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ABSTRACT

The thesis considers using measurements of Ultra High Frequency (UHF) signals
from Partial Discharges (PD) to detect and characterise defect signals in multi-source
environments. PD is the result of partial bridging of the insulation medium between
electrodes, and can be a precursor to eventual flashover. UHF monitoring techniques
became predominant in monitoring Sulphur Hexafluoride (SFs) filled Gas Insulated
Substations (GIS). There are some particular characteristics of a PD that make
monitoring 1n this range of signals advantageous, such as fast propagation velocities
and low attenuation. These -attributes make the technique very suitable to

determining the type of PD source and location of the defect with accuracy.

The research presented in the thesis uses three UHF sensors to detect PD signals

from defects. By simultaneously capturing the UHF signals on three channels of a
high bandwidth oscilloscope the time of arrival and signal strengths at the three
sensors can be used to form Partial Discharge Cluster Maps (PDCMs), which are one

of the main contributions of this research. These enable multiple defect sources to be

identified and the defect location to be accurately determined.

The application that will be considered in most detail is the use of UHF techniques to
characterise defects in High Voltage (HV) oil-filled transformers. This is a relatively

new area of research and the thesis discusses the challenges the complex internal

structure of a transformer presents. The capability to locate and characterise multi-

sources 1s shown to be successful.

An on-line system was developed for plant assessment. Using this system, the

technique was successfully tested on operational transformers and these results are

also presented in the thesis.
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1 Condition Monitoring of High Voltage Plant

1.1

Motivation for Condition Monitoring

With the deregulation of the power distribution market in the UK and overseas there
has been a push by utilities to reduce costs and maximise revenue in all aspects of
their business. This includes the extension of the working life of power plant and
substation equipment beyond the estimated lifespan. Power companies therefore
strive to get the maximum use out of equipment; in some instances items are also
placed under higher load conditions than they had been designed for. This requires

careful management to avoid both long-term degradation and catastrophic failure of

the power system.

With the high cost of downtime to a supplier from outages caused by failure of
equipment, it is essential that degradation can be identified. Condition monitoring
has become a valuable tool in the management of resources and deployment of repair
teams. Condition'monitoring is most effective when carried out continuously on-line
as some defects can result in breakdown occurring in a short space of time. For
example, a lightning strike on the transmission line may cause a surge which
propagates to the substation. Such overvoltages may damage the insulation of an
item of substation equipment and there can then be a quick progression to
breakdown. Continuous monitoring can be effective in recognising deterioration of

the insulation and warning that remedial action should be taken.

Use of condition monitoring of High Voltage (HV) equipment is not a new
development. The main benefits of condition monitoring are safety and economic.
Breakdown in high voltage systems can be hazardous, and there is a priority to
matintain a supply to critical facilities such as hospitals, transport, etc. There is also
an economic incentive to preserve power supplies to industry for instance. Condition

monitoring 1s of particular economic benefit in power systems due to the critical

nature of supplies.



Condition monitoring of the power network may include some of the following:
e Vibration analysis in generators.

e Temperature measurement in oil insulated transformers.

¢ [Leakage current measurement in solid insulator bushings.

In all three of these items of power equipment the measurement of Partial Discharges
(PDs) has become a recognised method of closely monitoring the condition of the
insulation. Defects in the insulation medium cause small local electrical discharges,
these are termed PD. These discharges do not initially bridge the gap between
electrodes, however left unchecked they will eventually lead to breakdown. PD can

be detected chemically, acoustically and electronically.

A PD condition monitoring technique that has proved particularly useful is the use of
integrated on-line Ultra High Frequency (UHF) insulation monitoring systems in Gas
Insulated Substations (GIS) [1]. GIS have the advantage of the area required for a
substation being greatly reduced, through an ability of the compressed Sulphur
Hexafluonde (SFe) insulating system to withstand higher electrical stress. In early
systems breakdown often occurred during commissioning tests when the voltage was
increased well above normal operating levels. If there are metal fragments (free
metallic particles) or other defects in the insulation then these may cause breakdown
at this stage, a damaging and costly event [2]. Furthermore, if the GIS passes the
commissioning test it is still possible for the system to break down unexpectedly
after a few years of service. By using condition monitoring techniques the

commissioning test can be made safer as defects are likely to be detectable before a

flashover occurs. Importantly, condition monitoring can give a reliable indication of
the current state of insulation, and in-service flashover can therefore be forewarned.
One of the major issues in condition monitoring of HV equipment is the detection

and assessment of PD, which will feature extensively in the thesis.



1.2  Partial Discharge as a Basis for Condition Monitoring

A PD is the localised breakdown of the insulation medium. The process is the result
of electrical stress, which exceeds the capabilities of the insulation, causing
ionisation of a path in the insulation medium. A rise in electrical stress in a local
region can be the result of a defect such as a particle or protrusion. Essentially the
defect causes a lowering in the insulation strength. Current pulses or PD can flow in
the tonised path caused by the electric field. PD will be a partial bridging, through

the insulation, of the gap between conductors [3]. Each discharge will result in

damage to the insulator, to a smaller or greater extent. Repeated PD will begin to

affect the insulation qualities of polymers for instance.

Breakdown of HV equipment is often the result of defects in the insulation system.
Defects can be present from manufacture or can be caused over time by high
operating stresses and overvoltages in service. PD is a sign of insulation weakness;
detecting and analysing PD can provide useful diagnostic information about the
condition of the plant. Discussion of condition monitoring within this thesis is

focussed on the specific detection of, or resulting effects of, PD.

Some of the types of discharge found in an insulation system are [4]:
o Internal discharges occurring in voids or cavities within solid or liquid

dielectrics.

e Surface discharges appearing at the boundary of different insulating

materials.

e Corona discharges occurring in gaseous dielectrics in the presence of

inhomogeneous fields.

e Continuous impact of discharges in solid dielectrics forming discharge

channels (treeing).

PD monitoring systems use various electrical, physical and chemical techniques to

identify a defect [4, 5]. These types of systems have also been used to monitor other

items of substation equipment such as polluted solid insulators [5].



The number and type of sensors required is dependent on the particular type of

Insulation, the need for defect location techniques, and on how critical is the item of
plant to the continued operation of that part of the network. In comparison to the cost
of replacement of equipment or downtime to a supplier investment in monitoring

systems can be justified and can therefore play an important role in the supply of

energy.

There are some drawbacks to using condition-monitoring techniques. Utilities prefer
to use tried and tested means of operating their network; including having sufficient
redundancy in the network should items fail, Furthermore, the life expectancy of a
transformer for example may be a number of times greater than the monitoring
system. There 1s also the reluctance to put such reliance on novel techniques,

essentially in putting faith in another company, the future infrastructure investment.

PD generates a number of physical effects. These include pressure waves, which
propagate in the insulation medium and also in the steel walls of the HV equipment.
Electrical measurements can be made of current pulses conducted to the terminals of
the test object. The type and internal construction of particular equipment will
influence the propagation characteristics of the current pulses. For metal-clad
insulation systems UHF measurement of the radiated signal can be made at strategic
points. When a PD occurs an optical pulse may also be emitted; optical sensors can

be used to detect these affects. Finally, PD can cause chemical changes as a result of

degradation of the insulating medium.

1.3  Physical Effects of Partial Discharges

1.3.1 Chemical Changes

A PD can cause a reaction in the surrounding insulation medium by breaking up
constituent molecules for example. For SFg and oil insulation this will create distinct

combinations of gases in the respective mediums. In SF¢ the breakdown products



will diffuse freely, whereas in oil the resultant gases often become dissolved in the

liquid. Both can be detected using equipment such as chromatographs and mass

spectrometers [6].

The various chemicals produced in enclosed insulation systems will accumulate.
Therefore, even a small PD source can be detected after some time. However in GIS
for example where SF¢ is used, the time delay to accumulate detectable levels of

products can be long. There is a large volume and attempts to detect small

concentrations of gas from the defect in the overall gas composition can in some
cases be very ditlicult, and sometimes is not feasible. More success has been
obtained with insulation oil. In general it is easier to detect similar defects using

Dissolved Gas Analysis (DGA), essentially because it is easier to obtain and analyse

a sample of the oil.

Rogers ratios are a way of characterising faults of the type that are commonly found
in transformers [7]. The various concentrations of gases obtained from the DGA
analysis can be compared against the tabulated Rogers ratios and the defect type
identified. In addition, the International Electrical Committee (IEC) have defined a
standard, IEC 60599 [8], in which defects are also coded depending on dissolved gas

combinations. The main advantage of chemical analysis is that it is immune to

external noise interference.

1.3.2 Acoustic Signals

Acoustic signals are pressure waves caused by the PD and can range from audible to
ultrasonic frequencies. Acoustic sensors are normally positioned on the walls of HV
equipment at strategic points. Acoustic detection involves the monitoring of
frequencies in a narrowband range, approximately from 40kHz to 300kHz [9, 10].
The attenuation of signals above this range is large, especially in oil insulation [9, 10,
11]. Monitoring a narrowband of signals provides a level of noise immunity to

external sources, and erroneous PD measurement is greatly reduced.



The acoustic method is suitable for oil-insulated equipment as the sensitivity may be
around 10pC for discharges in oil [4]. In SFg this sensitivity can be of the order of
25pC [4]. However, the sensitivity of the technique to discharges at embedded points
in the paper insulation is low and discharge sensitivity can decrease to range from
S00pC to 1000pC [4]. Finding the location of a PD is equally as important to
condition monitoring as knowledge of the discharge magnitude and type of
discharge. Locating a defect is invaluable to maintenance teams in understanding the
true nature of a defect, and the threat it poses to continued operation of an item of

plant. Identification of the location of the signal source using the acoustic method 1s

discussed for use 1n transformers in section 1.4.3.

1.3.3 Optical Emissions

The excitation of molecules in the insulation can cause the electrons to be excited to
a higher energy level; this energy is then released as photons, which can be detected
by optical sensors. This electro-luminescence effect may occur with or without the
occurrence of PD. If there is ionisation then the optical technique can be a sensitive
technique for measuring PD. However, this sensitivity is limited to direct line-of-
sight. Using dark room photography, with a solid insulator under an applied HV,
sensitivities in air of 3pC can be achieved [4]. With increased exposure times the
sensitivity can be increased to 1pC [4]. An optical technique has been tested in SFg

and air insulated systems, and this research has indicated that in these media

individual photons are detectable [12].

In recent years it has become possible for the design of optical sensors to be such that
they can be fitted to transformers without being intrusive and providing sensitive
measurements [13]. Xu Yang [13] tested optical PD detection in insulation oil. The
attenuation factor is dependant on the condition of the oil and this results in there

being another parameter in the measured signal. The sensor consists of a bundle of

optical fibres. These are immersed in insulation oil and the light emitted by the PD

travels along the optical fibres to an external photoelectric conversion circuit. This



signal requires significant amplification of the electrical signal if small optical

emissions are to be detected (60dB was used in this case).

For electrical PD measurements, signal processing techniques such as peak detection
and phase resolving can be performed [4]. By plotting PD pulses using phase
resolved information, different PD types can be shown to exhibit individual
characteristics, enabling classification. For an optical technique both these
capabilities exist, but additionally the wavelength of the optical signal can be used.
The wavelength gives an indication of intensity, and may also suggest the type of
PD. For example, small corona signals may have a wavelength of less than 400nm. A
larger flash discharge may have a wavelength of 400nm to 700nm, while surface

discharges have a much more complicated spectral distribution [13].

1.3.4 Electrical Currents

Current pulses caused by a PD will be detectable in the connecting leads of HV
apparatus. For example PD detection in transformers may rely on the detection of
signals at sensors connected to the transformer terminals; this can be achieved by
using wideband current transformers. Measuring signals in this way can effectively
give an indication of the severity of the defect [14]. Also of interest is the possibility
of obtaining a location for a defect [15-17]. These issues of practical monitoring of
HV equipment will be discussed in greater depth in Section 1.4.4.2; in this section, of

interest 1s what exactly constitutes an electrical discharge and how it can be

measured.

The low frequency conventional detection technique that is outlined below is prone
to noise interference and therefore it is essential that the HV source is noise free. In a
HV laboratory test there is a requirement that such tests are screened from other

sources of PD and therefore the proper characteristics can be defined. Calibration of

the test 1s carried out by injecting a known charge into the terminals. It is not possible
to measure the exact charge produced by a particular PD from a defect; however a

capacitive model can be used to accurately characterise the apparent charge



produced, as explained below. The apparent charge will be used later to provide a

direct relationship between energy in a defect pulse.

PD from any defect can be represented as the breakdown of a local capacitance. For
1lustrative purposes. a capacitor model of a defect is first of all introduced as shown

in Figure 1.1. In this instance the defect is detected electrically.

* i Y
va _( d

Region 2 Region |
Region |

Region 2

Figure 1.1: Equivalent capacitance model of a defect

Defect capacitance is represented by C'y. The capacitance of the dielectric medium, in
series with the defect, between the two electrodes is given by (5. The insulation
between the electrodes, outwith the defect region is represented by ;. Region |
contains Cy and (5, and the remaining Region 2 must exclude Region 1. If the field
causes a PD then the discharge current will displace a charge from the device

terminals. This charge can be defined as:

Aqa= Caq AV (pC) (1.1)

Comparing the charges before and after discharge. the voltage drop across the

terminals 1s specified by:

AVa=(Cp/ (C,u+ Cy )) AV, (V) (1.2)



~ —b if C,>C, (1.3)

AV, does not directly relate to 4qg but is proportional to Cp. As the defect (in this
case a cavity) expands the value of C;, which is loosely connected, will also increase.
The voltage drop across the terminals can be measured, however the ratio Cp / C, 18
small thus it may not be possible to categorise the defect. Therefore to monitor PD an

equation independent of the defect charge is required; this will be outlined in Section
1.4.4.1.

1.3.5 Electromagnetic Radiation

Electromagnetic radiation is caused by short PD current pulses. As the current
risetimes become shorter, more energy is radiated as electromagnetic waves. Signals
in the upper frequency ranges such as Very High Frequency (VHF) 30-300MHz and
UHF 300-3000MHz radiate in the insulation medium, as they reflect off the metallic

walls of enclosed insulation they are subject to distortion, attenuation and diffraction.

Sensors can be engineered such that they can be fitted to the walls of HV apparatus,

either internally, or fitted to electrical apertures in the metal tank, which allow

internal signals to escape [18]. They do not require a line-of-sight route (as with
optical) to the source of PD. Due to reflections and generally low attenuation the

signal decays less rapidly with distance than acoustic signals.

The prominence of UHF monitoring in GIS (and now in transformers) is due to
better signal-to-noise ratios (SNR) at the measurement frequencies. External
electromagnetic interference from sources such as air corona tends to be in the VHF
range and below [2, 19]. For a GIS, detecting signals in the UHF range 300-
1500MHz increases the sensitivity. The shape of a transformer is such that there is
unlikely to be a natural cut-off frequency such as that found in a GIS and this may
result in a wider frequency range of signals. A wider range of signals may also be

emitted by similar defects in oil insulation. It will be shown in a later section that the



risetimes of the current pulses from PD has a bearing on the choice of signal
bandwidth.

As the UHF signals are reflected from the metallic surfaces, PD in GIS will act as a
waveguide, leading to complex PD signals. By using a small number of sensors
distributed over the length of the GIS busbar system, the location can be determined
even from these complex signals. The sensors are typically positioned at intervals

along the GIS and location can be narrowed down by time-of-flight measurements,

or even simply by measuring the strength of the signal.

UHF PD signals are typically measured and then phase resolved. The fast
propagation results in this being an accurate point on wave (PoW) measurement.
There is also little attenuation of the UHF signal. Therefore, for the application
discussed 1n the thesis there is a good possibility of signals being detected on all
three sensors, which 1s necessary for the multi-source capability. UHF monitoring of

transformers has further complexities and this is discussed in Section 1.4.5.

1.4 Power Transformer Monitoring

1.4.1 Introduction to Condition Monitoring of Transformers

Equipment 1n a substation can be of very high strategic importance, and one of the
most critical items of the HV network is the transformer. With increasing rating they
become more expensive to replace; large transformers can cost upwards of £500,000.

Furthermore an essential aspect is the delivery time, such transformers are unlikely to

be 1n stock.

