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+500 kVHVDC grid [7] and the KurLiu-Long threeterminal
AbstracB One of the most critical faults affecting modular ~ £800 kV hybrid LCC/MMCultraHVDC project[4].

multilevel converter (MMC) based bipolar high-voltage direct Although the MMGHVDC technology has achieved a high
current (HVDC) transmission systemsis the singlephaseto- degree of maturity, system protection and fawterant
ground (SPG) faults between theconverter transformer and the fi . ’ tstandi hall 91 H
valve. However, halfbridge (HB) and full-bridge (FB) based o.per.a! lon remain as outstanding cha en@q_ ]. However,
MMCs exhibit a different behavior following such afault and, Significant research has been conducted in these areas to
thus, converter protection should be addressed in a different facilitate its widespread deploymerfor instance, arious
manner for each configuration. For HB-MMCs, an SPG fault at HVDC circuit breakers(DCCBs) [10] and MMC topologies
the valvesideleadsto a sever overvoltageon thesubmodule (SM)  with dc fault blocking capabilitjl1]-[12] have been developed
capacitorsin the converter upper arms and to grid-sidenon-zero 4 isolate faulteddc zones. DC fault protection methodsor

crossing currents Although FB-MMCs only exhibit overvoltage, X
these aremore severe tharfor their HB counterparts. To address MMC-HVDC systens have beemroposedin [1], [13]-{14].

this problem, this paper presents a protection strategy considering 1ne€ modelingand control of MMCssubject tounbalancedc
thyristor bypass branches placed in parallel withupper arms of  faultsatthe convertergrid-sidehave beenvestigatedn [15]-
FB-MMCs. By employing this configuration, the upper arm [16]. Despite such valuable contributions to tpeenliterature
overvoltage in the faulted converter is mitigated and remote the protectionfor converter valveside single phaseto-ground
converters can be quickly blocked using their local protection (SPG) fauls in bipolarMMC-HVDC systemdas not attracted

schemes For completeness, theeffectiveness of thestrategy is . . o
verified through time-domain simulations in PSCAD/ EMTDC. sufficient attentionAlthough the probability of the occurrence

The studies in this paperdemonstrate the effectiveness ofhe  ©Of this type of faults is low, thelevereconsequenceshould
presentedprotection scheme forstation internal faults occurring ~ beconsideredn the deggn of protectionschemes
in FB-MMCs in bipolar HVDC systems. Valve-side SPG faults are normally permanent as they are
usuallycaused by insulation failure and flashoverccofverter
_Index Term$® Modular multilevel converter, high-voltage ¢ puswall bushings[17]-[18]. In half-bridge (HB) MMC
direct-current systems converter _valvesnc_ie fault, singlephaseto- based bipolar systems, this type of faults will lead to
ground fault, overvoltage,protection, thyristors. . . .
overvoltagean the submodule (SM) capacitors in the upper arms
of the converter and to grside nonzero crossing currents

[19]-[22]. The upper arm SM capacitors are charged under the
N recent years,he voltage source convert¢W’SC) based ¢ yoitage and the negative haficles of the valvaside post

high-voltage direcicurrent (HVDC)technology especially  tait ac voltages. The nezero crossing currents are caused by
the modular multilevel converter (MMC)basedHVDC, has e constant uncontrolled coupling of thegide to the aside
attractedconsiderably moreattention for renewable energy yig the freewheeling diodes of the arms connecting to the
integration and mukierminal applicationsompared to line ground. In [21], an LR parallel circuitis employed asa
commutatecconverter(LCC) based HVDJ1]-[3]. Thanks 10 conyerter deside grounding taelieve the issues associated
their distinctive features, such as the modularity and scalabilifyi non-zero crossing curresit However, FB-basedMMCs
to different voltage/power levels, high efficiency, and superiqgquireanalternativesolution agheirfault characteristicdiffer
harmonic performanc@4]-[6], the MMC-HVDC technology  from HB-basedVIMCSs.
has been planned for systems of high capagitd high dc £ MMC based bipolar HVDC systems do not exhibit grid
voltage level.Examples includethe Zhangbei fouterminal  gqe norzero crossing currents. This is because all the diodes
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in the lower arms will be reversddased thanks to the controlled independently27]. Findingsand conclusios are
configuration of the FESMs. However, the FBAMC will also  made forthe positive pol@nly butareequivalentlyapplicable
suffer from the uppemen overvoltage problet which is more to the negative pole.

