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Term orAbbreviation

AC
AEMO
Bridge
CCGT
DC
FCAS
FCSPS
FRT
GT
HVDC
JWG

kv
LCC
LG
LL
ms
NER
POW
PSCAD/EMTDC
pu
SCR
ps
Valve

VBE

Definition

AlternatingQurrent

Australian Energy Market Operator

Six pulse thyristor group

Combined Cycle Gasirbine

DirectQurrent

Frequency Control Ancillary Services
Frequency Control System Protection Scheme
Fault Ride Through

George Town

HighVoltage Direct Qurrent

Joint Working Group

Kiloamperes (one thousaraimperes)
Kilovolts (one thousand volts)

Line Commutated Converter
Lineto-ground

Lineto-line

Millisecond (one thousandth of a second)
National Electricity Rules

PointOn Wave

Simulation program (tool) faanalysing power system transients
Perunit

Short circuit ratio

Microsecond (one millionth of a second)

Also referred to as #hyristorvalveg for LCAHVDCtypically ®-200 single thyristors connected
in series.

Valve Base &ttronics (providing thyristor protection in the context of this report)
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Further to the initial report issued by the Australian Enekfpgrket Operator Ltd (AEMO) in May 20[14, AEMOand
Tasnanian NetworksPty Ltd trading as TasNetworks (TasNetwotia)e jointly completed modelling and technical
studies to understand the root causd three recentdisconnectios of the Basslinkinterconnectorfollowing faults on
the Tasmanian 22RV network.

Thetwo key activities discussed in this repoais defined in the initial report, are

i.  Verify the accuracy of the Tasmaniaglectromagnetic transientomputer modes, including theBasslink
Interconnector by replicating the system events of December and Febrtrapugh simulation

. Replicatea scoped set of critical studiassingthe verified Tasmanian network and Basslink Interconnector
electromagnetic transientnodelsto identify potential solutions

The analysis and conclusions presented herein have been developed and reviewed by a Joint WorkiifayiGeolip
response tahe recommendation publishetl & LJ- NI 2F ! 9ah Qf]. AYAGALIf Ay @SadAal i

This document or the information ih may be subsequently updated or amendédhis documentioes not constitute

legal or business advice, and should not be relied on as a substitute for obtaining detailed advice about the National
Electricity Law, the Nainal Electricity Rules, or any other applicable laws, procedures or pol&ESIO and
TasNetworks have made every effort to ensure the quality of the information in this documeértannot guarantee its
accuracy or completeness.

Anyone proposing tose the information in this publication (including information and reports from third parties) should
independently verify and check its accuracy, completeness and suitability for purpose, and obtain independent and
specific advice from appropriate experts.

Accordingly, to the maximum extent permitted by law, AEMQ TasNetworks and their officers, employees and
consultants involved in the preparation of this document:

i Make no representation or warranty, express or implied, as to the currency, accrebalility or completeness
of the information in this document; and

i.  Are not liable (whether by reason of negligence or otherwise) for any statenmntepresentations irthis
document, or any omissions from it, for any use or reliance on the informan in it

© AEMO
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A. Background

On two occasions in December 20ddd once in February 2018ansmissiorfaults in the Tasmanian 220/ network
resulted in disconnection of the Basslink Interconnector

Consequentlyduring power transfer acro3asslink from the mainland to Tasmania:

1 Loss ofthe Basslinkinterconnectorfollowing a remote fault on the Tasmanian 22 network has been
reclassified aa credible contingency event

1 AEMGOGis requiredto source additional Frequency Control Ancillary Ser(IEEASH Tasmania
The findings ofhe initial investgation publshedby AEMOn May 2015 [1jvere as follows:

1 Each of thahree faults on the 22&V network wascleared in accordare with the System Standard abdsed
upon infamation provided by TasNetworkiss network control and protection systems performed as tER
provisions require fromNetwork Service Providers

1 Based upon information provided by Basslink Pty Ltd, the Basslink control and protection systems operated as
designed

1 The unbalanced nature afach of thefaults caused acommutation failurein the Basslinkinverter station at
George Townvhich is a normal occurrence on a temporary basis during faults in AC systems

1 The high voltage direct current (HVDC) link tripped because multiple commutation failures were sustained.
This has not occurred previoydor Basslinkl]. HVDC links are designed to quickly recover from
commutation failures so as to avoid loss of the HVDC link. However such a recovery is more difficult when the
AC system is weak.

