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This thesis is concerned with an approach to the monitoring and measurement of partial 
discharges within power transformers, including the classification and recognition of partial 
discharge signals in the both frequency and time domains from bushing tap points via 
RFCT (Radio Frequency Current Transducer), the propagation characteristics of high 
frequency signals and real partial discharge signals within a transformer model with a 
bandwidth of up to 200 MHz, and also the techniques of de-noising, diagnosis and 
localization of internal partial discharge. 

The principle proposed based on the fact that an internal partial discharge signal of an oil
filled power transformer may propagate along a winding and its leads to reach a bushing 
core bar, the bushing acting like a capacitor can transfer the high frequency components of 
the partial discharge signal across to its tap point, using a sensor the transferred partial 
discharge signal can be detected. The developed technique allows the partial discharge 
monitoring and measurement of power transformers to be carried out by using a RFCT as a 
sensor at taps of transformer bushings. The obtained data was stored, displayed and 
analysed using digital equipment. This approach was applied to the auto-transformer 
SGT3A at Northfleet Substation, West London, and was also verified on the transformer 
model at the High Voltage Laboratory, UMIST. 

Centred on this principle, the sensitivities of a 60kV transformer bushing, RFCTs, 
transformer oil, transformer windings and a transformer model with an interleaved disc 
winding and a plain disc winding were investigated by studying the propagation 
characteristics of high frequency signals within them. The classification and characteristics 
of partial discharges within power transformers and out of the 60k V bushing tap were also 
studied in both time and frequency domains. A major aspect of this work was the 
experimentally confirmed hypothesis that high frequency components of internal partial 
discharge signals pass through the winding and bushing with little attenuation and can be 
detected at the bushing tap point. The feasibility of software techniques required to realize 
de-noising from measured signals in the field was investigated. A transfer function has 
been developed for the transformer model based on its frequency response from 0-200 
MHz. This linear model has a significantly wider bandwidth than previous published 
models and greatly improves the prospect of diagnosis and localization of partial 
discharges within power transformers. 
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Chapter 1 

Introduction 

Since large power transfonners belong to the most expenSIve and strategically important 

components of any power generation and transmission system, their reliability is of crucial 

importance for the energy system operation. A serious failure of a large power transfonner due to 

insulation breakdown can generate substantial costs for repair and financial loss due to any power 

outage. In order to guarantee supply, most power utilities are highly motivated to continually 

assess the actual condition of the insulation systems of their transfonners. Meanwhile, with the 

increasing average age of the transfonner population there is also an increasing need to understand 

the internal condition of transfonners in order to estimate remaining lifetime and plan for 

maintenance outages. 

As one of the most likely sources that may lead to insulation breakdown and finally result in an 

outage of a transfonner, partial discharge (pn) activity has always been focused on by users and 

investigators. Previous investigations [17, 18] have revealed that partial discharge is due to 

imperfect insulation, which may cause a discharge with a partial breakdown under an electric stress. 

Furthennore the insulation will be degraded and finally cause an entire breakdown. In general, 

partial discharges occurring within a power transfonner can be divided into internal and external 

discharges. The typical external discharge are corona and surface discharges, they may happen on 

bushing heads of a transfonner. They usually belong to "glow discharges" that include low 

frequency current components and pulses with very small magnitudes and can be observed with 

pulse groups on the measured phase distribution. The partial discharges inside a transfonner are 

mainly "pulse discharge". They can be observed with pulse groups on the measured phase 



distribution too. The typical internal partial discharges include void discharge, floating discharge 

and corona in oil and usually, these discharge signals have wide bandwidths. 

Modem techniques have made the diagnosing of the integrity of transformers through intrusive or 

non-intrusive tests possible in order to optimize the maintenance effort and to ensure maximum 

availability and reliability of supply. For this purpose on- and off-line methods and systems to 

monitor and detect transformer conditions have been developed in recent years. On-line monitoring 

can be used continuously during the operation of transformers and in that way offers a possibility 

to record different relevant stresses which can affect the life span of transformers. The automatic 

evaluation of the measured data allows the early detection of an oncoming fault. In comparison to 

this, off-line methods require disconnecting transformers from power networks and are mainly 

used during scheduled inspections or when transformers are already suspected of being faulty. 

Several techniques to detect partial discharges within high voltage equipment have been developed 

and applied; they include, for example, VHF/UHF PD detection technique [1-5], the applications 

of acoustic sensors [11], UHF (antenna) sensors [6], Rogowski coils [7], but due to the 

complicated internal structure of a transformer, an internal partial discharge, especially if it occurs 

deep inside, may be attenuated and even disappear as it propagates. This may lead to incorrect or 

non-measurement. Some of above methods need modification to transformer walls or need to 

extend sensors into the transformer; these approaches must cause a re-consideration for the 

insulation design. The applications of these techniques are obviously difficult to apply to the 

transformers already connected to power networks. 

Up until now, there has been little investigation into the use of transformer bushings for partial 

discharge measurement. The classification and characterization of partial discharges within oil

filed power transformers have not been detailed across a wide bandwidth up to 200 MHz in either 

the frequency or the time domain and there is little published information about partial discharge 

behaviour within oil-filled transformers. 

Therefore it is important to investigate the classification and characterization of partial discharges 

within oil-filled power transformers in both the time and frequency domains and it is necessary to 

investigate the propagation characteristics of these partial discharges signals within bushings, 

windings and the oil-filled transformer itself. 

Based on these investigations a technique, that does not require structural change to a transformer 

for on-line measurement and monitoring of partial discharge behaviour has been developed. The 

principle of the proposed technique is based on the fact that a power transformer body is connected 

to the power network via transformer bushings. The bushings support and lead the leads of the 

transformer windings out of the transformer using the bushing core bars which are connected to 

busbars or aerial cables of a power network. A partial discharge within the power transformer may 
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propagate along a 'winding and its lead to reach a bushing core bar and the bushing may transfer 

the high frequency components of the partial discharge signal across to its tap point. Thus, using a 

sensor at the bushing tap point to detect partial discharge signal is hypothetically possible. This 

approach is both convenient and economical due to the fact that no modification is required of the 

transformer. 

1.1 Scope and Contribution of this Investigation 

The investigation of partial discharge monitoring of power transformers was financially supported 

by the National Grid Company. Under this sponsorship a transformer winding model was 

purchased consisting of a plain disc winding and an interleaved disc winding, and was built at 

Alstom T &D Transformer Limited. The winding model was adapted to a transformer model with a 

core and tank and the transformer model was filled with transformer oil. The design and 

reconstruction of the transformer model was carried out by and at the High Voltage Engineering 

Laboratory, University of Southampton. 

Based on the research on the winding model, the transformer model, a transformer bushing and 

RFCT (radio frequency current transducer), this thesis has introduced the investigation and 

application of partial discharge monitoring and measurement of power transformers at transformer 

bushing taps via clamp-type RFeTs. The contribution of this work includes the following aspects: 

• Partial discharge recognition and classification from bushing taps via RFCTs by means of 

visual comparisons of pattern classifications and frequency spectra of different PD signals. 

• Investigations into the propagation characteristics of high frequency signals and real partial 

discharge signals within a transformer model in both the time domain and frequency 

domain. 

• Development of approaches to recogmse and distinguish partial discharge signals on 

pattern charts in both time domain and frequency domain, and a preliminary transfer 

function for a whole transformer system. 

• Development of a principle for partial discharge on-line measurement and monitoring of 

oil-filled power transformers. 

• Completion of field trials on the auto-transformer SGT3A at Northfleet Substation West 

London and a transformer model at High Voltage laboratory, UMIST. 

1.2 Thesis Organization 

The remainder of this thesis consists of 8 chapters. Chapter 2 reviews previous research into partial 

discharge activity within power transformers, including the analysis used in the methods of 

recognition, diagnosis, monitoring, localization and measurement. Chapter 3 introduces an 
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investigation in the properties of high frequency signals within transformer bushings and RFCTs. 

In this chapter the frequency responses and impulse responses of a 60 kV bushing and a RFCT are 

discussed. Chapter 4 details the properties of partial discharge signals in both time domain and 

frequency domain from a 60 kV bushing via a RFCT. Chapter 5 presents an investigation into 

transformer windings and the transformer model. In this chapter the propagation characteristics of 

high frequency signals and real PD signals within transformer windings and the transformer model 

system are detailed. Chapter 6 suggests a new principle to realize PD on-line measurement and 

monitoring. A method to determine a transfer function for the whole transformer system and some 

software techniques for de-noising and recognising PD signals and localising PD are introduced. 

Chapter 7 describes the application of PD on-line measurement and monitoring of an oil-filled 

power transformer, the 500MV A 400kV/275kV auto-transformer SGT3A at Northfleet Substation 

South-East London. Chapter 8 describes verification tests undertaken on a transformer at the High 

Voltage Laboratory, UMIST. Finally, the conclusions and suggested future direction of this 

research are summarised in Chapter 9. 
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Chapter 2 

Literature Review 

2.1 Transformer Condition Monitoring 

Diagnostic or monitoring techniques for oil-filled power transformers depend mainly on 

recognizing and understanding the condition of transformers; hence, the service efficiency of 

transformers and the ageing of their insulation systems need to be identified. 

The condition classification of oil-filled power transformers includes [15]: 

• Normal: In this case, there is no obvious problem with the transfonner, and no remedial 

action will be applied. Transfonners can remain nonnally in service for long periods of 

time. 

• Defective: In this case, there may be a few problems, but there is no significant impact on 

short-term reliability, although the life of the transformer may be adversely affected over a 

long-term unless remedial action is taken. 

• Faulty: In this case, the transfonner can still remain in service, but short-term reliability 

may be reduced. It mayor may not be possible to improve its condition by remedial action. 

• Failed: In this case, the transformer cannot remain in service. Remedial action must be 

carried out before it is put into service again. 

On the whole, if a transformer in operation is in "a normal condition", condition monitoring 

(including partial discharge condition monitoring) is necessary to detect any hidden troubles that 

may lead to future failure. 
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If it is in "a defective condition", the transformer may have developed a minor fault, such as 

insulation degradation. Thus, periodic inspection and monitoring of its condition, including partial 

discharge condition, are very useful in understanding and controlling the development of 

conditions (or insulation conditions) of the transformer. 

If it is in "a faulty condition", in general it may remain in service for only about several hours, or 

days, or weeks, or months until it have to be removed due to failure, such as breakdown of the 

insulation system within the transformer. Hence, the monitoring of its condition (including partial 

discharge condition) is essential in order to estimate the degree of insulation degradation and 

ensure that the faulty transformer is removed from service whilst guaranteeing supply 

If it is "a failed condition", the transformer must be removed from service immediately. The data 

obtained from the condition monitoring before the removal are still very valuable for forensic 

analysis and fault diagnosis. 

Generally, the objectives of condition monitoring of oil-filled power transformers include: 

• Hot spot monitoring both by direct and indirect (thermal model) methods 

• Dissolved gas analysis (DGA) for hydrogen only or for up to ten different gases including 

acetylene, methane, hydrogen, carbon dioxide, ethylene, ethane, oxygen, nitrogen and 

carbon monoxide 

• Partial discharge monitoring, including static electrification 

• Bushing on-line power factor and capacitance measurement 

• Cooling system 

• Moisture in oil 

• Transfer function analysis for both dielectric and dynamic defects 

• Monitoring for clamping force 

• On load tap changer (OLTC) monitoring 

2.2 Partial Discharge Condition Monitoring of Power 

Transformers 

All the aspects of condition monitoring of oil-filled power transformers are related to the reliability 

of the insulation systems of the transformer. In other words, any defects in the above aspects may 

cause or finally represent an insulation problem. For example, a local hot spot in a transformer can 

result in insulation ageing or degradation near to that point. It may therefore cause partial 

discharges and finally lead to a breakdown of the insulation system of the transformer. Therefore, 

partial discharge monitoring of the insulation system is the most important and final method for 

diagnosing and controlling the overall condition of oil-filled power transformers. 
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Partial discharge (PD) condition monitoring includes on-line collection and analysis of partial 

discharge data, detective sensor development and applications of on-line measurement and 

recognition techniques etc. To realize this, it is necessary to mount monitoring equipment on 

transformers and transmit measurement data over a safe working distance before analysis can be 

undertaken. 

PD monitoring equipment mounted permanently on transformers should be reliable and convenient. 

Successful monitoring for partial discharges can bring the following benefits: 

• Warning of impending failure, allowing corrective action to be taken. 

• A switch from preventative to predictive maintenance techniques, grvmg major cost 

savings by freeing staft'from routine inspection work and reducing plant outages. 

• Operating a plant closer to its limits. 

• Preventing long term outages, which may incur penalty payments 

• Reducing the number of high voltage switching operations and leading to better quality of 

supply to customers. 

2.3 Partial Discharge Characteristics and Classification within 

Power Transformers 

Referring to IEC 270 [16], "a partial discharge (PD), within the term of this standard (IEC 270), is 

an electric discharge, which only partially bridges the insulation between conductors. Such 

discharge may, or may not, occur adjacent to the conductor. Partial discharge occurring in any test 

object under given conditions may be characterized by different measurable quantities such as 

charge, repetition rate, etc. Quantitative results of measurements are expressed in terms of one or 

more of the specified quantities." 

Partial discharges are not the only factors that cause degradation, ageing and breakdown of high 

voltage insulation systems, but PD activity does indicate the actual state and condition of the 

insulation system. In an insulation system partial discharge is mainly caused by a local excessive 

intensity of electric field, which is due to the imperfections in the insulation or insulation system, 

for example a gas-filled inclusion such as a void or crack. During a partial discharge ionisation 

processes may occur, leading to increased discharge activity, increasing the likelihood of 

breakdown. 

Generally, a single pulse of partial discharge has a very fast rise time and a short duration. It has 

been reported that for a corona discharge pulse the rise time can be as short as 0.1 ns, and its 

duration less than Ins. Even for discharges in oil, the rise time is normally shorter than 5ns and the 
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duration under 20ns. The equivalent frequency bandwidth of a partial discharge can therefore range 

from several kHz to 2.5 GHz [17]. However, to detect PD activity is not an easy task, as it depends 

not only on the detection method and position of sensing equipment; but also on the transfer path 

from the PD source site to the detection point. Under ideal conditions (for example, an insulation 

construction, in which there is a low loss path for high frequency components of the PD signal), 

the PD signal will not be attenuated or dispersed during transfer. For a complex insulation system, 

such as the internal insulation system of a power transformer; as a result of large loss of high 

frequency components, PD signals may be significantly altered by the time they reached the 

measurement point. The shape and intensity of the detected signal at the measuring point depends 

on the following aspects [17, 18]: 

• The energy of the original signal 

• The complexity of the transfer path, including its length, construction 

• The dielectric properties of the material 

• The sensitivity of the detection method 

Partial discharges damage insulation materials, such as oil, pressboard, etc., by causmg local 

carbonisation. In general, the stronger the electric field stresses at the partial discharge site the 

more harmful the discharge. Depending on the kind of insulation material and the location of the 

discharge, the damaging mechanisms and the processes are very different. The following 

explanations of the mechanisms that cause insulation damage are commonly accepted [17]: 

• Impacts of electric particles, accelerated due to the electric field, destroy the molecular 

construction of the insulation material and damage its fibres. This causes an increase of the 

temperature at the point of impact and may cause local carbonisation. 

o O2, NO, N02 created during partial discharge can damage insulation materials due to their 

active characteristics. This is especially a problem when the gases combine with water in 

the oil to produce nitric acid. 

• When a partial discharge is developing, the products of oil electrolysis deposit themselves 

on the inter-tum insulation of windings or they combine with impurities on the surface of 

insulation construction. These deposits sharply increase the dielectric loss of insulation 

materials and decrease the ability of the insulation materials to radiate heat. This may lead 

to the breakdown of the insulation. 

Although a high voltage oil-filled power transformer must pass routine tests during its 

manufacture, the hidden faults that can cause partial discharges within it may still exist or be 

created during its future operation. For an energized transformer partial discharge activities may 

still unavoidably occur. Partial discharge phenomena occurring within oil-filled power 

transformers can be summarized as one of following [19]; 
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• Discharge in an oil gap that exists in oil-barrier insulation between windings 

• Discharge in an oil gap at ends of windings 

• Discharge in an oil gap between insulating conductor and insulating paper 

• Discharge in an oil gap between discs 

• Partial breakdown of inter-tum insulation 

• Surface discharge of insulation material 

• Discharge due to floating particles or impurities 

• Discharge in voids existing in materials or constructions 

• Discharge at protrusions of metal parts in strong electric fields or when floating with 

respect to earth. 

2.4 Behaviour of Partial Discharge Signals within 

Transformers 

Due to the complexity of oil-paper insulation systems of power transformers, the propagation of 

partial discharges within transformers is very diverse in form and paths. There are very different 

propagating functions between both of them. 

In general, PD signals measured at transformer terminals have undergone change as they have 

travelled along transformer windings and leads. Actually the original sites of PD signals mayor 

may not be located on some points of the windings or leads. They maybe located in any 

imperfection in the insulation system of the transformer. Due to the complexity of insulation 

construction (especially the winding structure), PD pulses suffer distortion and attenuation 

travelling from the PD source site to the measurement terminal. Since a partial discharge maybe 

located anywhere within a transformer, the deformation of its signal varies and is directly 

dependent on the properties of the dielectric materials providing propagation paths for the PD 

signals themselves. 

So, the transfer of a partial discharge signal within a transformer attenuates and oscillates in 

magnitude. T'!-us is due to the function of the distributed parameters of the transformer windings. 

These parameters generally include capacitance to earth (tank and core), capacitance and 

inductance and mutual inductance amongst the turns and amongst the discs of the ,vindings, 

frequency-dependent resistances and stray capacitance, etc. They are all very sensitive to high 

frequency signals. Furthermore, the parameters are all inter-coupled in a complicated way that also 

influences the PD signal transfer. The magnitude and phase properties of the above parameters 

depend on the construction and arrangement of windings. The complexity of transformer 

construction results in the propagation of PD pulses which is not only a complex attenuation 

process, but also an oscillating process [21]. 
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2.5 PD Detection Methods for Oil-filled Power Transformers 

2.5.1 Chemical Method (Dissolved Gas Analysis) 

Dissolved Gas Analysis (DGA) is a typical application of chemical methods to detect PD activity 

within transformers. Partial discharges occurring within an oil-filled transformer naturally cause a 

change in the chemical composition of the oil. These manifest themselves in fault-generated gases 

in the oil and pressboard insulation degradation bi-products [18]. Oil samples for analysis can be 

taken on-line but the analysis is complex and should be performed under laboratory conditions. 

Dissolved Gas Analysis has also been developed to identify potential defects in transformers. TIus 

is a simple and cheap available technique for on-line monitoring. Fault gases typically include 

acetylene, methane, hydrogen, carbon dioxide and ethylene plus ethane, oxygen, nitrogen and 

carbon monoxide. Many of these gases evolve logarithmically over the time of stressing. Different 

compositions of gases represent different levels of discharge energy. The composition analysis of 

gases can indicate the partial discharge situation within transformers. For example, with low level 

discharge activity only hydrogen and a few saturated hydrocarbons (principally methane) are 

generated. With high-energy discharges or arcing, acetylene is produced [18]. A chemical 

detection provides only an integrated measure of prevalent PD activity and provides little or no 

indication of its nature, intensity, extent or location. 

2.5.2 Acoustic Methods 

This method utilises the measurement of acoustic pressure waves which transfer from the 

discharge source and can be used to detect and locate the partial discharge activity in transformers. 

During discharge there are a lot of molecular impacts in the discharge area, the impacts generate 

pressure waves. Because of the discharge pulse the pressure wave is made up ofa series of pulses 

containing various frequency components. In liquid materials, if discharges occur in bubbles, the 

process of a discharge is accompanied with explosions of the bubbles, the bubble splits into 

smaller bubbles, and the liquid may be disturbed. All these effects cause local pressure variations 

that combine each other to form acoustic waves. In solid materials discharge processes may be 

accompanied by small explosions and cause a subsequent change of local pressure, which may 

produce acoustic waves. In transformer oil the velocity of an acoustic wave depends on the 

temperature of the oil and can range between 1000 ms-land l600ms-L The higher the oil 

temperature the slower the acoustic velocity is. Because of spread, reflection and heat transfer the 

acoustic wave is inevitably attenuated during its propagation. Usually, if the PD source is regarded 

as a point source of sound, the propagation of an acoustic wave in a homogeneous medium should 

be considered as having the form of a spherical screen wave. The acoustic impedance between a 

PD source and a detection point is complicated as the acoustic wave propagates along multiple 
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pathways and is distorted by attenuation. The detection and interpretation of acoustic signals from 

partial discharge sources is both complex and often inaccurate. However, acoustic monitoring can 

be applied, but is not always successful and the measurement cannot always be effectively 

calibrated [25]. Using acoustic sensors PD may be detected on walls of a transformer tank [25]. A 

method has been introduced that use optical fibre interferometer sensors intruding into the inside of 

a transformer to collect acoustic signals of PDs [22]. 

2.5.3 Electrical Methods 

Electrical Methods are those which directly or indirectly use transferred electric properties of 

partial discharge signals, such as voltages, charges etc., to detect PD signals within a transformer. 

Electrical detection techniques for partial discharge activities are currently the most popular 

approach for on-line condition monitoring of power transfonners. It is essentially based on the 

assessments of 

• Apparent parameters of measured partial discharge signals, such as the quantity of partial 

discharges, the energy of partial discharges, the phases of partial discharges and the 

inception! extinction voltages of partial discharges. 

• Distribution of the frequency spectra of measured PD signals, such as discharge charge 

spectrum, discharge energy spectrum and discharge phase spectrum etc. 

• Apparent trend parameters of measured PD signals over the measurement interval 

(days/weeks) . 

Correspondingly, an effective measurement of partial discharge waveforms in terms of their 

magnitude, number, peak and their frequency properties (all distinguished from background noise) 

is the most important factor when assessing partial discharge activities in transformers [26]. A 

typical application of above methods is the UHF/VHF technique. The UHF/VHF teclmique of 

detecting partial discharges within transformers is a practical application of an acoustic or 

electrical method or their combination on electrical apparatus and has been developed over several 

years [20]. 

A current pulse of a PD signal generally has a very short duration (a few nanoseconds), and can 

excite the dielectric of an insulation system of a transformer and be transferred through the 

insulation system to reach the measurement points. Their ultra high frequencies of up to 2.5GHz or 

more can be maintained. The signals reaching the UHF /VHF devices can be considered as multiple 

resonances that persist for several microseconds. The signals are readily picked up by the 

UHF /VHF devices fitted 011 taJ.1k walls or over dielectric apertures or at some other suitable places 

on a transformer. The collected signals can be amplified, analysed, stored and displayed using 

digital equipment. The transformer conditions can be assessed. 
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Attention to the following two aspects should be paid when using this teclmique: firstly, a pulse of 

partial discharge at the point of origin is eA1:remely short; it radiates energy to the measurement 

points and sets up many modes of microwave resonance at the same time. The energy reaching the 

measurement points depends on the length of the PD current path, and also on its originating 

position and its radiating orientation within the transformer. Secondly, a UHF/VHF device (sensor) 

acts as an antenna producing a voltage at its output terminal in response to the UHFNHF field 

incident upon it. The efficiency of the conversion, both in terms of sensitivity and bandwidth, must 

be measurable. 

2.6 Recognition methods of partial discharge patterns 

Most recognition methods of partial discharges within transformers are based on the analysis and 

observation of the behaviour and property of the signals measured during on-line monitoring or 

testing or laboratory experimentations. The measurement data can be represented in spectrum or 

waveform patterns in both time domain and frequency domain using two or three dimensional 

representations. The determination of properties or parameters that describe the characteristics of 

partial discharge signals and the extraction of true and reliable information from the coarse raw 

data are the key to acquiring and illustrating valuable waveforms or pattern charts or frequency 

spectra of partial discharge signals. 

2.6.1 Evaluation of partial discharges 

To entirely avoid partial discharge activities in high voltage transformers is impossible and 

uneconomic. The important thing is to limit partial discharge to an acceptable level to guarantee 

operation of the transformer over its design life. The status of a partial discharge depends on the 

defect level and the degree of ageing of the insulation materials or systems. It is possible to 

evaluate the degree of ageing of an insulation system by means of partial discharge status. Many 

parameters have been utilized which describe a partial discharge within an insulation system, but in 

practical engineering, only a few parameters and simpler methods are desirable and more available. 

It is therefore crucial to choose carefully the properties of partial discharges to be used in 

evaluating the nature of partial discharges. In recent years, the following methods of choosing 

parameters and recognizing patterns have been applied [17]. 

2.6.1.1 Apparen.t parameters evalu.ation of partial discharge signals 

• Number of partial discharges 

A discharge number can represent the damage degree and ageing velocity of insulation materials. 

Advantage can therefore be taken of this to evaluate the damage and ageing of the insulation 

system or material. 
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• Energy of partial discharges 

A discharge process is certainly an energy exchange process. The more the energy exchange, the 

more the partial discharge energy. TIus means the damage degree of an insulation material IS 

higher and the ageing velocity of the insulation material is faster. 

• Average distribution of partial discharges in the 50 Hz cycle 

F or a strenuous partial discharge, it can be observed from a test voltage waveform that the 

discharge phase distribution has widened and even has spread beyond the zero crossing points of 

the 50 Hz voltage period. The value of the partial discharge group represents the severity of the 

degree of the discharge. 

• Inception and extinction voltage of partial discharges 

In general, for an insulation system it is necessary that the inception discharge voltage is higher 

than the operational voltage. In this case partial discharges should be seen in the insulation system. 

Under the same applied test voltage, the lower the inception voltage, the greater the discharge 

quantity, and the greater the discharge numbers 

2.6.1.2 Pattern chart or spectrum of a partial discharge signal 

In general, the above parameters are illustrated in chart and pattern form to permit PD recognition. 

In recent years, computer techniques have made this work easier. By using mathematical methods, 

the parameters can be expressed in the form of distribution spectra. The spectra can clearly 

represent the properties of a partial discharge. 

• q-N spectrum (spectrum of discharge charge quantities and discharge times) 

The apparent charge quantities of a partial discharge are arranged from large to small across equal 

divisions of a time domain and the discharge times for each unit time are counted. The illustration 

of them in a chart is a q-N spectrum. In general, any change of the q-N spectrum means that an 

obvious ageing is occurring in an insulation material or construction. 

• W-N Spectrum (spectrum of discharge energy and discharge times) 

By arranging the discharge energy for all collected signals from large to small across equal 

divisions of a time domain and counting discharge times for every time unit, a W-N spectrum can 

be constructed. In general, for an ageing insulation material the energy of both larger and smaller 

discharges all accompany an increase of discharge times. 

• <D-N spectrum (spectrum of phase and discharge times) 

By dividing the test voltage of one cycle of the test voltage waveform into equal divisions and 

counting the discharge times for every time unit, a <D-N spectrum can be made up. From this 
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spectrum we can observe whether there is a balance between the discharge pulse groups in the 

positive half cycle and those in the negative half cycle, and whether the discharge develops onto 

the zero phases between them. We can then judge the situation and type of the discharge. 

