing the means ( x ) of positive and negative 

polarity tests for the reference and the fabricated epoxy resin samples of about 100 

μm thicknesses using the “t-test” when the test was carried out in air, yielded these 

Positive test  Negative test Positive test Negative test

Mean 232.55 229.23 167.52 155.78

Variance 373.23 313.87 656.48 1013.21

Observations 40.00 40.00 40.00 40.00

Pooled Variance 343.55 834.85

Hypothesized Mean 

Difference
0.00 0.00

df 78.00 78.00

t Stat 0.80 1.82

P(T<=t) two-tail 0.43 0.07

t Critical two-tail 1.99 1.99

Positive test Negative test Positive test Negative test

Mean 262.58 248.05 291.37 295.82

Variance 1767.12 1750.22 2064.82 1084.44

Observations 40.00 40.00 40.00 40.00

Pooled Variance 1758.67 1574.63

Hypothesized Mean 

Difference
0.00 0.00

df 78.00 78.00

t Stat 1.55 -0.50

P(T<=t) two-tail 0.13 0.62

t Critical two-tail 1.99 1.99

Positive test Negative test  SL- sample DL- sample

Mean 272.87 280.26 182.83 181.49

Variance 1800.46 588.25 171.23 171.98

Observations 40.00 40.00 40.00 40.00

Pooled Variance 1194.35 171.61

Hypothesized Mean 

Difference
0.00 0.00

df 78.00 78.00

t Stat -0.96 0.46

P(T<=t) two-tail 0.34 0.65

t Critical two-tail 1.99 1.99

t-Test: Two-Sample Assuming Equal Variances

PET Film SL-100 um DC test in air Epoxy Film SL- 100 um DC test in air

Epoxy Film SL 100 um DC test in oil Epoxy Film 200 um DC test in oil

Epoxy Film DL-200 um DC test in oil Epoxy Film 200 um AC test in oil

Samples ID and Statistical 

parameters

Samples ID and Statistical 

parameters

Samples ID and Statistical 

parameters
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probabilities 0.43 (43%) for reference samples and 0.07 (7%) for the fabricated 

epoxy resin samples (Table 4-6). These results suggest that, the means ( x ) of the 

reference samples are within 1-standard deviation of the normal distribution curve, 

while the means ( x ) of epoxy samples are within 2-satandard deviation of the curve 

as shown by Figure 4-11. This suggests that the reference sample’s data is more 

centred (smaller deviation) than the epoxy resin samples. See box chart plots for 

visual clarification.  

The primary aim of this study is to compare the strength of fabricated layered epoxy-

epoxy (double layer) to that of un-layered (single layer) of about the same 

thicknesses i.e. 200 μm. Student’s t-test results (Table 4-6) on single and double 

layer of about 200 μm shows that there is no difference between the means of 

positive and negative polarity test for DC test in oil  as well as that of the AC test in 

oil.  

However, when the averages of the combined positive and negative polarity test for 

single layer (SL) samples and that of double layer (DL) samples were compared, the 

Student’s t-test results shows that there is difference between their means ( x ) as 

shown in Table 4-7. 

Table 4-7: Student t-test results for averages of positive and negative polarity test on 

200 μm Single and Double Layer samples. 

 

From Table 4-7, the calculated means ( x ) for SL and DL samples are 293.59 

kV/mm and 276.56 kV/mm respectively while the “t-Stat” value is 2.66 and the 

Single layer samples Double layer samples

Average of positive and 

negative polarity tests

Average of positive and 

negative polarity tests

Mean 293.59 276.56

Variance 983.80 650.38

Observations 40.00 40.00

Pooled Variance 817.09

Hypothesized Mean 

Difference
0.00

df 78.00

t Stat 2.66

P(T<=t) two-tail 0.01

t Critical two-tail 1.99

t-Test: Two-Sample Assuming Equal Variances

Sample ID and Statistical 

parameters
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“two-tail” probability is 0.01 (1%). The “t-Stat” value (2.66) is greater than the “t-

Critical” value of 1.99 at 95% confidence level. Meaning that, the null hypothesis 

can be rejected. Also the 1% two-tail calculated probability is within 3-standard 

deviation of the mean shown in by red colour at the tail ends of Figure 4-20 which is 

the rejection region and thus the null hypothesis can be rejected. 

 

Figure 4-20: Normal distribution curve, rejection region within 3-standard deviation of the 

mean, non-rejection region within 2-standard deviation of the mean [168]. 

4.7.1 Conclusions 

 The use of the three statistical methods described in section 4.4 was used to 

present data and analyse the test results. Data analysed from box chart plot 

and Weibull plot suggest that there is about 5.8% and 6% difference in 

breakdown strength between the single layer and double epoxy samples. 

 Student’s “t-Statistics” shows that there is no difference in breakdown 

strength between the means of positive and negative polarity tests for each 

test type (Table 4-6). 

 Student’s “t-Statistics” test shows that, there is difference in breakdown 

strength between single layer (SL) and double layer (DL) epoxy samples 

when the combined means of positive and negative polarity test for SL and 

DL samples were compared see Table 4-7. 

This study shows that double layer sample are about 6% less strong compared to 

single layer samples. This 6% may be associated with defects (see Figure 4-17) in the 
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fabricated epoxy resin sample. Also many studies suggests that interfaces are regions 

were space charge are trapped [170-172], and could lead to modification and 

enhancement of local field which could result in the observed reduction in strength in 

the double layer samples. However this 6% difference is not big enough to suggest 

major difference between the single and double layer samples in this study. This 

study shows that layered material (interfaces) can prove to be strong when tailored 

properly and the assertion that interfaces are weak points needs to be investigated 

properly. In chapter 5, space charge dynamics in epoxy resin samples of similar 

configurations as in this Chapter are investigated to further clarify the impact of 

space charge at the interface in relation to the results obtained in this Chapter. 
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5. Space charge measurements 

 Introduction 5.1

In this chapter, space charge measurements are reported on plaque samples of about 

the same configuration and thickness as in Figure 4-5. The main aim here is to 

investigate the difference between charge dynamics in single and double layer 

samples and find out if the presence of interfaces in the double layer samples has an 

influence in the recorded lower DC breakdown strength obtained for double layer 

samples in the study carried out in Chapter 4.   

The need to characterise the internal electrical properties of solid dielectrics resulted 

in the development of several space charge detection techniques [7, 74-75] as 

mentioned in section 2.9. Among these techniques, the Pulse-Electro Acoustic (PEA) 

method is the most widely used as it allows the charge distribution in the stressed 

solid dielectrics to be observed non-destructively [71, 76]. 

A report by CIGRE WG D1.24 on dielectric properties of XLPE/SiO2 

Nanocomposites [173], shows work on high field material characterisation was 

radically enhanced by the use of space charge measurement. This work shows 

cooperative test results from research institutions all over the world where the space 

charge measurement was used as one of the important tool for material 

characterisation.  

Although this technique has been used for many years, the results obtained from such 

measurement differs from one institution to the other depending on the resolution of 

measurement system and the measuring procedure adopted as reported in [173]. For 

this reason, a standard was published in 2012 for the PEA measurement technique in 

order to standardised measurement procedures [174]. 

In this study, a PEA system has been designed and developed under the guidance of 

Dr. Antonois Tzimas as one of the tools for material characterisation. The hardware 

part of the system was designed and constructed at the University of Manchester 

while the software for signal processing was originally developed in LabView by Dr. 

M. Fu at the University of Leicester. The system is briefly described in sections that 

follow.  
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 Description of a PEA system 5.2

Figure 5-1 shows the schematic representation of the PEA system for measuring 

plaque samples. The system developed in this study is based on the published works 

of Alison [71] and Maeno et al [175]. The system consists of three main parts:   

1. The top electrode unit which houses the high voltage circuitry consists of a 

coupling capacitor (Cc = 220pF), series resistor (Rdc = 1MΩ) and a 

cylindrical electrode. The coupling capacitor prevents the applied DC from 

flowing towards the pulse generator while the series resistor prevents the 

pulse energy flowing towards the DC supply. Thus both the pulse energy and 

the DC are applied to the sample when energised. 

2. The ground electrode is made of 10 mm thick polished aluminium plate 

which serves as the acoustic guide and a delay line for acoustic wave 

propagation. 

3. The sensor unit which houses a piezoelectric transducer is made of 

polyvinylidene fluoride (PVDF) for detecting the generated acoustic pressure 

wave. 

 

Figure 5-1 : Schematic representation of the PEA measurement system. 
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Even though the PEA system is easier and safer to set up compared to the other 

techniques [85], careful selection of components and equipment is necessary for the 

proper functioning of the system.  

The main equipment and components required for setting up a functioning PEA 

system are: A high voltage DC supply, a pulse generator, a high voltage capacitor 

and resistor, through which the pulse and DC voltage are applied, a transducer for 

detecting the generated pressure wave signal, a wide-band amplifier for signal 

amplification, a wide band digital oscilloscope and a PC for signal recording and 

processing. Theories regarding system performance and components selection are 

extracted from [57, 76], and are described below.  

 Functions of equipment and components of a PEA system  5.3

HVDC supply: The main functions of the HVDC source in the PEA system is for 

polling the sample under test to induce surface charges σ(0) at the ground electrode, 

σ(d) on the top electrode seen as two peaks on the output signal [57, 85], and to 

induce space charge ρ(z) in the sample if the field exceeds the threshold for charge 

injection between 10 kV/mm and 20 kV/mm in PE based materials [43-44, 88]. 

Pulse generator: The purpose of the pulse generator is to launch a perturbation force 

on the charges in the sample. This is achieved by applying a short and narrow HV 

electric pulse  𝑒𝑝(𝑡) through the coupling capacitor, to the sample. The internal 

charges then react to the pulsed voltage to produce a mechanical force qEF  . This 

mechanical force causes an acoustic wave 𝑝(𝑡) related to the charge distribution 𝜌(𝑧) 

to propagate through the ground electrode to the detection unit.  

Takada reported in [85] that, the first condition for obtaining the approximate space 

charge distribution is that, the width of the HV pulse generated pT  should be much 

shorter than the transient time sT  given by equation (5.1): 

sa

sp
u

d
TT   (5.1) 

Where d is the sample thickness and sau  is the acoustic velocity in the sample. It is 

assumed in this case that, the applied electric pulse )(te p  is a delta function which 
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acts as a probe, and thus the detected voltage signal )(tvs  at the transducer is directly 

proportional to the charge distribution across the sample.   

Coupling capacitance:  The need for the coupling capacitance is to ensure that most 

of the applied pulse voltage appears across the sample. The value of the coupling 

capacitance cC can be calculated from the knowledge of the sample capacitance saC  

from equation (5.2). The design requirement as indicated in [57] suggests that, the 

coupling capacitance cC  shown by (5.3) should be much larger than the value of the 

sample capacitance given by equation (5.2). 

d

A
C r

sa

0  (5.2) 

sac CC 100  (5.3) 

Thus for example, the sample capacitance saC  of epoxy specimen of 
r = 3.5, 

12

0 10*854.8  and of thickness 1 mm can be calculated using equation (5.2) to be 

2.43 pF, where A is the area of the top electrode of diameter 10 mm in contact with 

the sample. Therefore, cC 243 pF using (5.3). Thus a 220 pF capacitor is selected 

for this system.  

Series resistor Rdc:  As shown in Figure 5-1, the current coming from pulse 

generator can flow in the direction of the DC source or towards the top electrode to 

the test sample. The current that contributes to the space charge measurement is the 

current that flows to the test sample. As such, the value of the series resistor should 

be large enough to allow most of the current to flow into the test sample rather than 

DC source.   

It is reported in [57], that the value of the series resistor Rdc (5.4) should be about 

500 times larger than the impedance of the sample capacitance saC , where pf given 

by equation (5.5) is the main frequency component of the pulse voltage and pT  is 

the pulse duration. 

sap

dc
Cf

R
2

1
*500  (5.4) 
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p

p
T

f



2

1
 (5.5) 

The duration of the pulse generator employed in this system is 10 ns. Thus the 

minimum value of the series resistor to be selected is calculated to be 0.65MΩ. Thus 

a 1MΩ series resistor was selected for this design. 

Transducer (PVDF) thickness: The condition for selecting the thickness b of the 

transducer is given by equation (5.6) where pT  is the duration of the pulse voltage 

and bu  is the velocity of sound in the transducer. From the manufacture’s data sheet 

[176], the acoustic velocity in PVDF is 2250 m/s. Thus using equation (5.6) the value 

b is calculated as 22.5 μm and so 9 μm thick PVDF is selected. 

bpuTb   (5.6) 

The PVDF device is essentially a microphone which detects the acoustic pressure 

wave and transforms it into an electrical signal )(tq . This signal is amplified and 

recorded by an oscilloscope for further processing required because of signal 

reflections and attenuations in the system. 

Amplifier and oscilloscope: Usually the electric signal )(tvs detected at the 

transducer is very small, in the region of 10-100 μV [57]. Thus a high gain wideband 

amplifier is required for signal amplification. In this system, a high gain (40dB) wide 

band (500 MHz) amplifier supplied by Miteq, is used for signal amplification and a 

Lecroy LC 334 Am 500 MHz with a sampling rate of 2GS/s is used for signal 

recording.  

 System resolution   5.4

The resolution of a PEA system is highly dependent on the duration of the electric 

pulse pT and is defined by equation (5.7) as: 

psa Tul   
  

(5.7) 

Where l is the spatial resolution and sau  is the velocity of the acoustic wave in the 

sample [76]. The duration pT  of the pulse generator employed in this system is 
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10 ns. Thus for example if a sample in which the acoustic velocity of 2000 m/s 

(LDPE) [76], is used in the system, then theoretically the resolution of the system is 

about ~20 μm.  

In practice however, the system resolution can be reduced by several microns due to 

dispersion and attenuation of the acoustic signal during propagation towards the 

transducer, and thus signal processing (deconvolution) is required to recover the real 

space charge profile [76].  

5.4.1  Deconvolution  

As mentioned above, the electrical signal )(tvs detected at the transducer is very 

small, as such a wide band amplifier is employed to boost signal before it is recorded 

by the oscilloscope. The frequency response of the transducer and the amplifier can 

act as a high pass filter resulting in signal distortion and can be misinterpreted as 

space charge [177]. The PEA system can be viewed as linear time invariant system 

(LTI) [86-87], where the response of each sub-system (HV equipment and detecting 

equipment) is cascaded together into one system and the output response is recovered 

by de-convolution from a known input signal. Detailed mathematical treatments and 

procedures for signal deconvolution can be found in [57, 76, 85-87].  

 Assembly of the developed PEA system  5.5

Figure 5-2 (a) and (b) show the assemply of the PEA system in this study. As 

mentioned in section 5.2, the system comprises of the top electrode unit, the ground 

electrode, and the sensor unit. The assembly is breifly described below. 

5.5.1 The top electrode unit 

The top electrode unit is cylindrically designed with aluminium of internal and 

external diameters of 65 mm and 72 mm respectively and of height 52 mm. The 

internal diameter of 65 mm allows samples of diameters up to 60 mm to be used in 

this system with an applied DC voltage up to 10 kV without flashover between the 

top electrode and the ground. The HV circuitry consisting of capacitor and resistor 

are connected up with the top electrode within the unit as shown in Figure 5-2.  

The diameter of the top electrode is 10 mm and is designed to have rounded edge to 

prevent discharges at high applied voltage. This 10 mm diameter is the effective area 
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of the top electrode that is in contact with the sample, and could be used to calculate 

the sample capacitance. The top electrode is insulated and held in position using 

polytetrafluoroethylene (PTFE). The high voltage DC input connection point is 

provided at the top of the unit, and the connection for the electric pulse is provided 

on the side of the unit via 50Ω BNC connector as shown in Figure 5-2 [(a) and (b)]. 

5.5.2 The sensor unit 

The sensor unit is also cylindrically designed using 6 mm thick aluminium and 

houses the piezoelectric transducer (PVDF). The sensor is one of the most important 

parts of the signal detection in the PEA system. The PVDF is an electret having 

poled positive and negative charges on each side and can be easily shorted if not 

carefully handled during cutting and assembling. Details of how to handle the PVDF 

employed in this system can be found in [176]. The PVDF is carefully cut to 10 mm 

diameter and assembled in a 25 mm cylindrical aluminium casing as shown in Figure 

5-2 (a). 

To reduce signal reflection and match acoustic impedance, a 10 mm PMMA rod 

evaporated with aluminium having similar characteristics as the PVDF [57] is used 

as backing material and for continuity of signal transmission to the amplifier. The 

whole assembly is secured with two screws at the back of the ground plate directly 

opposite, and in-line with, the HV top electrode as shown in Figure 5-2 (a). The 

whole system (coaxial cable connecting the amplifier and the sensor together with 

other connecting cables) is well-shielded to reduce high frequency electromagnetic 

noise arising from the energised system.  The system is shown in Figure 5-2 below. 
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Figure 5-2: (a) and (b): Schematic side view and finished design of the PEA system. 

 



  

   121 

 

 Experimental details and test procedure 5.6

5.6.1 Test procedure 

Single layer (SL) and double layer (DL) epoxy-epoxy interface samples of 

thicknesses 219 μm and 212 μm respectively were used in this study. Prior to the 

test, the samples were conditioned as outlined in section 3.7.3, wiped clean and then 

placed between the upper and the ground electrodes. A drop of silicone oil was 

applied between the ground electrode and the test sample in order to aid propagation 

of pressure wave signal at interfaces between electrodes and sample. The electrode-

sample arrangement is shown in Figure 5-1.  The top electrode unit is placed on the 

sample using adequate force to keep the sample tight and in contact with the 

electrodes using the clamping bracket shown in Figure 5-2 (b). 

Measurements were taken with a voltage ramp rate of 1 kV/min in the first 8 

minutes, on each sample, and the voltage was kept at 8 kV for 12 hours in each case. 

The voltage was switched off, and charge decay measurements taken.  The semicon 

plaque was used as the anode and aluminium bottom electrode as the cathode. The 

calibration voltage was 1.5 kV DC. A de-convolution technique in LabView was 

used to process the data and recover the original signal.  Figure 5-3 shows the 

complete set up for the experiments. 

 

Figure 5-3: Experimental set up for space charge measurement. 
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 Test results 5.7

5.7.1 Single layer sample 

Figure 5-4 (a), (b) and (c) show the profiles of charge distribution obtained for the 

single layer epoxy sample under poling field of 37 kV/mm. 

 

Figure 5-4: Space charge profile for single layer sample poling and decay plots. 
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In Figure 5-4 (a), a proportional increase of surface charge in response to increasing 

applied voltage is observed from 1 kV to 8 kV. Also a gradual accumulation of 

hetero-charges can be seen next to the electrodes as the poling voltage is increases as 

shown by arrows 1 and 2 in Figure 5-4 (a).  

One hypothesis of the observed space charge behaviour is associated with homo-

charge injection at the anode and cathode where bipolar charges travel across the 

bulk of the sample and get blocked at the opposite electrodes. The second one is the 

draft of ionised species in the sample. They could also accumulate due to different 

charge injection and extraction rates at the electrode-material interface.  

Figure 5-4 (b) shows the plots when a DC field of 37 kV/mm was maintained across 

the sample for 12 hrs and measurements taken at few hours intervals. No charge 

accumulation is observed in the material bulk except a little increase in hetero-charge 

next to the cathode shown by arrow 1, and a reduction in what appeared to be hetero-

charge next to the anode shown by arrow 2. Charge draft by ionisation is not 

considered as the reason for the observed in Figures (a) and (b) but rather a bipolar 

injection where a charge of opposite polarity get blocked at the electrode and 

accumulate as shown by arrows 1 and 2 in figure 5-4 (a) and by arrow 1  in figure 5-

4 (b). 

Figure 5-4 (c) shows poling (Tp) and decay (Td) plots. In the poling plot, an applied 

voltage of 8 kV (37 kV/mm) is maintained for 12 hours, followed by a charge decay 

measurement at 5 and 60 sec when the poling field is removed. It can be seen that the 

accumulated hetero-charges decay quickly suggesting that these charges reside in 

shallow trap depths. 
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5.7.2 2-layer sample 

Figure 5-5 (a) (b) and (c) show the profiles of charge distribution obtained from 2- 

layer epoxy-epoxy sample of thickness 212 µm.  

 

Figure 5-5: Space charge profile for 2-layer sample poling and decay plots. 
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In Figure 5-5 (a), only capacitive charges are observed at the electrodes at 1 kV. 

However beyond 2 kV, negative space charge is observed to be trapped at the layer 

interface as the poling voltage was increased from 2 kV up to 8 kV shown by arrows 

1 and 4. It appears that the anode attracts negative charges while the cathode attracts 

positive charges which accumulate at their vicinities as hetero-charges shown by 

arrows 2 and 3.  

Figure 5-5 (b) shows the plots when the poling field of 38 kV/mm was maintained 

for 12 hrs and measurements taken at few hours intervals. In contrast to what was 

observed in Figure 5-4 (b), in Figure 5-5 (b), hetero-charge formed next to the anode 

are maintained (arrow 3) and those formed next to the cathode (arrow 2) drift 

towards the anode where most of the them are trapped at the layer interface shown by 

arrow 1.  

Figure 5-5 (c) shows a plot of poling (Tp) for 12 hrs followed by subsequent charge 

decay (Td) measurement at 5 sec and 60 sec when the voltage is switched off. Again 

as observed in Figure 5-4 (c), trapped negative space charges at the layer interface 

shown by arrow 1, have substantially decayed and diminished after only 60 sec. 

These negative charges are attracted away from the layer interface towards the 

electrodes shown by arrows 2 and 3 and may be neutralised by positive charge 

species during this process via recombination. 

 Summary 5.8

In this chapter space charge dynamics in single and double layer epoxy samples were 

presented. In single layer sample Figure 5-4 (a), only capacitive charges were 

observed at the electrode-dielectric interface which increases in magnitude with 

increasing voltage up to 8 kV, and also a gradual accumulation of hetero-charges 

next to the electrode and explained as bi-polar injection process [178]. Space charge 

is not observed in the material bulk, when the material was stressed for 12 hrs at 37 

kV/mm as shown in Figure 5-4(b).  However, an increase and decrease in hetero-

charge next to the cathode and anode shown by arrows 1 and 2 Figure 5-4(b) was 

observed. When the poling field was removed the observed charge decay quickly 

within 60 seconds Figure 5-4(c) suggesting that injected charge were in shallow trap 

sites. 

In Figure 5-5 (a), the effect of interface charging is clearly seen as net negative space 
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charge as the voltage is being increased from 2 kV and above. Increase in the net 

negative space charge was not observed at the interface even though the poling field 

of 38 kV/mm was maintained for 12 hours. However charge dynamics towards the 

anode was observed resulting in hetero-charge accumulation next to the anode shown 

by arrow 3 Figure 5-5(b), and subsequent decrease in negative net charge 

accumulation at the layer interface as shown by arrow 1 Figure 5-5 (b). Figure 5-5 

(c) also show a fast decay of the accumulated charges at the layer interface when the 

field was removed confirming that the charges were in shallow depth traps. 

5.8.1 Conclusion  

Evidence of charge trapping at the layer interface was observed in Figure 5-5 (a) and 

(b) which was not observed in Figure 5-4 (a) and (b), suggesting that layer interface 

provides location for charge traps. This phenomenon was observed by many 

researchers in layered materials [170-172, 179-180]. However, care should be taken 

not misinterpret, acoustic reflection at the interface as charge traps [181-182]. In this 

case with matched materials this is not an issue. 

Depending on the trap depth, these charges can remain trapped at the interface for 

long or short time depending on conditions such as field magnitude and temperature, 

and will eventually control the conductivity of the material. In the presence of 

defects such as voids and protrusions, higher local fields are generated due to 

difference in permittivity and conductivity under AC and DC conditions, which can 

results in other ageing mechanisms such PD activity and electrical treeing which may 

reduce the breakdown strength of the material. This study suggests that, the 6% 

reduction in DC breakdown strength for double layer samples in chapter 4 may result 

from space charge accumulation at the layer interface.  

Space charge is also thought to be key to electrical tree growth rates in solid 

polymeric insulating materials. In chapter 6, electrical tree degradation in solid 

polymeric materials using point to plane sample geometries is investigated under 

various voltage stress conditions.  
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6. Long term electrical breakdown of insulating 

materials through treeing: Development of 

experimental methods  

In Chapter 3, the method by which samples were prepared for electrical tree 

experiments has been described. This chapter describes the system developed for 

monitoring long-term treeing degradation and breakdown in solid insulating material. 

 Development of experimental methods 6.1

Developing a high voltage testing experiment requires careful choice of equipment 

with regard technical details and system requirement. Such a system must be capable 

of satisfying the intended experimental needs. For electrical treeing, the system must 

be capable of integrating both the high voltage and monitoring (imaging and PD 

detection) equipment without influencing experimental results.  

 Test equipment 6.2

For the study of electrical treeing using AC, DC and AC superimposed on steady DC 

voltages, the use of an Arbitrary Waveform Generator (AWG) integrated with an HV 

amplifier was found to be the most appropriate due to the flexibility of signal 

generation and control. The choice of imaging system must be such that it is capable 

of detecting the smallest possible electrical tree (initial tree growth of about ~10 μm) 

while the PD detection system should be sensitive enough to be able to detect PD 

levels of about (0.1-to-0.7) pC [134].  