AEMOCcommitted to completgpower systenmodelling work ircooperationwith TasNetworks to better understand the
reasons for these recergvents The joint power system modelling workas now been completed and this report
summarises the results.

B. Power system modelling and simulation

AEMO and TasNetworks have dbped adetailed computer model to study the Tasmanian Power System during
credible faults on the 22RV network including thenteraction betweerthe BasslinkdVDC Linkand thepower system

The developednodel has been benchmarked agaitis¢ three recent 220kV faultsthat caused the disconnection of
Basslinkand loss of customer load'he results of this benchmarking have given AEM® TasNetworksonfidence in
the overall modd. While the model does not include all details of the Basslink thyrigrotection, AEMO and
TasNetworkgonsiderthe modelsufficientlyvalidto simulatethe sequence of observed events.

The results of the modellingnd simulation studiebave indicated that:

1 Performance ofthe Basslinkinterconnectorhas not degradedRecent banges in Tasmaniapower system
operationhaveresulted in an increaselikelihoodof adisconnectiorfollowing credible contingencies

1 Disconnection of the Basslink Interconnector following credible Tasmanian transmissiwork faults is
sensiive to a number of factors:

0 Level and poximity of online synchronougieneration within the Tasmanian regida the Basslink
HVDC terminalifjcreased generation close to Georfmvn reduces the likelihood).

0 Level of import on Basslirkto Tasmaniat time of transmission fault inceptioincreased level of
import increases the likelihood).

0 Number of phases involved in the transmissi@twork fault andthe fault impedancéresidual voltage
seen by Basslinphaseto-phase faultsandlow fault impedancencreasdikelihood)

© AEMO



Y )Mo

Networks
6System Incident Investigation for the Tasmanian Region

1 Point on the power frequency (50 Hz) voltage wave form at which the a fault is initiated (this timing has a
significant impact on the likelihood of tripping).

1 The likelihood of Basslink tripping for a fault at any givecation remote from Georgdown thus varies
depending upon howhe above factors applin combinationat that time.

1 The modelling has shown that set of circumstancegmainspossiblefor locations on thelrasmaniar220kV
system(particularly forfaults at connection points of major generating upit¢éhere a fault would lead to loss
of both a major generating unit and Basslink.

1 In particular commitment of additional generation closéo George Townvill reduce the likelihood ofBasslink
disconnetion, thoughnot to a level for which these eventanbe considered noistredible.

Details of this power system modelling and analysisrk are discussed in this joint repart
C. Next steps
Based on the resultgresented in this reportAEMO is satisfied that the current reclassificatifrcredible Tasmanian

contingencieshould remain in place.

AEMOand TasNetworkswvill review the recommendations of the independent expert (Manitoba HVDC Research
Centre In and implemengppropriatefindings

Further, AEMO proposes to facilitate a Tasmanian power systaiing group to investigate ways to remove the current
reclassification.

© AEMO
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This sectiorhighlightsthe sequence of event®r three transmission networkault events whichoccurred in December
2014 and February 2013 brief summary of thehistorical performance of the Tasmanian netkcand Basslink in
response to tansmission network faults also presented

During the period from December 2014 to February 2015, three fault events occurred in the Tasmariad .
transmission network which had undesirable consequences for the operation of the Basslink HVDC interconnector.

