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Abstract

Abstract

The voltage source converter (VSC) based high voltage direct current
(HVDC) transmission is widely used in renewables’ grid-connected and the
modular multilevel converter (MMC) has become the mainstream topology used
in VSC-HVDC projects due to its modular structure advantages. Compared with
two-level VSC, MMC has strong nonlinear and coupling characteristics in its
internal electrical quantities, which increases the difficulty in modeling and
stability analysis of MMC. As the capacity of the MMC increases, MMC-HVDC
is facing the situation of “strong HVDC and weak AC system”. Thus, studying
the strength of the AC grid that an MMC can be connected to, and the degree of
disturbance that the system of an MMC connected to a weak AC grid can tolerate
is significant for the reasonable planning and design of the AC/DC system
structure and the coordinated development of AC and DC transmission in our
country. To this end, this dissertation conducts in-depth research on the power
transmission capacity and large-disturbance stability of the MMC-HVDC
connected to a weak AC grid from both the MMC modeling method and the
MMC-HVDC stability analysis method.

First, the MMC electrical model modeling method is studied that can
accurately simulate the internal electrical coupling characteristics of the
converter and can easily to be established an interactive interface with the
controller and the external electrical system. In order to solve the problem that
the existing electromechanical transient time-scale MMC model and MMC
steady-state model cannot accurately simulate the internal coupling
characteristics of MMC, based on the MMC switching function model and MMC
dynamic phasor model, a type of MMC reduced-order dynamic phasor model
retaining DC dynamics is proposed, which is suitable for electromechanical
transient time-scale simulation and large-signal stability analysis of MMC-HVDC;
an MMC steady-state phasor model considering internal coupling characteristics
is proposed, which is suitable for the studies of steady-state characteristics and
static stability of MMC-HVDC.

Then, the modeling method of the MMC electrical model is applied to the
real-time simulation of the MMC-HVDC system, and, an improved bridge arm
simulation model of MMC to improve simulation accuracy and numerical
stability is proposed. Thus, two problems are solved that the potential numerical
instability caused by a time-step delay in the electromagnetic transient simulation
of the controlled source model in the MMC switching function model and the
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numerical oscillation and voltage waveform distortion in MMC blocking state
simulation. Based on the bridge arm model developed by using CBuilder, the
simulation of the MMC-HVDC system is established in RTDS, verifying the
feasibility and accuracy of the proposed modeling method.

Next, based on the proposed MMC steady-state phasor model, the
transmission capacity of MMC-HVDC connected to a weak AC grid is studied.
An open-loop calculation method for determining the steady-state operation
region boundary of an MMC is proposed to study MMC’s own working limits, in
which the upper boundary is determined by the maximum modulation ratio, and
the lower boundary is determined by the singular conditions of the Jacobian of
power flow equation, which greatly reduces the calculation amount while
maintaining the calculation accuracy. Subsequently, For the grid-following MMC
which is commonly used in engineering, an AC/DC interconnection system model
of the MMC-HVDC connected to an AC grid via the phase-locked loop (PLL) is
established, the practical static stability analysis method of the AC/DC system is
developed, and the concepts and algorithms of critical short circuit ratio (SCR)
and boundary short circuit ratio are proposed. Thus, the transmission capacity of
MMC-HVDC connected to a weak AC grid is quantitatively evaluated.

Finally, the ability of MMC-HVDC connected to a weak AC grid to
withstand large disturbances is studied. By establishing a large-signal model of
the AC/DC system of the MMC connected to an AC grid, based on the stability
region theory, the key factors affecting the stability region and its boundary are
studied. The stability region estimation method of MMC connected to an AC grid
based on the Lyapunov direct method is studied, and a new system strength
evaluation index based on critical energy is proposed, which can not only reflect
the steady-state strength information contained in the SCR but also reflects MMC
dynamic characteristics.

Keywords: Modular multilevel converter, coupling characteristics, real-time
simulation, weak AC grid, static stability, large-disturbance stability
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FET] EAEREIR M ST, ETFHEFER S (voltage source converter, VSC)
HEEER (high voltage direct current, HVDC) %t (FMERKMHE) BARAFE
EERBUYN, ZTHERABEAREHTAZ8EF VSC MBERL L B FHIFH
(modular multilevel converter, MMC)& R #IiL#2 B121, #tF =8 Fak = F VSC,
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WERAGZMHEE “REBX” WEE, . HRZAHFENXREZAHEIKEF
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1.1.1 £ =

VSC-HVDC T Z M TR HARRIEFM . mIiRMEEEe . 5 a4t
RIS BM LRSS AR, RIARER VSC-HVDC 2% A —#F VSC s =8F
VSC IR, BREBBHEMFEUTILAAR M2

(D) FXRAZ LM IR T F &2 (insulated gate bipolar transistor, IGBT) &
BRUARR SRR, SEHS. hSHEREER,

Q) FFRFER R, SH @ FH=8F VSC B XIRFEHXT &

() BB RN A BB ETAER, NFRRMEEREKR.

B ERRE, BIIFARRM M — RN L B PR S Bl B nih,

1



HALER N RFE T2 00

FERXHZ A FREIREE, SRS dS N F RSB RS, kR EEE
W R, JPRBFE/NEMRS, FHMER kKA R RGN BSIRER T2 N
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7 1-1 MMC-HVDC #4532 H — %

Table 1-1 List of MMC-HVDC projects
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SREFA, RXZERAGRIERE MR, SEZRE NS, ZRiREHRZ A
RENKR, RUEERPNANAN 2 EFZWRAMIERIZT: 5KRBEMT,
TREERZZEAELKRFRAR, FHEREBFRETRET. HRAZKLZEH
HERR. BMOARREMBEATARMRERTED, BHRE “Wa” kKR
FETR, BTN REM A MMC-HVDC #8E F P BT 712 LT R AFR AT
FEAIR A, B FCRCRRE AR “XUE 7 ARG R EGE TG RPIRMIEIN S
o

112 #RENX

& 22t ER R TARRRE R R, M ERM BRI EE “SREFEL T W
Filil. B2 AP RRSEARARMNZMHERNB TERENN T, MMC 2%
FNYFEMEMN TEMRANEZRAH. EHE ST, HREBEAARNFEEERLR
PRy MMC-HVDC B934k fe I RRSERIaGE S, #iit MMC-HVDC figh%
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BB E R

BB E B hRLTh R &, W TFREZ. ARAEREMAR. it EKhAKE
FEEEN. 5=HF VSC #Htt, MMC H#ERIELEMBEYE, WATH
MMC B8RRI rEE, XMEi%-T MMC-HVDC 8 AR 4T
BIRF R IFAE R AL, KRR BHE MMC HLEE A R A AR SRR s Bug
HHEFHER MMC WIS RE; X MMC-HVDC ZhERHXRE 85 F kR
THEGEEEEZBHATN MMC AEBEREE, TEERERERM; X
MMC-HVDC RZAFFEEHS TR HTENSEREHEAL . EARXA MMC
A MMC-HVDC REMSTF AT, BSE MMC M ER RS ThERE
BENIRIAAZ KIS GE TR AL

1.2 EASMASINR

MMC BEHBEZA, ERIINEENETFRT XKEWMRELIE, FWRET— RS
EFERRAER. ATTEX MMC BT E R MMC-HVDC A 55357 M
WA E R E R RIUR R R BEIS TR .

1.2.1 MMC B EWR

X MMC B AR R, MU MMC R R KR, E8FEXTHA
THRSITE MMC 2E8ARNTFR. TREFERHARCERNBGE, BE TR
RHIRFF TR, MELHEMMERBBLLINEESEREZ BT,

BT AR BN AZRIAR, HRE[14)% VSC (B8 MMC) MRERIRI4r
RTRE, MR 12FR. HP, KB 1 H#HERIEFE MMC FERMEITINEA S
KA RE 2S5 ERATHTRELESIE: X8 6 £ AsISMERE, 7THATH
MESTE. RESTERNMTINREES; KB 7 BB ARSHESE, TH
TXERBAZREHF RS . SERZTAFEMTUABESRENESREH
WHH. ATEER MMC BEEESHERR . MMC shASHEERE. MMC &8
BA, ZEFR 129X MMC RRIZRRIE RIS, X MMC B 7% 78 K Bk
AT .

# 1-2 MMC/VSC $ R 433
Table 1-2 Types of MMC/VSC models

FH AR iR

el Extz/liaL i FRM-_BEHMS HREERR
KE 2 SER VR AY IGBT A k4t s BH A5 HL
FA 3 TR HEMEDY IGBT 4R % i WU{E P & 7R
%R 4 VEM SR R B E R TR, FRABLEREEHEN

e FEYE Y 3 ELURIIER R A 37 VIR A0 52 128 ER IR IR A B YRR
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HAL R FE T2 MR

¥R 6 PP R . BT RS B PR IR 4% R IR A
KE 7 B AR RSH LT

1.2.1.1 MMC B ESFEHER

EEMFEFERER T, HEB MMC R EMEBRIRRNEE, 28BN
AR MMC BESHERELZE, BFEKRA “BRESHEMER " 1516,
EERBE TR 122 PHRE 3, R—MERBENBRESHERE, BRagBERy
Hm, HHEAEEEIE., EEE, SCRO7,18)E T ZHEMEL, B FEHEN
W B AR, FEAFHERMSIEDL, TASHERERRNKRMEK, 2
B TEEE, BEABEERKIE MMC R4MER, HEHEKTHEREK,
I B TR s 7 R RIS, T BRI SR s

RNTRREREHNERENTRTRSGEEENEE, BRI EFERHT
R% MMC R EBET &, RI\AANREIAR, B MMC FHESR. PrEsiEg,
“AHBRB B TERCOIH R, BRETHERENRGEE, RIEEETERL
BEMAR, SBTE 12 PR 4 8EM 6. Hdt, UHE MHUHITHERE
B EBE AT AR FIH MMC BRUEMF R a i/ M EE, X MRHE SRR
MATBOMATRE, HERBREEIE, BRI T ZHMNA.

K 4 7] LER RN FERBIEFHME, BAZHKR Gole ZURHIBAAE 2011
FRHMETHARERNE MMC FHSEHEEI0%, 7T DU RIE BB ERRR
TEERS MMCHUIERE, EBATAMERRE. TR20-22]F KRR R
TZFEHER, S RN HFF R R T ERY, B RAENBRS TER., 24
BT RIS TR TEuE, DIREERMITERE.

KA 5 FNER 6 FAFHEEE, RE(4]PHFHEREEE FRREAS
FETHSEEHAEFATHEE L. K8 5 ZETHFARRNNBETES
FgER, KB 6 EEANMHBEEERS T RAMKEER. LRAWMEEHBTR
B Y MMC FREBAEBRENEINFE, 5Z8F VSC BB M RREREHT
ARX A 28T, MMC FRERBABEREFFERE MMC A EFRBEGRE, X
—RM S5 ZHBF VSC EXFEANFE. BRI EEINRE T MMC X—EERE, &
HT 2% MMC TR EA B EEEIH) MMC JF R EUE R38R 4E @ id
BERHESTREFRCBREANER, B TARMEMEEREIIN A, EEER
HEHETE—MRE, BAR—HWENE FERBARENFHEERRE—
MFREEEE, AFLET MMC “PHEHFL, AT 5RE[14]F B FI9EBE R
X4, AXG—H “MMC FFx R #3154,

E41HE MMC e BRI A—3, EFRNESHGETFS, #
WNSER 7 2 2% (real time digital simulator, RTDS) fl RT-LAB, #F& %M 5H
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B1E 4 &

BB ERAAE MR RRBE L, MMC BSEr 7 BRI BT MMC BEE S5
jak. RTDS & MMC #EHil#8 LR EEE R Tk LRI ERH AN E
HE, SELNEARESHERMGME, RTDS BT HELRHMEERUEER
PRI, ST EEMNTEEENNEEETRNEREY, XER[37-39]1F
F RTDS #1#) CBuilder TEAHTF K 7 I Fl TR HR S e 1 Fe 33 il {R 7 SRE BT 50
(B B L FREREER, (B BRI IR f {F A5 28 B TR vE B A T = B MMC R4
HE . XHER[40-431F IR P T2 BB\ 1M %] (field programmable gate array,
FPGA) FHATIFERRE, £ FPGAIRFH KT MMC ERIFREZIEHER, LI
THEAERENFRE. BT ETHEMAERNER, RIDS I TARMEBEREZE, T
RER I W B T BB T SR RO METR SR 21, S RETE W 2% 0 4 SR AR T 48 W) 4R
b, Xt E&BITEFIRAM R BB . @i SRR 4 75 T LU B TR
AR TE R ER 2= A M BUE RS ), BEFRMEENEE. EREURE
HEFERAI LY. EREESRERE TS KRE ZRE EFANER 2K E
T, BLERIERETERN “RIE” BE; B8 50E RE R By,
RILAE— BB bi/MR E, (HSIEAAFFEAMEEL, L/IC RAIBSSOM B SR IE
AR, FEEKBRETITRERB R BERE.

