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ABSTRACT

As modern day power protectiodevicesbecomesmarter, more configable and more
accurate, they offer users the ability to confegthe exact protection elements and settings
required for a specific network sectiofhis combined witithe increasd numberof power
systems going underground provides the basis fr rbsearch projectAs we look to
optimise our power networks and the protectioroof power netwrks we must askhow
can we ensurghat air protection relayshave theoptimal settingsfor our underground

network?

Presently, when determining the timdependant ovecurrent protection settingsorf
underground cablesll worstcase scenarios are considered, resulting in excessive safety
margins and oveprotective configurdons. Whilst these excessive safety assumptions ensure
adequateprotection for the electrical asset, thajso potentially wrk to increasethe
possibility of false fault detectiorSuch an erroteads to unnecessary supply isolation and

consequently, costly downtime.

Given these limitations to current methods for determining protection settings, this research
project developsand implements a simulatiomodel using finite element analysis that
analyses specific underground cable systems based on operating and environmental
conditions.By determiningthe steadystate thermal profile of the underground cable system
as a result ofhe load currenthe simulaton continues to malyse the effect of fault current on

the system to determine the most suitable protection settimgthdounderground cable

system.

The results presented herein outline the effeat environmental conditins have on the
required protection settings of underground cable syst@mad when used in conjunction with
the simulation softwareprovide valuable information t@assistdesign engineersnaking

decisions on a system's setting valu@siumerical protdon relays.
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1) Introduction 1

1) INTRODUCTION

Today, underground cables are being used more frequently, particularly in the likes of new
suburban developments and industrial instaltet such as coal seam galants (Bascom,

2011) This shift brings aesthetic benefits and reduces the likely impact of disturbances
caused by bad weath@lavrud & Ready, 2008)Moreover, a reportommissioned by the
Australian government in 1997 found that the principle benefits of burying cables were
reduced maintenance costs, the avoidance of tree trimming expenses, and the removal of the
cost associated with motor vehicle accidents with powkasgdanick, 200Q) Despite these
benefits the report identified that only seven per cent of homes in Australia were currently
served by underground power and that it would cost $50 billion to bury all existing cables
undergrond. Despite the high cost associated with the replacement of overhead lines with
underground cables, Janick (2000, p. 20) argues that these figures should be interpreted with
care given this move would be Orepleggi ng
efficient systemso. Further mor e, he makes
systems should be very minimal for a number of years. However, if something were to go

wrong, finding and restoring faults in an underground cable can baificsigt challenge.

Cigre (2009) observes that locating a fault within an underground network can be time
consuming and requires specialised equipment. First a fault must be located, then the cable
must be excavated using vacuum trucks to afumither damage to plant equipment, such as
communication, power or gas lines buried in the vicinity. Once the cable has been exposed,
the cable is then repaired using specialised cable jointing kits. Historical data suggests that
rectification of an underground XLP&able takes an average of @lys(Cigre, 2009) Thus

the procedure for repairing a cable can be long, onerous and costly for the owner, however,
these expenses are often insignificant in comparison to the cost associatt withoss of
production or supply to consumers. For this reason, it is critical to determine the correct

protection settings for the oveurrent devices protecting underground cables.

In the presence of fault current, ohmic heating due to the cutognthrough the resistance

of the conductor material generates a temperaiseavithin the conductor and ultimately the
insulating material. The protection settings must be configured to trip the upstream circuit
breaker before the conductor temperatexeeeds the maximum permissible temperature of
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the insulation. Often, to ensure this is achieved in all possible situations, significant safety
margins are used to ensure fitetectionrelay will operate the circuit breaker and clear the

fault before thecable temperature becomes destructiVe. achieve this, @ny general
assumptions are made on the system to cover all situations and designers have no option other
than to consider the worst case scenario based on the potential extremes of the environment

and operatingonditions(Naskar, 2013)

Considering all the worst case factors and configuring the protection system accordingly
presents a new risk, the selectiviof the networkMaking assumptions and increasing safety
maigins also increases thesk of unnecessarily tripping and isolating sections of a network
during the event of peak loading, overloading or transient faults resulting in the loss of
production or supply to consumers. Furthermdrem my experience in thandustry, a
maintenance team must now be deployed to investigate the cause of the protection trip and
verify the cables are fit for supply restoration. For example, the permissible fault levels may
vary significantly depending on the conditions of the meknprior to a fault existing, the
seasonal variation of saihoisture content antgmperature, or the condition of a network as it

ages.

With this in mind, this research project wéhdeavour to create a computer model that will
determine the thermakgfile of a cable system during normal operation, and from this point
determine the protection settings that would provide adequate protection to the cable system.
This model will then be used to simulate a variety of cable systems with variations of one
parameter to determine the effect this would have on the required protection settings and
hence, the capacityf the cable systenThese methods could also be usedlyoamially
configure theIDMT protection setting values based oreatltime network loading and

environmentatonditions.

! The selectivity of a network is the ability to correctly determine that the component it is protecting is faulty andeto isola
only that component from the rest of the power sygte80Q ELE3804, 2013)
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2) LITERATURE REVIEW

2.1) Overview and the need for further research

2.1.1) Product datasheets

Information on how and what products are used within the indisstmtical to creatingand
verifying a realistic simulationmodel hat wil accurately analyse ththermal profile of a
cable systemProduct datasheets and application ngpesvide the basis for material
properties and cable dimensigonrghilst industry standards provideverarchinginformation
about cable systenand the aresmin which they operateMany standards are written to cover

a wide range of industry products and applicatiomkich will provide a good basis for
validaing the simulation mode however, product datasheets often contain more specific
information whichjf used, will improve the accuracy of the simulation mo#etr. this reason

the following product datashegthave been selecteashdwill form the basi®of this research

project

x Gemscabh The right connectioit HT-XLPE Cables.

x NKT Cablesi High Voltage Cale System$ Cables and accessories up to 550 kV.

X Tyco Electricsi Installation Instructioni Raychem Joint for Polymeric Insulated
Cables

2.1.2) AS and IEC standards
AS 3000:2007+Wiring rules

The information from this standardias used to understand theghk constraints on
underground cable installations to ensure the model refteatsnonapplications withinthe

industry.

AS 3008.1.1:2009*Electrical Installations +Selection of cables

The information from this standaveasused to validate the ac@aay of the simulatiomodel
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IEC 60255 +Measuring relays ard protection equipmentPart 1: Common requirements

This standardvas used in conjunction with manufacturer informatiordétermine standard

protection curves and the equatioassociated witthe curves.

2.1.3) Key articles influencing the simulation model

Statistical life data analysis for cable joints

Mehairjan's(2010) paperexaminesa 10kV undergroundoower network withspecific focus
on faults that occur within theables and cable jointsTheinvestigationcovers a variety of
different cable jointdncluding a detailed arlgsis of failure modes and failure ratekhis
publishingprovidesthe basis for the statistical analysis of cable joustsd inthis research

project.

Method for using finite elements to calculate temperature diffusion

Chapter 2 in Nikishkovds book outlines the
temperature diffusiowithin a 2dimensional systemwith the inclusion ofnternal heating.

The mathematics publishedll form the bais of the heat transfer model that will &#apted

into a computer simulatioprogramand used to determine the thermal properties of cable

systems.

Calculating temperature rise and load capability of cable systems

The publication by Nehre& McGrath (1957) provided a method festimating the steaey

state temperature of electrical powerbles. The method is limited to generaable
configurations and uses a complex string of calculations to estimate the thermal conditions of
a conductor This method formed the basis for many ampacityradimg tables and is a
reoccurringreference in may works published around the analysis of underground power

cables.
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2.1.4) Distributed temperature sensing using fibre optics

A technology that should not be olmwked when determining how to best protect
underground HV assets is the use of fibre optics to determine the temperature profile along a
cable run.To achieve distributed temperature sensing ) a fibre optic cable is embedded
within the HV cable, or ext to the cable in a trench. Light is then pulsed along the fibre and
the effect of light scatteringauses a small portion of the light to reflect baskit travels
down the fibre. The amount of light scattered, and therefore reflected, is dependkat on
temperature of the medium through which it is travellfRgck & Seebacher, 2000} his
technology offers regime monitoring of a cable system and can help to detect the onset of
hotspots within the cable system. Williaifi®©99), states that often cable systems are loaded
with a 10% safety margin to account for the worst cas®litions. It also outlinea cable
installation that was retrofitted with DTS allowing the operation to increase the 108% by
using the realtime thermal monitoring.Figure 2.1 shows the magnitude of temperature
variation along a cable system and highlights the criticality of understanding the

environmental conditions throughout the entire cable run.

