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Abstract

There has been a rapid escalation in interest-lmertechniques for the detection

and location of incipient faults in both cables amdtchgear since the last review [1]
presented at Euro TechCon in November 2003. Thdstiepsummarizes some of the
reasons for these developments, identifies somel&eglopments, promising
techniques and trends that have been presentedeaiticonferences and then points a
possible direction for future research and devekaum

I ntroduction

The United Kingdom's electricity supply industikel those in many other developed
countries, will face a new set of challenges olierrtext decade as it strives to
improve and maintain supply standards while miningoperations and maintenance
(O&M) costs and embarking on major asset renewad@ammes.

Since the privatization of the U.K.'s electricitgtdibution industry in 1990, the
distribution network operators (DNOs) have reduiteir O&M costs by downsizing
the number of internal staff and outsourcing soametions. A consequence of this
approach is that the distribution companies argirwoally striving to improve their
asset management methods. The reasons for this@fiedd: there is an ever-
increasing profile of “aged” installed equipmerambined with a trend toward
reduced in-house engineering and technical knoveledg

The increasing age profile of installed U.K. mediuaitage (MV) plant is driving the
application of on-line condition assessment botaraasset management tool to
extend plant life and now as an effective tooltionitize where capital renewal
should take place first.

Much of the volume of the U.K. distribution systevas installed during the 1950s
and 1960s and consequently a large quantity opeggmt is now approaching the end
of its original life expectancy.

In recognition of the ageing asset base the UKledguOfgem as part of the 2005
Regulatory Distribution Control Review has recoguizhat for some companies the
time has began to begin increasing the rate otalajginewal. In total these proposals
allow for UK investment of £5.7 billion over thears 2005 — 2010 to deliver
improved performance, an increase of 48 per cesmt expenditure in the previous
price control period [2].

While this does not mean that equipment nearingttieof its planned asset life is
necessarily about to fail, it does imply the renesvaefurbishment of these assets
should be effectively prioritized and managed vaittondition and risk-based
approach.



In addition recent regulatory incentive changesjglan that DNO now have
balanced financial incentives. Ofgems’s new intetians incentive scheme will have
symmetrical annual rewards and penalties deperadirgach DNO’s performance
against their targets for the number of customaesriupted per 100 customers (ClI)
and the number of customer minutes lost per cust¢@idL). The proportion of
revenue exposed under the scheme will be 1.2 p¢if@eCl and 1.8 per cent for
CML respectively.

To achieve an effective condition-based asset n&anagt policy, the plant condition
needs to be checked regularly and in a systengtorjomic and effective manner.

The costs and difficulty in obtaining outages toilftate offline tests, and the
operational risks incurred in arranging such owagge increasingly seen as a major
deterrent to regular condition sampling. Additidpahe variability of operating
conditions and evidence of the rapid rate of faulilution means that even recently
tested circuits may fail shortly after apparenthalthy off-line testing.

Increasingly assurance is being achieved by a amatibn of the selective installation
of permanent remotely monitored online conditiomitaring and location systems at
sites of perceived higher risk in conjunction wafifline confirmatory and pinpointing
techniques.

Why focus on Cables and switchgear ?

All components of power systems are from time rieetsubject to faults. However the
impact of such faults is far from uniform with sotypes of faults having much more
serious consequences in terms of customer seppegational impact, cost and
regulatory impact than others [3]:

Protection and Control system failures have the largest potential impatt
currently most reported asset management appeacgmivated on ensuring
the equipment has been specified, installed, sktestied correctly. On-line
condition monitoring of protection systems havetpdbe widely reported.
Switchboard failures are fortunately comparativelse but their impacts are
amongst the most serious on distribution systertis suich failures potentially
impacting tens or even hundreds of thousands @bmess for many hours or
in some cases days whilst temporary repairs age lscale load transfers are
arranged. Their impact on continuous process inggstan be particularly
devastating with the value of lost production rungninto many millions of
pounds.

Transformers. Generator transformer failure is fortunately rone extremely
serious as the inability to generate can placersdugncial burdens on
owners who may in consequence need to purchase powpot market prices
to meet contractual obligations. Distribution sBormer failures in contrast,
whilst they are also fortunately comparatively ranel also can be very
expensive to repair or replace, do not usuallylt@simmediate loss of
supply. In consequence transformer condition moinigais the subject of
much activity internationally with many conferernzapers and is not further
considered here.



