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KBS B NBURRFIEAN T, HRIFEAD R E R RG] x5 2E M R R 2
HUEE, DA RaF A slm R R B R ARG LA R MBI SR+ b B . A3
M T SRS AR R HLER , $2 1 T R RE 0 HE AR SR BUE X B R R R B R R
A, FE TR T —Fh it & B W ZE 12 %] (current error controller, CEC)%F14: i
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“CORIMET I BEEAT T TS, HFETEETUEREEN RFARATMARE R R
FIABEE AT T 007, IR— B T ABBE SIFE AR Scor FE B 1T A o I 180 722 I A2 I ok
HERKEMEW. BT —FET Sca # CEC RFHDHHEMHITZE, B
AR CEC RER/NDRFELEAGHRMFT R, ATIEBH] 5 S8 K B E) 2
R.i#@id 7 PSCAD/EMTDC ¥ & s {jf Xt CIGRE HVDC 7 #E 5 i 71 Bir 42 11
RS IHIRCR, BiE T TR T ERE .

e, RET M MIMEEER CEC RIEFIF AR, MR TETE
BB ETET Scal CEC RFREARSNHEA. BT 52 Ei
B ESHASEAHBERERE . A REERENEmE, ETIRAEME
HRERHESHT CEC Mt MHMEERER, #—PwRTE™ELFERK
BETH “RIME” RIBE. EEEHEMEBD. A, BEFHE, HAT BN
il KRG T T ERIE.

X828 SEERRERS; RERMARBYE S RMAGRIER: BRRE
£ H|8%:; CEC RENTUHELIE



Hedurm Rt 2 AT

Abstract

With the rapid development of high-voltage direct current transmission
engineering. the coupling between AC and DC is becoming increasingly close.
Subsequent commutation failures in the LCC-HVDC (line commuted converter high
voltage direct current) system will bring huge risks to the safety and stability of the
AC and DC systems. At present, control strategies for suppressing subsequent
commutation failures mainly focus on fault characteristics, while the impact
mechanism of DC system control characteristics on subsequent commutation failures
has not been thoroughly studied. Therefore, it is necessary to study control strategies
for suppressing subsequent commutation failures in HVDC transmission systems.
This article analyzes the mechanism of subsequent commutation failures, and
proposes a commutation capability index to improve the description of DC fault
severity. Furthermore. a suppression measure for subsequent commutation failures is
proposed which takes into account the CEC (current error controller) characteristics.
The main work 1s as follows:

Firstly. the impact mechanism of subsequent commutation failures in HVDC
transmission system is discussed. The critical commutation area theory in DC
commutation is mainly analyzed and the conditions are clarified that need to be met
for the DC system to restore normal commutation. Besides, this paper analyzes the
influence of the DC control system behavior on the subsequent commutation failure,
then expounding that the slope of the CEC ramp function will affect the switching of
the DC control mode. That is to say, increasing its slope can enhance the ability of the
system to resist the subsequent commutation failure within a certain range.

Secondly, a CEC slope dynamic calculation suppression method based on the
commutation capability index (Scci) was proposed. In response to the above
mechanism analysis conclusion, a detailed discussion was conducted on the "over
compensation” and "under compensation" problems existing in current control. Based
on the critical commutation area theory considering rate of change increment, the
commutation capability of the HVDC system was analyzed. In addition. the
commutation capability index Scc1 was proposed to quantitatively evaluate the impact
of AC faults at the inverter side on DC system. A suppression method for CEC slope
calculation based on Scc¢) was designed, which dynamically adjusts the CEC slope to
meet the system commutation requirements and achieve the effect of suppressing
subsequent commutation failures. The effectiveness of the proposed method was
verified by comparing the suppression effects of the CIGRE HVDC benchmark

model and the proposed suppression strategy through simulation on the
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PSCAD/EMTDC platform.