50 . ! PARKING LOT

4834 FREEWAY 4833 Z . 483z

Temparature (=C)

30
0 © 1000 2000 3000

Distance From Edge Of Vault 48127 (feel)

Figure 2.1 DTS analysis of an underground cable systerfWilliams, 1999)
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2.1.5) Similar published works
Nguyen (2010)

Nguyenuses a meshpproaclto determine the temperature resed ampacity oindergound
cablesas shownin Figure 2.2. The author states that rmaesh approachvas adoptedo
maintain accuracy whilsteducingthe processingime of the model The modelused here
predetermines the power output from the cadld dsperses this power evenly about the
outercircumferencef the cable systenwhile this methodwill provide valuableinformation

on the thermal fieléurroundinghe cablesystem, it does not analyd®ee temperature profile
within the cableto accuratelydetermining the maximum temperatwethe conductoand

therefore the potential for material damage within the cable

Mesh 226-nodes & 404-elements

y direction - (rm)

¥ direction - (rm)

Figure 2.2 *Discrete field domain using mesh layou(Nguyen, 2010, p. 3)
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Zang (2012)

Zang, uses triangular mesh nodesmilar to that used by Nguyetg determine the current

rating of cablesas shown irFigure2.3. The model created by Zang is used to complement
temperature sensors placeean underground duct banks. By understanding the temperature
profile of the system, a more accurate assumption could be made about the temperature of the

cable usingesults from indirectemperature sensors.
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Naskar (2013)

Naskaruses an arc approximation to determine the current rating of cable laslooten in

Figure 2.4. Naskar acknowledges the fact that approximations and assumptions lead to
inaccuracies in the calculations and offerce cable engineers to usenegessarily large
safety factordeading to overconservative designs. The de developed by Naskar uses
finite elements to model a 618/ 3-core underground cabl&he symmetryof this model

limits the applications as it could not be used to interact with the heat generated by other near

by cable systems.
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Figure 2.4 £Two-dimensional arc analysifNaskar, 2013, p. 99)
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2.1.6) Extension beyond these works

The ultimate goal of thisesearclproject is todevelop a simulatioprogramthat can be used
to determine the IDMT settings and the current capabilitieirett buriedunderground cable
systemsTheworks mentioned above model the temperature profile of sgbtemswhich is
useful in determining the ampacity of the cables, however, they docoosiderthe
requirenents for protecting the bkes and ensurg they operate withinthe specified
operatingimits at all timesgspecially durindault scenarios

Cable protection will be the primary focus as this research project endeavours totke&tend
above works. Another dissimilarity to the above works is the usesqtiare matrix of finite
elements which will increase the configurability for the user and allow the system to cover
more cable system variation&s part of the researckjmulationswill be conducted on the
cable variations to gain an understanding of leowironmental and operation changathin

the cable systemaffect the operationatapacity and minimum protection settings of cable
systems. This information may assist proteceogineers as they undergo protection studies

to determine the required protection settings of underground cable systems.

2.2) Fundamentalsof underground cable systems

2.2.1) Underground cable construction

The construction otindergroundpower cables vgrdependingon the intendedapplication
howeverthe common components are best shown as a single core ckigan®2.5. Whilst
someelements shown here may nat present in all cable designs, the critical components to
provide basic function of a power cable ase¢ore conductor which will arry the load
current, a screewhich provides a electricalreturn path for any insulation failures, and an
insulating mediumto encompassthe voltage potential of the core conductd@hese
components are extruded withthe outer sheath, typically polyvinyl chloride (PVC).
Important specifications of the cable are the voltage rating and current carrying capability

which aredeterminedrespectivelyby the properties of the insulatend thecore conductor.
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— aluminium conductor

— XLPE insulation

— copper wire screen

— watertight design

— radial water barrier (AL tape)

— polyethylene sheath

Figure 2.5 +Single Core XLPE Cable(NKT cables, 2009)

The core conductorusually soft copper or pure aluminiucarriesthe loadcurrentto the
downstream equipmenBue to the inherent properties of the conductor materiaduaent
flows through the core conductoneat will be generatedithin the metal The conductor
crosssection isa major factordetermining thecurrent ratingof a cableasthe resistanceand
thereforethe powerloss within the conductor wiihcreaseat a reducectrosssection due to

the removal ofvailablepaths for electrodrift.

The outershield is bondedo potentialearthat ore or both ends of the cable run prowgla
critical electrical path for fault current to flow should the insulating medium break down
damage occur by an external source such as an excaMatdiault current is then detected by
a protecting device monitoring the system and isolated fremsoiirce tensuresafe voltage
potential around the cable system in the event of a failure.

A semiconductofayer existsat both the inside and outside of the insulating meditins
layer ensures uniformelectric field existsacrossthe insulatio. If the electric fieldwithin
the insulation is not unifornpoints of increased electric field camuceexcessivestresson

the insulatiodeading toearly fatigue and failure.
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The insulatingmaterial used and the thicknesisthe insulationdeterminethe magnitude of
theelectric fieldthat can be sustained between the conductor and the ahetlthereforehe
voltage limitations of the conductofhe insulation also provides a medos heatto be
drawnaway from the core conductand into the surroumags The maximum permissible
tempeature of thensulation is much lower than that of the conductor material and therefore
quantifiesthe maximum temperatusg whichcore conductocan operateultimatelydefining
theload and faultcurrentlevelsof thecable This research project will focumn crosslinked
polyethylene(XLPE) insulated cables which were first developed in the 1930Q%E is
commonly used in power cables abdis &cellent dielectric propertieamaking it useful for a

large range of véhge applications from 600 V to 500 K@rton, 2013)

2.2.2) Impurities in cable construction

As with dl manufacturingprocessescable manufacturin@pasa risk of defectiveproducts.
One issue that can result from poor manufacgusrihe presencef physicalvoidswithin the
insulation This can result in a reduced service life for the cathle to the reductioof
insulating dielectric beteen the conductor and shielthe voidscreate sections where the
electric permeability iseducedand the voltaggradientacross the void is low in comparison
to healthy insulation. This increases the voltpgeentialacross theemaininginsulationthus
increasing thelectrical stressn the insulationTestingof the insulation at the mafacturing
site is critical to ensure that the cablmeds the required standards ailfit for purpose.
However, it is never possible to manufacture the perfect cable and the presence of voids and
insulation impurities are common sources for the initratiof breakdown in cables
(Mehairjan, 2010Q)

2.2.3) Cable Joints

On-site cable jointing is often required there are limitations to the maximum drum size that

can be transpagtito installation sitesor example, a 10 km cable rusing cables that have
adrum length of 400mwill require25 cable joints. Over time, theg@nts may deteriorate

due to environmental and electrical conditions. This can lead to an increased resistance and

above average temperatur@sthe cable jointaccelerating theleterioration of thec a bl e 6 s
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insulation. Once the insulation is damaged, éhectric field can no longerbe contained
between the conductor and the screen andfdh#ed section must be repairelth my
experience,His requires cuttingud and replacing &0m section of the cabbndthe addition

of another joint and another potential point of failure

According toMehairjan (2010)cable joints aresubject to more failurethan the cable itself

for the following reasons

x they are subjedo higher electrical, mechanical and thermal stress

x they are mounted in the field under rAdeal circumstances, particularly during
outage situations

x they are not subjected to ersive reliability testing procedures like the cable itself

x the quality ofinstallation ofthe accessories i®asonablysensitive to workmanship,

experience and care of the involved employee.

Figure 26 shows @&t a extracted (2000) stetistived larelysrsj oh amd s
undergroungpower networkwhich reveals that the majority of internal failufesccur at the

location of cable joints

Underground cable failure location

Termination @ Cable Joint @ Cable

Figure 2.6 tInternal failures on an underground HV network (data: Mehairjan, 2010)

2 those failing under normal operation without externélliences i.e. excavation error



2) Literature review 13

Figure 2.7 shows a typical cable joinAs depicted, the shield of the cable is moved to one
side of the joint to allow for thmsulatingheatshrink to be placed over tlwnductive joint

This reduces the integrity of the electfield distribution and aaresult in increased electrical
stress on sections of the insulatiémotherchallengethat lieswith cable jointsof this nature

is ensuring the joints are water tigigwater ingress is a common cause of failures at these
joints (Megger, 2003)

Stress Stress Stress Elastomeric
grading control grading joint Outer sealing and
void filler tubing patch component protection sleeve

Mech. shield Stress Screw Metallic
connector control connector shielding
tubing

Figure 2.7 +Cut-away representation of a cable join{Tyco Electronics, 2000, p. 11)

Quantifying the resistance of cable joints is diffiadtthere is no method for testing the joint
resistance without destroying the calieurnier & Amyon, (2001)neasuredhe resistance
for a healthyelectricalcablejoint to bel5¢ Ywhile workmanship defects such as insufficient

torque valies or incorrectrimp settingsncreased theesistanceéo 48¢ Y

An interesting phenomenon thexists within defective electrical joints the effect of sel
healing (Fournier, 1998) When a cable joint is degrading, hotspots formciwHead to

microscopic melting at the point of high impedance. This can resulting in welding, -or self
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healing, of thesubstandardccable joint. Fournier also noticed fluctuations in the contact
resistance of the cable joint during this phasesulting in resistance instabilities and
unpredictable thermadrofiles. Due to this effecEournieroutlines the unreliability of results

when periodically performinmfra-red scanning ofablejoints.

2.2.4) Operational and environmental stress

As the underground cabbystem ages, it is exposed foecatonal and environmental stress.
These increase thHielihood of internal defectaindultimately cable faultskigure 2.8 shows

the increase in cable joint failures as the service life ofdbkeaeaches 280 years.