These three eventsaused grolonged commutation failurein the Basslink power inverter. This wasinifested bya
sudden change in thimverter AC busoltagecaused by the phase shift experienced on the AC network as a result of the
220KkV fault. Thisesulted in a reduction of the inverter voltage magnitude and phase advance with respect to the control
aeaidsSvyoa Ayad SNy AddiNdBaRyStiEl yheeSevents thd I as@aniindend converter was operating in
0KS WAy @ $prieSddshy oR Fittoria to Tasmaniddr whichline-commutated converters (LCC) HVDCslink
are more susceptible to commutation failurg]

The three network faultsvere unbalancedlisturbancesvhichare one of the maincause of commutation failuredue
to the resulting phase angle change in the inverter AC voltdg®e-phase faults generally result in the highest phase
angle change.

The combination ofudden voltage dip and phase angle shifts to which the converter was exposed during inverter mode
of operationwas sufficient to result in the first commutation failur€his isan expected evenfior any LCC HVDC lrds

the ability ofthe HVDC control system to avoid one commutation failure in the presence of an AC netwoik Yauojt
limited given the speed aksponse required.

Previous commutation failure evenéxperiencedn the history of Basslink operation resulted in commutatfailures
persisting for less tharhtee cycles. By this time, the HVYDC control systems had the opportunity to detect the event and
regain control of the commutation process.

However for the three transmission network fault events in December 2014 and February 2015 the commutation did
not succesdully resume withinthe desired reponse timéollowing inception of the AC network faulBuch repetitive
O2YYdziit GA2Y FlFAfdz2NBaA | NB | f a2z NATSesDNRe vaive Bdset Elde8dpic (SBER S R
thyristor protectionsystem issued a trip command to the converter station, removing Basslink from seBxtanded
commutation failures in response to single network fault events are not common, although they have been reported in
technical literature [5]. Such events sausustained overcurrent in the conducting valves and put at risk theiqathys
integrity of the thyristor valves

Many LCC HVDC schemes, including Basslink, incorporate an under voltage masking function in the thyristor protection
system that is intendedat prevent spurious operation duringeriods of low AC voltageActivation of the masking
function only occurs when AC voltage measurements at a converter station fall below the threshold setting. It is
understood that the masking voltage is currently $et0.3 pu for Basslink. For the three network fault events in
December 2014 and February 2015, the resulting residoléhge at all phasesvas greater than @. pu which did not
thereforeinvoke the masking voltage scheme.

Subsequent investigations Basslink Ptyttd confirmed that all thyristor valves SNBE WKSI f K& Q T2 2
three recorded trip events. The extension of the commutation failure is understood to have been the cause of the
thyristor protection system operating.

The subseqent loss of Basslinkiggered operation of the Frequency Control System Protection Scheme (FCSPS). The
FCSPS is a Tasmanian specific scheme designed to mitigate frequency deviations that result from instantaneous loss ¢
the interconnector at high powdransfers Operation of ESPS in the three fault events resuliedisconnection of 383

MW, 402MW and 485 MW of customer loads, respectively. For all three events the FCSPS operation was expected as it
is designed to mitigate the impact on power systaguency caused by the loss of Basslink power transfer.

© AEMO
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The available statistical evidence suggéists two-phase and twephaseto-ground faultsare asequally credibleas the
singlephase faults This is an important observation in the context of N&E&use4.2.3 (Credible and necredible
contingency eventsyvhich defines only three phadaults as being nowredible.Basslink has been exposed to eighty
three known falt events in the Tasmanian 220 kV network since 2{8]7 While the total number of recorded
commutation failure events is relatively high, threjority of thesewere not as a result of contingency events in the 220
kV network but faults in the distribuibn system or generator terminal stationg\n even smaller subset wansmission
events occurred when the interconnector was operating at high power transfers.

It can be observethat while the link has experienced numerous commutation failure evetstdiistorical exposure to

critical credible contingencigs A ®S® O2y iAy3ISyOe S@Syida oKAOK | NB fA{St:
fAYAGAQT KI & a0O8ehtife phkBeight yearstitete Baveib¥dn f3fudbalanced faults on the 220 kV Tasmanian
transmission network during which time Basslink was importing in excess of 300 MW from Victoria to Tasmania. Only
for the most recent three events did the fault resuit disconnection of Basslink and the operationtlid Tasmanian

FCSPS.

