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Abstract

This paper initially gives an introduction to ultra-high frequency (UHF) partial discharge monitoring
techniques and their application to gas insulated substations. Recent advances in the technique,
covering its application to power transformers, are then discussed and illustrated by means of four
sitetrials. Mounting and installation of the UHF sensors is described and measurements of electrical
dischargesinside transformers are presented in arange of formats, demonstrating the potential of the
UHF method. A procedure for locating sources of electrical discharge is described and demonstrated
by means of a practical example where a source of sparking on atap changer lead was located to
within 15 cm.

Progress with the development of a prototype on-line monitoring and diagnostic system isreviewed
and possible approaches to its utilization are discussed. New concepts for enhancing the capabilities
of the UHF technique are presented, including the possibility of monitoring the internal mechanical
integrity of plant. The research presented provides sufficient evidence to justify the installation of
robust UHF sensors on transformer tanks to facilitate their monitoring if and when required during
the service lifetime.
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1. Introduction

Measurement of partial discharge (PD) activity haslong been used to assess the condition of high
voltage insulation in components such as bushings, capacitors, transformers and switchgear. Many
methods are employed, usually based on detecting one or more of the electrical, chemical, acoustic
(i.e., mechanical) and RF phenomenathat are associated with PD [1,2]. The ultra-high frequency
(UHF) method is essentially an RF technique that has evolved as the bandwidth of affordable test
eguipment and consumer el ectronics pushes ever upwards. The technology is now maturein its
application to gas insulated substations (GIS), with over 15 years of field experience accumul ated
and many permanent on-line monitoring systems in use around the world. Figure 1 illustrates the
basic principles of UHF PD detection.

When electrically insulating materials like oil or SFg break down, we can classify the different
phenomena as corona, partial discharge or arcing. These words relate something of the physics and
intensity of the effects, but on amore basic level the first stage aways involves the following
process: A medium that was insulating becomes conducting through the liberation of electronsand a
pulse of current flowsin theinsulation. Electronsinitially at rest are stripped from the host
atom/molecule and accel erated by the electric field (increasing current). Shortly afterwards they
cometo rest (decreasing current). When electric charges move with anything other than a constant
velocity, electromagnetic radiation occurs and these radiated signals begin to propagate away from
their point of originin all directions.

The UHF band covers 300 — 3000 MHz. Whether or not energy from an ionizing event can be
detected in this band depends on the risetime and falltime of the current pulse, the magnitude of the
current and the signal-to-noise ratio of the measurement system. Roughly speaking, pulses on a
nanosecond timescal e are necessary for detection by UHF methods. Some of the events that can
actually be detected at UHF are usually considered to be much slower than this. Often thisis because
they have been measured historically using equipment that was bandlimited. Furthermore, there are
often superimposed on alarge, slower pulse (such asan arc in oil) many small but extremely short
current pulses that are associated with the energetic formation of new branchesin the discharge
channel. Thus, when we “see” these events using a UHF sensor, the “signature” can be quite
different to conventional measurements, but just as effective in revealing the activity.
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Figure 1: Basic Principles of UHF Condition Monitoring
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UHF technigues are inherently suited to metalclad plant for three reasons:

() Sensors (antennae) can be built into the metal cladding in such away that they are
naturally screened from external interference that tends to be present around substations
(communications masts, corona on overhead lines, etc.,).

(i) Metal cladding on the plant itself traps the radiated signal. The pulseis reflected around
inside and gradually dies away due to conductor losses. As aresult, the sensor gets many
more “bites at the cherry”. In the absence of reflections, the wavefront would never be
seen again once it had passed. The result isto greatly increase the pulse energy received
by the sensor, improving detection sensitivity.

(ili)  UHF detection has a natural propensity to discriminate between electrical dischargesin
air and materials of higher dielectric strength. Air (being aweaker dielectric) breaks down
with what could be described as “ softer” pulses, which tend to radiate at VHF (30 —300
MH2z) and below. Metalclad plant usually containsthe stronger dielectric materials, which
tend to ionize more rapidly once they finally succumb to an excessive field.