Number of reported Joint Failures (Internal Defect)

250

200

150

100

# of joint failures

30

D _— —
<1 [1-5] [5-10] [10-20] [20-40] =40

Age Bins (years)
B Synthetic Joint W Mass-Insulated Joint B Oil-Insulated Joint

Figure 2.8 +Joint failures over time (Mehairjan, 2010, p. 66)

Environmental conditions, such;agound humidity, ground pollution, thermiasistance of
surrounding material, ambient temperature at the surface of the cable, can all contribute to the

degradation of the cable systeflegger, 2003, p. 2)Moisture can penetrate the cable
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insulation decreasintipe insulating propertieshis is a major issue at cable joints as water can
track under theadditional jointinsulation In many cases, the location of the underground
cableis determinedby the layout of electrical planbr existing infrastructurand his defines
the environmental conditions the cable will be exposedte effect of this can be reduced
by using beddingsandwith known and consistent thermal propertsen backfilling the

cable trench

Throughout an average days likely that tre operatingconditions of a cablavill change.
This is often dueto daily load cyclesand peak loading conditions whidlesult in the
fluctuation of theconductod semperatureThese hermalfluctuations cause cable materials
to expam and contractimposhg mechanical stress on the cable joints. Over time, the
mechanical forces may ledd a reduction in contact area and an increagesistanceAn

Il ncreased joint resistance wil |l result [
deterioration of isulation propertiesSuddentemperatureincreases due to owveurrent
conditions result in high temperatures within the cable, espedidhys occurs with a high
initial temperature following @eriod of heavy loadingAs the conductor undergossdden
temperaturechanges, movement can stress the XLPE materadling the material more
brittle and increasing the risk @bid formation withinthe insulation.

This research proje@ndeavours to utilise the operatiagd environmentatonditionsof a
cable systemto determine thaequired protection settings to ait excessive operational

stresghat may lead to rapid deglation of the cable insulation.

2.2.5) Protection systemdor underground cables

Modern numerical protection relaysffer multiple protection éments in one device.
Protectionrelays are connected to current and voltage transformers which provide linear
conversions from the systetavel (i.e. 800 A, 11 kV) to levels measurable by sensitive
analogue to digital convertevgthin the device(i.e. 1A, 110 V). The numerical protection
relay useshesemeasured valugs conjunctionwith protection algorithms tenonitor power
systems andetermine whemnhey areoperating outside géermissiblelimits. Once abnormal
operation is detectedhe protection device will issue a trip command to the relevant circuit

breakerisolatingthe supplyto the fauled part of the network
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Time dependantover-current +51

The nmost common protection applied tofeeder is ovecurrent protectionThis protection

uses tle measured current values to determine if the current flowing to the downstream
equipment is acceptable or if the levels exceed normal operhatitms schemgtime delays

are used to discriminate agairfsiults that may exist within another protectionvite's
primaryprotectionzone astiis desirable for the protection device closest to the fault to isolate

the faultandredue the extent of theupplyoutage

Instantaneousover-current 50

Instantaneous oveaurrent protection uses measured curnaties to determinghen the
current in the syem has exceedeispecifiedthreshold If this occurs the relay will initiate a

trip command instantly, i.e. without the use of a protection curve.

Earth fault +51N

A significantunbalance in the-Bhase arrent vectors showthat current ideaking to earth
andexiting the 3phase systenHistorically this wasnonitoredby using a current transformer
measuring te summatecturrent flaving through all conductor§iowever, ndern numerical
relaysare able tovirtually summate thehreeindividual current vectors andetermine if a

unacceptable amount of current is leaking to earth and irgtiptetection trip accordingly

Line differential protection +87L

Line differential protection is a unit proteaticcheme with the ability toonfidently detect

any fault withinthe zae it is protectingvhilst ignoringany faults outside the zon&.current
transformeris placed at eiter end of the underground caldefining the protection zone.
Current values meased by the upstream and downstream protection relagre
communicated between the protection relays, usually by sending digital current values over a
fibre-optic communicatiohink. When theprotection relay detects a significant discrepancy in
current véues,the protection will operate.
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Distance protection +21

Distance protection uses the measured current and voltage waveforms to calculate the
impedance of the downstreasystem The magnitude of theurrent and voltagareused to
determine thevalue of the impedance whilst the phase shift between the current and voltage
waveform is used to determine the ratforesistance to reactancéhese values are used to
determine if a downstream fault is within the primary zone of the protection reik#ating a

trip commandnstantly, or if the faultexisswi t hi n anot her delNowiege 6s p
sufficient time for thedownstream protection to clear the faplior to initiating a trip

command.

Underground cable protection simmary

In underground @ble systems, differentigirotection is the most reliabkehemefor clearing
faults that occumithin the underground cable as thmtection systencan be certain fault
current is escapingetween the two current transformelfsa fault was to occur dside the
differential protection zongthe differential scheme would stittgisterlin & oudand would not
offer any protection to the underground cable. In this cas®;aurrent protection would be
required to determine if the upstream circuit breakeuld trip. This is usually determined by
an IDMT curve to allow for longer tripping times at lower falgitels asthe faultmay be
transientor clearedby a downstreanprotection deviceThis would see the current values
return tonormal operatindevels beforedamageoccursto the cable system, thusaintaining
supplyto the downstream system

As discussed earlier, the point at which damage may docequipmentdepends on the
condition of the equipment prior to the fault occurring.bBosafe proectionengineers will

often takethe worstcaseconditions todeterminethe protectionsettings of the numerical
relay. This will ensuresafe protectionunderall conditions,howeverin manysituations,the
systemwill be oversensitive andmay unnecessds isolate supply to the downstream
equipment.To overcome this, engineers require smarter, more sophisticated tools to better
understanéind analyséhe protection levels required to accurately prosspects of gower

system
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2.2.6) Inverse Time Protection Cuves

Figure 2.9 shows how fault current relates to the trippitnge in an IDMT scheme. To
interpret data fromhis graph.the reader shoulttack up from the fault current level to the
curve and across to find the protection mpi@g time. This is the timthe protection system

will allow a fault of this magnitude to be present on the system before the protection will
operatelt is important to note thahe circuit will not isolate instantly as there is a mechanical
delay forthe circuit breaker mechanism to open the contacts enough to extinguish any arcing
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Figure 2.9 +IEC 60255 tripping curve characteristics (My Electrical, 2014)



2) Literature review 19

Both the IECand IEEE have standards outlining generic inverse definite minimum time
(IDMT) tripping curves. Thee curves are typically drawn on a logarithmic scale plot with
current along the horizontal ax@snd time on the vertical axisTable 2.1 outlines the
coefficients that vary the shape of theC protection curveshownin Figure 2.9. Once the
curve shape has been determirtedh variables, pickup current and time multiplier ging
(TMS), define where the curve will sit within the axiBhe TMSshifts the curve upward to
provide an additionaltime delayacross all values whilshe pickup currentforms a vertical
asymptoteaepresenting the maximum continuous current lehdting the curve left or right.

The following equations and coefficient values shall form the basis of the IDMT curves that

will be used within the simulation model.

Equation 2.1 +IEC IDMT curve equation (Schneider Electric)

IEC curves
Curve type Coefficient values

k o B
Standard inverse /A 0.14 0.02 2.97
Very inverse /B 13.5 1 1.50
Long time inverse /B 120 1 13.33
Extremely inverse / C 80 2 0.808
Ultra inverse 315.2 2.5 1

Table 2.1 +IEC IDMT curve coefficient values(Schneider Electric)
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Equation 2.2 +IEEE IDMT curve equation (Schneider Electric)

IEEE curves
Curve type Coefficient values

A B p B
Moderately inverse 0.010 0.023 0.02 0.241
Very inverse 3.922 0.098 2 0.138
Extremely inverse 5.64 0.0243 2 0.081

Table 2.2 +IEEE IDMT curve coefficient values(Schneider Electric)
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2.3) Physicalproperties of materials

2.3.1) Conductor

The most common materials used for underground conductors are @ Ep&uminium.
Aluminium is often used as it offersa cheapersolution with a lower material and
transportationcost compared to coppefhe conductor crossection and resistance values
shown inTable 2.3 will form the basis for the resistance values used within the simulation
model.A DC resistance value is used as the power loss within the conductor will come from

the active currencomponent.

Conductor Conductor DC ;e/ss&arr;]ce Current
crosssection (mm) material 20°C 90 °C Ratings (A)
185 Cu 0.0991 | 0.1270 368
Al 0.1640 | 0.2110 289
240 Cu 0.0754 | 0.0973 420
Al 0.1250 | 0.1610 332
300 Cu 0.0601 | 0.0781 469
Al 0.1000 | 0.1290 371
400 Cu 0.0470 | 0.0618 525
Al 0.0778 | 0.1010 420
500 Cu 0.0366 | 0.0492 586
Al 0.0605 | 0.0791 474
630 Cu 0.0283 | 0.0393 649
Al 0.0469 | 0.0622 533
800 Cu 0.0221 | 0.0326 706
Al 0.0367 | 0.0500 591
1000 Cu 0.0176 | 0.0232 999
Al 0.0291 | 0.0375 791
1200 Cu 0.0151 | 0.0201 1074
Al 0.0247 | 0.0319 859
1400 Cu 0.0129 | 0.0175 1155
Al 0.0212 | 0.0275 929
1600 Cu 0.0113 | 0.0156 1226
Al 0.0186 | 0.0240 997
1800 Cu 0.0101 | 0.0142 1285
Al 0.0165 | 0.0213 1058
2000 Cu 0.0090 | 0.0129 1346
Al 0.0149 | 0.0193 1114

Table 2.3 +Standard design conductor properties(NKT cables, 2009, p. 9)
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2.3.2) Insulating media

The insulating material surrounding the conductor of the cdiskpateshe heat from the
conductor coreThe rated maximum conductor temperataf XLPEinsulatedcables is 90°C
(AS 3008, 2009)Cables insulated with XLPE also havpermissibleconductortemperature,
during afive secondshortcircuit fault, of 250°C(Orton, 2013) The tiermal transfer through
the insulating material is affected by the thickness of the insulation whitdpendent on the
voltage rating of the cable.