© AEMO
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To ensure veracity of simulation results and thebservations /conclusionsthat have been drawn the integrated
compute model representing the Tasmanian transmission network, all registered Tasmanian generating units, and the
Basslink HVDC interconnectdras been benchmarked against field measurements obtained from TasNetworks and
Basslink Pty Ltd (Basslink) for tineee systemincidentsthat occurred on 10 and 16 December 2014, and 23 February
2015 The primary objective of the benchmarking studies is to demonstrate that the transmission network faults leading
to extended commutation failures experienced by Bassdinét the activation of the FCSP&h beaccuratelyrecreated

by simulation Accurate representation of the events forms the basis of evaluation of any potential solution.

For the threeaforementionedeventsmeasured responses indicathat Basslink suffered an extended commutation
failure, resulting in the operation of theBE thyristor protection system, and subsequent tripping of the converter
station.

To assess the accuracy of the simulations, the following benchmarking criteria waldiskstdusing the PSCAD/EMTDC
software

i Comparison of inverter three phase AC voltageasurements and simulations
ii. Comparison of inverter three phase AC curremigasurements and simulations

iii. Camparison of inverter DC curremieasurements and simulations

The detailedresultsof the benchmarking studies apFesented in AppendiA. Plots are shown of internal and connection
point electrical quantitiesneasured during the system events and as recreated by simulaigiilustratedn Figure5

to Figure?7, phase plots of AC inkter voltage and current correctly predict the magnitude and phase shift of the phase
guantities for the recreated transmission fault. This is important to verify the expected responge dasslink
protection systems

For all three system incidents thatere investigated, théntegrated PSCAD modelill recreate the key phenomena,

most critically the extended commutation failutbat resulted in disconnection oBast$ink for the December and
February eventsSimilarly, the model accuracy was verified for a known system event on 16 December 2014 for which
no extended commutation failure occurred. The fault in the latter case was a line to ground fault on the 220 kV Gordon
to Chapel transmission line.

Basedon the results obtainedAEMO and TasNetworks have concluded that the PS@adl of the integrated
Tasmaniarcomputer models sufficiently accurate to analyse the issue of extended commutation failure in response to
credibletransmissiorfault eventsin the Tasmanian AC network.

Results shown in Appendix A demonstrate that the difference between measured and simulated waveforms generally
lieswithin a £10% error marginywherethe largest errorsare associated with the peaks and troughs of thaveforms.
Similarly, ery good correlation is obtained between the timing of tmeasured and simulatediaveforms where the

error margin idess thanl millisecond These results give confidence in the adequacy of the integrated computer model
for investigatinghe observed network events and potential solutions

© AEMO
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The objective ofthis section is to investigatsensitivitiesof the Basshk Interconnectorto possible disconnection
following Tasmaniartransmissionnetwork faults, which in turn can lead to activation of the FCIR&resentative
simulation results aresummarisedn Appendix B.

To assess the conditions under which the Basslink disconnection and subsequent loss of custoroeultbadcur,
fifteen different network scenarios have been considered for simulation,ingrin demand and local genetai
dispatch, to level of Basslimkport andseverity of the transmission faulthe scenarios investigated are outlined along
with key results inrable2.

All scenariogonsideredcorrespond tozero power being produced by Tasmanian wigenerationat the time of fault
occurrence Therefore, the cases considered are conservative, rather thaistweasepecause wind farmwill provide
significantly lower contributions to the fault level of the network comparethtat delivered bysynchronous generation
technologies Hence, wind farmdo not assist in strengthening the netwoifkor each scenarimultiple simulation case
studies were conducted to investigate sensitiuityfault impedance and poirbn-wave where the fault occst

Furthermore for scenarios #1313 the fault impedance and poiatn-wave were adjusted so as to replicate the voltage
profile seen by the Basslink inverter terminal for the 10 and 16 December and 23 February events, respé&btrgely
simulations are used as the benchmark for model assessreferred to in Section 2

Similarly, senarios #4 and 15 were developed so as t@reate the voltage profilseen by the Basslink for 10 December
and 23 February events, respectivajowever, to assess the sensitivity of the system events undesideration to
generation dispatchthe Tamar Valleycombined cycle gas turbin€@GT)plantisassumedo be offline.