1.2.1.2 MMC s7SHEEER

MMC HISISHERRBE TR 1-2 FHER 6, HEFHABFR (root mean
square, RMS) ##&, MR . RE4)FARISISHERR, 2T FHERRK
HETE BRENARE, BAMEFENZERB RN, REZERZ K
REBEFET, RAEXS ZHF VSC A MMC. SR HF VSC M MMC #5251 X
HEFESERITESE, EREBRAR LER, EEHTHEMRAESEANTHI
M EEERE, eERERERINEMNSH LBESFTLR/AR, FEX
P& A X 411,

MMC FSHEREMRWEBE T ECDAEREENIEZHITHA, £E MMC H
ETHRSHETEE (R “HEEAREE KEs), REFESFHEEULESR
BREMMER. 2. ZFPSEZESE50EP30Z, BRI\ MMC KR ]
EEMMERABESHERRANEAEZ AFXBEXA, BUNERERE
FHHE BRAREHTE. MMC SBHERTIR MMC /Ms S i 2 MG,
¥ Eid MMC B SHEERERLMELT LT MMC-HVDC /M itk e o 47 BTag
FHBEBURFE A O, ZERE AU A RERKRIB SR, A THRETHEERE,
TEX RGBT R, BT LA RGEARBNAS X BY 4T B 000 B8 i) A A A
TS IAR B 2 (B R RE T BERN Y, EREE BRI R AET S MMC 4
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ALl HRFE 2R

G —FEY, BRMENEE RS AR LHRYER L.

FHEMBENA T EESHEREN, HEHRAY MMC PLaESERDM,
AN BRESHERGS, THEMURETRERR, RPRBEIEHSTLERAM
S-REFEFRR, RXE MMC HESRE. NBESTERSK—BANEDR,
itk MMC BERA] D2 oK (e R R RERT P, BHA%F VSC-HVDC HIHLEE &
FEBEH R UEE XS MMC 5#8F VSC®, mMAEXN FEHAZEE K
ZHEEAHIA (phase-locked loop, PLL) ##|31, HEHFE[711FE TS PLL
K] VSC-HVDC HLEEESEM. X MMC FYLBEESHERR FELRE. MMC
LR SN EEERY SURREERTEERP, BT M FRBEES I
BRI, XU RIER R T MMC AR B R & R 32 I U At I B P
XHR[74)7%5 18 T A ERES), (H#ESFEET RAE T ENMBRESRFE, AR L
BT MMC oS8R . SCER[75]80 7 MMC BERMFRE, HEAZRmMMRE
e B MMC SRR3R &4 .

1.2.1.3 MMC Fa7si5 8

WEN4FRBIFRE 7, EERAEX MMC F1Z#8F VSC InbAX 4, #HEY
RE T RS HEMTIRAESH S, TEAT MMC 8i# VSC BEABM G
ETHE VST, {8 MMC AR F S RBERE, MMC AR RS ERASHEE
MEREER KT ZHET VSC, WERIMFERATEER. R, WA
MMC HRaSIBBER B EREZHIMR, FEATHA MMC HEHRSRE, N
BTE7RERNY E.

E A4 EE BT H & MMC RS R R B X 5 E B ILE R St 2R IR
HRBESERFAGGESHNIRSE, X—RESFSHEENMEEL. CHR78,79]
RETHEBRANBERGESHERNERSE, (CER T FEHLARE KA W
T inmEH R MMC FIRRSE TR ST . SCER[8014T X M DR iR HI A MMC
R T —FEILAAEER . SCRIBIIRABHAGEL, #ET —f MMC RBER
BEY, RETHSEMAGIGESH_EHESE, #7757 MMC 5®F VSC iz
ITRERESR . CER[82)4T % MMC BTt ishlskeg, RE T —MBAMN
MMC BESFEE, £ZET7HRNGES .. =FRESEAEMMBFRERS
IS 2 TR I 6 7T .

WA MMC SRS HR TR EMHENETHSETSHESE
B E4 N, BENEXRAAFRSHFERMERITERERNSE, ERRE
MRS R S R L, T BREERA#E. BB MMC P 30 HE A 41
S AT R R B2 . MMC FRSHERYRR T ER A Al T O FU 2R s A
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F1E &R

ReVE, BN RN MMC AR ARG T X, TERZ LY. BABeR
MR ER. Fitk, SHREIRENIE MMC ASBE SN, TERANBSHEE
X MMC-HVDC R4t HFIRIAE T EFEERE X

1.2.1.4 MMC BiE 5 E MR P HEEREIR

TR EE R E AT, HERBEFADROAE, EHFEESER MMC
BRI, DPEHEEEEAN T EEENTER. T 8EF VSC, MMC WEBESE
XK. BRERERE, AT MMC B ERMER, KHIEN B AN R REE
MAMBRSENERE TR, fBEHRENRREATBSEREGRE. 5T5
28 R AR A B8 O B iF E F 8 8) MMC B SRB @5 R e = .

R REL T, MMC BRHBBESHESECEB/RBAEENARE, #
BEE MMC BRI R, XFRA MMC SR 05 B R 05 B ot
FANTHEETR, T & MMC RZZEIR S RSN B S0 AR SS 7 1R
AR ARE T, ) HE R

1.2.2 MMC-HVDC #5532 e PR 5%

BMEBNRANEEREBSENE IR TRELARS, BHAREREM
MRS R B E R £ 4L, IEEE PES 7F 2020 4F 4 AR &EPG, WEmBiERE
NEFEOREBNARRERBEF T T HLEMEL, HBHRMEENTEE
BAERA— KRBT R B IE X, F¥E B as I ah 1% e = R (] R R R 48
BT HBREMRTERER 1-1 ARERIPHENRERENFENHE. HARk
ERESEMENRIRARREAR Z BIGSLER S, FbinkETRgkn%,
H G NAE T EE S CUR A RS LRI PLE R A R e miase .

f RS
A S —— F---—-----—---=-- b ST e A B ey
[ . [ N | | 1 '
o —j;{\l.‘g,-;]:"_g ‘,} | R - —— o ge e ;
i | POESINL | e ’-Alultfdﬂt yikgE |
/ FaE , . |

— / — ;mﬁf—ﬁ

g o _H o T il A
LA R Il {£ P t , J: LMD || B
1 |

a8 Z 40s
\ g5 ;Rﬁ/;l../\

i 5.4 lwﬂlmm Kmy
N L AR ‘

7

B4 1-1 IEEE B RGfeE2K

Fig.1-1 IEEE classification of power system stability
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A AR E B R0

B WA N3 R St B 58 B A ) 40 2 T A8 X B A8 FEL 7 28 (line commutated
convert, LCC)i] HVDC IhEHiXaE HHIXEE R, ™ MMC-HVDC E&FAERS
WMXEThEE WAL, BEEMAXE MMC-HVDC S RS )E R fFEREE
B, RERHRFBER . BRI BRI ZE 855 & M A ] 48 H B R e
MR EE S RGRENE, MEABEERN—A 5K, BEERBEX
TR ISR B/EE T (WM 50/60Hz. ELRM 0Hz) MHEFaEEsTH BIigREE
BAREAT D& e, 54 ME )RG5 E K e g REA—F, aTBRX
BEHESEABE I REMREES T .

StF MMC-HVDC £ A\F53C B MMF R, DHERDIRRBMAEF MMC
BABRBEMENREE EE, S2ufae P BERe 8 maEf U,
DR R AIRFNE MMC KRS EIEEENAER, S2aEtdnETalke
Wz B BA A, Fik, BEXT MMC-HVDC #5585 MBF 5t a] LLRI4 A
ThER Mk Re 1B UMK e R IT.

1.2.2.1 MMC-HVDC #iiX ThZ e 3

MMC-HVDC Zh& ik a6 12 MMC-HVDC # A 55307 B W i) B B K547 4854,
AR EEGE MMC B 5 REIff e 26 aH, EIESH A MMC-HVDC
NG5 I L R B % R S IR B R MMC B & TAERIR AR EIR R SR/
FhiaEtt.

W E IR EE H 5 TEMRR#T MMC-HVDC EZRITHEERER, Hiks
B & TERRE P-O FHEHKBRS B ABRRSNRESESTREAR, H MMC Kl
B, PR IR A F0AE A A 2 R R e 183-86), (HAS —fSF VSC FIFRAHERY, SUHR[83,841H
MMC i thTh3 P-Q BB 3 MMC WS, MMiHE MMC KIZ1TiaRE, FihE
Biti_EvHER FEIE RS L&A T MMC RIS AT X [E)858), fFRkae% e MMC I B8
HRetE, THERFE—ERE, LHL MMC ERHFTREMN, HHRELS
B MMC S80S B TGRSR aE TR SCER[87, 88 N E IR E Y
A, SRR MMC 1247 X R &m, EZEAE REH TEMSFEL
izt r XmARA BA .

BT A % & MMC #8615 1% AR iR iR By BT B8 F PR IE o A 7 ik g AT 4K
THE, FEICER([89-9217E KA MMC HE AR MMC 278 ThE [X [8]3# 1T FURT,
WAL “1H” B77EFE MMC IERIATEEK: LHE[89)%E B T PCC A&k
WBAR. BEREAR., TERFEAR. THBERAREAREME, X
BR [90,91% [8 T TR A R B R I s FIMT B R 20 3R,  SCHR[92])41 % B A 4
FAFT MMC B ThRIEE T THF AL
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BIE & B

KT E T M BFEHESS (line-commutated converter, LCC) HIE EBE KK
LR S8 N EE ) ) I 70 B LU AN 0 R A B L AR AR B3, s R Lt R T £ VSC-
HVDC #iZ e TN EEH ARfRRZ —P1%], 4547 VSC-HVDC AR B MG
ZHSENH PRI E RN, K VSC-HVDC AR BEM T &5
FZ K HEHIRBEEREZWMARG /DRI EERREERRED, 3 MMC-
HVDC #EAFBZRBME)/NMIsiREfAS 8 VSC KI5 ERFHLUE,
SCER[100J#R 1+ T MMC-HVDC 7ERFH 5E A THIhZE e 3T it B R 3241 7 SN, s
HASis e RS, N WHRT MMC =B VSC M/t ek
PR, 8 MMC 7] LAE— e Yo Bl il e s B A S8 Se L& IR — #SF VSC #)/h
Mt e . B AR R L AR S &5 MMC-HVDC /MMEzhTa e v m,
MM F. MMC-HVDC il FRABELL, SCR[101]5 /MRS AT E S
WA, WA T RASANIEME LT DR ZEHEX MMC-HVDC ¥ 5755 8
bh; SCHER[102]% ELBF R T MMC 7E BiRANE AR A T s 8 8% .

