415 FoH
2021 £ 6 B

Vol.41 No.6
Jun. 2021

2 9 8 % RS

Electric Power Automation Equipment

TN Ny » v S L YR

MMC ) Ea S B S ) R ia i1 X b VR i
FER, 3R B %43, Udaya Annakkage’ , 2% w2, R RH, T A4S

(1. b HhRF HRELHEZLEBRELLEHE, LT 1022065
2. A B MAFMREARFALNE AARLEABRELSZRE, & M 510663;
3. BRAERRKEMBARIFA(EE)F S, &K 7 M 510663;
4 JTHRAEFHRR L) RAAFRETEHEHNALTEERRE, A M 510663;

5. ZRIELEKRF, mE K B RIT2N2;6. PEHFZ EMAI MG AETEREE, & 7 M 510663)

E AR S PFRARZ(MMC)HEH BHEZTEMMC AL A EZ R GELLMBE LR, EUAHT
e m B HFR B RER AT A FBZATRAGAR, Ak, B hAdg LIFAAEH X, EFE—
Fr 69 MMC 89 ZRMAE S SRR ZBEA A IANF R B R 5524 RR B, BAAKTEZARE R R
WM ERAAYEAT NmFEH B E5ET LA B8, SRS AU T MMC FAE3 & 5 A4
A, 3 AR 1 AR A B 2R A IRAR AR M AT SR A B A e . R R BT SR AL AL IT A Oy AR 3 it S 45 ) MMC
WEAEGP-QWE ., KRG, BT P-Q &N LA K 3B —F 5T MMC A2 51847 K 334 ey 7 ik,

FHFR T AR IR Fo R A GBI IZ TR RGO H . %5, /£ PSCAD / EMTDC F & L4522 5 5%
MMC 45 BLAE A | IS4 T PTARAE R B AL A5 AT R ) o7 sk 6 SE AR
KEIF AN S B FRA R REMERLR ; h FIEITR N ;485451 ; L4545

FESES:TM 46

0 5§

i HE B (HVDC) R 80 1 3R BE & 2E A R
v TN R, B RS T I EOR KR
R FE T e A s A 2 R R R IR B A (VSC)
FRS ML 2 S A (MMC) PR LA A el
By LE R L E, O %R VSC 280 1 3 S i TR T SR FH )
FRARNY . B IR MMC 5 W HF VSC 7
BATERME AT 25 5 MMC MR H i TP 2 N 4y
R 2 LR A U SR R R O R
RS A TR

B IS T MMC RS s R i i o5 30 22
O AR B A 75 B % A AR 460 T 24 1) S ) 4 i o i
FE AT B A i 25 W0 oy (8] (R 5 e o SCik
(5 R FHAG A OB A $2 T —Fh MMC A2 S i 3k
R o8 T MMC 5 W VSC iz 1T HEEm 22 5 .
SCHRL6 1EE X MMC 12 17 R PR O A2 il SR, $2 1 T
—FpE B MMC RS BB 25 18T I il 4
il 3 AT 5 v AT A 2 H R D sl o A 2
IR IR v o AESCHR [ 5-6 192 H A A Y 35 5 R
FHP PR 531 7 2 FEAC T 2 AR S50, 7E I 5
RSB T AEAE A AS BR S S5 [ 51, i ELAS RE FH A
LU Hl S B S MIMC PN 3 B R I X 2 3t 0 iy o

W B8 :2020-12-10; f& 2] B #3:2021-03-19

ESUB: AANCRARBA R T EERETZALTHAA
(SKLHVDC-2019-KF-13)

Project supported by the State Key Laboratory Open Fund of
HVDC (SKLHVDC-2019-KF-13)

XEAFRERD: A

DOI: 10.16081/j.epae.202105021

~.

PRI, SCRRL7 4R 1 T —Fhfai b A AR R (5%
RS 3 FH B0 B S 00 a4 1 () MMC i RS S iz
TR

22 B i A (R AR S T 3B 4 7 IX [A] S 0E A 7 3 A5
HeAk 22 oS40 2 A0 T T B R (MMC-HVDC) £
GEBETH AR B A B E LR, (5 S WIHLF VSC 1K)
FaZSABEY | SCHk[ 8 K MMC i 1 2 58 P—Q 4] ke 5 )
MMC PN L3, it — 2 T2 B T MMC /i 15
TR SCHR[ 9 S T Z AR 44 MMC (138 1718
S SCHRT10-12 5% B MMC S B A 50 Xof 49 375 28 o 2%
BAT X A TIFST , (H T MMC AR RS T3 2R H A1 3
SRR T R T I A Tl i e
177 8 i MMC RS D) Zis 47 X (A A . SCHR[ 10
IR T NS (PCC) R 0ol L TR Fa 8
YIR AR R AR A AR B R A R S R A
SCHRL1T 25 58T A i 25 R 38 8 AV R F D 1Y
LT SCHRL 12 BT H OSSP 25 A7F T MMLC (1) % i
ZFE B AT TWFSE . 1 SCk [13-14 150 35087 T
TRV 0 441 4 0 R0 B O T A HE 6 MMLC 3 47 X ) £
SR AR SR FH A 8 2 32 1 7 DX [R) 19 ik LB IS T
SR TURR AR A Fs il Dy =i A A R

AR SCHR G MMC 32 1T HRFE , i T HEF MMC 17
RYUTE dg A bR 2T B 45 B AR AT AR i, S
e MMC 22 i L 5 f 3 2k 2, 45— /9
MMC 4 38 M R A SRR AR, B MMC 285500 14>
R AR R TR AR, BT SR g Al
il s L R LU LR E 1 S A R AR GG
LU 2 A AR S MMC 5 5 2 37 VSC Ra 518 17 4F