All of these points are related. For example, the facts that (i) UHF sensors are looking into the plant
for PD detection, (ii) are therefore screened from external discharges, and (iii) those external
dischargestend to bein air, which the sensor does not respond well to, are all factors that have
contributed to the success of UHF methodsin relation to GIS. Seeking to obtain the same benefits for
transformersisalogical extension of thiswork.

In this paper, following a brief review of the GIS application, our latest research and site experience
on the power transformer application will be reported. We will then describe our vision for the future
of this monitoring technique and some of the additional monitoring capabilities (such as mechanical
integrity) that are being explored. The authors hope that this work will encourage wider trialling of
UHF sensors and the devel opment of a standard sensor for deployment on power transformers.

2. Status of UHF Partial Discharge Monitoring for Gas Insulated Substations

Torness nuclear power station in Scotland was thefirst to have its GI'S equipped for UHF monitoring
in 1986. Since then, UHF PD monitoring of GIS has evolved from a novel research topic [3] to a
commercially viable technique for on-line plant monitoring that provides real benefits to
manufacturers and utilities [4-10]. Large, coaxial GIS busbars are natural conduits for UHF PD
signals. In practice, sensors spaced at ~ 20 m intervals along the busbars can satisfy a5 pC detection
sensitivity requirement when the PD sourceisleast favorably placed for detection. Propagation delay
from PD source to sensor isless than 100 ns and can be neglected in the process of determining
phase position of the PD pulse on the power cycle. Thisis not the case with acoustic detection
systems, where propagation delays can cause a significant and distance-dependent phase shift that
precludes phase-resolved analysis unless a separate electrical PD reference signal is available.

PD sourcesin GIS are located by time-of-flight methods, a procedure that isillustrated in Figure 2.
The UHF signals are delayed by 3 nsfor each meter they travel along the busbar. A 2-channel
oscilloscope with a bandwidth of 500 MHz or moreis connected to UHF sensors on either side of the
PD source using cables of equal length. If the signals arrive simultaneously at both sensors, the
source must be midway between the two sensors. In other locations, any time difference relates
directly to the offset from center. By this means, PD sources can be located to within 20 cm (1% of
the distance between sensors).
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Figure 2: Locating a PD Source in a GIS by the Time-of-Flight Method
(Image courtesy of Diagnostic Monitoring Systems Ltd.)

The most common insulation problem found in GIS at commissioning is the presence of free
conducting particles. At this stage, UHF monitoring is employed to good effect, allowing free
particlesto be detected and removed at reduced test voltages, thereby avoiding the risk of particle-
induced flashover that can cause costly secondary damage. CIGRE commissioning tests for GIS
wererevised in 1998 to allow for testing at lower voltage levels when PD diagnostics are employed
[11]. CIGRE has also defined a sensitivity verification procedure for both UHF and acoustic PD
detectionin GIS[12]. In the UK, the National Grid Company (now NGT) issued a sensitivity
specification [13] for UHF PD sensors. A sensor that meets this specification will be capable of
detecting PD levels of lessthan 5 pC. The requirements set out in the NGT document have been
widely adopted by power utilities around the world in relation to GIS.

3. Applying the UHF Technique to Power Transformers

3.1 Condition Monitoring of Power Transformers

We do not intend to debate the economics of continuous on-line PD monitoring for power
transformersin this paper. Clearly, dissolved gas analysis (DGA) islikely to remain the workhorse
for identifying transformers that are suffering from internal electrical discharging. DGA can provide
some information about the nature and severity of the PD [14]. However, knowing the exact location
of PD of arcing (difficult to obtain on the basis of DGA results alone) would be agreat help to the
engineers and specialists responsible for making decisions about remedial action.

Our aim isto encourage the enabling of new technologies (through the installation of UHF sensors)
that will permit the detection, location, analysis and monitoring of PD in atransformer once the need
to do so has been established by routine methods or system events giving cause for concern. This
would require that transformers are equipped with robust, passive UHF sensors and coaxial cables
linking them to connectors at a bulkhead that can be accessed while the transformer is operational.
The main technical challenge faced when installing these sensors (either at the manufacturing stage
or for retrofitting) is the design of the sensor, which in effect becomes an integral part of the
transformer tank.
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3.2 Capabilities of a UHF Transformer Monitoring System

Little datais available on the value of PD monitoring for power transformers. Conventional electrical
methods are difficult to apply in the field with any useful sensitivity because of electromagnetic
interference from surrounding plant. The deployment of UHF monitoring systems will provide
reliable data for assessing the value of continuous on-line PD monitoring. The key functionalities of
aUHF system in relation to the transformer monitoring task are its abilities to:

() Separate each discharge pulse on the basis of its point of origin in the tank and thereby
feed the data into separate streams for subsequent analysis.