RS A NRSEYAEMNBEE T T B ABRSRES NS
O, RERIEEHEE X — MRt @, mEVCKEEAA— R/
MA@ TR, SCHER[103-105581E VSC-HVDC BNFEESRE S LA R
RGBS RERA S, HFREFSREBAASHELERKNRREXNT IHF
FaBgtn, (B ERSCERNTSNAFIN (d ) BHT TRSREST, TRKT ¢
s, SUEFREH S MEHERFT. b, BB T MMC-HVDC (8# VSC-
HVDC) A EBERH AT HES

1.2.2.2 MMC-HVDC $EN 5538 R B K I shia E M 3

SHRIBEIT MMC-HVDC HMIREMHFA TERNNERAERS . HE3)
BRHBEBETRTHETER. SEABKREAMA MMC-HVDC % K305 AT &
HIL 2 B R R EE S AN, BRFREETELERGESREERAT, @
NEFHESRENSTFENT MMC-HVDC EABTREMEEIITE EEHN
BEB L. BHRGYSRENMMTFEFER I EIEM Lyapunov BH#17:
M EEFETEER. HEKETGRBAFMEETREEHRSE, TEEE
FIWr RERIFREREE; Lyapunov HEEANFKRER S FIE, AW HEEILY
HRENRES IGRGEEMILE, EETEREERGITHEEE. BT LR
HAORGHERANESRESN AL, X ELERGENRESE SR EEFIO.
FHEE. BABREER. MA-RHEL. BHER. 28 ELMREELSE.
ST MMC-HVDC #:AFS B MERshfaEtbin &, R ERBE IR A
GiF A AT S RN A T R IEFE A R M A B R T vk
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AL A RFEE L E AR

WA AN T8 VSC BIMBBAZR ARG R KR 2 R e i
PP TR 7 — MR, B AL EMN T S RsER R VSC-HVDC
FM K Bh AR e 0 e MR R UOB10), 3 B TR G ) ReAE e 1 TRl LA 402K,
SCHER[114 3 328 9 TTARTE B B[R] 25 Ra € ) B, SCRHR([3,4) 485X S8R 5 14 1 AL e SCh
T XFAF e s, CERSTIRIEEN RRE /D TREHE N R AESREN
RE-ANHERZRAFERHE N “BBESELREE” . BHRARLBUEEHT
MR M A E X o “ RIS RE” & B TR SR 20— e e 3.

SCER[110,111 R AR R AL A R IEHIRIR, R8T —F a5 8 ahSR
WA ESHRESER, REEMERNSHEARS IRBELRBIEM, BT
BT B0 —Br ARk tEsh SR s BRI KB G RSP . SCER[110]-[114)KH
FE SV BRI kRt R AR E M, WHT TR AR P TR A B8 DLk 2R At
SIA—BFN, AT ERNS MR EEHE. SCRRIISHE AP ERE S B
HHXBMS TR, SHMATEAERIEUENTRAN, EAR EPRX-FEA
e, REPAEREAMEARESEITERTELMEA, BRaeT
H A R T R R S

AT RER, BEWAEE BB EREN AT ERERNSIERRED
7, BNEESHERERM . REVSHA IS HTEERBHIETEST
EEAECE, SIAGSmAEOela e g mHRM 1, I 208 R G R X SUARIR
KIBARFAT M, EETHHF IS TENEERAEN K TREMR,
REHESABRKMIRE, 7, BHENEIEFEPEENHEERXE, EER
ENTHERFA—E LR, RAKBREIRATERINE.

E W52 R RE BRI AT HENAHTX VSC-HVDC MAESREN
a2l BEHBREEMA Lyapunov SR —MP4EG], FIA s B p g BE AR
R T EMLREH R, fBEHBTEANREEHE, XTHEAGEMER
SHHBCTREAR SR N, BIXERE SRR E M [ BT A JE 55 B M T 88
FHRSRES RS, MENRNEENMREMERPRESREE RS, %K
R RE P 1) R ) S B R ] 3R R LV ) 97 46T B TR YR R B R 9T BB A A

1.2.2.3 MMC-HVDC #5535 R B Rt s FE R o)

HAIXTF MMC-HVDC #5588 P15 47 5 14 K 48 58 MBI 0 1) S B2 [n) BB P A7
£ TR fR

() T MMC BEEBITREHF A, “Af” BFEEXN —EaENEEETT
SHATERAUE, TURTREZRASNAEDIZERSHILMESRYE, BAR
Bl E R AR 1 B & TIERRIR.
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B1E &% it

(2) *F MMC-HVDC IhZEH¥nERE M A R, ETRSEBNMTFEREL
B EEESEHT TN MMC MARBEEYE, HHEERESSHREE—ERE;
EFIMHUBRENTEFTEENSH (BEEESH. BHEH%) RE, ®U
AR E BRI ERIEZT LR mLEI®, BEBIMHRMEL,
Bl 4n SCHER[100145 218 A = B I S48 B LUK T A4, SCik[102)/8 B R R
B 57 i b I AR R

(3) MMC-HVDC (#(# VSC-HVDC) BAXM AL G A ahiae AR
PRMATRLME, NP ZRBERENE. BEAE. REsftit. BiY
HHEESTHEH AR ERANTIR.

13 ARXFETE

AL MMC B FEMEe s hEm S mA R R LE, PR MMC-
HVDC Fefbi N EFERE AR BN, PLEBEABZRBEMEK MMC-HVDC &

2 EFFREEISIR . B 1-2 45 7 R LM E

FMMCHRIZ E I R G 58 et J

ég MMC H, SR R A5 7 R 9

|

1
l MMC-HVDCH: A §5 22 it Ha R 5%

MMC FE, SR TR 38 A5 vk |
7 SR A7 A 1 8 A { 1
MMC-HVDCH% A 55 H [ MMC-HVDCH A 55 HiL [
R Th 4% Re ) KPtshfase b

B2 A XTERRTIIE

Fig.1-2 The main research work of this dissertation

92 BEM AL B HR A BE B BB DL, L MMC R R R
NEBEM, EEHSHERRNEEBE, XA MMC HLEE AR 8 REE
MRS HEEGHHERENBRASEATHEEFEN A, RHRBERIITH
MMC BEEahASHEREEM MMC faSHEEHEA, 55T MMC BSHRHER AL
AR

%3 EIRE LA EMT R ANMBETERES S, ET MMC FF R U
R, RH MR EERENSEREERN MMC SRS EHRE, FFRIH CBuilder
TEFAFRFERHL, £ RIDS F &3 MMC-HVDC R4MITE, kT K5

11




HAb s HRE 2R

K& T ASRSTERE T RO

% 4 EHH MMC-HVDC A EEM I EHERE 1. B, BIA MMC
FiE S TERR, XE P-O FEHNBHEAN MMC BRESBTXENOR, FEikR
H—FAHHE MMC BESEBITRBII AR A, HHATHRAZEESH. TR
PN R CA K IR AR MMC RSB T XM, RE, WMALEEES
BHIFEA R MMC NG HEREASFRMNE MMC-HVDC IR I%RE /11T
bk, BILEEHHRR R MMC B\ AR SHR, ] B &SR
MMC-HVDC BN R ESTRE M E, BRIERSGFCETA. BEREERA
A MMC BHEITERBRE=FRKXRERE MMC-HVDC # AR WAk 548 2% H
ik FAE R LS A E . DL MMC-HVDC #iAThRBRITE A%, ST
%t MMC-HVDC ThE 5k ge /1 KB AL TR .

% 5 BEPH MMC-HVDC BABXHREBEMER RISt RI\EXN3NE
MMC ZFrENEERAAR AR A, B MMC RS2 BERER, 83 MMC #A
HMZERRANKRE SR KRG, S RERRVIGET A REBENEFTE,
EFARe P aERitEie, 18 MMC-HVDC £ A 55327 & M K g 5
fREHAF, SHRGHEXABREXNREEWEW; &5, HLRERTMIY
A iE Lyapunov BRi%L, BRI Lyapunov BBEMEHE . LaSalle £, X MMC-
HVDC BAFR B MM EEE T AT, FRE—METIEREENDISRE
SRFEVEAETENS, TRANER ST R R A S FHFHENA L.
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#2E MMC SRR TERA

£ 28 MMC BSERBERF AR

2158

AE P MMC FFRREURBUONER, %5 MMC IS HERE KR ER, £
AR ERENHAG R, HASHEREDGRRSATHRSERSRHE. B S
FE 5 H188 R MR R MAZ ERE DK MMC BESEBEE L. $30E MMC
FIALE R A5 8] R AR R FIAR SR B R A HE A AR MMC B SRR A AR, 4
%%&~*ﬁ%§ﬁ%*%MMC%M@%W%&@%—%chﬁﬁmiﬁﬂ,

# MMC 5 HEBEBETERR.

2.2 MMC B SR ZR5A24H

MMC -FHERAEEEEMFESEERASATRIEEZ K. BESRE,
XK T MMC BRI . Xt T AR A RERFIERT A, NERARK
RERBUAER, RITETE 2-1 i MMC BSRAERASE .

PR :g} :{§a:§

R SR Tf 5y
%%&ﬁ%& 'Z%{

TR BER I AR

}uv‘ Ayt 4 d 5+ By

]1 71"“;‘11 s F- By
MR Sl

Au, = A, AT+ A A0 + B Ax

_____________________ M__L&':Lﬁuiifz__

Mmcﬁ% Vﬁ& 7 MM CTRIAL B Y

BEPET |

L H T s R R

B A BRARERMM CRa SRR

TS RE A

= 1”,i \/,‘ =

#

2 1
;-—;wwmmwww\mwﬁ
#

B 2-1 MMC M SRR AR T TR
Fig.2-1 Modeling method framework for MMC electrical model
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At R FE B L2683

EFBRAEKN MMC BREEESHEEY, FREX SSRGS ZEHTERX
. H, MMC H4%5 5053 0] LR T FRRENASRME BT AL, MMC BT
KRFERDPIZE— B & FER AR EZ RN ES R ERE, 7T
T8 KRR B s SR E BT AL .

MMC BhiESHESEEIE MMC FF R BUE R R ERL HRE T RS EMEHIES
IRy E, HPLMRE - FME TR ER 10 BraiSHERabaN A
BAIZ. &EERSIAHAEEE AT MMC-HVDC R4K/MsSEE, #
ITNTF PR A BT N BR BRI 2
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a) MMC topology, b) Simplification of submodules, ¢) Bridge arm switching function model
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Fig.2-2 Switching function model of MMC
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a) Single-phase equivalent circuit, b) Differential mode circuit, c¢) Common mode circuit
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Fig.2-3 MMC single-phase model
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2.3.2 MMC RIEM BRI MEN R
¥ MMC FFE R B i B BRIS A BHITEN, MR-

omi 2 (2 -7)
Saite 5 .

IR RRBBOIAR, ERSE;
Sarm pi~ Sarm ni FitHE, THREAXEH.
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Fig.2-4 Block diagram of MMC d-g vector controller
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DENWMS TR, HEREMRER, BIATEE MMC £ 10 Braiasg s,
ans(2-12)FR.



S S VAN St e 2 VA

s - T - _
( ucapo ucapo lcomO
z Y .
d U capa Ueapd 1 Laifra
z —_ b .
d—t ucapq -_Tm ucapq + C S/u Idiﬁ'q
ucapzd ucapZd com2d
uZ u= Z
L CaPZqJ cap2qj B coquJ
S . (2-12)
lcom 0 lcom 0 l O 0 ucapo
. . v
d Lsitta Liira { 0 1 0ffu,/2 Uapd
. _ . ¥
a ldiffq =T, @ ldiﬁ'q _f 0 01 Uy +—SM ucapq
- - 0 0 z
Teom2a Lom2d 0 0 0 uvq ucapZd
. . s
L Llcom2q R _lcoqu R LO 0 0_ Lucaqu i
000 0 0 0] A G G B S
00 o 0 0 My My My M My M
He, T =0 -» O 0 0| 2 2 4 4 4 4
m, m. m m m m
0 0 2 S, =]——% e de _72d ¢4 _ Ted
0 0 @ 2 4 2 4 4 4
0 0 0 20 0] My me o Me o ome
2 4 4 2
e My My 0 Mye
2 4 4 2 |

AE-12)FHHERRNER . EHFOEN _FES>ESERER ic. ZHRM
B dy g 0B FRFREBIR i ) d. g DEZRH WM THRBETEXR:

[/

comQ T

=4 ldiffd = E lvd ldiﬂ'q = _2_ lvq lcomZd = 5 lcird lcoqu = 5 lcirq
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SREST. BERKOEARETHARY, XA EE#HTHIHTIREILE
B ATRERTFEINEILN MMC RIS MEERBHITRY, BN ERIREERE
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FEMN2-14), pon REHE, 55 n /MIRERBAEMESE m PRI sl E .
pnm = 7nmvnm (2'14)

A pom ——5B m MIFAEAE A 3 LA FFAE A B 5
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Table 2-1 Time-scale characteristics of MMC
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Fig.2-5 Detailed 2"-order model of MMC
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Fig.2-6 Simplified 2"-order model of MMC
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Fig.2-7 Dynamic model of 2-level VSC
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£ Matlab PRELINET MMC HF40 R MMC R4k = BHaL 8y i B o
MMC-HVDC KB 845 ER, R PSCAD/EMTDC FE B MMC-HVDC
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222 Bimm, KE 247, B3EEE S BEURAZRGEANLRIETRERS, B
CRESGRRA “PSCAD HEESMHAERE” . AFEHFIF, THRAASFTHABE
N 551.25kV (1.05p.u), HEERHRN S, FEHBLAN 80°.