Voltage rating P¥e/PhPh (kV) | XLPE Thickness (mm) Reference

1.9/3.3 2.2-3.0

3.8/6.6 2.53.6 (Gemscab, 2014)
6.35/11 3.45.5 &

12.7/20 5.56.0 (Nexans, 2010)
19/33 8.08.8

76/132 14-22

127/220 19-25

530/400 56.33 (NKT cables, 2009)

290/500 3135

Table 2.4 £XLPE insulation thickness

2.3.3) Outer sheathand fill material

The outer sheath of theableis generally constructed with polyethylene (PE) or polyvinyl
chloride (PVC).The thickness of the outer sheashnomally within therangeof 1.8 to
4.0mmdepending on theantendedapplication(Gemscab, 2014Due to the shapef @-core
cables, gapsexist between the inner corethese are typically filled witiPVC (Gemscab,
2014, p. 4)

2.3.4) Cable joint

The physical dimensions of thmodelledcable joint are basedn the Raychem joint for
polymeric insulated cables with wire shieldsco Electronics, 2009)The joint partMXSU-
3341, is specifically designetbr cableswith a crosssectionranging from 185 400 mnf.
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This is an aluminium part with a connector diameter of 37mm and a length of 140mm. An
example of this part is shown Figure2.10. The boltsused to secure theonductor ends are

shear bolts and break away from the structure when the correct iorqaehed.

MFER DODS5-0085 0240 /
e

Figure 2.10 +Typical conductive region of a cable joint(Tyco Electronics, 2000)

2.4) Thermal properties of materials

To calculate thesteady state temperature of an underground condwctioalance must be
achievedbetween heat generatedthin the conductorand heat transferred through the
insuldion into thesurrounding environmenThe rate of htermalenergytransfer is dependent
on the thermal properties of the media through which it is diffusing.thereforeimportant
to ensure thathe model accounts fahe respective thermal propertie$ the different media

and any material variation that may arise as temperature changes
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2.4.1) Thermal conductivity

The thermal conductivityk, of a materials the rate at which heat will transfémroughout the
material. Copperfollowed closely by aluminiumhas a highthermal conductivityallowing
heat toquickly pass through it. This wiltauseheat to transfer and stabilise more quickly
within the conductor materiaPorous materia] such asdry sand has a very poor thermal
conductivity as all of the pores are fwith air. As the soil saturates, these voids are filled
with water significantly changing the thermal conductivity of the matéreika, 2014, p. 1)

Thermal Conductivity, k (W/(m.K))
Temperature (°C)

Material Refeence
25 125 225
Aluminium 205 215 250 (The Engineering
Copper 401 400 398 Toolbox, 2014a)
Temperature (°C)
Reference
20 55 90
XLPE 0.223 0.267 0.280 (Lee, Yang, Choi, &
Semiconductor | 0.552-0.587 | 0.631-0.673 | 0.631-0.673 | Park, 2006p. 806)

(The Engineering

PVC 0.19 Toolbox, 2014a)
Dry Wet Reference
Bedding 6.5 12.5
. (TeKa, 2014)
Soil 0.03 0.6
Temperature (°C
Reference
20 40
. (The Engineering
Air 0.0243 0.0271 Toolbox, 2014e)

Table 2.5 +Thermal conductivity of simulation materials
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Figure 2.11 +Thermal conductivity of sandvs. moisture content(TeKa, 2014, p. 4)

2.4.2) Specific heat

The specific heatc,, is the amount oheat energy per unit massrequired to raise the
temperature o&n objet by aone degree Celsiub the case of this mod#ie specific heat is
important especially in the conductor material, to determine the temperatureithiseespect

to the power loswiithin the conductor The specific heatf theinsulatingmaterialvarieswith

respect tatemperature, as shown Figure 2.12. The nitial increaseis due to the wlume
expansion of the material, however, as the material heats closer to melting point, more
thermal energys required to change theghysicalstate of the materiglLee, Yang, Choi, &

Park, 2006, p. 808Yo0 ensure the modekesaccurate valuewith respect to temperature, the
materi al 6 s t he maradlly updatedpase thetsystera chasrteenpecature
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Specific Heat[J/Ig/C]

20 30 0 50 €0 70 & 30
Temperature[C)

Figure 2.12 +Specific heatcapacity of XLPE insulation (Lee, 2006, p. 806)

Specific heatc, (J/(0.K))
Material = |'I'empeg%ture ( T:) 5 Reference
Aluminium 0.897 (The Engineering
Copper 0.385 Toolbox, 2014b)
XLPE 2.034 2.976 4.049 (Lee, Yang, Choi, &
Semiconductor 1.6 2.39 - Park, 2006, p. 806)
PVC 0.84071 1.170
Bedding 1.480 (The Engineering
Soil 0.800- 1.480 (moisture dependant) Toolbox, 2014b)
Air 1.005

Table 2.6 +Specific heat of relevant materials



2) Literature review 27

2.4.3) Volumetric mass censity

The volumetricdensity }, of the materialpresent in the simulation are required to calculate
the thermal diffusivity of the material

Material Density®d 1 (gl Reference
Aluminium 2.712 (The Engineering
Copper 8.940 Toolbox, 2014d)
XLPE 0.92-0.948 (Hampton, Hartlein,
Lennartsson, Orton
Semiconductor 1.4-1.5 & Ramachandran,
2012)

(The Engineering

PVC 0.769- 0.833 Toolbox, 2014c)
Bedding 1.522 ,
- (Agrilnfo, 2011)
Soil 1.1-1.6
. 3 7o o (The Engineering
Air (1.293-1.127)x10° (0°C to 40°C)

Toolbox, 2014e)

Table 2.7 +Thermal conductivity of relevant materials

2.4.4) Thermal Diffusivity

Thermal diffusivity U quantifiesa materiafs abilityto conduct thermal energy relatite its
ability to store thermal energy amsl governed byEquation2.3 which combines thealues

listedabove.

Equation 2.3 +Thermal diffusivity of a material
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Using theworstcasevaluesfrom the above tables, the valuesTiable2.8 were calculated.

Thermal Diffusivity,  10° mé/s)

Material Minimum Maximum
Aluminium 84.08 102.54
Copper 116.5 115.6
XLPE 0.058 0.150
Semiconductor 0.1540 0.3004
PVC 0.1949 0.2941
Bedding 2.886 5.549
Soil 0.0127 0.682
Air 0.0174 0.0239

Table 2.8 £Thermal diffusivity of relevant materials

2.5) Rating factors

Rating factors are usedby engineergo extend beyonda standardised set of values and
provide a higher level of accuracy when analysing a specific system. These factors help to
minimise theassumptios and generalisations which lead to errevben calculating the
capacity of underground cabléAS 3008, 2009) The rating factorsnclude but are not
limited to; the effects ofair and groundemperaturethe depth ofcable lay,heaing from
neighbouring calesand variations betweethreephase and singlphasecable construction
(Gemscab, 2014, p. 8)he simulation model developed in this resegaject will provide

the user withenough configurability to omit the need for applying rating factors as the

simulation model will generate results based on the sp@ctjmertiesof the system.
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2.6) Statistical representation of cable joint failures

Cable joints are subject to many exi@r factorswhich can cause degradation and reduce
service life.Due to the complex nature tifesefactorsand variation between cable systems
statisticalrather tharsystem dependant approdts been adoptaed anattempt tgpredictthe
healthof the cable joints within a cable systemehairjaris (2010) research into the fare
rate of cable jointsin a 10kV underground cable system wille utilised to provide
information for a statistical modeThe probability distribution shown iRigure 2.13 will
provide the basis to determine the minimlii@ expectancy of systentontainingsynthetic

cable joints.