(i)  Calculate for each data stream the point of origin within the transformer tank.

(iii)  Analyze each data stream separately in terms of phase-resolved measurements for pattern
recognition.

(iv)  Record temporal variations and longer term trends in discharge activity that could be
analyzed to establish causative factors.

(V) Provide simultaneous monitoring of other components such as load tap changers (LTCs).

All of this data could be mapped through aremote graphical interface (an impression of whichis
given in Figure 3), providing a powerful tool that could reduce the frequency of site visits and would
be capable of functions such as live viewing or replay of discharge activity inreal time.

dvice: no action more ®

Figure 3: Graphical Interface for Accessing Transformer Monitoring Information
3.3 Sensor Design and Placement

UHF sensors for transformer applications have evolved from those that have proved successful in
GIS applications. In many cases, retrofitting of UHF monitorsto GIS has involved making use of
existing apertures in the metal cladding through which the UHF signals can escape. Typically these
are glass pressure windows (sometimes found near disconnectors to permit visual inspection of the
contacts) and exposed barrier edges [15]. During the research phase, we have used a window-
mounted UHF sensors because they can be removed without opening the tank. However, thereisno
reason why arobust internal sensor should not be permanently fitted. Internal sensors are commonly
installed on new GIS, which are manufactured to extremely rigorous standards.

Retrofitting UHF sensors to transformers requires hatch plates on top of the tank. A new set of plates
is made up which incorporate the necessary dielectric windows. Figure 4 shows the assembly and
testing of one such sensor. A brief outage isrequired during which the transformer oil islowered just
enough to allow replacement of the hatches without exposing the windingsto air.
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Figure 4: UHF Sensor Assembly on a Transformer Hatch Cover

Crucial to the acceptance by manufacturers of UHF monitoring isthe design of areliable window or
internal sensor that that will not compromise the integrity of the tank during the transformer’s
lifetime. Thisisadesignissue that manufacturers are best placed to address. In many respects, PTFE
is an excellent choice of material. Although it isrelatively soft, it could form the front layer in
contact with the oil or displacement board with a strengthening layer of some other material behind.
Cast resin windows are another option not yet explored. Alternative sensor designs that will not
require awindow are also being studied.

3.4 Locating PD sources

Two UHF sensors are sufficient for locating PD along GI S busbars by giving an indication of the
plane on which the PD source must lie. However, in atransformer, at least three sensors are needed
if the PD sourceisto be located to a point rather than to the intersection of a parabolic surface with
the tank. Even with three sensors, there is potential for ambiguity between mirror image points on
either side of the plane passing through the sensors. However, if all three sensors are located on top
to the tank, this effect isunlikely to be an issue.

Since the materialsin the transformer tank are diverse, simple triangulation is not the best way to
interpret differencesin signal arrival times at the sensors in terms of the origin of the signal. Instead,
we calculate the most direct electromagnetic path between two points, taking into account the major
internal components through which the signal will not propagate. The approach we have adopted is
to construct a numerical model of the transformer materials within a rectangular volume large
enough to contain the whole tank. A 5 cm grid is used. Each point is given a code to define whether
or not UHF signals can pass through it and what their propagation velocity isin that material [16].
Initially, this task appears quite onerous, but actually the level of detail required is not excessive
[17]. The transformer assembly is defined in terms of a set of cylinders and boxes of different
materials. A pre-calculation takes place, yielding a Propagation-Time-Matrix (PTM) format [17] for
each sensor in just afew minutes of computer processing time. This calculation stage only needsto
be carried out once for each transformer of adifferent design.