Cables: MV and to a lesser extent HV underground cableras are however
comparatively common and for many operators begmito show small but
significant year on year increases. They regulaffigct several thousand
customers or more for an hour or more, and areliyeresponsible for the
vast majority of both interruptions and customenues lost in the UK and
therefore directly impact the financial resultdddOs. The increasing
constraints on undertaking streetworks for repgise mean that outage times
and emergency repair costs are rising rapidly.

Overhead lines typically have significantly higher fault ratesath
underground cables but MV circuits frequently syppluch fewer customers
and repair times for single events are much fabtglure of single EHV lines
does not usually result in major outages, but muaction with inappropriate
protection and control arrangements have frequdragn cited when
reviewing the causes of major incidents. Onlinedttoon techniques for
overhead lines are generally at the concept/emimgtage and progress will
perhaps be worthy of review at a future conference.

The primary focus of this paper therefore concéesran the development of online
detection and location of incipient faults in MV issihgear and cables where the
drivers and technologies have developed signifigaamce the last TechCon
conference.

MV Switchgear

Encouraging results from the use of continuousasdinic monitoring of on-line
partial discharge events in critical MV switchbaaly IPEC Ltd have been reported
in case studies[4]. In one instance a significéwainge of activity was captured well
ahead of the eventual catastrophic failure of gelanulti-panel switchboard at a
major international airport. In another case stadgajor interruption to a large
continuous process semiconductor factory was addagethe remote online
recognition of incipient failure in a circuit bre&kand prompt action by the operator
to isolate and repair a set of discharging contiacé advanced stage of failure.

Moore [5] reports good progress toward the devekrof automated Radiometric
Substation Discharge Monitoring for the detectiod &cation of partial discharges
in high voltage open switchyards. Using impulsividetband antennas and advanced
signal processing to exclude background noise pitugides locational accuracy of:

— Bearing £1°

— Range £0.5 m (source at 10 m)

— Range £5 m (source at 100 m)
This provides sufficient accuracy to resolve betwpkases of plant items even in 33
kV substation switchyards. Case studies involvirgguccessful identification of
faulty bushings in both 33kV and 400kV grid sitesvé been presented.

At this stage a comparatively small number of caitisites and circuits are
continually monitored. Given the general reliagilitf the main plant, it is to be
expected that it will be some time before suffitidata is available to draw firm
conclusions. However for critical sites and equiptneith a track record of discharge
and failure, such systems do have clear potemtiaisk management application.



MV Cable systems
Offline systems

The level of interest in condition monitoring of Md&ble systems [6] has grown
rapidly in recent years and a wide variety of pageve been presented. The majority
of which concentrate on the detection and locatiopartial discharges and/or the
measurement of tan delta and the change of lode aify voltage. Offline systems
and associated guidance as to the criticality sdilte are now routinely employed by
many utilities using both VLF 0.1Hz as presentedmhaupt [7] and Oscillating
Wave Systems (OWS) as presented by Pezold [8tahmparative merits of which
continue to be debated but both of which are helaetof far greater diagnostic value
and potentially less damaging to insulation thamvemtional DC HiPot testing.

An alternative Dielectric spectroscopy approaclppsed by Papazyan [9] for the
Detection and Location of Water Treeing in polyraerables using multi-frequency
injection techniques is a new entrant in the offlgtable.

Recent developments have however been mostly crateshin the area of online
partial discharge location and detection systems.

Online Systems

On-line condition monitoring of equipment - partéischarge (PD) monitoring is
becoming more widespread in the worldwide eledjricidustry. Accurate condition
assessment and the subsequent management of icesérgh-voltage plant is
becoming more economically viable, with continuadsances and cost reductions
being made in sensor technology, data acquisitiongssing and intelligent
diagnostic software [10].

Cotton et al [11] have established the limitatitorsan effective “zone of sight” for
online systems as a function of the attenuatior@fignals due to cable type, length
and intermediate switchgear and the need to cdiwethe effects of attenuation.

However advanced intelligent noise reduction systasreported by Mackinlay [12]
allow detection system to begin to sample belowiatalthe background noise levels
in order to be able to detect much smaller sigr&gish developments, essential for
online polymeric cable monitoring and in order s@&” further along PILC circuits,
are already being reported.