In addition, in a partial discharge test on an insulation system, the discharge quantities are usually 

different between rising falling voltages. This forms a loop. The worse the property of the 

insulation system is, the larger the area of the loop. With the increase of test voltage, partial 

discharges become more severe. This property reflects the difference between inception voltage 

and extinction voltage. The larger the difference is, the worse the insulation property. 

Electrical PD detection offers sophisticated approaches for obtaining real data of PD activities in 

power transformers. This includes PD magnitude (q), phase (cD) and number (n) data as well as 

derived quantities or times from these parameters in a test voltage cycle (t). Research [27] has led 

to a better understanding of the acquisition, processing and analysis of PD phenomena to determine 

the nature of partial discharges. The cD-q-n or cD-q-t distribution histograms reveal the possibility of 

distinguishing PD signals from the different types of degradation conditions in power transformers. 

A resultant three-dimensional diagram can be used to visualize and interpret PD characteristics. 

2.6.2 Algorithms of partial discharge signal recognition 

To realise the recognition of partial discharge signals as described above, many signal processing 

methods have been investigated, developed and applied. These methods have obviously improved 

the capability of understanding partial discharge behaviour. 

2.6.2.1 Artificial neural network (ANN) 

The use of artificial neural networks (ANN) to analyse and judge discharge phenomena has been 

developed over several years. ANN, due to its ability to self-organize, self-learn the functions that 

it can realize and auto-process using non-linear mapping has become one of the most promising 

algorithms for partial discharge signal recognition. By means of learning from known discharge 

signals, j1.NN can develop the ability to diagnose real discharges. 

This dynamic system consists of highly interconnected and parallel non-linear processing elements 

that create efficiency in computation. During the system training with a database of real partial 

discharge patterns from known types of detect, the links between layers (neurons) in ANN are 

automatically strengthened or weakened on the basis of the required output. Thus, the key 

parameters are finally recognised. Generally the Back Propagation Neural Network (BPNN) [28, 

29] has been trained and used to recognize partial discharge behaviour in power apparatus. 
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2.6.2.2 Statistical parameter methods 

In order to analyse and recognize a partial discharge pattern, the infonnation contained in 

discharge distributions is usually utilized in a quantified style. The quantified distribution patterns 

may be described by statistical parameters such as skewness (Sk) and kurtosis (Ku) and Correlation 

factor (CR) and Cross-correlation factor (CC). These four parameters may be employed to describe 

PD phenomenon inside an insulation system. TIley are calculated from various patterns of phase

resolved and pC-resolved distributions. These can help to determine the type of discharge source 

and development of its activities. Therefore the results may be useful for the improvement of PD 

recognition. Additionally two-parameter and five-parameter Weibull distribution functions have 

been applied to describe the pulse-height distribution of partial discharge signals [28, 30, and 31]. 

2.6.1.3 Wavelet analysis method 

If signals do not vary too much in the time domain, stationary signal Fourier analysis is useful. 

However, most PD signals contain numerous non-stationary or transitory characteristics: 

tendencies, abrupt changes, and variation of the start and end points of the signal. These 

characteristics are often the most important aspect of PD signal processing, and Fourier analysis 

does not allow them to be obtained due to its disadvantage, that when transfonning to the 

frequency domain, temporal infonnation is lost. It is impossible to look at a transfonned Fourier 

signal and state when a particular event took place. A wavelet is a finite wavefonn with null 

average value. Fourier analysis consists of the decomposition of the original signal into sinusoid 

signals of several frequencies. In contrast, wavelet analysis decomposes the original signal into 

scaled signals of the original wavelet (or mother). It can be appreciated intuitively that signals with 

fonn changes, characteristic of those generated by partial discharges, can be better analysed with 

an irregular wavelet signal than with a unifonn Fourier sinusoid. 

One method of application of wavelet analysis is that of dividing partial discharge signal into two 

parts: the approximation and the detail. The approximation corresponds to the low-frequency 

components and the detail corresponds to high-frequency components of the measurement signal. 

The original signal passes through two filters and two signals emerge. These are the approximation 

signal (low frequency) and the detail signal (high frequency). This decomposition process can be 

iterated generating the decomposition wavelet tree [22]. 

2.6.1.4 Fuzzy Logic method 

Fuzzy logic is a superset of conventional (Boolean) logic that has been extended to handle the 

concept of partial truth -- truth values between "completely true" and "completely false". 

Procedure for application of fuzzy logic systems to the classification of partial discharge pulse 
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patterns in terms of PD source size have been described [32]. The features employed in the pattern 

recognition task are those related to the form or shape of the partial discharge pulses and its 

associated apparent charge transfer. Preliminary results, obtained with the fuzzy logic system on 

simple partial discharge sources, indicate a performance approaching that which is attainable using 

ANNs. The results obtained so far are of a very preliminary nature and further work is in progress 

with simple PD sources in order to determine in more detail the performance capability of fuzzy 

logic methods in the area of PD pattern recognition. 

2.7 Location of partial discharge within power transformers 

The locating of the source site of a partial discharge is of great importance in the monitoring of oil

filled power transformers, but it is very difficult to get an accurate PD location due to the complex 

construction of the insulation system within a transformer. In addition, the complexity (i.e. 

distortion, attenuation and oscillation) of the propagation characteristics of a PD signal within a 

transformer also making it very hard to judge and recognize the partial discharge source site by 

using the measured results from outside of a transformer. Two typical traditional detective 

approaches are the electric and supersonic location methods, and these have been widely applied in 

the electricity industry. Previous experience [21-23] has indicated the usefulness of using transfer 

functions describing the transformer winding relationship to localize PD. Most transfer functions 

are defined using combinations of the physical structure with the design parameters of the 

transformer windings and travelling wave theory. To determine and resolve these simulation 

mathematical fl..L.TlCtions, several methods have been developed as described in section 2.7.2. 

2.7.1 Traditional Localization Methods 

2.7.1.1 Electrical location methods 

Electrical location methods include the multi-terminal location method, the travelling wave 

location method, the waveform comparison method and polarity location. Most of these are usually 

used by transformer manufacturers and on-site test engineers to look for partial discharge sources 

within transfonners. 

The practical methods recommended by IEC76-3 (1998) are the multi-terminal test method and the 

waveform comparison method. The principle ofthese two methods depends on the energy from the 

discharge signal reaching external terminals. The signals arriving at different terminals may be of 

different magnitude, waveform and spectrum due to their different propagating paths. When 

applying a calibrated pulse to two terminals, the pulse must propagate to all other terminals. 

Comparing and observing the magnitude and waveform of the measured signals can roughly infer 

the partial discharge source. Using this principle can only locate the "electric area" of a partial 
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discharge source; the real discharge source "geometry point" may not be so easily determined. In 

general, this method can only be utilized either when a transformer is off-line on a site or when a 

transformer is under test by a manufacturer. 

2.7.1.2 Acoustic location method 

The acoustic wave produced during a partial discharge inside a transformer may propagate through 

dielectric materials, like oil, pressboard, barriers and windings, etc., to reach the tank walls of the 

transfonner. Acoustic sensors fitted on the wall can intercept the supersonic signals and convert 

them into electric signals. The latter can then be amplified and measured. Furthermore, the travel 

time can be measured and calculated by means of an oscilloscope combining the velocity of the 

supersonic wave and the distance between acoustic source (PD source) and sensor. Using several 

sensors mounted on different positions of tank walls, different calculation distances can be 

obtained. Consequently, the geometric position of acoustic source (PD source) may be estimated. 

TIlls method can be utilized either when a transformer is on site (off-line or on-line) or when a 

transfonner is under test by a manufacturer. 

2.7.2 Simulation Localization Methods 

Partial discharge location methods based on a theoretical study of the system have been 

investigated [33-35], suggesting the possibilities of locating a partial discharge source by taking 

the characteristic behaviour of transformer coils into account using their transfer functions. 

The infinitesimal homogenous winding model proposed by Wagner, where the series and parallel 

capacitances and the self-inductances are alone taken into account, greatly idealises the real 

conditions. For one thing, a real transformer winding is composed of a finite number of elements 

(e.g. disk, pairs of discs); therefore it is more appropriate to represent it by a model consisting of a 

finite number of elements than by an infinitesimal model. Thus in the case of disc type transformer 

windings, it is convenient to consider each disc, each pair of discs or each group of discs as a 

separate element. Further, real transformer windings are not homogenous in every case but 

generally different at the beginning and end of the winding. Very often the winding contains 

elements (discs) in which the number oftums, geometrical arrangement or shape deviates from the 

majority of elements constituting the winding. 1be Wagner model also simplifies the real 

condition by neglecting mutual inductances within the winding and the damping effect of eddy 

current losses on voltage oscillations. Finally, in the majority of cases, it is not a single winding 

that is to be investigated, but a transformer or a winding system consisting of two or more 

windings [36]. 

The following PD localization methods are all based on the Wagner model. 
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2.7.2.1 Analysis method of a lumped-element model for a multiple

windings transformer 

The basic principle is to consider every single winding within a multiple-windings transformer as a 

ladder network-winding model. In general, a section (a pair of discs) is considered as an element. 

In a high frequency case, the ladder network consists of multiple inductances, capacitances, 

resistances and conductance. Figure 2.1 shows the illustration of a simplified ladder network model 

for a single winding ignoring winding loss; this model has only inductor and capacitor components . 

o x L 

Figure 2.1, a simplified ladder network model of a transformer winding [33] 

Wang, Crossley and Cornick [33] considered the multiple-windings of a transformer as a "lumped

element" model by considering the relationship of mutual inductances between windings . The 

system solutions were obtained by applying Kirchoff's voltage and current law (KVL and KCL) to 

the network. The authors postulated that the location of each pole on the Bode-plot depends on the 

overall properties of the winding. It is not affected by the location of the partial discharge. The 

location of each zero is an important parameter and may be essentially affected by the location of 

partial discharge. When the discharge occurs on the winding, the location of the zeros may change 

to different positions. 

2.7.2.2 Using a linear time-invariant system to locate the partial 

discharge source on a transformer winding 

Time Domain 
Linear time

invariant system 

x (n) h (n) y (n) 
- - -- -- - -- - - - ---t"~ - - - - - - --+---l ...... - - - - - - - - - - -t---- x (ej"f h (e j,,) y (e.iw) 

L--... Frequency Domai.n 

Figure 2.2 Linear time-invariant system [34] 

Reference [34] introduced a method based on a linear time-invariant system theoretical approach. 
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The system can be described using its transfer function, and thus it can be visualized by a block 

diagram as shov,'11 in Figure 2.2. 

For a linear time-invariant system, if the transfer function h[n] and any time discrete input signal 

x[n] are kno~'11, the output signal y[n] can be determined and vice versa by using the convolution 

theorem in the time domain. In a transformer winding, every section (a pair of discs) was 

considered as an element \vith a transfer function h[n). 

Figure 2.3 principle ofPD location [34] 

The transformer winding belongs without restrictions to the class oftime invariant system, because 

it consists only of passive elements. Thus if an input signal has a delay, the output signal will have 

the same delay. So the PD location principle can be sho"m in Figure 2.3 using sub transfer 

functions . 

2.7.2.3 Genetic Algorithms for Sectional Winding Transfer Function 

(SWTF) 

This method is similar to neural network and fuzzy logic algorithms, which imitate the principles 

of natural creation. GAs (Genetic Algorithms) search for the solution of a function by simulation 

evolution, i.e., the survival of optimized individuals . At each generation a new set of 

approximations is created by selecting individuals according to their level of fitness and breeding 

them together using operators borrowed from natural genetics. TIus process leads to the evolution 

of populations of individuals they were created from. At the beginning of the computation a 

number of individuals are randomly initialized. The objective function is then evaluated for these 

individuals. The first generation is produced. If the optL."'11ization cntelia are not met t..l-te creation of 

a new generation starts. Individuals are selected according to their fitness for the population of 

offspring, which is produced by recombination of the parents . All offspring will be mutated with a 

certain probability before the fitness of the offspring is computed. The offspring are inserted into 

the population replacing the parents, thus a new generation comes into being. This cycle is 

repeated until an optimization criterion is reached. Such a single population evolutionary algorithm 

is powerful and performs well on a ·widespread class of problems. 

Akbari, Werle, Borsi and Grockenbach [37] introduced the genetic algorithm in the field of 
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identification and optimization to estimate parameters of the sectional winding transfer fimction 

(SWTF). In tills application a small partial length along a winding is considered and a continuous 

circuit model is used to describe the partial differential equation of the \\rinding structure. This 

equation determines the characteristics of the voltage wave propagation along the winding. Their 

simulated results of pulses indicated that the approach is limited to signals of less than 2 MHz 

bandwidth. 

2.7.2.4 Transmission line method to build up a transfer function 

In order to calculate the performance of transfomler v.rindings, a v.rinding of N turns can be treated 

as a system of N transmission lines. Tbis type of model represents the electrostatic and 

electromagnetic fields of the windings in a detailed manner. The study can be made v.rith the model 

in which the PD pulse can be represented as a short-duration current pulse travelling through the 

multi-conductor transmission line network. 

V 
.. lsI 

sl 

.. Is~ ______ ----------- -----
V s2 ------

V ( )
• lsCn-l) 

s n-1 

.. I sl! ___ -------- ------------
Vsn ------

.~~~ .. ~ VR1 

. __ ~~2--~ VR2 

I~~~~~L~ VR (n-l) 

IRn..-
VRn 

Figure 2.4, Multi-conductor transmission line model [38] 

In the multi-conductor transmission line model each turn in the winding is imagined as a cut from 

the previous and following turns and then considered as a single conductor transmission line with a 

beginning and an end, as shown in Figure 2.4, this leads to a N transmission line system. 

Mathematically, the ends and beginnings of the N transmission lines need to be series connected, 

to give continuity oftums. 

Hettiwatte, Crossley, Wang, Darv.rin and Edwards [38] have applied this method. 

2.8 Conclusions 

The literature survey indicates that there are some unavoidable defects or faults within a high 

voltage transformer. These defects or faults may cause the transformer damage and a power system 

outage, therefore lead to huge financial loss. Reliable techniques of monitoring and measurement 

on transformers may result in a great benefit. Some of these techniques have been developed and 
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applied by researchers and users. As one of the most important techniques, partial discharge 

monitoring and measurement of oil-filled transfonners has been an area of continued development. 

Previous investigations have revealed characteristics of partial discharges within an oil-filled 

power transfonner from many aspects, such as origin, classification, behaviour and tendency. 

These investigations not only explain the partial discharge phenomena within transformers at 

molecular level, but also provide theoretical bases for researchers and users to develop techniques 

of monitoring and measurement of partial discharge activities vvithin a transfonner. 

So far some methods of recognition and distinguishing of partial discharge signals within 

transfonners have been investigated and developed. By means of the properties of pattern chart and 

spectra of partial discharge signals, researchers and users have developed the ability to recognize 

and distinguish partial discharge signals within transfonners. These properties include valuable 

parameters and the relationships between them, such as quantity of partial discharges, energy of 

partial discharges, average distribution of partial discharges in a 50 Hz cycle and inception and 

extinction voltage of partial discharges. Mathematical methods have been applied, such as artificial 

neural networks (ANN), statistical parameter methods, the wavelet analysis method and fuzzy 

logic method. 

Traditional measurement and localization methods for PD sources, within a transfonner, such as 

dissolved gas analysis, electrical location and supersonic location have been investigated and 

applied. The simulation localization methods for PD sources have been developed as well. The 

development of these techniques indicates the feasibility of realizing PD location on a transfornler 

winding. Typical examples of these methods include: 

• Analysis method of a lumped-element model for a multiple-windings transformer 

• Using a linear time-invariant system to locate the partial discharge source on a transfonner 

winding 

• Genetic Algorithms for Sectional Winding Transfer Function (SWTF) 

• Transmission line method to build up a transfer function 

All of these techniques have limits on the expression of measured signals in tenns of their 

bandwidth or on the method of application of measurement equipment. A new technique utilising 

wide frequency measurements and a convenient method of application should be developed. 
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Chapter 3 

Propagation Characteristics of High 

Frequency Signals within Bushings, 

RFeTs and Transformer Oil 

A partial discharge is a wideband event (containing frequencies up to 2-3 GHz) and consequently 

this project has considered broadband PD defection using available external monitoring points of a 

large transformer. One possible monitoring point is the bushing tap point. Therefore, as part of the 

initial feasibility study a 60k V bushing (Photo 3.1) was assessed and its signal propagation 

characteristics experimentally determined. 

The 60kV bushing, model 60HC755, has a 235pF capacitance, and is PD free under its standard 

application condition. As a sensor used in this investigation, the clamp-type RFCT EMCO model 

93686-5, as shown in Photo 3.2, was also tested to determine its frequency response. The RFCT 

has a measurable frequency range from 10 kHz to 250 MHz. The transformer oil used in the 

investigation was produced by Stanlow Works, UK. Tne specification of the oil is BS 148: 1998 

class 1. The main electric characteristic of the oil is: electric strength (breakdown, mm) : >30kV. 
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Photo 3.1, The 60kV Bushing 

Photo 3.2, A clamp-type RFCT (Radio Frequency Current Transducer) 
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3.1 Bushing Sensitivities 

The high voltage bushings mounted on an oil-filled power transformer are capacitive devices . A 

capacitive bushing generally has a power factor test tap on its installation flange . The test tap is 

connected to the ground layer of the capacitor core of the bushing. In its normal operation, a cap 

covers the insulated tap and grounds the tap to the flange (earth). Usually, for a power transformer, 

internal signals may transfer to the bushing core bar along windings and coil leads as well as 

external signals, such as corona and surface discharge and radio noise etc. The bushing, acting like 

a capacitor, passes the high frequency components of these signals from its core bar to its tap point. 

3.1.1 Frequency Response of Bushings 

N et,Nork Analyzer 

Bushing 

Tap 

Figure 3.1 Frequency Measurement Circuit for a bushing 
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Figure 3.2 Frequency Responses of Bushings and Capacitors 

Figure 3.1 shows the measurement circuit for the frequency response of the 60k V bushing between 

the bushing core bar and the bushing tap. Figure 3.2 shows a comparison of the measured 
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frequency responses of the 60k V transformer bushing and three pure capacitors, as well as 

simulated frequency responses of the 60kV bushing and a 275kV transformer bushing. The 

frequency responses represent the propagation of high frequency signals from the bushing core 

bars to the bushing taps. The 60kV bushing, model 60HC755, has a 235pF capacitance, and is PO 

free under its standard application condition. The 275kV bushing has a 900pF capacitance. The 

measured curves were obtained using the Agilent 4395A Network/Spectrum/Impedance Analyzer. 

The simulated results were generated using a simulation program compiled using 

MA TLAB/Simulink. The oscillations on the experimental measured curves over 100 MHz were 

caused by the presence of stray inductance and capacitance. 

3.1.2 Impulse Response of the 60kV Bushing 

Using the circuit shown in Figure 3.3, a very fast pulse produced using an HP 8082A Pulse 

Generator was injected into the 60kV bushing core bar. A digital oscilloscope, LC6840XL, was 

used to display, analyse and store the input pulse and the output signal measured at the bushing tap . 

Oscilloscope 

~ 

Bushing 

- -:::---~- - " 
- ~' .~~ - , ~~, ~ 
-' .;.'! - - ~ .... 

Tap 
Pulse Generator 

- - ,. 
';;w -~ "1"'-'--- 'l,"1l 

1 . r 
"" - '~'~ 

Figure 3.3 Schematic circuit of the measurement 

for the impulse response of the 60k V bushing. 

Figure 3.4 shows the waveforms of the both input and output signals. The input pulse travelled 

within the bushing. The bushing, acting like a capacitor, transferred the high frequency 

components of the input pulse across the insulation layers of the bushing to the bushing tap point. 

Therefore, the output signal was detected by the oscilloscope. 

Figure 3.5 shows the frequency responses (FFTs) of the injected pulse and the output signal. From 

Figure 3.5, it is apparent that the bandwidth of the input pulse is greater than 500 MHz; and that of 

the output signal is below 200 MHz. For the output signal, the magnitudes of the signals below 200 

MHz are attenuated to some degree. 
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Figure 3.4, a pulse injected into the bushing and its output at the bushing tap 

30~------~------~------~------.-------. 

Figure 3.5 Frequency responses ofthe pulse and the output at the bushing tap 

3.2 RFCT (Radio Frequency Current Transducer) Sensitivities 

To improve the scalar gain of the RFCT, a wire of 3 turns was wrapped arowld it as the primary 

coil (input signal side). Figure 3.6 shows the measured frequency responses for the RFCT and the 

RFCT plus a 30 meter ethemet cable attached and a RFCT with a I tum primary coil. In the 

measurements an Agilent 4395A Network Analyzer was used and was set with frequency range 

from 10 kHz to 200 MHz, 20 sample average and 300 Hz bandwidth step . 

The RFCT has a measurement gain of up to 200 MHz bandwidth. By using three turns on the 

primary side the frequency response is improved across the whole measurable frequency spectrum. 

The 30 meter cable reduced the sensitivity of the RFCT by 5dB. 

The cable was included to simulate the conditions likely to be experienced when undertaking field 

measurements. In order to maintain safety it is important that measurement equipment and 

operators are a reasonable distance (30m say) from the on-line transformer under test. 
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With reference to Figure 3.6, there are three resonant peaks above 100 MHz for the 3 turns RFCT 

frequency response due to stray capacitance. However, the peaks are small (4-5dB) and will not 

substantially effect any measurement. 
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Figure 3.6 Frequency Responses ofRFCTs 

3.3 Sensitivity of Transformer Oil 

As shown in Figure 3.7, a set of two parallel metal plates of diameter 130 mm was used to 

investigate the frequency response of transformer oil. TI1e gap between the two plates was 3 nm1. 

Before the set was placed inside the oil, the analyser was calibrated by short circuiting the 

measurement coaxial cables together in order to establish the frequency response due to the 

Analyzer input circuit and connection cabling. In the test the Agilent 4395A Network Analyzer 

was set with a frequency range from 1 kHz to 200 MHz and a bandwidth step of 300 Hz. TI1e 

average numbers of samples were 20. Similar measurements were undertaken in air. Figure 3.8 

shows the obtained frequency response for transformer oil normalised with respect to the air 

measurement. 

Network Analyzer 

Oil 

Figure 3.7 Measurement circuit for the frequency response of transformer oil 
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The measured curve shows that the below 25 MHz components of the signals can pass the oil-gap 

of the set more easily than the air-gap due to the presence of transformer oil. Beyond 25 MHz, the 

transformer oil hardly influenced the transfer of the signals compared with the air case. The 

behaviour of the response above 10 MHz (Figure 3.8) may be due to parasitic components present 

due to the measurement process itself. 
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Figure 3.8 Nonnalised frequency response of transformer oil 

3.4 Conclusion 

The main property of the 60kV transformer bushing is that it is capacitive below 25 MHz. Beyond 

100MHz the influence due to inductance reduced the ability of the bushing to transfer signals, but 

does not change its capacitive property. TIus feature determined that the output at the bushing tap 

must be an oscillating and declining pulse when a fast pulse passes through it from the bushing 

core bar to its tap. The test results also revealed that the detection of output signals might be 

maintained over a bandwidth of more than 180 MHz. 

As sensors, RFCTs can transfer high frequency signals . A wire of three turns wrapped on a RFCT 

as a primary coil can improve the measurement gain. A long cable may attenuate the measurement 

signal by around 5dB. 

The measured result shown in Figure 3.8 represents the ability of transformer oil to transfer high 

frequency signals. In fact it is a comparison with air and indicates the difference of the abilities 

between oil and air in transferring high frequency signals within the same construction. 
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Chapter 4 

Discharge Signals from a 60kV Bushing 

via a RFCT 

As described in Chapter 2, there may be many kinds of partial discharges within power 

transformers. They can be summarized as typical external corona, external surface discharge, 

internal void discharge, internal floating discharge and internal needle-plane discharge (corona in 

oil). In a power transformer if any discharges occur they will propagate and reach the bushing core 

bar, and the high frequency components of the signals can pass to earth via the bushing tap and 

therefore be detected using a RFCT. This chapter describes experiments undertaken to simulate PD 

signals and the measured propagation characteristics when they transfer through the 60kV bushing 

from its core bar to earth via the bushing tap point. 

4.1 The Measurement Circuit and Discharge Sources 

Figure 4.1 shows the schematic diagram of the circuit to measure PD signals from a 60kV bushing 

via a RFCT. A copper pipe having a sharp tip (needle point) was connected to the bushing core bar. 

The sharp tip of the copper pipe was used as an electrode of a discharge source. The diameter of 

the copper pipe was 15 nun and its length was 0.5 m. This ensured that the influence of stray 

capacitance and inductance was limited. During testing a 50Hz high voltage was applied to the 

core bar of the bushing. When the test voltage rises to a suitable value, a discharge or partial 

discharge was produced at the discharge source. The discharge signals then transfer to the bushing 

core bar from the copper bar and the high frequency components of the discharge signals pass 
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through the bushing to reach the bushing tap. A RFCT, as a sensor, was used to detect the output 

signals at the bushing tap . In the test the RFCT was V\rrapped with a wire of three turns to improve 

it measurement gain, the wire was connected between the bushing tap and ground. The frequency 

response of the RFCT is as shown earlier in Figure 3.5. Digital equipment, consisting of an 

oscilloscope and a Network/Spectrum Analyzer were used to display, store and analyse the 

collected waveforms and data. In addition, a PO detector, Robinson ModelS, "vas also used to 

detect the discharge in order to provide a calibrated measurement of the apparent charge and obtain 

the original PO signal waveform. A test in which the PO source was disconnected was carried out 

by applying a 45kV Voltage to the bushing core bar. No PO was detected either by the 

oscilloscope or the PO detector. This infers that for the voltages up to 45kY the whole 

measurement system was PO free. 
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PO 
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Osilloscope 
(or SpectruB 

Analyzer) 

Figure 4.1 Schematic diagram of the measurement circuit 
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Figure 4.2 Discharge sources 
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Figure 4.2 illustrates the six typical discharge sources that were investigated in the test. These PD 

sources can reflect the majority of the PD phenomena within a power transformer. They are: 

• Corona discharge source with near the ground electrode in air «1) in Figure 4.2) 

• Surface discharge source in air «2) in Figure 4.2) 

• Corona discharge source with remote earth in air «3) in Figure 4.2) 

• Floating partial discharge source in oil «4) in Figure 4.2) 

• Partial discharge from a needle point to earth plane arrangement in oil «5) in Figure 4.2) 

• Partial discharge from a void source «6) in Figure 4.2) 

The transformer oil used in the test was produced in Stanlow Works, UK. The specification of the 

oil is BS 148: 1998 class I. The main electric characteristics of the oil is: electric strength 

(breakdown, mm) : >30kV. 

4.2 Corona Discharges in Air 

Generally, corona occurs on operational transformer bushings or the equipment connected to them 

and is caused by high potentials, which can be seen under normal operating conditions. 

