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ABSTRACT 

Oil-insulated power transformers are key components of the electrical transmissii 

network. Knowing the state of their insulation is therefore of considerable interest 

utilities. Failure in transformers often occurs as a result of electrical breakdown in t. 

insulation materials. Such breakdowns may occur following insulation damage caus, 

over a substantial period of time by the cumulative adverse effects of partial dischar, 

(PD) activity. Recognition of PD in power transformers in important because eai 

detection can allow utilities to take appropriate preventative measures in order that cosi 

failures do not occur. 

In this work, a range of on-line partial discharge (PD) measurement techniques a 

reviewed. Ultra high frequency (LTHF) and measurements based on the Internatior 

Electro-technical Commission (IEC) standard 60270 are considered to be the m( 

suitable. UBF measurements have the advantage that PD can be located using time 

flight measurements, while IEC 60270-based measurements can be quantified in terms 

PC. 

A test cell is designed, and PD current pulses are measured when the insulating oil at t 

tip of a sharp, conducting protrusion breaks down. Current pulses are recorded using b 

different measurement circuits, and different pulse shapes are observed. The 

experiments are of fundamental significance because UBF signals are only excited wb 

discharges occur on timescales of around 1 ns or less. Results demonstrate that I 
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durations of current pulses in oil can be sufficiently short to cause the excitation of U1 

sipals. 

Characteristics of PD generated in air, new transfonner oil and used transfonner oil a 

compared. PD current pulses are measured simultaneously with both EEC 60270-bas, 

and UHF measurements systems. Since EEC 60270-based and UBF measurement syster, 

operate on very different principles their responses to PD current pulses of knov 

magnitude provides a useful basis for comparing the performance of both systems. 

A range of insulation defects that would cause concern in an operational pow 

transformer are then investigated. Radiated UHF signals are measured simultaneou,,; 

using two broadband electric field sensors. The spectral content and energy of rati 

measured using each sensor during both half cycles are shown to be useful methods 

assist with the understanding of discharge behaviour. 

UHF PD signals are also measured in a phase-resolved form, and these are analysed 

ways that provide evidence of the physical differences between insulation defects. Fic 

tests are camed. out on a 1000 MVA, 400 kV/ 275 kV power transformer, and resu 

demonstrate that the UBF measurement technique is a very promising approach for I 

monitoring. The research contributes to the knowledge base required for the developm( 

of continuous monitoring systems for partial discharge and arcing in oil-filled pov 

transfonners. 
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1. INTRODUCTION 

1.1 Power Transformers: An Overview 

Electrical utilities use transformers to step the high voltages generated at power 

stations down to levels which can be used by industrial and domestic consumers. In 

its most basic form, a transformer consists of two copper windings and a laminated 

steel magnetic core. The primary winding is connected to an AC power supply and 

the secondary is connected to a load. If a tap changer is part of the design then the 

voltage supplied to the load can be varied to suit the electrical demand. For a three- 

phase system, the transformer consists of three sets of windings together with a single 

magnetic core. The transformer must also have an insulation system, sets of leads and 

bushings to allow connection of the different circuits and a tank to contain the 

insulating medium (SF6 gas or oil). 

The main components of a transformer are shown in Figure 1.1. The magnetic circuit 

consists of three vertically mounted magnetic cores (limbs) which are connected using 

upper and lower horizontal sections of laminated steel (yokes). A set of primary and 

secondary windings are wrapped around each limb, the LV winding (secondary) is 

usually mounted between the HV winding (primary) and the core. Each of the 

windmg sets and the magnetic circuit are clamped together to minimise vibrations 

when the system is energised at 50 Hz [1]. 

The LV winding is nonnally wrapped around a pressboard cylinder. This provides 

mechanical strength for the construction and can provide a cooling duct for the oil. 
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The windings are usually insulated using Kraft paper and are separated using cellulose 

spacers to help prevent short circuits from developing between adjacent turns. 

Interface barriers are usually positioned between adjacent phases and can act as 

cooling ducts for the oil. The oil in a transformer will be circulated by natural 

convention, but pumps might also be used to force cooling during periods of high 

demand. External cooler banks can be used for cooling purposes. 

The HV winding is usually mounted on the outside and this is more suitable for 

carrying out tap changing operations. The HV windings of a step-down transformer 

have more turns and carry less current than the LV windings and so the tap changer 

contacts will 'break' a comparably smaller current. The arc which is drawn is less 

severe and so the procedure is safer and oil contamination is minimised. 

The HV and LV bushings are usually positioned on the tank lid. These allow the 

windings to be connected to the power grid. The HV bushings are usually larger than 

the LV bushings due to insulation requirements. A neutral bushing might also be 

present but this is dependent on the vector grouping of the transfonner. 

Figure 1.1 shows inspection hatches located on the tank lid. These allow access for 

carrying out post-fault investigations and routine maintenance. However, as will be 

described in Section 1.3.3.2, they can also provide a convenient platfonn for 

mounting dielectric windows for UHF PD monitoring. 
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1.2 Oil-filled Power Transformers and Partial Discharge 

It is generally accepted that partial discharge (PD) occurs prior to the breakdown of 

electrical plant, and so its early detection is important to prevent catastrophic failure 

[2,3]. PD occurs when the electric field exceeds the dielectric strength of the 

insulation within a localised volume, and may be caused by temporary over-voltages, 

weaknesses in the insulation system from manufacture or ageing effects over the plant 

lifetime. The term partial discharge describes the condition when the ionised 

discharge path only partially bridges the gap between two conductors [2]. During its 

infancy, PD may be quite small, however it is by nature a damaging process and can 

cause degradation and erosion of materials leading to the eventual breakdown of the 

transformer [4,5]. Effective on-line monitoring of power transformers has the 

potential to reduce the incidence of catastrophic failure, as well as the financial, 

environmental and safety issues that may ensue [6,7]. 

In the most serious of cases, condition monitoring may help to prevent unfortunate 

incidents such as that shown in Figure 1.2 [2]. 

Figure 1.2 Example of a catastrophic transformer failure 
(photograph courtesy of Lee Lane). 
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In this chapter, a variety of defects that are known to cause undesirable electrical 

discharge activity in operational power transformers are described. As shown in 

Figure 1.3, protrusions may exist on HV conductors [8]. These may be introduced at 

manufacture stage or as a result of conducting flexing over a substantial period of 

time. 

Z* 

Charring on LV lead 
Broken st nds on lead to 

LV winding 

Figure 1.3 Example of damaged transformer components during disassembly. 

During non-nal operation, the windings of a transformer will vibrate at twice the 

power frequency, but eventually this can result in fasteners becoming loose. 

Similarly, stress shields may not be properly bonded and this can result in loose 

connections. Figure 1.4 shows an example of free metallic particles that were found to 

lie on the upper yoke section of the magnetic circuit of a ScottishPower transformer. 

These may have been introduced by the failure of a mechanical component [9], or as a 

result of degradation between tap changer contacts. If the local electric field at these 

defects exceeds the breakdown strength of the insulating medium within a localised 

volume then PD will occur. 
7-f 

. 4d 

p 'Exam 
et metallic particles 

Figure 1.4 Example of free metallic particles. 
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It is generally accepted that increased moisture content has an adverse affect on the 

breakdown strength of oil and contributes to the deterioration of the paper/pressboard. 

insulation [3,10]. Excessive moisture levels may occur due to degradation of the tank 

seals or the breakdown of cellulose [11,12 and 13]. The presence of free moisture can 

lead to streaming electrification and surface discharges on cellulose surfaces [14]. An 

example of damaged cellulose is shown in Figure 1.5 [15]. 

Figure 1.5 Example of damaged cellulose 
(photograph courtesy of Edgar Robles). 

Although the failure rate of transformers is less than 1% in the UK, most of the units 

have been in service for more than 20 years [16]. These units were designed and 

manufactured using the best available techniques and materials at the time, but in 

comparison with those being manufactured and designed today are less efficient. 

Many of these existing transformers are approaching or have exceeded their predicted 

lifetime, but are still required to operate continuously. Therefore, the continuous 

monitoring of the condition of their insulation should be of considerable interest to 

utilities. 

Several post-fault investigations have demonstrated that the aforementioned defect 

sources caused undesirable electrical discharge activity [16]. Although, PD tests are 

usually carried out on transformers at manufacture stage, it is not common practice to 
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carry out such tests in the field. However, due to an ageing transformer population 

there is a requirement for PD measurement systems in the field to assess insulation 

conditions. 

It is generally accepted that the UBF technique is effective for continuous remote 

monitoring of gas-insulated substations (GIS) [17,18]. In a GIS, radiated UHF PD 

signals propagate along the busbar and can be extracted using UHF sensors. In order 

to provide adequate coverage of the complete GIS, sensors are fitted approximately 

20 m apart. The UHF technique allows defects such as protrusions, particles and 

surface discharges to be detected [17,18]. The research described in this thesis is 

camed out to establish the applicability of the UBF technique for detecting PD in 

power transformers [2,8]. 
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1.3 Partial Discharge Detection Techniques 

Partial discharge 

When the electric field exceeds the dielectric strength of an insulating medium 

ionisation will occur [19,20]. When electrons are liberated by ionisation they are 

accelerated resulting in a flow of electric current [21]. This current is quenched once 

the local electric field falls below the level required to sustain further ionisation 

[22,23]. 

A PD is therefore a current pulse that flows in what is normally an insulating medium 

[21 ]. Since PD can cause degradation in an insulating medium it can be detected using 

chemical techniques [24,25]. PD also causes the liberation of electrons and so it can 

be detected indirectly using optical measurements [20]. In addition, acoustic signals 

are generated by the rapid thermal expansion and contraction of the discharge channel 

at the PD site and so acoustic measurements can also be used for its detection [26]. 

PD causes the flow of current pulses that can be detected using an external 

measurement circuit. Discharge magnitudes can be quantified in terms of charge, 

usually in the pC or nC range [21]. When PD occurs on timescales of around one 

nanosecond or less, electromagnetic waves in the UBF range (300 - 3000 MHz) are 

excited [27,281. 

This chapter describes a variety of measurement systems that exploit these 

fundamental physical and chemical processes to allow the detection of PD. 
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1.3.2 Non-electrical methods of PD detection 

1.3-2.1 Dissolved gas analysis 

Chemical techniques are at present the most commonly employed method for 

determining the state of oil insulation in operational power transformers, and have the 

advantage that measurement of chemical decomposition is not affected by spurious 

events such as electrical interference. 

Gases are produced as a result of oil degradation at elevated temperatures from faults 

such as: overheated areas of the windings; bad connections that have high resistances; 

circulating core currents; and PDs and electrical arcing. The principal gases 

considered are hydrogen (HA methane (CH4), ethane (C2H6), ethylene (C2H4), 

acetylene (C2H2). carbon monoxide (CO) and carbon dioxide (C02) [25,29]. 

Traditionally, dissolved gas analysis (DGA) has relied on oil samples being collected 

at intervals of typically 6 or 12 months. These are passed through a chromatograph in 

a laboratory to provide an indication of the relative percentages of gases present 

within the oil sample. More recently, on-line gas sensors such as Hydran units have 

been used to continuously monitor the oil insulation [30]. 

The relative concentrations of dissolved gases can be related to fault type and the rate 

of gas generation can be indicative of fault severity [3 1 ]. Interpretation techniques are 

outlined in the EEC 599 document, 'Mineral oil-impregnated electrical equipment in 

service - guide to the interpretation of dissolved andftee gases analysis'. The types 

of fault that can be identified are PD, low energy discharges, high-energy discharges 

and thermal faults [24]. The EEC 599 document serves as a guide for using Rodgers 

ratios and the Duval triangle [24,3 1 ý32]. 
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Figures 1.6 and 1.7 shows how the concentration of gases can be related to fault type 

using Rodgers ratios and the Duval triangle methods respectively. With regard to the 

Rodgers ratios method, a particular DGA sample is analysed by plotting the relative 

concentrationsOf C2H2/C2H4ý CH4/H2andC2114/C2H6on a three-dimensional grid. As 

shown in Figure 1.6, different regions of the grid correspond to different fault types. 

The Duval triangle method also provides a graphical means to relate dissolved gas 

concentrations to fault type. The relative concentrations of CH4, C2H4 and C2H2 are 

calculated and a perpendicular line is drawn from each axis at the appropriate 

position. The position at which the lines intercept on the triangle is marked and the 

corresponding fault type is found. However, the Rodgers ratio method and the Duval 

triangle method can lead to different classifications of a particular fault type, and so 

DGA can sometimes give inconclusive results. Since DGA databases can contain 

large amounts of data, intelligent software techniques have been developed to assist 

with the interpretation of measurements [33,34,35]. 

Before they are detected, dissolved gases must diffuse through the insulation from the 

discharge site to the measurement region and so a considerable time may 

pass between discharge inception and gas detection [36]. Gases may be accumulated 

from several different sources, and so discrimination of separate sources can be 

difficult. In addition, DGA methods are not suitable for defect localisation and are 

considered too insensitive for general PD monitoring. 
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Figure 1.6 Graphical representation of DGA concentrations using 
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1.3.2.2 Furfuraldehyde analysis 

Windings in a power transformer are usually insulated using Kraft paper. During 

normal operation of a transformer, the winding temperature will increase. As the 

temperature of the windings increases, the cellulose polymers in the Kraft paper will 

break down [3,37]. This has an irreversible effect on the mechanical and insulating 

properties of the cellulose material, so that the transformer is more susceptible to 

failure. 

The degradation of cellulose material results in the release of furfuraldehyde (FFA) 

into the oil. The concentration of FFA can be used to provide an indication of the 

condition of the paper in terms of its degree of polymerisation, and the rate of change 

of FFA concentration can be related to the rate of ageing of the paper. These 

parameters are of interest because increased concentrations of FFA might be an 

indication that a transformer is reaching the end of its life. 

The concentration of FFA in oil can be measured using high-performance liquid 

chromatography (BPLC) techniques or by chemical analysis in a laboratory remote 

from the transformer. Recently, novel solid-state opto-electronic sensors have been 

developed to allow the measurement of FFA fluorescence in oil to concentrations as 

low as 0.1 ppm [38,391. The principal advantage of this technique is that the 

optoelectronic device could be utilised in a portable device and mounted on a 

transformer for continuous monitoring. The disadvantage is that such devices have not 

yet been extensively tested on-line, and only faults involving cellulose material can be 

identified. 
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1.3.2.3 Acoustic monitoring 

Acoustic signals are generated by the rapid thermal expansion and contraction of the 

discharge channel. PD can result in a mechanical shock wave that can propagate 

through the tank. In an oil-filled power transformer, acoustic signals can have a wide 

spectrum extending from the audible range to ultrasonic frequencies in excess of 400 

kHz [40]. Acoustic techniques have been used extensively to locate defects in 

operational power transfonners. The advantage of this technique is that sensors are 

non-intrusive and offer some immunity to electromagnetic interference (EMI) [40,41 ]. 

The propagation of acoustic signals can be modelled if the internal geometry of the 

transformer is known. This typically involves dividing the transformer geometry into 

sub-modules, and analysing the propagation characteristics of the acoustic wave 

[42,43]. However, the complicated structure of a power transformer results in a 

multitude of different acoustic impedances, and so the path between the PD source 

and the sensor is often complex. The sensitivity of PD detection is affected by the 

geometric spreading of wavefronts, the division of waves among multiple paths, and 

propagation losses due to material absorption [44,45 and 46]. 

The propagation delay between the PD and reception at an acoustic sensor can 

represent a significant phase shift relative to the 20 ms (at 50 Hz) power cycle. 

Therefore, interpretation and classification of discharge activity can be difficult using 

phase-resolved measurements. In addition, acoustic techniques are not ideal for 

remote continuous monitoring because many sensor positions are required for 

maximum sensifivity [47]. 
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1.3.3 Electrical methods of partial discharge detection 

1.3.3.1 IEC 60270-based measurements 

The EEC Publication 60270 [21] describes the principles of detecting PD using 

conventional electrical measurement circuits. The main advantage of this technique is 

that PD measurements can be calibrated in terms of charge, usually in pC. IEC 60270- 

based systems are commonly used for measuring PD under laboratory conditions [48], 

or for testing power transformers at manufacture stage [8]. 

Figure 1.8 shows a circuit representation that allows PD to be measured at the bushing 

tap of a transformer in accordance with EEC 60270 specification [21,49]. The 

principles of the IEC 60270-based method are explained further in Section 2.4.2. 

capacitive foil (Cf) for Ck coupling capacitor 
electric field grading C. measuring capacitor 

in bushing C,, transformer capacitance 

bushing tap connection 

Cf 
Ck 

:E-" to measuring instrument 
L; M 

Figure 1.8 Schematic diagram of a bushing tap connection. 

15 



Rogowski coils can also be used to measure PD at the bushing tap [21,50], as shown 

in Figure 1.9. The Rogowski method does not require direct electrical contact and is 

therefore safer, but the method is less sensitive than the bushing tap method. 

(a) 

capacitive foil (Cf) for 
electric field grading 

in bushing 

c 
transfonner capacitance 

L-7 bushing tap connection 

Cf Rogowski coil 

to measuring mstrument 
C', 

(b) 
Aw 

40--Mlý 

bushing tap position 

PD detection circuit 

Figure 1.9 Rogowski coil measurement system, 
(a) schematic circuit and (b) installation 

(photograph courtesy of Zhongdong Wang). 
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Figure 1.10 shows a circuit schematic for measuring PD at the (resistively) earthed 

point of a star-connected transformer [50]. On the other hand, Figure 1.11 shows a 

convenient method that allows PD to be measured using three Rogowski coils. These 

are mounted externally on a set of neutral bushing terminals. 

These techniques are based on the principle that a voltage will develop across the 

neutral resistor if PD occurs on a single phase. The technique has the advantage that 

measurements are made at earth potential, but measurements suffer from low 

sensitivity. Faults such as surface flashover may cause the potential at measurement 

terminals to rise momentarily to hundreds of kV, so that additional protection is 

required. A common approach is to use optical links for the interconnection of the 

coupling device and the measuring instrument [51,52,53]. 

neutral 
neutral 
resistor 

(potentiometei 

protection 
circuit 

I 

filter measuring 
instrument 

Figure 1.10 Schematic of neutral terminal 

NOW AM 

mounting 
positions of 

Rogowski coils 

Figure 1.11 Measurement of PD at neutral terminals using Rogowski coils 
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The detection of PD using electrical techniques involves the use of either narrow-band 

or wide-band measurement systems [54,55]. In accordance with the EEC 60270 

specification, a narrow-band measurement bandwidth is defined between 9 kHz and 

30 kHz, and with a centre frequency up to 1 MHz [21]. Narrow-band techniques can 

have the advantage of increased sensitivity and noise rejection. However, the 

technique is inherently bandwidth limited, discharge location can be difficult, and 

measurements are generally only carried out 'off-line' [56]. 

In the case of wide-band techniques, the location of a PD source on a winding can be 

found by analysing the shapes of the measured current pulses [56]. For such a defect, 

current pulses must propagate through the distributed impedance system of the 

windings to get to a detector [57]. If the internal geometry of the transformer is known 

then the transfer function of the propagation path can be detennined. This allows 

pulse shapes to be reconstructed and measurements can be calibrated in terms of pC 

[58,59 and 60]. 

Both narrow-band and wide-band measurements can be recorded in a phase-resolved 

form, and this provides a useful means to assist with the interpretation of discharge 

behaviour [61 ]. EEC 60270-based measurements are commonly carried out at 

manufacture stage because sensitive PD measurements can be carried out in 

laboratories that are shielded from EMI. However, in substation environments, the 

sensitivity of electrical PD measurements is reduced because of telecommunication 

signals and disturbances from power electronic devices [46]. Filtering methods are 

often required to obtain adequate sensitivity to PD [46,62,63]. 
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1.3.3.2 UHF measurements 

The UHF technique involves detecting electromagnetic waves in the band 300 MHz - 

3000 MHz which are excited by PD pulses [64,65]. UHF measurement systems have 

the advantage that defects can be located and classified. 

The main parts of a UHF monitoring system for locating defects are shown in 

Figure 1.12. By performing time-of-flight measurements, the location of a PD source 

can be found. This involves measuring the time difference (At) between UHF signals 

arriving at two sensors, and calculating the distance of the PD source from each 

sensor [66,67]. It is preferable to make measurements in the UHF range because the 

relative intensity of external air corona falls rapidly with increasing frequency. 

--> At <- 

)e 

Figure 1.12 Overview of a UHF PD monitoring system for locating defects. 
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For defect classification, UHF PD signals are generally measured in 'phase resolved' 

form. An overview of such a measuring system is shown in Figure 1.13. Signals from 

one or more sensors are filtered, amplified and detected using hardware prior to being 

digitized. A phase signal derived from the power frequency waveform provides a 

reference for synchronising UHF PD signals. Each PD pulse recorded is placed within 

a data framework and associated with a particular time and 'point-on-wave'. 

In contrast with acoustic I'D detection, the velocity of electromagnetic waves in oil 

does not represent a significant delay relative to the duration of the power cycle. This 

property allows phase-resolved measurements to be used for interpreting PD activity 

[68,69,70 and 71]. These measurements can be analysed to provide information on 

whether PD is becoming more severe or is changing in character. 

clock 
HV plant power frequency 

phase reference 
digitizing 47-- 
hardware 

user 
interface 

coaxial cable 

UHF 
sensor 

Y\11- 
filtering 
amplification 
detection 

Figure 1.13 Overview of a UHF PD monitoring system for locating defects. 
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In this thesis, the UBEF measurement technique is investigated for the detection of PD 

in oil-filled power transformers. In a preliminary laboratory experiment by Judd [28], 

it was reported that PD occurring in insulating transformer oil caused the excitation of 

UBF signals. A 'spark plug' was immersed in oil and radiated electromagnetic (EM) 

signals were found to have frequency content up to at least 1.5 GHz. 