A typical three-phase power transformer is shown in Figure 1.2. Both the HV and the
Low Voltage (LV) windings surround the iron core. A winding is a coil made of
many turns of a copper conductor. The copper conductor is wrapped in paper
insulation, and there is further paper insulation on the inner and outer surfaces of the

windings. Oil provides the insulation between the core and LV winding, and the LV

10



and HV windings. Oil also provides the insulation between these and the outer walls.
This may be described as an oil-immersed paper-insulated transformer. The windings

and core are held in place by solid insulation spacers.

Power transformers typically use oil as insulation as this reduces the size of the
transformer, as there is less separation required between internal components at
different potentials. The HV at which power transformers operate mean that an air
gap is not practical when compared to oil. In addition to the separation required, very
significant heat is generated in the windings. For example, warming by convection
will lead to, in the case of oil insulation, the oil at the top of the transformer
becoming especially warm. To assist the cooling of the transformer the oil 1s

circulated, preventing the warming of oil by convection. Oil also has the following

advantages [20].

e Good insulator — Electrical breakdown strength of ~30kVmm™

air 3kVmm™.

, as apposed to

e A larger specific heat — Absorbs a greater level of heat.

o Higher level of heat conductivity — Heat is dissipated more quickly.

e Flows into all the gaps in the complex structure.

There are also some disadvantages to using oil.

e Itis amessy liquid to use, especially when taking samples of oil.

e Itis flammable, and a transformer breakdown can cause a very intensive fire.

e Unlike SF it is not electro-neutral.

e Itis not environmentally friendly.

11



Low-voitage bushing

is not 100% successful.

{.ow-voitage coil

Figure 1.2 : Typical power transformer, showing internal structure [21]
Transformers undergo strict quality assurance when manufactured. Commissioning

PD detection 1s valuable during commissioning tests as it can instantly highlight

potential problems. If a defect does not exist it may be created over time by the
constant application of a high field. Defects can be of a number of types and some

tests aim to ensure that no defects are present, however this

examples are shown below:

12



o Small conducting particles - suspended in the oil.
¢ (Gaseous bubbles

o Protrusions — length of metal attached to an object in the transformer tank,

protruding out into the oil.
e Voids — cavities created in the insulation medium.

e De-lamination — similar to voids but in this case gaps found in between

adjacent layers of insulation.

e Cracking in weakened components — end result typically a void.
o Electrical Treeing in solid insulation materials

e Surface Discharges

e Moisture Absorption — Results in depolymerisation of the paper.
o Lightning damage — Causes the windings to act as a short circuit, which can

cause severe stress resulting in mechanical deformation.

Overvoltages from lightning strikes can cause serious damage to the transformer.
They may propagate along transmission lines and cause sudden and damaging
stresses to occur. Overheating can also occur and in extreme cases this will cause hot

spots to appear and insulation may therefore be degraded this way.

Specific to the paper insulation in the windings is the effect of depolymerisation,
which is a measure of the degree to which the insulation has degraded. Paper
insulation in a transformer absorbs moisture from the oil, however when this process

reaches equilibrium, then problems can arise as the transformer oil becomes acidic.

Electrical or mechanical stresses can cause parts of the transformer to deform. This
can be due to the large field stressing the components of the transformer, or the S0Hz

field causing vibration, or expansion and contraction by temperature variations, etc.

The monitoring techniques used in other substation equipment such as GIS busbars
and solid insulator bushings have some commonalities with the monitoring of

transformers. The following sections will introduce some of these techniques, and the
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particular aspects to be overcome in the application to transformers are discussed.

The focus will be on those that can be implemented on-line.

1.4.2 Chemical Techniques

1.4.2.1 Dissolved Gas Analysis

DGA 1is the most widely used method for monitoring the condition of a power

transformer. The following section will describe how there can be a large number of

combinations of concentrations.

Oil molecules consist of hydrogen, carbon and a smaller level of oxygen. PD and
arcs cause breakdown of oil molecules into smaller components. These compounds
become dissolved in the transformer oil. Due to the circulation, an oil sample for a

DGA can be taken from a single point. This should ideally be from a location that

has a high level of flow; a measurement from the top of the tank could be misleading,

as the concentrations of dissolved gas may be unrepresentative at this point.

The magnitude of the defect and also the type of defect will have a direct bearing on
the combinations of gases produced. It is possible to identify the types of defect from

a DGA. A list of typical gases produced by PD is outlined in Table 1.1, these are

usually found in combination.

Table 1.1 : Some of the possible gases produced by PD activity in oil

H; Hydrogen

CH,4 Methane

C>H, Acetylene

CoHy Ethylene

C,Hg Ethane

CO Carbon Monoxide
CO; Carbon Dioxide
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Rogers ratios are a reliable method to determine the type and severity of a defect
from a DGA sample [7]. Power transformers may generally form a distinct signature
in the DGA which may not be formed by any particular fault, but by oxidisation,
pollution or aging. Therefore a normal operation level must be established from
which a fault may be separated from the DGA as it develops. As a simple example of

the gases produced the following four stages can be considered [22, 23]:

e Small PD in gas bubbles produces hydrogen and saturated hydrocarbons such
as methane.

e Thermal degradation produces ethane and ethylene. It can also form carbon
monoxide and carbon dioxide if this degradation happens in oil impregnated

cellulose.

e Localised discharges in the paper insulation of transformer windings may

produce carbon monoxide and carbon dioxide.

e High energy PD or arcing produces acetylene.

In addition to DGA, determining the moisture levels in an oil sample may give an
indication of the health of the transformer [24], provided the operating temperature is

taken into account (as this affects the solubility of water in the oil). The combination
of these measurements may identify a fault but this is not always conclusive. In
normal operation the transformer will have a certain characteristic DGA, which will
form even if no significant PD is present. It is prudent when looking for a fault to
monitor the production of gases over a period of time. This is effectively a measure

of how well the insulation is performing. Some steps identified by Samat to diagnose

the cause of degradation are outlined in [22].

A problem associated with DGA measurement is that it may indicate the level of
degradation and type of defect, but does not have the ability to locate the fault. Also,

in practicc DGA measurements are made at intervals (for example on a 6-month

basis), which is not conducive to early warning. Fluctuations in the DGA can be
found even on a daily basis [25]. A company called Faraday House have developed a

system for on-line monitoring of the level of Hydrogen. Many researchers have
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proposed on-line systems, which can monitor gas concentrations, but more research
1s required into their practicality. These systems would allow monitoring of the
fluctuations in samples, and this is likely to reveal more about the development of
defects. Initial measurements from on-line systems will probably be limited to the
analysis of a single gas (hydrogen, for example) in the sample. If worrying levels of
Hy are detected, further on site checks with a full DGA would be required.
Essentially this type of continuous monitoring would provide a clearer view of

transformer performance. The fluctuations in the full DGA could be monitored and

interpreted with greater accuracy.

DGA is unlikely to be sufficiently accurate to be employed in isolation; the boundary
points between different defect types are in some cases indeterminable. Defects
become impossible to identify if this occurs. Research carried out by McDermid [26]
suggests that DGA 1n some circumstances is not able to detect a fault. A number of
identical transformers commissioned two decades previously began to breakdown
earlier than anticipated. On closer inspection it was found that the area of the fault in
each case was close to a static ring [26]. Static rings are used to help shape the
voltage between the disc capacitance within the windings [27]. Prior to the last five
failures McDermid carried out on-line gas analysis. DGA detected overheating

problems for the transformers when subjected to high load. However, there was no

indication from the samples, for any of the five breakdowns, that the static rings were

faulty and 1n danger of causing failure. This type of failure may not cause long-term

degradation, and therefore no resultant by-products in the DGA. This leads to the

possibility that identification for some forms of defect may not be possible.

Transformers can have problems that develop almost instantaneously which no

technique could detect.

1.4.2.2 Degree of Polymerisation

Chemicals dissolved in the oil can be from several sources, including cellulosic and
o1l decomposition, which are deterioration in quality of the paper and oil insulation

respectively. Degradation of the oil may occur as a result of PD or simply from
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reactions caused by the high operating temperature of the transformer. Deterioration
of the paper will provide effectively only two gaseous components, carbon monoxide
and carbon dioxide [28]. If the quality of the insulation oil reduces then it is easily

replaced. However, defective paper insulation is a much more serious problem.

The Degree of Polymerisation (DP) is a more specific monitoring method focusing
on the condition of the paper [28]. As long as the paper is attached to the windings
then it is subject to the electrical stresses and will degrade. Once a small fragment
becomes free, the level of degradation in a sample of this paper can be used to
identify the current condition of the paper insulation. If the transformer is off-line
then it may be possible to remove a small paper sample from the windings.

Alternatively, the DGA sample, which can be made when the transformer is on-line,

might contain fragments of the paper insulation.

If proper filtering is provided and sufficient samples then taken, the paper fragments

inspected can give a good indication of the condition. Changes in the tensile strength

are monitored between samples of the paper insulation. Paper is made up of long
polymers. When deterioration occurs the polymer lengths are reduced. Fragments are

assessed using either viscometry, gel permeation chromatography or molecular
weight distribution (MWD) analysis [28].

A problem with the direct calculation of the DP from samples contained in the DGA
is that these small paper particles may have been in the transformer tank for some

time before being collected in the DGA. Filtering may remove particles but these
may not represent recent samples. The most accurate method is to take several

samples directly from points along the paper insulation. Clearly, some areas will
degrade faster. Taking samples of the paper is not a straightforward task because of

the problems illustrated and this method may therefore be impractical.

An alternative way of considering paper depolymerisation is to consider moisture

absorption in paper. As the paper breaks down this produces acidic by-products and
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water. Baird [29] has considered measuring the degree of de-polymerisation as a

chemical technique.

1.4.2.3 Liquid Chromatography

Knowledge of the condition of paper insulation is essential and, as the previous

technique was found to be difficult to implement, another product of PD reactions

has been sought. A more detailed description of paper is that it is composed of

cellulose fibres obtained from wood and vegetable sources. Cellulose is a linear
polymer consisting of D-anhydro-glucopyranose units, which connect with B-1, 4-

glycosidic bonds [30]. Hydrogen molecules hold a number of these cellulose bonds

together to create the fibre, with the cellulose providing the main strength of the
attachment.

High operating temperatures added to the electrical stress will cause the paper to
thermally degrade. Paper insulation in a transformer begins to degrade at
temperatures above 100°C. In typical operation, localised temperatures above 150°C
are not uncommon and in extreme cases such as hot spots on the windings the

insulation can be subjected to temperatures in excess of 500°C. The insulation in this

case would be under serious risk of breakdown [30].

At temperatures between 100 and 150°C, a lengthy period of time is required to
cause the quality of paper insulation to reduce. However, the thermal degradation
results in small pieces of paper breaking free. If the fragments of paper in turn then
obstruct the cooling ducts this can cause a catastrophic failure in a very short period
of time. DGA can be used to detect degradation of the cellulose by monitoring the
levels of carbon monoxide and carbon dioxide (although these are also produced by
PD activity and oxidation of the oil). The sensitivity of the degradation measurement

can be improved by monitoring for compounds present in the oil that result solely
from paper degradation. The thermal degradation of cellulose in paper of oil

insulated HV equipment produces furanics, the dominant component being 2-
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furfuraldehyde (FFA) [30]. FFA measurements can be made with high performance
liquid chromatography of oil samples.

The levels of FFA in the oil will give an indication of the level of degradation. As in
DGA analysis, a change of FFA levels will indicate degradation of the paper. It is
imperative to monitor for the instances where degradation of paper insulation is at
such a rate that the cooling ducts are susceptible to clogging. High Performance
Liquid Chromatography (HPLC) is an offline technique similar to DGA, in which
samples of oil are taken to a laboratory for examination [30]. Accurate measurement
of FFA 1s possible, with sensitivity in the region of 10ppm. There is a requirement
for continual sampling by suitably trained personnel, with a significant delay before
the results are obtained. As previously illustrated by the DGA, this form of
monitoring 1s not conducive to building an up to date record of transformer

condition. Therefore an online technique able to detect FFA was required.

A new technique has been tested which analyses the infrared spectrum enabling the
presence of FFA to be detected. In initial tests a spectrometer was used first of all to
obtain the background level for the oil sample [31]. A number of paper specimens
were then placed in separate samples of this oil. These were subjected to an extreme

temperature for various lengths of time to recreate the effects of thermal degradation.

When the background level was subtracted from the spectrometer output, those
samples containing degraded paper produced a spectral line at a particular
wavelength. By preparing a solution of insulation oil and FFA a matching spectra
line confirmed that this chemical could be attributed to the respective degradation.

Other compounds that might have caused a matching response were eliminated [31].

Measurements made by the spectrometer found that there was a linear relationship
between the absorbance of the optical signal at a particular wavelength and the level
of FFA. This measurement is known as absorption spectroscopy. The measurement
was improved upon by adding a fluorescent die with complex molecular structure
that produced a pink fluorescent solution; this can be detected by a spectrometer

[32]. The spectral response of the combined solutions produces a different
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wavelength specific to the FFA reaction. However, in this instance there is light
emission. The spectrometer, and in turn the resultant spectroscopy, is more sensitive

to detecting emitted light than attempting to detect levels of absorption. Blue [32]

states this as follows:

e Absorption Spectroscopy — Measurement of the reduction in absorption in the

presence of a relatively high level of background noise.

e Fluorescence Spectroscopy — Detection of emitted photons at a particular

wavelength, in nearly zero background.

Using the absorption spectrometer test it was possible to achieve sensitivity to
furfuraldehyde of <lppm, representing an improvement on DGA and conventional
HPLC measurements. Blue [32] details an on-line wavelength scanning technique to

measure this FFA intensity. However, it was suggested that fluorescence might

achieve a further improvement.

1.4.3 Acoustic Partial Discharge Measurements

The PD acts as a point source for acoustic signals [4]. In transformer oil, the acoustic

signal will take multiple paths to the sensor, with those of high frequency being
attenuated substantially. The various routes arise because the acoustic signals refract
and reflect off different surfaces in the insulation medium, and the structure of
transformer determines the different energy contents of the signal that reach the

sensor [33]. Acoustic signals can also propagate along the transformer walls. In

simple terms, two signal propagation velocities can be defined:

Vo = Propagation velocity of acoustic signal in oil

vs = Propagation velocity of acoustic signal in steel walls
For a direct path between a PD and the sensor the propagation velocity will be v,.

The signal will most likely have another path in which it propagates in the oil at

velocity v,, then along the steel wall at a speed of v;. Acoustic energy travelling
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along a steel surface travels at a far greater speed than in oil [33]. This type of signal

energy transmission 1s considered to follow a mixed path. The signal strength of a
PD along a direct path in oil can be greater than that propagating along the steel
plate. However the signal travelling in the steel plate is likely to reach the sensor

first; this leads to complex signals patterns that require careful interpretation.

Not all transformers are made of steel; there may be a mixture of materials and this
can further compromise the analysis. Furthermore, magnetisation may be used as a

method of attaching the sensors to the tank. If the transformer is made of aluminium,

for example, then the other attachment methods used can severely compromise the

signal coupling.

Acoustic signals can be picked up by piezoelectric transducers placed on the steel
walls of the transformer. If a number of sensors are positioned around the tank it is
possible to monitor the difference in the Time-of-Flight (ToF) of the signal
propagation paths to each sensor. By using the difference in both the attenuation
figures and propagation speeds for the paths in oil and in the walls, the source

location can be estimated [4].

Methods are available which aim to prevent inaccurate ToF measurements by
attempting to detect only the direct-path wave [9]. Signals arriving on a direct path
may have a stronger signal, they may also be consistent with a typical PD pulse
shape, with sharp risetime which can in turn be used to establish the time of arrival.
If the source is distant from the sensor with no direct path, pulses arriving at the
sensor are likely to be from waves travelling along the steel structure. Recalling that
without a direct path the signals left for detection are much reduced, locating the PD
source in such cases 1s more difficult. One solution is to place the sensor at the end of
a waveguide [24] so that only the stronger waves travelling in the oil with the
necessary angle of incidence would be detected. Location of the PD source with this
technique would require movement of the sensor around the enclosure surface. The
source of the PD could be found by triangulation of the strongest acoustic signals.

Systems with a number of sensors and transient recorders have proven to be able to
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locate defects [4]. However, the acoustic signal location technique can prove

imprecise for concealed PD sources such as between the windings. As the sensitivity
of the system is lowered in these cases it may limit the efficiency for some

transformer designs.

An interesting and novel method of resolving the arriving components is to use
wavelet transforms, which allow simultaneous time-frequency analysis [11]. This
particular work found 1t difficult to achieve accurate results, though it may be an

interesting avenue for investigation in the future.