severe than for HBAMC topologies because of the higher
valve-side posffault ac voltagefl 9], [23]. Such an overvoltage ) - )
may threatnthe insulation of the SM deviceEo address this ~ F19- 1(&) showsthe positive pole of a bipolaFB-MMC
issue referencg19] recommends increasing the voltage ratingyStem Each phasef the converteconsists of one upper and
of FB-SMs to withstand the overvoltage. Howeveych an ON€ lower armEach arm hasl seriesconnected=B-SMs and

approach woulincrease capital costhile the devicesvould ~ ON€ inQUcton_. The equivalent. circuit resistance i; represented

still facerisksassociated witlvercurrent and overvoltage. ~ PY resistorR Each SM containgour IGBTS, four diodes and
Surge arresters can be deployed in parallel with each armP® CgpamtorSlnce a de!ta/gtar t.ransformer'connectlon with a

clamp the overvoltage. However, thetsvicescan only limit ~9rid-side neutral grounding is widely used in HVDC systems

the voltage to around 1.7 p.u. and overvoltage may still exi&8]-[29], this type of transformer is adopted in this paper.

[19]. A protection strategy for FBIMCs that regulates the dc TPl

terminal voltage to zero to relieve the overvoltage has been 4 ISM15 ISM15 ISM15

. Upper Arm Overvoltage

proposed if23]. However, as an SPG occurs close to the valve, EASENSED

the arm currents will immediately increase to intolerable levels. [SMy : ISMNi ISMNi -

In this scenario, the insulategte bipolar transistors (IGBTS) SPG

will be quickly blocked by their internal overcurrent protection. :; : ; : ; ; Fault
Therefore, tis protection strategy may damage the IGBTs T "ua i i ACCB
before completing the fault discrimination process and Vic TS o

triggering the control strategy. Although the remote converter ofe B e, \ 1
may be able to switch teegulatethe dc voltage to zero to R R %R A\ﬁ_

alleviate the overvoltage, the doml signal must be based on L L L =
the communication systé@mwhich cannot be achieved if the
communication system is out of service. [swl [sw[ [sw P ’

Converterembedded devices, such as bypasgristors [sM:F, [SM: ] [swe [~
installed withHB-SMs, have beemmployed in real industrial GND
applicationsto protectthe HB-MMCs upondc-side faultg[1], [
[24]-[25]. In [26], a doublethyristor branctis installed in each ¥To negative pole @)
arm of FBMMCs to achieve higtefficient operation and dc +P (x=a,b,9
fault protection capabilityHowever, the use of the thyristor
bypass branches to protect the overvoltage caused bysidie
SPG faults in FBMMCs is still an underesearched topic.

This paper bridges the aforementioned research gap by
analyzing in detaithe effect of valveside SPG faults in FB
MMC bipolar configurations. Emphasis is made on the
overvoltage exhibited by the SM capacitors in the upper arms.
A protection strategy employing doukieyristor bypass
branches is presented. The thyristors are installed in the
terminak of each upper arm and will be triggered oribe
converter is blocked following the detection of the fatihis
way, the upper arms are bypassed anddtlevoltage can be
eliminated. Although adc terminalshortcircuit is created the
shortcircuit current will only flow through the triggered
thyristors This is not an issue dsyristorscan withstand large 1H (b)
surge currerst Moreover,aremote converter can detect this ¥To negative pole
shortcircuit and blockits IGBTs immediatelyusing its local Fig.1. Positive pole of a bipolar FBIMC. (a) Converter topology. (l9ingle
protectioninstead ofdependingpn communication phase equivalent circuit

The protection strategpresented in this workas been  rig 1(p) illustrates the singkphase equivalent circuit of the
assessedia timedomain simulationsonductedin PSCAD/  onverter whereVy is the dc voltageyx the valveside phase

EMTDC. Resultsshow that the protection strategy Worksto-ground voltageix the phase current,e andux the voltages

Vdc

effectively toeliminatethe overvoltage produced by SMs in the upper and lower arigsandix the
arm currats andixirc the circulating currentwhich can be
Il ANALYSIS OF VALVE-SIDE SPGFAULTS reducedo avery low valueusingdamping controller§30]. If