Based on the success of this experiment, two UBF sensors were designed and 

retrofitted to hatches at the top of a ScottishPower transfonner (SGT4 at Neilston 

substation) [721. UBF signals were detected while the transformer was re-energised 

and returned to full load. This confmned that PD occurring in a power transformer 

could be detecting using the UET technique. Rutgers et al [73,74 and 75] carried out 

similar investigations, and also concluded that the UHF technique should be 

considered further for PD monitoring. 
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1.4 Research Objectives 

1.4.1 UBIF PD detection for oil-filled power transformers 

From Section 1.3, it is clear that DGA, FFA, acoustic monitoring and EEC60270- 

based measurement systems are not ideal for continuous remote monitoring of power 

transformers. The main limitation of DGA is that discrimination of separate discharge 

sources can be difficult and defect localisation is not possible. At present, there 

remains a lack of extensive field testing using portable on-line FFA measurement 

systems and only faults involving cellulose can be detected. Acoustic techniques are 

not ideal because many sensor positions are required for maximum sensitivity. In the 

case of IEC60270-based systems, measurements generally suffer from low sensitivity. 

On the other hand, preliminary investigations by Judd [28] and Rutgers [73,74] 

suggested the UBF technique should be considered further for the continuous remote 

monitoring of power transformers. The following questions summarise the basis of 

'l- . this research: 

9 What types of PD that can be detected using UBF measurements? 

* What are the main types of defect that would cause concern in an operational 

power transfonner? 

9 How can UBF signals be processed in ways to provide information that will 

assist with the interpretation of PD behaviour? 

This thesis answers the above questions and provides the basis for the creation of a 

viable system for on-line PD monitoring of power transformers. 
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1.4.2 Overview of the research programme 

The experimental arrangements and measuring equipment used to investigate PD 

activity are described in Chapter 2. 

The work of Chapter 3 describes PD pulses recorded using different measurement 

circuits. At inception voltage, PD current pulses are measured using a high-frequency 

measurement system. At voltages well above inception, current pulses are measured 

using a high-frequency current transformer. These fundamental measurements are 

came out to determine whether the rate of change of PD current pulses in 

transformer oil is sufficiently high to cause the excitation. of UBF signals [76,77]. 

Chapter 4 describes and discusses current pulses simultaneously recorded with 

IEC 60270-based and UBIF measurement systems. The influence that current pulse 

shapes have on both measurement systems is discussed, and it is recommended that 

field measurements might be enhanced by simultaneously recording UBF and 

IIEC 60270-based measurements [78,79]. 

In the work of Chapter 5, PD is generated at a range of defect configurations that 

would cause concern in an operational power transformer. Radiated UHF PD signals 

are measured using two broadband electric field sensors, and the relationship between 

measured charge and UHF energy is investigated. The spectral energy and the relative 

energy measured using both sensors are also investigated. These techniques are shown 

to provide a useful means to assist with the interpretation of discharge behaviour 

[80,81]. 
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Chapter 6 describes and discusses PD that is generated at a range of defect 

configurations and UHF signals are recorded in phase-resolved form. Experiments are 

carried out over a range of test voltages, and this allows a comprehensive database of 

results to be created. Results are analysed in ways that provide evidence of physical 

differences in the nature of each insulation defect [82,83]. 

In the work of Chapter 7, field tests are carried out on a ScottishPower transfonner 

that was known to be discharging. UHF PD signals are recorded in both the time 

domain and in phase-resolved form. Analysis of the time domain data reveals the 

presence of two separate PD sources. Phase-resolved measurements are analysed in 

the light of Chapter 6 [84,85]. 

The significance of this research is discussed in Chapter 8. This chapter draws 

conclusions and makes recommendations for further research. In Chapter 8, the 

general requirements of a power transformer PD monitoring system are described. 
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2 GENERATION AND NIEASUREMIENT OF PD ACTIVITY 

2.1 Introduction 

In this chapter, the test apparatus that was designed for investigating PD in 

transfonner insulating oil is introduced. The HV transfonner, interconnection and the 

HV divider network that is used to monitor the profile of the AC waveform. is also 

described. 

The high-frequency current transformer is introduced. This is used to measure PD 

current pulses in transformer oil at test voltages well above inception. The current 

transformer affords electrical isolation between the PD source and the sensitive 

measuring equipment. 

As will be described in Chapters 4,5 and 6, PD is generated at a range of defect 

configurations. UBT PD signals are detected using a broadband electric field sensor, 

and these signals are pre-amplified or attenuated as necessary. The frequency 

response of the broadband electric field sensor, the pre-amplifiers and the attenuators 

are described. In the work of Chapters 6 and 7, UBIF PD signals are recorded in a 

phase-resolved form using a partial discharge monitor (PDM). An overview of the 

PDM is provided here. 
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2.2 PD Test Arrangements 

A test cell was designed to simulate a variety of PD sources in transformer insulating 

oil. Figure 2.1 shows a schematic of the test cell which was designed using materials 

that could easily be machined. The upper and lower plates of the test cell were made 

from insulating materials such as Tufhol and Nylon 6-6. A Perspex tube fits into a slot 

machined on both plates, and '0'-rings are used for sealing purposes. The test cell is 

clamped together using insulating bolts. 

The edges of the HV electrode have been machined with a generous radius to prevent 

the generation of unwanted PD, and it is energised via a brass connector with rounded 

comers. A sealed Sub Miniature Type-A (SMA) connector was attached to the centre 

of the lower plate of the test cell. A needle was soldered to the centre of the SMA 

connector to create a sharp protrusion. The typical diameter of the needles tested was 

30 pm. This design of test cell allows external measurement of PD current pulses. The 

distance between the HV electrode and the tip of the protrusion can be varied using a 

threaded mechanism. 

Figure 2.2 shows the PD test arrangement that was designed to allow a range of 

electrode configurations to be tested in an oil bath. The test arrangement was 

constructed mainly from polypropylene. The relative permittivity of this material is 

closely matched to that of mineral oil therefore electric field variations between the 

oil and the polypropylene interface were minimised [86]. Electrode protrusions, 

surface discharges, bad contacts, floating components and suspended particles were 

simulated using this test arrangement. 
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Figure 2.1 Test cell containing a point PD source with an SMA connector for 
external measurement of current pulses. 
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Figure 2.3 shows the test cell used to investigate moisture contamination and a ftee 

metallic particle defect. A particle or a water droplet can be placed on the concave 

dished electrode prior to filling the test cell with oil. For these tests, an enclosed test 

cell was used to ensure that the defects remained in a region of high electric field 

stress. 

For each test configuration, an insulating barrier was suspended between the 

electrodes to reduce the risk of flashover [87,88], which would damage the test 

equipment. Both the test arrangement and the test cell were energised using the HV 

transfonner described in Section 2.3.2. 

Before a particular defect arrangement was added to either of the test arrangements 

shown in Figures 2 and 3, the extent to which the experimental set-up was TD free' 

was investigated. By gradually increasing the test voltage and measuring the on-set of 

PD using a UBF measurement system an upper limit for the test voltage was found. 

PD was subsequently generated at each defect but using a test voltage well below this 

limit. This technique provided confidence that measured PD signals were generated at 

the defect site and not anywhere else in the experimental arrangement. 
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2.3 High Voltage Equipment 

2.3.1 Safety precautions 

All equipment that generates HV was located inside an earthed metal mesh cage and 

energised from a 230 V AC supply. A Castell interlock system ensured that HV 

equipment was automatically disconnected before the cage door could be opened. The 

cage was also fitted with an isolafing safety switch to cut off the power supply to the 

cage in emergencies. When experiments were completed, an earthing rod was used to 

discharge any exposed parts of the experimental apparatus that may have retained a 

stored charge. The earth rod was left in contact with the main HV terminal while the 

equipment was not in use. 

2.3.2 HV test equipment 

HV interconnection 

oscilloscope 

step-up 
transformer 

variac 

HV 
divider 
network 

Figure 2.4 
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An overview of the experimental equipment used to generate PD is shown in 

Figure 2.4. A variac was used to control the mains voltage between 0 to 100% of AC 

mains voltage. A single-phase 230 V to 40 kV step-up transformer (Ferranti, Serial 

No. 161030) was used to generate high voltage. 

An HV busbar was used to connect the step-up transformer, the HV capacitive divider 

network and the test cell. An oscilloscope was connected to the HV divider network 

via a protection circuit and this allowed the profile of the AC waveform to be 

monitored. PD was generated at a variety of defect types in the test cell. 

2.3.3 HV busbar 

robust HV busbar system was configured using copper pipes that allowed 

interconnection of the step-up transformer, the capacitive divider circuit and the test 

cell. Care was taken to ensure that the radius of the busbar (r) was sufficiently high to 

prevent air corona from being generated at its surface. Figure 2.5 shows how the 

electric field at the surface of a busbar varies with r [89,90]. In this simulation the 

busbar voltage V was set to 50 kV because test voltages were always less than 50W. 

16 

12 

8 

3 MV/m (electrical breakdown strength of air) 
---- ---------------------------------------------------- 

0- 
0 

Figure 2.5 
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Electric field at the surface of the cylindrical busbar. 
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Since the HV interconnection network was air-insulated, the outer diameter of the 

copper pipe was chosen to ensure that the electric field at the surface of the busbar did 

not exceed 3 MV/m [91]. The chosen value for the busbar radius was a standard size 

of 28 mm. This provided a low-cost solution and gave a good safety margin. 

Electrostatic shields were used at the joints in order to prevent unwanted discharges. 

2.3.4 HV divider network 

As shown in Figure 2.6, the HV AC waveform was monitored at the output of a 

capacitive divider circuit by connecting an oscilloscope across C2 via a protection 

circuit. 

(a) 

Transzillg 

fuse (rated at 60 mA) 

VC2 

resistor QK2 92) 

(b) 

CI 

C2 2K2 Q 

VC2 

BNC connector 
(panel mounted 
on lower side of 
grounded plate) 

to oscilloscope 

BNC 
connector 

1.5 KE I 8CA leaded Zener diode 
transient suppressor 

Figure 2.6 Protection circuit (a) expanded view of protection circuit and (b) equivalent 
diagram of capacitive divider network and protection circuitry. 
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The applied test voltage never exceeded 40 W, and the values of C, and C2were 

chosen to limit the voltage at C2to 4V. The values chosen for C1 and C2were 0.3 nF 

and 3 pF. This provided a division ratio of 10,000: 1, although the manufacturing 

tolerance on these capacitances will affect this ratio. This high division ratio meant 

that almost all of the test voltage was dropped across C1, and so C, was rated at the 

maximum test voltage. Under normal operating conditions, the voltage across C2 

should only be 1/10,000 of the test voltage. Therefore, an HV capacitor was not 

required for C2 and this offered a lower cost solution. 

Should breakdown occur in C1, the oscilloscope would be at risk from high input 

currents. As a safety precaution, a protection unit was designed. A current-limiting 

resistor and a fuse were connected in series with the oscilloscope to provide a measure 

of protection for high currents. A Transzillg device was also connected in parallel 

with the oscilloscope to provide protection from transients with risetimes in the 

nanosecond duration. 

An oscilloscope with aI MCI input impedance (Ri,, ) was used to measure the AC 

waveform. Since the applied test voltage never exceeded 40 kV the voltage across C2 

should not exceed 4V. 

During normal operation, the maximum current drawn by the oscilloscope would only 

be 

state 
VC2 

steaq 
R2K2+R, 

cope 

4 = 3.99 pA 
(2.2 x 103 +1X 106) 

which is well below the fuse rating. 
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In the event of a short circuit occurring across C1, the voltage across C2would rise to 

40 M The maximum instantaneous current would be limited by the resistor to be 

I 
fault Vtest 

R2K2 
40,000 18.18 A 
2,200 

(2.2) 

The Transzillg device will sink this current long enough for the fuse to 'blow'. The 

selected TranszillO device clamps the voltage to 25.2V, which will protect the 

oscilloscope input [92]. When the fuse 'blows' the oscilloscope is electrically isolated 

from the HV divider network. Figure 2.7 shows the complete capacitive divider and 

protection circui . 

CI 

C2 

protection circuit 

Figure 2.7 Experimental arrangement used to monitor the HV waveform. 
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2.3.5 Frequency response of HV AC measurement circuit 

The frequency response of the HV AC measurement circuit was simulated to ensure 

that it is suitable for measuring frequencies around 50 Hz. The voltage measured by 

the oscilloscope can be expressed as 

Vscope VI+ 
Zcl ZC2 + R2 

(2.3) 

ZC2R2 

where, R2 = Ri, + 2K2 (2.4) 

The parameters Zc, and Zc2 correspond to the impedances of C, and C2 respectively 

and V is the AC voltage at the HV terminal of the divider. In this calculation, the 

impedance of the TranszillO device was neglected as it behaved as an open circuit 

during normal operating conditions and its capacitance is negligible compared 

with C2. 

In Figure 2.8, the frequency response of the measurement circuit is shown. This is 

plotted on a logarithmic scale and demonstrates that the frequency response is flat for 

a broad range of frequencies around 50 Hz. 
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Figure 2.8 Frequency response of HV divider network and protection circuitry. 
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Figure 2.9 shows a profile of the HV AC waveform that was measured in the 

laboratory using the oscilloscope. Clearly, the waveform is not a pure sinusoid. As 

will be discussed in Chapter 6, this is likely to modify the phase position at which PD 

occurs. 

0) 

I- 
0 

9u lbu 2-/u 
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AC sunniv waveform 
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0 

Figure 2.9 Profile of the experimental HV AC waveform. 
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2.4 Measurement Equipment 

2.4.1 Current transformer 

A high-frequency current transformer (Tektronix CT-1) was used to measure current 

pulses at test voltages well above inception [93]. The Tektronix data sheet states that 

the sensitivity of the current transformer is 5 mV/mA and its bandwidth is 

25 kHz -I GHz. However, the current transformer could not be positioned around the 

protrusion because of the high electric field in this the region. Therefore, a3 in length 

of RG405U cable was connected to the protrusion and current pulses flowing at the 

remote end were measured using the current transformer. This section is concerned 

with measuring the frequency response of this measurement system (Figure 2.10). A 

detailed view of the high-frequency current transformer, SMA type connector and the 

50 92 resistor are shown in Figure 2.11. 

simulated 
PD current pulse 

I 

SMA monopole 50a 
connector RG402U cable 

high-frequency 

current transformer to 3GHz 
bandwidth 

oscilloscope 
via attenuator 

5092 

Figure 2.10 Schematic of PD current pulse measurement technique. 
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Detennination of the frequency response is explained with reference to Figure 2.12. A 

repeatable current pulse with a 0.5 ns risetime was generated using a current pulse 

generator circuit [67], this pulse was attenuated by 20 dB. 

Firstly, the arrangement shown in Figure 2.12(a) was connected and a reference pulse 

(I,, f) was recorded using the 3 GHz oscilloscope. The measurement system was then 

modified to include the current transformer (Figure 2.12(b)). The output of the current 

transformer was connected to the 3 GHz oscilloscope and the modified current pulse 

(Iprobe) was measured. Both pulses were transformed into the frequency domain using 

a fast Fourier transform (FFT) and the frequency response was found by determining 

the ratioIprobe / Iref. The frequency response of the measurement system shows that 

current pulses with frequency content in the UHF band up to I OOOMHz can be 

measured. 
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Figure 2.12 Technique for calibrating the high-frequency measurement system; 
(a) arrangements for measuring current pulses, 
(b) examples of measured pulses and 
(c) measured frequency response. 
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2.4.2 IEC 60270-based measurement system 

IEC Publication 60270 [211 sets out the principles for conventional PD measurement 

systems. In Figure 2.13, an example of a conventional PD measurement circuit 

commonly used under laboratory conditions is shown. 

Aq,, 
Aq. -T C, 

PD 
Aq, 

z. I IEC 60270-based 
measurement circuit 

Figure 2.13 Schematic of a conventional PD measurement circuit. 

An HV coupling capacitor (Q and a measurement impedance (Z,.,, ) are connected in 

parallel with the test object (Q. When PD occurs in the test object (Aq, ) there will be 

a redistribution of charge inside C, and a transient current i(t) will flow through Z,, 

[94]. The true charge Aq, corresponds to the charge transferred at the defect site. 

However, the measured charge Aq. is released from Cc and is found by integrating 

i(t). 

If the values of C,, and C, are known the apparent charge Aqa can be determined 

using 

Aqa ': --, Aqm (Co+ CO (2.5) 
Cc 
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The apparent charge refers to the charge induced on the terminals of C,,, whereas Aq, 

is the true charge, which is transferred at the PD site. 

The rapid rate of change of PD current allows it to be detected using a measurement 

system that offers suitable sensitivity, bandwidth and isolation from the HV source 

[50,51]. The measured waveform is shaped and amplified by the IEC 60270-based 

measurement circuit to provide a value that is proportional to the apparent charge 

quantity. The sensitivity of such a measurement system is calibrated by injecting a 

calibration pulse across the terminals of the test object. 

The frequency response of the IEC 60270-based measuring circuit used in this work is 

shown in Figure 2.14. This circuit and its frequency response were provided by the 

School of Engineering, Science and Design at Glasgow Caledonian University. The 

frequency range of the circuit is 30 kHz -3 MHz, the resonant frequency (f,, ) is 

750 kHz and the -3 dB bandwidth is 478 kHz. 
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Figure 2.14 Frequency response of the IEC 60270-based measurement circuit 
(simulated using software). 
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Figure 2.15 shows an example of a waveform detected using an IEC 60270-based 

measurement circuit. This waveform was measured when PD activity was generated 

at an air-insulated protrusion [78). The maximum voltage of the waveform (Vpk) is 

proportional to the apparent charge quantity. 

250 
Vpk 

10 

-250 
0 0.5 1 1.5 

time (lis) 

Figure 2.15 Example of a waveform detected using the IEC60270-based 
measurement circuit. 
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2.4.3 Broadband electric field sensors 

In the experiments of Chapters 4,5 and 6, radiated UHF PD signals are detected using 

passive broadband electric field sensors mounted inside a test chamber. In this 

investigation, a D-dot sensor was selected, an example of which is shown in 

Figure 2.16. This sensor converts the rate of change of electric flux density into a 

voltage that can be measured using an oscilloscope and was chosen because of its 

good impedance match to a 50 Q measurement system. An example of a measured 

UHF signal is shown in Figure 2.17. 

Figure 2.18 shows the frequency response of the D-dot sensor as measured using a 

pulsed GTEM (Gigahertz Transverse Electromagnetic) system [67]. This plot shows 

that the sensor is suitable for detecting frequencies in the range 200-2000 MHz with a 

sensitivity greater than 6 mVNm-1[95]. Therefore, the sensor is suitable for the 

detection of UHF signals. 

50 inm 

Figure 2.16 Example of a D-dot sensor and coaxial BNC-type 
connector. 
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Figure 2.17 Example of a UIHF signal measured using the 
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Figure 2.18 Measured frequency response of the D-dot sensor. 
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2.4.4 UIHF pre-amplifier and attenuators 

A set of attenuators covering the range 3- 20 dB and UBF pre-amplifiers were used 

throughout this work. A vector network analyser was used to measure their frequency 

responses. Figure 2.19 shows that the frequency response of the attenuators is 

reasonably flat from 0 to 2500 MHz, and the gain of the U'HF pre-amplifiers is at least 

20 dB up to 2000 MHz. This finding confirms that these components are suitable for 

measuring UHF PD signals. 
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Figure 2.19 Frequency response of (a) BNC attenuators, (b) N type attenuators and 
(c) pre-amplifiers 
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2.4.5 Partial Discharge Monitor (PDM) 

2.4.5.1 Overview 

In the work of Chapter 6, a Partial Discharge Monitor (PDM) supplied by Diagnostic 

Monitoring Systems Ltd is used to record phase-resolved patterns for a range of PD 

sources. Since the PDM system was used extensively for recording PD data, it is 

useful to outline its operating principles. A schematic of the PDM circuitry is shown 

in Figure 2.20. A high-pass filter rejects frequencies below 500 MHz, with the 

envelope peak of the detected UBF signal subsequently being extracted and 

represented as a phase-resolved event. 

detected 
UHF. signal 

500 MHz UHF 
high-pass filter amplification: 

, r\j 
phase-reference 

signal 

non-linear gain 

low-pass filter 
(to increase 
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dynamic range) 

Figure 2.20 

peak-hold 
unit 

A/D 
converter 

0- iov > phase-resolved 
=0- 100%1 event 

phase synchronisation 
signal 

zero-crossings 
detector 

Schematic of PDM circuitry. 

PD events are displayed as three-dimensional (phase angle, pulse height and 

cycle number) 'snapshots'. The PDM resolves pulses into 64 phase windows, 

corresponding to a resolution of 5.6". In each phase window, only the largest pulse is 

recorded. Measurements are performed for 50 sequential cycles and patterns can be 

saved as compressed data files [96]. 
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2.4.5.2 Calibration of PDM 

In this section, the relationship between the 'raw' UBF signal entering the PDM and 

its corresponding pulse height is investigated. The experimental arrangement used for 

this purpose is shown in Figure 2.21. 
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Figure 2.21 Experimental arrangement used to investigate the relationship 
between the detected UIIF signal and pulse height. 

A contact discharge cell [97] was positioned inside a GIS chamber; this provided a 

natural wave guiding structure for the UIHF signals. The cell was then energised and 

this caused a single PD event and the excitation of a burst of UBF signal. 