A similar system had been previously built at the University of Manchester [157]. 

The system developed in this study is an improvement of the previous system, 

providing better sensitivity of discharge measurement. Table 6-1 shows the summary 

of equipment specifications which are briefly described below. 
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Table 6-1: Summary of equipment specifications. 

 

6.2.1 Low voltage waveform generation 

A PCI-based arbitrary waveform generator (AWG) NI 5421 [183] supplied by 

National Instruments was used for waveform generation. This AWG features 8 MB 

on-board memory, with a sampling rate of 100 MS/s (Million Sample per seconds) 

coupled with 16-bit (2
16

 = 65536) resolution with a maximum output voltage of ±6 V 

peak. These features allow a wide range of waveforms (periodic and non-periodic) to 

be generated or created and downloaded on to the on-board memory (8Mb) of the 

AWG. The AWG came with Soft Front Panel (SFP) software which allows flexible 

and interactive controls of generated waveforms. Also the NI PCI 5421 can be 

programmed via LabView platform for more flexible control. 

6.2.2 Voltage amplification 

The PD06035 HV amplifier supplied by Trek® [184], was selected for voltage 

amplification.  This HV amplifier is a DC-stable, high voltage power amplifier with a 

high slew rate (725V/μs) designed to provide precise control of output voltages and 

currents over ranges specified in Table 6-1. The amplifier is configured as non-

inverting with a fixed gain of 3 kV/V, which requires maximum input voltage of ±10 

V peak to generate the maximum 30 kV peak at the HV amplifier output. 

Dimension (L: 342 x W: 107  x D: 20) mm

Bandwidth 43MHz

Slew rate (1620V/µs)**

Output Voltage range 0 to ± 6 Vpk

Gain

Dimension (L: 9.91 x W: 7.87) mm

Bandwidth 120MHz

Slew rate 2500 V/µs

Output Voltage range

Gain plus 2

Input voltage range

Dimension (H: 914 x W: 430 x D: 870) mm

Bandwidth DC to greater than 4.0 kHz

Slew rate Greater than 725 V/µs (753.6 V/µs )**

Output Voltage range 0 to ± 30 kV DC or peak AC

Gain 3000V/V

Input voltage range 0 to ± 10 V DC or peak AC

**Calculated Slew rate: Sr = 2πfVpk ; where f = equipment bandwidth and Vpk = peak output voltage
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6.2.3 Pre-amplification 

The maximum output from the NI PCI 5421 is ±6 V peak while the maximum input 

to the HV amplifier is ±10 V peak see Table 6-1. To obtain the maximum input to 

the HV amplifier, a non-inverting pre-amplifier was designed to have a gain of 2 

using AD811 [185] capable of accurately reproducing the waveforms generated by 

the AWG (NI PCI 5421) was implemented. The bandwidth and the slew rate of the 

pre-amplifier are adequate for accurate reproduction of the waveforms generated by 

the AWG without distortion as shown in Table 6-1. Figure 6-1 shows the photograph 

of the implemented pre-amplifier circuit. Details of components specification and 

circuit diagram can be obtained from [185]. 

 

Figure 6-1:   Photograph of the designed and implemented pre-amplifier.

6.2.4 Purpose built PC 

The physical dimensions of the AWG detailed in Table 6-1 does not fit into a normal 

desk top or tower PC. Thus a purpose built PC was assembled for this test facility. 

The PC is loaded with LabView, Soft Front Panel (SFP) and Common Vision Blox 

(CVB) software from which both the HV amplifier and the image grabbing 

capability of the CCD camera can be controlled. 

6.2.5 Imaging equipment 

Capturing an electrical tree image in the initial stages of its growth (tree length of 

about 10 μm), requires very good and sensitive imaging equipment. Usually, cameras 

incorporating a highly sensitive Charge-Coupled Device (CCD) and an image 
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capture interface known as frame grabber are employed [127, 149, 157, 186]. For 

this research, an Allied Vision Technology (AVT) CCD camera, Manta G-504B 

monochrome progressive area scan was selected [187]. This camera is Gigabit 

Ethernet (GigE) vision compliant which can acquire Power over the Ethernet (PoE) 

and uses Common Vision Blox (CVB) camera suite for image acquisition. LabView 

platform can also be used to provide functionality as the CVB. The camera has the 

following specification: 

 2/3" Progressive scan CCD sensor 

 Resolution; 2452 (W) x 2056 (H) pixel with 3.45 µm pixel size 

 Active sensor size: 8.5 mm x 7.1 mm 

 Frame rate: 9 frames/s (at full resolution) 

 Digital output via GigE Vision Standard 

 Output formats: Mono 8/16 

 Lens mount for C-Mount (optional CS-Mount) 

C-mount Qioptiq Macro CCD lenses 8x and 6x magnifications [188] supplied by 

Stemmer Imaging with a working distance of 75 mm having a (1.0 x 0.8 and 1.4 x 1) 

mm maximum field of view were employed. The choice of these lenses is to provide 

a detailed view of the needle tip and to enable detection and capture of a shortest 

possible tree length during experimentation. Also a telecentric C-mount lens with 

6(W) x 5(H) mm dimension was employed to capture the whole tree growth event 

i.e. from initiation to breakdown. The camera was mounted on an X-Y mechanical 

stage to allow easy focussing on the needle tip in both X and Y direction. 

6.2.6 Lighting  

A DC light capable of providing intense and diffuse illumination was employed in 

order to eliminate image flickering, and have a clear view of the needle tip. A 

makeshift filter of white paper was attached to the light screen to achieve uniform 

illumination.  

Figure 6-2 shows the schematic of the experimental set up and the integration of the 

equipment necessary for electrical treeing test. The part drawn enclosed in the solid 

line is the low voltage and monitoring side. This part is equipped with an 



  

   131 

 

oscilloscope, a preamplifier and purpose built PC for monitoring and equipment 

control. The equipment drawn enclosed in the dotted line is in an HV interlocked 

cage and consists of a Trek HV amplifier, the test cell, and the CCD camera. 

 

Figure 6-2: Electrical tree set-up; (1) - Low voltage side, (2) - High voltage side. Equipment 

is within interlocked high voltage enclosure. 

 Partial discharge detection 6.3

The two main methods of partial discharge detection are the straight and balanced 

circuit techniques [65]. The balanced technique has the benefit of mitigating noise 

levels and providing increased sensitivity compared to the ‘straight’ detection 

method. But the balanced detection technique is considerably more complicated. 

Researchers have used either the balanced [134, 157, 158], or the straight [77, 144, 

189] detection techniques with varied levels of sensitivity depending on the 

experimental conditions (i.e. whether the equipment is housed in a shielded 

room/Faraday cage or not).  A balanced circuit according to the IEC 60270 standard 

[62] shown in Figure 6-3, was employed for this study as in the previous studies 

[157, 158] at the University of Manchester due to the high level of recorded 

background noise (25 pC ≤ noise ≤ 30 pC) when the straight detection method was 

employed. This was mitigated to (10 pC ≤ noise ≤ 11 pC) using the balanced circuit 

approach and further reduced to ±5.5 pC by increasing the amplification gain to 50 

pC in the designed amplifier filter circuit after the balanced circuit [157].   
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Figure 6-3: The balanced detection circuit IEC 60270 [62]. 

The components of the balanced circuit are: 

 (U~); the high voltage supply. 

 (Z); a filter at the high voltage side to mitigate background noise. 

 (Ca and Ca1); are the test and dummy samples, having similar capacitance. 

 (Zmi,); are the input impedances of the measuring system. 

 (CD); the coupling device which is part of the balance circuit. 

 (CC); are the connecting cables. 

 (MI); is the measuring instrument. 

The balanced circuit designed by a previous PhD student in [157] is shown in Figure 

6-4. In his system, the detected signal from the balanced circuit is fed to an amplifier 

and a filter before using NI card (5112 PCI) to acquire the PD data for processing via 

LabView and Matlab for phase resolved partial discharge (PRPD) plots. 

 

Figure 6-4: The implemented balanced circuit and the amplifier-filter stages [157]. 
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In this study, the balancing circuit shown in Figure 6-4 was used, but the measuring 

instrument (MI) was replaced by a digital measurement device MPD 600 acquired 

from Omicron electronics GmbH for PD data acquisition and analysis [190]. The 

Omicron is a robust wideband (9 kHz to 3MHz) system that offers recording and 

post-processing analysis of the PD stream. Measurement is carried out at a centre 

frequency of 250 kHz and 300 kHz bandwidth for compliance with IEC 60270 [190].  

The schematic of the measurement system developed in this study is shown in Figure 

6-5. The test and dummy sample have similar capacitance as they are essentially the 

same. The test sample has a point needle in it to generate a divergent high field and 

encourage tree growth, while the dummy sample is cast with needle having a semi-

spherical ending designed to provide a more uniform field in order to prevent 

electrical tree growth or partial discharges within the sample. The low voltage sides 

of the test and dummy sample are connected to the input of the balanced circuit.  

On energising the system, the discharges (current pulses) in the sample, which have 

been separately shown to be coming from the test sample alone, are detected by the 

measuring impedance of the balance circuit, the output of which is then connected to 

the detection system (MPD 600) at the BNC input marked “(PD)” in Figure 6-5. The 

BNC marked “(V)” is connected to the output of the voltage divider for voltage 

reference. The output of the detector is connected to a USB controller via a fibre 

optic cable which connects PC loaded with Omicron software for PD data storage, 

visualisation and post-process analysis.  

 

Figure 6-5: Measurement system developed in this study. 
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6.3.1 System limitation and background noise mitigation 

Even though a balanced circuit was implemented, the peak level of background noise 

lies in the range of 2.0 pC ≤ noise ≤ 5.0 pC when the overall system is connected up 

with the high voltage amplifier energised at zero voltage. The main aim of partial 

discharge measurement is to monitor the ageing of an insulation construction non-

destructively [65]. In such circumstances, the accuracy of the detection system and 

evaluation of a measured discharge magnitude is an important parameter in revealing 

any latent defect.  

The minimum magnitude of partial discharge quantity which can be measured in a 

particular test is in general limited by background noise (disturbances). IEC 60270 

standards [62] stipulate that, the level of background noise be less than 50 % of 

partial discharge magnitude under investigation. Thus in any measurement system, 

steps should be taken to reduce the background noise as low as possible to permit a 

sufficiently sensitive and accurate measurement in order to unmask any harmful 

discharges from the background noise.  

In this study, the following steps were taken in order to further mitigate the recorded 

background noise: 

 Copper tubes were used as connecting rails from the high voltage source to 

the test sample in order to achieve corona free connection. 

 A 10MΩ resistor was used as filter to suppress any discharges that may be 

coming from the high voltage source and interference from the electrical 

mains. 

 A crocodile clip previously used for connecting the high voltage source to the 

sample was eliminated. 

 A cylindrical solid copper rod with diameter equal to the internal diameter of 

the connecting copper rail which ends in a spherical dome with a groove 

screw for securing the needle from the sample was designed specifically to 

ensure good electrical connection and to ensure corona free measurement in 

the set-up as shown in Figure 6-6 
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 Finally the whole equipment is grounded with the lighting system wrapped 

with a grounded chicken wire to shield it against electromagnetic 

interference. 

These changes resulted in a reduction from the earlier recorded background noise of 

2.0 pC ≤ noise ≤ 5.0 pC to between 0.25 pC ≤ noise ≤ 0.35 pC.  

 

Figure 6-6: Designed system for ensuring corona-free electrical contact with the sample. [1] 

HV-needle connection point [2] Cured epoxy resin sample. 

Kreuger stated in [65], that unwanted discharges can emanate from wires, sharp 

points, or even from unclean laboratory floors when testing at high voltages. The 

reduction of background noise achieved due to the changes implemented in section 

6.3.1 above re-enforces Kreuger’s point.  

 Integration of system’s hardware and software 6.4

6.4.1 Hardware Integration 

Figure 6-7 shows the photograph of the experimental set up showing all the hardware 

employed. This equipment is enclosed in safety high voltage interlocked cage and 

consists of the following: 

1. A current limiting resistor which also serves as filter for noise suppression. 

2. Connecting copper rails which connect the sample under test and a North 

Star voltage divider VD-100 (not shown) with standard ratio of 10,000:1 for 

voltage monitoring via an oscilloscope. 
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3. The high voltage amplifier with the output cable plumbed into 20 mm 

diameter PVC conduit to provider mechanical support which is terminated 

onto the resistor via copper tube. 

4. Monochrome AVT CCD camera fitted with telecentric lens mounted on 

adjustable scissor platform.  

5. The knob of the X-Y mechanical stage attached to the camera which allows 

manual focussing of image in X-Y direction. 

6. Both the Qioptiq macro and Telecentric lens employed for image capture 

during tree initiation and propagation. 

7. Test cell/oil bath incorporating both the test and dummy samples immersed 

in silicone oil to prevent surface discharges and flash over during testing. 

8. Partial discharge detection instrument (MPD 600 and battery) showing fibre 

optic cable through which the measured data is transferred to the computer 

for processing and storage. 

9. DC light for illuminating the sample under test and the test cell.  

10. In-cage monitor to aid focussing of the needle tip from inside the cage. 

 

Figure 6-7: Photograph of integrated hardware assembly. Items are detailed in the main text. 

6.4.2 Software integration  

Figure 6-8 shows the screen shots of integrated software. The waveform generation 

is managed via a LabView platform, while the image capture is managed through 
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common vision blox (CVB) software. The phase resolved partial discharge (PRPD) 

data capture is managed via Omicron software which offers real-time visualisation of 

the measurement stream and post-processing capability. These software(s) were 

installed on a purpose built PC from which the entire test facility shown in Figure 6-7 

is controlled. The screen shots were captured during acceptance test of the 

experimental setup.  

 

Figure 6-8: Screen shots of integrated software. 

Energisation of the high voltage amplifier, the image capture and the PD stream 

recording are manually synchronised by enabling the remote control switch which 

connects the high voltage amplifier via coaxial cable with BNC cap from the control 

desk. The image capture and the PD “record stream button” are also enabled at the 

same time from their respective software control panels. With this procedure, image 

capture and PD measurement are acquired within five seconds of each other. This 

allows the measured PD data and the captured images to be correlated for any 

distinctive features during post-process analysis.  
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 Assessment of the measurement system and validation tests 6.5

6.5.1 Acceptance test 

The sensitivity of the partial discharge detection system during high voltage testing is 

very important in revealing any on-going degradation activity on insulation under 

investigation. IEC 60270 specifies that, the uncertainty of measuring system should 

be within ±10%. With a recorded background of 0.25 pC to 0.35 pC, which is 

possibly coming from the internal switching of solid state elements in the power 

supplies and the HV amplifier, the minimum detection on the measuring instrument 

was set to 0.4 pC after calibration to clear the background so that any discharge 

magnitude above this value can be viewed as genuinely coming from within the 

sample under test. But the threshold setting is left as default (zero) so that any 

repetitive discharges below the background are detected and computed by the 

measurement system. 

6.5.2 Calibration procedure 

The test setup is calibrated before any PD measurement begins. The calibration 

procedure involves both voltage and charge calibration. The voltage calibration 

ensures that the displayed voltage is matched up with the actual voltage being 

applied, and charge calibration determines the scale factor “k” for the measurement 

of the apparent charge in the measuring system.  

Figure 6-9 shows the screen shot of the Omicron software during calibration. The 

screen is basically divided into two main parts:  

 [1] The control panel; from which all the necessary control tabs (V, PD, Q, 

Q(V) etc.) for setting up the measurement instrument can be found.  

 [2] The visualisation area; which contains the large scope area at the top 

where the PRPD plot overlaid with the monitored voltage are displayed and 

the small scope area at the bottom where various curves such as the Q(V) 

curve, Trend curve etc. are displayed.  

Also at the visualisation area is the display statistics tab from which measured 

quantities according to IEC 60270 such as QIEC, Qpeak, Qave, n, IDis. PDis etc. are 

displayed when enabled, where: 
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 Qpeak; is the largest absolute charge of any PD event seen during the 

evaluation interval 

 QIEC; is the apparent charge defined according to IEC 60270 standard 

 Qave; is the average charge value detected during evaluation internal 

 n; is the pulse repetition rate, averaged over the evaluation interval 

 IDis; the average discharge current over the evaluation interval 

 PDis: the average discharge power (discharge current times instantaneous AC 

voltage) over the evaluation period. 

 D: the quadratic rate over the evaluation interval. 

 

Figure 6-9: Calibration screen shot. 

In this study, the charge calibration is carried out by injecting 10 pC charge pulses 

into the terminals of the test sample by directly connecting the calibrator to the low 

voltage terminals of the test sample and the ground as shown by Cal 542 in Figure 

6-5 when the system is not energised. It is removed before the system is energised. 

The injected charge pulses are shown as blue spikes in Figure 6-9 
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6.5.3 System validation  

PD measurement is used for monitoring the ageing state of electrical equipment such 

as transformer busings and cable insulation. For example, in monitoring a cable 

system, it is important to ascertain if the detected discharges are coming from the 

insulation bulk or at the joints/terminations to enable an informed decission about the 

health or state of the equipment to be made. Similarly in this experimental setup, it is 

important to establish if the detected discharges are of internal (eg. electrical tree 

growth), external (corona)  or surface discharges. Two tests were carried out in order 

to validate the capability of both the Optical and PD detection system and also to 

investigate the sources of partial discharge in the test setup.  

Firstly, corona inception voltage (CIV) was investigated using two identical dummy 

samples and secondly, partial discharge inception voltage (PDIV) was investigated 

by replacing one of the dummy samples with test samples (samples with an 

embedded pointed needle). The geometries of the imaged needle tips of the dummy 

and test samples are shown in Figure 6-10. 

 

Figure 6-10: Dimensions of needle tips; [a] dummy sample [b] test sample. 

Both tests were carried out in air. For tests in air, the experimental set-up is similar to 

the one described in section 6.4.1 Figure 6-7, except that in this case the samples 

were not immersed in oil bath as shown in Figure 6-11 below. The samples were 

clamped between sample holders as shown in Figure 6-11.  
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Figure 6-11: Experimental set up for test in air. 

The base of the sample holders are made of brass to provide sound electrical contact 

between the sample bottom and the brass plate after securing samples in the holders. 

In the first test, i.e. corona inception voltage (CIV) it is expected that on voltage 

application: 

 An electrical tree should not be detected within the dummy samples due to 

the samples’ geometry. 

 That if discharge activity is observed which is not accompanied by tree 

growth, this discharge activity is assumed to be corona or surface discharge 

and the voltage at which it starts to occur is noted as the possible corona 

inception voltage. 

 That if discharge activity is observed with tree growth in the dummy 

samples, the test setup is deemed unsatisfactory as the dummy samples are 

designed not to grow trees nor have PD in them. 

However, in the second test, i.e. partial discharge inception voltage (PDIV), it is 

expected that on voltage application: 
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 Any discharge activity observed below the corona inception voltage noted 

earlier, which is accompanied by optically visible tree growth should be 

noted as possible partial discharge inception voltage as well as tree inception 

voltage. 

 That if continuous discharge activity is observed for more than 5 minutes 

without visible tree growth, the test should be allowed to continue for at least 

20 minutes and still if no tree is observed the sample should be removed and 

observed under microscope. 

 That if under microscope no tree is observed, the test circuit should be 

deemed unsatisfactory as the source of the PD could not be ascertained. 

6.5.4  Corona inception voltage  

The test set up in Figure 6-11 is used in this investigation. The test voltage was 

increased in steps of 2 kVrms up to 14 kVrms. Figure 6-12 shows the screen shot of 

the recorded stream during the test showing the voltage curve and the positions at 

which discharge activity occurred in response to the increasing voltages. It can be 

seen from the screen shot that discharges were not detecteted from 2 kVrms to 12 

kVrms. However, when the voltage was increased to 14 kVrms, discharges were 

observed. When the voltage was reduced to 13 kVrms, this discharges disappeared, 

and re-appeared again when the voltage was increased again from 13 kVrms to 13.4 

kVrms in steps of 0.2 kV at 13.2 kVrms and 13.4 kVrms. These are shown by the 

arrows as three peaks on the charge curve of the small scope area of the test screen 

shot.  
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Figure 6-12: Screen shot of recorded stream during test. 

The phase locations of these discharges are shown on the PRPD plots in Figure 6-13 

[a], [b], [c] and [d]. Isolated discharges of magnitudes upto about 3 nC were 

observed in [b] and [d] which are clearly absent in [a] and [c]. However, trees were 

not observed in the dummy test samples used. These discharges were regarded to be 

of an external sources such as corona and surface discharges. This observation is 

confirmed to be corona in tests carried out in section 6.6.5. Also an increase in 

background level with time is observed in [b], [c] and [d] whereas in [a] it is constant 

at about 0.4 pC.  
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Figure 6-13: PRPD plots; [a] at 12 kVrms, [b] at 14 kVrms, [c] at 13 kVrms and [d] at 13.4 

kVrms. 

6.5.5 Partial discharge and tree inception voltage 

In this investigation, two test samples were used, following a similar voltage 

application procedure as in section 6.5.4. In the first sample the voltage was 

increased up to 10 kVrms, and in the second sample up to 14 kVrms. In these tests, 

observed discharge activity during voltage application is expected to be followed by 

optically visible tree growth due to the samples’ geometry. PRPD plot patterns above 

12 kVrms were carefully inspected for any changes in discharge pattern.  

First test: Figure 6-14 [a] and [b] shows the PRPD plot and Q(V) curves obtained in 

the first test for sample B1#S1. In both plots, and on the Q(V) curve, the black 

vertical lines indicates the positions of PD stream played back in that test and the 

horizontal red step lines indicate the magnitude of voltage applied which is 6 kVrms 

and 10 kVrms (not very visible from these plots) respectively. On the PRPD plot in 

Figure 6-14 [a], the phase of occurrence of the discharges on the positive half cycle 

of the applied voltage is around 5 to 90 whereas on negative half cycle  is around 

170 to 290 and the highest average PDs magnitude observed within the evaluation 

period is about 3 pC. In Figure 6-14 [b] that is at 10 kVrms, the phase of PDs 

occurrences increases from 0 to about 100 on the positive voltage half cycle and 

from about 170 to about 300 on the negative half cycle with the highest recorded 

average PDs magnitude of about 10 pC. The PDs were observed with emergence of 
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an electrical tree from 6 kVrms. However, isolated discharges were not observed in 

Figure 6-14 as they were in Figure 6-13.  

 

Figure 6-14: PRPD plot and Q(V) curve in test sample B1#S1. 

With this observation, it is assumed the discharges were entirely due to electrical tree 

growth in the test sample and not from external sources. Figure 6-15 shows the 

electrical tree grown during this test. 

 

Figure 6-15: Electrical tree growth in sample B1#S1. 

Second test: Figure 6-16 [a] and [b] shows the PRPD plots and Q(V) curves 

obtained in the second test sample B5#S1 with the black vertical and red steps 

horizontal lines showing the time period of voltage application and their magnitudes 

at 8 kVrms and 14 kVrms repectively. Although PDs were observed from 6 kVrms, 

and a sudden increase in PD magnitudes when the voltage was increased up to 

14 kVrms at 6 min, no tree is observed until after 12 minutes after which the voltage 

was decreased to 12 kVrms.  
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Figure 6-16: PRPD plot and Q(V) curve in test sample B5#S1. 

The observed tree in this case developed suddenly and matured with recorded 

average PD magnitudes of about 4.5 pC which is far less than the recorded average 

magnitude of about 3 nC at 14 kVrms during CIV test. The recorded high values of 

PDs at 14 kVrms was accompanied by audible noise with a high background level. 

The discharges at 14 kVrms were isolated from the discharges seen ealier from 6 kV 

as shown in Figure 6-16 [a]. These isolated discharges are shown by the dotted ring 

in Figure 6-16 [b], and are located at similar positions to the ones observed in Figure 

6-13 [b] and [d]. The discharges at 12 kVrms (~4.5 pC) were not visible to the eye as 

they were disguised by the high background level. However, the electrical tree 

continues to grow during this period. Figure 6-17 shows the electrical tree grown 

during this test. Refering back to Figure 6-14 and Figure 6-16 it is concluded that, 

two types of discharges occurred in Figure 6-16. One due to the electrical tree growth 

at voltages below 12 kVrms, and the other due to corona discharges in air at 

14 kVrms as compared to Figure 6-14 where isolated discharges are not observed and 

hence the discharges were (assumed to be) entirely due to tree growth in that sample 

B1#S1. 

The fact that the discharges were observed from 6 kVrms and trees were not 

observed until after 12 minutes, resulted in the sample being taken for further 

observation. Microscopic examination on the sample revealed that, the tree started 

growing long before it was sighted in situ. This was detected by the PD measuring 

instrument from 6 kVrms, however the tree was not observed optically.  