@ L/ AR {7 G-

F41%

PRI 22 Ak, RO T MMC A F A L 25 78 i L it
T2 0 28 A HB R = AR S ), AR T BB AR
T MMC it D03 00 P-Q ’ZR R 48 4 . AR 3
AL 2R 25 AF 5 0 A T R A7 S A R I S
P —FP a2 MMC Ra 538 17 X B ay k. 1
1 S T R 1 o T 7 20 | Y TR ool A

(SCR) X} MMC & 253z 47 X [6] 9 5% 0 o 38 1 55 ¥ =0
ZEM A TE TR R R R S B R AT
Fe L B00E T R AR R e R R E
1 MMC R EY
1.1 MMCEHERBEEHFER

MMC HAHZE RO R qn 1 (a) fER . B L,

N7 A B R w, (i=a, b, e SR TR Li, 430
SRy 4 AL AR T A X000 BRLAH S8 0 L s L FL AL 5 ey i, 20
SRy A e AR 45 1R 00 B 52 I L LT 5 L A AT FR
B w73 MMC E AR N AN L)
By s, o A R VR R U, R ELR B
eH R MASIRAMNE , MMC 256 TR B A4 4 H B T
RO 1AL w, 0 R TR B O R 2 5 1Y
FERREE IR G, A 1 (h) B 5 B0 S5 50 e 34 Gn 1]
1(c)F7s.

2icomi Ly Ly/2

Ui Ui

(b) ZCHiM~Eson i

idlﬂl LD

Upit+ Uy Uge
2 2

(c) BEtMAEReE H

(a) TARHAERL %

E1 MMCEHEEE
Figl Single-phase model of MMC

A& ELN L 2z IEUE’HQ/%'JEEE(I),MMC%*;%EE%
Ly AL 7., S LI Z B DGR L (2)

Uy Uy
Upoi =~ U
2
(1)
Uy Tu,; Ui
U iy ) = ) U
L Tl 1.
L - _7L\l
22 (2)
. 1t . .
g = = — +7 ..
Litti ) 3 Lge T Leini

FCH g H R LR Lo B9 LT 50, M BT LU 50
PRI

{8 ) — R ST A S e Fl, 28 S O[] o 25
L — 50, S AT LA A A7 Hh, O T 56 o B 1

R NAS BB 2E Co s i, A HR R A
ﬁ%ﬂPéﬁEﬁE‘ILﬁ%Mﬁ%i&ﬁ1/\%’%‘%?&%%
JET ME 2 iR . € =C/N, Hh € TR
ﬁf’%#ﬂﬁﬁﬁCCqEG%F%E?E?ﬁﬁ%ﬁ%EEﬁ
EEEZ%H,%E%?*%&E’J%&HEﬁlium%?%a‘é@ﬁ
P LLAEFRHES C, L

lcap]

ZP 1 C»

"y G\@%{}SPIP Q%upp

Sw
6#
B2 #MEBRBRTFERRENERE
Fig.2 Equivalent circuit of series submodules in

bridge arm

AR P 2 s ) S5 AL e A B P LR L R
LR T 1 WA R L TS B S 4 |

sn,.\ffﬁﬁ%%%l%%%bm i P Gy i IR S 200 PR 2
JEul, E’J?é/%,ﬁnf(wﬁﬁmo

cap_p cap_n

i
C.,
1 (3)
s _ .
U cap, U C f Leap wdt
eq
—¢ 12 =5 u>
Ui =S8 pillcap pis Uni = Spilleap i

O ud, o S SRR 7 P T A LI 20
1.2 MMCHEREIMREED R LIRER
TR ASME UL T, O B L ASE F 30 R 25 468 ol U7 P 10 2

ﬁ’%l CELUR A3 I e B 2 A5 M0 53 10 s b AR
’%Eﬁmblﬁlﬂéﬁjfﬁﬁﬂﬁﬂ)ﬁﬁﬂ‘ =PI GRENED
TR 34 M, AR T - M 2 AT ) O
My, bRV TG R B A K (5) s . ¥
K(4) . (SHFRAK), Fgs A1), /T LIAFF] MMC
AR AS BB RS B A3 1 — AR R] 2 E P 0GR L2
Ry B = AH ] R AP E AR

by =Ly + 1, cos(a)t @ )+Ilmcos(2wt gom) @)
L =1y — 1., cos(a)t—go .)+Ilmcos(2wt—gom-) *
Hh o NRGMEE 5 @, A A 1Y
FRF 5 19 2 AEAR 22 RS, Y B0 3 PO A £ o

N

= ; M, —%Mccos (a)t+ 9L.i)+%Mzcos(2wt+ 02i)
1 — M, +—= ! M cos(a)t+9 )+1Mzcos(2(ut+02-)
) 2 2 '
(5)
Horr, 0, Ry BRI ) - 00 A 5 6,0 2 A5 A )



5 6 A

T 4 MMC R AR ERE I D 3217 1K 8 7k 93]

BIMAE.
A abe 1 ABBR 2R B dg FERE AR bR 2 S B
FEn=(6) s .

5 [ cos B cos(0-2m/3)  cos(6+2m/3) ]
P+=§ —sinf —sin(§-2m/3) —sin(0+2m/3)
: 172 172 172 2 (6)
5 cos® cos(0+2m/3) cos(0-2m/3)
P_=§ —sinf —sin(0+2m/3) —sin(6-2m/3)
L 172 172 172 ]
Hor, 0=t EFR“+"RIRIERF 7045 FAR“ ="K
5

B 3 ] dg AR BR 3R L O3 Ly R
L U AL 2 A5 A3 L P L, 78, T LA
(7)) s BB 20 IT G s BUH dg e bR R T H
o35 M, KRG8 M, M, DA R 2 A5 Ay i M,
M, 7R, k= (8) ok .

by =g + [ I.,.cos (a)t + 0?)_

pi

I, sin(wt+6;) ]+

I("‘Q(’COS Za)t +0; ) a2y SN (sz +0; )] -
7
(qusin (cut +6; )]+

[
=1y — [Iwmdcos (a)t+ 0; )
[

I(mmCOS 20)t +0; ) dif2g S1N (sz +0; )]