For thework carried out in this papgit is assumed thatoth  thecirculating currenixic is ignored the valve-sideac phase
poles of a bipolaMMC-HVDC system are symmetrical andvoltagescan be expressed:as
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The voltage produced lilie upper and lower arnog- andux

can be expressed as:

é 1 .
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Fig. 2(b) illustrates the equivalent circuit of a blocked
converter durg a valveside SPG faulbccurringat phase\. It
should be emphasized that, as the three phases are symmetrical,
the analysis presented for a fault at phase A would also apply to
the other two phases should the fault occur in any of thiém.
faulted phase voltagdrops tozero immediately after the fault.
Dueto the valveside delta connection of the transformer, the
voltages of thetwo nonfaulted phases becomthe line

whered is the phase angndm s the modulation index. The Vvoltages. Moreover, before blocking the convertiee, sum of

following equation can be obtained by substitut{Bginto (1)

the total voltage of all SM capacitors in each arm is

and ignoring the voltage drop in the arm inductor and resistoApproximately equal t¥ac, which isa highervalue compared

uXO%VdC[l -msin@ t 9, (x5 ,30b &1 (3)

It can be seen fror(8) thatthe ac phase voltagarealways
positiveduring normal operatigrasillustrated byuap.cin Fig.
1(b). Thereason behind this phenomenon is that the vside

tothe valveside line voltagesas shown itfrig. 2(b). Therefore,
all the diodesin the lower arms will beeverseebiasedand
there will be no fault current ithe lower armsln addition, as
theac buses arsolatedfrom thedc groundingoy theblocked
lower arms the dc offsetn thetwo nonfaulted phasewill no

voltage reference is clamped by the dc grounding of tH@nger exist.

converterlf the converter is ovemodulatedi(e.m> 1), the ac

The valveside posffault voltages ., u, and uZ) are

phase voltages will show negative values. However, thereligstrated inFig. 2(b). It can be seen thaeé SPG fault results

still alarge dc canponent in the voltages.
As the SPG fault occursoseto the valvethe IGBTs will

in a zero voltag€u,' = 0 kV) in phaseA. Since thadc voltage
Vg is higher tharuy', diodesD, and D3 will become reversed

immediately experience large fault currents. To protect tfdased once the converter is block&dodesD: and D4 will
converter, the IGBTs will be blocked Hhiie local protection conductf Vacexperiences overvoltagEor instance, a transient

schemeof the converter As a resultthe converter becomes an©Vervoltagecan be caused in the-dale of the converter once

uncontrollable diode bridge, as showrFig. 2.

Us max=Vact maxpUp' b

G'\fﬂ-l

¥ To negative pole
Fig. 2. Equivalent circuits of a bloekl FB-MMC in the positive pole(a)

Possible current paths in a blocke8-SM. (b) Singlephase equivalent circuit

Fig. 2(a) illustrates the equivalent circuit of one arm of the
blockedFB-MMC, whereCequis the equivalent capacitor of all

SM capacitas in the arm. It can be observed tl@, cannot

it is blocked due to the SPG fauliodesD; and D4 will be
reverseebiased if the dc terminal voltage becomes equal or
lower thanthe total capacitor voltagen the upper arm.
Consequentlyall upper arndiodesin thefaulted phasevill be
reverseebiasedand the capacitor voltagwill remain constant.

Similarly, & the posfault voltagesof the two nonfaulted
phasegquy' anduc) are lowerthanthetotal capacitor voltagm
the twoupper armsdiodes D, and D3 in the two norfaulted
phases will be reversddased as well. HoweveB: and D4
may conduct duringhenegative hakcycles of thepostfaultac
voltages.

TakingphaseB as an example, the upper arm capacitors will
stop being charged once thgital voltage reaches a maximum
valug given by

UB_max= Vdc + max 'Jbll, 4
where maxyy| is thepeak value othe valve-side postfault

voltageuy'. Assuming thenagnitude ofthée r ansf or-mer 6 s
sidepre-fault phase voltage iy, then

max Ub'l = I/I§i I}lEUb. (5)
Theconvertermodulation indexm s defined as
_ 2,
=V (6)
dc

The following equation can be obtained sybstituting(5)
and(6) into (4):

u =

B_ max

@)

o3

te] &mo

It can be seen fror) thatthe SM capacitos in the upper

dischargewhen the converter is blocketiowever, it can be &ms of phasB will exhibitalarge overvoltagelhe other non

charged by bidirectional currents.

faulted phase& will experience the same overvoltageaking



m= 0.9 as an example, the xiraum SM voltage will be BVqc
approximately which representsa serious overvoltage
magnitudefor the devices.