A common analysis tool is to phase resolve PD signals although, due to the slow
propagation speed of acoustic signals in oil, the phase position may not be entirely
accurate. There 1s also a problem with accurate measurement of signal amplitude.
This is the case especially when there is no direct path, as the energy values recorded
can differ substantially, again complicating the analysis. Amplitude is therefore path
dependant and not representative of PD magnitude. On-line monitoring of these
signals is made ditficult due to the need for the acoustic sensor to be positioned close

to the defect for this reason.

The techniques used in electrical and acoustic monitoring of PD signals can also be
combined in hybrid systems. Yoon [34] introduces some new methods of locating
PD that utilise the known speed of both the electrical pulse in a Rogowsky coil
(3x10°m/s) and the acoustic pulse in oil (1400m/s). The methods are described as
electrical-ultrasonic signal method and the ultrasonic-ultrasonic signal method. For
the electrical-ultrasonic method the time difference between the arrival of the
electrical and ultrasonic signals at each of 5 sensors is measured. The ultrasonic-

ultrasonic method uses the time difference measured for the ultrasonic signals

arriving at the sensors. The second of these was found to be inaccurate. The two
forms of signal propagation, acoustic and ultrasonic, are both more difficult
techniques for locating a defect using ToF. As with any ToF technique accurate

detection of the starting point of the signal is essential.
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1.4.4 Electrical Partial Discharge Measurements

1.44.1  IEC 60270 Test Technique

In section 1.3.4 the discussion highlighted that it was not possible to measure the real
charge for a PD. An equation for the voltage drop measured in the cables was used to
characterise the size of PD. An alternative electrical detection method, as established
by the IEC 60270 standard, is illustrated in Figure 1.3 [4, 35]. This 1s termed a
straight detection method, 1.e. amplification of voltage signals across a measurement
impedance, and can be implemented in a PD test circuit. The capacitance of the test
object in the equivalent model of Figure 1.1 is represented by C,. The technique uses
the derivation of apparent charge to identify the size of PD. Kreuger [4] took the
apparent charge and worked out the energy before the inception voltage and after the

extinction voltage. It can be shown that the energy in a discharge is related

proportionally to the apparent charge.

/ - Coupling Capacitor
Filter /
CCC

, . Measurement Instrument
~ Coupling Device
/b Ct E——— , / . \

Test Object Zmi [g ’—Q——t
—_— / Connecting Cable

Measurement Impedance

Figure 1.3 : Electrical measurement technique IEC 60270 [4, 35]

The main objective 1s to generate pulses across this impedance that are a result of PD
in the defect. The filter suppresses any discharges created by the source; this 1s
generally referred to as a discharge free source. This isolates the HV from the
detection circuit at the time of discharge. The coupling capacitor represented by Co.

acts as a constant voltage source by supplying the charge necessary to eliminate the
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voltage drop A4V, across C;. The value of C,. should ideally be selected such that it is

much greater than C,. This will be shown to be advantageous in maintaining a strong
PD signal for detection. Primarily, a large value of capacitance will completely
compensate the voltage drop. C; can be considered in terms of C, and Cy as shown in

Section 1.3.4. The current pulse can then be expressed in terms of charge as follows.
g=1it)=(Ca+ Cy) 4V, (vC) (1.4)
Combining with the Equation 1.2 for voltage drop
q=CpdVq (rC) (1.5)

The value of g is termed the apparent charge. As previously highlighted the actual
charge involved in the discharge is not measurable. The apparent charge has proved

an effective measurement in practice. Apparent charge is expressed by the IEC
60270 standard as follows:

"apparent charge g of a PD pulse is that unipolar charge which, if injected
within a very short time between the terminals of the test object in a specified
test circuit, would give the same reading on the measuring instrument as the
PD current pulse itself. The apparent charge is usually expressed in
picocoulombs. The apparent charge is not equal to the amount of charge
locally involved at the site of the discharge and which cannot be measured

directly." [35] But the energy in a PD is directly proportional to apparent

charge.

The IEC 60270 is not suitable for on-line testing. On-site tests require disconnection
from the network and use of a mobile test circuit with a discharge free source. The

next section will describe a variation on the technique that can be used on-line.
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1.4.4.2 Measurement at Bushing Tap

The electrical detection method in the previous section has shown the ability to
determine the relative magnitude of a PD. However this measurement must be
supplemented by knowledge of discharge location. PD in a transformer will result in
a localised series of electrical oscillations occurring in the transformer windings.
These signals will then propagate along the windings. In transformers electrical
signals from PD will typically be detected at a bushing tap [4]. Engineers at the
University of Manchester Institute of Science and Technology (UMIST) and
Glasgow Caledonian Universities have used this technique to develop both detection
and location capabilities which can be used on-line [14 - 17]. Figure 1.4 illustrates
the connections for sensing equipment in test conditions from which the transfer
functions for each of the windings can be calculated. This set-up would be used to
obtain a series of transfer functions for a given transformer winding design. When
used as a detection system in operational transformers then the section containing the
step wave generator would be removed, and the signals detected at opposite sides of
the windings would be measured and compared against the test set. The equivalent

circuit for a transformer winding is shown in Figure 1.5.
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Figure 1.4: Typical connections for electrical detection circuitry [4, 14-17]
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Figure 1.5: Winding equivalent circuit [4]

The equivalent circuit can be analysed, revealing the existence of a critical cut-off

frequency [4], given by Equation 1.6. Electrical signals above this critical frequency

will be subject to distortion.

B |
YT

(1.6)

Electrical measurement of PD activity is carried out at the terminals of an insulation

system. The extent to which high frequency PD signals will be distorted will depend

on the distance the signal has travelled along the windings to the sensor. Transfer

Functions (TF) have recently been applied to this form of transformer monitoring.

For a given transformer design a standard winding is tested to define the propagation

characteristics. An impulse is injected into several points along the windings as

shown in Figure 1.6.
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Figure 1.6: Representation of the propagation characteristic test for a transformer

winding

The signal detected by the sensors at the bushing connection and earth lead will
therefore be an impulse response of the respective lengths of winding travelled and
this can be used to estimate the origin of PD signals in service [36]. A TF is obtained
for each of the signal injection points. However, in on-line operation the PD signals
can be the result of numerous fault types, each giving a different pulse shape. This
will not correspond to the ideal impulse response. However, by applying the series of
TFs to the detected signal, the TF for the point on the winding closest to the PD
location can be identified. The PD signal undergoes an identifiable level of distortion
corresponding to the distance between the two sensors. Identification of the distance
travelled by the PD signal can be obtained by comparing the frequency spectrum
response with the previously measured responses from the step generator test [16].
Troughs in the frequency spectrum can be compared in order to ascertain these
distances. For a given distance travelled in the windings troughs should appear in the
same location regardless of the shape of signal pulse. The crests in the frequency

spectrum give no information on location.
The location given by this electrical technique is only measured in one dimension on

the winding (i.e. located to a depth). However, this can still be a useful indicator, and

in conjunction with specialist knowledge of transformer faults can give good defect

27



identification. Akbar1 [36] describes complex algorithms and techniques for

resolving the location more accurately.

1.4.5 UHF Partial Discharge Detection

Previous work has demonstrated that PD occurring in the insulating mineral oil used
in a transformer will emait strong signals in the range 300MHz - 3GHz [37, 38]. As is

the case with acoustic sensors, several UHF sensors are used to improve detection

sensitivity and provide the possibility of locating PD sources.

PDs produce higher frequency signals when they have short rise times. These higher
frequency signals also have fast propagation characteristics. By using multiple
sensors to detect the leading edge of PD signal it is hoped that both these features can
be combined to determine the discharge location. In Global Positioning Systems
(GPS) it has been shown that by triangulation of electromagnetic signals it is possible
to provide an accurate position. Another potential benefit of using UHF with
transformer monitoring 1is that interference from other sources in this range is

relatively low.

UHF sensors should be positioned such that they surround the insulation area. This
assists location techniques and increases sensitivity to PD [19]. Unlike acoustic
measurements, UHF signals are not subject to a significant propagation delay.
Therefore as outlined above, phase angle measurement at the time of discharge will
be accurate and will not require any further interpretation. Furthermore, attenuation

of the UHF signal in insulation oil is relatively low, Each PD will reverberate in a

transformer for instance, for a length of time, in the region 20 — 100ns {19].

Different defects will result in the emission of UHF PD signals that will have
individual phase characteristics. To be able to identify patterns a database of defects
must be obtained for comparison. Previous research work resulted in the creation of
test cells in which representative defects such as protrusions and particles could be

placed in an atmosphere of pressurised SF¢ and subjected to similar high voltage
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stresses [39]. These were previously used to obtain typical responses expected in a

GIS. A similar principle was used by Cleary [40], where tests using insulation oils

were performed in order to begin to develop a database for typical discharges in

transformers.

This thesis aims to discuss how to provide multi-source resolution; therefore creation
of representative PD signals is the key concern. The effects of various defects in SFg
tests cells have been studied more extensively than those for defects in oil. Various
lengths and diameters of needle may be tested for the protrusion, with the diameter of
a ball-bearing being varied for the free particle test, and metallic foil used in a
floating component test. Therefore in later chapters, to characterise PD in oil filled
transformers, SFg test cells are used in an enclosed environment. This should also
show the adaptability of the technique to use in recovery of single sources in any

multi-source enclosed environment, including transformers.

Using a number of UHF sensors positioned on the walls of an enclosed medium can
enable conventional ToF measurements to be taken to locate the position of the
defect. Considering the case of an oil filled medium, the propagation of UHF signals
in insulation oil would be distinct from acoustic propagation. They are not pressure
waves and therefore do not couple to the walls of the transformer, for instance. The
speed of propagation of a UHF signal in air is approximately the speed of light; in

insulation oil, with a typical dielectric constant of 2.2, the velocity is reduced by a
factor of 1/¥2.2.

Depending on the structures around a PD source the signal may not radiate
consistently in all directions. Furthermore, when a defect occurs in a transformer it is
possible that the PD source will not have a direct line of sight path to each or

possibly all of the sensors. This may significantly affect the envelope of the detected
UHF signal from the PD. The following chapters will include a study of how the

shape of the pulse and obstacles such as windings may affect the accuracy of this

technique.
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For the UHF technique ToF measurements will be performed by monitoring the
difference in time of arrival of signals at sensor pairings. There is a need for at least
three sensors to give a location in three dimensional space. The technique involves
measuring PD signals from three sensors simultaneously. Location is achieved by
comparing the calculated time differences against a matrix of the transformer volume

to which calculated time differences have been assigned for the entire volume.

The work will investigate use of ToF measurements to locate PD emanating from
several defects simultaneously. By separating the individual PD measurements from
each source this will allow investigation of the nature of each defect. With
knowledge of the inner parts of the transformer, resolving to a specific area would
allow enhanced diagnosis, particularly if this information were added to knowledge

of transformer faults obtained from experienced operators. In conjunction with phase

resolved analysis this may produce very accurate information on defects.

1.5 Discussion of Monitoring Techniques

Different monitoring techniques can be characterised by their cost, ease of

application to in-service units, and the complexity of signals that can be measured.

Electrical detection is a sensitive method for monitoring PD activity. It can indicate
the type of discharge, for example through analysis of phase resolved patterns.
However, there is a limited ability to locate PD and electrical detection is susceptible
to external noise. It 1s worth noting that a defect in the pressboard barriers is a worst-
case scenario for both detection and future operation. Electrical techniques may be

the most sensitive to this type of defect. This technique can also be sensitive to the

detection of defects such as voids in internal components.
DGA is the most widely known condition-monitoring test. It is inexpensive and in

many cases reliable and not prone to interference. In practice, DGA has difficulty in

detecting PD sources located at the top or bottom of a winding as circulation of oil in
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the transformer is lowest in these regions [34]. Furthermore, DGA has no location

ability.

The sensitivity for acoustic measurement techniques is one of the prime limitations,
suffering when the source 1s distant from the sensor. It is critical that the signal
strength is maintained for detection. It is not conducive to location techniques; 1t can
locate but interpretation can be difficult. Furthermore a requirement of the system 1s
the ability to detect and track defects from the early stages. Sensitivity should be
related to the size of discharge, and therefore threat of defect. In acoustic
measurements the path between the source and sensor defines the attenuation and

therefore sensitivity.

Measurements using the UHF technique are reasonably convenient due to the ease

with which hatch plates can be replaced with similar designs incorporating sensors.

PDs in oil are of shorter duration than in air, producing strong signals in the UHF
range. UHF emission from PD has strongest signals in the S00MHz - 1500MHz
range [34]. UHF signals are free from some of the problems associated with the

electrical and acoustic methods with benefits in both sensitivity and in the possibility

for multi-source recovery.

As a promising and novel area of transformer monitoring, UHF PD detection is the
focus of this thesis. Locating defects using UHF has not been studied in the same
depth as electrical and acoustic techniques. It is the aim of this work to utilise the

promising theoretical and practical arguments discussed to form an innovative and

accurate transformer monitor.

1.6 Content of Thesis

The research will focus on the use of the UHF technique. It is hoped that
advancements can be made on the existing techniques by providing the ability to
determine whether there are multiple sources and to extract the individual phase

resolved PD patterns. At present, multi-source recognition does not exist in a

practical form for transformer condition monitoring. Essential parts of this work will
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be to identify whether sufficiently clear PD signals can be detected at the sensors

regardless of the location of the defect in the tank.

In Chapter 2 the principles of emission of UHF signals from PD, the frequency
content of these signals, and the resultant radiation patterns are identified. Essentially

it is shown how radiation patterns vary between defects, a basic principle required of

multi-source pattern recognition.

Chapter 3 introduces the practical aspects of UHF signals obtained from PD. This
includes propagation characteristics in shielded enclosures. Importantly, there 1s an
introduction to the actual UHF sensor designs used to monitor PD signals in High
Voltage transformers. The first research objective was recognition of signal arrival
time; the accuracy of this measurement affects both the location ability and also the
resolution of the multi-source technique. The location ability exists to some degree

for acoustic and electrical monitoring, but it is hoped that with UHF that this can be

achieved more accurately and with less ambiguity.

The development of a practical UHF monitoring system is introduced in Chapter 4.
The configuration and operation of the system is explained and tested. The process
includes the creation of software to provide a user-friendly interface that allows for
flexible analysis. The concept of Partial Discharge Cluster Maps (PDCM) is
introduced. This 1s a novel clustering technique created to help identify the number
of sources in complex data patterns. All of these advances will form important

elements of future development of automated UHF monitoring systems with ability

to locate multiple PD.

Chapter 5 tests the capabilities of the technique and focuses on the laboratory tests. It

discusses the sensitivity of the technique, as well as how aspects of automation of
fault identification can be achieved. A large shielded enclosure is used to thoroughly
test the limits of the system, and essentially to prove that multi-source pattern

recognition and source location of defects is possible.
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Chapter 6 details the monitoring of a railway transformer using the developed

system. A defect is successfully identified and located.

Chapter 7 gathers together the main conclusions of the research and makes proposals

for future work to build on this research.

Diagnostic Monitoring Systems (DMS), the industrial partner, have an existing range
of products for monitoring defects in GIS. Using aspects of the multi-source
monitoring system developed during the research, work was done on providing
multi-source recognition as an add-on feature for one of DMS's products. This is

presented in Appendix B.
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2 Principles of UHF Partial Discharge Monitoring

2.1 Radiation of Electromagnetic Fields by Partial Discharge

When high voltage is applied to an insulation system a field will be created in the

media between the ground and high voltage electrodes. If a defect is present this may
create a concentrated field in a particular area. PD can result, causing ionisation of

the area surrounding the defect.

PD is effectively a current pulse. The acceleration of electrons in the ionisation area
around the defect causes radiation of electromagnetic energy. More detailed
information on the specifics of the radiation process will be given later. At that point,
individual defects causing the emission can be considered; they take many forms and
have various radiation patterns. For now interest lies with outlining how signals are
emitted from the ionisation around such defects. Firstly the basic principles will be
defined which illustrate the stages leading to the radiation of a UHF signal over a
range of frequencies. Therefore the following section will consider PD as occurring

in a current filament; 1t 1s chosen for a number of reasons [41]:

e The filament can be pulsed. The resultant excitation of the field from a length

of filament can be derived without the need for complex analysis.

e The distribution patterns are well defined and mathematical representation

can be achieved more easily.

