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Abstract

Power transformers are the most expensive and indispensable components of a 

transmission system. Insulation failure in transformers can cause long term interruption 

to the power supply and loss of revenue so their long term operational condition is thus 

a major concern for supply utility asset managers. The monitoring of transformers can 

give an early picture of the changes that are caused by electrical, thermal, environmental 

and mechanical stresses before failure occurs. Power transformer insulation within an 

oil-impregnated insulation consists of organic materials including mineral oil, cellulose 

paper and pressboard layers. These organic materials deteriorate inexorably over the 

lifetime of the transformer and their insulating properties become impaired due to 

chemical change. A major cause of deterioration of the cellulose paper is by excess 

operating temperature of the transformer coupled with moisture in the insulation.

The presence of moisture, coupled with high operating temperature in the insulation 

reduces the dielectric strength of the cellulose paper, the pressboard and the transformer 

oil. The presence of moisture and oxygen especially at high temperature in transformers 

deteriorates the transformer insulation by decreasing its dielectric strength. Excessive 

moisture in the paper insulation causes partial discharge (PD) activity within the 

cellulose structure and this causes degradation to occur at an increased rate. Increased 

temperature further accelerates chemical change thus reducing insulation lifetime. In 

addition to normal temperature operation, transformers are often subject to sudden 

thermal overload and the effect of this on the insulation has not been fully investigated. 

The rate of degradation will be dependent on the moisture level and the temperature.

The aim of condition monitoring of insulation is to monitor degradation to assess the 

condition of the insulation. Modern practice for assessment of transformer insulation 

condition is also to use partial discharge monitoring methods for identification of any 

degradation. The availability of sophisticated digital signal processing has promoted the 

use of partial discharge to a stage where it is now possible to use PD patterns to identify 

particular types of faults. However to enable this to be done requires a substantial
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program of laboratory investigation of PD behaviour in typical configurations and 

typical service operation. PDs are important because they will be generated if insulation 

is degraded and they will also cause such degradation. They are a main cause of long

term degradation in insulation. Detecting partial discharge during overloading 

establishes not only insulation quality but also can detect change or trends in the 

insulation quality as it deteriorates.

This thesis report and gives analysis of a number of different experimental 

investigations aimed at a detailed quantification of the partial discharge patterns in an 

oil-impregnated transformer insulation. These include the details of partial discharge 

patterns together with inception and extinction data at different temperatures and with 

different levels of moisture contamination of oil and paper. Further, they include results 

of thermal generation of gas bubbles and the associated temperature levels, moisture 

levels and PD pattern characteristics. Finally, they include the effects of aged and new 

transformer oil on PD patterns and also the effects of simultaneous voltage and thermal 

stress on PD behaviour and the effects of high temperature on moisture level in the 

insulation and the effect on PD patterns due to aging.

Results of PD activity over a range of temperatures with and without bubble formation 

indicated that there may be significant impact on the validity of interpretation of PD 

levels obtained in either separate source or in on-line PD tests of transformers. The 

result of these experimental work and conclusions can be used in analysing PD data 

obtained using both offline and preferably on-line measurement, particularly in oil- 

impregnated power transformers. It was found that the use of the PD statistical 

parameters of skewness and kurtosis gave a better indication of temperature effects on 

insulation than did the simple PD magnitude and number. Use of such parameters would 

be more useful in practice to determine the condition of insulation in transformers 

subjected to overloads and with moisture present.
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Chapter 1

Introduction

1.1 Introduction

Power transformers are perhaps the most important and expensive component of an 

electrical supply system. The capital cost of a power transformer is the single largest 

capital investment in substations and the economic penalties incurred by transformer 

failure and the resulting outage cost is considerable. As society relies more and more on 

electricity, demands for highly reliable power system equipment are increasing. A 

sudden failure of a power transformer instantly and vividly affects not only the 

electrical power system but also the many different spheres of human life. In fact it can 

bring today’s modern human life to a virtual standstill by way of affecting almost 

everything from traffic signals on roads to manufacturing industries. Other elements of 

prime concern are safety, an enormous capital cost, and potential environmental damage 

such as fire and oil spillage. Even under normal operating conditions, transformers 

degrade and have a finite operating lifetime that is very difficult to predict. As such it 

becomes imperative to constantly monitor the condition of power transformers to 

prevent a sudden and an unfortunate condition involving insulation breakdown. The 

reliable operation of the large electrical power transformer depends on the integrity of 

its insulation, and insulation failure is one of the major causes of such equipment 

outages [1-3].

The insulation within the standard power transformer consists primarily of organic 

dielectric materials; including mineral oil and cellulose-based materials such as oil 

impregnated paper and pressboard. The paper derives its required tensile strength from 

its fibrous nature, which results from its filamentary and linear molecular chain
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structure. Loss of the tensile strength of the paper and the resulting brittleness are 

considered to indicate the end of useful life of the insulation. The rate of loss of tensile 

strength is temperature-dependant because of the chemical scission of the bonds, which 

hold the molecular chains together. These organic materials will deteriorate over the 

operating lifetime of the transformer and their insulating properties will also deteriorate 

as a result.

Paper in particular may deteriorate rapidly if the operating temperature is excessive, if 

there is excessive oxygen in the oil or if significant moisture is present in the oil/paper 

system. The ingress of moisture, combined with high temperature, into the paper 

insulation reduces the dielectric strength of both the oil-impregnated cellulose materials 

and the transformer oil itself. As most transformer failures occur in the insulation, 

condition monitoring (preferably continuous and on-line) of a transformer insulation is 

required to provide an early indication of any degradation that may be caused by 

abnormal electrical, thermal, mechanical and environment stresses which may occur 

during operation of a transformer [4-7].

Power consumption continues to increase at the rate of approximately 2% per year and 

installation of new transformers is declining [8]. This problem causes overloading of 

aged transformers in operation and therefore causes degradation. Transformer insulation 

problems that derive from degradation processes and those induced by operating 

conditions may exceed the design capability of the transformer and cause its failure. 

These problems may take many years to develop into more serious problems or failure. 

However, in some cases undesirable consequences can be created quite suddenly. 

Deterioration processes related to ageing are accelerated by electrical, thermal, 

environmental and mechanical stresses. Increasing temperature, interaction with 

oxygen, moisture, and other contaminants all contribute to insulation degradation. The 

deterioration is particularly exaggerated in the presence of some catalysts. 

Characteristics of the deterioration processes include sludge accumulation, weakened 

mechanical strength of insulation material such as paper-wrapped conductor, shrinkage 

of materials that provide mechanical support, and improper alignment of tap changer 

mechanisms.
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Moisture is a major deteriorating element for paper and oil insulation and even 

relatively low levels of moisture will accelerate the ageing of such insulation materials, 

particularly the paper, over many years of operation [198]. During extreme thermal 

transients (thermal shocks) that may occur during some extreme loading cycles, high 

moisture content in the paper can result in the generation of water vapour bubbles. 

These bubbles can cause a serious short term reduction in the dielectric strength of the 

insulating liquid, perhaps resulting in a dielectric failure. In a power transformer oil- 

impregnated insulation, gas filled cavities or voids are formed in the solid insulation 

during manufacture, installation or operation. When the electric stress in the void 

exceeds the breakdown strength of gas within the void, partial discharges occur [9-14]. 

The behaviour of these bubbles and their impact on insulation integrity and the way in 

which they are generated by thermal shocks are not well understood. This thesis work 

attempts, in part, top investigate the behaviour of such operation and to estimate its 

effect on insulation efficacy.

Partial discharges (PD) can be generated by moisture in oil and paper and are a major 

source of insulation failure in transformers. They occur in the insulation system and 

may have different characteristics and locations in the transformer insulation structure. 

The power transformer has a significantly more complex insulation structure than other 

types of power devices. Since partial discharges could occur at any place where the 

insulation becomes defective, and PD measurements can only be made at a limited 

number of measuring points (e.g. the transformer terminal), knowledge about the modes 

of propagation and characteristics of PD pulses becomes very important, if we are to 

correctly interpret the impact on insulation denoted by the measured PD signals. PD 

activity in the insulation will gradually degrade and erode the insulation, eventually 

leading to its breakdown. Thus, the detection, measurement and location of such 

discharges in equipment are of significant importance [15-17]. To this end the partial 

discharge activity in insulation has been used to determine the impact of moisture on the 

transformer insulation.

The price of premature and unanticipated collapse of a power transformer can be very 

substantial, both in economic terms and in outage terms. There is not only the 

refurbishment or replacement cost but also possible costs associated with environmental
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clean-up, loss of revenue and deterioration in the quality of power delivery. Monitoring 

of the transformer insulation helps to decrease the transformer life cycle cost and 

increases availability and reliability. Early detection and accurate diagnosis of incipient 

insulation failure mechanism in the insulation can greatly improve asset management.

In addition to PD analysis, there are a number of diagnostic methods available that can 

provide some reliable information of the ageing process and the condition of the 

transformer insulation. The degree of polymerisation (DP) test, dissolved gas analysis 

(DGA) including furan (HPLC) analysis, recovery voltage measurement (RVM), 

polarisation and depolarisation current (PDC) and the dielectric dissipation factor 

(DDF) test are some of the more common and often-used nowadays for insulation 

testing of transformers [18-25]. However all of the above-named diagnostics give an 

integrated or global assessment of the accumulated deterioration of the insulation rather 

than an instantaneous and localised evaluation of its current condition. Also most of 

these are not able to be done on-line, but require equipment outages for the tests.

Partial discharge (PD) measurements of insulation however do provide the required 

instantaneous and time-resolved assessment of the insulation condition. In addition, they 

can be adapted easily to on-line application. PD monitoring using a Computerised 

Digital Analyser (for example the CDA3 which is used in these thesis investigations) is 

thus one of the more important tools available for the maintenance engineer to assess 

the condition of transformer insulation [26-27]. This thesis describes in detail the 

investigations of such PD activity as applied to determination of insulation ageing from 

the effects of moisture, particularly when accompanied by thermal shock during 

operation.

The focus of chapters 2, 3 and 4 of this thesis give a detailed survey of transformer’s oil, 

paper and pressboard insulation and factors causing partial discharges and ageing in oil- 

impregnated insulation. Following this chapters 5 and 6 provide the results of 

investigations of the effects of high temperature and moisture on partial discharges in 

oil-impregnated insulation. Next, chapter 7 gives the results of an experimental 

investigation of the effect of high temperature and moisture using recovery voltage 

measurements. Chapter 8 provides the conclusions of this study and recommendations
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for further study. The appendixes include author’s publications, software design of 

CDA3 system, polarisation and depolarisation current test results and recovery voltage 

measurement method used.

In summary, the main aim of this study is to investigate and analyse the PD behaviour 

in oil-impregnated transformer insulation systems subjected to electrical, thermal and 

environmental stress so that the most expensive component of the power system can be 

monitored to avoid catastrophic failure. Laboratory models of transformer-type oil- 

impregnated insulation were used to investigate the behaviour of the insulation under 

different operating conditions. The first model consists of the insulation enclosed in a 

steel tank to simulate the actual operating condition of a power transformer. Another 

set-up incorporating a glass cell has also been used in the study for comparing the 

results. The models were operated for extended periods at elevated temperatures with 

different level of moisture contents to simulate over-temperature conditions such as 

those that may occur during substantial overloading of a transformer. Recovery Voltage 

Measurements (RVM) [28] have also been used to find the moisture condition of the 

insulation at different temperatures.

Apart from other significant results and conclusions, the main finding of this work, is 

that moisture in paper insulation wrapped around transformer winding conductors is 

more dangerous than moisture in the oil in terms of PD activity. Therefore the current 

indicators are that drying of paper insulation under controlled conditions without 

damaging considerably the mechanical strength (degree of polymerisation value) of 

paper can avoid or limit power transformer failures. As a result such information can 

save significant revenue, improve reliability of supply, avoid major environmental 

damage and improve personal safety. The outcome of this study could be used to help 

analyse PD data obtained using off-line or on-line measurement, particularly in power 

transformers.
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Chapter 2

The Transformer and its Insulation

2.1 Basics of Transformer Insulation

Power transformers are one of the most important components in electric power 

transmission and distribution systems because they allow economical power 

transmission with high efficiency and low series voltage drop. The development in 1885 

by William Stanley of a commercially practical transformer allowed the distribution of 

AC electrical energy over long distances without the large energy losses that would be 

associated with the distribution using DC. Subsequently this has made AC power 

systems more attractive options than DC power systems [29].

Power transformers are very expensive and form a high percentage of the total 

investment in a power system. The majority of power transformers have been in service 

for many years experiencing a wide variation of electrical, thermal, mechanical and 

environmental stresses that can affect the transformer lifetime. Extending transformer 

life as much as possible is not only economically valuable, but can also prevent loss of 

revenue when there are power outages. Therefore their reliable and efficient operation 

for many years is of basic importance for electric supply utility asset managers [30-32].

Most transformers have a very complex electrical insulation system employing both 

solid and liquid insulation. The most common form is a mineral oil-impregnated 

cellulosic insulation system. The insulated winding is then insulated from the core by 

synthetic-resin-bounded paper and by pressboard. The pressboard insulation also 

provides insulation between the high voltage and low voltage windings. The oil 

impregnates the paper insulation and provides high quality insulation. The transformer 

oil is used for a cooling function by transferring heat from the windings and core to the 

heat exchanger [29].
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2.1.1 Transformer Components with Insulation

2.1.1.1 The Oil-filled Bushing

The bushing consists of a central conductor surrounded by capacitor graded insulation, 

which is usually of oil-impregnated paper. The bushing insulation in a large transformer 

is required to provide insulation between the HV conductor and the earthed metal tank. 

Bushings are a significant cause of transformer failures. The paper is susceptible to 

ingress of moisture through the seals and this can cause problems with the graded 

insulation layers of the bushing, particularly at the ends of the grading foil layers [29].

2.1.1.2 Tap Changer

An automatic on-load tap changer (OLTC) is provided in large transformers to adjust 

the secondary output voltage as required to maintain load voltage. The tap changer is 

installed within the same transformer tank as the windings or within a separate chamber 

[32]. The insulation material in the tap-changer is primarily oil but cellulosic materials 

are also used as structural insulation components. The on load tap changer not equipped 

with switching contacts in vacuum chambers, when operating on load, generates an arc 

and this can cause gas generation that can be then dissolved in the oil and can then 

affect the whole insulation structure. Moisture in the OLTC oil is also a significant 

problem. The arcing during operation may cause distortion of contact interfaces which 

can then generate high contact resistance and further problems with the oil.

Figure 2-1: Power Transformer in Substation [34]
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2.1.2 Transformer Windings

A standard power or distribution transformer consists of two windings. The primary 

winding is connected to the supply system voltage and the load is connected to the 

secondary winding [31]. The windings are usually constructed from paper insulated 

copper or aluminium conductor strip, but in some distribution transformers the 

secondary may be in a sheet form. The edges of the conductor strip are radiused in order 

to assist in paper covering and to avoid high electric fields. The two windings are both 

placed on a common magnetic core, with the HV winding on the outer. The winding 

paper insulation is oil-impregnated and is thus subject to any problems with the oil, 

including moisture effects. The paper has a high capacity to absorb and retain moisture 

and, while the moisture level in the paper is dependent on the moisture level in the oil, 

the relationship is complex and is not easy to predict because of its very high 

temperature dependence [198], Once in the paper however, the moisture is very difficult 

to remove and is a prime cause of paper insulation deterioration.

The winding insulation is arguably the most stressed insulation in the whole 

transformer. It will deteriorate with temperature rise over time and when the cellulose in 

the paper breaks down it will generate moisture as a by-product. Thus it is not necessary 

to have moisture ingress from the outside. It can be generated internally and this is a 

major problem. Recently, commercial vegetable oils have been developed for 

transformer use which have claims to reducing the moisture-related degradation of 

paper in the transformer [199] however such oils are not yet widely used and thus the 

effect of moisture on mineral-oil impregnated paper is still the main issue.

2.1.3 Insulation

All parts of the transformer which operate at different voltage require electrical 

insulation between them. Within a winding the insulation must be arranged not only to 

provide sufficient dielectric strength to prevent breakdown under any conditions likely 

to be met in service but also must be spaced to allow adequate circulation of the cooling 

medium so that no part of the winding becomes excessively hot above hot spot [36].
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The transformer insulation is usually divided into two categories: major and minor 

insulation. Major insulation includes the insulation between the windings, insulation 

between the windings and core, insulation between winding and earthed tank and 

insulation between core laminations. Minor insulation is the insulation between the 

individual adjacent turns of a winding. The difference is in the voltage and thus the 

electrical stress levels that the two insulation types are subject to, with major insulation 

having full phase voltage across it and minor insulation only some small fraction of total 

voltage across it.

The life of a transformer is determined by the life of its insulation which, apart from 

mechanical damage, is mostly dependent on the temperature and moisture content at 

which it is operated [32].

There are basically two types of insulation materials used in large transformers. The 

type of insulation used is determined by the usage and requirements of the transformer. 

Most power transformers used in the world are mineral oil-filled. The solid insulation of 

the oil filled transformer is mainly paper wound around the winding turns and this is 

then impregnated with the mineral oil. The purpose of the oil is to provide insulation in 

its own right and also to impregnate the paper and other cellulosic materials to exclude 

air and to strengthen their insulation level. The oil serves another useful function as 

convective heat transfer agent and cooling medium in transformers. Mineral oil has a 

flash point of 170°C [29] and is combustible and can cause a significant fire hazard. As 

a result of such fire hazards with mineral oil, transformers which are used in buildings 

are of the dry type, with no oil or, alternatively, use a synthetic oil with a high flash 

point, such as silicone oil.

Dry type transformers are larger in size and are more costly but have higher temperature 

ratings. In dry type transformers the insulation used is usually cellulose paper or 

synthetic paper such as Nomex and the winding is insulated by varnish in the exposed 

winding dry types. The other style of dry type transformer is the cast-resin type. In this 

type, the windings are encased in a solid epoxy resin casting around the structure.
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In this thesis only mineral oil-impregnated paper transformers have been studied.

Figure 2-2: Power Transformer Solid Insulation [34]

2.2 Insulation Basics

The function of the insulation in the transformer is to isolate parts at different voltage 

potential from one another. The voltage stresses arising in a transformer must be known 

for the initial design of the insulation system. The magnitude of these stresses depends 

on the voltages across the transformer terminals in service. The stresses on the 

insulation within the windings can be determined from the design terminal voltage and 

from knowledge of the voltage distribution in the transformer structure [37].

Such an insulation system needs to be designed to withstand a number of conditions 

while in service and to last for a reasonable period of time, as it is the insulation system 

that usually determines the ultimate life of the transformer. The insulation system must 

be designed to withstand normal operating voltage as well as over voltages produced by 

lightning and switching transients. The frequency spectrum of variations of switching 

impulse voltages extends up to tens of kilohertz and that those of the lightning impulse 

voltage up to several hundred kilohertz [38].
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The insulation system must be mechanically strong enough to withstand the forces 

experienced during switching operation or during through-faults and it must be able to 

dissipate the ohmic and dielectric heat losses generated efficiently during normal 

operation, short term and long term overloads and through-faults. The insulating 

materials of optimum dielectric strength properties that have been used in large high 

voltage power transformers are oil-impregnated cellulose based products, primarily 

paper and pressboard [39].

In the bushings, which are used for leading out the high voltage ends of the transformer 

windings from the tank, oil-impregnated paper or resin bonded or resin impregnated 

paper are also employed as insulation in the inside of the porcelain or composite 

material bushing housing. In the internal insulation where high mechanical strength is 

required phenolic resin-based paper insulation or pressboard are employed [32].

Modern power transformers have insulation systems which are a combination of solid 

and liquid materials. Synthetic solid and liquid materials are becoming more widespread 

especially in areas where their low flammability is an advantage. In large power 

transformers, no kind of insulation has so far succeeded in superseding the oil- 

impregnated paper and oil-impregnated pressboard insulation. The insulation system of 

a transformer also comprises materials such as porcelain, wood, fibres, resin etc. [29].

The overall insulation system and its deterioration determine the life and the condition 

of the transformer. The deterioration process of most insulating materials is caused by 

the influence of temperature, moisture and gas generation from oil and paper breakdown 

[3]. Over the years a range of different types of insulation materials have been used in 

transformers apart from the common ones listed above. The more common materials are 

briefly discussed below, although they are not all a matter of interest insofar as the 

thesis work described here is concerned. Only the oil and cellulosic materials are of 

interest here.
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2.2.1 Gases

Air is used in dry-type transformers as an insulant, although it is not the primary 

insulation material. SF6 gas has much better insulating properties than air and also

much better thermal transfer characteristics and is now being used as the primary 

insulation in large power transformers where there may be a potential fire hazard from 

oil transformers (such as in buildings) and where dry type transformers are too small in 

rating.

2.2.2 Liquids

Mineral oil is extensively used in power transformers and originates from petroleum- 

based mineral oil which is purified to a suitable grade for insulation use. It is 

extensively used in power transformers mainly because of its easy availability, low cost 

and inherent properties as an excellent dielectric and cooling medium. Mineral oil and 

its deterioration will be discussed in detail later.

As mineral oil is combustible and has a flash point of 170°C [29], synthetic oils such as 

silicone oil and polychlorinated biphenyl (PCB) were developed for transformer use. 

PCB is an extremely good insulator with non-flammable nature, but is toxic by nature 

and is banned from use in electrical equipment. Silicone oil is much more expensive 

than mineral oil and is currently used only in special application such as locations where 

flammability is a problem.

A major and increasing problem with mineral oils is their disposal. They are not easily 

bio-degradable and thus in recent years fully biodegradable oils such as vegetable oil, 

coconut oil and soybean oil have been investigated to overcome the environmental 

disposal problems with mineral oil and silicones. Two commercial bio-degradable oils 

are now available from ABB and Cooper Power Systems.

2.2.3 Solids

It is essential in electrical equipment to have solid structural insulation materials. The 

mechanical and electrical strength of such materials are the most critical factors. 

Cellulose-based materials such as pressboard and synthetic resin bonded paper have
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been the oldest and widely used insulating materials for structural insulation purposes. 

When impregnated with oil, paper provides a very good insulation and materials such as 

pressboard (compacted cellulose material) has very good structural and mechanical 

strength capabilities.

Cellulose is the basic form of paper and similar naturally occurring materials such as 

cotton. It is a natural substance formed from the basic glucose molecule. The molecular 

formula is (C6Hio05)n with typically about 1200 glucose rings making up a cellulose 

chain [36]. Most cellulose material used in electrical apparatus is manufactured from 

wood using the Kraft process. The mechanical and thermal properties of the paper 

material are very dependant on the number of glucose molecules in the basic chain. As 

the paper ages the number of glucose rings in the chain decreases. The applications of 

cellulose material in transformers are quite prominent as their relative cheapness is a 

major attraction.

Porcelain has been used by the electrical industry for quite some time in transformers. 

Its good flashover characteristics and resistance to ageing are well known. It is used 

widely in transformer bushings because of its ability to withstand atmospheric 

conditions. Composite polymer materials are increasingly being used for bushings to 

replace porcelain. They are primarily glass fibre with an outer surface casing of silicone 

resin (although ethylene propylene diene monomer [EPDM]) is also commonly used.

Some other solid insulation materials such as resins and laminates are also discussed 

briefly below.

2.2.3.1 Resins

Resins initially had a drawback because of their susceptibility to damage from partial 

discharges (PDs) and the difference in expansion coefficients between some resins and 

conductors, which led to some problems of cavitation that promoted such discharges. 

However improved manufacturing techniques e.g. addition of silica flour to epoxy resin 

have resulted in the reduction of these drawbacks to some extent.
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2.2.3.2 Laminates

A most important example in this category includes paper and cloth layers bonded 

together by resins. Special plywood (fully or partially impregnated with resins), higher 

quality materials of glass fibre layers impregnated with silicone, polyester and other 

resins are also used. The choice of material when used for external purposes is decided 

by the electrical tracking properties and its capacity to withstand atmospheric 

extremities, moisture and dirt.

2.2.4 Liquid Impregnated System

At higher voltages, liquid-impregnated systems have a substantial dominance over other 

types of insulants, particularly for extra high voltage transformers. However the 

moisture content, the impregnant material losses at operating stresses, and the PDs are 

of critical importance in this form of insulation. Research and development activities are 

in progress to minimise the impact of these factors and develop optimum liquid 

impregnated system.

2.3 Transformer Insulation

The life of a transformer depends very much upon the life of its insulation [40]. Thus 

the degradation mechanisms of transformer insulation are an important determinant of 

the transformer insulation condition. There is consequently a very significant level of 

research into the ageing mechanisms of transformers and how these will affect the 

transformer operation and how its condition can be assessed from such knowledge. In 

particular there is a need to understand better the impact of sudden thermal shock and its 

effect on transformer insulation particularly when there is moisture present. Sudden 

thermal shock will arise from short circuit effects and will potentially form gas bubbles 

in the oil and the presence of moisture will be a major factor is such bubble formation 

and in the long term effect on the insulation. When over-voltage is applied to such oil- 

impregnated insulation the gas bubbles can generate PDs and these discharges can then 

continue at the operating voltage [37].
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As the dielectric strength is affected by so many factors, it is useful for the design 

engineer to appreciate those factors and mechanisms, such as the above, which can 

cause insulation failure so that by appropriate design, manufacture and testing they can 

ensure that the more deleterious conditions do not occur in installed insulation. In badly 

designed or degraded materials dielectric losses may exceed the rate of heat dissipation 

at relatively low stress and thus cause cumulative long term heating and thermal 

breakdown. In better quality materials, breakdown is usually caused in air or oil around 

the electrode [37].

The electric strength of insulation in electrical equipment is very much dependent on the 

configuration, the electrical properties of the insulation medium and any contamination 

present and these factors thus affect the long term behaviour of equipment insulation. In 

particular, they will determine the inception level of partial discharges (PDs). Partial 

discharge activity is an important indicator of insulation degradation and is a useful 

precursor of full electrical breakdown of the insulation [35], For this reason partial 

discharge monitoring has been used in this study to determine the deterioration 

processes of impregnated paper insulation under thermal shock and moisture 

contamination conditions.

The partial discharge inception stress and PD magnitude in oil-impregnated paper 

transformer insulation is determined and affected by several factors, including the 

thickness of the paper and presence of metal foils, such as in bushings, the relative 

permittivities of paper and oil impregnant, the completeness of impregnation and the 

degree of dryness of the paper. With well-dried paper the discharge inception stress can 

be very high, but the presence of moisture can greatly reduce the stress at which gas 

liberation and thus discharges occur. The discharges in oil impregnated insulation can 

start due to the presence of cavities in the insulation or can be initiated by moisture 

concentrations. The discharge magnitude in cavities depends on the location, size, and 

shape of the cavities. Electrical discharges can also occur in a high voltage region due to 

disturbance of the moisture equilibrium, causing low PD inception voltage and higher 

PD intensity [33, 41-42].
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Both paper and oil will absorb moisture in the transformer, and their dielectric strength 

deteriorates with increasing level of moisture content [43]. Moisture may come from 

external sources such as leaks which can allow some atmospheric gases into contact 

with the oil, or internal sources such as the degradation of the cellulose chains. One 

product of the cellulose chain break-up is moisture. High levels of moisture in the paper 

can lead to accelerated ageing of the solid insulation and formation of gas bubbles in the 

oil. As the transformer heats up on load, water held in the paper will migrate into the oil. 

As the transformer cools down again, the moisture in the oil migrates more slowly back 

into the paper thus resulting in some excess moisture remaining in the oil for a period of 

time.

The dielectric properties of the oil and the cellulose-based materials (paper and 

pressboard) within the power transformer are strongly influenced by operating 

temperature, moisture and general ageing [5]. The ageing degradation rate depends on 

the thermal, oxidative, electrical and mechanical conditions of the insulation materials 

inside the transformer. Most of the solid insulation material used is made from basic 

cellulose without any binder. Transformer paper is used for wrapping the conductors of 

the winding to provide basic inter-turn insulation and insulation from earth. The 

pressboard is built up to be thicker than paper layers and is used to mechanically 

support the winding discs and to separate the high and low voltage windings. 

Transformer oil filled within the transformer tank provides dielectric strength, cooling 

and protects the paper. The windings are cooled by circulation of the transformer oil 

through the windings.

It is very important for the solid insulation to be dry and fully oil-impregnated. The 

presence of moisture will reduce the dielectric strength and can cause low PD inception 

voltage and higher PD intensity, thus accelerating the degradation of the insulation 

material [44-45]. The disturbance in the moisture equilibrium can also lead to 

breakdown of the insulation. In oil-impregnated transformer insulation, the quality of 

the insulation depends heavily on the properties of insulating materials.

Figure 2-3 below (taken from [198]) shows the complex relationship between oil and 

paper moisture content and temperature. It can be seen from the curves that at the very
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high temperatures used in the experiments of this investigation (140°C) the moisture 

level in the paper will be very low and quite high in the oil. Thus operation at very high 

temperatures will dry the paper out and change their PD activity characteristics. It is this 

effect that is under investigation in this work.
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Figure 2-3: Moisture Equilibrium Levels in Oil-impregnated paper 

(From Oommen and Prevost [198])

2.4 Structural Insulating Material

Oil-impregnated cellulose insulation is still the preferred basic insulation material in 

transformers because of its ability to withstand the extreme electrical and mechanical 

stresses that can occur in service. Cellulose based structural materials are mechanically 

strong, light weight, easily available and relatively cheap. They can be manufactured in 

the required sizes and thickness needed for different applications. Thick pressboard or 

wood is used between turns of the windings to provide ducts, through which cooling oil 

can flow. Pressboard cylinders are used to insulate the windings from the metal core. 

The impregnating mineral oil displaces air bubbles in the material improving the 

electrical strength and cooling ability of the insulation system [39].
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Cooling is required to dissipate the heat generated in the winding resistance and in the 

core from magnetic field losses. Excessive temperature rise in the core and windings 

promotes increased degradation of the insulating materials and thus must be controlled. 

The transformer windings have ducts to allow oil circulation for cooling. Oil circulation 

is achieved either by natural or forced convection [32].

Ultimately, temperature rise limitation is the major problem for transformer operation. 

The lifetime of the solid insulation depends on the operating conditions and thus on the 

temperature. Temperature will also affect the moisture content and to reduce the 

insulation ageing, it is therefore helpful to limit or remove the influences that cause 

adverse effects, particularly the moisture that may diffuse slowly inside the transformer 

during service or be generated by paper degradation in the windings. Even small 

amounts of moisture can reduce the electric strength of the insulant. Moreover the 

cellulose insulation absorbs water out of the liquid leading to an accelerated ageing rate 

[46-47],

2.4.1 Insulatinu Oil Properties

The chemical structure of oil is very complex, being made up of hydrocarbon and non

hydrocarbon molecules and some other impurities. The hydrocarbon compounds consist 

of paraffinic, naphthenic and aromatic types. The non-hydrocarbon compounds consist 

of acids, esters, alcohols and ketones. The chemical make up of the oil and the 

impurities can have a major impact on oil properties such as oxidation behaviour and 

dielectric strength [33, 48]. The general molecular structures of the hydrocarbons are 

shown in Figure 2-4.

Transformer oil is a complex organic compound which oxidises and decays over time. 

The products of oxidation and decomposition lead to damage of the insulating paper of 

a transformer and degradation of the oil. Oxidation is a very common cause of oil 

degradation and the main products of oxidation process are acids, water, carbon dioxide, 

carbon monoxide and solid constituents, and the degradation process of the oil 

molecules is promoted by dissolved metals in the oil that can act as catalysts [49].
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Figure 2-4. Molecular Structures of Hydrocarbons

Top are paraffins (left is Methane, middle is Normal Butane, Right is Isobutane), 

Middle are Naphthenes (Left is Cyclohexane and Right is 3-Ring Homologue) and 

Bottom are Aromatics (Left is benzene and Right is Double Ring Aromatic)

Water is the major contaminant in transformer oil and affects the dielectric properties of 

oil, particularly as the temperature increases the solubility of the oil. Water can exist in 

oil in the dissolved state, tightly bound to oil molecules, and also in the free state when 

the moisture in the oil exceeds its saturation value. Elevated temperature in oil enhances 

the rate of oxidation and solubility of the oil and hence the amount of water in the oil 

also increases [50]. The moisture in the transformer reduces the insulation strength by 

decreasing the dielectric strength of the transformer insulation system. When the 

transformer warms up, moisture migrates from the solid insulation into the fluid. The 

rate of migration is dependent on the conductor temperature and the rate of change of 

the conductor temperature. As the transformer cools, the moisture returns to the solid 

insulation at the slower rate.

Although the most important property of insulating oil is its dielectric strength, the flash 

point, pour point and kinematic viscosity are also important properties. These physical 

properties of oil are typically determined by conducting tests on new oil after the 

distillation process. The key oil properties usually recorded are colour and appearance,
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density, specific gravity, viscosity, pour point, flash point, interfacial tension, 

neutralisation number/total acidity, water content, electric strength, gassing tendency, 

dielectric dissipation factor, breakdown voltage, specific resistance and sludge content. 

The most important of these are discussed below.

2.4.1.1 Colour and Appearance

Colour and appearance can be used during both acceptance and qualification tests to 

indicate substandard oil [33]. A high colour number may be an indication of oil 

deterioration or contamination. Besides colour, the appearance of the oil may show 

cloudiness or sediments which may indicate the presence of free water, insoluble 

sludge, particles etc.

2.4.1.2 Specific Gravity

Specific gravity is very important in extreme cold weather when there is a concern 

about water in oil freezing and rising to float on top of the oil in a power transformer.

2.4.1.3 Viscosity

Low viscosity of transformer oil is an absolute essential in order to ensure the proper 

circulation and unrestricted flow in the transformer in order to dissipate the heat. An 

increase in viscosity will depend on the oil constitution. Increase of temperature 

decreases the viscosity increasing rate of convective flow. Low viscosity of oil assists 

initial penetration of oil into ducts and promotes circulation through the winding to 

overcome local overheating. Ageing and oxidation of the oil tend to increase the 

viscosity [51].

2.4.1.4 Flash Point

Flash point of oil is the minimum temperature at which it gives enough vapour to form a 

flammable mixture with air under standard test conditions. Flash point is affected by the 

impurities in the oil. For example, volatile combustible products when present in oil 

reduce the flash point of oil. Also prolonged exposure of the oil to high temperature 

under fault conditions may produce sufficient quantities of low molecular weight
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hydrocarbons to cause a lowering of the flash point of the oil. Therefore it is desirable 

for fewer hazards that the oil should have very high flash point [53].

2.4.1.5 Interfacial Tension (IFT)

Interfacial tension is defined as the strength of the film separating two immiscible 

fluids. The IFT level between water and oil gives a determination of whether the oil has 

been subjected to an ageing process. IFT is determined by soluble polar contaminants 

and other products of deterioration. The IFT characteristic changes rather quickly during 

the early stages of ageing but levels off when the deterioration is still only moderate. 

Good new oil exhibits a high IFT. Oil oxidation contaminants lower the IFT because the 

contaminants have a high affinity to water and the oil molecules. IFT can be used to 

indicate when all chemical stabilizer has been used up so more can be added. IFT is a 

sensitive parameter used for screening the new oil exposed in transport to soaps, acids, 

varnishes and solvents [53]. IFT is a valuable monitor of transformer oil condition.

2.4.1.6 Neutralisation Number/Total Acidity

The neutralisation number is a measure of the amount of acidic contaminants in oil. 

Acidity of oil slowly increases with ageing of transformer oil. The oxidation of oil 

produces acids, which are harmful to the solid insulation. Acids can also cause rusting 

of iron in the presence of moisture. Increase in acidity is less predominant in paraffinic 

oil and interfacial tension is considered a more important way to monitor the oxidation 

status of paraffinic oil [33].

2.4.1.7 Water Content

Water content is one of the most important chemical tests as the presence of water in oil 

insulation is highly undesirable due to its adverse affects on the dielectric properties. 

Solubility of water in oil increases with increase in temperature. When the oil in service 

oxidises, acids are formed that also increase water solubility of oil. Acids coupled with 

water further decompose oil forming more acids and water. Consequently the rate of 

deterioration of oil can increase very rapidly. The water present in a transformer is 

distributed between paper and oil with the paper having a much higher % water content 

because of the potential of the fibrous structure of cellulose to absorb large quantities of
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moisture. As the temperature of a transformer increases, the paper releases water thus 

increasing the water content of the oil. The temperature of oil at the time of sampling is 

thus very important for analysis based on water content [54].

Water present in the transformer oil mostly originates from the atmosphere. At 

comparatively low water contents water remains in very small droplets forming an oil- 

water solution and does not alter the appearance of the oil. Dissolved water may or may 

not affect the electrical properties of the oil. The very small droplets of free moisture 

cannot sink to the bottom of the transformer because of the interfacial surface tension 

and the oil viscosity. Above a certain water content all the water cannot remain in 

solution and free water may then be seen in the form of cloudiness or water droplets. At 

still higher water content, water may be deposited on horizontal surfaces and on the 

transformer bottom. Free water invariably results in decreased electrical strength and 

electrical resistivity and an increased dielectric dissipation factor (DDF) [55].

2.4.1.8 Dielectric Strength

Dielectric strength is the measure of the ability of the oil to withstand electric stress 

without failure. The dielectric strength is an important property of oil in order to provide 

adequate insulation between the windings. The dielectric strength is strongly dependent 

on the amount of free water content and on the level of contamination or conducting 

particles in the insulating oil. The dielectric strength of hydrocarbon gas-filled oil is 

lower than that of oil free of dissolved gas. The reduction in the dielectric strength can 

lead to breakdown of the transformer insulation.

2.4.1.9 Gassing Tendency

Gassing tendency is the measure of the amount of gas that can be dissolved in oil. The 

gases are formed and become dissolved in the transformer oil during the normal 

deterioration of aging or due to the presence of the faults. The solubility of gases in 

mineral oils is strongly dependent on the partial pressure of the gas above the oil surface 

at a given pressure. This also depends on temperature but reliance on temperature is 

small [33, 37], This is an important quantity in terms of sudden thermal shock and its 

effects on the oil, potentially in bubble formation.



Chapter 2: Transformer and its Insulation 23

2.4.1.10 Dielectric Dissipation Factor (DDF)

Dielectric dissipation factor (DDF) [loss angle or Tangent Delta (Tand)] is a very 

important monitor of overall insulation quality. It is a non-destructive AC voltage test. 

DDF has characteristic values for the quality of the oil as a dielectric. Good oil should 

have a DDF less than 0.005 at 90°C. A high DDF is an indication of the presence of 

contaminants [56].

Since oil will age in service, change in DDF value serves as an indication for the change 

of the electrical properties of oil and the solid insulation. The values of DDF are 

strongly dependent on temperature. There is generally a relationship between DDF and 

resistivity at elevated temperature as both are affected by same contaminants. A 

decrease in resistivity is coupled with an increase in DDF [53]. The temperature 

dependence of DDF must be taken into account when performing such tests and in 

drawing conclusions from the tests, particularly when trend analysis is being performed.

2.4.1.11 Sludge Content

Sludge is the final product of oil oxidation. It increases the viscosity of the oil and this 

can reduce the cooling efficiency. Once sludge formation has started in transformer it is 

deposited on the paper insulation and closes its pores to oil impregnation. With time the 

layer of sludge becomes hardened and obstructs the passage of oil to the windings and 

thus effectively reduces the cooling process. If electrical resistivity, IFT and acidity 

values rise to near the limit levels it is important to monitor the sludge content in oil 

regularly [53].