For the simulations carried outhél = 5/  longgsticéhducting valve current was used to determine whether or not
an extended commutabn failure would occurModel validation resultgpresented in Appendix ,Ancluding the DC
current, confirm the veracity of using this criterioScenarios #10 includea full pointon-wave and fault impedance
sensitivity analysisvhereasfor scenarios #1115 the longest conducting valve current was determined for a specific
point-on-wave and fault impedance.

To account for modelling uectainties, scenarios where the duration of the longest conducting valve current is between
60 and 62 rniliseconds are highlighted as uncertaiin terms of whether or not they will result in an extended
commutation failure

For all scenarios reported the lifie-line and lineto-ground voltage magnitude at the Basslink terminals remained
above 0.3 pu, hence thdVDC link voltage masking schewesnot invoked (refer to Section 1.1)

The followingelectricalquantities have beestudiedfor each scenaritnvestigated:
i.  Threephase voltages at the George Town converter station
ii. Threephase currents at the George Town converter station
iii. Basslink DC current
iv. Longest conducting valve current
v.  Lineto-line RMS voltage at the George Town converter station with protection masking threshold shown

Vi. Lineto-ground RMS voltage at the George Townw&rter station with protection masking threshold shown

© AEMO
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The above gquantities are instrumental in indicating the behaviour of the system, and the impact on the Tasmanian
network following credible contingencies.

In the absence of an accurate thyristor vapretection model, the longestonducting valve cuent was used as the key
criterion to assess whether or not an extended commutation failure had occurred. Where the duration exceeded 60
milliseconds and all lino-line and lineto-neutral voltages atlte George Town converter station were maintained above
0.3 pu, it has been assumed that the VBE thyristor protection system would operate and trip the interconnector.

A direct indicator of the strengtor weaknesgof the power system is th&ult current flowing during networkault
events, which in turn is directly related to tie@mber ofsynchronougenerating unit®operating A higher network fault
currentindicates a stronger power systemmnd lowervaluesusceptibility to system disturbances.

Successful steadstate and transient operation of LE{WDC links requires a minimum number of synchronous machines
being online as often characterised by the shartuit ratio (SCRr availablefault levelat the converterbus([5]. In all
scenarios discussed in this report, including the actual events, the short circuit ratio at the inverter bus exceeds the
minimum SCRor correct operation of the HVDC linRs anexampleTablel highlights the fault level, in MVA, and
associated SCR seen by heorge Towtnverter bus. Fault level$iswn in the table exceethe minimum required fault

level of approximately 1300 MVAgrresponding to th&asmaniarpower system load and Basslink import level for the
three eventsas agreed between TasNetworks and Bassilirtke Basslinkonnection point

Table 1 Fault level and associated SCR for the three actual extended commutation failure events

Event Fault level (MVA) SCR
10 December 2014 2210 4.42
16 December 2014 1792 3.58
23 February 2015 2435 4.87

Simulation case studies demonstrate thasphtching additional generation in Tasmania, and in partiqygdaeration at
George Towpwill reduce the risk of extended commutation failure and subsequent Basslink tripfirgycan be clearly
seen by comparing scenario #4 and #glditionally, dispatching alynchronougyeneration in Tasmania would have
avoided an extended commutation failure evemtd Basslink disconnectidor the 16 December and 23 February events.

However generationdispatchcannot entirelyeliminate the riskof an extended commutation failurend the likelihood
of areoccurrenceof the December and February evewlspends on how various factors discussed in this Chapter apply
at any giventime.

IncreasingBasslinkpower import from Vidoria to Tasmaniancreases the risk of an extended commutation failure. In
practice however, constraining Basslink import cannot completely avoid the risk of an extended commutatiog, fail

and, asillustrated by the results ofable2, Basslink import level cannot independently determine whether or not an
extendedcommutation failure would occuollowing transmission networfault events.