The UBF PD signal was detected using a UIHF sensor that was mounted internally 

within the GIS. The UIHF signal was subsequently amplified by 25 dB using the 

HP8447D pre-amplifier. This signal was attenuated prior to being divided equally 

using a 3dB 11667A Hewlett Packard power splitter, which ensures that identical 

UIHIF signals are supplied to the oscilloscope and the PDM. 
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Using this arrangement the relationship between the energy contained in the UHF 

signal measured using the oscilloscope (b), and the amplitude of the PD event (0- 

100%) displayed by the PDM (VpDm) was investigated. U14F energy was calculated 

using: 

N 
v2 

U= At n (2.6) 
Y, 

RL 
n=0 

where RL = 50 0, V,, is the voltage sampled using the oscilloscope, At is the time 

difference between successive samples and N is the number of samples in the record. 

Attenuators covering the range 3- 20 dB were used to vary the amplitude of the UHF 

signals that were detected allowing the relationship between UuHFand VpDm to be 

investigated over a wide range. The relationship between UuHFand VpDm is shown in 

Figure 2.22, revealing the nature of the non-linearity introduced by the PDM circuitry. 
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Figure 2.22 Relationship between UIHF energy and the amplitude of pulses 
measured using the PDM. 
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This non-linearity is a feature of the PDM and allows defects of widely ranging PD 

levels to be represented on the same display. As will be described in Chapter 6, care 

must be taken in interpreting the amplitudes of pulses measured using the PDM for 

this reason. 

2.4.5.3 Zero-crossing detector 

An experiment was performed to confirm that the PDM triggered on the zero-crossing 

of the positive half cycle of the HV AC waveform. UHF signals from a HV corona 

source in air were measured in phase-resolved form using the PDM. These 

measurements were carried out at inception voltage. At inception voltage, PD events 

are restricted to the negative half cycle because electrons are readily available at the 

point-cathode. 

Figure 2.23 shows PD pulses were restricted to the second half cycle, thus confirming 

that the PDM triggered on the first zero-crossing of the positive half cycle. This 

finding would be expected for a HV corona source in air, and confirms that the PDM 

triggered on the first zero-crossing of the positive half cycle [66,98]. 
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Figure 2.23 Phase-resolved pattern for a HV corona source in air at inception 
voltage. 
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3. MEASUREMENT OF PD CURRENT PULSES 

3.1 Introduction 

Liquid dielectrics are used in power transformers as they can be circulated to dissipate 

heat generated in the system. They provide good insulation and are more convenient 

than solids because they can fill a region to be insulated more easily [99]. However, 

despite of decades of research, the general understanding of electrical breakdown in 

liquid dielectrics is still relatively modest [ 100,10 1 ]. 

In this chapter, a brief overview of the physical processes that are involved when PD 

occurs in both gases and liquids is provided. Okubo et al [102,103] have shown that a 

PD current pulse conveys information relating to the PD process and so its accurate 

measurement is fundamental for the design of PD measuring systems [104,105]. In 

subsequent sections of this chapter, current pulses generated in oil are analysed to 

establish whether they are sufficiently short to cause the excitation of UBF signals. 

The experiments described below involve PD generated in the insulating oil at the tip 

of a grounded protrusion. Current pulses are recorded using two measurement 

circuits: 

1. a high-frequency measurement system, and 

2. a high-frequency current transfonner. 
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At inception voltages, current pulses are measured directly using a high-frequency 

measurement system and are found to lie on a sub-nanosecond timescale. At voltages 

well above inception, PD current pulses are measured using the high-frequency 

current transformer that was described in Section 2.4.1. The current pulses measured 

during the positive half cycle are found to lie on nanosecond timescales, whereas 

those measured during the negative half cycle are found to lie on a microsecond 

timescale. The comparably longer pulses measured during the negative half cycle are 

inspected, and the individual components of these pulses are shown to occur on 

nanosecond timescales. These experiments are of fundamental importance 

significance because UBF signals are only excited when discharges occur on 

timescales of around Ins or less. 
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3.2 PD Processes in Gases and Liquids 

For gaseous insulators, a good first-order model of breakdown has been established 

for almost a century, and is based on electron avalanches [23,106]. However, despite 

their widespread use, there remains a lack of understanding in the breakdown of liquid 

dielectrics [107,108]. This is because factors such as oil chemistry, fluid motion, 

particulate contamination, moisture content, temperature and space charges influence 

the breakdown process [87]. 

Although the general understanding of electrical breakdown in liquid dielectrics is 

still relatively modest processes such as: field emission, electron attachment, 

collisional ionisation and the existence of streamer and leader channels are similar in 

nature to those that have been found to exist in gaseous dielectrics [107,108 and 109]. 

Therefore, an overview of the electrical breakdown characteristics of gases will be 

briefly considered. 

3.2.1 PD in gases 

Sulphur hexafluoride, (SF6) gas is commonly used for insulation in GIS, switchgear, 

power transformers and gas-insulated cables [109,110]. SF6 is chosen for these 

applications as it is chemically stable, non toxic, has good heat transfer 

characteristics, a high dielectric strength and excellent arc-quenching properties [ 111 

The dielectric strength of SF6, at atmospheric pressure, is three times that of air. At 

approximately 8 bar its dielectric strength is comparable to that of transformer oil. 
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The high dielectric strength of SF6is due to its property of electron attachment [109]. 

In this process, a free electron (e) moving in the applied electric field, which collides 

with a neutral molecule, may be attached to form a negative ion: 

SF6 +e (SF6)- (3.1) 

The free electron may be available due to cosmic radiation, natural radio-activity or 

field emission. The process of electron attachment competes with that of collisional 

ionisation. In the process of collisional ionisation, an electron with sufficient energy 

can remove an electron from a neutral molecule to create an additional free electron: 

SF6 +e (SF6)+ + 2e (3.2) 

Collisional ionisation is a cumulative process. If the electric field is sufficiently high, 

successive collisions can produce ever increasing numbers of free electrons and this 

may result in electrical breakdown of the gas. On the other hand, the heavy, slowly- 

moving negative ions which are formed by attachment are unable to accumulate the 

energy required to cause ionisation. Therefore, the attachment process effectively 

removes electrons and inhibits the formation of 'avalanches' of electrons which might 

lead to breakdown. 

'Me net rate of electron production in SF6 depends on the gas pressure (p) and the 

applied field (E). The energy attained by charged particles moving in a gas varies 

linearly with both the applied field and the mean free path (A) between collisions. If 

the temperature is constant, the energy varies directly with Elp. 
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The frequency of collisions made by a charged particle of a given energy increases 

with pressure. For an electron moving in a gas, the probability of ionisation for a 

single collision will be a function of Elp, while the rate of ionisation will be 

dependent on both pressure and Elp. 

For a swarm of electrons moving in a gas under a uniform electric field, the growth of 

ionisation rate is defined by the number of ionising collisions per electron per cm 

travel in the gas. This parameter is termed the ionisation coefficient (a), that is 

aIp =fcn, (Elp) (Eq 3.3) 

The removal of electrons from the swarm is determined by an attachment coejfzcient 

(q), and is defined as the number of attachments per electron per cm, 

?7/p =fcn2 (EIP) (Eq 3.4) 

The net ionisation is therefore dependent on the balance between ionisation and 

attachment. An important parameter describing the performance of SF6 is the critical 

electric field (EcRmcAL) at which, a= 1. For discharge phenomena to occur, it is 

necessary that a>q, or E> EcRmcAL [109,1101. 

(a - 1) /p= fcn 1 (Elp) - fcn 1 (Elp) (Eq 3.5) 
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The development of an electron avalanche under uniform field conditions is shown in 

Figure 3.1. Most of the charge is contained in a very small region of approximately 

10-100 pm diameter at the head of the avalanche. As will be described, the growth of 

this electron avalanche into a 'streamer' depends on the balance between the 

ionisation and attachment processes. 

( ax 

Figure 3.1 Development of an electron avalanche under uniform field conditions. 

Figure 3.1 shows a swarm of electrons that have grown to contain n(x) electrons at 

position x in the gap. By travelling a further incremental distance, ax, a new net 

charge will be generated as a result of ionising and attaching collisions with neutral 

molecules. This process can be represented by: 

cn pýi = (a - ; 7) n (x) öx an (x) ax (3.6) 

where a is the net ionisation coefficient. 

By integrating over the interval 0 to x the electronic charge contained in the avalanche 

tip can be evaluated: 
xx 

Ln f: fa ox (3.7) 
I/Vi 0 

hence: 

x 

nfx) = ex4f 
0a4 

exp (ax) (3.8) 
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Figure 3.2 Electric field distortion due to a large electron avalanche. 

Figure 3.2 shows the bipolar space charge distribution which can result from the 

ionisation process. This causes a distortion of the electric field (E) in the gap and 

ionisation activity ahead of and behind the avalanche tip is greatly enhanced. At a 

critical avalanche size, the space charge field (E, ) is high enough to generate rapidly 

moving ionisation channels called 'streamers' which propagate towards both 

electrodes [109]. 
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The propagation of cathode-directed streamers is dependent on electrons being 

released ahead of the streamer by photo-ionisation. On the hand, anode-directed 

streamers can propagate, without ionisation, when electrons are available from the 

streamer head. Typically, the time required for a streamer to travel 1 cm in SF6 is 

approximately 10 ns [109]. At higher voltages, streamers can be replaced by highly 

conducting hot ionisation channels called 'leaders' and flashover is very likely [69]. 

When electrons are accelerated and decelerated on a nanosecond timescale PD 

activity can be detected using the UBF technique. In subsequent sections of this 

thesis, the efficacy of using the UHF technique for the detection of discharge activity 

in insulating transformer oil is investigated. 

3.2.2 PD in liquids 

Optical measurements are often used to study the pre-breakdown phenomena in 

dielectric liquids [ 112,113,114]. These techniques are based on the principle that the 

refractive index of the region involving the discharge is different from that of the 

surrounding insulation [115]. When the sampling rate of an optical measuring system 

is sufficiently high, the temporal and spatial development of a PD can be studied 

[115,116,117]. Using optical measurements, several researchers have identified that 

electrical breakdown in a liquid consists of two separate phases. These are the 'bubble 

process'and the 'electronic process' [118,119]. 
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The 'bubble process' is best explained by considering a point-plane electrode system 

such as that shown in Figure 3.3. When the applied electric field is sufficiently high 

field emission occurs and electrons can escape from the tip of the point-cathode into 

the adjacent fluid [20,100] 

___ 

S+ 

'bubble' region 
(low density cavity) 

HV 

Figure 3.3 Formation of 'bubble' in region of high electric field stress. 

Optical experiments carried out by Watson et al [100 and 112) reported that a low- 

density cavity or 'bubble' is formed in the region of high electric field stress. As more 

electrons escape from the protrusion into the cavity its volume will increase [20]. In 

the process of expanding, the cavity must do work against the ambient pressure and 

its size will be limited [120]. Watson et al [100,112], have reported an electro- 

hydrodynamic instability to occur at the surface of the cavity once it had reached a 

specific volume. Streamers were then observed to propagate from the surface of the 

cavity. 
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The propagation of streamers is termed as the 'electronic process' [100,118]. It is 

generally accepted that streamers are gaseous filled channels, and their propagation is 

dependent on the direction of the geometrically defined electric field, the local electric 

field [ 114,115 and 116], the concentration of impurities [ 121 ], the conductivity and 

pressure of the streamer channel [ 118], and the accumulation of space charge at their 

tips [100,114 and 116 ]. 

Positive streamers, that is, those propagating from a point-anode, are generally 

described as being 'fast and filamentary' [ 11,121 ]. On the other hand, negative 

streamers, that is, those propagating from a point-cathode and are described as being 

'slow and bush-like' [121,122]. Lesaint et al [123 and 124) have reported that the 

velocity of streamers in transfonner oil, at inception voltage, is usually between 

0.1 and 2.103 ms-1. These experiments were carried out using impulse voltages, 

however observations relating to the propagation of streamers are of interest to this 

work. 

It is generally accepted that positive streamers propagate by attracting negative charge 

ftom the liquid ahead of the streamer tip into the tip itself [121]. The propagation of 

positive streamers therefore relies on the presence of free electrons in the region 

surrounding its tip. Lundgaard et al [114,116] have suggested that streamer 

propagation is maintained by the evaporation of the liquid due to heating by electron 

avalanches. When electron avalanches occur at the tip of the streamer channel then 

the propagation of the streamer might be expected to be 'fast and filamentary'. The 

length of a streamer is limited by the accumulation of space charge at its tip, or by a 

reduction in the extemally applied electric field. 
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As already outlined, negative streamers are generally described as being 'slow and 

bush-like'. This might be expected because electrons injected from the point-cathode 

into the oil will be subjected to a diverging electric field, and so negative streamers 

can break up and appear 'bush-like'. Once these separate branches start to propagate, 

they have a tendency to shield each other. This regulates the electric field on each 

filament, and so limits the propagation velocity of negative streamers are limited 

[115,1221. 
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3.2.3 PD current pulse shapes 

Previous experiments involving SF6 [125,126] have shown that a PD current pulse 

can be simulated using 

i(t) :=ie (t) +i 
ion 

(t) (3.9) 

-t 
II- -) 

I T, 
+I -e 

T2 (3.10) 
2 

where i, and ii... correspond to the electronic and ionic components of the current 

pulse respectively. The parameter t corresponds to time, and I and T define the peak 

current and risetime respectively. 

Since the aim of this chapter is to establish whether the duration of PD current pulses 

in oil are sufficiently short to cause the excitation of UBF signals contributions from 

ii,,,, are neglected. This is because ionic components generally involve risetimes of 

some hundred nanoseconds and are lower in amplitude than the electronic 

components. Figure 3.4 shows three examples of simulated current pulses with 

risetimes of 0.035 ns, 1.0 ns and 1.7 ns and unity amplitude. 

The total amount of charge q contained in each current pulse is 

i(t) dt 

and its magnitude can be expressed in the frequency domain as 

(3.12) 
+ 
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Figure 3.4 Simulated PD current pulses. 
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Figure 3.5 Frequency content of simulated current pulses. 

Figure 3.5 shows the normalised spectral content of the simulated pulses, as 

determined numerically using a FFT. Clearly, the spectral content associated with a 

current pulse is inversely proportional to its duration [8]. Inspection of Figure 3.5 

verifies that UIHF signals are excited when PD current pulses occur with sub- 

nanosecond risetimes, that is, the curves relating to the pulses of 0.035 ns risetime is 

non-zero between 300-3000 MHz. 

62 

I. 101 I. 101 I-loll I-loll 



3.3 Current Pulse Measurement Systems 

In Figure 3.6, the high frequency measurement systems that were used for measuring 

PD current pulses are shown. In both experiments, PD current pulse signals were 

attenuated by 20 dB to provide some protection for the measurement equipment. 

(a) 

HV 

15 mm 

20 dB 
attenuator 

50 Q RG405U 
to oscilloscope 

(Zin 50 12,3 GHz bandwidth) 

(b) 

HV 

-------- 

1 
50 mm 

20 dB 
to oscilloscope attenuator (Zj,, 50 92,3 GHz bandwidth) 

via 20 dB attenuator 

current 
transformer 

Figure 3.6 Measurement of PD current pulses using (a) the high-frequency measurement 
system and (b) the high-frequency current transformer. 
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For the electrode system shown in Figure 3.6(a), PD current pulses were measured at 

inception voltage using a high-frequency measurement system. The length and tip 

radius of the protrusion are 32 mm and 30 pm respectively and the gap distance was 

set at 15 mm. The electrode system was insulated using L10B oil, which is commonly 

used in power transformers in the UK. The protrusion was connected to a Tektronix 

TDS 694C oscilloscope (3 GHz bandwidth, 10 Gsamples/s) using 50 92 RG405U low- 

loss cable, and was effectively grounded through the measurement impedance of the 

oscilloscope. This approach allowed current pulses to be measured with high fidelity 

because a 50 0 transmission line was maintained between the attenuator and the 

oscilloscope. 

In Figure 3.6(b), PD current pulses were generated in mineral oil at test voltages well 

above inception and were measured using the high-frequency current transformer. 

The length and tip radius of the protrusion were 50 mm and 35 Pm respectively, and 

the gap distance was 50 mm. The output of the current transformer was connected to a 

Tektronix TDS694C oscilloscope. The bandwidth of this oscilloscope was 3 GHz, and 

the sampling rate was set at 10 Gsamples/s. 

In both of the experiments outlined, PD was generated at the tip of a grounded 

protrusion and current pulses were recorded. During the positive half cycle, the 

protrusion behaved as the cathode and the polarity of measured current pulses were 

positive. Conversely, pulses with negative polarity were measured during the negative 

half cycle because electrons are attracted to the protrusion tip from the liquid 

dielectric [124]. The current pulse records that are discussed in this chapter are of 

interest because they will govem whether or not UBF signals are excited by partial 

discharges and give some insight into the temporal processes of PD in mineral oil. 
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3.4 Results and Discussion 

3.4.1 Current pulses measured using the high-frequency measurement system 

Figure 3.7 shows an example of a positive and a negative current pulse that were 

measured using the high-frequency measurement system [76]. The charge contained 

within the current pulse records shown was calculated to be 3.7 pC for the positive 

pulse, and -7.0 pC for the negative pulse. 

The negative current pulse contained a greater amount of charge than the positive 

pulse, and this might be attributed to the presence of ionised regions within the oil in 

the region surrounding the point-anode. Under the influence of the high electric field, 

electrons can become detached from impurity molecules in the oil and can provide a 

source of electrons to the PD site. Under such conditions, PD current pulses measured 

at the point-anode might be expected to contain a greater amount of charge than those 

measured at the point-cathode. In the work of Chapter 4, PD current pulse shapes are 

discussed in greater detail. 

Inspection of Figure 3.7 reveals that the risetime of the positive current pulse was 

approximately 0.1 ns, whereas the risetime of the negative current pulse was 

approximately 0.48 ns. These findings confirm that the UBT technique should be 

considered further for the detection of PD in oil. 
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Figure 3.7 Examples of (a) positive and (b) negative PD current pulses measured 
using the high-frequency measurement system. 

3.4.2 Current pulses measured using the high-frequency current transformer 

Figure 3.8 shows an example of positive and negative current pulses that were 

measured using the high-frequency current transformer. These pulses were generated 

at test voltages well above inception. The positive current pulses occurred in separate 

bursts across a nanosecond thnescale, whereas the negative current pulse consisted of 

shorter bursts that were superimposed on an underlying pulse of 10 gs duration. 
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Figure 3.8 
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Examples of (a) positive and (b) negative triggering of PD current pulses 
using the high-frequency current transfonner. 

The positive current pulses shown in Figure 3.8(a) were measured when the 

protrusion was at a negative polarity with respect to the instantaneous voltage on the 

HV electrode. With reference to Section 3.2.3, these pulses might be representative of 

streamers that are 'slow and bush-like'. On the other hand, the negative current pulses 

shown in Figure 3.8(b) were measured when the protrusion was at a positive potential. 

These pulses might be representative of streamers that are 'fast andfilamentary', and 

so shorter bursts of PD current might be expected to appear within the overall pulse. 
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Figure 3.9 shows an expanded view of some negative current pulses that were 

measured using the high-frequency current transformer. The corresponding UHF 

signal is also shown. Clearly, the current pulses occurred in bursts and the duration of 

each pulse was no more than a few nanoseconds [77]. These findings confirm that 

UIHF signals can be excited during both half cycles, so the UIHF technique should be 

considered further for PD monitoring. 
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Expanded view of a (a) PD current pulse and 
(b) its corresponding UBF signal. 
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3.5 Conclusion 

In this chapter, some of the physical processes that are associated with PD occurring 

in a liquid were reviewed. Experiments were carried out across a range of test 

voltages and PD was generated in the insulating oil surrounding the tip of a grounded 

protrusion. PD current pulses were recorded using detection circuits with different 

. a. - frequency responses and a variety of pulse shapes were recorded. 

PD current pulses detected using the high-frequency measurement circuit were found 

to lie on sub-nanosecond timescales. At test voltages well above inception, the high- 

P-- - irequency current transformer was used to measure PD current pulses. The risetimes 

of the current pulses measured during the positive half cycle were found to lie on a 

sub-nanosecond duration. However, the negative current pulses consisted of shorter 

pulse bursts that were superimposed on an underlying pulse with a 10 ps duration. 

When these shorter pulse bursts were inspected they were found to lie on a sub- 

nanosecond timescale and cause the excitation of UHF signals. These measurements 

have shown that the risetimes of current pulses in oil can be sufficiently short to cause 

the excitation of UBF signals, at least under the highly divergent field conditions that 

exist at the protrusion tip. 

It is suggested that further research should involve the simultaneous measurement of 

PD current pulses, UBF and optical emissions. In addition, chemical degradation of 

the oil might also be investigated. This would allow current pulse and UBT 

measurements to be better related to the PD mechanism. 
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4. COMPARISON OF CONVENTIONAL AND UHIF MEASUREMDENTS 

4.1 Introduction 

This chapter describes experiments in which PD is generated at the tip of a grounded 

protrusion and current pulse measurements are made simultaneously with both 

IEC 60270-based and UBF measurement systems. Since IEC 60270-based and UHF 

measurements systems operate on very different principles their responses to PD 

current pulses of known magnitude provides a useful basis for comparing the 

performance of both systems [78,79]. PD current pulses can be conveniently 

measured under laboratory conditions, but they cannot readily be measured on-site. 

PD is generated in three different insulation media at the tip of the protrusion. The 

current pulses from PD generated in air, unused transformer oil and used transformer 

oil are measured using the high-frequency current transformer that was described in 

Section 2.4.1. 
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4.2 Experimental Procedure 

4.2.1 Measurement of PD activity 

PD activity was generated at the tip of a grounded protrusion as shown in Figure 4.1. 