Finally, a strategy for CEC slope dynamic adjustment with additional
compensation increment was proposed to solve the problem of CEC slope insufficient
adjustment under severe single line-to-ground fault. By analyzing the influence of
factors such as amplitude drop and phase shift of AC phase voltage caused by the
single line-to-ground fault on the inverter side, an expression for the compensation of
CEC output was derived based on the critical commutation area theory, further
overcoming the problem of "under compensation" under severe single line-to-ground
fault. A complete suppression strategy has been formed and validated by combining
reasonable criteria such as startup, input and shutdown.

Keywords: High-voltage transimission system, mechanism analysis of subsequent
commutation failures, commutation capability index, current error controller, CEC

slope dynamic calculation method
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L1 IREERRMRBERFENX

BE—REESHBEAFAAERS MRS, A THBRERH S84
Rk, HEiESm. A AEXKE KB (high voltage direct current,
HVDO) B AREREHRE LRI, ARBEHRABYERKHB(LCC-HVDORRK
ERXEREBEREMNMNEEARTSE. BEBW, BEREMNERIKZE “«+0%+
THY 20 HHRETRE, ZH#. £ ‘BRX=E” STHERETLRE, RECER
“=47 B, RIGEMN. HikEM, RN 4 ANMREES AN, HFURSRE
RERANEREEARGAREDRSTIEATTIL. FEEXTEREBE. AKX
B ES X Hyik RN B R M B RUEE, F S FERFPEEERLRENE
1-1 Fi7R.

®1-1 s FERRHREERMEIE-UR

TRER Besh® R iz i iE] (4F)
(MW) (km)
HESM- AL +800kV B EH K L& 8000 2080 2022
H#E-F i +800kV B EH K LE 8000 1587 2020
#ER-BTRI£1100kV BEER TR 12000 3324 2019
L#g -1 ZR+800kV B EER L 10000 1230 2019
HEH-FML800kV FHEHEK IR 10000 1234 2018
B - R ME800kV BEEK TR 10000 1600 2018

BB ERHAHEARNEEERRRBE—MES T, SHE R
Bl B W B S8 T T s Ol . AT RRGEAHR D), M FIERE KR &
EAERR ESRAERREAXEORES, AREBEFLENEARRN, RaRkER
MR, BTERAREERMBETEXARFAEEARETTH, FHitkEk
MR LCC-HVDC R HE WA Hz —1012), ] 2004 5] 2019 £, EEXKH
MARAREEMNSEERMELEPIITRET 1353 KEMEN, BFET
BFHERE 9 KRMBEK, BEEFETEESFRERMRBGED 15 K. B
EEARERIEMRERRE, B RSB A K MO 6 R 7 4 0 52 00 kR i ™
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B, 2B 5 kERARPENEE RS, AT ERBXERRANE
EREEFM, BRARBORSE, £ LCC Bt iR SENRER M E
FEAE R B — BT R, B OR A 2R A Tk B BELIT 68 0 B0 18 DLAR N B IR B 2RI &
EERBARBE, BATREIRKE, BKEE— RS KRB KBETE L
WRBEHRBRBIS EARRBEBIBRATENES T UAZABNEGEEE
B2 REABARKE. AYBENERE, RAEEHTIKEEEFHRBERS,
LCC-HVDC REEWMEREIEIT: HFRERMER, WRERSEHREKX
W SR B 16 R )RR HH BB Y AR S Ta B 2. DA AR e Y6, 2014 R 3E 500KV 28
B C HHEBMESART, ERERKESEEERES 2 REMEM, Mk
AR R E R MK R EL 1600MW KF M, ELIFEMHETEEBMT
ARSI ERE R RAI A KBRS, EREAHBMIHREBP. Hit, AEGE
HW B ARFEHMHERMEEONE. HEER, URETRBMEEKOELE
HERRRESL T, A E I 2 R SRS R T R S S S B R R RE T,
N TREERMZETESITEEK.