5y :%Md(, —E[Mpdcos(a)t +07)-M,sin(wt+6;) |+

%[M2d005(2w1+ 0,7)—qusin (2a)t+ 9;)]

(8)

LRV [Mlcos wt+0;)- M, sin(w+6;) |+

2

%[Mchos(Za)l + 0,7)—M2qsin (2a)t+ 9,—)]

Horr,07=0;6;=-2m/3;6"=27/3;0,=0;0,=2m/3;0.=
=27/3,

T dg AR R T MMC A E B R U 5 H
TR ECF O F AR S 3R OB 20, MMC A AR 1] L
FH AN 3 5 J £RAE PN T 7 A0 58 2 T 25 S5 250 Ok i
B AR Xy FE ML FELO, 1] X ] AR AL IS 52 30 R
HVERRE , S0 R IE T E o . K E Z 6,
G390 R AE i 7R S8 A AN L A SR AN BT S LR A
PHLQ 4351 MMC iy th i A Th DR A JC D D)% 5 U,

el Xme E.

AN
_____________________ N MMC -
il
B3 MMC 33 S xie

Fig.3 Equivalent model of MMC at AC side

U, 43930 A 78 2 A T A0 e 5 1,0 1, 43530 R 7%
T i PO O 0 fd 000 L 38 5 e R X, O3 A AR R A Sk
BRSO (E NI HT . MMC 948 il s R o] DU AR R« 458
) 20 A e AR A R TR EL Y d R g Bl e DL
SERUCRLTT X g AT il i 1 FL R L JE , DA TTIT G SR 48
il B A5 o

BRI HE S R S B0 R B EAR T S
SENAE RGN R IT .

3 W SR BT Xy LAY JE MMC Hr AR
HL 75 S5 R e R R AR5 R X A Tt i o AR
A5 . MMC FREH L 25 H F A7 70 B30 2 A5 031 )
W3l 45 MMC /Y 5 Al (M, M, M, M, Rl
M,,) F15 A HLR I3 8 (Lo L i Loy ~ L ﬂ%n L)
A e —R AR —— XL, %%IJLfMMcscmL
4 £ F S AN S i A DG, T HL S A L A i
Ao TR EL A VSC A il S R 4 a2 ) R A
B, 22 I 0 25 A Y TT D 4 1S R TR
MMC S5 R4 rp BB B 0 S35 FL 2%, (R B U i 17
MMC 5 W L - VSC 1 X 51
2.1 MMCHEdEFRRETHRSHEHEEELES

S MMC 22 3 00 8 L R U, 5 HLIRE 1L 7E dg
bR RN R REE 0 2R X IS R E N
WA FEM dg il o3 A2 A5 dg Bl i, a2 SCH
/JILF—JEIMMC—UIHO omd IL-umq diff2d lfquJT %;ﬁEﬁ/’é‘tEﬁ

i, =01, (.ap,ll,, vzt Loy | RS WL
] U(i,,z[Ufﬂpo fopd Uz Uzlzz Uz,z,:IT K 14 P s ]

% UMMC_ I: Ud iffo u) md U(o mq U«l iff2d «liff"lq] HPASS X 3:|:9é Z

KU SRR S L7 i R AR AR AR R S, AT HE

%J&W?ﬁ%%ﬁﬁs ,,,,, A=t (9)— (1) s .
(M, M, M, M, M,]
2 4 4 4 4
M, M, M, M, M, M,
2 2 4 4 4 4
P O TS TN /P N ) P
2 4 24 4 4
Moo M, M, ML
2 4 4 2
M,, M., M., 0 M,
) 4 4 2 |
0 0 lwC) 0 0
0 -1/(wC,) 0 0 0
@70 0 0 0 1/(2wC,)
0 0 0  -1/(2wC.) 0
(10)

S,.=diag{1,-1,-1,1,1} S (11)
ZE L EE R RRYE, X ) g 6 T iR
A LEEM i X (12) IR AR R TR U3



@ L/ AR {7 G-

F41%

1., =Sl
(U2 UL, Uk UZ,]'=S,,0,  (12)
Uy =S, U(ip
(D) Ay MMC 22 5 i Ml o, 07 F2 7T LA
W
Uy = [ v,r2 U, U('q Uy —U L102g ]

U 4 0 2wl 1 yia
Hrpr, = 0 R PR EEL TR i
q{ [mo ol B ST

ULOZq I diff2g
FA) 2 AR A, A
LS PO I RU N i I R I TR i
H0, BN,
) {M M, M, M, M,
I 0

"2 T3 i 3 4}“‘”“‘;0(14)

BB (12), IF B2 (14) BB N

T

(13)

A (15) P gy, B E MMC R s 177
Uz
L i 1, i
0 :A + B diffo + CUdl.
I('omq diff2d
—] 1iff2¢
di ( 1 5 )
[ Ul
|:Uc(lj| _ D |:Icomd + E I(liff()
U(',// Icnmq _ ]<li[f2z1
I diff2q

H JiBEAB.C D E 133K 20455 51 1 B 5 A =X
(A1)—(A5) 7R

2h AR (2), mT A (15) #E5 H MMC 32 il
iy A E R U, S e O L A R AR, B MMC 32
FFa S A RN

[U‘q p {I\d} v (16)
=— =+ .
U(:q MMC ]‘q d

Zwe=—(D-EB'A)/I2
E=M,,U, :_(EB_I C) U,
B, BHTHLFE Z o R FTCER 0, XA IT

%Eﬁ*ﬁ}i%&,aﬂﬁnu ‘Xoﬂﬂﬁa@%fﬁ,ﬁt
MMC B 32 T e A5 AF HE AR IR ] DL AR i 18] 3 B s A
FERHRPT Xy AR R TR E, 5 AR