This statistical analysisias many limitations as is based on one set of daé&d many
generalisationsmust be made torelate this data to all cable installationStatistical
information in the field of undergrourblymericcable joint failures is very limited as it is a
relatively new technologyMore datawill become available as cable installations age
however,it will be difficult to accuratelyapply ths historical data to new cable installations
as technology within the field of underground power cablesminuallyadvancinghrough
improved materialgnanufacturingand installatioriechniques. Taking this inwonsideration,

a statistical analysis of cable joints wik included in the simulatiaio provideuserswith a
guideline for determining thbealth of asystemby estimate thestaistical worstcasejoint
condition This information may be useful to dwate protectionsetting adjustmentsor to

determinepreventative maintenansehedules
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Figure 2.13 +Probability density function of synthetic cable joint failures
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3) DESIGNAND METHODOLOGY

3.1) Thermal transfer model

3.1.1) Thermal diffusion using discrete finite elements

Heat transfer throughout a systeover time can be modelled using combination of
Four i eafldeat fldwand a basitwo dimensionakquation of heat transféNikishkov,
2010, p. 13)

MM Ea L 6208
sTE o a5 p

Equation 3.1 £2-D representation of a function of T in space andime

Where g and g are components of heat flow through the unit areas@nsl therate of
internal heageneration per unit volumeAc cor ding to Fourier6s

flow can be expressed as follogikishkov, 2010, p. 13)

L Fe2ls L Fc®
N et M U

Equation32 +)RXULHUYV ODZ RI KHDW IORZ

CombiningEquation3.1 andEquation3.2 yields:

© l-(?G—ESEOGESIES L 06
é% oP o0 P

Equation 3.3 tHeat transfer equation

a W
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In orderto simplify the system described Bguation3.3, partial differential equati@can be
transformednto finite difference equations. For this tramshation, the explicit approaafill
be used to solve for one unknown at a time. The central difference approximation outlined in

Table3.1 will be used o transform each of the partial differem&guations irEquation3.3.

Order of Error
Jiz | fia | fi | fi | fin | fisz [ fis3
olo|-tlo]lt]o] o] 20 (x) 5
olofr[2Tt]olo] ”f & h’
ofl-1]2fof[2]1 1o 20 @x) h’
o1 ]4fle6[-4[1]0 Rk h’

Table 3.1 +Central difference approximation of derivatives (USQ ENG4104, 2013)

0°6 \ 6556848 F 16 52 E 6 7554
0P 1T

0%6 \ 64558 F 16 5a E 6 5058

ol WAV
06, GaasFbaa
oP ¢P

Ud6a>5aaé F16 58 E 6 saa e 6 s>5a F 16 aa E6aé'a?551hE NEL 6 sa>5 F G aa
- T8 e U6 P
Equation 3.4 +Transformation into central difference equation
Where;

Mis thethermalrate of changeéue to heating within a finite element

Uis the thermatliffusivity of thematerial as outlined in Secti@4.4)
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Equation 3.5 £Thermal diffusivity of a material

Figure 3.1 shows how the future point ofidn,c), T(mn,o+1) Can be calculated from the know
value of Tmn,0yandthe value of T at theurrounding discrete elements. Thisapeated foall
values of m and to determine théuturetemper#ure distribution of the complete system

T(m,n+1,o)
./
T(m,n,o+1)
&/
I 4 (N TmnL
<J O \> (m,n1,0)
Tm1n0 T(m.no)
o4 where:
< > m = the x location
() n = the y location
T(m+1.n0) 0 = the location in time

Figure 3.1 +Matrix formation for 2 -D steady state temperature

Rearrangingequations4and by ensuring that @e&ex = &y,

~

0y 55864 F 16458 EB 2558 EG 4556 F 16,55 EB 472560E MG

6, s4a>5 F 6 54
P

A

L

t
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Which is equhto:

U, P
T8

By >564 F 1648 E 6 2566 EG 4>56 F 16,58 E 6 52550E MBP

L 64585 F G aa

Letting:

U P

aL
T8

Equation 3.6 tSimplified diffusivity constant

Which can beimplified to:

Ay >544 E 617564 E 6 4558 E G 4256 F V6 58 9EMPL 6 55-5 F 6 44

Rearrangindo solvefor the onlyunknown T mn,0+3, Yieldsthefollowing equation

6y 44>5 L 805 5564 E 6 2554 E 6 5558 E 6 4258 F V6, 559E 6,554 EMP

Which can beimplified to:

6y 44>5 L 865564 E 863 7554 E 3§ 4558 E 86, 5058 E:SF Va6, 554 EMP

Equation 3.7 xDifference equation with one unknown
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The central difference equation reduces Exuation3.7 which can be used to solve the
unknown future temperature of onéinite element This is effectivelya summation of the
previous temperature of the node, the heat received or lost touthsurrounding nodes and

anyinternalheatgeneration at theode.

3.1.2) Heat generation due to current fbw within the conductor

As current flows through the conductive matetiadre is an inevitablpower lossdue tothe
voltage drop across the resistance of the matditidamount of heat generatég this power

is dependent othe resistance of theondictor, themagnitude of theurrent and the specific

heat capacityf the conducting materialhe powerreceivedby the systems represented by

the formula for Joule heatinfViki, 2014a) using the magnitude of the currerdnd the
resistance of the conductor. The resistance per metre is available from manufacturer
datasheets and mable2.3.

2L H4: 7 e

Equation 3.8 +Joule heating/Ohms law

The power acting on eadimite elementp, can be solved by multiplying thetal power loss,
P, by theratio of finite elemenareato theconductorcrosssection It should be notethat by

using a length of 1 med, the volume can be simplified to area

8, % ¢Tau
LL 22" 2 L e
8, # !

Equation 3.9 +Joule heatingwithin one finite element

Therate oftemperatureehangewithin the F.E.due to thepowerloss Mcan be found using

the specific heat of thematerial ¢, whichis theamount ofenergy required to heatper unit
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massby one degre€This rate of temperaturédhange is required in Sectidhl.1)to cater for

the additional thermal enerdnom internal heatingQueensU, 2014, p. 11)

Where, m is the mass of the finite element, relative to the degityolume of the F.E.

I L é&Ta U

L L L o
%d K&aTEUH

ML

Equation 3.10 tRate of temperature change of F.E. from internal heating
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3.2) Model conditions

3.2.1) Boundary conditions

Boundary condions are required when using an explianite element aproximation The
boundary conditions that will be used for this moakdthe temperature values of the outer
finite elements To ensure the boundary conditions have minimal impact to the syttem,
systemwill need tobe big enougho ensure the cable system can heat without the boundary
elements acting as a heat sink.

3.2.2) Conditions at time =0

At the initial point of the simulation, the complete system will be set to the ambient
temperature of thground and ai(if depth is less than half the system hejighhis will allow
the simulationto analyse the temperature risé the system from a nlmad condition to

steadystate

3.2.3) Simulation time

The simulation shall continue to run untie maximum emperature within the system
stabilises.This is dependant of the size of the system an¢hg found that the temperature

change within the system was negligible after a simulation period of five days.

3.3) Fault current temperaturerise

Once the load currémas been used to determine skeadystateoperating temperature of the
cable,variousovercurrent valueshall be imposed onthe system to determe the time it
takes for the conductor to reach thygerationatemperaturdimit. By repeating this acss a
range of current values, a break curve cagdreerated and an industry standard IDMT curve

can be fitted to the data points
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3.4) Statistical cable joint health

The values foundby Mehairjan(2010, p. 73)for the Weibull distribution will be used to
determinethe failure rate functiorwhich will outline the probability thata joint failure will

occurwith respect to thage of the system.

The shape of the systefm= 4.48, and the scale parametgr, = 52 . 40, outl ine

distribution functia, f(t), of the twoparameter Weibull distribution equation:

UN?S A’)é_A

B:P L

Equation 3.11 +Equation for 2-parameter Weibull distribution

The reliability function is defed as followgNew Mexico Tech)

4p L NEA

Equation 3.12 +Equation for reliability function

The failure rate distribution, F(t), is determined Oividing the probability distribution

functionby the reliability functionNew Mexico Tech)

Lo
(R 4:P

Equation 3.13 tEquation for failure rate distribution

Solving F(t) fort = age of system (years) giviie probability of one cable joint failing.
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Figure 3.2 tFailure rate of a single cable joint(Mehairjan, 2010, p. 73)

The pobability of one joint failingFigure 3.2, is then multiplied by the total number of joints
within the system to determine the probability any one joint willgathespecified age of the
system.This probability will then bdinearly interpolatedvith the probability of O returning
the impedance value of a healthy joidt,5 ,eaid the probability of 1 returninthe
impedance of a poor joird, 8  @ournier & Amyon, 2001)This impedance valuean then

be simulated to analyse how some of the joints within the systenbahaye

Note: this is based on an assumption that if a joint has failed, it has been replaced and the

replacement is the same age as the system.
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4) IMPLEMENTATION INTO MATL AB

4.1) Overview

MATLAB software provides a platform to modify and manipuldéta contained in matrices.
This makes it perfect fomanipulating andolving a matrix of finite elementsThis chapter
outlines how the mathematicdiscussed in Chapter 3 will be implentesh into MATLAB and
used to solveéhe thermalanalysis of an underground cable syst&mppendixC - MATLAB
code structureoutlines the interaction between tRRATLAB files with the complete code
outlined inAppendixD - MATLAB code

4.2) Finite elements ofthe system

The size of the finite elemenmnatrix depends on the user specificatioh the system
resolution The crosssection of the simulated cable system is configured as a square with an
equal number fofinite elements across the horizontal and vertical planes. Increasing the
resolution of the system significantly increases the timeestmulation will take to solve. This

is due to theextra finite elements and a furtherquirement to decrease the slation time

step to ensure theystem remains stabl®unning higher resolution simulatiomsay be
feasible when solving a system requiring a higher level of accufidwy following table
outlines the three differem¢solution settingavailable to theiser.
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Resolution

System
size

Matrix
size

No. of
F.E.