1.2 JE kA 28 UM 5 e E A Sh i SR BRAR

BT EREZ 6 REAE TR RSB SE B 5 EH T, 2 LR 4R 5
MR A H RBAARY, FHtEEREARRUIBRZRSE, HIXEI R
F 300 il 8 5 . B A 406 e SRR SR B O v — RGBT R & B R B EL TR R R
SETTSCE, H LTI

1.2.1 GoZmBhERE

1.2.1.1 EWHMERE
ERXRAGREFEHRISPFRAFEBVEHMRNBEREN, AHIVER
RA T IEEBAR 728 320U A0 26 T T #0218 % BE 85 A0 ) 22 Uk BB B 1 1 A 38
HUARBREAESHE, B XHERREBLEBENIER, TUE—EBELRE
BREEERABREREGERMBERBMJLE.
THhEETEARISAAY. BIL TN ER[ESVOME LR S HE5H
(STATCOM)& % % . ZERZAMEVNMEM L, F—RESEAHENEEFTEXREE
MAEZBEFNLAERE, TURSZHTMAZZNEERD), THE[26]1R H
TEEASTIXHARTHIRMBILEII R E, HEE T EERRKER
RIEFEBAMARE, RATEMIMESERMARKMEGES. BT, RPZRHEN
CEGE—FTMN. B8 FNEFEEERIEFBINAP, SVC BE&RK




b AR FEB 2483

APBEAR, FERKEHHEBARTELIINE, FESEERE. TENER. I
RPMFEDNFNR S, B0 AR S 3 5 B LR A % B e, FR 53 5 4 R AR I 3 40 T2 281,
BHREFERASBERKRUERELIR DR R. STATCOM Bf RMNEE
R EDEENEEEETESR A, BAEBERKEPEMERRSEEN
WAREHTHERD), BRHBRESEREBETHRAR. BHIRBRRIESR. XE[30]
I AWK —ETERIIES STATCOM 3 B 115 i 508 F1 8 200 S 4F 1, 48
A~ T KEE STATCOM X2y MR B ERKEm, BT E THES 3 £
STATCOM X BX HIf RAEN R EBITIRE T XEEH.

1.2.1.2 BRPRARS

BHXSBMEMRERESSHERBRPCE EF, B AR DA FEE 3R
) 2= Boma Ja SR A SR U R AR BY, IR 8 ik B U PR I 2% SR PR 1 B IR B U A R
TH, ATE—ERBE RPN ERRG RKERERAEBIME. HE KB 5 R
AR ERRAEECD, BB 7 8 BRI AU 5 5 H MR PR 26401,

G ERRRBFNERERPAFREHS, SRATAERCHEBERRE
MRS EREEHRBAREN R SEGIF, M6 E RS HR2 A R RMK
A% 0 A Bz —, T R Rk X BT PRIA B8 T DA R0 B R U B A B R B R
E.AMPFEEABHOEEFASEWARAREZTZITHBREKTE. BHREHE
WHRNEEMEIT25E, REASZAERRASNAYEEEERS.

BT R BRI AE 2 UL 7 B F a8 A% O My R B PRI 28, T CASCERRR
RERPPRERVIAMAS ERERPOBEN. XMBSIRHE T —HEATEESR
HARBMMESXIRKER, FHLEME IHTFRARBERTREGRE. F
MFATHEE, MRFTEFHRRABR. ESHERUERABVNEETES
MBS ERNERNAZ - BSMERNERASEERRAEFETH
FPEIETF 0, AERWMAKIEFIZEIT; EHREREFURE K, WA ZFNH
HABERMNAS. HEETEARTHAKRRS, ERERRASESEREE
HRBNN A RSB E T BSRFEANEHE, AN EGEENEMNESRREE
TETHAERERMHERMERERNNS, FERAASEERAERERRDN
XEFARNS),