Figure 4.3 Corona with remote earth at IO.SkV 

Figures 4.3 and 4.4 show the corona waveforms obtained using the measurement system in Figure 

4.1 and the discharge source (3) shown in Figure 4.2. The waveforms represent a single period of 

the 50Hz applied voltage. In the test the distance from the needle point to the earth was kept as 

great as possible. Thus the discharge system had a remote earth electrode (the ground) . The 

inception corona occurred at around 4kV with some pulses of almost equal magnitude situated in 

the middle of the negative half cycle of the test voltage waveform. With increasing test voltage, the 

number of pulses increased rapidly and spread out over a greater range of phase, but there was no 

increase in pulse magnitude compared to that measured at inception. The waveform in Figure 4.3 

was obtained for an applied voltage of IO.SkV. Raising the test voltage to around 17kV, the 

generated waveform shown in Figure 4.4 was obtained. The number of pulses kept increasing, as 
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did their spread. However, in the middle of the negative half cycle of the test voltage waveform, 

the pulse magnitudes were reduced, but there was an increase in pulse density. The pulse 

magnitudes of the edge of the corona pulse group were still similar to that measured at inception 

(Figure 4.3). 
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Figure 4.4, Corona with remote earth at 17kV 

A metal earth plate to reduce the distance from the needle point to earth to around ] OOmm was 

then used (this formed the discharge source (1) as shown in Figure 4.2) . When the test voltage was 

raised to around 4 - 7kV, a similar corona discharge pattern occurred as that described for the 

system with a remote earth. When the voltage was increased to 11.2kV, a different corona 

waveform was obtained. This waveform is shown in Figure 4.5. 

Figure 4.5, Corona with near earth 

This result shows corona occurring not only in the negative half cycle but also in the positive half 

cycle of the test voltage waveform. The pulse magnitudes of the corona in the negative half cycle 

are almost equal; but the number of pulses is greater. In the positive half cycle of the test waveform 

the pulse magnitudes are greater; but there are fewer pulses. All of the corona discharge activities 

are centred on the peaks of the test waveform. 

Generally, corona occurs around a metal needle electrode in air. Whether it discharges or not 

depends on the electric field intensity around the needle point which is dependent on the applied 
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test voltage. It increases as the test voltage is increased. When it reaches the inception discharge 

intensity, discharges start to occur. For a metal electrode it is easier to emit electrons ",,,hen it has 

negative polarity, so discharge always occurs at the needle point around when the needle electrode 

is at peak negative polarity. Thus, corona ahvays initially appears in the negative half cycle of the 

test voltage waveform. Meanwhile, due to the electric field, neutral molecules are ionised into 

positive and negative ions and these ions move towards the opposite polarity electrodes. When the 

positive ions combine with electrons near to the negative electrode there is a reduction in the local 

electric field intensity and discharge ceases. As soon as the negative ions reach the earth electrode, 

or the value of the ascending phase voltage continues to rise, the electric field intensity reaches the 

inception discharge intensity level and new discharge activity commences. In addition, the impact 

of positive ions on the negative electrode causes secondary electron emission, causing an increase 

in discharge number and a reduction in discharge magnitude. So, for the PD sources in Figure 4.2 

(1) and (3), when the test voltage is not too high corona discharge pulses appear around the peak of 

the negative half cycle of the test waveform and are unifonnly distributed about the peak, whilst 

their pulse magnitudes are almost equal. 

If the test voltage is further increased then the number of discharge pulses increase and the spread 

of the across the peak of the applied voltage also increases. The rapid increase in the number of 

discharges creates a great deal of electrons (negative ions) between the earth and the electrode. 

This is due to the slower movement of electrons attached to neutral molecules travelling to earth 

compared to the positive ions attracted towards the negative electrode. Meanwhile, positive ions 

combine with the negative electrode (needle electrode) causing secondary electron emission. TIllS 

leads to a rapid increase in the numbers of discharges and the magnitudes of the discharge pulses 

are reduced. This phenomenon occurs around the peak voltage, and therefore at the peak voltage 

there are far smaller magnitude discharge pulses compared to the situation when the voltage was 

around the inception level (Figure 4.5). 

Consider now the discharge system with a near earth (Figure 4.2 (1». Under suitable test voltage 

and when the needle electrode is of negative polarity, discharge occurs around the needle point and 

this causes electron emission and ionization of air molecules. The physics of the discharge event 

are similar to that described above. When the needle electrode is of positive polarity, discharges 

also occur near the needle point and cause ionization of air molecules. 

Due to the short distance between the two electrodes the electric field intensity is high enough to 

reach the inception discharge intensity causing discharge and ionisation. Thus, as shown in Figure 

4.5, corona discharge also occurs when the needle electrode is of positive polarity. As there are no 

positive ions combining with the needle electrode, there is no secondary electron emission in this 

half cycle. Hence, the magnitudes and number of positive discharges are not greatly influenced by 

the magnitude of the applied voltage. Thus the discharge signals occurring during the positive half 

33 



cycle of the test waveform have a greater magnitude and are less numerous than those occurring 

during the negative half cycle of the test waveform [17] . 

Using two discharge sources with a remote earth (Figure 4.2 (3» , comprising of copper bars with 

different sharp tips, the corona discharge waveforms shown in Figure 4.6 were produced when the 

applied test voltage was 8kY. 

Figure 4.6 Corona with remote earth and two sources 

The time-based signal and its frequency spectrum of a single pulse of corona are shown in Figures 

4.7 and 4.8. The single pulse was sanlpled from the pulse group in Figure 4.3 . 
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Figure 4.7 a single pulse of corona discharge shown in Figure 4.4 
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Figure 4.8 Frequency spectrum of the single pulse in Figure 4.7 
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For comparison the frequency spectra of the background noise and corona signals measured using 

the Spectrum Analyzer are shown in Figure 4.9. In this test the bandwidth of corona did not exceed 

lO MHz. 
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Figure 4.9 Frequency spectra of background noise and the corona 

discharge shown in Figure 4.4 

5 

A persistence figure for the corona discharge signal in Figure 4.5 is shown in Figure 4.10. The 

measurement period of the persistence figure is over 1000 cycles of the 50 Hz test voltage. This 

figure shows that the discharge is steady and strong. 

Figure 4.10, Persistence for Corona Discharges Shown in Figure 4.5 

4.3 Surface Discharge 

Figure 4.11 shows the phase resolved surface discharges, which was obtained usmg the 

measurement system shown in Figure 4. l and the discharge source (2) shown in Figure 4.2. From 

Figure 4.l1, the following can be surmised: 

• Surface discharges (pulse groups) occur in the advance of each half cycle of the test 

voltage waveform. 

• The surface discharges occurring in the positive half cycle of the test voltage waveform are 

slightly greater in magnitude and slightly smaller in number than those occurring in the 

negative half cycle of the test voltage waveform. 
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Figure 4.11 Surface discharge 

Figure 4.2 (2) suggests that the experiment contains an unbalanced discharge system because the 

discharge source is an electrode with a dielectric block resting on an earthed metal plate. The 

needle electrode is at high potential with reference to the earthed metal plate. TIle small air gap 

between the needle tip and the dielectric block is easily ionised and discharge activity commences 

at a very low inception voltage. When the electrode is of positive polarity, the positive ions move 

and accumulate on the dielectric surface, and there is very little charge in the air gap. When the 

electric field is reversed the total field strength reduces and as soon as the field strength is less than 

the inception discharge intensity the discharge activity ceases. As the reversed field strength then 

continues to increase in magnitude the inception discharge intensity is re-achieved, and discharge 

occurs once more. This process repeats wltil the test voltage rises to around the peak of the test 

voltage. After the peak, due to the existence of the reverse electric field and the descending phase 

voltage, the electric field intensity may not reach the inception intensity until the voltage falls to 

zero. Thus, during the descending phase of the absolute value of the test voltage waveform, there 

are very few surface discharges. When the electrode is of negative polarity, the field is reversed 

and discharge activity commences once the inception voltage is reached. There is secondary 

electron emission, but its effect is fairly limited due to the discharge source arrangement. Once the 

applied voltage has reached the negative peak value, discharge activity ceases until the applied 

voltage is again positive [15]. 
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Figure 4.12 Frequency spectra of surface discharge and background noise 
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Figure 4.12 compares the frequency spectrum of the surface discharge signal with background 

noise. In this test, the frequency spectrum of the surface discharge contains very few components 

over 40MHz. The two spectra share several common features however the surface discharge signal 

also has additional components around 20,30 and 40 MHz. 

Figure 4.13 shows a single pulse of the surface discharge and its corresponding frequency 

spectrum is shown in Figure 4.14. Analysis of a single pulse using a different time based window 

(2~s as opposed 20ms) also confirms that a surface discharge detected in this experiment contains 

frequency components at 20, 30, 40 MHz. Figure 4.15 shows a persistence figure over 1000 cycles 

of 50Hz test voltage waveform. This figure shows that the surface discharge is steady and there is a 

balanced pulse group in both half cycles. 
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Figure 4.13 A single pulse of surface discharge 
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4.4 Floating Discharge in Oil 

To produce floating partial discharges, the test system shown in Figure 4.1 plus the discharge 

sources shown in Figure 4.2 (4) were used; a 50Hz ac high voltage of 17k V was applied to the 

60kV bushing. The floating discharge signal is shO'wn in Figure 4.16. The floating partial 

discharge occurred in the advance of each half cycle of the test voltage waveform. The persistence 

figure of the floating discharge is shown in Figure 4.17, which was collected over 1000 cycles of 

the 50 Hz test voltage 

Figure 4.16 Floating discharge 

1---=--+---1·- 7 m S, 0 .5\/ -+--t---'----t--.-o-t----+--
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Figure 4.17 persistence figures of floating discharge 

The above two figures indicate that floating discharge mainly occurs on the advanced half cycle of 

the 50 Hz test voltage waveform; there is a balance. The pulse group even cross over the peaks of 

each half cycle. 

The frequency spectrum of the floating partial discharge signal and the frequency spectrum of 

background noise under identical experimental conditions were obtained using the Spectrum 

Analyzer. Figure 4.18 shows the comparison between them. The bandwidth of the floating partial 

discharge signal is quite wide, up to 170MHz. But the magnitudes of the signals over 60MHz are 

very small compared to those below 60MHz. 
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Figure 4.18 Frequency spectra of floating discharge and background noise 

Figure 4.19 shows a single pulse of the floating partial discharge and its corresponding frequ ency 

spectrum is shown in Figure 4.20. The obvious feature of the floating discharge is that its signal 

bandwidth is over 170 MHz. This is also indicated by these two figures. 
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Figure 4.20 Frequency spectrum of the single pulse shown in Figure 4.19 
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4.5 Void Discharge 

As shown in Figure 4.2 (6), a void discharge can be simulated using a sandwich of insulation films . 

The central film has a 10 mrn hole punched into it. The films are manufactured from Low Density 

Polyethylene and are 0.2 mrn thick. When a 7.7 kV voltage was applied onto the bushing a 

discharge was generated as shown in Figure 4.21. The discharge occurred in the advance of each 

half cycle of the test waveform. Due to the position of the void between the two electrodes, the 

magnitudes and numbers of detected pulses in the positive half cycle and negative half cycle of the 

applied test voltage are similar. 

Figure 4.21 Void partial discharges 

When the applied test voltage is high enough, the voltage across the void reaches its breakdo'wn 

value causing discharges to occur. Because the void size is small in the test, the inception 

discharge voltage is low. Thus, the discharges occur at a low voltage in the first and third quarters 

of the applied test voltage. During the discharge, the gas in the void is ionized producing positive 

and negative ions; and these space charges fill the void. Due to the external electric field they 

move towards the void walls . When they reach the void walls an electric field acting against the 

eA1:ernal electric field is produced. Due to ionic movement the voltage across the void decreases 

below that of the inception voltage and discharge activity temporarily ceases. With the increase of 

external voltage, the voltage across the void reaches its inception value again, causing a new 

discharge. During discharge activity the internal electric field is increased due to each discharge. 

The process continues until the applied voltage peaks. After this, the voltage across the void is less 

than the inception voltage, and discharges do not generally occur until the external applied voltage 

reaches zero. During this period, an internal voltage within the void is maintained. On passing 

through zero volts the external voltage is in the same direction as the internal voltage within the 

void and consequently the inception voltage is achieved causing discharges to reoccur. This 

process continues until the voltage reaches the peak value of the half cycle. After the peak, the 

discharge activity ceases until the external voltage reaches its zero point. This process creates the 

void partial discharge waveforms shown in Figure 4.21. 
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The persistence figure of the void partial discharge is shown in Figure 4.22, which was collected 

over 1000 cycles of the 50 Hz test voltage. 
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Figure 4.22, Persistence figure of void partial discharge 

The frequency spectrum of the void partial discharge signal and the frequency spectrwn of 

background noise under identical experimental conditions were obtained using the Spectrum 

Analyzer. Figure 4.23 shows the comparison between them. In this test the frequency range of the 

void discharge is up to 30MHz. 
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Figure 4.25 Frequency spectnun of the single pulse of void partial discharge 

Figure 4.24, shows a single pulse of the void partial discharge and its frequency spectrum is shown 

in Figure 4.25. 

From above figures, the void discharges are seen to occur mainly on the advanced half cycle of the 

50 Hz test voltage waveform. There is a balance in both the positive and negative half cycles . The 

pulse groups even extend across the peak in the middle of each half cycle. 

4.6 Needle-plane Discbarges in oil 

Using the PD source (5) as shown in Figure 4.2, needle-plane discharges in oil were obtained. The 

PD source placed in transformer oil had an electrode with a needle tip and a grounded metal plane; 

an insulation pressboard of 1.5mm thick was placed between them; the distance from the needle tip 

to the pressboard was around 2mrn. The measurement circuit was similar to that shown in Figure 

4.1, but the PD detector was not used in the test. A zero crossing detector was used as an external 

trigger in the test; the trigger is synchronous to the 50 Hz test voltage. 
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Figure 4.26 a needle- plane partial discharge pulse occurring 

at the negative half cycle of the 50 Hz (20ms) test voltage waveform 
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Figure 4.27 a needle- plane partial discharge pulse occurring 

at the positive half cycle of the 50 Hz (20ms) test voltage waveform 

When a 24kV voltage was applied to the PD source a discharge pulse as shown in Figure 4.26 or 

Figure 4.27 was captured using the oscilloscope. TIle pulse was sporadic and occurred with 

occasional jumps around the peak middle of the positive and negative half cycles of the 50Hz 

(20ms) test voltage waveform. As the test voltage increased to 29kv, a new type of discharge 

waveform was obtained as shown in Figure 4.28. The pulse groups appeared unsteady near the 

middles of both half cycles of the 50 Hz test voltage waveform. The magnitudes of the pulses were 

also always irregular. Figure 4.29 is the persistence figure of over 1000 cycles of the test voltage. 

Figure 4.28, Needle-plane partial discharges in a 50Hz test voltage waveform 

Figure 4.29, Persistence figure of needle-plane partial discharges 

in a 50Hz test voltage waveform 
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For the insulation system used in this investigation (the PO source (5)), a partial discharge depends 

on the inception discharge stress between the needle electrode and the grounded metal plate. Due 

to the existence of the insulation oil and the oil-immersed insulation pressboard, the inception 

discharge voltage might be higher. The partial discharge therefore generally occurred at a higher 

voltage, around the middle of both half cycles of the test voltage. 

Using the Spectrum Analyzer, the frequency spectra of the needle-plane partial discharge and the 

background noise were measured. The results are shown in Figure 4.30. In this test the frequency 

spectrum of the needle-plane partial discharge was found to extend up to 130MHz. In Figure 4.30 

the blue curve is the background noise that was measured when the PO source was de-energized. 
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Figure 4.30 Frequency spectra of needle-plane partial discharge 

in oil and background noise 

The time record of a single pulse of the needle-plane partial discharge in oil is shown in Figure 

4.31, which was obtained using the oscilloscope when the test voltage was kept on 29kY. In the 

test the oscilloscope was set with 1000 sample points at 500 MHz/s. The power spectrum of the 

single pulse is shown in Figure 4.32. This was obtained from a FFT calculation using Matlab. 

From Figure 4.32, one deduces that the majority of the energy of the pulse occurs below 70MHz. 
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Figure 4.31 a single pulse of the needle-plane partial discharge in oil 
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4.7 Conclusions 

200 

The waveforms measured using the PD detector reflected the situations and distribution of partial 

discharges in the time domain and in magnitude. TIle resulting patterns from the bushing tap via 

the RFCT are similar to that on the PD detector. This shows that the measured time domain 

waveforms at the bushing tap using the RFCT can represent the partial discharge distribution at the 

bushing core bar. The classification of the partial discharges from bushing top measurements can 

be concluded as the following: 

• Corona discharges in air have obvious properties in the shape of pulse groups and phase 

positions on a 50Hz cycle time of the test voltage. They occurred at the middle of each half 

cycle. In this test its bandwidth was only up to 3-4 MHz. 

• The pulse groups of the surface discharge in air occurred at the advance of each half cycle 

of the test voltage. Its frequency range is up to 40MHz in this test. 

• The magnitudes of the pulses of the void discharge are small when the void is small. Its 

pulse groups occur at the advance of each half cycle of the test voltage. Its bandwidth is 

only up to 30MHz in this test. 

• Floating discharge has a wider bandwidth of up to 170MHz. Its pulse groups occurred at 

the advance of each half cycle of the test voltage. 

• The needle-plane discharge in oil is complex. It occurred at the middle of each half cycle 

of the test voltage. But depending on the test voltage, its pulses could be sporadic with 

occasional jumps, tmsteady in magnitude. The positions of the pulses could be variable. 

Its bandwidth is over 130MHz in this measurement. 

Table 4.1 shows the comparison of the above PD signals for their location in the half cycles, their 

frequency bandwidth and other characteristics. 
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Discharge type Phase position 
Frequency Other characteristics 

Bandwidth 

Corona with In the middle of the Up to 3-4 MHz Steady in magnitude and phase 

remote earth negative half cycle position 

Corona with In the middle of each Up to 3-4 MHz The magnitude of the pulses on 

near earth half cycle positive half cycle are bigger 

Surface discharge At the advance of each Up to 40 MHz 

malr half cycle 

Void discharge At the advance of each Up to 30 MHz Small when void is small 

half cycle 

Floating At the advance of each Over 170 MHz Unsteady in magnitude and 

discharge in oil half cycle phase position 

Needle-plate In the middle of each Over 130 MHz Sporadic, 

discharge in oil negative half cycle unsteady in magnitude; 

variable in phase position 

Table 4.1 Comparison of the different discharges 
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Chapter 5 

Propagation characteristics of high 

frequency signals within a transformer 

model 

In recent years, the propagation characteristics of partial discharge signals within power 

transformers have been used to realize diagnosis and monitoring of power transformer condition. 

The techniques developed have all been based on PD measurements either for the narrow band or 

using wide band PD signals. These approaches are usually used for offline measurements, in which 

the apparent charges of partial discharges can be detected. However the localization of the 

discharges which is indispensable for good maintenance carmot usually be performed [37]. In these 

teclmiques the parameters, such as charge magnitude, phase of the pulse relative to power 

frequency waveforms, repetition rate and the energy of each pulse are more important and useful in 

the judgements for the condition of transformers. IEC60270 [16] gives useful guidancc of 

application of the above mentioned techniques and parameters. 

As described before, partial discharge localization can be made by analyzing the shape of partial 

discharge signals in the time domain and by analysing the components in the frequency domain. 

Partial discharge signals are usually distorted as they are transmitted. The amount of distortion 

depends on the following factors: the distance from the discharge source to the detection point; the 

media material of the paths through which the PD signal is travelling. Previous researchers have 

identified that a sensor bandwidth greater than 10 MHz is appropriate for analysis ofPD data [39]. 
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This chapter introduces the investigations into a practical transformer model system, and the 

propagation characteristics of high frequency signals of up to 200MHz "vithin the model. It has 

focused on measurement and analysis of the frequency responses, the impulse responses, and the 

responses to real PD signals. All these are respectively carried out on the model in the following 

conditions : the windings in air; the windings in an earthed tank without oil; the windings in an 

earthed tank with oil and the 60kV bushing plus the windings in the oil-filled earthed tank . 

5.1 Transformer Model and its Windings 

The windings of the transformer model were provided by Alstom, including an interleaved disc 

winding and a plain disc winding. TIle transformer model was further developed by the Electrical 

Power Engineering Group of Southampton University. Photo 5.1 shows the transformer model. 

After some necessary tests without oil the transformer model was filled with transformer oil. The 

oil used was made in Stanlow Works, UK. Its specification is BS 148: 1998 class 1. Its main electric 

characteristics is: the electric strength (breakdown, mm) : >30kV. 

Photo 5.1 Transformer Model 

5.1.1 Essential Structure of the Transformer Model 

Figure 5.1 is the cross-section view of its internal construction. The construction sizes are given in 

Appendix A. 

The transformer model consists of two windings, as shown in Figure 5.1. The upper winding has a 
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type of interleaved disc winding; the lower one is a plain disc winding. The two windings have the 

same construction size and use identical materials . Every pair of discs of the both windings 

provides a terminal as a measurement point. A metal cylinder connected to earth was placed inside 

the windings as an iron core for the model. 
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Figure 5.1 the cross-section view of the transformer model 

5.1.2 General Electrical Parameters of the Transformer Model 

The electrical parameters of a transformer model are required for computerised modelling and 

simulation leading to an explanation of the propagation characteristics of high frequency signals 

within a transformer winding. 

In the transformer simulation model, both windings are disc-type and each winding includes 14 

discs. By dividing each winding into 7 sections (pairs) and regarding each section as having 

individual elements (parameters) of itself, and based on the mathematical model for a transformer 
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winding proposed by Wagner [72], the mathematical model of the model transfoID1er was 

constructed as shown in Figure 5.2 (only four sections are illustrated in the figure). The main 

parameters are: 

• K, series capacitance between immediate sections 

• eg, capacitance to ground (tank and core) 

• L, self-inductance of the section 

• Mi, mutual inductance with all other sections 

• Rs, frequency-dependent resistance 

• G, conductance of insulation loss between immediate sections 

• Gg, conductance of insulation loss to ground (tank and core) 

M2 

~ Mi 

M n-1 

~ 
Mn 

~ 

Cg 

Transform er 
winding 

Figure 5.2 Paran1eter construction of the transformer model 

The constructional electrical parameters of the transfoTIner model are very complex. The 

propagation process of high frequency signals within the transformer model is the result of these 

parameters functioning together and therefore this is a complicated problem. TI1e simulation model 

ignores non-linearities of the system, whereas the experimental model allows us to practically 

investigate signal propagation. 

5.2 Frequency Responses of Windings and Transformer 

Model 

As described above, the construction of the transformer simulation model was very complicated. It 

includes many physical parameters, such as capacitance, inductance, conductance and resistance 
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etc. These make the propagation of high frequency signals within the transformer model very 

complex. Previous research [37] on the frequency response of high frequency signals within 

transformers has concentrated on a bandwidth of up to 10MHz. But PD signals within a real 

transformer may include even higher frequency components, so it is important to practically 

investigate the behaviour of higher frequency signals within the windings of the transformer model. 

In order to understand the propagation characteristics of the high frequency signals within the 

transformer model, the bandwidth in this investigation was extended up to 200MHz. 

5.2.1 Frequency Responses of the Interleaved Disc Winding 

5.2.1.1 Frequency Responses of the Interleaved Disc Winding in Air 

Before the windings were installed within the tank and core, measurements of frequency response 

on the interleaved disc winding in air were carried out using the network analyzer, Agilent 4395A. 

In the test the measurement frequency range was set from 100 Hz to 200MHz; the sample average 

was 20 and sample bandwidth was 30Hz. The measurement circuit is shown in Figure 5.3. Due to 

the absence of the tank and core during this test the mathematical model of the interleaved disc 

winding can be regarded as without Cg and Gg in the lumped parameter circuit of Figure 5.2. 

isc Winding 

_. 

iii!QR!iIiiiOi&'fi.'Ai ~ 

Plain D i sc~Winding 
Transformer Model 

Network Analyzer 

'I'. 

Figure 5.3 Frequency response measurement circuit 

for the interleaved disc winding in air 

In the test a calibration signal was in turn injected into the interleaved disc winding from the 2nd to 

the 8th terminals; while the measurement point was at terminal I . The frequency responses of the 

interleaved disc winding in air are shown in Figure 5.4. 
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Figure 5.4 Frequency responses of the interleaved disc winding in air 

The measured results indicate that in every case for the interleaved disc winding in air, the first 

peak resonance is at around 60 kHz. As the number of sections involved in the measurement were 

increased the first peak resonance moves across the low frequency range towards 100 kHz. Across 

the bandwidth from IMHz to 200 MHz, the frequency responses are similar. This means that 

during the high frequency range the attenuation per section of the winding is small. The frequenc y 

spectrum of the winding shows that at frequencies above 20 MHz the inter-winding capacitance 

dominates, and consequently, there is little attenuation as the number of winding discs between the 

PD source and measurement point increases . Below 20 MHz signals propagate through the 

winding and are attenuated by each additional winding disc 

5.2.1.2 Frequency Responses of the Interleaved Disc Winding in the 

Tank without Oil 

After placing the winding into a grounded tank with a grounded core, but without oil, the 

frequency responses were measured again. This time the mathematical model can be regarded as 

the same as the circuit in Figure 5.2 . The measurement circuit is shown in Figure 5.5. The Aligent 

4395A Network Analyzer used to detect the frequency response of the model was set with a 

frequency range from 100 Hz to 200MHz; the sample average was 20 and sample bandwidth was 

30Hz. The order of injection signal is from the 2nd to the 8lh terminals. Figure 5.6 illustrate the 

results and a comparison between the different terminals. 
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Figure 5.5 Frequency response measurement circuit 

for the model with the interleaved disc winding without oil 

Analysing the figure 5.6, the resonance peaks of the winding model Increase across whole 

frequency range with the mcrease III the number of sections involved in the measurement. A 

remarkable characteristic is that the peak resonances of different sections occur at similar 

frequency break points . Another feature is that the frequency spectra of all sections have a similar 

shape from IMHz to 200 MHz, which means that during this frequency range the attenuation per 

section of the winding is small . 
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Figure 5.6 Frequency response of the interleaved disc winding in the tank without oil 
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By comparing Figure 5.6 with Figure 5.4, the impedance across the whole frequency range is seen 

increase. This is due to the influence from Cg and Gg. Cg and Gg attenuate the injected calibration 

signal, so the outputs at the measuring terminals are reduced. 

resonances are not greatly influenced. 

But the positions of the peak 

5.2.1.3 Frequency Responses of the Interleaved Disc Winding III the 

Oil-filled Tank 

After filling the transformer model with transformer oil, the frequency responses of the interleaved 

disc winding were measured again using the measurement circuit shown in Figure 5.5 . The Aligent 

4395A Network Analyzer was set with the same parameters as the description in section 5.2.1.2. 

The results are shown in Figure 5.7. 
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Figure 5.7 Frequency responses of the interleaved disc winding in the oil-filled tank with oil 

Comparing Figures 5.4, 5.6 with 5.7, the following changes due to filling with oil were found: the 

resonance break points below 20 MHz altered, becoming lower; and the magnitudes of the peak 

resonances were reduced. 111is is due to the functions of the capacitance and conductance 

parameters (see Figure 5.2). From Figure 3.8, across the frequency range of up to 25MHz, the 

ability of oil to pass signals is higher than air. This led to increases in the capacitance parameters, 

and furthermore caused the movement of the resonance peaks towards lower frequencies (see 

Figure 3.2). It also resulted in the reductions of resonant magnitudes across the frequency range up 

to 25MHz. 
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5.2.1.4 Frequency Responses of the Non-oil Transformer Model System 

with an Interleaved Disc Winding 

The transformer model system used here includes the transformer model and the 60kV bushing. 