2.2 Current Pulses and their Frequency Content

The current pulse from a PD at a defect may have a typical rise-time of 0.5ns, and
may last 2ns for instance. A PD pulse in air is likely to last longer than that in oil and
this has an effect on the frequency content of the signals. In an open-air environment
the PD will be effectively a single pulse of signal. In an enclosed medium the PD is
subject to continued reverberation as the signal reflects and rebounds against the

walls of a transformer or GIS chamber for instance. In order that pulses measured in
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such equipment can be monitored with confidence the first stage should be to

characterise pulses in free space. The case for air 1s outlined as more is known about

this process. What 1s under consideration at this stage is the pulse that would be

measured if a probe could be attached to the current filament, i.e. the defect itself.

A Gaussian pulse 1s a good approximation to the shape of a PD in that it quite closely
resembles the slowly decaying function. Numerical analysis is simplified as pulses in
a filament can be represented by less complex derivations. It can also be used quite
readily to characterise a pulse in the frequency and time domains. Definitions of the
appropriate functions for the Gaussian pulse in the time and frequency domains can
be obtained [42]. The Gaussian pulse represents the impulse response; however
Wanninger's adaptation of these functions helps to provide a more realistic PD
response [43]. In this case the starting point of the signal is at 0 and an exponential
pulse is used to characterise the PD signal. The electronic current of a PD pulse can

be represented by i(?) as follows:

. I
i(t) = }-te(' ') (Amps) (2.1)

r

Where ¢ represents time, I is the peak value of current, and the rise-time of the

current pulse is given by T,. The charge associated with the pulse can be defined by

Qpulse-

g puse = €lT, e=2.7183 (2.2)

The frequency representation can be defined by:

_ I q pulse
I(w) = G+T.0) (Amps) (2.3)

Plotting the above distributions for various combinations of 7, allows the time

domain pulse shape and frequency response to be illustrated as shown in Figure 2.1
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and 2.2 respectively. The signals are characterised by their width in the time-domain
and their high frequency cut-off point in the frequency domain. The exact

quantification of these values will vary between individual PD.

The pulse width for 10ns 1s a factor of 10 greater than that for Ins, and for Ins this 1s
a factor of 10 greater than that for 0.1ns. The reverse is true for the bandwidth in the

frequency spectrum, 1.e. bandwidth for 0.1ns is a factor of 10 greater than that for

Ins, etc.
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Figure 2.1 : Exponential pulse responses in time domain for 7, Ins, 0.1ns and 0.01ns

respectively
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Figure 2.2 : Exponential pulse responses in the frequency domain for 7, of 10ns, Ins

and 0.1ns respectively

PD current pulses are likely to have a wide variety of rise times, which may include

some lower than 0.5ns, therefore signals can have a frequency response up to several
GHz [10, 25]. A wide range of signals may be produced from the rise times of PD
found in the various insulation mediums [2, 10, 25]. A typical range of interest when

monitoring PD is 250MHz to 1.5GHz where UHF signals are usually strongest [44].
The variables in the exponential pulse can be altered to provide the best match to

actual detected PD. This match could be used to help define the frequency content of

the signal.
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2.3 Causes of Radiation

2.3.1 Introduction to the Types of Discharge

The high fields cause 10nisation of the area surrounding a defect and there will be an

attempt to form a path between the electrodes. This may last for a short space of

time. The ionisation can then cause the following discharge processes; depending

upon the circumstances under which they occur.

e (Corona Discharge
e Surface Discharge
e Internal Discharge

e Treeing Discharge

For each of these different discharge processes the mechanism and geometry of the
PD may be different but the PD will still consist of current filaments. Examples of

two such discharge processes are highlighted in Figure 2.3.

Current also flows PD current
—___on protrusion filament
/ \PD current “
filament
(a) Corona (b) Void

Figure 2.3: Examples of current filaments in (a) a corona and (b) an internal

discharge
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Many studies have used a point plane gap to investigate PD processes. The point
plane gap is useful in that the point of origin of the discharge is known, i.e. from the

tip. An applied AC voltage results in the electrode having both positive and negative
polarity. The direction of field can be defined as shown in Figure 2.4. The direction

of flow in the field is highlighted for the two cases. The field has influence on the

resultant radiation pattern.

«——— Point Electrode
(pomt positive)

Electric
/ Field Lines
(point negative)

777727777777 77777777
™~ Ground Plane

Figure 2.4: Electric field lines for a point plane gap

The ionisation process for discharges in air can be defined as follows.

e High fields cause acceleration of free electrons, which result in ionising

collisions between the electrons and molecules in the air insulation medium.

During the negative cycle electrons are released at the point either by field emission,
or as a result of bombardment by positive ions present in the insulation medium. As
they are repelled a process called photoionization occurs and there is a corona
discharge [45]. Photolonisation is the emission of light from reconstitution of

electrons.
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These electrons generate electron avalanches in the region of the point with
secondary electrons produced by photoionisation on the electrode surface. As the
electrons move outside the region within which ionisation is possible, they become
attached to neutral molecules to form slow moving negative ions. As the negative ion
cloud builds up the field at the tip of the point is reduced and ionisation is quenched.
As the ion cloud drifts away from the point, the field recovers, and the process is

repeated. This results in a regular sequence of discharges known as Trichel pulses
[45].

As the positive 1ons gather at the point, no further ionisation takes place due to the
reduced field strength at the electrodes. The field strength is lowered by the presence
of the positive space charge, and discharges become less frequent. In the time it takes
for the slowly moving ions to move away from the point, further discharges should
not occur. The phenomenon of space charge is not long lasting and if a channel is
created in the insulation repeatedly and electron movement is significant then it will

disappear very quickly. If the space charge is reduced repetitive PD will result.

On the positive half cycle, the initiatory electrons may be produced by detachment
from negative ions which drift into the ionisation region. Electron avalanches are
created as these electrons migrate towards the positive point. If the field is high
enough and if the field divergence is very high, streamer discharges will occur. The
streamer forms when the local field ahead of the advancing avalanche head is
comparable to the critical field energy for ionisation (~90KV/cm in SF¢, 28K V/cm in
air). This occurs at a critical avalanche size of about 10° electrons [46]. The streamer
develops rapidly in all directions, maintained by enhanced ionisation in the region
near the tip, and by avalanches propagating towards the positive space charge that is
left behind. These avalanches cause photoionisation in the region ahead of the

advancing streamer. The streamer propagates at a velocity of up to 10° cm/sec.
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The streamer effect can take place in pressurised gas, and occurs in transformer oil

when there are large electrode gaps. The space charge created in a streamer is related

to the size of subsequent PD [47].

The detection of streamers is important in monitoring the development of a fault. It is
when streamers increase to create leaders that substantial deterioration of insulation
will occur [46]. At this stage knowledge of location, magnitude and type of defect

become critical. This will form the basis of later chapters of the thesis.

Conclusion

When ionisation occurs, movement of electrons is governed by the direction of the
electric field. This leads to the concept that will be discussed in the next section
where a current filament appears in what was formerly an insulating region.
Streamers or leaders can be defined in terms of current filaments. This chapter 1s
aimed at discussing moving charge as a source of radiation. Therefore this first
section has outlined what causes this movement of charge. The streamers and

leaders, and moving charge in general, cause fast forming filaments in the order of

nanoseconds, therefore the frequency content is generally in the UHF range.

Streamer rise-times 1n air are slower than in SF. It has been shown by Judd [48] that
in SF¢ they are in the order of = 70ps. As a result there is a higher frequency content
in SF¢ than in air. Importantly, this allows a differentiation to be made between air
corona and streamers/leaders in SFg, which is a further reason for the success of the
UHF technique in GIS. The rise-time of discharges in oil, which is of most interest

for the application discussed in the thesis, can be faster than those in SF¢ [40].

2.3.2 Current Filament

This section shall investigate the radiation of UHF signals from PD in an unbounded
volume. Essentially this involves consideration of the direct path signals between

source and sensor. The aim will be to explore the radiation pattern from current
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pulses. The effect of other signal paths caused by the various obstacles and

reflections in HV enclosed equipment shall be introduced later.

Current pulses are caused by 1onisation of the area surrounding a defect, i.e. the

processes described 1n the previous section. This can be described in terms of the

localised breakdown of a particular region of the insulation. The volume affected and
hence the size of emitted signal is dependant on the extent of the defect and also on

the particular type of defect.

When PD involves the rapid acceleration of charges in an ionised region, radiation of
high frequency electromagnetic waves will occur, the field around a defect having
significant influence on when a PD occurs. Importantly, the direction in which the
charge moves governs the orientation of the current filament. The local electric field
lines define the direction of forces that charges will experience once they are created
by the lonisation process. The resultant radiation pattern for a defect can be
characterised by combining the exponential pulse theory with the field pattern around
the defect at the time of occurrence. There may also be some distortion of this field

due to space charge efiects.

Exponential pulse theory 1s used in field pattern analysis calculations to simplify
analysis. As will be considered later, current filaments can be thought of as being
similar to a small floating particle defect. Using a filament to describe radiation of
PD signals also allows for simplified derivation. The size of the filament in Figure
2.5 will have an efiect on the radiated frequency content of the signal. The filament
might be a Imm step in a streamer, or the current on a 1cm protrusion. Both will still
radiate into the UHF band if the pulse risetime is short enough. In the intended
transformer application it has been shown that a significant quantity of signal activity
from PD will be found in the UHF range [49].

A short length of PD current could be approximated as a straight current filament.

The equations that will now be developed are described for a filament assumed to be
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a great deal shorter than the wavelength. The filament in these equations is

surrounded by free space i.e. permittivity (¢ = g, and v = ¢).

Filament

Figure 2.5 : Short filament related to spherical co-ordinates

The area surrounding the filament would have the following field parameters, Eg, E;

and E.. If the current filament carries a current I,, in the positive z — direction, the

radiated electric fields can be defined by [41]:

[ 1e/ @ cos@ 1 1
Er == 2 ( T 3) (V/m) (2.4)
7€, crt  jor
I le’“ ") sin @ 1 1
E,=-% 07 2 —r— 2
P are, ( - + I ) (V/m) (2.5)

The E, value will be equal to 0, due to symmetry.

In the above equations Ip 1s the filament current, / is the filament length, r is the

filament distance, ¢/*“"#" is the phase factor, and both sin 8 and cos @ are the signal

pattern.

In the far field (defined later) the value of Ey dominates. Ey can be reduced to the

following far field equation:

jol le/™ ) sing _ .ol

(vt=A) V/ 2.6
dre,c’r 2ra SIn@ (V/m) (2.6)

E, ~
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n=yW,/&, (£2) (2.7)

Where 7 is the free space impedance and is equal to 120x. A is the wavelength of the

signal. The far field energy will be a function of angle 6. For this reason, the
maximum field will be found when & = 90° (It should be noted that in spherical
coordinates @ only goes from 0 — 180°% O will account for the remainder). The
minimum field will be found when 6 = 0° and 180° as shown in Figure 2.6. The
energy content transmitted at a specific angle is defined by p. The field in the

direction of 0° and 180” will be a minimum, but a radiated signal in this direction

should still be detectable depending on the circumstances.

N

/

Filament

Figure 2.6 : Far field pattern for a short filament

A short filament 1s considered to be one for which / < 0.034. The far field will lie
beyond the value r = 0.16A. The energy equation can be generated if the following

conditions are assumed: » >> ] and A <</, The radiated energy field becomes:

601!
Ar

E, = je' P sing (V/m) 2.7)

Where 60x 1s a constant magnitude factor. The field for longer filaments, i.e. actual
defects, is calculated by summation of energy from short filament sections. As will

be shown in the next section of interest is the radiation pattern. For the time of flight
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measurement the main requirement is the accurate measurement of the start of the
signal. This will depend on the energy received by a sensor and hence in this instance

at which angle it 1s positioned relative to the direction of current flow.

2.3.3 Electromagnetic Radiation from a PD Current Filament

The shape of the defect itself influences the field pattern generated, and this will in
turn influence the radiated signal. In high voltage equipment such as GIS and

transformers, the enclosure and internal objects also affect the signals.

To further ease the definition of the current pulse in a defect, consider the filament
pulsed with a short duration unit step. Therefore in the following sections
consideration shall be made as to the pattern radiated from a consistent source. This
considers the case where a current filament is small enough that the current can be
considered to be constant over its length on the timescale of interest. The travelling
wave distribution for such a short length of filament would only be significant if the
detection of signals was required up to 10GHz. Therefore the signal distribution is

generated by a uniform current pulse. The radiated field from a uniform pulse has
been analysed by Smith [41].

To calculate this unit step response, the centre point of a large circular surface can be

moved along the filament. At each step the effective radiation pattern can be

considered. Of interest is the most significant signal strength. With the centre
situated at the top of the filament a similar pattern will also be simultaneously

emitted at the bottom. It will be a mirror image. There is an overlap at 0 = 90°, due to
the electric field at this point being proportional to the temporal derivative of the
current pulse [41]. For the short filament there is an overlap of radiated field also at

an angle of 90°. This overlap of signal from the ends will boost the radiated energy

but does not occur for longer lengths.
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2.3.4 Radiated Signals from Defects

It has been shown that for the uniform distribution of current the direction of
strongest signal emission is at an angle of 90°. A common defect type is a protrusion,
which would typically form a point plane configuration as shown in Figure 2.3(a).
This should therefore result in strong patterns detected at a perpendicular angle to the
protrusion in such a point plane configuration. This will form a part of tests described
in a later chapter. A protrusion can therefore be imagined to produce a distributed

radiation pattern similar to that outlined for a filament.

Defects can instigate one or a combination of discharge types as outlined in Section
2.3.1. The radiation pattern should therefore be defined by both the type and
geometry of the defect. The type of defect affects the orientation of the generated
field pattern and also the subsequent type of discharge. The type of discharge affects

the ionisation of the surrounding area, and subsequently the radiation pattern.

The distribution pattern for a particle would be influenced by the field pattern at the
time of discharge. It could be assumed that for this the filament is likely to radiate
signals consistently in all directions. However, this is not the case, as this would
require the current to flow 1n all directions. Therefore if two particles happen to be in
the same vicinity there will most likely still be sufficient resolution in energy ratio

content. As will be shown in Chapter 3 these features aid subsequent signal

extraction.

Each defect, due to a combination of effects, should therefore produce varied
radiation patterns. UHF PD activity in SF¢ and air insulated systems is a well-
researched phenomenon. Discharges in oil have unique processes and the complex
enclosed chamber in which they occur in a transformer provides a challenge to

condition monitoring.
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The radiation pattern obtained previously was derived for a small length of current

filament. The radiation pattern for different filament lengths would alter, as can be

seen in the derivation of radiation patterns for long and short filaments.

The different radiation patterns found, even within defect types, is used to an
advantage in the multi-source recognition technique. This can be emphasised when
considering different orientations of the filament. The field distribution as seen is a
maximum at 90°, and a minimum at 0° and 180° In the subsequent studies the
difference in radiation patterns within defect groups and for different orientations is

used to aid multi-source data recovery.

The technique that will be introduced in more detail later is dependant on the time of
flight measurement being independent of the radiation pattern. Therefore, it is
important that the time of signal arrival measured for a particular source is accurate,
so that it reflects the shortest path signal from source to sensor. For different
orientations of the filament the signal strength may be reduced, as indicated in Figure
2.7. The fact that Sensor 1 is in a position of minimum field strength does not mean
that a direct signal 1s not transmitted to this point. In some instances though, it may
be the case that the wavefront is within the signal noise. There are techniques such as
wavelet analysis that can recover the signal if necessary. Figure 2.7 still considers the

PD filament as being in free space and that no reflections are taken into account.

The field generated will be influenced by the presence of the defect in the original

HV field between electrodes, which defines the direction of motion of charge

carriers.
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Figure 2.7 : Radiation pattern indicating routes to a number of sensors

2.4 Conclusion

This chapter has outlined a link between the formation of PD, from ionisation around
a defect, resultant streamers and the expected radiation pattern. This will be
dependent on the size of defect and applied voltage. The shape of the ionised path for
a point plane gap depends for example, on the sharpness of the point, condition of
insulation, temperature of filament (streamer channel), and applied voltage [46, 47].
There are many variables, but the shape of the HV field will influence the field

pattern for a given defect. To summarise, the following all have an effect on the

subsequent energy ratio values and radiation patterns:

e Type of defect.
e Orientation of defect.

e Distribution of HV ionising field.
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As an example of the complex nature of the discharge process, consider the
respective cases for both surface tracking and protrusions. Surface tracking on an

insulator is a good example of the local field driving ionisation and causing
variability in size and orientation of a PD pulse. However for streamers at the end of

a protrusion, the radiation structure will be more consistent from pulse to pulse.