1.2.2 BERIEHRGOAT

REHREAANRAERARREELELEME R RSB FREHR T
LUENERESEH NS, TEEFRNAFEREE. ARG SEHRERMH
FEFHEREZMEHBZEA LM, HUENIFEE—EREXRENER
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F G0 ) SN %) £ FE SR A RO 5 Ze AR R, A BRI R G M R KRR
TR S5 4 e, b R ME Y SR 8% 32 BT A1 b SO K R PR L 82 JC (voltage
dependent current order limiter, VDCOL)FI X < Wi £ #5 B #EAT *ME KK

SCHR[45]50 87 7 VDCOL 3 KRG X BB A R AR EMIN R K E R
SUHLER, UERH T VDCOL #1355 T B i i i R 5 MBs Tk B R 1A o 1
F o Btk At VDCOL 2 MR R f B, S ENRIF T — BRIV BE A . LR [46]
1t Bt VDCOL (#5800 M iA& 2404k VDCOL HY 2mid b 4 4 60 B Y, 1
W7 B R GR A WO S U SR, o AR T R SRR R MR R AR . SCHR[47]
3 I oF AR AR I HLER 20 87, 45t 7 BT DA SIS A B R S TUOX R £ Rl 0L 5 4 T AR
Bz FabR, AT ORI T — PR I8 B AR AN A8 B R Sh AR AL SR ELRL R
ML EMER ARG HEE, BRTESAE VDCOL MIhae. i, ol
VDCOL (Al b, 2= 110 I i 2 F 437 K R PR 77 ik B 48 VDCOL,
2 BHH JGE SE B R W B ) . SCER[48-49]38 I BT 9T LI FB RIS A8 . AR
MBLL R E S L ThEZ B 2 B PIsIEMACHE, #iE 7%/ vDCoL
¥ B AL AL A AR S B T B T

oW AR B T T, SCRR[SO0]%E FE MR Tk B AR B R FR v He AR IR MRE
BRTE . B R M M IR, BRI T —Fh el M sh A MRS T SUIR[S1]
SAT T bR AR ZE SRR DU bR M mZE XTI RGN, IR H T —FhE T Al
R AR 2 X5 O T R 3E AT R0 R H0 I 4 e

IR FU I AR AL FE I SR B A R AN S 0 I S SRR AR R M T i .
de Ak, B A NS SRR R LR 2 4 R T R A AT SR S S 3 A 2k U
FERIF T . SCER[S2]4E HAE B AR R WPk S HATE], BV R Soidi 20 0 2 i 48 =
HIU) iR S BRI AE R MU & R AR, SCER[S3)0F T 1 s fe g A B Tl
R 5E K W7 A 15 1] 5 VAL 0 2 5 1) 8% (current error controller, CEC)HI% &, iR
T B E N BRI AT . CERSAINE R R G R IR R EZ R TA
F, R —MeeRIE TSR EEENSHEB X AIEERNEHIEE, Ra)E
B AR R R S SCHR[SS)TE TR [S4) B R Ext i Ayt & LIRANE SN R
EAT ViR, B 7THEHREAERAERIIE. THR(S6)R H — & X 24K
A AR B I N A AR ZE S R RN A0 U7 o 1 AR 0 U B 4 FR T R R
RERMEZREME™ERAE, FHFREBEHERDINEFET CEC RIFREME, MM
ERIH S SR AMMER. B2, Bd¥EMkRELEERERERSE
TS KRG ATHE, FTRR SRR R F AR A EA L U RSEYIRE
TR AL AMEE LS, TR S SRR AR KNI R A IR .

g ERTIR, M HRAGEE fil SEBE M BN TF 8030 5 SL i AB R R A £, B5 4E
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B R P ERE R R BT A N X T i R ERRSE R R 8RE
P YA 22 38 0 2R 4 0t IR SRR E AR SE Rl E R e R A 2 ME) . ik, Bl
il R GERT Ja S oA SR MO W L ER 43 A BA R AR N Y J5 8 3ok R U il SRR A
TR T IIHT.