Before being filled with oil, the frequency responses of the interleaved disc winding transformer 

model system were measured at the bushing tap of the connected bushing via a RFCT. Figure 5.8 

shows the measurement circuit. The 60kV bushing, model 60HC755, was connected to the lSI 

terminal of the interleaved disc winding. The bushing' s frequency spectrum is shown in Figure 3.1. 

The RFCT was wrapped three turns of wire to improve the measurement gain. Its frequency 

spectrum is shown in Figure 3.5. The Agilent netvvork analyzer was set with a measurement range 

from 10 kHz to 200 MHz, 20 average sample and 3 kHz sample bandwidth. During measurement 

the calibration signals were injected in tum into the interleaved disc winding from the I st terminal 

to the 8th terminal and the measurement was carried out at the bushing tap via the RFCT. Figure 

5.9 show the results . 

Network Analyzer 

: ::~ :: ;,; 

Transformer Model 

Figure 5.8 Frequency response measurement circuit 

Analysing Figures 5.9 and 5.6, and referring to the frequency spectra of the 60 kV bushing and 

RFCT shown in Figures 3.2 and 3.5, the following conclusions were drawn : 

The influence of the bushing on the propagation characteristics of the high frequency signals 

within the whole transformer model system was very apparent. This is due to the bushing having 

the property of a high frequency pass filter (see Figure 3.2). Across the low frequency range (up to 

25 MHz), with an increase of frequency the ability of the transformer model system to pass the 

signals also increases . The ability of the RFCT to pass signals also influenced the responses across 
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the whole of the measurement range from 10kHz to 200 MHz. At low frequencies , the peak 

resonance points due to the winding are still visible. Their comer frequencies are similar to those 

for the frequency response curves of the interleaved disc winding (Figure 5.6). The peak 

magnitudes are reduced because of the attenuation due to the bushing and RFCT. Furthermore, 

additional high frequency resonances exist due to the combination of the winding, bushing and 

RFCT. Above 1 MHz the attenuation per section of the winding is small. 
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Figure 5.9 Frequency response of the interleaved disc winding transformer model system without 

oil, measured at the 60kV bushing tap via a RFCT 

5.2.1.5 Frequency Responses of the Oil-filled Transformer Model System 

with an Interleaved Disc Winding 

Using the same measurement circuit as shown in Figure 5.8 but with the transformer model filled 

with oil, the frequency responses of the interleaved disc winding transfoDner model system as 

shown in Figure 5.10 were obtained. The devices were set with the same parameters as those of 

section 5.2.1.4. 

Comparing Figure 5.10 with Figure 5.9, the following features are found: 

There are reductions in magnitudes of all curves below 25MHz; and in this frequency range all the 

comer frequency of peak resonances decreased. This is due to the increases in the capacitance 

parameter values caused by the presence of oil (see Figures 5.2 and Figure 3.8). From Figure 5.10, 

above 5 MHz the resonances are almost similar. Above 1 MHz the attenuation per section of the 

winding is small. 
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Figure 5.10 Frequency response of the interleaved disc winding transformer model system with oil , 

measured at the 60k V bushing tap via a RFCT 

5.2.2 Frequency Responses of the Plain Disc Winding 

The plain disc winding has the same geometry sizes as the interleaved disc winding (Figure 5.1). 

The difference between them is that there are different connections between each disc. TIlis 

reduces the inter-tum capacitance and inter-disc capacitance compared to the interleavcd disc 

winding. Thus, the frequency response of the plain disc winding is different from the interleaved 

disc winding. Consequently, the measurements of section 5.2.1 were repeated for the different 

winding arrangement. 

5.2.2.1 Frequency Responses of the Plain Disc Winding III the Tank 

without Oil 

The measurement circuit as shown in Figure 5.11 , connected to the plain disc winding arrangement, 

was set up for this test. The frequency range of the Aligent 4395A Network Analyzer was set from 

100 Hz to 200MHz; the sample average is 20 and the sample bandwidth is 30Hz. The measurement 

was carried out without oil in the model tank. TIle calibration signals from the network analyzer 

were injected into the plain disc winding in turn from 2nd to 8th terminals. The output signals werc 

collected at the 15t terminal using the network analyzer. Figure 5.12 give the measured results at 

different terminals and a comparison between them, 
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Figure 5.11 Frequency spectrum measurement circuit 

for the plain disc winding transformer model 
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Figure 5.12 Frequency responses of the plain disc winding in the tank without oil 

By analysing the above two figures , it is seen that with an increase of discs involved in the 

measurement, the magnitudes of the resonances of the model increase across whole frequency 

range; the lower the frequency, the more the increase is. The first peak resonance had a marked 

increase. A characteristic is that the peak resonances of different sections have similar frequency 

break points. Another property is that the frequency spectra shapes are similar in high frequency 

region (over 20MHz), which means the attenuation per section of the winding is small. 
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Figure 5.13 the comparison of the frequency responses ofthe both inter leaved disc winding and 

plain disc winding in the non-oil tank; the signals were injected at terminal 5 

Figure 5.13 shows the frequency responses for terminal 5 of the both interleaved disc winding and 

plain disc winding in the non-oil tank. The first peak resonance comer frequencies of the plain disc 

winding are at higher frequencies, compared to those of the interleaved disc winding by 

approximately around 300 kHz. 
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Figure 5.14, Frequency responses of the plain disc winding in the oil-filled tank 
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Using the same measurement circuit as shown in Figure 5.11 , under the same experimental 

conditions as described in 5.2.2.1, the frequency response of the plain disc winding in the oil-filled 

tank was obtained. Figure 5.14 show the measured resu Its . 

Comparing Figure 5.14 with Figure 5.12, there is a reduction in magnitude of the resonant peaks 

below 20 MHz and the frequencies are at lower values . This is due to the presence of oil (see 

section 5.2.1.3) 

5.2.2.3 Frequency Responses of the Non-oil Transformer Model System 

with a Plain Disc Winding 

Plain Disc Winding 

Transfor mer Model 

Network AnaJyzer 
;'; ..... -

Figure 5.15 the frequency response measurement circu it 

Figure 5.15 is the frequency response measurement circuit for the plain disc winding transformer 

model system. The frequency range of the Aligent 4395A Network Analyzer was set from 100 Hz 

to 200MHz; the sample average was 20 and the sample bandwidth was 30Hz. The measurement 

was carried out at the bushing tap via a RFCT when the transformer model was not filled with oil. 

The calibration signals from the network analyzer were injected into the plain disc winding in turn 

from the 2nd to the 8th terminals. The 60kV bushing, model 60HC755, was connected to the 1st 

terminal of the plain disc winding; its frequency spectrum is illustrated in Figure 3.22. 

The RFCT was wrapped with a wire of three turns to improve the measurement gain; its frequency 

spectrum as shown in Figure 3.6. The obtained results are illustrated in Figure 5.16. Analysing the 

curves on Figure 5.16 and comparing them with that of Figure 5.14, the following conclusions can 

be drawn: 
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Figure 5.16, Frequency response of the interleaved disc winding transformer model system without 

oil, measured at the 60k V bushing tap via a RFCT 

Due to the capacitive characteristic of the 60kV bushing the low frequency components of the 

injected signals were attenuated when passing through the transformer model system. The obvious 

range of influence was up to 3 MHz. The ability of the RFCT in detecting signals influenced the 

model across the whole measurement range from 10kHz to 200 MHz, and reduced the 

measurement magnitudes. In the low frequency region, the peak resonance points due to the 

winding were still visible. Their positions did not change but their magnitudes are reduced because 

of attenuation due to the bushing and RFCT detector. Meanwhile, some additional resonances were 

observed due to the combined influence of the winding, bushing and RFCT. Above I MHz the 

attenuation of per section of the winding is small. 

5.2.2.4 Frequency Responses of the Oil-filled Transformer Model System 

with a Plain Disc Winding 

Using the same measurement circuit as shown in Figure 5.15, but with the transformer model filled 

with oil, the frequency responses of the plain disc winding transformer model system as shown in 

Figure 5.17 were obtained. During the measurement the settings of the Network Analyzer were as 

described in 5.2.2.3, and the same measurement method was also used. 

Comparing Figure 5.17 with Figure 5.16, the following was observed: the frequency response is 

reduced in magnitude below 25 MHz. Across this frequency range all the positions of peak 

resonance occur at lower frequenci es. This is because the capacitance parameter values increase 

due to the presence of oil (see Figures 5.2 and Figure 3.8). From Figure 5.17, the frequency 
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responses above 300 kHz are similar; this indicates that above 1 MHz the attenuation per section of 

the winding is small . 
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Figure 5.17 Frequency response of the plain disc winding transformer model system with oil , 

measured at the 60k V bushing tap via a RFCT 

5.3 1m pulse Responses of Windings and Transformer Model 

An investigation into the impulse responses of the windings and the transformer model has been 

completed. A pulse generated using a HP 8082A pulse generator as shown in Figure 5.18 was 

injected into the terminals of the windings of the transformer model during the measurements . 

Figure 5.19 shows the FFT of the pulse calculated using a Matlab program. The purpose of this 

experiment was to establish if the proposed measurement approach was capable of detecting PO 

type pulses, given that the system significantly attenuates lower frequency components of any 

detected signal 

_2L---L-L --~1---J--~L-__ L-__ ~ __ ~ __ _L __ _L __ ~ 

o 20 40 60 80 100 120 140 160 180 200 
Time ,ns 

Figure 5.18, A test pulse 
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Figure 5.19, Frequency spectrum of the pulse shown in Figure 5.18 

5.3.1 Impulse Responses of the Interleaved Disc Winding in the Tank 

without Oil 

Interleaved Disc Winding 

:::: ... 
;"=====: 

Transformer Mode l 

Oscilloscope 

,..r ..... 

-. ~, 

_. ~:.. .. .:. ~ .::.' 
- ,;:." -

Pulse generator 

~! ...0..-,' 

~ :.:.- ~ i ~ 
- .. .:.....:;.:. i :<l 

~. 
,~ . 

Figure 5.20 Impulse response measurement circuit 

Figure 5.20 shows the measurement circuit for the interleaved disc winding transformer model 

without oil. A pulse shown in Figure 5.18 was injected into the model in tum from the I st to the 8t h 

terminals, and a digital oscilloscope, LC684DXL, was used to measure the response pulses at the 

1st terminal. The oscilloscope was set with 1000 samples at 500Ms/s for 2.0us 

Figure 5.21 illustrates the response pulses at the first terminal. The response pulse when the 

injection pulse was injected at terminal 1 is obviously different from the injected pulse shown in 

Figure 5.18, although the coax cable for the injected pulse was directly connected to the 
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oscilloscope. This is due to the influence of the interleaved disc winding, which attenuates the 

injected pulse signal. Some of which propagates to earth rather than pass to bushing tap point. 

With an increasing the number sections involved in the measurement, the magnitude of the 

response signal is correspondingly reduced. This was caused by increased impedance across the 

low frequency range (Figure 5.7) . 
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Figure 5.21 Measured pulses at the terminals 
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Figure 5.22 shows the frequency spectra of the response pulses, and gives a similar indication, 

which is that the high frequency components of the injected pulses can pass through the whole 

winding, but across low frequency ranges the response magnitudes are reduced as the number of 

the disc sections increases between the signal source and the measurement point. 

5.3.2 Impulse Responses of the Interleaved Disc Winding Transformer 

Model without Oil 

RFCT RFCT 

Transformer Model Pulse Generator 

Figure 5.23 Impulse response measurement circuit 

Using the measurement circuit as shown in Figure 5.23, the pulse, generated using a HP 8082A 

pulse generator as shown in Figure 5.18, was injected into the interleaved disc winding model in 

tum from the lSI to the 8th terminals, and a digital oscilloscope, LC684DXL, was used to measure 

impulse responses at the 60kV bushing tap point and at the earthed end of the interleaved disc 

winding via RFCTs. The oscilloscope was set with 1000 samples at 500Ms/s for 2.0us. ill order to 

improve the measurement gain of the both RFCTs, the primary wires were wrapped around the 

RFCT core three turns. The bushing core bar was connected to the 151 terminal of the interleaved 

disc winding. 

Figure 5.24 shows the pulses measured at the bushing tap via the RFCT. Figure 5.25 IS the 

frequency spectra of these output pulses. 

The results indicate that with an increase of the number of disc sections involved in the 

measurement, the magnitudes of the output pulses are increasingly attenuated. This is due to the 

attenuation of low frequency components of the injected pulse as it passes through the winding 
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(refer to Figure 5.9). All signals appear to oscillate and by comparison with earlier results (Figure 

5.21) it can be concluded that these oscillations are caused by the electrical properties of the 

bushing. The frequency characteristics of the measured pulses shown in Figure 5.25 suggest a 

similar conclusion as drawn from earlier experiments (Figure 5.9), which is that the high frequ ency 

components of a signal can pass through the system to the bushing tap point. 
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Figure 5.24 Impulse responses at the bushing tap via the RFCT 
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Figure 5.26 shows the pulses measured at the end of the interleaved winding via the RFCT, and 

Figure 5.27 shows their frequency spectra. Referring to Figure 5.24 when the injection point was at 

the 15t terminal, the magnitude of the output pulse in Figure 5.24 was greatest and that in Figure 

5.26 smallest. When the injection point was at the 8th terminal, the magnitude of the output in 

Figure 5.24 was smallest and that in Figure 5.26 greatest. 
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Figure 5.26 Impulse responses at the end of the interleaved winding via a RFCT 
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Figure 5.27 Frequency spectra of response pulses at the end of the interleaved winding via a RFCT 

The results indicate that by monitoring both the bushing tap point and the other end of the winding 

it may be possible to obtain an indication of the location of the discharge source within a winding. 

Figures 5.24 and 5.26 show that the low frequency components of the pulses dominate the pulse 
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shapes and form oscillating waves. The high frequency components of the outputs are small in 

magnitude and are superimposed on the main waves oflow frequency. 

5.3.3 Impulse Responses of the Oil-filled Transformer Model with an 

Interleaved Disc Winding 

Using the circuit in Figure 5.23, after the transformer model was filled with transformer oil thc 

pulse response measurements were carried out on the interleaved disc winding model. The same 

circuit and procedure and instrument settings were used as in section 5.3 .2. 
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Figures 5 .28 and 5 .30 are respectively the time-based waveforms measured via RFCTs at the 

bushing tap and at the end of the interleaved disc winding. Figures 5.29 and 5.31 show the FFT 

calculation of the waveforms, obtained from the oscilloscope traces. 

Consider Figure 5.28. When the triangular pulse was injected into the winding at the first terminal, 

the magnitude of the output pulse at the bushing tap is bigger than the others . As the number of the 

disc sections involved increased, the response magnitudes gradually reduced. This is because the 

increasing number of the disc sections caused the impedance to increase in the low frequency 

region (several 10 kHz, see Figure 5.10) . 
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Figure 5.30 Impulse responses at the end of the winding via a RFCT 
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In Figure 5.30, with the triangular pulse injected into the winding at the first terminal, the 

magnitude of the output pulse at the end of the winding is smallest. This is because the 

transmission path is longest and has the biggest impedance across the low frequency range. 

Comparing Figure 5.29 with Figure 5.31 , more high frequency components in the outputs at the 

winding end (Figure 5.31) are found. This is because of attenuation of high frequency components 

by the bushing. 

5.4 Propagation Characteristics of Real PD Signals within the 

Transformer Model 

Section 5.3 considered some propagation characteristics of pulse signals within the interleaved disc 

winding. However, the injected signal was only a simulation of a partial discharge single pulse. Its 

behaviour within the transformer model is not necessarily representative of a real PO signal. As 

described in Chapter 4, real PO signals may be made up of pulse groups within a 50 Hz cycle of 

the test voltage waveform. This kind of PO signal was next used in this investigation to understand 

the behaviour of real PO signals within the transformer model. 

5.4.1 PD Signals from the Non-oil Transformer Model with the 

Interleaved Disc Winding 

Using the circuit shown in Figure 5.32, some real PO signals were generated by applying a high 

voltage to the PO source (5) (needle-plane PO source) as shown in figure 4.2. The real PO pulses 

were injected into the interleaved disc winding of the transformer model in turn from ternlinal I to 

terminal 8 .. 

Interleav e d 
Disc Winding 

,= =:--.. 
~" . -

Plain 
Di sc Wi nding 

Transform er Mode l 

s ource 

RrCT 

'~" Os.i l.l,<;lscope 
(or Spectrum 

Anatyzer) 

Figure 5.32 Measurement circuit of injecting real PO signals into 

the transformer model system 
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For these tests the distance from the needle tip to the insulation pressboard of the PD source was 

1.5 mm Before the PD source was connected to the measurement system a 40k V voltage was 

applied to the bushing core bar, no evidence of PD activity was found and this means that below 

40kV the measurement system was PD free. 

When a high voltage is applied to the PD source, a partial discharge is generated and the 

corresponding voltage pulse travels to and is directly injected into the interleaved disc winding. 

One part of the PD signal will travel along the winding to reach the bushing core bar, and then pass 

out of the bushing tap. It finally arrives at the digital measuring equipment via a RFCT. Another 

part of the PD signal travels along the winding to reach the end of the winding and is finally 

detected by the digital measuring equipment via another RFCT. The digital equipment, including a 

digital oscilloscope, LC684DXL and an Agilent spectrum analyser, stores, analyses and displays 

the measured data to form frequency spectra and time domain waveforms. 

In this measurement the oscilloscope was set with 2M samples at 200MHzIs for 20ms (one cycle 

period of a 50Hz test voltage). The spectrum analyzer was set with a sweeping range from 10kHz 

to 200 MHz, and 20 average samples. The 60kV bushing is model 60HC755 . The RFCTs were 

respectively wrapped with a wire of three turns to improve their measurement gain. During the test 

a zero crossing detector was used as an external trigger, the trigger was synchronized to the 50 Hz 

test voltage. The test voltage was kept at 16kV and the transformer model was not filled with oil. 

• Time domain waveforms 

Figures 5.33 to 5.40 show the persistence figures over 1000 cycles of 50 Hz test voltage waveform. 

They were captured by using the oscilloscope. In each figure the upper waveforn1 was obtained at 

the bushing tap via a RFCT and the lower waveform was obtained at the end of the interleaved 

winding via another RFCT. In all cases the two RFCTs detected the injected PO pulses at either 

end of the winding. 
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Figure 5.33 Persistence plots when the PD was Figure 5.34 Persistence plots when the PD was 

injected at terminal 1 injected at terminal 2 
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Figure 5.37 Persistence plots when the PD was Figure 5.38 Persistence plots when the PD was 

injected at terminal 5 
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Figure 5.39 Persistence plots when the PD 

was injected at terminal 7 

injected at terminal 6 

Figure 5.40 Persistence plots when the PD 

was injected at terminal 8 

Observations from Figures 5.33 to 5.40 are as follows. When the real PD was injected at the J s l 

terminal, the magnitudes of the measured PD pulses at the bushing tap were bigger, but at the end 

of the interleaved disc winding the measured PD pulses were smaller. When the PD was injected at 

the 8th terminal, the magnitudes at the bushing tap were smaller; and at the end of the interleaved 

disc winding the magnitudes were bigger. 
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• Frequency spectra 

Figure 5.41 shows the frequency spectra measured using the Spectrum Analyzer at the bushing tap 

via a RFCT. Figure 5.42 is the frequency spectra measured using the Spectrum Analyzer at the end 

of the interleaved disc winding via a RFCT. They all correspond to the signals in Figures 5.33 to 

5.40. The spectrum at the each "0 position" on the both terminal axis is the frequency spectnun of 

background noise. They were measured separately at the bushing tap and at the end of the 

interleaved disc winding via RFCTs when the PO source was not energized. 
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Figure 5.41 Frequency spectra at the bushing tap via a RFCT 
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Figure 5.42 Frequency spectra at the end of the interleaved disc winding via a RFCT 
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Figures 5.41 and 5.42 show that the bandwidth of the transferred PO signals were up to 200 MHz 

corresponding to the bandwidth of the RFCT sensor. The majority of the transferred components of 

the PO signals had bandwidths of up to 50 MHz, but the signals over 50 MHz could still pass 

through the winding and the bushing. By comparing the two figures, one sees that the more 

components of high frequency over 50MHz were detected at the end of the winding . This is 

because the bushing attenuates the PO signals passing through it. 

5.4.2 PD Signals from the Oil-filled Transformer Model with the 

Interleaved Disc Winding 

In the test the same measurement circuit and procedure and instrument settings were used as the 

described in section 5.4.1, but with the transformer model filled with transfonner oil and the test 

voltage was maintained at 20kY. 

• Time domain waveforms 

Figure 5.43 Persistence plots when the PO 

was injected at 1st terminal 

Figure 5.45 Persistence plots when the PO 

was injected at 3rd tenninal 

Figure 5.44 Persistence plots when the PO 

was injected at 2nd tenllinal 
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Figure 5.46 Persistence plots when the PO was 

injected at 4th terminal 
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Figure 5.48 Persistence plots when the PD was 

injected at 6th terminal 
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Figure 5.49 Persistence plots when the PD was Figure 5.50 Persistence plots when the PD was 

injected at 7th terminal injected at 8th terminal 

Figures 5.43 to 5.50 were measured using the oscilloscope. They are persistence figures over 1000 

cycles of 50Hz test voltage. The upper waveform in each figure was obtained at the bushing tap via 

a RFCT and the lower waveform was obtained at the end of the interleaved winding via another 

RFCT. From these plots, it can be seen that when the PD was injected at the I ' t terminal, the 

magnitudes of measured PD pulses at the bushing tap were greater, but at the end of the interleaved 

disc winding the magnitudes were smaller. When the PD was injected at the 8th terminal the 

magnitudes of measured PD pulses at the bushing tap were smaller, but the magnitudes at the end of 

the interleaved disc winding were greater. 

• Frequency spectra 

Figure 5.51 shows the frequency spectra measured using the Spectrum Analyzer at the bushing tap 

via a RFCT. Figure 5.52 shows the frequency spectra measured at the end of the interleaved disc 

winding via another RFCT. The waveforms at the "0 position" on each terminal axis are the 
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frequency spectra of the background noise, which were measured separately at the bushing 1:c1.p and 

the end of the interleaved disc winding via RFCTs when the PO source was not energized . 
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Figure 5.51 Frequency spectra at the bushing tap via a RFCT 
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Figure 5.52 Frequency spectra at the end of the winding 

The majority of the transferred components of the PO signals have a bandwidth of up to 50 MHz, 

but the signals over 50 MHz could still pass through the winding and the bushing. By comparing the 
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both figures , 5.51 and 5.52, again it is apparent that high frequency components over 50MHz are 

transmitted to the end of the winding, but are then attenuated by the bushing when passing to the 

bushing tap point 

5.4.3 Single Pulses of the Transferred PD Signals from the Oil-filled 

Transformer Model 

Using the same measurement circuit and procedure and instrument settings as described in section 

5.4.1, but with the transformer model oil-filled and the oscilloscope set to 2500 sample points at 

500Ms/s, single pulses of the PD responses at the bushing tap and the end of the interleaved disc 

winding were captured via the RFCTs. 

Figure 5.53 shows the single pulses measured at the bushing tap via a RFCT; Figure 5.54 show their 

frequency spectra calculated directly by the oscilloscope. The single pulses measured at the end of 

the winding are shown in Figure 5.55, and their frequency spectra are shown in Figure 5.56. 

From Figure 5.53 and Figure 5.54, it can be seen that the single pulses at the bushing tap have 

similar time domain properties. These are formed due to the function of the bushing working 

together with the interleaved disc winding. The majority of the oscillating waves have low 

frequency components of several ten kHz. The higher frequency components are all superimposed 

on the low frequency waves . 
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Figure 5.53 Single pulses at the bushing tap via a RFCT when the PD signal was injected into the 

winding from 151 to 8th terminals 
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Figure 5.54 Frequency spectra of the single pulses at the bushing tap via a RFCT when the PD 

signal was injected into the winding from l SI to 81h terminals 
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Figure 5.55 Single pulses at the winding end via a RFCT when the PD signal was inj ected into the 

winding from l SI to 8th terminals 

Figure 5.55 and Figure 5.56 show that in the absence of the 60kV bushing, the output signals at the 

end of the interleaved disc winding were very different from those at the bushing tap . The majority 

of their components are low frequency oscillations. 

78 



-20 

~ -30 
Q) 

:] -40 
c 
0) 

~ -50 

-60 

( 

" . II 
... I ... I 

, I I I 

0' 

o , 

J , ~ .r . .-, 
,.. I ... I 

~ : ,.... I 

Termina ls 

- .... .. -

~ " - - .. - 
o 
o 

8 

o 

Frequency 
100MHz 

Figure 5.56 Frequency spectra of the single pulses at the winding end via a RFCT when the PO 

signal was injected into the winding from I st to 8th terminals 

5.5 Conclusions 

A disc type winding of a high voltage transformer has a frequency characteristic that shows an 

increase of the number of discs involved increases the attenuation at low frequencies. In this 

investigation this property was separately shown from 200Hz to IMHz for the interleaved disc 

winding and from 3 kHz to 2 MHz for the plain disc winding. 

The results for the both interleaved disc winding and plain disc winding showed that the frequency 

break points of peak resonances of the interleaved disc winding are lower than those of the plain 

disc winding, although both windings have identifical geometric sizes. For both windings, an 

increase of the number of the discs involved led to an increase in the magnitudes of their peak 

resonances, but in high frequency range the attenuation per section of each winding is small . 

Figure 5.57 shows a comparison of the frequency responses of the interleaved disc winding in both 

air and the non-oil tank when the calibration signals were in injected at terminal 5. The 

measurements were carried out separately using the measurement circuits as shown in Figures 5.3 

and 5.5. 

From Figure 5.57, it can be seen that the existence ofCg, (the capacitance to ground tank and core), 

and Gg (conductance of insulation loss to ground tank and core) causes attenuation of the injection 

signal at the first lowest resonance point. 
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Figure 5.57 A comparison of the frequency responses of the interleaved disc winding in air and in 

the non-oil tank, the signals were injected at terminal 5 
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Figure 5.58 A comparison of the frequency responses of the interleaved disc winding in the tank 

with and without oil, the signals were injected at terminal 5 

Transformer oil can improve signal transmission over the frequency range 20 kHz to 25 MHz. This 

can be deduced by comparing frequency responses measurements of the interleaved disc winding in 

the tank with and without oil (Figure 5.58). These measurement were carried out using the 

measurement circuit in Figure 5.5. 

In the transformer model system, the function of the bushing is obvious. Over the low frequency 

range it significantly attenuated the transfer of signals from its core bar to its tap point. But over the 

high frequency range the attenuation is limited. 
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PD signals can be transferred within the transformer model from a point on a winding to the bushing 

core bar. The higher frequency components of the PD signal can then pass through the bushing and 

be detected at the bushing tap. Furthermore, they can be captured using digital equipment via a 

RFCT. Although there must be some information loss during the PD signal transfer, the frequency 

components at several tens of MHz and up to 200 MHz can still be seen. The property of pulse 

groups superimposed on a 50 Hz cycle of a test voltage waveform can be preserved. 