R22MHERGSH
Table 2-2 Parameters of simulation system
2 =l
RGN E B E/KV 525
e AL MINEE Mz 50
HiRSUE EE/KY +420
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A AR Yo /INY
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B 2-9 45 7 Matlab FE K] MMC 4L ZFriAY 5 PSCAD BEE SRR
PRI HAER, BT RSB R B B 025 L4 6 42 1) 3X — Foh BF it 4% i A
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Fig.2-8 Simulation verification of MMC detailed 2™-order model in steady state
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Table 2-3 Verification for model of MMC connected into ac grid

U (p.u.) M.
(Pe,Qc) MMC1 MMC2 PSCAD MMCl1 MMC2 PSCAD
(1,0) 09907 - 09907 0.9927 0.8219 0.8182 0.823 8
(0.8,0.2) 1.161 8 1.161 8 1.162 5 0.968 5 0.962 3 0.969 3
(0.8,-0.2) 0.8142 0.8142 0.814 3 0.6895 0.6900 0.689 7
(0.3,-0.5) 0.314 8 0.314 8 0.314 8 0.3317 0.3342 0.3317

2.4.42 EXERTHAERE

FFEF I AT DA e R Bk MMC SRR e BEm B R i as WS RSB/
AR, BREHBRNSEEERE MMC BSERMBEE. MMC B R
WINH RIS, BRI 2R mea N 0.9, me N 0.2, FF 5s BT 248§
HIETHE me, BB 0.2 388-0.2. FIFh MMC R B4 R 5 PSCAD REAE A
ERAG AR LmE 2-10 Bin, RENSISMNES PSCAD BEESEA
frme R AR IEE —8. MMC #H_MrERMNTESES PSCAD (FEERBE 3
MMC fai b —rR B 7 S1H 5 PSCAD (H EZ RS A ME, BEREENRES.

—— MMCI1 — MMC2 —-—-—PSCAD

0.98 1 1-]1{
- 09
S 0 5 0.8f
0.7+ '

0.86 ' 0.6L i

uge (p-u.)
e G
\I’D ES
ige (p-u.)

Iyvq(p-u.) Uyq(p-u.)
B .8 b
O — — Oh = W

—— i

¥

q P ) ”vq(pu)

o DS A X g
Ny P @
LYY R orz:uou

i

A 2-10 AR EH BRI

Fig.2-10 Simulation verification of open-loop control
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Fig.2-11 Equivalent model of MMC from AC side
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Fig.3-13 Simulation results of normal operation situation
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MMC-HVDC %%, i#it5 PSCAD/EMTDC w3 88 R 2 ) MMC #E4a4
B, DESASRSHIDREBIRHT N, BiE T AEMREE T ENEE
REERE M.
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R | AN e 2 1TA703'S

% 4 EF MMC-HVDC N 55 MBI ThEREHX 8 1

413815

ThERIXRE /1R MMC-HVDC # A5G B M EEIETRE, HARKH
FEGHE MMC B H4A KR MMC-HVDC #HIFEmiBa?. MMC HEE ZH#H
RS B VSCEBRRKX T, #% = HF VSC KARASHER!, ¥ MMC #HH1h
R P-Q BB B] MMC P e 53833880, wT DI7E— e f2 L #ie MMC (1 B & T/ER
R, BEHHEEREE—CHmE: T “3#f” &8 MMC B & T/ERRE2IKT
HERK. WHIZHF VSC-HVDC HI#ATR e A kls-10) Sk 210 % &
MMC-HVDC F#ZHH 1 MMC R EFREERE, THES RERERIK.

R, AZEHHRUUSE 2 F 2.5 FFREK MMC BEHEBEEUNER, 1H5 P-
QO MR IR BLARLR, R —MHiE MMC REBIT KB FHFE, BT MMC K
& TERIR, FEEM EHR THRBEZSH. AREHEABRL R
X MMC RSB RIBEm. A5, #X T ITREFHNRA dq REEHIHN
FIEE M EREEE! MMC-HVDC A 55 BMEHNE e /1T AR E R 1, RE%E
EPUM MRS MMC-HVDC e N\ BB SR ESI T HE, EERY
MMC-HVDC ThEHERR EEHSREEFT SMRRE 8 8 TERRRXR, H45
H BIER R MMC-HVDC TR AR TR TR ..

42 MMC BETIEHRRSRESEITRIBBFIHE
4.2.1 MMC BBEEBITXIELD R AER £

RIE MMC fI3RFNEH, Y8 B EMR TG EZ 2] AR KRG, HEH
BATFHERANMAGEINHE 2 TR, X MMCHBE SR, #RiRHFA
Efﬁﬁ?ﬁi@iz”‘i"ﬁﬁ@ﬁ, Eﬁ?% i*EJ:\ —Fﬁgﬁ%@ﬁ Sarm_pi_a“:[I Sarm_niﬁlii

0<Ns, <N
arm_pi (4_1)
0<Nspw SN
g,
Me € I:Mehmin > Me’max ] (4'2)
:T:Q':P Me_min %b’ﬁﬂﬁ ﬂfﬁ‘J H:HI:J%/J\{E ’ Me_min =0;
Mc_max %iﬁhﬁﬂ%” HSE‘J%X{E ’ Me_max = min(Mdc+M2, 2‘Mdc'M2)o
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% 4 E MMC-HVDC ¥\ 55 & [ 1 ThE KL R /1

RIE 2.5.1 FR(2-34)iTHE H MMC KIEBERTL Xame MEBREIR Eunc G, A
DA (4-3)F(4-4)itE H MMC Sith B IITIE P AR O WNEBHSE M.
Meas Megn Mog F1 Moy BIBHRRIEN, EHEAI LRAFR ST TERITE MMC
e TEE, MMC RAET XA ER@-2)FT7R MMC B 52 %48
BT BFE P-Q B LB

-1

cos @, sin g oL,
Py _(kzl s +XT+_2_O+XMM°)
Iv= 9 T %cr T *ser ) (Emmc_%J (4_3)
sin wlL cos T
S+ X+ —+ X, s
i, T 2 TWE kA,
AF ko ARk
Ascr RMAGHERELL, & X hBRRUGTRFLERERSTEER
ThE KR .
’It =Iv/kT
Ut=ES+ZSIt
IP=U"I (4-4)
0 -1
=Ut I
o=urly s
e 1 |cosf, ~—sinb,
AP Z RRAGETAEE, Z= ) .
A |siné,  cos6,

BiER4-4), P-Q B FTEAUE R P=P(M., 8:), O0=0(M-., 6 )BIFER. MMC
RESTEERE M. EHARTGCEAXN NG P-Q ik, FitHE MMC &
SEBTXEK B, EREENARBEEREKLEN HE.,

& P-Q MEBBRHNBERTE, WELLLNAHE:

8P 6Q ©OP 80
oM, 56, 06, oM,

PCC F BB T P=P(Uu, Uyg)s 0=0(Uwu,» Us)RIFET LLEERET LLE Rl (4-
6)HIF 3,

(4-5)

oP P
oU, oU,
00 80
oU, oU,

AT CAER: P-Q BAERIREIELRLL BN AR T IR AT LB R T R X AT P-Q #h
£, BI=0 XtRIAJHZER MMC BEFBTREMIAR, HWENE-7). RiEEHT

(4-6)
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Bl WP e S TAD' S

FRUIH R C Bz
E'E =2E'U, (4-7)

MMC BFEITXBUFEA MMC B 5 TAERIRE P-O FHEHNBS . £
M. E AR P-O kiR, W 4-1 Fiyr. B 4-1 FIRLIHA A =1.5, 6:=80°,
THRFEHHES . £ P-0 BF, P>0RR MMC & T, P<0FRR MMC T
EFRFHER; 0>0 R MMC B BHLIThE, 1 0<0 Fx MMC HH A
TIhThE. TURR P-Q MEHREKE, WE 4-1 HABELLFTR, H4-7)5
5E .

— R
— TR
& | =S
| —— M.~=0.8
) == M _=0.6
2 ——= M.=0.4
—— M.=0.2
1.5
CEY
&
Q
Q5T "
|
I 1
0 e I e O .
~ _:_ -
-0.5,—=
-1.5 1 0.5 0 0.5 1 1.5 2
P(pu)

B 4-1 P-Q M2k AR FRIZAT VO LS
Fig.4-1 P-Q curves and boundaries of operation region limit

o p-o iS5 T FMEYIN, HYIRS ARG, EEE PCC mMBSRE
REM, LKA “BRE” HoRRERN, ERTAESRARENI. X
M. B/NETH P-Q MR TIARBREY A, XEHE LHETAHESEEN.
MMC T LUBE B A REMER B M M M., MBTEEL S L, BHNLE
TUEBRE-EEHEF. URAEETRAERE. ARERTIRERLIE
TAREZME, MMC BREIEXAF LA H MM maHE, WA 4-1 PEASE
LBPTR.

MMC hEZETXEK EUREBRARRESHEAREHERFR, M T
FANHBZRENYSEHE. £ FTAFHET, FrERIXEEN MMC AR
B MRSETEE, wEFRKEREMAR. BFREXENE P-0 RHIE
RERTHAR, MMC 7] LUEE BEA R H 2 (B) Mucw Mean Megn MoaF Moy

56



438 MMC-HVDC # A\ 55 8 M 89 T R ik i

fff MMC BT %X, HEXARZ MMC fIIEE T/ERES. B s 4 M B 2 L
THRAMYIA, MMC fE 4 AiiEm KA IR, £ B A& KBTI,

4.2.2 RIEFIER T MMC RSB TXE A

# 2.5.1 TRQ-34) TR T MMC Fa25 2R g9 550 #1400 = 5550
SESNAEBEMEARR BSHEREMNATUKSEK.

g +¢,+¢,

Xmmc:_ ! > . ch

64(¢+4,+8,)
3IMiM,X,,

[I—A—X&q)cosé’e+—d‘—#ﬂcos(6’2—9€) (4-8)
MU, S+ +E ¢ +¢,+E
mmv:_’ln.]\4C 3MlﬁM7X_‘
v —(1——43—/\’(&1}511196——‘{‘—‘(;‘15111(6’2—90)

§l+§2+§3 §l+é’2 3

He,
6 =32M, (8M2 —3M? —2M?) X,

6y =My (L6M, +3M} + 2M; —16M M} ~12M M ~2MIMS ) X .,
Je=MIM, 32X, —(12M], —2M7 + M} ) X,
& =32M, X,

&y =—M, (2M; + M} -M; )X

Ceq

]005(298 -6,)

k4,3:]\4?.2‘]\12‘Xv(‘eq cos(26’e _02)
P M A6 7 RIRFT R R B 7 BRI IR EFIAR A
M, F0 6, T RAFF R —E T BERIRENAEA .

T Xome X 02 FIFH ATRLEEAN4-9); TEFNALREE Eon X 6
M=E, W @10, ATLLERR], PIE RIS HE AT LIR L sin(62-260)3.

16M, MM X | Sy, || 2y,
dX SO Xe ’
mme _ _ 2 E sin (26, -6,) 4-9)
de (é, +4, +( )2 e 2 (
2 1 2 753
Hr,
1IM: -2M? — M} —\/8 1M, +3M} 36 M M2 +5M?M:
"=
32
1IM2 ~2M? - M} + \/8 1M, +3M} —36M_ M} +5MIM?
Yy, =
’ 32
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S VAN e SRS

dE__. MM X ey sin(26, -6 )><

Ceq

d€2 (4 + gz + 4'3 )
[(;, +&,) (3M§c -M?)-(3MM, X, ) 2—(¢+&,) (BMIMIM, X . )cos(26, -6,)

] (4-10)

\/(gl £,V (MM X, ) +2(6+4)(BMAM, X, )cos(26, - 6,)

BEINhE PALIHTIE O Xt 6 MIREE R AG-1)KIFE, UL P QX
6, KIS EW AT LMR Y sin(62-20) 01, XEWELE M HENBEMNT, X 6:=20. &
6:=20+n WML T, TWEXEK LR RRE, WEXERK. AHERKIIERX
&, RESE 6 EARFRFBRBUERT X MG R, REMCAE .
& _ _oP dX,  _oP dE,,

d6, ox,. d6, ©oE,. db, @-11)
do _ 60 dX,,. 00 dE,,

do, ox__ d6, OE,_ dé,

mmc

B 4-2 FisA R ZE50RS - BN IR X AIAR, de =1.5, 6:-80°. S5LEX
RE 6;=20e, FBERITRL 6:=20+n. Z LT, :=20. R IIRREFE K. B (F5RH
HENFEEREMAGSE M. FIXEZD, MMC IR REEZED, X4 Mm%
F o, HEREHFRIEHE, HEXEH LOFRES, BTEERK.