For ahistorically commorsynchronous generation pattern which included the CCGT at George Town and no wind
generation, a lingo-line fault at Hadspen was shown to result in a trip of Basslink at an import power level of only 100
MW. (Rekr to scenario #p
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Screeningase studies were conductéd2 R S (G S NI A y S thilihe2 TdgmRriaN KaSsini@siow retworkithin
which fauls would likely result in a infault residual voltageat the Basslink connection point greater than 30% of the
normal operating voltage, suthat the protection masking would not be invokéefer to Section 1.1)These boundaries
are shown in Figure for high and low demand scenarios, wheoedtionsto the right ofthe boundary representault
locationsfor which the link may be exposed to trippidge toextended commutation failure.

Within these boundariesiordon and Hadspen 220 kV busbars were chosen as a representative for remote and close
network faultsrelative to Georgélown, where the remote fault is defined as the furthest fault location in the 220 kV
transmissiometwork. A closen fault isonethat results inthe residual voltage at the inverter btis remainmarginally
above the 30%nasking thresholdStudies have shown that the occurrenceasfextended commutation failure event
and subsequent Basslitkppingis mostlikelyto occur forclosein network faults.

Figurel: Boundaries beyond which theesidual lineto-line converter voltage remains above 30%

GEORGE
BASSLINK TOWN HADSPEN ~ PALMERSTON  LIAPOOTA : CHAPEL ST GORDON

GEORGE TOWN (Part) |(Part) (Part) (Part) H (Part) (Part)
(BLGC) 1 | 1 1 1 ! 1

BLGC-BLLC ' I
2 " 2 2

= WADMANA LINSFARNE
(Part) (Part)

L-L fauk locations

— |ZZ)kVBu9)ar,\|ne "“ 7" resutting in>0.3pu
volagein peak load

SHEFFIELD

-=== L Butlocations
E DCconvertor resuling in >0.3pu (Part)
voliage inlightload

The majority of PSCAD simulations have been undertaken assuming the application @bdifiadault This is on the
basis that such events resulttime largest voltage phase angkhifts, with any phase advanceducing thecommutation
marginavailable within the converter. Selected liteground fults were also considered fetudy. Simulation case
studies indicate a higher susceptibility of Basslink to extended commuttgilune events for a lingo-line fault.

Scenaris#1 to 10 were conductedith varying fault inception timesyherethe time at which the fault was applied on
the voltage sinavaves was variedlhe findings indicate thaht likelihood of an extended commutation failure lasting
longer than 60 milliseconds is closely linked with the POW where fault inception ot¢ésirsoted that this factor cannot
be controlled in practice.

As an example

Figure2 demonstratesthe impact of pointon-wave n the case of Chapel Street 220 fault. This plot illustrates the
duration of commutation failurepredicted by the computer simulation for a remote transmission fault occurring at
various points of a single cycle of one phase of the AC inverter voltage. The computer model shggagfsoximately
one quarter of the sinewave presents the risk of commutatiitufe extending beyond 60 milliseconds when Basslink is
operating at 450 MW import.
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Figure2: Commutation duration vs. point on wave for a higher fault impedance case
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Fault impedance can be considered as a proxy for residual voltage at the converter terminals, ashedikely phase
angle shift that is experiencedSimulation case studies indieathat a high fault impedance resultsn a reduced
commutation failue duration.

To assess sensitivity to fault impedarsimulationstudies were conducted using two different fault impedances; one
that would result in a voltage dip just above 0.3 pu (lower fault impedance case) and another that would result in a
voltagedip that was well above 0.3 pu (higher fault impedance case). For this sensitivity analysi-ditied¢ault was
applied at Hadspef20 kV substationnder a medium import level of 300 MW.