The principle characteristics of oil can be divided into mechanical, physical and 

electrical groupings. Mechanical properties include changes in volume with temperature 

and pressure. Physical change includes the chemical structure of the oil that include 

acidity and oxidation, and gas absorption. Electrical properties include the dielectric 

strength of oil, the DDF and resistivity.
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The dielectric strength of transformer oil is affected by the moisture content and the 

presence of fibrous and similar impurities. One requirement of oil quality is that it must 

primarily be resistant to PD activity. PD activity will cause gas generation which will 

degrade the oil. In addition, good quality oil must show very good cooling 

characteristics. It must have low viscosity, a solidification temperature as low as 

possible, and no tendency to form sludge during operation [58].

The presence of oxygen in transformer oil causes chemical degradation. Hydrocarbons 

in the oil are oxidised when oxygen is present. The rate of oxidation depends on the 

oxygen level, temperature, moisture and other parameters. Hydrocarbons are oxidised to 

alcohols, aldehydes, ketones and finally acids. These oxidation products are polar in 

nature and will have an effect on the interfacial tension of the oil.

The decrease of interfacial tension (IFT) means acid level increases and the transformer 

oil ages as shown in figure below.
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Figure 2-5 Interfacial Tension and acidity variation with service age [42]
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Mineral oil is somewhat hydrophobic and the amount of moisture that can dissolve in 

oil is very small. The solubility of water in oil is dependent on temperature [33]. It is 

commonly accepted that water that is fully dissolved in the oil has a minimal effect on 

the breakdown voltage. On the other hand, free water (droplets) in oil significantly 

lowers the dielectric strength of the oil. Cellulose insulation is hydrophilic so the bulk of 

moisture that ends up in a transformer migrates into the cellulose insulation. Once the 

moisture is absorbed by the cellulose it is strongly held due to hydrogen bond 

formation. It is nevertheless true that some moisture exchange will occur between these 

two phases, oil and paper, as the temperature changes.

The development of electrical breakdown in liquid dielectrics, including mineral oil, is 

complex and there is no consistent theory explaining all of the processes leading to 

breakdown in oil [57, 59]. Some theories try to implement a similar mechanism as that 

which occurs in avalanche breakdown in gases. Other approaches focus on phenomena 

occurring due to contamination in the oil volume and liquid, highlighting the role of 

contaminant particles (also including liquid and gaseous contaminants). Academic 

studies explain the mechanisms of breakdown in liquids as being variations of electronic 

(with development of electron avalanche, leaders, and streamers), ionic (utilising the ion 

conduction in contaminated liquid), suspended particles (which polarise in the field and 

concentrate, resulting in breakdown), gaseous (where presence of gas bubbles decrease 

local strength) and electro-convection effects (involving dynamics of space charge in 

liquid) [57-59].

As there is no single consistent theory explaining complete breakdown or ageing of oil 

due to the complex chemistry of mineral oils there is no single test method that can 

exactly tell the conditions existing within an operating transformer. Thus regular 

monitoring of various parameters and maintaining oil quality are essential in ensuring 

the reliable operation of oil-filled transformer.

To ensure that oil is of adequate quality it must possess certain essential properties 

mainly: high electric strength to withstand the electric stresses imposed in service, 

sufficiently low viscosity so that its ability to circulate and transfer heat is not impaired 

and proper oxidation resistance to ensure long life in service.
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It is necessary that the oil be tested and if necessary treated and brought to purity degree 

that corresponds to the operating stresses. Clearly, equipment failure can be avoided if 

the condition of the oil in a functioning unit is monitored and based on the results, 

remedial action is taken [60- 63].

2.4.2 Insulating Paper

Paper used for transformer winding insulation is made from wood pulp by the Kraft 

process. It contains about 90% cellulose, 6-7% lignin and the rest is pentosans [36]. The 

natural moisture content of such paper is 4-5% by weight and the insulation on the 

windings is dried to a moisture level of less than 0.5%. The dehydrated paper is 

impregnated with insulating oil, which increases its dielectric strength [36, 39]. The 

typical cellulose structure is shown in Figure 2-6. It consists of chains of glucose 

molecules linked together by the so-called glycosidic bond comprising the oxygen link 

shown.

Figure 2-6. Typical Cellulose Structure [36]
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Cellulose paper is thus a natural polymer of glucose. The strength of the cellulose paper 

is significantly dependent on the degree of polymerisation (DP) of the cellulose 

polymer. The DP of the paper is effectively the number of coupled glucose molecules in 

the basic cellulose chain. The average DP is monotonically related to the breaking 

(tensile) strength of the paper: the lower the DP value the lower the breaking strength. 

Cellulose degradation due to ageing in transformers causes the chains to break up and 

results in smaller numbers of glucose molecules in the chains. This reduces the average 

DP value and causes loss of mechanical strength, leading to tearing, brittleness and 

defibrillation. In contrast, the dielectric strength is not greatly affected [64]. However 

the loss of mechanical strength and the brittleness makes the paper unsuitable as an 

insulant if the number of glucose molecules in the chains becomes too low.

After manufacture, the average DP value of new paper is between 1000 and 1300. 

Drying the paper in the transformer decreases this and ageing in service due to 

operational heating decreases it further. At an average DP level from 950 to 500, the 

strength of the paper is almost constant but, in the range 500-200, it decreases in direct 

proportion to the average DP value. An average DP value lower than 200 makes 

cellulose paper very brittle and it is then considered to have insufficient strength for HV 

insulation applications [65-66] and is then quite unsuitable for use as a dielectric 

material in transformers.

Degradation of cellulose in electrical insulating paper occurs via complex sequences of 

low temperature chemical reactions, which are not yet completely understood. The 

processes involve molecular chain scission (de-polymerisation) and the release of 

breakdown products such as hydrogen, short-chain hydrocarbons, carbon monoxide, 

carbon dioxide and water. The carbon oxides and moisture dissolve in the oil, where 

their concentrations can be used to forecast transformer condition. Degradation of the 

paper also releases larger molecules in the furan group. The gas 2-furfuraldehyde (2- 

furfural or simply 2FAL) is the major furan gas and can be detected in the oil and can be 

used to give a more precise indication of the condition of paper [22, 66-67]. Although 

the precise relationship between DP and 2FAL is not able to be determined analytically, 

there are a number of empirical relationships that have been established and which have 

been used to provide useful indication of paper degradation in transformers [198].



Chapter 2: Transformer and its Insulation 28

Degradation of the paper generally involves one of the following mechanisms: (i) 

hydrolytic (moisture) degradation, (ii) oxidative (oxygen) degradation and (iii) thermal 

degradation [68]. The moisture present in the paper, besides accelerating the ageing 

process also increases the loss factor (tand), this increase of tanS may be so high that 

thermal instability is caused and breakdown can occur [56]. Any oxygen that may enter 

the transformer from external sources will be dissolved in the oil and will act directly on 

the paper to accelerate its ageing. This occurs because the oxidation can weaken the 

glucosidic bonds and lead to de-polymerisation which reduces the DP number and ages 

the paper.

Sudden temperature rise (thermal shock) can cause rapid evolution of moisture from the 

insulation causing potential failure [64], High temperature of the oil and paper can lead 

to premature destruction of the transformer, because the high temperature will increase 

the rate of oxidation and also increase the solubility of moisture in the oil and thus lead 

to an increase of moisture level in the paper. In a transformer the total water content is 

distributed between the paper and the oil in a ratio that is predominately in favour of the 

paper because of its ability to absorb large quantities of moisture [68-69]. At high 

temperatures bubble formation will occur, and free water formation and static charge 

relaxation at the various interfaces are the associated detrimental effects that result from 

the moisture movement [70].

2.4.3 Insulating Pressboard

Pressboard material is made up of sulphate cellulose, a very high-grade insulating 

material. Pressboard is produced by compressing several paper layers (made from pine 

wood) while in a wet condition, without any cementing or bonding material to attain 

high mechanical strength. The addition of bonding agents has proved deleterious in 

every way from the electrical aspect. The thinner the individual paper layers the better is 

the quality of the resulting pressboard. The quality of cellulose and water used in the 

manufacturing process is very important in achieving a quality pressboard [39, 55, 71].
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In high voltage power transformers, pressboard has acquired an important role as 

structural sheet barriers used in the main oil gap, while pressboard spacers called chocks 

are used to separate the winding discs or layers from one another. Insulating cylinders 

and moulded pieces are also made up of pressboard [72].

The dielectric properties of pressboard mostly depend on the temperature and on the 

amount of water contained in the cellulose layers. In order for pressboard to have high 

dielectric strength and minimum moisture, it is important to monitor the moisture 

content of the pressboard. Cellulose paper and pressboard have a comparatively low 

thermal withstand capability and during any operation involving overloading, water is 

generated that can accelerate ageing, disturb the moisture balance that can result in 

breakdown and also cause lowering of the PD inception voltage and can also result in a 

higher PD intensity [71, 73].

Excessive moisture in pressboard, when their molecules are subjected to the high 

electric field inside a transformer, become polarised and if contained inside bubbles 

formed by the thermal overload, will distort the bubble. The result is elongation of the 

bubble along the electric field lines. Eventually, the molecules break through the 

interfacial tension of the bubble and tiny water globules escape and race in opposite 

directions along the field lines, forming a long bridge that can causes PD activity or 

even transformer insulation failure. The presence of water in pressboard around the 

transformer winding can thus cause much greater problems compared to those arising 

from water in the oil. Water in the transformer’s solid insulation causes its insulating 

properties to deteriorate quickly [55, 74].

The phenomena of PDs due to high temperature and moisture contents in pressboard are 

considered dangerous for the satisfactory performance of the insulation system. The 

continuing deterioration in pressboard insulation due to PD activity can lead to 

premature failure of the system. Therefore, it is necessary to understand the PD 

phenomena in such cases in order to understand the degradation processes and thus 

provide useful design data to assist in the proper design, manufacture and maintenance 

of high voltage transformer [41, 73].
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All that has been said in relation to insulation paper in previous sections will mostly 

applies to pressboard material as well, so all steps should be taken to protect pressboard 

from the damaging effects of moisture and temperature in order to avoid insulation 

failure resulting in breakdown [55].

2.4.4 Oil-Paper Insulation

The oil-paper insulation combination has been of enormous importance to electrical 

equipment from the very beginning of electrical engineering development. It is still a 

predominant and most important form of electrical insulation in the modern high 

voltage transformer insulation, due to its superior insulation properties and low cost. 

The properties of oil-paper insulation depend on the properties of both paper and oil, 

and also the technology of the preparation of each and of the impregnation procedure. 

The electric strength of paper impregnated with oil in combination is much greater than 

that of the oil or paper individually [58].

In the process of preparing good oil-paper insulation, the condensed and absorbed water 

from the paper is removed and all of the capillaries in the cellulose structure are filled 

(impregnated) with good quality oil. This is done with the use of a combination of 

elevated temperature and high vacuum. The dielectric strength of the oil-paper 

combination depends primarily on how well the impregnation of paper with oil is 

performed. Unless the paper is perfectly oil-impregnated there will be voids of air or 

other gases present as impurities that can cause partial discharge activity [75].

The strength of the oil-paper insulation can be reduced by the combined effect of 

temperature, moisture and gases. Small changes in temperature significantly increase 

the moisture absorption capability of the oil water content but only increases that of the 

paper slightly. The effect of moisture content is most significant during transformer 

overload conditions. The presence of air and other gases in the oil-paper insulation 

cause harmful effects to the insulation system [48] in such situations. To achieve good 

oil-paper insulation system, the transformer has to be maintained virtually free of 

moisture for its entire life. It is much more difficult to extract moisture out of oil- 

impregnated paper once it has been allowed to penetrate significantly into the paper 

[75].
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To summarise, the insulating material used in oil transformers must have good electrical 

properties, good mechanical properties and good thermal stability. The electrical 

properties are required not only to withstand the rated power frequency voltage but also 

lightning and switching impulse voltages. Good mechanical properties required include 

mechanical strength and an ability to withstand the very high electromagnetic forces 

that occur during overloads and short circuit through-faults and also during fabrication 

and handling during the manufacture phase. Insulating materials must also have good 

thermal stability to maintain both the electrical and mechanical properties at the highest 

level during the life of the transformer.

2.5 Drying of Paper and Pressboard

High moisture contents in cellulose insulation can cause partial discharge. It thus needs 

to be dried very effectively. Cellulose with high moisture content is dried in three 

stages, during the first stage, the insulation is still so wet that all pores and capillaries 

are filled with water and its whole surface is covered with a cohesive water film. As 

soon as the surface is dry, the water diffuses into the cellulose, since the moisture 

content does not reduce uniformly throughout all layers. Instead drying is carried out, 

one layer at a time, towards the interior of the cellulose, with the process not being 

totally clear-cut due to inhomogeneous composition and hydroscopic properties. Below 

a certain moisture content however, the attractive absorption forces of water and 

cellulose molecules are so great that considerable energy is required to overcome them 

[75].

During the drying process the moisture must first be transferred from the liquid to 

vapour phase: this process can be accelerated by reducing the pressure. Energy in the 

form of heat is also needed to transform moisture to vapour and to overcome secondary 

bonds. This heat must be transmitted to the cellulose by heat conduction, radiation or 

condensation. Satisfactory drying as well as complete impregnation of the cellulose by 

oil is possible only when proper drying and impregnation techniques are employed [34].
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In some cases, a transformer may be in such a bad condition that it should not be 

disturbed in any way (for example the paper may be very brittle). Typically, such units 

are very old, very badly sludged and are usually near failure and therefore attempting to 

dry the insulation might accelerate failure. Most transformer manufacturers and many 

large users of transformer, such as electric utility companies, recommend that a 

transformer be removed from service and kept de-energised throughout the oil 

reclamation process. This practice eliminates the possibility of failure during 

reclamation in the event of an air bubble, sludge, or foreign matter getting into wrong 

places [76].

2.6 Transformer Insulation Testing/Checking Methods

Recently, there has been a very significant growing interest in the condition assessment 

of transformer insulation [63]. Primarily this is due to the increasingly aged population 

of transformer in the older utilities around the world. A large percentage of existing 

power transformer within these electric utilities are approaching the end of their design 

life. Many of these transformers appear to be operating satisfactorily. However, 

insulation degradation continues to be a major concern for these aged transformers and 

much work is being devoted to developing improved techniques to assess the condition 

of aged transformers. In particular there has been very considerable development of the 

use of dielectric spectroscopy and its derivative techniques (Recovery Voltage, 

Polarization De-polarization Current etc.) for monitoring of moisture content in 

particular [200].

A variety of electrical, mechanical and chemical techniques are available for insulation 

testing of a power transformer. For estimating its effective insulation condition, most of 

the techniques have been in use for many years. These include methods such as (i) 

measurement of insulation resistance (IR), (ii) dielectric loss factor (DDF), (iii) partial 

discharges (PD’s), (iv) interfacial polarisation (IP) using anomalous IR and frequency 

dispersion of capacitance, (v) oil quality, moisture content, (vi) dissolved gas analysis 

(DGA), (vii) degree of polymerisation (DP) of cellulosic paper and pressboard, and 

(viii) tensile strength of paper and pressboard. Other methods are relatively new, having 

been applied and implemented in more sophisticated ways over the last 10 years or so.
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These include (i) high performance liquid chromatography (HPLC) furan analysis, (ii) 

interfacial polarisation spectra (IPS) using return voltage measurements (RVM) and (iii) 

polarisation and depolarisation current (PDC) [79-80].

To assess the overall condition of a transformer, several testing techniques are used and 

some newer ones are still under investigation. The traditional routine tests used over the 

years include:

(i) transformer ratio measurement,

(ii) winding impedance,

(iii) short circuit impedance and loss,

(iv) excitation impedance,

(v) dielectric dissipation loss factor and capacitance

as well as applied and induced potential tests. These tests usually give information on 

faults in windings, winding conductor and joint problems, winding deformation, oil 

moisture and contamination, and dielectric problems.

Special tests include:

(i) PD measurement,

(ii) frequency response analysis,

(iii) vibration analysis,

(iv) infrared examination,

(v) recovery voltage measurement,

(vi) polarisation and depolarisation current and

(vii) DP measurement.

These tests detect problems such as local PD activity, winding looseness and 

displacement, slack winding and mechanical faults, connection hot spots, moisture in 

paper and ageing of paper as well as insulation degradation [29, 77-78].



Chapter 2: Transformer and its Insulation 34

The operating life of a transformer is affected by the integrity of its insulation. It is very 

important to test the insulation from time to time, in order to have an idea of its quality 

and strength. The techniques used most often to assess the integrity of power 

transformer insulation are as follows:

1. Power-Frequency Voltage Test

2. Lightning Impulse Test

3. Switching Impulse Test

4. Insulating Oil Checking

5. Insulation Resistance

6. Analysis of Gases Dissolved in Oil (DGA)

7. High Performance Liquid Chromatography (HPLC)

8. Short Circuit Reactance/Low Voltage Impulse Testing

9. Insulation Power Factor (Tan8)

10. Recovery Voltage Measurement (RVM)

11. Polarisation and Depolarisation Current (PDC)

12. Partial Discharges (PD’s) Location and Measurement

The different methods used for the insulation testing/checking of the transformer are 

briefly reviewed in the following.

2.6.1 Power-Frequency Voltage Test

The power-frequency voltage test is the traditional way of checking transformer 

insulation. Its purpose is to verify the dielectric strength of major insulation between 

individual windings, between windings and the earth parts, and of the insulation within 

individual windings. On windings with uniform insulation the test is performed in two 

parts. The dielectric strength of insulation is checked by a separate-source, power- 

frequency voltage withstand test and that of the insulation within the windings by the 

induced over voltage withstand test [29].
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2.6.2 Lightning Impulse Test

The lightning impulse test (1/50 psec voltage waveform) is performed to check the 

dielectric strength of transformer insulation against overvoltages of atmospheric origin. 

This test is applied as a routine test on a transformer of higher voltage rating. The 

existence of a fault can be recognised without any difficulty on the basis of waveform 

plotted during the tests, but not so the location of the defect. Testing experience can 

however indicate the kind of defect, e.g. whether it is a fault involving a few turns of a 

winding, or a breakdown between discs or layers or a fault within the tap changer, or an 

earth fault [31].

Accurate location of the fault, e.g. in the case of a turn to turn fault, as to which part of a 

winding (its beginning, middle or end) is not possible with any reliability. Such 

information is usually available only after dismantling the transformer and it remains 

difficult to pinpoint the defect even then, as an insignificant puncture occurring under 

the effect of the impulse voltage barely leaves any trace in the winding. By applying 

further pulses the damage can be made more extensive and the defect can be located 

more easily [31].

Conclusions concerning the test results can be drawn on the basis of the test impulse 

waveform. The waveform recorded during a chopped wave impulse test may be useful 

for fault detection purposes. If the required accuracy cannot be attained, the result of the 

chopped wave test should be assessed by the waveform of the subsequent full wave test 

[31].

2.6.3 Switching Impulse Test

The aim of the switching impulse test is to confirm the dielectric strength of 

transformers against switching surges. The lightning impulse voltage phenomena are of 

such short duration that no saturation of the transformer core can take place. In the case 

of switching surges, the role of such saturation becomes considerable. Thus, both the 

lightning impulse and the switching impulse may be considered as voltage surges 

bringing about unidirectional changes of flux. The duration of a switching impulse is 

sufficiently long to permit the flux to reach saturation level in the iron core. The
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detection of a breakdown occurring in the course of a switching impulse test is much 

simpler than in the case of lightning impulse test [30].

Any minor defect of the winding, e.g. a turn to turn fault, causes a very obvious change 

in the switching surge impedance of the transformer and gives rise to large distortion 

not only in the wave shape of the neutral current but also in that of the terminal voltage. 

When a switching impulse test is performed, it is sufficient to investigate the waveform 

for the voltage applied to the transformer and provide a reliable evidence of any 

breakdown that may have occurred within the transformer [30].

2.6.4 Insulating Oil Checking

The testing of oil samples drawn from transformer in service does not permit any 

reliable conclusion about the condition of oil-impregnated paper insulation in the 

transformer. However such tests represent the simplest and most practical means of 

detecting the presence of contaminants in the oil that may be harmful to the electrical 

safety of the transformer [81]. The standard testing method with commercial test cells 

checks breakdown voltage and the DDF of the oil.

2.6.5 Insulation Resistance

The insulation resistance is a basic quantity indicating the general well-being of a 

(primarily solid) insulation system. It is also a useful measure of the contamination of 

the insulation, particularly by the moisture. The method is based on measurement of the 

current flowing through a dielectric following the application of a direct current (dc) 

voltage. The most common instrument used is the “Megger” [37] high resistance meter. 

Insulation resistance is most useful for solids. It is of no use for gases and of very 

limited use for liquids.

Although the measurement of direct current as an indication of the condition of 

insulation in equipment has its limitation (e.g. ac conditions are not represented 

correctly, low resistance paths in series with good insulation are not easily detectable 

and parallel path effects cannot be eliminated within structures), this simple test has 

been developed by the industry as a valuable assessment tool [80].
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The test is actually based on determination of the variation in current following the 

application of voltage. This variation is determined by the polarization response of the 

material and this is a function of the dielectric condition. The current can be modelled as 

comprising three separate components, which are (i) the true capacitance charging 

current, (ii) the dielectric absorption current, and (iii) the true ohmic conduction or 

leakage current [80].

The tests generally used with the IR meter are;

1. Short-Time or Spot Reading test

2. Time-Resistance test

3. Step-Voltage test

2.6.5.1 Short-Time or Spot Reading test

The test is known as the spot-reading test because the actual test is applied for a short 

period of time, usually sixty seconds. The readings obtained by this method indicate a 

point on a curve of increasing resistance. The value of resistance value obtained can be 

used to show a trend in insulation condition [37]. This is the traditional test that gives 

the direct insulation resistance (IR) reading.

2.6.5.2 Time Resistance Test

The time-resistance test is based on the dielectric absorption effect of good insulation 

compared to that of insulation which is contaminated by moisture for example. The 

insulation resistance value of good insulation is expected to increase with time until 

reaching a final steady state value. The readings are carried out for ten minutes and the 

variation with time is recorded. The readings of insulation resistance will increase with 

time if the insulation is good because of the absorption charge affect, which takes longer 

to complete than the capacitance charging effect. If the insulation resistance remains the 

same for the time span, then the chances are that the insulation is contaminated by 

moisture [37]. The advantage of this method is that the condition of insulation can be 

shown directly without reference to previous tests. This method has also the advantage 

that it is largely independent of temperature and size of equipment under test.
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The extensions of time resistance test include the dielectric absorption ratio and the 

polarisation index of solid insulation materials [37].

2.6.5.2.1 Dielectric Absorption Ratio

The dielectric absorption ratio is the ratio of the resistance reading at sixty seconds to 

the resistance reading at thirty seconds. The table below shows the different dielectric 

absorption ratio values and their general corresponding insulation condition.

Dielectric Absorption Ratio Insulation Condition

Less than 1 Unsatisfactory

1.0- 1.25 Dubious

1.4- 1.6 Good

1.6 onward Very Good

Table 2-1 Dielectric Absorption Ratio and Insulation Condition [82]

2.6.5.2.2 Polarisation Index Ratio

The polarisation index (PI) is the ratio of the resistance reading at ten minutes to the 

resistance reading at one minute. The value obtained by this ratio gives a good 

indication of the presence of moisture in the insulation in general, although it is limited 

in its assessment value for aged insulation. Table 2-2 below indicates polarisation index 

values and their general corresponding insulation condition. The results obtained from 

insulation resistance tests indicate localised flaws, moisture ingress and end-winding 

contamination when performed on motors.

Polarisation Index Ratio Insulation Condition

0-1 Unsatisfactory

1 -2 Dubious

2-4 Good

4 onward Very Good

Table 2-2 Polarisation Index Ratio [82]
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2.6.5.3 Step Voltage Test

The step voltage test is performed on solid insulation initially at one level of applied 

voltage followed then by step increases (usually about 1000 volts per step) at higher 

applied voltages. The duration of the test is sixty seconds, with preferably voltage steps 

of 1000 V or if only two are used this may be for example lkV and 5kV. If the reading 

obtained at the higher voltage is significantly less than that at the lower voltage then the 

weakness is revealed at the higher voltage. If the reduction in resistance between the 

result at a lower voltage and that at the higher voltage is around twenty five percent this 

indicates an unacceptable level of moisture contamination [82].

2.6.6 Analysis of Gases Dissolved in Oil (PGA)

DGA is universally accepted as the method of choice to detect incipient thermal and 

electrical faults. DGA methodology and applicability have evolved significantly since 

its development. Under the effect of electric and thermal stresses, the degradation of 

organic insulation materials produces many gases. The kind, the amount and the 

proportions of these gases depend partly on the material damaged, partly on the nature 

of the phenomena responsible for this damage and on the level of energy they involved 

in action. The gases formed are also collected in a Buchholz relay which does not 

respond to all forms of breakdown at early stages [29, 83],

All gases generated by insulation decomposition are soluble in transformer oil to some 

degree and are able to be recovered by applying vacuum for chemical analysis of their 

species and quantity. Transformer faults which consist of overheating faults, arcing 

faults, discharge faults and faults involving cellulose will generate varying levels of 

dissolved gases and thus determination of the gas species and quantity can give 

information as to the fault type. Overheating faults produce ethylene, methane and 

acetylene. Hydrogen, acetylene, methane, ethane and ethylene are produced as a result 

of arcing faults. Methane, hydrogen, carbon monoxide, ethane, ethylene and acetylene 

are products of discharge faults. Faults involving cellulose degradation produce carbon 

monoxide and carbon dioxide. Hydrogen and carbon monoxide are the first fault gases 

to form as an evolving transformer fault initiates, therefore they are defined as two key
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fault gases, they represent an early warning for both oil and cellulose type dielectric 

failure modes [84-86].

The information supplied by analysing gases dissolved in oil provides assistance to the 

monitoring and maintenance of transformer and information can be very valuable in 

preventive measurement program. Also advance warning of a developing fault allows 

for convenient scheduling of repairs. The experience gained from the past has shown 

that the DGA is a powerful and sophisticated technique, successfully applied to 

transformers for many years. Refinements of the method are still needed to increase the 

usefulness of dissolved gas analysis (DGA). However, sole reliance on this method 

cannot provide complete protection against all types of evolving type faults [70, 87].

2.6.7 High Performance Liquid Chromatography (HPLC)

The condition of the paper insulation is much harder to detect by direct means because 

the paper is wrapped around the HV conductor and thus access is difficult. Paper cannot 

be sampled without taking the equipment out of service. Further, the more easily 

accessible sections of the paper for sampling are likely to be those located in lower 

temperature regions of the transformer and are thus likely to be less degraded than paper 

which is located closer to the hot spot and which has thus suffered most deterioration.

In DGA the carbon monoxide and carbon dioxide dissolved in the oil results from 

deterioration of both the mineral oil and the paper and are difficult to separate and use 

as a diagnostic tool. However the cellulose degradation generates a variety of furan 

compounds which also dissolve in the impregnating mineral oil and these provide a very 

sensitive monitor if paper degradation. Their detection in oil requires a more sensitive 

analysis of the oil using High Performance Liquid Chromatography (HPLC) techniques 

rather than the simpler gas chromatography method used in standard DGA. The HPLC 

technique has been developed to enable detection of the furan concentrations in the oil. 

The concentration of one of these, 2-furaldehyde or 2FAL, has been associated directly 

with the reduction of the DP of the paper. The benefit of using furan levels, instead of 

the carbon oxide levels, is that the furans are degradation products specific to the paper. 

Oil degradation will not produce furans. Furan analysis has been in use for condition 

monitoring on routine basis for a number of years [88].
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The empirical equations below are the more common versions which relate DP number 

of aged paper to furan level (F = 2-FAL)) measured in the oil [198]:

DP = [ 1.51 - logio (F)]/0.0035 [Chendong equation]

DP = [ 1.17 - logio (F)]/0.00288 [Scholnik equation]

DP = 800/ [(0.186.F) + 1] [Pahlavanpour equation]

DP = 7100/ [8.88+ F] [DePablo equation]

2.6.8 Short Circuit Reactance/Low Voltage Impulse Testing

A short-circuit reactance and low voltage testing methods are expected to reveal 

permanent deformations of the windings in transformers that have been subjected to 

heavy fault current. These methods are indirectly a means of detecting possible 

consequent insulation weakness [29]. The main form is the modern Frequency Response 

analysis Test (FRA) [201] which is now almost a mandatory test to be performed after a 

transformer suffers a through fault.

2.6.9 Insulation Dielectric Dissipation Factor (DDF or TanS)

The insulation dielectric dissipation factor is also known by other names such as 

dielectric loss, loss angle, insulation power factor and tangent delta (tan§). The 

dielectric loss in any insulation system is the power dissipated by the insulation when an 

ac voltage is applied and the polar materials of the insulation attempt to follow the 

changes in applied field orientation. Insulation DDF is an important property which 

provides vital information on the general well being of the overall insulation structure. 

AC bridge techniques are commonly used for measuring the DDF and capacitance. 

Although the DDF is the more useful parameter the capacitance can also provide useful 

information, for example in a capacitor graded bushing any short circuiting of layers 

may show up as a change of bushing capacitance.
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All electrical insulation materials apart from the gases have a measurable quantity of 

dielectric loss, regardless of their condition. Normal ageing of an insulating material 

will cause the dielectric loss to increase. In addition, contamination of insulation by 

moisture or chemical substances may cause losses to be higher than normal. Partial 

discharge activity will also increase DDF. The dielectric loss is thus a sensitive measure 

of the electrical losses in the insulation. Low values of dielectric loss are usually 

required as proof of the quality of the insulation. Increases in the value of dielectric loss 

over time are taken as a sign of deterioration of the insulation condition. Dielectric loss 

is one of the best indicators of the quality of a specimen of insulation, as its value 

changes with increase and decrease of moisture contents in the insulation [56]. It is 

particularly useful if the DDF is measured versus voltage to about 1.2 per unit as it will 

exhibit a “tip-up” at higher voltages that is a sensitive indicator of condition. DDF is 

also very sensitive to the measurement temperature and this must be considered and 

adjusted for if trends of DDF over time are being used to analyse condition.

In modern tests of paper insulation for moisture the polarization de-polarization test 

(PDC) provides DDF in the frequency domain over the range DC up to about 2 MHz 

and this frequency domain representation is found to be a more useful indication of 

insulation condition than the purely 50 Hz version [202].

2.6.10 Recovery Voltage Measurement (RVM)

The Recovery voltage measurement is a very useful technique in evaluating the 

condition of oil-paper insulation, as RVM can be used to determine the aging 

characteristics of dielectrics and is very sensitive to moisture [91].

The aging process can be determined by using various parameters of recovery voltage 

measurement as the properties of the dielectric changes when the degradation in 

insulation occurs.

RVM is a method that obtains the response of a dielectric by measuring the return 

voltage of the dielectric system to evaluate the condition of the insulation with respect 

to moisture content and ageing.
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During the RVM test the specimen is charged to a specified DC voltage, held at that 

voltage for a specified time, then discharged through a low impedance for a specified 

time and then the DC voltage that returns under the open circuit conditions is recorded 

over time and the maximum value of return voltage is recorded as a function of 

charging time [91]. This is the “Return Voltage” and its magnitude and variation over 

time is an important guide to the insulation condition.

Three characteristic parameters of the return voltage variation with time can be defined 

which are useful in terms of insulation condition. These are: (i) the maximum value of 

the return voltage, (ii) the time at which the maximum is reached and (iii) the initial 

slope of the return voltage versus time curve.

By plotting the peak return voltage as a function of charging time, the “Polarisation 

Spectrum” of the insulation can be obtained. The time of the maximum in that 

polarisation spectrum is called the domain time constant and this will tend to change 

significantly with insulation condition or with moisture content.

The technique measures the dielectric polarisation in oil-paper insulation and impurities 

such as moisture, ageing products etc. tend to collect at the interfaces between the 

components of the insulation and increase the electrical conductance at the interface. 

The increased conductivity in turn enhances interfacial polarisation in the composite 

dielectric.

If the condition of the oil-paper insulation is homogeneous and if the distribution of the 

temperature, moisture, and ageing by products in the insulation is uniform then the 

resulting curves have one dominant time constant because the dominant time constant 

and the intensity of elementary polarisation have uniform values [44, 84].

2.6.11 Polarisation and Depolarisation Current Method (PDC)

The polarisation and depolarisation current measurement is a useful technique for 

assessing the condition of the insulation materials in transformers, as well as in other 

solid insulation materials. When dielectric materials are exposed to an electric field, it 

becomes polarized.
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The PDC method is, to a degree, an extension of the RVM technique in that it uses the 

same method but does not open circuit the insulation after the depolarization sequence 

starts.

The PDC measurement applies DC voltage across the test sample for a long time (~ 

10,000 sec.). During the charging time, the time variation of the polarisation current 

arising due to the conductivity of the insulation material is measured. Then the test 

sample is short circuited after removing the applied voltage. The depolarisation current 

as a function of time is then measured for a similarly long period.

The polarisation and de-polarisation currents are strongly influenced by moisture 

content of the insulation materials and therefore the PDC measurement technique can be 

used to examine the condition of both insulation paper and transformer oil in the 

transformers. This technique gives general information about the state of insulation and 

is useful in estimating presence of moisture and in tracking development of ageing 

phenomena [86].

2.6.12 Partial Discharges (PD’s) Location And Measurement

Power transformer failures caused by the breakdown of the insulation materials are 

normally caused as a consequence of the gradual and cumulative damaging effects of 

partial discharges on the insulation materials over prolonged periods (perhaps years).

The PDs are localised ionisation of small high field regions in the insulation oil and 

paper in transformers. They occur particularly where there are interfaces of insulation 

with differences in dielectric permittivity (e.g. gases and solids) and this will result in 

high electrical stress and when the electrical stress is too high the PDs may occur at the 

interface of the insulation materials or in gas filled cavities within the dielectric.

Failure of the dielectric insulation inside transformers is often preceded by PD activity. 

A significant increase either in the PD level or in the rate of increase of PD level can 

provide an early indication that changes are evolved inside the transformer. PD activity
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in oil will produce hydrogen dissolved in the oil, whereas the generation of acetylene is 

more closely associated with higher level PDs where sparking occurs.

PD sources most commonly encountered are surface tracking in the insulation, voids in 

solid insulation, metallic particles, and gas bubbles generated due to some fault 

condition [89-90]. Detection of these PDs can provide a clear warning about the 

existence of incipient faults in insulation.

PDs can be measured electrically, by galvanic coupling to the PD currents or by 

radiative coupling to the electromagnetic radiation, or by acoustic methods, where the 

ultrasonic pressure pulses associated with the PD activity are monitored.

Acoustic methods of detecting PDs may allow location by triangulation. The 

interpretation of detected PD activity signals is not straight forward. Although PDs can 

indicate clearly insulation degradation, there is as yet no available detailed quantitative 

correlation of the remaining life of a transformer to PD activity level [41].

Traditionally PD monitoring measures discharge current pulses that arise from changes 

in the external circuit caused by charge redistribution in the insulation. This method 

does not allow direct correlation of the PD current pulse signals with insulation 

condition [37, 41], However modern PD methods now allow direct recording of the 

high frequency individual PD current waveforms and these true current waveforms 

provide a better correlation with insulation condition and trending [203].

Evaluation of the results of PD measurement is a complicated problem. The value of 

measured apparent charge in itself is not always a suitable or incontrovertible means for 

judging PD risks. Such a conclusion may be drawn by analysis of discharge current 

pulses and from location of the defect. If the PDs detected are only slightly higher than 

the specified limits, but are considered to be dangerous, or if they have a very high 

intensity, the insulation should be taken offline and some action or repair taken [37].
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2.7 Condition Monitoring of Transformer

The insulation condition assessment of a power transformer is the most important aspect 

of its maintenance and is required to ensure the continuous operation. Continuous 

insulation condition monitoring can provide an early indication of any insulation 

degradation. The insulation breakdown can also be a risk to personnel. Thus, insulation 

condition monitoring is required to monitor the insulation integrity.

Monitoring means essentially sensor development, data acquisition, data collection and 

development of methods for analysis of data. Diagnostic interpretation is the step 

following monitoring and involves interpretation of offline and on line measured data. 

Monitoring is the basis for diagnostics but, without diagnostics and some ability to 

evaluate the data, the measured data is of limited value [92-93].

The cost of acquiring, replacement, transportation, installation and repair of power 

transformer are among the highest on the power system. Many power transformers 

around the world are functioning beyond their design life and the degradation of the 

insulation material may cause the transformers to be unreliable. The high cost of a new 

transformer and good condition of most of the transformers are the main reasons that 

explain why these old transformers are still in use. Hence, in order to extend the life of 

the transformers, a regular condition assessment is required to test its reliability. By 

doing so, transformers might be able to operate past their design life [1, 94].

Condition monitoring of power transformers has attracted considerable attention for 

many years. The early indication of incipient faults in transformers can provide 

economic benefits that have a measurable effect in the results required to meet the 

formidable challenges facing the electric utilities. To detect incipient faults various 

methods are used which have made possible an early warning system and fault location 

to ensure a smooth and safe operation of a power transformer [95-96],
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In summary, continuous monitoring of the condition of transformer insulation can, 

reduce the maintenance/repair cost, lower the probability of destructive failures, provide 

means of quality control, improve the safety of personnel and reliability of supply, limit 

the severity of any damage incurred, identify the root cause of failures, provide the 

transformer operating life estimation and also enable asset managers to make decisions 

wisely.
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Chapter 3

Ageing of Oil, Paper and Pressboard Insulation

3.1 Ageing Phenomena in Paper

Oil, paper and pressboard have been used as insulating materials in power transformers 

for over a century. Despite apparent weaknesses of these materials they are effective 

insulators, especially when used in combination. Even in ideal conditions, oil and paper 

will degrade, or age, as their useful service life is finite. The actual processes involved 

depend on the operating conditions of the equipment, but the rate of ageing is normally 

primarily a function of temperature and moisture.

Oil and paper both will age rapidly at high temperature and moisture acts as a catalyst 

for the ageing of oil. There are also other catalysts present in the transformer that are 

responsible for oil ageing; the most predominant is oxygen. The principle mechanism of 

oil ageing is oxidation, which results in acids and other polar compounds being formed. 

These oxidation products will have a harmful effect on the paper degradation processes.

Thermal degradation of paper insulation will take place in a transformer at the normal 

operating temperature [83]. This degradation is accelerated at higher temperatures, 

especially if the unit overheats or develops hot spots. As a result, the useful life of the 

transformer may be significantly reduced due to change in the degree of polymerization 

(DP) of the cellulose material (paper and pressboard). Although damaged or degraded 

paper may have acceptable electrical properties. Its mechanical properties might be 

sufficiently weakened so that it is no longer able to withstand mechanical vibration due 

to marked decrease in DP values [97],
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There are several techniques that can be used to assess the condition of insulating oil 

and paper. The use of a combination of these diagnostic tests allows the insulation to be 

monitored for degradation changes over time, whether the changes are due to dielectric, 

thermal, mechanical or chemical effects.