1

O (p.u)

Ppu)
B 4-2 AN Mo Xt R B Th 2R X )34 77
Fig.4-2 Operation boundary with different M>

4.2.3 RS MMC RSB 1T XA

XFTEWFERER MMC, —&¥ Mo BN 1; RS TR MMC /Y M
HIBTRNAN 1. FERESIHFE RS HEBE IR (4-12)Fi=12,

( 27%
C - P, 1_[mk cosq)j
* 3mNaos, U 2
<

cap ~ capN

(4-12)

1
L= N +U,
k " 80C oUeapn (3‘/§gzhn1vn dCNJ
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3 4 F MMC-HVDC B\ 55 B R TR #% 6k /)

RKH  Ueepn BUE FHRP A BE/AV;
Ecap TP S FR A/ %
Elm ——— AEIER I B AR L ) R THE /%
I AR 2% R () BB U A B e L

wo —— L INF & & /rad.
B, X5 Xceq ZIEHERIDTFRR:

Hoo 1y, ™ |1 (4-13)
X, 8 4e, | 8

HE BB S EAESET MMC RN ERSEF=L R, Wi
MMC F#iH ShERTEE . HHESBORN Xome X ecap M enm FIRBEHE, W(4-14)
FrR, WILAfG

1) Xone 5 €cap ZIAREEM KRR, H Xome WHAITERE ecap WATTHE A, BLEAHF
BENBRER/D, TRMEHED Xnme FILEXTEBR K ;

2) Xome RIBXHERE enm BRI K, ULAMVFE BHLHE/D, ZRNFHETH
“xTEEK.

ax, 1 6M; (30, - M)

mme _ _ | (8% —3M7 )+ <0
a&cap 2172 m, 2 2
8m, 1_(mos_¢) 4\ 1+ |20 4 M
< 2 o (4-14)
ax, 3¢, M: (3M}, - M?)

=— <0

084, m cosp\ % m ’
45,;[1—["7"’)] [4(”48* )—2M§C+Mf]
Jem

RIE LR T, BANFERREET LIR/D Xome: {8 MMC BB BB Lo NPEZ
ER, UFRIEMRFRBRAEESSER. Bk, SFESWFRIEEZHEN
ANBERIHE ecap IR IIEE HAH R AHE enm X THRIBITIER IR,

B 4-32)F1 & 4-3b) P BIAAR Proax WL 4-1 PR A FIR BRIBININE. A 4
MA B & MMC BTXE L. TUFRVIEXINAEINIIE, Z A0 DL FR R
MMC RBAETXRIKKDFME, FEERZSNEIITIEERIITER, o0
SR ecap TN e XTHAIREM

B 4-32)F1E 4-3b)FFiRT A Aser =1.5, O=80°K H B AFMBHREIAT Prmax
PEHMER R T BH coap T nm B . Y ena BK, BIHFE BB LoB/NE, W
NFREABAET LI MMC BIDEAAR . enm B/, B FHERBESERK
MMC PTG . 2 epm BUMT ecop BRI, BRATIREMEHBRK, "THE
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Hedb s HRFE L2 AR

BRI REMER. Fitk, fERT MMC $#iRBSHE, EREEE KR ER
X RESHHEK.

a) WK, b) B
a) Inverter b) Rectifier

E 4-3 Bt S HCHRIRIZ AT YE B B2

Fig.4-3 Influence of converter parameters on the maximum power transmission
4.2.4 BRARI MMC RRESEITXIERF N

RNT R MMC ]SS4, @A R MR, #6088 @ s
NI BRBEELIRIE L max, LB LIRFIERZENTEEZAD). 59H5R
2 B SRR TEBENTERM, HE% P-Q & FTES K P =P, ¢.) and
0=0W, pv) EF L F o, THIRER I FIBEMIEA. o BRMLER XS
LE[O, Iy_max] WE) P-Q BHERIEMER, RIBHLRBELIIRMBITIE, BRARMIE
1T XA T R L=l max X RLK] P-Q i S FNEIFUHE T LI B 25 R kR 52

— LR

i X1
— TR
— gk X

< ]

P (pu)

Bl 4-4 % BRI RRIIZ T X
Fig.4-4 Operation region considering security constraints

ZERBRARKN LEXBNE 4-4 Fir, BHRFIARIRN e =1.5, 6=80°,
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4 4 3 MMC-HVDC E 55 M Th R ik ke

L ma=1.18. AEAMLZHJ=0 PEMTHR, BEZERRFEGTFAERN LA
5, SEMELEBRBRARMIAR. B 44 FXE 1 (BRABRKERS) 2IETIR
A FIR R AR B B A RAERARMX IR . X 1 A G NMEKEX 2 F
(IEAT S R B2 B B AR AR £ BRI . MMC 7] LU & A ER KK
IGBT, f# MMC "] LLE/TEEX L 2 o, 7E MRS EIR gt B2 Th B 3F 1.,
BR, EEIZRBEMKY MMC LR EETEXE 1 MK 2 HHEZ MK,

4.3 E s B2 A4 A MMC-HVDC 38\ 55 B 46 125 Th 22 4R PR

B4 T A% & MMC #4520 MMC B & T/ERR, A5 e TE
HE) M ERER MMC-HVDC K ZhER & e 11T 4087« IA SCERX T MMC-
HVDC 33 VSC-HVDC MR el FE F A AR R KB e Bk
WA, ZESERESREM REMEIA, E TR TSR 652 E Mk
AT 43 A0S e = S EHAREA ) B AR 2 XS MMC-HVDC #ik R MK 5 .
AT ST BT MMC-HVDC AR MBSO A, S4%E6
EHHTEHEN KN MMC SRR ESREEN MMC B 8 TEKRRE, stIlsY
MMC-HVDC £ A 5538 it B P #11E 58 71 M B L TRAA

43.1 EEHBIE MMC-HVDC B3 38 iR

B EREER MMC KRS S MNERERE, MMC HSUEET RHET
BE 5 HE AL B A # (synchronous reference frame, SRF ) ) £ #H¥F ( SRF-
PLL) [2gkdy, i=hZMEmE 4-5 fin. BN RBHERE UMMEN &, T
MMC =l RFEBIT RS BIARGUIRRF L, MMC 5TIRBMERREEDE.

()

0 + 4 + b’p“
kytkils ——»é)——h /s >

— Uy
Uy dg
«— Uy

abe | Uy

P 4-5 SR ) F HE P
Fig.4-5 Control block diagram of PLL
2.5.1 TEHE MMC ZZRMEER T, =60 B USRS M LS 00 A2%5, &
[REUSREMEA o AZENLIRAT . ZESETARE, N ERBEFET
KXinme FBEREERBIEYR Enme FIRIA BT AL F5 3 R, BHRELL 6 NSHR LI AT,
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i REF L 2R

nR@-15)F7= .

-

X =— 6 +6,+6 X.
" 6A(S+ 4 +8)
) (1 —g—— ch]cos(e Hp") Mﬂ (g ~6, - gp") (4-15)
E =McUdc §l+;2+§ §+§2 4’3
mme M 5
m M, _(] ——g—- (qusin (He ~¢9pu) M (9 0 Hp“)
| §i+4,+d, L+, + L
Hr,

(¢, =32M,, (8M2L -3M? -2M2) X,
G, =—M,, (16M, +3M7} +2M; —16M M} ~12M; M} —2M M ))(Ceq
|6 =MIM, 32, ~(12M7, -2M7 + M ) X, |cos (26, -6, )
& =32M, X,
Gy =M (MG + MZ ~ M7 ) X,
|$3=MM, X, cos(26,-6,)

BYEK(4-15), FERGIE AP E RN, MMC ZRMBERET Xnme 5B
M AHA O iR, ERHBEEIE Enme TUAE N EnmeZ (Smmctp)BIFER, Snme 7
FEREEIR Enme X Gon BIAEA, 1BE Enmc WHK@E-16)H17R .

MU, \/(gl +6,) +(3MiM, X, )2 +2(¢,+4,)(3MM, X, )cos(26,~6,)
) M (644, +;)
B 4-6 Fiac s MMC 28I EAZREMESEE, EBd EM Z.£0:4r
AALRARGE A BB FELEG, P Qﬁ%ﬂ)‘y MMC %t B9 DhSh M ETh
E, UM U, G5 EEMMARMNEEAE, LA 1 552978 2% R0 E
MEBFRAEE, k0 Xr 2AAZRERTELNFER, ERTEHFLE. BPE
FUUBE UNMEARISERA, B 56=0

(4-16)

mmc

, :
mmc mmc |

Ry
|
|

A 4-6 MMC $3 A2 ift B M) 55 2 i 2
Fig.4-6 Equivalent model of MMC connected to an ac grid

Rla, BRE-1DITREL MMC Rl Th#, BEHEL MMC Kt TR 53K
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% 4% MMC-HVDC #: \ 53 s M ThER % R8N

(4-18) F7R BT it H A& J Th 2 P15
( E e S0 (8,6,

P

w ke (X7 +X10/24 X )

_ Emmc Cos(ammc_'_gpll ) _Ut /kT (4_1 7)

I =
7 v b (X1 4+ X10/24 X )
P=UI

U ix

0=-UJ,

Q= A,U,[U,sing, + E,sin(5, - ,)]

MMC #25I%R3E PLL BiE MM 0>t PCC AUREM=FHZTRM « BT

Park T#BE| dg HigRE. B, F@ETEH dg FBRZIN HRKE], 48
AR R WNNE-19)F7R.

{Pzg U,[U, cosb, — E, cos(5,-0,)] (4-18)

(U, =U, cosé,,

P
U,=-Using,

3 . (4' 1 9)
I, =1,cos8,+] sing,

I,=-1,sng, +1, cosb,

ZLb, ZESHHETE MMC BEARREMZTER AL HARAG-17)-@-1987
R 10 N TRHR

4.3.2 MMC-HVDC Z8i i8I MEN T REMPESIEEM S

MMC W6 RATEQEYHHTES] IFEHOARERH =T, =&
R 28 1) 5 B 08 T R AN IR IR IR <SR R <A BRI R, =& 24,
MR H 23 R R EL IR 4 (proportional-integral, PI) #5488 HM B K. WA
i/, N EHER A IPOE R IRERIN A ISR R M T8 &{E: JM3F PI #8809
Wi HREHRSEKR, SAMEHEEAEREERE, HRRBAMEKET R
FrfEfRS. Fik, A XE7EXT MMC-HVDC 80# VSC-HVDC #HTH &R E 2T
B, JEE/RZOCISL ()N FRES A UREE BRI HSEE, QBB
R BB IRERILRRE.

ZEHURER], B IFTERBNSERE FESEAR P 28N TAR
Mo izh Sz 6, HER=FKNZEHFREENRK, W REAR 5 RZEHHT
W2 EZEERMTER RS RROY, Ra DA SARIR IS SR 32 6] AR
F il (A (78 EAE R o] LU
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b IR AT

4.3.2.1 ST EIEREN

KRR ERHIF M EMRER MMC-HVDC BEIHFFRAELAA, U8
PR Edie PCC AMEMAIN, MMC-HVDC A8 S HMERRNE. 9
FEIAR [ 25 F2 58 B 5 A0 = BUAR 2R 123 1 [B] B A4 B f S AR 1133134, B #(4-17)-(4-19) AT BA
THEH Uy Xt O B RBE, BIHFEDREENKR UyX o M RBEDNT 0, B
FP R AN RAE-200F0R, Bie A9 RS REMHE Su. 53C#ER[134]
HIE RS AR SR A BRI I M FR SR B AIE AL, (4-25)FTRIK) MMC-HVDC 248t
MR FMMFESREHES, 2H TS5 MMC-HVDC A2 4% 3 BE 5t AH S I,
XA MMC-HVDC 5 ZH#°F VSC-HVDC KX 5.

du, E(X.+X,,/2+X
'l R (X + X,/ mc)sin(as—ez)w & -0,<8, <x-6, (4-20)
dg, |zz|
6=0
ZZ=Zs+j(XT+XL0/2+Xmmc)
A, 6,=/Z;=arctan R
Xs+XT+XL0/2+Xmmc

—REAT, VMRS AR 90°, AR — & MFx A (4-20)2
T, EESHEMREX 4. ¢ BBERHAREMS, WRE@-2D)F/R. ZE&M4TT
ATERIRRIESHEE.