This phenomena is herein dubbed as “blind spot” tree growth i.e. a growing tree from 

the opposite face of the focused needle which is not yet visible to the imaging 

equipment. Microscopic images of the inspected sample are shown in Figure 6-18 [a] 
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and [b]. Figure 6-18 [a] shows the imaged face during the experiment and Figure 

6-18 [b] shows the opposite face during inspection.  

 

Figure 6-17: Electrical tree grown in sample B5#S1. 

It can be seen from Figure 6-18 [a] that, the tree did not initiated from the needle tip 

but instead below the needle tip from the left side of the needle. But Figure 6-18 [b] 

shows that a bush-type tree started growing at the “blind spot”, in what appears to be 

a defect on the needle, until after 12 minutes before it became visible and captured 

by the camera. This explains the reason why discharges were observed, long before 

the tree was observed.  

 

Figure 6-18: Images of microscopic inspection of sample B5#S1, [a] imaged face during 

experiment and [b] opposite face during inspection. 

6.5.6 Summary 

This chapter has presented the development of the experimental set up and 

equipment employed for treeing test in this study. The capability of the employed 

test equipment has been validated during acceptance testing and investigations on 

corona and partial discharge inception voltages. These investigations show that the 

experimenl setup can be used for: 

 Detecting electrical tree growth optically and by PD means. 

 Identifying external (corona) and internal (treeing) discharge activity during 

test. 
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 It is shown that partial discharge inception voltage is around 6 kVrms, and 

that this voltage also corresponds to tree inception voltage.  

 The optical system is capable of detecting detailed images of electrical tree 

without the need for de-energising the system and inspects the sample under 

microscope as shown by Figure 6-17 (b) and Figure 6-18 [a]. 

 The sensitivity of the PD detection is about ~ 0.35 pC. 

 It is shown that a sample tested in air at 12 kVrms and above is marked by 

both internal (treeing) and external (corona) discharges. 

With the capabilities of the developed system, preliminary experiments were carried 

out, and are reported in chapter 7, from which experimental protocol developed for 

the remaining treeing experiment is proposed in chapter 8 that follows. 
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7. Preliminary investigations 

In chapter 6 the experimental method developed for simultaneous imaging of 

electrical tree and PD measurement has been described and the capabilities of both 

the optical and the PD detection systems have been assessed and validated. This 

Chapter presents some of the preliminary experiments carried out prior to standard 

experimental procedure adopted for the rest of the treeing experiments.  

It is worth mentioning here that, the original plan for the treeing work in this project 

was to establish the possibilities of growing electrical tree under steady DC or “pure 

DC” voltage stress and to investigate the impact of introduced interfaces in response 

to tree growth rate and time to breakdown. However, initial trials using the 30 kV 

DC HV amplifier described in section 6.2.2 did not result in any tree growth after 

several hours of continuous applied DC stress. This result is not a surprising 

outcome, as literature reviewed in section 2.13 already revealed the difficulty of 

initiating electrical trees under pure DC which results in the use of several voltage 

application techniques [116-118], in order to achieve initiation and subsequent 

growth of an electrical tree.  

Recent work by Ying and Xiaolong [122] showed that applied voltages of ± (30 to 

70) kV “pure DC” did not result in tree growth after up to about 11 hour in some 

cases. Thus for electrical tree growth under DC, a steady (ripple free) 100 kV 

Brandenburg HVDC power source was later employed. Having encountered these 

initial difficulties, a digression from the original plan was proposed. This was to 

investigate the impact of DC power quality on electrical tree growth by 

superimposing AC ripples on DC and used the resulting composite waveform for 

stressing the samples.  

The following preliminary investigation, were carried out from which experimental 

protocol for the remaining tests were proposed:  

1. Tree initiation from Hypodermic and Ogura needles. 

2. Tree initiation by Optical and PD detection in air and in oil. 

3. Determining the effect of superimposed AC ripples on DC on tree growth. 

4. Determining if tree initiation can occur under “Pure DC” voltage. 
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The main aim of these preliminary tests was to narrow down on the set of 

experiments to be done and adopt the best experimental procedure for reproducible 

test results. Effort made to standardise sample fabrication procedure for treeing 

experiment has been described in section 3.6 and the comparison between samples 

with their flat faces painted with Aquadaq, metallised and non-metallised were 

explained and shown in Figure 3-9. In this preliminary tests, Aquadaq painted 

samples, metallised and non-metallised samples were tested in air or in oil with 

either Hypodermic or Ogura embedded needles as described in the sections that 

follow. 

 Tree initiation from Hypodermic and Ogura needles 7.1

In this preliminary test, samples painted with Aquadaq on their base were used.  A 

total of 10 samples were used. 5 samples had Hypodermic needles embedded in them 

while the other 5 had Ogura needles embedded in them. The tests were carried out in 

oil to prevent flashover at 14 kVrms. Tree images were captured using CCD camera 

fitted with 8x magnifications Qioptiq macro lens described in section 6.2.5. The 

camera was set to capture images every 10 seconds, and the aim was to investigate 

tree initiation characteristics from these needles and to capture the emergence of the 

shortest possible tree image after voltage application. The results from these tests are 

discussed in following sections 7.1.1 and 7.1.2. 

7.1.1 Tree images from Hypodermic needles 

Figure 7-1 shows the captured tree images in 3 samples after 1 and 6 minutes of 

voltage application respectively.   
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Figure 7-1: Capture tree images in Hypodermic needles. The 100 µm bar gives the scale for 

all images. 

In section 3.6.1, the difference between the Hypodermic needle and the Ogura needle 

had been highlighted. The Hypodermic needle had hollow shank which is sliced at 

the tip. It was pointed out that, the edges of the sliced hollow shank may have sharp 

points along it, and that electrical trees may start from these sharp points instead of 

the actual tip, as these sharp points will become high stress regions when voltage is 

applied. Close-up images of electrical trees in all the 5 Hypodermic needle embedded 

samples, showed exactly this, and images from 3 samples are described here.  

Images ([c] and [d]) of Figure 7-1 were imaged when the needle was focused on the 

side of the needle, while in images ([a] and [b]) and ([e] and [f]) the needles were 

focussed on the front view of the sliced hollow shanks. It can be seen from all the 6 

captured images that the trees emerged either along the sliced edges or at dented 

spots; but not at the actual tip. It must be emphasised here that the 8x magnification 

macro CCD lens is an inspection lens which gives detailed observation of the needle 

tip if well focussed. The tip radius of both the Hypodermic and the Ogura needles are 

about 3 μm. Comparing the trees observed along the sliced shank in image [a] and 

the actual needle tip, it can be concluded that the lengths of the observed trees were 

less than 10 μm in lengths. 
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7.1.2 Tree images from Ogura Needles  

Figure 7-2 shows the electrical tree images observed when the Ogura embedded 

needle samples were used. These images were selected to highlight some of the 

anomalies that were observed when the Ogura needles were used.  

 

Figure 7-2: Captured tree images from Ogura needles. The 100 µm bar gives the scale for 

all images. 

In contrast to the Hypodermic needle, the Ogura needle had smooth and rounded 

well defined tip. However in some cases, surface roughness around the ground end of 

the shank leading to the needle tip is inevitable, and in some cases resulted in treeing 

in the samples. Typical examples of such cases were observed during these 

preliminary tests in samples O-B1#S1 [b] of Figure 7-2, B4#S6 of Figure 7-3 and in 

sample B5#S1 of Figure 6-18 during system validation tests.  

These observations are comparable to some of the real problems encountered in 

cables at the interfaces between conductor-semiconductor and semiconductor-

insulator interfaces with respect to electrical treeing. It can also be seen from images 

[e] and [f] of Figure 7-2 that, the needle tips were not well focussed. This problem 

arises sometimes when the system is energised after initial focussing due to slight 

mechanical shift in the experimental set-up coming from vibrations of other 

equipment in other parts of the laboratory. The CCD camera in this set up is 

manually focussed from inside the high voltage cage and there is no means of re-

O_B1#S1 O_B1#S2 O_B1#S3

100 µm

[a]

1 min

6 min

[b]

[c]

[d]

[e]

[f]

1 min

6 min

1 min

6 min
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focussing externally from the control desk outside the HV cage once energised, 

unless the experiment is de-energised.  

It is often not a good idea to stop an on-going experiment in a middle to inspect a 

sample or to re-focus the needle tip especially where treeing has already initiated in 

the sample unless it is absolutely necessary. This is because the tubules of electrical 

tree are normally gas-filled due to partial discharges on voltage application, and de-

energising will lead to venting of the tree channel resulting in early breakdowns as 

reported in [53].  

It was also observed that Aquadaq used to paint the bottom of the samples in these 

tests dissolves in the silicone oil. This leads to contamination of the oil and also 

reduces light transmission through the oil making it difficult to focus the needle tip. 

More importantly, the contamination of the oil will lead to reduced insulating 

characteristics of the oil for subsequent tests. As such, in the subsequent preliminary 

tests, aquadaq painted samples were not used. 

 Tree initiation by Optical and PD detection in air and in oil  7.2

7.2.1 Tree initiation in air by Optical detection only 

In this preliminary test 10 samples were used. 6 of the samples were metallised using 

vacuum evaporation method and the remaining 4 samples were non-metallised as 

shown in Figure 3-9 (2) and (3). All the samples in this test had Ogura needles in 

them, with the aim to find out if sample metallisation has influence on tree initiation 

times. This test was carried out in air, and the samples were stressed with a 50 Hz 

voltage ranging from 2 kVrms to 21 kVrms as in section 6.5.3. The voltage was 

increased every 30 seconds, and immediately an initial tree image was detected, the 

experiment was stopped and the sample replaced with a new sample.  If a tree was 

not observed after the applied voltage was increased up to 21 kVrms, which is the 

limit of the HV amplifier, after 5 minutes, the HV amplifier was switched off and the 

sample replaced with a new sample for the next test.  

Table 7-1[A] shows the summary of the results obtained from this test. It can be seen 

from the Table 7-1 [A] that the tree initiation voltage for metallised and non-

metallised samples ranges from about 8.4 kVrms to about 21 kVrms, and time to 

initiate is within 3 minutes of voltage application for these samples. For the 
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metallised samples, 2 out 6 samples did not initiate at 21 kVrms after 5 minutes 

while in the non-metallised samples, 2 samples out 4 samples did not initiate after the 

same time period of voltage application at 21 kVrms suggesting that metallisation 

has no influence in initiation times. 

Table 7-1: Summary of test results. 

 

7.2.2 Electrical tree initiation by Optical and PD detection 

This test is similar to the test in section 7.2.1 except that here half of the samples 

were tested in air and the other half in oil. All the samples in these tests were 

metallised and the aim here is to investigate if any differences do exist between the 

tests carried out in air and in oil in relation to initiation times and PD patterns. 

Voltage application procedure during this test is similar to that in section 7.2.1 except 

that in this case, the voltage is left on at 21 kVrms for 20 minutes. 

Table 7-1 [B] shows the summary of results from this test. It can be seen from the 

Table that, the tree initiation voltage in all the tested samples ranges from 6 kVrms to 

Sample 

No.

Sample 

ID

Sample 

condition

Initiation voltage  

(kVrms)

Time to initiate 

(min)
Observation and comments 

1 B2#S3 21.0 - no tree after 5min

2 B2#S4 16.6 3 tree was observed

3 B2#S5 16.6 2.5 tree was observed

4 B2#S6 21.0 - no tree after 5min

5 B3#S1 19.0 3 tree was observed

6 B3#S2 16.6 2 tree was observed

7 B3#S3 21.0 - no tree after 5min

8 B3#S4 12.6 2 tree was observed

9 B3#S5 8.4 1 tree was observed

10 B3#S6 21.0 - no tree after 5min

Sample 

No.

Sample 

ID

Sample 

condition

Initiation voltage  

(kVrms)

Time to initiate 

(min)
Observation and comments 

1 B4#S1 6 1 tree initiated with PD 

2 B5#S6 8 2 tree initiated with PD 

3 B4#S5 8 2 tree initiated with PD

4 B5#S1 12 12 tree initiated with PD

5 B4#S4 12 3 tree initiated with PD

6 B4#S3 8 2 tree initiated with PD 

7 B5#S3 12 2.5 tree initiated with PD 

8 B5#S2 8 1.5 tree initiated with PD 

9 B4#S6 18 18 tree initiated with PD 

10 B4#S2 6 2.5 tree initiated with PD 
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18 kVrms and time to initiate also ranges from 1 to 3 minutes, except in sample 

B5#S1 and B4#S6 where trees were observed after 12 and 18 minutes respectively.  

Sample B5#S1 had already been examined in section 6.5.5 during system validation 

test which is also part of the series of initial tests carried out. Examination of sample 

B4#S6 under a microscope revealed the “blind spot” tree growth characteristics 

observed in sample B5#S1. Figure 7-3 [a] shows the captured tree image during the 

test which became visible only after 18 minutes, while [b] shows the examined 

image from the microscope which is the opposite side of Figure 7-3 [a].  

 

Figure 7-3: Sample B4#S6 [a] captured image during test, [b] examined image under a 

microscope. The 200 µm bar gives the scale for all images. 

The emergence of the tree is a rapid growth of branches from a side of the needle 

from an existing tree which became visible only after 18 minutes as observed before 

in sample B5#S1 suggesting that the tree was growing long before it was optically 

observed. This behaviour was picked up by the PD measurement system from 

6 kVrms with the occurrence of continuous discharge activity as the voltage 

magnitude was increased. 

Even though the tree growth characteristics observed in sample B5#S1 and sample 

B4#S6 were similar, comparisons of the PRPD plots of the two samples revealed 

differences in the discharge patterns as shown in Figure 7-4. From the plot of the 

PRPD patterns of sample B4#S6 below, no isolated discharges can be seen even 

though the applied voltage was 18 kVrms compared to the 14 kVrms in sample 

B5#S1 where the isolated discharges were obvious as shown by the dotted red rings 

in Figure 7-4. 
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Figure 7-4: Comparisons of discharge patterns from PRPD plots of samples B5#S1 and 

B4#S6. 

Detailed discussions of observations from sample B5#S1 has been presented in 

section 6.5.5 and it was concluded that the isolated discharges were due to corona 

discharges in air. The absence of isolated discharges in the PRPD plot of sample 

B4#S6 even though 18 kVrms was employed is due to the fact that the test was 

carried out in oil, which eliminates corona as well as surface discharges due to air 

traps at the interfaces between the sample and the ground plate. This observation 

suggests that tests above 12 kVrms in air are marked by discharges due to both 

electrical tree growth and corona in air or surface discharges, whereas discharges 

from the test in oil may be entirely due to electrical treeing internal to the test sample 

only.  

 Effect of superimposed AC ripples on DC on tree growth characteristics 7.3

The aim of this preliminary test is to simulate noise effects on steady DC and to find 

out if the magnitude of AC when superimposed on DC will cause tree initiation as 

the use of 30 kV DC stress for several hours did not result in tree initiation in the 

epoxy samples. 

Composite waveforms were created and used for this investigation. The 

specifications of the HV amplifier acquired for this study and the modifications made 

to meet the experimental needs have been described in section 6.2. The output range 

of the HV amplifier is ± 30 kV DC or peak AC. 10 composite waveforms were 

created using waveform editor such that, the sum of the superimposed AC 

component on the DC component forming the composite waveform did not exceed 

the 30 kV peak limit of the HV amplifier as shown in Table 7-2 using equation (7.1): 
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 tBAtV sin)(   (7.1) 

Where; A and B are the magnitudes of the DC and AC components respectively. 

Columns 2 and 3 of Table 7-2 show the magnitudes of AC and DC components in 

each composite waveforms at the low voltage side (i.e. the output of pre-amplifier 

section 6.2.3), which when fed to the HV amplifier, generated the values tabulated in 

columns 4, 5 and 6 which are the components of the DC, AC and the effective rms of 

the composite waveforms at the output of the HV amplifier as the gain of the HV 

amplifier is 3000 as described in section 6.3. A LabVIEW code was created to load 

and run the created waveforms from a saved folder in sequence to stress the samples 

for a specified time period.  

Table 7-2: DC and AC components of generated composite waveforms. 

 

In this preliminary test, 10 samples were tested. Out of these 10 samples, 3 samples 

had tree initiated in them when a combination of 19.8 kV DC and 10.2 peak AC was 

run i.e. the 5
th

 waveform shown in the bold fonts in Table 7-2. In the remaining 7 

samples, trees were observed more often when a combination of 15 kV DC and 15 

kV peak AC were used.  

In the previous tests in section 7.2, when AC voltages only were used, trees were 

initiated only from 6 kV rms (~8.5 kV peak AC) and above, and the use of 30 kV DC 

did not result in any tree growth. In this section when a composite waveform was 

used, tree initiation begins only when the AC component was 10.2 kV peak or more. 

This observation suggests that, tree initiation and propagation composed of AC and 

DC components is influenced more by the magnitude of the AC component. Figure 

DC 

Component

AC 

Component

DC 

Component

AC 

Component

1 9 1 27 3 27.1

2 8.4 1.6 25.2 4.8 25.4

3 7.6 2.4 22.8 7.2 23.5

4 7.2 2.8 21.6 8.4 23.1

5 6.6 3.4 19.8 10.2 21.1

6 6.2 3.8 18.6 11.4 20.3

7 5.8 4.2 17.4 12.6 19.4

8 5.6 4.4 16.8 13.2 19.2

9 5.2 4.8 15.6 14.4 18.6

10 5 5 15 15 18.4

Composite waveforms: 

low voltage side (V)

Composite waveforms: 

High voltage side (kV)Created No. 

of waveforms 

Measured rms 

value at HV Amp. 

outputin (kV) 

waveformscompositetheofcomponentsACandDCareBandAwheretBAtV ,sin)( 
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7-5 shows the plots of the DC and AC components of the composite waveforms, 

indicating the voltages at which trees were observed with round symbols. 

 

Figure 7-5: On set of tree initiation using composite waveform. 

 Effect of external flashover event on tree growth under “pure DC” stress 7.4

In this preliminary test, 3 samples were tested in silicone oil using a steady 100 kV 

reversible desk top DC power supply. Two of the samples were pre-initiated with AC 

in order to eliminate the variability of initiation time and to allow comparison of tree 

propagation after initiation. The third sample was not pre-initiated the aim being to 

initiate tree under “pure DC” voltage regime. 

 In the first two samples, positive or negative 60 kV DC was applied whereas in the 

third sample only positive 70 kV DC was used. The DC voltage was slowly 

increased to these specified voltages in each sample within a minute and kept at 

those voltages while images were captured every minute using CCD camera. The 

results obtained in each test are discussed below. 

7.4.1 Tree propagation using -60 kV DC  

First test (sample B8#S11): Figure 7-6 [a], [b] and [c] shows the images of the trees 

grown in sample B8#S11 after 5.5 hours of -60 kV DC stress. Image [a] shows the 

initial AC pre-initiated tree, while images [b] and [c] show the tree propagations after 
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2.5 and 5.5 hours of DC stress respectively. The initial extension of tree was 

observed only after 30 minutes of voltage application when flashover occurred 

between the HV electrode and the grounding cable causing the HVDC source to trip 

off.  

 

Figure 7-6: Tree growth characteristics under -60 kV DC. The 240 µm bar gives the scale 

for all images. 

The location where the flashover occurred in the set-up is shown in Figure 7-7. The 

tree image inset in Figure 7-6 [b] shows the tree extension after 30 min when the 

flashover occurred.  

 

Figure 7-7: Location of flashover during test. 

The HVDC source was energised again and after two hours, another flashover 

occurred again also causing the HVDC supply to trip off. The tree extension after 

this flashover event is shown in Figure 7-6 [b] after 150 minutes. To mitigate the 

occurrence of the flashover events, the ground cable is moved further away from the 

330 min0 min

[a] [b]

B8#S11 stressedat -60 kV

B6#S12 stressed at +60 kV and +70 kV

150 min

150 min

30 min

330 min

[c]
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HV electrode and more silicone oil added to the oil bath to insulate more of the 

grounding cable before the system was energised again and the sample stressed for 

further 3.0 hours. During this time period, flashovers occurred but the HVDC supply 

did not trip off. Figure 7-6 [c] shows the tree extension after 5.5 hours.  

It can be seen from the insets of the close up images obtained after 150 minutes and 

330 minutes that only little extension of side branches in the previous image pointed 

by the arrow and shown by the dotted ring were observed even though the time 

difference was 180 minutes. This observation suggests that, only disruptive 

flashovers that lead to short circuit between the HV electrode and the ground were 

responsible for significant tree extension in the test using -60 kV DC stress. This 

observation is further investigated in Section 7.4.2 below. 

7.4.2 Tree propagation using ±60 kV DC  

Second test (sample B6#S12): Investigation in section 7.4.1 revealed that tree 

extension is easily triggered when visible flashover which leads to short circuiting 

between the HV electrode and the grounding cable occurred. However when more 

silicone oil was added and no visible flashover events were observed as a result, little 

tree extension was observed as shown in Figure 7-6 [c]. This observation is further 

investigated using sample B6#S12. In this test also, the sample was pre-initiated with 

AC, and the initial tree is shown in Figure 7-8 [a].  

 

Figure 7-8: Tree growth characteristics under +60 kV DC. The 240 µm bar gives the scale 

for all images. 

The sample was initially stressed with -60 kV DC for 8 hours. Flashover did not 

occur during this time, and tree extension was not observed from the initial image 

shown in [a]. The same sample was then stressed with +60 kV for 2 hours. During 

120 min 240 min0 min

[a] [c][b]

B6#S12 stressed at +60 kV and +70 kV
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this period, substantial tree length of about ~ 400 μm was observed as shown in 

Figure 7-8 [b], even though no visible flashover was observed. The voltage is further 

increased to +70 kV and the sample stressed for additional 2 hours. Further 

extensions of tree were observed with growing side branches as shown in image [c]. 

This test suggests that tree is more easily propagated under positive DC compared to 

negative DC even in the absence of visible flashover events. 

7.4.3 Tree initiation and propagation under +70 kV “pure DC”   

Third test (sample B6#S11): Steps taken to mitigate flashover to ground were 

discussed in section 7.4.2. Substantial tree propagation was observed when test was 

carried out on sample B6#S12 using positive DC. However, this is not case when 

negative DC voltage stress was used. In this section +70 kV “pure DC” is used, and 

the aim was to initiate and propagate trees using “pure DC”. Thus the sample in this 

test is not pre-initiated as in the previous tests. The needle tip in the sample is shown 

in Figure 7-9 [a].  

 

Figure 7-9: Tree growth under “Pure DC” in B6#S11. 

As the applied voltage in this case is so high, care is taken in raising the voltage to 

70 kV in order to prevent sudden breakdown during voltage ramp up. After 8 

minutes of +70 kV DC voltage application, a tree extension of about 60 μm was 

observed as shown in image [c] of Figure 7-9. On inspection of the previous images, 

it was observed that, the tree extension occurred in the 8
th

 minute only, as image [b] 
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of Figure 7-9 which was captured in the 7
th

 minute has no tree in it. The next tree 

extension was observed in the 12
th

 minute which then followed by breakdown in the 

13
th

 minute.  

Examination and comparison of the tree images from the 8
th

 to the 11
th

 minute 

revealed that the tree extension occurred only in the 12
th

 minutes as no tree extension 

was observed in the captured image from the 8
th

 to 11
th

 minutes until in the 12
th

 

minute as shown in images [c], [d] and [e] of Figure 7-9. Measured tree length in the 

12
th

 minute was about 250 μm, which is about 4 times longer than the tree observed 

in the 8
th

 minute. Only two stages of tree extensions were involved before breakdown 

occurred in the 13
th

 minute. No visible flashover was observed in the test circuit 

during this test.  

These observations suggest that, tree propagation under DC is heavily dependent on 

the power quality of the DC supply and is easily triggered by flashover events.  Tree 

propagation rate under DC is slow compared to AC voltage stress and different 

phenomena may be responsible in each case. 

7.4.4 Summary 

This chapter has presented preliminary investigation for electrical tree growth under 

AC, AC superimposed on DC and DC voltage stresses. Tests were either carried out 

in air or in oil using optical or both optical and PD means for tree detection. The 

sample types used in these tests are; Aquadaq painted, metallised and non-metallised 

with Hypodermic or Ogura needles embedded in them. Tree initiation at the vicinity 

of Hypodermic and Ogura needle tips were observed and compared. The findings in 

these preliminary tests are: 

 Aquadaq (graphite water base conductive paint) dissolves in oil leading to 

contamination and reduced insulating strength of the oil for subsequent tests. 

 Dissolved Aquadaq reduced light transmission in the oil resulting in difficulty 

of focussing on the needle tip and any emerging trees. 

 Aquadaq is water based and can lead to water absorption by samples since 

epoxy is hygroscopic material. 
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 Magnified images of the trees initiated using Hypodermic needle samples 

showed that tree initiation start along the sliced hollow shank instead of at the 

needle tip using AC. 

  In these preliminary tests only 3 out of 25 Ogura embedded needle samples 

had trees initiated from the rough surfaces in the vicinity of the tip using AC 

and composite wave form. 

 Tree initiation times is independent of sample metallisation but heavily 

depends on the magnitude of the voltage as shown in Table 7-1. 