Stage 1
iterations

Runtime

Comments

Low
(20 mm)

1m x
Im

101 x
101

10,201

2,160,000

20 mins*

This resolution will provide
the user with a good
approximation of the syster,
within a reasonable
timeframe.lt is suggested tc
use the OMid
when system is confirmed.
This resolutionwill not

work for cable systems witl
conductor crossection ares
of less than 500mfn

Mid
(4 mm)

0.8m x
0.8m

201 x
201

40,401

14,400,000

6 hourg

This resolution wil provide
accurate results with a
tradeoff of simulation
runtime. This should be
used to simulatenid-large
crosssectionsand will
return well defined images
throughout the simulation.

High
(2 mm)

0.6m x
0.6m

301 x
301

90,601

43,200,000

18 hours

This resolution should be
used only to simulate
smaller cable systems as tl
crosssectional area is
smaller than the systems
above. The 2mm step size
improves the ability for the
square based F.E. system
represent the curved shape
of the cablecrosssection

Table 4.1 +Finite element resolution configuration

* Simulationtime will depend on computer's performance
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4.2.1) Layout matrix

A matrix representing the total number of finite elements showhalsle 4.1 is generated
with each matrix entry represented day integer that maps the materiamost presenat the
finite element locationThis can be shown by comparing the low and mid resolution of a
single cable inFigure 4.1. These images ardisplayed to the user with relevantcolour
mapped to the number ebich element of thiayout matrixduring the configuration of the
cable systemit can be seethat he materials of the low resolutiosettingare in he correct

location andake the form of the dominant matensthin the finite element.

Figure 4.1 +Comparison of the layout representation of low and midesolution

The layout matrix isreatedus ng Pyt h a g docalaléatethe distamae édram each
finite elementto the centre of each conductmingthe number of aws andcolumns This
distances used todetermine which material would fall withthe finite elemenbased on the

user defind material thickness.

When simulating a system without cable joints, the layout matrix will be defined using the
material thicknesses configured by the user. If a system contains cable joints (only applicable
to conductors of crossection of 400mmor less) the thickness of the materials will be
definedby the part specification of the Tyco jointing kit, MXSOyco Electronics, 2009)
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The jointdimensionsare based on the MXSBB41 as this joint is appropriate for cablgith

acrosssection of 85mn¥ to 400mm.

The layout matrixcontains integers frori-7 and map accordingly tdable4.2.

Integer Material Colour
representation | representation representation
Grey (aluminium

Conductor Copin(ar (gold) )

2 XLPE White

3 Shield Gold

4 PVC Black

5 Bedding sand Tan

6 Soil Brown

7 Air Blue

Table 4.2 tLayout matrix integer representation

Note: air is only shown if the depth of lay is less than half tight of the sy'em as defined
abovein Table 4.1. Australian StandardhS3000 (2007)specifies cableso be buried at a
depth greater than 0ré thus this simulation would not typically be requirédewevery this
featurehas ber includedto simulate cables rising to be terminated above ground

Establishing theabovelayout matrix simplifies theassociationof material propertiesvith
specific finite elementsas a MATLAB Gf dstatement can be used to maniputaie material
type For exampleheat generatedithin thefinite elemens will only occur within conductor

mat erials represmthelaydutrbagrix. t he i nteger 06106
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4.3) Thermal matrix computation

As the simulation progresses through time, the temperatures througheystem will vary.
As the temperatures within the system change, the material properties will also change. It is
therefore required that the material properties be updated as the thermal profile of the system

changes t@nhancehe accuracyf the simulabn.

4.3.1) Material property variation

The properties of the materials, as discussed in SeziB)wary with respect to temperature.
The individual diffusivity coefficient § as outlinedin Equation3.6 is dependent gnthe
materiafs thermal diffusivity U the simulation time step¢P and thearea of the finite
element : ¢ T;% As the timestep and area remain constant across the comphetiatisin

space, the value of alpha becomes the variable of lambdadbfinite element.

U, P

aL
T8

. . G
™SIaT UL,)—é
‘a

Equation 4.1 +Diffusivity constant revisited

The &value of each finite elemend calculatedand maintained in the lambda matrix, L. This
is dynamically updated as the temperatcianges withirthe systento account for variation
in the material propertie®ue tothese physical variations and the use éfiedint materias
throughout the systempneighbouring elements will have different lambda valu€s.
overcome thisthe L matrix is used to determittee averagdambdavalue ateach edge all
finite elemens. These values are represented as four matrigel, Ld, Lr, LI Figure 2.3),
containing the lambda values each boundary oéveryfinite element Further use of thé

matriceds outlined insection4.3.3)
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Lambda matrix values of
o the finite element located
at (i,j):
3% =) o Lugjy=(@+oey)/2
(i) Ldgj = (@ + @) / 2
Llgpy=(e+as)/2
% Lrij=(Ge+ow)/2

Figure 4.2 tMethod to determine the Lambda values interacting with eachr.E.

4.3.2) Qdot matrix

Another consideration thatust notbe overlooked is the variatiaf the conductoresistance

with respect to temperature. As outlined Euation 3.8, the power generated within the
conductor is proportional to the resistance of the conductor, it is therefore important that the
rate ofheatgenerationwithin each conductor finite element bgnamicallyrecalculated as

theconductor temperature changes.

This matrix Qdotontains the value oMat every conductor finite elemewhichis calculated
using the steps outlined in secti@l1.2) By maintaining the data in matrix form, the
influence of Mcan be applied across the complete system using matrix addftiQuot

during the creation of thieiture thermamatrix as outlined in sectich3.3)

4.3.3) T matrix

The thermal matrix, T, contairibe temperature of each finite elemueithin the systemThis
makes itconsiderably large withp t090,000entries depending on the resolutionxécuting
the steps outlined iBection3.1.1)to calalate the future temperature for each of the entries
would take a very long time if executed asf@6 loop which would not be acceptableTo

optimisethe run time future temperature values will be found using matrix mathematis.
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is whereMATLABOG s a b i | iputatg mdtrices beaomes a criticabl for this research

project

As discussed previously, they system basndary conditions fixing atbutside elements ta

known temperature Therefore the internal matrix values need be solved based on the
previous temperature of the finite elements within the sys@®machievethis, five new
matrices are created frothe existing thermal matriand therused to solve the nethermal

matrix with matrix operationsEach of thesenatricesare 2 x 2 smaller than the T matrix and

are created by first copying T and then shedding unnecessary rows and columns from the T

matrix as shown irFigure4.3.

This matrix manipulatiorallows forthe followingsingleline of codeto apply Equation3.7 to
all the internal valueand generate the future internal matrix for the thermdilerof the

cable system

T Int =Lu*T1+Ld*T2+LI*T3 +Lr*T4 + (1 - (Lu+Ld+LI+Lr)).*TO + Qmat

Ts

T2

Figure 4.3 tCreation of T' matrices for simulation optimisation
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4.4) Pick-up value

The pickup value sen® two purposes in this simulation; to show the ufisesmaximum
pick-up value that could be used on the castem, and as a reference point for the first
break curve valueTo solve for the pickup value, the simuteon must find the current that
will cause the system to heat to°@at thetimer limit of the protection relay. This could be
solved by brute force, howevehe following method has been usedrédlue the time to

solve the simulation.

The value cannot bgolved directly from théoad curenttemperature changiie to the non
linearity of the system with respect to temperattt@wever, this information can be used to
estimate the pickip current.The maximum time for this simulationis restricted by the
maximumcountertime of the protedbn relay tmax (10,000 seconds)lhe simulation is run
with the estimatedpick-up currentand the resultant temperaturise is used tofurther
estimate the pickip current. Once the maximum temperatstabiliseswithin 0.5°C of the
maximum allowable terperature, 9%C, the pickup current value is accepteahd the

simulation advances to the next step; determining the system break points

4.4.1) Method for pick-up current estimation

As, i is proportional to qg is proportional to Pand P isequalto I the following equation
can beused as an approximatiadowever, as the system is nbnear due to the variation of

material properties ith respect to temperature, this is used asidegnly.

Although the target curve is the red curve outlineBigure4.4, starting from the steaestate
thermal profile,it can be seen that solving for the no load pipkcurrent value, green, will
yield only as ma | | error t ourve. This errdrendl ilaterebe remaved s the

simulation converges on 9C.
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System Steadystate thermal profile

max.temp Requiredthermal profile

Pick-up thermal profile

90°C b

(00 ]

SSM
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Figure 4.4 tSolving for the system's pickup current

Using the ftlowing proportionality equations:

AGi B p°

Ag R 5°

Where resistance, R, is assumed constant (this is not true due to material property changes):
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The following equation can be derived:

6 6
P 5

Rearranging to isolate the unknown:

6 A6s

6
s L7,

Solving for k:

L p—=—
5- P A6

4.4.2) Pick-up current finalisation

The above method igsed to determine asstimateof the pickup curent. Due to the noen
linearity of the system, this valus always above the target of @ This is predominantly
due to theincreasein resistance of the conductor atitereforea higher power output as

temperature increases.

By repeating the above methahe system can converge on the agbicd-up currentof the
system. Again, due to the ndinearity of the system, the second attempt would overshoot so
the average between the calculated vanethe previous estimate is used. This is repeated
until the resultant thermal curve reaches 89.5 < T < 9C.5t t = fax The maximum

attempts is locked at five to ensure the system does not get into an endless loop should the
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result not diverge, however, the pigk current value is generallyund in lesshan three

attempts, as shown from the output data below.