1.3 X EET(E

A SCEEVEM AT T BRI RS AR 2 X S S A 2R A B2 AL
HfF, BET—FET Sca ) CEC RIEFFTHMGI T &, ZEHIREEHK
K5 — R B E R RO R ENEAE, BT HRMAEEITEIR Sca
KEEE RS I8E, S T THERMBETERENHR LA, @il
ELUHHBICECHILE. _REERMHEMBETHRHBELIZESAREE,
HIFBET CECHBaMEEMBINEREN, RAE—wERY, M5BT CECHE
= B A R T IR . R EETRHI T

®2E4HH 7 LCC-HVDC R4 n R ATMARE R, A THRMAAMETR K
A5H5EZAKLEXREBMX, ANERRGEHIT AN G EH]A LK
PLEEE T &M AR TERMEREBH REMHEBMIIEE, M T HARER
I ERERVIRKEBIER, 2T RERESTANGERMERBILE.

FIFEETIHRARMERER, ERTESHERENTUEMERW, X RS
BB SIRIT TN B TEMH RN EEEEFENRE, R T 6%
iR RZRAREESIRIFEHF Sccris BRIE Sca MERARBETEREENHE, RITTET
Scc1 B CEC £ E A THE MG H ik, ZHET LUBIT Sca BMZLXT CEC HF &
RPAERFTRAE, NTimBEERERHEX TR, MEELHRMARBKERE,; &£
PSCAD/EMTDC i EF & 3% A CIGRE HVDC 7 #EAS RS 56 4F 7 3% M 045 1) 55 88
A .

BABHNEIETHFEMNTELHMERSRREAEEKNEZ, 57 T
BRRMAAEMKETHRAREITAREE. HEEBEREN R/, HH
EAARBARANERBAAERAEWE, FaGETT —FnAMEgER
CEC #IZR A RBREE, FRIE T AXHREET R R RMAKESITHE .
5 J5 SR A (7] A P 2 B 1 8 B9 22 451 R K B e T 0 %o A S T B 4 il SR B NI AE
ME RS BEAT 7 XTEC 4, FF it — 25 5] AN Al R IBUR B T (commutation failure
susceptibility index, CFSI)X} A< 3 B iR 0| SR E& 4T T Mg o0 #fr, W UE 7 H A Bt
FNAR R E

85 BEXAXAICE ST TE#HTT 84, oW THAT/EPNFE
MERFESAE, FRE T RIS fE 2L HeAH o WU il KRG B 70 T1E.
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2.1 5|18

HAC B YR F T AR

F2E aEERMBEAGRERBRMANES R

WM R R ERRRBL B ERERR, EREARAN TR
REEK R RWTHE ) AR IE A BT 44 28, TikEREBHNHRMEERE, X
MBBIR AR KR £ EHRBMARBEHRER B, FEERMEREZN RS
BERTRMMEMB IR KA G B RMR R . Bk, A5 S i 57354 i AR
HigH R, #RHERAGKE LHBMATEHR LK K4, B NS0 E F iz
A il E R ARMEATBRMERMEZHB/ANT, RBEREMEL
W ERMBEREEREFSNERNAE, EHT IBURSLBRARBM KRR

A .

2.2 ImAFRHEEIAEL

LCC-HVDC 12 Bkzhi$iZE 88 2-1 Fiwm. Ho L 6 ka8 EESN
A-Y BREZESS, T 6 kB ERERRN Y-Y BREBESR: V-V RETHER
BHRS, HEARFBINF: LAERER, Uy NERBE, in i ic ARA
LRBRGER BT, Lars Lors Lo PAARREBR=MHBBRAARE, e ep. ec 7
FIARRRG=MEBRE.