This chapter has outlined the approximation of a PD as a short current filament, for
which the radiation pattern 1s known. The radiation pattern is strongest at angles of
90° to the filament. For longer lengths of filament the effects can be summed by
using the principle of superposition for a number of smaller elements. Therefore,
when the PD does not entirely consist of current flowing in a straight line, the small
segments can be represented in this way. The main conclusion is that the physical
path of the PD current will have a bearing on the far field pattern, and hence on the

amplitude of signals detected at various positions.

The main reason for outlining the current filament is to show that the radiation
pattern should differ for each defect. If the signals caused by the discharge source are
indeed different for each defect location for example, this has a bearing on multi-

source ability, which will be highlighted later. Prior to this the types of discharge and

the effects of the media in which they occur must be introduced. The next chapter

will look at:

e Describing how defects relate to the HV phase cycle.

e An important aspect will be the concept of "local" field vs. "external” field,

introducing space charge as an important factor in oil insulation.
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3 Practical Aspects of UHF Monitoring of Transformers

3.1 Introduction

The aim of this chapter is to discuss PD as a UHF signal emanating from a defect in
a transformer. In this chapter the focus will be on more practical aspects of PD

signals. This will include a discussion on the signals in a bounded region and other
factors that affect the propagation of UHF signals from PD in HV equipment.
Consideration will be paid to the requirements for detection of real PD signals in an
enclosure, i.e. a transformer or GIS. The specific requirements for UHF sensor
design will be outlined and the type of UHF sensors available will be defined.
Broadband sensors are introduced and the various attributes specific designs have in
detecting signals are outlined. Understanding the propagation characteristics of UHF
signals will illustrate the sensitivity and other qualities required of a sensor design.

An important aspect that will be introduced is the calibration of sensors.

3.2 Radiation, Reflection and Propagation of UHF PD Signals

The current filament described in the previous chapter represents PD in a simplified
form. No real consideration was paid to the actual physical constraints that will be
placed on a signal as 1t propagates. In the intended HV Transformer application, as
Figure 1.2 outlines, there are a significant number of objects within the transformer

that result in reflection, refraction and attenuation of signals.

Attenuation of a signal travelling in the oil itself can be estimated. A figure of 6dB
for every 10m travelled was defined by Convery [24]. Convery found that this low
attenuation figure for UHF signals in oil leads to continued reflection and refraction.
This will take place at any point where there is a change in permittivity. This could
be against the walls of the transformer, or against the core or windings, for instance.
A further source of attenuation in a transformer is radiation of electromagnetic

energy via the bushing core bar. The bushing core bar also acts as an aerial allowing
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external interference to enter into the transformer. Fortunately both these effects are

not significant.

There must also be consideration of the propagation speed of the signal. It was
known that the propagation of UHF signals in transformer oil was of high-speed and
low attenuation [24]. It was unknown however, whether these factors were
influenced by temperature and moisture content. If either were to vary then both the
ToF measurements and energy ratio values would be affected accordingly. This
provided the impetus for the work by Convery [24]. A subnanosecond PD pulse was
injected using an avalanche transistor into a coaxial transmission line containing
insulation oil. These measurements were made in Castor oil (L10B), which is typical
transformer oil. The velocity of a UHF signal in a clean sample of this type of oil is

typically 2.03 x 10° ms™.

The time difference was measured for the reflected pulses from the opposite end of
the coaxial line for two combinations of oil. The test samples do not represent
realistic conditions. These were a free water case (moisture level 5000ppm) and
much drier case (moisture level 39ppm). The difference in propagation times for
these extreme cases was found to be equivalent to 20mm in every 2m travelled,
which is not significant in the intended application. This test was repeated for dry
insulation oil, at room temperature and at 70°C. No significant difference was found

in propagation for this range, which under normal circumstances the transformer oil

temperature would not exceed.

A similar test was then performed for various moisture levels in pressboard. The
propagation velocity in a dry pressboard is typically 2 x 10 ms™ [24]. It was found
that the relative permittivity was affected quite significantly by the absorption of
moisture into the pressboard, causing a reduction in the propagation velocity to 1.46
x 108 ms™'. However, as is the case with oil, the level of moisture used in the test was
far in excess of the typical values found in a transformer. Moisture levels in an
operational transformer would not reach a point where the propagation velocities are

significantly altered. The conclusion from the tests is that the propagation of signal
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energy in practice 1s unlikely to be affected greatly by signal attenuation in oil or

pressboard.

If the UHF signal 1s continually reflecting and refracting inside a transformer the
attenuation in the oil will eventually cause extinction of the signal. A significant
cause of UHF signal dissipation in a transformer is likely to be skin effect. The skin
effect is illustrated in Figure 3.1. When a high frequency signal strikes a conducting
surface such as the transformer tank or core, a small measure of the signal is
transmitted into the conductor. The signal in the conducting medium does not travel
far. This distance 1s inversely proportional to the square root of frequency. At high
frequencies the reflected and refracted signals still constitute a very large proportion

of the incident signal, and therefore many reflections are required before eventual

dissipation.

UHF
Sensor

/ \ Source 2
] | /

P 1
Transformer -»g |/ S
Wall - i
UHF Signal from PD ,,,r-f"’/ﬁ T \\\
Propagating in Oil Insulation Skin Effect

Figure 3.1: Basic model of reflection, refraction and skin effect in a transformer

52



The signal distribution patterns from a defect, along with the propagation paths and

resultant attenuation will affect the amount of signal that reaches each sensor. A

sensor will receive the various components at different times, and these are likely to
cause constructive and destructive interference on the measured signal. If the PD
source does not change its location or orientation, these effects should be quite
consistent from pulse to pulse. The consistency in the radiation patterns 1s a factor

which will be used later to help multi-source recovery.

In Chapter 1 for the electrical technique the concept was introduced where the level
of PD could be characterised by apparent charge. There is a relationship between the
charge content of the electrical pulse from a particular PD and the actual energy
content. This relationship is proportional to Q* where Q is the actual charge [37]. For
a detected UHF signal at a sensor, providing that location and orientation, etc remain
constant and only the electrical size of the PD varies, then a signal proportional to
this electrical discharge will be detected. However this level cannot be related

directly to apparent charge.

As there is little attenuation the total energy received at a sensor should be a good
indication of the intensity of PD signal radiated from the defect. Knowledge of the
particular location using the ToF technique that will be developed in later chapters
helps to identify whether the risk the defect poses to the insulation is more acute. For
example, large PD 1n low field regions might be of less concern than smaller PD

levels in the windings.

The UHF signal measured is complex, but this complexity can be used to good
effect. For instance due to the reflection and diffraction, there is more energy

available at the sensor for detection.

Signal energy is a good means of quantifying signal rather than peak amplitude.
Consider the situation shown in Figure 3.1. For defect location 2 there 1s a direct path
to both sensors. The peak signal obtained at the sensors could be similar, although

there is the possibility of some constructive interference. However consider signals
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from location 1. If the exact same discharge occurred at location 1 then there is the
possibility of a similar peak also being detected at sensor 1. As the winding is in the

path to sensor 2, for this path the peak is likely to be reduced. Therefore the only

variation between these four paths would be for this final configuration.

If the entire energy content is considered however, then due to the various radiation
paths and importantly the internal construction of the transformer there is more scope
for energy dissipation. The energy content is likely to differ measurably for all four
combinations. Measuring the energy levels also allows resolution between proximal
locations be they in a direct line of sight or not, if the radiation patterns differ; this is

not possible with the peak signal value.

3.3 Defects in Transformers

Defects that can cause PD 1n oil filled transformers can be of many forms. Examples
of those that occur in o1l, and those occurring in parts of the solid insulation, are
outlined in this section. There are other examples such as loose bolts, or sharp metal
joints within paper insulation. These two forms do not occur in oil, but these are not

typical of solid insulation either. This emphasises why using both the location and

pattern recognition techniques would be useful in resolving the cause of defects.

In Oil
Small defects in the construction of the transformer or metallic particles present from
manufacture may result in PD. Metallic particles can also be caused by arcing or

operation of mechanical components, e.g. oil pumps. These can in turn lead to the
creation of gaseous bubbles for instance. The PD will degrade the oil to some extent

and reduce the insulation strength resulting in a greater likelihood of further

discharges.

In Solid Insulation

PD is not confined to defects in oil. Items of solid insulation present in a transformer

tank are also prone to deterioration. Internal cavity discharges in the solid insulation
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in the transformer are one example. Furthermore, the most dangerous location for

defects is in the windings, in which cavities can expand quite rapidly [S0] through
erosion by PD activity. The transformer is susceptible to such problems in the
vicinity of the windings, given the concentration of intricate components at a point of

high electric field strength, large current and higher temperatures.

A flat cavity for instance, that stretches across the field rather than directly between
conductors does not pose a serious threat to the insulation, unless it provides a link
between multiple cavities [50]. A square cavity will be a cause for concern due to the
increased arca where discharges can occur. A narrow cavity stretching between
conductors is more serious and can also lead to the depletion of insulation strength.
Continuous on-line monitoring of transformers is recommended, not only because

they constitute a critical part in the HV network, but also because such defects

fuelled by the high field can quite quickly lead to catastrophic failure.

3.4 Pattern Recogniton

At this stage it is useful to introduce the information that can be obtained from PD
activity. Pattern recognition is a common means by which data from a single PD
source is analysed. Phase resolved plots are obtained by measuring at what point the
discharge occurred on the HV power cycle. An example of one of these plots 1s
shown in Figure 3.2. The phase resolved plots introduced in this section give a clear
understanding of areas of the phase angle at which for a particular defect, PD 1is
active. They are also useful in showing the repetition rate of PD pulses. All samples

in this section are from defects in SFg, the main purpose being to show the different

patterns that are obtained from individual defects.
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Figure 3.2: PoW reference diagram.

The defect influences the type of discharge, but the location of the defect also affects
the phase response. Some practical examples of this are shown in the following

sections, making use of the 3D phase resolved pattern format.

3.4.1 Dielectric Bounded Discharges

Dielectric bound discharges occur for example within solid insulation. In a

transformer this would occur when a cavity becomes air or oil filled depending on
the circumstances leading to its formation. The contents of the cavity may influence

PD occurrence, but they should produce a similar defect pattern to that shown in
Figure 3.3 [4].
_|..

A% OV

Figure 3.3: Typical discharge pattern for dielectric bound defect
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The discharges for this type of defect typically occur before the voltage peak. If PD
1s going to occur on a particular cycle i1t would typically happen soon after the

inception voltage. When a defect deteriorates to a greater extent, then the discharge
pattern will become more widespread. If there is an increase in cavity size, this

allows the support of more discharges per cycle.

Another feature of such a discharge is that unlike most discharge processes it is
characterised by a symmetrical discharge pattern with the amplitude and repetition
rate of PD on both half cycles in many cases being identical. When multiple cavities
are present the responses can show much more varied activity. Later studies will
consider the multi-source and location techniques that should resolve that there are

multiple cavities in a region.

In insulation oil cavity-type discharges can occur in bubbles. These bubbles can
disperse; however 1n some cases they can become trapped lengthening the time for
which the defect is active. A dielectric bounded discharge can be considered to be
one example of a surface discharge. In oil this type of discharge is considered to have
less energy associated with it in comparison to similar effects in air and SFg. They
also give flatter distribution responses, but a high number of peaks can be observed

[50].

3.4.2 Electrode Bounded Discharges

When discharges occur at the boundary between either electrode and the insulation,
the PoW pattern will often show asymmetry, as illustrated in Figure 3.4. Depending
on the electrode from which the discharge originates the responses can be reversed,
but they typically consist of a large number of smaller discharges on one half cycle,
and a small number of larger discharges on the opposite half cycle. The patterns

show a tendency for the discharges to occur prior to the peak of the applied voltage.
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Figure 3.4: Discharge pattern from electrode bounded defect signal

This pattern becomes more pronounced if it is the result of a surface discharge in air.
Surface discharges in the early stages usually burn off the pollution or contamination
that caused them quite quickly. When the discharge phases continue then damage can

quickly progress.

3.4.3 Floating Components

Metallic objects may become loose due to mechanical vibrations in an insulation
system. Other metallic parts out with the transformer, for example lying on the
ground nearby, may also result in detectable PD with similar signal patterns. In this
instance the location technique that will be developed should identify that it is from
outwith the HV equipment and remove the corresponding measurements from the
analysis. Discharge patterns from a loose object should show similar amplitude for

PD and should appear on each half cycle. This is illustrated in Figure 3.5. Defect

signals from PD are commonly observed along the full phase window.
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Figure 3.5: Loose component PoW diagram
3.4.4 Corona Discharges

Corona discharges can result from metallic protrusions becoming fixed to the
electrodes. These can be from flaws in the construction or degradation of mechanical
components in service. Free particles can also become lodged at a particular location
changing to this type of defect. Corona discharges in air and SF¢ show a tendency,
unless the defect is severe, to be concentrated on a single half cycle. If the corona
discharge occurs on the high volt§ge electrode, then the pattern will normally appear

on the negative half cycle. The reasons for this are outlined in Chapter 2. The

situation is reversed if it occurs on the ground electrode. Progressive stages of corona
discharge are shown 1n Figure 3.6 where the discharges increase in range around the
peak of the applied voltage. There may also be larger discharges near the inception

and termination voltages.

+ + +

Figure 3.6: Progression over time of corona discharges in air and SFg
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For a corona discharge in air the inception voltage will be far lower than that in oil.
The progress of discharges in oil differs in that they are seen on both the positive and
negative half cycles, even when PD levels are low. For corona on the HV e¢lectrode
discharges will be more active on the negative half cycle and cover a wider range of
the PoW plot. These discharges will also show similar amplitude levels over the
range of phase angles. Discharges on the positive half cycle will show increased
amplitude, these can represent a flat or peaked response as shown in Figure 3.7.
Typically distributions on the positive and negative half cycles are relatively
symmetrical around the peaks. The response is again reversed when the protrusion

appears on the ground electrode.

+ +

Figure 3.7: Progress of corona discharges in oil

3.4.5 Moisture Contamination

Defective insulation can also appear in the form of moisture becoming dissolved in

the insulation oil, due to seepage or other associated phenomenon. This moisture

content when dissolved in the insulation oil can increase the possibility of PD, and

bring into effect protrusions or other defects that with normal insulation strength

would not result in PD.

The presence of moisture can be simulated by using water droplets. PD activity in
this instance will be confined to the peaks of the positive and negative half cycles
[51]. The signals obtained from discharges in the case where water droplets are
dispersed in the insulating oil and occur at any phase angle. The pulse amplitudes

also show a significant level of variation as compared to the single droplet case.
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Cleary [51] explained the distribution of signals over the range of phase angles for
the dispersed water droplets 1s most likely a result of elongation of the PD process.
For a single water droplet the discharge as with most other forms is typically
momentary. With multiple droplets a single discharge process can last for a duration
of 0.5ms. This research also found that the amplitude of the signal did not show
regularity and there was no relationship with the power frequency cycle. Possibly

this will result in erratic signal patterns.

3.5 UHF Sensor Technology

In order to detect strong UHF signals in a transformer, sensors must be fitted to an
electrical aperture. Some research has used a KEMA probe inserted into the oil inlet
valve [18]. In the research carried out for this thesis a dielectric window is used; the

sensor designs will be outlined later in this section.

The first criterion required of the UHF condition monitoring system described in the
thesis is the positioning of the sensors. The ToF technique that this system uses
requires at least three sensors, in order to allow the location of a source of PD. A
transformer is essentially a shielded box therefore external measurement of UHF
would not provide an adequate signal. Therefore it is desirable to fit internal sensors;
these have increased sensitivity but if correctly designed should result in a vast
reduction in external noise. The fitting of such sensors can be carried out at the
manufacturing stage, or, as now, by exchanging hatch plates with replacement covers
that incorporate UHF sensors. An internal sensor must be carefully designed such

that there is a strong seal preventing the escape of oil. In practice the three sensors

can be positioned on the top of the tank, if the operator is reluctant to locate them on

the side of the tank.

The field strength for a PD signal will be strongest at points perpendicular to the

conducting surface. Therefore the most sensitive sensor designs will incorporate
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detection in this field area. The two types of sensor designs considered are disc

resonant and spiral sensors.

Disc Resonance Sensor
The first type of sensor that will be discussed, consists of a circular conducting plate

above a ground plane. This disc resonance sensor is illustrated in Figure 3.8.