Example progress report from the MATLAB command window:

At iteration 1, current used 1399A, max temp. 135.27
At iteration 2, current used 1228A, max temp. 93.17
At iteration 3, current used 1212A, max temp. 90.08
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4.5) Solving for protection settings

4.5.1) Break curve

Once the pickup current is know, thesimulation thercontinueso solvefor the break points

of thecablesystem. D achieve thisfault current valuesat logarithmic intervalsabove thabf

the pickup current are simulateohto the steady statthermal profile The simulation time

taken for the system to reach the maximum permissible temperature is recorded at each of the
fault current values thus creating a break curve safety curve isthen determined by
consideringthe breaker operating time and the user defined safety margin wivialu

normally account foanysafety factors and equipment tolerances.

Break curve
- ; :
e IR B A : | —+—Bireak curve 1
........ . Safety cunve =
Best: IEC Extremely Iy,
1|:|4 R R T R A A
& 10 e S, S w . .
2 - ST
B R N
= B R S TR
E
o s S o L A S S
= : : :
'_
10°
10'
10° : 5
10° 10" 10°

Fault current (&)

Figure 4.5 +Break curve of simulated cable system
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4.5.2) Curve fitting

A brute force approach is used to fit thelustry standargrotection curveutlined in
Section2.2.6) Two variablesarerequirel to configure the curvetie pickup current and the
time mutiplier setting (TMS).At this stage, e pickup current is already know from the
method described in sectidm).

The system individually solves each curve for 1iMS value by starting with TMS = 0, the
curve is checked agest the safety curve and if all points fall below this, the TMS is
incrementeddy 0.1 which shifts the curve up slightignd re-checked. Once the TMS value
causes the curve to exceed any of the points osdfetycurve, the previous TMS value is

savedand the same procedure is undertakesolvefor the othercurves.

4.5.3) Best fit curve

After all the curve have beeiiit to the safety curvethe next step is to find the curthet fits
best. To achieve thighe vertical gap (time) between each point fté bestfit and safety
curve, isused to determine the regressiés this is a logarithmic system, linear regression
cannot be used as the poimtisthe lower end of the tripping time should carry the same
weight as the tripping time atd« For this reaon, a logarithmic regression is used at each
point of the curveas depicted by crossesFigure4.5. The regression values for each curve
are summateavith the lowesttotal regressiomepresentinghe most appropriate protecho
settings.This curve is themlisplayedwith the setting valuew the useralong withthe break

and safety curvefor the cable system
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4.6) Assumptions approximationsand limitations

Whilst everyeffort was madeo develop a accurate model of an undesgnd cable system
and account for all the significant factors influencing the thermal properties of the system, the
following limitations should be noted as they may enhance the accuracy of the model. These

may provide basis for furthanalyticalwork in this field.

4.6.1) Limitations of the 2-dimensional model

For the 2dimensional model to operate, it is assumed that all parts along the cross section of
the cable headtomogeneouslyin reality, there would be a variation in temperature along the
cable sygeemas the cable passes throughterials with varyinghermal propertie§williams,

1999) This temperature differential along the cable would allow areas of increased
temperature to not only conduct heat outwards through théaiimgumaterialandinto the
surrounding soil but also along the cable in a transverse dire@toswould not have a
significant impact on the analysisf the cable unless the material properties changed
suddenly However, this could be influential fa cable joint which has the potential for a
significant thermal gradient (dT/dz, where z is the distance along the caiiled would
promote thermal transfer in the z directi@md ultimately a change in steady state temperature

which hashot beenfactoral into the simulation model.

4.6.2) Interfacial thermal resistance

The thermaldiffusivity between finite elements were determined by taking the average of the
thermal diffusivity by the two neighbouring elementis neglects the interfacial thermal
resistancéetween the two material surfacgbkich acts to increase tlieermal resistance due

to molecular variations in the materials.

4.6.3) Boundary conditions

For the finite element analysis to work, boundary conditions are required. These conditions

are required tkeep the simulation referenced to the ambient conditions. The effect of the
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boundary conditions can be reduced by increasing the simulation space, however, this is a

trade of with the simulation time.

4.6.4) Surface heating

The effects of surface heating, stahwhere an underground cable passes under a road, can
affect the thermal conditions of the cable system. In the case of this simulation, no provision

was added to accommodate the additional heating effeatsfats heating

4.6.5) Joint resistance

Whilst manyof the material properties within the system are dynamically updated as the
system changes with temperature, this information was not available for cabletiw@regore

the resistance remains fixed with respect to temperdnfigmation on cable joirresistance

is not readily available as ipractice any resistance measurements on cable joints would

requiredestructive intervention making the joint unserviceable.

4.6.6) Method for earthing the cable screen

The voltage induced on the shield of the cabteth® main conductor has the potential to
generate currents within the shield. These currents cause additional heating within the cable
system and can result in a reduction of capacity. For this reason cataleyinstallationsnly
terminate the shield ahe cable at the supply end of the cable system. If this is done, the
screen is still bonded to earth and any insulation breakdowns will be detected by the
protection device, however, there is a risk of voltage potential developing between the cable
shied and earthreferenceat the downstream plant. This simulation assumes no current
flowing within the shield of the conductor and therefdrest models single earth bonding of

acable system.
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4.6.7) Skin and proximity effect

The skin effect has been omittedrfrahis simulation due to the relatively small, and round
conductorsThe effect of this phenomenon generally results in an uneven current distribution
within the conductor and an increase in the joule heating due to the displaced current flow. It
starts tobecome significant for conductors of 1600 to 2000A and is very important above
4000A where it can generatgp to 10% additionalheating within the conductdSchneider
Electric, 2002)

4.6.8) Heating within the insulation

As the voltage within a power cable is charging and dischargingleéb#ic field within the
insulation material 50 times per second, this can lead to heating within the insulating

material. For the purpose of this research project, this effect hasibglected.

4.6.9) Free convection

Free convectionas described biyarouke, (1981, p. 7) is caused by changes in density with
respect to temperaturdowever,Farouke states that in soils, the convection through air or
water isnegligibledue to the very smatiature of the pores. For the purpose of this

simulation, only the thermal conductive properties have been considered for thermal transfer

within the system.
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4.7) Validation of model

The simulation model must be assessed teraene if the results from tr@mulation will be

useful Whilst sophisticated and expensive cable analysis software was not accessible
throughoutthe duration of thisproject, design guidelines fromma n u f a cdata anglr 6 s
Australian standardsrovided the basis for the assessmehts information was compared to
thebreak points generated by the simulatioetermine the accuracy of the modeWwould

have been an added benefit to compare the steady state temperature values-wiHdreal

test results, however, no results coulddaend to make a valid comparison.

4.7.1) GEMSCAB

Data from the Gemscab datasheet was used to determine the current rating of the cable system
as outlined inTable4.3. These values were also implemented into the simulation moded so th
results could be compared fordiaect buried 11kV cable witlB30mn? crosssection The

rating factors are used to determine a more accurate cable ampacity given the environmental

conditions of the cablgystem

Variable Value used Rating factor

Cabk configuration Singletrefoll 1
Conductor crossection 630 mn? 1
Nominal rating 553A 1
Depth of lay 600 mm 1

Soil thermal resistance 0.5 W.mLK1 0.89

Soil temperature 25°C 1.04

Current rating 512A 0.926

Table 4.3 +Gemscab current rating,data: Gemscab(2014)

By using a similar load current in the simulation modte, results from the break curean
be analysed against the shoircut rating of the cable systenthese values are shown in
Figure4.6 and are derived from the followirgguation for short circuit rating asfaed by
Gemscab (2014, p. 18).
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Where, K, the thermal constant for the Gemscab 63Daluminium conductor, is equal to
59.0. From this, the short circuit current valug, ¢an be equated from tlwenductor cross
sectional areaA, and trip time, t.This is an adiaatic approximation and not effects of
thermal transfer within the system are considered.

4.7.2) Australian Standard 3008.1.12009

The Australian Standard, AS3008, sets out a method for cable selectiaet@nohining
sustained currentarrying capacities farableinstallatiors in Australia(AS 3008, 2009)This
method is specifically for cable systems operating at voltages below 1kV, however, for the
purpose of cable ampacity only, this will provide a valid benchmark to compare th

simulation model.

Variable Value used Rating factor
Cable configuration Singletrefoll 1
Conductor crossection 630 mn? 1
Nominal rating 688A 1
Depth of lay 600 mm 0.97
Soil thermal resistance 0.5 W.mLK1 0.81
Soil temperature 25°C 1
Current rating 540 A 0.785

Table 4.4 +Australian Standard current rating, data: AS3008 (2009)

AS3008 outlines a method for determining trip times with the addition of the safety period
where the cable systemrcaperate upo 250 & for less than 5 seconds. Fofault duration

of more than 5 seconds, the maximum operating temperature of XLPE insulation@s 90
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The values for Kfor faults lasting more or less than five secowds be obtained from

AS3008- tade 52

sss-_POw
Xxt& PQw

Using these values, the following equation can be used to determine the recommended trip

times of the cable system. These values are showigume4.6.