Figure3 showsduration of commutation failure predicted by the model a low impedance faultelative to the point
on the voltage cycle that the fault occurs. The plot illustratest commutationoccurring duringnore than half of the
sinewave presents a risk of commutation failure extending beydgB& protection settingf 60 mswhen Basslinks
importing 300 MW from Victoria to Tasmania

Figure3: Commutation duration vspoint on wave for a lower fault impedance case

300MW Import, Hadspen Red-White low impedance fault
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Figure3Figure4 presents the same analysis wilhighfault impedance. In this case, the residual voltage at the George
Town converter station is maintained at approximately 0.7 pu. Under these conditions, a line to line fault at Hadspen
does notproduce a commutation failure with long enough duration to cause Basslink to trip, irrespective of the POW of
fault inception.
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Figure4: Commutation duration vspoint on wave for a higher fault impedance case

300MW Import, Hadspen Red-White high impedance fault
Residual Voltage ~0.7pu
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By increasing theimulated impedance of the fauftvhich depends on factors suelectric ar¢ grounding impedance,
etc.), the duration of the commutation failure was reduced by approximately 10 milliseconds. The intention of the
simulation is to demonstrate the sensitivity of thB/DC commutation process to the fault impedaneeich cannot be
controlled in practice

Basedon observed responses of the Basslink Interconnector to variatiofailhtype, fault impedance, and pohun-

wave where the fault occurdEMO and TasNetworks are able to note that increasisgdual AC connection point
voltage decreasesthe chance ofdisconnection of the HVDC Interconnectdiowever, he actual probability of
successfully riding through a credible contingency event is determined by many variables, some of which are not directly
controllable.Additionally while the probability of succdskride through increases with {fault Basslink AC connection
voltage;some residual risk appears to remain, potentially due to voltage phase shift.

Based on advice from Basslifdt a residual voltage of less than 0.3 pu, the protection masking isasetivthereby
eliminating the risk of Basslinkterconnectorbeing tripped (at least by the mechanism being investigated within this
report). Fault locations that will result in low residual voltages are to the left of the boundaries marlkaglirel.

For scenarios where the longest conducting valve current is less than 60 milliseconds, AEMO and TasNetworks are not ir
a position at the present time to categorically state that Basslugkild nottrip. Given the lack of detailed design
information presently available, a level of certainty only exists around when Bagslinkp, with this certainty being
basedoni KS GKNBS Wl Oldz t Q aeaiSY AyOARSyGa LINBOA2dzat e RA3

Table2 highlights a summary of simulation case studies conducted and key results obtHiaksd. provides an indication
of operating conditions which result in an extended commutation failure suizbequent Basslink tripping\s shown in
the table a number otontrollable and noncontrollable factors will play a part in determining whether or not an
extended commutation failure would occur. Consequently, different outcernan be achievedepending on how these
factors apply collectively atng giventime.
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Table2: Simulation case study summary
Tasmanian | Ortline Tasmanian| gaccjink
Scenario no. | Load generation import Fault location Fault type | Basslink trig?
(MW) (MW)

1 1800 All 450 Hadspen LL Yes

2 1800 All 300 Hadspen LL Yes

3 1800 All 200 Hadspen LL Yes

4 1800 All 100 Hadspen LL No

5 1300 All 100 Hadspen LL Yes

6 1800 All 300 Hadspen LG Uncertain
7 1800 All 450 Chapel St LL Uncertain
8 1800 All 300 Chapel St LL No

9 1800 All 200 Chapel St LL No

10 1800 All 100 Chapel St LL No

11 1090 All 443 Lindisfarnewaddamana | LG Uncertain
12 1175 All 469 Gordon Chapel St LG No

13 1000 All 464 Gordon Chapel St LL No

14 1090 All except CCGT 443 LindisfarnewWaddamana | LG Uncertain
15 1000 All except CCGT 464 Gordon Chapel St LL No
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APPENDIX¢ PSCAD MODEL VERIFION

The lineto-ground fault on 10 December 2084 not result inAC fault currengreater than the preault currentpresent
and the AC voltage remains relatively undistorted, apart from white phase which is faulted and has asnkgynétude
during the fault period (se€igureb).