The protrusion was created using a modified SMA monopole probe of length 

14.5 mm and tip radius 125 pm. A pressboard barrier was positioned against the HV 

electrode to reduce the risk of breakdown, and the distance between the HV electrode 

and the protrusion was 3.5 mm. The type of unused transfonner oil tested was BS148 

Class 1-2512 [127]; this was chosen as it is commonly used by electrical utilities in 

the UK The used transformer oil sample was taken from a ScottishPower transformer 

[128]. As can be seen from Figure 4.1, the test cell was positioned inside a chamber 

that provided a resonant cavity for UIHF signals. 

PD current pulse, EEC 60270-based and UHF measurements were simultaneously 

recorded using a LeCroy 960M-Wavepro oscilloscope (2 GHz bandwidth, 

4 Gsamples/s per channel). The EEC 60270-based system was used to measure the 

apparent charge (qa), and UBF PD signals were detected using a broadband electric 

field sensor. In order to isolate the oscilloscope, the high-frequency current 

transformer was used and its output attenuated by 20 dB. 

The charge (q) associated with each PD current pulse, the peak of the corresponding 

EEC 60270-based waveform (Vpk) and the energy (b) associated with the measured 

UIHF signal were found using numerical post-processing of the captured data. 

71 



test chamber 
HV AC (approximately 

Im x IM x 
IM) 

test cell 
C. C7 

broadband elec 
field sensor 

20 dB 

(3) 
UHF measurement high-frequency 

current 
transformer 

3m of RG405U 
semi-rigid cable 

5092 

z 

(1) 
PD current pulse 

(2) IEC 60270-based 
measurement 

Figure 4.1 Arrangement for measuring PD activity, showing the three measured quantities: 
(1) PD current pulse, 
(2) IEC 60270-based and 
(3) UBF measurement techniques. 

In each experiment, the time-base of the oscilloscope was triggered on the PD current 

pulse signal. This allowed the polarity and amplitude threshold of the parameter most 

directly related to PD at the protrusion tip to be selected. The sampling rate of all 

measurements was 4 Gsamples/s. For each insulation medium, approximately 250 

measurements were recorded using both positive and negative triggering. A PC was 

interfaced to the oscilloscope to allow measurements to be automatically saved as 

compressed data files. An example of simultaneous measurements of PD generated in 

unused transfon-ner oil using the conducted current pulse method, IEC60270-based 

and UIHF measurements are shown in Figure 4.2 
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Figure 4.2 Examples of simultaneous measurements of PD generated in unused 
transformer oil using (a) PD current pulse, (b) IEC60270-based and 

(c) UBF systems. 
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Figure 4.3 Example of a PD current pulse with reflections. 

200 

An example of a PD current pulse measured in air is shown in Figure 4.3. Inspection 

of this pulse shows that two smaller pulses Ip2 and Ip3 are superimposed on the falling 

edge of the main pulse Ipj. When the PD current pulse (Ipl) arrives at the 50 92 

resistor, part of it is reflected as it does not represent a perfect match at high 

frequencies. The reflected pulse then experiences a reflection when it reaches the 

open-circuit protrusion at the test cell. This pulse (Ip2) is again reflected at the 50 CI 

resistor but part of this pulse will also be reflected. This reflected pulse (Ip3) will 

experience another reflection at the open-circuit protrusion at the test cell. This 

process continues until pulse reflections are small enough to be negligible. 
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The length of the RG405U cable between the protrusion and 50 Q resistor is 3 m. 

Since the velocity of electrical signals in cables is 2xI 08 MS-1, then a time difference 

of 30 ns can be expected between pulses. As observed in Figure 4.2, the calculated 

value of -r agrees with the measured values. Although reflected pulses have an 

influence on the calculated values of q, this influence can be neglected as all pulses 

are scaled proportionally. 

For each recorded current pulse, the peak current (1p), risetime (t,, ), pulse width (tp,, ) at 

half-amplitude, falltime Qf) and charge (q) were calculated automatically using 

software. The parameter q was calculated as the charge contained between 10% of Ip 

on the rising edge and 10% of Ip on the falling edge. This approach was chosen as it is 

consistent with the standard methods used to calculate the risetime and falltime of a 

signal. 

In Figure 4.4, examples of PD current pulses measured in air, unused transformer oil 

and used transformer oil are shown. Single PD current pulses were measured in air 

and unused transformer oil and the response of the IIEC 60270-based measurement 

system could be inspected on a timescale of 2 ps. For experiments involving used 

transformer oil, bursts of PD current pulses were measured and the response of the 

EEC 60270-based measurement system was inspected on a timescale of 20 ps. As will 

be described, the EEC 60270-based measurement system was unable to resolve 

individual bursts of PD current generated in used transformer oil because they 

occurred too close together. For all experiments, the calibration factor of the 

IEC 60270-based measurement system is 2.2 pC/mV. 
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Figure 4.4 Examples of PD current pulses measured in (a) air, 
(b) unused transformer oil and (c) used transformer oil. 
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4.2.3 Correlation of measurements in air and in unused transformer oil 

The remainder of this chapter is concerned with the correlation of PD current pulses 

with IEC 60270-based and UIHF measurements. Since the IEC 60270-based 

measurement circuit could resolve single current pulses in air and unused transformer 

oil, the relationship between charge and the peak of the IEC 60270-based 

measurements was investigated by plotting q as a function of Vpk. 

The acceleration and deceleration of charge at the PD site results in the excitation of 

an electric field. The UIHF energy (0 detected at the output of a UBF sensor can be 

explained with reference to Figure 4.5. 
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E 

it system 

U 

q charge content of the PD pulse 
E(t) radiated electric field at UHF sensor 
V(I) UHF sensor output voltage 
U total energy delivered to measurement system 

Figure 4.5 Relationship between PD current and instantaneous UHF sensor output. 

UHF sensor 
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For a single PD source in a fixed location the relationship between U and q can be 

predicted. By considering the output voltage from the sensor V(t), the UBF electric 

field incident on the sensor E(t) and the PD current I(t), a linear relationship between 

V(t) and q can be expected because: 

1. The sensor is a passive linear device whose input quantity is E(t) and output is 

V(t), if E(t) is scaled only in amplitude, V(t) must scale proportionally. 

2. E(t) is the field radiated by I(t). By similar reasoning, if I(t) is scaled in 

amplitude, E(t) will scale proportionally. 

3. When I(t) is scaled in amplitude, q will scale proportionally. 

Under these well defined conditions, the amplitude of V(t) will be proportional to q. 

This is a natural consequence of the passive, linear nature of all stages of the process. 

Since calculating U requires the squaring of V, searching for the expected linear 

relationship required that Al be plotted against q. 

The energy measured using the sensor is calculated using the procedures detailed in 

Section 2.4.5.2. In order to avoid problems associated with defining the start and the 

end of the LTIIF signal, the parameter U is calculated over the entire signal duration 

[81,129]. 
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4.2.4 Correlation of measurements in used transformer oil 

The IEC 60270-based measurement system was unable to resolve individual bursts of 

PD current because they occurred too close together. Consequently, the procedures 

used to correlate these measurements are more complex than those described for air 

and unused transformer oil. 

As a first attempt at correlation, the total charge associated with every current pulse 

measured before the peak of the EEC 60270-based waveform was plotted against Vpk. 

This resulted in a very low amount of correlation because the IEC 60270-based 

measurement circuit was not fast enough to respond to separate current pulses. Better 

correlation was found betweenVpkand. the charge associated with the largest current 

pulse. 

Since several PD current pulses were recorded during the response time of the 

EEC 60270-based measurement circuit, the UBF energy associated with the greatest 

current pulse was identified and U was plotted as a function of the peak of this pulse 

Several UBF signals were inspected and 0.55 ps was found to be a reasonable 

approximation of their durations. For this calculation, the duration of each UHF signal 

was taken to be 0.55 ps. 
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4.3 Results and Discussion 

Approximately 250 measurements were recorded using both positive and negative 

triggenng. In Table 4.1, properties of measured PD current pulses and radiated UBF 

signals are shown. These parameters were calculated as being the mean value of 

measurements made during both the positive and the negative half cycle. 

Table 4.1 - Properties of measured PD current pulses and radiated UBF signals. 

Insulation medium and applied Parameter - calculated as the mean value during the positive half cycle 

voltage PD current pulse parameters IEC 
60270- 
based 

UHF 

IP 

(mA) 

t,. (ns) tPw 

(ns) 

tf 

(ns) 

q 

(nC) 

Vpk 

(MV) 

U 

(G) 

Air 2.3 kV 33.0 1.63 16.60 77.50 0.97 -98.5 71.6 

Unused transformer oil 13.3 kV 22.5 1.13 3.01 6.69 0.08 -18.6 65.5 

Used transformer oil 14.7 kV 334.0 1.30 2.33 3.24 0.87 -358.0 12000 

Parameter - calculated as the mean value during the negative half cycle 

Air 2.3 kV -49.0 4.99 14.20 44-00 -1.02 101.0 91.7 

Unused transformer oil 13.3 kV -6.72 2.04 4.77 10.20 -0.04 12.8 -0 

Used transformer oil 14.7 kV 218.0 1- 2.21 2.68 3.78 -0.65 664.0 4030 

- 
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4.3.1 Evaluation of measurements in air 

4.3.1.1 Regularity of pulse shape 

A linear correlation between Ip and q will indicate that the measured current pulses are 

scaled in terms of their amplitude, while a broad scatter would indicate pulse-shape 

variability. The regularity of pulse shapes was investigated by plotting the magnitude 

of Ip as a function of 

The regularity of current pulse shapes measured in air can be seen by examining 

Figure 4.6. Pulses measured during the positive half cycle revealed a stronger 

correlation between q and Ip than those measured during the negative half cycle. 
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Figure 4.6 PD current pulses in air at 2.3 kV, showing correlation between 
q and Ip. 
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Figure 4.7 Expanded view of current pulses measured in air at 2.3 kV with 
(a) negative triggering and (b) positive triggering. 

In Figure 4.7, current pulses for the highlighted data points of Figure 4.6 are shown. 

The charges associated with the negative pulses vary by a factor of 1.13, while their Ip 

values differ by a factor of 0.7. During the positive half cycle, electrons are supplied 

to the discharge site as a result of field emission and a consistent pulse shape results. 
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4.3.1.2 IEC 60270-based measurements 

Figure 4.8 shows the relationship between q and Vpk. During both half cycles, q is 

closely proportional to Vpk. This confirms that measurements made using the 

IEC 60270-based system were less sensitive to variations in current pulse-shape, and 

that the system was behaving as designed for measuring PD current pulses in air. 
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Figure 4.8 PD activity measured in air at 2.3 W, showing correlation between 
q and Vpk. 

4.3.1.3 UBF measurements 

Figure 4.9 shows the relationship between UIHF energy and charge. The correlation 

between ýU and q is closer during the positive half cycle than during the negative half 

cycle. This might be expected because current pulse shapes were found to be more 

repeatable during the positive half cycle. The current pulses shown in Figure 4.7 

correspond to the data points that are highlighted in Figure 4.9. 
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Figure 4.9 PD activity measured in air at 2.3 kV, showing correlation between 
q and ýU. 

While the charges associated with the two negative pulses only differ by a factor of 

1.13, the corresponding values of ýU differ by a factor of 0.73. The correlation 

between ýU and q is more variable than the correlation between q andVpk. This can 

be attributed to the fundamental difference between the IEC 60270-based and UHF 

measurement systems. In the IEC 60270-based system, PD current is integrated to 

obtain the apparent charge qa. However, the UIHF measurement system is primarily 

sensitive to the acceleration and deceleration of charge at the defect site [129]. 

Consequently, the UI-IF technique requires a different approach to the issue of 

calibration and this will provide interesting challenges for future research. 
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4.3.2 Evaluation of measurements in unused transformer oil 

4.3.2.1 Regularity of pulse shape 

Figure 4.10 shows the relationship between Ip and q obtained in unused transformer 

oil. The correlation between Ip and q is lower for experiments involving unused 

transformer oil than air. Therefore, pulse shapes in unused transformer oil are more 

variable than those in air. 

In Figure 4.11, current pulses for the highlighted data points of Figure 4.10 are shown. 

An inspection of the negative current pulses reveals two distinct pulse shapes, with 

the charge contained in i, being transferred over a comparably shorter time. The 

values of these pulses vary only by a factor of 1.05 but their Ip values vary by a factor 

of 2. 
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PD current pulses in unused transformer oil at 13.3 W, showing correlation between 
q and Ip. 
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Figure 4.11 Expanded view of current pulses measured in unused transformer oil at 13.3 kV 
with (a) negative and (b) positive triggering. 

In the case of the positive current pulses, two distinct pulse shapes are also observed. 

The q of these pulses values vary only by a factor of 1.06 but their Ip values vary by a 

factor of 0.41. As shown in Table 4.1, a greater charge (q) is associated with the 

current pulses that were measured in unused transformer oil during the positive half 

cycle. This might be expected because electrons can readily be supplied from the 

point-cathode to the discharge site as a result of field emission. 
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In comparison to experiments in air, PD current pulse shapes in unused transforrner 

oil were found to be much more variable. Because of the complexity of the processes 

involved, the general understanding of electric breakdown in liquid dielectrics is still 

relatively modest [100,101]. Discharge processes in liquids are often complicated by 

the presence of impurities such as dissolved gases, moisture and particulate matter 

[115,116, and 130]. Previous experiments by Nelson et al. [87] have reported that both 

conducting and non-conducting particles have a tendency to drift into a region of high 

electric field stress, such as at the tip of a metallic protrusion. The difference in 

permittivity of impurities, micro-bubbles and the liquid will lead to a variation in the 

local electric field at the tip. As successive PD events occur, the impurity content in 

the region will change because of variations in dissolved gas concentrations, moisture 

and particulate matter. As already outlined in Section 3.2.3, this will influence the 

propagation of streamers [115], and so greater pulse shape variability might be 

expected for experiments involving unused transformer oil. 
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4.3.2.2 IEC 60270-based measurements 

30 

The relationship between q and Vpk is shown in Figure 4.12. The correlation between 

these parameters is lower than in the case of experiments in air. As can be seen from 

Table 4.1 , the charge (q) associated with pulses measured in unused transformer oil 

was significantly lower than for those measured in air. The charge associated with 

pulses measured in air was 0.97 nC and -1.02 nC during the positive and negative half 

cycles respectfully. In the case of pulses measured in unused transformer oil, the 

charge associated with pulses was 0.08 nC and -0.04 nC during the positive and 

negative half cycles respectfully. It is suggested that the IEC 60270-based 

measurement system did not have sufficient sensitivity to detect the relatively smaller 

PDs that were generated in unused transformer oil and so a low correlation was found. 
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Figure 4.12 PD activity measured in unused transformer oil at 13.3 W, showing correlation between 

q and Vpk. 
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4.3.2.3 UBF measurements 

12 

9 

C4 

3 

0 

The relationship between UIHF energy and charge is shown in Figure 4.13, no UHF 

energy was measured during the negative half cycle. As indicated in Table 4.1, the 

risetimes (t,. ), pulse widths (tp,, ) and falltimes (tf) of negative current pulses were 

greater and the charge (q) associated with them was lower than for those measured 

during the positive current half cycle. It is suggested that the rate of change of PD 

current pulses measured during the negative half cycle was so low that no UHF 

energy was measured. 

Although the UBF signals were measured for PD generated during the positive half 

cycle, the correlation between ýU and q was lower than for experiments in air. This 

lower correlation would be expected given the comparably greater amount of pulse- 

shape variability that was found for experiments in unused transformer oil. 
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Figure 4.13 PD activity measured in unused transformer oil at 13.3 M showing correlation between 
q and ýU. 
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4.3.3 Evaluation of measurements in used transformer oil 

4.3.3.1 Regularity of pulse shape 

The irregularity of current pulses shapes in used transformer oil is evident from the 

correlation in Figure 4.14. The low correlation between Ip and q is accounted for in 

terms of the variability of shape from pulse to pulse, which is greater than for air and 

unused transformer oil. 

Figure 4.15 shows both the positive and negative current pulses that correspond to the 

data points highlighted on Figure 4.14. Inspection of these current pulses reveals that 

two distinct current pulse shapes, single peak and double peak, were recorded. Both of 

the negative pulses shown have similar q values, but their Ip values vary by a factor of 

2.3, and both positive pulses also have similar q values but their Ip values vary by a 

factor of 2.2. Since only single peak pulse shapes were measured in air and unused 

transformer oil, this result is evidence that the PD process in used transformer oil is 

significantly different. 
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Figure 4.15 Expanded view of current pulses measured in used transformer oil at 14.7 kV 
with (a) negative triggering and (b) positive triggering. 

The double pulse of Figure 4.15(a) was measured when the protrusion was behaving 

as the point-anode. It is suggested that the risetime of the first pulse of i2corresponds 

to electrons being accelerated from negative ions towards the point-anode. These 

electrons will experience a converging electric field as they travel towards the point- 

anode but their mobility will be limited. The falltime of the first pulse of i2relates to 

an accumulation of space charge, that is, it is representative of the deceleration of 

electrons [103]. However, this space charge is superseded by another burst of 

electrons that travel towards the point-anode. This is evident as the risetime of the 

second pulse of i2. Following this the PD event is tenninated. 

On the other hand, the double pulse of Figure 4.15(b) was measured when the 

protrusion was behaving as the point-cathode. It is suggested that the risetime of the 
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first pulse of i4 corresponds to electrons being accelerated from the point-cathode into 

the oil. However, these electrons will loose kinetic energy as they travel into the oil 

medium under the influence of a diverging electric field [20]. Therefore, they might 

attach to oil molecules or impurities and form a cloud of space charge. The falltime of 

the first pulse of i4 is evidence of this process. Inspection of the current pulse record 

shows that this space charge is superseded by another burst of electrons that travel 

from the point-cathode. The risetime of the second pulse Of 4 is evidence of this 

process. The falltime of the second pulse of i4is evidence of another accumulation of 

space charge in the oil gap. Following this, the PD tenninates. 

In comparison to experiments involving unused transformer oil, the greater 

irregularity of current pulses in used transformer oil was noticeable. This might be 

attributed to a higher concentration of impurities in the used transformer oil sample. 

The local electric field at the tip of the protrusion will be significantly modified as a 

result of impurities, and this might result in greater irregularity of pulse shapes. 

Experiments by Krins et al [10,12 and 13] have also reported that a greater impurity 

content is generally associated with used transformer oil and this often leads to the 

variability of experimental results. 
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4.3.3.2 IEC 60270-based measurements 
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The relationship between Vpk and q is shown in Figure 4.16. The data points 

highlighted during both half cycles have similar charge values, but their Vpk values 

vary by a factor of 1.44 during the negative half cycle, and a factor of 2.86 during the 

positive half cycle. On the whole, the correlation between q and Vpk is lower than in 

the case of experiments in air and unused transformer oil. This lower correlation 

might be expected because bursts of PD current were detected for experiments in used 

transformer oil. 
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PD activity measured in used transformer oil at 14.7 W, showing correlation between 
q and Vpk. 

Furthermore, the lower amount of correlation might be attributed to the different 

operating principles of the PD current pulse and IEC 60270-based measurement 

systems. As already outlined, q corresponds to the charge contained in PD current 

pulses that were measured at the tip of the protrusion using the high-frequency current 

transformer. However, Vpk corresponds to IEC 60270-based measurements which 
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record the apparent charge by means of a coupling capacitor connected directly to the 

HV electrode [78,79]. The IEC 60270-based measurement technique responds to 

displacement of charge anywhere in the volume between the electrodes. Therefore, 

PD occurring at the pressboard barrier, or within the main oil bulk might also be 

detected using the IEC 60270-based measurement system. Consequently, a low 

correlation might be expected between q andVpkfor experiments in used transformer 

oil because PD is likely to occur simultaneously at several sites within the test cell. 

Experimental observations showed that the pressboard barrier was degraded with 

extensive testing. As outlined in Section 1.2, streaming electrification at pressboard 

barriers is a known cause of transfonner failure [14,15], and this process is likely to 

be accelerated by a higher concentration of impurities in the surrounding liquid. The 

impurities might also promote PD in the oil bulk as a result of complex interactions 

between charges trapped within tiny water droplets or gas bubbles [80]. 

4.3.3.3 UBF measurements 

The relationship between UHF energy and charge is shown in Figure 4.17. As might 

be expected, the correlation between these parameters is much lower than in the case 

of experiments involving air and unused transformer oil. The data points highlighted 

during the negative half cycle have similar q values but their qU values vary by a 

factor of 2.8, and those highlighted during the positive half cycle also have similar 

values but their 4U values vary by a factor of 1.27. 
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Figure 4.18 Examples of current pulses and corresponding UHF measurements in 
used transformer oil at 14.7 kV during (a) the negative half cycle and 

(b) the positive half cycle. 
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Figure 4.18 shows an example of PD current pulses measured during both half cycles, 

together with the corresponding UBF measurements. These plots demonstrate that 

individual PD current pulses in used transformer oil were detected using the UHF 

measurement system. Again, a greater number of pulses were observed during the 

posifive half cycle. 

The low correlation between ýU and q will now be discussed. Inspection of 

Figure 4.18(b) reveals that UBF signals were measured in the region T- 3 -4 gs. 

However, no PD current pulses were recorded during this time. This might correspond 

to PD that was generated in the liquid bulk or at the pressboard barrier, but not at the 

tip of the protrusion. Both IEC 60270-based and UBF measurement systems can 

respond to signals that are excited from PD occurring within the liquid bulk or at the 

pressboard barrier, but recorded current pulses are only representative of PD 

occurring at the tip of the protrusion. Consequently, a low correlation between q and 

qU might be expected. 