It should be mentioned théte aboveanalysis assumehat
the dc terminal voltage of the faulted converter remain
constant during the faulHowever, he SM overvoltagean be

more severe when the dc terminal voltage experiences ) - |
overvoltageduring the transient process caused by the.fault ' i >
B. ImpactoftheRemote Convertarn the Faulted Converter 4 g

The abovaliscussiordoesnot consider the impadhatthe
remote convertehason the overvoltageseen bythe faulted
converter As valveside SPG faudtare usually permanent, the
faulted converter needs to ®latedby trippingits grid-side Me‘a”“kremm
ac circuit breakefACCB). Theremoteconverter can be shut ey
down and thenswitchedto astatic synchronous compensator RZ Y7o negative pole
(STATCOM) modeHowever thetime it would take to stofhe Fig. 3GN£blockedconverter with a dside impedance grounding and a metallic
powerbeing transmitted from theemote converter will affect  erym.
theupper arnmovervoltage in the faulted converter. ) ) )

Let us assumghatthe SPG fault occurs apmwetreceiving D Comparison with the Mixedell MMC
converter andthat the power transmitted from thpower In [18], a mixedcell MMC has been proposed to mitigate the
sendingconverter(i.e. theremoteconvertey is P. If the power ~ SM overvoltage caused by vatsele SPG faults. It uses FB
sending converter takeg to block the IGBTs based oeither SMs in the upper arms and H&Ms in the lower arms, as
its local protection ora blocking signal received from the Shown in Fig. 4(a). Theqeivalent circuit after blocking all
faulted converter through communicatiof8l], the voltage 'GBTS IS showrll in Fig. 4(b).
changeqd/qc of the upper arm SM capacitors in the faulted L
convertercan be obtainedsingthe following equation

PDt —C v, +W)° C V2. (8)

‘equ equ

U ma=Vact maxpUp b

4

As gV4c << Vg, the second ordeermsm (8) can beneglected
Therefore

Vdc
DV, = ©
%equv dc
It can be observed froif®) that thehigher the transmitting

power @) and the longerthe time () it takesto stop
transmittingsuchpowerare the higher the voltage increase of
the SM capacitorwill be. However, the remote converter may
not be able to detect the fault quickly as the overcurrent or GND
voltage changexperienced by itmay not be enoughto reach '||'!
its protectiorthresholdd especiallyfor long-distance systems +p
Under thesecircumstancesthe SM capacitor voltages in the
upper armsnay reachintolerant levelsMoreover, the system
may face the risk of communication failudereliable solution VochY
is thusneeded to successfully relieve this overvoltage problem she MX\U?’Y\
without relying on communicais.

HB-SM

Us_mai=Vact maxpUp' b

/X0

C. Impact of Converter Grounding Schemes on Fault
Characteristics Ve

Convertergrounding schemes constitute an important aspect ]
of MMC-HVDC transmission systemBue to the dc offset of L§ ¥
the valveside voltages, an &ide grounding scheme using a
starpoint reactof32] is not suitable for a bipolar configuration. ‘
The converter station in bipolar systems can be solidly
grounded or grounded through theside impedancg33]. As
it can be seen from Fig, there is no current flowing through G'\:ﬁ_y ———————
the lower arms. Therefore, the converter grounding will not '
affect the fault characteristics

¥ To negative pole

Fig. 4. Topology and equivalent circuit of a mixedll MMC. (a) Converter
topology. (b)Equivalent circuit of the blocked converter.



Due to the freewheeling diodes in the lower arm-$i8s,
there will be fault currents during every negative ‘tgifle of

The bypass thyrister are in off-state during normal
operation.Once a valveside SPG is detected, th&éBTs will

the two norfaulted phases. Taking phase b as an example, the blocked immediately. Thethe thyristors will be triggered

peak value of the valvside postfault voltage u,’ can be
estimated by:

max '] & 3T 2Upx L/(L+Leqy. (10)

once fault discriminatiois completel. The upper armwill be
bypassedmmediately onc¢he thyristors aré&riggered
The equivalent circuit aftetriggering the thyristors is

whereLeq is the total equivalent reactance of the transformdfustrated inFig. b). All the upper arm SMs are bypassed by

and the grieside reactance referred to the vasigde. Then,
equation (7pecomes

a R
uB_max ° é’ +m7\/§ _QL_
¢

11
L+ L, (11

%

as a resultTherefore, the overvoltage will no longer exist.
However, the triggered thyristors creadhreephase short
circuit at the dc terminal of the convertas shown iifrig. 5b).