The advantages of knowing how quickly the oil and paper is ageing are that it permits 

the oil to be used for as long as possible and then replacing or reclaiming it before it can 

cause permanent damage to the transformer. Sampling of paper from the transformer 

windings is not as simple as for oil. The difficulty in accessing paper quality especially 

at locations subject to hot spot temperatures is another challenge. The replacement of 

paper insulation is also very time consuming and costly [83].

The transformer oil always contains some (small amounts) water absorbed in it when it 

is received from the manufacturer. Further moisture ingress can occur from the 

atmosphere during normal service life if the transformer is not well sealed. Water 

cannot be removed completely from transformer oil and there always remains some 

water in the oil. This water migrates into the paper insulation. Once the water reaches 

the body of the paper, it migrates under the influence of any non-uniform electric field 

towards the high field region at the source of the non-uniformity [97-98]. In addition the 

decomposition process of the paper will generate moisture as a by-product.

The degradation of oil-impregnated paper is assessed through the measurement of its 

electrical and mechanical strength. The mechanical strength of cellulose insulating 

material is measured either by its tensile strength or its DP value as described in chapter 

2. Generally, the insulating paper may be considered to have its life expended once the 

tensile strength is reduced to approximately half of the initial (new) value. With the 

tensile strength dropped to half of the initial value, the DP of the paper will have also 

dropped.

New transformer paper has a DP value of around 1000-1300. After the manufacturing 

process, the DP comes down to about 1000. It de-polymerises over the life of the 

transformer and as the insulation DP reaches below 200, the paper is no longer 

considered useful. Any appreciable decrease in the tensile strength will be indicated by
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the DP and this can thus be used to indicate the paper condition and any degradation of 

the paper that has occurred. The presence of water in oil/paper insulated transformer 

will degrade the paper and the degradation will be enhanced if the water contains some 

ions [97, 99].

The service reliability of the power transformer largely depends upon the condition of 

the oil-paper insulation. The gradual deterioration of oil purity during its ageing process 

has an important impact upon the internal insulation of the transformer. High 

temperature with moisture and oxygen increase the oxidation rate of the transformer oil, 

reducing the bonding strength between the molecules of the cellulose materials. The 

long molecular chains of the cellulose break down more rapidly in such conditions 

causing the formation of water, carbon monoxide and small amount of methane [36].

The chemical reactions also transform the completely separated molecules into other 

substances such as sludge and acids. These cleavage products cause further chemical 

reactions and deterioration of the cellulose materials [39]. The damage done to the 

winding becomes obvious when the improvements in dielectric properties are measured 

after the replacement of aged oil with new oil.

The decay products that progressively damage the initial properties of oil-paper 

insulation in power transformers are mostly the outcome of chemical reactions under the 

impact of electrical and thermal stress. Therefore the ageing of oil-paper insulation is 

the result of complex physical and chemical processes [98].

The internal transformer construction consists of a laminated iron core, windings with 

paper insulation and structural solid insulation (pressboard) components providing 

separation, mechanical support and barriers in a metal tank filled with liquid insulation. 

The paper and pressboard provide mechanical and dielectric strength. The transformer 

oil protects the paper insulation, acts as an insulation medium, and also provides means 

to monitor transformer condition and operation. The insulation system is the most 

important part of a transformer to maintain since damage to the solid cellulose based 

insulation is irreversible [99].
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Transformer oil dissolves more moisture at higher temperatures than at lower 

temperatures and the greater the extent of the refining operation, the less is the solubility 

of water. If the oil and water combination is cooled, then water droplets can precipitate 

out. The water phasing out of solution will be absorbed by the insulation, attacked by 

the decay products in the oil or end up as free water at the bottom of the tank. The 

moisture will divide between the paper and the oil in a definite ratio ensuring a state of 

equilibrium at any given temperature [83].

Oxidation of oil produces some water as a degradation product, together with acids, 

sludge and other polar compounds. Sludge formation is a dangerous stage of the 

deterioration process. The acid formed in the process of oxidation attacks the cellulose 

fibres and metals, forming an acidic sludge on the insulation and different parts of the 

transformer. Sludge appears faster in overloaded transformers, increasing the viscosity 

of the oil and reducing its cooling ability. It is also partially conductive, absorbs 

moisture and act as a heat insulator. Sludge deposits on the core and windings can 

increase the transformer operating temperature and it is considered one of the prime 

causes of premature mechanical failures of a transformer [99]. Once sludge is absorbed 

in the cellulose, the DP and tensile strength start to decline. At the same time the 

formation of furanic compounds, which are derivatives of aromatic compounds and are 

products of the degradation process of the cellulose insulating materials, accelerates and 

the cellulose insulation deteriorates further.

Design engineers expect a transformer to last for over thirty years under ideal 

conditions. Owing to its age a transformer in an electric utility needs special attention, 

as the power transformer is the most expensive item of equipment in the power system. 

As a result of economic condition in power industry in the last few years, the life 

management and estimation of the remaining service life of power transformer has 

fortunately gained more attention. To manage the transformer asset better and to 

provide investigations in this important area of the effects of temperature shock and 

moisture on transformer insulation we have to understand the present state knowledge 

of oil-paper insulation as well as the transformer history and its operating conditions 

over the lifetime [100].
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The ingress of moisture coupled with high operating temperature ages and reduces the 

dielectric strength of the cellulose insulation and transformer oil. In addition the voltage 

stress caused by impulse transients and power frequency overvoltages decrease the 

dielectric strength of the transformer insulation and also cause mechanical deterioration. 

Furthermore system short circuits, inrush current, vibration, thermally generated 

expansion forces will also reduce the dielectric strength of the insulation.

Excessive moisture in the insulation system causes PD activity and tracking and 

electrical treeing effects within the moisture soaked cellulose insulation. As a 

consequence, there is a significant reduction in their dielectric strength that reduces the 

ability of these materials to withstand high electrical field stress [101]. Electrical failure 

due to bubble formation can also occur at high temperatures when there is a sudden 

thermal shock.

The degree of polymerisation (DP) is closely related to the quality of the degraded 

components generated upon degradation of the insulation paper. These include carbon 

oxides and, particularly, furans. A power transformer therefore may have an ageing 

degradation level which can be monitored by sampling the quantities of these 

components contained in oil [101-103].

There are many diagnostic parameters indicative of the ageing process. Periodic or 

continuous measurement and assessment of these parameters and constant comparison 

of these parameters with new insulation characteristics can provide reliable information 

on the ageing process. The decision relating to operating life of the equipment in service 

must be taken using information from monitoring and from ageing characteristics of the 

materials used.

The tool required to monitor the performance of the transformer, the current insulation 

condition, and to predict remaining life is condition monitoring. This can help in 

preventing catastrophic failure, unsafe operation and unnecessary maintenance [3].
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3.2 Ageing Effects

Ageing effects can include the effects of electrical, thermal, mechanical and 

environmental stresses on insulation over sustained periods of service. The ageing 

factors produce ageing mechanisms that can eventually lead to failure. When ageing is 

dominated by one ageing factor, this is referred to as single factor ageing. Multi-factor 

ageing occurs when more than one ageing factor substantially affects the performance 

of the electrical insulation system [3].

The ageing of cellulose materials in the transformer is affected by the water, oxygen and 

temperature. The hydroscopic nature of the cellulose encourages water molecules to 

accumulate between the cellulose chains and thus promote degradation of the cellulose 

during the ageing of the oil. The moisture present at the beginning of the ageing 

process, as well as the water formed by the reaction of the cellulose and of the oil causes 

additional decomposition of the chain molecules. The water continuously causes fresh 

molecular cleavage and thus has the negative property of constantly accelerating the 

ageing process of the cellulose.

The process of ageing of cellulose/oil due to the presence of water and oxygen can be 

determined from the change in the material properties and from the formation of 

reaction products. The primary connection between deterioration in the material 

properties and the formation of ageing products is the DP. DP is one of the most 

informative parameter to assess the ageing of the cellulose [39].

Transformer ageing includes contributions from the following factors:

1. Thermal Stress Ageing

2. Electrical Stress Ageing

3. Ageing Caused by Chemical Changes

4. Environmental Ageing

5 Mechanical Ageing.

6. Ageing of Cellulose (Paper/Pressboard)

7. Ageing of Transformer Oil
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3.2.1 Thermal Stress Ageing

Thermal ageing involves the progress of chemical and physical changes as a 

consequence of accelerated chemical degradation reactions with the acceleration caused 

by increased thermal activity at higher temperatures. It also involves the thermo

mechanical effects caused by forces due to thermal expansion and contraction. The rate 

of thermal ageing and the ageing caused by thermo-mechanical effects, as far as 

chemical reactions are concerned, are thus very much influenced by the operating 

temperature [39].

The maximum operating temperature that can be attained by any particular transformer 

without reducing its design life is determined by standard levels given for the conductor 

hot spot operating temperature, which is usually taken as a maximum permissible level 

of 98°C. This is specified in Standards such as AS 2222 [204]. The rate of thermal 

degradation of conductor insulation increases rapidly when its hot spot operating 

temperature rating is exceeded. The prolonged thermal stress causes harmful effects in 

the transformer insulation, particularly solid insulation [3]. This has brought about the 

classification of various materials as per the performance that is expected from various 

insulating materials at specified temperatures.

Dakin in 1940 developed a theory for quantifying electrical insulation ageing based on 

chemical reaction rate theory. He formulated the following equation for relating the 

lifetime (L) of insulation to its operating temperature:

L = A exp. (B / T) or

In (L) = In A+ (B / T)

Where, A and B are constants determined by the activation energy and T is the absolute 

temperature [3], This theory of the thermal behaviour and lifetime of organic electrical 

insulation is now widely taken as the basis for operational ageing of transformers. It 

should be noted that it is applicable only for organic insulation, not inorganic materials 

such as mica.
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3.2.2 Electrical Stress Ageing

The electric field strength applied to the insulation influences electrical ageing. An 

empirical result obtained by work of many investigators has led to the establishment of 

a Life vs. Voltage (stress) relationship [80].

L = K(1 /Vn) years

Where K is a constant, n is the inverse slope of lifeline on a log - log graph and V is 

applied voltage. The value of ‘n’ is usually between 9 and 20 but can be smaller [80].

3.2.3 Ageing Caused by Chemical Changes

In the power transformer many by-products are formed within the insulation while the 

insulation is deteriorating. The by-products of this deterioration process are used to 

analyse the changes occurring in the insulation. The important compounds are the 

furans. Furan analysis is a very powerful technique for estimating life of insulation [83].

3.2.4 Environmental Ageing

Environmental ageing involves chemical reaction processes mentioned under thermal 

ageing but with the addition of environmental contaminants. The presence of oxygen 

and moisture ingress together with high temperature further accelerates the ageing 

process of the insulating materials. Environmental factors may also influence in various 

ways the kind and degree of degradation caused by other stresses to which an electrical 

insulation system is exposed. Other important factors are the redistribution of stresses 

caused by the environmental contaminants on electrical behaviour [105].

3.2.5 Mechanical Ageing

There are various mechanical forces that can occur inside an operating transformer, and 

if the paper cannot withstand these forces, it will not be able to successfully insulate the
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conductors. Mechanical ageing is strongly influenced by the rate of occurrence of 

repetitive mechanical stresses and the magnitude of non-repetitive stress [106]. Such 

forces may include through-fault winding stresses (hoop stress and compression stress).

3.2.6 Ageing Of Cellulose (Paper / Pressboard)

The paper used in transformer insulation is made from the Kraft process and has a 

matted brown appearance. The thickness of paper used varies and several layers are 

wrapped around each conductor to insulate each turn from the next.

The Kraft process was developed by the German chemist, Carl F. Dahl in 1884. The 

natural moisture content of the paper is quite high and is much higher than permitted in 

transformer applications and so the insulation paper used in a transformer has to be 

dried which can take some days and during the process the DP of the cellulose is 

reduced. The pattern of cellulose deterioration is important for the prediction of 

insulation life and is generally monitored by the change of DP of the paper, which can 

be estimated from measurement of the viscosity of the paper when in solution [106].

Paper deteriorates inside the transformer and it degrades slowly as the polymer chains 

break down during service, releasing degradation products into the oil. The paper 

further degrades and loses all its mechanical strength and becomes brittle and 

susceptible to mechanical damage. The brittle paper may break away from the windings 

and cause overheating [83, 107].

Continuous on-line monitoring of the transformer oil temperature along with a thermal 

model of the transformer which can allow estimation of winding temperature can be 

used to estimate the loss of life of the transformer insulation due to overheating [74].

The temperature of the insulation directly influences the rate of ageing. Significant 

thermal cycling during the life of a transformer causes increased ageing of the cellulose 

material. During this process thermal expansion and contraction of windings and other 

solid parts and paper and oil cause an exchange of % moisture between the paper and 

oil. Since the oil can only hold a fraction of the water that paper can holds, the moisture
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content in the oil will be much smaller than in the paper. This will cause enhanced 

deterioration and ageing of the paper.

It appears that only a very small part of the water in the insulating paper can move into 

the oil. The process depends, once again, on the temperature. Warm oil can hold more 

moisture than the cold oil. Ageing adds moisture to the initial value and knowing its 

quantity allows a more exact interpretation of the ageing process. While the paper 

moisture content shows the state of ageing of the insulation, the moisture content in oil 

is more an indicator of the actual insulating strength of the system [39].

Ageing of cellulose material has an obvious effect on the thickness of material used for 

pressboard (chocks) under winding clamping pressure. The effect of ageing is more 

pronounced owing to the dual effect of temperature and pressure causing material 

decomposition due to degradation of the cellulose [36, 108].

3.2.7 Ageing Of Transformer Oil

Transformer oil is refined from crude oil and the choice of crude oil and refining 

technique forms the basis for final product. Normal transformer insulating oil can be 

classified as either paraffinic or naphthenic. Paraffinic oil has poor low temperature 

properties and low solvent power for oxidation products, leading to sludge. These 

properties of paraffinic oil can lead to precipitation of sludge on the winding paper and 

can cause blockages in the ducts.

On the other hand, oil oxidation products are soluble when they occur in naphthenic oil. 

The resistance of oil to oxidation is a crucial factor in its service life and it depends on 

the presence of antioxidants. Some oil will contain these naturally and the refining 

processes, typically hydrogenation, can enhance them. Oil that is deficient in natural 

antioxidants can be improved by the addition of oxidation inhibitor [33].

The main constituents of the crude oil contain carbon and hydrogen, small amount of 

compounds of sulphur, nitrogen, oxygen and water. Small traces of some metals and 

other elements can also be present in crude oil [33].
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The refined transformer oil contains mainly saturated hydrocarbons, non-hydrocarbons 

and some aromatic oil content. The aromatic groups are organic compounds containing 

benzene type ring structures of carbon atoms, usually unsaturated, such as naphthalene, 

anthracene, acenaphthylene, etc. [33]. The ageing mechanism of oil is complicated as 

oxygen reacts with hydrocarbons and the acids are produced by oxidation. Oxidation in 

the presence of certain catalysts is responsible for oil ageing [109-110].

The role of insulating oil is not only to aid the heat dissipation but also to provide better 

electrical insulation by the displacement of air between the conductor windings and the 

metal housing. The ageing of transformer oil is detected due to presence of certain polar 

compounds. There are number of methods available to check the ageing of transformer 

oil in the laboratory. Some common ageing methods used to predict the service life of 

the transformer oils are discussed briefly below.

3.2.7.1 Oxygen Absorption Methods

There are many methods used to measure the rate of air or oxygen absorption during oil 

ageing. The basic technique used in outlined in reference [37] and involves filling the 

reaction vessel, containing a known amount of test oil, with dry air. The pressure drop 

in the reaction vessel as the oxidation of the oil takes place is measured by a mercury 

manometer. The parameter recorded usually is the time taken to deplete a fixed volume 

of oxygen as indicated by the pressure on the manometer. Catalysts such as solid copper 

wire or copper naphthenate solution may be added to the oil sample if required. When 

the samples of oils of similar weight are aged in a constant temperature bath, a 

comparative analysis of the time duration taken to consume a certain quantity of the gas 

will indicate the oxidation stability of the samples. The simplicity of this type of method 

is its advantage, but the accuracy of results with certain types of oils is a problem [33].

3.2.7.2 Double Sludge-Free Life Test And Power Factor Valued Oxidation Test

This is the method developed by the Doble Engineering Company to assess the quality 

of transformer oils. Very well known tests by Baker, Griffin and Oliver [109] are the
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‘Power factor value oxidation tests’ and ‘Sludge free tests’ used by the power 

utilities for many years [109].

The apparatus used and described in [109] consists of a reaction cell, made from a glass 

tube, and constructed as a coaxial capacitor with the oil forming the dielectric medium. 

Dry air is bubbled into the cell which is held in a temperature controlled oil bath by 

means of a glass tube. A coil of copper wire is attached to the bottom of the cell as an 

oxidation catalyst. The power factor measurement tracks the changes in the power 

factor (dielectric dissipation factor or tan5) of the oil during ageing. The sample of oil 

can be drawn into a small glass container using a pipette to be analysed chemically and 

mixed with n-pentene solvent. The mixture is kept in a cool and dark place for a day for 

monitoring sludge formation and determining the sludge free time, the time from the 

start to the time of collection of sludge. The satisfactory nature of the transformer oil is 

decided by plotting a graph of power factor versus time and comparing this with a 

standard limit curve [109].

3.2.13 International Standard Methods

The recognised international methods are described in Australian Standard AS-1767 

(1975) for transformer oil ageing. This Standard covers the oxidation test, appearance, 

characteristics, methods of sampling, flash-point determination, viscosity determination, 

pour point, electric strength measurement and tests for initial acidity, corrosive sulphur, 

water contents, density, tan8 and resistivity of the oil sample.

The American Society of Testing and Materials (ASTM) have two standard methods for 

testing the oxidation stability of the oil. The sludge and acid levels test for uninhibited 

oil are laid down in ASTM D-2440 (1993) and in extremely accelerated ageing 

conditions the induction period of oxidation inhibitors such as ditertiary-butyl-para- 

cresol (DBPC) are laid down in ASTM D-2112. The test in ASTM D-2112 is carried 

out in severe environmental conditions to simulation of such operating conditions.

The International Electrotechnical Commission (IEC) Standards for evaluating the 

oxidation stability of transformer oils are detailed in IEC-1125 (1992). The Institute of
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petroleum (IP) offers 3 methods applicable for evaluating the oxidation stability of 

transformer oils they are found in IP-306 (1982), IP-307 (1980) and IP-335 (1980).

The International Organisation for Standardisation (ISO) has standard ISO-4263 for 

mineral oil used in low voltage power transformer. The other often used national 

standards include British Standards-BS EN 61125 [33].

3.3 Transformer Ageing by Temperature

The bounds of technical limitations for cellulosic materials have been extended by 

chemical and physical modifications during the manufacturing process. One of the 

principal limitations is the maximum temperature that the insulation system can tolerate 

while still providing an acceptable life. If it is necessary to operate above these 

temperatures for prolonged periods of time, the user must have a concern for the effect 

on the life of the insulation system. In term of ageing effects, mineral oil is more 

tolerant at elevated temperature than cellulose. Even if service conditions thermally 

degrade the oil, it can be removed and reconditioned [109]. Paper cannot be so 

reconditioned.

The thermal ageing of power transformer insulation is also accelerated by metal 

catalysts. During the ageing process the large molecule chain of the paper fibre is split 

and the DP is reduced, and accompanied by the decomposition of paper fibres, some 

harmful gasses are emitted into the oil. The impure oil impregnates the paper fibres 

which further aggravates the ageing. The sludge formed, which is a split product of fibre 

molecules particles of oil, can be deposited on the winding surface. The oil viscosity is 

increased, thus reducing the transfer of heat by the oil and resulting in increased 

temperature rise. This temperature rise can result in acceleration of the thermal ageing 

of the oil-impregnated paper insulation [110].

As noted previously, the moisture in the solid and liquid insulation of transformers in 

various forms deteriorates the electrical and mechanical strengths. The rule of thumb is 

that the mechanical life of the insulation is reduced by half for each doubling in water
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content and the rate of thermal deterioration of the paper is proportional to its water 

content [66]. Bubble formation, free water formation and static charge relaxation at the 

interface are associated detrimental effects due to moisture movement at high 

temperature [66].

Liquid filled transformer failures are frequently related to the thermal degradation of the 

solid insulation. The parts involved in these failures are generally, the paper insulating 

the conductors and the pressboard separating the layers of the coil. Paper close to the 

hottest-spot region has ageing accelerated beyond that which occurs at the average 

winding temperature [112].

Gas and water evolved by chemical action in oil, cellulose and at the conductor surface 

can be absorbed more readily in hot mineral oil until the point of saturation is reached. 

As a result, at high temperature the water absorbed in the oil may vaporise in the form 

of bubbles. The insulation may also be at risk as it cools after an overload since a heavy 

gas absorption in the oil will then be released in form of bubbles [113].

The electrical properties of an aged insulating paper are not changed significantly but 

mechanical properties are reduced tremendously during the ageing process [7]. Winding 

temperature may increase as a result during normal operation of transformers. This 

increase of temperature can cause cleavage of cellulose chains in the paper over a period 

of time. As a result, the mechanical strength of the paper is further reduced with time 

which can have an adverse effect on the performance of the insulation [114].

The state of insulating oil in a transformer can be directly evaluated because it is easily 

accessible for sampling. The same is not true for insulating paper for which the 

condition must be evaluated using an indirect method. This indirect method uses the 

furan levels produced by paper decomposition.

There are six furan derivatives that are dominantly present. They are: 2-furioc acid, 2- 

furfuryl alcohol, 5-hydroxymethyl-2furaldehyde, 2-furaldehyde, 2-acetyl furan and 5- 

methyl-2-furaldehyde [88]. Four amongst these six are useful for insulation monitoring.
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These are 2-furioc acid, 2-furaldehyde, 2-acetyl furan and 5-methyl-2-furaldehyde [88]. 

These compounds are soluble in the insulating oil and can be measured [7].

The experience accumulated over years indicates that where transformer failure can be 

related to insulation faults, the primary cause of failure are due to paper ageing and 

consequently mechanical failure of the insulating paper, which in turn lead to electrical 

breakdown [115-121].

The evaluation of both oil and paper insulation strength are frequently used as 

diagnostic factors to determine end of life of transformer. Humidity in some cases has 

been recognised as a cause of variation in the properties of electrical insulation and 

cause of several types of insulation failure under electric stress. The absorption of 

moisture by solid insulation has a gradual effect of increasing dielectric loss, reducing 

insulation resistance and can contribute to a change in electric strength. Short time 

exposure to either very low or very high temperatures may be used as a diagnostic 

factor. In some cases it may be desirable to change the temperature rapidly so as to 

introduce a thermal shock, which is characteristic of service conditions [119].

An artificial version of paper insulation material, which is gaining attention, is 

“Nomex”. Nomex is basically a particular commercial form synthetic paper made from 

polymide and has the advantage of a significantly higher temperature withstand than 

natural cellulose paper. Production of Nomex is complex and costly compared with 

cellulose insulation. However Nomex board possesses long term temperature stability, 

low dielectric constant in oil, no thermal degradation, is inherently non-flammable and 

exhibits excellent dielectric properties under oil [110]. Its primary disadvantage is its 

cost.

3.4 Bubble Formation and Transformer Ageing

For a bubble to form and grow within a liquid, the gas within the bubble must develop 

an internal pressure sufficient to overcome the external forces constraining it. The 

constraining forces are: (i) the interfacial tension force of the liquid, (ii) the gravitational
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force resulting from the column of liquid above the bubble and (iii) the force of 

atmospheric pressure acting on the surface of the liquid [122].

The formation of a bubble within the mineral oil involves gravitational and atmospheric 

forces and internal forces in the bubble. The source of gas pressure within the liquid, 

which tends to form a potential bubble, is the summation of partial pressures exerted by 

the various gases dissolved in the liquid. The principal gases found dissolved within the 

mineral oil of a transformer are nitrogen, oxygen, carbon dioxide and carbon monoxide. 

Some other hydrocarbon gases can also be present as a result of oil or cellulose 

decomposition due to partial discharges and sparking [122-125].

The insulation can also be at risk as the transformer cools after an overload since a 

heavy gas absorption in the oil will then be released as bubbles. The viscosity and 

density affect the rate of flow of the insulant through ducts and high voltage parts. The 

rate of flow of liquid affects electrical strength, assisting it through the breaking of fibre 

bridges and the dispersal of developing discharges but reducing it if streams of bubbles 

are carried into highly stressed regions as might happen at very high temperature 

breakdown can be facilitated [123],

In overload situations water vapour is more destructive because it can act as the root 

cause of failure if it produces bubbles. Water vapour is released from the surface of the 

cellulose insulation when it overheats under overload conditions. The released vapour 

adds to the internal pressure of the developing bubbles, thus increasing the bubbles' 

chances of growing and being released in a stream. Bubble evolution indicates that the 

relationship between moisture in the cellulose insulation and temperature are the 

predominant factors. Lower moisture content in paper lessens the chances of bubble 

formation [122],

The bubble evolution temperature is influenced by three variables: water content of the 

paper, gas content of the oil and total pressure. There are many cavities on the insulation 

paper filled with water vapour and dissolved gases. During overload the temperature of 

paper and of the cavity increases rapidly, and the cavity will expand at the same time
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getting more water from the paper driven out by the overload temperature. Finally the 

cavity would be large enough and the energy sufficient to release a free bubble [123].

Bubbles represent a potential dielectric problem in transformers in that, as a gas with 

unity relative permittivity, they will have a higher electric field stress in the bubble and, 

with a lower breakdown strength than the oil, partial discharge activity is promoted and 

the high temperature effects of PD activity can lead to increased rates of degradation of 

both the oil and the paper and thus reduce transformer life.

It is this aspect of transformer behaviour, bubble formation under such thermal shock 

conditions with moisture present, that the work described in this thesis is concentrated 

on.

3.5 Moisture in Transformer and Ageing

The migration of a small amount of moisture has also been associated with flow 

electrification at paper/oil interfaces. As water in transformer oil also brings risk of 

bubble formation, moisture presence in paper and oil systems has been a critical factor 

in transformer life and investigations into its effects began in the 1920s [125, 126].

Apart from being absorbed in the paper, water can exist in the transformer in three 

states. It is mostly found in the dissolved state in the oil. It can also exist as free water 

which is tightly bound to oil molecules when the dissolved moisture level in the oil 

exceeds the saturation level. Free water is also normally found at the bottom of the 

transformer tank. The capacity of moisture that the oil can hold is a function of the oil 

pressure and temperature [127-129].

It is difficult to ensure complete freedom of the transformer insulation from moisture 

under the various conditions of service. As moisture and oxygen are soluble in mineral 

oil it will absorb moisture and oxygen from the atmosphere at a rate dependent upon oil 

quality and temperature and can therefore become a medium for the transfer of moisture 

and oxygen from the atmosphere to the oil impregnated paper and pressboard materials.
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Cellulose has great affinity for moisture, due to the presence of hydroxyl structure 

present in it. The moisture content is held in layers between the cellulose molecular 

chains [78].

Oil itself can also oxidise at elevated temperatures forming acids. Moisture and acid at 

high temperature levels cause scission of the glycosidic bonds in the cellulose chain. 

The scission of the glycosidic bonds reduces the degree of polymerisation and tensile 

strength of the cellulose. Most service-aged transformers fail in the lower part of the 

windings, which is the area where moisture concentration is highest. It is also an area of 

high electrical stress.

Drying of transformers can be an expensive process. However, it is much less expensive 

to perform a dryout than to allow transformer insulation to degrade faster than is normal 

as this substantially shortens transformer life. During heating and cooling in service, 

moisture will migrate back and forth between the cellulose and transformer oil. Due to 

the very low solubility of moisture in oil compared to paper, the oil will be 

supersaturated near the paper surface as the temperature increases, and this will result in 

water droplets and bubble formation and the attendant insulation damage that they will 

cause [78, 138].

3.6 Cavities in Transformer and Ageing

The process of oil-impregnation of the paper in transformers takes several days. The 

process of impregnation and the quality of the treatment during this time can have an 

impact on the electrical properties of the insulation under extreme conditions. An 

inadequate impregnation process may affect the insulation condition during operation.

As pressboard is formed from layers of paper, cavities may be formed during the 

production process, when the laminated material is moulded into its final shape. The 

application of such material as solid insulation for transformers may thus lead to 

extensive PD activity in the cavities if they are not completely filled with oil during the 

impregnation. A very rapid or insufficient impregnation will reduce the vacuum level,
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leading to residual gases which remain inside the cavities. These gases will, in most 

cases, not be dissolved in oil thus resulting in partial discharges and an accelerated 

deterioration of the solid insulation reducing lifetime of a transformer [39].

Overloading of transformers can raise the temperature of the paper and of the cavity 

rapidly. Such a sudden rise in temperature can expand the cavity, and simultaneously 

expel more water from the paper by the expansion due to the high temperature. 

Eventually, the cavity would become large enough and the thermal energy sufficient to 

release a free gas bubble. These phenomena can cause and accelerate transformer 

ageing and in the worst case lead to failure [123].

3.7 Apparatus for Measurement of Ageing

The test apparatus used in the laboratory work of this project to investigate electrical, 

and combined electrical and thermal ageing in transformer insulation has been 

previously described in detail in [39] which reported on results of investigations of 

transformer pressboard ageing. The test equipment consisted essentially of cylindrical 

vessels made of glass and nickel plated steel fittings. The operating temperature of the 

apparatus is designed to reach up to 135°C or higher. The vessels contains a heating 

plate at its base and hold 20 dm3 of oil which is degassed at the beginning of the ageing 

procedure and the air in contact with the oil is almost free of moisture in the initial stage 

of investigations.

The solid pressboard samples have a volume of 0.1 dm and are held between the flat 

plane electrode system which will provide effectively a uniform field of magnitude 

similar to that typically used in transformer applications. The measurement of dielectric 

loss factor and PD activity of the oil impregnated solid is able to be performed using 

leads incorporated in the chamber. Thus it can be done without opening the vessel or to 

remove the sample because of the test electrode in the shielding arrangement. The loss 

factor was measured at 1,000 volts, 50 hertz and at the relevant ageing temperature.
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The test vessel used for the ageing measurements under combined electrical and thermal 

stress is shown in Figure 3-1.

The users of power transformers are interested in more detailed information about the 

insulation reliability and in particular about possible degradation of the electrical 

insulation of the equipment in service, as replacement or repair of power transformers 

can lead to enormous costs [63].

The research investigations described in this thesis used a generally similar insulation 

model chamber to investigate such ageing effects under conditions of high temperature 

and moisture. The experimental equipment used will be described in detail in a later 

chapter.

TEST 
SAMPLE 
3 mm

MEASURING
ELECTRODE

20cm2
r1-uCrr

HEATING 
1 PLATE

Figure 3-1. Test Vessel for Ageing Investigations under Combined Electrical and

Thermal Stress [39]
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3.8 Remnant Life of the Transformer

The life expectancy of a transformer is in part determined by the rate at which its 

electrical insulation is degraded under operating conditions. The external ambient and 

loading factors which influence the life of a transformer are the ambient temperature, 

humidity, magnitude of load, duration of loading, and the thermal conductivity of the 

transformer components [140].

Transformer loss of life refers to the reduction in life of a transformer due to a particular 

set of long term ambient temperature and load conditions. The loading of a transformer 

is governed by rules, relating to insulating temperature rise, which are derived by 

analysing the change with time of the chemical characteristics of insulating materials 

under the strong influence of heat and other degrading agents. These processes often 

interact with each other so that, for example, the products of decomposition of paper 

may then affect the deterioration of the oil.

Efforts to quantify the effect of temperature on insulation materials were based on a 

chemical reaction model using the Dakin approach (based on the Arrhenius reaction rate 

theory) which states that the chemical reaction rates, and hence deterioration rates, are 

exponentially dependent on temperature. By regarding ageing as a chemical process, a 

typical statement of the relationship between the useful lifetime of an insulation material 

and its long term operating temperature is represented as:

Log (lifetime) = A + (B / T)

Where A and B are empirical constants which are material dependent and T is operating 

temperature in absolute temperature units (Kelvins) [82],

A similar formula proposed previously by Montsinger is;

Log (lifetime) = C / 9
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Where C is an empirical constant of the material and 9 is the operating temperature in 

degrees Celsius.

The values of the material constants A, B and C mentioned above are determined from 

test measurements on the relevant materials [82].

According to this formula the rate of ageing doubles for every 6 degree increase in the 

temperature of insulation. The Montsinger relationship forms the basis of many of the 

loading guides in general use. It is based on studies which equate life with the time 

taken for the tensile strength of paper to fall to half its initial value [82, 116].

In power transformers when moisture is present in uneven distribution it will tend to 

accumulate at the deepest point of the tank. The reason for the accumulation is that the 

specific density of the moisture is higher than that of the oil.

In the cold climate as the temperature reaches below the freezing point of water, the ice 

will float in the uppermost layers of the oil due to its lesser density. When the ice melts, 

the resulting water may invade regions of high field strength, causing a considerable 

reduction in dielectric field strength leading to the failure and breakdown of the 

dielectric strength of insulation [113].

Gases present in the oil may also reduce the dielectric strength of the oil. The dielectric 

strength of oil saturated with gas is not much lower than that of oil which is free of 

dissolved gas.

If the oil goes through a change of state, this can lead to some of the dissolved gas being 

released thus reducing the dielectric strength of the oil-gas combination because of the 

effect of the bubbles of gas and their PD activity. Gases present in the oil may also 

affect the life of oil. Air or oxygen present in the oil give rise to chemical changes 

which may bring about permanent deterioration of electrical properties of the oil and its 

ageing. In addition, these gases will promote the ageing of cellulose-based materials 

surrounded by the oil [33].
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The properties of paper deteriorate under the effects of heat, water and oxygen. Ageing 

of paper causes a deterioration of mechanical properties through the reduction in degree 

of polymerisation value. As long as the paper retains its mechanical strength and does 

not carbonise and break up into pieces, it may remain electrically satisfactory. The 

ageing process is accelerated by both moisture and oxygen [83].

The dielectric strength of laminated paper such as pressboard impregnated with oil is 

considerably better than either of the individual component parts i.e. the paper or the oil. 

When combined together the role of the paper is to partition the oil into small gaps, and 

thus increase the dielectric strength of the composite material.

Both moisture content and ageing influence the properties of oil-paper insulation. If 

perfect degasification of paper is not achieved gas bubbles and voids will remain in the 

insulation. The gas bubbles will cause the dielectric strength of the paper to decrease, 

resulting in a higher electric stress in the voids. Gas bubbles are also developed under 

the effect of high field strength, from any moisture present in the paper [139-140].

The remnant life of the transformer is best explained by evaluating the condition of its 

components, especially those which have a role to play in the condition of insulation. 

The changes that occur from the working of transformers with the passage of time due 

to different stresses are described as ageing. Various insulation monitoring techniques 

applied to aged oil/paper composites are used to assess, in so far as it is possible, the 

remaining life of the transformer.

The life of a transformer can be extended by timely maintenance as a result of condition 

monitoring techniques. The well-known ‘bath tub’ curve shown below explains how 

effective condition monitoring based maintenance can prolong the life of transformers 

and increase the reliability of a population [63].
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NORMAL POPULATION FAILURE RATE
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Figure 3-2: Bath Tub Failure Rate Curve [63]

The remnant life of transformers is calculated on the basis of a probabilistic approach 

after evaluation of the insulation condition. The presence of carbon monoxide and 

carbon dioxide, furans in the oil and PD activity in the paper provide data which makes 

it possible to obtain some rough estimate of the remaining life of a transformer. The 

following equations can help us to estimate remnant life of a transformer.

3.8.1 Montsinger Relationship

The relationship showing remnant life of the insulation at different temperatures can be 

given by following expression.

Life = a.e'b()

Where 9 denotes temperature in degree Celsius and “a”, “b” are coefficients dependent 

on the material [82].

3.8.2 Arrhenius Law

The Arrhenius law is expressed as;

Life = e (A + B / T)
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Where A and B are positive coefficient and T is the temperature in degree Kelvin [82].

The results obtained by the Arrhenius law approach are more accurate as compared to 

the Montsinger relationship. The values obtained from the above two expressions give 

almost the same deterioration rate in a temperature range of 80 - 140°C.

3.8.3 Arrhennius-Dakin Formula

A classical method of calculating the remaining life of a transformer has been the 

Arrhenius Law;

Remaining life = Ae B'T

Where A is the initial life, B is the constant depending on the properties of the material 

studied and T is the absolute temperature in degree Kelvin [74]

3.9 Failure and Reliability of the Transformer

The useful life period of a power transformer life cycle begins with its commission into 

service. Power transformers have one of the lowest breakdown rates of all electrical 

equipment but the effect of temperature during service is presently considered to be the 

key factor in the failures that do occur [141]. The overloading of transformers beyond 

nameplate rating can contribute to this increase in their failure rate. Therefore, as a 

result, temperature reduces transformer useful life and also affects its reliability.

Failure rate and reliability are related in the following way;

R = exp (- A.t)
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Where t is times in years, X is the failure rate per transformer years in service, and R is 

the transformer reliability [141].

The ageing behaviour of oil-impregnated insulation is determined mainly by the thermal 

condition inside the transformer, especially the hot spot temperature. International 

standards state that the hot spot temperature can be estimated on the basis of the top oil 

temperature under consideration of the load and the winding temperature rise. However 

the closer the temperature measurement is carried out to the winding, the more accurate 

will be the approximation of the measured temperature to the actual hot spot 

temperature [119-121].

Recently, fibre optic sensor monitoring systems for point measurements and for 

distributed measurements along the winding conductor length have been tested for 

application inside large power transformers. The accuracy available is sufficient for 

online monitoring [142].

End of life of a transformer may be dictated by any one factor or by a combination of 

factors. Much attention has been given to paper ageing, as it is undoubtedly a factor in 

reducing life leading to failure of insulation. Determining the probable life of operating 

transformers that have reached the end stage of their service life is complex and there is 

no single scientific method available to determine the condition or end-of-life of an 

operating transformer. Experienced engineers, chemists and technicians are required to 

conduct analysis, tests, visual inspections and review of historical data to help form the 

decision about the probable condition of transformer [34]. In order to delay ageing of 

insulation material used in oil-impregnated power transformer, all insulating material 

should possess outstanding electrical, thermal, environmental and mechanical 

characteristics, to withstand high electrical stress and thermal loading even after years 

of service [37, 143].
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3.10 Partial Discharges and Transformer Ageing

Partial discharges damage the insulation by heating the surface of insulation. The gas 

discharge and its high temperature cause significant ionisation level in the voids. The 

high temperature and the ions in the discharge will interact with the walls of the voids 

and will cause carbonisation and similar damage to the solid insulation material. The 

heating and interaction of ions with insulation can cause chemical change and ageing 

and make the insulation erode away as well as degrading to conducting carbon. This can 

also cause stress cracking and tiny crazes may appear at the surface of the material. 

Ultra-violet light transmitted by discharges can also cause damage to the dielectric and 

further promote the stress-cracking [37].

The deterioration caused by partial discharges in cavities (formed mostly due to 

improper impregnation) follows several stages. In the first stage, the dielectric surface is 

attacked; in the second stage, preferential areas are formed where the deterioration is far 

more severe than at other places. And in the last stage, one of these preferential areas 

develops into a deep pit. The discharges are then concentrated at the pit, making it 

further erode, and the dielectric material degrades so much by molecular scissions that 

the breakdown strength falls below the applied field strength and electrical treeing is 

then initiated.