©PpL - 655

4.7.3) Simulation results

By simulating a cable system identical to that discussed above, the results from the simulation
can be validated against the methods ftbenGemscalilatasheeand AS3008. Theariables

used in thesimulationare as follows. It should be noted th&05A was used as the load

current which is between the two values determined above.

Variable Value used
Cable configuration Singletrefoll
Conductor crossection 630 mn?
Load current 520A
Depth of lay 600 mm
Soil thermal resistance 0.5 W.mtK?
Soil temperature 25°C

Table 4.5 +Values used for simulation verification

The two methods outlineabove use an adiabatic modghoring anythermal transfer within

the system This approximation is accepiabfor determining thermal behaviour over short

fault periods however, asault time increasesheattransferfrom the conductowill become
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more apparentFigure 4.6 shows thatinitially the simulation results and thep times
determined from the Gemscab and AS3@@&hodsare very similar. It is important to note
that the AS3008 methqgdand similarly the simulation modetpnsidera 5 second period
where the cable system can toleraten@aximum temperaturef 250 &. The similaity
betweenthe Gemscab and AS3008ethodsfor t > 5 second®utlinesthat thesemethods
offer an accuratg@oint of comparison foithe simulationresuls. The simulatedbreak curve
tracks very closely to that of the AS3008, especially at the higher faudls where t < 5
seconds The effectof thermal transfeon the protection time cabe seeras time increases
and the simulated curveBvergefrom the adiabaticurves.This provides a more realistic
representation of how the system would behaew fault levels and proves the system is

comparable to industry standard approaches for determining tripdirnigh faultlevels

“alidation of simulation model

‘| —+— Calculated safety curve |]
GEMSCAB rating
Ao

Time (=)

Current [A)

Figure 4.6 +Simulation validation using protection curves



5) Case studies and practical use 60

5) CASE STUDIES AD PRACTICAL USE

5.1) Chapter overview

The following chapter covers a variety simulatedcable installations. In each case study,
one key variabléTable5.1) of the system was changed to understand the effects this variable

would hare on the required protection settings of a cable system.

Case study System property variation

1 Comparison of single trefoil and parallel run trefoil with 1
same load current.

2 The use of a trefoil cable compared to three single cablg

3 Cabk system with and without bedding sand.

4 Prefault loadcurrent on the cable system.

5 Variation in the ambient temperature of the soil.

6 Core conductor materialcopper and aluminium.

7 How deep the cable hagen buried.

8 Soil saturation leel.

9 Cable joint health.

Table 5.1 +Case studyoverview
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5.2) Case studyl - Parallel run trefoil

One the motivating factors for conducting this research project wwasnalyse the
maintenanceptions ofpallel run trefoil installatios. Theassessmenvasbasedon taking

one of the cablesut of service andestoring thedownstream supply via the singhealthy

cable.lt is important to note thahis will affect the voltage dropnd rated current of the
system, however, if thesffectson the system werlerable modified protection settigs

would need to be considered in order to provide adequate protection to the reduced system.
This case studwvill analyseif such a measure could be used to restueply to critcal
downstream equipment during fault rectification and maintenance of the complementary
cable The following system parameters were used for case studhete the variation

between thsimulation modelfas beemutlined in red.

Variable Simulation A Simulation B
Cable configuration Parallel trefoil Parallel trefoil
Cables in service 2 1
Depth of lay 600mm 600mm
Bedding sand around cables 50mm 50mm
Bedding sand thermal resistan| 0.25 W/(m.K) 0.25 W/(m.K)
Soil thermal resistance 0.8 W/(m.K) 0.8 W/(m.K)
Separation between cables 20 mm 20 mm
Conductor material Aluminium Aluminium
Conductor crossection 400 mn? 400 mmn?
XLPE thickness 12 mm 12 mm
Shield thickness 3 mm 3 mm
PVC thickness 4 mm 4 mm
Soil temperature 15°C 15°C
Load current 630 A 630 A

Table 5.2 +Case study 1 variables

5.2.1) Thermal results

The following plots were generated with a fixed maximum axis di&0



5) Case studies and practical use

62

height of system (m)

0 0.1 (I 03 0.4 05 0.6
width of systermn (m)

Figure 5.1 +Steady state thermal profile &ll cables inrservice)

height of systemn (m)

0 0.1 0.2 03 0.4 045 0B
width of system (m)

Figure 5.2 +Steady state thermal profile (singlerefoil in-service)
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5.2.2) IDMT protection curves

The following plot contains a combination of the geiion curves found by the simulation.

Farallel Trefoil System - Protection Cunves

T T

10° L SHIT T I I o Parallel Trefoil
[ o Single Trefail

Tripping time ()

Fault current (&)

Figure 5.3 +Case study 1 IDMT protection curves
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5.2.3) Discussion

Results Simulation A. Simulation B

Parallel trefoil Single trefoil
Steady state, max T 26.6°C 481°C
Steady stategr 11.6°C 33.1°C
Maximum pickup current 1489 A 862 A

IDMT curve IEC Ultra IEC Extremely
Pick-up setting 1191 A 689 A
Time multiplier setting 16.7 8.5

Table 5.3 +Case study 1 results

Table 5.3 outlines the key differences between the operating limits of parallel versus single
trefoil configuration.The temperature rise of the single cable is 2.85 timeatsof the parallel

run cable This would increase the fatigue of the lealnd reduce the expected life, however,

it is still within operatingimits sorestoring the systems asingle cable run is feasible under

the results of this simulatio@bviously the current capacity of the single cable is about half
that of the sinlg cable and looking digure 5.3, thee is a significant shift in the required
protection curve. If a single cable is to be put into service in this configuration, care must be

taken to ensure the protection settings will prevadiequate protection to the cablesanvice.
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5.3) Case study?2 - Trefoil versus three single cables

This case study investigates thariation in capacityand required protection settinggen
using three single phase cablesmpared to a trefoil cabl&he following system parameters

were used for case study wherethe variation between thgimulation modelshas been

outlined in red.

Variable Simulation A Simulation B
Cable configuration Single trefoll 3single cables
Depth of lay 600 mm 600 mm
Bedding sand around cables 0 mm 0 mm
Bedding sand thermal resistan| 0.25 W/(m.K) 0.25 W/(m.K)
Soil thermal resistance 0.8 W/(m.K) 0.8 W/(m.K)
Separation between cables NA 0 mm
Conductor material Copper Copper
Conductor crossection 1000 mnt 1000mn?
XLPE thickness 30mm 30mm
Shield thickness 5mm 5mm
PVC thickness 10mm 10mm
Soil temperature 15°C 15°C
Load current 1000A 1000A

Table 5.4 +Case study? variables

5.3.1) Thermal results

The following pbts were generated without a fixéemperatureaxis but may be used as a
guide to determine the steady state thermal profilee maximum value on the right hand

colour bareflectsthe systerts maximum steady state temperature.
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Figure 5.4 t+Steady state thermal profile (trefoil)
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Figure 5.5 +Steady state thermal profile (three single cables)
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5.3.2) IDMT protection curves

The following plot contains a combinatiofn the protection curves found by the simulation.

Trefail ws. Single Cable Systems - Protection Cunves

: single Trefoil Cable
| — Three Single Cahles (3

Tripping time (=)

Fault current (4)

Figure 5.6 +Case study 2 IDMT protection curves
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5.3.3) Discussion

Results Simulation A Simulation B
Single trefoll 3 single cables
Steady state, max T 37.0°C 37.9°C
Steady stategr 22.0°C 22.9°C
Maximum pickup current 1803A 1755A
IDMT curve IEC Ultra IEC Ultra
Pick-up setting 1442A 1404A
Time multiplier setting 36.3 35.9

Table 5.5 +Case study?2 results

The thermal profile of the three single cables shows that the middle conductor sits in the
centre ofa symmetricathermal systenkigure5.5. For this reason, theentrecable endures a
higher temperature than the sige cables and also a higher temperature than the trefoll
system asin the trefoil systemeach of the phasesave an equal opportunity for heat

dissipationto the surrounding environment.
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5.4) Case study3 - Using bedding sand

This case study investigatéhe effects usg bedding sand can have on the capacity of a cable
system.The following system parameters were used for case fSudherethe variation

between thsimulation modelfas been outlined in red

Variable Simulation A Simulation B
Cableconfiguration Single phase Single phase
Depth of lay 600 mm 600 mm
Bedding sand around cables 150mm 0 mm
Bedding sand thermal resistan| 0.25 W/(m.K) 0.25 W/(m.K)
Soil thermal resistance 0.8 W/(m.K) 0.8 W/(m.K)
Conductor material Copper Copper
Conductor crosssection 2000 mnt 2000 mn?t
XLPE thickness 40 mm 40mm
Shield thickness 2mm 2mm
PVC thickness 15 mm 15mm
Soil temperature 15°C 15°C
Load current 2000 A 2000 A

Table 5.6 +Case study 3 varibles

5.4.1) Thermal results

The following plots were generated without a fixed temperature axis but may be used as a
guide to determine the steady state thermal profile. The maximum value on the right hand

colour bareflectsthe systerts maximum steady statenhperature.
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Figure 5.7 +Steady state thermal profile (with bedding sand)

Figure 5.8 +Steady state thermal profile (without bedding sand)

































































































