As PD datais acquired, the predefined PTMs for each sensor pair are interrogated to identify points

that match the measured incoming time differences to within a specified tolerance. Points scoring a

good match are highlighted on a 3D internal view of the transformer. The PTMs can also be used to

trace the predicted most direct path from the PD source to each sensor so that the engineer can check
that these areredlistic, as shownin Figure 5.
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Figure 5: Single Phase Transformer Model Indicating Shortest Signal Paths from PD Source to Sensors

4. Case Studies on Power Transformers
4.1 Grid Transformer

Initial promising results with UHF monitoring on transformers were obtained during a series of tests
onal000 MVA, 400—- 275 kV unit at Neilston substation near Glasgow, Scotland. These results
have been fully reported elsewhere [18,19,20]. The transformer in question has been
decommissioned, but not yet dismantled. Thistask should take place later in 2004, at which time we
hope to be ableto verify our predictions. Neverthel ess, these tests gave rise to a new set of principles
for analyzing UHF signals from discharges in transformers that differ from the methods used in GIS.
The analysis of UHF signals from sensors on the transformer tank will be reviewed here to illustrate
how we can monitor several discharge sources simultaneously and locate each one automatically.

Figure 6 shows in simple form the problem to be addressed. Several sources of transient signal are
located inside ametal tank. These may be PD sources, intermittent arcs, or entry points for
interference from outside the tank. The different signal paths between each PD source and each of
the sensors correspond to different signal transfer functions. Each exhibits alevel of attenuation and
acertain time delay that are reasonably consistent provided that the geometry isfixed. Aslong aswe
can detect the signal at each sensor simultaneously (that is, apart from the inherent time delay we are
interested in), we can calculate two important parameters. Thefirst isthe differencein arrival time of
the signal at apair of sensors, Dt, which we will later use to locate the signal source. The second is
the ratio of signal energies, R, often more usefully expressed as alogarithmic value, 10gi0o(R).

B
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Figure 6: Recognizing Multiple Signal Sources Using Two or More UHF Sensors
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A typical pair of UHF signalsis shown in Figure 7. These can be acquired using a digital sampling
oscilloscope or a high speed sampling card. A bandwidth of 500 MHz is necessary to obtain the sub-
nanosecond resolution required to locate PD sourcesto within 20 cm. Typically, the sampling rate of
the digitizer will be 2 GHz or more. The number of raw data samples acquired for each PD pulseis
consequently very high, but all of the important information can be condensed into two parameters,
time of arrival and signal energy. Figure 8 shows how these values are obtained by working with the
integral of the voltage waveform, which maps the accumulation of UHF energy during the burst of

signal.
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Figure 7: Time-Domain UHF Signals Recorded Simultaneously at Two Sensors
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Figure 8: Cumulative Energy Plots Illustrating Parameter Extraction for aUHF Signal Pair
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Each incoming PD pulse can then be mapped onto a two-dimensional plane by means of its{ Dt, R}
co-ordinates, as shown in Figure 9. This plot showsreal site data from the grid transformer, which
had two main discharge sources represented by the clusters at the lower right of the graph. The
disadvantage of the 2D plot isthat it conveys no sense of the discharge intensity. This can be
rectified by using a 3D plot in which the vertical scale represents UHF signal energy. Toillustrate
this, the data from Figure 9 has been plotted as an energy-cluster map in Figure 10.

narmalized
discharge intensity

Ingsalenergy)

bguR) Mo 7 AF (ns)

2 8
Figure 10: Three-Dimensiona Energy-Cluster Map of PD Activity
(Vertical scale showsthe signal energy relative to the cluster with the highest energy)

4.2 Acceptance Testing

The purpose of thisinvestigation was generally to measure any UHF signal present in atransformer
in good condition during factory acceptance tests and particularly to see how these relate to the
apparent charge (IEC60270) levels recorded using conventional equipment. The unit under test wasa
generator transformer for step-up to 275 kV. Four windows for UHF sensors were fabricated from
PTFE sheet 20 mm thick, clamped over aperturesin the tank wall of diameter 130 mm. PTFE was
used because it is both chemically inert and impervious to moisture.