The use of RFCTs as a sensor to detect internal PD activity within high voltage transformers has 

been validated. Additionally, the broad band signals generated by a internal discharge may be 

detected. It might be possible to determine discharge location each winding requires using at least 

two RFCTs - one at the bushing tap point and the other at the neutral-earth point, this conclusion is 

based on results shown in Figures 5.43-5.50. 

81 



Chapter 6 

Methods of Measuring, Monitoring, 

Recognizing and Locating Partial 

Discharges 

The properties of six typical PD signals which may occur within power transformers and their 

propagation characteristics from the bushing core bar to its tap point have been investigated. The 

frequency response, the impulse response and the real PD response of the transformer components, 

including a transformer bushing, RFCTs, transformer oil, an interleaved disc winding, a plain disc 

winding and a transformer model, have also been determined. Based on these results this chapter 

details a method to realize online measurement and monitoring of power transformers. Several 

software techniques to recognize and locate PD have been investigated. 

6.1 

Figure 6.1 shows a schematic diagram of a circuit for measuring partial discharge within an oil

filled power transformer. PD signals occurring near to or on a winding in a transformer must 

propagate along the winding or its lead to the core bar of a bushing connected to a winding phase. 

Of course this assumes that the discharge has enough energy to overcome attenuation due to the 

impedance of the coil. The bushing, as a capacitive component, passes the high frequency 

components of the PD signals without significant attenuation across to the bushing tap. As a sensor, 

a RFCT detects the high frequency signals of partial discharges via a primary coil connected to the 
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bushing tap. Measurement data are transferred via cable to a shielded box containing a penetrator 

wall to an oscilloscope, spectnun analyzer and computer. The filter box contains passive filters that 

are used to attenuate noise from FM, AM radio and mobile phones etc. 

Shielded box ----, 
Coax- , 

cable, 

I 
Coax ' Coax 

rotector'protector , 
Transformer ~ - -

Filter 

box 

Computer 

Oscilloscope 

Spectrum 
Analyzer 

Figure 6.1, Schematic diagram of measurement circuit 

An Agilent 4395A Network/Spectrum/Impedance Analyzer is used to analyze the frequency 

spectrum of the signals obtained using the RFCT The analyzer can determine the frequency 

spectrum from 10Hz to 500MHz. A signal amplifier with a frequency range from 0.01 to 1000MHz 

and an amplification gain of 20dB is used to amplify the obtained measurement signals . A digital 

Oscilloscope, LC684DXL, is used to display time-based waveforms and store raw data. A computer 

is used to process measured data. 

6.2 PD Recognition and Location from Patterns 

Chapters 3 and 4 have shown that PD signals have their own characteristics in both the time and 

frequency domains. These characteristics are, respectively, the positions of PO pulse groups on a 50 

Hz test voltage waveform and the bandwidth of the PO signals . 

For example, corona in air generally occurs at the peaks of the 50Hz test voltage wavefonn and have 

very regular pulse distributions and differences in magnitude in the two half cyclcs. Surface 

discharges in air normally occur in the advance peak of each half cycle of the 50Hz test voltage 

waveform and have frequency ranges up to 40MHz only. For oil-filled power transformers these are 

e>..1ernal partial discharges . They can be distinguished from other discharges according to their 

property patterns. 

Typical internal partial discharges are floating discharge and corona in oil (needle-plane discharge in 

oil) . Floating discharge signals appear in the advance of the two peak half cycles of a 50 Hz test 

voltage waveform with the magnitudes of the pulses being almost equal in both half cycles . Corona 
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in oil (needle-plan discharge in oil) generally occurs near the middle of the peak of each half cycle 

of a 50 Hz test voltage waveform, and the pulse groups in the two half cycles are similar in 

magnitude and shape. Their common characteristics are that their bandwidths are more than 50MHz. 

TIley are also easy to be observed on the pattern of a 50 Hz test voltage waveform and can be 

distinguished from others using bandwidth analysis. 

6.2.1 The Band-pass and High-pass Filters 

In general, captured PD signals from an energized high voltage transfonner will not only include 

internal partial discharges but e:\.1:ernal partial discharges as well. It is necessary to decompose or 

filter the cross-linked signals and to preserve internal signals. Based on the differences between the 

frequency properties of internal and external PD signals, two software filters to recognize PO signals 

from a measurement on a time domain waveform pattern have been designed. The filter programmes 

were compiled in the Matlab environment and process stored measurement data. This work was 

completed as a feasibility study, prior to taking actual field measurements. 

• The band-pass filter 

Band pass filter can be used to remove both low frequency and unwanted high frequency signals 

from the captured data. This allows suppression of AM-FM signals. Figure 6.2 is the principal 

pattern of a band-pass filter which was made up using an elliptic algorithm. The elliptic algorithm 

offers steeper roll off characteristics, but equiripple in both the pass- and stop-bands. 
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Figure 6.2 A band-pass filter (50 MHz-87MHz) [93] 

The Matlab command of the elliptic filter is [93]. : [b,a] = ellip(n,Rp,Rs, [wi w2]) This returns an 

order 2*n band-pass filter with pass-band between wI and w2 and Rp dB of ripple in the pass-band, 

and a stop-band Rs dB down from the peak value in the pass-band. It returns the filter coefficients in 
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the length n+ 1 row vectors b and a, with coefficients in descending powers of z. The filter transfer 

function is 

H(Z) = B(z) = b(1)+b(2)z -1 +···+b(n+l)z -n 

A(z) 1+a(2)z -1 +· · ·+a(n+l)z -n 
(6 .1) 

The normalized cut--offfrequency is the edge of the pass-band, at which the magnitude response of 

the filter is -Rp dB. For this filter, the nonnalized cut-off frequency w I or w2 is a number between 0 

and 1, where 1 corresponds to half the sampling frequency (Nyquist frequency) . Smaller values of 

pass-band ripple Rp and larger values of stop-band attenuation Rs both lead to wider transition 

widths (shallower roll-off characteristics) . 

In general, elliptic filters meet given performance specifications with the lowest order of any filter 

type. For this example, the data sampled at 500MHz, an eighth-order band-pass elliptic filter with a 

cut off frequency below 50MHz and over 87MHz was designed, which corresponds to a normalized 

value of 0.6, 3 dB of ripple in the pass-band, and 80 dB of attenuation in the stop-band. An 

application example of the software filter is described in Chapter 7. 

• The high-pass filter 
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Figure 6.3 A high-pass filter 
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High pass filters can be applied in field measurements to remove external lower frequency discharge 

signals, such as corona at the bushing heads . Figure 6.3 is a high-pass filter using the yulewalk 

function of the Matlab Signal Processing Toolbox [93]. The eighth-order digital filters provide a 

least-squares fit to a specified frequency response. [n the application of the filter the band edge 

frequency parameter is a vector of frequency points in the range 0 to 1, where 1 corresponds to half 

the sampling frequency (the Nyquist frequency). The first element of this vector must be 0 and the 

last element 1, and intermediate points must appear in ascending order. The magnitude parameter is 

a vector containing the desired magnitude response at the points specified in the band edge 
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frequency vector. The designed filter was eighth-order 50MHz high-pass . 

Figure 6.4 shows a discharge signal on a time domain waveform of a half cycle of a 50 Hz test 

voltage, which was measured using an oscilloscope at the tap of the 60kV bushing via a RFCT 

according to the circuit in Figure 4.1. The sample rate was set at 500ms/s. The outstanding pulse is 

a PD signal produced within the PD source of a needle-plane in oil (PD source 5 in Figure 4.2) when 

a 21kV voltage was applied. 
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Figure 6.4 A waveform of a half cycle of a 50 Hz test voltage 
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The single pulse is also shown in Figure 6.5. From this Figure, many high frequency pulses appear 

on the low frequency fundamental waveform. Figure 6.6 shows the frequency spectrum of the single 

pulse calculated using a Fast Fourier Transform in the Matlab programming environment. 
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Figure 6.5 The single pulse in Figure 6.4 

Figure 6.7 shows the result after the waveform in Figure 6.4 was filtered through the software filter 

shown in Figure 6.3. The magnitude of the outstanding pulse (PD signal) was much reduced due to 

its low frequency components being filtered out. 
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Figure 6.6 Frequency spectrum of the single pulse in Figure 6.5 
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Figure 6 .7 The filtered result for the waveform in Figure 6.4 

The spread of the single pulse (PD after filter) is shown in Figure 6.8. This is a division of a pulse 

group of high frequency components. Figure 6 .9 illustrates the frequency spectrum of the single 

pulse from a Matlab FIT calculation. 
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Figure 6.8 The single pulse in Figure 6.7 
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Figure 6.9 The frequency spectrum of the single pulse in Figure 6.8 

The efficiency of the software filter is that the higher frequency components above 50MHz were 

preserved. This conclusion can be drawn by comparing Figure 6.9 with Figure 6.6 . 

6.2.2 The filter for PD in Frequency Domain Patterns 

As described before, typical internal partial discharges, such as corona in oil (needle-plane discharge 

in oil) and floating discharge have higher bandwidths. This property can be used to recognise and 

locate PD signals. For example, if higher frequency components (e.g. above 40MHz) were directly 

obtained at a measurement point of a-phase, an internal PD can be considered to have occurred. 

A software filter compiled in the Matlab environment for filtering frequency domain signals has 

been developed. Figure 6.10 shows one result of the use of this filter to obtain the PD signal as 

shown in Figure 6.6 in frequency domain. 
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Figure 6.10 A frequency spectrum for the PD signal in Figure 6.6 
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6.3 Wavelet Analysis for Recognizing PD [93, 95]. 

In the signal decomposition by wavelet analysis the approximations A and details D are often 

mentioned when the signal is separated into low and high-frequency components. The 

approximations are the large-scale, low-frequency components of the signal. The details are the 

small-scale, high-frequency components of the signal. An example of a basic filtering process to 

achieve this decomposition is shown in Figure 6.11, -where the signal, S, is passed through two 

complementary-power filters and emerges at two signals. 

s 

I 

Ib I Filters I I L I 
Lowpass Highpass 

I I 

A 0 

Figure 6.11 The wavelet analysis as a low and high-pass filtering process. 

This decomposition process can be iterated, with successive approximations being decomposed in 

tum, so that the signal is broken down into many lower resolution components. This is called the 

wavelet decomposition tree. In this version of the tree, the detail signals are not decomposed further. 

In the example of Figure 12, three levels of approximations are computed, each with a factor of the 

two less bandwidths than the one above. At each level, a detail signal is also e)o..'tracted, containing 

the high-frequency components of the approximation above it. 

High Frequency Details 
(Limited by Bandwidth 

or Sample Rate) 

Low Frequency 
Information (Limited by 

Record Length) 

Figure 6.12 Analysis of a signal by a wavelet decomposition tree. [93] 
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A complete set of coefficients, in terms of reconstruction ability, consists of the set of all 

termination branches of the decomposition tree, e.g. A3; D3 ; D2 and Dl. 

The process can be reversed, reuniting the signal into its original form . The encoding process can be 

applied to the signal more than once, analyzing the trend waveform with the wavelet in the same 

manner as the original signal. In essence it uses the wavelet function to redistribute the infoIDlation 

in the signal, over multiple resolutions . Tlus redistribution is the key to the usefulness of wavelet 

analysis . The analysis by wavelets can effectively perfonn what is thought of as a Fourier-type 

function resolving a signal into constituent waves of different frequencies [93] . 

The wavelet analysis application in the following two sections quotes the method of Oaubeclues 

Wavelets: dbN. The dbN are the names of the Oaubechies family wavelets, where N is the order, 

and db the "surname" of the wavelet [93]. 

A wavelet analysis programme based on the Oaubechies Wavelets: dbl0, leading to the detail of the 

decomposed signal into the Levell, 2, 3 and 4, was used to decompose a PO signal . The software 

was compiled under Matlab programming environment. Figure 6.13 and Figure 6.14 show the 

results of using the software to deal with the PO signal shown in Figure 6.4. Where signals in Figure 

6.14 are the spread of the outstanding single pulses in Figure 6.13 . 

. :: 1-1-------..,: 1 ______ O_r_ig_in~:-I -S-ig-n-a--l1 

O.05r---+----
o ____ _____________ ~eveI1 

-0 .05 

°:1 
> 
E Level 2 
Q) 

<::l 
~ -c 
Ol 
ro -0 .2 
~ 

:1 
Leve l 3 

-1 

°:1 
-0 .2 : I 

:Level4 

0 2 4 6 8 10 
Tirnes ,rn s 

Figure 6.13 The wavelet analysis for the signal on a half cycle of a 50 Hz test voltage 
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In Figures 6.13 and 6.14 the decomposed approximations are neglected, the decomposed details of 

the PD are shown. These are the high frequency components decomposed by the wavelet analysis. 

This indicates that the PD signal consists of different frequency components. So the wavelet analysis 

can clearly determine the components of a measured signal, and can be considered as a software tool 

for the PD online analysis. 
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Figure 6.14, Spread single pulses for the outstanding pulses in Figure 6.11 

6.4 Distinguishing PO from a Multi-PO waveform 

Figure 6.15 shows the multi-PD measurement circuit. A corona discharge source as shown in Figure 

4.2 (1) was used. Its metal plate electrode was connected to the 60 kV bushing core bar. A PD 

source of the needle-plate in oil (as shown in Figure 4.2 (6» was connected to the bushing core bar. 

When 26 kV was applied to the two PD sources, the discharge signal occurring at the corona 

discharge source and the PD source of the needle-plate in oil were directly injected into the bushing 

at the same time, and then are detected by the RFCT. The time-based waveform across a 50 Hz 

cycle (20 ms) of the test voltage shown in Figure 6.16 was obtained using the oscilloscope. The 

sample rate was set with 250 ms/s. 
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Figure 6.15 A multi-PO waveform measurement circuit 
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Figure 6.16 A multi-PO waveform 

16 18 20 

In Figure 6.16, the corona discharge group on the negative half cycle can be recognized by 

observation. The bigger magnitude pulses on the middle of the positive half cycle may include the 

positive corona discharge signals and the discharge signals from the needle-plate discharge sourcc. 

The bigger magnitude pulses on the middle of the negative half cycle may also be the signals from 

the needle-plate discharge source. 

6.4.1 The Application of a Band-pass Filter 

Using the band-pass filter described in the section 6.2.1 , the measured signal shown in Figure 6.16 

was filtered with the bandwidth between 40 MHz and 100MHz. The result is shown in Figure 6.17 . 

Referring to the properties of the partial discharges for a needle-plate PO source (Chapter 4), the 

preserved pulses might be PO signals from the needle-plate discharge source. From the results 

obtained the feasibility of this approach is questionable. The filter does remove external corona 

signals, but also compromises the measurement of internal discharge. 
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Figure 6,17 The filtered waveform for the Multi-PO waveform 

6.4.2 The Application of Wavelet Analysis 

The same wavelet analysis method as described in the section 6.3.1 was used again to analyse the 

multi-PO signal shown in Figure 6.16. The result is shown in Figure 6.18. 
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Figure 6.18 The wavelet analysis for a multi-PO waveform 
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The analysed results show that the bandwidth of the corona discharge has the components of the 

lowest frequency, so they always appear in the approximation figures . The pulses on all the detail 

figures correspond to high frequency signals that are decomposed from the approximations. 

Referring to the properties of the needle-plate discharge in oil as described in Chapter 4, the pulses 

on the detail figures should be the PO signals from the needle-plate PO source. 

6.5 Software Compensator in the frequency Domain 

The signals presented on Figure 6.6 were transferred from bushing core bar via a RFCT. The 

frequency response properties of the bushing and RFCT are shown in Figures 3.2 and 3.5, and 

indicate the attenuation degree when signals propagate between the bushing core bar and RFCT. 

Based on analysis for the data of the frequency spectra of the bushing and the RFCT, a sofhvare 

compensator was designed using Matlab. Using this software compensator the measured frequency 

domain signals at the bushing tap via a RFCT were amplified by the compensator, thereby 

compensating for the attenuation caused by the bushing and RFCT and reduced background noise 

signals . Thus, the frequency spectrum situation of the real signals at bushing core bar can be 

approximated. 

Figure 6.19 shows the efficiency of the software compensator is shown. The red curve is the 

compensated measurement from Figure 6.6. The blue curve is the background noise. The results 

disclose the "real" frequency content of the PO signals occurring at the bushing core bar. 
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6.6 Transformer Models for PD Location and Characterisation 

Mathematical models based on the physical properties of a transformer do exist [34, 37]. However, 

they are only applicable over a reduced frequency range (up to 10 MHz). The RFCT sensor can 
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detect discharge signal frequencies up to 200 MHz and there is no suitable physical-based model to 

simulate this process. Based on the assumption that a transfoDner has linear-time invariant 

properties, it is feasible to describe it using a transfer function. The transfer function may be 

obtained from frequency response measurements. 

Knowledge of the transfer function combined with measurements at more than one point may be 

used to develop tools for locating and quantifying a discharge source within the transfonner itself. 

Due to different sources, PD signals have very different modes and propagation characterisations 

within a transfonner or transfonner winding. To trace and 3l1alyse PD characteristics within 

transfonner windings and establish the relationship between PD propagation patterns and the PD 

location, some simulation methods have been investigated. Previous research has focused on 

transformer windings and neglected the influence of sensors and measurement positions, 

furthennore, the frequency ranges of these investigations are limited to around 2 MHz. 

In this section a Black Box Model method, based on frequency domain signal measurements and 

mathematical analysis using Matlab/Simulink programming, is introduced. 

6.6.1 Computation Principle [96] 

Without reference to the internal structure of a transfonner, the complicated frequency response of 

the transfonner system can be expressed in general as in following a fractional polynomial of the 

Laplace operator, s, or the assumption that S =jw. 111is is based on the assumption that the 

transfonners characteristic is linear time-invariant in the frequency domain [88, 96]. 

A complex transfer function with first 3l1d second order's zeros and poles can be detem1ined using 

fonnula6.2. In this fonnula, K is the system gain, and W; is the break-frequency of the zeros 3l1d 

poles. e-sT allows for the effect of a time delay. The value of the time delay can be determined by 

plotting phase against frequency (not log of frequency), and measuring the negative slope of the 

resulting straight line. 

n1 112 
(6.2) 

KTI (S+aJ1JTI (S2 +~laJ2;S+aJ2/)e-ST 
;=1 ;=1 

ml rn2 

I1 (S + (t)lj) I1 (S2 + ~2aJ2j + (U2] 2) 

;=1 ;=1 

95 



Where, Z(s) is the fractional polynomial of s for zeros; and P(s) is the fractional polynomial of s for 

poles. 

If s is equal to jm, then 

If X(s) is an impulse voltage waveform, the response waveform is computed in the polynomial form. 

Y(s) =G(s) X(s) (6.3) 

Where Y(s), G(s) andX(s) form an open loop system. 

The above equation can be transformed into a time domain analytical function, therefore, a response 

of the injected impulse can be obtained. 

The gain K(m) and phase ~m) of the overall transfer function can be written as sums of the gains, or 

phases respectively for the individual terms: 

. I 
K(OJ) = L K Zi (OJ) + 2: K PJ (OJ), KZi (OJ) = 2010giZi (jOJ)i ' K PJ (OJ) = 2010g . 

PJ (jOJ) 

To derive the transfer function, the following rules were used: 

• First order zeros and poles transfer function 

Zero transfer function 

e(m) 

Figure 6.20 Bode plot of first order 

zero transfer function [96] 

Pole transfer function 

T(s)=~ 
s+OJo 

A.(!il)] 
wt 3dB 

Figure 6.21 Bode plot of first order 

pole transfer function [96] 
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• Second order zeros and poles transfer function 

Zero transfer function 

I 

~12dPj/o~t':l<'f' 

("":fJJdB/de::i!&~) 

8(lil) 
+lBO<I-----~~--

Figure 6.22 Bode plot of second order 

zero transfer function [96] 

Pole transfer function 

-91)" 1--------1 

bg(ro) 

-12r.lBiocmve 
(..:wclB·&r.dde) 

-1 G1}0f-------""---

Figure 6.23 Bode plot of second order 

pole transfer function [96] 

In the Figures 6.20-6.23, Wo is the break frequency of the zero or pole. The plots are dravm for a 

positive Wo. If Wo is negative, the gain plots remain the sanle, but the phase will be decreasing for 

the left side plot and increasing for the right side one. Rules for drawing high-order Bode plots are 

[94, 96]: 

• Compute T(O) and, based on the obtained value, detennine K(O) and ~O). 

• Decompose the transfer function into first and second order tenus. Represent on the 

frequency axis the critical values where the Bode plots will change. 

• The changes in the Bode plots are: 

(1) Each first order term at the numerator (zero) will increase the slope of the gain plot 

with 20dB/decade, while each first order term at the denominator (pole) will decrease 

the slope of the gain plot with 20dB/decade. 

(2) Each second order term at the numerator (complex conjugate zeros) will cause a drop 

ofQ dB at (Do and an increase in the slope of the gain plot of 40dB/decade, while each 

second order term at the denominator (complex conjugate poles) will introduce a peak 

ofQ dB at 0)0 and a decrease in the slope of the gain plot of 40dB/decade. 

(3) Each zero located in the left half plane will introduce an increase in the phase of 90°, 

while each pole located in the left half plane will decrease the phase by 900. If the zero 

is located in the right half plane, it will decrease the phase. If the pole is in the right 

half plane it will increase the phase. 

• If there are one or more singularities (poles or zeros) located at 0)=0, the initial value of 
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the gain K(O) will be ±oo and the initial slope of the gain plot is not OdE/decade, but is set 

by the number of poles or zeros at ar=0. 

6.6.2 Transfer Function of the Transformer model 

Based on the above theory, usmg a Matlab program to calculate and analyze the frequency 

spectrum data measured on the interleaved disc winding transformer model system without oil 

(Figure 5.8), a transfer function, Formula 6.4, for the interleaved disc winding transformer model 

without oil was derived. Figures 6.24 and 6.25 compare the simulated and measured spectra of the 

transformer model system in magnitude and phase. 
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Figure 6.25 Phases of the simulated and measured frequency spectra of the transformer model 

In this investigation, the measurement was at the bushing tap VIa a RFCT and the injection point 

was at terminal 8. The cables were considered as parts of the system and not excluded by 

calibration. The Agilent network analyzer was set with a measurement range from 10kHz to 200 
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MHz, 20 average sample and 3 kHz sample bandwidth. 

In Figures 6.24 and 6.25, the blue curves are the measured magnitude and phase responses of the 

transformer model system. The red curves are the simulated magnitude and phase responses that 

were calculated and simulated using the transfer function of Equation 6.4. The calculation and the 

derivation of the transfer function were all IDlder the Matlab progral11ll1ing environment. 

F(s) = 

(3. 631e-224 sl\64 - 2. 86ge-214 sl\63 + 1. 136e-204 sl\62 
- 3.09ge-195 sl\61 + 6.602e-186 sl\60 -1.162e-176 sl\59 
+ 1. 737e-167 sl\58 - 2. 24ge-158 sl\57 + 2. 557e-149 sl\56 
- 2. 577e-140 sl\55 + 2. 32e-131 sl\54 - 1.878e-122 sl\53 
+ 1. 373e-113 sl\52 - 9.101e-105 sl\51 + 5. 492e-096 sl\50 
- 3.024e-087 sl\49 + 1.523e-078 sl\48 - 7.023e-070 sl\47 
+ 2. 97e-061 sl\46 -1.152e-052 sl\45 + 4.104e-044 sl\44 
-1.342e-035 sl\43 + 4.028e-027 sl\42 -1.10ge-018 sl\41 
+ 2.8e-010 sl\40 - 0.06477 sl\39 + 1.371e007 sl\38 
- 2. 653e015 sl\37 + 4. 685e023 sl\36 - 7. 53ge031 sl\35 
+ 1.104e040 sl\34 -1.467e048 sl\33 + 1. 765e056 sl\32 
-1.926e064 sl\31 + 1. 885e072 sl\30 - 1. 674e080 sl\29 
+ 1. 341e088 sl\28 - 9.191e095 sl\27 + 6. 563e1 03 sl\26 
- 2.814e111 sl\25 + 2. 362e119 sl\24 - 2.8e126 sl\23 
+ 6. 355e134 sl\22 + 7. 686e141 sl\21 + 1.138e150 sl\20 
+ 2. 296e157 sl\19 + 1.115e165 sl\18 + 1.941el72 sl\17 
+ 5.065e179 sl\16 + 6.053e186 sl\15 + 1.05e194 sl\14 
+ 8.07e200 sl\13 + 9.821e207 sl\12 + 4.403e214 sl\l1 
+ 3.502e221 sl\lO + 7. 218e227 sl\9 + 1. 562e234 sl\8 
+ 2. 513e240 sl\7 + 1. 668e246 sl\6 + 2. 211e252 sl\5 
+ 2. 667e257 sl\4 + 2.814e263 sl\3 - 2. 533e264 s1\2) *e-sT

/ 

(3.002e-277 sl\69 + 2. 93e-267 sl\68 + 1.474e-257 sl\67 
+ 5.105e-248 sl\66 + 1. 362e-238 sl\65 + 2. 97e-229 sl\64 
+ 5.481 e-220 sl\63 + 8. 765e-211 sl\62 + 1. 234e-201 sl\61 
+ 1. 548e-192 sl\60 + 1. 745e-183 sl\59 + 1. 78e-174 sl\58 
+ 1. 651 e-165 sl\57 + 1.39ge-156 sl\56 + 1. 086e-147 sl\55 
+ 7. 75e-139 sl\54 + 5.0ge-130 sl\53 + 3.083e-121 sl\52 
+ 1. 724e-112 sl\51 + 8.912e-104 sl\50 + 4. 26e-095 sl\49 
+ 1. 885e-086 sl\48 + 7. 717e-078 sl\47 + 2. 925e-069 sl\46 
+ 1.026e-060 sl\45 + 3. 332e-052 sl\44 + 1.001e-043 sl\43 
+ 2. 77ge-035 sl\42 + 7.12ge-027 sl\41 + 1. 68ge-018 sl\40 
+ 3. 68ge-010 sl\39 + 0.07426 sl\38 + 1. 375e007 sl\37 
+ 2. 34e015 sl\36 + 3. 654e023 sl\35 + 5.223e031 sl\34 
+ 6. 826e039 sl\33 + 8.13ge047 sl\32 + 8. 838e055 sl\31 
+ 8. 722e063 sl\30 + 7.805e071 sl\29 + 6. 31ge079 sl\28 
+ 4. 617e087 sl\27 + 3.035e095 sl\26 + 1. 7ge103 sl\25 
+ 9. 432e11 0 sl\24 + 4.426e118 sl\23 + 1. 841e126 sl\22 
+ 6. 763e133 sl\21 + 2. 182e141 sl\20 + 6. 168e148 sl\19 
+ 1. 525e156 sl\18 + 3.263e163 sl\17 + 6.201 e170 sl\16 
+ 9. 838e177 sl\15 + 1. 445e185 sl\14 + 1. 655e192 sl\13 
+ 1.874e199 sl\12 + 1.48e206 sl\]] + 1. 254e213 sl\lO 
+ 6. 257e219 sl\9 + 3. 558e226 sl\8 + 9.311e232 sl\7 
+ 1. 884e239 sl\6 + 3. 1 68e245 sl\5 + 3. 1 14e251 sl\4 
+ 2. 621e257 sl\3 + 1. 577e263 sl\2 + 2.071e268 s + 1e274) 

Where T= 2.6432e-008 

(6.3) 
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6.6.3 Verification for the Transfer Function 

A very fast pulse as shown in Figure 6.26, generated using the HP 8082A pulse Generator, was 

injected the transformer model system at the terminal 8. The output at the bushing tap was 

measured and is shown in Figure 6.27 (blue curve) using an oscilloscope. The condition of the 

transformer model system was the same as described in section 6.6.2. The measurement circuit was 

the same as shown in Figure 5.20. The corresponding frequency response of the model system 

including cables is shown in Figure 6.24. 