M C(16) Wn] IE H, BIE 7E B B R0 2 1Y
THOLT , MMC 5580 HL 38 U 40T B 1 8l 5 BB 1%
SR AR AT L TN A R E . SCHRLS ) B
TS5 L TR TR U, AT A HH A5 25 R AT Xy O
R X S HE T R A B0 HT 7 vk A RE T 1S 3
22 MMCREEEHRINSEITE

¥ X=oL, F1 X, =1/(0C, ) fEAZ (16) , I 247
br £ Ak . B R R R G 25 & 00 355 0 (R 0 1) R
MMC % 5E B U, V& E A 512 Py MMC 28

DA B 174 S5 P {1 A 720 e 45 A0 85 2 P
U, AR (17) Fis
V3m,
VG
e my R AR e 25 AR e b, — I 0.85

br Z AL )G , MMC R A AH SR i S 5 =X (18)
JI7R o AT LA 4 3 2% 1 £ S 50OR B L R U B 2
FIAE DL, 2530 T X e A5 55 L R VR E, H 5 )
Fin A G . I AR AT DAy {5 b e 4 o
fiy 1 £ 4 R o X o A g i LR DR R
S, tS,+6;
64(51 +§2)

1

M,y.= M X
m, My,

U U s (17)

MMC = Ceq

Xo|(M2=M2) My420 M0,
[+,

3XCeq |:M2d MZ(/ :||:Mrrl:|
§|+§z qu _MZd Mcq

§,=32X,,M, (8M3 -3M? -2M3)

§, ==X o M, (16M, +3M: +2M; -
16ML M2 = 12M 2 M} -2M2M?)

s, =[32X, - (1212 - 2M7 + M2) X, |X

[M ed}
M,

(18)

[(m2-m2) b, 420 M, 0, |
£,=32X,M,,
Lo==Xo [ M, (M2 + M2 - M3)-
(M2 =M2) My -2M M M, |

Horp M2 =M+ M2 s M3 = M5, + M3,

T AR Xy PO BUEAE B o X TR
PRI MMC, — et M, 858 R 15 %00 TR 4
BRAIR A TR MMC, 1E 7 is AT M, 2900 11520,
B Pt S 800 BUE 72 an= (19) Fos, al LA
X0 5 X, 62 X/ X > 178

1 Py
L, _78w§COUCaPN (31k+ UM) (19)
Horb, U, HBE AR 5 1, T 2 A5 R U Y
WEAH 5, N T A AR

T DG R B Y 2 A5 SR i 43 M3 E BN
BT AT DLW 2 A5 0053 B B X F IR R4,
K Q0w 4 M AE0~1 JLFE NAR AL, Xy 0<0,
I MMC S5 R0RE A r i) S5 35 F BT e IR F 28 ek



%61 T 4 MMC R AR ERE I D 3217 1K 8 7k 95)
Xy = 0=0(M_,6) HIER . MMC a5 1) Fis 17 X st 2

X, {SMZ e SGML-M) X, Mz}
64 ‘

32X, —(2M} +M2) X,
6M2(3M;. - M?)
64 4 -2M: + M?
2.3 MMCAEBEITREENITE
HRPE MMC 322 A HL N B S 8Os 1R A, aT AR
R as T L AR R PR IR (21) 3R 15 MMC 1)

{8M2 3M? + }<0 (20)

WL L TR B LI B U, LA BOPR S HL 3 L 20
Lo P2 FE BN 53 5 1, F Lo
Ulio
[‘““0 =5, [[‘”} +S.U, (21)
I(liﬂ?d I”’
Idiﬂ‘zq

Hod JH S, S 1Y 238 X4 B b 5% A X (A6) Al
(A7) TR

3 REBEITERTE

3.1 MMCHHINZERTE

MM C 3 15 4 i) 2558 B, R VR E (1K) d Sl A g Bl 40
DL SR HLATT X g PO EL , SEBEXT MMC Ji D 23 1 48
L TS 2 7 B 57 1 MMC 25 200 80 | P AR 4 =X
(22) AT AR 1540 H Dy 238 5 4 1l i i HH 2 22 R) 19 d =
Feak =, O AR 2 MMC (5 TR R
Tl #8A H EO  AE HE TR R AT T A E— A
FEI I 5 Z2 X 48 il 2 114 240 SR S 0 ] DA B e i
S TR A

1=(Zi+2,) (E.-T.Ek)
1=(k1,) "1,

U=E+Z1, (22)
P=U"I,

0 -1
=U' I
o=ur)
TR GT}J@@E%%B@E@%%E%,M
sinf, cosf
1 [cos 0, —sin 05}

AR AR R AT A A Z =—

. b
p w LSINO, cos @,

N RGP, p., ISR G 5 Z,, =

I: 0 (XT+XLO/2+XMMC):|’ jﬂ%ﬁ%{}ﬁ@f}i
Xp+ X072+ X e 0
i PR BT MMC S35 R TR B BE BT RS -
32 BRB|EBETREBFENHHERE

MMC il & A EMelM, . M, ..M, .
UM, 50 53k FE AT ) 53 B R B M, E’JF/J (E Fil 5
AR B F2 il 4 i ) A% e 19 L3 40 R 2 35 0
oy EEMREAEN, P-Q ZnT IS % P=P(M.,6,),

M RIS B N B A P-Q e . IR, 4 1
FE MMC £ 25 Ty %z 17 X el ) [m) R34 A Ry o fie ity 2k
TR AL 2 1 ) A
HAJE MMC O FR A5 1, B e 0 14 9 FT 2
Bl FREHAEBR ], F R T 5 R 6
O<Ns,<N
0<Ns, <N
5 18 R o 4B L M K (24)
N:OEAD & G
0<M, <min(M, +M,,2-M, -M,)  (24)
FAEAE P-Q M2 W My s 2, T AL 2 11
AL

(23)

SCU I (25)
oM. 96, 96, oM.

