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ABSTRACT

Oil-insulated power transformers are key components of the electrical transmissi
network. Knowing the state of their insulation 1s therefore of considerable interest
utilities. Failure in transformers often occurs as a result of electrical breakdown 1n t
insulation maternials. 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 ear
detection can allow utilities to take appropriate preventative measures in order that cost

failures do not occur.

In this work, a range of on-line partial discharge (PD) measurement techniques a
reviewed. Ultra high frequency (UHF) and measurements based on the Internatior
Electro-technical Commission (IEC) standard 60270 are considered to be the mc
suitable. UHF measurements have the advantage that PD can be located using time

flight measurements, while IEC 60270-based measurements can be quantified 1n terms

pC.

A test cell 1s designed, and PD current pulses are measured when the 1insulating oil at t
tip of a sharp, conducting protrusion breaks down. Current pulses are recorded using t
different measurement circuits, and different pulse shapes are observed. The
experiments are of fundamental significance because UHF signals are only excited wh

discharges occur on timescales of around 1 ns or less. Results demonstrate that |



durations of current pulses in oil can be sufficiently short to cause the excitation of UF

signals.

Characternistics of PD generated in air, new transformer oil and used transformer oil 2
compared. PD current pulses are measured simultaneously with both IEC 60270-bas
and UHF measurements systems. Since IEC 60270-based and UHF 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 imsulation defects that would cause concem in an operational pow
transformer are then investigated. Radiated UHF signals are measured simultaneous
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. Fie
tests are carried out on a 1000 MVA, 400 kV/ 275 kV power transformer, and resu
demonstrate that the UHF measurement technique 1s a very promising approach for |
monitoring. The research contributes to the knowledge base required for the developme

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

transformers.
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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
1ts 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 1s connected to a load. If a tap changer is part of the design then the
voltage supplied to the load can be vaned 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 (SFg gas or oil).

The main components of a transformer are shown 1n 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) 1s
usually mounted between the HV winding (primary) and the core. Each of the
winding sets and the magnetic circuit are clamped together to minimise vibrations

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

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

mechanical strength for the construction and can provide a cooling duct for the oil.



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 o1l 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 1s 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 1s drawn 1s less

severe and so the procedure is safer and o1l 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 transtormer.

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 platform for

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

It 1s 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 1n 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 1s 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 1ssues 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 )
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Example of a catastrophic transformer failure
(photograph courtesy of Lee Lane).




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.
Broken strands on lead to
Charring on LV lead LV winding
Figure 1.3 Example of damaged transformer components during disassembly.

During normal 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 transtormer.
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.

Figure 1.4 Example of free metallic particles.



It 1s 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].

L1
urnt region -
ri- # 5 ™
L . ) H*"
. I‘.-.-":'v"':"‘ll.":-I o
. - { i I|"l i g -
. - - & . 3 i
[} |.‘ . b, . r ki ‘-I'.“ . I li’l’l lI B
. b * L o ’ - ll - E .' ' J) -
1 L - "
) ‘.I il .1 . ; ‘-r LI
i & = oy ™ o el - '| -4 l: ‘il ;l
3 i ' - i, -.. iL ; ¥ i . i i
: 3 iy By A I"'l- . ! r !' ' ]

- -..;-:_E:“'-

= y . ey " o s . A N L ., : "o g il o P
) % e S s S e h ; R S el Lt ) % ok & i -'”..-.-_,. & e b g
¥ . N el b 4N L Tty AL R ) o e * . 3 ¥ oy -
& . 1L .. i L ak® E L - i W N '.'--:.r } . -|Il . g -l % ’ - 'ﬁ.'!.i\h 'i* -.II..-I " e Ll " ’
. % N -.'-"I'llh'.l o -'h ':'ﬁ.li-"' g lr‘_ e : N -I-'-"F_L-lf}_;. .-“':I'. e -
5 W N o LA -I-...'b. - :'l: """PL.". .--..._‘_. '._._: = _.-_.
. , rowman o R Y Y G 0L N A
. " ¥ ] 4 . s
.'- __rﬁ‘-ll "'L o Mg -"I b 0 ™ " =
ey : . 2 E o e L
Ree b3 3 X Dy biia 300
Bvah . ae N b N B P T e N
w il e [ % ...,: " S i :'.- s F ‘; e ‘i-
r - * 5 =
) 0 A Y - e - Wt . .
“Ff r.. :"'l. -l' " - ‘- \ ".‘
- '+ -.'1 a " # L o i ™ F -
ey, O - Tl " o B
-.,.l""'.- . s ’ e - ¥ s [
" B ' F I.' = k] i'l X
.k iy 0% 1 au F A i
i - ™ : ": = .
- b % -
L - L 3
- oy, iy 3" l ﬂ-’"
- ] ¥ el .
- gy " " Eih, 1
] J ] i
AP 5 g L - .
ks "
_Fr' # . Kol o o
; ‘A gy et
o e R T P e o mr X s L
. - oo W FON vl
o W Y WL 8
Sl N s . Sy . % i %
b o S A R | ""-.- s "
iFs l-,lr e . - - - ..
I‘.‘.‘-'J" .:. o :r l " v L "l _ i
R et ¥
S g # ¥ |
hi..- _"-_ L bl\. # (3 - = -
- =
- [
[ " § LA i
il o iy . % S g [ T ,...‘.,..'\U' - » T o L T -

T,
,_.?1-;;-.1'
g- Yol

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 1n
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



carry out such tests in the field. However, due to an ageing transformer population

there 1s a requirement for PD measurement systems in the field to assess insulation

conditions.