The same pulse data as in Figure 6.26 was used as the input, X(s) in Equation 6.3 to compute the 

output Y(s) of the Function described by Equation 6.4. A simulated output was obtained and is 

shown in Figure 6.27 (red curve) . The simulation procedure was carried out w1der the 

Matlab/Sirnulink programming environment. Figure 6.26 obviously shows that the transfer 

function produces and output estimate that is very similar to the measured signal. 
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6.7 Conclusions 

In tIns chapter, a principle of measurement and monitoring of partial discharge within oil-filed 

power transformers is introduced. This principle is based on the fact that partial discharges within a 

transformer may transfer along a 'winding and its lead to a bushing core bar. Furthermore, the 

partial discharge signal may pass through the insulation layers of the bushing to the bushing tap 

point. In the system, a sensor, for example, a RFCT, can be used to detect output signals at busl1ing 

tap point, digital equipment can be used to store, analyze and display measured data. 

In order to distinguish partial discharge signals from measured signals, a few software tools based 

on Matlab programming environment have been developed. By application of the frequency filter 

functions of these software tools in either time domain or frequency domain, the high frequency 

components of partial discharge signals can be recognized from a measured signal. 

Based on mathematic analysis, frequency domain signal measurements and Matlab/Simulink 

programming environment, a Black Box Model method to build up a transfer function of a 

transformer model has been developed. The result indicates that the frequency range of the transfer 

function constructed by using this method can reach 200 MHz or more. Tl1is is an important 

development as it may allow PD analysis (location, magnitude) based on a frequency response 

measurement to develop a transfer function combined with sensor-based measurements to detect 

internal partial discharges. 
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Chapter 7 

Partial Discharge Measurement on the 

Power Auto-Transformer SGT3A at the 

Northfleet Substation 

Having established the validity of using wide-band RFCTs to measure internal discharges within a 

high frequency transformer, field trials have been undertaken on the SGT3A transformer. The 

purpose of there trials was to establish if PD could be detected and discriminated from external 

sources of noise and then to establish whether the source of any PD activity could be identified. 

7.1 Test Object and Measurement Method 

Rated Power (MY A) 500/250 

Rated Voltage (kV) 400/275/(13) 

Vector Symbols YyO 

Age(yrs) 37 

Table 7.1 SGT3A properties 
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The auto-transformer SGT3A (photo 7.1) on Northfleet substation was made in 1965 . Its relevant 

properties are shown in Table 7.1. 

Photo 7.1 the auto-transformer SGT3A 

From dissolved gas analysis it has been apparent that the transformer had been producing 

discharges or partial discharges for some time. From December 1992 to August 1993, there were 

serious intemal discharges with power follow-through. It was possible that the breakdown of oil 

has occurred between the windings or coils or between the coils and earth. The DGA analysis for 

data from November 1993 to February 2002 showed evidence of internal partial discharge activity 

with a high energy density. During this time, a great deal of carbon dioxide (C02) and monoxide 

(CO) had been generated. This indicates that cellulose materials (insulation materials in thc 

transformer) were damaged due to the discharge or partial discharge activity [40]. 

The measurements were carried out using the schematic diagram of the measurement circuit shown 

in Figure 6.1 , Chapter 6. Figure 7.1 shows the measurement circuit applied on-site. 

On-site, a 30 meter ethernet cable was used to connect RFCTs contained in metal boxes to the 

shielded box. Figure 2.5 illustrates the frequency response of the RFCT with a 30 meter cable 

attached. For on-site measurements, RFCTs with 3 turns on the primary were used at the 275kY 

bushing taps of a, b and c-phases. The other ends of the primary coils were cOfmected to earth via 

the metal box that contained the RFCTs and were fixed on to the bushing flanges. Photo 7.2 shows 

the connections. In addition, a RFCT was placed around the neutral to earth point. 
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To Digital 
Equipment 

Figure 7.1 , the measurement on Northfleet SGT3A auto-transformer 

Photo 7.2 the RFCT Box with a RFCT 

The capacitance of the 275kV bushing on the auto-transformer is 900pF. Figure 2.1 compares of 

the simulated frequency response of the 275kV bushing with those of a 60kV bushing and three 

other capacitors. The results indicate that the 275kV bushing has low impedance at high frequency. 

Signals above 2 MHz can pass through the bushing to its tap . 

7.2 Background Noise Measurements at Northfleet Substation 

During the period when the background noise measurements were undertaken the transformer was 

not energised using the schematic diagram shown in Figure 6.1, Chapter 6 and the measurement 

circuit shown in Figure 7.l. 
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7.2.1 Spectra of Background Noise 

Spectra of background noise obtained at 6pm on 21 May 2002 are shown in Figure 7.2. The curves 

are the averaged results of 200 continuous sample sweeps measured using the Spectrum Analyzer. 

In this test, no external hardware filtering was applied. 

There are significant noise signals below 20I\1Hz and between 88I\1Hz and 105 MHz. The noise 

below 20 MHz may include corona signals induced by the bushings or the bus bars connected to 

them, which act like antennas. The corona might be produced by the neighbouring energized 

transformers or high voltage equipment on on-site. The signals between 88MHz to 105MHz are 

FM radio signals. 

Background Noise 

Figure 7.2, Background noise obtained when the transforn1er was de-energised 

7.2.2 Time-based Background Noise Measurements 

Time-based measurements of background nOIse were obtained using the oscilloscope. A zero 

crossing detector was used as an external trigger which was set 12 degrees (0.67ms) in advance of 

the 50 Hz waveform of the c-phase of the transformer. The sample rate of the oscilloscope was 

250M/s; the signals of all phases were detected separately. Figure 7.3 shows the results merged 

into the same figure. In this test, no external hardware filtering was applied. 

Although there was much noise (induced corona and radio signals, Figure 7.2), Figure 7. 3 indicate 

there is no significant pulses on the time-based waveforms. This means that the noise signals cover 

the whole cycle and have limited magnitudes throughout the cycle. 
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Figure 7.3 , Background noise measurements 

7.3 On-line Measurements 

7.3.1 Spectra of Signals and Analysis 

Figure 7.4 shows the measured frequency spectra of signals obtained from the energized 

transformer using the Spectrum Analyzer. In this case there are significant frequency components 

below 20 MHz. there are some signals between 20MHz and 100 MHz. 

M ea sured S igna ls o n a , b , c a nd Neutra l 

Frequen cy Hz 

Figure 7.4 Spectra of signals; when the transformer was energized 
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Figure 7.S compares the spectra between measured signals (Figure 7.3) and the background noise 

(Figure 7.4) . The scale of magnitudes is in '\l.V". From Figure 7.S , there are obvious signals 

between below SO MHz on a, b and c-phase and the neutral that were produced after the 

transformer was energized. Some signals between SOMHz and 88MHz were detected for b and c

phases. Some signals on the same frequency range were obtained from the Neutral and were 

induced or transferred from a, b or c-phases. If the signals below SO MHz were considered as the 

corona or external surface discharge, the signals beyond SO MHz on b or c-phase could be 

considered as internal PD signals . 
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Figure 7.S Spectra comparison between measured signals (red curves) 

and background noise (blue curves) 

2.0 

7.3.2 Time-based Signal Measurements and Analysis 

Figures 7.6 and 7.7 are the time-based signals obtained for one SO Hz cycle (20 ms) of the 

operating voltage of the transformer. They are persistence figures measured over 1000 cycles, 

detected using the LC684DXL oscilloscope. Figure 7.6 is for c and a-phases, Figure 7.7 is for c 

and b-phases. The signals were pre-filtered using a SOO kHz high pass, S40 kHz-1.6MHz band stop 

and 88MHz-I08MHz band stop filter. The Oscilloscope filter was set to 200MHz low pass. 

Amplifiers were not used. A zero crossing detector was used as an external trigger, the trigger 

leading the c-phase of the transformer by 12 degrees . 
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Figure 7.8 Measured signals on the neutral 
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7.3.2.1 Analysis for the a-phase 

With reference to Figures 7.6 and 7.7, the signal Dl on a-phase pattern was a typical corona 

occurred on the a-phase bushing or the equipment cOlmected to it. The D2 and D3 were the 

induced or transferred signals of the signal D 1 respectively on the c-phase and b-phase. The signal 

C2 was induced or transferred from corona C3 of b-phase. The signals A3 and B2 were induced or 

transferred from signal Al and Bl of c-phase. The signals F, G and H in Figure 7.6 had greater 

magnitude with smaller number, and might obviously occurred on c-phase due to the magnitudes 

of them on c-phase are greater. 

These signals F, G and H have similar properties to the needle-plane discharge measured in the 

laboratory. Possibility is that these signals were not surface discharges or corona, (refer to the 

analysis for the c-phase data) because they do not have the properties of the both e:ll..1ernal 

discharges. So they should be internal partial discharges occurring between the high voltage 

electrode and earth electrode or a lower potential electrode 

7.3.2.2 Analysis for the b-phase 

The analysis method used for a~phase can be used to analyse the b-phase. In Figure 7.7 the signal 

D3 was transferred or induced from the corona signal Dl on the a-phase. The signal C3 was the 

corona occurring on the b-phase. The signals A4 and C3 were from the corona signals on the c

phase. As there was no shielding between the b-phase bushing and the c-phase bushing, also 

between the b-phase bushing and the a-phase bushing, the coupled signals on phases a and c were 

almost as large. 

The signals El and E2 in Figure 7.6 are similar to signals F G and H, but they were produced on 

the b-phase. Its sporadic and unsteady properties correspond to the needle-plane discharge 

measured in the laboratory. It is not likely that tillS is discharge signals produced outside of the 

transformer; it is more likely that it is an internal PD signal. 

7.3.2.3 Analysis for the c-pbase 

With reference to Figures 7.6 and 7.7, tile signal Bl is a typical of a corona discharge. It was 

produced by an external high voltage electrode onto the transformer either on the 275kV bushing 

head of the c-phase or on some neighbouring equipment connected to the 275 kV busbar of c-phase. 

The signal B2 in Figure 7.6 and B3 in Figure 7.7 were induced or propagated from Bl. Comparing 

these two wave shapes, B2 is smaller than B3; this is because the b-phase bushing is between the c

phase and the a-phase. The b-phase bushing not only induced the B 1 signal, but also shielded the 

B 1 signal from its reaching the a-phase bushing. Another possible way for signal B 1 to travel to the 
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b-phase bushing or the a-phase bushing is inside the transformer, along the bushing core-Iead

winding-lead-neutral-Iead-winding-Iead-bushing core. For phases b and a, the routes are roughly 

equivalent for a high frequency signal. The high frequency signal propagating along these two 

paths should experience attenuation [40]. The similar analysis for signals D2, A2, Al and Cl can 

be made, and they were all induced or transferred from the other nvo phases. 

The signal F, G and H in Figure 7.6 do not belong to the any corona signal group, although there is 

some crosslinking between them, their sporadic and unsteady properties corresponded to an 

needle-plane discharge Therefore these signals could be internal PD signals. 

7.4 Conclusions 

There are evidences of PD activities in all three phases of the auto-transformer. The spectrum 

analysis shows that on the all three phases and the Neutral there were obvious discharge signals 

below 88 MHz. If the signals below 50 MHz were considered as the eAiernal corona or surface 

discharges, these signals between 50 MHz and 88 MHz on the b-phase and c-phase could be the 

evidences of PD activity. It is most likely that there are PD sources in c-phase or b-phase or 

somewhere near to them inside the transformer. 

The analysis for the time-based waveforms of a, b and c phase also found that the typical internal 

discharge signals (the needle-plane discharge in oil) occurred on b-phase and c-phase, and the 

typical external corona occurred on all three phases. All these signals could be transferred or 

induced between them and the Neutral. 

The measured results had shown that the measurement principal and system shown in Figure 6.1 

and Figure 7.1 can detect PD signals on-site. The bushing taps can be considered as the available 

points to obtain the PD signals within power transformers. Wideband RFCTs can be used as 

sensors to detect PD signals at transformer bushing taps. 

In this measurement, only the 275kV bushing taps and neutral were detected via RFCTs. Future 

measurements should also monitor the 400kv bushing taps. Then more accurate judgements and 

conclusions can be deduced. 

There is a need to further develop data processing tools, so that data can be efficiently analysed on

site. 
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Chapter 8 

Measurements of High Frequency Signal 

Propagation within the Transformer 

Model at UMIST 

F rom 4th _6th of August, 2002, an investigation into the propagation characteristics of high 

frequency signals within a transformer model was carried out at the High Voltage Laboratory of 

UMIST. 

The transformer model used for the test is a single-phase, dry-type, distribution transformer. It has 

a capacity of 1600kVA and a high voltage rating of llkY. The transformer model includes whole 

construction parts of a real dry-type distribution transformer. The only difference from a real 

transformer is that its low voltage winding is an earthed metal cylinder instead of a wound 

conductor. The H.V winding is a plain disc arrangement. No bushing is required as the model 

operates at low voltage and is a dry-type transfonner. The transformer model was designed and 

manufactured in 1987 at GEe Distribution Transformers Ltd. In the test, the model transformer 

was considered as a normal power transformer 

The aim of the test was to understand the propagation characteristics of high frequency signals 

(including PD signals) within the transformer model (winding) and to verify the measurement 

principle developed in Chapter 6. 
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Photo 8.1 Transfonner model Photo 8.2 Transformer model 

8.1 Schematic Diagram of Measurement Circuit 

Figure 8.1 shows the main schematic diagram of the measurement circuit. In the circuit, a 50kY, 

330pF capacitor (C) was used to simulate a transfonner bushing. As sensors, two RFCTs, each 

with a 3 turn primary coil, were used to detect the transferred signals at the two ends of the high 

voltage winding as shown in Figure 8.1. 

Shielded box D 

Oscilloscope 

Figure 8.1 Schematic diagram of the measurement circuit 

In theory, the PD signals injected into the winding of the transfonner model may propagate along 

the winding and its end leads to reach the measurement points; the RFCTs detect the signals and 
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pass them via ethernet cables to the oscilloscope, spectrum analyzer and computer contained in a 

shielded box. 

An Agilent 4395A NetworkiSpectrumlImpedance Analyzer was used to analyze the frequency 

spectrum of the signals obtained via RFCTs. It can determine the frequency range from 10Hz to 

500MHz. Signal amplifiers with a frequency range from 0.01 to 1000MHz and an amplification 

gain of 20dB were used to amplify the obtained signals. A digital Oscilloscope, LC684DXL, was 

used to display time-based waveforms and store raw data. A Pentium ill 450 MHz computer was 

used to process measured data. During the test, a zero crossing detector was used as an e:>..1:ernal 

trigger. The trigger was considered as having near synchronization with the 50 Hz waveform of the 

test voltage. 

Two kinds of PD sources were used in the test. PD source "1 " was used to produce corona. In this 

discharge system, there was an earth needle point aimed at a disc of the winding of the transformer 

model with about 3 mm of air gap. A high voltage was applied to the top end of the winding du ring 

test. PD source "2" was a discharge system designed to produce floating partial discharges in oil. 

During tests, a high voltage was applied to the needle point of the set. Another electrode (low 

potential) of the system was connected to the measuring point within the winding to inject the PD 

signals into the winding. 

8.2 Background Noise 

When the transformer model and PD sources were not energized, the circuit shown in Figure 8.1 

was used to measure the background noise in both the frequency and time domains. The amplifiers 

were not used in the test. 

8.2.1 Frequency Spectrum 

The frequency spectrum of the background noise in the High Voltage Laboratory of UMIST is 

shown in Figure 8.2, and was obtained using the Spectrum Analyzer. 
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Figure 8.2 Frequency spectra of background noise 
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The signal around 1 MHz is AM radio; the signals between 4-12 MHz, around 138MHz and 

IS3MHz are noise signals; the signals between 88-102MHz are FM radio signals. During the test 

the Spectrum Analyzer was set with lOHz-200MHz ranges; a sample bandwidth of 30Hz and a 16 

average sample 

8.2.2 Time-based Waveform 

The time-based measurements of backgrOlmd nOlse were obtained usmg the oscilloscope, 

LC684DXL. The sample rate of the oscilloscope was 2S0M/s . The measurement results are shown 

in Figure 8.3. Figure 8.3 indicates that although there is the background noise of Figure 8.2, there 

are no significant pulses within the time-based waveforms. 
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Figure 8.3 Time-based wavefonn of background noise 

8.3 Measurements of the Propagation Characteristics of 

Signals 

Due to the electrical parameters of a transformer winding, the magnitude of a high frequency signal 

travelling within the winding must be reduced by attenuation, and the high frequency components 

of the signal could have a loss. TIlis section describes the investigation into the propagation 

characteristics of a lligh frequency signal within a transformer winding. 

8.3.1 The Propagation of a Single Pulse 

Before the test a calibrated measurement for a pulse was undertaken using the following method: A 

very fast pulse (as shown in Figure 8.S) was generated using the 8082A Pulse Generator. The 

frequency response of the pulse is shown in Figure 8.6. The measurement was obtained by 

injecting the pulse directly into the oscilloscope. Figure 8.6 shows that the bandwidth of the input 

pulse is approximately SOOMHz. 
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This test was carried out using the circuit shown in Figure 8.4. In the circuit a 220pF capacitor was 

used to simulate the transformer bushing. A digital oscilloscope, LC684DXL, was used to display, 

analyse and store the pulse output obtained at different measuring points. The pulse shown in 

Figure 8.5 was injected into the transformer model winding at the upper end of the capacitor. TI1e 

measuring points were at the IS
\ 2nd

, 4th, 8th, 16th, 64th and 68th discs of the model winding. 

Pulse ~ 50~ 

-"-- ! -L 2~OpF -

1 
2 

Transforme Osilloscope 

Figure 8.4 Measurement circuit for a single pulse injected into the model 
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Figure 8.5 a single pulse injected into the model 
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Figure 8.6 Frequency spectrum of the single pulse shown in Figure 8.5 
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The Figures 8.7 and 8.8 show the measured wave shapes and the frequency responses at each 

measurement point. 
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Figure 8.7 Time domain waveforms at various measurement points 
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Figure 8.8 Frequency spectra at various measurement points 

The measured waveforms in Figure 8.7 indicate that with changes of measuring position the output 

is attenuated. The more discs between the point of injection and the point of measurement, the 

greater the attenuation. There is a time lag between the first and last output signals . But for 

frequency spectra shown in Figure 8.8, all are very similar. It is therefore likely that high frequency 

signals pass through the winding of the transformer model whereas lower frequency signals are 

more attenuated. 
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8.3.2 The propagation of corona signals 

In the section the propagation characteristics of simulated corona within the transformer winding at 

UMIST is introduced. An earthed copper bar with a needle point was used as a corona source. 

8.3.2.1 Frequency Spectra 

This test was carried out using the corona source and Spectrum Analyzer in the circuit shown in 

Figure 8.1. When a 3.2kV voltage was applied to the top of the winding, corona discharge 

occurred around the needle point of the corona source. The corona signals were transferred to 

another electrode of the discharge system (respectively the 10th disc and the 24th disc of the 

winding). High frequency components of the corona propagated along the winding and its leads, 

reaching RFCTI and RFCT2 where data was captured using digital equipment contained within a 

shielded box. Figures 8.9 and 8.10 compare of the frequency spectra of the background noise with 

the corona signals detected via RFCTI and RFCT2. In this test no hardware filters and amplifiers 

were used. 
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Figure 8.9 Frequency spectra of background noise and transferred corona 

at discs 10 and 24, measured via RFCT 1 
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Figure 8.10 Frequency spectra of background noise and transferred corona 

at discs 10 and 24, measured via RFCT2 
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All signals over 40MHz can be considered as e,,1:emal noise. The signals from 88 to 10 8 MHz are 

FM radio signals. The signals below 40MHz are from the corona signals transferred from the 

injected positions, as well as some background noise. 

8.3.2.2 Time-based Waveforms 

Time-based waveforms as shown in Figure 8.11 were measured via RFCT1 and RFCT2 and were 

stored using the oscilloscope. . Figure 8.12 shows a persistence figure over 1000 cycles for the 

two measured signals. 
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Figure 8.11 Corona discharges, the discharge signals were injected at disc 10 
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Figure 8.12 Persistence figures of corona discharges, 

the discharge signals were injected at disc 10 

During the test the applied voltage was 3.2kV and a zero crossing detector was llsed as an external 

trigger. The trigger was considered as being in synchronization with the 50 Hz ac test voltage. The 

sample rate of the oscilloscope was set to 250M/s. The obtained signals were the attenuated signals 

from the corona discharge source injected into the winding at disc 8. The signal detected was 

typical of corona discharge generated from a low potential electrode (the earthed needle point in 
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the discharge system). Its typical characteristic is that discharges appear not only when the needle 

point is of positive polarity, but also when it is of negative polarity. However, when the needle 

point is of positive polarity the discharge magnitudes are greater and there are fewer discharges. 

When the needle point is of negative polarity the discharge magnitude is small but there are more 

discharges . Corona discharge pulses are observed around the peaks of the test voltage. Comparing 

the two waveforms detected via the RFCTs, it can be seen that the magnitudes of the pulses 

detected via RFCT1 are about twice that detected via RFCT2. Also, at the bottom end of the model 

winding, the PD signals in the positive half cycle are almost obscured by noise 

Figure 8.13 shows the measured time-based waveforms when the corona signals were injected into 

the 24th disc of the model winding. In the test a 3.2kV voltage was applied. Figure 8.14 shows the 

persistence figure of 1000 cycles of the transferred signals . 
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Figure 8.13 Corona discharges, the discharge signals were injected at disc 24 
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In Figure 8.15 a single pulse and its frequency spectrum, sampled during negative half cycle, are 
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shown. The frequency spectmm indicates that the bandwidth of the measured signal is about 

50MHz. 
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Figure 8.15 a single pulse and its frequency spectmm of corona discharge, 

sampled during negative half cycle as shown Figure 8. 13 

8.3.3 The Propagation of Floating Discharge Signals 

In the section the propagation characteristics of simulated floating discharge signals within the 

transformer winding at UMIST is introduced. A earthed copper bar with a needle point was used as 

a corona source 

8.3.3.1 Frequency Spectra 

This test was carried out using the floating discharge source and the Spectmm Analyzer as shown 

in Figure 8.1. When a 9kV voltage was applied to the needle point electrode of the floating 

discharge source, floating discharge occurred due to the metal particles immersed in oil. The 

floating discharge signals then transferred to the low potential electrode of the discharge system, 

which was connected to the 10th or 24th disc of the model winding 
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Figure 8.16 Frequency spectra of background noise and transferred floating 

discharges at discs 10 and 24, measured via RFCT I 
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The high frequency components of the floating discharge signals propagated along the winding and 

its leads to RFCTI and RFCT2, and were detected by digital equipment contained within the 

Faraday box. In this measurement the signals were pre-filtered using hardware filters of 500 kHz 

high pass, 540 kHz-1.6MHz band stop and 88MHz-108MHz band stop. The Oscilloscope filter 

was set to 200MHz low pass . Figures 8.16 and 8.17 compare the frequency spectra of the 

background noise and floating discharge signals detected via RFCTI and RFCT2. 
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Figure 8.17 Frequency spectra of background noise and transferred floating 

discharges at discs 10 and 24, measured via RFCT2 

8.3.3.2 Time-based Waveforms 

Using the floating discharge source and oscilloscope in the measurement circuit shown in Figure 

8.1 , the time based waveforms as shown in Figures 8.18 were measured via RFCT I and RFCT2. 

The test voltage applied to the floating discharge source was 9kV. The sample rate of the 

oscilloscope was set to 250M/s. During the test the floating discharge signals were injected into the 

winding at disc 8. 
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A persistence figure over 1000 cycles is shown in Figure 8.19. In Figure 8.20 a single pulse and its 

frequency response, sampled during negative half cycle, are shown. The bandwidth of the 

measured signal is greater than 500MHz. 

Results obtained from injecting the PD signals into the 24th disc of the model winding are shown in 

Figures 8.21. During the test the applied voltage was IOkV. 

A persistence figure over 1000 cycles of data is shown in Figure 8.22 . In Figure 8.23 a single pulse 

and its frequency response sampled in the negative half cycle of the applied test voltage are shown. 
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Figure 8.19 Persistence figures of floating discharges, 

the discharge signals were injected at disc 10 
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Figure 8.20 a single pulse and its frequency spectmm of floating discharge, 

sampled during negative half cycle as shown Figure 8.18 
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8.4 Frequency Response Analysis of the Transformer Model 

The measurement circuit as shown in Figure 8.1 includes a \vinding, a capacitor (simulating a 

bushing) and hvo RFCTs. The previous investigation indicates that they have very different 

influence to propagation characteristics of a high frequency signal or a PD signaL The 

measurement result using the circuit shown in Figure 8.1 is a cornmon function of the above three 

parts. This section introduces the test research on propagation characteristics of high frequency 

signals within the three parts and the relationship between them. The tests were undertaken using 

the Nehvork Analyzer 

8.4.1 Frequency Response Analysis offhe Transformer Model Winding 

Using the circuit sho\vn in Figure 8.24 a frequency response measurement for the model winding 

was undertaken. The Network Analyzer was set with a lOHz-500MHz gain range; a sample 

bandwidth of 30Hz and a 16 average sample. The result is shown (red curve) in Figure 8.28. 
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Figure 8.24 Frequency response measurement circuit for the model winding 

8.4.2 Frequency Response Analysis of the Capacitor 

Using the circuit shown in Figure 8.25 the frequency response measurement for the capacitor 

(330pF, 50kV) was carried out. The Network Analyzer was set with a lOHz-500MHz gain range; a 

sample bandwidth of 30Hz and a 16 average sample. The result is shown (blue curve) in Figure 

8.28. Results obtained below 200Hz are distorted by measurement noise. 

c 
Network Analyzer 

Figure 8.25 Frequency response measurement circuit for the capacitor 
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8.4.3 Frequency Response Analysis of Two RFCTs in Series 

Using the circuit shoV\'11 in Figure 8.26 the frequency response measurement for the nvo RFCTs 

connected in series (each has a three turn primary coil) was undertaken. In the test the Network 

Analyzer was set with a IOHz-500MHz gain range; and a sample bandwidth of 30Hz and a 16 

average sample. The result is shoV\'11 (black curve) in Figure 8.28. Again results obtained below 

200Hz are distorted. 