2a

Metal Plate | i

Z

Ground
Plane

Insulating Dielectric Layer Metal Plate

Ground
Plane

Figure 3.8: Disc resonance sensor

The metallic plate 1s only a small distance above the ground plane, which effectively

prevents three-dimensional resonance at all but significantly higher frequencies. The

angular resonant frequencies can be given as:

L 3.1)

Where the radius of the disc is given by a (m), the permittivity of the dielectric layer

by ¢, and the permeability of free space by u,. The parameter x,m 1s the mth non-zero

root of J(x) = J(x); this is a Bessel function of the first kind of order n.
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Of interest is the calculation of wavelength for the resonant signals in this volume

under the plate. This wavelength will be in accordance with the diameter of the disc.
In the volume under the plate the electric field can be calculated as shown by Judd
[52]. The mode x;; has the lowest resonant frequency and the corresponding resonant

signal from PD is likely to have significant amplitude.

Close examination of the field patterns outlined by Judd [52] show that for the disc
coupler the maximum of UHF signal energy is at the edge of the disc. This
influences the positioning of the co-axial connector. Judd found that at higher modes
there is no difficulty 1n finding sufficient signal amplitude at the centre. However for

the dominant mode the field at the centre of the disc is zero. There is a cut-off point
below which the signal from a resonant mode would be difficult to detect. This was

linked to the propagation of nodes in a GIS rig, however it can be assumed that this
effect would actually be eased In a transformer as it is likely a greater range of

frequencies would be supported.

The findings suggest that there are three options for increasing sensitivity of the
system to lower order modes for which the dominant mode or electric field is in

effect zero at the centre of the disc.

e Increase the diameter of the disc.

e Increase the permittivity of the dielectric.

e Increase the thickness of the dielectric.

e Locate the coaxial connector where the field for the dominant mode is at a

maximum.

However, the dimensions of the sensor, for GIS as well as transformers, are limited
by practicality, for example fitting onto hatch covers. Furthermore, increasing the
thickness of the dielectric may increase the number of nodes propagating but the
signal amplitude over the range will be reduced. Therefore the most practical method

is to locate the coaxial connector near the edge of the plate as all modes have a
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maximum around this position. Improvement in the design of sensor has resulted in

reduction of their size.

Spiral Coupler

An alternative to the disc sensor is the spiral sensor. It is aimed at removing the
effect of resonances on the frequency response of the sensor design. A spiral design
is derived from infinite antenna theory that offers "infinite" bandwidth. However by
truncating the structure good sensitivity can be achieved over a relatively wide

bandwidth. The structure is illustrated in Figure 3.9.

/
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Figure 3.9: Two arms of a log-spiral sensor [52]
The radius of the spiral sensor at specific points can be defined by the equation:

r=R_ exp(k@) (m)  where r < Ry (3.3)

where R,,;, 1s the inner radius of the metal and R,,,. is the outer radius of the metal.

The parameter & 1s a constant that defines the rate of spiral expansion. The larger the
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sensor width and the smaller the radius of centre (Rnin), the greater the sensitivity to

a wider range of signal frequencies. The main design limitation for this type of
sensor is again the practical size of the hatch plate upon which it would be mounted.
Choice of the minimum radius is defined by the physical size required to provide a
termination point for the co-axial connector. Both spirals are attached to the tank
ground. The sensor design 1s discussed in detail by Judd [52], with the minimum

frequency of operation defined by Equation 3.4.

~ 0.478¢

f min L

(Hz) (3.4)

where the Taper Length L 1s the length of the metallic spiral from centre point to the

outer point. The constant ¢ 1s speed of light.

For a length of taper 0.35m this suggests that the minimum frequency of detection is
410MHz. However due to reflection coefficients the sensitivity would extend well

below this level. Other tests have suggested that the bandwidth of such a sensor is
approximately 150MHz to 1.5GHz, and due to the design the response in this region
will be relatively constant [52].

There is a need to ensure that sensors can be tested using a standardised method,
independent of GIS or transformer construction. Judd [52] proposed that a novel
structure could be used which would allow the consistent generation of a field. It
allows sensitivity measurements to be independent of the structure of the GIS,

transformer or any other item of plant and is shown in Figure 3.10. The structure is

termed a transient test cell and is a variant of the Gigahertz Transverse Electro-

magnetic (GTEM) cell, which reduces the effect of standing waves.

The first thing that shall be noticed is that a flat ground plane, at the measurement
window, replaces the curvature of the outer diameter of the GIS. The field generated
against such a structure is expected to be a great deal more consistent across the

width of the sensor. The structure is large to maximise the test area, furthermore the
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tapered impedance 1s such that the high frequency components are maintained. The

aim of a test cell 1s to guide a transient signal from the launch unit to the output with

the minimum amount of disturbance, i.e. front end signal keeps its shape.

Aluminium
Enclosure

A

View Looking into Launch Unit Septum Wires
Connections to Septum Shown

: =

Measurement

Window .
Tensioning =

Mechanism

Figure 3.10: Transient test cell; sensor assemblies fitted to measurement window

The septum of wires replaces the solid sheet conductor that would be found in a

typical GTEM cell. The wire septum forms the centre conductor of the transmission

line.

The transient used to energise the cell is a voltage step with 50ps risetime. This is
chosen as the resultant response from the sensor will be a pulse; this combination of
signals can be characterised more easily. When the electric field reaches the far end
of the cell, the lack of a matched termination causes a reflection. Therefore the
measurement of sensor response is made during the first 10ns, before reflections

arrive. Judd identifies that the system 1s most suitable for broadband sensors. This is
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because the time window in which the response is valid is so short. Judd [52] used a
1GHz digitiser to record the electric field signal over a period of 10ns, with 256

sample points. This recording interval is triggered by the pulse generator.

The procedure for calibrating the sensors is to first of all place in the measuring
window a calibrated monopole of standardised length (25mm). The range of signals
that the sensor is calibrated for 1s 200MHz - 2000MHz. The response, as obtained by
Judd [52] obtained from the probe is used to provide a reference signal for
subsequent correlation against the various sensors under test. These calculations of
sensitivity are carried out on a computer connected to the digitiser by a General

Purpose Interface Board (GPIB).

3.6 Practical Requirements for Measuring UHF PD Signals in

Transformers

The fitting of UHF sensors to transformers is a sensitive issue for some transformer
manufacturers and utilities. There is some trepidation at present to their installation
but this will be reduced as more confidence is gained in the dielectric window
designs. Although the integrity of the seal is fully established in the short term, there
should be further research into defining the effects extreme weather conditions or oil

temperature have in the long term.

As an alternative to fitting the sensors to the side of the transformer tank, the sensors

can be fitted to hatch plates on the top of the transformer. Sensors located here
should be sensitive to PD from most parts of the transformer. The apparent
advantage, as far as the seal 1s concerned is the removal of the oil pressure. The tests
discussed in Chapter 6 were carried out by fitting sensors to the hatch plates at the
top of the transformer tank. At this point there will be minimal pressure from the oil.

The effectiveness of the sensors in this position should prove an appropriate test of

the technique.
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As well as maintaining the integrity of the system, another reason for fitting sensors
to the hatch covers is the impracticality of drilling holes in a manufactured

transformer. If internal sensors are required on the sidewalls of a transformer this
choice must be made before manufacture. Use of hatch plates in this way minimises

the outage time required for installation.

3.7 Conclusions

This chapter has focussed on the various types of PD signals possible. It has also

introduced the particular effects of defects in transformer oil. The reverberating
signals take dispersed paths to the sensor. Therefore sensor designs were introduced

which removed the effect of angle of arrival on the resultant energy measurements.
These sensors also provided consistent time of arrival signals. To provide appropriate

calibration of the sensors a transient test cell was discussed.
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4 Development of an Advanced UHF PD Acquisition System

4.1 Introduction

The aim of this chapter is to transform the theoretical discussion on monitoring of
transformers into the implementation of a practical monitoring system. This will
involve a description of the full monitoring system that was developed during this

research. Essentially the use of ToF information in locating and resolving defect

sources shall be introduced.

4.2 1Initial Field Trials of UHF Transformer Monitor

The requirements for a UHF PD monitoring system specifically for transformers
became apparent after some 1nitial site trials, which were carried out in collaboration
with a UK utility. A number of research institutions were allowed access to try to
detect PD activity 1n a faulty transformer using techniques including: DGA, acoustic,
Radio Frequency (RF), electrical [38] and UHF. For the team from the University of
Strathclyde, the transformer was fitted with two dielectric windows and UHF sensors

as shown in Figure 4.1.

Three UHF measurement techniques were examined as to their suitability both for
condition monitoring and sensitivity of monitoring PD signals [38]. These made use
of the following equipment: spectrum analyser (Hewlett-Packard HP8590A), UHF
Partial Discharge Monitor (DMS PortSUB) and digital sampling oscilloscope

(TDS694C).

A mobile generator and step-up transformer were used to energise the system.
Energising included a period of time where the voltage was increased to 115% of the
normal operating level. It is typical of commissioning tests (or acceptance tests on
new plant) to run equipment at higher than normal voltage levels. Operating a
transformer known to be problematic at increased voltage levels can result in an

increase in the number of defect sources. There is therefore the increased possibility
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of PD signals from multiple sources, and there is also the possibility that heightened

PD signal energy levels could also result. The following section shall discuss some
of the benefits and disadvantages of using the various forms of instrumentation in

condition monitoring.
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Figure 4.1: a) 400-275kV autotransformer and associated UHF measurement
equipment. b) Transtormer with three phases designated A, B, and C. The sensor

locations are shown [38]

Spectrum Analyser

When testing using the spectrum analyser, first of all a sweep of the frequencies up
to 3GHz was carried out, this was aimed at ascertaining a specific frequency where
PD activity was focused. This 1s usually dependent on the location of a defect, type
of defect, insulation medium, etc. One of the findings of monitoring the frequency
spectrum of PD 1n o1l 1s that the signals consistently contain energy in the UHF
frequency range. Using solely the frequency spectrum for monitoring PD activity
does not return very informative results. Firstly, the pattern obtained will be from a
sweep of frequencies over a time interval, and it is therefore not possible to focus in

and monitor individual defect sources. This would likely be ineffective for multi-

source resolution.
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The spectrum analyser can be used to generate a phase-resolved PoW plot. This is

achieved by selecting zero span at a specific centre frequency. In the site trials
significant levels of UHF signal were observed for frequencies in the range 1.2GHz
to 1.5GHz. A sweep time of 20ms was chosen and synchronised with the S0Hz
supply. The pattern acquired from the sweep test is shown in Figure 4.2. This was

obtained when the transtformer was energised at 100% of normal operating voltage.

amplitude
(dBm)

( 2 min. per div. )

Figure 4.2: Phase-resolved UHF signals from sensor S2 (centre frequency

1.342GHz) [38]

Monitoring a specific frequency is not a particularly viable proposition for a
continuous condition monitoring technique. The frequency spectrum can therefore be
considered only as a means for determining the range in which signal activity is
particularly strong. As outlined there would be no easy multi-source resolution,
unless signals were 1solated in separate parts of the spectrum. Furthermore, to

maximise the sensitivity of the monitoring equipment it is advisable to measure

signals over as wide a bandwidth as possible.

Test Results from the PortSUB Monitor

The PortSUB monitor (manufactured by DMS Ltd.) readily provides phase resolved
plots. It is based on a display that uses 64 phase windows per cycle, with
measurement of PD pulses in 50 consecutive cycles. For each phase window, the
peak signal amplitude 1s retained for the largest PD that occurred in that time

interval. At normal operating levels the discharge signals were quite sporadic. The
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tests of most interest were at 115% of operating voltage, at which point the PD

source showed increased levels of activity. A typical display from this test is shown

in Figure 4.3.
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Figure 4.3: Phase resolved plot recorded over 1 second: There is a possibility that

there are two discharge sources present. (1) Source 1 (2) Source 2

At the increased operating voltage two potential defect sources were recognised.
Both sources have noticeably different characteristics; they also appear to be
associated with different phases. Source 1 is active over a narrow range of phase
windows. Source 2 1s more intermittent but it too exhibits 180" phase symmetry. This
is a snap-shot of the data, analysis of the discharge signal over time is likely to show
that for each source signal amplitude distributions are similar between both half
cycles in both cases. By referring to Chapter 2 it could be suggested that both defects

are dielectric bounded.

The same discharge can be detected on each of the two sensors, therefore this
confirms that there are low levels of UHF signal attenuation in a transformer. This
property will be used to enhance the condition monitoring technique. Additionally,
the PD signal levels recorded simultaneously at different sensors will be used later to

provide multi-source recovery for the PortSUB without the need for time of arrival

measurements.



This section has introduced the concept that there may be multiple PD sources

present in a transformer. Different locations and defect types, due to radiation
patterns, signal levels and internal transformer dimensions, can lead to a difference in
amplitude of signal levels at the two sensors. However as the amplitude of the PD
pulse varies 1t 1s likely for UHF signal levels at different sensors to vary accordingly.
By plotting the ratio of signal amplitudes in a histogram, for instance, the number of

peaks in the graph should represent the number of discharge sources.

The effectiveness of multi-source resolution for results taken by the PortSUB system
will be determined by the variance in amplitude ratios. Separating the discharge
sources using solely the ratio of peak PD signal is unlikely to perform as well as ToF.

Though ways of improving the ratio calculation are discussed in the next section.

High Bandwidth Oscilloscope

The TDS694C oscilloscope has a bandwidth of 3GHz. The time between samples for
the recorded waveforms is 100ps. The peak PD levels have been shown to contain
information that can help in source separation. Using a high bandwidth oscilloscope
enables an alternative means of obtaining difference in signal levels. In this case the
entire UHF signal for both channels is captured. The total energy contained in each
signal can then be calculated. The entire UHF signal is taken into account in this
analysis, rather that just peak amplitude, which can be sensitive to constructive and

destructive interference caused by multi-path effects.

Using the data captured by the TDS694C oscilloscope the arrival time of the signals

can be measured. In site trials this has enabled characterisation of the difference in
arrival times of UHF signals at the two sensors. It was presumed that there were two
defect sources as two distinct differences in arrival time were consistently measured,
as shown in Figure 4.4 and Figure 4.5. As will be shown in the next chapter, by
plotting a histogram for the difference in arrival time, this too should provide

resolution between PD sources 1in different locations.

73



amplitude
(0.5 V/div S1; 0.25 Vidiv S2)

0 100 200 300 400 500
time (ns)

Figure 4.4: Two consecutive PD events showing a difference in signal arrival time of

7.5ns
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Figure 4.5: Single PD event showing difference of 10.1ns

The use of the above timing information to give a location is highlighted by Figure
4.6. The AT figure can be used to give an indication as to the location of the two
defects somewhere between S1 and S2. Not taking the internal construction of the
transformer into consideration, the defects should be located somewhere on the
respective bands. The bands are defined by considering the tank to be a simple oil
only propagation model in a two dimensional plane. If only using two sensors and
the AT information then the location technique is limited to the ToF bands. The next
section considers improving the location technique by introducing a third sensor and

by capturing the full UHF waveform.
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Figure 4.6: Internal construction of transformer used in site tests. Illustrated are the

ToF bands along which the respective defects are located

4.3 Partial Discharge Cluster Maps

4.3.1 The Concept

From the previous section it 1s apparent that the oscilloscope can be used to identify
time of arrival, which provides the possibility of locating the PD source. This is

achieved by using two sensors connected to the oscilloscope channels.
Simultaneously triggering and capturing UHF signals from a PD and calculating the
difference in arrival times can allow the number of sources present to be confirmed,
providing a means for separating PD data streams. A general location of the source

can also be obtained.

The principle outlined in Section 3.2 and illustrated in Figure 3.1 introduces the
concept that for a PD at a particular location the energy content detected by a sensor
will depend on the sensor location. Using two sensors and calculating the energy

ratio, this can be used as another feature in resolution of signals. Section 4.4.2

outlines how the energy content is calculated from the captured UHF waveform.