As theSPG fault has led tozerovoltagein the faulted phase
the triggeredhyristorswill also createan equivalentpole-to-
ground fault athe converter dc terminaHowever, the surge

Assuminglequd 2L andm = 0.9,the maximum upper arm currens will only flow through the thyistorsd which are able
SM voltage will be 1.284 approximately. It means that theto withstand large currentst should be also noted that the

upper arm overvoltage ieeduced from 1.4 thanks to the

inductance of the arm inductors and the transformer will limit

deployment of the lower arm HBMs, ie. the same the overcurrent and the voltage drop in the vaide and, in

overvoltage level as a conventional HBVIC [18].

turn, in the ac grid. These adveissues, though, are removed

Although this topology can mitigate the presence Qjuickly following the triggering of the gridide ACCB. As
overvoltage, it has some inherent drawbacks when compaigshgested ifi35], the ACCB interrupting time can be®line-
with the method presented in this paper. For instance, fitquency cyclesn this paper, a conservativedycle (100 ms)

sacrifices the flexile controllability of an FBMMC, e.g. the
nonblocking dc fault ridethrough capability34]. Furthermore,
the constant uncontrolled coupling of thegide to the aside
via the freewheeling diodes of the lower arm HEMs will

has beerhosen, which is commonly used in the open literature
to test the effectiveness of protection methéelg. [1] and
[36]). The duration of the created ac shartuit can be
reduced by utilizing an ACCB with a fast fault current

result in gridside norzerocrossing currents, which in turn interrupting capabilityMoreover as mentioned in Section- 1
would need to be mitigated by involving additional deviceg, there is no fault currerlowing through the lower arms and
[20]-[22]. Last but not least, the upper arm capacitors woulgherefore the converter grounding will not affect the proposed

still facea risk of suffering severe overvoltage.

Ill. THYRISTOR-BASED PROTECTIONSTRATEGY

solution.
To limit the dc shortircuit current caused bthe pole-to-
ground fault at thefaulted converter, the remote converter

Based on the analysis presented in Section Il, a thyristsiould be blocked as fast as possildle this converter is an
bypass branchased protection strategy is presented in thisB-MMC, its deside will be blocked from its aside once it is

section. The arvparallel

series thyristorsbased bypass blocked. The dc-side shorcircuit current will then stop

branches are installed in parallel with converter upper arms,iasreasing and will start to decay naturalljhanks to the

shown in Fig. 5(a)Presspack thyristorcan beutilized due to
their excellentcapability to withstand surge curreft]. As

voltage drop caused by the triggered thyristdh® remote
converter will beable toquickly detectthe dc voltage dropor

discussed previouslythere will be no current in the blockeddcovercurrenaind then block the IGBT# blocking signal will
lower arms. Therefore, thyristors are not required in the lowalso be sent from the faulted converter to the remote converter

arms.
I { Icup { IBup IAup g%
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¥To negative pole
Fig.5. Topology and equivalent circuit of the proposedWBIC. (a) FB-SM

with a separate thyristor valvép) Equivalent circuit of the blocked converter

through communicatiagto ensure the remote converter can be
blocked quicklylt canthenswitch toaSTATCOM mode when
it is disconnected from the dc line

It should be emphasized that the presented method will not
affect the high level control strategy (e.g. energy based control
or circulating current suppression control) as it will only be
triggered once an SPf@ult is detectedThe protection strategy
presented in this sectiosm summarized iffrig. 6.

Faulted converter

Block IGBTs |->|

Trigger
thyristors

Trip grid-side
ACCB

Detectng valveside

Send blocking
signal to remote[—»
converter

Blocked based on local protectign
or the blocking signal from the
faulted converter

SPG fault?
Y
Switch to STATCOM mode whe
the SPG fault is fully isolated

Operation
Remote convertel

Fig. 6. Flowchart illustrating the thyristdyased protection strategy.