 Tests in section 7.2 showed that corona and surfaces discharges are 

eliminated when the test was carried out in oil compared to what was 

observed in air in section 6.5.3. 

 Tests in section 7.3 showed that tree initiation in composite waveforms is 

driven by the magnitude of the AC component instead of the DC component. 

 In section 7.3, 10.2 kV peak AC/50 Hz is found to be the threshold of the AC 

component influencing tree initiation in composite waveform. 

 Tests in section 7.4 showed that, trees can also initiate and grow under purely 

DC stresses at high field using extremely clean power supply. 

 Tree propagates faster under positive DC stress than negative DC stress. 

Flashover events that results in short circuiting the supply result in bursts of 

tree propagation. 

Findings in these preliminary tests showed that Aquadaq painted sample is not 

suitable for test in liquids (oil) and Ogura needle is more consistent for tree initiation 

from the needle tip. Even though an extremely clean DC power supply is used for 

tree initiation in sample B6#S11; power quality issues cannot be avoided under 

laboratory test conditions due to disturbances by neighbouring equipment. Based on 

these findings, further experiments were proposed in chapter 8.  
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8. Experimental design for tree growth 
characteristics and time to breakdown using pure 
DC, pure AC, and AC superimposed on DC voltages 

Preliminary tests in Chapter 7 showed that trees can be initiated under AC from 6 kV 

rms and for the investigation on the effect of superimposed AC on DC on tree 

initiation, a combination of 15 kV peak AC and 15 kV DC was found to result into 

more frequent tree initiation. For DC tests, 60 and 70 kV DC was found to be 

suitable for stable electrical tree propagation and initiation respectively.  

In this chapter, an experimental plan adopted after the preliminary investigation into 

tree growth characteristics and time to breakdown using DC, AC and AC 

superimposed on DC stress is described. The experiment is performed in two stages; 

a quick tree initiation process detected by optical means only and propagation 

monitored by simultaneous PD and optical detection.  The quick initiation is 

employed to ensure all samples have a common tree inception process which results 

in the shortest possible tree initiated in them. In this way, the time to breakdown 

from the propagation stage can be equitably compared after initiation in all tests. 

 Test samples 8.1

Ogura needle embedded samples with the “plane” surfaces (ground) metallised with 

aluminium using vacuum evaporation method were used for consistency of test 

results and to ensure good electrical contact with the ground electrode. Figure 8-1 

shows the sample configuration reproduced from section 3.6 for convenience. The 

samples were prepared and conditioned as outlined in section 3.7 prior to testing.  
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Figure 8-1: Ogura embedded metallised point to plane sample. 

 Quick initiation stage 8.2

In this stage of the experiment, 58 samples were initiated with an unbiased AC 

voltage between 12 and 16 kVrms. The aim here was to initiate a very short tree 

which will serve as a starting point for uniform and consistent tree propagation stage, 

and to eliminate initiation time as a source of variability for time to breakdown in all 

samples. The following protocol was adopted for the quick initiation test: 

 A starting voltage of 12 kV rms was applied for the first 2 minutes. 

 The voltage is then increased to 14 kVrms for further 3 minutes if no tree is 

observed after 2 minutes at 12 kV rms.  

 The voltage is finally increased to 16 kVrms for additional 5 minutes if tree is 

not observed, after the previous 5 minutes time periods at 12 and 14 kV rms.  

After this time period, if no tree is observed, the sample is removed and replaced 

with new sample. At this stage of the experiment a CCD camera fitted with a c-

mount macro lens of 8x magnification with maximum field of view 1(W) x 0.8(H) 

mm was employed to enable detection and capture of a shortest possible electrical 

tree image after voltage application. All the samples were initiated in this manner 

from which 52 samples were randomly selected and used for the propagation stage 

test.  

 Propagation stage 8.3

In this stage, the 52 randomly selected pre-initiated samples with initial trees in them 

were tested using the following voltages:  
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a) ±60 kV DC.  

b) AC test at 15 kV peak. 

c) AC at 15 kV peak with +15 kV DC bias. 

d) AC at 15 kV peak with -15 kV DC bias. 

For DC tests, 12 out of 22 samples were stressed using +’ve DC while the other 10 

samples were stressed using –‘ve DC. Samples were continuously stressed for at 

least 10 hours. The remaining 30 samples were divided into 3 groups of 10 samples 

and each group continuously stressed with AC and composite voltages indicated in 

(b), (c) and (d) above until breakdown occurs. The schematics of the applied 

waveforms and calculated fields due to sample geometry only are shown in Figure 8-

2 and Table 8-1. 

 

Figure 8-2: Applied waveforms. 

Table 8-1: Test voltages and calculated geometrical field*. 

 

At this stage of the experiment, the CCD camera is fitted with a c-mount telecentric 

lens with 6 (W) x 5 (H) mm dimensions of field of view which allows the whole tree 

length from the pre-initiated stage until breakdown ensued to be captured. Tests were 

Peak voltages 

(kV)

 RMS voltages 

(kV)

Average field E= V/d 

(kV/mm)

*Field at needle tip 

(kV/mm)

 ± DC test 60 _ 30 5070

 AC test 15 10.6 5.3 896

 (AC ± DC) test 30 18.4 9.2 1555

*E tip = 2V/rln[(1+4d/r)] 

(kV/mm):

Test type , voltages and 

calculated E-field

Applied voltages and calculated field at needle tip. Point = radius 3um and 

Gap distance = 2mm

*These field are associated with sample geometry only and not what is expected at 

the needle field
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performed at room temperature and in silicone oil to prevent flashover. Images of the 

trees were captured at 1 or 60 second intervals until breakdown occurred. The results 

of these tests are presented in Chapter 9. 
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9. Experimental results and analysis for electrical 
treeing 

 Introduction 9.1

This chapter presents the test results from the outlined experimental procedure in 

chapter 8. The chapter contains six sections including section 9.1. The chapter starts 

presenting results on quick initiation of initial trees in section 9.2. Section 9.3 present 

results on tree propagation under ±60 kV DC while section sections 9.4 and 9.5 

present results on AC and AC superimposed on DC tests. Section 9.6 finally present 

results on verification
2
 test. A summary of test result is also presented at the end of 

each section.  

 Experimental results for quick initiation of initial trees 9.2

9.2.1 Evolution of initial trees into different tree shapes 

This section presents result obtained from the quick initiation of initial trees using 

AC voltages. The section does not intend to critically analyse tree initiation as this is 

not the aim of the test but rather to highlight the influence of applied voltage on 

observed results during this study. Figure 9-1 shows the images of “initial tree” 

captured from three different samples during the quick initiation test. All the three 

samples initiated within 1 minute of applied 12 kV rms, but had different structures 

as can be seen in the Figure. While the structure of sample B8#S1 is bush-like and 

maintained the same structure after 2 and 5 minutes respectively, the structure of 

sample B6#S2 is branch-like after 1 minute and it evolved into bush and bush-branch 

after 2 and 5 minutes respectively. However in sample B6#S10, a single channel was 

observed after 1 minute, which then evolved into branch-type tree after 2 and 5 

minutes respectively. The quick initiation test revealed that even with the same 

voltage magnitude, different types of initial tree shapes (bush-like, branch-like and 

bush-branch) can be obtained. See appendix B-1and 2 for compiled images of initial 

trees during this test.  

                                                 
2
Verification test: is a test carried out at 30 kV peak AC to very if the reverse tree observed during test 

at 15 kV peaks AC in section 9.4.4 is due to the difference in applied voltage stress. 
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Figure 9-1: Images of typical initial trees from three different samples. The 250 μm bar 

gives the scale for all images. 

9.2.2 Influence of applied voltage on electrical tree initiation times  

Figure 9-2 shows a box chart plots of all the samples initiated in this study. The 

samples were fabricated in batches and each batch consists of 12 samples. During the 

quick initiation test 58 samples from batches 6 to 12 were initiated using 12 to 16 kV 

rms. Sample from batches 11/12
*
, 13 and 14 comprising of 24 samples were initiated 

using 21 kV rms (30 kV peak) during verification testing which will be discussed in 

section 9.6. As can be seen in Figure 9-2, most of the samples initiated within 1 

minute of voltage application i.e. including the verification test samples. But some 

samples in batches 11 and 12 did not initiate during the quick initiation test time slot. 

These samples were later used during verification testing at 21 kV rms, and are 

marked as batch 11/12
*
 in the plot of Figure 9-2 to differentiate them from the 

normal batch 11/12 samples. Of these samples (8 in total), 4 samples initiated within 

1 minute of voltage application at 21 kV rms, and the initiation times for the 

remaining 4 samples ranged from 73 minutes to 113 minutes. Also, all the samples 

from batch 14 initiated within 1 minutes of the applied voltage whereas for batch 13 

samples, the initiation times ranges from 1 to 9 minutes at 21 kV rms.  
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Figure 9-2: Electrical tree initiation times for batches 6-14 samples. 

The pie chart shown in Figure 9-3 shows the percentage distribution of initiation time 

intervals of the tested samples at the applied voltages of 12 kV rms, 16 kV rms and 

21 kV rms for quick initiation and verification tests respectively.  

For quick initiation test 91.4% of the samples initiated within 1 minute of voltage 

application whereas 5.2% and 3.4% initiated after within 5 and 10 minutes of voltage 

application at 14 kV rms and 16 kV rms respectively. For samples initiated during 

verification test where 21 kV rms was used, 62.5% of the samples initiated within 1 

minute of voltage application whereas 20.8% initiated within 2 to 9 minutes and 

16.7% initiated within 73 to 113 minutes. This observation highlights the influence 

of applied voltage magnitudes on tree initiation times. It is also interesting to note 

that even though a high enough voltage (21 kV rms) was used for initiation during 

the verification test, nonetheless variable initiation times were observed.  
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Figure 9-3: Distribution of initiation times at different test voltages 

Another interesting observation was the initiation times for samples from batch 

11/12
*
. These samples (7 samples) did not initiate after 10 minutes of voltage 

application at 12–16 kV rms during quick initiation test. However, during the 

verification test, 3 out of the 7 samples initiated within 1 minute and the remaining 4 

samples initiated with varying times ranging from 73 to 113 minutes. This 

observation also highlights the importance of waiting time (ageing) for trees to 

initiate when using constant voltage. Perhaps the samples of batch 11/12
*
 which 

initiated between 73 to 113 minutes could have initiated even at 12 kV rms but at 

much longer waiting times. 

9.2.3 Influence of applied voltage magnitude on Initial tree lengths 

Figure 9-4 shows a box chart plots of measured initial tree lengths of pre-initiated 

test samples and those initiated during verification test. The averages of the initial 

tree lengths for samples in batches 6, 7, 8, 9/10 and 11/12 during the quick initiation 

test were less than 50 μm. However, few samples had their initial length longer than 

50 μm but less than 100 μm as shown in the plots.  
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Figure 9-4: Plots the initial tree lengths of samples batches 6-14 

For the samples initiated using 21 kV rms during the verification tests, generally the 

initial tree lengths were longer due to the higher voltage involved. As can be seen 

from the plots, the averages from each batch for these samples were 79 μm, 65 μm 

and 74 μm respectively. The plot shows samples with initial length up 113 μm only. 

However longer initial tree lengths were measured, but were considered as outliers 

and were not included in this plot. For example, in batch, 11/12
*
 initial tree lengths 

of ~ 530 μm and ~ 576 μm were measured but were censored in the plot of  Figure 

9-4 as they are not representative statistically. See Appendix A–7 for collated data of 

initial tree lengths during the tests.  

9.2.4 Summary  

The findings from the results discussed in section 9.2 above showed that: 

 The amplitude and duration of the applied voltage play a significant role in 

initiation times as well as the lengths of initial trees observed.  

 Variable waiting times can exist in sample fabricated from the same batch as 

observed in batch 11/12 sample. However the effect is minimal here due to 

consistency of samples fabrication procedure adopted in Chapter 3. 
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 Initial trees of varying shapes can be obtained from the same magnitude of 

applied voltage as observed in section 9.2.1. 

It is concluded that, 12 kV rms is high enough to initiate electrical tree within 1 

minute of voltage application. But generally, the higher the amplitude of the applied 

voltage, the lower the initiation time and vice versa. Thus, for a study focussed on 

growing very short initial trees, voltages above 12 kV rms may result in faster and 

longer initial trees and should be avoided if necessary but at the expense of waiting 

time for tree to be initiated. 

 Experimental results of electrical tree growth under ±60 kV DC  9.3

Section 9.2 presented test results of the initiated test samples for the entire study. 

This section presents the test results for tree propagation and time to breakdown on 

the pre-initiated samples under ±60 kV DC voltage stresses. Preliminary tests in 

section 7.4.2 already showed that tree propagates faster under positive DC stress than 

under negative DC stress, and it was found that flashover events that results in short 

circuiting trigger tree Propagation faster under negative DC stress. The difficulty of 

tree initiation and growth under steady DC is suggested to be due to the effect of 

space charge moderation in the immediate vicinity of the needle electrode (space 

charge zone) by many authors [116, 123-124, 191]. It is also believed that, negative 

electrodes inject charges more easily than the positive electrode [116-117, 191]. It is 

suggested in [191] that, the observed tree length during polarity reversal can be taken 

as a measure of spatial distribution of space charge in the vicinity of the point 

electrode. The injection distance was estimated to be about ~50 μm using flight 

distance calculation.  

From the literature then, the lack of tree growth under negative polarity test during 

the preliminary test is not surprising, as this may be due to the shielding effect of 

space charge causing field relief at the vicinity of the point electrode. This 

observation was further investigated for repeatability using steady DC at ±60 kV and 

the results are presented in this section. Table 9-1 shows the collated test results for 

22 samples employed for positive and negative DC tests where: 

 LIT = length of initial tree. 

 LFT = length of final tree prior to breakdown.   
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 TTBD = time taken for sample to reach breakdown.  

 NBD = no breakdown during the test. 

Table 9-1: Length of initial/final trees and time to breakdown for test samples. 

 

As can be seen from Table 9-1, for +60 kV test, 2 samples had their initial tree length 

much longer than 50 μm and these samples failed faster compared with the samples 

whose lengths are less than 50 μm. Similarly for -60 kV where breakdown did not 

occur in all samples, it was observed that propagation in length is more likely in 

samples with initial tree lengths longer than 50 μm as compared with those whose 

initial tree lengths were less than 50 μm at the beginning of the test. The observations 

during these tests are presented below. 

9.3.1 Tree propagation and time to breakdown under +60 kV DC test 

As shown in Table 9-1, breakdown did not occur under -60kV DC after 10 hours of 

voltage application for all tested samples. Thus, in this section only propagation 

under +60 kV is discussed. Figure 9-5 shows a column and label plot of time to 

breakdown for failed samples and stress times for un-failed samples extracted from 

Table 9-1. As can be seen from the plot, 4 out of the 12 samples did not fail after 10 

hours of +60 kV DC stress shown as the shaded grey column, and 1 sample (B9#S8) 

failed within 1minute of voltage application out the remaining 8 samples that failed.  

Sample ID
L IT 

(μm)

L FT 

(μm)  

T TBD 

(min)
Sample ID

L IT 

(μm)

L FT 

(μm)  

TTBD 

(min)

[1] B9#S1 33 560 NBD [1] B11#S1 28 80 NBD

[2] B10#S4 45 1435 322 [2] B11#S2 49 282 NBD

[3] B9#S4 33 333 NBD [3] B11#S5 40 46 NBD

[4] B9#S6 29 170 NBD [4] B11#S8 36 36 NBD

[5] B9#S5 52 1376 136 [5] B12#S1 29 54 NBD

[6] B9#S3 38 1189 272 [6] B12#S3 86 105 NBD

[7] B9#S7 23 282 NBD [7] B12#S9 70 233 NBD

[8] B10#S6 86 1238 129 [8] B12#S5 36 80 NBD

[9] B10#S2 89 946 93 [9] B11#S7 41 54 NBD

[10] B9#S8 39 53 1 [10] B12#S4 76 418 NBD

[11] B9#S2 53 1367 612 Averages 49 139

[12] B10#S5 33 958 184

Averages 46 826 250
NBD: =  breakdown did not occur after 10 hrs

DC test at +60 kV   DC test at -60 kV
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Figure 9-5: Time to breakdown for failed and un-failed samples under +60kV DC. 

The plot of tree propagation as a function of time for the remaining 7 samples is 

shown in Figure 9-6. Although different time to breakdown was recorded for each 

sample, similarities in time dependent tree propagation was observed in most of the 

samples except for samples B9#S2 and B10#S4. Unlike for sample B9#S8, in which 

failure occurred within 1 minute of voltage application, in sample B9#S2, a fast tree 

extension was observed at the beginning of test but did not result in immediate 

failure, instead it stagnated at a tree length of about 0.4 mm (20% of the 2 mm gap) 

for about 305 minutes followed by a slow propagation until about 557 minutes, after 

which, a rapid acceleration was observed again before breakdown occurred at 612 

minutes. Similar observation was made for sample B10#S4, but in this case the 

propagation continued to about 74% of the gap distance (1.48 mm) and then 

stagnated for about 27 minutes followed by immediate breakdown afterwards as can 

be seen in Figure 9-6. Considering only the failed samples and censoring sample 

B9#S8 which failed only after 1 minute, the average time to breakdown of the failed 

7 samples was calculated to be ~250 minutes.  
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Figure 9-6: Electrical tree propagation under +60 kV until breakdown, the length of tree is 

normalised to the 2mm gap between the two electrodes. 

9.3.2 Influence of initial tree on time to breakdown under +60 kV DC test 

Figure 9-7 shows the plot of initial tree length as a function of breakdown times. It 

can be seen from the plot that, breakdown occurred only on samples which have an 

initial tree longer than approximately 33 µm. Below 33 µm, substantial growth is not 

observed and none of those samples fail as shown by ‘x’ markers with arrows on the 

plot. The correlation between the initial tree length and sample lifetime can be seen 

from Figure 9-7 showing a weak downward trend for quick failure in samples with 

longer initial tree lengths. 
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Figure 9-7: Time to breakdown under +60 kV as a function of the length of initial trees. 

Data with ‘x’ markers represents samples did not fail. 

9.3.3 Influence of the initial tree on tree shape under ±60kV DC test 

Figure 9-8 shows four examples of electrical trees propagated using +60 kV DC in 

the presence of AC pre-incepted initial trees.  

 

Figure 9-8: Images of DC trees showing lengths prior to breakdown. (a): sample B9#S3 (b): 

Sample B9#S5 (c): Sample B10#S6 and (d) Sample B10#S4. Scale bar is the same for all images. 

Even though the AC pre-incepted trees had different shapes as can be seen from the 

images, the shapes of the DC trees propagated from the AC incepted trees were 

similar given that, only one main tree ‘trunk’ with a small quantity of short side 
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branches were observed growing towards the ground electrode but not following a 

straight path irrespective of the shape the initial trees. 

The fact that the AC pre-incepted trees have different shapes and the DC trees 

propagated from them have similar shapes suggests that, similar propagation 

mechanism was involved in the observed +DC propagated trees, and that this 

mechanism may not be the same for AC propagated trees as different shapes were 

observed. See Appendix B–3 and 4 for compiled images of DC tree in this test. 

Similarly, Figure 9-9 shows the images of initial trees prior to voltage application 

and the propagated final lengths after 10 hours of applied -60 kV DC voltage.  

 

Figure 9-9: Images of -60 kV DC trees. Top images are the AC pre-incepted initial trees, 

and bottom images are the propagated lengths after 10 hours of -60 kV applied DC stress. Scale 

bar is the same for all images. 

Although very little propagation was observed under -60 kV DC, the tree structures 

looked similar to those propagated under +60 kV DC. But under -60 kV DC test, the 

tree structures were thicker in comparison to the tree structures propagated under +60 

kV DC. In contrast to the images of the initial AC trees shown in Figure 9-1 section 

9.2.1 where branching and spreading of tree structures were observed, in this case 

however, no spreading was observed even though 10 hours of -60 kV DC was 

involved as compared with 12 kV rms applied voltage used in section 9.2.1. It is 

suggested therefore that similar mechanism of tree propagation is involved under 

both ±60 kV DC stresses but with limited propagation in length under negative 

polarity test. 
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9.3.4 Influence of the initial tree on propagation rate of tree lengths under ±60 

kV DC stress 

Figure 9-10 shows the propagated lengths of failed samples prior to breakdown and 

un-failed samples after 10 hours of applied +60 kV. Again it was observed, that, 

samples with initial tree lengths not longer than 33 μm had less propagation in 

lengths as compared to samples whose length are longer than 33 μm. As can be seen 

in Table 9-1, except for sample B9#S8 which failed within 1 minute of voltage 

application, the remaining 6 samples that failed had initial trees longer than 33 μm 

and higher propagation rate was observed in these samples. The average tree lengths 

of these samples prior to breakdown are calculated to be ~1259 μm. However, the 

remaining 5 samples whose initial tree lengths are not longer than 33 μm, the 

propagation rate was slower. The calculated average tree lengths of these samples is 

~461 μm which is about 23% of the insulation gap distance at the end of those tests.  

 

Figure 9-10: Measured tree lengths. Failed samples prior to breakdown, Un-failed samples 

after 10 hours. 

Figure 9-11 shows the plots of the final lengths of electrical trees measured under 

negative 60 kV DC tests. As no breakdown occurred during the negative polarity 

test, only the propagated tree length in relation to the AC pre-incepted initial tree 

lengths is discussed. If the lengths of the initial trees were plotted against the distance 
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of tree propagation in each sample instead of time to breakdown as in section 9.3.2, a 

similar threshold around 40 µm can be roughly identified under negative DC test for 

which electrical treeing barely starts as depicted by Figure 9-12. Except for sample 

B12#S3 for which the initial tree length was 86 µm see Table 9-1 in which case, only 

about 19 µm growth was realised after 10 hour of -60 kV DC applied stress. If this 

data point is censored, then in this case, an upward trend can be seen above 40 µm 

for which an appreciable tree propagation is obtained. 

 

 

Figure 9-11: Measured final electrical tree lengths tree after 10 hours 0f -60kV DC stress. 
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Figure 9-12: The distances of DC tree propagation under -60 kV DC plotted against the 

lengths of initial trees. The distance of tree propagation is the difference between the tree length 

at the end of 10 hours test and length of initial tree. 

9.3.5 Summary 

Section 9.3 presented the electrical tree growth characteristics under ± 60 kV DC 

stresses from which the following points can be summarised: 

 The shape of the initial AC tree does not influence the shape of the 

propagated DC tree. 

 The shorter the length of the initial AC tree, the longer the sample’s life time.  

 The longer the initial AC tree length short the sample’s life time. 

 Initial AC tree lengths of about 33 μm and 42 μm were found to be a critical 

length above which appreciable propagation of DC tree was obtained under 

positive and negative DC polarity tests respectively. 

 Trees grow faster under positive DC than under negative DC as observed in 

the preliminary test. 
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 Experimental results for electrical tree propagation under 15 kV peak AC  9.4

In this section, visual observation according to experimental results together with 

measured partial discharge behaviour of electrical tree growth characteristics is 

presented. Electrical treeing is widely reported to exhibit 3-stage growth 

characteristics in literature as; the initiation stage (stage 1) which is marked by 

inception time, the propagation stage (stage 2), marked by the tree growing in the 

direction of the applied field away from the point electrode and the run-away stage 

(stage 3) when a rapid growth is observed leading to the final breakdown event. In 

this study, monitored partial discharge behaviour during electrical tree growth 

exhibited 5 distinct stages of growth under 15 kV peak AC (10.6 kV rms). The 

results are discussed in the sections that follow. 

9.4.1 Influence of 15 kV peak AC on shape of the electrical tree 

The images in Figure 9-13 shows the typical tree growth characteristics observed in 

one sample under AC test. As can be seen from the images, the electrical tree grew in 

two main directions, namely:  

1. The “forward tree growth” (FTG); defined as a tree growing away from the 

point electrode towards the ground electrode as shown in Figure 9-13 (a), and  

2. The “reverse tree growth” (RTG); defined as tree growing from the counter 

electrode towards the point electrode as shown by Figure 9-13 (b). 

In contrast to the tree shapes observed under DC testing, which had only single tree 

channel propagated from the AC pre-incepted initial trees, on this occasion, such 

phenomenon was not observed. It can be seen from images that, under AC test, the 

electrical trees continued from the AC pre-incepted initial trees as one structure and 

no clear distinction can be identified optically from the two as if only one stage 

experiment was involved from the start of the test. However, during the propagation 

phase, the visual and physical appearances of the tree structure changes having dark-

widened channels, fine channels, and dense structure compared to what was observed 

during the DC test. The changes in tree lengths and widths were measured from the 

captured 2D images, from which the plots of tree lengths and widths against time 

were plotted for interpretation of results and growth characteristics. 
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Figure 9-13: Typical example of Forward and reverse tree growth. 

9.4.2 Time to breakdown under AC 

Figure 9-14 shows the column and label plots for the times the samples were stressed 

until breakdown occurred or when the experiment was stopped for un-failed samples 

during the AC test. 

 

Figure 9-14: Forward and reversed stress times for tree growth under 15 kV peak AC test. 