This treeing then causes carbonised tracking paths on the dielectric surface and can 

ultimately result in full and complete breakdown. The initial phase during which the 

dielectric surface is attacked can take several years at operating stresses. The final stage, 

which includes treeing and breakdown can be very short and can take minutes to some 

hours [143].

Deterioration by surface discharges follows the same lines as in cavities but, because of 

the larger surface available, the effect tends to be less severe and larger discharge 

magnitude is allowable without the same degradation [37]. Internal and surface 

discharges are known to cause deterioration to the dielectrics by several means. Firstly, 

by heating the dielectric boundary: secondly, by causing charges to be trapped on the 

surface: thirdly, by ultraviolet radiation from the discharge and, finally, by formation of
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chemicals such as nitric acid and ozone by the discharge activity. These discharges can 

also cause de-polymerisation, stress cracking and gassing leading to erosion of the 

dielectric surface [143].

In oil-impregnated insulation discharges in voids adjacent to the conductor attack the 

insulation and, after some time penetrate the first paper layer. Surface discharges can 

then occur along the layers after penetrating the first paper layer and so electrical trees 

or carbonised tracks are formed longitudinally between paper layers. These tracks 

follow the weakest points in the insulation, which is along the tangential path along the 

paper layers. At the foot of the electrical tree local overheating takes place, which 

results ultimately in thermal breakdown of the insulation. If breakdown has taken a long 

time, such as with the development to breakdown at operating voltage, these trees and 

carbonised track can quite long lengths [37].

Deterioration by surface discharges follows a similar pattern as for internal discharges 

between layers. As surface discharges are easier to study than internal ones, they are 

often used to compare the discharge resistance of different materials. Usually the time to 

break down is taken as a measure. Deterioration by corona discharges (PDs in air only) 

usually occur around bare conductors, they cannot attack insulation in the same way as 

internal and surface partial discharges. Only indirect action by ozone formed by the 

corona discharge may deteriorate neighbouring dielectric surfaces [143].

Harmful discharges can be distinguished with the help of the partial discharge patterns. 

Internal discharges and their presence or absence is a crucial consideration for the life of 

the insulation. The discharges in oil-impregnated transformer can occur due to, 

insufficient drying of the insulation, imperfect impregnation of the oil-impregnated 

insulation, presence of dirt or other foreign particles and ageing of insulation during 

operation [143-145]. By using the characteristics of the PD patterns it is possible to 

determine the effect of the PD activity (magnitude and number) in terms of the 

insulation condition at the time of PD monitoring.
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Chapter 4

Partial Discharge Measurements and Analysis

4.1 Partial Discharge Basics

The study of partial discharge (PD) measurement and location in oil-impregnated power 

transformer can be tracked back to the early 1940’s, when this test was known as the 

hissing test [146]. PDs are defined as localised electrical discharges that only partially 

bridge the insulation between conductors and which may or may not occur adjacent to a 

conductor [147]. The discharge may result from gas ionisation (a process that produces 

positive or negative ions and electrons from neutral atoms or molecules) causing an 

electron avalanche (cumulative ionisation in gases, liquid or voids in solid insulation 

caused by collision between field-accelerated electrons and neutral atoms or molecules). 

The movement of electrical charges through an insulating medium initiated by electron 

avalanches can be maintained by various secondary processes that generate further 

avalanches causing an electrical discharge [148].

The discharge may result from ionisation in gases, in cavities in solid insulation, in gas 

bubbles, in insulating liquids, or along dielectric interface surfaces. Between the partial 

discharge and one or both of the electrodes some sound dielectric is still present in the 

shape of a solid, liquid, or gaseous insulator barrier to full breakdown: hence the 

breakdown is only partial. The current magnitude of such discharges is very small; but 

they can cause progressive deterioration and ultimate failure [143].

Because of their ionisation processes in their interaction with solids, PDs have a 

significant effect on the life of insulation in high voltage (HV) equipment. Every 

discharge event may deteriorate the insulation material by the energy impact of high
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energy electrons or accelerated ions causing many types of chemical transformations. 

The primary cause of the chemical change is the scission of the chemical bonds of the 

insulation material by the high energy electrons and ions of the discharge. A major 

result of this interaction is the formation of free carbon. An eventual breakdown of 

insulation of HV equipment while in service may result, causing considerable damage 

to the equipment and to the system to which it is connected. The technique of measuring 

and analysing PDs occurring in insulation structures or assemblies can thus be used to 

detect weaknesses before they lead to catastrophic failure [149].

The detection of PDs is based on direct or indirect monitoring of the energy exchange 

processes which takes place during the interaction of the discharge with the (usually) 

solid material. The exchanges are manifested as any of the following:

• electrical impulse currents or electromagnetic radiation (VHF, UHF and light),

• pressure pulses (ultrasonic waves),

• chemical reaction

• gas generation from oil.

Discharge detection and measurement techniques may be based on the observation of 

any of the above phenomena. As to locating PDs in high voltage equipment, the 

techniques fall mainly into two areas: electrical and acoustic. Despite the fact that the 

acoustic location method is important in some transformer and cable applications, the 

more frequently used, and in most cases, the most successful detection methods for 

transformer applications are electrical PD monitors [143].

4.2 Partial Discharges in the Transformer

Partial Discharges in a transformer may be a result of improper construction or they can 

appear during service as a result of ageing processes or contamination in the oil- 

impregnated transformer insulation. The PDs in a transformer are mainly generated due 

to sources such as voids or cavities in the solid insulation, surface tracking, gas bubbles 

in oil and floating metallic particles in the oil. Internal discharges occur in cavities in a
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dielectric, surface discharge along an insulator, and corona discharges along a sharp 

edge. In transformers, an obvious source of these cavities arising is poor vacuum filling 

with oil of the cellulose, which results in air being trapped in the major insulation 

between the windings.

Discharges in a transformer can arise at the voids in the insulation, at the boundary layer 

between the oil and paper, in contaminated insulating material, in over-stressed joints in 

the insulation subjected to excessive electrical fields and in parts not under high voltage 

but capacitively coupled and poorly earthed. PD activity normally originates either in 

gas-filled voids within the dielectric or at interfaces between different materials where 

the electrical stress can have tangential or surface components which are potentially the 

most difficult to sustain by insulation or at contaminated sites that do not have good 

adhesion with the base insulation. PDs also occur inside electrical trees that are initiated 

at electrical stress enhancements caused by interfacial protrusions or contamination 

within the dielectric [143, 150-151].

PD detection is thus an important means of testing the reliability of HV apparatus 

because PD measurement provides information on the quality of insulation systems. The 

wide acceptance of using non-destructive PD testing to assess the condition of 

insulation system has instigated the development of advanced PD analyser systems. The 

accompanying developments in fast data acquisition systems and advances in computer 

based measuring techniques has made it possible to store a large amount of PD Data 

with very high sampling rates to measure very high frequency PD signals [26, 152].

The PD is not a complete insulation failure but is indicative of local insulation damage 

present with high electric stress and a certain amount of ionisation or charge transport 

underway somewhere in the insulation. An increased magnitude and rate of the PD 

activity can result in the dielectric breakdown of the electrical insulation and the 

ultimate failure of the power equipment. Detecting PDs in the power equipment in the 

early stages and early rectification of the faulty insulation can help to prevent major loss 

and severe damage to the equipment. PD activity has the advantage over other 

diagnostics and that is an instantaneous monitor of the insulation condition at the time 

that the measurement is made. Most other techniques such as DDF and DGA provide
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only results that indicate cumulative effects of insulation damage. For example the 

detection of hydrogen and acetylene in transformer oil by dissolved gas analysis is a 

clear indication of arcing problems but it does not provide any information about where 

the fault is located and what the instantaneous fault severity is. [153-154].

Total insulation failure in equipment is generally preceded by intense PD activity. PDs 

at their inception are generally small magnitude and are apparently relatively 

insignificant. However they cause progressive degradation and eventually a total 

insulation failure. Detecting PDs would not only help to establish a quality control but 

also can help detect a change in the general quality of insulation, occurring due to 

overloading etc. Different forms of devices are used to detect the discharges for 

assessing strength of insulation. The sensitivity of the detection system must be high 

enough to satisfy the basic purpose of the test, which may be conducted in the presence 

of unavoidable electrical noise. Similarly the issue of calibration is of critical 

importance in PD measurements. Calibration is necessary to provide standard methods 

of interpretation of PD results and their intensity, both for future comparison on the 

same equipment and for comparison with other types of equipment. The discharge 

magnitude for PDs is given in units of pico-coulombs (pC) [155-157]. However there 

are cases such as in EM radiation coupling methods for PD sensors where calibration in 

pC terms is difficult. However some form of calibration or sensitivity check is necessary 

for PD monitoring so that trend analysis can be performed. Trend of PD activity over 

time is a primary means of identifying problems with insulation.

In PD measurement we are dealing with a small quantity of energy, as we measure the 

voltage amplitude of a discharge pulse or the amount of charge it dissipates. 

Alternatively the relationship can be expressed mathematically as q = CV, q being of 

the order of pico- coulombs and the capacitance (C) of the order of pico-farads or even 

less. This means that V can be of the order of few milli-volts before it is amplified. 

Consequently a PD is a typically a very limited energy phenomenon and a high 

sensitivity is required for the PDs detecting equipment because of the very low voltage 

level. The low voltage level also means that electrical interference is a major problem 

and can be a limiting factor in on-site tests.
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It is desired that substantial importance should be given to the nature of the application, 

which may include PD tests on transformers for example, and the calibration required 

for measurement correction. While conducting PD measurements the background level 

of noise must be as low as possible because of the very low signal levels. However in 

the case of on-site application this is not always possible given the fact that corona 

discharges occur over a very wide range of the frequency spectrum. In order to suppress 

the electromagnetic noise and to get more information from the PD signal, The 

Rogowski coil with its non-magnetic core (and thus very high frequency response) is 

quite suitable for on-line PD monitoring in a transformer. The Rogowski coil is an air 

core coil with the coil cross-section arranged perpendicular to the magnetic flux lines of 

a current carrying conductor. It is very similar to a current transformer (CT) but without 

the magnetic core and the limitations that are imposed by that material [35, 158-161]. 

The problem is that the lack of the magnetic core reduces sensitivity of response.

As noted above there is always some electrical interference to be contended with during 

PD testing. The interference that is encountered while conducting on-line tests may be 

different to that which is encountered while conducting tests in the laboratory and thus 

must be addressed in a different way. The interference in the laboratory can include 

surges of various forms, electrical disturbances generated due to other electrical 

equipment operating at the same time in laboratory and the disturbances due to 

incandescent lights or fluorescent lights etc. Disturbances can also be caused due to 

switching operation in other circuits, commutating machines, high voltage testing in the 

vicinity, radio transmission and inherent noise of the measuring instrument itself.

The major source of interference in PD measurements performed in on-site applications 

is predominantly corona discharge [143], AM radio broadcasts, television, mobile 

radios, car ignition systems etc.

4.3 Types of Discharges

There are three types of partial discharges according to the usual classification method: 

these are (i) internal discharges, (ii) surface discharges and (iii) corona discharges. The
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first two of these in particular can damage and thus cause deterioration to the insulation 

where they occur and will eventually escalate with the result being a breakdown to the 

HV apparatus. The corona discharge occurs primarily in a gas and is usually not likely 

to cause damage to the insulation unless it is in a gas in a confined volume such as a 

GIS chamber where the chemical changes due to corona will accumulate. Each of the 

three types of discharge is briefly explained and discussed below.

4.3.1 Internal Discharges

The cavities and small cracks in otherwise homogeneous solid insulation cause internal 

discharges because of the stress enhancement that occurs in the gas inclusion in the void 

or crack. Often the voids are the result of the poor design or a defect in manufacturing 

process, such as inadequate curing of an epoxy casting. PDs also occur in local regions 

of high concentration of non-uniform electric field, particularly in gaseous and liquid 

dielectrics parts of the overall insulation. Within the areas of such local field stress 

weakness exists and PDs may commence at voltage levels (the PD inception voltage 

level-PDIV) below the normal operating voltage of the equipment insulation. The effect 

of these discharges is to deteriorate the insulation, imposing higher stresses upon it with 

a corresponding decrease in the insulation overall life expectancy.

The rate of decay of the insulation is a complex function of many variables including:

• the level of electric stress acting upon the insulation,

• the type of breakdown mechanism, i.e. thermal, chemical, electrical etc,

• the internal and external environment,

• the repetition rate of the discharges,

• the location of the PDs and the inception voltage.

Internal discharges in high voltage insulation arise in cavities where the field gradient of 

the gas in the cavity causes electric breakdown. These types of discharges are generally 

permanently injurious to insulation [26]. Figure 4-1 shows the typical internal 

discharge mechanism.
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Figure 4-1: Internal Partial Discharges

Internal discharges normally occur on both parts of the voltage waveform (positive and 

negative half cycles). The study of the typical elliptical waveform display shows the 

amplitude and the number of discharges being substantially symmetrical on both sides 

of the waveform. However a variation of 3:1 in the magnitude is possible in such 

situations [37], Normally a certain degree of random variation in amplitude or location 

is observed as well. PDs initiate at a particular voltage level and do not exist below a 

certain voltage level.

4.3.1.1 Partial Discharge Inception Voltage

The lowest voltage at which PDs above some stated magnitude occur as the applied 

voltage gradually increases from a value where no such discharges are observed is the 

PD inception voltage. Different test and sample parameters can affect PD inception 

voltage value and in some cases duplication may be difficult to achieve [143, 147].

4.3.1.2 Partial Discharge Extinction Voltage

The highest voltage at which PDs above some stated magnitude no longer occur as the 

applied voltage is gradually decreased from above the inception voltage is the PD 

extinction voltage level - PDEV. The test and sample parameters can affect this value 

and in some cases duplication of PDEV may be difficult to achieve. In the case of 

internal discharge there is little or no variation in magnitude of discharges as the voltage 

is increased. The discharge extinction voltage is generally lower than the discharge 

inception voltage, but may in some cases be about the same level [143, 147].
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4.3.1.3 Discharges Occurring Below The Inception Voltage

Following the initiation of a discharge the discharge activity can persist for some time, 

even to the extent that a voltage lower than the inception voltage can sustain the 

discharge once initiated. The applied voltage over the cavity is then smaller than the 

inception voltage. This voltage and the residual charge in the cavity co-operate and the 

discharge can sometime persist at approximately half the inception voltage [37]. The 

extinction voltage is very often found in practice to be lower than inception voltage 

although not normally as low as half. This is the reason for samples being pre-stressed 

in many test procedures at 1.5 to 2 times the nominal voltage before being turned down 

to a test voltage [37, 147] to perform measurements.

4.3.2 Surface Discharges

Surface Discharge usually occur at the interface between two different dielectric 

materials. These may include solid-gas, solid-solid, solid liquid and liquid gas 

interfaces. This interface can cause a high discharge electric stress along the interface 

and initiate discharges. This will be particularly the case if the relative permittivities of 

the two materials are dissimilar. The discharge will then spread along the surface, 

perhaps following the shape of the ground plane very closely, until it reaches the ground 

electrode. Figure 4-2 shows the surface discharge mechanism.

Figure 4-2: Surface Discharge

Surface discharges will occur if there is an electric stress component parallel to the 

dielectric surface. This applies to bushings, terminations of cables, the end sections of
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generator windings, and over a solid air surface with contamination on it. In the latter 

case it will be surface tracking. The discharges will damage the surface and affect the 

electric field, so that in general the discharges extend beyond the region where the 

original surface component of the electric field is high enough to cause discharges. 

Surface discharges occur along dielectric interfaces where substantial tangential field 

strength is present. The interface is either gas or liquid bounded. The discharges or an 

external dielectric surface which occur at areas of high tangential stress can be found to 

occur in a badly designed bushing which may result in an overstressed foil. A careful 

study of the external field and the configuration and the size of insulator will avoid 

flashover from the outer insulation. The whole point is to avoid the concentration of the 

electrical field at a particular site [35, 161].

4.3.3 Corona Discharges

Corona discharge occurs in a gas at the surface of a metal electrode at some high 

electric stress level. The result is ionization of the gas around the sharp edges of the HV 

electrodes. In general there is no permanent damage to the insulation if it is air, but if it 

is a contained gas such as SF6, some damage to the gas may accumulate. It is also 

possible for corona discharge to occur at floating metal items which are subject to the 

influence of an electric field from a high voltage conductor. The floating metal object 

may attain some high voltage due to capacitive coupling.

Figure 4-3: Corona Discharge

Figure 4-3 shows the corona discharge mechanism. Corona discharge appears with ac 

voltage generally during the negative half cycle of the voltage waveform only. They are 

usually found at the high voltage electrode, however they can sometimes occur at low
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voltage (even earthed) electrodes if the electric field at the surface is very non-uniform 

and is thus high enough to cause inception. Corona discharge from sharp edges such as 

isolator switch contacts in substations is a major source of electrical interference while 

conducting PD tests, so the test area should be as free of sharp pointed edges as possible 

[162-164].

4.3.3.1 Negative PD’s
As a positive ion comes close to a point electrode it moves towards the electrode 

following the attraction of the electric field. The ion releases one or more electrons from 

collision with the electrode and as the process repeats a cloud of positive ions come near 

the point and the negative electrons travel away from the point. The electrons slow 

down at a greater distance from the point and attach themselves to the ionised molecules 

in air. These result in two regions of space charge, a positive space charge forms in the 

nearest vicinity of the point electrode by slow positive ions and at greater distance 

negative ions, which are formed by adhesion of the electrons to the oxygen (for 

example) and end up as a negative space charge. The entire process takes place at a 

distance of only about 0.1mm from the point and in a time of about two microseconds 

extinguishes [143, 163] for each individual discharge.

4.3.3.2 Positive Corona
The electron avalanche causes a distribution of space charge. As the electron disappears 

at a greater speed the slower positive ions end up shielding the point electrode from the 

electric field. The corona discharge stops as the positive ions have drifted away. 

Following this a new discharge starts. This process repeats itself quite regularly [143, 

163].

4.3.3.3 Recurrence of Corona at ac Voltages

As the ac voltage slowly increases, the corona discharges occur at or near the negative 

peak of the voltage only, after the inception voltage level is exceeded. Oscilloscope 

displays are helpful for this case. At first only one discharge peak per cycle may be 

seen. A rapid increase in number of discharges results if the voltage increases even 

fractionally. They are generally equal in magnitude and their number increases linearly 

with the applied voltage. At higher voltages, impulses also appear on the positive half
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cycle. These are usually more irregular and are of larger size. When observed on an 

oscilloscope display, corona discharges can be easily distinguished from other 

discharges [37], Typical traces of corona discharge due to a sharp point at the negative 

half cycle and internal discharge in a cavity at both positive and negative half cycle is 

shown in Figure 4-4 [26].
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Figure 4-4: Corona Discharge and Internal Discharge in Air
Left pattern is Corona Discharge due to Sharp Point 

Right pattern is Internal PDs in a Cavity

4.4 Partial Discharge Measurement

Partial discharge magnitude measured by the discharge detector in pico-coulombs is not 

equal to the actual charge transfer that occurs in a case of surface, internal or corona 

discharge. However it is a good representation of the intensity of the discharge as it is 

directly related to the energy (charge) dissipated in the volume of a discharge [37],

The basic circuit for discharge measurement includes a high voltage source, preferably 

free of discharges, a coupling capacitor (providing a closed circuit for the discharge 

displacement), an amplifier, a discharge detector and a discharge analyser. The 

sensitivity of a detection circuit is defined as the smallest discharge pulse that can just 

be distinguished from the background noise.

Before testing, the measurement system is calibrated using an external calibration 

source by injecting known quantities of a fast pulse discharge of charge. Calibration test 

source must be removed before high voltage can be applied and no calibration can be
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made during tests [147]. The basic PD measurement circuits specified in the IEC-60270 

Standard and the basic PD measurement circuit used in the experiments using the CDA3 

detector that was used in the experiments described here are shown in Figures 4-5 and 

4-6 respectively [26].
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Figure 4-5: Basic Partial Discharge Measurement Circuits 

As specified in IEC-60270 Standard

In Figure 4-6, Cs denotes the capacitance of the test sample. The capacitance Cb 

represents a HV discharge-free coupling (and blocking) capacitor. The analogue output 

signal of the conventional PD detector is connected to the input of the CDA3 circuit 

board, which then processes the PD signals digitally. The basic PD measurement circuit 

is explained in detail later in section 5.6.
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Figure 4-6. Basic Partial Discharge Measurement Circuit Using CDA3

Much progress has been made by developing and applying statistical techniques for the 

analysis of partial discharge patterns. These statistics are based on the basic magnitude 

vs. phase and Count vs. phase plots. The shape of these distributions is displayed on 

positive and negative half of the voltage cycle. The statistical analysis method assumes 

that these variations are Gaussian in shape: this is a substantial approximation, but one 

which yields very useful results in terms of correlation of PD characteristic patterns 

with insulation damage.

It has been found that these shapes are characteristic for the type of defect from which 

they originate. Each distribution is analysed by means of a number of statistical 

operators. Each defect for a dielectric model shows a typical combination of operators 

as a fingerprint. The observation of discharges with a statistical analyser is thus an 

effective means of distinguishing the discharge source type. The shape of the discharge 

pattern gives supplementary information for the distinction between internal, surface 

and corona discharges. In addition thickness and width of a detected cavity can be 

estimated using neural networks and can be made to determine extent of deterioration 

[26, 152].

4.5 Partial Discharge Location Tests

Basic indication of PD activity and also the location of the PD can be determined by 

acoustic methods using piezoelectric sensors. PDs generate pressure waves and sensors
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operating at acoustic frequencies of 100 to 300 kHz throughout the transformer tank can 

pick up the acoustic signals. The location of the PDs can be detected through the 

process of triangulation if sensors are located at a number of points around the tank and 

if the acoustic velocity and the internal structure of the transformer are known [5, 16]. 

In recent time PD acoustic testing has greatly improved by housing the transducers 

inside the transformer tank [165-166] to remove complications caused by the interaction 

with the tank wall.

The main component of the acoustic detection system is the transducer design which 

has to provide adequate sensitivity as well as reliability and ease of operation. 

Logically, to achieve maximum sensitivity, transducers should be placed inside the tank 

as close as possible to the source. Since the position of the source is unknown and the 

hardwired transducer cannot be installed safely and easily anywhere inside the electric 

field region in the tank, so external transducers are generally used. The pressure wave is 

transmitted to the transducer through the transformer tank wall. The wave thus reaches 

the sensing element on the wall (piezoelectric ceramic element). The piezoelectric 

ceramic element converts the pressure wave into an electrical signal which is displayed 

on an oscilloscope. The display shows the signal from the pressure wave emitted by the 

discharge after its travel through the transformer insulation (oil). This signal requires 

processing to provide information for enabling the location of the discharge [143, 167].

As the energy associated with PDs is very low, the resulting signal can be quite close to 

the background level and thus difficult to exploit. The signal ratio is increased by using 

an averaging device. The time interval between occurrence of the discharge indicated by 

the electrical signal at the terminal of the measuring impedance and the time of arrival 

of the pressure wave after travel through the ambient environment at velocity v, the 

distance is then calculated by formula: d = vt.

The instrument commonly used for measuring this transit time is the basic digital 

oscilloscope, which is normally triggered by signals from electrical PD detectors 

monitoring the discharges. The transit time of the acoustic pulses is able to be read 

directly from the screen as the difference between arrival times of the electrical and 

acoustic signals.
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An iterative process is required to locate the source if a response can be detected on one 

transducer. A locating operation is generally performed in steps. The first step is to 

determine the section of the transformer where the source is located. The second step is 

to place the maximum number of transducers on the transformer wall near the predicted 

location and to record the responses and co-ordinates of the transducers in relation to the 

reference point. The operator then identifies on the recordings the time that appears to 

correspond to the direct path through the transformer oil. A computer provides 

considerable help since it is not easy to determine the intersection of three spheres from 

3 sensors [143, 167].

Ultrasonic locating methods have been in use for many years. The accuracy depends on 

the position of the fault in relation to the location where the transducer can be mounted. 

Electrical locating is part of the required measurement technique and ultrasonic locating 

technique has made it possible to pinpoint location of the PDs. Electrical locating and 

ultrasonic locating methods are fully operational and have been used to enhance 

significantly the state of art in PD measurement and locating of the PD source with 

good accuracy within the short time for effective decision making [166-167],

Ultrasonic detectors can detect external discharges such as corona and surface 

discharge. Internal discharges can sometime be detected with the aid of piezoelectric 

sensors placed at the metal surface of the transformer [37, 147], but the shielding of 

some of the internal components of the transformer windings and core make detection 

difficult.

While useful, acoustic monitoring has considerable limitations for PD activity 

monitoring. It cannot give information on the magnitude of the PDs and their phase 

relationship with voltage and thus it cannot be used to identify PD types and to provide 

trend analysis of insulation condition based on the PD properties. Only electrical 

methods of monitoring allow such flexibility of analysis to determine condition trends.
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4.6 Partial Discharge Detection in Transformer

While PDs are normally detected by electrical rather than non-electrical methods, one of 

the simplest detection methods for transformers consists of the monitoring of gases 

generated by PD activity in the oil. This also applies to transformer oil-impregnated 

paper insulation. If a discharge occurs in the insulation, gas is produced by breakdown 

of oil which can be detected by the Buchholtz relay. The method is simple but on the 

other hand rather insensitive. A more definitive and sensitive means is achieved by 

dissolved gas analysis [205].

Reference [156] describes a highly innovative method of on-line monitoring for the 

power transformer which combines a number of techniques. The American Electrical 

Power Services Corporation (AEP) is one of several companies to produce a 

transformer monitoring system. The system is called the Transformer Performance 

Analysis System (TPAS). It is actually designed for use in very expensive extra high 

voltage power transmission transformers. TPAS is basically a form of expert system 

that employs model-based condition monitoring. The system is provided with sensors 

that gather operating data of transformer and compares it with standard normal 

predicted readings. On that basis TPAS can predict future performance of the unit. The 

system can also chart trends and detect when there are any deviations from the predicted 

performance. TPAS actually continuously monitors several key parameters, which give 

vital clues regarding the performance of the transformer; these are PDs, water content of 

oil and gases in oil. Further data is collected on load current, operating voltage, solar 

magnetic disturbances, and oil temperature status of pumps and fans. Sensors inside the 

transformer transmit their information with the predicted readings, store data and 

transfer data to a master computer station when needed [156].

The application of the modern personal computer and digital equipment for both 

recording of large data quantities and for analysis has allowed better interpretation of 

the complicated PD distributions and have opened up a new era of research into PD 

activity and its interpretation and has also increased the reliability of modern insulation 

systems by providing a more quantitative means of analysing PDs data and allowing 

storage of the data for future comparison.
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PD measurements have gained a position of utmost importance, and extensive research 

has been carried out for more accurate and reliable detection and location techniques for 

PD applications, especially for on-line condition monitoring of PD activity in 

transformers [26, 152].

4.7 Partial Discharge In Transformer Oil

PDs can often lead to ageing of insulating fluids and therefore influence their electric 

and dielectric behaviour in a negative way. They also decompose the fluid by producing 

different gaseous or composite products. Even though PDs are very important, their 

formation and the parameters that are important in determining the PD behaviour, such 

as moisture, temperature and pressure and how they influence the PD behaviour of 

mineral-based oil are not yet fully understood [143, 150]. There is much more 

information required in this regard. This thesis work has been aimed at partly addressing 

this area.

Transformer oil normally has to withstand varying temperatures, which influence the 

electrical behaviour of the insulating fluid. The electrical strength of insulating oil 

strongly depends upon the dissolved and undissolved gas component inside the fluid. 

[41]. Transformer oil has to withstand such contaminants which can accelerate the 

ageing processes.

To determine the influence of the age of the oil on the relevant PD parameters, several 

researchers have explained the initiation of PDs in insulating liquids by assuming the 

breakdown of gas-filled voids in the liquid and others explain the initiation in a more 

general way by postulating that impurities such as particles provide PD initiation sites. 

The influence of the water content on the electrical and especially on the PD behaviour 

of mineral based transformer oil has been investigated in detail by a number of workers. 

Mostly it is assumed that water molecules migrate due to their higher permittivity 

compared with insulating oil in the direction of the electrode. They can the initiate PD 

activity by distorting the electric field and by acting as impurities sites for initiation of 

PDs [143, 150].
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4.8 Partial Discharge Causes in Oil-Impregnated Insulation

Transformer oil-impregnated insulation contains mainly oil and cellulose based paper 

and pressboard. Transformer oil and cellulose both are organic based materials, which 

are vulnerable to thermal and moisture-based degradation. Degradation can affect their 

function seriously. The Thermal ageing of the cellulose insulation system will also 

produce water, in addition to any that may enter from the atmosphere.

The moisture is soluble in oil; it can absorb the moisture produced from the cellulose 

degradation and from the atmosphere. The atmospheric moisture in the oil can 

eventually transfer to the cellulose insulation due to its very hydroscopic nature. High 

moisture content in oil and cellulose will decrease the dielectric strength of both 

materials. As the temperature of a transformer is increased during overloading the 

moisture is then forced from the cellulose into the oil. So, the moisture does not remain 

at the same concentration but rather, it is continuously changing between the solid and 

liquid insulation of a transformer [See Figure 2.7]. High moisture contents in cellulose 

may produce bubbles at sudden high temperature shock and PD activity can be initiated, 

leading to a potentially dangerous condition of the transformer [207]. Paradoxically, the 

very high temperatures and bubble formation may, by virtue of the expulsion of 

moisture, have some impact in reducing ageing of the paper. This is one issue which is 

being addressed in the work of this thesis.

When the insulation of a transformer is stressed by alternating voltage, either induced or 

applied from a separate high voltage source, PDs may occur in different parts of the 

windings, connecting leads, or other components and may involve different 

configurations of conductors and/or dielectric materials. They may occur, for example, 

within cavities in the solid insulation of the windings or bushings, in cavities or gas 

bubbles between conductors and solid insulation, or in free oil spaces adjacent to either 

insulation or conductors at earth potential or at high voltage [37, 175].

Because of their almost constant presence in high voltage equipment, PDs are regarded 

as the most hazardous of the insulation degradation processes with respect to the service 

life of the transformer insulation. Therefore it is of fundamental importance to be able to
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identify the hazardous PDs during testing. The magnitude of the individual discharge 

and the number can be of great help in identifying hazardous discharges. Overall PD 

activity must be carefully monitored by continuous maintenance testing procedures to 

establish the trends in the insulation degradation [36, 39].

4.9 Breakdown Theory in the Transformer

An increase in the operating temperature will change the properties of the insulation 

very significantly. This lack of thermal stability at elevated temperatures limits the use 

of cellulose for continuous operation at high temperatures. Thus the characterisation of 

PD phenomena and their impact on the cellulose paper insulation under various 

conditions becomes a necessity. Often the overloading occurs when the plant or the 

utility slowly increases the load in small increments over time. The capacity of the 

transformer may eventually be exceeded resulting in excessive temperatures that 

prematurely age the insulation. Pressboard and paper are hydrophilic materials capable 

of absorbing the surrounding water molecules and the dielectric strength of transformer 

oil decreases rapidly with the absorption of moisture: this can lead to breakdown or 

failure of the insulation [8]. A related area where there is still much lack of detailed 

knowledge is in the impact of sudden thermal shocks, due to short circuit effects for 

example. These thermal shocks can cause gas and bubble formation and these can cause 

a significant change in the PD behaviour and its impact on the insulation degradation, 

particularly that of the paper.

The source of possible gas bubble formation caused by thermal shock is not very clear 

but this is obviously of importance in oil/solid systems as PD activity in the bubbles 

might occur near to an insulation surface and cause failure of the solid dielectric, before 

flashover of the oil itself. High voltage power transformers are not totally discharge 

free, even in a new condition: a certain level of partial discharge activity is allowed and 

the interpretation of the measurement results and their potential impact and change of 

insulation properties depends on the knowledge of the test engineer. In most cases these 

changes can be seen as a degradation of the insulation properties [8, 175].
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PD test data and analysis characteristics can be used to analyse the nature of different 

PD sources. The most frequently used PD quantity is the phase resolved PD pattern 

[26]. The quantities observed over the whole cycle provide statistical distributions of the 

discharge magnitude, distribution of the number of discharges and combination of PD 

magnitude and its intensity. Each distribution is characterised by its specific shape and 

these shapes can be explained in terms of PD inception conditions. With regards to the 

PD pulse spectrum, discharge magnitude and discharge phase position as well as the 

repetition rate can be used in the analysis of insulation defects [26].

The use of the computer-aided PD analysis system offers an opportunity to store 

sequences of the discharge pulses and to perform post-processing of these results in the 

course of time. In this way a complete data recording is made for further evaluation and 

diagnosis of the insulating system. It is known that the behaviour of discharges may be 

very complex due to their dependency to a wide range of conditions like the discharge 

site and the voltage stress. Moreover, depending on ageing effects at the discharge site 

different types of behaviour can be observed in the course of time. The observation of 

these PD intensity spectra can give interesting and useful information about discharge 

sources like transformers by showing internal defects and differences in the PD patterns 

[26]. The use of digital diagnosis support provides additional information about the PD 

process, particularly indicating if the PD is a regular one (no deviation from the normal 

situation) or that the process is irregular which means that discharging defects are 

present. The digital PD diagnosis can also be used to investigate and evaluate different 

defects in service aged of the transformer by linking together all information gathered 

from periodic or continuos monitoring [26, 176].

4.10 Computerised Discharge Analyser (CDA 3)

The PD monitoring system used in the experiments was a Computerised Discharge 

Analyser (CDA3). This is a computer-based PD measurement and analysis system 

developed at The University of New South Wales. The system is used regularly both in 

the laboratory and on-site. The hardware consists of a single printed circuit board, 

which enables direct interfacing between conventional PD detector and a standard PC.
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The board can be plugged directly into a standard PC with a free full size 16-bit ISA 

slot without any modification to either the discharge detector or the PC [26].

The board receives two analogue input signals from a conventional commercial PD 

detector. One is of the 50Hz voltage supply signal, trapped from the HV output of the 

supply through a resistive divider or equivalent device. The other input signal to the 

CDA3 is the amplified PD pulse from the output of the conventional discharge detector. 

The PD pulse contains basic discharge information, which is stored in memory under 

direct memory access (DMA). The PD pattern and the complete history of the discharge 

activity can be easily recalled for future investigation and comparison. A menu-driven 

program controls the CDA3 operation. Results are displayed in tabular or graphical 

formats on a monitor. The CDA3 software can discriminate an internal calibrator in the 

presence of live PDs. This discrimination technique can also be used to eliminate the 

effect of certain types of external interference.

The CDA3 system provides the peak discharge magnitude (PD max), the average 

discharge magnitude (PD avg.), discharge current (I), discharge power (P), quadratic 

rate (Q) and repetition rate (R) for characterising discharge activities. If the positive and 

negative half-cycles are analysed separately, the result is a set of 12 integrated 

quantities. This may be used to form a simple database instead of raw discharge data 

[26].

The programme software calculates for each phase window and over the integration 

period, the total number of PD pulses detected (nl), the peak (ml), average (al) 

discharge magnitude and the average discharge current (cl). To characterise these four 

distributions, statistical analysis can be applied to calculate their moments. For example, 

with the current distribution, the mean is denoted as cl, standard deviation as c2, 

skewness as c3 and kurtosis as c4. As the two half-cycles are analysed separately, there 

are two sets of moments for each distribution and overall there are 32 statistical 

moments for the four distributions. The various PD signatures can be stored in a 

database and recalled later for comparative analysis. The software design of the CDA3 

as developed previously at UNSW is detailed in [26] and Appendix B.
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The CDA3 system is extremely valuable in assessing the different PD characteristics for 

various potentially dangerous PD conditions which may arise in power system 

equipment; in particular oil-impregnated power transformers. This system provides a 

more quantitative means of acquiring and analysing PD data, which allows storage of 

data for future comparison, an essential requirement for maintenance and for any life 

assessment and life extension programs [26, 152].
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Chapter 5

Effects of High Temperature and Moisture on 
Partial Discharges in 

Oil-Impregnated Insulation:
An Experimental Investigation

5.1 Introduction

As most transformer failures occur in the insulation, monitoring of transformer 

insulation is required to provide an early indication of any degradation that may be 

caused by abnormal electrical, thermal, environmental and mechanical stresses which 

may occur during operation [178-179],

Temperature is the major cause of degradation of the cellulose insulation that is the 

predominant dielectric material used in oil-impregnated transformer insulation. 

Increased temperature accelerates chemical change in the insulation thus reducing its 

lifetime. Paper insulation in particular may deteriorate rapidly if the operating 

temperature in the oil-impregnated insulation is too high. The operating life of cellulose 

based insulation thus depends heavily on temperature rise above ambient. In addition to 

normal temperature variations during operation, transformers are sometimes subject to 

sudden thermal overload and the effect of such thermal shocks on transformer insulation 

has not yet been fully investigated. Dynamics of water migration between paper and oil 

insulation is not researched. The intermittent status of released water particles and its 

role in triggering major failure like fire explosion are to be understood. With that point 

of view, systematic experimental study and data analysis using PD’s, RVM and PDC 

are made. The novel findings of this investigation are presented in the subsequent three 

chapters.
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The ingress of moisture, coupled with high operating temperature in the insulation 

reduces the dielectric strength of the cellulose paper, the pressboard and the transformer 

oil. The deterioration of the oil-impregnated insulation is due to the operating 

temperature and voltage, excessive oxygen in the oil and moisture in the insulation. 

Excessive moisture in the insulation causes PDs within the moisture soaked cellulose 

paper reducing its ability to withstand high electric field stresses. The combination of 

very high temperatures with the presence of moisture in both oil and paper is an area 

which has not received a great deal of attention thus far, but is nevertheless an important 

component of the operational degradation process. Thermal shocks can generate gas 

bubbles and they have significant impact on PD levels in the insulation system. Thus 

this area of thermal shock in conjunction with elevated moisture levels is an important 

area of study and work and results of this chapter were designed to provide some better 

knowledge of this aspect.

As most transformer failures occur in the insulation, condition monitoring (preferably 

continuous and on-line) of transformer insulation is required to provide an early 

indication of any degradation that may be caused by abnormal electrical and thermal 

stresses which may occur during operation. In order to recognise deterioration from PD 

patterns, it is necessary to catalogue and to understand the correlation of the PD patterns 

to the insulation condition [5, 180]. This requires investigation of the physical processes 

that take place and to identify them from the PD patterns. This also needs to be done to 

cover all operational aspects of the transformer and this is the reason for the work 

described here.

This chapter reports results of a laboratory experimental investigation aimed at a 

detailed investigation of the PD characteristics and patterns in a test model of 

transformer-type oil-impregnated insulation. The tests were performed over a range of 

parameters, including abnormally high temperature levels with different levels of 

moisture contamination of both oil and paper. The frequency variation was from 50 Hz 

to 200 Hz. The experiments were performed and investigated in the laboratory with an 

environment and configuration similar to practical operating conditions in a transformer 

under load. The PD patterns were recorded and analysed during increasing and
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decreasing of the temperature. The PD patterns together with inception and extinction 

data were recorded and correlated with moisture and temperature effects.