The fundamental technique described in this section employs the two features

described above. It will be referred to as a Partial Discharge Cluster Map (PDCM)
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and is one of the major contributions of this thesis. There 1s a requirement for at least

three sensors for reasons that will become apparent. It essentially uses the two
principles below and these are used extensively throughout the remainder of the

thesis.

e Time of Flight (AT) - Difference in time of arrival between a sensor pairing

e Detected Energy Ratio (Log R) — Difference in energy content expressed as a

ratio

To improve the resolution of this technique further the Log R and AT values can be
combined on a single plot. This has been one of the innovative features of this
research programme. With the difference in ToF or AT on one axis, and the ratio of
signal energy levels, Log R on the other, this forms the basis of a three-dimensional
plot. The remaining dimension can be characterised by the largest energy value
measured for the particular signal pair as a means of giving some scale to the
diagrams. The PDCM 1s illustrated in Figure 4.7. The energy figure could be

replaced by pulse count for an alternative means of display, as in a phase-resolved
partial-discharge (PRPD) displays [53].

normalized
discharge intensity

log(energy)
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Figure 4.7: PDCM plot illustrating numerous PD sources
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Discharges from individual sources should group into separate clusters. In these plots

a smoothed surface has been fitted to the intensity data so the clusters can be
visualised more effectively. In this example there are five discharge sources in total.
However, there are only three distinct discharge sources. If this pattern were
incorporated into the histograms used as in the previous section it is clear that the
distribution between 5 to 10ns on the AT axis would produce a merged pattern.
When there are several PD sources the individual distribution patterns can become
superimposed. By plotting a PDCM this allows data to be separated more easily

because two position-dependant coordinates are employed.

4.3.2 Incorporating a Third Sensor

There may be occasions where, in a PDCM, data points from multiple sources can
still become superimposed, as is the case in the example above. By using an
additional sensor it should be possible to increase the resolution of the system. A
third sensor will mean that there are three sensor pairings, which can enhance the

ability to separate a number of PD sources.

Identification of peaks in the PDCM will enable points within a certain tolerance to
be considered to come from a particular source, and hence data can be separated
from the multiple sources in this way. Any overlap of data points from multiple
sources on a PDCM for one sensor pair would in general be separated on those for
the other sensor pairings, thereby retaining the multi-source resolution capability. As
both the AT and Log R distributions are affected by the radiation pattern, this will

therefore influence cluster shape. It may be possible to determine the type of source

as well as some other parameters by using cluster shape.

If points contained within a radius of the centre points of the clusters are grouped this
information can be used to separate out data from the individual sources in the full
database. By using the three sensor pairings it should also be possible to identify
these points even, for instance, in the event of near complete superposition on one of

the plots, as has happened on the cluster furthest to the right in Figure 4.7. This
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aspect is discussed in detail in Chapter 5, where effective methods of resolving these

i1ssues are introduced.

The most important aspect of the PDCM is its use as a reliable means of identifying
and locating multiple defects. If for the centre point of the clusters the AT value is
taken, then providing that the AT values from the three sensor pairings are from the
same source it is possible to use this to provide location information for a defect. An
automated system to achieve this will be introduced later. The discussions above
have highlighted the importance of the PDCM plot. More detailed consideration of

the process followed to reach this stage will be found in the following sections.

There is also the possibility of using four or more sensors. Using four sensors would
provide the possibility of the location being identified using three data sets, which
would allow confirmation of the PD source origin. The oscilloscope used in the
system developed for the thesis only has four channels, one of which has been

reserved to enable the phase angle to be obtained. However incorporating a fourth

sensor could be considered for future versions of the system.

4.3.3 Phase Angle and Associated Data Interpretation

When the oscilloscope 1s triggered by a burst of UHF signal from a PD, the phase
angle with respect to the HV cycle should also be recorded. The propagation time for
UHF signals in transformers is negligible compared with the HV power cycle. This
allows discharges to be phase resolved without any problems caused by ToF. The

oscilloscope can only capture 1 or 2 waveforms per second therefore the phase

resolved patterns will take a longer time to build up than on other PD measurement

systems.

If there is more than one source present in a conventional phase resolved pattern this
will have a direct affect on the fault diagnosis. By separating data and in turn
producing individual phase resolved plots for each defect this shall allow improved

diagnosis. The extent of the improvement will depend for instance on discharge
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activity; the data separation technique ultimately allows increased confidence in any

diagnosis returned by the system.

4.4 Requirements for a PDCM Based Monitoring System

4.4.1 Introduction

In the previous section it has been proposed that recording signals from several
sensors in the time domain can allow multiple PD sources to be separated and
analysed to determine their location and phase resolved characteristics. To clarify
this procedure, a typical UHF condition-monitoring set-up is illustrated in Figure 4.8.

An insulation system with three sensors (S1 - S3) can be represented as shown.

V = PD location

Figure 4.8: Multiple PD scenario with 3 UHF sensors, S1 — S3

Use 1s made of spiral UHF sensors. These are sensitive devices, can be accurately

calibrated, are not affected by angle of arrival of the UHF signal, and are practical for
fitting to a transformer. The time of flight from the PD locations 1s defined by 7,
where n identifies a certain PD location and m identifies a particular sensor. The
number of sensors can be increased but there must be at least three for the three-
dimensional location technique to function. Figure 4.8 illustrates a rudimentary

sensor location. Sensor location is subject to practical and political limitations.
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Fortunately UHF signals have low attenuation figures and therefore as such the
positioning of sensors does not have a critical impact on the sensitivity of the

technique.

There are four main measurements that must be made when a PD occurs. How these

are achieved 1s described 1s Section 4.5 but the main requirements are to:

e Capture the full UHF signal pattern on three or more sensors.
¢ Maeasure accurately of the start of signal.
e Measure the phase angle of power frequency at time of discharge.

e (Obtain time that PD occurred.

By measuring the start of the UHF signal on three channels the location of the source
can be determined. This is achieved by creating a mathematical model of the internal
structure of the metal enclosure. The model is broken down into small segments. For

each segment the expected ToF to each sensor is calculated. The measured values
can then be compared against this model. Figure 4.8 illustrates an empty room for

which the values for each segment can easily be calculated. For a transformer this
model becomes more difficult to define and this aspect is discussed in more detail in

Section 5.1. The next two sections introduce the calculation of the energy content

and start of signal, which are fundamental to the PDCM technique.

4.4.2 Energy Content

The high bandwidth oscilloscope used to record the UHF waveform produces a 5000
point record of the input into a 50Q impedance Z. The instantaneous power
corresponding to the ith sample (1 to 5000) point where Z is the measurement
impedance:

P=VIZ (W) where Z = 5042 (4.1)

These values can be summed for the entire signal and multiplied by the sampling

interval to obtain a figure for the total energy contained in each UHF signal. Energy
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from UHF PD signals 1s usually found to be measured in pJ, however for a severe

defect this can increase to pJ. These energy levels may seem inconsequential so that
only by repeated activity, over a prolonged period, will there be significant damage.
However, if the signal power is calculated for a single discharge this observation can

change, and this can be explained as follows.

If using a spectrum analyser, for instance, noise may appear to have significant signal
level. The spectrum analyser measures power but the time constant is long, whereas
for a PD the signal lasts for a very short interval. The power associated with each
discharge can be calculated. This involves the capture of the UHF signal, and a
numerical integration as outlined above. At typical levels the associated power from
a nano-second pJ pulse would deliver a measured power of typically ~0.1W. As the
defect increases in intensity, possibly into the uJ region, it can be assumed that power
levels of several watts could be obtained. This essentially highlights why the full
waveform should be captured and emphasises the fact that this is an improved
method of measuring discharge activity rather than peak amplitude of the UHF signal
only. The ratios of detected energies at each of the sensor pairs may then be
calculated and converted to logarithmic form and this can be used in addition to the

ToF for data separation.

The technique developed does not analyse the signal to determine if the entire signal
has been captured. However, most of the energy content of UHF signals will
normally have dissipated in a transformer by 200ns. Furthermore, there is also no
guarantee that captured signals are from a single source. More work is required in

resolving these issues.

4.4.3 Arrival Time

Depending on the route that the UHF wavefront takes from source to sensor the
detected risetimes can differ quite substantially. For accurate measurement of ToF
the signal taking the path of minimal time delay is of interest. This measurement is

reliant on the ability to detect the leading edge accurately. In some circumstances,
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signals can be slow to rise out of the noise. Consider the presence of obstacles such

as the iron core in the transformer. If the path to a sensor is blocked by the core, the

shortest path signal that would need to be measured is the leading edge of the signal

refracted around the core. A test is outlined later which considers the effects a range

of obstacles have on the arrival of the UHF signal.

The ability to measure arrival time is also influenced by the radiation pattern. The
signal propagating in a direction of lower strength may still constitute part of the
shortest path. Therefore, the tests should include analysis of both radiation pattern,

objects, and sensor orientation with respect to the detected signal.

4.5 Development of a Prototype PDCM Monitor

For the purpose of demonstrating the proposed technique, a screened room
containing SFg¢ PD sources was used [54]. While this differs from the transformer

application, the measurement principles are analogous. The screened room set-up 1is

illustrated in Figure 4.9.

S]

Test Cell HV Source

Figure 4.9: Experimental configuration in screened room

The HV source, which consists of a small 0-20KV transformer, is connected to a
sealed SF¢-filled PD test cell in which different defects (such as protrusions or free

particles) can be placed. The pressure of SFg in the test cell was maintained at 2 Bar
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for the duration of the test. Each of the UHF sensors 1s connected to the measurement

system, as shown in Figure 4.10.

UHF 250MHz digital oscilloscope
amplifiers hifg‘lll-pass D
Hters
S1 “ — "
S2 S ddd = oo
= z
240V acc. r
ramp generator

zero crossing detector

Figure 4.10: Measurement equipment required for PDCM condition monitoring

system

In the above set-up a single channel on the high bandwidth oscilloscope triggers
signal measurement. This could mean that the PD source closest to the triggering
channel could influence the distribution of signals recorded. In future designs there

should be a capability to trigger on any of the channels.

The system can be seen in Figure 4.11. Connections are made between the zero
crossing detector and ramp generator both pictured immediately to the right of the
laptop and are subsequently attached to Channel 4. The three remaining channels are
connected to the three sensors. The oscilloscope is connected to the PC using a
GPIB. The PC uses LabVIEW to download the signals, and to produce an

appropriate display to illustrate each UHF waveform and the respective PDCM plots.

This will be covered in more detail in the next section.
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| Test Equipment

PC Display

Figure 4.11: Transformer condition monitor

The waveforms are then downloaded from the scope also using a LabVIEW software
program specially developed for this purpose. The LabVIEW program i1s essentially
a large "do-while" loop. There is a toggle switch that can be used to halt the program.
This is of benefit not only in the development stages, but allows the user to halt the
program if UHF signals of interest are recorded. The start of signal measurement is
highlighted on the individual waveform patterns indicated on the front panel,
therefore this aspect can be used as a visual check to ascertain if the correct
measurement 1s being made consistently. The various requirements are introduced
which defined the development of the front panel. Below is a list of the features that
required inclusion on the front panel. and were aimed at making the system powertful,

flexible and user friendly.

84



LabVIEW Front Panel

Energy Level Threshold (J) and SNR Limit

Signal parameters will be discarded if a pulse is not of sufficient amplitude or noise
levels are too high. Therefore a feature was implemented that defines a signal energy
threshold and SNR value.

Display Size

This 1s dependent on the dimensions of the transformer. A smaller scale can be used
to increase accuracy if the transformer is suitably small that difference in time of
flight values will not exceed +/- 10ns. In a larger transformer the likely max time

differences may be in the order of +/- 30ns.

Offset

Connecting cables may not always be exactly the same length. An offset control was

required for each signal pairing to compensate for this. The three AT offset values

should sum to 0.

Phase Difference and Phase Angle After Offset

The phase angle difference is that between the power frequency signal on a particular
phase of the transformer, and the supply voltage to the zero-crossing detector. This is
another compensation feature required to provide accurate phase resolution. The

phase angle after offset is the PoW of the measured UHF signal.

Data Record File
The data will be stored in a .prn text file. This will be a field defining the filename to

which data will be recorded. This will be continually updated for each PD

occurrcnce.

Threshold Cl, C2 and C3 % of Peak Signal / Channel Trigger Threshold
Using the chosen threshold calculation, i.e. SNR or % of signal energy, there is a

visual display on the front panel of the value of threshold for each discharge
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waveform captured. This will vary from discharge to discharge but the larger of the
two thresholds is chosen. The channel trigger threshold is set significantly higher

than this value.

Graph Array Size

This is the number of data points retained for display in the various graphs. When the
number of valid parameters recorded exceeds this level the program returns to the
first value and this is overwritten, and then progresses to overwrite the remainder of

the array. This will not affect the storage of data in the Data Record File (DRF).

Sampling Interval

The sampling interval is the time resolution between the individual data points and is

dependant on the time interval scale and the total number of data points chosen.

Channel Trigger and Graphical Display
There should be an ability to halt data acquisition. Furthermore there may be the

need to reset the PDCM. Both features should be incorporated in the front panel
display.

Channel 1, Channel 2 and Channel 3
Each of the recorded UHF waveforms shall be displayed. The point on each

waveform where the system has identified signal arrival shall be indicated.

XY Graph for AT vs. Log RT12, T23 and T31

From the signal arrival measurements and full captured waveform from a discharge,

the system can calculate the AT and Log R values for each sensor pairing. Each
measurement meeting the threshold parameters and falling within the axis range of
PDCM array can be added to the plot. The number of points retained on the PDCM is
dependant on the array size figure. The PDCM graphs for all three sensor pairings

shall appear on a single display. Different colours should be used to represent the

different signal pairings.
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Energy vs. AT Distribution
This plot will help to identify the signal energy associated with the various clusters
that appear in the PDCM. It is also linked to the array size above and will be another

method of cluster analysis.

Pulse Count Distribution
Similarly this is a plot of pulse count vs. AT for the PDCM. It will be used as an

indicator to PD activity associated with the various clusters, and as before is linked to

array size.

Energy vs. Phase Angle Distribution
This will be a plot of the phase angle distribution of signal energy for the array. It is
used as a quick diagnosis tool, in the presence of multiple signals this particular

function could be used to differentiate between different source types.

Figure 4.12 shows the screenshot for the front panel developed. It incorporates all of

the above features.

87



> senes_11_TDS3054_dii_2.w *

e —— e —————— e ———

Fle Edt Opeste Jooks Bowse Window Help

op| = (@ 11 [ 13ptApplication Font

i -
LR L= " "

1L 2INH et
0 ooce -0 Y o0ce -0

Energy / SNR Thieshold Indicator

E i '..l.....'-..-
‘

! l ;F
- —_—

5% 6

¢ G-
Otfset 31
Ja2ues

Erergy Content (pJ)

XY Graph tor Della
121237131 Combined

| i
25 00

Time [ns)

|
29

Dalta T12
Dela T23
Dala_ T3 |

50 75 100

Figure 4.12: Screen shot of the transformer condition monitor
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LabVIEW Program Development
The program was developed with most stages of the program operating within a main

loop. The entire sequential section can be grouped into specific stages as shown in

the flowchart in Figure 4.13.

o I |

@ Initialisation of Oscilloscope

—— o

Has Scope No

Been Tnggered ?

O

Download UHF Signal
from CH1, CH2 and CH3

e

|

A 4 ———

Download Phase Angle

— I e
— h 4

Conversion of Data Points
to Actual Values

Calculate Total Energy and
Time of Arrival Values for CH1,

2and 3

v

Calculate Delta T, Lozﬁ and
Peak Energy for Sensor
Patirings 12, 23, and 31

Calculate SNR and Energy
Threshold

Record Time of PD
Append Relevant Calculations
to New Row in Qutput File
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Yes

oggle Switch in Hal
Position ?

o, _-ld
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and Displayed Varnables
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Figure 4.13: Flowchart of LabVIEW display program
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1. Initialisation of the scope
This stage sets the record length, and data length for the individual points. It also sets

the data format in which each of the measured parameters is captured.

2. Wait for trigger
The oscilloscope is run in single sequence mode for which data acquisition is halted
when a trigger is detected. LabVIEW resumes data acquisition when the download

and signal processing 1s complete.

3. Download UHF signal from Channels 1, 2 and 3
Data source CHI1 is selected and a download of the data points performed, also

downloaded from the scope is the channel scale. These processes are repeated for
both CH2 and CH3.

4. Download phase angle

The phase angle should appear as a flat line on the oscilloscope. The full waveform
is downloaded and the scale calculated as with the previous stage. On this occasion
the figure is averaged to counteract any fluctuations, furthermore a true voltage value
is calculated. This is related to the 0 to 5V scale output of the ramp generator

representing 0 to 360°. After conversion to phase the value is then shifted according

to the phase difference figure on the front panel.

5. Conversion of data points to actual values
For the three channels each of the data points are converted to actual values using the

respective channel scale. This is, conversion from binary to floating-point numbers

correctly scaled in terms of voltage.