PCC w7 # P=P(U,,U,) ,Q=Q(U,, U,) W
Al AR R AT LS B (26) TR B .
P 0P

U, aUW (26)
= a0 a0

au, U,

i 2 (25) 7] RLE S 2 (26) A7 51 R 0, 3F
B o A2 A Fff s B =X (B1)—(BS) firn o B P-Q Hh £k
R 19 A, 245 28 Shy ) e A AT T R T S X 1)
P-Qh%k.

2l M e SN ) P-Q #th 2, an &l 4 Fs .
B, Q¥ s 28, S5 Rl WA & s R
IS (R H i i 2R S 7 s AT AR A, MMC R
BUPRIBITIX B L Fh M=M,_, 2 ; T
F 0 9 7 R HE T L B AT SR, R A BB AT
S R0 (27) 5 b R I S AR DI AT R 1) DX D Sy
MMC RS TPRIZ T B . B 4 Frs T8 T 46 5 b

25 ¢

20 F
15}
S 10}
05 |

0 L

~05 . 1 1 |
—15—10 05 0 05 10 15 20

—— =M, =1, e M.=08,— —M.=06,
- =M.=04,—=M.=02
4 P-QHMZERIZITIAR

Fig4 P-Q curves and operation boundaries



96} L/ AR {7 G-

F41%

9 1.5,0=80°,M, =1, CERFAM 6]
E'E =2E"U, (27)
3.3 2fEMIAH A =X T ERIEITX E LRI
Wi MZ=M2+ M2 R M2 =M2+ M2 ARAT (18) fF
T B Xoype BT My T3 2 I 53 315K X oo AT Miygyge
(Mo 9 My, ROIEAED) XF 0, 0 S50, o7 LAVE B 2 &
S EHE AT LA B sin (0,20 T o Xyye F1 My X 6,
S B 2k SN B S ¢ (e FraR o MR X
(28) , 47 T Ty AN TC Ty Uy 555 0, 1) T 5 mT DA B
sin(0,-26,) 01, X W& 78 M, 00 € LT, 1 0,=
20,50 0,220 +m PN OL T, Dy 3as 17 X [a) i b 5
e, PR T K i oK i e RIPRIz 17 X
B8], T 4% 43 i 158 0, 7% 2 Bl 40 T EOEL T X5 17 i i
BLOSRJEIMLA HE# o
dP 9P dX .
d6, X,y d6,
dQ 00 dXyue L, 90 dM
d02 aXMMC d02 a]WMMC d02
SRJEES R LS B ORI 2 A5 0 il 4y T
FIRE T X ARG, Z TR ,0,=20. it %is 17
DX R S o AHL 2 A5 0] o 3 ) A A5 R 0 ] o]
A3 MR X ] 8 /N, MMC B 358 47 X 7] 78 BBl A8 /N .
24 M,=0, BN JCI 32 i s, ThRas 47 X [l iy L i A
i, 1a T R K .
25 ¢

aP dMMM(I
a]l4MMC d02

(28)

20t
15| e :
10

0.5 f

0_

15 -10 -05 0 05 10 15 20
P
-~ M,=0,-o-,=0.05(6,=26,)
-0 M,=0.05(60,=20.+m ), M,=0.1(6,=26,)
o M,=0.1(6,=20,+7)
E5 AREMITEEIHERIETXE SR
Fig.5 Boundaries of power operating region with
different values of M,

3.4 FEREELEXT MMC 2RI ST X BRI S0

S I HE X MMC R S 2 1T Vu A & 2, Bl
350 LU B3 K, MMC RS DRIz 17 IX (RIS .
6 25t T TG R N A O 4 i B A LR 4y R 1.3 .6
125 B BT 932 AT X1, 43506 || 2 ||| 2., |
2015 2 I 2 < 32

-

Ay

Pl a7 B BB i S8 2 M =M, 0 BT 55717
= IEARIC B SE L N HE n] O T S E R B
UL LUAR ORI 30 0 7 R A T LR I 7 S A P 2
MMC A& 25 D Aaa 17 X 6] 5 1 5 264, s A7 1 S
M=M,_,, 5.

4 4

O W
Q-2 Q-2

-8 -8
0 8 0 8
P P

(a) BEKILA 1 (b) HEHELEN 3

4 4

-8 -8
0 8 0 8
P P

(c) HEHE N 6 (d) Mgk 25
Elo6 HEELEXIRIEITX BRI

Fig.6 Influence of SCR on power operating region
4 (HEWIESSH

R T R IE Fr PR AR R K D i 1T X R T R Y
WERTE , 7E PSCAD / EMTDC E & 5 HE T B B i
MMC AT | 2325 i 50 52 M B3 o 38 18 T ) % v 46
M &S, U B RS B RS B 5% D 3% D1
FiR o
41 MMCHRRESHEERBWIESHH
4.1.1 ARG EIE

BB RGN 1.5, JEAE 435 M =0.95,
M,=0.05, 6, )\ 0 2| 2w 224k, 6,=26,. X b MMC % i
A YD pRITCI 3 Q AR e #s W HLE U Y d %
g o IR E U, 1) d SR g harim U
WL, 1 d A g Bl R R B R U,
EH I AL 0 B L A S ZE AL I 2 B0 i 1, 1)
d B g Ay SRS B 12 4L 2R X 4 B A s
D D1 s o AR SCHT SEA AL 1 1158 45 SR 5 0 Bl
LG FHXTRZE 5308 3.6809 % . 2.836 1 % .
2.8056% .2.7010% .3.9334% .3.8813% .1.1141% .
1.7414% .0.1776 % .1.8837 % .4.1237 % F14.1323 %,
A AR Z YR T 5 % , TRl =LA 350wk i
4.12 5 EH MMC A& AR 3 b I iE

SCHR[5-6 142 T — P MMC 4] 35 58 25 49 B 65
R 25 T MMC R AR A Rt . SCHR(8-9 I 48
W LS VSC AR RT3 MMC i 17 X (8], AR i 4%
A& R Ul S B R U, 22 A R



% 6 A T, S MMC Y RAZS M AR 2 D B 7 X Tl 97]
CLIVNIIES RN 2 AP oy 1, PR B A ARG B o AR S 4
U’:kﬁﬂ (29) R T AR — N F R, i SCHR [ 5-6 1 BT
CoV2 2 BT 25 28 i R GBI ST, I AR ik ARk

Herp kA 3 L R EE 5 AR SO AT ] EE M
—3.