Highest PD levels occurred during the induced overpotential tests, performed at 200 Hz and reaching
twice the rated operating voltage for 10 seconds. The unit passed the specification limits with ease,
showing PD levels of only 28 pC and 9 pC on two windings respectively. However, clear UHF
signals were detected in both cases, demonstrating good sensitivity in relation to standard factory
tests.

4.3 Traction Transformer

This 18 MV A single phase 132 — 25 kV unit had shown an increased rate of production of Hydrogen
and Acetylene. Thorough internal inspection did not reveal any signs of discharge activity.
Replacements were made for three inspection hatches located on the top of the tank. Each of these
incorporated a dielectric window for mounting a UHF sensor. Figure 11 shows the transformer and
UHF sensors. Coaxial cable assemblies 24 m long were prepared and their electrical length was
checked using a UHF network analyzer. Cable delays were matched to within + 0.1 ns around an
average value 115.8 ns.

When the transformer was energized, quite large UHF signals were recorded using a digital sampling
oscilloscope running at 10 G sample s* (analog bandwidth 3 GHz). Unusually, no preamplifier was
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required, as signals were in the range 50 — 100 mV peak-to-peak. Order of arrival of signals at the
sensorswas. S1, S3, S2. Differencesin time of arrival were noted for use in locating the discharge
source.

A portable UHF PD monitor (GIS type) was used to record the phase-resolved characteristics of
these signals. A typical patternisshown in Figure 12, revealing strong 180° phase symmetry.
Identical patterns appeared at all three sensors, but the amplitude was consistently greater at S1. To
establish whether the discharge was affected by changing operating conditions, the portable UHF
monitor was |eft on site to record data continuously for 6 days. Over this period the PD pattern and
amplitude remained remarkably stable despite loading variations from 2to 17 MVA.

When the measured time differences were analyzed, the source was identified as being just under one
of the tap changer mechanisms, as highlighted on the model at the left of Figure 13.

HV
(132 kV)

S——n

Plan
view

LV
(25 kV)

cycle number . - . phase
(1 sec total data) 90° per division

Figure 12: UHF PD Signalsfrom Sensor S1, Phase-Resolved to the 50 Hz Power Frequency

Before an outage could be arranged to inspect this region, a through fault on the load side of the
transformer was followed by rapid gas accumul ation that tripped the Buchholz relay. Some weeks
later, the transformer was detanked for forensic inspection. Considerable evidence of physical
damage was apparent, including failure of the winding clamp.
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Figure 13: Predicted PD Location (left) and Photographs from the Forensic Investigation (right)

In the region where the electrical discharge activity was predicted, paper on the tap changer leads
was burnt. Sludge from this discharge had accumul ated nearby. No other signs of heating could be
seen. Underneath the area of blackened paper were bulky joints between solid conductors and
flexible leads. Different views of the areain question are shown at the right of Figure 13. The
location of this discharge site was about 15 cm from the center of the suspect region highlighted in
the computer model. The fact that neither of the tap leads involved was |oad-bearing during PD
monitoring accords with the observation that the PD signals did not vary with load. Onset of this PD
was probably brought about by cumulative mechanical distortion of the assembly.

4.4 Industrial Transformer

This 120 MV A, three phase 275— 33 kV transformer supplied alarge industrial complex and
therefore operated under quite variable conditions. Gas production was abnormal but the cause could
not be identified. Modified hatch plates were manufactured and fitted to the transformer at the
locations shown in Figure 14. In thisinstance, the Gl S-type UHF monitor was left running
continuously on-site for 17 days. PD data collected was very different from the previous case.
Discharge activity tended to occur in distinct blocks of several hours duration, but there was no
apparent correlation with load. The UHF signals were much smaller than in the previous
investigation, so preamplifiers (26 dB gain) were used throughout the monitoring period. The phase-
resolved pattern of the PD signals was also quite variable, as can be seen from the examplesin
Figure 15, providing strong evidence of more than one PD source.