Network 
Analyzer 

Figure 8.26 Frequency response measurement circuit for the RFCTs 

8.4.4 Frequency Response Analysis of the Whole Transformer model 

Using the circuit sho\,.ln in Figure 8.27 the frequency response measurement for whole transformer 

system was undertaken. The Network Analyzer was set with a lOHz-500MHz gain range; a sample 

bandwidth of 30Hz and a 16 average sample. The result is shoV\'11 (green curve) in Figure 8.28. 
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Figure 8.27 Frequency response measurement circuit for the whole transformer model 
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Figure 8.28 Comparison of frequency spectra 

In Figure 8.28, the model of winding (pink curve) was obtained by using the frequency rcsponse of 

the whole system (green curve) minus the sum of the frequency response of the capacitor (blue 

curve) and the frequency response of the two RFCTs in series (black curve) . From Figure 8.28, the 

modelled curve and the measured curve of the winding have a good agreement over 60kHz. 

8.5 Comparison of the Frequency Response at Various Points 

within the Transformer Model 

Using the circuit shown in Figure 8.29, multi-point measurements of the frequency response of the 

model winding were undertaken. The Network Analyzer was set with a 1 OHz-500MHz gain range; 

a sample bandwidth of 30Hz and a 16 average sample. The measured positions were at the 2nd
, 4th

, 

8th
, 16th

, 64th and 68th discs of the model winding. Results were obtained as shown in Figure 8.30 . 
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Figure 8.29 Measurement circuit for frequency response at variOlls points 
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The frequency response below 200Hz is distorted due to the measurement noise and inaccuracy. 

The frequency response for discs near to the capacitor (2- L 6) is strongly influenced by the 

capacitor characteristic. Measurements from more distant discs (64, 68) show a significant effect 

due to the presence of the winding. 
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Figure 8.30 Frequency spectra measured at various points, the calibration signal 

was injected at the far end of capacitor 

When the calibration signal was injected into the winding at the end furthest from the capacitor, 

responses were obtained as shown in Figure 8.31 . Above 500 kHz, the frequency responses were 

similar at aU the measurement points . This means that the winding readily transfers signals over 

500 kHz. 
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Figure 8.31 Frequency spectra measured at various points, the calibration signal 

was injected at the bottom end of the winding 
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8.6 Conclusions 

Experiments have sho"m that the high frequency components of a pulse can propagate through the 

UMIST transformer model. Propagation is dependent on the magnitude of the pulse and the 

impedance characteristics of the transfer path. The results shown in Figure 8.8 reveal that every 

part of the model winding has a similar ability for propagating high frequency components of the 

injected pulse. This has been verified using frequency response analysis as sho·wn in Figure 8.8. 

Results for PD injection (Figure 8.7) show that the further the pulse travels before detection the 

greater the attenuation and propagation time. 

Background noise can be detected using the measurement system shown in Figure 8.1. Generally, 

background noise can be isolated using the frequency spectrum measurement method. As shO\\'n in 

Figure 8.2, results indicate that the noise frequency spectra have obvious properties which can be 

filtered using a hardware filter on-site or a software filter in the data analysis system. 

Measurements indicate (Figure 8.3) that the noise bandwidth is very large, but there are distinct 

pulses appearing in the time-based wavefoffil. This characteristic can be used to distinguish noise 

from other signals. 

In Figures 8.9 and 8.10, the comparisons of the frequency spectra of the propagation characteristics 

of corona are shown. Combined with results shown in Figure 8.15, the following conclusion can be 

made: the bandwidth of corona is about 50MHz under these experimental conditions. 

In Figures 8.11, 8.12, 8.13 and 8.14 typical time-based wavefonns of corona discharges are shown. 

These discharges occurred at a low potential electrode (the needle point was earthed) and with a 

near electrode system. 

In Figures 8.16 and 8.17, the frequency spectra compansons between the propagation 

characteristics of floating discharges in oil are shown. Combined with results shown in Figures 

8.20 and 8.23, the following conclusion can be made: The bandwidth of floating discharge is about 

200 MHz under these experimental conditions. 

In figures 8.18 and 8.19 and 8.21 and 8.22, typical time-based waveforms offloatL.'1g discharges in 

oil are shown. The obtained results are as expected for this discharge source. 

A frequency spectrum comparison has been completed as shown in Figure 8.28. For the 

transformer model system, the influence of the capacitor and RFCTs on signal attenuation is 

significant. The winding also influences signal propagation, but its influence depends on winding 

construction and the distance that the signal has to travel. 
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Chapter 9 

Discussion, Conclusion and Future Work 

9.1 Discussion 

The ability of a bushing to pass high frequency signals from its core bar to its bushing tap point has 

been investigated experimentally. The bushing contains concentric stress relieving foils that act 

capacitively, providing a graded electric stress across the bushing at power frequency. Very high 

frequency signals on the bushing core effectively see a low impedance path to ground. It is 

possible detect these signal components at the bushing tap either by placing an impedance between 

the tap point and the earth and measuring the voltage dropped across it or by using a current sensor 

to detect the current flowing from the bushing tap point to ground. The latter choice is preferable 

because under fault conditions the impedance between the bushing tap point and earth must be as 

small as possible. 

Thus, if the bushing tap point is a suitable location for VHF PO detection, it is important to 

establish whether high frequency components from an internal discharge can propagate to the 

bushing core bar and hence be detected. Using a model of a HV transformer winding (having two 

possible configurations; a plain disc winding and an interleaved disc winding) this has been 

investigated experimentally. Different PO sources have been applied to the model and 

measurements obtained. These measurements have been compared to those obtained using 

conventional electrical detection (to IEe 270) and generally indicated that a suitable sensor placed 

at the bushing tap can detect some of the frequency components present in the discharge signals. 
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The frequency spectrum of the winding shows that at fre4quency above 20 MHz the inter-winding 

capacitance dominates, and consequently, there is little attenuation as the number of winding discs 

between the PO source and measurement point increases. Below 20 MHz signals propagate 

through the winding and are attenuated by each additional winding disc. 

TIus property of the winding rnay be utilized to determine PO location providing that it is possible 

to detect the coupled signals at the bushing tap point and the neutral to earth point simultaneously. 

Having experimentally established in the laboratory that the measurement technique is feasible, 

possible application in the field has been considered. This has led to the initial development of 

some software tools for post processing of measured data. From this work it has been established 

that the use of software filtering is limited. However, wavelet analysis has some potential. 

Tile feasibility of developing a transfer function to describe the whole model used in laboratory 

tests has also been undertaken. Results obtained are highly promising. The model has a relative 

degree of 5 and 69 poles. Linear system theory can be applied because this transfer function 

accurately represents the system (no non-linearities, or time delays). A block diagram of the system 

is shown in Figure 9.l. Frequency response analysis measurements are routinely used by utilities to 

assess the condition of transformer windings, and consequently tllls data may be used to generate a 

suitable transfer function. In the case of an in internal discharge the sensors placed at the neutral

earth point and bushlng tap point provide time-based signals that represent the propagated PO 

signal. 

Neutral to 
Earth Point 

(Input) 

Part 
Winding 

PD 
Source 

Part 
Winding 

Internal 
Disturbance 

Coupled 
Components 

Bushing 

External 
Noise 

Figure 9.1 A block diagram of a linear system for a transfer function 

Bushing 
Tap Point 
(Output) 

It is possible that these signals may be used in conjunction with the transfer function to deternline 

PO location and magnitude, by using a least means squares recursive algorithm or possibly 

applying genetic algorithms. This is a possible direction for future research. 

Field measurements undertaken at NGT Northfleet and UMIST have further validated the 

measurement approach. The major limitation is that assessment of PO activity is largely 

determined by the analysis of persistence figures. This allows immediate identification of possible 

internal partial discharge, but has limited value off-site. 
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9.2 Conclusion of this thesis 

The previous investigations described in Chapter 2 indicate that the partial discharges within oil

filled power transformers have special properties. These properties can be expressed in pattern 

charts of discharge parameters including quantities of partial discharges, energy of partial 

discharges, inception and extinction voltage of partial discharges. Usually, in the identification of 

partial discharges these parameters are illustrated in the time or frequency domains. Relying on 

modem digital technologies, the monitoring, measurement, localization and recognition techniques 

for partial discharges within transformers have greatly improved. These techniques include the 

applications of new materials and devices and the development of new analytical techniques. 

Based on the summary and analysis for previous work, this thesis provides a new and more closely 

practical technique to realize partial discharge on-line measurement and monitoring of power 

transformers. The essential principle of the technique is: 

Considering the transformer bushing taps as available measuring points and using high frequency 

sensors (for example, RFCTs) to detect signals transferred from transformers at these points, then 

using digital equipment to analyse the collected data to distinguish possible partial discharge 

signals from noise, furthermore to allow PD diagnosis and localization. 

The relevant properties of different partial discharges (such as corona, surface discharge floating 

discharges etc.) detected at transformer bushing taps were investigated in this project. Different 

partial discharges have very different bandwidths and very different pattcrns of pulse groups in the 

time domain. For example, floating discharges and corona discharges in oil have bandwidths 

greater than 50 MHz and external corona always occurs at the middle of the half cycles of the 50 

Hz test voltage. Consequently, these properties can be used to distinguish internal partial 

discharges from e:h.1:ernal partial discharges. 

TIle investigation into a 60kV trallsfonner bushing indicates the bushing is capacitive between its 

core bar and its tap. TIle high frequency components of a partial discharge signal can readily pass 

through it. The properties of transferred partial discharge signals in the frequency and time 

domains can reflect the situation of the partial discharge on the bushing core bar. A transformer 

bushing tap can be considered as a reliable position to make measurements and to monitor partial 

discharges within transformers in the high frequency region. 

The investigations into the frequency and impulse responses of transformer windings shows that 

partial discharge signals can transfer within them. The main properties of the partial discharges in 

the frequency and time domains can be preserved during this transfer. This was verified by 

injecting real partial discharges into the windings. 
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The frequency responses of the transformer model system (including bushing and RFCT) of Figure 

5.9 or Figure 5.10 show that it is easier for signals with frequency between 1 MHz to 10 MHz to 

transfer from a point on a winding to a bushing tap. This was verified in most of the tests in which 

pulse and real PD signals were injected into the model (see Chapter 5). For this reason the main 

waveforms of the responses to the injection pulse and real PD signals within the transfon11er model 

system were dominated by the waveforms ex'tending not only over several MHz but several tens of 

MHz. 

The measurement and monitoring principle for oil-filled power transformers, proposed in Chapter 

6, is feasible. The on-site application of this method on to the auto-transfon11er SGT3A at 

Northfleet Substation West London has proved its practicality. The tests on a transformer model in 

UMIST (Chapter 8) also gave good verification results. The main advantage of this principle is that 

no alterations to the transformer are required. It is therefore a very valuable method for assessing 

transformers actually in operation. 

9.3 Recommendations for Future Work 

In Chapter 6 a method using a transfer function to simulate a transfonner system was suggested. 

The method of "designing" a black box with the required measured frequency spectrum builds up a 

transfer function of a transformer system and brings a prospect of locating PD sites within a 

winding. This is by combining the transfer function with that of a winding. The location of a partial 

discharge on the winding can then be formed (in principal at least) from measurements at a bushing 

tap. 

To combine this approach with some simulation algoritIm1s for transformer windings, the 

localization of PD within windings may be resolved. But up until now, tIle resolution of the 

simulation algorithms of the transfer function of transformer windings is limited to no more than a 

2MHz bandwidth. To investigate and develop new algorithms to simulate a winding in the high 

frequency region up to 200MHz or more is necessary. 

Figures 4.12, 4.17, 4.30 and 7.8 show that the PD components over 50MHz may have very smaller 

magnitudes and even less than that of background noise. On a time-based pattern chart they may 

therefore be buried in the background noise signals. Therefore, it is necessary to develop software 

programs to remove background noise and preserve valuable signals in the time domain. A good 

resolution of this problem will lead to a software tool which can automatically distinguish PD 

signals from noise. 

The PD measurement principle mentioned in this thesis is viable, but the cost of the digital 

equipment required is high and unacceptable. Considering that they are all laboratory devices and 
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have many functions surplus to this application, a neVi specialized measurement tool could be 

developed in the future. This device must preserve the necessary functions for PD measurement, 

but its cost could be much reduced. 

The wavelet analysis for the multi-PD waveform can be eAiended to the three-Dimension statistical 

analysis. The 3-D wavelet analysis in the PD recognition on the multi-cycle-wavefomls must be 

more efficient and directly. But at present it is difficult due to the huge computation as overhead. 

For example, a single cycle data file sampled at 250 MHz components is 80 Mb long. If a thousand 

cycles of data are collected a hard drive of over 80 Gb must be used. If considering the 

computation process this is unacceptable. So, new calculation methods for statistical analysis and 

data mining should be developed. 
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Appendix A 

Transformer Model Construction 

The windings of the transformer model was designed and produced by Alstom Transformer 

and National Grid Company. In order to more accurately reveal PD characteristics, the 

windings were re-designed 31ld rebuilt into a transformer model. 

The IEC 27260 was carried out during the remould. The final power frequency withstanding 

voltage for the oil-filled model is 20Kv, below this voltage the transformer model is partial 

discharge free. 

Core Design 

A core of a transformer is generally constructed using ferromagnetic materials, for example, 

silicon steel plates. The existence or not of a core in a transformer must seriously influence 

the capacitance of a winding to ground, and also influence other winding parameters, such as 

inductance. But for a research project focusing on propagation characteristics of high 

frequency signals within in a transfonl1er model the core can be considered using a metal 

cylinder, the negative influence due to the use of the metal cylinder can be neglected. Under 

this consideration, a core made of a metal cylinder was designed to support the windings .. 

Winding design 

The windings provided by Alstom had a plain disc winding and an interleaved disc winding. 

But the four shield rings were all made of alumina foil. This will lead to discharges even 

when a low voltage was applied to them. Four new shield static rings were used instead of the 

foil static rings in the model. TIle new rings made of metal plates; 31ld the metal plates were 

rounded and wrapped with crepe insulation paper to guarantee that they were PD free under 

high voltage. The overall dimensions of the windings were unaltered. 

Tank design 

A plastic tank was used. To simulate the state of a real transfonner tank, the top, bottom, 

inner-wall inside the barrel t3llk is screened using metal plates. So the parameters of the 
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transfornler model, such as, capacitance of a \vinding to tank wall, capacitance of the ends of 

windings to ground are similar those for a real transformer. 

Construction Parameters 

Number of discs per winding 

Number oftums per disc 

Total number of turns per winding 

Mean length of per tum 

Width of spacers 

Radial depth of disc 

Physical axial length of per winding 

Width of the conductor 

Height of the conductor 

Duct dimension between two adjacent discs 

Thickness between the end disc and static ring 

Thickness of static ring 

Turn insulation 

Inside diameter of winding 

Outside diameter of winding 

Distance from winding to the outer wall of tank 

Distance from winding to the inner core 

Distance from upper static ring to bottom 

Distance from lower static to top pressure plate 

Total mass 

14 

14 

24 

1810 mm 

40mm 

851roll 

150mm 

3.0mm 

7mm 

3.0mm 

3.0mm 

5.0mm 

1.0mm 

475mm 

650mm 

100mm 

50 nun 

50mm 

50mm 

730 kg 
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Appendix B 

Construction Data of the UMIST Transformer Model 

1. H.Y. winding data 

Length of means tum 

Width of spacers 

Radial depth of disc 

Physical length of winding axially 

Width of the conductor 

Height of the conductor 

The thickness of the temrinal disc to ground 

The thickness of two adjacent discs 

Intertum insulation thickness 

Number of discs per winding 

Number of turns per winding 

Total turns: 

1709 mm 

38mm 

23mm 

949mm 

2.5mm 

6.5mm 

6.35 mm 

6.35 mm 

0.5 mm 

72 

8 

558 

Arrangement of turns a11d discs: 7 g tum per disc for 1st -28th and 45th -72nd; 

7 :g tum per disc for 29th _32nd and 41 st _44th; 

6 162 tum per disc for 33rd -40th. 

L.V. 
W Indln 

9 

Core 

:H.v.Wlndln g : 

I Insulation I 
I pressboard I 

I 
I 
I 
I 
I 
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Appendix C 

Matlab Code 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Simple Plot in Time Domain % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% this program can be used to illustrate 
% a plot constructed with ascii codes. 

clear all; close all; 

load filename.txt( dat) -ascii; 
[n,m J=size(filename); 
x=samplerate*(l :n)ln; 

figure(l); 
plot(x,filename ); 
xlabelCTime, ns'); 
ylabelCMagnitude, V'); 
title(Pulse'); 

% Load data file; 
% Calculate sizes of the data file; 
% Scale of x axis; 
% samplerate: sample rate of the data file; 

% Plot "filename"; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Simple Plot in Frequency Domain % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% this program can be used to illustrate 
% a plot constructed with ascii codes. 

clear all; 
close all; 

load filename. txt( dat) -ascii; 
[n,m J=size(filename); 
x=samplerate*(l :n)/n; 

figure(l); 
semilogx(x, filename); 
xlabel(Frequency, Hz); 
ylabelCMagnitude, dB'); 
title(' Spectrum'); 

% Load data file; 
% Calculate sizes of the data file; 
% Scale of x axis; 
% samplerate: sample rate of the dat file; 

% Plot "filename"; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% FFT Plot (Power spectrum) % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% this program can be used to calculate FFT of a ascii file 
% and to plot it in power spectrum. 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

clear all; close all; 
load filename. txt( dat) -ascii; 
[n,m]=size(filename); 
f=samplerate*(1 :nl2)/n; 

y=fft(filename); 
yy=(y. *conj(y))/n; 
figure(l); 
plot(f,yy(l :nl2)); 
title(,Power spectrum'); 
xlabel(,F requency ,MHz'); 
ylabel(,Magnitude, u W'); 

% Load data file; 
% Calculte sizes of the data file; 
% Scale of x axis; 
% samplerate: sample rate of the dat file; 
% FFT Calculation 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% FFT Plot (magnitude in dB) % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% this program can be used to calculate FFT of a ascii file 
% and to plot it magnitude in dB. 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

clear all; close all; 
load filename. txt ( dat) -ascii; 
[n,m]=size(filename); 
f=samplerate*( 1 :nl2)/n; 

y=fft(filename ); 
yy=(y. * conj(y))/'O. Sin; 
dByy=yy/yy(max); 
figure(l); 
plot(f,dByy(1 :nl2)); 
titleC spectrum'); 
xlabel('Frequency,MHz'); 
y label('Magnitude, dB '); 

% Load data file; 
% Calculte sizes of the data file; 
% Scale ofx axis; 
% samplerate: sample rate of the dat file; 
% FFT Calculation 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Transfer Function and Bode plots Creater % 
% for a transformer model system % 
% (the circiut cable is not calibrated) % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% This program can be used to create two bode plots (amplitude and phase) 
% You can refer to measured bode plots to edit and adjust follow file to 
%produce a simulation transfer function, therefore get bode plots 

% Witten by Baojia Han for his PhD project 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

clear all; close all; 
load f/temp/SIMDLATIONIEEEEE.txt -ascii; 
load f:itemp/SIMDLATIONIEEEEA.txt -ascii; 

K=lQl"-4.895; 
pO=lOe3*2*pi; 
pl=44.1e3*2*pi; p2=16.6e4*2*pi; p3=28.7e4*2*pi; p4=14.2e5*2*pi; 
p5=17.3e5*2*pi; p6=21.0e5*2*pi; p7=27.0e5*2*pi; p8=35.8e5*2*pi; 
p9=59.4e5*2*pi; plO=88.3e5*2*pi; pll=12.3e6*2*pi; p12=16.0e6*2*pi; 
p13=17.ge6*2*pi; p14=28.5e6*2*pi; p15=33.8e6*2*pi; p16=39.ge6*2*pi; 
p17=50.5e6*2*pi; p18=65.0e6*2*pi; p19=74.7e6*2*pi; p20=87.2e6*2*pi; 
p21=12.3e7*2*pi; p22=15.6e7*2*pi; 

zO=lO.Oe3*2*pi; 
zl=62.ge3*2*pi; z2=17.3e4*2*pi; z3=28.ge4*2*pi; z4=14.ge5*2*pi; 
z5=18.3e5*2*pi; z6=21.4e5*2*pi; z7=29.7e5*2*pi; z8=48.8e5*2*pi; 
z9=75.5e5*2*pi; zlO=10.8e6*2*pi; zll =13.ge6*2*pi; z12=17.8e6*2*pi; 
z13=26.0e6*2*pi; z14=30.6e6*2*pi; z15=37.1e6*2*pi; z16=45.2e6*2*pi; 
z17=61.2e6*2*pi; z18=71.0e6*2*pi; z19=78.3e6*2*pi; z20=95.ge6*2*pi; 
z21=13.8e7*2*pi; z22=19.1e7*2*pi; zzlO=97.ge5*2*pi; 

qp1=0.08; qp2=0.09; qp3=O.075; qp4=0.090; qp5=0.17; qp6=0.055; 
qp7=O.23; qp8=O.093; qp9=0.225; qplO=0.05; qpl1 =0.105; qp 12=0.21; 
qp13=0.610; qp14=0.52; qp15=0.19; qp16=0.08; qp17=0.53; qp18=0.37; 
qp19=0.175; qp20=0.14; qp21=0.27; qp22=O.16; 

qzO=0.28; 
qz1=0.075; qz2=0.085; qz3=O.067; qz4=0.063; qz5=0.22; qz6=O.064; 
qz7=1.12; qz8=0.40; qz9=0.37; qz10=0.09; qzll =0.080; qz12=0.17; 
qz13=0.085; qz14=0.058; qz15=0.036; qz16=0.05; qz17=0.08; qz18=0.055; 
qz19=0.073; qz20=0.04; qz21=0.047; qz22=0.29; 
qzz10=0.19; 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
N=[];X=[];y=[];x=10/\4; 

while x<=2 * 10/\8, 
s=i*x*2*pi; 

y=K*(sIz0)/\2 .... 
* «sIzIY2+qzl *slzl + 1) ... . 
*«sIz2Y2+qz2*sIz2+ 1) ... . 
*«sIz3Y2+qz3 *sIz3+ 1 )*(sIz3+ 1 Y 1 .... 
*«sIz4Y2+qz4*sIz4+ 1) ... . 
*«sIzSY2+qzS * s/zS+ 1) ... . 
*«sIz6)/\2+qz6*sIz6+ 1 ) ... . 
*«sIz7Y2+qz7*sIz7+ 1) ... . 
*«sIz8Y2+qz8*sIz8+ 1) ... . 
*«sIz9Y2-qz9*sIz9+ 1 )*(sIz9-l) .... 
*«slzl OY2+qzl O*slzl 0+ 1 ) .... 
*«slzzI0Y2+qzzl0*slzzI0+ 1) .... 
*«sIzIIY2+qzll *slzll+I) ... . 
*«sIz12Y2+qzI2*sIz12+ 1) ... . 
* «slz 13 Y2+qz 13 *slz 13+ 1) ... . 
*«sIz14Y2+qzI4*sIz14+ 1) ... . 
*«sIzISY2+qzlS*sIzIS+ 1) ... . 
*«sIz16Y2+qzI6*sIz16+ 1 )*(sIz16-1 Y2 ... . 
*«sIz17Y2+qzI7*sIz17+ 1)*(sIz17-1 Y2 ... . 
*«sIz18)/\2+qzI8*sIz18+ 1 )*(sIz18-1 Y2 ... . 
*«sIz19Y2+qzI9*sIz19+ 1)*(sIz19-1Y2 ... . 
* «sIz20Y2+qz20*s1z20+ 1)*(sIz20-IY2 ... . 
* «sIz21 Y2+qz21 *s1z2I + 1 )*(sIz2I-IY2 ... . 
*«sIz22Y2+qz22*sIz22+ 1 )*(sIz22-IY2 ... . 
*exp( -s/zI 0*2*pi)*exp(sIzIl *2*pi)*exp(-sIzI3 *2*pi)*exp(sIz14*2 *pi) .... 
/«(s/pI Y2+qp 1 *s/p 1 + 1) .... 
* «s/p2Y2+qp2*s/p2+ 1 )*(s/p2+ 1 Y 1.. .. 
*«s/p3Y2+qp3*s/p3+ 1)*(s/p3+ 1 )AI .... 
*«s/p4Y2+qp4*s/p4+ 1) .... . 
*«s/pS)A2+qpS*s/pS+ 1) ... . 
*«s/p6Y2+qp6*s/p6+ 1) ... . 
*«s/p7Y2+qp7*s/p7+ 1) ... . 
*"s/-0\/\2+0-0 *n I-Q..LI \ \\ PO) 1po ::>'POI ) ... . 