& 7 4 M.=0.95 . M,=0.k=0.95 I} , A 3C i 42
R SCHR[5-6 | AT fE ARl | SCik [ 8-9 | i FAR AT 45
5 PSCAD / EMTDC Hi # %7 2515 B 45 R 0 %t Hb 1%
Bl B, U, U, Ty YRR Z A8 . W] WA SR
BTN SC ik [ 5-6 1 T AR R 15 4 SR 5 v 0 7 254
FLAE R — 3, A SR [8-9 ] T T AU 45 R 5 0
SERM A — e iR 2.

4
L0
-4
0 ™ 2
6. / rad 6. / rad
(a) FIEPR (b) Ty
1
=50
-1
0 ™ 2
6./ rad 0./ rad
(c) ZE R (d) ZBJEA% ]
M d Bt HJK g flisya

6. / rad 6./ rad
(e) ZEJRAs () 28R i
LI o il ot HLTE g o

— AR AN AR - Sk [8-9 ] T IR A5 1
—o- WA AR, - 3CIK[5-6 ] Irid i a4
7 AXFRERSER MMCRESREERT
Fig.7 Comparison between proposed model and

existing steady-state models of MMC

R AR ERCRITX,=0.15 pu HYE LT
X,,=0.286 4 p.u., AL HLA BT HL BT X,,,=-0.1028 p.u.,
SERCA A A TS n] L2 DRI SRR 8-9 ] A
R T O B4 R o —E iR 2%, R
AL AT B R D) s AT X R A e —
MR 2. Ha(18) Al A, SR RLBE X,y 9 B 2520
HLA Co/N A O, B SRR R N, Xy O, SRR
[8-9 ] Jir FHASE TR 3 B3 245 SR AR T 07 B4 R A iR 22
R

5 3CHRL5-6 ] B AT EAAR A 2 IR R A LE , AR SC
JITHR A 5 HER TR AR RS, 8 B R I A AT L

fif o DRI, A SCRT HRABE RN A 1 50 B A7 A I S I 3
HARFEAE R BE O 38 sl 7E I A S A 2 ORI
S ), R R AR O B T EE R S
Windows10 F A MATLAB2016, 4k B 2§ 4 Intel (R)
Core(TM)i7-9750H, F=4ii 4 2.60 GHz, 174 32 GB.
AR SC AR BRI FH I 0.146 3 s, 21 A SCHik[ 5-6 ]
TR AR TN R 110.4693 s
42 MEREBITRXEDFRITEFERIE
421 LR HEFEHiE

FH 2 A5 A 43 M,=0.05 I B B Ris 17 X
f] b B Rt M, =0.95, 435l L 6,=26, .0,=20, + ,
6,=20.+m/2, 5 PSCAD / EMTDC HL, 74 %85 25 15 L 45 5
xR, ZE SR ANBH SR D I D2 fros . B, SEZR AR
FIrd 7k T A5 2 ph 4k 5 B £ A PSCAD / EMTDC HE
WGBTS MR o 0,78 3 FPHUELTE 0 T AR X 1R 22 45
1k 1.8575% .1.8777 % #111.8069 % , B iiE 1 Th%iz
FrIX ] B SO e R . IR, 0=
20,0 i B, Ris T X R ok, 5 3.3 1
ghER—3
422 TR HEF EBIE

F£ PSCAD / EMTDC {5 H & 4t th S i 2 A~ i 4
AT AR TC T IR 0, 43 AL TR A Y R iz
FTIXIE A L AN EBFIANTS . A 20 P A
FIIE1T 55,47 (1.0006 p.u.,0) . MMC R EA PI-T6)
Pl L 1=20 s PR D280 1250 MW (1 pou) $27F
#]1262.05 MW(1.01 p.u.). &84 PSCAD / EMTDC
HL GRS Eth £k, 1 8 (a) WP Y R R A Th R (1)
Z2%(H. Al WL MMC BBV U8 2 s 1705, 56
WE T 47 X 8] R i Sk e At

3000 2500
: =
=500 ] = 1000
SN =4 S
-2000 —mm—— =500
15 25 35 15 25 35
t/s t/s
(a) % (b) L%
550 50
2 <
< 400 25t
=) ~
250 0
15 25 35 15 25 35
t/s t/s

(e ) 78 o e i (d) A2 s kg e i
B8 IhFEE{TRE THRItEAEHERIE

Fig.8 Simulation verification for lower boundary

calculation method of power operating region



98] L/ AR {7 G-

F41%

43 2EMIAHSENRIETREMNEWEZE

1E PSCAD / EMTDC 15 H £ 4t H 56 UE A [A] 2R 37
R MMC iz 1780 . MMC R & A Ji-
TeIh A T E K 1250 MW (1 pou) , T %
0. [0,20) s H[a], FiF 28 45 460 5 [20,40) s
], JC I 9L 5 1l 5 [40,60) s W8], M,=0.05, 6,=26, ;
[60,80) s HilE], M,=0.05,60,=20+, /[ FF i 5
Jr 2T R MMC {7 BLE5 R VLR 5% D B D3, AT UL7E 6,=
20, 15F , FF ¢ bR B LT 43 0 M, (B B /), DA 6,=20,
FAF T U FRIB AT IX AR Sk T 3.3.2 15 Frig4iie
B IERE
4.4 FEEIEXThERIZSTX (8] B9 3 0 56 1iE