The work investigated the thermal dependence of PD activity in new and aged paper 

insulation, using temperatures up to 140-145 °C. The temperature levels used were 

much higher than normal operation to simulate the transient over-temperature 

conditions that may occur during a heavy overload of a transformer. At these 

temperatures there is substantial gas bubble formation and these bubbles have a 

significant impact on the PD activity. One particular condition of temperature that is 

known to present problems is the thermal impact due to sudden changes in the load. 

Such thermal shock can generate such gas bubbles, involving moisture, which will have 

substantial impact on PD activity [124]. Thus the effect of high temperature on PD 

activity is of importance in insulation monitoring. The thermal generation of gas 

bubbles and associated temperature levels, moisture levels and PD pattern 

characteristics were also recorded and analyzed. The effect of aged and new transformer 

oil on PD pattern is recorded in this chapter.

Typical configurations of paper insulated copper windings and pressboard spacers were 

subjected to long-term tests in a heated oil test cell. The level of PD activity and the 

effects on PD pattern due to temperature, moisture and ageing in oil-impregnated 

insulation is considered here. PD activity over a range of temperatures with and without 

bubble formation is also studied. The effects of prolonged operation at high 

temperatures on moisture levels and changed PD behaviour due to moisture in paper are 

also covered in this chapter.

There are a number of methods available which can provide reliable information of 

ageing processes of oil and paper. Degree of polymerisation (DP) tests and dissolved 

gas analysis (DGA), including furan analysis, and dielectric dissipation factor (DDF) 

tests are some of the more common and often used monitoring tests. However they give 

an integrated or global assessment of the insulation condition rather than an 

instantaneous and localised evaluation. In contrast, PD measurement of insulation gives 

an instantaneous and time-resolved assessment of condition and they can in some 

circumstances be used to locate the fault site.
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PD monitoring is thus one of the more important tools available to assess the condition 

of oil-impregnated insulation. PDs are also a major cause of insulation damage and 

degradation and thus their monitoring is a very useful diagnostic tool of the insulation 

degradation in large power transformers. PD monitoring is not an infallible monitor, but 

nevertheless it is a very sensitive indicator of insulation condition. PD monitoring is 

thus one of the more important tools available for the maintenance engineer to assess 

the condition of transformer insulation [26, 152].

5.2 Transformer Insulation Model

All transformer parts which operate at different potential require some form of 

insulation between them, whether it is a liquid, or a solid. The operating lifetime of any 

transformer is effectively determined by the life of this insulation. Insulation lifetime, 

apart from some very abnormal damage, is dependent primarily on the temperature at 

which the insulation operates. Transformer insulation has the two major components of 

mineral oil and paper-based materials. The major constituent of paper (and pressboard) 

is cellulose, which is a natural long chain polymer of glucose molecules joined together 

by the glycosidic bond. The paper derives its tensile strength from its fibrous nature, 

which arise from intramolecular and intermolecular hydrogen bonding. The rate of loss 

of this mechanical tensile strength is temperature dependent because of the chemical 

scission of the bonds, which hold the molecular chains together. The chemical reactions, 

which cause this scission, are also temperature dependent. Cellulose material degrades, 

especially at high temperatures and in the presence of oxygen. The degradation products 

include water, furan products, glucose molecules, solids and carbon oxides. The 

degradation from the thermal stress affects the electrical, chemical and mechanical 

properties of the paper. Indeed, the degradation of the tensile strength of the paper is a 

useful determinant of the paper insulation lifetime.

The natural level of moisture in paper under atmospheric conditions is about 5% by 

weight. When used as transformer winding insulation, the paper must be dried after 

construction to a moisture level of less than 0.5% in new transformers. The natural 

degradation of the paper during operation will then produce moisture, which will then 

be maintained in the paper and may also enter the oil.
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During a sudden overload condition which causes thermal shock the water vapour in the 

cellulose insulation expands, thus causing bubble formation, and in this process 

moisture from the paper transfers into the oil and because moisture migrates very slowly 

into paper it can lead to the presence of free water in the oil. Free water droplets in the 

oil, when their molecules are subjected to the ac electric field inside a transformer, 

become polarised and electric dipoles of water move around inside the bubble, trying to 

align with the applied field. The result is elongation of the bubble along the electric field 

lines. Eventually, the molecules break through the interfacial tension and small water 

spheres escape and move in opposite directions, forming a moisture bridge that can 

cause PD activity or even transformer failure in the long term. Such PDs, at their 

inception are generally of small magnitude but they can still cause progressive 

degradation of material and eventually total insulation failure. Detecting these PDs and 

their characteristics can help to detect small changes in the general quality of insulation, 

such as those occurring due to the thermal effects of overloading [181-184],

5.3 Degradation of Insulation Material

Overloading of the insulation in a high voltage power transformer causes a high thermal 

stress that will accelerate degradation of the insulation. All insulation subject to any 

sustained temperature rise above ambient will degrade insulation in accordance with the 

Ahrrenius model of chemical reaction rate increase with temperature [82]. Also, sudden 

or sustained thermal overload in the transformer will increase the reaction rate and thus 

further decrease lifetime. In addition to this purely thermal degradation, PDs will occur 

as insulation degrades (or they may arise from other causes) and these will further 

increase the degradation rate. The exact relationship of the PD activity level to such 

high over-temperature conditions has not been widely investigated. The aims of the 

investigations reported here were to investigate this relationship with temperature and to 

determine degradation modes of the insulation due to high temperatures coupled with 

PD activity. To achieve this investigation, typical model configurations of paper- 

insulated copper windings and pressboard spacers were used in an oil test cell, able to 

be heated, with attendant continuous PD monitoring.
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5.4 Insulation Condition Monitoring

Overloading of a transformer is a major cause of the thermal stress that may degrade the 

insulation. Detecting PD activity during overloading establishes not only quality control 

but also can help in detecting a change in the insulation quality. PD activity is not a 

complete failure of the insulation, but is indicative of local high fields and a certain 

amount of ionisation or charge transport underway somewhere in the insulation. The 

increased level/rate of PDs can result in dielectric breakdown of the electrical insulation 

and the failure of the power equipment. If we can understand and correlate the PD 

properties with insulation condition and potential faults, it should be possible to prevent 

catastrophic failure.

The experiments reported here were aimed at a detailed investigation of the PD patterns 

in oil-impregnated insulation at different temperature, moisture, applied voltage and 

frequency and their effect in accelerating ageing [80, 83, 105]. The PD activity related 

to the deterioration of this particular insulation system was recorded and analysed. The 

experimental model was designed to give electrical stresses typical of working 

transformers and also to allow application of high thermal and environmental stresses.

5.5 Experimental Procedure

The winding insulation test objects are mounted in a small steel tank, which is 280mm 

wide, 330mm long and 210mm high, with high voltage bushings and windows for 

observation of bubble formation and movement. Heater pads under the base heat the 

tank and its contents to the desired temperature and the paper insulation on the windings 

can also be heated by ohmic heating of the conductor system, using an external low 

voltage, high current supply. The total oil capacity of the tank is 12 litres. Normal 

transformer insulating oil was used. Figure 5.1 shows the test chamber used.
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The test electrode configuration consisted of a high voltage (HV) copper electrode 

attached to the HV supply for applying electrical stress and a low voltage (LV) copper 

electrode, through which heating current could be circulated to raise the temperature of 

conductor and the insulation. A duct space between the electrodes, which is the location 

of the test insulation, contained mineral oil, paper layers and pressboard spacers as 

shown in Figure 5-2. This structure and the electric fields applied by the external supply 

were designed to simulate oil-filled interturn spacings and conditions in transformers. 

The temperature of the conductor was monitored by a fibre optic temperature sensor.

Figure 5-1. Steel tank used for tests
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HV electrode

Crepe paper
Oil

Pressboard Kraft paper

LV electrode

Figure 5-2. Arrangement of Test Sample

Copper HV Electrode, Two Layers of Crepe Paper, Pressboard spacers, Mineral Oil 

filling, 10 Layers of Kraft Paper and LV Copper Electrode

The HV electrode is 96mm x 58mm, had radius edges of 6.35mm and was covered by 

two layers of 0.25mm crepe paper to give a total thickness of 0.5mm insulation on the 

HV electrode. Figure 5-3 illustrates the HV electrode insulation configuration.

Figure 5-3. Insulated High Voltage Electrode 

Insulation covering is two layers of 0.25mm thick crepe paper

The LV electrode consisted of six segments, each of effective length of 100mm in series 

and arranged side-by-side in a rectangular configuration giving an overall area of 60mm 

x 100mm (See the detail in Fig 5-7). The individual insulated conductor section (10mm 

wide and 3mm thick) had a covering of three layers of 0.06mm thick Kraft paper and 

the six segments were covered as a whole by seven sheets of the same paper. This made 

the total thickness of Kraft paper insulation 0.6mm.
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Figure 5-4 illustrates the LV electrode configuration. Two 3mm-thick pressboard 

spacers (shown in detail in Figure 5-8) were used as spacers between the HV and the 

LV electrodes.

Figure 5-4. Insulated Low Voltage Electrode 

Three wraps of 0.06mm Kraft Paper and then seven sheets of similar paper. 

Two 3mm thick pressboard spacers are shown on the LV Electrode

The model winding test configuration used is typical of that used in oil-impregnated 

power transformers. It consists of a paper insulated copper strip configuration and is 

designed for application of an electric stress (1.83 kV/mm minimum occurring across 

the paper, with dielectric constant e 0n = 2.2, s paper = 3.2 and s pressboard = 4.2) which is 

equivalent to that used in transformer windings when the windings are located between 

a parallel electrode structure.

In the model, the required electric stress is obtained with application of voltages up to 

10 kV between the electrodes. The winding can be heated independently of the oil 

heating by current circulated in the winding by a high capacity LV transformer. This
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can raise the temperature of the copper conductor to 145°C quickly when required. A 

fibre optic temperature sensor (Figure 5-5) monitors the temperature of the conductor.

Figure 5-5. Fibre Thermometer ASEA Model 1010 

Showing a typical overload temperature of 140 C

The uncovered HV and LV electrode are shown in Figures 5-6 and 5-7 respectively.

Figure 5-6. Uncovered High Voltage Electrode 

(96mm length x 58mm wide)
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Figure 5-7. Uncovered Low Voltage Electrode 

Six Conductors (100mm xlOmm x 3mm) with overall area of 60 xlOOmm.

The duct between HV and LV electrodes contains both the oil and pressboard spacers as 

well as the paper insulation. The pressboard spacer length and width are 65mm and 6 

mm respectively (Figure 5-8). Total thickness of the insulation between the HV and LV 

electrodes is ~ 4.1 mm.

Figure 5-8. Pressboard Spacers; Length and Width are 65mm and 6 mm

^
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5.6 Measuring Equipment

The PD pulses generated in the test insulation were recorded using a computerised 

discharge analyser (CDA3) system. This system provides phase resolved PD patterns of 

magnitude and number and their various statistical distributions for each half cycle of 

voltage. It also displays the IEC60270 integrated discharge quantities of discharge 

current, quadratic rate, discharge power and repetition rate of the PD pulses. Statistical 

moments for pattern characterisation are also calculated and displayed. These are the 

mean, the standard deviation, the skewness and the kurtosis of the (assumed Gaussian) 

PD patterns, are displayed on a PC [26] and are updated every few seconds, with the 

data being continuously recorded by the PC. The system has the capacity to record 

every PD event that occurs.

The circuit for PD measurement and calibration procedure follows IEC-Standard 60270 

on PD measurement. Figure 4-6 (Chapter 4) shows the detail of the PD measurement 

circuit used. The CDA3 is contained on a circuit board inserted within an IBM-PC. It 

interfaces the analogue output of a conventional discharge detector (Robinson Model 5) 

and the computer recording system [26, 147]. In Figure 4-6 the Cs denotes the 

capacitance of the test object. The Cb is a HV discharge-free coupling capacitor 

providing appropriate isolation. Z is an appropriate input unit, chosen depending on the 

test object. The analogue output signal of the conventional PD detector (Robinson) is 

connected to the input of the CDA3 circuit board, which then processes the PD signals 

digitally. A voltage reference is also given to the PC to provide the phase resolution of 

the PD patterns. Figure 5-9 is a photograph of the recording system.

Before testing, the measurement system is calibrated using an external calibration 

source. The parameter set up of the CDA3 system is also calibrated. This latter includes 

calibration of integration time, detector calibration, analyser calibration and the lower 

signal threshold. To prevent electrical interference in the measurements, the signal 

threshold of the CDA3 was set to 30 pC. Thus, any signal with PD magnitude lower 

than 30 pC was rejected. This level was chosen after consideration of typical test levels 

obtained and the typical interference level in the test area.
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Figure 5-9. Partial Discharge Measurement Apparatus 

A typical output pattern is displayed on the monitor unit

5.7 Discharge Quantities

The analysis of the experimental results reported here is focused on the peak and 

average discharge magnitude and the PD repetition rate. The peak discharge magnitude 

(<qm) is defined as the magnitude of the largest apparent charge recorded in a selected 

time interval. The peak discharge magnitude is expressed in Coulombs as;

qm = max[ql,q2,q3,-,qn\ ,

Where qIt q2, q3 qn are the magnitudes of the apparent PD charges measured.
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The average discharge magnitude (qa) is defined as the ratio between the sum of the 

measured discharge magnitude and the total number of PD pulses recorded in a selected 

time interval. The average discharge magnitude is also expressed in Coulombs as 

below;

qa \
n ;=1

Where n is the total number of discharges within the measurement time interval T and 

the qi are the apparent charges of individual PD events.

According to IEC 60270 [132], the repetition rate (r) is defined as the ratio between the 

total number of PD pulses recorded in a selected time interval and the duration of this 

time interval and can be expressed mathematically as;

r n
T

Where n is the total number of discharges within a selected time interval T.

5.8 Test Results And Discussion

The dominant ageing or degrading factors used in the experimental tests were a 

combination of thermal and electrical stress. Facilities were also available to accelerate 

ageing by operating the system at higher frequency. The operating frequency used was 

50 and 200 Hz in the tests reported here, with the higher frequency used to accelerate 

ageing.

The voltage applied to the model (10 kV) was designed to give operation at electrical 

stresses typical of those occurring in working transformers. After setting up the test 

equipment, the constant 10 kV test voltage was applied to a well-aged sample which 

had already been aged for almost three years (at about normal room temperature) in
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previous tests and experiments. Although the aims of previous experiments performed 

were quite different from that detailed here, a study of previous records found some data 

to be very useful in correlating different PD patterns especially with the moisture in the 

paper.

5.8.1 Effect of Temperature and Frequency

The temperature of the oil in the steel tank was maintained constant at 80°C by the 

heater control system. At 80°C the insulation system PD level was checked prior to 

initiating the high temperature tests and was found to be discharge-free. The 

temperature of the copper winding and the paper was then increased rapidly by injecting 

high current to the windings via the LV electrode.

The PD inception temperature in the sample at 10 kV was found to be 110°C. Figure 5-

10, shows the PD pattern measured at this inception level. As can be seen the PDs at 

inception were few in number and quite consistent in magnitude with a peak value of 

about 142 pC and an average value of 110 pC. They also appeared at the peaks of 

voltage, indicating possibly a void type source, although the PD number is so small that

such conclusions are not conclusive.

Figure 5-10. PD Phase resolved Patterns and statistical data at inception

at lOkV, 50 Hz and 110°C

1. Left Top is PD maximum, 2. Left Bottom is PD Count,

3. Top right are IEC parameters [PD max, PD ave, Discharge Current (I), 

Power (P), Quadratic Rate (Q) and Repetition rate (R)]
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The temperature was then raised uniformly by increasing current until the conductor 

temperature reached 145°C. During the temperature rise the PD levels and patterns were 

recorded after each 10°C rise after inception. The conductor (and thus insulation) 

temperature was then maintained at 145°C for 30 minutes and the PD levels were 

recorded at five minute intervals.

Many gas bubbles were observed to be discharged / released at a temperature of 140- 

145°C with some small and some large bubbles generated (Figure 5-11). The 

phenomenon of bubble formation can be explained by development from high electric 

stress in voids in the insulation or, more likely, by production due to high moisture 

content in the paper vaporising ie. since it is above boiling point of water as the 

temperature is raised very quickly with an almost adiabatic process during which the 

moisture acquires heat energy and, when the vapour pressure is greater than the external 

pressure, a gas bubble escapes.

Bubble

Figure 5-11. Gas Bubbles Released in the top glass bushing of the cell 

[ 1 OkV, 50 Hz and a temperature of 140-145°C.]



Chapter 5: Effect of High Temperature and Moisture on Partial Discharge in Oil-Impregnated 
Insulation: An Experimental Investigation 114

It was also observed that the discharge/release of large bubbles was accompanied by a 

dramatic decrease in the maximum PD magnitude. However although the maximum 

level decreased substantially, the average PD magnitude and repetition rate however did 

not change much as a result of the bubbles, as can be seen by comparing Figure 5-12 

(before the bubble release) and Figure 5-13 (after the bubble release). The maximum PD 

level after the release of bubble decreased from 1.37 nC before bubbles to 336 pC after. 

However the average magnitude decreased only marginally from 100 to 95 pC. The PD 

rate changed from about 1016 to 960.

30.99 
20.33

32.80 
1 8.42

0.293 0.236
-0.818 -0.893

O.023 O.327
-X . ±36 -O . 342

Figure 5-12. PD Pattern Before Release of Bubble at lOkV, 50 Hz and 145°C

Q< nC2/s) : 9.99
R< r»o . /s) : 959.1

Figure 5-13. PD Pattern After Release of Bubbles at lOkV, 50 Hz and 145°C 

(recorded only 8 seconds later than the record shown in Fig. 5-12)
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Note also that the PD inception and extinction phase angles do not vary much between 

the two sets of pattern shown in Figures 5-12 and 5-13. Also, the patterns of the 

discharge numbers are very similar in each case, indicating that there is little difference 

in the base PD behaviour except for the relatively few discharges of high magnitude that 

occur just before the bubbles are released. Thus it is likely that the “before” example of 

Figure 5-12, shows PDs in bubbles which are held, or generated, within the solid 

insulation and that the large discharges are due to the influence of the solid insulation 

material interacting with the bubble. The “after” pattern thus shows the PDs activity 

within the isolated bubbles when only surrounded by the liquid.

The temperature was then reduced in stages and the PD levels were recorded after each 

decrease of 10°C in temperature. The PD extinction temperature was found to occur at 

100°C ie. boiling point of water. The oil temperature was then maintained at 80°C for 

fourteen days and the insulation system was overloaded daily for 30 minute periods to 

temperatures of 140-145°C in order to determine the effects of short duration period of 

increased temperature on the oil-impregnated insulation.

It was found that maximum PD levels in this situation had increased from 3.24 nC (see 

Figure 5-14) to 3.46 nC (Figure 5-15) over a period of eleven days. The average PD 

magnitude as well as the PD number also increased significantly, from 219 pC to 477 

pC and the PD repetition rate number increased from 39 to 109 (no./s). These can then 

be taken as an indication of some substantial degradation of the insulation material over 

the eleven day period.

SKSSJSgi! lil?:

Figure 5-14. Maximum PD 3.24 nC at lOkV, 50 Hz and 145°C
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O 270.0 366

Figure 5-15. Maximum PD 3.46 nC at lOkV, 50 Hz and 145°C 

(taken 11 days after 5-14)

It was also observed that during the heating phase water droplets accumulated on the 

bushing glass (Figure 5-16). The accumulation of water droplets at the glass bushing 

can be explained by the fact that at high temperature water is driven from the paper into 

the oil and then from the oil to the air above the oil in the form of bubbles/vapours and, 

after condensation, accumulates on the inner face of the glass bushing.

Figure 5-16. Water Accumulated on the Glass Bushing
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Some of these condensed moisture drops eventually dropped back into the oil. When 

this happened the effect was the production of very different PD patterns lasting for less 

than five seconds (the sampling period for the PD patterns). These changing patterns 

and their sequential behaviour are shown in Figures 5-17, 5-18 and 5-19.

90.0 180.0
Phase Angle <deg.>

UNSW-HUlab-ftustralia

PDnax(pC): 49.93
PDawg(pC>: 49.93

t i

32
64

IEC quantities 
9.99 
123.3

I ( pfl > :
P< nW) :

o’lo6

Statistical Monent s 
cl: 0.00 61.00
c2 : o. oo o. oo

8:888 ?3°88o
nl: o.oo
n2: o.OO
82; 8:888
nl : 0.00
m2 : 0.00
m3: o.ooo 
n4: O.OOO
ai: 0.00
a2: 0.00
a3 : O.OOO
a4: O.OOO

i°68°
Noise: 30
Not e:

File: r91001
Record: 98

9/10/2001 08:34:00

61 . OO 
0.00 
O. OOO 
-3.OOO
61 . OO 
O. OO O. OOO 
-3.OOO
61 . OO 
0.00 
O. OOO 
-3.OOO

Figure 5-17. PD Pattern Before the fall of Water Droplets into the Oil
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Figure 5-18. PD Pattern After a Water Droplet Enters the Main Oil Volume

Prior to the water droplet entering the oil and after its dispersion, the PD activity was at 

very low level and with very small magnitude and limited to the region at negative peak 

voltage (Figure 5-17). However immediately after the droplet enters the oil the PD 

activity then becomes very high and the phase distribution is distributed almost 

uniformly over the whole voltage cycle (Figure 5-18). The peak PD magnitude, average

72293^
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PD magnitude as well as the PD number all increased with the water droplet entering 

the oil. The peak PD magnitude increased from 49 pC to 3.49 nC, the average PD 

magnitude increased from 49 pC to 203 pC and the PD repetition rate number increased 

from 0.20 to 34 (no./s). The time between the measurements of Fig 5-17 and Fig 5-18 is 

only nine seconds.

The change in PD activity can be explained by the fact that, because the density of oil is 

less than that of water, as the water droplet falls in the oil from the glass bushing it tends 

to go to the bottom of the steel tank and during that process the water droplet can 

disperse and enter regions of high electric field strength causing a considerable 

reduction in the local dielectric strength leading to high levels of PDs and leading to 

damage and dielectric breakdown of the insulation. This can also be explained by the 

fact that electrical discharges can occur in a high voltage region due to disturbance by 

the change in moisture equilibrium causing PDs of higher intensity.

"2: 8:888

Figure 5-19. PD Pattern after water droplet has dispersed in the oil volume

Figure 5-19 shows the PD activity shortly after the droplet has dispersed. In Figure 5-19 

the PD activity is shown 17 seconds after the droplet entered the oil. It can be seen that 

the PD activity has been restored to its pre-moisture level. The magnitude is now 41 pC 

and the repetition rate is 0.20 (cf 49 pC and 0.20 prior to the droplet insertion).
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However, although the duration of the high PD levels due to moisture was short, the 

potential for some permanent damage with peak PD levels of about 3 nC and repetition 

rates of 34 is significant.

The experiment was then repeated with an acceleration of the insulation ageing rate. 

The ageing was accelerated by increasing the excitation voltage frequency from 50 Hz 

to 200 Hz by using an AC power supply/frequency converter (Figure 5-20) [5, 26].

Figure 5-20. AC Power Supply/Frequency Converter Kikusui Model PCR-1000

The insulation system was then thermally loaded as previously at 50 Hz for fourteen full 

days and it was found on the sixth day that, instead of little PD activity as was the case 

at 50 Hz, the system was then starting to generate discharges at 80°C with the PD 

activity levels and distribution as shown in Figure 5-21, where the pattern is almost 

symmetrical over the two voltage half cycles. The average PD level is 142 pC and the 

repetition rate is 216 per sec.
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Figure 5-21. PD Pattern at lOkV, 200 Hz and 80°C

During this experiment gas bubbles were again produced. In the test model structure 

used it is likely that bubbles are generated and then trapped between the layers of paper 

or between the paper and pressboard, thus initiating the PDs at 80° C.

A very similar almost symmetrical PD pattern on the same insulation system had been 

observed in previous tests on the same model. These were performed in October 1996 

during experiments after the system was loaded for three weeks at 140°C and 50 Hz and 

the next day the insulation system was found to be discharging at 80°C (see Figure 5- 

22).

Q(pC2/5>I 136399
R( r»o . /»> : 69.40

cl : 74.11
c2: 9.37
<=3* O.S3G
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a2 : 12.97
*3: 0.283
a4: -0.555

Figure 5-22. PD Pattern at lOkV, 50 Hz and 80°C in October 1996
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At the overload temperature of 145 C and with accelerated ageing in the investigations 

reported here the maximum PD magnitude rose from an initial level of 3.24 nC (see 

Figure 5-14) to 3.88 nC (see Figure 5-23 below). The average PD magnitude increased 

from 219 pC to 1.42 nC and the PD repetition rate number increased from 39 to 216 

(no./s).

On the fourteenth day it was observed that the maximum PD level had decreased to 1.52 

nC (Figure 5-24) from the peak of 3.88 nC (Figure 5-23) and that the number of bubbles 

that were discharged/released was very few compared to the number previously found. 

The average PD magnitude decreased from 1.42 nC to 97 pC and the PD repetition rate 

number decreased from 216 to 70 (no./s).
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Figure 5-23. Maximum PD 3.88 nC at lOkV, 200 Hz and 145°C
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Figure 5-24. Maximum PD 1.52 nC at lOkV, 200 Hz and 145°C 

(on fourteenth day)

5.8.2 Effect of Moisture

The frequency was then changed back to 50Hz, and the system was thermally 

overloaded daily once again for 30 minutes. After a few days it was observed that the 

maximum PD level had reduced substantially, from 1.52nC to 131 pC (Figure 5-25), 

and that the PD inception/extinction temperature had increased.

Q<F>C2/s>: 273303
R(r»o./s>: 34.20

-O.138 
-O.848

Zl\ ?8
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Figure 5-25. Maximum PD 131 pC at lOkV, 50 Hz and 145°C
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Thus this indicated some recovery of the insulation properties of the model. The next 

day the insulation system was found to be discharge-free at the overload temperature. A 

sample of oil was taken and the moisture content in the oil was found to be 100 ppm 

less than that measured at the start of experiment.

The system was not then overloaded again on the basis that the prior overloading had 

somehow dried out the moisture in the oil-paper system. The system temperature was 

kept at 80°C and then, when overloaded again after two months, no partial discharges 

were found and the temperature was then decreased from 80°C to room temperature 

keeping in mind that the paper might re-absorb moisture at the lower temperature levels. 

The system was then overloaded after three weeks and was found to be still discharge- 

free. Thus it can be concluded that some drying had indeed occurred.

The system was then shut down and water drops were added directly to the oil. When 

tested again three weeks later at overload temperature the system was still found to be 

discharge-free. The system was again shut down and further water drops added directly 

to the paper this time. The temperature was then again raised to 80°C and when the 

voltage was applied after a few days it was found that the system was again discharging 

but now at only 8kV of applied 50 Hz voltage. The PD pattern at this level is shown in 

Figure 5-26.
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Figure 5-26. PD Pattern After Moisture was Added at 8kV, 50 Hz and 80°C in April

2002
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This decrease of the inception level was thus caused by the moisture added to the paper 

and by the resulting thermal damage caused by the overloading. The PD pattern shown 

in Figure 5-27 was observed during experiments in December 1997, at the time when 

water was added directly to the paper of an insulation system that was new and was 

initially discharge-free after overloading.

Q< nC2/s) : 19.34
R(no. /*> : 3507. I

h\ °bHl

St! ?6°2S5

Figure 5-27. PD Pattern After Moisture was Added at lOkV, 50 Hz and 80°C in

December 1997 (9 years later)

5.8.3 Effect of Ageing

The PD patterns in the similar investigations reported here (Figure 5-26) have changed 

as a result of this damage and the overloading. Note that the repetition number pattern in 

Fig 5-26 has a dip at about the peak voltages and that the PD activity now starts at a 

much lower phase angle than was previously the case, indicating some permanent 

damage. The dip in the repetition number pattern at about peak voltage can be explained 

as due to the high repetition rate. This change in the PD pattern behaviour can thus be 

associated with ageing of the cellulose material due to moisture and thermal effects.

It was also observed that the colour of the oil had changed during the tests (see Figure 

5-28) from clear to light brown due to thermal ageing of the cellulose materials and to 

oxidation of the oil. The change of colour of the oil is quite typical and can be explained
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by the fact that at high temperature oil absorb more moisture, gases and contaminants. 

The gas consists mainly of oxygen, which acts as an oxidant to the oil and in the 

presence of high temperature and contaminants causes oxidation of oil those results in 

darkening of the oil.

Figure 5-28. Change in Oil Colour; Left is Aged Oil and Right is New Oil

The signs of ageing damage and deterioration were also observed on the high voltage 

electrode crepe paper insulation covering (Figure 5-29) and the low voltage electrode 

krafit paper and pressboard (Figure 5-30). The colour of the paper and pressboard were 

also changed to a dark colour from the original light colour. The signs of black 

carbonised marks caused by the PD activity are also very prominent on the aged crepe 

paper, krafit paper and pressboard. Figures 5-3 and 5-4 show the new condition of the 

insulation for comparison.
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Figure 5-29. Damaged Caused to Crepe Paper at High Voltage Electrode

Figure 5-30. Damaged Caused to Kraft Paper and Pressboard at the Low Voltage

Electrode
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This can be explained because paper and pressboard materials contain 90% cellulose 

which is a natural polymer of glucose. At high temperatures the polymer chains break 

and form water especially in the presence of oxygen. The moisture generated, the 

oxygen and high temperature then cause oxidation that results in the change of colour of 

the cellulose material. High moisture content in cellulose-based materials also reduces 

the dielectric strength and cause PD activity to occur. The PD activity is low level in the 

start but this grows with ageing and forms then forms black carbonised conducting 

paths along the surface of the cellulose based materials. In this escalation process the 

PD activity can ultimately lead to total failure of the insulation.

5.8.4 New Transformer Oil with Aged Paper and Pressboard

The system was then overloaded at a temperature of 140-145°C for five weeks for 30 

minutes daily in order to dry the paper insulation out by expelling the internally 

generated moisture. The PD pattern then recorded at the overload temperature is shown 

at Figure 5-31 below.

ill =S:?§!

Figure 5-31. PD Pattern Before Oil Change at lOkV, 50 Hz and 140-145°C

To study the effects of new transformer oil in conjunction with an aged sample, the aged 

transformer oil used for the tests in Figure 5-31 was replaced by new transformer oil. 

When the system was again overloaded then it was found to be not discharging while 

raising the temperature from 80 to 145°C. However, after overloading for 20 minutes at 

a temperature of 140-145°C (Figure 5-32) it then started discharging.
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Figure 5-32. PD Pattern After Oil Change at lOkV, 50 Hz and after 20 minutes

Overloading at 140-145°C

The discharge level was quite low at about 103 pC average and the repetition rate was 

about 100 per sec. The low discharge level showed the improvement in the insulating 

properties due to the increased dielectric strength of the new transformer oil. The PD 

pattern of the activity was very similar to that obtained previously but due to the new 

insulating oil the PD values reduced. The PD maximum reduced from 276 pC to 159 pC 

and PD average from 158 pC to 103 pC. There was a great change in the values of 

repetition rate. It decreased from 1272 (no./s) to 97 (no./s).

After overloading for a further two weeks on a daily basis, it was observed that the 

system was not discharging at the 140°C overload temperature. It was also observed of 

the insulating paper of the high voltage and low voltage electrodes that very thin fibres 

of paper were produced due to long term exposure of the insulation paper to high 

temperature and moisture levels. This phenomenon can be explained by loss in 

mechanical strength of the paper due to heavy loading resulting in a low DP value and 

as long as the paper does not break into pieces it remains electrically satisfactory, even 

though some fibres are generated due to loss of tensile strength due to low DP.
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5.8.5 New Transformer Oil with New Paper and Prcssboard

The system was then shut down and all of the insulating material used, including the 

degraded paper on the LV and HV electrodes, the degraded pressboard and insulating 

oil was fully replaced by new paper insulating material to study the comparative effects 

of aged and new insulating material in terms of partial discharge activity. The 

temperature of the oil in the tank was initially maintained constant at 80°C. The 

temperature was then raised uniformly by increasing current until the conductor 

temperature reached 145°C.

The temperature was then maintained at 145°C for 30 minutes. After thermal 

overloading for 30 minutes it was observed that the maximum level PD attained was 

561 pc, and the phase pattern was as shown in Figure 5-33. These are very different to 

the PD patterns of the aged materials and thus comparison and analysis of the patterns 

for the two may allow some means of identifying aged material. Comparing Figure 5-32 

with Figure 5-33 we can see that the PD count and magnitudes and distributions in 

Figure 5-33 are similar in both half cycles, whereas in Figure 5-32 the PD count and 

magnitude are quite dissimilar in the two half cycles. The PD count rate is very small in 

the new material, as would be expected. The magnitude of the PD has increased with 

the new insulation but with the much lower count the IEC integrated current is much 

lower (4 nA after compared to 10 nA before).
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Figure 5-33. PD Pattern for New Insulating Material 

[atlOkV, 50 Hz and 140-145°C]
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The increase in maximum PD level with new insulation is likely to be the result of some 

intrinsic moisture content initially in the paper that was not removed by the initial 

conditioning process. After overloading for a few days it was observed that the oil- 

impregnated system was then not discharging even at the overload temperatures. Thus it 

was likely that the prior overloading had dried substantially the initial moisture out of 

the paper in the oil-paper system. The system was then shut down and left at ambient 

temperature for almost eight months to see the long term ageing effects and to allow the 

moisture that was dried from the paper insulation to be gradually re-absorbed by the 

paper again.

The system was then again overloaded after the eight month period and it was found 

that at an overload temperature of 140-145°C the system was then discharging again 

and showing signs of ageing of the paper. The PD maximum magnitude increased to 

946pC from the 561 pC prior to the layoff period, and the PD average increased to 

527pC from 420pC and the repetition rate increased to 166 (no./s) from 9 (no./s), all as 

shown in Figure 5-34 below.

Q<nC2/s): 51.5:
R< no . /*> : 166.1

Figure 5-34. PD Pattern for New Insulating Material after 8 Months layoff

[tests done at lOkV, 50 Hz and 140-145°C]

It is of some importance also to note that the phase dependence of the PD activity has 

also changed substantially over the period. The PD activity after the rest period starts at 

an inception angle lower than zero degrees, as compared to before when it started at an
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angle of more than 30 degees (see Figure 5-33). This is most likely due to ingress of 

moisture into the paper insulation at room temperature and ageing of the the sample 

over the almost eight month lay off period so the system can degrade even it is not 

energized. A Polarisation/Depolarisation Current test (PDC) was also carried out by 

KEA Consultants on the test cell before the CDA3 tests were performed and these 

results also indicated significant ageing of insulation. The results are shown in 

Annexure “C”.

5.8.6 Effect of temperature, voltage and frequency on PD activity

The experimental tests reported here were combinations of high thermal and electrical 

stresses applied to the new oil-impregnated insulation. The aim of the experiment was to 

see the effect of overload temperatures reached during sudden high level overloading of 

transformers and also to determine the effects of overvoltages (and undervoltages) 

imposed on the insulation system.

In addition to these effects, tests were also performed to study the effects of ageing 

caused by change of frequency. Increased frequency excitation is frequently used to 

accelerate PD ageing of insulation on the basis that an increased number of voltage 

cycles will increase the number of PDs linearly with frequency. There are some 

indications that this linear increase is not fully applicable in all test configuration 

conditions [206] and the tests reported here were performed to determine whether such 

a linear ageing rate is applicable in this case and to determine whether such an 

accelerated ageing technique is valid, in terms of the quantification multipliers (linear) 

normally used.

After setting up the test equipment, different sets of experiments were conducted using 

different voltages, frequencies and temperatures. The applied voltages used were 10, 13 

and 16 kVrms and the corresponding electric stress imposed across the paper insulation 

was 1.8, 2.4 and 2.9 kV/mm respectively. The test voltage frequencies used were 50 Hz 

and 200Hz and the test temperature levels were 80, 100, 120 and 140°C. The 

temperature of the oil was maintained at 80°C.
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The temperature of the low voltage winding was raised by use of the current transformer 

and was monitored by the fibre optic sensor. The test voltage magnitude and frequency 

were varied by utilising a variable voltage and variable frequency converter. In total, 

forty two experiments were performed with different conditions and parameters. These 

were divided into three groups or Test Cases.

In Test Case-1, the test voltage magnitude was fixed at lOkV, while the test voltage 

frequency and the test temperature of the conductor winding were varied. The test 

parameters (temperature, applied voltage and frequency) of the sequence of the 14 

experiments performed in Case-1 are shown in Table 5-1.

Test 1 80°C/10kV/50Hz Test 2 80°C/10kV/200Hz

3 100°C/10kV/50Hz 4 100°C/10kV/200Hz

5 120°C/10kV/50Hz 6 120°C/10kV/200Hz

7 140°C/10kV/50Hz 8 140°C/10kV/200Hz

9 120°C/10kV/50Hz 10 120°C/10kV/200Hz

11 100°C/10kV/50Hz 12 100°C/10kV/200Hz

13 80°C/10kV/50Hz A4~ 80°C/10kV/200Hz

Table 5-1. frequency and Temperature Levels for £ Test Voltage of lOkV

In Test Case-2 and Test Case-3, the experiments were repeated with test voltage levels 

of 13 and 16kV as shown in the sequences in Tables 5-2 and 5-3 respectively. In each 

case, there were fourteen sets of readings. Thus, altogether forty-two sets of results 

were obtained. The experiments were also repeated to reduce any inconsistencies.

Test 1 80°C/13kV/50Hz Test 2 80°C/13kV/200Hz

3 100°C/13kV/50Hz 4 100°C/13kV/200Hz

5 120°C/13kV/50Hz 6 120°C/13kV/200Hz

7 140°C/13kV/50Hz 8 140°C/13kV/200Hz

9 120°C/13kV/50Hz 10 120°C/13kV/200Hz

11 100°C/13kV/50Hz 12 100°C/13kV/200Hz

13 80°C/13kV/50Hz 14 80°C/13kV/200Hz

Table 5-2. Frequency and Temperature Levels for a Test Voltage of 13kV



Chapter 5: Effect of High Temperature and Moisture on Partial Discharge in Oil-Impregnated 
Insulation: An Experimental Investigation 133

Test 1 80°C/16kV/50Hz Test 2 80°C/16kV/200Hz

3 100°C/16kV/50Hz 4 100°C/16kV/200Hz

5 120°C/16kV/50Hz 6 120°C/16kV/200Hz

7 140°C/16kV/50Hz 8 140°C/16kV/200Hz

9 120°C/16kV/50Hz 10 120°C/16kV/200Hz

11 100°C/16kV/50Hz 12 100°C/16kV/200Hz

13 80°C/16kV/50Hz 14 80°C/16kV/200Hz

Table 5-3. Frequency and Temperature Levels for a Test Voltage of 16kV

During the experiments, it was observed that with an increase in applied voltage from 

10 to 16kV, while keeping other parameters constant, the peak and the average PD 

magnitude as well as the PD number, all increased with the increase of applied voltage. 

The peak PD magnitude increased from 85 pC (Figure 5-35) to 1.31 nC (Figure 5-37) 

and the average PD magnitude increased from 35 pC to 115 pC. Similarly, the PD 

repetition rate number increased from 3 to 1483 (no./s).
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Figure 5-35. PD Pattern at 80°C, lOkV and 50Hz

The inception phase angles decreased with increase of voltage from 10 kV to 16 kV. 