In this case th®C current is the most useful measure for comparison since it indicates the duration of the commutation
failure. Simulating this duration is critical to assessing the perdmce of the PSCAD model. Agure5 shows, the DC
current duration and oscillation period indicates a high leveinofilel accuracy. The extended wonutation failure is
evident in both the measurement and simulation results. However, there is a difference between the current peak and

first trough However, the peak and through of the simulated response are within £10% of the respective measured
resporses.

The AC voltage waveforms also show a high level of accuracy, with similar harmonics being displayed in the faulted white
phase. Since it is the AC voltage distortion that initiates the commutation failure, the simulation must be able to
reproduce accrate network volages during the fault period.

Figure5: Simulation and measuremdrcomparisons for 10 December 2014 libe-ground fault
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The two simultaneous lirto-ground faults on 16 December 2014 resulted in large current pulse seen within the AC
system as shown ifigure6. Comparnng the shape and magnitude of the graphs shows a high degree of alignment
between measurement and simulation results for both the AC current and voltage waveforms.

The magnitude of the AC fault current in the red and white phases is directly compardbke neasurement data. As
expected, this causes a large distortion of the AC geltan the corresponding phaseésfor the 10December event,

the DC current shows a high deg of correlation for both commutation failuuration and oscillation frequerc The

DC current simulation exhibits the same increased oscillation that was seen in the 10 December event, believed due to
the DC cable modelling assumptions.

By observing the commutation failure duration, and correctly simulating magnitude and phtseAE€ fault current
isconcludeal that the PSCAD model accurately represents this network event

Figure6: Simulation andneasurement comparisons for 16 December 2Qikve-to-ground faults

Fault replication 16/12/2014
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The 23 February 2015 event was different to the two previous disturbances as it wagalime fault that triggered

the commutation failure.Figure7 shows that there was no large AC fault current evident at the converter connection
point.

The comparisons of AC voltage waveforms show goodistency between simulatioresultsand measurement data,

and demonstrate that the PSCAD model is capable of simulating the physical network quite accurately. The AC current
also shows a high degree of correlation, however the large AC current pulsgeistaAs shown in both the 10 and 16
December events, the DC current for this event shows a high degree of correlation for both the duration and oscillation

frequency. A similar increased oscillation that was seen in the simulations of the Decembereaeratso observed,
believed to be due to the DC cable modelling assumptions.

As for the other two examples, the simulation results confilme outcomes of the actual event, i.e. the extended
commutation failure was sufficiently long for the VBEristor protection to haveoperated, resulting in a trip ahe
HVDC link.

Figure7: Simulation and measurement compains for 23 February 201Be-to-line fault

Fault replication 23/02/2015
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APPENDIB ¢ EXAMPLES OF PSCMYBATION RESULTS

The plots shown represent the following electrical quantities:

i
ii.
iii.
iv.
V.

Vi.

Threephase voltages at the George Town converter station

Threephase currents at the George Town converter station

Basslink DC current

Longesttonducting valve current

Lineto-line RMS voltage at the George Town converter station with protection masking threshold shown

Lineto-ground RMS voltage at the George Town converter station with protection masking threshold shown

All electrical quantitis are shown for consistency with presentation of the model validation reddtisvever, most
critical for the purpose of evaluating the likelihood of a network resulting in disconnection of Basslink are the lieg to lin
and line to ground voltages, anddhongest conducting valve current.

The commutation failure duration time referred to as critical for establishing the severity of the event, is indicated on
the figure showing theongest conducting valve current, whilee-to-neutral and lineto-line wltages at the converter
AC terminals are shown overlaid with the 0.3 pu protection mask setting.

© AEMO
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B.1Simulation results for scenario #1

Figure8: Basslink import at 450W, commutation failureduration: 65ms

450MW Import, Hadspen R-W fault
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B.2 Sinulation results for scenario #5

Figure9: Realisticscenario andBasslink importing 100AW, commutation failure duration 92ms
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