ZeTT L I U R 2 B MMC ) T 32 15 X [
KT LSBHIE AL, 12175 (1.1 pu., 0) 7R
B R 2 1 AT MMC R 25 D) Rz 47 X [a] N 5B, k8
B oM 1.5 B F ORI T X [ AR5 . 7E PSCAD /
EMTDC {)j L & 4 i%k B MMC R FH € A3 D - TeTh %
H, AR R 1250 MW (1 p.u), KX KO,
M,=0, 1=20 s B} ¥5 52 i Z 45 55 % B Pt i 19.1447+
j108.5751 QUL 2)$2 715 25.5263+)144.7667 O
(GBS 1.5) 0 S i b X MMC i H 23R 52 0 6 4
ELZE UL 5% D B D4, AT DL AS U 2R 48 S5 Ak B B 4
KJG MMC A REFhaad U 205 02 47 8, RN &
P L R U ERYE 2 05 BT MMC 428 il 25 i B
TRAVE T, 45 B A BR 7 , (B4 R IR T 3.4715
FrAS 2518 i IE AR 1

5 it

AR SCLL dg He b AR BB HE 30, HE 5 Y MMC 4 i
FEL S AT R 3L PR 5 R 3, 48 e 1 — i T ) MMC
SRR A SO Y . ARy 1 AR S
SRR R IR R R, SRS A LB R B Tl MMC
FRER FL 3 T PR o Rl A P IAL e A B B R XS
S R A SR R R A i g s
A7 R R A BT SR S i L R TE R, DR AR
ISR AT R AT 3R 83507k AN 2
A R GEREAT AT, R T B R kA
ANBEMST S ] L

e T P ELRL 1, 8 15 P-Q ks 2k,
Pt T — Bl E MMC AR &5 2 3as 47 X ) 1 A 3
STV D ARIB AT IX A Y b 301 S MR R AR I AR
A, T 100 500 o AL 5 R AT R R T S A A
TE o 5B A YRR E MMC RS T Ris 17 X ]
BT EAR EE SR %7 1 T LR IR R AT 3
WEAb , A SRR ST 1 R A0 ] 2 1 R0 52 AL 2 e e i
X MMC a2 1847 XI5 .

T UL R, R SOR B 5 B R A 5 4 T

4 Y FEL YRR, Bt SRR D) R a8 47 X[ 52 P2
MMC i HH D) =R AR BR 1

P s LA M 25 38 (http : / www.epae.cn) o
Sk

[ 1] FLOURENTZOU N,AGELIDIS V,DEMETRIADES G. VSC-based
HVDC power transmission systems:an overview[]]. IEEE Tran-
sactions on Power Electronics,2009,24(3):592-602.

[2] DEKKA A,WU B,FUENTES R,et al. Evolution of topolo-

gies, modeling, control schemes, and applications of modular

multilevel converters[J]. IEEE Journal of Emerging and Selec-

ted Topics in Power Electronics,2017,5(4) : 1631-1656.

WY, XS, . RXTAR T80T MMC-HVDC i 25

A e [T ] i FE LML TR 241, 2020,40(17) : 5653-5665.

YU Jianyu, LIU Chongru, WANG Jiecong. Fault ride-through

control strategy of MMC-HVDC system under asymmetric

grid conditions[J . Proceedings of the CSEE,2020,40(17) :

5653-5665.

ILVES K, ANTONOPOULOS A,NORRGA S, et al. Steady-state

analysis of interaction between harmonic components of arm

—
(98]
[—

—
~
-

and line quantities of modular multilevel converters|[ ] |. TEEE
Transactions on Power Electronics,2012,27(1):57-68.

[ 5] WANG J,LIANG J,GAO F,et al. A closed-loop time-domain
analysis method for modular multilevel converter[J]. TEEE
Transactions on Power Electronics,2017,32(10) :7494-7508.

[6] LIU Z,LI K,WANG J,et al. A general model of modular

multilevel converter for analyzing the steady-state perfor-

mance optimizati()n[ﬂ. IEEE Transactions on Industrial Elec-
tronics,2021,68(2):925-937.

JOVCIC D,JAMSHIDIFAR A. Phasor model of modular multi-

level converter with circulating current suppression control

[J]. IEEE Transactions on Power Delivery,2015,30(4) : 1889-

1897.

&, BRIk A B 2 H TR S R S TR

BATVE R A E Jr k)] B R A FE, 2015, 39(10)

131-137.

TU Qingrui, CHEN Zhiguang, ZENG Genghui, et al. A method

of determining steady-state power operation range for modular

[—

[7

—
o]
[—

multilevel converter[J]. Automation of Electric Power Systems,
2015,39(10):131-137.

FAR XRBE, 2R B 2 TR AR B T3 Ay
Br R4 s i fesE v n sl ik [T ). Wy A sh ks 45,2019,
39(9):151-157.

WANG Shaowei, LIU Tianqi, LI Baohong. Analysis of operation

—
=}
[a—

boundary of modular multilevel converter and control method
for improving operation stability[J]. Electric Power Automa-
tion Equipment,2019,39(9):151-157.

[10] ZHANG Z,XU Z,JIANG W,et al. Operating area for modular
multilevel converter based high-voltage direct current systems
[J]. IET Renewable Power Generation,2016,10(6):776-787.

[11] YUE C,HAO Q,WANG S. Operating area of modular multi-
level converter station considering the constraint of internal
dynamics[C]//2019 4th IEEE Workshop on the Electronic
Grid. Xiamen,China:IEEE,2019:1-7.

[12] HAO Q,LI B,SUN Y,et al. Operating region and boundary
control of modular multilevel converter station under unbalanced
erid conditions[J]. IEEE Transactions on Power Delivery,2020,
35(3):1146-1157.