IV. SIMULATION AND ANALYSIS Fig. 8 illustrates the SM capacitor voltages in the upper and

The analysis andthe thyristorbased protection strategy lower arms and valveide postfgult voltages when the SPG
presented in previous sectiomeverified through simulations fault occurs at the powaontrolling converter (MMC2_P). A

in PSCAD/EMTDC. full power of 1500 MW is traljsmitted from MMC1_P to
) MMC2_P. It can be seen from Fig(a) thattheupper arm SM
A. System Modelling capacitors start being charged once the convéstbtocked.

TheFB-MMC based bipolar HVDC linkhown inFig. 7has The valve-side postfault voltages u, and uc exhibit a
beenimplemented in PSCADThe converter parameters aremagnitude of the line voltage (1.73 p.u.). Taking pl&sas an
obtained fromthe Zhangbeifour-terminal 500 kV HVDC example, the upper arm SM capacitors are charged during the
project[7]. Parameters of theverhead lindOHL) model are first two negative cycles diy', as illustrated irFig. 8(a) and
taken from[37]. The parametersaind dimensions of the OHL 7(c). The voltage stops increasing as ithas reached its
model are given in the Appendix. The ac sysamemodeled maximum valugonce itis higherthan or equal téhe voltage
as ideal ac sources with shaitcuit impedance&s + jLs. The difference between the dc terminal and the valdepostfault
Xs/Rs andtheac system grt-circuit ratioareassumed to b&0.  voltage) The upper arm SM capacitors in the faulted phfase
Systemparameters ar@rovided in Table I. In the system, are also charged as the dc terminal voltage experiences
MMC1 operates in a dc voltage and reactive power controlervoltage.The maximum ovewoltage reaches 2.07 p.u. in
mode and MMC2 operates in an active and reactive powghaseC. All lower arm SM voltages remain constatce the

control mode. converter is blockeds showrin Fig. 8(b).
S o Fig. 9 shows the results when the SPG fault occurs at the dc
= ' e voltagecontrolling converter (MMC1_P). Aull power of 1500
3 " MW is transmitted from MMC2_P to MMC1_P. Similar to the
MMCLN]'"' "l'[ WMC2 N resultsshownin Fig. 8(a), the SM voltages start to increase once
*@ EI‘F the converter is blockefsee Fig. 9(a)]. However,the SM
= Ve Q PQ L voltage keeps being chargethe reasoiehindthis behavior
Fig. 7. Bipolar FEMMC HVDC link. is that althoughthe dc controllingconverter is blocked, the
TABLE | remote powercontrolling converter is still able to transmit
PARAMETERS OF THEBIPOLAR FB-MMC HVDC LINK powerto the faulted converteAs discussedn Section I+B, the
Parameters Val ues power transmitted from the remote converter will keep charging
g: fd‘;‘;j(') It tyka\)gwgw) (e ach iggg 8 g'ﬂ'; the upper arm SM caitors through the uncontrollable diode
Rataesdo | tkal)y e 230 (1 p.u.) bridge. Therefore, the exhibited overvoltage in this case is more
ACgrfideguezgy _ 50 (1 p.u.) severe.For instance,he ovewoltage of phaseC hasreache
H ans I ormer Zuta)'k ° (2)6105/230 (1131 p.u.) 277p.u.att= 22 s. The voltages will keep increasing if the
Number iofacShMsarm 40 power transmitted from the remote converter is not stopped.
DC termin#&a) induc 015 Therefore, the remote converter shouldbi@ckedas soon as
i'r\"mc ;”‘ g ZE(B): Z 2 E g ( (2)-84 (0.206 pu) possible.The lower arm capacitsrare not affected by the
Arm rewRigs)t anc e 0.1 (0.001 p.u.) remote converter antheir voltgggsremam constant once the
AC system equiRy@) 0.35092 (0.005p.u.) converter is blockedas shown irig. 9(b).
’an ; %’ f, ‘ § ;n te ﬂ “eLS'(HCb,aIL 26001117 (0.057p.u) 2) Verificationof the proposed protection strategy