Whenever we visited the site with the high-speed oscill oscope, the discharge was inactive.
Consequently, we were not able to record the Dt values that would have allowed us to locate the
signal source(s). Further testing was prevented by the timetable for replacing the unit. A gradual
disassembly procedure was followed, during which a severely damaged joint between the LV
winding and a solid T-piece busbar to the LV bushings was found. Heating had been so severe that
several strands of the flexible lead had burnt through, as can be seen in Figure 16. Tests on this
transformer highlighted the need for a continuous monitoring device that can automatically measure
Dt values for defect location, rather than simply PD datain phase-resolved form. Thiswill be
essential if intermittent PD sources are to be located, especially when activity isinfrequent.
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Figure 14. Top View of the 120 MV A 3-Phase Transformer Equipped for UHF Monitoring
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Figure 16: Damaged Joint on 33 kV Lead
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5. Development of a Power Transformer Monitoring Unit

5.1 Strategies for Monitoring

The development of UHF transformer monitoring to its present stage has been supported by SP
Power Systems, part of the utility company responsible for the transmission network in southern
Scotland and parts of northern England. A number of transformers have been identified as requiring
further investigation on the basis of DGA results, production of free gases (Buchholz relay) or the
track record of sister units. The trials reported above have been part of this process. Results have
been sufficiently promising for SP Power Systemsto require dielectric windows to be fitted to all
new transformers at manufacture.

A portable UHF monitor (probably comparable with an FRA test set in size and cost) could servicea
large fleet of transformers, given that most will be trouble-free. A scenario potentially of interest to
utilities would be to have sensors supplied with new transformers, their cables terminating at a
bulkhead or in the signal marshalling kiosk. A portable monitor could be used to check for PD at the
sametime as oil sampleswere taken for DGA. Alternatively, the equipment could be left on sitefor a
number of days or weeksto check for any internal discharge activity, record its temporal variations,
analyze its phase-resolved pulse patterns and establish its point of origin. Thiswould provide an
opportunity to identify relationships between discharge activity and factors such as loading,
temperature, LTC settings and switching operations. Quality of the data produced would be
enhanced by the inherent ability of the UHF system to distinguish between multiple sources of
PD/arcing/interference that are simultaneously present [21]. All of this functionality could be
accessed remotely (over modem, LAN, internet, etc.,) and viewed almost in real time if routed
through a broadband data network.

Manufacturers may have reservations about fitting additional monitoring that allows the user to
detect internal PD activity. Thiswas certainly the caseinitially with GIS, but has been overcome as
manufacturers have found that they are able to produce higher quality products because they can
locate and rectify insulation defects before any damage results. Another difficulty that UHF
monitoring can help to overcome is establishing whether a signal appearing on the conventional PD
test set is actually coming from inside the transformer or not. If any debate could immediately be
resolved by referring to a“live” 3D internal image of the transformer, valuable time might be saved
during the test process.

UHF diagnostic toolsin their present state of development can assist in dealing with troublesome
transformers in the existing population, for example, in monitoring units of a particular design that
are known to experience problems. Widespread retrofitting of dielectric windows to healthy units
would be difficult to justify in view of the need for an outage to lower the oil and replace inspection
hatches. The appropriate stage for UHF windows and sensors to be fitted is during manufacture.
While we all hope that units currently in production will give many decades of trouble-free service,
we could be doing the next generation of engineers afavor by incorporating features that could make
their transformer fault investigations somewhat less oily.
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5.2 Development of a Portable Monitor

The case studies covered in this paper confirmed to us that the full potential of the UHF technique
cannot be established in relation to power transformers without an automated, fully functional system
that can be left on-site for periods of continuous monitoring. To this end, a PC-based system (Figure
17) is being constructed that will function as a development platform. A typical data processing
display from this equipment is shown in Figure 18. The main graphs show the detected |eading edges
of incoming signals, the { Dt, log:10R} plot for three sensor pairs, the distribution of pulse count
against Dt and the energy timeline for each sensor. Not yet functioning is the plot of pulse energy

against power frequency phase angle, which isin the process of changeover from an analogue to a
digital input stream.

To link the data acquisition stage with the location mapping display, software is being devel oped that
recognizes clustersin the incoming data and passes the relevant parameters to the 3D display. At
present, the centers of the clusters must be transferred manually to a separate program that calculates
and display the point of origin (as shown in Figure 5 earlier).