{Iq >-2.U,

4-21
Il’dlS ﬂ‘scrEs ( )

4.3.2.2 BTSTREIG =

f&#£ VSC-HVDC AN BMESIEE ST IEICS], RIFERS S 8 &4 0HE
T R AFEFIEDY, RIBSIERThEZH] 1 RBUOIOR T AN R R AR e HIE . 2
P EfIRERA S, SEARIRERS . BRETER=ZFNRR, &R
ik 4-1 s, RS EHIRERA S SRERELIN, REASBMELFAHERA
R KA.
R 4-1 FR R AR LFIRFR

Table 4-1 Relationship among critical point’s Iy

SETIHIhE SEAS PR R
0>0: BN
q e 5 s <d il gHERS<BEITA
; =8N T a<FBRER A S <ESBREEIKRS
‘ 0<0: AR
dihilE 5 =g Ml F A g Hlg R A<FESRERIER
=¥EN T E<FEERE R A BRGNS
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% 4% MMC-HVDC #A55ERHTh R %6 7

T R A EHERSN RS R AT E AE. UEREK 4-1 Fingie i Sk
R BARSHTIERE LR D,

SEX YT MMC-HVDC i A\ R A FR ST € LAY S, {18 S=0 Xt
BiSkEkAs, B SORRERE, S<ONRESRE. SLHIEHHFMERX
B EES N ESTRE AR S Bt E T A 4-22)F1(4-23) s .

(1) B TCThTh &z H
U A, (E,—2U,cosé,) . 0<0
wor (B, —2U, cos8,)+ 1, cos(5, —6,) 422)
= A (2U, cos 6, — E,) -1, sin(5, - 6,) 050
U (E, —2U, cos &) ’
(2) SEAT I HA K12
5= Ao (2U, cos 8, - E, ) — I sin(5, - 6,) (4-23)

U, A, (E,—2U,cosé,)

433 ImA R 510 F G EE

HEARERLEET, BTHIhHE P THIAGIL M. ARBSRETEIT SHE
LS . BB ecp=7.5% emn=15%. B 4-72)FTRAETLINTHEIEH|
(0=0) RTHIMLE, B 4-7b)FfImAEXREERES (U=1) BRIHLER. BF
E=1, 6:=80°,

P (pu.)

M,

Iy(pu.)

a) 0=0 b) U=l
B 4-7 4 3% HL X B MMC B T4 B B2

Fig.4-7 Influence of SCR on the operation characteristics of MMC
TR E LI IR R ESTIM B ETER], HTLUBIWMTERL:
(1) BEEEMLIE R, BERERMASTNE PG, BfaEmEMA. S8
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Hdps A RZEERAR

BUB/NE, BEEBITR (P=1) FHEEHSREHE: JERILERXN, JEis
TR (P=1) RS EHIE.

() BRI, BEREBFRATNMN M X, DERB/NE, 2
EHBEIRF B R R RS M<1; HERLIMKE—ERE, REHBERAR
RO R A ER R R EE Me>1.

BRI (O] UHEHEREETEAMERN, FUEET A MKERSRERF
BIFIR S, & XA E AR AERE, 125 CSCR-MMC. CSCR-MMC
WRIT R

Sl,_,, =0 (4-24)

HH, REBELELQ)WT AL JERILE TFREMERN, BERERF BTN

BIAERIABILE Me RUIFET 1, 30X ERMKEALRERE, 0/ BSCR-
MMC. BSCR-MMC # 2T Hi8:

N 0 (4-25)

M=l

43.3.1 IRFrEEEEL

BT ETEBR G R CSCR-MMC BT MMC-HVDC hR#i56E 15
PEETEMXR, TUATERZRASHEYN T MMC-HVDC HERERES.
e AR R AR, HBASEEl MMC-HVDC #ii% % I 2 X A8 i H2 PR AU ZE SRk AR
H. 5 VSC-HVDC #Mfl, MMC-HVDC Klif a8 L S BF/ TR RN, ¢ BiEH
Hin. XRMAGNER E,. ZRBMNETA 0, 58MW. 25 MMC-HVDC LT
REFGEITR, BBERNIETERLAE 1.35~1.84 28], BRI FERL
£ 1.93~2.61 Z[A; % MMC PSRRI B EETr, MR FERELE
1.09~1.2 278, BHREXMIBAERE 1.3~1.52H. EEITELLHRE.

R, WRXAREHNBERBEFES MMC-HVDC BT FHERE,
P=1/-1, 0=0, U=1, tLRH E HERGE-26)T K%M, 4 MMC THHTFE
RIERFTHRA, TRRACTHIREREZABERFI TN, EAEELY
K1, BEXRRGHERATLR.

\/1+;2 +;L2 cosd,, EWHM
E, = B (4-26)

J1+ /1220, - ﬂi cos@,, WA

4332 i8R EELE
B4R L BSCR-MMC BT MMC-HVDC ThZEHith: 15 RgasRElR
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Fafl MMC #8888 TERBIXR, ATUATHETRASHEN T MMC-
HVDC RIRRAEHIRTG. FEXM MR LK TR SRR LR, MRIRRB[ETD)
WERZEME, MMC-HVDC A AR HmB[IAMHIRR, Tedfgskhe
G AT ERE RIRTEFS Kfa. LA LLER/, Ui MMC-HVDC RILLEATE
FHZMARGTA HIBSIRERE.

B 5 TERIRE MM na 8, BT MMC B BAHERHBEX
A, THEBEE. B BEASHULAREHEXT M MMC ZZHRMHEH BE,
BR] by S 4 % L i B U S B WA S RO s 7 NG K. B 4-8 a)fl b)
43 5 i 2R 4 2SR F B R Th B SR 42 61 70 8 AU e R 45 1 89 MMC-HVDC #ji4 548
B, BABRSEE ep=7.5% eon=15%. ZRASET, ELILTHREHIML
FERR—RAE 3~6 Z[6], EXMBERHAAAERL—KRAE 1~3 Z[E. ETH
P, s 42 1) B 0 70 B LRI T e R Th D R 4, X R B A e 3T it i R 3 1 i
NTHFRE U, MERDERAERAFBEEMLIRNE L, BRAFBRE
B HT/EHRR.

REWHHLIIIE Q BZREE U RS Bir, URRESHEBES E, 7]
PAFEMK MMC-HVDC A A LU F ML, €18 MMC-HVDC AL
BRMAATMARIATE. A E MEH ERRERT, MM RMEEEe i
12 57 B ELAR T ORGP 3R R B 1B 0L, AR 5544 T B M InAamd B MMC #iit
vh B BRI ERRES.

a) & LT Th £ b) & 3 F 12 )
a) Constant reactive power control b) Constant ac voltage control

B 4-8 1 AR A S A E

Fig.4-8 Boundary short circuit ratio

4.3.4 MMC-HVDC #3% Th £ IR

MMC-HVDC #ils 542 8 th 7] AR T AT MMC-HVDC AR LB B BE B 5L
W EIN R %, DREBRLETT LIAE MMC-HVDC BN\ EME, PR&F

67



HILBRARFH T AR

ENETERARARRAE . ZTREBMEHENTF AT EREE, RH MMC-HVDC %
ERAIMNRARGHRSREMER, BEERKBEABESRERF S NAE
ThE, MATHBMERLDTIRFAERL, MMC-HVDC BARSCBLEE Th&E
L HEBHATHFERIE, $5REkA TN RIAR L M. XT
Me max, BT B FRIEAZBRSRERA S, A MMC-HVDC kg7
B MMC #ii 28 B & TIEWRR e, ST RERRASTRIMHI L Me=Me max B %
B, MERRRESEEZMMEME, 7TUERA MMC AR BN
Bl 49 EH T E=1, 6=80° LT, TRBSEE ecap=7.5%F epm=15%FF,
MMC-HVDC W#iEThRERIE . B 4-9a) A LININER (0=0) &4, B 4-9b)
NEXREE (Us1) &4, BRaaifForBmpmmsEs, Eadgk
AT S, EIRRIMH N MMC-HVDC KA ThEWBFE &, Bk
FRRBESRERA AN MNEINNE P MAZRIARI L M., P95 E R % 8
WK SLRAKIHIIERIR Pra FIAZTIRHILL M. FEE R LA LRSI ZR, 2
MRS KT R E B LR, MMC-HVDC % D8RR /N F 8 SR e lm 7 S5 B
BITE.

—— = M E A ) == M I ER A
p—— 57 8 7 (/111 p— 55 7 8/ 7 /111
6 = 5
/// ~ 4
4 —~ & 3
-t SERRNESENRN o SNSRI 0 e RS
L5T | - BSCRCE i) 167 .| BSCR(EF Fi4h
. _CSCR | 47 _.7 147 ICSCR | | T
| l_—f/ = Szt 1/,,/:,’/”’/
057" 23 4 5 6 7 8 9 10 087735 2 25 3 35 4 45 5
Aser As
a) Q:O b) 01:1

& 4-9 MMC-HVDC HIThZ ik 6k 7/
Fig.4-9 Power Transmission capacity of MMC-HVDC

4.4 FEWIEREH 5347

¥R 5% 2 EHFEIK PSCAD #i% MMC-HVDC 24T E, RiIEAERH
# MMC BEETREDATEFERN MMC-HVDC 3\ 55 8 Mk h 2R Rt
HFE.
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4.4.1 MMC B7SEITXEHE R iHE A REE
4.4.1.1 BiaFHEHEEIE

NTWAEARE TR MMC BEETXBE EGRMTHE A, ST =46,
WE AR SR My~ 0.05, A Me ma 8 0.95, 43BIBL 6:=26:, 6:=20+n,
6:=26.+m/2, HHE=MERATIRXE LG, 5§ PSCAD/EMIDC B)fi E &5 RxF
b, RILE 4-10. BFREFREASL A PSCAD/EMTDC fFEER, =Z4HAsLH
NITER/RIN LEBF. 6 =EMEEBRTHENRZEDSFA 1.1573%. 1.1573%F
1.0318%, HHMEBASNELEREF—B. £ ZEHF, 6,=20. & LU R &R, I
EXEHEN, 5 422 WHthER . ZHEFILIET FTR MMC BEETXE L
AR ETERIEMEK, FHAT AT 20 —F A o & x fa s T X
§om

e PSCAD/EMTDC

1_7 — s

92:2 Hc
— 6,=26+m
6=26.+tm 2

P (pu.)
& 4-10 THE KX 8] L FotHE 5 ERAE

Fig.4-10 Verification of the calculation method for the upper boundary of the power operation region

44.12 MaRHEFERBRYRENIEIE

AW FUFTETENBERARER TSR ERE. HEEINT
AR EHEIT B A(1.0006, 0), % PSCAD/EMTDC (i ERAAFTHERMREIEITH,
— MU TR 2, —Mr T AR 2 PR X .

MMC R FER -k, FHl8EHRAE X AR BRNSEEHITRE.
WERME KB ESEEN 0, 20s BZBHHINERE 1250MW(1p.u.)R T F
1262.05MW(1.01p.u.). B 4-11 Fi7R A PSCAD/EMTDC # MMC-HVDC £&Zi {5 E #h
2, MMC AJLIREEBITEE —NMETA, EE2BEMBET 1.375kA(1.18p.u);
MMC AREFRTERE -ANET A . ZRIE T IHRX B FAFTE A ERIERYE.