However, it is clear that at the current stageesedopment the underlying
requirement for online systems for PILC and Polyimeable systems are, at this
time, are still very different:



Polymeric Cables- Partial discharges in cables (as opposed to smges) are
typically found to be very small — often in theler of a few tens of pC and even
though the signal propagation is much better thaPILC cables, the remote
detection of small discharges above the backgrowmk levels of energised circuits
remains problematic.

Whilst there has been much debate, there is stévwidence that water trees are
routinely associated with partial discharge butaes appear that over-voltage can
result in water trees being converted to electtiegds as reported by Boggs [13]. In
such cases when breakdown eventually occurs ibearery rapid indeed.

In practice most online systems for polymeric calblave to date concentrated upon
detecting problems with joints and terminationscehhiypically have much higher
discharge levels than those occurring in main cedslelation.

Where polymeric cables are provided with wound esgereen wires (as opposed to
foil wrap or lead sheaths) this presents the oppdst to use a variety of sheath based
sensors in cable pits. These are capable of regptiischarge location to a high
degree of accuracy. Experimentation and fieldwdidwes that PD’s occurring in
premoulded accessories can last from months te yedore final breakdown

The same paper by Fournier [14] interestingly amdh@ps surprisingly highlights the
potential of thermographic cameras to identify desging in-situ joints in pits.

PILC cables

In the UK, paper insulated lead covered (PILC) ealibrm the vast majority of the
installed asset base even though such cables babeen routinely installed for
some time. PILC with its continuous lead sheatp<rPD signals within the sheath
preventing signals from being detected outside.

The majority of PILC online sensing is thereforelartaken through the use of high
frequency current sensors fitted to earth bondeagl$ at cable terminations [15].
Recent developments have included the developnienvariety of sizes of split core
HF sensors for a wide variety of installation cdiaahis including fully screened
versions for locations subject to higher levelexternal HF noise. Alternatively
small capacitors used for voltage sensing have bsed where they are already
provided in switchgear, or can be economicallyoféted to cable terminations.

Significant developments

Renforth [16] previously reported a risk-based assmagement approach and PD
web based detection technology that provides sytermlosed-loop condition
assessment and management of MV plant.

The following criteria necessary for an effectivandition-based asset management
programme were derived by developing a integratsgt management philosophy
focusing on the critical plant within the network:



*|dentify critical plant and circuits (typically s than 5% of network).
*Direct monitoring/maintenance resources to critant (condition and/or
location criticality).

*Establish an early warning system to detect trenigilure.

*Monitor key plant condition parameters and conelaith operational data
(load, voltage).

*Generate a condition-based table of assets basad® type,
condition/location criticality.

*Establish dynamic iterative processes that cofigueview the criticality of
plants and respond to any changes or trends intcamd

*Apply the condition knowledge into a decision sofsystem for asset
management and maintenance purposes.

Michel [17] reports building on these concepts veithextensive web based condition
online assessment system monitoring many hundr&t\otircuits. A comprehensive
case study details the successful complete cygbeiafitisation, detection, trend
recognition, location, off line confirmation, repment of an identified defective
section, followed by post event confirmation ofasknce.

The same paper [17] presents mapping of dischatgata from the same circuit
obtained first by on-line and later by offline Itica systems using the transponder
approach previously reported by Walton & Mackintedj and by Mackinlay[12].

Mackinlay [12] also reports advanced automated eremrognition using “longshot”
waveform analysis with characterisation of onlinergs into a range of classes
representing local, cable and noise events fonéurstatistical analysis.

Van der Wielen [18] presents a dual ended auton@iéde location system with
integrated pulse synchronisation and calibratiatstdHe also compares on-line
results over time for a test circuit with knownlwié defects and finds good
agreement with the known defects. The 3d mappireyeht over time as well as with
circuit length, confirms the variability of discluygr activity over time even without
changes in circuit loading.

PD Criticality Factors

A wide variety of factors can now be reliably andtinely measured online for local
processing and remote evaluation including:

Pulse size mV (ability to detect Thermal loading hysteresis
at a distance) Time of day activity

Pulse size pC Phase pattern

Pulse activity Phase pattern evolution
Cumulative energy Pulse asymmetry

Rate of change of activity



The degree to which such factors can be used ohaallly or in combination over

time to provide reliable assessments of the “aiitig” or level of risk presented by an
individual circuit and the approximate location‘lmcalisation” is a matter of ongoing
research for which there is no substitute for lacgde field trial experience. The
experience reported by Michel [17] and others gamgithat discharge activity over
time does not necessarily follow a smooth expoaéatirve to failure, rather is often
characterised by cycles of intense activity follovay quieter periods, sometimes
with several such cycles, before the ultimate failand circuit trip.