O
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ALY ve 77
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ITIH, CLAY BRESERAE, E—AXRAPHBEHFEERA: V. 1
Jl/V . Vas V3 BBV V3 FiB/Va. Vi Ve R8BIV Va R8BIV Vas Vs B
W/Vas Vs E/Vas Vss Ve SBIVs. Ve SHIVss Vou Vi SE/Ve V1 S/ Ven
i- aSi#. Bl V. 1 FERER V. Vi REREHETH RSPk
2, mE 22 iR, B acoARd k SBRERMEEBRR, =1~12; XTRE
B3R 28 v A 8 AR BAE BT R /DR AR DT, B gt RS — RN
A Lcs

(A2 rmeC Vi
Nt
€y LC\\—-_:———;
/L
QO NN K
Nf

2-2 At 2 R A

WV EEE Vs ABEES, 1. Vh. V3358, A. B HAEAIERANE

FE, BEREXRBEERM:

di () di, (1)

e, +L. =e, +L. 2-1)
dt dt
BRO-DFHEBEERTIALBERNE
1,49 _; B0 _ By sner (2-2)

dt dt
Hf U ARRBELBEERTRE o RAZAME,

WM 2-2 Fiax, BEREBRABRAEERXRHL
1, =i () +i,(f) (2-3)

MNTREENHSHETNS, DBESEANESHIERIIKE, HEESHE
NESHEER AT, X—ARERGERERZNE, b shEREEEK
PR, HEHERSHEEATTRBEN TR, U A-Y BRETRBE NG, BLER
MAEREFHNEAERZNE 2-3 i, HF o NERWMERH, g FkbRBR
i, u ABAA, y AXEA, RSO-ORTFRARIFS.
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HAem AR FET L2 AR

K23 BERREIESAEXR
FREXRZEHROTAR
at+f=rx (2-4)
p+y=p (2-5)
H kel a1, BB ET Fo/o B2, ERT =(atu)/o B Z], X1 (2-2)
S EMERALT BRI HTRSG, TE

a_:,” di(t) ai; ()Y, _ a+ u @ atiu et -
L{ (L(‘ dr L. dt t_LC{( —)—i( )) ( ( ) =i ( ))} (2-6)

o

£ . V2 SERERE Vs V: FBRSEZRIRES, BEBANAZANE2-4
FR7s.

VS s $<3

B2-4 @ v, BABER VW EBHRXER

AEEFRESITLIAT, ERBR LRFIEE, HILR v MR v, REREL
mrxA
i\(g):]d’ia(g)zo
w (7

a+
lu):]d
w

(2-7)
a+u

i
o

)=0,i(

BRE-HRAR(2-6)7T 1]



S A N2 e e 2 AR

LLC di(2) di,(t)
o | [l 3 =21 2-
Jo (cm <= s (2-8)

@

H i S RRBRARTMARSRKAD B ERTTH, BEBBER L RREEEH,
KE-2DFEXREMERAH RORDN—EH. BHIETERMNEREGLBE
it B (] B AR 43 B R g e - (] TRIAR . fRIRR D93 AR08, K-8 S/ UMz
EEIAEEFE THATHEERREBMAT RO BAADAG RME, & X RMEmR
KB Sydemana A

S

p,demand

BHHERTE RE Sy demand WEEZ SCNR Vi EHRME VL ES, REBR
BUHBEFN VERE VTR RE, XEREEZUNARKRFLREESR
FESHMERRIEEEFHAOLR, PEXRANARERSIFHBMATRFRES
2, BHRAGEHIGERMAKBARE.

Xt 3(2-2)% A M7 BARR Bt AT Ry, WT4R

=2L.1, (2-9)

a+u

IET J2U, sinatdt =\2U, (cos y +cos ) (2-10)

¥ ERERXEGMURERE SCIBRBERIREE Sy, WTF
S, suppy =V2U, (cosy +cosa) @2-11)
BRAERREE Syswppy WS N ABIELLE B 7E B E 8RR L MR
FhEFNERE, RERNOEHFERMEERP A RATRREE. YHRREE
BEREELBRUEZATIRTRE, B Sysupply>Sudemand Bf» RFREW EH B
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