As two directions of growth were observed during this test, the tree growth times for 

both forward and reverse directions of growth for each sample was plotted. The sum 

of the forward and the reverse stress times made up the time to breakdown for the 

samples that failed. For the un-failed samples, the sum of forward and reverse times 

is the total time the sample was stressed before the experiment was stopped. The 

forward times in this plot are the tree growth times in the forward direction prior to 

the emergence of the reverse growing tree. The reverse time is the time when the first 
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branch of the backward growing tree was observed until breakdown ensued in the 

failed samples, or when the experiment was stopped for the un-failed samples. Thus 

the average growth time in the forward direction for all samples is 74.1 minutes 

whereas the average reversed time considering only the failed samples is 63 minutes. 

The average time to breakdown considering forward plus reverse time for only failed 

samples is 143 minutes. Comparing this with the average time to breakdown of 250 

minutes recorded for the failed samples under +60 kV DC test, this is a reduction of 

about 43% of life time when the samples were stressed using 15 kV peak AC instead 

of +60 kV DC stress. 

9.4.3 Electrical tree growth rate characteristics under AC 

Figure 9-15 shows the plots of the measured tree lengths normalised against 2 mm 

insulation gap distance while Figure 9-16 shows the growth in width normalised 

against 6 mm maximum width of the captured images represented on the y-axis of 

each plots and the x-axis in each plot shows the time it took for each sample to fail.  

The limitations and errors that can be introduced in such measurement were outlined 

in section 9.1. The ‘x’ markers on the plot represent the data point at which the 

reverse trees were observed, while the diamond ‘♦’ markers represent the times when 

breakdown finally occurred in each sample. At the ‘x’ markers data point, most of 

the forward growing tree tips in the direction perpendicular to the point electrode 

have already reached the ground electrode, while the periphery of those spreading in 

the width direction were still growing. As can be seen from the plots, some of the 

samples failed few minutes after the tree tips touch the ground electrode shown 

immediately after the ‘x’ markers data points by the diamond marker ‘♦’, while in 

some samples, it took several minutes before breakdown finally occurred as shown 

by the constant levelling of the curves (saturation in lengths). For example as shown 

in Figure 9-15, samples B6#S2, B7#S3 and B7#S11 did not breakdown, it took 

further 656 minutes, 663 minutes, and 195 minutes for the tree lengths and widths to 

saturate before the test was stopped. The curves for the plots of these samples are 

shown in Figure 9-15 and Figure 9-16 with arrows to indicate that breakdown did not 

occur when the experiment was stopped. 
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Figure 9-15: Plots of electrical tree lengths vs time of all samples normalised against 2mm 

insulation gap distance, ‘x’ markers show point when reverse tree emerges, ‘♦’ show breakdown 

points and arrows show curves of un-failed samples. 

 

Figure 9-16: Plots of electrical tree widths vs time of all samples normalised against 6mm 

image width. ‘x’ makers the spread in width when the reverse trees emerge, ‘♦’ when breakdown 

occurred and arrows show curves of un-failed samples. 

It can also be seen from the plots that on average the ‘x’ markers of all plots lie about 

85% (1.7 mm) of the normalised 2 mm insulation gap distance when no further 
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growth in length was observed, while in the width direction they lie about 90% (5.4 

mm) of the normalised 6 mm maximum width of 2D projected images. The 

variations seen in the position of the ‘x’ markers was attributed to some of the 

limitations outlined in section 9.1 and deviation that can be introduced in the 

insulation gap distance (i.e. 2 ± 0.2) mm in each sample as outlined in chapter 3 

section 3.6.2. 

Generally steady growth rate in lengths and widths were observed in all samples up 

to about 60% (1.2 mm) and 80% (4.8 mm) of the gap distance and the width of the 

2D projected images respectively, before a deceleration in growth rate were observed 

when the tree lengths were approaching the counter electrode from about 65% to 

85% of the normalised gap distance (Figure 9-15). However, in the first 20% growth 

in length, the curves of three samples (B8#S4, B7#S9 and B8#S12) shown in an 

enclosed dotted red line in Figure 9-15 had a slow growth rate. In these samples, it 

was observed that the early growths of the trees maintained bush-like structures up to 

about 25 minutes after voltage application, which explained the slow nature of the 

growth rate observed as shown in Figure 9-17. 

 

Figure 9-17: Transition of tree growth characteristics from a bush type to a fine type tree 

structure, exhibiting slow and fast growth during bush and fine tree structure. Scale bar is the 

same for all images. 
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They then start to grow at about the same rate when the fine tree structures started to 

emerge from the initial early trees which were darker in structures. This is shown in 

the images of  Figure 9-17 in these three samples after 50 minutes of voltage 

application with sample B8#S4 and B7#S9 having faster growth rate than sample 

B8#S12.The electrical trees spread in all the samples almost at about the same rate 

except for sample B8#S12 as can be seen from the plots of both Figure 9-15 and 

Figure 9-16 and the corresponding images shown in Figure 9-17.  

9.4.4 Sequence of tree growth under 15 kV peak AC with simultaneous partial 

discharge measurement 

Figure 9-18 shows the electrical tree growth curve together with a physical 

measurement of partial discharge activities acquired during a test from an initial tree 

stage until breakdown occurred for a typical test sample plotted on 4Y-axis graph; 

showing the tree growth rate, the magnitudes of the average and peak values of 

recorded apparent charge and the discharge repetition rate with time. As can be seen 

from the plot of Figure 9-18, stage 1; is the inception stage which was discussed in 

section 9.2 as the initiation stage.  The observed partial discharge characteristics 

together with the acquired images of tree growth which made up of 5-Stage growth 

characteristics is shown in Figure 9-18, and are discussed below.  
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Figure 9-18: Measurement of physical tree growth and partial discharge activities allowing 

4 stages of growth to be identified after pre-initiation. 

 

Stage 1: The initiation stage; the image shown in  

Figure 9-19 is the initial tree in the test sample prior to voltage application and PRPD 

plot shown adjacent is the plot acquired immediately after the test voltage was 

applied which lead to the observation in stage 2.  

 

Figure 9-19: Stage 1_The initiation stage. 

Tree initiation stage is usually marked by variable waiting times prior to the 

detection of the first visible tree artifact (ageing) as reported in [101] for example, 

and this can occur even in batches of samples fabricated using the same fabrication 

procedure as observed in section 9.2. It was for this reason that in this test all the 

samples were pre-initiated. In this test, samples with “initial tree” of about ~50 μm 
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were selected for test at the propagation stage. During the quick initiation stage 

partial discharge data was not collected.  

Stage 2: Region of fast forward tree growth (FTG); Figure 9-20 shows the 

captured tree image and the corresponding measured PD activity adjacent after 14 

minutes of voltage application on the pre-initiated sample shown in stage 1. The 

image in Figure 9-20 reveals two types of tree channels. Dark, widened branched tree 

channels extending from the existing “initial tree”, and is marked by rising PD 

activities which increased sharply from an average apparent charge magnitude of 

about ~1.4 pC in the first minute, up to about ~80 pC in the 7
th

 minute. This then 

followed by a larger array of finer tree channels propagating in length and width up to 

the 14
th

 minute and is marked by decreasing value of recorded average apparent 

charge value of about ~80 pC in the 8
th

 minute to about ~0.3 pC value which is the 

effective average discharge value computed by the measurement system in the 14
th

 

minute.  

 

Figure 9-20: Stage 2_ (1 to 14) min. Region of combined dark and fine trees channels. 

This observation is depicted in the plot of Figure 9-18 stage 2. The PRPD plot shown 

in Figure 9-20 shows the distribution of cumulative discharge intensity, during this 

stage (14 min) of growth, in which the PDs were active throughout the period. 

Stage 3: Region of fine tree growth; in this region, steady tree growth rate is 

observed in both length and width direction. However the magnitudes of the recorded 

PD values are about ~ 0.3 pC throughout this period which lasted for about 30 

minutes shown in Figure 9-18.  
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Figure 9-21: Stage 3_ (14 to 46) min. Region of fine tree growth. 

The rate of tree growth in both length and width is about the same, as the boundaries 

of the tree tips propagate towards the counter electrode. Comparing Figure 9-20 and 

Figure 9-21, the initial dark tree branches observed in Figure 9-20 were not observed 

to grow at the heart of the fine tree channels observed in this stage throughout the 30 

minutes time period. Also no obvious distinction was observed between the fine tree 

channels observed in stage 2, and those observed in stage 3 even though the 

magnitude of PD values recorded in stage 3 was only about ~0.3 pC, and those in 

stage 2 ranges up to 80 pC in the first 7 minutes of voltage application before 

declining to about ~0.3 pC in the 14
th

 minute. This observation suggests that PDs with 

high magnitudes were responsible for the formation of dark tree channels, and lower 

magnitude PD were responsible for the finer tree growth.  

Stage 4: Regional of darkening fine tree channels: At this stage, gradual increase in 

the magnitude of the average apparent charge was observed from about 0.3 pC to 

about ~ 3 pC in the 46
th

 to 89
th

 minutes  as shown in Figure 9-18, with the tree growth 

curve becoming saturated at the end of that period. The image captured at the end of 

this period, is shown in Figure 9-22. It can be seen that most of the fine tree channels 

approaching the ground electrode in stage 3 (Figure 9-21), have traversed the gap 

between the point and the ground electrode, and the ‘length’ of the tree is self-limited. 

 

Figure 9-22: Stage 4_ (46 to 89) min. Region of darkening fine tree channels. 
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The trees also become optically denser as can be seen in Figure 9-22. In the example 

shown here; this stage lasted for 43 minutes. The shapes of the trees observed at the 

end of this stage are bush-like, shown as dark region along the ground electrode in the 

captured image in the 89
th

 minute with the corresponding plot of the cumulative 

discharge activity depicted in the PRPD plot shown adjacent to the image. 

Stage 5: Region of reverse tree growth (RTG); the observed features of tree growth 

at this stage can be further characterized into two distinct characteristics.  

Firstly, a reverse tree growth process, marked by tree growing from the ground 

electrode (RTG) towards the point electrode. The RTG is rapid in all tested samples 

but does not lead to immediate failure of the samples. Figure 9-23 shows a typical 

image of a reverse tree in this example. The RTG started to emerge in the 89
th

 minutes 

as two separate branches, with the leading branch quickly approaching the FGT from 

the point electrode after 1 minute as shown in Figure 9-23.  

 

Figure 9-23: Stage 5-1_ (89 to 90) min. Region of reverse tree growth. 

The reverse treeing process lasted for about 12 minutes with the leading branch 

already bridging the FTG in the 101 minutes as shown in Figure 9-24. During this 

period, a third branch also emerged as shown in the image. As can be seen in both 

Figure 9-23 and Figure 9-24, the reverse tree branches are darker and thicker having 

different structures as compared with the branch and bush-like structures observed in 

stages 2 and 4 repectively. The structures of the reverse tree branches observed in this 

study were similar to those observed in [125, 135] and were described as pine-like or 

bine branches.  See Appendix B-5 and 6 for compiled images of the reverse tree 

structures. The emergence of the reverse tree was marked by sharp increase in 

discharge activity from average apparent charge values of about 3 pC to about 600 pC 

in the first 12 minutes, followed by decrease in apparent charge magnitude to about 

100 pC.  This was accompanied by temporary stagnation of the reverse and the onset 
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of more internal damage of the sample. The rapid growth of the reverse tree in Figure 

9-23 in one minute (89
th

  to 90
th

 minutes) is the behaviour that would normally be 

referred to as run-away stage in the traditional 3-model of tree growth but here is 

shown to be a tree growth over a distinct period of time in the reverse direction i.e. 

from the plane electrode towards the point electrode which lasted for about 12 

minutes as shown in Figure 9-24 (90
th

 min to 101min). 

 

Figure 9-24: Stage 5(2) _ (90 –to 101) min. Reverse tree bridging forward tree. 

Secondly, macroscopic internal damage leads to carbonization of the entire visible 

gap spacing between the point and the plane in the test sample with attendant 

fluctuating large magnitude of PD values starting from 101 minutes which lasted for 

further 19 minutes leading to breakdown of the test sample in 120
th

 minute as shown 

in Figure 9-25 . The cumulative plot of PRPD pattern prior to breakdown during this 

period is shown adjacent in the Figure. It can be seen from Figure 9-25 that a huge 

halo surrounds the breakdown channel showing structural change of the insulation. 

This observation suggests that the final breakdown event generates high energy and is 

a distinct process from treeing. However, 2 of the tested samples did not breakdown 

during the reverse treeing process after 12 hours of voltage application and 1 sample 

after about 4 hours of voltage application though extensive damage has been inflicted 

on the test samples. Several visual observations were made within the body of 

insulation during the reverse treeing process. The reverse tree growth process can be a 

very pronged in some cases as observed in three test samples during this test. These 

observations are discussed further in section 9.4.5.   
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Figure 9-25: Stage 6_ Breakdown at 120 min. 

9.4.5 Ageing mechanism and internal damage during reverse treeing  

Section 9.4.4 discussed the general trend of electrical tree growth characteristics 

observed in all the 10 samples under AC test. It was shown that the forward tree 

growth involved three mains stages whereas the reverse tree process involved about 

two stages. However, the observed visual phenomena during the reverse treeing 

process were more complex events. Video recording of the observed behavior would 

have been better capturing such events so that a play back would allow post- 

recording analysis of captured event when required. The CCD camera used in this 

experiment has no recording function and thus only captured and logged images of 

events will be discussed here. 

During the reverse treeing process the camera was set to capture images every second 

in some cases and 1000s of images were obtained. The developments of the reverse 

trees were rapid off-shoot of tree branches from the ground electrode. A process 

defined hereafter as ‘sprouting’ which was accompanied by high and rising 

magnitudes of apparent discharge values in the regions of 100s of pico-coulombs as 

shown in Figure 9-18 from 89 to 101 minutes, which then followed by internal 

damage as discussed above. The physical phenomena observed can be summarised 

into three processes namely; rapid off-shoot of tree branch from counter electrode 

(sprouting), crack-like propagation and whitish bursts in the body of the insulation, 

and finally light flashes and carbonisation of the cracked regions. These phenomena 

are described below. 

Sprouting of tree branches: The sprouting of the tree branches starts from the 

ground electrode hence the name “reverse tree” but afterwards, trees sprouting from 

the main body of the insulation which was not visibly linked to any existing tree 
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branch was observed as shown circled in solid red line in Figure 9-26 (b) after 92 min. 

Note that Figure 9-26 (b) is the magnified region shown by red rectangle in Figure 

9-26 (a). This sprout of bushy-like tree is not seen at 90 min in Figure 9-26 (a) 

 

Figure 9-26: Reverse tree growth and sprouting of tree in the main body of insulation. 

Crack-like propagation and whitish bursts; another observed phenomenon was the 

widening of the fine tree channels which appeared like crack propagation in existing 

fine tree channels as well as whitish bursts (cracks) in the main body of the insulation. 

To use the analogy of a growing flower, this phenomenon can be likened to an 

opening of a flower bud when it received energy from a rising morning sun which 

appeared as whitish bloom in the body of the insulation. Similar observation was 

made from existing fine tree channels which then appears as white widened channels 

(cracks) as shown in Figure 9-26 (b) by enclosed red dotted line. It can be seen that 

this widened white channel provided path for the formation of a fully grown pine-like 

tree after 3 minutes shown in Figure 9-26 (c) also marked by enclosed dotted line. 

Similar phenomenon was observed again in the 96
th

 minute shown by marked regions 

in red in Figure 9-27 (a) which became darkened perhaps filled with carbonised 

decomposition bi-products in the 100
th

 minute shown in Figure 9-27 (b).  

 

Figure 9-27: (A); crack in the body of insulation and widened fine channel, (B); regions in 

(A) filled with carbonised decomposition bi-product. 

Light flashes and crack carbonisation: lastly, the phenomenon observed during this 

prolonged reverse treeing process was what appeared to be occasional ignition of light 

flashes in the so-called “cracked regions”. This process starts by the appearance of a 
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whitish burst (crack), followed by a flash of light and carbonisation of the region 

when the light extinguished. Figure 9-28 (a) shows a typical example of such flash of 

light enclosed in solid red line and in Figure 9-28 (b) when the light extinguished after 

1 minute.  

 

Figure 9-28: Observation of light flush in the body of the insulation. 

The phenomena described above were not a one off event but occurred regularly 

during the reverse treeing process under AC test and was marked by fluctuating and 

high discharge activities. During this test (AC at 10.6 kV rms) two samples did not 

breakdown after 12 hours as mentioned earlier. The images shown in Figure 9-29 (A) 

and (B) are for these two un-failed samples while (C) was for a failed sample which 

lasted for 197 minutes before breakdown occurred. Comparison can be made of the 

extent of internal damage to the samples. Images (A1), (B1) and (C1) are acquired few 

minutes after the reverse treeing starts, and (A2), (B2) and (C2) after the time period 

shown on the images. 

 

Figure 9-29: Images of reverse trees a few minutes after they appeared, A1,B1,C1  and 

internal damage suffered by samples due to prolonged ageing in the process, A2,B2,C2. 

The red rectangles in these images show regions where these cracking and what 

appeared to be occasional light flashes were observed. Comparing images (A1), (B1) 



  

   197 

 

and (C1) to (A2), (B2) and (C2) the contrast in background can be seen due to 

accumulated damage suffered by the material with time. The longer the stress time 

before breakdown, the more damage is accrued seen as more whitish area in A2 and 

B2 compared to (C2) as a results of the time scale involved due to the burst of cracks 

described above and in combination of the illuminated background light.  

Figure 9-30 shows the plot of partial discharge activity for a complete life cycle 

acquired for sample B8#S12. Figure 9-29 C1-2 were the images acquired in the final 

stages of that test. This plot looks more complex than the example presented in Figure 

9-18 for sample B6#S10 with the 5-stage growth characteristics clearly marked. 

However, the stage 5 in Figure 9-30 has been further divided into stages 5.1 to 5.3 

which reflect growth characteristics observed in sample B8#S12. The reverse tree 

shown by stage 5.1 in Figure 9-30 was followed by a period stagnation where the 

leading reverse tree branches stopped growing for a period lasting 22 minutes shown 

on the time axis of Figure 9-30 from 126 minutes to 148 minutes as stage 5.2. During 

this period, the magnitudes of the average apparent charge values measured fluctuate 

between 0.6 pC to 1.5 pC.  

 

Figure 9-30: Partial discharge activity during physical tree growth characteristics in sample 

B8#S12. 

The captured tree images during this time period are shown in Figure 9-31. As can be 

seen from the images, distinct differences cannot be identified between the two 

image due to the stagnation even though the time elapsed between the two images 
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was 22 minutes which is a long time to cause a significant damage as seen for the 15 

minutes it took to generate the huge reverse trees from 111minute to 126 minutes in 

stage 5.1 of Figure 9-32; image is shown in Figure 9-31A. It must be emphasised 

here that, when the leading branches stop growing, very short spiky and sometimes 

fine side branches grow from the main branch. See appendix B–5 and 6 for compiled 

images of reverse trees under AC test.   

 

Figure 9-31: Stagnation of reverse treeing. The time difference between the two images is 

22 minutes but structural differences cannot be identified from the images. 

After this time period, sporadic discharges begin again in stage 5.3 the so-called 

“region of internal damage”. As can be seen from Figure 9-31, stage 5.3 this is 

marked by highs and dips values of charge magnitudes which culminated into a 

severe damage within the sample and finally resulted in breakdown of the sample. 

Figure 9-32 (a) shows the captured images prior to breakdown and (b) shows the final 

breakdown event.  

 

Figure 9-32 : (A); internal damage prior to breakdown and (B); breakdown channel showing 

light coming from the root of the reversed tree following one of the reverse tree branch and 

bridging the HV electrode. 

Figure 9-33 shows the plot of magnified region of the partial discharge activity during 

internal damage process together with the recorded values of the average apparent 

charge magnitudes. It was this kind of unstable discharge activity that was responsible 

for the bursts seen as whitish cracks in the body of the insulation together with the 
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apparent light flashes observed during this prolonged internal damage activity 

described above. 

 

Figure 9-33: Fluctuating discharge activity which led to intense internal damage in sample 

B8#S12 shown in Figure 8-34. 

9.4.6 Summary 

The results of simultaneous imaging of electrical tree growth and partial discharge 

measurement which allowed 5-stages of the electrical tree growth characteristics to 

be identified has been presented. Tree shape, growth rate, and time to breakdown 

under AC test were found to be different to that of DC testing. The key findings 

during the AC test can be summarised as: 

 Growth characteristics; forward and reverse growth was found in all 

samples stressed using 15 kV peak AC. 

 Electrical tree shape; unlike under DC testing where a single branch tree 

was observed to emanate from the incepted initial trees, under AC variable 

shapes were observed having dark-widened channels, as well as fine and 

dense tree structures.  

 Time to breakdown; the average time to breakdown for failed samples under 

AC test was 143 minutes. This is a reduction in lifetime of about 43% of 

140 150 160 170 180 190 200

10
-1

10
0

10
1

10
2

10
3

10
4

(194 min, 929.5 pC)

(173 min, 2.7 pC)

(178 min, 161 pC)(164 min, 366 pC)

(181 min, 5.7 pC)

(148 min, 1.3 pC)

(150 min, 56 pC)

B
re

a
k
d

o
w

n

Stage 5.3_Region of internal damage

(196 min, 410 pC) 

(160 min, 3.8 pC)

PD activity during tree growth 

       under AC voltage
C

h
a

rg
e

 (
p

C
)

Time (min)

 [12] B8#S12



  

   200 

 

failed samples under DC test in which the recorded average time to 

breakdown was 250 minutes. 

 Growth rate characteristics; Tree growth rate was faster than under DC 

test. The trees occupied very large volume of the entire sample resulting in an 

extensive damage before breakdown occurred. 

Figure 9-34 shows the plots of apparent charge magnitudes normalised against 

propagation time for all failed samples under AC test. As can be seen from the 

plot, the time scale of discharge activities in each individual sample is different 

during the propagation. Fluctuations in discharge activity prior to breakdown can 

be observed in all samples together with the 5-stage growth process described 

above. Appendix C-1 shows the plot of partial discharge activity of each 

individual sample tested under AC test.  

 

Figure 9-34: Partial discharge activity for all failed samples under AC test normalised 

against propagation breakdown times. 
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electrical tree shape, growth characteristics and times to breakdown are now 

presented.  

9.5.1 Influence of ±15kV DC bias on 15 kV peak AC on electrical tree shape 

The electrical trees grown under positive and negative DC bias tests had similar 

shapes to those observed under AC test, with initial extension of dark bushy trees 

which had a slow growth rate for about 25 minutes of voltage application in some 

samples after which faster growth rate were observed when the fine arrays of tree 

structure started to grow. Unlike under AC tests where a forward and reverse 

propagation was observed, in this case only forward growth was observed in all 

samples until breakdown ensued. In the final stages of the growth when the trees 

were approaching the counter electrode, widening of the fine tree structures which 

appeared darker were observed under both positive and negative DC bias tests. These 

widened tree channels then facilitate paths to breakdown. This phenomenon was 

observed almost in all samples. But, more visible and well-defined darkened long 

tree channels were observed often under negative DC bias test.  

Figure 9-35 and Figure 9-36 show three examples of the typical images of electrical 

tree shapes stressed with positive and negative biased voltages. The images at the top 

show tree shapes in their first 25 minutes of voltage applications and images at the 

bottom show the shapes prior to the occurrence of breakdown. As can be seen in the 

images, the first 25 minutes in both test types, the fine tree channels were not clearly 

visible. However, in the final stages of the experiment, the captured images the trees 

before the occurrences of breakdown event, became dark and widened with visible 

long channel via which breakdown occurred.  
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Figure 9-35: Electrical tree shape under positive DC bias test showing initial bush tree, fine  

tree channels and finally dark and widened long channels prior to breakdown (PTBD). 

 

Figure 9-36: Electrical tree growth shape under negative DC bias test showing initial trees, 

fine  tree channels and finally dark and widened long channels prior to breakdown (PTBD). 

9.5.2 Influence of ±15 kV DC bias on 15 kV peak AC on time to breakdown 

Figure 9-37 and Figure 9-38 show the column and label plots of breakdown times for 

all the samples tested under positive and negative DC bias tests. Unlike in the case of 

AC test where only 70% of the samples failed, in these tests all the samples failed, 

and the time to breakdown for each sample is shown on the columns of the plots. The 

average time to breakdown for the samples stressed with positive DC bias test was 

54 minutes whereas for those stressed with negative DC bias test it was 78 minutes.  

B8#S5_25 min

B8#S5_PTBD_54 min

B6#S6_25 min

B6#S6_PTBD_74 min

B8#S7_25 min

B8#S7_PTBD_69 min
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Figure 9-37: Column and label plot showing breakdown times for all samples under15 kV 

peak AC superimposed on +15 kV DC. 

 

 

 

Figure 9-38: Column and label plot showing breakdown times for all samples under 15 kV 

peak AC superimposed on -15 kV DC. 
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Comparing these lifetimes to those observed under “pure DC” and “pure AC”, the 

following trend was observed for all the test types carried out in this study:  

 Negative DC test at 60 kV; higher life times no breakdown in all tested 

samples. 