4.4.1.3 FRFRAEHAR L ARIEIE

£ PSCAD/EMTDC i E RAFRHRIEEA R RIEFBENXT MMC FIIE1TR%.
MMC KHERI-EHEH], BITHEN 1250MW(lp.u), TIHIHEN 0. 0-20s,
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Hedb i F R 18 AT IR ST

B ANER L IZH); 20s-40s, IR FLIEH]; 40s-60s, Mo=0.05, 6,=20.; 60s-80s,
M;=0.05, 6:=20c+n. HELRILE 4-12, 7 ,=20.F, FFRBEEMTE M HE
B/, 8 6,220 FMHTHERRXEER, Wik TXHRFEHERT MMC 285D
X R Rz 458

3000 2500
2000 + _2000 |
= 1000 E;'\Oof
N 21000 -
= gl ~ ~, 500
-1000 1249 . 0
-2000 ? 20* 55 20 — 2z -500
1(S)
550
500 +
S 450 ¢ e
-~ | «
= 400 S
= 350 ¢t <
300 |
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4-11 ThE XA T it E 7 iE T R RAE

Fig.4-11 Simulation verification for the lower boundary of the power operation region

P e 200 - - 2 -
_ 1300 ~ 100}
2 5
S 1250 o S o0 }L T
1200 31100
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t(s)
0.85 0.06
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0.81 —r‘—-t,——‘ 0.02
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1(s) 1(s)

A 4-12 AEFRRZEFEATH MMC i EER

Fig.4-12 Simulation results of MMC with different circulating current control modes

4.4.2 MMC-HVDC #E Th3R R+ 8 535 E

4.4.2.1 MMC &N 37 BB AR BV IS

KRMEGHIFHA BN 525kV (lpu), FHEBTA 73.5Q, FHHLMHAR 80°,
RBREL 2. & 4-2 R 4-3 1500578 . TR RMBIERI BB T, IR
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# 4 T MMC-HVDC 8\ 558 M M ThER ik BE 5

MMC BARRABEMNERITHELE RS PSCAD/EMTDC i BRI ILE R, =i
HHENESERER -, BN REHAIEL 1%,
K 4-2 MMC AT LI R BE CR IR
Table 4-2 Verification for model of MMC connected into ac grid (with CCSC)

L/Y[ (pll) Me M2
P, 0 i iR T+ HE i+ E &
(1, 0) 0.9455 0.9479 0.8219 0.8239 0.0261 0.0261
(0.8, 0.2) 1.0924 1.0928 0.9685 0.9688 0.0207 0.0207
(0.8,-0.2) 0.8358 0.8360 0.6895 0.6897 0.0216 0.0216
(0.3,-0.5) 0.5507 0.5507 0.3434 0.3435 0.0123 0.0123

R 4-3 MMC B\ T AR RYEOAE (R IDHIIEH))
Table 4-3 Verification for model of MMC connected into ac grid (without CCSC)

U (pu) M. Lir (pu)
.9 & K HH et HHE &
(1,0) 0.9455 0.9481 0.8182 0.8202 0.1492 0.1496
(0.8,0.2) 1.0924 1.0928 0.9623 0.9626 0.1236 0.1236
(0.8,-0.2) 0.8358 0.8361 0.6900 0.6902 0.1215 0.1212
(0.3, -0.5) 0.5507 0.5508 0.3462 0.3463 0.0664 0.0664

4422 TABBISHT—BSRES T E SRR ERR LI

ZEFIF, TRAGEHSEHAEEA 551.25kv (1.05p.u.), FBFLAN 80 E,
MMC M FHGlIEs]. HEBIELIIE (0=0) EHIE, IKFEHEL
CSCR-MMC A 1.6527. MMC X EH hIIFE- LI FRZEF], FMEEHLTA 1.65,
BSAK Tl AR LU iH B, FRILAN 80°, (FERETRE ~10s BHEIRSEEH
0.99p.uiRAZE lpu.. HRE-2D)FBEEEELA 1.65 B HSMF R E R SxT
R H] d BRI ME A 1.7325p.u..

P(p.u.)
=
P(p.u.)

Ur(pu.)
il =

o % —
Ui(p.u.)

10 20 30 40 0 10 20 30 40
1(s) 1(s)

a) Idref_max:1 .6 b) Idref_max=2
B 4-13 BSRESNHES e AR LA RIES R

Fig.4-13 Simulation results for the verification of static stability analysis method and CSCR-MMC
AL 4.3.2 % MMC-HVDC A S BMAHSRE M EREL, &
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b I RFB T FMIE
e —
ﬂ‘ﬁlﬂ: 2 éﬁﬁﬁi&ﬁ?ﬁth. (1) Idrefal‘”saﬁ Idref_max iiy‘j 16; (2) Idrefaggaﬁ Idref_max

R 2. HEOMFEQMENINE PHZREBEE U L2 5nE 4-13 a)F b)FT
™, BRAEDIESEERE, WHAGEHAEREZITT lpu, BIETXELL
ThE %I MMC Rl 548 B EL v BT B IERR I .

MAHEHR T ARKKRRBIR. TREOERAYRSEHRE, ABEHFR
wHRERFEAE, FUESTR, HRERLSRELE—MRE, B—KRE
Xt d HERAE RIS EAE L IFRME 1.6; (HEQESN R H HILIE R T S5
d HHERRARKIE KRG, HISHEARSARINER, RI TR G EMZKRG N
%

4423 HEBEHSIT—h AR R X T AR FRITIE

RREGRERAEHA 551.25kV (1.05p.u.), FEFIAA 80°, MMC Fmn¥k
FImEEH. ELINTIE (Q=0) &HIE, WHEHELE BSCR-MMC MitEHE N
5.3335; @RMHBE (Us1) #BHIN, 275N BSCR-MMC HIvHEEN 2.1144,
HIATHEWR AT EEAN 1.8238p.u.. £ PSCAD/EMTDC Hixt iR 548 % H Y
HEEHFITHERIE, HEHLHNE 4-14 FiR. HEEH B K5 LR
KFARERR LT EE, TEIBRPBHRADRIANSHEHE.

2

&, = - |

a, —P,y —P ~ " —P.y —P

L1 T 1.1] 3
s iy \

;; lf\/;‘ i i ﬁ ;_ 1} J

oo ] T |

1 ‘ i
()95?/ | , i 00957 1

= B

= 09! . ! | = ()'()/ l ! _‘

oS 08 ) .
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a) SCR=5.4, 0=0 b) SCR =2.2, U=1
A 4-14 MMC 14 745 5% EL A T MR PR 1945 B WG E 45 R

Fig.4-14 Simulation results for the verification of BSCR-MMC and power transmission limits

B 4-14a) N EL T REHIN MG EL R, EBLRERN 54, BXTIHEE
5.3335,1% T FHIETHERRAITTEE N 3.2271pu.. BHREIAEDUERNS
Z{EZ 3.5pu., #id 3.2271pu., FLUIEEF MMC-HVDC HHEINRAER KL
M~1 SRMEFAEEM, BRESBARFKNRMNEEET, TEEFPAIINR
KRR ETE 3.22p.u., WiE TIHRWBHTTELER.
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35 4 & MMC-HVDC 2\ 55 s Y () ThR ik e 11

B 4-14b) e M EEGINNREER, HRIGERER 22, BXTIHEHE
2.1144, ZLTH MR EERATHEMAE N 1.8238p.u. BHR S/ HFIIIEE
Z%EEZE 2 pu, MMC-HVDC BI$iEIN R ER KIAE 1.82p. 0.5 AFHEM, HEe
REFKE RN EET, SIHEEMARK. LREFIGE 70 R % Th =R
IR THE TR E .

4.5 KBINEE

AERHBT —FAFFE MMC BREBITXEA AR, FeXT MMC-
HVDC Hilm 552 2% LU AL SRAT B B, S5 T % MMC-HVDC #5538 3 H8 M (1 T
REIERE ST ENTEA .

B, DI 2 ERHMBRSHERIUCVER, BEiditE PO thk ks, #
HT — M E MMC RS THEX RN F RS, X R A%mREE 5 T
WIR, 53A “HAf” EHE MMC RBRESETXEK S, Bt MMC &z
TFRBAFHETEERIETERBEN RN XKAREITEE. KRG, REEEH
R MMC-HVDC AR ARG ISHET RBSRES A, JRANTI
FRESRESWMHENEEEHMETHFENAL. &5, 5E5%E MMC-HVDC
BARRBMYFESIRESEN MMC 55 THERIR, ##4E MMC-HVDC MigfiiaE
FEEL AN AR B EL Y X R E X, A EIFE MMC-HVDC B AFSATIME

AEFELELWT:

(1) MMC BEEBITREHM THRNHTRENSEHE, HLEEFE%Z MMC
WESHASFIEFIEX A .

(2) RH dg ZEFHHEMIEER MMC-HVDC BABTRERM G AL B
RAESHAFEL LR, AESRESEHZL MMC-HVDC ThEREZENIKABREK.

(3) R ERELT MMC-HVDC DhEMER ST ESITENRR, BX
RMAGEB DT IR FEREEF, MMC-HVDC A féfaEIETASEIEITA; UR
R R BT MMC-HVDC DZRHEERNISHEREEA SRR BE & THER
REXR, EXMEAMERRL/NTOFERILET, MMC-HVDC KIThZERHi%#E B
RGNt RE, BEBLRTHREILE, MMC-HVDC T2 HX &
718 MMC B & T/ERIR A E

(4) N FIEHIRE R 7 AH B4 DY 2 TR MRS LU E M., SR TR E
B T/ERRR, MM T MMC-HVDC £ ST B M 110 748 5 th i Th 4% 6
7.
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Hdem HRFE 268X

% 5 B MMC-HVDC NG5 WK Ehia E M 21
5158|8%

RIEE 4 ERHTTE R, MMC-HVDC HESRERFSHITEH R
WRE, KH d-g RESHHEMRER MMC-HVDC £ A\ 5538 L rh R4 ik
AR EIE AR . BRI SEER, MMC BR324 H S R A B H
FR{E, 208 FA#EE A1), MMC SERr#E N E B t, THmAH
B1ja MMC-HVDC # AN 8 M R 48 09°F 4 s R sh A& 1 2 d SR K 3 &%
PR E .

fE RS 4 EHIFES:, AZEHE MMC-HVDC #A TR B G AR K
MW MR G BERNRE. BE, RIEEERBRT MMC € BiREH rRE
., B MMC B2 ERE, 85 MMC-HVDC #5387 M i K5 5
B, HXPIEEIT AR RE, RESMREFHEANREREERPITH
MMC-HVDC A S5 M e e, 5 RAMELARENREENZWE; &BE,

EEARERFMIEMIE Lyapunov %, 4& Lyapunov 8t . LaSalle &
#, A MMC-HVDC #ASSBMAREEHHITHEIT, HFRE—FETIEARERER
REBREVHEIENR, FREMEREE . FE DRI REFBHRSTEERRHAL .

5.2 MMC-HVDC #& N\ 558 A h7S$3
5.2.1 MMC-HVDC $EAZ B M AE SRR

HTSURTERMAR B RER NN RREZRER, A BERES
FREw/NFAERER, £ MMC M RKIBIsh 4R, o7 UL BRI R
s AT L RN, MXESHET AR E. REEYHEFA R EEA o
REBEZERBRRT, BiHBARGELAERBILRERBRSEE L, BLLBERS
AL ER, MMCHiH £ PCC B LEFR LR R T AIRAAR(G-1).

f :qurefe‘lgp" (]dref+JI ref) o (5-1)
R Lirefs Igrer dFN g RS EE.

BIHT XA BN MMC #47 RPN RZEBEWE 5-1 fiw, MMC %%
AZEBERENE 5-1 FEAFR. SHEEEREN PCC fmd/E URATARE
o RIREFREHEA 6, XEWRERE U XTI NSIEREEMEZE. PCC &
BE U RG-2)FR,. GRS —BorRAGEERE, H—Hr&WbE
MBEEAEY ERHRE. BT HTMEMPEBIER, PCC SHE U Msha4FE
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¥ 5 & MMC-HVDC # A FE P RILENEaE 104

55 % B i a4 IR L B9 .