Figure 17: Portable UHF Transformer Monitoring Unit in Devel opment
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Figure 18: Screenshot of the Data Acquisition Display
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6. Future Work

6.1 Application to Complete Substations

The principles of locating discharge sources based on shortest path calculations and triangulation
between three sensors could also be applied to a complete substation. Any discharge activity would
be mapped onto points in a mesh large enough to contain all plant and components of interest. On a
very large scale, the basic principle is the same as that of alightning detection and tracking system.
We hope to report on substation trials later thisyear.

6.2 Monitoring of Mechanical Displacement in Metalclad Plant

A new research topic in UHF monitoring has arisen as aresult of the observation that mechanical
damage to transformers caused by through faults or harsh loading conditions may not giveriseto PD
and would therefore not be detected by a system that only listens for PD (what we might call passive
mode: no PD = no information). Initial tests have shown that active interrogation of the mechanical
structure could be carried out using the UHF sensors that are simultaneously monitoring for PD.
Figure 19 shows a network analyzer trace sweeping at a constant frequency, displaying variationsin
signal power caused by a gently swinging nut in ametal tank fitted with UHF sensors. Our view is
that this technique will allow engineersto interrogate the transformer monitor after a potentially
damaging event to ask the following question: Has the internal structure of the transformer been
permanently altered, or hasit reverted to its previous shape? Since the timescales of interest for
mechanical deformation are much longer than for UHF signals, the data sampling rate required
would be very low, resulting in amuch lower hardware cost. If it provesto be effective, this
technique would therefore be applicable to quite small transformers, with trackside units being an
obvious area of application.

"ﬂwl, e Lep e 0.0 0 Ma® =D W

steel nut

suspended w00 I
on a string ,,zﬂ,.
0.5d8/div {

20 seconds

Figure 19: Using UHF PD Sensorsto Detect Mechanical Displacement Inside a Tank

6.3 Devolving Intelligence and Systems Integration

Integration of plant monitoring data within awider condition monitoring information architectureis
agoal that many utilities are pursuing. A recent research project has defined the structure of an
integrated approach to condition monitoring and plant lifetime modeling [22]. Condition monitoring
intelligence can increasingly be devolved to lower levels, with the aim of meeting the asset
manager’ s requirement for monitoring systemsto give asimple “traffic light” status indication of
plant health. Anindicator of thistype will be more reliable and more readily implemented if the
front-end monitoring hardware delivers data of the highest quality.

Page 15 of 18



EPRI Substation Equipment Diagnostics Conference XII, New Orleans, February 15-18, 2004

A major issueto consider with all new monitoring strategiesis, How many times will the monitoring
system haveto be replaced/upgraded during the lifetime of the transformer ? 1f the monitoring system
is PC based, obsolescence is almost guaranteed within afew years. However, once the monitoring
hardware matures and becomes very small and very cheap, the question itself will become far less
important. What remainsisto ensure that the sensors installed are capable of providing high quality
dataand will last aslong as the transformer. Our view isthat UHF sensors can meet thisreliability
requirement, opening up opportunities for new and effective monitoring techniques throughout the
life of the transformer as new, low cost electronic hardware becomes available.

7. Conclusions

Compared with its application to GIS, UHF PD detection and monitoring for power transformersis
initsinfancy. However, results are sufficiently promising to warrant serious attention in view of the
following advantages:

Good immunity to interference from extraneous air corona

Dataisreadily acquired in phase-resolved form for automatic interpretation

Thereis clear discrimination between internal PD and external noise signals

L ocation of PD sources can be automated and therefore displayed remotely

Multiple PD sources can be handled simultaneously, for example, allowing asmall but

dangerous PD to be tracked in the presence of alarge, benign signal source

= Once astandard sensor mounting arrangement has been defined, the cost of including UHF
sensors at manufacture will be negligible

= Hardware with the necessary high bandwidth and sampling rate will become increasingly

widespread with time and its cost will fall, driven by the consumer market for mobile

communications devices

Considerable confidence can be placed in the likely success of the UHF method for monitoring
power transformers because it builds on the foundation of experience and technol ogical
developments that have taken place over many yearsfor GIS. The advances made during our
investigations have opened up anew realm for interpreting UHF PD data, based on the use of
multiple sensors “looking” into asingle volume of insulation. These will be applicable to other plant
and equipment in addition to power transformers.
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