It 1s generally accepted that the UHF 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 techmque allows defects such as protrusions, particles and

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

carried out to establish the applicability of the UHF technique for detecting PD in

power transformers [2,3].



1.3

Partial Discharge Detection Techniques

1.3.1 Partial discharge

When the electric field exceeds the dielectric strength of an insulating medium
tonisation 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 electnc field falls below the level required to sustain further ionisation

122,23].

A PD 1s 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 1n the UHF range (300 — 3000 MHz) are

excited [27,28].

This chapter describes a variety of measurement systems that exploit these

fundamental physical and chemical processes to allow the detection of PD.



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 imnterference.

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 (H,), methane (CHj), ethane (C;Hg), ethylene (C,H.),

acetylene (C;H;), carbon monoxide (CO) and carbon dioxide (CO,) [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 o1l sample. More recently, on-line gas sensors such as Hydran units have

been used to continuously monitor the o1l 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 [31]. Interpretation techniques are
outlined in the IEC 599 document, ‘Mineral oil-impregnated electrical equipment in
service — guide to the interpretation of dissolved and free gases analysis’. The types
of fault that can be i1dentified are PD, low energy discharges, high-energy discharges

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

ratios and the Duval triangle [24,31,32].



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

concentrations of C;H,/CHs, CHy/H, and C,Hy/C,Hg on a three-dimensional grid. As
shown 1n Figure 1.6, different regions of the grid correspond to different fault types.
The Duval tnangle method also provides a graphical means to relate dissolved gas
concentrations to fault type. The relative concentrations of CHs, C,H4 and C,H, 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 1s 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.

10
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Figure 1.6  Graphical representation of DGA concentrations using
the Rodgers ratio method.
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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-pertormance liquid
chromatography (HPLC) 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 [38,39]. 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 transformers. 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 1s 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 1s 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 sensitivity [47].
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1.3.3  Electrical methods of partial discharge detection

1.3.3.1 IEC 60270-based measurements

The IEC 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 tor measuring PD under laboratory conditions [48],

or for testing power transtformers at manufacture stage [3].

Figure 1.8 shows a circuit representation that allows PD to be measured at the bushing
tap of a transformer in accordance with IEC 60270 specification [21,49]. The

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

capacitive foil (Cy) for C coupling capacitor
electric field grading C,, measuring capacitor
in bushing C, transformer capacitance

=
G- 7 L
i E C > to measuring instrument
] m
C,==

Figure 1.8  Schematic diagram of a bushing tap connection.
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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 (Cy) for
electric field grading
in bushing

\\ bushing tap connection
\ ——] /

e T |
Rogowski coil

C P

to measuring instrument
transformer capacitance C, ——

! —_—

. el o

—

(b) 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 1f 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 protection
resistor circuit ety
Instrument

(potentiometer
e —
Figure 1.10  Schematic of neutral terminal
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 IEC 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 1s 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 determined. 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]. IEC 60270-based measurements are commonly carried out at
manufacture stage because sensitive PD measurements can be cammed out 1n
laboratories that are shielded from EMI. However, in substation environments, the
sensitivity of electrical PD measurements 1s 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 (Af) between UHF signals
arriving at two sensors, and calculating the distance of the PD source from each
sensor [66,67]. It 1s preferable to make measurements in the UHF range because the

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

HV plant

oscilloscope

UHF

.. ensorz—m‘-——
v g4 »

coaxial cables :
amplifier

(dual channel)

Figure 1.12  Overview of a UHF PD monitoring system for locating defects.
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For detect 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 PD 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 1s becoming more severe or 1s changing in character.

HV plant power frequency
phase reference

digitizing
hardware

coaxial cable > f\
%‘-—-  filtering

- amplification
UHF - detection
Sensor

user
interface

Figure 1.13 Overview of a UHF PD monitoring system for locating defects.
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In this thesis, the UHF measurement technique is investigated for the detection of PD
in o1l-filled power transformers. In a preliminary laboratory experiment by Judd [28],
1t was reported that PD occurring in insulating transformer oil caused the excitation of

UHF 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 UHF sensors were designed and
retrofitted to hatches at the top of a ScottishPower transformer (SGT4 at Neilston
substation) [72]. UHF signals were detected while the transformer was re-energised

and returned to full load. This confirmed that PD occurnng in a power transformer
could be detecting using the UHF 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 UHF PD detection for oil-filled power transformers

From Section 1.3, it is clear that DGA, FFA, acoustic monitoring and IEC60270-
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 1deal 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 UHF technique should be considered further for the continuous remote

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

this research:

e What types of PD that can be detected using UHF measurements?