The inception angle decreased from around 75 degrees at 10 kV to 30 degrees at 13 kV. 

Also it further deceased at 16 kV to less than zero degrees. The overall total shift of 

inception angle from 10 kV to 16 kV was around 105 degrees. Figures 5-35 to 5-37 

show the shift of PD inception angle from lOkV to 16 kV.
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Figure 5-36. PD Pattern at 80°C, 13kVand 50Hz
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Figure 5-37. PD Pattern at 80°C, 16kV and 50Hz

It was also noted that with a change of frequency from 50 to 200ffz, the peak and the 

average PD magnitude decreased (the peak from 1310 to 447 pC and the average from 

115 to 80 pC), however the PD repetition rate increased from 1483 to 3637 no. per sec. 

The inception angle did not change with the change of frequency (Compare Figures 5- 

37 and 5-38).
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Figure 5-38. PD Pattern at 80°C, 16kV and 200Hz

Similar observations were noticed while observing previous PD data recorded in 

November 1996 (See Figure 5-39 for 50 Hz and 5-40 for 200Hz).

cl: 60.84 
c2: 21.13
C3: 0.531 0.497
c4: -0.489 -0.532

m2: 22.87 23.45 
m3: 0.434 0.389 
m4: -0.487 -0.50*

Figure 5-39. PD Pattern at 80°C, lOkV and 50Hz in November 1996

Although the inception levels were quite different in 1996, the relative magnitudes were 

quite similar between the two frequency conditions. It is noted that in 1996 the PD 

number ratio of 200 Hz activity to 50 Hz, a frequency ratio of 4, was 2.66, while in the 

current tests reported here it was 2.45. The ration of the IEC power was 2.45 and of the 

quadratic rate was 2.11.
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a3! 0.387 0.331
a4: -0.775 -0.791

Figure 5-40. PD Pattern at 80°C, lOkV and 200Hz in November 1996

The test results also indicated that the peak PD magnitude, the average PD magnitude 

and the PD number increased with an increase in the test temperature (see Figures 5-37 

and 5-41 for comparison). All of these values decreased with the decrease in 

temperature. However, the inception angle did not change with the change of frequency. 

In this instance, the peak PD magnitude had increased from 1.31nC (Figure 5-37) at 

80°C to 3.59nC (Figure 5-41) at 140°C. For a similar range of temperature, the average 

PD magnitude had increased from 115 to 235pC and the PD repetition rate number had 

increased from 1483 to 2993 (no. /s).

al : 76.34 
a2: 48.74

Figure 5-41. PD Pattern at 140°C, 16kV and 50Hz
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5.8.7 Effect of Temperature, Voltage and Frequency on PD current waveform

The above results were supported by monitoring of the PDs using a high frequency 

current transformer (Figure 5-42) on the earth connection to pick up the true PD current 

waveform signals. The discharges picked up by high frequency current transformer 

were displayed on a digital storage oscilloscope model Lecroy 9362C (Figure 5-43). 

The frequency range of the HFCT was 10 kHz to 250 MHz. The advantage of using the 

HFCT was its simplicity and high sensitivity. The voltage and frequency were again 

changed using AC power supply/frequency converter model PCR-1000 (Figure 5-20).

Figure 5-42. Clip-On High Frequency Current Transformer

Figure 5-43. Oscilloscope Model Lecroy 9362C
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First tests were performed with the HFCT and the oscilloscope on the insulation model 

using an applied voltage varying from 10 kV to 16kV and by keeping other parameters 

(temperature and frequency) constant. Then, the frequency was changed from 50 to 

200Hz for the voltage range with other parameters constant and also temperature was 

increased from 80°C to 140°C, keeping other parameters constant.

The peak PD voltage magnitudes were recorded. Figures 5-44 to 5-48 show the true PD 

current waveforms obtained with the HFCT.
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Figure 5-44. True PD Pattern at 80°C, lOkV and 50Hz: 

25 mV per division: 50 nsec per division:

PD Voltage Peak Magnitude ~ 85 mV

Figure 5-45. True PD Pattern at 80°C, 13kV and 50Hz: 

40 mV per division: 50 nsec per division:

PD Voltage Peak Magnitude ~ 120 mV
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Figure 5-46. True PD Pattern at 80°C, 16kV and 50Hz: 

90 mV per division: 50 nsec per division:

PD Voltage Peak Magnitude ~ 270 mV
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Figure 5-47. True PD Pattern at 80°C, 16kV and 200Hz: 

40 mV/div: 50 nsec/div:

PD Voltage Peak Magnitude ~ 128 mV
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Figure 5-48. True PD Pattern at 140°C, 16kV and 50Hz: 

350 mV/div: 50 nsec/div:

PD Voltage Peak Magnitude -1120 mV

During the experiments, it was observed from the reading on the oscilloscope that with 

an increase in applied voltage from 10 to 16kV, keeping other parameters constant, the 

peak PD voltage magnitude increased with the increase of applied voltage. The peak PD 

voltage magnitude increased from 85 mV (Figure 5-44) to 270 mV (Figure 5-46) 

between 10 and 16 kV. It was also noted that with a change of frequency from 50 to 

200Hz, the PD voltage magnitude decreased. The PD voltage magnitude decreased from 

270 mV (Figure 5-46) to 128 mV (Figure 5-47). Further it was noted that an increase in 

temperature from 80 °C to 140°C and by keeping other parameters constant the peak PD 

voltage magnitude increased with the increase of temperature. The peak PD voltage 

magnitude increased from 85 mV (Figure 5-44) to 1120 mV (Figure 5-48).

5.8.8 Effect of Moisture, Temperature and Ageing

The temperature of the system was then lowered from 80°C to room temperature by 

switching off the heaters at the base of the steel tank. The aim was to allow more 

moisture to be absorbed by the paper at room temperature. Prior to lowering of the 

temperature the system was found to be not discharging at even an overload temperature 

of 140-145°C.
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The aim of this particular experiment was to see the combined effects of moisture, 

temperature and ageing on the oil-impregnated insulation. The temperature of the tank 

was then once again raised from the room temperature level after absorption of moisture 

to 80°C after ageing for almost three years to see the extended long-term effects of 

ageing in the oil-impregnated insulation.

The voltage was raised to lOkV and it was found that the system was discharging at 

80°C. Figure 5-49 shows the PD pattern obtained and it indicates degradation of the 

insulation due to the effect of moisture absorbed in the oil impregnated insulation model 

and also due to prior overloading. The results obtained for the ageing of oil-impregnated 

insulation support the assertion that the transformer in service can absorb less moisture 

as compared to a transformer in storage. The paper insulation in the transformer can 

absorb more moisture at ambient temperature compared to a transformer in service at 

higher temperatures.
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Figure 5-49. PD Pattern at lOkV, 50Hz and 80°C; 

(After Ageing for Three Years)

The temperature of the copper winding and paper was then increased until the conductor 

temperature reached 145°C. This was done in order to dry out the paper insulation. The 

temperature was then maintained at 145°C for 30 minutes and then reduced to 80°C. 

Many bubbles were observed to be released with some large and some small at 

temperatures of 140-145°C and it was also observed that water droplets accumulated on 

the glass bushing. The cycle of increasing temperature from 80°C to 145°C and then



Chapter 5: Effect of High Temperature and Moisture on Partial Discharge in Oil-Impregnated 
Insulation: An Experimental Investigation 142

reducing back to 80 C after 30 minutes was repeated four times daily to remove 

moisture present in the paper quickly. After one week of such overloading cycles the 

insulation system was found to be discharge-free even at the overload temperature, 

indicating that the moisture had been removed from the paper.

The system voltage was then shut down and system temperature allowed to drop to 

ambient and water drops were added directly to the paper. The temperature was then 

again raised to 80°C and when the voltage was applied after a few days it was found 

that the system was again discharging, now at only 8kV applied voltage. The PD pattern 

recorded is shown in Figure 5-50. The water added directly to the paper and the 

resulting thermal damage caused by the overloading thus caused this decrease in the PD 

inception level.
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Figure 5-50. PD Pattern at 8kV, 50Hz and 80°C in September 2005; 

Moisture Added to Paper Insulation
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The PD pattern and results obtained now show close similarity with the results of 

experiments performed earlier in April, 2002 (Figure 5-26) and in December 1997 

(Figure 5-27). This similarity is especially the case in comparison with Figure 5-26.

The decrease of the inception level voltage to 8 kV and the low inception phase angle of 

less than 10 degrees as seen in Figure 5-50 and Figure 5-26 was thus caused directly by 

the water added to the paper and by the resulting thermal damage caused by the 

overloading.

The most common feature of all in the above three Figures is the low inception angle 

and the high repetition rate (no./s). Therefore, it can be taken that the change of PD 

pattern with moisture in the paper and ageing in a phase resolved plot to a low PD 

inception angle and high PD repetition rate can be used as a very useful diagnostic tool 

in identifying moisture and ageing affects in oil-impregnated cellulose-based 

transformer insulation.

5.9 Discussion and Conclusions

The following observations and discussion are based on over five years of extensive 

research investigations of the oil impregnated paper insulation model, and over four 

years of my own experimental work and detailed scrutiny of previous experimental 

work carried out on the same sample as used and reported on here since 1996 on new 

and aged oil-impregnated insulation.

• Gas bubble formation occurred at temperatures of the oil-paper insulated conductor 

at 140-145°C. Such temperatures may be reached in transformers during transient 

overload conditions that may occur during a heavy overload of a transformer and 

thus the results of the investigations reported, which were also performed at typical 

electrical stresses, are relevant to practical transformer configurations.
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• The release of large gas bubbles caused a significant decrease in the maximum PD 

level, due to the change of the involvement of the cellulose material in the PD 

activity. That is, the bubbles in free oil rather than in the cellulose limited the PD 

level generated.

• The formation of gas bubbles at high temperature can cause ageing of the paper 

insulation and this can cause the discharge inception to occur at lower paper 

temperatures.

• During thermal overloading in the oil-impregnated paper insulation, moisture from 

the paper will move freely into the oil and to the air space above the oil but the 

reverse process, moisture transfer from oil to paper, is much slower.

• Incursion of moisture into high electric field strength regions can cause PDs of high 

intensity due to a reduction in breakdown field strength or some disturbance in the 

moisture equilibrium.

• The reduction in the bubble generation frequency at high temperatures can 

eventually result in lower moisture content in the paper.

• During thermal overloading from 80°C to 145°C, the peak PD magnitude, the 

average PD magnitude and the PD number increases with increase of temperature 

and when temperature decreases, PD number decreases also.



Chapter 5: Effect of High Temperature and Moisture on Partial Discharge in Oil-Impregnated 
Insulation: An Experimental Investigation 145

• When the applied voltage changed from 10 to 16kV, the peak PD magnitude, the 

average PD magnitude and the PD number increased with the increase of the test 

voltage and vice-versa.

• When the test voltage frequency changed from 50 to 200 Hz, the peak and the 

average PD magnitude decreased, whereas the PD number increased with the 

increase of frequency. A reverse trend occurred when the test voltage frequency was 

reduced. The increase in PD number and in the other related IEC integrated 

parameters of power and quadratic rate did not indicate an increase consistent with 

the increase in frequency: i.e. the change was not linear with frequency.

• Paper is the primary source for the moisture content of the oil during overloading 

and moisture in the insulating paper is more dangerous in term of PD activity as 

compared to moisture in the insulating oil.

• The colour of oil changes from clear to light brown and for paper/pressboard change 

similarly with ageing due to thermal, environmental and electrical stress.

• Cellulose paper loses its mechanical strength with ageing. It was observed during 

visual inspection during replacing aged insulating oil with new oil that thermal 

overloading caused the fibre of the crepe paper to separate slightly. As the paper did 

not break up into pieces, however, it remained electrically satisfactory.

• The change of the PD phase pattern to a low PD inception angle and high PD 

repetition rate when the insulation ages can be used as a very useful diagnostic tool 

in identifying moisture and ageing affects in oil-impregnated cellulose based 

transformer insulation.
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The results of this investigation have shown the complexity involved in correlation of 

the effects of moisture with temperature on PD activity in transformer type insulation. 

The level of PD activity is affected directly by the temperature itself. Results indicated 

that the PD activity varies considerably under simultaneous voltage and thermal 

stresses. It was also found that prolonged operation at high temperatures reduced 

moisture levels and changed PD behaviour, and moisture in insulating paper is more 

dangerous in term of PD activity as compared to moisture in insulating oil.

This complexity may lead to some potential problems in interpretation of the results of 

PD measurements performed on transformers. Much further work is needed to elucidate 

the impact of the various parameters on PD activity before any definitive indicators of 

ageing quantification can be derived. Despite shortcomings, the above research 

nevertheless can be extremely useful in analysing PD data and monitoring of high 

voltage transformers. However further detailed and long-term investigations are needed 

to better quantify the results.
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Chapter 6

The Effect of Elevated Temperature in 
Oil-Impregnated Insulation: 

Statistical Analysis of PD Activity

6.1 Introduction

As with all organic insulation the ageing of oil-impregnated transformer insulation is 

very dependent on operating temperature rise above ambient. PD measurements of such 

insulation gives an instantaneous and time-resolved assessment of condition so it is one 

of the more important tools available for monitoring the transformer insulation [4-6], 

However, although technology enables the application of such a diagnostic technique, 

the interpretation and correlation of the PD characteristics obtained with the ageing of 

the insulation is an area that still requires some considerable investigation. There is also 

still a problem with electromagnetic interference on-site that can limit the sensitivity of 

the PD tests. Although the sensitivity of the PD detection system has been substantially 

improved since it was first established, there is a possibility that major faults within 

electrical equipment, especially oil-insulated transformers, may remain undetected 

[170]. This reality thus requires further investigation in increasing measurement 

sensitivity within obviously reasonable cost and in improving interpretation of the 

results of tests. Developments in these areas must be accompanied by fundamental 

investigations of the PD behaviour under varying conditions; e.g. the temperature and 

moisture effects in aged insulation. Such investigations will provide better means of 

interpretation of the test results in terms of insulation condition [171].

This chapter presents the results of a detailed laboratory experimental investigation of 

PD activity at high temperature in oil-impregnated paper and pressboard material 

similar to practical transformers. The experiments were aimed to investigate the effects
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of high temperature similar to that experienced by transformers during very high loads 

or during through-faults and also to determine the affects of ageing on new mineral oil, 

on crepe paper, on kraft paper and pressboard materials. The results of the tests will 

provide useful information on the relationship between PD patterns and activity and 

ageing of the insulation.

The glass cell model was used in this series of tests and was operated at elevated oil 

temperatures (80-85°C) from ambient to simulate high temperature conditions such as 

may occur during abnormal (overload) operation of a transformer. The temperature was 

then reduced to ambient to study the variation of the phase resolved PD patterns during 

increase and decrease of the temperature. In the previous chapter the tests reported were 

obtained from experiments performed on the insulation model in a steel tank and the 

system temperature was maintained continuously at 80°C with bursts of overload 

temperature up to the range 140-145°C.

Condition monitoring, especially continuous and on-line, of transformer insulation can 

provide an early indication of any degradation that may be caused by abnormal 

electrical, thermal, environmental and mechanical stresses, which may occur during 

operation. In order to recognise such deterioration from PD patterns and their 

characteristics, it is necessary to catalogue and understand the correlation of the PD 

patterns with the insulation condition [47, 77,171].

Thus, in order to obtain better interpretation of the PD patterns so that subtle differences 

could be determined, the PD patterns were recorded and their derived representative 

statistical parameters were determined and analyzed for the test conditions when the 

temperature was increasing and decreasing. The experiments were repeated to eliminate 

any inconsistency in the test results.

The effects on PD patterns and their characteristics due to aging in the oil-impregnated 

insulation are also considered in this chapter. The analysis was focused on the statistical 

discharge quantities that include peak and average PD magnitudes and the IEC 

integrated parameters of average PD current and PD repetition rate. In addition, 

observations of the discharge phase distributions were performed using different
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statistical moments were also conducted. The statistical parameters used were the mean 

value, the standard deviation, the skewness and the kurtosis of the phase-resolved 

patterns. These were calculated taking the PD distributions to be Gaussian in 

distribution. This is not always the case as will have been seen from the previous 

patterns shown in chapter 5, however the above statistical parameters do provide useful 

information that can characterise, in a sensitive way, change in PD characteristics.

The results of these tests indicate that the PD activity is greatly affected by the 

temperature change and ageing and that the statistical parameters do provide a useful 

indicator of ageing. Thus the use of PD patterns analysis can be a useful ageing 

condition monitor.

6.2 Experimental Details

6.2.1 Test Configurations

The insulation system that was used in the work described here is designed to simulate 

the configurations and stress levels at lOkVrms that occur in typical transformer 

insulation. The electric field stress level used was 2.25kV/mm minimum occurring 

across the pressboard. The relative dielectric constants of the materials used were: e0ii = 

2.2, £paper = 3.2 and spressboard = 4.2. The test cell is of glass, containing oil impregnated 

paper insulation and pressboard insulation. The glass cell has a crossed cylindrical 

shape (vertical and horizontal arms) with an inner diameter of 8 cm. The height of the 

vertical cylinder and the horizontal cylinder are both 40cm. The structure of the glass 

cell has a total volume of approximately 3.6 litres. Viewing windows are available at 

both ends of the horizontal cylinder.

The High Voltage (HV) electrode is attached to the HV connector on the top of the cell. 

The metal covering is secured by PVC screws and bolts. Next to the HV connector is 

the breathing hole, which provides access for vacuum impregnation with oil. The low 

voltage (LV) electrode is attached to the base of the glass cell. Also attached to the base 

is an inlet/outlet valve, through which the oil is either injected or drained from the glass
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cell. The cell is designed to withstand continuous high temperature operation and is 

heated by heating tape wrapped around the lower part of the glass cell. Figure 6-1 shows 

the test cell used in the experimental investigation and Figure 6-2 shows a schematic of 

the cell.

Natural heat convection in the hot oil forces the oil to circulate and to transfer heat 

throughout the test sample. The maximum test temperature reached during the 

experiments was in the range 80-85°C. After reaching the maximum, the heating source 

was disconnected and the temperature was then allowed to reduce to ambient by natural 

thermal dissipation. The ambient temperature during the experiments was in the range 

23.5 - 25.5°C. A fibre optic temperature sensor was used to monitor sample and oil 

temperature. The fibre sensor head was placed on the top surface of the 

paper/pressboard sample through a breathing hole on the top of the glass cell.

Figure 6-1. The Glass Test Cell 

Heights of the vertical and horizontal sections are both 40cm
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Figure 6-2. The Glass Test Cell Drawing 

Heights of the vertical and horizontal sections are both 40cm

Oil-impregnated paper and pressboard material insulate the circular cross-section high 

voltage (HV) and low voltage (LV) electrodes. The HV and LV electrodes are both of 

brass, of plane face, and have diameter of 40mm. Figure 6-3 shows the HV and LV 

electrodes.

The insulation between the high voltage and low voltage electrodes has three 

compartments. Immediately adjacent to the low voltage electrode are ten layers of kraft 

paper each of thickness 0.06mm, making a total thickness of paper equal to 0.6mm. 

Immediately adjacent to the high voltage electrode are two layers of 0.25mm thick crepe 

paper making a total thickness 0.5mm. The insulation component is a pressboard layer 

3mm thick sandwiched between the two paper layers. Overall, the kraft paper, crepe 

paper and pressboard combination make up a 25 sq.cm area bounded by the electrodes. 

Figure 6-4 shows the crepe paper, pressboard and kraft paper materials used.



Chapter 6: The Effect of Elevated Temperature in Oil-Impregnated Insulation: 
Statistical Analysis of PD Activity 152

Figure 6-3. The High Voltage and Low Voltage Electrode configuration

(Diameter = 40mm)

Figure 6-4. Crepe Paper, Pressboard and Kraft Paper 

Left is crepe paper, Middle is pressboard and Right is Kraft paper 

[Each is of area 25 sq.cm.]

The total separation thickness between the high voltage electrode and low voltage 

electrode is ~ 4.1mm. Figure 6-5 shows the arrangement of the electrodes and the 

insulation test sample.
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Figure 6-5. Arrangement of the Test Sample 

2 Layers of Crepe Paper, Pressboard, 10 Layers of Kraft Paper

6.2.2 Measuring Equipment

PD activity in the insulation during the experiments was recorded using the CDA3 

computer-based analyser. This system and the PD measurement circuit used have been 

described earlier. The circuit for PD measurement and calibration procedure follows the 

IEC-60270 Standard for PD measurement [26, 147]. To prevent electrical interference 

in the measurements, the signal threshold of the CD A3 was set to reject background 

noise. In practice, the lower limit of PD detection was about 30pC.

The analysis of the experimental results reported here is mainly focused in the 

examination of the statistical parameters of the PD characteristics, including the mean, 

the standard deviation, the skewness, the kurtosis of the phase resolved patterns and the 

peak and average discharge magnitudes as well as the PD repetition rate.

6.2.2.1 PD Integrated Quantities

The PD integrated quantities used are derived from the basic individual PD quantities 

by the CD A3 system. They are the IEC integrated PD parameters. These PD integrated 

quantities are normally calculated from PD pulses recorded over some defined time
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period. In this chapter, the PD pulse recording time used was three seconds. A brief 

description of these integrated quantities is given below [26, 147].

6.2.2.1.1 PD Peak Discharge Magnitude (q^)

The PD peak discharge magnitude (qm) is defined as the magnitude of the largest 

apparent charge of PD recorded in a selected time interval [26]. The PD peak discharge 

magnitude is expressed in Coulombs and is written as;

In, =max[<sr,,92,tfj, •••,?„]

Where qi q2, q3........ qn are the magnitude of the apparent charge.

6.2.2.1.2 PD Average Discharge Magnitude (qf)

The PD average discharge magnitude (<qa) is defined as the average of the total PD 

charges recorded in a selected time interval [26]. The PD peak discharge magnitude is 

expressed in Coulombs and is written as;

Where n is the total number of the discharges within time interval T and qj S are the 

apparent charges.

6.2.2.1.3 PD Average Discharge Current (D

PD average discharge current (/) is defined as the sum of the absolute values of 

individual apparent charge magnitudes qi during a chosen time interval T, divided by 

this time interval [147]. The PD average discharge current is expressed in amperes and 

is written as;

l ~
/ = 7Zkl

1 <=i
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Where n is the total number of the discharges within the time interval T.

6.2.2.1.4 PD Quadratic Rate (D)

The PD quadratic rate (Z)) is defined as the sum of the squares of the individual apparent 

charge magnitudes qi during a chosen reference time interval T, divided by this time 

interval [26]. The PD quadratic rate is expressed in Coulombs /s and is written as;

1 ;=1

6.2.2.1.5 PD Discharge power (P)

PD discharge power (P) is defined as the average pulse power fed into the terminals of 

the test object due to apparent charge magnitudes qj during a chosen time interval T. 

The PD discharge power is expressed in watts and is written as;

P = yt^
I /=1

The Vj’s are the instantaneous values of the test voltage at the instant of the discharge 

occurrence [147].

6.2.2.1.6 PD Repetition Rate O)

PD repetition rate (r) is defined as the ratio between the total numbers of PD pulses (n) 

recorded in a selected time interval (T) and the duration of this time interval [147-148]. 

The PD repetition rate is expressed in pulse per second (pps or no./s) and is written as;

nr - —
T
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6.2.2.2 Partial Discharge Statistical Distributions Analysis

The PD’s phase distribution patterns provide the basis for performing some statistical 

analysis on the magnitude-phase (q-cp) patterns. On the basis of PD statistical 

distributions, various digital statistical analysis techniques have been developed. The 

analysis techniques are briefly discussed.

Phase-resolved analysis provides information of the statistical distribution of discharges 

in relation to the ac voltage cycles. The voltage time base is divided into a number of 

small equal windows, representing the position of discharges. Various discharge 

parameters are calculated based on the discharge phase position (qj) over a specified 

integration period that covers a number of ac voltage cycles. The variation of the 

parameters can be represented in different distributions.

An assumed univariate phase-resolved PD distribution is used in this work for statistical 

analysis of the characteristics of the discharges. The application of univariate phase- 

resolved distribution to the digital PD analysis was first introduced by T Tanaka of 

CRIEPI in Japan and by later contributions from others [26, 187-190]. The univariate 

phase-resolved analysis covers the following four different distributions [12].

6.2.2.2.1 Discharge Number (n-(p) Distribution

The discharge number (n-(p) distribution is the total number of PD pulses, counted in 

each phase window of the voltage waveform, by the PD detector system, and plotted as 

a function of phase angle of the supply voltage waveform.

6.2.2.2.2 Average Discharge (q„-(p) Distribution

Average discharge (qa-(p) distribution is the average magnitude of PD pulses detected in 

each phase window plotted as a function of phase angle.
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6.2.2.2.3 Maximum Discharge (q^-cp) Distribution

Maximum discharge (<qm-q>) distribution is the peak magnitude of PD pulses detected in 

each phase window as a function of phase angle.

6.2.2.2.4 Discharge Current (i-cp) Distribution

Discharge current (i-cp) distribution is the average current of PD pulses detected in each 

phase window as a function of phase angle.

Separate analysis for both the positive and negative half-cycles is based on the fact that 

the discharges on the positive half-cycle may have different characteristics from those 

on the negative half-cycle. This further division creates eight different statistical 

distributions; each set of the four above parameters for the positive half-cycle and 

another set for the negative half-cycle. The properties of the distributions are 

characteristic for particular defects and hence many more PD defects can be 

characterised using this statistical analysis technique. This possibility leads to the 

development of the large size PD “fingerprint” catalogue associated with the numerous 

different defects that can occur in insulation. This statistical analysis is used here in 

analysing the PD data obtained in the experiments described.

The variation of the parameters can also be characterised using a bivariate distribution 

with both PD number and magnitude (n-q-cp). A two-dimensional array (q-(p) that 

consists of a finitely divided pulse magnitude (q) and the phase position (cp) are included 

in this distribution form. The number of PDs occurring for a particular magnitude and at 

an associated phase angle is entered as a value of each array (n). The PD characteristics 

can be displayed in a three- dimensional graphic (n-q-cp) using the bivariate distribution. 

The PD count is displayed as function of the q-cp plane. A three-dimensional perspective 

thus given provides a more comprehensive display. The viewing angle can be adjusted 

hence providing the user with a more flexible observation and the analysis results can 

also be viewed in a two-dimensional graphic. Instead of the height, the pulse counts are 

represented in different colour scales.
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Other displays that can be created using bivariate distribution are the (q-(p) scatter plot 

and the (q-tp) polar plot. The scatter plot uses every single PD event and is a useful 

record for pattern analysis [26]. As the bivariate distribution analysis requires a large 

size of computer memory and a lot of computing time, development in the computer 

technology recently provides a better possibility in applying bivariate distribution 

analysis for real-time applications.

Another method used is pulse-height analysis. In this method the pulse magnitude is 

divided into equally small windows. Two types of univariate distributions that apply to 

the pulse-height analysis are discharge number distribution as a function of discharge 

magnitude (n-q) and discharge energy (n-w) [26].

The characteristics of PD distributions can also be determined using a similar approach 

to the one in phase-resolved analysis by calculating the statistical operators, such as 

mean, standard deviation, skewness and kurtosis. It should be noted that there is no 

variable related to the phase angle, which has been proved to be sensitive for particular 

defect types. Consequently, this analysis is not now used.

Voltage-difference analysis (VDA) [Pulse sequence analysis] and Voltage-resolved-PD- 

pattern (VRPD) analysis techniques have been introduced recently as further statistical 

tools for PD pattern characterisation and classification [189]. As compared to the phase- 

resolved and pulse-height analysis techniques, the simplicity of the both VDA and 

VRPD is an advantage.

In VDA the voltage difference between consecutive partial discharges is treated as a 

parameter for the statistical analysis. VDA analysis is presented in a two-dimensional 

scatter plot of discharge sequence [10]. As this method could be used for simple PD 

classifications, it is not extensively used, whereas VPRD analysis provides the 

identification of PD distributions related to the normalised ac voltage value and is 

presented in two-dimensional graphic. In VPRD analysis the integrated parameters (e.g. 

peak magnitude, average magnitude and the number) of discharges are plotted against 

the normalised voltage value [26]. This technique enables us to observe directly the 

stress between the PD activity and the applied voltage. The physical process of
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discharges, such as space charge phenomena in corona can also be interpreted by using 

VRPD approach. Moreover, the utilisation of the statistical parameters for pattern 

characterisation is possible using this technique. Furthermore the application of mean, 

standard deviation and average discharge range parameters has successfully shown the 

change of PD activity as the applied stress changes by the use of this technique. As the 

voltage phase angle is not available in this analysis, it is difficult to determine the exact 

time when the discharge starts to occur and extinguish [26].

6.2.2.3 PD Characterisation

For PD characterisation, four different statistical parameters for PD distributions are 

used. They are the mean, the standard deviation, the skewness and the kurtosis [26]. The 

analysis of measured PD data in this chapter is primarily performed by using these 

statistical parameters. [26, 147]. They are defined below.

6.2.2.3.1 Mean (p)

The mean (ju) represents a central value of a PD distribution and is calculated for each 

half-cycle of voltage. It is determined from the equation:

f=l____________

£/(*,)

Where f is the general (PD) function of variable Xj and i = 1,2, ....n for each discharge. 

The mean has the same unit as Xj. In phase-resolved PD analysis, the mean is in degrees.

6.2.2.3.2 Standard Deviation (a)

The standard deviation (a) gives a measure of the variability of the PD distribution 

around its mean value. The standard deviation is also calculated for each half-cycle by 

using the following equation.
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~^)2 •/(*/) 
)=i_______________________________

i/M

Where f is the general function of the variable Xj , p is the mean and i = 1,2, ....n. In 

phase-resolved PD analysis, the standard deviation is also in degrees.

6.2.2.3.3 Skewness (SD

The skewness (Sk) indicates the degree of symmetry or asymmetry of a half cycle of the 

PD distribution about its mean. It is calculated using the following equation:

£(*/ ~pf ■/(*>)
sk=~----- ;---------

1=1

Here, p and a are the mean and the standard deviation of the PD distribution 

respectively, f is the general function of variable x, and i = 1,2, ....n. A skewness 5* = 0 

indicates a symmetrical distribution. An extended tail of distribution on the left ((p < (p^) 

gives a negative S*, while extension on the right {(p > cpM) gives positive <S*. (p is the 

phase position and (p^ is the mean phase position.

6.2.2.3.4 Kurtosis (Ku)

Kurtosis (Ku) indicates the flatness or peakedness of a half cycle distribution of PD 

pattern relative to a normal distribution and is calculated using the following equation:

Ku

„ 4

X(*,-/“) •/(*,)
^;------------- 3-°

c"4 •'EfM
i=i

Where, p and a are the mean and the standard deviation of the PD distribution 

respectively, f is the general function of variable x, and i = 1, 2, ....n. A zero value of 

Ku corresponds to the normal (Gaussian) distribution. A positive value of Ku indicates a
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sharper distribution, while a negative value Ku means a flatter distribution. Both 

skewness and the kurtosis are non-dimensional quantities.

6.2.2.4 Partial Discharge Pattern Fingerprints

The PD statistical moments make it possible to develop PD pattern “fingerprints” from 

various measured PD patterns. There are 32 different operators that can be used for such 

characterisation purposes. The PD statistical moments are shown in Table 6.1. The more 

simplified notations of the PD statistical moment are shown in Table 6.2.

Positive half-cycle Negative half-cycle

Mean Std Skewness Kurtosis Mean Std Skewness Kurtosis

Ulm-V)
+

P (qm-(p)
4-

o (qm-(p) Sk (qm-(p) Ku (q,„-cp) P (qm-(p) O (qm-cp) Sk (qm-cp) Ku (qm-cp)

('<la-<P) 4~
P (q»r<p)

4"

o (q>„-<p) Sk (q,„-<p) Ku (qm-cp) P (qm-cp) O (qm-cp) Sk (q,„-cp) Ku (qm-cp)

(n-(p)
•T

P (qm-<p)
4~

O (qm-(p) Sk (qm-(p) Ku (qm-tp) P (qm-cp) O (qm-cp) Sk (qm-cp) Ku (qm-cp)

(i-<P) ■p
P (qm-cp)

4”

O (qm-(p) Sk (q„,-(p) Ku (qm-<p) P (qm-cp) O (qm-cp) Sk (qm-cp) Ku (qm-cp)

Table 6. : PD Statistical Moments for Pattern Characterisation [26]

Positive half-cycle Negative half-cycle

Mean Std Skewness Kurtosis Mean Std Skewness Kurtosis

(tlm-tp) m,(+) m2(+) m3(+) m4(+) ™ (-) m i m2w m3(') m4('}

(qa-<p) a,(+) a2(+) a3(+) a4<+) a,w a2() a3w a4t')

(n-<p) nr n (+)n2 n3(+) n4(+) n,(" n2(') n3w

(i- <P) Ci(+) r (+) c2 c3l+) c4(+) C|H c2l'J c3h C4('}

Table 6.2: Simplified PD Statistical Moments for Pattern Characterisation [26]
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Where the notation m, a, n and c are used to denote the peak discharge, average 

discharge, discharge number and the average discharge current distributions 

respectively. The subscripts 1, 2, 3 and 4 represent the mean, standard deviation, 

skewness and kurtosis. And the superscripts positive and negative indicate the 

corresponding value for each half cycle. The simplified notations m, a, n and c are used 

for the description of the measured PD properties in the experiments.

Application of expert systems, for example neural network and fuzzy logic, for 

automated PD recognition has provided the partial discharge technique as a powerful 

tool for insulation condition monitoring [26].

The other PD statistical operators that can be used for pattern characterisation are the 

cross-correlation coefficient and the number of peaks [26, 38]. The cross-correlation 

coefficient (cc) is used to measure the degree of difference in terms of shape between 

distribution at the positive and at the negative half-cycles. A value of 1 (complete 

positive correlation) indicates both distributions are similar in shape, while a value of 

zero (un-correlated) means they are completely different. The cross-correlation 

coefficient is also a non-dimensional quantity. The cross-correlation coefficient is 

determined using the following formula:

n it it

cc - ;=1 /=1 ;=1

f n \ 2 r / \2 / 1 n

zf - i>, n

1

W
31

__________
1

(=i V '=1 / /
Where xb y; are variables and i = 1,2, ....n.

The number of peaks (Pe) is used to distinguish different distributions by counting the 

number of local peaks (tops) of the distribution. This distribution operator can 

distinguish up to eight different peaks for each analysed distribution. However, it is 

difficult to observe the exact number of peaks because the PD distributions usually have 

non-distinguishable small peaks. This can result in an inaccurate value, so this operator 

is not often used for pattern recognition. It is subjected to the following criterion [38]:
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dyi -1 
dxi -1

> 1 and dyi +1 ,
dxi +1

Where Xj and y; are variables.

6.3 Results and Discussion

The experimental tests were performed with a combination of thermal and electrical 

stress. The voltage applied to the model (lOkV) was designed to give operation at 

electrical stresses typical of working transformers (2.25kV/mm minimum occurring 

across pressboard as mentioned earlier). The temperature of the sample containing oil, 

crepe paper, pressboard and kraft paper in the glass cell was raised from ambient 

temperature in the range of 23.5-25.5°C to 80-85°C by heating tape wrapped around the 

lower part of the glass cell. The temperature of the sample was then reduced to ambient 

by switching off the heating and allowing natural cooling. The process of increasing and 

decreasing of the temperature during the cycle took almost three hours to complete. The 

experiments were repeated to ensure consistency in the results. The temperature of the 

system was monitored by fibre optic sensor. The fibre optic sensor head was placed 

very close to the crepe paper, pressboard and kraft paper to ensure accurate 

measurement of their temperature.

The aim of the experiment was to simulate high temperature insulation conditions (80- 

85°C) such as that may occur during abnormal (overload) operation of a transformer. 

The purpose of reducing the temperature back to ambient was to study the resulting PD 

patterns during increasing and decreasing temperature phases in the oil-impregnated 

transformer type insulation. Such information is needed to determine whether any 

change in temperature may mask the PD characteristics representative of condition at 

the higher temperature phase.

The temperature high of 85°C of the paper was chosen to simulate the maximum 

permissible operating temperature which is taken to be a hot spot temperature of 97°C.
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At a surface temperature of 85°C, the internal temperature of the paper (the hot spot) 

should be about the limit of 97°C.

6.3.1 Increasing Temperature

It was observed that during increase of temperature from ambient to 60°C the peak 

discharge magnitude on the positive half-cycle was higher than the level on the negative 

half-cycle, as shown in the phase-resolved plot of Figure 6-6 below. In the temperature 

range from 60 to 70 C (Figure 6-7 shows the PD activity at 70°C), the PD repetition rate 

increased dramatically from 863 (no./s) (Figure 6-6) to 4800 (no./s) (Figure 6-7).

3i ?66l?3
nl : 99.82 
n2 : 23.35

0.291 
-1.154

Ml: 90.94 
r»2 : 21 .05

Uolt(kU) : 10.00
Period(s): 3.02

Figure 6-6. PD Pattern at lOkV, 60°C and 50Hz: Temperature Increasing;

cl : lOl .74 107 .03
c2 : 26.64 22.44

Si 11:1? £*6?
r*3 : -0.117 -O . 328
m4: -1.082 -0.633

al : 92 . 75 lOl .11
a2 : 33.10 29.97
a3 : O.084 -O.241
*4: -1.286 -O.897

3?62°
Noise : 3 0
Note :

Figure 6-7. PD Pattern at lOkV, 70°C and 50Hz: Temperature Increasing;
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As the surface temperature reached the upper limit range of 81 to 85°C from 70°C 

(Figure 6-8 shows results at 81-85°C) the maximum PD level changed its behaviour and 

the peak PD pattern magnitude on the negative half-cycle became larger than on the 

positive half cycle.

At the same time, the maximum and average discharge magnitudes increased 

significantly. A significant increase in the repetition rate was also observed. The 

maximum PD increased from 669pC (Figure 6-7) to 1.45nC (Figure 6-8), average PD 

increased from 81pC to 325pC and the repetition rate increased from 4800 (no./s) to 

5533 (no./s).

Si =J:8Z5 :8:§f?
nl: 101.17 102.02
n2 : 36.35 32.10

Si °i°3*3

Figure 6-8. PD Pattern at lOkV, 81-85°C and 50Hz: Temperature Increasing;

Peak of the PD Pattern has shifted to the negative half cycle.

It can also be seen that there is a steady trend, with increasing temperature, to earlier PD 

inception on both the PD and repetition rate plots versus phase angle of the voltage 

waveform.

Following the simulated sudden increase in loading, the PD behaviour was then 

investigated during the cooling part of the thermal cycle, with the heater turned off and 

the chamber and contents allowed to cool naturally to ambient.
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6.3.2 Decreasing Temperature

When the temperature was decreased from the peak level of 85°C back to 80°C, the 

largest peak PD magnitudes on both the positive and the negative half-cycles become 

almost equal (see Figure 6-9).

UNSW-HUlab-Australia1 .50k

PDnax(nC): 1.14 
PDaug(pC): 333.101 .20k

I EC quantities
0.90k 1 .73

20.55
(□1.fO
5204.970.60k

Statistical Monents
cl: 103.64 101.31
c2 : 31.08 31.51
c3: -0.068 c4: -0.616

0.30k
u . uuo 
-1.169
102.45105 .51360.090.0 180.0

Phase Angle (deg.)
270.0 38 .62 38 .12

0.003-1 .124 -1.348
101 .3899.56150.0 34.18 31.79-0.023 -0.020

-0.983 -0.980
120.0

101 .68 101.33
32 .45 30.40-0.035-0.039

90.0 -0.887-0.892

Uolt(kU) : 10.00 Period(s): 3.02 
Noise: 30 
Note :

60.0

30.0
File: G2510024
Record: 1

90.0 180.0
Phase Angle (deg.)