In Figure 4.18(b), current pulse i2occurred before the UHF signal corresponding to i, 

decayed to the background noise level. Inspection of the plot reveals that the UBF 

signals of U, and U2were found to overlap. This phenomenon has previously been 

discussed by Wanninger [125] for experiments involving SF6, and can also help 

explain the lack of correlation between the parameters ýU and q. 
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4.3.4 IEC 60270-based and UBF measurements 
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Figure 4.19 Example of IEC 60270-based and UBF measurements during 
(a) the positive half cycle and (b) the negative half cycle. 

Figure 4.19 shows an example of IEC 60270-based and UHIF measurements that were 

measured during both half cycles. Again, these records show that pulses occurred 

more frequently during the positive half cycle. 

This work has shown that several PDs can occur in oil on a microsecond timescale 

and cause the excitation of separate bursts of UHF signal. However, the IEC 60270- 

based system can only respond to PDs on a microsecond timescale. Previous work by 

Debruyne and Lesaint [124] has also reported that several PDs can occur on a 
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nanosecond timescale, and so conventional measurement systems often strongly 

underestimate the number of PDs in oil. 

As already described in Section 4.1, conducted PD current pulses cannot be measured 

directly on-site. However, both IEC 60270-based and UBF measurement systems can 

be used for the detection of PD in operational power transformers [21,84 and 85]. 

Inspection of Figure 4.19(a) shows that the tail of the IEC 60270-based wavefonn was 

modified by the PI)s that occurred in the region 6-20 ps. In this figure, both 

IEC 60270-based and UBF measurements have been normalised. Interpretation of the 

shape of the EEC 60270-based waveform would have been more difficult if the UBF 

signal had not also been measured. At present, UHF and IEC 60270-based 

measurements are not simultaneously recorded during on-site tests as common 

practice. It is suggested that this technique should be considered further for PD 

monitoring of power transformers. This might assist with the interpretation of 

measurements carried out on-site, and might provide a better indication of discharge 

severity for risk assessment purposes. Clearly, further research is required to 

investigate this approach. 
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4.4 Conclusion 

A wide-band measurement system has been used to measure PD current pulses in air, 

unused transformer oil and used transformer oil. Current pulses were recorded and 

correlated with measurements made using IEC 60270-based and UHF measurement 

systems. Pulses in air were quite regular, whereas those in used transformer oil had a 

much more variable pulse shape. 

For experiments in air, a close correlation was found between charge and IEC 60270- 

based measurements. In addition, a clear relationship was found between charge and 

UIfF energy. These findings demonstrate that both the IEC 60270-based and UHF 

techniques were suitable for measuring PD generated in air. These measurements 

were correlated on a pulse-by-pulse basis. 

For experiments in unused transformer oil, the correlation between charge and 

EEC 60270-based measurements was found to be lower than for air. A low correlation 

was also found between charge and UBF energy during the positive half cycle. 

However, no UBF energy was measured during the negative half cycle because the 

rate of change of measured PD current pulses were too low when the protrusion was 

behaving as the point anode. 

For each of the experiments outlined, the lowest amount of correlation was found in 

used transformer oil. This arises because measured current pulses were only 

representative of PD occurring in the oil surrounding the tip of the protrusion, but 

both IEC 60270-based and UBF measurement systems were influenced by PD in the 
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oil surrounding the tip of the protrusion, PD in the liquid bulk and PD occurring at the 

pressboard barrier. 

This work has demonstrated that several PD current pulses can be measured on a 

nanosecon timescale, but the IEC 60270-based measurement circuit described was 

only able to respond to PD on a microsecond timescale. For this reason, IEC 60270- 

based measurements commonly underestimate the number of PDs in transformer oil. 

It was suggested that the interpretation of PD activity might be improved by 

simultaneously recording IEC 60270-based and UBF measurements. It is anticipated 

that this approach will assist with the interpretation of measurements carried out on- 

site, and will provide a better indication of discharge severity in terms of pC. 
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5. STUDIES OF TRANSFORMER INSUALTION DEFECTS 

5.1 Introduction 

The results reported in Chapters 3 and 4 demonstrate that PD current pulses measured 

at an oil-insulated grounded electrode protrusion can excite UBF signals [76,79 and 

82]. This chapter reports PD measurements for a variety of insulation defects. The 

types of defect considered are: 

Protrusion 

0 Bad contact 

0 Free metallic particle 

0 Moisture contamination 

Conducted PD current pulses are measured at the grounded electrode for the 

protrusion, the bad contact and the free particle. These current pulses are measured at 

operating voltages greater than inception using a high-frequency current transformer 

and the corresponding UBF signals are detected using a pair of broadband electric 

field sensors. Signals are recorded using a Tektronix 694C (3 GHz bandwidth, 

10 GS/s) oscilloscope. The relationship between measured current pulses and the 

radiated UHF signal energy is investigated. 

Previous work involving 'discharge mapping' has demonstrated how UBF signals 

measured from several PD sources could be separated according to their point of 

origin [85]. As well as time-of-flight infonnation, the technique used energy ratios at 
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sensor pairs to distinguish between different PD sources. In this investigation, PD 

activity is generated at a fixed location using each of the aforementioned defect 

sources. The ratio of energies measured using two sensors is shown to exhibit 

characteristics dependent on the discharge process. 

The spectral content of UHF signals measured during each polarity of half cycle is 

computed to establish whether it can be used for the interpretation of discharge 

behaviour. Finally, UHF signals are measured for PD activity involving moisture 

contamination. 
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5.2 Experimental Procedures 

5.2.1 PD sources 

Figure 5.1 shows the electrode arrangements used to represent a metallic protrusion, a 

bad contact, a free metallic particle and moisture contamination. In the configuration 

of Figure 5.1 (a), a brass protrusion (length = 21 mm, tip radius -35 gm) was mounted 

on the earthed electrode and the gap distance was set to 22 mm. The bad contact was 

created using a piece of aluminium foil placed between the pressboard barrier and the 

earthed electrode as shown in Figure 5.1 (b). These two open electrode arrangements 

were simulated using the test rig that was described in Section 2.2. The test 

configuration was then immersed in a 50-litre oil bath for testing. 
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particle water droplet 

40 
70 nun 0 70 mm (d) 

Figure 5.1 PD test configurations used to simulate (a) a protrusion, (b) a bad 

contact (c) a free particle and (d) moisture contamination. 
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The enclosed test cell configuration. of Section 2.2 was used for the free metallic 

particle and moisture contamination, which require vertical mounting. The particle 

(diameter = 2.5 mm, stainless steel) or the water droplet (2 ml) was placed on the 

concave dished earthed electrode prior to filling the test cell with insulating oil. The 

configurations that were used to contain the free particle and the water droplet are 

shown in Figures 5.1 (c) and (d). The oil used for all experiments was reclaimed light 

grade transformer oil (L 1 OB). 

The protrusion, the bad contact and the free particle were located at the earthed 

electrode to allow PD current pulses at the defect site to be measured. When the 

applied voltage was sufficiently high PD activity was generated at each defect. In the 

case of the bad contact, the applied electric field caused the metallic foil to vibrate, 

with its motion being restricted by the pressboard barrier. This action resulted in a bad 

contact between the metallic foil and the earthed electrode. In the case of the particle, 

when the electrostatic force exceeded the gravitational force the particle started to 

move. During experiments the particle was seen to lift and fall at the centre, of the 

concave earthed electrode. 

Experiments involving water contamination revealed that smaller droplets were 

stripped from the source droplet and a cloud of moisture rapidly developed within the 

oil medium. 
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5.2.2 Measurement system 

The entire measuring system for current pulses and UBF signals is shown in 

Figure 5.2. The current transformer described in Section 2.4.1 was used to measure 

current pulses flowing at the protrusion, the bad contact and the free particle. To 

protect the oscilloscope, the output of the current transformer was attenuated by 

20 dB, and no measurements were carried out when intense arcing was present at the 

defect. 

Electromagnetic signals radiated from the PD source were detected using two 

broadband UBF electric field sensors mounted on a large metal test chamber. For 

each experiment, the distances of Sensor, and Sensor2 from the PD source were 

approximately 0.75 m and 2.00 m respectively. The frequency response of the type of 

sensor selected was described in Section 2.4.3. In this investigation, UBF signals were 

amplified by 26 dB prior to being recorded. 

--------------------------------------------------------------------------------------- HV interconnection 

capacitive 
divider and 

Aluminiurn test chamber voltmeter 
(2.53 x 1.27 x 1.27 m) 

UHF sensors 
variac 

enso r2 
Sensor, 

HV transformer.. 
PD source in du UHF amplifier 

oil bath > 
+26dB > 

o Iloscop scilloscope 
Q 

High frequency 
-20dB 

current transformer 
I 

--------------------- ---------------- - -------------------------------------------- HV test bay UHF measurement bay 

Figure 5.2 Experimental arrangement used to energise PD sources and perform 
simultaneous measurement of conducted current pulses and UBF 

signals radiated inside the test chamber. 
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5.2.3 Experimental method 

A variac and the 230V to 40kV step-up transformer (Section 2.3.2) were used to 

energise each test configuration. Current pulses and radiated UBF signals were 

captured simultaneously. The oscilloscope time-base was triggered using the current 

pulse, so that even PD events that do not excite UBF signal can be recorded. -fbe 

sampling rate of the oscilloscope was set at 10 GS/s, and all measurements were 

captured in a 200 ns window. 

For each PD source, the experimental procedures are detailed in Table 5.1. In the case 

of moisture contamination, PD current pulses were not recorded because the onset of 

arcing was unpredictable and so the polarity of the power cycle is unknown. For 

safety reasons, fewer measurements were made at the higher operating voltage 

because of the onset of arcing. 

Table 5.1 Experimental procedures. 

Number of pulses recorded 
Defect and applied voltage Positive half cycle Negative half cycle 
Protrusion 19.4 kV 75 - 

23.3 kV 75 60 
Bad contact 19.4 kV 75 75 
Free particle 13.6 kV 75 75 

23.3 kV 75 75 
Moisture 1.5 kV 75 
contamination 2.7 kV 50 
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5.2.4 Data processing 

The conducted current pulse waveforms that are presented should not be considered 

as exact representations of the pulse at the PD site. Pulse shapes will be modified 

because of 

1. the relatively large area of the earth electrode in relation to the pulse 

wavefront, 

2. distortion due to propagation along the unshielded earth lead, and 

3. reflections of the pulse on the earth lead, which make it appear to have an 

oscillatory nature. 

For each recorded current pulse, the peak current (1p) and the total charge (q) were 

calculated. The total charge was calculated by integrating the current in the first lobe 

of the measured pulse. Regularity of pulse shape was investigated by plotting Ip as a 

function of q. As outlined in Section 4.3.1.1, a linear relationship between Ip and 

would indicate that measured current pulses are simply scaled in terms of their 

amplitude while a broad scatter would indicate pulse shape variability [81]. 

The UBF energy (0 associated with a PD event was calculated using the method 

outlined in Section 2.4.5.2. In this chapter, the parameter ýU was calculated over the 

200 ns signal duration, and the relationship between q and qU was investigated to 

determine how the UIHF signal relates to the charge transferred at the discharge site. 
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The spectral content of UBF signals measured during each polarity of half cycle was 

computed using the FFT to establish whether it could be used for the interpretation of 

discharge behaviour. In general, the spectral variation between successive 

measurements was very small. Mean spectral coefficients were calculated for all 

signals recorded under each polarity of the AC supply and the data was then 

normalised. This data is analysed in graphical form to determine whether it can be 

used to assist with the classification of defect type [ 13 1 ]. 

The ratio of the energies measured using each UBF sensor was calculated 

for discharges during both the positive and negative half cycles. 

This energy ratio, which is independent of the magnitude of measured PD events, was 

then normalised. relative to the mean energy ratio (R). Measurements above and below 

the mean energy ratio were counted and grouped in bands of 10% either side of the 

mean. The organisation of measurements in this form allowed a distribution of 

measured energy ratios to be determined so that variability can be related to discharge 

behaviour. An energy ratio plot with a concentration of measurements at the 

distribution centre implies that the position and orientation of current pulses was well 

defined because the radiation pattern must be consistent. Conversely, a distribution 

with a scatter of measurements could indicate that the positions and/or orientafions of 

current pulses were not well defined. 
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5.3 Results and Discussion 

5.3.1 Pulse shape observations 

Figure 5.3 shows typical examples of current pulses for measurements involving the 

protrusion, the free particle and the bad contact. The shortest (10%-90%) risetimes 

were measured for the protrusion, typically 0.9 ns during the positive half cycle and 

2 ns during the negative half cycle. The risetime measured with the free particle was 

2.5 ns during the positive half cycle and 2.7 ns during the negative half cycle. For the 

bad contact, the risetimes were 10 ns and 17 ns during the positive and the negative 

half cycles respecfively. 

To some extent, the risetimes associated with current pulses measured for a particular 

defect are influenced by the geometry of the test arrangement. For example, PD at the 

protrusion tip has the sunplest path to earth, unimpeded by the earth plate which is 

common to both the bad contact and free particle (Figure 5.1). Although the charge 

calculated from the measured pulses will not necessarily equal the charge content of 

the PD, it provides a value that is proportional to PD occurring at the discharge site. 
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Figure 5.3 Examples of PD current pulses measured at the protrusion 
bad contact and free particle during (a) the positive half cycle and 

(b) the negative half cycle. 

110 



Properties of measured PD current pulses and radiated UBF signals are outlined for 

each defect in Table 5.2. In the case of the protrusion, PD current pulses were 

detected during both half cycles when the applied voltage was increased fTom 19.4 kV 

to 23.3 W. When the applied voltage was 23.3 W, the mean value of Iplq was 

1.4 mA/pC during the positive half cycle and 0.46 mAJpC during the negative half 

cycle (Table 5.2). These findings indicate that the shape of pulses measured at the 

protrusion was dependent on the instantaneous field polarity. 

The relationship between Ip and q for the protrusion is shown in Figure 5.4 (a). The 

plot shows that pulse shapes were dependent on both polarity and magnitude of the 

applied voltage. At the lower applied voltage (19.4 kV) pulses were only detected 

during the positive half cycle. Current pulses with a lower value of Iplq were 

measured towards the end of the experiment, evident as a row of points to the right of 

the main group. Figure 5.5 (a) shows an example of a current pulse belonging to each 

group. The pulse with the lower Iplq ratio is longer and contains a greater amount of 

charge relative to the peak current. 

Table 5.2 Properties of measured PD current pulses and radiated UBF signals. 

Parameter - calculated as t he mean value for each half cycle 
Defect and applied Positive half ycle Negative half cycle 

voltage IP 
(mA) 

q 
(PC) 

Us] 
(B) 

IP 
(mA) 

q 
(PC) 

Us] 
(0) 

Protrusion 19.4 kV 13.7 10.4 93.8 - - 
23.3 kV 49.3 36.7 847.2 -17.1 -37.0 25.6 

Bad contact 19.4 kV 8.2 208.0 0.32 -14.8 -510.0 0.71 

Free particle 13.6 kV 28.4 125.0 38.1 -26.1 -110.0 37. 
23.3 kV 34.1 148.0 63.7 32.5 -140.0 52.2 
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At 23.3 W, the correlation between Ip and q is lower during the negative half cycle 

and so pulses are more variable in shape during the negative half cycle. This is 

consistent with the findings for the air-insulated protrusion of Section 4.3.1 - 1. As 

already described, greater pulse-shape repeatability might be expected during the 

positive half cycle because the protrusion behaves as the cathode. 

Figure 5.4(a) contains two outlying points at about -80 pC, measured during the 

negative half cycle. These were acquired towards the end of the experiment just 

before PD activity ceased of its own accord. Figure 5-5(b) compares one of these 

pulses with a typical pulse from the main group; it can be seen that the outlier is a 

double pulse. This suggests that the PD mechanism changed towards the end of the 

experiment. 

In Figure 5.4(b), measurements involving the bad contact revealed a reasonable 

correlation between Ip and q during the negative half cycle. As indicated in Table 5.2, 

the mean charge measured during both half cycles was greater than in the case of the 

protrusion. Measurements made during the positive half cycle form the two clusters 

evident in Figure 5.4(b). These clusters have different IpIq ratios, 0.10 mA/pC and 

0.03 mA/pC. Figure 5.5(c) shows representative current pulses from each cluster. 

These clusters are probably indicative of two different discharge sites, which would 

be likely given the structure of the test object. 
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Results for the free particle revealed the strongest correlation between Ip and q as can 

be seen in Figure 5.4(c). This plot indicates that the pulse shape was virtually 

independent of the magnitude of the applied voltage because similar IpIq ratios were 

observed at both 13.6 kV and 23.3 W. The plot also shows that the pulse shape was 

virtually independent of the polarity of the applied voltage because the magnitude of 

the IpIq ratios were similar during both half cycles. As indicated in Table 5.2, the 

mean charge (q) associated with the free particle was greater than the mean charge (q) 

associated with the protrusion during each half cycle. 

As mentioned in Section 5.2.1, the particle lifted from the grounded electrode when 

the electrostatic force exceeded the gravitational force [81]. The charge acquired by 

the particle was dependent on factors such as its size and the applied voltage. 

Similarly, the subsequent motion of the particle was dependent on factors such as its 

mass, the viscosity of the liquid dielectric, and the applied voltage [132,133]. 

When the particle began to fall towards the grounded electrode this caused the electric 

field between the particle and the grounded electrode to increase. When the gap 

distance between the particle and the grounded electrode was small relative to the 

diameter of the particle then the field in this region can be considered uniform. The 

surfaces of both the particle and the electrode were smooth, and so there was minimal 

local field enhancement at either surface. Under such conditions, it is difficult to 

liberate a free electron. 
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However, at a sufficiently short gap, ionisation is likely and a micro-spark might be 

generated in the region between the grounded electrode and the particle. If the gap is 

very small when it breaks down, and electrons are supplied by one or other of the 

metallic surfaces, it is possible that the oil will have little effect on the pulse shape. 

The ready supply of electrons from a metal surface could have resulted in the 

consistent pulse shape that was observed. 
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5.3.2 Relationship between current pulses and UBF energy 

Since the amplitude of radiated UBF signals is dependent on the acceleration and 

deceleration of electrons at the defect site, the shape of each PD current pulse plays a 

critical role in determining the amount of UBF energy radiated [129]. In this section, 

the relationship between charge and measured UBF energy is investigated. 

For experiments involving the grounded protrusion, at the lower test voltage PD was 

detected only during the positive half cycle. At the higher test voltage, PD was 

detected during both half cycles and was polarity dependent. Figure 5.6(a) shows that 

measurements involving the protrusion indicate a stronger correlation between ýU 

and q during the positive half cycle then during the negative half. Therefore, pulse- 

shapes were more regular when the protrusion was behaving as the point cathode. 

Table 5.2 shows that while the amounts of charge transferred during each half cycle at 

the higher operating voltage were comparable, the mean UBF energy measured 

during the positive half cycle was more than 30 times greater than the mean UHF 

energy measured during the negative half cycle. A greater amount of UBF energy was 

measured during the positive half cycle when the applied voltage was increased, that 

is, 93.8 fJ was measured at 19.4 kV whereas 847.2 fJ was measured at 23.3 W. Since 

the current pulses measured during the positive half cycles had shorter risetimes then 

they can be expected to cause the excitation of a greater amount of UBF energy 

(Figure 5.5(a) and (b)). 
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Figure 5.6(b) reveals no correlation between ýU and q for the bad contact. As shown 

in Figure 5.3, the duration of current pulses measured at the bad contact clearly 

appeared to have the longest ristimes and so the levels of UBF energy measured were 

small. In some instances no UHF signal was detected. An examination of pulses 

shapes did not reveal any obvious variation between pulses where small amounts of 

UIHF energy was measured and pulses where no UBF was measured. This can be 

attributed to the fact that the electrode system is rather large, causing considerable 

band limiting of the current pulse measurement. 

"Results for the free particle possessed a linear relationship between ýU and q as can 

be seen in Figure 5.6 (c), which is to be expected when the pulse shape is very 

consistent [81,129]. This correlation became stronger when the applied voltage was 

increased from 13.6 kV to 23.3 W. Greater correlation might be expected at the 

higher test voltage because of an improved signal-to-noise ratio, that is, larger values 

of ýU and q were measured at 23.3 kV (Table 5.2). 
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5.3.3 Spectral content and energy ratios 

The spectral content and UBF energy ratios at the two sensors were analysed as 

described in Section 5.2.4. Since results for different operating voltages were similar 

for each defect type only those experiments carried out at the higher test voltages are 

presented. 

Figure 5.7(a) shows the frequency content of UHF signals excited by the protrusion. 

Data is presented in such a way that if there was no difference between the frequency 

content recorded under each polarity, the plot would appear as a mirror image from 

left to right. However, in the case of the protrusion higher frequencies were more 

strongly excited during the positive half cycle. This is a natural consequence of the 

shorter risetimes of current pulses measured during the positive half cycle. The 

asymmetry of the physical process is evident in the asymmetry of the spectral plot. 

Figure 5.7(b) is a histogram based on data for the ratio of UBF signal energy detected 

at Sensor, and Sensorj for the protrusion. If the ratio had been constant from pulse to 

pulse, then a single vertical bar of amplitude 100% would have been centred on the 

mean ratio values Rn and RP during the negative and positive half cycles 

respectively. Values of the mean energy ratios are not given since they are dependent 

on the senor positions and have no absolute significance. This investigation is only 

concerned with the variability. 
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For the protrusion, UBF signals recorded during the negative half cycle exhibit a 

more variable energy ratio than those in the positive half cycle, which have a large 

peak centred on RP . This finding might be expected because the shapes of current 

pulses were found to be more variable during the negative half cycle, that is, when the 

protrusion was behaving as the anode. 