6. Calculation of the total energy value and time of arrival for CHI, 2 and 3
Summation of values as outlined in Equation 4.1, carried out on all three channels.

The start of the UHF signal as it rises out of noise is also identified.
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7. Calculation of AT, Log R and Peak Energy for sensor pairings 12, 23 and 31
Start of the signal is measured by using the % threshold value. A sample of the noise

1s taken to ensure that the % threshold value does not on occasion fall below the

underlying noise level and therefore cause incorrect measurement of the start of
signal. At this stage the program ensures that the energy and pulse count distribution

plots have a peak value linked to the scale of the axes.

8. SNR and energy threshold calculation

This calculation 1s performed on all three channels. The PD signal must be

substantial on all three if the parameters are to be retained on the plots.

9. Record Time of PD

Time in seconds since midnight is obtained from the internal clock on the computer.

The resolution required is to 0.1s.

10. Save Data

Parameters shown in Table 4.1 are appended to .prn file with a Boolean value

indicating whether the SNR and energy thresholds were met. This allows data to be

collected even in circumstances such as when the signal is not strong enough on a

particular channel, etc.

11. Data Validation

A check is made to determine if the measurement meets the thresholds for SNR and

Energy levels.

12. Plot Data

If SNR and energy levels of PD signals are valid, the various parameters are added to

the respective graphs.

13. Free Run/ Pause

Toggle switch allowing data acquisition to be halted if for any reason more scrutiny

of the captured waveforms is required.
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Data File

A data file 1s generated, in which each line contains information relating to a single
PD pulse. Time of arrival differences and the energy ratios between each pair of
sensors are stored. In addition to these six parameters, the largest of the three signal
energies is taken as a measure of the discharge intensity. Also recorded 1s the time at

which the PD was detected and its phase position as obtained from the ramp

generator. The content of each line is:

Time: seconds since midnight (s).

Difference in time of flight: t; — t; (ns).

Logio Ri2: Ratio of energy at S1 to energy at S2.

Difference in time of flight: t; — t3 (ns).

Logio Ra3: Ratio of energy at S2 to energy at S3.

Difference in time of flight: t3 — t; (ns).

Logio R3;1: Ratio of energy at S3 to energy at S1.

Peak energy: largest of the signal energies recorded at S1, S2 or S3 (pJ).

RN S ARy

Phase angle: 0 — 360° relative to SOHz supply.

An example of a typical .pm file that would be created is shown in Table 4.1. At
present there is a limit to the speed of operation. This is due to the data acquisition
and the subsequent transfer of information from the oscilloscope to the computer.
Therefore the resolution in time since midnight in this case is to 1s. For PD from
particular locations there shall be a grouping of points of similar values. In this
example, the AT figure of 6.81ns for sensor pair 12 may indicate that there was an
issue of signal quality as it differs from all the other values. This would cause an
outlier to appear in the PDCM for sensor pair 12. The number of outliers will

increase if the SNR is reduced or a source of electrical interference is present.
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Sensor Pair Sensor Pair
12 23
Time (S) AT LOgIOR AT
48345 3.50 -0.31 -0.73 -0.12
48350 3.71 -0.25 -1.07 -0.20
48360 3.40 -0.32 -1.19 -0.11
48365 3.56 -0.31 -1.23 -0.12
48370 6.81 -0.33 -1.58 -0.09
48377 3.65 0.23 096 -0.21

Table 4.1: Example data file created by LabVIEW

Sensor Pair
31

In Operation

Log,,R AT Log,,R Energy (J)

-2.74
-2.62
-2.06
-2.09
-2.01
-2.60

0.43
0.45
0.44
0.44
0.43
0.44

2.03E-13
1.83E-13
2.51E-13
3.17E-13
2.36E-13
1.93E-13

Phase
Angle
(degrees)

146
168
197
166
149
160

A zero crossing detector connected to the SO0Hz supply feeds a ramp-generator,

generating a voltage output proportional to the phase angle, from which the point-on-

wave data is obtained. The circuit diagram for the zero-crossing detector is shown in

Figure 4.14. This converts a 240Vrms alternating current signal to a 5V signal for the

positive half cycle and OV signal for the negative cycle.

50 mA

RS 196-808
240V/2 x 6V

2.25VA

Figure 4.14: Zero crossing detector circuit
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The output of the zero crossing detector is input into a ramp generator circuit. The

circuitry includes a counter, clock and digital to analogue converter, which produces

an output of 0-5V for the phase angle range 0-360°.
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Since the screened room is air-filled, propagation time from source to sensor will be
less than in oil. Therefore, the spatial resolution from time-of-flight modelling should

be more accurate when applied to insulating oil.

For practical reasons the UHF sensors should be mounted on the side of the tank; at
the surface there cannot be tangential fields, as there would have to be a voltage
difference across the metal. At present dielectric windows are required so that UHF

sensors can be mounted, although some progress is being made in utilising external

SCNSOTIS.

UHF signal detection is achieved using three sensors. These signals require
amplification. Amplifiers with a gain of 25dB and a bandwidth of 0.1 — 1.3GHz were
used. In high voltage substations the presence of large electric fields means that there
can exist on the UHF measurements a fluctuating signal induced by the power
frequency. To ensure that the system only responds to the UHF bandwidth filtering is
used. High-pass filters are used which have a cut-off of 250MHz. This removes low
frequency noise; most notably this will include any coupled power frequency signal.
If there are any mobile or radar signals present then additional filtering may be

required.

The digital sampling oscilloscope, used to capture the UHF signals has a 3GHz
bandwidth, and operates at 10Gsamples s™'. The oscilloscope timebase was set to
trigger on one of the UHF signal channels, therefore simultaneously acquiring the
three UHF signals and the phase measurement channel. The captured UHF voltage

waveforms each contain 5000 samples at 100ps intervals. Having acquired the data

there are then two stages to subsequent analysis:

e Conduct numerical integration on the captured signals, i.e. obtain energy

content. Therefore allowing calculation of Log R data.

e Accurate measurement of the arrival times, requiring determination of the

start of the UHF signals.
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A typical UHF signal pair captured from a PD source is shown in Figure 4.15. The

cumulative energy curves derived from this data are shown in Figure 4.16. By

applying threshold detection to the difference in time of arrival AT can be measured.
As a measure of signal magnitude, the final value of the energy is taken from the

peak values of the integration curves in Figure 4.16, as obtained from Equation 4.1.

The PD signal as it emerges from noise can be clearly identified in Figure 4.16 by the
sudden change in gradient of the curve. The final energy value includes the noise
plus energy. The sensors may see different levels of background noise due to them

being located in different areas of the tank.

amplitude (1V/div)

time ( 100 ns/ div)

Figure 4.15: Typical signals from a pair of UHF sensors, S1 and S2

100

- -_-—-—-—-____
__—-—

energy (pJ)

Y
co—=F S2

0.001

time ( 100 ns / div )

Figure 4.16: Cumulative energy as a function of time, calculated by integrating the

data in Figure 4.15
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4.6 Implementation of a Prototype PDCM monitor

While differences in arrival times are characteristic of different source positions, the
availability of the energy ratios adds a second dimension that can assist with the
identification of multiple sources. To illustrate this, a test was carried out that
involved positioning discharge cells in a number of different locations. The locations

are illustrated in Figure 4.17.

335 cm
150 cm
n T '| jensor 1 /X axis
T —~_ T
Origin (0, 0, 0) Y axis
,/'/
150 cm
225 cm
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)
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o :r “. - /
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I~ o
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— — 1 Defect Location B = 13¢cm
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155 cm

Sensor2 = 135¢cm
Sensor3=135¢m

Figure 4.17: Plan view of shielded enclosure showing defect locations.
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The exact defect locations can be defined as follows:

Location A (Free Particle)
X =70cm
Y =210cm
Height = 20cm
Location B (Point-Plane)
X =155¢m
Y =220cm
Height = 13¢cm
Location C (Free Particle)
X = 145¢cm
Y = 150cm
Height =21cm

A free particle test cell was used in the tests, identified by A and C, while a point-
plane (protrusion) test cell was used in test B. These test cells contain SF¢ insulation
and were developed by Hampton [2]. After the accumulation of approximately 200
PD pulses over the three tests, the data was analysed. Figure 4.18 illustrates the data

points obtained from the three-sensor pairings.

e

% i
e
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Figure 4.18: Discharge points obtained from sensor pairings S1/82, S2/83 and S3/S1
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By analysing the points from the individual pairings separately the individual clusters

and the associated centre points can be obtained. Figure 4.19 illustrates some of the
cluster groups and centre points that can be identified from this test. The clustering

technique 1s explained below.

+1

S2 /83

Log,, R
&

S1/82
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Figure 4.19: Discharge map illustrating a subset of clusters from Figure 4.18

The Log R figure allows resolution of data from different locations even when

signals have similar AT values. The centre point of each cluster should give a more
accurate measure of AT than any single PD pulse because of the averaging effect. To
identify individual PD sources, clustering techniques can be used to determine the
centre points. More complex examples of this will be given in the next chapter. In
this case, the centre points were identified by a process of incremental shifts of a
square with dimensions similar to the range of values obtained from PD signals from
a typical single source. All points contained within this area at a particular location
are counted and a score given for the individual steps, which was then plotted. Peaks

in this plot represent "centres of gravity” in the data set.

Clustering should take into account all three-sensor pairs. The goal 1s to identify the
number of distinct clusters, and subsequently the lines in the data file that can be

clearly attributed to each. Some points may be outliers, which can therefore be
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dropped from any subsequent analysis. For each of the three sensor pairs there would

typically be the same number of clusters unless superposition has occurred. A multi-

dimensional clustering technique would be required to reveal the number of PD

locations contained within complex patterns. Both these aspects will be discussed in

greater depth in the next chapter.

For each PD location there should be three AT values derived from the cluster centre
points. These will be used to establish the point of origin of the discharge signals
within the transformer. Table 4.2 compares the experimental results (cluster centres)
with those calculated on the basis of physical measurement of the PD source location
relative to each of the sensors. The direct distance to each of the sensors was
measured and was used to calculate the expected AT values; the PD source and
sensor locations are outlined in Figure 4.17. An error of around 1ns represents 30cm

in air and about 20cm in oil. The worst case error was 1.04 ns.

Table 4.2: Comparitive figures for centre points of clusters

Sensor Pair 12

Expected AT | Cluster Centre
(ns) AT (ns)

Location 4.66 4.6
A

Location 2.16 2.6
B

0.16 | -0.2
C

Sensor Pair 23
Location -4.33 -5.0

Location -2.99 | -3.35

Location -2.16 -3.2

Sensor Pair 31

Location -0.33 0.01
A
Location 0.83 0.6
B
| Location 2.93 |
| C
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After defining the centre points of the clusters the next stage 1s to re-plot this data
with the outliers removed, 1.e. clusters confined to those points within a defined
radius. The clustered data can be used in a number of ways to provide useful
information about each of the discharge sources. For each of the individual clusters a
plot of energy against phase position can be created. Figure 4.20 shows that the
phase resolved plots for the tests A and B, can be recovered from the separated data.
The two PD sources have different phase characteristics, which can allow
identification of the type of defect as shown in Section 3.4. The free particle having a
signal dispersed along the phase angle, and the signals from the protrusion being
concentrated on the positive and negative peaks. Locating and identifying the source
of PD along with knowledge of the inner construction of the transformer could aid

significantly the 1dentification of the cause of transformer defects.
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Figure 4.20: Phase resolved plots constructed from data separated using clustering.

(a) Cluster A (free particle). (b) Cluster B (protrusion).

Discussion

When applying the time of flight technique to a transformer some practical 1ssues
need to be considered. The windings, core and pressboards are obstacles to the signal
propagation, so the primary concern is to determine the shortest propagation path. If
there is not a direct line between PD source and UHF sensor, the first part of the
signal to arrive may be significantly attenuated compared to the remainder of the

UHF signal. The start of the signal as it rises out of the noise must be detected if the
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technique is to remain accurate without seriously affecting the time of {light

measurement.

4.7 Conclusion

This chapter has outlined the principle whereby signals from multiple PD sources

can be separated on the basis of time-of-flight differences and energy ratios using

UHF signals from an array of sensors mounted on a transformer or other item of
plant. The term Partial Discharge Cluster Map (PDCM) has been introduced to

describe this concept. The time-of-flight differences extracted from the clustered

UHF PD are in good agreement with the expected time differences based on the

calculations of relative positions.

When used in conjunction with suitable software, automated location of PD sources
is possible. In practice, an area where difficulties could potentially arise is in the
accurate detection of the leading edge of the UHF wavefront. Models of objects will
be used in the shiclded room and in open air environment, to test further the accuracy
of the shortest path detection. For data recorded on-site there is a potential for the

signal strength to vary over a wide dynamic range, which must be handled by the

signal acquisition hardware.

The hardware developed in this chapter has been for a prototype design. It has
focussed on the signal measurement and analysis and not on the practicalities of a

real system. Therefore future developments will be aimed at making the system as

robust as possible. Another main consideration which has not been incorporated into
this design is communications. Faults with transformers can develop rapidly. It is

therefore essential that data obtained by the system is relayed back to a control room.
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S Signal Processing of Partial Discharge Data

5.1 Properties of PDCM — Time of Flight Measurement as a
Means of Locating Defects

Locating PD using the ToF technique works under the premise that a defect can be

located if the resultant PD is detected at three UHF sensors. PDCM plots can be

created and are a very useful means of locating defects. If appropriate clustering
routines are used to average data points from a particular source, 1t 1s possible to
obtain an improved series of AT values for a particular defect location. The accuracy
of a AT value will ultimately be determined by the accurate measurement of the start

of the detected signal, which in turn affects the accuracy of locating the PD source in

three dimensions.

To improve the accuracy of the ToF technique outlined in the previous chapter Yang
[55] developed a mathematical model of the internal construction of a transformer, as
shown in Figure 5.1. The defect location identified in this diagram will be covered in
Chapter 6. Each segment of the model is given a weighting defined by the insulation
medium in that segment. The steel core is defined as an impenetrable region for
which propagation is not supported. An example of a solid structure in which
propagation would be supported is the paper insulation of windings. However, the
transformer model at this stage in the development does not require to be defined in
great detail. The segments consist of Scm cubes. This is an adequate resolution
compared to the size of a transformer tank, and is also manageable in terms of
processing time. To reduce complexity only substantial obstacles are considered in
the propagation model. The core and windings are designated forbidden regions. The
remaining volume of the transformer tank is defined by a weighting corresponding to

the propagation characteristics of UHF signals in transformer otl.

The resolution of the model can be increased with developments in the

instrumentation, and as more confidence is obtained with the technique. The paper
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sections of the winding could then be given an appropriate weighting as more is

learned about the propagation characteristics in these segments.

Of most interest to potential users of the technique, such as utilities, 1s ascertaining
the location of defects and obtaining knowledge of the characteristics of the
discharge. The location technique requires measurement of the signal taking the
shortest path between source and sensor which may include the refracted and
reflected paths. This 1s achieved for the model by calculation of the shortest path
from each segment to each of the sensors. The shortest paths for each segment need
only be calculated once. The weighting values of the segments defines the
propagation time. This information can then be stored in a reference database, from
which the measured difference in ToF from the centres of clusters in the PDCMs can

be compared against and the location returned.

Figure 5.1: Mathcad model of internal construction showing estimated defect

location [55]
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Calculation of Shortest Path
Calculation of the shortest path is achieved by using a mathematical model to

measure probable routes. This mathematical model is defined as the Propagation-

Time-Matrix (PTM). The dimensions are defined as follows:
{m, n, p}={1+ LS, 1+W/S, 1+H/S} (5.1)

Where L, W and H are the length, width, and height of transformer tank respectively.

The lattice dimension 1s given by S.

For a particular location the points surrounding the segment are analysed to ascertain
the possibility that they are part of the shortest route to a sensor. This calculation is
referred to as the two-step procedure. The transformer segments are formed into a
mesh and each grid point given Cartesian coordinates. The two-step refers to the fact
that the path is calculated by analysing the shortest route within two steps on the
mesh. Each point or segment on the mesh is defined by actual straight-line distance
to the sensor, i.e. if no obstacles are taken into account. Therefore the process looks
to see what provides the shortest route and will then make this the next point on the
shortest path model. When this new segment is judged to form part of the path the
analysis moves on to this location and a new calculation process begins. Points are
not included if they fall outside the transformer tank or are part of the forbidden
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