270.0 360.0 24/10/2002 19:54:20

Figure 6-9. PD pattern at lOkV, 80°C and 50Hz: Temperature Decreasing; 

New sample in Glass Cell without Moisture 

Peak PD Pattern at Positive Half Cycle and Negative Half Cycle Almost Same.

As the temperature was further decreased to 60°C, the largest peak PD magnitude has 

again shifted to be again in the positive half-cycle. Figures 6-10 and 6-11 depict the 

phase-resolved pattern of PDs at temperature 70°C and 60°C.
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cl : 96 .72 lOl .Ol
c2 : 25.10 20.63
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m3: -0.067 0.117
n4: -0.614 -0.114

al : 94.50 85.61
a2 : 33.22 26.71
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Figure 6-10. PD Pattern at lOkV, 70°C and 50Hz: Temperature Decreasing; 

Peak PD Pattern at Positive Half Cycle.

$ 200.0

al : 67 .37 
a2: 21.46

Figure 6-11. PD Pattern at lOkV, 60°C and 50Hz: Temperature Decreasing; 

Peak PD Pattern at Positive Half Cycle.

It was observed during the experiment that the PD magnitude and the PD repetition rate 

increased with increase of temperature between 60 to 85°C and when temperature 

decreased the repetition rate also decreased. It was also observed that 80°C was the 

temperature where the peak PD magnitudes for both positive and negative half-cycles 

were almost the same.
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The temperature above 80°C is most likely the temperature at which the cellulose 

materials in the oil-impregnated insulation starts to feel the effect of temperature 

increase and this causes the change in pattern from the positive half cycle to the 

negative half cycle with the cellulose material and moisture effects become more 

involved. If this is indeed the case, then drying of transformer oil below 80 degrees can 

be considered safe for drying of transformers without affecting its insulation.

Further it was observed that in the phase resolved plots at temperatures 60°C (Figure 6- 

6; temperature increasing) and at 81-85°C (Figure 6-8; temperature increasing), the 

maximum PD, average PD and PD repetition rate all increased. The maximum PD 

increased from 828pC to 1.45nC, average PD increased from 112pC to 325pC and the 

PD repetition rate increased from 863 (no./s) to 5533 (no./s).

Furthermore it was also observed that at temperatures 81-85°C (Figure 6-8) and 60°C 

(Figure 6-11; temperature decreasing), the maximum PD, average PD and PD repetition 

rate all decreased. The maximum PD decreased from 1.45nC to 419pC, average PD 

decreased from 325pC to 77pC and the PD repetition rate decreased from 5533 (no./s) 

to 360 (no./s).

The inception angles in all the experiments during increase and decrease of temperature 

did not change significantly. This is an important indication that there was no significant 

change in the overall insulation condition over the period of these tests, despite the PD 

magnitudes and numbers changing substantially in that time. It is an indication that the 

inception angle is an important parameter in condition assessment of the insulation.

6.3.3 Comparison with Previous Tests in Steel Tank

It was observed during the experiment that the PD pattern at lOkV, 80°C and 50Hz in 

the glass cell are similar to those monitored during previous test configuration enclosed 

in a steel tank. In Figure 6-12 the test conditions used were 8kV, 80°C and 50Hz 

mentioned in the previous chapter. The pattern in Figures 6-9 (in glass cell) and Figure 

6-12 (in steel tank) can be compared.



Chapter 6: The Effect of Elevated Temperature in Oil-Impregnated Insulation: 
Statistical Analysis of PD Activity 169

“ 240.0

IEC Quantities

Phase Angle Cdeg.> 0.046 0.001
-1.236 -1.212

a3: 0.067 0.
a4: -1.036 -1

Uo11< kU > : 8.00 
Period(s): 3.03

Phase Angle Cdeg. )

Figure 6-12. PDs at 8kV, 50Hz, 80°C : Aged Sample with Moisture in steel tank);

Peak PD Patterns at Positive Half Cycle and Negative Half Cycle Almost Same [6].

The general shapes of the patterns and the PD repetition rates are almost similar. The 

similarity in shape is due to similarity in the insulation configuration between the high 

voltage and low voltage electrodes in a steel tank which also contained kraft paper, 

crepe paper and pressboard and the total separation thickness between high voltage 

electrode and low voltage electrode was also 4.1mm, as in the glass cell. Thus the 

electric field would be the same for the same voltage in the two cases. The temperature 

of 80°C can also be one of the reasons for similarity in PD shape pattern as discussed 

earlier.

The voltage used in the above comparison was different in the steel tank and glass cell: 

the stress levels are 2.25 kV/mm in the glass cell and 1.46 kV/mm in the steel tank. 

Therefore, there is some difference in the inception angles and the PD magnitudes are 

different, consistent with the different stress levels. It was noted that the PD patterns in 

Figure 6-12 (Aged sample in steel tank with moisture) had changed, with discharges on 

the positive half-cycle starting at about 5 degrees of voltage phase as compared to 

Figure 6-9 (New sample in glass tank without moisture) where the discharges were very 

consistent in starting at about 30 degrees. Similarly, discharges on the negative half

cycle started at around 185 degrees (Figure 6-12) compared with at 210 degrees (Figure
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6-9). The decrease in the inception angle in aged sample in steel tank is probably due to 

more moisture in the sample and ageing.

6.3.4 Test Using Aged Insulation

The new insulation structure used in the previous tests in the glass test cell was then 

subjected to voltage excitation for a total period of five months to investigate the effects 

of longer term ageing on the oil-impregnated sample in this chamber. It was found that 

the maximum PD magnitude and the average PD magnitude increased in the aged 

sample at 80°C.

Figure 6-13 shows the phase-resolved pattern of peak PD magnitude and PD number 

distribution measured during the test using the well-aged insulation. The peak PD 

magnitude had increased from 1.14nC previously (see Figure 6-9) to 2.46nC after 

ageing (see Figure 6-13) and the PD average magnitude had also increased from 333 pC 

previously to 571 pC after the ageing.

It was also noted that the PD pattern phase distribution in the aged sample had changed, 

with discharges on the positive half-cycle starting at about 5 degrees (Figure 6-13) of 

the voltage waveform as compared to previous results where the discharges were very 

consistent in starting at about 30 degrees (see Figures 6-6 to 6-11). Similarly, for the test 

using an aged sample, the discharges on the negative half-cycle started at around 185 

degrees compared with 210 degrees in the previous tests. The decrease in PD inception 

angle on both positive and negative half cycles is thus due to the ageing of the oil- 

impregnated glass cell insulation. A PDC (Polarisation - depolarisation test) was also 

carried out by KEA consultants on the test cell after the CDA3 tests and the results also 

indicated ageing of the insulation. The PDC results are included at Annexure “D”.

These results again emphasize the importance of the PD inception angle on ageing 

condition of the transformer insulation.
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Figure 6-13. PD Pattern at lOkV, 80°C and 50Hz,:

Aged sample after ageing for five months in glass cell;

Peak PD pattern on positive half cycle and negative half cycle are almost the same.

A similar change of colour of the oil from clear to light brown was also observed again 

due to thermal damage to cellulose materials and oxidation of oil. Figures 6-14 and 6-15 

show the colour change of the oil.

The change of colour of the kraft paper, crepe paper and pressboard from light brown 

shade to dark brown was also observed during the ageing process. At high temperatures 

the cellulose polymer chains break up reduce in length and, as part of the degradation, 

form water especially in the presence of oxygen. The excessive moisture, oxygen and 

temperature caused the oxidation that results in the change of colour of the cellulose 

material.
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Figure 6-14. Colour of Oil in Glass Cell Before the Ageing Process

Figure 6-15. Colour of Oil in Glass Cell After the Ageing Process Caused Oxidation of 

Oil that-Results in Darkening of Oil Colour
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The effects of ageing are also very obvious from the damage caused to the crepe paper, 

pressboard and kraft paper. Signs of water treeing can be seen on the crepe paper and 

significantly so on the pressboard. Electrical treeing can be seen on the kraft paper 

showing clear signs of black carbonised conducting paths causing burning and 

brittleness of the paper.

The water treeing is caused when water migrates to high stress areas and reduces the 

dielectric strength of the material and water treeing also produces third harmonics. No 

PD activity is present when the water trees are present. The water treeing is then 

followed by electrical treeing. In the electrical treeing mode the PD activity starts and 

causes black carbonised conducting paths ultimately leading to the failure of the 

insulation. Figures 6-4 and 6-16 show the quality of cellulose material before and after 

the Ageing Process.

Figure 6-16. Quality of Crepe Paper, Pressboard and Paper After Ageing;

Left is Crepe Paper, Middle is Pressboard and Right is Kraft Paper with Black Marks 

Showing Clear Signs of Carbonised Conducting Paths Causing Burning and Brittleness
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6.3.5 Investigation of Temperature Effects on PDs: Use of Integrated Parameter 
Distributions in Oil-Impregnated Insulation

6.3.5.1 The IEC Quantities

The test results indicated that the peak and the average PD magnitudes were slightly 

decreased when the test temperature increased from ambient to about 70°C. The peak 

and average discharge magnitude increased significantly when the test temperature was 

further increased. Figure 6-17 shows the trend of peak and the average PD magnitude as 

the temperature is increased. The actual PD values are shown as individual points: the 

curves drawn are curves of best fit (obtained using a second order polynomial 

approximation) of the actual discrete values of the peak and the average PD magnitudes. 

Note that there is a minimum reached during the temperature variation, followed by a 

rapid rise of magnitudes at higher temperature.

1600

X Peak discharge 
m a g n itu d e

• Average discharge 
m a g n itu d e

1400

1200

1000

Figure 6-17. Peak and Average PD Magnitude (pC) vs. temperature (°C) 

Temperature increasing at lOkY

Figure 6-18 illustrates the temperature dependence of the IEC discharge current and the 

PD repetition rate at a test voltage level of lOkV. It is clear from the results that there 

was a significant increase in the PD repetition rate as the test temperature increased. A 

substantial increase in discharge current, although not as substantial as the repetition 

rate increase, was also observed when the test temperature was increased.



Chapter 6: The Effect of Elevated Temperature in Oil-Impregnated Insulation: 
Statistical Analysis of PD Activity 175

7000

X D ischarge current 
• Discharge number

6000

5000

4000

3000

2000

1000

Figure 6-18. PD Current (nA) and PD Number (pps) vs. temperature (°C) 

Temperature increasing at lOkV.

Contradictory trends were found when the test temperature was reduced back down to 

the ambient. The peak PD magnitude was slightly increased when the test temperature 

decreased to about 74°C and the sharply decreased when the test temperature further 

reduced. The average PD magnitude, the PD current and the PD repetition rate all 

decreased monotonically as the temperature reduced. Figure 6-19 depicts the trend of 

the peak and the average PD magnitude as the temperature decreased. The behaviour of 

discharge current and PD repetition rate are shown in Figure 6-20.
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Figure 6-19. Peak and Average PD Magnitude (pC) vs. temperature (°C) 

Temperature decreasing at lOkV.
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Figure 6-20. PD Current (nA) and PD Number (pps) vs. temperature (°C) 

Temperature decreasing at lOkV.

The PD behaviour reported here has a slightly different characteristic to that reported 

previously. Results show that during increase of temperature from 60 to 85 C (see 

Figures 6-17 and 6-18) the peak PD magnitude, the average PD magnitude, the PD 

current and the PD number increased at 85°C as compared to PDs with temperature at 

60°C and all those values decreased with decrease of temperature from 85 to 60°C (see 

Figures 6-19 and 6-20).

A slightly different intermediate trend (which was not linear) was observed as the 

temperature increased and then decreased between 60 and 85°C. It was also observed 

that the PD peak magnitude, average magnitude, average current and repetition rate are 

greatly affected by the temperature change. The variation of PD characteristics with 

temperature can be used as a diagnostic tool to assess condition of the oil-impregnated 

insulation.

6.3.52 The Statistical Moments

The previous investigations on this test configuration by other authors showed that the 

statistical parameters, such as the mean, the standard deviation, the skewness and the 

kurtosis of the phase resolved partial discharge patterns are all meaningful and are 

unique for particular insulation defects [26, 187-190]. Thus statistical analysis was
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conducted on the results of this investigation to examine whether there were any 

distinctive properties that could be used as indicators for the assessment of condition of 

oil-impregnated insulation.

6.3.5.2.1 The Mean and the Standard Deviation

The mean of the PD maximum distribution shifted to a larger phase angle as the test 

temperature increased for both the positive and negative half-cycles. The mean of the 

distribution then tended to shift back to a lower phase angle when the test temperature 

was decreased. Figures 6-21 and 6-22 exhibit the correlation between the mean value of 

the maximum PD distribution and the test temperature at a test voltage level of 1 OkV for 

both positive and negative half-cycles.

The average PD distribution had similar trends to that of the mean values. The mean of 

the PD number distribution and the PD current distribution, however, are relatively 

steady at about 105° when the test temperature was increased. The mean shifted to a 

lower phase angle as the test temperature reduced.

M1 (+) 

M1 (-)

Fig. 6-21. Mean of Maximum PD Distribution (Phase Angle) vs. temperature (°C) 

Temperature Increasing at lOkV; Positive (M1+) and Negative (Ml-) Half Cycles
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M 1 (+) 

M 1 (-)

Fig. 6-22. Mean of Maximum PD Distribution (Phase Angle)Vs Temperature (°C) 

Temperature Decreasing at lOkV; Positive (M1+) and Negative (Ml-) Half Cycles

A slight increase in the standard deviation of the PD number distribution was seen as 

the temperature increased. A reverse trend occurred as the test temperature reduced. 

This indicated that the distribution extended when temperature increased and reduced 

when the temperature reduced. The correlation between the standard deviation of the 

PD number distribution and the test temperature at lOkV is illustrated in Figures 6-23 

and 6-24. In general, the standard deviation of all other distributions (maximum PD, 

average PD and PD current) behaved similarly to those for the PD number distribution.

50 --

40 --

30 --

20 --

10 --

Figure 6-23. Deviation of PD Number Distribution Vs Temperature (°C) 

Temperature Increasing at lOkV; Positive (N2+) and Negative (N2-) Half Cycles
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Figure 6-24. Deviation of PD Number Distribution Vs Temperature (°C) 

Temperature Decreasing at lOkV; Positive (N2+) and Negative (N2-) Half Cycle

6.3.5.2.2 The Skewness and the Kurtosis

In general, the skewness value of the PD distributions decreased when the test 

temperature increased, although passing through a shallow minimum (Figure 6-25). It 

decreased generally when temperature then decreased, but again passed through a very 

shallow minimum (Figure 6-26). A trend towards a larger negative value of skewness 

indicates that there is an extension on the tail of the distribution to a lower phase angle, 

as noted previously on the phase-resolved plots. Thus as the temperature increased, a 

higher number of discharges appeared at the lower phase angles of the mean.

*C 3 (+) 
'C 3 (-)

1 .8 --

-0.6 --

Figure 6-25. Skewness of PD Current Distribution Vs Temperature (°C) 

Temperature Increasing at lOkV; Positive (C3+) and Negative (C3-) Half Cycle
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Figure 6-26. Skewness of PD Current Distribution Vs Temperature (°C) 

Temperature Decreasing at lOkV; Positive (C3+) and Negative (C3-) Half Cycle

The kurtosis value that measures the sharpness of a PD distribution relative to a normal 

(Gaussian) distribution behaved differently for each PD distribution considered. Figures 

6-27 and 6-28 show the trend of the kurtosis values of the average discharge magnitude 

distribution as the test temperature changed (increasing in 6-27 and decreasing in 6-28). 

The kurtosis value at the positive half-cycle tended to decrease to a minimum peak and 

then increase as the temperature further increased. A reverse trend was observed when 

the temperature reduced back to ambient.

The discharge current and discharge number distributions had a relatively constant 

value of the kurtosis as the test temperature increased above 60°C. However, when the 

temperature reduced back below 70°C, a sharp increase in the kurtosis value was 

observed. Meanwhile, the kurtosis of PD maximum amplitude distribution changed with 

the temperature. The value tended to increase as the temperature increased and decrease 

as temperature decreased.
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Figure 6-27. Kurtosis of Average PD Distribution Vs Temperature (°C) 

Temperature Increasing at lOkV; Positive (A4+) and Negative (A4-) Half Cycles

-0.2 - -

-0.4 - -

-0.6 - -

-0.8--

Figure 6-28. Kurtosis of Average PD Distribution Vs Temperature (°C) 

Temperature Decreasing at lOkV; Positive (A4+) and Negative (A4-) Half Cycles
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6.3.6 Summary of the Statistical Analysis of Results

The statistical analysis results of the tests conducted showed that the mean of the 

maximum PD distribution shifted to a larger phase angle as the test temperature 

increased for both positive and negative half-cycles and the PD mean distribution 

tended to shift back to a lower phase angle when the test temperature decreased. The PD 

average distribution had similar trends of the mean values. The mean of the PD number 

distribution and the PD current distributions, however, are relatively steady at about 

105° when the test temperature was increased. The mean shifted to a lower phase angle 

as the test temperature reduced. A slight increase in the standard deviation of the PD 

number distribution was seen as the temperature increased. A reverse trend occurred as 

the test temperature reduced. This indicated that the distribution extended when 

temperature increased and reduced when the temperature reduced.

Generally, the standard deviation of all other distributions (maximum PD, average PD 

and PD current) behaved similarly to that for PD number and the skewness value of the 

PD distributions decreased when the test temperature increased and increased when 

temperature decreased. A trend towards a larger negative value of skewness indicates 

that there is an extension on the tail of the distribution to a lower phase angle. Thus as 

the temperature increased, a higher number of discharges appeared on the lower phase 

angle of the mean. The kurtosis value that measures the sharpness of a distribution 

relative to a normal distribution behaved differently for each PD distributions 

considered. The kurtosis value on the positive half-cycle tended to decrease to a 

minimum peak and then increase as the temperature further increased. A reverse trend 

was observed when the temperature reduced back to ambient.

The statistical parameters, such as the mean, the standard deviation, the skewness and 

the kurtosis of the phase resolved partial discharge patterns are meaningful and are 

considered unique for particular insulation defect conditions. The statistical analysis 

was conducted to examine whether there was some distinctive properties that could be 

used as indicators for the assessment of oil-impregnated insulation during the change of 

temperature. Results showed that the PD distribution might change significantly when 

the temperature is changed. The careful study of the statistical operators for PD
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classification in condition monitoring can be used as indicators for the better assessment 

and understanding of oil-impregnated insulation.

6.4 Conclusions

A number of significant observations of the tests using the glass cell were noted during 

the increasing and decreasing temperature phases in the experiment. The following PD 

pattern analyses were observed during the variation of temperature and ageing of the 

oil-impregnated transformer insulation.

• During simulated thermal overloading when temperature increased from ambient to 

80-85°C the largest peak PD magnitude measured was initially on the positive half 

cycle, but the peak then shifted from the positive to the negative half-cycle.

• During the cooling phase from 80-85°C to the ambient temperature the PDs with 

largest peak magnitude shifted back again from the negative half cycle to the 

positive half-cycle.

• At 80°C the PDs with largest peak magnitude were found to be similar on both the 

positive and negative half-cycles.

• The colour of the oil changed from clear to light brown after the ageing due to 

thermal stress causing oxidation.

The colour of the kraft paper, the crepe paper and the pressboard changed from the 

original light brown shade to dark brown with ageing. The ageing due to PD activity
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can cause a burning or carbonisation effect on both pressboard and paper and also 

caused the paper to become brittle through de-polymerisation.

• The peak magnitude of the discharges and the PD repetition rate increased with the 

increase of temperature and decreases with decrease of temperature.

• Similar test configurations result in similar partial discharge patterns at a same 

temperature stress level.

From the experimental results, it can be concluded that the peak and the average PD 

magnitude are greatly affected by the temperature change. The discharge number and 

the discharge current varied significantly with the test temperature. The variation of PD 

levels with temperature is an important factor in using PD diagnostics to assess 

insulation condition in transformers.

Observation of the statistical moments of PD distributions of the phase resolved partial 

discharge patterns are meaningful and showed that the distributions change significantly 

when the temperature is changed. This indicates that the use of statistical operators for 

automated PD classifications in insulation condition monitoring has to be conducted 

carefully. The use of separate PD signatures for different test temperatures and 

insulation condition would be appropriate indicators for the better assessment and 

understanding of oil-impregnated insulation.
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Chapter 7

Effect of High Temperature and Moisture on 
Recovery Voltage Measurement Results: 

An Experimental Investigation

7.1 Introduction

The reliability of the power transformer largely depends upon the condition of the oil

paper insulation. Extending transformer life beyond its design life is not only 

economically valuable, but also prevents loss of revenue caused when power failure 

occurs. Insulation condition monitoring is therefore becoming increasingly important, as 

this tool can be used to determine the integrity of the insulation [74, 191]. Thus the 

development of all potential diagnostic techniques is an important consideration.

The dielectric system of a typical oil-impregnated power transformer is used to provide 

insulation for the high voltage windings and connections while the oil performs a dual 

function as an insulant and as a cooling medium. The presence of moisture in the 

oil/paper insulation plays a critical role in determining the life span of a transformer. 

Moisture in the transformer reduces the insulation strength by decreasing the electric 

strength of the transformer’s insulation system. As we have seen, when the transformer 

warms up during operation and particular when it supplies excess load, at the high 

temperatures attained moisture migrates from the solid insulation into the oil and the gas 

space above the oil. Transformer oil has a low affinity for water but even low levels of 

dissolved moisture can cause problems. The solubility of moisture in oil increases 

noticeably as the temperature increases.
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On the other hand paper can absorb very significant amounts of moisture and is thus 

there is likely to be much more moisture in the paper than in the oil. The moisture in 

paper will also reduce significantly the dielectric strength of the paper insulation. The 

rate of migration of moisture to the paper in a transformer is dependent on the conductor 

temperature and the rate of change of the conductor temperature. As the transformer 

conductors (and the paper) heats the moisture is expelled from the paper into the oil as 

we have seen and can form bubbles. Then, as the transformer cools, the moisture returns 

to the solid paper and the pressboard insulation but at a somewhat slower rate. Both the 

paper and pressboard in a transformer can absorb more moisture at ambient, whereas the 

oil can absorb more moisture at overload temperature. Moisture in paper is usually 

measured in percentage, while in oil it is usually given as parts per million of the oil 

mass [192-193].

The magnitude of the load and the climate and the resulting temperature are the major 

influences in determining the ageing of the insulation and thus the remnant life of an 

aged transformer. The ageing and life expectancy of the insulation, in turn, are greatly 

dependent on environmental conditions, which involve hydrolytic, oxidative and 

thermal degradation. The moisture in a transformer is absorbed from the atmosphere 

and is also produced by the ageing of the cellulose based paper and pressboard 

insulation. At high temperatures the hydrocarbon chains in the cellulose break down 

into smaller chains and this breaking process involves the release of hydrogen and 

oxygen atoms. The released gases then combine to form water. Excessive amounts of 

moisture in the transformer can then accelerate the ageing process of the cellulose and 

prematurely age the transformer’s insulation system.

Moisture in the paper and oil also brings the risk of bubble formation as documented in 

the previous experimental results; it is a significant risk in paper insulation especially at 

overload temperatures. High moisture content in the oil/paper due to ageing can cause 

failure of the transformer [28, 194-196]. Therefore, the level of moisture content in the 

oil/paper is one of the decisive factors used in determining the total breakdown strength 

of an insulation system. To assess the extent of degradation of an insulation system, it is 

therefore necessary to know the moisture content of oil/paper. Insulation diagnostic 

techniques have therefore become increasingly important as they can be used to



Chapter 7: Effect of High Temperature and Moisture on Recovery Voltage Measurement Results: An 
Experimental Investigation 187

determine the integrity of the insulation and also allow us to estimate the remaining life 

of the insulation.

A number of insulation diagnostic techniques are available and can be categorised into 

electrical, mechanical and chemical methods. One of the electrical insulation diagnostic 

techniques introduced in the mid 70s is the Recovery Voltage Measurement (RVM). 

RVM is a technique for determining the level of moisture content and hence, 

potentially, the degradation of oil/paper insulation [192-195]. Although it is not possible 

to use RVM to obtain quantitative estimates of moisture in the insulation, it is 

nevertheless a very useful technique.

Recovery Voltage Measurement experiments were conducted on the insulation models 

used in this thesis, using a LabVIEW (Laboratory Virtual Instrument Engineering 

Workbench) based software [28, 197]. Comparison of the change in relaxation 

phenomena in each test object under particular condition with DC RVM measurement 

in relation to partial discharge measurement is made and the obtained new results are 

reported in this chapter.

7.2 Recovery Voltage Measurement

The RVM technique used to assess the state of oil-paper insulation has been undergoing 

research and development over the world for almost thirty years. The main aim is to 

develop new insulation diagnostic methods for assessing large transformers in service 

[194]. RVM is a non-intrusive and non-destructive test that can be performed on-site 

and also in the laboratory. The data acquisition is not very sensitive to external 

disturbances, but temperature and humidity may influence the results of the 

measurements. It relies on the dielectric properties of oil/paper insulation and gives a 

general indication of moisture content in insulation system [195-196].

RVM is based on use of the dielectric response of insulating materials to the application 

of electric fields and is thus part of the general area of dielectric spectroscopy. In order 

to understand the method in detail we need to discuss briefly the dielectric response of



Chapter 7: Effect of High Temperature and Moisture on Recovery Voltage Measurement Results: An 
Experimental Investigation 188

polar insulating materials to a step change of a DC voltage applied to the dielectric 

material by means of some form of metal electrode configuration.

Solid and liquid dielectric insulation materials have a dielectric response to an applied 

DC electric field that is determined by the intrinsic structure and composition of the 

material, including in particular their polarization properties which may feature any of 

the following aspects:

• molecular dipole structure,

• electronic polarisation,

• ionic polarisation,

• interfacial polarization

Many other facets, including in particular the chemical composition, may also affect the 

dielectric response [200].

The actual dielectric response of the dielectric material is thus a sensitive indicator of 

the material insulation state and hence of its dielectric condition. Any impurities such as 

moisture or change in the material structure and chemistry, caused for example by 

thermal ageing, should theoretically be able to be characterised by a determination of 

the dielectric response of the material to an applied DC voltage.

Moisture in this case is both an impurity and a by-product of ageing of insulation. It is 

arguably the most common cause of problems with service-aged insulation. Because of 

its high molecular dipole moment and its consequent high relative permittivity and loss 

factor, moisture as a foreign material can have a quite disproportionate effect compared 

to its quantity in the dielectric. Fortunately, its effect on the dielectric properties of 

insulation also makes its presence relatively easy to detect.

7.2.1 Recovery voltage measurement for transformers

In developing the techniques to use for moisture detection, one of the characteristics of 

moisture that can be utilised is its high dielectric dissipation factor (DDF) and high
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relative permittivity which render its contribution to the polarization response very 

substantial when DC voltage steps are applied. The moisture will increase DDF and also 

the capacitance. However the use of standard DDF techniques is not sufficiently 

sensitive and accurate enough to quantify moisture. But the effect of the moisture on the 

polarization properties of the insulation can be monitored and thus can be used to give 

some indication of moisture levels.

The DDF of insulation results from the overall polarization effect of the applied electric 

field on the dielectric material. The overall polarization of an insulator dielectric is thus 

the integrated result of the individual polarization components listed above, including 

atomic, electronic, ionic, thermal and interfacial polarization.

In the case of moisture in the dielectric, it is the interfacial polarization that gives the 

most important contribution. This can result from moisture effects on the interface 

between the paper and the impregnating oil, for example. Interfacial polarisation occurs 

whenever there is an accumulation of charge at the interface between two materials, e.g. 

in the interfacing of paper and oil in the power transformers. More moisture content 

results in more conduction and lower resistance, which leads to a lower time constant in 

the response [28].

Moisture presence will affect the overall polarization properties very significantly and 

this is the basis of the technique of the recovery voltage measurement (RVM) for 

moisture assessment. The recovery voltage method for transformers is similar to the 

more general polarization-depolarization current (PDC) method except that recovery 

voltages across the insulation are measured during the final open circuit phase. The 

current response is not used in this method. The shape and magnitude of the recovery 

voltage in terms of its peak value and its initial rate of rise are the important quantitative 

considerations as will be seen later.

The time constant of the interfacial polarization response, which is so highly influenced 

by the moisture content of the oil/paper insulation and the absorption of by-products of 

aging, falls in the range of 10ms to 1000s of the time domain response.
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7.2.1.1 General polarization response

In insulation containing components of different permittivity and conductance, the ions 

can accumulate on the surface of various insulating materials and thus form dipoles. 

More moisture in the insulation results in more free charge on the interface and the 

polarization field will thus increase. The polarization process can only exist in the 

presence of an external electric field. However, when that field is removed, the dipoles 

will return to their original state as they relax and the charge is dissipated. In the case of 

moist oil-paper insulation, there is a significant polarization effect due to the water 

molecules contained in the insulation. By applying a DC electric field, these molecules 

(which were electrically neutral) acquire a polarization and try to drift or move or just 

orient in the direction of the electric field. Measurement of the current in the time 

domain during the polarization phase will thus give a response dependent on the 

moisture level. Similarly, when the field is removed and the insulation sample short- 

circuited, the depolarization current in the time domain will give a response determined 

by the moisture level. This is the pure PDC technique. The RVM method is slightly 

different in that it measures a recovery voltage rather than a depolarization current.

In the RVM method, the sample is first short circuited but is then open circuited to 

monitor the recovery voltage of the open-circuit. The equivalent circuit of the RVM 

charging phase in a homogeneous insulation is shown in Figure 7-1. The voltage applied 

is denoted by Vc, Cg is the geometric capacitance, Rg is the geometric resistance, Cp is 

the polarization capacitance and Rp is the polarization resistance.

Each RVM test cycle consists of 4 phases: (1) charging, (2) discharging, (3) 

measurement and (4) relaxation. The sample is to be charged with a DC voltage for a 

charging time tc, during which molecules are polarised and align in the direction of the 

DC electric field. The sample is then short-circuited for a pre-determined period of time 

td (usually half of the charging time), causing the molecules to be partially depolarised 

and relaxed. The test sample is then open-circuited and the voltage monitored in the 

time domain.
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Upon opening the short circuit, a voltage due to the remaining charge will build up 

between the terminals of the insulation sample. This residual polarisation results in a 

voltage known as the recovery voltage. Two measurements are taken in each test cycle 

and they are the maximum recovery voltage (Vmax) and central time constant (time to 

peak; tpeak)- The four phases of RVM are shown in Figure 7-2. The ratio dV/dt in Figure 

7-2 is the initial slope of the recovery voltage.

Figure 7-1. Equivalent Circuit of RVM in Homogeneous Insulation [28J.

relaxation

Phase 1 Phase 2 Phase 3 ! Phase 4

Figure 7-2. Test Phases in One RVM Measurement Cycle [28].
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The charging/discharging procedure is repeated using a sequence of increasing charging 

times range from fractions of a second to thousands of seconds. A curve of maximum 

recovery voltage (Vmax) against charging time (tc) is then plotted. This curve is known 

as the polarisation spectrum, as shown in Figure 7-3.

Dominant time 
constant x .

Figure 7-3. Recovery Voltage Measurement Polarisation Spectrum: Maximum 

Recovery Voltage (Vmax) along Y- Axis Vs Charging Time (tc) along X-Axis; 

Dominant Time Constant (xCCj) [28]

A significant characteristic of the polarisation spectrum is the time at which the peak 

occurs: this is known as the dominant time constant (xCCj). This value is dependent on the 

properties of the insulating material. More precisely, this value directly reflects the 

moisture content of the oil/paper insulation system. The displacement of the peak of the 

curve towards a smaller time constant indicates a higher moisture level and thus some 

degradation of the insulation system.

The insulation system with higher moisture content has a relatively fast polarisation 

response in which the polarisation capacitance charges and discharges faster, resulting 

in the maximum recovery voltage being attained at shorter charging time. On the other 

hand, an insulation system with lower moisture content has a relatively slow 

polarisation response in which the polarisation capacitance charges and discharges
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slowly. Hence, the value of maximum recovery voltage can only appear at longer 

charging time. The polarization spectrum is also affected by temperature. At higher 

temperatures the peak of the curve shifts towards smaller time constant indicating 

insulation degradation.

The polarisation spectra obtained can be divided into two basic groups: standard and 

non-standard spectra.

The standard group of polarisation spectra have only one maximum peak in the curve, 

which reasonably provides an estimate of the moisture content in the oil/paper 

insulation.

Curves with multiple peaks, flat curves and curves with discontinuities are considered 

as the non-standard spectrum group. More information on the test object and experience 

are required to interpret this kind of graph.

7.3 Measurement System

Figures 7-4 and 7-5 below show the configuration and measurement system layout 

diagram of the RVM system developed and used in the High Voltage Laboratory for 

these tests. The computer is used as a controller to automate the measurement process. 

Interfacing is through a National Instruments data acquisition card (DAC—>PCI-6025E). 

Three digital output channels are used for controlling the relays in the switching unit. 

One analog input channel (Analogue to Digital Converter; ADA) is used for recording 

the recovered voltage signal from a Keithley electrometer. The peak recovery voltage 

for each RVM test cycle is recorded from the output of the electrometer.

The relays in the switching box are controlled by the computer to switch the system on 

and off at predetermined charging, discharging and measurement times. The user can 

programme the time interval values in. At the end of each RVM cycle, the test object 

will be discharged for a certain period of time to remove the residual charge. The
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charging voltage is provided by a variable high-voltage DC supply, which can be set in 

the range 0-3000V.

\& (

Control Unit

S2 l -\S3

L

Computer
A

Electrometer

Figure 7-4. Configuration of Recovery Voltage Measurement System [28]
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Figure 7-5. Recovery Voltage Measurement System Layout Diagram [28]
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LabVIEW acts as the “brain” of the system, and controls the relays, captures the signal 

and calculates the required parameters. The front Panel of the RVM system used in 

these experiments is shown in Figure 7-6.
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Figure 7-6. Front Panel Of The RVM System [28].

The recovery voltage obtained from the electrometer can be somewhat noisy and a 

filtering circuit is used to clean up the signal [28]. Features such as data storage, plotting 

of the recovery voltage of individual measurement, plotting of the polarisation spectrum 

and concurrent temperature sensing are added features of the system. The detailed RVM 

operational manual for the system is included in Annexure “E” [28, 197].

7.4 Experimental Results and Discussions

The experiments were carried out in the laboratory on the previously described 

laboratory models of transformer oil-impregnated insulation at different temperatures 

and with different moisture contamination levels. An oil sample extracted from the tank 

was sent to an industrial laboratory for measuring its moisture content. The 

configuration of steel tank and oil-impregnated paper/pressboard insulation has already
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been explained in chapter 5 (section 5.5). Figure 7-7 shows the recovery voltage 

measurement experimental set up.

Figure 7-7. Recovery Voltage Measurement Experiment Set-Up.

The experiments were performed at three different temperatures: 20°C (room 

temperature), 80°C (normal operating temperature) and 140-145°C (overloading 

condition). The temperature was monitored using the fibre optic thermometer. The 

charging voltage was set to 500V and 1000V. A relaxation time of 10 minutes was 

applied in all the tests. A complete set of reading for each set of voltage and temperature 

took approximately 2.5 hours. Normally six complete sets of readings (500V- room 

temperature, 80°C, 140-145°C and 1000V- room temperature, 80°C, 140-145°C) were 

required for comparison purposes. To raise or lower the temperature of the test 

conductor and insulation from 140-145°C to ambient took around 4-5 hours.

In addition to recovery voltage measurement, partial discharge measurements tests (135 

and 255ppm moisture content in oil at 80°C) were carried out using the CDA3 PD 

system to assess the insulation of the oil-impregnated aged insulation from the PD 

aspect.
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Many tests were carried out under different conditions of moisture content, temperature 

and charging voltage. Figure 7-8 shows the polarisation spectrum for the tests 

conducted at temperature of 80°C with moisture content of 135ppm. It can be seen that 

an increase in the charging voltage results in an increase in the recovery voltage and that 

the scaling effect of the charging voltage on the polarisation spectrum is reasonably 

constant. The dominant time constant is ~10 seconds. Figure 7-9 shows the 

corresponding PD pattern at moisture content in the oil of 135 ppm.

500V

~ 0.8 1000V

O 0.4

0.2

Charging time (s)

Figure 7-8. Polarisation Spectrum (80°C, 135ppm at 500V and 1000V):

Maximum Recovery Voltage (volts) Along Y-Axis Vs 
Charging Time (seconds) Along X-Axis
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Figure 7-9. PD Pattern at 8KV (80°C, 135ppm).
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Figure 7-10 shows the polarisation spectrum for the tests conducted at the same 

temperature of 80°C but with higher moisture content of 255ppm. The dominant time 

constant is ~5 seconds.

—500V
— 1000V

0 10 20 30 40 50 60 70 80 90 100
Charging time (s)

Figure 7-10. Polarisation Spectrum (80°C, 255ppm at 500V and 1000V):

Maximum Recovery Voltage (volts) Along Y-Axis Vs 
Charging Time (seconds) Along X-Axis

Comparison of Figures 7-8 and 7-10 shows the respective polarisation spectra for the 

tests conducted at temperature of 80°C with moisture content of 135ppm (Figure 7-8) 

and for moisture levels of 255 ppm (Fig 7-10). In figure 7-8, it is seen that increasing 

the charging voltage results in an increase in the recovery voltage and that the scaling 

effect of the charging voltage on the polarisation spectrum is reasonably constant and 

the dominant time constant is —10 seconds. The polarisation spectrum for the tests 

conducted at the same temperature of 80°C but with higher moisture content of 255ppm 

(Figure 7-10) show that the smaller dominant time constant is now about 5 seconds.
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Thus, the insulation system with higher moisture content has a relatively faster 

polarisation response, and therefore the value of the maximum recovery voltage is 

attained at a shorter charging time. The shorter charging time is due to the higher 

moisture content in the oil causing the faster polarisation response, which means the 

polarisation capacitance charges and discharges faster, which then caused the maximum 

recovery voltage (Vmax) to appear at the shorter starting time and so the dominant time 

constant is ~5 seconds. Figure 7-11 shows the PD pattern for the system at moisture 

content in oil at 255 ppm. Note that there is some difference in the PD patterns.

o.isi
—O.059

Figure 7-11. PD Pattern at 8KV (80°C, 255ppm).