*«s/p9Y2+qp9*s/p9+ 1) ... . 
* «s/p 1 OY2+qp 1 O*s/p 1 0+ 1) .... 
*«s/p 11 )/\2+qp 11 *s/p 11 + 1)*(s/p 11 + 1 Y 1.. .. 
*«s/p I2)A2+qp I2*s/p 12+ 1)*(s/p 12+ 1)/\1.. .. 
*«s/p 13)/\2+qp 13 *s/p 13+ 1) .... 
* «s/p 14)/\2+qp I4*s/p 14+ 1 )*(s/p 14+ 1)/\ 1 ... . 
* «s/p 1 5)A2+qpI 5*s/p 15+ 1)*(s/pI5+ 1 Y2 ... . 
* «s/p 16)A2+qp I6*s/p 16+ 1 )*(s/p 16+ 1 )/\2 ... . 
*«s/p 17)A2+qp 17*s/p 17+ 1 )*(s/p 17+ 1 Y2 ... . 
* «s/p 18)A2+qp 18*s/p 18+ l)*(s/p 18+ 1Y2 ... . 
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* ((s/p 19)"2+qp 19*s/p 19+ 1 ) * (s/p 19+ 1 )"2 .. .. 
*((s/p20)"2+qp20*s/p20+ 1)*(s/p20+ 1 )"2 .. .. 
*((s/p21)"2+qp21 *s/p21 + 1)"2*(s/p21 + 1)"2 .. .. 
*((s/p22)"2+qp22*s/p22+ 1)"2*(s/p22+ 1)"2 .. .. 
); 

X=[X,x]; 
N=[N,y]; 
x=x*1.01; 

end 
Yang=unwrap(angle(N»* 180/pi; 
figure(l); 
semilogx(X, Yang,EEEEA(:, 1 ),EEEEA( :,2»; 
grid; 
Ymag=20*logI0(abs(N»; 
figure(2); 
semilogx(X, Y mag,EEEEE(:, 1 ),EEEEE( :,2»; 
grid; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Calculation Numerator and Denominator % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% G 1 (s)=(s/Z0)"2/((s/p1)"2+qp1 *s/pl + 1) 
numgl=IW'4*[1/Z0/\2 0 0];dengl=10/\4*[(1/p1)"2 qp lip 1 1]; 
% G2(s)=((s/ZI)"2+qz1 *s/Z1 + 1)/((s/p2)"2+qp2*s/p2+ 1) 
numg2=10/\4*[(1/Z1)"2 qzl/Zl 1];deng2=10/\4*[(I/p2)"2 qp2/p2 1]; 
% G3(s)=((s/z2)"2+qz2*s/z2+ 1)/((s/p3Y'2+qp3 *s/p3+ 1) 
numg3=10/\5*[(l/Z2)/\2 qz2/z2 1];deng3=10/\5*[(lIp3)/\2 qp3/p3 1]; 
% G4(s)=((s/z3)"2+qz3 *s/z3+ 1)/((s/p4)"2+qp4*s/p4+ 1) 
numg4=10/\5*[(l/z3)"2 qz3/z3 1];deng4=l0/\5*[(l/p4)"2 qp4/p4 1]; 
% G5(s)=((s/z4)"2+qz4*s/z4+ 1)/((s/p5)"2+qp5*s/p5+ 1) 
numg5=1 0/\5 * [(l/Z4)"2 qz4/Z4 1];deng5=l0/\5*[(1/p5)"2 qp5/p5 1]; 
% G6(s)=((s/z5)/\2+qz5*s/z5+ 1)/((s/p6)"2+qp6*s/p6+ 1) 
numg6=1 0/\5 * [(l/z5)"2 qz5/z5 1];deng6=10/\5*[(lIp6)"2 qp6/p6 1]; 
% G7(s)=((s/z6)/\2+qz6*s/z6+ 1)/((s/p7)"2+qp7*s/p7+ 1) 
numg7=1 0/\5 * [(1/z6)/\2 qz6/z6 1];deng7=1 0/\5 *[(1/p7)"2 qp7/p7 1]; 
% G8(s)=((s/Z7)"2+qz7*s/Z7+ 1 )/((s/p8)"2+qp8*s/p8+ 1) 
numg8=1 0/\5 * [(l/Z7)/\2 qz7/Z7 1];deng8=10/\5*[(lIp8)"2 qp8/p8 1]; 
% G9(s)=((s/z8)/\2+qz8* s/z8+ 1)/((s/p9)"2+qp9*s/p9+ 1) 
numg9=10/\5*[(l/z8)"2 qz8/z8 1];deng9=lO/\5*[(lIp9)"2 qp9/p9 1]; 
% G 1 0(s)=((s/z9)"2+qz9*s/z9+ 1 )/((s/p 1 0)"2+qp 1 O*s/p 1 0+ 1) 
numg 10= 1 0/\5 * [(l/z9)"2 qz9/z9 1];denglO=10/\5*[(1/pl0)"2 qpl0/pl0 1]; 
% G II(s)=((s/zzl OY2+qzzl O*s/zzl 0+ 1 )/((s/p 11 )"2+qp 11 *s/p 11 + 1) 
numgl1=10/\6*[(1/zz10)"2 qzz10/zz10 1];dengl1=10/\6*[(1/pll)"2 qpll1p11 1]; 
% G 1 2(s)=((s/Z 1 0)"2+qzl0*s/Z1 0+ 1)/((s/p 12)"2+qp 12*s/p 12+ 1) 
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numg12=1Q1\6*[(11z10)!'2 qz101z10 1];deng12=10"6*[(1/p12)!'2 qp12/p12 1]; 
% G 13(s )=«s/zll )!'2+qzl1 *s1z11 + 1 )/«s/p 13)!'2+qp 13 *s/p 13+ 1) 
numg13=10"6*[(11z11)"2 qz111z11 1];deng13=10"6*[(1/p13)!'2 qp13/p13 1]; 
% G 14(s)=«sIz12)!'2+qz12*sIz12+ 1 )/«s/p 14)!'2+qp 14*s/p 14+ 1) 
numg14=10"6*[(11z12)!,2 qz121z12 1];deng14=10"6*[(1/p14)!'2 qp14/p14 1]; 
% G 15(s)=«sIz13)!,2+qz13*slz13+ 1)/«s/p15)!'2+qp 15*s/p 15+ 1) 
numg15=10"6*[(11z13)!,2 qz13lz13 1];deng15=10"6*[(1/p15)"2 qpl5/pl5 1]; 
% G 16(s)=«sIz14)!,2+qz14*sIz14+ l)/«s/p 16)"2+qpI6*s/p 16+ 1) 
numg16=10"6*[(11z14)"2 qz141z14 1];deng16=10"6*[(1/p16)!'2 qp16/p16 1]; 
% G 17(s)=«sIz15)"2+qz15*sIz15+ 1 )/«s/p 17)"2+qp 17*s/p 17+ 1) 
numgI7=10"6*[(11z15)!,2 qz151z15 1];deng17=10"6*[(1/p17)"2 qpl7/pl7 1]; 
% G 18(s)=«sIz16)!,2+qz16*s/z16+ 1)/«s/p 18)!'2+qp 18*s/p 18+ 1) 
numg18=10"6*[(11z16)!,2 qz161z16 1];dengI8=10"6*[(1/p18)!'2 qp18/p18 1]; 
% G 19(s)=«sIz17)!,2+qz17*sIz17+ 1 )/«s/p19)!'2+qp19*s/p19+ 1) 
numgI9=10"6*[(11z17)!,2 qz171z17 1];dengI9=1 0"6*[(1/p19)!'2 qp19/p 19 1]; 
% G20(s)=«sIz18)!,2+qzI8*sIz18+ 1 )/«s/p20)!'2+qp20*s/p20+ 1) 
numg20=10"7*[(11z18)"2 qz181z18 1];deng20=10"7*[(1/p20)!'2 qp20/p20 1]; 
% G21(s)=«sIz19)!,2+qzI9*sIz19+ 1 )/«s/p21)!'2+qp21 *s/p21 + 1) 
numg21=10"7*[(11z19)"2 qz191z19 1];deng21=10"7*[(1/p21)!'2 qp21/p21 1]; 
% G22(s)=«sIz20)!,2+qz20*sIz20+ 1)/«s/p22)!'2+qp22 *s/p22+ 1) 
numg22=10"7*[(11z20)!,2 qz201z20 1];deng22=10"7*[(1/p22)!'2 qp22/p22 1]; 

% G21 0(s)=«sIz21)!'2+qz21 *s1z21 + 1)/«s/p21)"2+qp21 *s/p21 + 1) 
numg210=10"7*[(11z21)!,2 qz211z21 1];deng210=10"7*[(1/p21)!'2 qp21/p21 1]; 
% G220(s)=«s/z22)!'2+qz22*sIz22+ 1)/«s/p22)!'2+qp22*s/p22+ 1) 
numg220=10"7*[(11z22)!,2 qz221z22 1];deng220=10"7*[(1/p22)!'2 qp22/p22 1]; 

% Gg21(s)=1/(s/p2+1) 
numgg21 = 1 0"4 * [1 ];dengg21 = 1 0"4 * [lIp2 1]; 
% Gg31(s)=(sIz3+ 1)/(s/p3+ 1) 
numg31 =10"5*[lIz3 1];deng31 =1 0"5*[I/p3 1]; 
% G 111(s)=(sIz9-1)/(s/pll + 1) 
numg111 =10"6*[ 1/9 -1 ];deng 111 =1 0"6*[1/p 11 1]; 
% GI21(s)=lI(s/p12+1) 
numg121 =10"6*[1 ];deng121 =1 0"6*[1/p 12 1]; 
% GI41(s)=lI(s/p14+1) 
numg141 =10"6*[1 ];deng141 =10"6*[I/p14 1]; 
% GI51(s)=lI(s/p15+1) 
numg151 =10"6*[1 ];dengI51 =10"6*[I/pI5 1]; 
% GlS2(s)=1/(s/p15+1) 
numgl52=1 0"6*[1 ];dengI52=1 0"6*[ lip 15 1]; 
% G 161(s)=(sIz16-l)/(s/p16+ 1) 
numg161 =10"7*[ 11z16 -1 ];dengI61 =1 0"7*[I/pI6 1]; 
% G 162(s)=(sIz16-1)/(s/pI6+ 1) 
numg162=10"7*[11z16 -1];dengI62=10"7*[lIp16 1]; 
% G 171(s)=(sIz17-1)/(s/p17+ 1) 
numgI71=10"7*[11z17 -1];dengI71=10"7*[lIpI7 1]; 
% G 172(s)=(sIz17-1)/(s/p 17+ 1) 
numgI72=10"7*[11z17 -1];dengI72=10"7*[1/pI7 1]; 
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% G 1 Sl(s)=(slzl S-l)/(s/p lS+ 1) 
numg1S1=101\7*[11z1S -1];denglSl=101\7*[I/plS 1]; 
% G lS2(s)=(slzlS-1 )/(s/p IS+ 1) 
numglS2=10A7*[11z1S -1 ];denglS2=101\7*[l/p IS 1]; 
% G 191(s)=(sIz19-1 )/(s/p 19+ 1) 
numgI91=10A7*[11z19 -1];dengI91=101\7*[I/pI9 1]; 
% GI92(s)=(sIz19-1)/(s/p19+ 1) 
numg192=101\7*[11z19 -1];dengI92=10A7*[1/p19 1]; 
% G201(s)=(sIz20-1)/(s/p20+1) 
numg201 =10A7*[1/z20 -1];deng201 =1 01\7*[I/p20 1]; 
% G202(s)=(sIz20-l)/(s/p20+ 1) 
numg202=101\7*[11z20 -1];deng202=101\7*[l/p20 1]; 
% G211(s)=(sIz21-1)/(s/p21 + 1) 
numg211=101\7*[11z21 -1];deng211=101\7*[l/p21 1]; 
% G212(s)=(sIz21-1)/(s/p21 + 1) 
numg212=10A7*[11z21 -1];deng212=101\7*[I/p21 1]; 
% G221(s)=(sIz22-1)/(s/p22+1) 
numg221=101\7*[11z22 -1];deng221=101\7*[1/p22 1]; 
% G222(s)=(sIz22-1)/(s/p22+1) 
numg222=10A7*[11z22 -1];deng222=10A7*[I/p22 1]; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Transfer function A 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
numa=conv( conv( numg 1 ,numg2),numgg21); 
dena=conv( conv( dengl ,deng2),dengg21); 
sysa=tf(numa,dena); 
% Transfer function B 
numb=conv( conv( numg3 ,numg4 ),numg31); 
denb=conv( conv( deng3,deng4),deng31); 
sysb=tf(numb,denb ); 
% Transfer function C 
numc=conv(conv(numg5,numg6),conv(numg7,numg8)); 
denc=conv( conv( deng5, deng6), conv( deng 7, dengS)); 
sysc=tf( numc, denc); 
% Transfer function D 
numd=conv(conv(numg9,numgl0),conv(numgll,numglll)); 
dend=conv( conv( deng9 ,deng 1 0), conv( deng 11 ,deng 111)); 
sysd=tf(numd,dend); 
% Transfer fhnction E 
nume=conv( conv( numg 12,numg 121 ),numg 13); 
dene=conv(conv(dengI2,dengI21),dengI3); 
syse=tf( nume, dene); 
% Transfer function F 
numf=conv(numg14,numgI41); 
denf=conv(dengI4,dengI41); 
sysf=tf(numf, den£); 
% Transfer function G 
numg=conv(conv(numg15,numgI51),numgI52); 
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deng=conv( conv( deng 15, deng 151 ), deng 15 2); 
sysg=tf(numg, deng); 
% Transfer function H 
numh=conv( conv( numg 16,numg 161 ),numg 162); 
denh=conv( conv( deng 16, deng 161 ), deng 162); 
sysh=tf(numh,denh); 
% Transfer function I 
numi=conv(conv(numgI7,numgI71),numgI72); 
deni =conv( conv( deng 17, deng 171 ), deng 172); 
sysi=tf(numi,deni); 
% Transfer function J 
numj=conv(conv(numgI8,numgI81 ),numgI82); 
denj =conv( conv( deng 18, deng 181 ), deng 182); 
sysj=tf( numj, denj); 
% Transfer function K 
numk=conv( conv( numg 19 ,numg 191 ),numg 192); 
denk=conv( conv( deng 19 ,deng 191 ),deng 192); 
sysk=tf(numk, denk); 
% Transfer function L 
numl=conv( conv(numg20,numg20 1 ),numg202); 
denl=conv( conv( deng20,deng20 1 ),deng202); 
sysl=tf( numl, denl); 
% Transfer function M 
numm=conv( conv( numg21 ,numg21 0), conv( numg211 ,numg212)); 
denm=conv( conv( deng21, deng21 0), conv( deng211 , deng212)); 
sysm=tf(numm,denm); 
% Transfer function N 
numn=conv( conv(numg22,numg220),conv( numg221 ,numg222)); 
denn=conv( conv( deng22,deng220),conv( deng221 ,deng222)); 
sysn=tf(numn,denn); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
numaa=conv( conv( numa,numb ), conv( numc,numd)); 
denaa=conv( conv( dena, denb ), conv( denc,dend)); 

%-------------------------------------------
numbb=conv( conv( nume,numt), conv( numg,numh)); 
denb b=conv( conv( dene, dent), conv( deng, denh)); 

%-------------------------------------------
numcc=conv( conv( numi,num j), conv( numk,numl)); 
dencc=conv(conv(deni, denj), conv(denk, denl)); 

~o-------------------------------------------
numdd=conv(numm,numn) ; 
dendd=conv( denm, denn); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
num=conv(conv(numaa,numbb),conv(numcc,numdd)); 
den=conv( conv( denaa, denb b ), conv( dencc, dendd)); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
T=( -lIz1 0*2 *pi)+(l/Z11 *2*pi)+( -11z13 *2 *pi)+(l/z14 *2 *pi) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%s 
ys=tf(num, den) 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Simulink Model of Transfer Function Application 

Transfer Fen 

Simulation time: StartO.D; Stop :O.000005 
Sovler options: Variable step and ode23tb(stiffITR-BDF2) 

Relative tolerance:1 e-3 
absolute toleranc:e:auto 

Refine factor:10 

Scope 

To Wolkspac:e 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Compensator for frequency measurement from Bushing and RFCT % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

clear all;close all; 
load f\FRCTB020603\ABC.txt -ascii; 
load f\RPDI280503\c38.txt -ascii; 
load f\RPDI280503\c3B.txt -ascii; 
[na,ma]=size(ABC); 

cc38=[]; 
cc3B=[]; 

for q=l :na 

cc3 8=[ cc38;[ c3 8( q, 1 ),c3 8( q,2)11 OI\(ABC( q,2)120) ]]; 
cc3B=[ cc3B;[ c3B( q, 1 ),c3B( q,2)11 OI\(ABC( q,2)120)]] ; 

end 
figure(l) 
plot( c38(:, 1),c38(:,2),cc38(:, 1),cc3 8(:,2),c3B(:, 1),c3B(:,2),cc3B(:, 1 ),cc3B(: ,2)); 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Elliptic filter for time-based signals (Bandpass) % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
clear all;close all; 
load f\writing\testonsite\ncc .txt -ascii; %in put following prameters 
[n,mJ=size(ncc);%number of samples 

C-9 



xl =20*(0:n-l )/n; 
[b,a] = ellip(8,0.1,40,[50000000 87000000]*2/500000000); 
aa=round( 406. 65/800*n);bb=round( 407. 5/800*n); 
cc=ncc( aa: b b); 
nn=bb-aa+ 1; 
x=( 1 :nn)/n *20000*0. 8;%x=( 1 :nn)*(nnln)*20; 
figure(2); 
plot(x,cc); 
xlabel(,Time, us'); 
ylabel(,Magnitude, V); 
axis([O 17 -0.2 0.2]); 

f=500*(0:nnl2)/nn; 
y=fft(cc); 
yy=(y. *conj(y))./\0.5/nn; 
figure(3); 
plot(f,yy(1 :nn/2+ 1)); 
xlabel(,Frequency, :MHz'); 
ylabel(,Magnitude, V); 
axis([O 200 0 0.005]); 
%After filtering, we see the signal is a 15 Hz sinusoid, exactly as expected. 

sf = filter(b,a,ncc); 
clear ncc; 
ccc=sf(aa:bb);clear sf; 
cccc=filter(b,a,ccc ); 
figure(5); 
plot(x, ecce); 
xlabel(,Time, us'); 
ylabel(,Magnitude, V); 
axis([O 17 -0.1 0.1]); 

y=fft( cccc); 
yy=(y. *conj(y))./\0.5/nn; 
figure(6); 
plot(f,yy(1 :nnl2+ 1)); 
xlabel(,Frequency, MHz'); 
ylabel(,Magnitude, V); 
axis([O 200 0 0.0005]); 

aaa=round(l. 7117*nn);bbb=round(2117*nn); 
nnn=bbb-aaa+ 1; 
ccccc=cccc( aaa: b b b ); 
xx=(1 :nnn)/nn* 17; 
figure(7); 
plot(xx,ccccc); 
xlabel(,Time, us'); 
ylabel(,Magnitude, mV); 
axis([O 0.3 -0.1 0.1]); 
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y=fft( ccccc); 
yy=(y. *conj(y))/'O.S/nnn; 
ff=S 00 * (0: nnni2 )Jnnn; 
figure(8); 
plot(ff,yy(1 :nnni2+ 1 )); 
xlabelCFrequency, :MHz'); 
ylabel(,Magnitude, mV'); 
axis([O 200 0 O.OOOS]); 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% High Pass Filter to cut off signal of low frequency % 
% (time domain) % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
clear; 
%in put following prameters 
load f: \writing\testonsite\c 1713. txt -ascii; 
[n,m]=size(cI713);%number of samples 
xl =10*(0:n-l)/n; 
figure(1); 
plot(xl,c1713); 
xlabel(,Time, ms');ylabel(,Magnitude, 10m V'); 
fs=SOOOOOOOO;%sample frequency 
fHzO=[O 40000000 400010008700000087010000 fsl2]; 
mh1=[0 0 1 1 0 OJ; 
%------------------------------------------------------% 
fD=£Hz0/(fs/2); 
[b l,a1 ]=yulewalk(6,fD,mh1); 
ss=filter(b l,al,cI713);clear c1713; 
figure(2); 
plot(x1,ss);clear xl; 
xlabelCTime, ms');ylabel(,Magnitude, 1 Om V'); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Wavelet Filter % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% this program is for filtering time-based waveform using wavelet method 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
clear all;close all; 
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%load original signal 
load f:\needle-plane280503\C3halfcycle.txt -ascii; 
[n,m]=size(C3halfcycle); 

a=round(209.715/500*n);b=round(209.900/500*n); 
ca=C3 halfcycle( a: b,:); 

[c,1]=wavedec(C3 halfcycle,4, 'db 1 0'); 

clear C3halfcycle; 

figure(1); 
cd4=detcoef( c, 1, 4); 
[xn,xxm]=size(cd4); 
x=10*(1 :xn)/xn; 
subplot( 4, 1,4);plot(x,cd4);xlabel(,Times,ms'); 
clear cd4; 

cd3 =detcoef( c, 1, 3); 
[xn,xxm ]=size( cd3); 
X= 10*(1 :xn)/xn; 
subplot( 4, 1,3);plot(x,cd3); 
set(gca, 'xtick', []); 
clear cd3; 

cd2=detcoef( c,1,2); 
[xn,xm]=size( cd2); 
x=10*(1:xn)/xn; 
subplot( 4, 1,2);plot(x,cd2);ylabel('Magnitude,m V'); 
set(gca, 'xtick', []); 
clear cd2; 

cd 1 =detcoef( c,l, 1); 
[xn,xxm ]=size( cd 1); 
x=10*(1:xn)lxn; 
sUbplot( 4,1, 1);plot(x,cd1);title('Wavelet Analysis for PD waveform'); 
set(gca, 'xtick', []); 
clear cd1; 
clear c; 

[cc,l]=wavedec( ca,4,'db 1 0'); 
clear ca; 

figure(2); 

ccd4=detcoef( cc,1,4); 
[xxn,xxm ]=size( ccd4); 
nn=b-a+l; 
xx=(l :xxn)/xxn*nnln* 10* 1 000; 
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subplot(4, 1,4);plot(xx,ccd4); xlabel(,Times,us'); 

ccd3=detcoef( cc,l,3); 
[xxn,xxm ]=size( ccd3); 
xx=l 0*(1 :xxn)/xxn; 
subplot( 4, 1,3);plot(xx,ccd3); 
set(gca,'xtick', []); 

ccd2=detcoef( cc,l,2); 
[xxn,xxm ]=size( ccd2); 
xx=10*(1:xxn)lxxn; 
subplot( 4, 1,2);plot(xx, ccd2); ylabelCMagnitude,m V'); 
set(gca,'xtick', []); 

ccd 1 =detcoef( cc,l, 1); 
[xxn,xxm ]=size( ccd 1); 
xx=10*(1 :xxn)/xxn; 
subplot(4, 1, 1);plot(xx,ccd1);titleCWavelet Analysis for PD waveform'); 
set(gca, 'xtick', []); 

. figure(3); 
yccd4=fft( ccd4); 
yccd4=(yccd4. *conj(yccd4)); 
[xxn,xxm ]=size( ccd4); 
yxx=500116*( (1 :xxn)/xxn); 
subplot( 4, 1,4);plot(yxx,yccd4); 

yccd3 =fft( ccd3); 
yccd3=(yccd3. * conj(yccd3)); 
[xxn,xxm]=size(ccd3); 
yxx=500/8 *«(1 :xxn)/xxn); 
subplot( 4, 1,3);plot(yxx,yccd3); 

yccd2=fft( ccd2); 
yccd2=(yccd2. *conj(yccd2)); 
[xxn,xxm ]=size( ccd2); 
y-xx=500/4*((1 :xxn)/xxn); 
subplot( 4, 1,2);plot(yxx,yccd2); 

yccd 1 =fft( ccd 1 ); 
yccd1 =(yccd1. *conj(yccdl)); 
[xxn,xxm ]=size( ccd 1); 
yxx=50012*«1 :xxn)/xxn); 
subplot( 4,1, l);plot(yxx,yccdl); 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Spectra Figure 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
clear all; close all; 
load f:/OFRBCW/OIBCW170603/0IBC11.txt -ascii; 
load flOFRBCW/OIBCW170603/0IBC12.txt -ascii; 
load f/OFRBCW/OIBCW170603/0IBC13.txt -ascii; 
load f/OFRBCW/OIBCW170603/0IBC14.txt -ascii; 
load f:/OFRBCW/OIBCW170603/0IBC1S.txt -ascii; 
load f/OFRBCW/OIBCW170603/0IBC16.txt -ascii; 
load f/OFRBCW/OIBCW170603/0IBC17.txt -ascii; 
load f:/OFRBCW/OIBCW170603/0IBC18.txt -ascii; 
OIBC1=OIBC11(1:201,1:2); 
OIBC2=OIBC12(1 :201, 1 :2); 
OIBC3=OIBC 13 (1 :201,1 :2); 
OIBC4=OIBC 14(1 :201,1 :2); 
OIBCS=OIBClS(1 :201,1 :2); 
OIBC6=OIBC16(1 :201,1 :2); 
OIBC7=OIBCI7(1:201,1:2); 
OIBC8=OIBCI8(1:201,1:2); 
semilogx(OIBCl(:,1),OIBCl(:,2), .... 

OIBC2(:, 1 ),OIBC2(:,2), ... . 
OIBC3(:,I),OIBC3(:,2), ... . 
OIBC4(:,I),OIBC4(:,2), ... . 
OIBCS(:,1),OIBCS(:,2), ... . 
OIBC6(:,1),OIBC6(:,2), ... . 
OIBC7(:, 1 ),OIBC7(:,2), ... . 
OIBC8(:,I),OIBC8(:,2)); 

grid; 
xlabelCFrequncy, Hz'); 
y labelCMagnitude, dB '); 
title('Frequency Responses ofthe transformer model filled oil with the Interleaved 
disc winding '); 
figure(2); 
grid on; 
A1(1:201)=1;B 1 =A1(:); 
A2(1 :201)=2;B2=A2(:); 
• ..., /1.201\=3 ·B'2=A3(·)· ft.)~ 1. } , J . , 

A4(1 :201)=4;B4=A4(:); 
AS(1:201)=S;BS=AS(:); 
A6(1:201)=6;B6=A6(:); 
A7(1:201)=7;B7=A7(:); 
A8(1 :201)=8;B8=A8(:); 
plot3(OIBCl (:, 1 ),B I,OIBC 1(:,2),OIBC2(:, 1 ),B2,OIBC2(:,2), .... 

IBC3(:, 1 ),B3,OIBC3(:,2),OIBC4(:, 1 ),B4,OIBC4(:,2), OIBCS(:, 1 ),BS, OIBCS(:,2), .... 
OIBC6(:, 1 ),B6,OIBC6(:,2),OIBC7(:, 1 ),B7,OIBC7(:,2),OIBC8(:, 1 ),B8, OIBC8(:,2)); 
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Appendix D 

List of Publications 

l. B. Han, P. L. Lewin, Y. Tian, P. Jannan and S. G. Swingler: "Propagation 

Characteristics of Discharges signals of high frequency within Transformer Bushing", 

ICMEP-ACEID'2003, Chongqing China, 27-30th 102003 

2. B. Han, P. L. Lewin, Y. Tian, P. Jarman and S. G. Swingler: "Distinguishing the 

Corona and Surface Discharge within Transformer Bushing", ICMEP-ACEID'2003, 

Chongqing China, 27-30th 102003 

3. B. Han, P. L. Lewin, Y. Tian, P. Jarman and S. G. Swingler: "PD On-line 

Measurement of Oil-filled Power Transformers"; XIIIth International Symposium on 

High Voltage Engineering (ISH2003) at Delft University of Teclmology, August 25-

29th 2003 

4. B. Han, P. L. Lewin, P Jannan: "ON-line Partial Discharges on a Power Transformer 

Using Bushing tap Measurements", to be published 

5, B. Han, P. L. Lewin, P Jarman: "Partial Discharge behaviour with in a Transformer 

model", to be published 
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Appendix E 

Main test equipment used 

It Agilent 4395A Network/Spectrum/Impedance Analyzer 

As a vector network analyzer, the Agilent 439SA operates from 10Hz to SOOMHz with 1 MHz 

resolution; and its integrated synthesized source provides -so to + lSdBm of output power with 0.1 

dB resolution. The dynamic magnitude and phase accuracy are +/-O.OSdB and +/-0.3deg. As a 

spectrum analyzer, the Agilent 4395A operates from 10Hz to 500 MHz with resolution 

bandwidths (RBWs) spanning 1 Hz to 1 MHz in a 1-3-10 steps. A fully-synthesized local oscillator 

allows stable and accurate frequency analysis. Direct AID conversion (no LOG amplifier is used) 

results in +/-0.8 dB level accuracy (SO MHz, -20 dBm). Noise sidebands fall below lOOdBc/Hz at 

100 kHz offset from carriers, while sensitivity is -14SdBrnlIHz at 10 MHz. 

• LC684DXL, Digital Oscilloscope 

The oscilloscope has a I.S GHz bandwidth for high accuracy and signal fidelity. Its sample rate is 

8 GS/s, 10 ppm time base accuracy, and its S ps interpolator resolution delivers the signal detail 

and stability needed to identify and characterize critical signal transitions and delays. The long 

memory is 16 million data points at 8 GS/s. Its analog persistence function can visually explore the 

full depth of signal information and get the complete picture ofwavefonn activity. 

HP 8082A Pulse Generator 

The HP 8082A is a fast pulse generator with all pulse parameters variable. With repetition rates up 

to 2S0 MHz, transition times down to 1 nsec, and amplitudes to SV, the HP 8082A is ideally suited 

for TIL and EeL logic designs. HP 8082A is easy to use because of its logical front panel layout, 

and switch selectable EeL output levels. Another feature that contributes to easy operation is the 

square wave mode. One can, for example, carry out toggle rate tests in this mode up to 2S0 MHz 

without having to worry about pulse duty cycle. 
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