 Positive DC test at 60 kV; average life time for failed samples 250 minutes. 

 AC test at 15 kV peak AC; average life time for failed samples 143 minutes. 

 15 kV peak AC superimposed on -15 kV DC test; average life time 78 

minutes. 

 15 kV peak AC superimposed on +15 kV DC test; average life time 54 

minutes. 

From the above listed bullet points of average life times in each test type, it can be 

inferred that; samples stressed with negative DC stress are more reliable than those 

stressed with positive DC stress and those stressed with negative DC bias test are 

more reliable than those stressed with positive DC bias stress. 

9.5.3 Influence of superimposed 15 kV peak AC on ±15 kV DC on Electrical 

tree growth rate/characteristics 

Growth rate in length direction: Figure 9-39 and Figure 9-40 show the plots of 

electrical tree growth rate characteristics in lengths direction normalised against 2 

mm insulation gap distance of the captured 2D images on the y-axis and their 

propagation times on the x-axis for both positive and negative DC bias tests. The 

average propagation times until breakdown occurs for each test type were 54 and 78 

minutes respectively shown in section 9.5.2. These breakdown times signifies faster 

growth rate compared with the 143 and 250 minutes recorded during “pure AC” and 

“Pure DC” tests respectively. From the shapes of the time dependent plots of Figures 

Figure 9-39, and Figure 9-40 progressive growth rate characteristics were generally 

observed. However, samples B8#S3, B6#S4 and B7#S10 showed slow growth rate in 

the early stages of their propagation under positive DC bias test as shown in Figure 

9-39.  

Captured images of these samples showed that the slow growth rate were due to the 

formation of bushier tree structure in the early growth stages of these samples. See 
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Appendix B-7 to B-10 for compiled images of early and latter tree growths in all 

samples under these tests. Even though most of the samples had bushy initial tree 

structures, the time dependent growth rate for each sample was different. This 

difference may be associated with the internal morphology in each sample which 

may have high and low density regions and may either hinder or encourage tree 

growth rate. 

 

Figure 9-39: Plots of tree lengths vs time for all samples normalised against 2mm insulation 

gap distance for (AC+DC) test. The ‘x’ markers show the maximum tree length prior to sample 

breakdown. 
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Figure 9-40: Plots of tree lengths vs time for all samples normalised against 2mm insulation 

gap distance for (AC-DC) test. The ‘x’ markers show the maximum tree lengths prior to sample 

breakdown. 

The ‘x’ markers in the plots of Figure 9-39 and Figure 9-40 show the maximum 

measured tree lengths propagated prior to breakdown, while the solid diamond 

symbols ‘♦’ show when breakdown finally occurred. It can be seen from the plot of 

positive DC bias test (Figure 9-39) that most of the ‘x’ markers cluster around 70% 

(1.4 mm) to 80% (1.6 mm) of the gap distance, whereas for negative DC bias test 

(Figure 9-40), the ‘x’ markers are widely distributed from about 55% (1.1 mm) to 

about 90% (1.8 mm) of the of the gap distance in comparison with the positive DC 

bias test.  

In section 9.1, it was mentioned that the tree length may not be observed to have 

reached the maximum gap distance due to the limitation of the optical system and the 

variation in gap distance (2 ± 0.2) mm in each sample. However, an interesting 

observation was made here. It seemed that the higher the absolute value of the 

applied voltage for a particular test type, the rapid the acceleration to breakdown 

when the tree lengths were approaching the counter electrode. Similar observations 

were made for samples stressed with “pure DC” at +60 kV in section 9.3.1 in Figure 

9-6, where the maximum measured gap distance was about 75% (1.5 mm) before 

breakdown occurred. 
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It can be seen from Figure 9-40 that, sample B7#S8 did not breakdown immediately 

until after 100 minutes even though the length had reached 90% of the gap distance 

in the 80
th

 minute where it became saturated until it finally failed. This type of 

growth characteristics were observed in almost all samples stressed under AC test 

when the reverse treeing starts. However, in this case, only widening of the tree 

channels were observed in the whole body of the insulation showing huge level of 

accrued damage but reverse tree was not observed. Figure 9-41 (a) and (b) show the 

images of this sample prior to failure and after failure. This observation further 

suggests that the reverse treeing is an AC voltage stress phenomena and may be due 

to magnitudes of the voltages involved. 

 

Figure 9-41: Intense internal damage in negative DC bias test, but reverse tree is not seen. 

Growth rate in width direction: Figure 9-42 and Figure 9-43 show the plots of 

normalised tree widths against the 6 mm width of the captured 2D images on the y-

axis versus tree propagation time on the x-axis for all samples tested under positive 

and negative DC bias tests. As can be seen from these plots, the initial stages of the 

growth in width up to about 20% for most of the samples were slow due to the initial 

bushier tree growth structures formed in the early stages which do not spread much 

in the width direction. But beyond 20% of the normalised plot, steady growth can be 

seen in both plots. The ‘x’ markers on the plots show the maximum measured tree 

width prior to breakdown.  
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Figure 9-42: Plots of tree width vs time for all samples normalised against 6 mm width of 

the captured 2D images for positive DC bias test. The ‘x’ markers show the maximum tree width 

prior to sample breakdown and ‘♦’ makers show when breakdown finally occurred. 

 

Figure 9-43: Plots of tree width vs time for all samples normalised against 6 mm width of 

the captured 2D images for negative DC bias test. The ‘x’ markers show the maximum tree width 

prior to sample breakdown and ‘♦’ makers show when breakdown finally occurred. 

Generally, less spread of the tree channels was observed under positive DC bias test 

compared with those under negative DC bias test.  The ‘x’ markers cluster from 
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about 44% (2.6 mm) to about 70% (4.2 mm) of the maximum width under positive 

DC bias test, while under negative DC bias test, the ‘x’ markers cluster from about 

60% (3.6 mm) to about 97% (5.8 mm).  

The following trend of tree growth rate in length and width for positive and negative 

DC bias tests were observed: 

 Electrical trees grow shorter in lengths under positive DC bias test than 

under negative DC bias test. 

 Electrical trees spread less under positive DC bias test than under negative 

DC bias test. 

 The reduced spread of tree width and shorter tree lengths measured under 

combined AC and DC test as compared to under pure AC may be related to 

the absolute magnitudes of the stressing voltages involved see Table 8-1.  

9.5.4 Sequence of tree growth with simultaneous partial discharge 

measurement under 15 kV AC superimposed on ±15 kV DC 

In section 9.44, the sequence of electrical tree growth together with physical 

measurement of partial discharge activity under AC which showed 5-stage growth 

characteristics has been presented. In this section, the results on the effect of 

superimposed 15 kV peak AC on ±15 kV DC on growth characteristics with 

simultaneous partial discharge measurement is presented.  

Figure 9-44 and Figure 9-45 show the curves of electrical tree growth together with 

the observed physical measurement of partial discharge activities acquired for two 

samples stressed with 15 kV peak AC superimposed on +15 kV DC (positive DC 

bias) test and 15 kV peak superimposed on -15 kV DC ( negative DC bias) test. In 

contrast to the 5-stage growth characteristics observed in section 9.4.4, in this section 

only 4-stage growth characteristics including the initiation stage were observed. The 

evolution of the captured images of the electrical tree structures together with the 

magnitudes of the discharge data acquired which showed the changes in physical 

structure of the electrical trees in the two tests voltage regimes are presented below.  

Figure 9-46 and Figure 9-47 show the condensed stage by stage captured images and 

the cumulative PRPD plots at each stage of the experiments for both test types.  
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These plots together with those in Figure 9-44 and Figure 9-45 are used to correlate 

differences observed in each test type. As can be seen from Figure 9-44 and Figure 

9-45, partial discharge data was not acquired at stage 1. The reason for this was 

discussed in section 9.4.4. The remaining 3-stages of growths in both cases are 

discussed below. 
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Figure 9-44: Plot of physical tree growth and partial discharge activities under combined 

peak 15kV AC and +15 kV DC stress showing 3-stages of growth characteristics after inception 

stage. 

 

 

Figure 9-45: Plot of physical tree growth and partial discharge activities under combined 

peak 15kV AC and -15 kV DC stress showing 3-stages of growth characteristics after inception 

stage. 
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Figure 9-46: Tree imaging and corresponding PD patterns at different stages of growth until 

breakdown for positive DC bias test. The scale bar is the same for all pictures. 

Stage 1: The initiation stage

Stage 2: (1- 17) mins_Region of dark tree growth 

Stage 3: (17-49) mins_Region of fine tree growth 

Stage 4: (49-56) mins_Region of thickening fine branches

Breakdown  in 57th minute  

~1.0 mm
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Figure 9-47: Tree imaging and corresponding PD patterns at different stages of growth until 

breakdown for negative DC bias test. The scale bar is the same for all pictures. 

Stage 1: The initiation stage

Stage 2: (1- 23) mins_Region of dark tree growth 

Stage 3: (23-60) mins_Region of fine tree growth 

Stage 4: (60-72) mins_Region of thickening fine branches 

Breakdown in 73rd minute 

~1.0 mm
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Stage 1: The initiation stage; as mentioned above, partial discharge data was not 

collected at this stage. The images shown in Figure 9-46 and Figure 9-47 stage 1; are 

the AC pre-incepted initial tree images prior to voltage application, and the PRPD 

plots shown adjacent to them are the plots immediately the test voltages were 

applied. As can be seen from Figure 9-46 and Figure 9-47, both images had bush-like 

initial trees in them. This resulted in slow growth rate in the first 17 minutes and 23 

minutes of the second stage of each test type on voltage application as shown by the 

tree growth rate curves in Figure 9-44 and Figure 9-45. 

Stage 2 formation of bush tree: The partial discharge and tree growth 

characteristics in the stage 2 for both positive and negative DC bias tests bear 

similarities. For positive DC bias test, the magnitudes of the average charge was a 

fairly steady fluctuating between ~13.5 pC to ~7.2 pC in the first 14 minutes when 

dark bush trees were extending from the initial trees. It then decreases to ~0.4 pC in 

the 17
th

 minutes when the arrays of fine trees started to extend from the dark bush 

trees as shown in the image of Figure 9-46 stage 2, and the plot of Figure 9-44. 

Similarly for negative DC bias test, the average magnitude of the apparent charge in 

the first 13 minutes ranged from ~ 12.8 pC to ~ 30 pC. This was marked by 

extension of the existing initial bush tree from stage 1, before the magnitude of the 

PDs decreased to about 0.4 pC in the 23
rd

 minute, when finer tree branches started to 

emerge from the dense bush trees.  Figure 9-45 stage 2 shows the plot of the average 

charge magnitudes while Figure 9-47 stage 2 shows the captured image and the 

cumulative PRPD plot adjacent at the end of the 23
rd

 minutes.  

It can be seen clearly from Figure 9-44 and Figure 9-45 that, for both positive and 

negative DC bias tests, the extensions of the bush trees were marked by relatively 

higher but steady average apparent charge magnitudes in the initial stages of the bush 

tree expansions for some time before reducing to their respective minimum values of 

~ 0.3 pC and ~ 0.4 pC. In contrast to the growth of branch trees observed during the 

AC tests (see Figure 9-18 stage 2), the partial discharge activity started to rise 

sharply from ~ 1.4 pC in the first minute to ~ 80 pC in the 8
th

 minute before it 

declined to ~ 0.3 pC when the finer trees started to grow. These observations show 

that, different PD patterns were responsible for the evolution of bush and branch type 

trees which were marked by different quantities of discharge magnitudes.  
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Stage 3 formation of fine trees: These stages were marked by continuous growth of 

the fine tree structures observed in stages 2 in both length and width but at a 

relatively higher rate compared to the growth for pure AC test at the same stage. As 

can be seen from the images of Figure 9-46 and Figure 9-47, the tree tips were 

already approaching the ground electrode with wide spread in the width direction 

within 32 minutes (17min to 49min) for positive DC bias test, and for negative DC 

bias test within 37 minutes (23min to 60min).The measured average apparent 

discharge magnitude during this stage is ~0.4 pC throughout in both cases which was 

similar to ~0.3 pC recorded during the AC test. Even though the magnitudes of the 

effective rms of the applied voltages under positive and negative bias test were 

higher in comparison to that of the AC test (see Table 8-1), the emergence of the fine 

tree structures for both cases were accompanied by low values of PD quantities. This 

suggests that, the evolution of the fine tree structures is independent of the magnitude 

of the applied voltages but rather on the severity of the discharge activities and their 

magnitudes. As can be seen on the PRPD plots in both cases, the partial discharge 

activities became dormant and almost no discharge pulses were registered during 

these periods even though the fine trees continued to grow. 

Stage 4 formations of thick dark tree channels: Partial discharge activities at this 

stage of three growths for both positive and negative DC bias tests became active at 

this stage of tree growth. The magnitudes of the apparent charge increased from ~0.4 

pC to ~1.1 PC for positive DC bias test and from about ~0.4 pC to ~12.4 pC for 

negative DC bias test as shown at stages 4 of Figure 9-44 and Figure 9-45 

respectively. Subsequently, further spread of the tree structures were observed and 

the fine trees became darker and thicker with visible long tree channels appearing in 

both cases. 

In AC tests, the observation at this stage was different. The recorded discharge 

magnitudes of ~0.3 pC to ~3 pC were measured at stage 4. This led to the formation 

of dense bush-like structures along the perimeter of the tree tips, and subsequently 

the appearance of reverse trees shown as stage 5 under AC test in Figure 9-18. In the 

case of positive and negative DC bias tests however, only thickening of the fine 

branches with the formation of long dark single tree channels were observed in both 

cases which resulted into the final breakdown event. It can be seen from the images 

in Figure 9-46 and Figure 9-47 that the breakdown event is accompanied by 
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generation of light within the tree channels suggesting that it is a high energy event. 

The partial discharge activities for both positive and negative DC bias tests behaved 

similarly in all tested samples except that in the negative DC bias test, the discharge 

activity increased slightly than under positive DC bias test before failure. 

9.5.5 Summary 1  

Simultaneous imaging of electrical tree growth and partial discharge measurement 

which showed 4-stages of the electrical tree growth characteristics under positive and 

negative DC bias test was carried out. Tree shapes at stages 1, 2 and 3 under positive 

and negative DC bias tests were similar to that of the AC test. However growth rate 

was faster under positive and negative DC bias test than under AC test. The key 

findings during the AC superimposed on positive and negative DC test can be 

summarised as: 

 Growth characteristics; tree growth was in the forward direction only in all 

samples for the two test types. 

 Electrical tree shape; tree structures were similar as in AC tests. But dense 

tree structures were not observed in stage 4 as in the AC tests, but rather 

thicker, dark and long widened tree channels were observed before 

breakdown occurred.  

 Time to breakdown; the average time to breakdown under positive DC bias 

testing was 54 minutes and that under negative DC bias tests was 78 minutes 

respectively. This resulted in about 14% difference in life time between the 

two tests.  

 Growth rate characteristics; Tree growth rate was faster under AC 

superimposed on DC than under only AC and DC tests respectively. The trees 

reach the counter electrode faster with less spread in the width direction when 

compared with AC test. 

Figure 9-48 and Figure 9-49 show the plots of the partial discharge activities 

normalised against propagation time for the failed samples during these tests 

showing the identified stages of propagation presented above. It can be seen from 

the plots that almost all the samples had initial active partial discharge activity in 

the stage 2, followed by period of quiescent discharge activity in stage 3 and 
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finally moderate discharge activity before breakdown occurs. The individual plot 

of each sample can be found in Appendix C-2 and 3.    

 

Figure 9-48: Partial discharge activity samples under positive DC bias test showing the 

identified 4-stages of growth. 

 

Figure 9-49: Partial discharge activity samples under negative DC bias test showing the 

identified 4-stages of growth. 
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Tests under positive and negative DC bias tests demonstrated only 4-stage growth 

characteristic compared to the 5-stage characteristics observed under AC. The shorter 

life time under combined AC and DC tests compared to either AC or DC test alone 

may be due to the combined effect of the AC and DC components ( rms and peak 

values) of the applied waveforms and not only the AC components. The absence of 

reverse trees under both positive and negative DC bias tests also suggest that the 

reverse treeing process may be due to the relatively lower effective rms voltage 

involved, see Table 8-1. This observation led to further experiment in section 9.6 to 

verify if indeed the reverse treeing observed under AC is the result of the lower field 

involved. 

 Verification test 9.6

In this section tests were carried out to verify if the reverse treeing process observed 

under AC test is actually due to the relatively lower voltage magnitude compared to 

those under positive and negative DC bias tests. During this test, Partial discharge 

activity is not measured. 

In this test, 24 samples were used and all were initiated using 30 kV peak AC. The 

influence of the applied voltage magnitude on time to initiate as well as initial tree 

lengths during the initiation stage was presented in sections 9.2.2 and 9.2.3. 

Summary of the collated test results for initiation times and initial tree lengths can be 

found in Appendix A–7. 

In this section, experimental protocol and test results during tree propagation from 

these 24 samples is presented. Three different tests were carried out using the 

following protocol: 

I. 1-stage test; in this experiment 4 samples were used. The samples were 

continuously stressed using 30 kV peak AC from initiation until breakdown 

occurs. 

II. 2-stage test; in this experiment 10 samples were used. In the first stage of the 

experiment, the samples were initiated with 30 kV peak AC. In the second 

stage of the experiment, the samples were divided into 2 groups of 5 samples 

and each group stressed with either positive or negative DC bias (15kV pk 

AC ± 15 kV DC) waveforms as in section 9.5 for at least 2 hours. The 

experiment is stopped after 2 hours if breakdown did not occur. 
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III. 3-stage experiment; in this experiment, 10 samples were used following 

similar protocol as in 2-stage experiment. However, the trees were not 

allowed to breakdown. The tests were stopped when the tree were 

approaching the counter electrode and 15 kV peak AC is then applied as the 

third stage of the experiment. The experiment is stopped after 2 hours if 

breakdown did not occur. Captured tree images are then compared with those 

from pure AC test in section 9.4 for any differences in the tree structure. 

 Results from the verification experiment 9.7

As mentioned in section 9.6, the aim of this experiment is to verify if the reverse tree 

observed under 15 kV peak AC were due to the relatively low voltage under AC test 

compared to those under the composite waveforms. The results are presented in the 

sections below.  

9.7.1 1-stage test at 30 kV peak AC 

It is worth mentioning here that, the 4 samples used for this test, were samples that 

did not initiate during the quick initiation test up to 16 kV rms, but initiated at 

variable times during this test. The results for the initiation times were already 

presented in section 9.2.2 and here only the results of the tree shapes are discussed. 

Figure 9-50 shows the images of trees initiated within 1 minute of voltage 

application. Images shown at the top in the Figure were captured 5 minutes after 

initiation in each sample and the images shown at the bottom were captured prior to 

breakdown occurred.  
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Figure 9-50: Absence of reverse tree at 30 kV pk AC. 

The speed at which the trees propagates can be seen 5 minutes after initiation in the 

top images with sample B12#S11 already approaching the counter electrode and 

sample B11#S12, traversing more than 50% of the insulation gap distance (~ 2 mm). 

However in both cases trees growing from the counter electrode (reverse trees) were 

not observed as in the case of AC test at 15 kV peak even though extensive damage 

had been done to sample B12#S11.  

Figure 9-51 also shows images of trees grown at 30 kV peak. But in these samples, 

the trees initiated only after 104 minutes and 113 minutes of voltage application 

showing very long initial trees after initiation. For example in B12#S2, the initial tree 

length in the image is about ~ 503 μm and in sample B11#S4 the initial tree length at 

initiation was 54 μm. However after 1 minute i.e. at 114
th

 minutes the measured 

length was about ~ 535 μm also showing that the trees propagate faster at 30 kV peak 

AC. But under pure DC even at 60 kV DC, the propagation speed was slow. In this 

case also reverse trees were not observed as shown in the images prior to breakdown 

at 125 and 165 minutes respectively. 

B11#S12* B12#S11*

Initiated in 1min. 5 min after inintiation Initiated in 1min. 5 min after inintiation

PTBD image at 28 min  PTBD image at 105 min

~1.0 mm
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Figure 9-51: Long initial tree at 30 kV and absence of reverse trees prior to breakdown. 

9.7.2 2-stage test results under positive and negative bias test 

In this test 10 samples were used. 5 samples for positive DC bias test and the 

remaining 5 for negative DC bias test. This test is similar to the test in section 9.5, 

except that here the samples were initiated at 30 kV. The results from this test were 

also similar to those in section 9.5.  

For positive DC bias test, 2 samples did not breakdown after 2 hours and the 

experiment was stopped following the protocol in section 9.6 for 2-stage test. The 

calculated average time to breakdown for the remaining 3 samples was 46 minutes. 

In the case of negative DC bias test, 4 out the 5 tested samples failed with average 

time to breakdown of 57 minutes. See Appendix A–8 for time to breakdown in each 

sample. This result followed the same trend as the tests in section 9.5, with test under 

negative DC bias generally having longer time to breakdown than that of positive DC 

bias test.  

9.7.3 3-stage test results under positive and negative DC bias tests plus AC 

tests 

The protocol outlined for 3-stage experiment in section 9.6 was followed in this test 

using 10 samples. As mentioned in section 9.6, the aim of this test was to established 

B12#S2* B11#S4*

 Initiated at 104 min  Initiated at 113 min, image at 114 min

B12#S2* _ PTBD at 125 min B11#S4* _ PTBD at 165 min

~1.0 mm
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if the reverse treeing process is due to the lower voltage involved under AC test and 

to find out if any differences may exist in tree shapes due to the applied voltages 

under this test. Figure 9-52 shows the captured tree images from 2 samples during 

the 3-stage experiment for positive DC bias pre-stress waveform in the second stage 

2 followed by the application of AC waveform in the third stage. The images at the 

top were captured during the application of the composite waveforms and the images 

at the bottom were captured when AC voltage was applied. 

 

Figure 9-52: Tree images for 3-stage test. Top images were captured during positive DC bias 

test and the bottom images were captured during AC test. 

It can be seen from the images at the top of the Figure that, the tree structures 

observed had the normal fine tree structures observed in the previous tests in section 

9.5, whereas the images at the bottom had trees growing from the counter electrode 

as observed during AC test in section 9.4.1. 

Figure 9-53 also shows the tree images captured when negative DC bias waveform 

was applied followed by AC voltage from two test samples. As can be seen from the 

images of Figure 9-53, the tree structures were similar to those in Figure 9-52 at the 

stages 2 and 3 of the applied voltages, showing distinct tree structures at each stage 

of the applied waveforms.  

B13#S1 B13#S3

Stage 2 (AC+DC) test after 42 min Stage 2 (AC+DC) test after 40 min

Stage 3 (AC) test after 2 hours Stage 3 (AC) test after 2 hours

~1.0 mm
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Figure 9-53: Tree images for 3-stage test. Top images were captured during Negative DC 

bias test and the bottom images were captured during AC test. 

These observations suggest that, the application of either positive or negative DC 

bias waveforms prior to the AC waveform do not affect the subsequent reverse tree 

structures. 

9.7.4 Summary 2  

The verification test carried out in this section has repeated the previous tests carried 

out in sections 9.4 and 9.5. In addition, test was carried out 30 kV peak AC. The 

results showed that: 

 The application of composite waveform prior to the application of AC 

waveform at 15 kV peak AC does not stop reverse treeing process. 

 That application of only composite waveform (positive or negative DC bias) 

does not result in reverse treeing process. 

 The application of 30 kV peak AC only does not result into reverse treeing 

process. 

 Application of 15 kV peak AC only or after pre-stressing with composite 

waveform resulted into reverse treeing process in all samples tested. 

B14#S5 B14#S2

Stage 2 (AC-DC) test after 44 min Stage 2 (AC-DC) test after 50 min

Stage 3 (AC) test after 117 min Stage 3 (AC) test after 2 hours

~1.0 mm
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These results confirmed that the reverse treeing process is due to the relatively lower 

voltage under 15 kV peak AC, as this phenomena is not observed neither at 30 kV 

peak AC nor when the composite waveforms were only used.  

 Comparison of tree growth rate and time to breakdown under DC, AC and 9.8

AC superimposed on DC 

Figure 9-54 shows the plots of tree growth characteristics of four selected samples 

with similar times to be breakdown under the four test types employed in this study. 

As none of the samples under negative DC test failed and no significant growth is 

observed, only the positive DC test is discussed here. Although each of these samples 

failed within 100 minutes of voltage application, the difference in tree growth 

characteristic between DC test and the other test types is very clear from the plots.  

 

Figure 9-54: Comparison of growth rate plot of four samples from the four test types. 

As can be seen from the plot, the maximum length attained after 85 minutes is 

~0.25% of the insulation gap distance after which rapid failure ensued in 93minutes. 

Figure 9-6 shows the plots of all failed samples under DC test depicting similar 

characteristics.  