Figure 7-9 shows higher PD, current, power, quadratic rate and repetition rate at the 

temperature of 80°C and moisture content of 255ppm in oil. And Figure 7-11 shows 

lower PD, current, power, quadratic rate and repetition rate at the temperature of 80°C 

and moisture content of 255ppm in oil. The higher PD current (502nA), power 

(4.52mW), quadratic (53 nC /s) , repetition rate (5351 no./s) and low inception angle 

less than 10 degrees in a phase resolved plot (Figure 7-9) is possibly due to higher 

moisture content in paper. The lower PD current (408 nA), power (755uW), quadratic 

(13 nC /s) , repetition rate (659 no./s) and higher inception angle more than 20 degrees 

in a phase resolved plot (Figure 7-11) is possibly due to less moisture content in the 

paper. The water added directly to paper in the steel tank migrated from paper to oil 

during overloading raising moisture content in oil from 135 to 255ppm. With increase in 

water content from 135 to 255ppm at a temperature, peak voltage increased due to
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increase in polar water content. With increase in temperature more water may be 

dissolved in oil but the peak is found to decrease due to increased mobility of active 

ions in relation to polarised water molecules. Increased max. PD peaks with increase in 

moisture content were observed. Apart from that I and R reduced by increasing moisture 

content.

When comparing the results obtained from both the recovery voltage measurement and 

partial discharge measurements tests to assess the insulation of the oil-impregnated aged 

insulation it was observed that RVM tests conducted at the same temperature of 80°C 

but with higher moisture content of 255ppm in oil has a smaller dominant time constant 

of 5 seconds in the polarisation spectrum showing there is moisture in the oil/paper 

insulation and degradation. Contrary to this, in the PD test results the higher PD current 

(502nA), power (4.52mW), quadratic (53 nC /s), repetition rate (5351 no. /s) and low 

inception angle less than 10 degrees in a PD’s phase resolved at same temperature of 

80(’C but with lower moisture content of 135 ppm in oil show there is moisture in the 

oil/paper insulation and degradation.

The results obtained from the PD tests seem more promising and logical to the author as 

they are in line with the results obtained in the previous chapter, namely that moisture in 

paper (which can cause PDs) is more dangerous as compared with moisture in the oil. 

Further, the PD results show low PD inception angle and high PD repetition rate can be 

used as a very useful diagnostic tool in identifying moisture and ageing affects in oil- 

impregnated cellulose based transformer insulation.

The RVM results for the case of 500V in Figures 7-8 and 7-10 are combined for 

comparison and shown in Figure 7-12.
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Figure 7-12. Polarisation Spectrum (80°C,135 and 255ppm at 500V):

Maximum Recovery Voltage (volts) Along Y-Axis Vs 
Charging Time (seconds) Along X-Axis

Figures 7-10, 7-13 and 7-14 show the effect of temperature on the polarisation 

spectrum. The actual temperatures recorded on the conductor, paper and oil for the three 

different temperature conditions are shown in the Table 7-1 below.

Condition Conductor Paper Oil

Temperature Temperature Temperature

Ambient 24°C 24°C 24°C

Normal 80°C 80°C 80°C

Operating Temperature

Overloading Conditions 140-145UC 115-120UC 80-85°C

Table 7-1. Measured Temperatures of Test Conditions.
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Figure 7-13. Polarisation Spectrum (20°C, 255ppm at 500V and 1000V):

Maximum Recovery Voltage (volts) Along Y-Axis Vs 
Charging Time (seconds) Along X-Axis
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Figure 7-14. Polarisation Spectrum (140-145°C, 255ppm at 500V and 1000V):

Maximum Recovery Voltage (volts) Along Y-Axis Vs 
Charging Time (seconds) Along X-Axis
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The results are combined and shown in Figure 7-15 for the case of a 500V charging 

voltage. It can be seen that the recovery voltage decreases with increasing temperature. 

However, there are no significant changes in the dominant time constant, which is an 

unexpected result. The possible reason for this is that the moisture exchange between 

paper and oil and the polarisation process tends to be more active at higher temperature 

[91], thus resulting in more free charges in the interface. Consequently, the electrical 

conductivity is higher and the resistance is lower, leading to the maximum recovery 

voltage being attained in a shorter period, as the time constant is directly proportional to 

the electrical resistance.

140 deg.C

0 10 20 30 40 50 60 70 80 90 100
Charging time (s)

Figure 7-15. Polarisation Spectrum ( 20°C, 80°C and 140°C, 255ppm at 500V):

Maximum Recovery Voltage (volts) Along Y-Axis Vs 
Charging Time (seconds) Along X-Axis

One possible explanation for the failure to obtain a reduction in the time constant with 

increasing temperature is that, following the injection of water into the oil, the test cell 

was not allowed to stand for long enough so that the paper could absorb the moisture 

totally within its whole structure.
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7.5 Conclusions

The following discussion and observations are based on the results obtained from the 

experiments conducted on the oil-impregnated paper insulation laboratory models.

• The peak of the polarisation spectrum shifted to a smaller time constant with 

increase of moisture content in the oil. The study also indicated a good degree of 

linearity in response to variation of charging voltage.

• Uneven distribution of moisture or other ageing products may complicate the 

evaluation of the measurement of recovery voltage. Therefore, moisture equilibrium 

of the test object plays an important role in determining the conditions of the 

insulation system and in analysing the results of global monitoring systems such as 

polarization spectroscopy and its derivative methods.

• Overall, recovery voltage measurement is an insulation diagnostic technique which 

is capable of assessing the conditions of the aged transformer from moisture in 

oil/paper insulation, although it is not able to give quantitative indications of 

moisture content. Additionally, the results of analysis of moisture in oil/paper 

insulation can also be used as a tool for the planning of maintenance.

• Monitoring transformer insulation using PD diagnostic methods along with another 

diagnostic method allows better understanding of the insulation condition and of the 

reliability in the interpretation of the results.
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With the introduction of the Lab VIEW program in the recovery voltage measurement 

system, the whole measurement process becomes easier and straightforward. It provides 

data storage capability and allows development of a data bank, which can be used for 

future reference and research. As LabVIEW offers online monitoring over the Internet 

using Transmission Control Protocol (TCP)/Internet Protocol (IP), future 

implementation of this feature can improve the development of a computer based data 

logger for RVM.

Despite the advantages of the RVM measurement technique, it is not as useful as PD 

measurement in enabling sensitive interpretation of the health of oil-impregnated 

transformer insulation. PD measurement is more sensitive indicator, whereas RVM is 

very much a general tool that cannot give moisture information if you are looking at 

moisture over a long period of time. Also on-line PD measurement is easier to do. 

Monitoring the oil/paper insulation using polarisation and depolarisation current (PDC) 

and dielectric spectroscopy is perhaps a bit more flexible than RVM but still not as 

sensitive/useful as monitoring insulation condition by PD measurement.
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Chapter 8

Conclusions and
Recommendations for Further Work

8.1 Conclusions

8.1.1 Diagnostics and assessment

Power transformers are the most expensive and indispensable components of an 

electrical transmission system. Many power transformers in operation in power systems 

today have passed their nominal design life under different electrical, thermal, 

mechanical and environmental stresses. Their sudden insulation failure can cause long

term interruption, costly repairs and loss of revenue. It is the insulation system of the 

transformer that will eventually determine the condition of the transformer and when it 

either reaches the end of its life or when its condition requires major remedial action or 

repairs. There is thus a need to develop and improve both monitoring diagnostics and 

interpretation techniques when assessing the insulation condition of such transformers.

There have been new (or in some cases, improved versions of older methods) 

diagnostics developed in recent years for transformers. These include Recovery Voltage 

(RV) techniques, Polarization-Depolarization Current (PDC) methods and dielectric 

spectroscopy in general, Frequency Response Analysis (FRA), a variety of methods of 

PD monitoring, including UHF methods and methods of analysis such as Pulse 

Sequence Analysis (PSA) and PD frequency domain analysis. The application of these 

techniques is aimed at providing better methods of condition assessment of the 

transformer insulation under normal operating conditions. Flowever one area of the
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operation of transformers that has not been investigated in as much detail as it should be 

is the impact of sudden and then prolonged high thermal stress on the transformer 

insulation, particularly when there is moisture present in the oil and paper materials.

The combination of such thermal stress and moisture can have severe impact on the 

insulation, including accelerated deterioration, bubble formation in the oil and between 

paper layers, partial discharge activity and the increased transfer of moisture between 

the oil and the paper insulation as the thermal shock heats the paper insulation very 

quickly. The generation of bubbles in the oil and paper layers increases partial discharge 

activity with the accompanying increase in degradation that such activity can cause.

This thesis work has attempted to investigate such effects on transformer insulation 

using test models of typical transformer-type insulation in the laboratory. The insulation 

condition has been monitored using phase resolved partial discharge analysis with the 

aim being to determine the rate of deterioration due to such effects and to try to identify 

from the PD analysis the best methods of analysis and interpretation that can be used to 

identify the condition of the insulation.

There are many non-PD methods additional to those listed above which are available to 

provide some information on the ageing processes thus providing means of assessment 

of the insulation condition. These include dielectric dissipation factor (DDF), dissolved 

gas analysis (DGA), furan compound analysis, degree of polymerisation (DP) and 

interfacial tension test methods. The problem with most methods is that they are:

(i) not able to be applied on-line

(ii) not able to provide continuous monitoring

(iii) difficult to interpret in terms of the correlation of the results with the 

insulation condition.

For example DDF, DGA and furan methods are not able to give information on the 

instantaneous and local insulation condition. Instead they are only able to provide a 

measurement which is the accumulation of deterioration over a period of time. They are 

global methods in that their results are averaged over the whole insulation rather than 

able to be localised in the insulation.
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Unless they are performed frequently enough to give detailed trend analysis they are of 

limited use in providing assessment of instantaneous condition of insulation, unless the 

data provided are indicative of imminent failure.

DP measurements are able to give better indication of the paper insulation condition in 

transformers, but they have the problem that the samples of paper that are obtainable for 

test from a transformer are not available from the internal hot spot area of the windings 

which is where the main deterioration of the paper will occur. Thus the DP 

measurements are not able to give an unequivocal assessment of the age of the most 

degraded paper present in the windings. While there has been much progress in relating 

furan levels to DP measurements of the paper the results are still empirical and do not 

provide absolute assessment of condition. Also in any case they do not cover the oil 

condition, only that of the paper.

In contrast, PD measurements give an instantaneous and time-resolved assessment of 

the insulation condition especially in complex oil-impregnated insulation such as the 

transformer. The assessment by PDs will include all insulation, including the paper and 

the oil in particular. Phase resolved partial discharge measurements enable the condition 

to be assessed and the patterns obtained can be correlated with fault type and, to a 

degree, to localisation. Further it has been shown by many workers over the years that 

statistical analysis of these phase resolved patterns will provide very sensitive indication 

of condition and fault type and deterioration.

To this end the investigations preformed have used phase resolved PD analysis to 

analyse the insulation condition when subject to high electrical and thermal stress, as 

such PD methods are seen as the most useful means of monitoring being able to be used 

in the field. Other PD methods such as frequency domain analysis and UHF methods 

are still in the early stages of development and while they will certainly eventually 

provide sensitive means of assessment they still require some further development. For 

the current purposes where the types of measurements used can be performed and 

recorded on-site using commercial PD equipment, phase resolved analysis and the 

statistical analysis of the PD patterns are seen as the most useful methods for the 

investigations reported here.
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The use of the CDA3 Phase resolved PD monitoring system with a standard commercial 

PD detector thus provides a better quantitative means of analysing PD data especially 

on line. In addition, the results reported here can thus be used for comparison with 

measurements obtained on real insulation. In this way the results will enable some 

possible application to ageing and deterioration and the effects of moisture in real 

transformers.

8.1.2 Outcomes of the investigations

The following observations and conclusions are based on results obtained from over 

five years of extensive research on the laboratory models described, over four years of 

my own experimental work and on detailed scrutiny of previous experimental work 

carried out on the same sample reported here since 1996 on new and aged oil- 

impregnated insulation in the steel tank vessel. In addition my extended experimental 

work included the study of new and aged oil-impregnated insulation in a glass test cell, 

with particular emphasis on the effects of thermal shock. The investigations were 

carried out on models with an environment, insulation configuration and stresses similar 

to those which exist for the insulation under practical operating conditions in 

transformers under normal load and under abnormally high loads.

During thermal overloading of the oil-impregnated transformer insulation temperatures 

of between 80 -145°C were imposed by the test conditions. During the tests significant 

small gas bubble formation was seen to occur in the oil at temperatures of 140-145°C 

and then the release of larger bubbles (originating from within the paper insulation) 

caused a very significant decrease in the maximum PD level. The decrease resulted 

from the release of bubbles from the paper layers where, when kept within the paper 

layers they provided the typical void which generates PD activity. Once released from 

the paper they no longer gave a source of PD activity. In addition, the peak PD 

magnitude, the average PD magnitude and the PD number all increased with increase in 

temperature and then decreased as temperature was reduced.



Chapter 8: Conclusions and Recommendations for Further Work 210

Moreover, during this high temperature overloading phase, moisture from the paper was 

forcibly transferred by thermal action to the oil and eventually to the air above the oil as 

a result of the gas bubble moisture transfer. However the reverse process of moisture 

transfer from oil to paper was much slower and the incursion of moisture into the high 

electric field strength region of the paper caused PDs of high intensity due to the effect 

of the increase in moisture content.

The formation of the gas bubbles at high temperature and the high temperature 

operation was found to cause subsequent reduction of partial discharge inception level 

at lower temperature level (typical of normal transformer operation under load) 

indicating significant ageing of the insulation. In addition it was found that a reduction 

in bubble generation frequency at the high temperatures could eventually result in lower 

moisture content in the paper. Higher moisture content in insulating paper (around the 

winding conductor) is more dangerous in terms of PD activity compared to moisture 

presence in the insulating oil.

The colour of the paper, the pressboard and the oil changed very markedly during the 

tests from the light shade of normal un-aged materials to a very dark shade indicative of 

ageing due to the combined thermal, environmental and electrical stresses. The PD 

activity was seen to have caused a significant carbonisation of both the paper and 

pressboard and also caused the paper to become brittle, with obvious decrease of DP 

number.

The change of the PD pattern to a lower PD inception angle and higher PD repetition 

rate after the high temperature phase can thus be used as a very useful diagnostic tool in 

identifying moisture and ageing affects of the paper.

The change of electric stress by an increase of 60% (by applied voltage increase from 

10 to 16kV in the test sample) caused the peak PD magnitude, the average PD 

magnitude, and the PD number to increase with the increase of the test voltage and then 

to decrease with stress reduction, although with decrease in inception level.
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Additionally, when the test voltage frequency was increased from 50 to 200 Hz, the 

peak and the average PD magnitude all decreased, whereas the PD number increased 

with the increase of frequency. A reverse trend occurred when the test voltage 

frequency was reduced. However the increase in number of PDs was not linear with 

frequency increase. The increase was only about 2.6 times for an increase of frequency 

of 4 times. This is consistent with a PD activity which is not totally dielectric based, but 

indicates that some surface discharges were present.

During the overloading of the oil-impregnated transformer insulation from ambient 

temperature to 85°C, the highest peak PD magnitude measured was initially located on 

the positive half cycle but then shifted after a time from the positive to the negative half

cycle. During the cooling phase from 85°C back to the ambient temperature, the PDs 

with highest peak magnitude then shifted back from the negative half cycle to the 

positive half-cycle again. The peak discharge magnitude and the PD repetition rate 

increased with the increase of temperature and then decreased as temperature decreased 

to ambient. The experimental results showed that the peak and the average PD 

magnitudes are greatly affected by the temperature change. The discharge number and 

the discharge current also varied significantly with the test temperature.

This variation of PD level with temperature is an important factor in using PD 

diagnostics to assess insulation condition in transformers. The observation of the 

statistical moments of the PD pattern distributions showed that the statistical 

distributions changed significantly when the temperature changed. This indicates that 

the use of statistical moments for automated PD classifications in condition monitoring 

has to be conducted carefully and the use of separate PD signatures for different test 

temperature and insulation condition would be appropriate and would provide 

potentially useful condition indicators.

It also indicates that, given the variation of PD magnitude and number activity with 

temperature, it is perhaps the statistical parameters such as the skewness and 

particularly the kurtosis rather than the simple magnitude and number that may be best 

for use in determining insulation condition. This result illustrating the need to take 

temperature into account is a parallel of the case of DDF measurements such as used in
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the Doble method where the DDF is measured at one voltage only and must be carefully 

normalised in its temperature to achieve useful results that can be used for comparison 

with the usual guidelines and criteria.

The results obtained from the experiments conducted on the oil-impregnated 

transformer insulation using the Recovery Voltage Measurement (RVM) technique 

showed that the peak of the polarisation spectrum shifted to a smaller time constant with 

the increase of moisture content, and a good linearity of response in variation of 

charging voltage was found. The moisture equilibrium of the test object plays an 

important role in determining the conditions of the insulation system as uneven 

distribution of moisture or other ageing products may complicate the evaluation of the 

measurements of recovery voltage. The recovery voltage measurement using LabView 

program is an insulation diagnostic technique, capable of assessing the conditions of the 

aged transformer from moisture in oil/paper insulation and can also be used as a tool for 

the planning of maintenance but Polarisation and Depolarisation Current (PDC) and 

dielectric spectroscopy is perhaps a bit more flexible but still not as sensitive or useful 

as monitoring by PD measurement.

Despite the potential advantages of some other measurement techniques, such as DP 

number and furan level testing, the PD measurement diagnostic has been demonstrated 

to be a more sensitive condition indicator as it provides an instantaneous and time 

resolved assessment, whereas the other methods provide only an integrated and global 

assessment of the accumulated deterioration or, as in the case of the DP measurement 

are difficult to apply to appropriate samples of the service aged insulation. It has been 

observed that monitoring of PD activity can provide an extremely useful and consistent 

monitor in terms of the individual results and in particular in its use as a trend analyser. 

Such trend analysis can provide better understanding of the oil-impregnated insulation 

degradation processes. PD diagnostics are particularly beneficial when using trend 

analysis but due to the unpredictable nature of PDs and the complicated nature of oil- 

impregnated insulation, time-to-faiiure prediction using PD analysis alone is not 

possible.
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The PD diagnostic method, combined with another diagnostic tool, preferably Dissolved 

Gas Analysis (DGA) of the oil, can be a more useful means to understanding the 

transformer’s insulation condition and can improve the reliability in the interpretation of 

the results and provide better understanding of oil-impregnated transformer insulation 

deterioration. Transformer condition monitoring can not only provide an early 

indication of any degradation caused by abnormal electrical, thermal, mechanical and 

environmental stress, but also can save cost, improve reliability of supply, provide 

better safety of personnel and prevent potential environmental damage.

Voltage (electric stress), frequency, oxygen content, moisture level and temperature all 

affect the PD behaviour. In particular PD behaviour is substantially affected by the test 

temperature and the moisture level. The variation of PD level with temperature and 

moisture (especially in paper) is an important factor in using PD diagnostics to assess 

insulation condition in a transformer.

The results of all of the above investigations have shown the complexity involved in 

correlation of the effects of moisture with temperature on PD activity in transformer 

type insulation. This complexity may lead to some potential problems in interpretation 

of the results of PD measurements performed on transformers. Much further work is 

needed to elucidate the impact of the various parameters on PD activity before any 

definitive indicators of ageing quantification can be derived. The result of these 

experimental works and conclusions can be used in analysing PD data obtained using 

both off-line and, preferably, on-line measurements, particularly in oil-impregnated 

power transformers.

However, further long-term investigations are needed to better quantify the results and 

the following section provides some detail as to the areas of investigation that would be 

useful to follow.
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8.2 Recommendations for further work

The power transformer insulation is mainly comprised of mineral oil and cellulose 

based products. The insulation thus contains both solid and liquid insulation. There are 

many factors which effect the properties of these materials under electrical, thermal, 

mechanical and environmental stress both individually and in combination. The 

chemistry of materials and knowledge of individual involvements and chemical changes 

that the insulating materials experience under single and multistresses is so complex that 

currently there is no definite single electrical, chemical or theoretical explanation which 

gives a certain answer regarding the current health and time of failure of the oil- 

impregnated insulation.

Recommendations arising from the work described here are that for such a complex 

type insulation the properties, behaviour and effects of insulating materials (mineral oil, 

paper and pressboard) should be studied individually and also in combination and 

further more detailed experiments should be conducted to see the effects of voltage, 

frequency, temperature, moisture and gases (oxygen in particular) using single stress 

and multistress models to find out the way these factors play a role under normal and 

abnormal (thermal and moisture affected) conditions of an operating power transformer. 

A team containing at least one chemical engineer as well as electrical engineers is 

highly recommended for a better understanding of the electrical and chemical 

phenomena involved.

There are many methods available to monitor the insulation but PD monitoring provides 

better diagnostics and quality control tools. The difficulty in obtaining definitive 

answers due to variability of PD phenomena when using both CDA3 measurement 

(using blocking capacitor and input unit) and oscilloscope measurement of PD 

waveforms (using high frequency current transformer and Lecroy) should be used to 

cross-check the CDA3 PD data with true PD data. Apart from PD measurements, oil 

tests should not only include moisture content but DGA including furan analysis. The 

DP value of cellulose based products should also be monitored regularly. These 

measures will guide step by step to understand better the health of oil-impregnated



Chapter 8: Conclusions and Recommendations for Further Work 215

insulation. Despite the numerous advantages of CD A3, its compatibility with Pentium 

four will definitely improve data storage and data sharing.

The implementation of the above mentioned recommendations is time consuming and 

costly. However the combined electrical and chemical engineering department 

involvement in this research to share their respective expertise, and financial support 

from electrical utilities and oil and paper companies can definitely help to monitor the 

most expensive equipment of power transmission system, so avoiding unexpected 

failure causing catastrophic results.
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Note that the same format of menu management, entry screen design and data handlii 
is used in the main programme CDA3.EXE and also in the modified version DC.EXE.
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Appendix C: Polarisation and Depolarisation Current Test Report #/. Steel Tank Cell C 1

Appendix C

Polarisation and Depolarisation Current Test Report #1
Steel Tank Cell

TEST REPORT #1

Polarisation Depolarisation Current Analysis

Test Object: 
Manufacturer:
Serial number:
Mfr. Year:
Rated kVA:
HV rating (V):
LV rating (V):

Steel cell with oil-impregnated paper set-up

Test Instrument: PDC-ANALYSER-1 MOD (# PDCO10620)

Manufacturer: ALFF Engineering

Test Temperature: 80°C

Test Date: 30th April 2003

Location: Electrical Engineering / University of New South Wales

Test Connection: Connect the V-probe of PDC Analyser to HV electrode
Connect the I-probe of PDC Analyser to LV terminals connected 
together.
The steel cell is directly earthed.

Test Voltage: 500V

Test Duration: 3,000 s of Polarisation and 300 s of Depolarisation.

Condition: Remaining current before polarisation started: -2 pA.

Insulation analysed: Between the electrodes of the set-up.
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STEEL CELL

Figure C. 1: The Measured Polarisation Depolarisation Currents
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STEEL CELL

Figure C.2: The Evaluation of Complex Capacitance at the Measured Temperature of 
80°C. (Please consider only from 10'3 Hz to 1 Hz for polarisation and 10'2 Hz to

1 Hz for depolarisation due to the actual measured time frame.)

The capacitance at 50 Hz is 50 pF.

C at 10'3 Hz (pF) 
C at 10‘2 Hz (pF) 
C at 10'* 1 Hz (pF) 
C at 1 Hz (pF)

Polarisation
182.01
74.724
52.861
50.106

Depolarisation

63.720
51.901
50.062
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STEEL CELL

Figure C.3: The Evaluation of Dissipation Factor (tan 5) at the Measured Temperature 
of 80°C. (Please consider only from 10'3 Hz to 1 Hz for polarisation and 10'2 Hz 

to 1 Hz for depolarisation due to the actual measured time frame.)

tan 5 at 10‘3 Hz (per unit)
Polarisation
3.2544

Depolarisation

tan 8 at 1 O'2 Hz (per unit) 1.1045 1.0473

tan 8 at 10'1 Hz (per unit) 2.4449 x 1 O'1 1.7990 x 10"1

tan 8 at 1 Hz (per unit) 3.2803 x 10'2 2.3113 x 10'2
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STEEL CELL

Figure C.4: The Evaluation of Polarisation Index

Result:

Insulation resistance at 15 s (lQ) 2.58 x 10"

Insulation resistance at 60 s (f2) 3.48 x 1011

Polarisation Index (15s and 60s) 1.35
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STEEL CELL

Figure C.5: The Evaluation of Insulation Resistance

From Polarisation current, DC resistance 258 GQ at 1 min.

From Depolarisation current, DC resistance 270 GQ at 1 min.

Note:

• If the equivalent circuit is determined from Polarisation current, DC resistance is 
obtained from a DC component fitting.

• If the equivalent circuit is determined from Depolarisation current, DC resistance is 
calculated from the difference of polarisation and depolarisation currents for the 
largest measured polarisation time.
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STEEL CELL

Figure C.6: The Evaluation of Polarisation Spectrum

Charging time at the 1st peak of polarisation spectrum (s)

320 (Polarisation)

22 (Depolarisation)
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STEEL CELL

Figure C.7: The Evaluation of Recovery Voltage at the Charging Time of 320 s 

Polarisation at 320 s:

The maximum recovery voltage (V) 46.8

The time to peak (s) 73.5

The initial slope (V/s) 4.6815
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STEEL CELL

Figure C.8: The Evaluation of Recovery Voltage at the Charging Time of 22 s

Depolarisation at 22 s:

The maximum recovery voltage (V) 24.4

The time to peak (s) 17.0

The initial slope (V/s) 4.8349
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STEEL CELL

> I E+02

1 E+O1

Polarisation
.E+00 Depolarisation

l.E-oi

l.E-02

S 1 E-03
1000 10000

1 E+02
Polarisation
Depolarisation

1 .E-K)0

1 E-01

Charging time (s) Max. Recovery Voltage (V)

Figure C. 9: Another Presentation form for Polarisation Spectrum (left) and the so- 
called “Guuinic representation” (right).

Conclusions:

Good oil-paper insulation system will have tangent delta at 1 Hertz less than 1 % 

or less than 0.01 (per unit). Tangent delta at 1 Hertz is normally representative of 

the quality of oil. The values at other frequencies should be less than 0.1 (per unit) 

for a good insulation. There is high conduction due to the big difference of 

polarisation current and depolarisation current. Polarisation current has more 

influence in the insulation ageing than conduction. The first peak of 

polarisation spectrum occurs in the shorter charging time during depolarisation 

(22s) than polarisation (320s).
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Appendix D

Polarisation and Depolarisation Current Test Report #2
Glass Test Cell

TEST REPORT #2

Polarisation Depolarisation Current Analysis

Test Object: Glass cell with insulating paper in parallel with the transformer oil.

Manufacturer: 
Serial number: 
Mfr. Year:
Rated kVA:
HV rating (V):
LV rating (V):

Test Instrument:

Manufacturer:

Test Temperature:

30-Apr-03)

Test Date:

Location:

Test Connection:

Test Voltage:

Test Duration: 

Condition:

Insulation Analysed:

PDC-ANALYSER-1 MOD (# PDCO10620)

ALFF Engineering 

18°C at the end of the test
(Please check the temperature when the test started at 2:08 am of

30th April 2003 (from 2:08 am to 7:41 am)

Electrical Engineering / University of New South Wales

Connect the V-probe of PDC Analyser to HV electrode.
Connect the I-probe of PDC Analyser to LV electrode.
The flange is earthed.

500V

10,000 s of Polarisation and 10,000 s of Depolarisation.

Remaining current before polarisation started: 2,274 pA.

Between the electrodes of the set-up, in parallel with the oil 
in the cell. The leakage current along the surface of the 
glass cell will be included.
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GLASS CELL

Figure D.l: The Measured Polarisation Depolarisation Currents (before correction due
to the remaining current of 2,274 pA).
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GLASS CELL

Figure D.2: The Polarisation Depolarisation Currents after Correction due to the
Remaining Current of 2,274 pA.
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GLASS CELL

Figure D.3: The Evaluated Polarisation Depolarisation Currents
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GLASS CELL

Figure D.4: The Evaluation of Complex Capacitance at the Test Temperature

The capacitance at 50 Hz is 19 pF.

Polarisation Depolarisation
C at 10^ Hz (pF) 866.56 618.41
C at 10'3 Hz (pF) 55.199 46.610
C at 10'2 Hz (pF) 46.076 40.565
C at 10'1 Hz (pF) 35.581 31.995
C at 1 Hz (pF) 19.949 19.671
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GLASS CELL

Figure D.5: The Evaluation of Dissipation Factor (tan 8) at the Test Temperature

tan 5 at 10 4 Hz (per unit) 
tan 8 at 10'3 Hz (per unit) 
tan 8 at 102 Hz (per unit) 
tan 8 at 10'1 Hz (per unit) 
tan 8 at 1 Hz (per unit)

Polarisation 
29.926 
47.400 

5.7326 
1.0496 
3.4565 x 10'1

Depolarisation 
35.865 
47.784 

5.5353 
9.8991 x 101 
2.7748 x 10'1
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GLASS CELL

Figure D.6: The Evaluation of Polarisation Index

Result: Insulation resistance at 15 s (Q) 6.15 x 1010
Insulation resistance at 60 s (Q) 6.09 x 1010
Insulation resistance at 600 s (Q) 6.15 x 1010
Polarisation Index (1 and 10 min.) 1.01
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GLASS CELL

Figure D.7: The Evaluation of Insulation Resistance

From Polarisation current, DC resistance 60.9 GQ at 1 min.
61.5 GQ at 10 min.

From Depolarisation current, DC resistance 65.0 GQ at 1 min.
67.8 GQ at 10 min.

Note:

• If the equivalent circuit is determined from Polarisation current, DC resistance is 
obtained from a DC component fitting.

• If the equivalent circuit is determined from Depolarisation current, DC resistance is 
calculated from the difference of polarisation and depolarisation currents for the 
largest measured polarisation time.
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GLASS CELL

Figure D.8: The Evaluation of Polarisation Spectrum

Charging time at the 1st peak of polarisation spectrum (s) 

< 1 (Polarisation)

< 1 (Depolarisation)
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GLASS CELL

Figure D.9: The Evaluation of Recovery Voltage at the Charging Time of 1 s

Polarisation:

The maximum recovery voltage (V) 52.8
The time to peak (s) 0.9
The initial slope (V/s) 177.44

Depolarisation:

The maximum recovery voltage (V) 47.5
The time to peak (s) 1.0
The initial slope (V/s) 140.11
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GLASS CELL

> I E+02

Polarisation
Depolarisation

X I E-01
1000 10000

>I.E«2

2 1 E-KU

Polarisation
Depolarisation

l E-o l

Charging time (s) M ax. Recovery Voltage (V)

Figure D. 10: A Presentation form for Polarisation Spectrum (left) and the so-called

“Guuinic Representation” (right).

Conclusions:

Good oil-paper insulation system will have tangent delta at 1 Hertz less than 1 % 

or less than 0.01 (per unit). Tangent delta at 1 Hertz is normally representing the 

quality of oil. The values at other frequencies should be less than 0.1 (10%) for 

good insulation. There is no oil duct between the electrodes so the insulation 

system measured includes the oil in the vessel in parallel. The overall insulation 

system is very bad since the first peak of the polarisation spectrum is at less 

than 1 second. The paper has bad quality and so the capacitance and the tangent 

delta at 0.1 mHertz are high. There is high conduction due to the big difference of 

polarisation current and depolarisation current. The glass cell may have some 

influence of surface leakage current due to the connection used during the test. 

The influence of external surface leakage makes it difficult to draw detailed 

conclusions about the insulation.
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Appendix E

Recovery Voltage Measurement Manual

Stage 1: System Checks

Before starting the measurement, the most important thing is to ensure that all the
equipment is connected properly. Below is the list of tasks that you need to perform
before proceeding to the next stage:

Safety Precaution!!!

The following equipment must be switched off:
> High voltage power supply
> Electrometer
> Switching box
> Computer

Switching Box

1. Two connectors located at the back of the switching box, labelled as “Input 
From Power Supply ” and “Output High Voltage Supply ”, are to be connected 
to the output of the power supply and to the test object respectively.

2. Another connectors located at the back of the switching box, labelled as 
“Leakage Current Measurement”, must be shorted together to perform the 
RVM.

3. The connector located at the front part of the switching box is to be connected to 
the input of the electrometer.

Data Acquisition Interfacing Card (DAQIC)

1. Three signal lines (DIO 0, DIO 1, DIO 2) from the DAQ interfacing card are to 
be connected to the 3 red connectors (Charging, Discharging, Measurement), 
locate at the back of the switching box, respectively.

2. Two digital ground lines (DGND) from the DAQ interfacing card are to be 
connected to the 3 green connectors (Charging, Discharging, Measurement), 
located at the back of the switching box, respectively. *

*Note: Since the DAQ card offers only 2 digital ground lines, we can tap any of these 2 
digital ground lines to the third green connector of the switching box.
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Electrometer

The output of the electrometer can be connected to perform the followings:

1. Manual Recording

To record the peak recovery voltage for each RVM test cycle, you need to 
connect the output of the electrometer to a digital multi-meter. During the 
measurement phase, the maximum recovery voltage for a particular charging 
time is to be recorded manually from the digital-multi-meter.

OR

2. Digital Acquisition Using Computer

To record the peak recovery voltage using the computer, you need to connect the 
output of the electrometer to the DAQ interfacing card. The following 
connections must be made:

> Red output line from the electrometer is to be connected to ACH 0 (pin 3) of the 
DAQ interfacing card.

> Black output line from the electrometer is to be connected to ACH 8 (pin 4) of 
the DAQ interfacing card.

Input of Electrometer

Electrometer

DGND

DGND

DIO 0

DIO 2

C omputer & 
DAQ Interfacing Card

Charging

Test Object

Output to 
Electrometer

Switching Box

Connected to 
Test Object

Output of 
Power Supply

Figure E.l: Layout Plan
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Stage 2: Initial Preparation

Once you have performed the system checks, you may proceed on to perform the 
followings:

1. Switch on the following equipment:

> Computer
> Switching box
> Power supply
> Electrometer (from power off to off)

2. Once the computer is ready, click on the icon to launch LabVIEW, as seen in Figure 
E.l:

LabVSPA' 6 Ink

Figure E.l: Shortcut icon to LabVIEW

3. You will be able to see the following pop up menu. Click on the “Open VI” icon.

Figure E.2: Pop up menu of LabVIEW

4. Next, you will be able to see another window, as seen in Figure E.3. Click on the 
folder “RVM”. After that, you need to look for “RVM.vi”. Once you have located it, 
just double click on it and you will be able to open the program of RVM.
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Figure E.3: Locating the RVM folder

5. The RVM program will then appear as seen in Figure E.4:
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Figure E.4: View of the RVM program

6. Once all the equipment and the LabVIEW program are ready, you can then proceed 
to the next stage of the experiment - Operating Procedure.

Stage 3a: Operating Procedure (Manual Recording)

If you are doing the manual recording, you must ensure that the output of the 
electrometer is connected to a digital multi-meter as described in Page 2 of the operating 
manual. If you have not done so, please refer to page 2 for details.

The operating procedure is as follows:
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1. You need to enter the following data: (a) charging time, (b) charging voltage, and (c) 
measurement duration, as seen in Figure E.5:

\“h
4
hu jut 1 lie

4101 faUUl

4® t,

?|Y\ ^jpni

0 1101

1IJI W |f

15 1JIW

7- „„ V'j <*icd«

j

»vn leMAtnt'jt
II (0 »««;

nit is

>4cli

Kwa lmn.*M4ir
Mtm/HUp 

h.iO tttffifc

U tUk? (ff*Ite.Fj Flit I

1WIIH I •»

time

1 in ix rut rs?s i.ro nji nun n.ic - in 
Ctarflna 'it* t»J

It- ™ I

\

Figure E.5: View of RVM program

Note: The “STOP” button, labelled as (f), is used if you want to terminate the program 
mid way through the execution of the program.

2. After performing step (l), you may set the desire charging voltage on the power 
supply. However, you must ensure that the power supply is switched to the standby 
mode.

3. Once the power supply is ready, the orange LED will light up. You will then need to 
switch the power supply to power mode, and wait for the power mode LED to turn red.

4. Now, you are ready to perform the recovery voltage measurement. Click on the arrow 
button locates at the top left corner of the LabVIEW program, as seen in Figure E.6, to 
start the measurement process.

Figure E.6: Program starts button
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5. When the charging timer (d), as seen in Figure E.5, reaches the charging time (a) you 
have keyed in, switch the power supply to standby mode immediately.

6. When the discharging timer (e), as seen in Figure 5, reaches half the charging time (a) 
you have keyed in, start observing the recovery voltage from the digital multi-meter.

7. Record the maximum recovery voltage observed from the digital multi-meter. This is 
the recovered voltage corresponding to the charging time you have keyed in earlier.

8. Step 1 to step 7 is repeated by varying the charging time, tc. Each test cycle is 
repeated every 10 minutes interval. This is necessary to remove the residual voltage 
within the test object.

9. When you have collected sufficient results, you may plot the polarisation spectrum, 
which is a graph of charging time against the corresponding maximum recovered 
voltage.

Stage 3b: Operating Procedure (Data Acquisition Using Computer)

If you are doing data acquisition using the computer, you must ensure that the output of 
the electrometer is connected to the DAQ interfacing card as described in Page 2 of the 
operating manual. If you have not done so, please refer to page 2 for details.

The operating procedure is as follows:

1. You need to enter the following data: (a) charging time, (b) charging voltage, and (c) 
measurement duration, as seen in Figure E.7.

Figure E.7: View of RVM program
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Note: The “STOP” button, labelled as (j), is used if you want to terminate the program 
mid way through the execution of the program.

2. Enter the file name (g) in the space provided. You may either create a new file or 
append to the existing file (f), to store the value of the maximum recovery voltage and 
central time constant.

3. After you have performed step (2), you may set the desire charging voltage on the 
power supply. However, you must ensure that the power supply is switched to the 
standby mode.

4. Once the power supply is ready, the orange LED will light up. You will then need to 
switch the power supply to power mode, and wait for the power mode LED to turn red.

5. Now, you are ready to perform the recovery voltage measurement. Click on the arrow 
button located at the top left corner of the LabVIEW program, as seen in Figure E.8, to 
start the measurement process.

Figure E.8: Program starts button

6. When the charging timer (d), as seen in Figure E.7, reaches the charging time (a) you 
have keyed in, switch the power supply to standby mode immediately.

7. When the discharging timer (e), as seen in Figure E.7, reaches half the charging time 
(a) you have keyed in, the computer will record the maximum recovery voltage and the 
time to peak automatically.

8. Similarly, step 1 to step 7 is repeated by varying the charging time, tc. Each test cycle 
is repeated every 10 minutes interval. This is necessary to remove the residual voltage 
in the test object.

9. The polarisation spectrum (h) is plotted automatically and you may print this out by 
clicking the PRINT button (i), as seen in Figure E.7. However, you may choose to plot 
the polarisation spectrum using Excel, as the recovered voltages and central time 
constant have already stored in the file you have created in step (2).

Brief Idea Of RVM Using The RVM Set UP

1. The test object is charged (SI is closed, S2 and S3 are opened) for the selected 
charging time, tc.
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Tetf Object

2. The test object is then short-circuited (SI and S3 are opened, S2 is closed) for a 
discharging time, td, which is half of the charging time (fj = tc/2).

DC TeTt Volta se 71 Ie7t Object

3. The test object is then open circuited (SI and S2 are opened, S3 is closed). The peak 
value of the recovery voltage and time to peak (central time constant) are measured.

4. At the completion of the measurement phase, the test object is short-circuited to 
neutralize the stray charge within the test object before repeating the next test cycle.

DC TesrVahaje Tes: Object

relaxation
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