In the case of the bad contact, Figure 5.8(a) shows that comparatively low frequencies 

within the UHF band were excited and the spectrum was similar for each polarity. 

The excitation of lower frequencies can be attributed to the longer current pulse 

risetime relative to measurements involving the protrusion and the free particle. 

Figure 5.8(b) demonstrates that the energy ratio distribution measured during both 

half cycles was quite variable, being broader than in the case of the protrusion and the 

free particle. This suggests a significant variation in the position and orientation of PD 

current pulses at the bad contact, which would be expected since it is likely that 

several discharges were active on the metallic foil. 

Figure 5.9 shows that, for PD generated with a free metallic particle, the spectral 

content and energy ratios measured during both half cycles were similar. These 

findings suggest that the PD mechanism was independent of power cycle polarity. 

In the water contaminated oil investigation, PD was generated at 1.5 kV and then the 

experiment was repeated at 2.7 W. The mean UBF signal energies detected at 1.5 kV 

and 2.7 kV were 0.070 and 0.043 fJ respectively. As shown in Table 5.2, these values 

are much lower than for any of the other PD sources. Figure S. 10 shows the frequency 

content of UBF signals recorded during the experiments involving moisture 
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contamination. PD was found to excite a narrower band of UHF frequencies as the 

test voltage was increased. Figure 5.11 shows the energy ratio distribution, which is 

quite variable. This is due to the unpredictable nature of the PD source and the fact 

that PD activity takes place at a number of sites within the cell as the water droplet 

disperses. 
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5.4 Conclusion 

Measurements of PD current pulses indicate that the protrusion and the bad contact 

exhibit the greatest amount of pulse-shape variability. For the protrusion, the 

variability was most evident in the difference between the positive and negative 

pulses because of the different physical processes of the discharge mechanism. In the 

case of the bad contact, the presence of several PD sites was the most probable cause 

of the observed variations. 

PD generated at the protrusion excited the most energy; however, this is probably 

because the protrusion is an efficient radiating structure (monopole) for high 

frequency electromagnetic energy. On the other hand, the bad contact radiated less 

energy despite larger amounts of charge being transferred during pulses. This is 

attributed to the longer current pulses and rather poor radiating structure of the 

discharge site. Experiments involving the free metallic particle illustrated very well 

the proportionality between radiated UBF energy and the square root of the charge 

transferred during a PD pulse that occurs when pulse shape and orientation are 

consistent from pulse to pulse. 

In this chapter, two new ways of analysing UBF signals have been presented. These 

are the spectral content and the ratio of energies methods. Both compare discharge 

activity during the positive and negative half cycles of the power frequency in a way 

that could allow different sources to be distinguished. By plotting the spectral energy 

during both half cycles differences in discharge mechanisms can be identified. 

Similarly, the ratio of energies method can be used to assess variability in the pattern 

of radiation from the PD source. 
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The advantage of the two new methods is that they use only normalised data derived 

from the UBF signals. Therefore, these methods could be applied to the 'black box' 

situation which is more likely to be encountered in measurements carried out on 

operational power transformers. It is anticipated these methods will complement 

existing techniques, such as phase-resolved measurements for PD diagnostics. 
I 
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6. PHASE-RESOLVED PARTIAL DISCHARGE MEASUREMENTS 

6.1 Introduction 

The results and discussion of Chapters 3,4 and 5 have established that the UBF 

measurement technique can be used to detect PD generated in transformer insulating 

oil. This chapter describes and discusses PD that is generated at a variety of insulation 

defects that would cause concern in an operational power transformer. The types of 

defect considered are: 

e HV electrode protrusion in air 

e HV electrode protrusion in oil 

o Surface discharges 

* Bad contact 

* Floating component 

o Suspended particle 

o Free metallic particle 

0 Arcing sources 

For each defect type, radiated UBF PD signals are recorded as phase-resolved events 

using the PDM that was outlined in Section 2.4.5. By performing experiments over a 

range of test voltages, information can be obtained on whether the PD activity is 

changing in character or severity. 
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Phase-resolved measurements are analysed in ways that provide evidence of the 

physical differences between the insulation defects. This work has resulted in a 

reference database that could be valuable for comparison with field measurements. 

The data gathered from this investigation has been used by others to develop an expert 

system for the automatic classification of defect type [134,135], which will be 

discussed briefly at the end of the end of this chapter. 

6.2 Experimental Procedure 

6.2.1 PD test apparatus and test cell 

The experimental arrangement used for measuring UHF PD signals is shown in 

Figure 6.1. The electromagnetic signals radiated from the PD sources were detected 

using the broadband UBF electric field sensor that was described in Section 2.4.3. 

These signals were amplified or attenuated prior to being measured in phase-resolved 

form using the PDM. In this chapter, UBF PD signals were recorded using the PDM 

described in Section 2.4.5. For each experiment, the type of oil used was reclaimed 

light grade transformer oil (LlOB). 

----------------------------------------------------------- 
--------------------- 

HV interconnection 

F-I 
Aluminium test chamber to oscilloscope via 
(2.53 x 1.27 x 1.27 M) Protection circuit 

UHF sensor 

Y== 

"I ý2ri2r 

sl 
LTV --f- 

Example of HV UHF arnplifier 
electro& protrusi)n in oil 

> +25dB 

Partial Discharge Monito 

----------------------------------------------------------------------------------- ----- HV test bay UBF measurement bay 

Figure 6.1 Experimental arrangement used to energise PD sources and measure 
LJBF PD signals in phase resolved form 
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6.2.2 

6.2.2.1 

Evaluation of measurements 

Three-dimensional PD plots 

The PDM was used to record 'snapshots', that is, PD data in the three-dimensional 

form of phase angle, pulse height and cycle number. The salient features of a 

4snapshot' are shown in Figure 6.2. 

first and second quadrants third and fourth quadrants 
(positive half cycle) (negative half cycle) 

example of a PD 
event 

----- 
---- 

; ---- 

--- - 
- 

I'-1 h i1 
I 
10 

L LI 20 
cycle 

number 30 

. 0% 450 180 270 360 

phase 
H(O) 

Figure 6.2 Salient features of a 'snapshot' recorded for a bad contact at 1.8 W. 

6.2.2.2 Mean pulse height distributions 

From the examples of 'snapshots' that are presented, the mean pulse height at each 

phase position was found, H(O). The parameter H corresponds to the mean amplitude 

of PD events on fifty consecutive cycles at a particular phase window 0. The PDM 

resolved pulses into 64 phase windows on each power cycle. This corresponds to a 

phase resolution of AO = 5.6'. 
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Each 'snapshot' consisted of fifty cycles of power frequency, that is, one second's 

worth of PD data at 50 Hz. At each phase position, the amplitudes of all PD pulses 

occurring on each power cycle were summed and then divided by fifty. This approach 

was used to find H(O) for each 'snapshot' and is based on a technique pioneered by 

V-- 
Kreuger [136,137,1381 that been shown to provide a means for interpreting PD 

activity generated in SF6 when recorded using a conventional measurement system. 

6.2.2.3 Study of successive PD pulses 

A very different technique to that of the phase resolved patterns described in 

Section 6.2.2 is that of pulse sequence analysis (PSA). This technique was pioneered 

by Patsch [139,140] and is based on the assumption that space charge from a 

preceding pulse remains near the discharge site and affects the 'ignition' conditions of 

subsequent pulses. 

When space charge effects are significant the phase angle cannot necessarily be taken 

as a representative parameter for the local electric field that determines the PD 

process, and so conventional phase-resolved measurements can be misleading. 

However, PSA is a promising technique as it is not based on the absolute value of the 

phase angle but the local electric field and its change, which is a function of both the 

time between pulses (4t) and the difference in applied voltage (A P) between 

successive PD pulses. 
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The basic principle of the PSA technique pioneered by Patsch [139,140] is explained 

with reference to Figure 6.3. The PD pulses presented are shown for illustration 

purposes only and do not relate specifically to any of the experiments carried out in 

this chapter. 

Voltage (V) 

V(PDj) / 

PD', AV 

Fi p 
V(PD2' 

At 

t(PDI) I(PD2) 

AV2-1 = V(PD2) - V(PD, ) At2_1 = t(PD2) - I(PD, ) 

Figure 6.3 Overview of the pulse sequence analysis (PSA) technique. 

time (ms) 

From Figure 6.3, the time difference between the first two PD pulses is denoted as 

At2-1 and the difference in applied voltage between these pulses is denoted as. J V2-1. A 

matrix consisting of all At and AV values is formed and accumulated with the number 

of successive PD pulses possessing a particular difference in time and voltage. As 

shown in Figure 6.4, this data can be plotted in graphical form to assist with 

interpretation. Again, these distributions do not specifically relate to any of the 

experiments carried out in this chapter. 
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Pulse Count Pulse Count 

AV AO 

Figure 6.4 Example of pulse sequence analysis (PSA) technique, 
(a) voltage difference and 

(b) phase difference between successive PD pulses. 

To date, much of the work carried out by Patsch [139,140] involving PSA has been 

associated with electrical trees in polyethylene. For experiments involving 

polyethylene, the PSA technique was shown to be particularly useful in interpreting 

PD behaviour. This was because PD was highly affected by the space charge 

generated at the discharge site and so few PD pulses were measured per cycle. 

However, it is expected that using PSA to interpret PD generated in insulating liquids 

will be more difficult. This is because pulse repetitions in oil are high and suitable 

acquisition technology is expensive. 

The PSA method relies on an acquisition technique that resolves individual pulses and 

can provide PD pulse data from several consecutive pulses. As already outlined, the 

phase resolution of the PDM is AO = 5.6", that is 0.3125 ms, and the PDM only 

records the largest pulse in each window (Section 2.4.5). However, as shown in 

Chapter 4 (Figure 4.18) several PD pulses can be generated in oil on a timescale of 
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20 gs (0.02 ins). Clearly, the PDM would not have sufficient resolution to detect all of 

the PD pulses that were generated on the 20 gs timescale. 

In the work of this chapter, PD was generated at a range of electrode configurations 

but it is unlikely that the PDM had sufficient resolution to detect all of the PD pulses 

that were generated. As a result, the technique of PSA that was pioneered by Patsch 

[139,140] cannot be applied directly to the experimental data. Instead, a simplified 

version of the technique was developed to assist with interpreting the phase-resolved 

data. This simplified technique was inherently limited by the low sampling rate of the 

PDM. However, it is anticipated that the study of successive PD pulses in oil will 

become more powerful when suitable acquisition technology is available. 

As will be described, this technique involved calculating the difference in phase angle 

(AO) between successive PD pulses, and is explained with reference to Figure 6.5. PD 

pulses that occurred during the positive and negative half cycles of the 'snapshot' 

were separated as shown in Figure 6.5 (a). The plan view of these plots is shown in 

Figure 6.5(b) where the difference in phase angle (AO) between successive PD events 

is more clear. 

PD pulses occurring on adjacent half cycles were then concatenated and the difference 

in phase angle (AO) between successive PD pulses was found. Figure 6.5(c) shows an 

example of successive PD pulses that have a difference in phase angle corresponding 

to AO - 146% Inspection of the plot shows that these pulses occurred on adjacent half 

cycles. The first pulse was detected at extinction voltage on the first half cycle, 

whereas the second pulse was detected at inception voltage on the following half 
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cycle. PD pulses that occurred on consecutive phase positions, that is, AO = 5.6% are 

termed as being 'adjacent pulses'. 

A matrix consisting of AO values in the range 0* to 360* was formed. This matrix was 

populated by accumulating the number of successive PD pulses possessing a 

difference in phase angle of AO. For each experiment, the difference in phase angle for 

PD occurring on both half cycles will be presented. Since AO values between 

successive PD events were generally less than two half cycles the upper limit of the 

AO axis was set to 360% The pulse count axis was scaled as appropriate for each 

simulated defect. 

Since the relationship between the energy contained in the 'raw' UBF signal and the 

PD pulse measured using the PDM was non-linear (Section 2.4.5.2) the difference in 

amplitude between successive PD pulses was not invesfigated. 
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Figure 6.5 Example of successive pulses for a bad contact at 1.8 kV, 
(a) separation of PD pulses occurring on both half cycles, and 

(b) occurrence of PD pulses and 
(c) successive pulse distributions. 
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6.3 Results and Discussion 

6.3.1 RV electrode protrusion in air 

E 
E 

(S) 

2.2 mm 

pressboard barrier 

0.1 mm (measured using a feeler gauge) 

E tip radius 
E 35 gm 

HV 

CZ 9, ;, E >. 
IOMM 1, Umm. 1 

>i d= 13.3 mm, 

(plan view) 

axis of 

------ 
rotational symmetry 

metal 

Figure 6.6 Test arrangement to simulate a HV electrode protrusion. 

Figure 6.6 shows the electrode arrangement used to simulate the HV electrode 

protrusion. A metallic protrusion (length = 10mm, tip radius - 35 pm) was mounted 

on the HV electrode and the gap distance (d) was set to 13.3 mm. In this experiment, 

PD is generated in air at the tip of the protrusion. Radiated UI-IF PD signals were 

amplified by 25 dB prior to being measured using the PDM. 
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Figure 6.7 shows examples of phase-resolved patterns measured for the air-insulated 

HV electrode protrusion at 1.8 W, 2.5 kV and 3.3 kV. The asymmetry of PD activity 

in the positive and negative half cycles can be attributed to the asymmetry of the 

point-plane electrode system. At each test voltage, more pulses were measured during 

die negative half cycle. For the reasons outlined earlier, this might be expected 

because the protrusion was behaving as the point-cathode [98]. As the test voltage 

was increased, pulses were measured over a broader phase angle because inception 

occurred earlier on the power cycle. 

Figure 6.7 also shows the corresponding H(O) distributions at 1.8 W, 2.5 kV and 3.3 

W. At each test voltage, PD activity decreased towards the peaks of the power 

frequency cycle. When the test voltage was increased to 2.5 W, PD pulses were 

observed on some of the positive half cycles. At this point the electric field was 

sufficiently intense to cause ionisation in the region surrounding the tip of the 

protrusion. At 3.3 W, PD occurred on every positive half cycle. The development of 

the PD pattern in this way shows that the UBF signals do relate to the severity of the 

PD. 

Figure 6.8 shows the corresponding successive pulse distributions at the three test 

voltages. In all cases, the majority of PD events measured during the negative half 

cycle were found to occur on adjacent phase positions. As the test voltage was 

increased, a greater number of pulses were found to occur on adjacent phase 

positions. This is an indication that PD activity was more severe at the higher test 

voltages. The composition of air is mainly nitrogen, oxygen and carbon dioxide. 
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Nitrogen does not fonn negative ions, and oxygen and carbon dioxide are considered 

as weakly attaching gases [106]. As a result, the influence of space charge will be 

negligible and so pulses might be expected to occur continuously until extinction 

voltage. Once inception voltage had been exceeded, PD pulses, in general, were 

measured continuously until extinction voltage. 

At each test voltage, a small group of PD pulses is also evident in the region 

90" - AO - 180* during the negative half cycle. These concentrations are 

representative of successive PD events that occurred on adjacent half cycles. As the 

test voltage was increased, the centres of these concentrations were observed to shift 

to the left of the plot. This occurred because inception occurred at an earlier phase 

position and extinction occurred at a later phase position when the test voltage was 

increased. 

As already outlined, relatively fewer PD pulses were measured during the positive 

half cycle. This is because the protrusion was behaving as the point anode. 
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Figure 6.7 HV electrode protrusions in air at 1.8 kV, 2.5 kV and 3.3 W, 
(a) examples of 'snapshots' and (b) corresponding H(O) distributions. 
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6.3.2 HV electrode protrusion in oil 

The electrode system shown in Figure 6.6 was placed in an oil bath and used to 

simulate the oil-insulated HV electrode protrusion. Again, radiated UBF PD signals 

were amp i ed by 25 dB prior to being measured using the PDM. PD inception 

voltages were higher because of the greater dielectric strength of oil. 

Figure 6.9 shows examples of phase-resolved patterns measured for this defect at 

18.0 Wý 28.2 kV and 35.9 W. Pulses occurred more frequently and were generally 

greater in amplitude when the test voltage was increased from 18.0 kV to 28.2 W. At 

28.2 kV and above, pulses were measured over a broader phase angle because 

inception occurred earlier on the power cycle. 

The magnitude and number of PD events was greater during the positive half cycle, 

that is, when the protrusion was behaving as the anode. Previous experiments by 

Raja et al [141], have also reported greater amounts of UBF energy for PD occurring 

in oil insulation surrounding a point-anode. As outlined in Section 3.4.2, the duration 

of current pulses measured at the point-anode can be longer than those measured at a 

point-cathode. However, inspection of the longer current pulses revealed that they 

actually consisted of shorter components of PD current. These components occurred 

on a nanosecond timescale, and caused the excitation of UBF signals. For this reason, 

greater levels of UBF energy might be expected during the positive half cycle. 
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In Chapter 3, it was suggested that these shorter components of current were 

representative of streamers. This might be because of PD occurring in a gaseous 

channel within a liquid dielectric. Since posifive streamers are generally recognised 

as being 'fast andfilamentary' [11,115), then large amounts of UBF energy could be 

expected to be measured during the positive half cycle. On the other hand, negative 

streamers (emanating from a point-cathode) are often described as being 'slow and 

bush-like' [ 11,115]. As negative streamers branch out into the diverging electric field, 

and their mobility is reduced due to an accumulation of space charge at their tips then 

a lower amount of UBF energy might be expected during the negative half cycle. 

Figure 6.9 also shows the corresponding H(O) distributions. These plots show PD 

pulses centred on the peaks of the power cycle. This might be due to the protrusion tip 

becoming eroded with extensive testing. These plots also show that the number of 

pulses and their amplitudes were significantly greater during positive half cycle. 

Different amounts of PD activity might be expected during both half cycles given the 

asymmetry of the electrode system. 

At 18.0 W, PD events were not measured on every cycle. This behaviour can be 

explained in tenns of the injection of space charge into the liquid dielectric as 

successive PD events occur when the applied field is increasing. Once the voltage 

pealks are approached and dVIdt reduces, the existing space charge around the tip of 

the protrusion suppresses the local field and PD activity diminishes [ 103,140,14 11. 
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As the test voltage was increased from 28.2 kV to 35.9 W, H(O) was found to 

decrease. If the protrusion tip became more eroded at the higher test voltage, due to 

extensive testing, then the electric field at the tip of the protrusion would have been 

less divergent and so lower magnitudes of U1HF PD signals might be expected at the 

higher test voltage. Alternatively, the PD generated at the tip of the protrusion might 

have changed in character, for example, to a 'glow-type' discharge which might not 

have resulted in the excitation of UBF signals. 

Figure 6.10 shows the corresponding successive pulse distributions at 18.0 W, 28.2 

kV and 35.9 W. At 18.0 W, a broad variation is noted in tenns of the difference in 

phase angle between successive PD events. This variation is noted for PD events 

occurring on both half cycles. At 28.2 kV and 35.9 W, the majority of PD events 

measured during the positive half cycle were found to occur at successive phase 

positions. A concentration of activity is also noted in the region AO - 90", which is 

representative of successive pulses that occurred on adjacent half cycles. At 28.2 kV 

and 35.9 W, a broad variation is evident in terms of the difference in phase angles for 

PD pulses occurring on the negative half cycle. 

During the negative half cycle, electrons can readily be supplied from the tip of the 

metallic protrusion to the oil bulk. These electrons might attach to oil molecules or 

impurities and form negative ions. This negative space charge will superimpose the 

geometrically defined electric field, and the local electric field at the PD site will be 

reduced. Tberefore, PD activity will be suppressed and a broad variation might be 

expected in terms of the difference in phase angle between PD pulses measured 

during the negative half cycle. 
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The difference in phase angle between successive PD events is more variable for PD 

generated in oil than air. This difference has been attributed to the accumulation of 

space charge in the oil but not in the air. Van Brunt et al [ 142] has suggested that 

space charge can result in a 'memory propagation' that influences PD behaviour. 

Whenever a PD event occurs, it can leave an 'imprint' in the region surrounding the 

PD. This can modify the conditions in the discharge gap for times that may be 

comparable to or significantly longer than the mean time between PD pulses. 

There are two categories of 'memory effect' that can influence the PD process. The 

first category is concerned with processes, such as space charge accumulation, from 

which the discharge site can recover. The second category, is concerned with 

processes that result in permanent damage of the region surrounding the discharge, 

such as, the deposition of permanent surface charge or chemical degradation 

[143,144]. Moreover, 'memory propagation' can make the interpretation of phase- 

resolved PD measurements difficult. 

In this discussion, PD was generated at the tip of an oil-insulated protrusion mounted 

on the HV electrode. A grounded protrusion, under the same experimental conditions, 

would possess identical phase-resolved patterns but shifted in phase by 180' due to 

the polarity reversal of the applied AC field. 
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Figure 6.9 HV electrode protrusions in oil at 18.0 W, 28.2 kV and 35.9 W, 
(a) examples of 'snapshots' and (b) corresponding H(O) distributions. 
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6.3.3 Surface discharges 
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Figure 6.11 Test arrangement used to generate surface discharges 

Figure 6.11 shows the electrode arrangement that was used to generate surface 

discharges on a moist pressboard surface. As described in Section 1.2, moisture 

contamination can cause concern in a power transformer. In order to ensure that PD 

could be generated at the pressboard sample it was soaked in water for 24 hours prior 

to being tested. In this experiment, 7.96 kV was applied to the HV electrode and 

radiated UHF PD signals were amplified by 25 dB prior to being measured using the 

PDM. 