B. Case Stuigs To relieve theovervoltage problenexperienced upon SPG
' faults thedouble thyristobased protection stratedyas been
1) Upper armovenoltage applied in the two converters the system shown iRig. 7
Asdiscussed befor¢he upper arm overvoltage will be worsebearing in mind that detailed algorithm for the discrimination
if the valveside SPG fault occurs ina powerreceiving of the discussed SPG fault is out of scope of the paper.
converter than in gowersending converterHowever, a The double thyristors are fired 0.5 ms after blocking the
powerreceiving converter can be in eitltgrvoltage contrabr  conveter to emulate the fault discrimination tinfuch aime
power control modelo investigate the fauttharacteristicand  (within a millisecond) is much shorter than the opening time (in
test the worspossibleconditions valve-side SPGfaults are  tens milliseconds) of the grside ACCB. Therefore, the time
separatelyset at phasé of the positive poles of MMC1 and delay will not affect the effectiveness of protecting the SM
MMC2 (MMC1_P and MMC2_R when they operate as the capacitors and the opening of the gside ACCB.A tripping
powerreceiving endThis isshownin Fig. 7 signal is also sent to the grglde ACCB when the converter
To show the fault responses under the worst caseall receives its blocking signal. AO0 mstime delayis used to
fault resistanc&®-=0.001qg i s a s s$P@fault occuish emulate the operating time of the ACCB6]-[35]. To
att = 2 s. The faulted converter employs an overcurreninvestigate the effectiveness of tipeesentedstrategy, the
protection strategy: the IGBTs will be blocked once any armlocking signal is not sent to the remote converter through
current exceeds4.5 kA. The remote converter remainscommunicationThe remote converter is blockatsteadusing
unblocked. its local protectiona blocking signal will be generataghen



Fig. 8. Fault responses duringi 8PG faultat MMC2_P. (a) Upper SM Fig. 10. Simulat.ion results (_Jf MMC1_P during an SPG fault when f
voltages; (b) Lower SM voltages; (c) Vakgale voltages; (d) Gridide proposed protection strategy is employed. (a) Upper SM voltages; (b) L

voltages; (e) Grigside currents; (f) DC current; (g) DC voltage. SM voltages; (c) dlveside voltages; (d) Gridide voltages; (e) Gridide
currents; (f) DC current; (g) DC voltage; (h) Thyristor currents.

the triggered thyristors in the upper aroreatea threephase
shortcircuit at convertewvalve-side dueto thetransformer and
the arminductancesthe valve-side postfault voltagesof the
two nonfaulted phasesnly drop to 0.92 p.ulseeFig. 10(c)].
As shownin Fig. 10(d) andFig. 10(e), the ac grid experiences
a voltage drop to 0.82 p.u. and an overcurrent to 3.68 p.u.
However, these are removed quickly once the griside
ACCB is tripped.Although the triggered thyristorsreatean
equivalentdc-side poleto-ground fault, the fault current has
been limited within1.46 p.u. [seeFig. 10(f)] as there is no
power source once the remote converter is blockedn The
dc current naturallyecays to zerguickly. Fig. 10(g) shows
the currents flowng through the double thyristois phaseC.
Fig. 9. The SM capacitor voltages during 8PG faultat MMC1_P: (a) The maximum surge current reach@5.45 p.uin thyristorT;.
Upper arm SM voltagegp) lower arm SM voltages. These resultare relevant as thean be used to select thyristors

either any arm current exceesleA or theconverter dc teninal ~ With suitablel?t.
voltage is less tha@.8 p.u.or higher than 1.2 p.wf the rated 3) Comparison with the Mixedell MMC

dc voltage To compare the performance of the method presented in this

As studiedpreviously in Section I1\/B, the most ser_ious paper with that implemented for a mixedll MMC in [18], the
upper arm overvoltage occurs at the dc vokegetrolling gy stem has been built in PSCAD using the same parameters in
converter when ibperatess a powereceiving end. Therefore, gaction IVA. FB-SMs and HBSMs are used in the upper and

results for MMC1_P during a valwside SPG fault are |o\er arms, respectively. The same fault condition as the one
presentednly. Before the fault, MMC1_P receiveS00MW  q gia in Fig. 8 has been tested in the system. Simulation
transmitted from MMC2_P. Relevant plots are shawifFig.  (agyits are shown in Fig. 11.

10. It can be seen from Fig. 11(a) that the upper arm overvoltage

~ Itcan be seen frorig. 10(a) that the upper arm overvoltage 5 heen mitigated when compared to the results shown in Fig.
is effectivdy eliminated by the protection strategyAlthough