In contrast, for AC and AC superimposed on positive and negative polarity DC tests, 

the individual samples that succumbed to failures have similar changes to their 

growth rates showing the common “lying S” shape growth characteristics observed 

by many in literature. But on average, lifetime for each test type is different as shown 
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in Figure 9-55. Even though the calculated geometrical field (see Table 8-1), at the 

needle tip neglecting the effect of space charge under DC test at 60 kV is about 6 and 

3 times compared to that of the AC and the AC superimposed on DC tests, the 

average lifetime under the DC test is about 2 times that of AC test and 5 and 3 times 

that of positive and negative DC bias tests respectively.  

 

Figure 9-55: Box chart showing spread and average time to breakdown for the four test 

types. 

The possible reason for longer lifetime under DC test, as explained section 9.3, is 

believed to be due to space charge reducing the field at needle tip under DC tests 

resulting in samples lifetime extension. The association of space charge reducing the 

field to cause longer lifetime can also be seen in the difference in lifetime under 

positive and negative DC bias test. As it is believed that the negative electrode inject 

more charges than the positive electrode [116-117, 191], then it is assumed that there 

will be more shielding effect under negative DC bias test due to space charge. Then 

it is consistent that the negative DC bias test had longer lifetimes compared to that of 

positive DC bias test and that under only negative DC test breakdown did not occur 

at all in all samples. The fact that time to breakdown under positive and negative DC 

bias tests are shorter than under AC test suggests that, the rate of propagation is 

driven by the combined effect of AC and DC components (effective rms value) of 

the applied composite waveform and not only the AC component. This observation is 

in agreement with the findings in [121] on tree initiation using superimposed 

voltages. 

+Ve DC test AC test (AC+DC) test (AC-DC) test

0

200

400

600

800

T
im

e
 t
o

 b
re

a
kd

o
w

n
 a

ft
e

r 
in

iti
a

tio
n

 (
m

in
)  +DC test @60 kV pk

 AC test @15 kV pk

 (AC+DC) test @30 kV pk

 (AC-DC) test @30 kV pk

143

54
78

250



  

   226 

 

  



  

   227 

 

10. Discussions and conclusions 

 Introduction 10.1

The main aim of this work is to develop understanding of the potential issues of 

using solid polymeric insulating materials for HVDC application. In particular, the 

response and performance of the material under high DC voltage stress as well as AC 

and AC superimposed on DC electric stresses. In this work, epoxy resin was selected 

as insulating material due to its excellent electrical properties which makes it find use 

in various medium and high voltage applications.  

The initial aim of the project was to investigate the effect of space charge on short 

term breakdown strength, and long term breakdown through treeing in layered 

dielectrics so that an understanding of the link between space charge and material 

strength and life times can be clarified.  This required setting up experiments to 

enable such measurements to be carried out. Thus three experiments were designed 

and developed as described in chapters 4, 5 and 6 during this project to enable these 

objectives. However time constraint did not allow treeing investigations in layered 

samples, and this will be considered for future projects.  

Reproducibility of any experiment depends on how well the experiment is designed 

and samples to be tested are fabricated. In Chapter 3, the care taken to fabricate 

samples in a reproducible manner for this study was presented. The outcomes of this 

study are discussed in Section 10.2. 

 Sample preparation 10.2

Successful and consistent methods of fabricating both point to plane sample 

geometries and thin planar samples (layered and un-layered) of about ~200 to 250 

μm thicknesses  were developed as outlined in Chapter 3. Generally the ability of 

epoxy resin to bond very well with other materials and especially with metals is a 

challenge in sample fabrication. Whilst this property is beneficial in producing void 

free samples at the sample-needle interfaces in point to plane samples, the same 

property makes it difficult in demoulding thin planer samples. Casting material on 

Teflon coated metal plates and between Mylar films shown in Figure 3-3 was found 

to be successful without the need of using releasing agent.   
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Outcome: a successful and well-control method of sample preparation was 

developed for both planer and point to plane sample geometries. 

 Test facilities 10.3

Experimental measurement systems for: short-term breakdown tests and space 

charge on planer samples and long term breakdown via treeing tests were 

successfully designed developed and operated. 

Short term breakdown measurement system; Figure 4-3 shows the schematic and 

the photograph of the developed system for short term breakdown test. The main 

advantage of the test cell is the way it was designed to hold the sample under test 

between the electrodes system without exerting undue pressure on the sample or 

allowing any movement during test. This is an important feature to be considered in 

this experiment to ensure that results are not influenced by external factors such as 

contact pressure or movements of connecting leads during experimentation. The use 

of a digital oscilloscope allows the breakdown voltage to be accurately determined 

by recording the applied waveform after breakdown, and using the cursors to 

determine the peak voltage at which the breakdown occurred, as shown in Figure 

4-7. 

Space charge measurement on planer samples; the pulsed electro-acoustic method 

of charge detection was implemented in this study. Figure 5-2 (a) and (b) show the 

assembly of the system. The system can accommodate samples of diameters up to 60 

mm and able to withstand up to 10 kV DC long term ageing of sample under test 

without flashover. The system is properly grounded to shield it against external 

noise. The thoritical resolution of the system is about ~ 20 μm and sample 

thicknesses of ~ 500 μm can be succesfully investigated using this system. 

Long term breakdown through treeing; the set up for this investigation is shown 

in Figure 6-7. the system is capble of simultaneously imaging electrical trees and 

detecting partial discharges with sensitivity of about 0.35 pC. The system enables the 

use of standard as well as composite waveforms for study of electrical treeing 

investigations. This test facility provides a platform for future dielectric research and 

featured:  

 100 MS/s arbitrary waveform generator capable of producing programmable 

non-power frequency waveforms with the ability to shield itself from 
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external unknown disturbances. 

 A high voltage amplifier with maximum output voltage of ±30 kV, 40mA 

DC or peak AC and capable of driving waveforms with slew rate 725 V/μs at 

full load. 

 A progressive area scan monochrome CCD camera with resolution of 2452 x 

2056 pixels and equipped with C-mount Qioptiq and telecentric lenses 

capable of capturing electrical tree image of about 10 μm or less. 

 A wide band (9 kHz to 3MHz) digital PD measurement device (MPD 600) 

that offers recording and post-processing analysis of the PD stream with 

detection sensitivity of about ~ 0.35 pC. 

Outcomes: Three experimental measurement systems were designed, built and 

successfully operated which facilitate dielectric material ageing, monitoring and 

lifetime investigations under AC, DC and composite waveforms. 

 Short term breakdown strength and space charge measurement 10.4

The primary aim of this study is to compare the strength of fabricated layered epoxy-

epoxy (double layer) to that of un-layered (single layer) epoxy sample of about the 

same thicknesses (i.e. 200 μm) in this study. The study starts by first comparing the 

strength of in-house fabricated epoxy resin to that of a commercially obtained PET 

reference samples. It was shown in section 4.4.5 that the PET reference samples were 

about 30% stronger than the in-house fabricated epoxy resin samples. This result is 

believed to be due to defects in the in-house fabricated samples. For example, as 

shown in Figure 4-17, which may be due to the fact that the laboratory conditions are 

not as clean as a commercial environment. The discussion here will be focussed on 

the performance of single and double layer samples of about 200 μm and how the 

effect of space charge injection and accumulation influenced the differences in 

observed results.  

The observed trends in results during these investigations are as follows: 

 Generally breakdown strength in air is lower than that in oil due to the effect 

of surrounding medium as discussed in section 4.5.1. It is concluded that 

testing in air cannot be considered to give intrinsic breakdown strengths. 

 For layered and un-layered samples of about 200 μm Weibull statistics and 

computed averages from box chart showed that; single layer samples are 
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about ~ 6%  higher in breakdown strength than the double layer samples. 

However, this difference is not big enough to suggest any major differences 

between the layered and un-layered samples.  

 Generally there is no significant difference in breakdown strength between 

positive and negative polarity tests as confirmed from the student’s t-test 

results in section 4.7.  

 Average breakdown strength analysis using a box chart showed that; the AC 

test yields breakdown values about 38% and 34% lower than DC tests for 

samples of ~ 200 μm thickness, whereas for 100 μm thick samples the trend 

was different with AC tests giving about 12.3% higher breakdown strengths 

than DC tests. This variation is believed to be thickness dependent, but more 

work is required to understand this.  

Results obtained from space charge measurements on single and double layer 

samples of about ~ 200 μm showed the following: 

 No charge accumulation in the material bulk after 12 hrs at 37 kV/mm 

applied field, as shown in Figure 5-4 (b) for single layer sample. 

 Capacitive charge build-up at the electrode-dielectric interfaces were the 

main feature of the single layer sample response after 12 hrs at 37 k/mm 

applied stress which decayed quickly after 60 seconds when the applied field 

was removed as shown in Figure 5-4 (c). 

 For double layer samples, the effect of interface charging was observed 

immediately when the poling field was increased from 2 kV and which 

became clearly visible as net negative charge at the layer interface after 8 

minutes together with the formation of hetero-charges seen next to the 

electrodes as shown in Figure 5-5 (a). 

 When the poling field of 38 kV/mm was maintained for 12 hrs and 

measurements taken every hour, as shown in Figure 5-5 (b), significant 

charge increment is not observed at the layer interface. Charge dynamics 

towards the anode was observed resulting in hetero-charge formation at the 

anode and subsequent decrease in negative net charge accumulation at the 

layer interface as shown by arrow 1 Figure 5-5 (b).  

 Removal of the poling field resulted in a fast decay of the accumulated 

charges at the layer interface after 60 seconds suggesting that charges were not 
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deeply trapped. 

The results of space charge measurement on double layer sample showed that the 

interface provides a location for charge trapping. The ability of polymeric insulation 

to trap charges is one of the main issues that limit its use for high voltage DC 

application as discussed in section 1.4.1. Interfaces are often regarded as weak points 

especially at joints and terminations of real systems such as power cable and 

bushings. Space charge accumulation at interfaces is strongly linked with field 

modification that could lead to intensification of local field resulting in accelerated 

failure. Short term breakdown test on single and double layer epoxy samples showed 

a reduction of ~ 6% in DC breakdown strength in the double layer samples. Student’s 

‘t-statistics’ test did not show difference between the means of positive and negative 

polarity test in each test type (single and double layer samples. See Table 4-6). 

However computation of the absolute average in each test type revealed that 

difference exists between single and double samples as shown in Table 4-7.  

The 6% reduction in DC breakdown strength is therefore suggested to be due to 

space charge accumulation at the layer interface in this study.  

Outcome: The reduction of about 6% in breakdown strength of double layer samples 

is thought to be associated with effect of space charge accumulation at the layer 

interface in double layer samples. However this 6% difference is not big enough to 

suggest major difference between the single and double layer samples as shown in 

this study. This study shows that layered material (interfaces) can prove to be strong 

when tailored properly and the assertion that interfaces are weak points needs further 

investigation. 

 Influence of applied voltage magnitude on tree initiation times 10.5

The influence of the applied voltage magnitude on tree initiation times was discussed 

in sections 9.2.2. Figure 9-3 shows the summary of the percentage distribution of tree 

initiation times in response to the magnitude of the applied voltages during quick 

initiation and verification tests. The following statistics show the dependence of tree 

initiation times on voltage magnitude: 

 For quick initiation tests, 91.4% of the total samples (58 samples) initiated 

within 1 minute of voltage application at 12 kV rms whereas 5.2% and 3.4% 

initiated after within 5 and 10 minutes of applied voltages of 14 kV rms and 
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16 kV rms respectively.  

 For samples initiated during verification tests, where 21 kV rms was used, 

62.5% of the total samples (24 samples) initiated within 1 minute of voltage 

application whereas 20.8% initiated within 2 to 9 minutes and 16.7% 

initiated within 73 to 113 minutes respectively.  

Outcome: Tree initiation times are heavily dependent on the magnitude of the 

applied voltage. The higher the magnitude of the applied voltage, the shorter the time 

to initiate a tree. Time to initiate can vary from the same sample batch as observed in 

batch 11/12 samples in section 9.2.2. However the effect is minimal in this study due 

to consistency of samples fabrication procedure adopted in Chapter 3.  

 Influence of applied voltage magnitude on initial tree length  10.6

Figure 9-4 shows the plots of the measured lengths of the initial trees in response to 

the applied voltage magnitudes. The Figure show average lengths shorter than 50 μm 

for samples stressed with voltages ranging from 12 to 16 kV rms whereas for 

samples stressed with 21 kVrms, the average lengths were longer than 50 μm. 

Outcome: The higher the magnitude of the applied voltage the longer the length of 

the initial trees. The length of the initial tree depends on how quickly the applied 

voltage was de-energised after the tree was observed on voltage application.   

 Tree growth characteristics under ±DC stress 10.7

Effect of flashover event: Preliminary tests in section 7.4 showed that trees can 

readily grow under steady high DC stress (+70 kV) in samples without initial trees as 

shown in Figure 7-9. A faster propagation rate was observed in AC pre-initiated 

samples stressed under positive DC as shown in Figure 7-8 than under negative DC 

stress where tree propagation is only triggered by flashover events as shown in 

Figure 7-6 and Figure 7-7. This observation is consistent with the findings in 

literature where homo-charge injection during DC pre-stress period is believed to 

cause field relief at the electrode tip and thus preventing tree growth [116, 123-124, 

191]. The inverse field set up by space charge as result of hetero-charge formation 

due to short circuiting can be 5 times higher than the intrinsic breakdown of the 

material as mentioned in [118]. This caused immediate damage seen as step-wise tree 

growth after each flashover event especially during negative DC test where tree 

propagation is hardly seen without flashover as shown in Figure 7-6. 
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Effect of initial tree on DC propagated trees: Further investigation on AC pre-

initiated samples showed a stark difference in tree growth characteristics under 

positive and negative DC stress. All the 12 samples stressed with positive DC had 

appreciable trees grown in them with 8 (67%) samples propagating to failure. The 

remaining four samples that did not fail all had “initial tree lengths” shorter than 33 

μm. Under negative DC none of the samples (10 samples) failed after 10 hours of – 

60 kV DC stress. Only 3 samples with “initial tree lengths” longer than ~ 40 μm had 

an average propagation of 246 μm in length between them in comparison with the 

existing initial trees in the samples. Thus a threshold of about 33 μm and 40 μm are 

herein suggested to be the critical tree lengths under positive and negative DC tests 

below which tree propagation is slowed and above which higher propagation rate is 

observed with reduction in lifetime as shown in Figure 9-7 and Figure 9-12 

respectively.  

These thresholds may be related to homo-space charge formation at the vicinity of 

the needle electrode as believed by many [6, 116, 123-124, 191] to be caused by 

charge injection from the electrodes. These injected charges then form a zone of 

homo space charge which relieves the electrical field and therefore may decelerate 

the dielectric degradation e.g. the formation of electrical tree and subsequent 

breakdown. Since the initial tree channels incepted in the glassy epoxy resin are 

supposed to be conducting trees [145], they might just act as tiny wire electrodes of a 

diameter of around 2 µm – 4 µm [146] penetrating the zone of homo-charge and 

therefore reducing the positive effect of homo-charge on preventing electrical 

treeing.  

Consequently, the thresholds found on the lengths of initial trees may correspond 

with the depths of injected homo-charge believed to be about 50 µm as shown by 

flight distance calculation in [118]. It is also believed by many [116-117, 191] that 

the negative electrode inject more charge than the positive electrode.  This then make 

sense as to why limited tree growth is observed under negative DC test due to greater 

field relief resulting from larger zone of homo-charge under negative test as 

compared to that of positive test. This situation could be catastrophic in the face of 

single time events such as flashover, lightning or in-service switching events that 

result in surges and transients which will result in immediate breakdown due to a 
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very high inverse field that can be set-up by a sudden change of homo-charges into 

hetero-charges.  

Effect of initial tree on DC tree shape and sample lifetime: Figure 9-8 shows the 

structure of pre-initiated AC trees, as either bush-like or branch-like. The fact that the 

AC pre-incepted trees have different shapes and the DC trees propagated from them 

have similar shapes suggests that, similar propagation mechanism was involved in 

the observed positive DC propagated trees, and that this mechanism may not be the 

same for AC propagated trees as different shapes were observed. The DC treeing 

observed in this study exhibited a runaway propagation to breakdown as shown in 

Figure 9-6. The tree shapes shown in Figure 9-8 are consistent with the breakdown 

structure predicted by Discharge-Avalanche Model in [99-100]. 

Outcome: Electrical trees were initiated under steady high positive DC stress. 

Flashover events are shown to trigger tree growth under negative DC. A critical 

length of initial tree of about 33 µm and 40 µm were found to be a rough limit below 

or above which tree will either cease to grow or will grow substantially under 

positive and negative tests respectively. The shape of AC pre-incepted initial tree 

does not affect the shape of propagated DC tree extending from them. Therefore the 

features of DC tree observed in this study should be representative of that obtained 

on samples without the initial tree. 

 Tree growth characteristics under AC 10.8

Tree shape and direction of growth at 15 kV peak AC: Under 15 kV peak AC 

voltages, two directions of tree growth were observed. Firstly, the commonly known 

directions of tree growth i.e. “forward tree growth” (FTG) as shown in Figure 9-13 

(a), and secondly, the “reverse tree growth” (RTG) as shown by Figure 9-13 (b). The 

optically observed shapes of the trees during these two stages of growth are different. 

Three distinct changes in tree shapes namely; dark-widened channels, fine channels, 

and dense structure were observed during forward growth direction. The shapes of 

the trees growing from the counter electrode (RTG) are generally thicker and darker 

having spiky thick and fine side branches and are more visible than the forward 

growing trees. This types of shape were describe in [125, 135] as pine-like or bine 

branches. Appendix B-5 and 6 show the repeatability of this observation in all 

samples. No breakdown event was observed during the forward growth even though 
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the trees traversed the ground electrode.  Only the reverse growing trees facilitate 

path to failure showing a huge halo and light through the breakdown channel due to 

high energy involved in the process. See Appendix B-11 for images typical 

breakdown channels. 

Tree shape and direction of growth at 30 kV peak AC: tests at 30 kV (verification 

tests) were carried out to find out if the reverse treeing process will occur at 30 kV as 

observed at 15 kV. However none of the samples tested at 30 kV showed reverse 

treeing process. The tree shapes observed in this case mostly had less spread and few 

branches at the early stages of growth as shown in Figure 9-50 and Figure 9-51. Tree 

growth rate was faster than that at 15 kV pk AC. 

Outcome: Repeatable forward and backward tree growths were observed at 15 kV 

peak AC. Only forward growing trees were observed at 30 kV peak AC. Reverse 

treeing process is shown to be due to relatively low voltage phenomena. This is 

probably because the high voltage leads to failure too quickly for reverse trees to 

develop. 

 Tree shape and direction of growth under ac superimposed on DC 10.9

Section 9.3 presented results of tree growth under ±60 kV DC. While trees readily 

grow under positive DC, they hardly grow under negative DC until external events 

associated with transients leading to flashover occurred. Also several hours of 30 kV 

DC did not result in tree growth during this study. However, results from section 9.5 

when 15 kV peak AC was superimposed on ±15 kV DC, showed similar trees shapes 

as those of AC at 15 kV with growth characteristics restricted to the forward 

direction only. The visual physical structure of the trees for both positive and 

negative DC bias tests were similar, having initial dark branches followed by fine 

arrays of tree but no dense bush-like structures observed as in AC test at 15 kV. 

Instead, on approaching the counter electrode, the fine tree structures became darker 

with visible long widened channels appearing which then facilitate paths to 

breakdown. Similar tree shapes were observed in [127] using 28 kV rms. Generally 

the tree growth rate is faster here than under AC at 15 kV but slower than at 30 kV 

pk AC. See Appendix B–7 to B–10 for compiled images of tree structures under 

positive and negative DC bias tests. 
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Outcome: Only ‘forward’ traditional tree growth was observed with tree shapes 

having similar structure to those under AC at 15 kV. Growth rate was faster than 

under AC at 15 kV pk but slower than at 30 kV pk AC. 

 Partial discharge characteristics during AC and AC superimposed on 10.10

DC test 

The results of simultaneous imaging and partial discharge activities during physical 

tree growth characteristics was presented in sections 9.4 and 9.5 for AC test at 15 kV 

peak and 15 kV peak AC superimposed on ±15 kV DC. AC tests showed 5-stage tree 

growth characteristics as shown in Figure 9-18 while tests with AC superimposed on 

DC showed 4-stage tree growth characteristics as shown in Figure 9-44 and Figure 

9-45 respectively. Figure 9-46 and Figure 9-47 showed similar tree growth 

characteristics as the traditional tree growth model proposed by Dissado and 

Fothergill shown in Figure 2-11. While Figure 9-18 and Figure 9-30 showed more 

complex growth characteristics depicting physical activity during AC treeing in this 

study. In general the monitored partial discharge can be divided into 3 regions (i.e 

stages; 2, 3 and 4 of Figure 9-44 and Figure 9-45) for AC superimposed on DC tests, 

and 4 regions (i.e. stages 2, 3, 4 and 5 of Figure 9-18 and Figure 9-30) for AC tests 

(without considering the initiation stage, as all the samples were pre-initiated before 

the tests). During pre-initiation, partial discharge measurement was not carried out. 

The observed discharge characteristics in stages 2 to 4 for all test types are similar 

and stage 5 was observed only under AC testing. The partial discharge behaviour at 

stages 2, 3, 4 and 5 are now discussed.  

 Stage 2; partial discharge activity in stage 2 is active in all three test types 

with increasing discharge activity which then decrease sharply at the end of 

the stage. This is marked by extensions of dark tree channels from the pre-

incepted initial trees as discussed in sections 9.4.4 and 9.5.4. The magnitudes 

of the recorded apparent charge in this stage for each sample is different from 

the beginning of the stage to the end of the stage depending on whether the 

evolving tree is branch-type tree or bush type tree. See Figure 9-48 and 

Figure 9-49 for examples of how each sample behave differently from the 

beginning of the stage to the end. Generally it was observed that, for evolving 

branch-type tree the discharge activity is more sporadic than that of an 

evolving bush-type tree which is more steady.   
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 Stage 3; this is a region of quiescent PD activity as shown in Figure 9-48 and 

Figure 9-49. It begins at the end of stage 2 when discharge activity decreased 

to about ~0.35 pC (the equipment sensitivity) and almost no PDs where 

measured. At this stage, the dark tree channels stop growing. However, arrays 

of fine tree channels extending from the dark trees observed in stage 2 

continue to grow in length and spread, occupying large volumes of the 

insulation as shown in stages 3 of Figure 9-21, Figure 9-46 and Figure 9-47 

for AC and AC superimposed on ±DC test respectively. This observation is 

consistent with the extinction of PD reported by Wu et al [129] and Chen et al 

[125]. When the PD magnitude dropped to a low level in [129], the branches 

stopped growing for a long time. In [125] the branches stopped growing, but 

the pines started to grow along the branches. In this study fine tree channels 

grow continuously, and the dark branches stop growing. Even though the tree 

structures reported in [125] and [129] were different (pine or fine branches), 

the response of the PD activity to change in tree structures were similar; i.e 

when the PD magnitude reduces to a very low magnitudes, dark thick 

branches stop growing and only pines or fine branch were generated and in 

this study fine tree channels continuous to grow. This suggests that the low 

PD magnitude in stage 3 corresponds to low level of damage (fine tree 

channels). The fact that neither the fine tree channels in stage 3 nor the 

previously formed dark tree channels in stage 2 produce high magnitude of 

PDs in stage 3 suggest that, stage 2 become non-conducting channel while the 

fine tree channels in stage 3 are conducting [23, 129, 145]. This observation 

is consistent with experimental and simulation works on conducting and non-

conducting trees by Wu [129] and Dodd et al [23, 145], where the light 

emission of the PD changed from the main body of the tree structure to the 

periphery of the tree tip and is accompanied by low level of PD activity. 

 Stage 4; most of the fine tree channels in all the three test types were 

approaching the counter electrode with those from AC test becoming dense 

and forming bush-like structure at the periphery, while those from AC 

superimposed on DC tests were having visible long widened dark channels as 

shown in Figure 9-22 for AC tests, and Figure 9-46 and Figure 9-47 for AC 

superimposed on DC tests respectively. This change in structure was 
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associated with high PD values as shown in Figure 9-18, Figure 9-44 and 

Figure 9-45 respectively. This observation further suggests that dark tree 

channels with high magnitude PDs are due to non-conductive tree channels, 

where the partial discharges are restricted to the main body of the tree 

channel. The energy of PD would then erode the channel wall causing 

widening of the channel, with subsequent deposition of conducting 

decomposed by-products on the tubule walls seen as the dark tree channels. 

The partial discharge behaviour is consistent with the imaged tree structures 

during the experiment as seen in stages 2, 4 and 5. In general at stage 2, the 

electric field near the needle tip is extremely high, resulting in high partial 

discharge activity in the newly formed dark tree channels. The high 

magnitude PDs erodes and widens the tree channel to make it more 

conductive. So that electric field near the needle electrode drops, while the 

electric field at the tree tips intensifies resulting in the observed reduction in 

high magnitude PDs activity in the main body of the tree as well as at tree 

tips. In stage 4, the electric field will intensify again due to the reduction in 

insulation gap distance as most of the tree channels are approaching the 

ground electrode. This then lead to a gradual increase in PDs magnitude 

resulting in long widened dark channels observed in AC superimposed on DC 

test which led to sample breakdown at this stage. However, none of the 

samples under AC tests breakdown at this stage. They rather form a bush-like 

tree structures near the ground electrode after which an increase in partial 

discharge magnitudes of several hundreds of pC were recorded leading to 

reverse treeing process seen in stage 5.  