Business case for deployment

The degree to which savings can be made using Rigtd and mapping of circuits
depends ultimately on both the accuracy of thengshe interpretation of the results
and the effectiveness of the intervention busipessesses. However, the perceived
benefits depend on the value placed on the avogdahsupply interruptions and
repair costs, especially if these have added czamsosts because of difficult city
locations. Therefore, the benefits from applyinig technology are attributable to:

Deferring cable replacement.

Avoiding unnecessary repair costs.
Improving network reliability

Deferring interruptions on sensitive circuits.

An estimated 90% of the potential savings arelattable to deferring cable
replacement and improving network reliability.

Recent on-line PD testing surveys have shown teatall percentage of the U.K.
cable population is at immediate risk. However,ateping on the cost of an
interruption, there is still some merit in replagisections of cable that are
discharging above acceptable threshold levels.

It is apparent that if cable circuits can be "téegé through a systematic approach,
the cost benefit of PD monitoring and mapping camteatly improved. Failure
history, current service history, local knowleddehe cables and joints, replacement
planning, and other relevant data are all valualale in determining which circuits to
test to maximize the utility's benefit.



Next steps

In reviewing the reported progress it is evideat thhilst significant progress has
undoubtedly been made, that a considerable nunilfexsth challenges have been
identified. Amongst these are the development of:

o Advanced intelligent noise reduction systems talble to detect and
characterise much smaller signals, essential floan@polymeric cable
monitoring and in order to “see” further along PItitcuits.

0 Advanced automated analysis to account for the atyyaon circuit risk of
variation in discharge activity due to circuit thrl loading, switching and
network reconfiguration events.

o Automated recognition of the type of failure modesl their evolution over
time towards failure and leading to quantificatafrthe risks of failure at a
particular time and place.

o Single end localisation, multi-tee location andpaimting for PILC circuits

o Real time risk management

o Equivalent detection and location system for cisuicluding overhead lines.

Challengesfrom the CIRED 2005 RT1b

After debating the reported development in thedfefl online monitoring, delegates at

the CIRED 2005 RT1b round table were invited tosider the following questions
before the next meeting in 2007:

What evidence is there that diagnosis:
Has enabled utilities to significantly improve perhance?
Can be a cost effective programme?
Provided a credible and useable indication of coatpae risk?
Can be used to predict future performance and life?

Technical Challenges
What is the future for off-line monitoring?
How does circuit loading affect the life of cables?
How can we see through the noise of on-line moimigd
What are the critical signs of an asset nearinggtiteof life - how long to we
have to react?
Can we determine the type of defect and its ciitica
How can discharges be pinpointed for excavatiomitbin a metre or two?

Asset Management
What cable management regimes are in place ?
What evidence is that they work?
Why has it taken so long for techniques to becostatdished as the norm?



Summary

The ongoing trend in the electricity supply indysg to optimize asset management
strategies and investment. A clear trend towargéyag risk and condition-based
approaches as alternatives to traditional assitaement policies is becoming
evident. This is being achieved through the appbticaof advanced on-line condition
monitoring technology and prediction techniquemdlivith a systematic, phased
asset management approach and the appropriaté ofdioe techniques. By this
systematic approach, the cost-benefit of relighirigk based MV plant assessment
can be greatly improved. However, by taking intoaunt failure history, current
service history, local knowledge of the networlpglaeement planning and risk of
failure vs. capital/operational expenditure, ass@bhagement decisions can also be
made quicker and more efficiently with the use edlidated decision support systems.

The number of researchers, developers and opegativey engaged in on-line
condition assessment and location system has grapwdly in recent years as the
benefits of such approaches have become more waqpiseciated.

Such systems have clear application now for prilaggh value networks, critical
infrastructure, high risk customers and networkihairelatively poor performance
records. Extensive commercial deployment of sustesys has now begun and
successful case studies are beginning to emerge 64m be expected to follow
rapidly.

However is also clear that further development wenlequired so that these
approaches can be widely deployed on most distoibutetworks. This work will
include the development of low-cost high performanwnitoring systems, sensors
with real-time "intelligent" diagnostic softwarestgms for on-line PD cable mapping
and remote automated monitoring of HV and MV plant.
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