Figure 6.12 shows an example of a phase-resolved 'snapshot' pattem for the surface 

discharge experiment; the corresponding H(O) plot is also shown. On the whole, the 

phase-resolved patterns revealed very similar characteristics to experiments carried 

out by Berg and Lundgaard [144,145] which involved the simulation of a wedge type 

discharge in transformer insulating oil. Figure 6.12 shows that a greater number and 
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amplitude of PD pulses were measured during the negative half cycle. This finding 

might be expected because electrons were readily supplied to the moist pressboard 

surface as a result of field enhancement at the tip of the sharp metallic clamp. 

PD activity was also found to decrease towards the peaks of the power cycle, and 

again this can be attributed to the accumulation of space charge at the discharge site. 

Previous experiments by Berg and Lundgaard [ 144] have also reported that space 

charge effects can be significant for discharge processes involving cellulose and oil. 

When the applied electric field is increasing, space charge is readily deposited on the 

surface of the pressboard sample. However, since space charge in oil or on an 

insulating surface generally dissipates very slowly relative to the duration of the 

power cycle, then its influence will be evident in the phase-resolved pattem [146]. 

Figure 6.12 shows that PD was detected at the zero-crossing positions. Space charge 

can have the effect of decreasing the local electric field at the peaks of the power 

cycle, but can also create enough residual electric field at the zero-crossing positions 

to maintain PD activity. On completion of the experiment, visual inspection revealed 

evidence of tracking on the pressboard sample, confirming that PD was generated on 

the surface of the pressboard sample. 

Figure 6.13 shows the successive pulse distributions for PD generated on the 

pressboard surface. During both half cycles, the majority of PD events were found to 

occur at successive phase positions. This might be expected for PD that is generated 

on a moist pressboard surface because electrons can readily be supplied from ionised 

water molecules. 
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6.3.4 Bad contact 
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Test arrangement used to simulate a bad contact. 

Figure 6.14 shows the electrode arrangement used to simulate a bad contact on the 

HV electrode. A piece of aluminium foil was placed between the polypropylene 

barrier and the HV electrode. The applied electric field caused the metallic foil to 

vibrate with its motion being restricted by the presence of the insulating barrier. The 

metallic foil was found to vibrate more as the test voltage was increased. Radiated 

UHF PD signals were amplified by 25 dB prior to being measured using the PDM. 

Figure 6.15 shows examples of phase-resolved patterns measured for the bad contact 

at 1.8 W, 2.0 kV and 2.3 M At each test voltage, PD pulses were generally 

concentrated in the first and third quadrants of the power cycle, that is, where the 

power cycle has changed polarity from the previous quadrant. PD pulses were also 

detected at the zero-crossing positions of the power cycle. This characteristic would 
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be anticipated for a defect that is electrically floating because the Aluminium foil can 

acquire a charge from the HV electrode. When the electric field between the metallic 
foil and the HV electrode was sufficiently high to cause a localised breakdown then 

PD events were detected around the zero-crossing positions. As described in m 

Chapter 5, it is very likely that several PD sites existed at the surface of the metallic 

foil. 

In the case of HV electrode protrusions, PD events were not concentrated in the 

leading quadrants or at the zero-crossing positions of the power cycle. These 

characteristics are of interest as they allow the bad contact and the protrusion type 

defects to be distinguished. 

Figure 6.15 also shows the corresponding H(O) distributions at each test voltage. 

These distributions reveal that PD activity decreased towards the peaks of the power 

cycle, and again this can be explained in terms of the injection of space charge into 

the liquid dielectric as successive PD events occur when the applied field was 

increasing [82]. The asymmetry of PD activity in the positive and negative half cycles 

can be attributed to geometry of the electrode system. 

FiguTe 6.16 shows the successive pulse distributions fOT the bad contact at 1.8 

2.0 kV and 2.3. M At 1.8 W, a difference in phase angle of AO - 45' is noted for the 

majority of PD pulses that were measured during the positive half cycle. Ibis is also 

evident from the 'snapshot' of Figure 6.15(a). It is suggested that PD events caused 

the injection of a considerable amount of charge so that subsequent PD events were 

only measured when there was a significant change in the value of the externally 
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applied electric field. During the negative half cycle, the majority of PD events were 

found to occur on adjacent phase positions. This might be expected because electrons 

can readily supplied from the defect site(s) as a result of field enhancement. 

At 2.0 kV and 2.3 W, the majority of PD events measured during the positive half 

cycle were found to occur on successive phase positions. Experimental observations 

report that the connection between the metallic foil and the HV electrode was poorer 

at the higher test voltages. It is likely that several PD sites existed at the surface of the 

metallic foil and this caused UBF PD signals to be superimposed on the phase 

resolved measurements. Under such conditions, the interpretation of phase-resolved 

pattems can become complex. 
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6.3.5 Floating component 

E 
E 

HV 

: -E 
1 mm 

12 mm 
IE 

pr( 

lE 
0.5 mm 

plan view of 
polypropylene spacer 

metal 

Figure 6.17 Test arrangement used to simulate a floating component. 

Figure 6.17 shows the electrode arrangement used to simulate the floating component 

type defect. The floating component was suspended between the HV electrode and an 

earthed electrode protrusion using a polypropylene spacer. The floating component 

consisted of a flat metallic electrode (to provide capacitive coupling with the HV 

electrode) and a protrusion. The length and tip radius of the earthed electrode 

protrusion were 12 mm and - 35 pm respectively. The length and tip radius of the 

suspended protrusion were 8 mm and - 35 pm respectively. The distance between the 

suspended protrusion and the earthed electrode protrusion was set to 0.5 mm. 

During testing, intermittent arcs were heard during the experiment and the amplitude 

of measured PD events was high. UHF signals were therefore attenuated prior to 

being measured using the PDM. At 20.5 kV, radiated UBF PD signals were 

- pressboard barrier axis of 
rotational symmetry 

- floating component of electrodes, floating 

- polypropylene spacer component and barrier 
(only) 
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attenuated by 20 dB. At 30.8 kV and 34.3 W, they were attenuated by 60 dB. Care 

must be taken when comparing measurements at each test voltage. 

Figure 6.18 shows examples of phase-resolved pattems measured for the floating 

component at 20.5 W, 30.8 kV and 34.3 W. More PD pulses were measured as the 

test voltage was increased. However, PD pulses were less frequent in comparison to 

results presented for the protrusion and the bad contact As already outlined, 

intermittent arcs were heard throughout this experiment. This would have caused the 

injection of a considerable amount of space charge into the liquid dielectric, 

preventing PD events from occurring on every half cycle. 

The H(O) distributions of Figure 6.18 show that PD events were generally measured 

during the leading quadrants of both half cycles. At 30.8 kV and 34.3 W, both 

distributions reveal a reasonable amount of 180" symmetry, implying that the 

discharge mechanism was not dependent on the orientation of the electric field. This 

suggests that due to capacifive coupling between the floating component and the HV 

electrode the system behaved like a point-point gap. This characteristic reflects the 

symmetrical nature of the electrode system and allows the floating component to be 

classified from the other defects that have previously been described. 

At 30.8 kV and 34.3 W, PD was detected around the zero-crossing positions. This 

characteristic would be anticipated for a defect that is electrically floating and arises 

because the floating component can acquire charge so that the field in the gap is not 

dependent solely on the instantaneous applied voltage. 
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As shown in Figure 6.17, the distance of the polypropylene spacer from the tip of the 

floating component and the protrusion is very small. When the electric field in this 

region is high it is likely that discharges might also be generated at the surface of the 

insulating spacer. Inspection of the phase resolved patterns shown in Figure 6.16 

shows that PD pulses were detected prior to the peaks of the power cycle and at the 

zero-crossing positions. It is interesting to note that these characteristics are similar to 

those relating to the surface discharge experiment (Section 6.3.3) and so it is likely 

that discharges were generated at the surface of the polypropylene spacer. 

Figure 6.18 shows the successive pulse distributions for the floating component at 

vanous test voltages. At 20.5 kV and 30.8 W, a large variation is noted in terms of 

the difference in phase angle between PD pulses that were measured during both half 

cycles. At 20.5 W, the difference in phase angle between all pulses measured during 

the positive half cycle was greater than 360*. Therefore, no PD pulses are shown on 

ý1_ - uie pulse-sequence analysis plot. These findings might be attributed to the injection of 

space charge into the liquid dielectric when arcing occurs. 

At 34.3 W, a smaller variation is noted in terms of the difference in phase angle 

between PD pulses occurring on both half cycles. This might be because there is a 

limit to the space charge created by a PD and when the voltage is increased the effect 

of the external field becomes more predominant. 
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6.3.6 Suspended particle 
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Figure 6.20 Test arrangement used to simulate a suspended particle. 

Figure 6.20 shows the electrode arrangement termed a 'suspended particle' defect. A 

brass rod of diameter 3 mm was suspended between the HV and earthed electrodes 

using a polypropylene barrier, the length of the rod was 35 mm and the radii of the 

tips were - 35 gm. At 13.2 kV and 15.9 W, radiated UHF PD signals were amplified 

by 25 dB prior to being measured using the PDM. At 18.1 W, radiated UHF PD 

signals were attenuated by 20 dB as their amplitudes were much greater. As a result, 

care must be taken when comparing measurements at each voltage. 

Figure 6.21 shows some examples of phase-resolved patterns at different voltages. 

The distributions reveal a reasonable 180' separation between pulses measured during 

both half cycles. This characteristic reflects the symmetrical nature of the electrode 

system and allows the suspended particle to be differentiated from the HV electrode 

protrusions. 
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Although the suspended particle is at a floating potential, very little PD activity was 

measured at the zero-crossing positions of the power cycle. This might be because of 

a small amount of capacitive coupling between the particle and the HV electrode. This 

allows the suspended particle to be classified separately from the bad contact and the 

free particle type defects. 

Figure 6.21 also shows the corresponding H(O) distributions at each test voltage. 

These distributions generally decrease towards the peaks of the power cycle. Again, 

this can be attributed to the injection of space charge into the liquid dielectric by PD 

activity that occurs when the applied electric field is increasing [82]. 

Figure 6.22 shows the successive pulse distributions. At 13.2 W, the distributions 

show a much higher incidence of pulses on successive phase positions than at the 

higher test voltages. The similar pulse-sequence distributions during both half cycles 

might be expected because of the symmetrical nature of the defect. 

At 15.9 W, a broad variation can be seen in the difference in phase angle between 

successive PD pulses occurring on both half cycles. It is suggested this was caused by 

space charge trapped in the region surrounding the tips of the suspended particle. At 

18.1 W, a broad variation can also be observed in the phase angle between successive 

PD events occurring on both half cycles. This finding can be attributed to the larger 

PD pulses that appear, superimposed on the more regular pattern of PD activity. 
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6.3.7 Free metallic particle 
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Figure 6.23 Test arrangement used to simulate a free particle. 

Figure 6.23 shows the electrode arrangement used to support a free particle defect. A 

stainless steel particle of 2.5 mm diameter was placed on the concave earthed 

electrode prior to filling the test cell with oil. When the electrostatic force exceeded 

the gravitational force the particle started to move. At 25.2 W, the particle was 

observed to 'shuffle' on the earthed electrode. At 33.4 kV and 35.9 W, the particle 

was observed to lift and fall at the centre of the concave earthed electrode. UBF PD 

signals were amplified by 25 dB prior to being measured using the PDM. 

Figure 6.24 shows examples of phase-resolved patterns measured for the free particle. 

These plots reveal that PD activity changed in character when the test voltage was 

increased above 25.2 M At 25.2 W, when the particle was observed to 'shuffle', PD 

events were well correlated with the power cycle. 
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At 33.4 kV and 35.9 W, the particle was observed to lift and fall and PD events were 

uncorrelated with power frequency. Previous experiments involving a free particle in 

SF6 have also reported PD activity to be uncorrelated with power frequency [ 18,70]. 

This characteristic is rather distinctive and allows the moving particle to be easily 

classified from the other defect sources that have been described. 

Figure 6.24 also shows the corresponding H(O) distributions. At 25.2 W, the H(O) 

distributions possess similar characteristics to the patterns presented for the bad 

contact. This might be expected at this voltage because the particle was observed to 

'shuffle' on the concave earthed electrode and therefore behaved as a bad contact. 

The H(O) distributions also reveal that comparatively lower amounts of PD activity 

were detected at the higher test voltages. This arises because PD pulses were 

generated less regularly, and this is an example of where H(O) distributions must be 

interpreted with care. Previous experiments involving particles in SF6have shown that 

longer periods between pulses can indicate that the particle is in flight for a longer 

time and may reach a location where breakdown might occur [70]. 

Figure 6.25 shows the successive pulse distributions. These plots show that the PD 

changed in character as the test voltage was increased above 25.2 M At 25.2 W, 

similar pulse distributions were found during both half cycles and the majority of PD 

pulses were found to occur on successive phase positions during both half cycles. In 

addition, PD pulses are also noted in the region 90" < AO < 180% These are 

representative of successive PD pulses that occurred on adjacent half cycles. 
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The broad scatter in phase difference between successive PD events at the higher test 

voltages should be noted. This might be expected because the 'random' motion of the 

free metallic particle resulted in PD pulses not being correlated with the power cycle. 

Again, this feature is rather distinctive and allows the moving particle to be easily 

classified. 
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6.3.8 Arcing 
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Figure 6.26 Test apparatus for simulating arcing across a current-carrying gap. 
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Figure 6.27 Electrode configuration for simulating arcing activity between two 
adjacent turns on a winding. 

Figure 6.26 shows the test apparatus that was used to simulate high-current arcing 

activity such as that which might take place between two tap changer contacts. The 

brass electrodes were initially placed in contact and a current of 60 A was passed 

through them. The gap was then slowly increased until an arc was generated in the oil 

between both electrodes. 

The experimental arrangement used to simulate arcing between two adjacent turns on 

a winding is shown in Figure 6.27. Initially, both copper strips were placed together 

and a current of 400 A was passed through them. An arc was generated in the oil 

when a small gap was created between the copper strips. 
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In both experimental arrangements, a transformer capable of delivering a high current 

(Claude & Lyons) was used. This current was measured using a Fluke current 

transformer. The output voltage of the source transformer and the phase reference of 

the PDM were synchronized. 

Examples of phase-resolved patterns are shown in Figures 6.28 and 6.29. The 

amplitudes of measured events were high and this can be attributed to the intense arcs 

that were generated. Inspection of the H(O) distributions reveals that PD events were 

principally measured during the lagging quadrants, that is, following the peaks of the 

power cycle. These plots demonstrate that inception occurred at the peaks of the 

power frequency cycle. Breakdown occurred across the gap and the arc did not 

extinguish until the applied current reached zero. Similar pulse distributions are 

observed on both half cycles, and this is attributed to arcing activity being dependent 

on current pulse amplitude and not field polarity. These patterns reveal similar 

characteristics to those relating to a faulty joint in a GIS [98]. 

Figure 6.30 and Figure 6.31 show the successive pulse distributions for both of the 

arcing sources that have been outlined. Similar distributions were found for each 

defect source and pulse-sequence distributions were also similar during both half 

cycles. This is because arcing activity was dependent on current amplitude and not on 

field polarity. Furthermore, the symmetry of the electrode system meant that the 

arcing mechanism was independent of polarity. For each of the plots shown, the 

majority of pulses were measured on successive phase positions from inception of the 

arcing until its extinction. 

173 



tap-changer contacts 

(a) 

$zý ý 

cycle 

two adjacent turns on a winding 
(b) 

U '-, 

rz 

0 

60 cycle 
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6.3.9 Summary of the characteristics of UBF PD patterns for different defects 

In Table 7.1, the principal features associated with each defect are outlined. 

Table 7.1 Summary of defect characteristics. 
Defect Characteristics 

HV protrusion in A greater magnitude and number of PD pulses were measured on the negative 
air half cycle than the positive half cycle. 

The magnitude of PD pulses decreased towards the peaks of the power cycle. HV protrusion in A greater magnitude and number of PD pulses were measured on the positive half 
oil cycle than on the negative half cycle. 

PD pulses were concentrated around the peaks of the power cycle. 
Surface discharges The magnitude of PD pulses were found to decrease towards the peaks of the power 

cycle. 

PD pulses were detected at the zero crossing positions of the power cycle. 
Bad contact PD pulses were detected at the zero crossing positions of the power cycle. 

The magnitude of PD pulses decreased towards the peaks the power cycle. 
Floating PD pulses were concentrated in the first and third quadrants of the power cycle. 

component 
In general, PD pulses measured on both half cycles were observed to be 
symmetrical. 

PD pulses generally did not occur on successive phase positions. 

PD pulses were detected at the zero crossing positions of the power cycle. 
Suspended particle The magnitude of PD pulses decreased towards the peaks the power cycle. 

Very little amounts of PD were detected at the zero-crossing positions of the power 
cycle. 

Free metallic At inception voltage, PD activity was correlated with the power cycle and 
particle decreased towards the peaks of the power cycle. In general, the pattern was similar 

to those found for the bad contact. 

At voltages greater than inception, PD pulses were uncorrelated with the power 
cycle. 

Arcing sources PD pulses were concentrated in the second and fourth quadrants of the power cycle. 

PD pulses were detected at the zero-crossing positions of the power cycle. 

PD pulses measured on both half cycles were observed to be symmetrical. 

176 



6.3.10 Computer-aided discharge diagnosis 

Since PD monitoring systems can create a large amount of phase-resolved data the 

techniques pioneered by Kreuger and his co-workers [136,137 and 138] are often 

used to assist with the interpretation of PD activity. Kreuger recorded PD activity 

from a range of defect sources using a conventional detection circuit. Measurements 

were recorded in a phase-resolved form and statistical features were extracted and 

used to train intelligent software systems to recognise particular defect types. This 

approach has been found to be very successful for interpreting UBF PD signals in GIS 

[18]. 

Based on this success, statistical features were extracted from the measurements 

described in this chapter [134,135]. In general, 100 'snapshots' were acquired at each 

test voltage and statistical parameters were extracted from the corresponding H(O) 

distribution. These parameters were used by co-workers at the University of 

Strathclyde to train intelligent software systems. However, it was found that 

classification using C5.0 Rule Induction, Back Propagation Neural Networks and 

K-means clustering was sometimes inconclusive. This can be accounted for by the 

following reasons. 

Firstly, the approach pioneered by Kreuger [136,137 and 138] was based on a 

fundamentally different experimental technique. In general, this involved generating 

PD in SF6 gas and using conventional EEC60270-based detection circuits. As already 

described in this work, interpreting the results from PD generated in oil is more 

complex than interpreting PD generated in a gas. 
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Secondly, statistical features are purely descriptive parameters and are not necessarily 

related to the physics of the discharge process [147). As already described 'memory 

propagation' can strongly influence PD behaviour [142,143]. Under such conditions, 

the phase angle is not necessarily representative of the local electric field at the PD 

site. Consequently, statistical feature extraction can lead to misleading results [148]. 

Thirdly, the PDM used in this work introduces a non-linear relationship between the 

'raw' UBF energy and pulse height, as described in Section 2.4.5.2. It is suggested 

that future work might involve recording 'raw' UBF energy in a phase-resolved form. 

As already described in Chapter 4, UHF energy might be used to provide an 

indication of PD severity in tenns of pC. In addition, the work of Chapter 5 showed 

that the spectral content and ratio of energies measured using two sensors exhibit 

characteristics dependent on the discharge process. Therefore, it is proposed that 

ftu-ther analysis of this nature might assist with the interpretation of PD generated in 

operational power transfonners. 
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6.4 Conclusion 

In this chapter, it is has been demonstrated that UBF signals radiated from a range of 

PD sources can be analysed in ways that provide evidence of physical differences in 

the nature of each insulation defect. A range of PD sources that are known to cause 

concern m operationa power transfonners were investigated. UBF PD signals were 

recorded in a phase-resolved form. These patterns and their corresponding successive 

pulse distributions were analysed. Experiments were carried out over a range of test 

voltages to determine how the PD activity changed in character or severity. 

Statistical parameters were extracted from H(O) distributions and were used by co- 

workers at the University of Strathclyde to train intelligent software systems. At 

present, work is underway to develop an expert system for the automatic classification 

of defect type. It is proposed that this system will be based on the physical 

observafions of Table 7.1 

The work of this chapter has allowed a comprehensive reference database to be 

created. As will be described in Chapter 7, this database is useful for comparing with 

the results of field trials. 
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FIELD MEASUREMEENTS: 
POWER TRANSFORM[ER MONITORING USING THE UHF TECHNIQUE 

7.1 Introduction 

This chapter describes and discusses field tests that were carried out on a 

ScottishPower transformer that was known to be discharging. The transformer 

investigated was a three-phase, 1000 MVA, 400 kV/ 275 kV autotransformer (SGT4 

at Neilston substation). It was manufactured by Hackbridge Hewittic in 1972 

(S/N 218184). This unit was chosen for investigation as it was producing abnonnally 

high amounts of dissolved gas prior to being taken out of service [149]. 

Ul-IF sensors were retrofitted to the transformer [72], and used to detect discharge 

activity during site tests. The transformer was energised through its tertiary winding 

using a mobile generator and a step-up transformer. When the unit was operated at 

60 Hz and at voltages exceeding 115 % of its normal operating level, discharge 

activity was detected using the UIHF technique [84,85]. 