E; Ll]r | Liyre:
Z, = | V.
|
= ~f pLL }-- =

5-1 MMC A\ BB K5 SRR S 24 e B

Fig.5-1 Equivalent circuit of the large-signal model of MMC connected to an ac grid
ap
Ut =Es+Zs (wpll)(‘[drcf+jl rcf) e (5_2)

pli

EP Z ( pll
UK g B0 B Uy RIERINNG-3), Uy ARBZHARSHA RS E. &
MBEME Lipee MR FHILRRE .
U, =R +0 LI+ o

s gref

)=R AL, -

@y — )L I, +E. s1n(5 Hp,,) (5-3)

MMC BN MPFSLETEEE 52 Rk, RAEH MMC. T30 Al
PR =045 TP RARE on 2ATRRSAHIERT PCC AHE
M g B E Uy ARSI BB E A/, BRTHHIERE, H
BEE IR, ERBHNIEE.

o i  — ——— — — — ——— — — ————— e ——_—_— — — —————_— . —

] B AR |
! |
| :
g ]
O=>(¥ sin Fy —i 0 .
! |
)Q{jlzi fm"_"l I /(/,+.1\,/§‘ ++ 2o 1/s >
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Tt 7| R PP | B
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! |

Kl 5-2 MMC N HLIR R R A5 5 ‘r"” HEPS
Fig 5-2 Block diagram of the large-signal model of MMC connected to an ac grid
% 0="0p -0 o=wp-w BS52HRMMCEANBMPSISERETLLAC
& A EERER, MRG-HFR, B MMCEABNMERESEHE. 2A0HRES
PR g m L, RENEESFE WM EMX, FEMERB AKX,
o=w
w,L 1, +RJI

s . dret’ s~ gref

=-D, ,0—————sind +
1 kas]dref 1 - kas]dref

MMC # NN RERE, Me=1/k;

(5-4)

M

PLL

AP Mo
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HALR AR E G T EIR

kas coso—kLl,. -

SRELEY, G D -
MMCBARIARRIIRERS, Do = 1)

DprL

ky SIFHIL PLIBH RS LLBIIE 25 ;
ki —— SHAAER PI 241 2o (A1 25 .

5.2.2 MMC-HVDC &\ 327 B o A 1 2.

FHRTFERRERENDESRMSF, MR FHESAEE, RALARIFRE.
MMC B\ H /A (4 a5 BT A (5-4) F i TEF 0, B
Esmé=awll, +RI e (5-5)
%5 | woLslret + Relyret| TR KT Esind, WP SAFLE, REKIEL AR
FE. 10 Seo A MMC BEABMSFH A7 e 4R, WG-60)FTR, BEFEFE AT
, /IR SeLw<l, SNREREFHE o LEMED XXM R N, BEERE
Es N K. MMC % URIR{E L3Ghn, FRRTARfE MMC BN R AR N EE T
RkES MK EL.

oL + R

S ef
Seuie = - <1 (5-6)

s

% MMC-HVDC E N\ RRGFEEFE S, HP, 6, OR— 1M FESH o€
[-n/2, w/2], (ous, O)FI(Ouz, 0)RE S5 HMLEH 2 N FEH, 51 du Fl o TH2:

: a)OLSIn‘rcf + Rqurcf
6, = arcsin
E (5-7)

s

Jul:_ 7'[*’51,5“2:7[—55
K (5-0 R RGAETH 20, OFPI LML, THE AR LERFNT,

0 1
J=| kE,coss, ~ k,EcosS kLI, (5-8)
1 - kas](Iref 1 - kas]dref
X MAFE T2 A
247 k,E coso, —k L], . k,E coso, (5-9)

1~kasIdref l_kas] dref B
P RN E R0 R R R AT RHEAR BA Sse R0, Bk
RAG-10)FTRAFX. X G-OFHERBRREAR, FE S (6, ORI/

AR RSN T8 AL e R4 Dol AIE.
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# 5% MMC-HVDC ¥ A58 8Kt shia e i

[ kE, cosé'
1- kLIdref
9 w,L 1, +RI (5-10)
kp Es 1 dref S qref _ k' Ls Idref
_k,E cos6 kLI, E, 0
- <
1- IcLIdrcf 1- kLIM

P45 2 5 [(Gu1, O)FI(S2, O)XF RIAFIE T R R BT WMNG- 1R, REFRER
R—E—5, FEkSu, 0)F(Su2, 0)ERRIE K, EA 1 B4R 037,
k.E cosd, <0 k E coso, —k.LJ,.
1=k, LI, 1=k LI,
kE cosd,, k,E cosd, —k.LJ1,
1'—1j:pL51d:; <0- =k LI, >0
R ER a4, BUHEAIBEE RE Do i WP S /MR e . BAEER
HI BB B SR T 2.(61, 0)RIRH B 23 Doy NIE, W2

kL, k< !

) E

(5-11)

(5-12)

HIG-12)AUEH, LB RITURSERGMERE, EEFENT kL At K.
ARG B Rs, K F(5-12)BR(5-13), AT LUEEL/E A HER PI SHTHTI%
. W/NET A 2 kA B T IS KBUHER R, IRESIHETNRSERE M.

kl’ L Idlcf l

ok, < (5-13)
\/E'2 C()OL [dref) Ls]dref

5.2.3 AR EBRE RN

EEFRMIE], ZRAMMOSEELERBNESNEBBENHEA. UK
AMEENEN, FRrERMAE 5-3 iR, ZoaEtslEEa, B 2i+2=%,
HRR SR FE M S RN BB ASE R B A9 Ese M Zor, ST AR B2 A BLTE 850
[ J L S 20 A FR B R 5 R PRI 34

L
=7
B 5-3 28 iA & G = MR A R 45 A(*Ldﬁ

Fig.5-3 The equivalent circuit of three-phase grounding fault in ac system
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HIER IR EE AR

5.2.3.1 X RRGHPER T = B0

NT R, EABRRBEMMEETRS REEPESAAR, BBEMNE
HMAEARHALTREE IS RERT. BRI ZT LRI A s, orilliEE
0 Myt A, WER™E. H o M o RMEOMLE, KT
artor=1, o) FREEE 1 WMEE A B PCC Ui, a BEHA 0 NS S PCC AUk
. MBS AT M SRR A ME TP T AR R AR (5-14), WHIERFSLA R &
2 BB NS R BTER N

E_

a;

E,
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PHRBHETAGEE, TRAGRTHEETE S, KRRNFERESER
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53.1 REBMBEDLR
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l—kasIdre{ 1—k[”LSIdrcf
_ K E cos(x, +6, ) -k LI, 2 oD (x)
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Fig.5-6 Estimation of Stability Region Based on Energy Function Theory
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HERSEEE V.
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Fig.5-7 Estimation of Stability Region Based on Lyapunov Theory
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4= Do L sinG (5-32)
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#(5-32) 8N (5-30), BRBEEITAMIEFEE Vn
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BARBRERGR, HRET MMC ENEMKRSHEE LAMRESS ST,

ERRRERS, BRIV KRBT, FEEiTR =0, kFGEE

Vch ?L‘:’ ’

Vo =Un (5-34)
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BEXNFEBT AIEAGER Vv HTIH—k, WS RGNS BEIET i &
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Fig.5-8 The influence of PLL’s parameters on the system dynamic strength index Ap
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R Bl 1 LR 1 i Y B, e v T B AR ]

(3) ET iR MMC B2 SHEERE, YT —MEBIHFHHERE MMC 8%
BATREA R HTE, £XT MMC-HVDC Byl REmt i fEgtt, smT
MMC-HVDC #iik e I E M PE(E .

R P-O tiREMNBKEMETE, BRH T —MAHITHE MMC BEETEX
BaA R, A MMC BB S TERR, 5WF “Af” T MMCRED)
RIX A F R T, ERFAHERESENRN, TR KERITEE;: &2
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3L 7 EESATREES MMC-HVDC AKX RHBEMNEZHR RS EBER,
MRBTRERAE, Y MMC-HVDC AR BMEHSRES HAE, BB
EIBITH . BSRERF SRS S & TIERRBHXER, RE MMC-HVDC K
e 574 2% EL RO FLA BE LU MR- AN BV, 44 MMC-HVDC #ii% oh R 4R R it
B,

(4) HTA MMC-HVDC ¥ ASBRMEM G A ZAIMANWEES, RE—FET
Lyapunov B # ) MMC-HVDC R i85 B4 1H 7 M R sh &R VP 167 .

EMT MMC-HVDC #ANBMERESEEY, BT AR T At eRmE
B, TERSENRERMBEEAR, 47 REMHERE AR EX e R,
B 55 F Lyapunov F2 2 BB MMC-HVDC 2 A\ 58 B MR E AT A, B H—
METIRAGRE RIS RGREITMATEIR, Friffeir iR LA & MBAR
BER, XRBMMC REhARE.

6.2 REE

AIHE MMC B2 LR BTG EMNE MMC-HVDC ThR#h%aE
MAMENIREMT AT HERE T — LU BRERE, EXHRES MMC M ERAS
BRSREMS AL — /. ERRACRA TN TS ER, T
MELTF 3 N FEHATIRABA :

() £ MMC BSEREEZETEATE, T —PSHRAEATRAIFHR IR
MMC RSB EE T, B MMC BB NAFMEFER, HERets
WA EME IR ZE AN A FRIZT TN

(2) £ MMC-HVDC BT EAH, BTHEESENEARESTESER
RBAMAFTHEEN, T SRR MMC BN aISHERER N H T BEESH
H, BrAstx MMC-HVDC ML ERHERE L, RIEAXH AL, MMC-
HVDC BIAL 88 A5 B AR B b7 RE S AR T ARER RO 3D A R 1

(3) £ MMC-HVDC #ASBXHEBEMETRMEH R AT, RN KA dg
REEGREMREY MMC #1TTHIR, XTHAMZEHIEE T MMC-HVDC #A
BB T, R Al RE T MG E MMC MEFR, BE T —SHMAE
R AXRAMFABERSERY, KRERATRAAPHATGFERES MMC
ZIAXBAERERN ARG R, T PHEETRMEMETY, HATRELT
REHENETTHS MMC 2 (BI85 BiEE.
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Fig.D-2 Operating variables and static stability indexes of inverter under constant reactive power
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MR E Y ThE IR MMC-HVDC #ilE 748 5% L BRI &5 oM — 2. 254l
H, BEEXTLEER E-2 fik E-4 HMEEE, RREBE U MISHI R, #0 LUK
MMC-HVDC # AZZ R Grln A a5 MMC MR E .

WEH E RECT M ABMARNAES Y, Hnrfth &b, E B,
MMC H)ll F 52 B LB/, MMC AT AN BB 55 B AT It R Gt 1 SEELA 8 2 28 () 4anik .
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R E-1 WA E T T TR 45 I AT R EL

Table E-1 CSCR-MMC of inverter under constant reactive power control

L0 -0.2 -0.1 0 0.1 0.2
0.95 2.3116 2.0605 1.8313 1.6262 1.4457
1.00 2.0862 1.8596 1.6527 1.4677 1.3047
1.05 1.8923 1.6867 1.4991 1.3312 1.1834
1.10 1.7242 1.5369 1.3659 1.2130 1.0783

3R E-2 WA RS GE 22 H R s SR AE B L

Table E-2 CSCR-MMC of inverter under constant ac voltage control

E,T—— U 0.95 0.975 ] 1.025 1.05
0.95 1.2846 1.2385 1.1951 1.1543 1.1159
1.00 1.2462 1.2014 1.1593 1.1197 1.0824
1.05 1.2109 1.1673 1.1264 1.0879 1.0516
1.10 1.1781 1.1357 1.0959 1.0584 1.0230

R E-3 B UE T Th IR A2 i S A B LE

Table E-3 CSCR-MMC of rectifier under constant reactive power control

EET——— 0 -0.2 -0.1 0 0.1 0.2
0.95 3.0812 2.8302 2.6009 2.3959 2.2153
1.00 2.7808 2.5542 2.3473 2.1623 1.9993
1.05 2.5223 2.3168 2.1291 1.9612 1.8134
1.10 2.2982 2.1109 1.9399 1.7870 1.6523

R E-4 BRI AU R 5 ) i SR R
Table E-4 CSCR-MMC of rectifier under constant ac voltage control

B —— U 0.95 0.975 1 1.025 1.05
0.95 1.5694 1.5258 1.4849 1.4464 1.4104
1.00 1.4991 1.4563 1.4165 1.3788 1.3436
1.05 1.4367 1.3949 1.3558 1.3190 1.2847
1.10 1.3810 1.3402 1.3019 1.2661 1.2323
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