 Stage 5; the reverse treeing process is firstly believed to be due to the 

relatively low voltage (15 kV) AC  test compared to that under 30 kV AC  

and AC superimposed on DC at 30 kV as confirmed in the verification test in 

section 9.6. The process leading to the formation of a reverse tree is firstly the 

formation of dense bush like structure at the periphery of the tree tips which 

prevent further propagation and is then followed by spouting of trees from the 

ground electrode marked by high PD activities. These trees were observed to 

grow independently from existing fine tree channels. However the fine tree 

channel became widened and darkened after touching the ground electrode 
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during this period. The mechanism of reverse tree growth is not fully 

understood and further study is on-going for better understanding in the 

future. 

Outcome: Simultaneous imaging of electrical tree and partial discharge 

measurement which allow 5 stages of tree growth to be identified was 

successfully carried out. It is observed that high magnitudes of partial discharges 

are related to the formation of widened dark trees (bush-type or branch-type). 

Low magnitudes PDs (below the 0.35 pC sensitivity of the measurement system) 

are related to the formation of fine trees. Partial discharge monitoring alone 

cannot readily be used to detect fine tree channels and their observation in a 

semi-transparent material may be illusive. Reverse treeing is not observed at 

higher voltages. If this event is indeed associated with lower voltages, it will 

impact practical insulation design and requires further investigation. 

 Conclusions 10.11

The following conclusions were drawn from the research. These form the main 

contribution of this thesis to knowledge. 

 This study shows that layered material (interfaces) can prove to be strong 

when tailored properly and the assertion that interfaces are weak points 

needs further investigation. 

 Tree initiation times heavily depend on the magnitude of the applied 

voltage.  

 Electrical tree initiates and grow under steady high positive DC stress.  

 Electrical tree hardly grow under negative DC, however flashover events 

trigger growth easily.  

 Space charge appears to plays a significant role in tree initiation and 

propagation under DC tests. 

 A critical length of initial tree of about 33 µm and 40 µm related to depth 

of space charge injection was identified in this study to be a rough limit 

below which tree growth is not observed and above which substantially 

tree growth is observed under positive and negative tests respectively.  
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 It is justified to pre-incept samples prior to test as this does not affect the 

subsequent shape of the trees either AC or DC tree. The pre-initiation 

allows better comparison of sample life time. 

 Simultaneous imaging of electrical tree and partial discharge 

measurement has allowed 5 stages of tree growth to be identified in this 

study under AC test. 

 Reverse treeing process is shown to be a relatively low voltage 

phenomenon. 

 Partial discharge monitoring alone cannot be used to detect fine tree 

channels and their observation in a semi-transparent material may be 

illusive. This may result in limitation of using PD detection for condition 

monitoring of HV equipment if the measuring system is not sensitive 

enough. 

 Insulation lifetime is hugely reduced when  AC ripples at 50Hz 

superimposed on DC was used to stress the samples compared to when 

individual AC and DC magnitudes alone were used as shown in Figure 

9.55. This reinforces further the effect of power quality issues on DC 

insulation, and could be worse at harmonic frequencies as trees grow 

quicker at higher frequencies.  

 Tree growth under pure DC is polarity dependent and is hugely linked 

with the effect of space charge injection at the electrode vicinity.  

 Future work 10.12

This research has developed equipment necessary for ageing and lifetime 

investigation of insulation material through charge detection technique, short term 

breakdown strength and long term breakdown through treeing.  From the results of 

this study it can be inferred that, the tested insulation material is more reliable when 

subjected to DC voltage than AC voltage stress and worse when AC superimposed 

on DC was used as shown in Figure 9-55, suggesting that power quality will impact 

DC systems.  

Power quality can be defined as “the measure, analysis, and improvement of the bus 

voltage to maintain a sinusoidal waveform at a rated voltage and frequency” [192]. 
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Natural events such as lightning, resulting in one-off events (spikes transients or over 

voltages) are known to affect power quality and cannot be avoided in real systems. 

Literature and findings in this study showed that DC insulation is vulnerable to such 

events.  

This thesis is an introductory work on the consequences of DC power quality. It was 

shown that 15 kV/ 50 Hz peak AC superimposed on ±15 kV DC accelerate tree 

growth resulting in shorter lifetimes. For example, 15 kV is only 3% of 500 kV and 

if realised as ripple on say 500 kV DC link will serve as a potential threat to 

reliability of such a system. Power quality is a broad subject which relates to; supply 

reliability, current/voltage quality and quality of power consumption [192]. Power 

quality can be viewed from three main areas; the utilities, the customers, and the 

manufactures. The coordination of these three areas is necessary for mitigating 

power quality problems [192].  

This study proposes to further investigate the following: 

 The effect of long term “pure high DC” stress on electrical tree growth 

characteristics. 

 The effect of dielectric barriers on long term “pure DC” stress on 

electrical tree growth characteristics. 

 The effect of non-power frequency AC voltage superimposed on DC on 

electrical tree growth characteristics. 

 The effect of barrier and non-power frequency AC voltage superimposed 

on DC on electrical tree growth characteristics. 

 The effect of harmonics on DC electrical tree growth characteristics. 

 Further investigations to understand reverse treeing phenomenon. 

 Partial discharge characteristics and characterisation under DC will be 

examined.  

 Image detection to be improved to allow control of camera outside HV 

cage once experiment is energised to reduce blurring of captured images. 
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Appendix A-1: Collated test result for breakdown test in for PET 

reference samples of 100 μm thicknesses. 

 

No. of 

breakdowns

Sample ID Breakdown 

voltage (kV)

Breakdown 

field (kV/mm)

Sample 

ID

Breakdown 

voltage (kV)

Breakdown field 

(kV/mm)

1 19.84 198.40 22.40 224.00

2 22.30 223.00 21.60 216.00

3 22.60 226.00 21.60 216.00

4 22.90 229.00 20.80 208.00

5 21.70 217.00 24.30 243.00

6 22.40 224.00 22.20 222.00

7 21.80 218.00 24.10 241.00

8 19.80 198.00 22.00 220.00

9 20.20 202.00 19.30 193.00

10 21.40 214.00 23.60 236.00

11 24.44 244.40 25.50 255.00

12 19.80 198.00 22.40 224.00

13 20.70 207.00 21.00 210.00

14 23.30 233.00 22.20 222.00

15 21.60 216.00 24.90 249.00

16 22.90 229.00 21.70 217.00

17 24.70 247.00 23.20 232.00

18 23.50 235.00 21.30 213.00

19 25.70 257.00 25.90 259.00

20 23.30 233.00 25.40 254.00

21 27.90 279.00 24.10 241.00

22 25.00 250.00 23.50 235.00

23 25.60 256.00 25.20 252.00

24 23.70 237.00 21.50 215.00

25 23.50 235.00 20.90 209.00

26 24.70 247.00 20.70 207.00

27 24.50 245.00 22.60 226.00

28 22.20 222.00 21.40 214.00

29 22.00 220.00 23.90 239.00

30 24.80 248.00 26.10 261.00

31 24.30 243.00 26.30 263.00

32 23.50 235.00 23.20 232.00

33 26.10 261.00 24.40 244.00

34 25.00 250.00 23.80 238.00

35 26.00 260.00 23.60 236.00

36 24.70 247.00 23.80 238.00

37 22.90 229.00 19.50 195.00

38 20.60 206.00 22.00 220.00

39 25.10 251.00 23.40 234.00

40 23.20 232.00 21.60 216.00

23.25 232.55 22.92 229.23
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Appendix A-2: Collated test result for DC breakdown test in air 

for epoxy resin samples of about 100 μm thicknesses. 

 

No. of 

breakdowns

Sample 

ID

Breakdown 

voltage (kV)

Breakdown 

field (kV/mm)
Sample ID

Breakdown 

voltage (kV)

Breakdown field 

(kV/mm)

1 16.77 147.11 13.28 120.73

2 15.56 136.49 13.18 119.82

3 21.26 186.49 13.94 126.73

4 19.20 168.42 14.78 134.36

5 21.10 185.09 20.28 184.36

6 20.88 183.16 22.24 202.18

7 10.93 95.88 16.86 153.27

8 18.10 158.77 19.8 180.00

9 18.84 165.26 19.28 175.27

10 19.77 173.42 18.46 167.82

11 22.28 185.67 17.6 176.00

12 17.96 149.67 11.2 112.00

13 22.56 188.00 10.4 104.00

14 22.32 186.00 16.7 167.00

15 21.20 176.67 16.3 163.00

16 22.28 185.67 15.2 152.00

17 12.00 100.00 15.3 153.00

18 25.32 211.00 10.5 105.00

19 14.72 122.67 13.2 132.00

20 21.92 182.67 11.7 117.00

21 20.36 175.52 15.1 143.81

22 23.72 204.48 12.6 120.00

23 22.28 192.07 22 209.52

24 19.20 165.52 13.3 126.67

25 19.69 169.74 14.9 141.90

26 19.96 172.07 18.3 174.29

27 19.92 171.72 10.8 102.86

28 19.48 167.93 16.9 160.95

29 20.69 178.36 15.3 145.71

30 24.36 210.00 16.6 158.10

31 16.50 143.48 23.1 195.76

32 21.20 184.35 21.2 179.66

33 14.72 128.00 21.1 178.81

34 18.12 157.57 22.4 189.83

35 19.88 172.87 13.6 115.25

36 21.52 187.13 21.7 183.90

37 18.48 160.70 22.6 191.53

38 16.72 145.39 23.9 202.54

39 19.20 166.96 17.8 150.85

40 18.28 158.96 25.2 213.56

19.48 167.52 16.97 155.78
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Appendix A-3: Collated test result for DC breakdown test in oil 

for epoxy resin samples of about 100 μm thicknesses. 

 

No. of 

breakdowns
Sample ID

Breakdown 

voltage (kV)

Breakdown field 

(kV/mm)

Sample 

ID

Breakdown 

voltage (kV)

breakdown 

field (kV/mm)

1 30.2 258.12 31.4 251.20

2 31.4 268.38 30 240.00

3 34.2 292.31 32.5 260.00

4 36.2 309.40 33.2 265.60

5 32.7 279.49 29.4 235.20

6 23.2 198.29 32.1 256.80

7 36.6 312.82 32.9 263.20

8 31.6 270.09 33.5 268.00

9 19.5 166.67 31.1 248.80

10 27.6 235.90 32 256.00

11 23.8 212.50 39.4 281.43

12 37.2 332.14 40.6 290.00

13 32.5 290.18 36.1 257.86

14 29.9 266.96 30.6 218.57

15 33.6 300.00 34.2 244.29

16 32.1 286.61 35.4 252.86

17 33.3 297.32 39.5 282.14

18 28.5 254.46 36.5 260.71

19 30.6 273.21 31.9 227.86

20 24.2 216.07 32.4 231.43

21 27.5 211.54 26.4 203.08

22 26.6 204.62 27.9 214.62

23 30.1 231.54 26.7 205.38

24 28 215.38 41.2 316.92

25 35.2 270.77 40.3 310.00

26 30.4 233.85 28.2 216.92

27 30.9 237.69 23.5 180.77

28 31.5 242.31 30.5 234.62

29 28.1 216.15 21.6 166.15

30 28.4 218.46 15.5 119.23

31 38.7 322.50 29.7 247.50

32 40.6 338.33 30.6 255.00

33 29.9 249.17 32 266.67

34 39.7 330.83 28.5 237.50

35 31.7 264.17 29.4 245.00

36 34.6 288.33 26.9 224.17

37 34.2 285.00 40.5 337.50

38 36.9 307.50 41.2 343.33

39 26.5 220.83 29.2 243.33

40 35.2 293.33 31.5 262.50

31.34 262.58 31.9 248.05Average values
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Appendix A-4: Collated test result for DC breakdown test in oil 

for single layer epoxy resin samples of about 200 μm 

thicknesses. 

 

No. of 

breakdowns
Sample 

ID

Breakdown 

voltage (kV)

Breakdown 

field (kV/mm)

Sample 

ID
Breakdown 

voltage (kV)

Breakdown 

field (kV/mm)

1 72.40 341.51 63.00 323.08

2 67.80 319.81 58.40 299.49

3 58.60 276.42 63.60 326.15

4 68.60 323.58 52.00 266.67

5 63.00 297.17 65.40 335.38

6 41.00 193.40 52.50 269.23

7 73.40 346.23 64.60 331.28

8 54.40 256.60 60.40 309.74

9 69.80 329.25 57.20 293.33

10 45.80 216.04 53.20 272.82

11 69.60 366.32 56.00 280.00

12 55.40 291.58 58.50 292.50

13 53.40 281.05 66.40 332.00

14 68.40 360.00 59.80 299.00

15 61.20 322.11 65.20 326.00

16 64.00 336.84 51.40 257.00

17 45.00 236.84 56.60 283.00

18 40.80 214.74 48.40 242.00

19 56.60 297.89 65.00 325.00

20 41.00 215.79 49.20 246.00

21 65.00 306.60 64.40 309.62

22 60.40 284.91 63.00 302.88

23 73.00 344.34 67.60 325.00

24 56.00 264.15 62.80 301.92

25 59.20 279.25 60.60 291.35

26 68.40 322.64 72.00 346.15

27 75.00 353.77 60.40 290.38

28 65.60 309.43 58.00 278.85

29 53.40 251.89 49.00 235.58

30 75.60 356.60 42.60 204.81

31 47.60 250.53 47.20 226.92

32 52.20 274.74 67.00 322.12

33 50.00 263.16 64.00 307.69

34 64.60 340.00 64.80 311.54

35 62.40 328.42 72.00 346.15

36 46.80 246.32 62.40 300.00

37 50.40 265.26 66.00 317.31

38 48.80 256.84 62.00 298.08

39 53.00 278.95 65.40 314.42

40 48.20 253.68 60.80 292.31

58.65 291.37 59.97 295.82Average values
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Appendix A-5: Collated test result for DC breakdown test in oil 

for double layer epoxy resin samples of about 200 μm 

thicknesses. 

 

No. of 

breakdowns

Sample 

ID

Breakdown 

voltage (kV)

Breakdown field 

(kV/mm)

Sample 

ID

Breakdown 

voltage (kV)

Breakdown 

field (kV/mm)

i 69.9 320.64 54.8 268.63

2 48.6 222.94 64.8 317.65

3 67.2 308.26 54.6 267.65

4 57 261.47 58.6 287.25

5 51 233.94 55.2 270.59

6 72.8 333.94 58.2 285.29

7 45.2 207.34 59.2 290.20

8 65.8 301.83 61.2 300.00

9 63.2 289.91 59.6 292.16

10 60.2 276.15 64 313.73

11 66.8 309.26 57.2 279.02

12 64 296.30 57.4 280.00

13 68.8 318.52 53.2 259.51

14 72.4 335.19 59.8 291.71

15 55 254.63 62.2 303.41

16 56.6 262.04 68.8 335.61

17 60.6 280.56 53.4 260.49

18 61.4 284.26 54.4 265.37

19 55.8 258.33 50.4 245.85

20 65.8 304.63 55.8 272.20

21 47.2 219.53 63.8 311.22

22 68 316.28 65.4 319.02

23 61.4 285.58 54.6 266.34

24 55.6 258.60 57.2 279.02

25 67.2 312.56 56 273.17

26 71.2 331.16 56.8 277.07

27 45.8 213.02 51.8 252.68

28 60.6 281.86 52.4 255.61

29 41 190.70 54 263.41

30 64.2 298.60 68.8 335.61

31 70.8 337.14 58.6 285.85

32 46.2 220.00 57.8 281.95

33 55.4 263.81 49.2 240.00

34 49.4 235.24 65 317.07

35 59.6 283.81 56.4 275.12

36 43 204.76 50.6 246.83

37 56 266.67 52.2 254.63

38 44.8 213.33 54.4 265.37

39 43.8 208.57 51.8 252.68

40 65.8 313.33 55.6 271.22

58.6275 272.87 57.38 280.26
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Appendix A-6: Collated test result for AC breakdown test in oil 

for epoxy resin samples of about 100–200 μm thicknesses. 

 

  

No. of 

breakdowns

Sample 

ID

Breakdown 

voltage (kV)

Breakdown field 

(kV/mm)
Sample ID

Breakdown 

voltage (kV)

Breakdown field 

(kV/mm)
Sample ID

Breakdown 

voltage (kV)

Breakdown field 

(kV/mm)

1 29.00 305.26 32.30 165.64 37.80 189.00

2 27.80 292.63 33.40 171.28 38.00 190.00

3 29.80 313.68 37.40 191.79 37.60 188.00

4 30.20 317.89 35.00 179.49 38.80 194.00

5 29.80 313.68 34.00 174.36 39.40 197.00

6 29.40 309.47 37.30 191.28 39.80 199.00

7 29.60 311.58 35.40 181.54 40.60 203.00

8 30.40 320.00 32.00 164.10 36.80 184.00

9 29.20 307.37 35.40 181.54 33.40 167.00

10 28.00 294.74 32.10 164.62 40.20 201.00

11 27.60 276.00 40.60 208.21 39.20 191.22

12 29.80 298.00 40.20 206.15 40.60 198.05

13 32.20 322.00 41.00 210.26 39.00 190.24

14 29.40 294.00 35.90 184.10 40.60 198.05

15 30.80 308.00 35.60 182.56 33.00 160.98

16 30.20 302.00 31.80 163.08 40.40 197.07

17 24.40 244.00 37.30 191.28 35.60 173.66

18 30.40 304.00 38.00 194.87 38.20 186.34

19 29.60 296.00 30.20 154.87 39.20 191.22

20 30.80 308.00 38.40 196.92 40.40 197.07

21 24.40 244.00 39.60 190.38 36.00 174.76
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Appendix A-7: Initiation times and initial tree lengths for 

samples used in this study. 

 

  

B6#S1 12 1 33 B7#S1 12 1 38 B8#S1 12 1 34

B6#S2 12 1 25 B7#S2 12 1 27 B8#S2 12 1 28

B6#S3 12 1 33 B7#S3 12 1 27 B8#S3 12 1 24

B6#S4 12 1 41 B7#S4 12 1 42 B8#S4 12 1 27

B6#S5 12 1 38 B7#S5 12 1 20 B8#S5 12 1 23

B6#S6 12 1 41 B7#S6 12 1 43 B8#S6 12 1 37

B6#S7 14 5 82 B7#S7 12 1 37 B8#S7 12 1 26

B6#S8 12 1 43 B7#S8 12 1 29 B8#S8 12 1 30

B6#S9 12 2 59 B7#S9 12 1 29 B8#S9 12 1 35

B6#S10 12 2 49 B7#S10 12 1 18 B8#S10 12 1 18

B6#S11 14 3 42 B7#S11 12 1 43 B8#S11 12 1 25

B6#S12 12 1 32 B7#S12 12 1 31 B8#S12 12 1 30
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Appendix A-8: Collated results from verification tests. 

 

Experiments  

1

Sample ID
 Voltage stress 

time  (min)
 B11#S4* 166

 B11#S12* 29

 B12#S2* 126

 B12#S11* 126

2

Sample ID
 Voltage stress 

time  (min)

 B13#S2 50

 B13#S5 40

 B13#S8 48

 B11#S8* 244

 B11#S5* 153

 B14#S4 64

 B14#S7 46

 B14#S9 54

 B14#S12 65

 B12#S3 184
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 Voltage stress 
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Comments 

Stage 2
 Stage 3

Voltage stress 

time  (min)

Comments 

Stage 3

 B13#S1 41  to Stage 3 120

 B13#S3 40  to Stage 3 120

 B13#S6 25  to Stage 3 26

 B13#S10 30  to Stage 3 120

 B13#S11 41  to Stage 3 120

 B14#S2 50  to Stage 3 120

 B14#S5 44  to Stage 3 120

 B14#S6 47  to Stage 3 42

 B14#S11 51  to Stage 3 84

 B12#S5* 85  to Stage 3 120

Sample initiated within 1 min and brokedown after 126 minutes

 No breakdown

Comments; 2-stage experiment 

 Breakdown after 50 min

 Breakdown after 40 min

 Breakdown after 48 min

 No breakdown; sample from -DC@60kV test that did not grow

 No breakdown; sample from -DC@60kV test that did not grow

 Breakdown after 64 min

 Breakdown after 46 min

 Breakdown after 54 min

 Breakdown after 65 min

 BD after 42 min

 BD after 84 min

 Stopped after 2hrs

1-stage test: Contionuos application of 30 kV peak AC from initiation for 2 hours 

2-stage test: samples initiated with 30 kV peak AC and stressed with 15 kV pk AC ± 15 kV DC

3-stage test: samples initiated with 30 kV peak AC and stressed with 15 kV pk AC ± 15 kV DC

 Stopped after 2 hours

 Stopped after 2 hours

Breakdown occurred

 Stopped after 2 hours

 BD after 2 hours
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Appendix B-1: Images of AC pre-incepted initial trees. 

 

B8#S1 B6#S2 B7#S3

B8#S4 B7#S6 B8#S8

B7#S9 B6#S10 B7#S11

B8#S12 B7#S1 B8#S2

Examples of AC pre-initiated trees

~ 250μm
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Appendix B-2: Images of AC pre-incepted initial trees. 

 

 

 

 

B6#S1 B7#S2 B8#S3

B6#S4 B7S4 B8S6

B7#S7 B6#S8 B8#S9

B7#S10 B6#S3 B8#S10

Examples of AC pre-Initiated trees

~ 250μm
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Appendix B-3: Tree images under +ve’ DC test 

 

 

 

 

 

 

 

 

B9#S1_After 600 min B10#S4_PTBD_322 min B9#S4_After_600 min

B9#S6_After_600 min B9#S5_PTBD_135 min B9#S3_PTBD_271_min

Images of Propagated DC trees
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Appendix B-4: Tree images under +ve’ DC test 

 

B9#S7_After_600 min B10#S6_PTBD_128 min B10#S2_PTBD_92 min

B9#S8_PTBD_1 min B9#S2_PTBD_611 min B10#S5_PTBD_183 min

Images of Propagated DC trees
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Appendix B-5: Tree images of AC test. 

 

B8#S1_25 min B8#S1_75 min

B6#S2_25 min B6#S2_75 min

B7#S3_25 min B7#S3_75 min

B8#S4_25 min B8#S4_105 min

B7#S6_25 min B7#S6_80 min

AC propagated trees

~1.0 mm
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Appendix B-6: Tree images of AC test. 

 

B8#S8_25 min B8#S8_90 min

B7#S9_25 min B7#S9_76 min

B6#S10_25 min B6#S10_95 min

B7#S11_25 min B7#S11_80 min

B8#S12_25 min B8#S12_125 min

AC propagated trees

~1.0 mm
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Appendix B-7: Tree images of AC superimposed +ve’ DC test. 

 

B6#S1_25 min B6#S1_PTBD_51 min

B7#S2_25 min B7#S2_PTBD_53 min

B8#S3_25 min B8#S3_PTBD_56 min

B6#S4_25 min B6#S4_PTBD_69 min

B7#S5_25 min B7#S5_PTBD_54 min

(AC+DC) propagated trees

~1.0 mm
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Appendix B-8: Tree images of AC superimposed +ve’ DC test. 

 

B8#S6_25 min B8#S6_PTBD_46 min

B7#S7_25 min B7#S7_PTBD_45 min

B6#S8_25 min B6#S8_PTBD_56 min

B8#S9_25 min B8#S9_PTBD_49 min

B7#S10_25 min B7#S10_PTBD_54 min

(AC+DC) propagated trees

~1.0 mm
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Appendix B-9: Tree images of AC superimposed –ve’ DC test 

 

 

B7#S1_25 min B7#S1_PTBD_57 min

B8#S2_25 min B8#S2_PTBD_46 min

B6#S3_25 min B6#S3_PTBD_76 min

B7#S4_25 min B7#S4_PTBD_66 min

B8#S5_25 min B8#S5_PTBD_54 min

(AC-DC) propagated trees

~1.0 mm
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Appendix B-10: Tree images of AC superimposed –ve’ DC test 

 

B6#S6_25 min B6#S6_PTBD_74 min

B8#S7_25 min B8#S7_PTBD_69 min

B7#S8_25 min B7#S8_PTBD_184 min

B6#S9_25 min B6#S9_PTBD_54 min

B8#S10_25 min B8#S10_PTBD_91 min

(AC-DC) propagated trees

~1.0 mm
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Appendix B-11: Typical examples of breakdown channels 

 

Example 1 Example 1

Example 1 Example 1

Example 1 Example 1

Example 1 Example 1

Example 1 Example 1

Typical breakdown channels

~1.0 mm
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Appendix C-1: Individual PD plots under AC tests 
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Appendix C-2: Individual PD plots under positive DC bias test 
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Appendix C-3: Individual PD plots under negative DC bias test 
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