The detection system was found to be immune to the external corona present on the 

bushing terminals. Radiated UBF signals were measured in both the time domain and 

as phase-resolved events. Analysis of time-of-flight data allowed two separate sources 

of discharge activity to be identified. Their phase-resolved patterns are analysed in the 

light of Chapter 6. 
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7.2 UHF Measurement System 

7.2.1 Installation of UHF sensors 

Figure 7.1 Example of a UHF sensor fitted on top of the transformer tank. 

30 mm 
----------- 

215 mm 
diameter 

------------- 

location of 170 mm diameter 
hole in boss 

mounting holes 

Figure 7.2 Dielectric window made from Nylon 66. 

An example of a UHF sensor that was retrofitted to the transformer is shown in 

Figure 7.1. The sensor was coupled to the transformer tank through a dielectric 

window. This allowed the oil seal to be maintained and provided an aperture for UHF 

signals to pass. In Figure 7.2, the dimensions of the dielectric window are shown [72]. 

The mounting positions of both sensors (Sensor, and Sensor2) are shown in 

Figure 7.3. 
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Figure 7.4 shows the transformer and associated UHF measuring equipment. A digital 

sampling oscilloscope (Tektronix TDS 694C, 3 GHz bandwidth, 10 Gsamples/s) was 

used to record UHF I'D signals in the time domain. In addition, a PDM was used to 

record UHF PD signals in phase-resolved form. 
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For safety reasons, all measuring equipment was located in a cabin at a safe distance 

from the transformer. This meant that UBF signals from both sensors had to be 

conveyed 46 m to the measurement equipment. A 26 dB dual channel pre-amplifier 

was used to compensate for this loss (the frequency response of this instrument was 

presented in Section 2.4-4). Care was taken to ensure that the signal paths from both 

sensors to the measuring equipment were identical in terms of their propagation delay, 

gain and frequency response. 

7.2.2 Measurement procedure 

During testing, all three windings of the transformer were energised simultaneously 

through its tertiary winding using a mobile generator and a step-up transformer. An 

AC reference waveform. (0 - 300 V) was connected from the generator to a trigger 

module. This provided a phase reference signal for synchronising the PDM to the 

power cycle. The output of the generator was in phase with phase B, whereas 120' and 

-1200 phase shifts were noted for phases A and C respectively. When the transformer 

was energised at 115% of its nominal operating voltage UBF PD signals were 

detected at both sensors [84,85]. 
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7.3 Results and Discussion 

7.3.1 Time domain measurements 

The oscilloscope was used to acquire several pairs of UBF signals and the difference 

between arrival times of signal pairs was used to identify the number of active PD 

sources. The difference in arrival times was calculated as At = tSensor2 - tSensorl 
- The 

parameters tSensor, and tsor2 correspond to the start time of the UBF signal measured 

at Sensori and Sensor 2 respectfully. 

An example of two consecutive PD events that were measured using the oscilloscope 

are shown in Figure 7.5. The difference in arrival times of these signals is At = 7.5 ns, 

and this indicates that the active discharge source is closer to Sensor,. In addition, the 

amplitudes of the UBF signals measured at Sensor, are larger and so the PD source 

must have been closer to Sensorl. 

Following a number of acquisitions, two distinct but repeatable time differences 

became apparent, suggesting the presence of two active discharge sources. The 

important characteristics of these measurements are outlined in Table 7.1. These 

measurements were immune to external corona on the bushings because only two 

distinct PD sources were identified, whereas corona was present on all six bushings. 

It is interesting to note that UBF PD signals lasted for approximately 100 ns, therefore 

signals arriving towards the end of this period will have travelled around 20 m 

through the oil and cellulose and experienced multiple reflections. This indicates that 

the attenuation of UBF signals within the transformer was not excessive. A relatively 
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simple physical model of the internal structure of the transformer has been developed 

by co-workers at the University of Strathclyde to predict the propagation paths of the 

UIHF PD signals for defect location [85]. A discussion of this model is outside the 

scope of this work. However, the simulation suggested that neither discharge source, 

PD, or PD2, were associated with phase A because the UHF signal would have to 

arrive at Sensorj first. 
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Figure 7.5 Example of UIHF signals measured at (a) Sensori and (b) Sensor2- 

Table 7.1 Summary of time-domain measurements. 

Discharge Source At Relative Amplitudes 
PDi - 7.5 ns Sensor, -2x Sensor2 

I PD2 -IOns Sensor, -5x Sensorg 
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7.3.2 Phase-resolved measurements 

Figure 7.6 shows an example of a 'snapshot' recorded at Sensorl. These signals were 

measured relative to the phase voltage B. An inspection of this plot confirms the 

presence of two groups of discharges, labelled PD, and PD2, both of which are 

separated in phase by 180'. PD signals from both sources are correlated with the 

power frequency. 

100 

50 

0 

cycle nu 360 

Figure 7.6 An example of UHF signals measured at Sensor, relative to the phase voltage B. 

During a 20-minute test, a total of 993 cycles of phase-resolved measurements were 

recorded for each sensor. In Figure 7.7, the H(O) distribution relating all of the PD 

pulses signals detected by Sensor, are shown. Since the analysis of time-of-flight 

measurements suggested that neither discharge source PD, or PD2 could be associated 

with phase A, only the occurrence of PD events relative to the instantaneous phase 

voltages of B and C will be considered. Figure 7.7(b) shows that the instantaneous 

phase-to-ground voltages were severely distorted and this will make interpretation 

difficult. This was due to saturation of the step-up transformer between the generator 

and the tertiary winding. 
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Figure 7.7 Phase-resolved PD signals recorded during a 20 minute test 
(115% of nominal voltage, 60 Hz) 

(a) mean pulse height, H(O)and 
(b) instantaneous phase-to-ground voltages. 
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7.3.2.1 Occurrence of PD relative to phase voltage B 

ý2z 

In Figure 7.8, the H(O) distributions corresponding to both PD, and PD2 are 

normalised and shown relative to the phase voltage B. With regard to PDI, the peaks 

of the distribution coincide with the zero crossing positions of phase B, revealing 

similar characteristics to the bad contact (Section 6.3.4) and the free particle (at 

inception voltage) that was described in Section 6.3.7. In the case of PD2, the peaks of 

the distribution coincide with the peaks of the voltage waveform and no PD activity 

was detected at the zero-crossing positions. These characteristics are similar to the 

protrusion that was investigated in Sections 6.3.1 and 6.3.2. 
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7.3.2.2 Occurrence of PD relative to phase voltage C 

Figure 7.9 Occurrence of PD, and PD2relative to phase C. 

In Figure 7.9, the H(O) distributions corresponding to both PD, and PD2 are 

nonnalised and shown relative to the phase voltage C. For PDI, inception occurs in 

the first and third quadrants and decreases towards the peaks of the voltage wavefonn. 

Again, these characteristics are similar to those of the bad contact (Section 6.3.4) and 

the free particle (at inception voltage) of Section 6.3.7. In the case of PD2, activity 

occurs following the peaks of the phase voltage C and persists until the zero-crossing 

positions of the power cycle. This characteristic is similar to the arcing source that 

was described in Section 6.3.8. 

In summary, it is suggested that PD, is either a bad contact or a free particle (at 

inception voltage). This diagnosis is independent on whether PD, is associated with 

phase voltage B or C. In the case of PD2, there is evidence to suggest that the 

discharge source is a protrusion when it is displayed relative to the phase voltage of B. 

On the other hand, if PD2 is associated with phase voltage C then it is likely that the 

defect is an arcing source. However, this interpretation is somewhat limited by the 

severely distorted instantaneous phase-to-ground voltages. 
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7.4 Conclusion 

In summary, a UBF PD measurement system has been outlined for the detection of 
PD in a full-scale oil-filled power transformer. UBF PD signals were recorded in the 

time domain and two separate discharge sources were identified. UBIF PD signals 

were also measured in phase-resolved form, but the instantaneous phase-to-ground 

voltages were distorted and this made interpretation difficult. Furthermore, the 

locations of both PD sources were unknown and so there was ambiguity regarding the 

phase which was responsible for generating the local electric field. 

The ability to locate discharge sources could be improved by adding a third sensor 

and by using a three-dimensional electromagnetic time-of-flight model. A suitable 

algorithm is currently under development by co-workers at the University of 

Strathclyde. This would simplify the interpretation of phase-resolved measurements 

because the phase voltage responsible for generating the PD would be known a priori. 

In April 2004, ScottishPower Power Systems carried out a post-fault investigation to 

determine the cause of failure of SGT4. Firstly, the oil was drained from the tank and 

the transformer was dismantled in a controlled manner. The inspection confirmed that 

the magnetic circuit was in reasonable order and the windings had not suffered any 

significant mechanical deformation. The only evidence of overheating was on some of 

the upper core bolt insulating rods. However, the extent of the damage was not 

-. I- enough to confirm the presence of a serious discharge source. Unfortunately, the 

windings could not be carefully inspected because their shape was lost when they 

were removed from the tank. Paper samples were taken from each of the windings 
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and were sent to a laboratory for analysis. To date, the paper samples are awaiting 
ftirfiiraldehyde analysis (FFA). It is anticipated that the results from the FFA tests Will 

provide some evidence as to the nature of failure of SGT4. 

Co-workers at the University of Strathclyde also carried out UBF measurements on an 

18 MVA single phase 132/25 kV unit at St Andrew's Cross substation. This 

transformer was selected for monitoring because significant amounts of Hydrogen and 

Acetylene were found in recent DGA samples. In order to determine whether the PD 

was affected by load conditions, a portable UBF monitor was left on-site and data was 

recorded continuously in phase-resolved form for six days. Over this period the PD 

pattern was remarkably stable despite loading variations from 2-17MVA. 

Inspection of the phase-resolved patterns suggested that the pulses were most likely to il- 

be centred on, or just before, the voltage peaks. There appeared to be no difference in 

the PDs whether they occurred in the positive or negative half cycles, that is, strong 

180* symmetry was evident in the patterns. UBF PD signals were also recorded in the 

time domain. Interpretation of these results suggested that the source of the signals 

was just under the tap changer mechanism. During the post-fault investigation, the 

transformer was carefully dismantled and insulating paper on leads to the tap changer 

were found to be burnt in the region where the PD source was suspected. These 

findings confinned that the UBF technique is suitable for detecting PD that is 

generated in operational power transfortners. 

More recently, UBF sensors have been specified for transformers at Crookston 

(132/33 kV) and Easterhouse (275/33 kV) substations. It is anticipated that this will 

provide opportunities for future UBF PD monitoring. 

191 



8. GENERAL CONCLUSIONS 

In Chapter 1, a range of insulation defects that are known to cause PD in operational 

power transformers were reviewed. A variety of on-line measurement techniques that 

allow the detection of such PD were also discussed. EEC 60270-based and UBF 

measurements were considered to be the most suitable. The IEC 60270-based 

technique has the advantage that discharge magnitudes can be quantified in terms of 

pC. On the other hand, UBF measurements have the advantage that it should be 

possible to locate PD using time-of-flight techniques. The remainder of this work was 

concerned with assessing the efficacy of using the Ul-IF measurement technique for 

detecting PD generated in transfonner insulating oil. 

In Chapter 2, the experimental apparatus used to generate PD was introduced. A 

robust HV network was constructed and used to energise the test cell and test 

apparatus. A capacitive divider circuit was also designed for use in monitoring the HV 

AC waveform. A high-frequency current transformer was investigated for measuring 

PD current pulses, and a broadband electric field sensor was selected to detect 

electromagnetic signals in the UI-IF range. A Diagnostics Monitonng Systems Ltd 

partial discharge monitor (PDM) was described and used to record UBF PD signals in 

phase-resolved fonn. 

In Chapter 3, some of the physical processes involved when PD occurs in a liquid 

were reviewed. PD current pulses convey infonnation relating to the PD process, so 

current pulses were measured at both inception and higher voltages. 
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At inception voltage, PD current pulses were measured directly using a high- 

frequency measurement system and were found to lie on sub-nanosecond timescales. 

At test voltages well above inception, a high-ftequency current transformer was used 

to measure PD current pulses. The risetimes of the current pulses measured during the 

positive half cycle were found to lie on a sub-nanosecond duration. However, the 

negative current pulses consisted of shorter pulse bursts that were superimposed on an 

underlying pulse with a 10 pLs duration. When these shorter pulse bursts were 

inspected they were found to lie on a sub-nanosecond timescale and cause the 

excitation of UBF signals. On the basis of these findings, the UHF technique can be 

considered to offer an effective means of PD detection. 

It was suggested that further research should involve the simultaneous measurement 

of PD current pulse, UBF and optical measurements. In addition, chemical 

degradation of the oil might also be studied. This would allow current pulse and UBF 

measurements to be better related to the PD mechanism. 

In Chapter 4, a comparative study was reported in which PD was generated in air, 

unused transformer oil and used transformer oil. PD current pulses were recorded 

simultaneously with both IEC 60270-based and UBF measurement systems. Since 

IEC 60270-based and UHF measurements systems operate on very different 

principles their responses to PD current pulses of known magnitude provide a useful 

basis for comparing the Performance of both systems. 
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PD current pulses in air revealed the greatest amount of pulse-shape regularity, 

whereas those in used transformer oil revealed the greatest amount of pulse-shape 

variability. For experiments in unused transformer oil, the correlation between the 

charge contained in PD current pulses and IEC 60270-based measurements was found 

to be weaker than for air. A low correlation was also found between charge and UBIF 

energy during the positive half cycle, and very low amounts of UBF energy were 

measured during the negative half cycle. 

The lowest level of correlation was found in used transformer oil. This can most 

likely be attributed to the high impurity content associated with this transformer oil 

sample. Furthermore, measured current pulses were only representative of PD 

occurring in the oil surrounding the tip of the protrusion, but both IEC 60270-based 

and UBIF measurement systems were additionally influenced by PD in the liquid bulk 

and at the pressboard barrier. 

This work demonstrated that, while several PD current pulses could occur within a 

few nanoseconds, the IIEC 60270-based measurement circuit could only respond to 

PD on a microsecond timescale. Therefore, individual pulses cannot necessarily be 

distinguished. Advantages might be gained by simultaneously recording IEC 60270- 

based and UHF measurements. It is anticipated that this approach will assist with the 

interpretation of measurements carried out on-site, and will provide a better indication 

of discharge severity in terms of pC. It was suggested that this should be a subject for 

fiirdier research. 
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Chapter 5 dealt with PD generated in the oil medium surrounding a protrusion, a bad 

contact and a free metallic particle. A high-frequency current transformer was used to 

measure PD current pulses and the corresponding radiated UHF signals were 

measured using two broadband electric field sensors mounted at different locations 

relative to the PD source. Discharges involving the protrusion and the bad contact 

revealed the greatest amount of pulses-shape variability, due to changes in the 

discharge process. Pulses from the free metal particle were very consistent in terms of 

their shape. 

In the work of Chapter 5, two new ways of analysing UHF signals were presented. 

These are the spectral content and ratio of energies method. Both compared discharge 

activity during the positive and negative half cycles of the power frequency in a way 

that could allow different sources to be distinguished. By plotting the spectral energy 

during both half cycles differences in discharge mechanisms were identified. 

Similarly, the ratio of energies method was also used to assess variability in the 

pattem of radiafion from the PD source. 

The advantage of the two new methods is that they use only normalised data derived 

from the UBF signals. Therefore, these methods could be applied to the 'black box' 

situation which is more likely to be encountered in measurements carried out on-site. 

It is anticipated that these methods will complement existing techniques, such as 

phase-resolved measurements of PD diagnostics. 
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Chapter 6 covered experiments involving a variety of transformer insulation defects 

simulated under laboratory conditions. U19 PD signals were measured in phase- 

resolved form using a commercial PDM. Experiments were performed over a range of 

test voltages, and information was obtained on whether the PD activity was changing 

in character or becoming more severe. 

The types of defect considered were: 

e HV electrode protrusion in air 

e HV electrode protrusion in oil 

9 Surface discharges 

e Bad contact 

e Floating component 

o Suspended particle 

o Free metallic partial 

* Arcing sources 

Phase-resolved measurements were evaluated, demonstrating that they provide 

evidence of the physical differences between the insulation defects. This involved 

analysing three-dimensional 'snapshots' in the form of phase angle, pulse height and 

cycle number. In addition, the corresponding pulse-sequence distributions were also 
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investigated and shown to be useful for interpreting PD measurements. This work 

generated a valuable reference database for comparison with field measurements and 

is currently being used by co-workers at the University of Strathclyde to develop an 

expert system. This will allow defect types to be classified automatically using 

software. 

Chapter 7 reported field tests carried out on a 1000 WA power transformer. When 

the unit was operated at 60 Hz, and at voltages exceeding 115 % of its normal 

operating level, discharge activity was detected using the UHF technique. UBF PD 

signals were recorded in the time domain and this allowed two separate discharge 

sources to be identified. In addition, UBF PD signals were also recorded in phase- 

resolved form. These results were discussed with the reference database built up in 

Chapter 6. 

This research has contributed to the knowledge base required for the development of a 

contmuous momtonng system for oil-filled power transformers based on the UBT 

technique. 
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Following the completion of this thesis, it is recommended that further laboratory 

based research should be carried out in the following four main areas: 

At present, it is widely accepted that the understanding of electrical 

breakdown in liquid dielectrics is still relatively modest. It is therefore 

recommended that the inception and development of PD in oil should be 

studied using high resolution optical recording systems. This will provide a 

better insight into the physical processes involved and will ultimately assist 

with the interpretation of UBF measurements. 

2. Preliminary measurements showed a relationship between PD current pulse, 

EEC60270-based and UBF measurements. It is suggested that a better 

understanding between these parameters might be found by carrying out 

further laboratory work. Initially, PD might be generated using a relatively 

simple electrode geometry such as point-plane gap and experiments should be 

carried out under controlled conditions. 

If a strong correlation between PD current pulse, IEC60270-based and UHF 

measurements is found then a variety of oil grades might be tested at a range 

of temperatures, and oil samples might be circulated using external pumps to 

simulate the action of a transformer cooling system. Again, benefits might be 

gained by detecting PD using high resolution optical systems as the 

propagation of streamers will be influenced by oil grade, temperature, and 

flow rate. In addition, chemical degradation of the oil might also be studied. 
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3. In the work of Chapter 5, the spectral content method was presented as a new 

way of analysing UBF signals. It is recommended that advanced signal 

processing techniques such as wavelet analysis should also be considered and 

applied in a similar manner. 

4. As described in Chapter 6, the commercial PDM that was used did not have 

sufficient resolution to detect all of the PD pulses that were likely to be 

generated in the oil. It is recommended that recording PD in phase resolved 

form should be considered further when acquisition technology with a suitably 

high sampling rate becomes available. Such measurements should be 

interpreted using analytical techniques that are related to the physics of the 

PD. 
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9. GENERAL REQUIREMENTS: AN ON-LINE UBF PD MONITORING 
SYSTEM FOR PONVER TRANSFORMERS 

This investigation has demonstrated that UIHF PD measurements could assist in 

monitoring troublesome transformers. However, retrofitting the necessary dielectric 

windows to healthy transformers may be difficult to justify because an outage is 

require to lower the oil and replace inspection hatches. At present, transfornier 

manufacturers are investigating a suitable design of a reliable dielectric window that 

will not compromise the integrity of the tank during the lifetime of a transformer. It is 

recommended that the procedures for fitting such UHF windows and sensors should 

be standardised. This will provide electrical utilities with a specification at the 

manufacturing stage and will allow future generations of power transformers to be 

monitored using the UBF technique. 

As related in Chapter 7, advanced modelling techniques are currently being developed 

at the University of Strathclyde to allow multiple PD sources within a transformer to 

be located. Once UBF signals from a particular defect source have been identified, 

they can be recorded in appropriate phase-resolved form. In addition, the spectral 

content and ratio of energies methods of Chapter 5 can be used to assist with the 

interpretation of PD behaviour. 

In this work, the UBF technique has only been considered for the detection of PD. 

Preliminary (unpublished) experiments have suggested that UBF sensors might also L%W 

be used to simultaneously monitor the internal mechanical integrity of a transformer. 

The results from this work might establish whether transients ftom lightning activity, 
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geo-magnetically induced currents, switching operations or short circuit faults have 

caused permanent mechanical distortion of the internal structure. 

Work is currently underway to produce a portable unit that will provide a 
development platform for integrating all of the functionality that has been outlined. 

This will allow engineers to remotely visualise any PD activity occurring within the 

suspect transformer. Ultimately, any PD monitoring system should provide 

information on the number of simultaneously active PD sources, their locations, their 

types, and whether they are changing in character or in severity. 

Conventional EEC 60270-based measurements offer a standardised procedure for PD 

momtonng and allow discharge magnitudes to be quantified in terms of pC. However, 

this parameter is apparent charge, not real charge, and it is argued that the 

relationship between these quantities is no less complex than the relationship between 

real charge and UBF energy. The acceptance of EEC 60270-based measurements can 

be attributed to many years of laboratory and field experience. It is recommended that 

further research should involve gaining a greater understanding of the relationship 

between UBF energy and discharge magnitude. Techniques such as finite difference 

time domain (FDTD) modelling might play an important part in such an investigation 

[150]. 

It is generally accepted that the UBF technique can be used successfully for 

contmuous remote monitoring of GIS. On this basis, the UIHF technique could be a 

very promising technique for monitoring transformers. The use of multiple sensors to 

simultaneously 'look' into a single volume of insulation allows PD activity to be 
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interpreted with greater accuracy. It is anticipated that this technique will have 

applications beyond the field of transformers, perhaps to entire substations. It is 

recommended that the UBF technique should now be considered for investigating the 

dielectnc integnty of generators, and the ability of suspect circuit breakers to 

extinguish arcs. These are also key components of the electrical transmission network 

and the state of their insulation is of considerable interest to utilities. 
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