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

power transformer?

e How can UHF signals be processed in ways to provide information that wili

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.

measurement system. At voltages well above inception, current pulses are measured
using a high-frequency current transformer. These fundamental measurements are
carried out to determine whether the rate of change of PD current pulses in

transformer o1l 1s sufficiently high to cause the excitation of UHF signals [76,77].

Chapter 4 descnibes and discusses current pulses simultaneously recorded with
[EC 60270-based and UHF 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 UHF and

IEC 60270-based measurements [78,79].

In the work of Chapter 5, PD 1s generated at a range of defect configurations that
would cause concern 1n 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 i1s 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

180,81].
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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 1n the nature of each insulation defect [82,83].

In the work of Chapter 7, field tests are carried out on a ScottishPower transformer
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 1n

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 MEASUREMENT OF PD ACTIVITY

2.1 Introduction

In this chapter, the test apparatus that was designed for investigating PD in
transformer insulating o1l 1s introduced. The HV transformer, interconnection and the

HV divider network that is used to monitor the profile of the AC waveform 1s 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. UHF 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, UHF PD signals are recorded 1n 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 mnsulating matenals such as Tufnol and Nylon 6-6. A Perspex tube fits into a slot

machined on both plates, and ‘O’-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 1t 1s energised via a brass connector with rounded
comers. A sealed Sub Mimature 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 um. 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 materal 1s
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 free
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 barmer was suspended between the

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

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

transformer described 1n 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 ‘PD free’
was investigated. By gradually increasing the test voltage and measuring the on-set of
PD using a UHF 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 Satety 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 1solating 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 1n use.

2.3.2 HV test equipment

HV interconnection

% oscilloscope '

HV '
divider =~~~ "
network

step-up .
transformer E C; ! |
t : test ce
; !
| [ .
G, : protegtlon
! ' device
N .
variac

Figure 2.4  HV interconnection.
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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 HYV busbar

A 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 () was sutficiently 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 50 kV.

16
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D
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g |
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'E; _________________________________________________________
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Figure 2.5  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 HYV divider network

As shown 1n Figure 2.6, the HV AC waveform was monitored at the output of a

capacitive divider circuit by connecting an oscilloscope across C, via a protection

circuit.
Transzill®
______ fuse (rated at 60 mA)
Ves
——————— BNC connector
_ (panel mounted
resistor (2K2 £2) on lower side of
grounded plate)
(b)
protection circuit
C fuse :
o-— =0 —I- to oscilloscope
C, [ 2K2 QQ rated at 60 mA BNC
v connector
C2 Transzill®
e /\
1.5KE18CA 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 kV, and the values of C; and C, were
chosen to limit the voltage at C, to 4V. The values chosen for C ; and C; were 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 C), and so C; was rated at the
maximum test voltage. Under normal operating conditions, the voltage across C,

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

required for C; and this offered a lower cost solution.

Should breakdown occur in Cj;, 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 Transzill® device was also connected in parallel
with the oscilloscope to provide protection from transients with risetimes in the

nanosecond duration.

An oscilloscope with a 1 MQ input impedance (R;,) was used to measure the AC
waveform. Since the applied test voltage never exceeded 40 kV the voltage across C;

should not exceed 4V.

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

be

I.steadvstate = V(:Z = 4 = 399 HA (2.1)
Rogr + Rscope (2.2x 10°+1x 106)

which is well below the tuse rating.
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In the event of a short circuit occurring across C;, the voltage across C, would rise to

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

Tiiw = Vig = 40,000 = 18.18A  (2.2)

Rk 2.200

The Transzill® device will sink this current long enough for the fuse to ‘blow’. The

selected Transzill® device clamps the voltage to 25.2V, which will protect the
oscilloscope 1input [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 circuit.

HV connection

electrostatic
stress shield

protection circuit

Figure 2.7  Experimental arrangement used to monitor the HV wavetorm.
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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 1t 1s suitable for measuring frequencies around 50 Hz. The voltage measured by

the oscilloscope can be expressed as

]
Vscope e V
1 + Zeg | &2 + R, (£.3)
Zc2 R
where, R>» = R, + 2K2 (2.4)

The parameters Z¢; and Zc, correspond to the impedances of C; and C; respectively
and V' 1s the AC voltage at the HV terminal of the divider. In this calculation, the
impedance of the Transzill® device was neglected as it behaved as an open circuit

during normal operating conditions and its capacitance 1s negligible compared

with C,.

In Figure 2.8, the frequency response of the measurement circuit 1s shown. This 1s
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