[13] KIM H,KIM S,CHUNG Y,et al. Operating region of modular

multilevel converter for HVDC with controlled second-order har-



5 6 A

AR, 5 - MMC BT AT AR [ S 28 A7 X (57 i

@

monic circulating current: elaborating P-Q capability[J]. IEEE

30(6) :2468-2476.

Transactions on Power Delivery,2016,31(2):493-502. [19] SONG Q,YANG W,ZHAO B,et al. Energy storage require-
[14] FRERIE, E7EH . MMC P2 17 X300 K 2R 30 U 442 il o ment reduction using negative-voltage states of a full-bridge

LI, o F sk 45, 2018,38(8) - 31-37. modular multilevel converter[J]. IEEE Transactions on Power

LIN Huancheng, WANG Zhixin. Power operating region analy- Electronics,2019,34(6) :5243-5255.

sis and circulating current switching control strategy for MMC [20] A , B 1, 2R 008, 55 . FBMMC LI 5 b 2 L B A i

[J]. Electric Power Automation Equipment,2013,38(8) :31-37. ey R ms (], oo A s k% 4%, 2017,37(10) : 1-7.

[15] SAAD H,DENNETIERE S,MAHSEREDJIAN J,et al. Modular HE Jinghan, HUANG Weibo, LI Haiying,et al. FBMMC DC
multilevel converter models for electromagnetic transients [J]. fault ride-through mechanism and fault clearing strategy[J].
IEEE Transactions on Power Delivery,2014,29(3):1481-1489. Electric Power Automation l‘]quipment,2017,37(]0);1—7.

[16] FREYTES J,PAPANGELIS L,SAAD H,et al. On the modeling [21] XU Z,XIAO H,ZHANG Z. Selection methods of main circuit
of MMC for use in large scale dynamic simulations [C] // parameters for modular multilevel converters[J]. IET Rene-
2016 Power Systems Computation Conference. Genoa, ltaly: wable Power Generation,2016,10(6):788-797.
IEEE,2016:20-24.

[17] ETHE XS AR AR, 55 . B T Semf B S v i BiEub 2 EERET
HL TS D e P9 R R O FURERL ()] L TR 22,2019, FER(1992—), do, o A AL
34(18);3831-3842. - o S AR L LA ETS A )
W{\N(y Jiecong, LIU Lhungru,XFJ Dongxu, et al. AHybnd simu- (E-mail: wjencepu@126.com) ;
lation model o.f motiiu-lar ITlultllevel converter .1nlernal \fa‘uh 2235 (1977 —)  de, B 0 @ 5 A,
based on real-time digital simulator[J]. Transactions of China e . A R
Electrotechnical Society,2019,34(18):3831-3842. B L, ZEMFRARRIK AR LTS

[18] ADAM G,DAVIDSON I. Robust and generic control of full- 1 J0 B AT B 4 ) o @ 09 A AT A 0 AR

(E-mail : chongru.liu@ncepu.cn)

(4mig F )

bridge modular multilevel converter high-voltage DC transmis-

sion systems[J]. IEEE Transactions on Power Delivery,2015,

Steady-state phasor model and power operating region calculation method of MMC
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(1. State Key Laboratory for Alternate Electrical Power System with Renewable Energy Sources,
North China Electric Power University, Beijing 102206, China;
2. State Key Laboratory of HVDC,Electric Power Research Institute,China Southern Power Grid,
Guangzhou 510663, China;3. National Energy Power Grid Technology R&D Centre, Guangzhou 510663, China;
4. Guangdong Provincial Key Laboratory of Intelligent Operation and Control for New Energy Power System,
Guangzhou 510663, China;5. University of Manitoba, Winnipeg R3T2N2, Canada;
6. CSG Key Laboratory for Power System Simulation,Electric Power Research Institute,
China Southern Power Grid, Guangzhou 510663, China)

Abstract: There is a complex coupling relationship between the controller outputs and the internal electrical
quantities of MMC(Modular Multilevel Converter),and it is difficult to determine the key constraints limiting
the power outputs and calculate the power operating region of MMC. Thus, a novel AC-side steady-state
equivalent model of MMC in the form of phasor in dq frame coordinate system is proposed, the model is
an equivalent capacitance in series with an equivalent voltage source. All parameters of the model are
determined only by the controller output and DC voltage,so that the controller outputs and operating elec-
trical quantities are decoupled. The equivalent capacitance intuitively reflects the influence of the converter
internal coupling characteristics caused by the submodule capacitor charging and discharging process on
AC-side output characteristics. Based on the proposed model,the P-Q curve of output power for MMC can
be calculated conveniently. Then,an approach to determine the power operating region of MMC by calculating
the envelope of P-() curve family is proposed, and the impacts of circulating current suppression control
and SCR(Short Circuit Ratio) of AC system on the operating region are studied. Finally,the correctness of
the proposed model and the steady-state operating region calculation method are verified by single-terminal
MMC simulation model built on PSCAD / EMTDC platform.

Key words: modular multilevel converter;steady-state phasor model; power operating region;coupling charac-

teristics ; envelope



Misk A

| My _Meq
8 8
_MedM2q+Meq(4Mdc+M2d) _Med (4Mdc_M2d)_MeqM2q
32a)Ceq 320)Ceq
A= (A1)
_MedM2q+Meq(3Mdc+M2d) _Med (3Mdc_M2d)+MeqM2q
160)Ceq 16(0Ceq
Med(?’Mdc+M2d)_MeqM2q MedMZq_Meq(SMdc_MZd)
lGa)Ceq lGa)Ceq
0 Mee Maq Maq
2 4 4
2 2
Mdc 0 _Mch2q+2MedMeq MchZd +Med _Meq
2 160)Ceq 16(0Ceq
B= (A2)
Mg Mch2q+2MedMeq 0 2Mdzc+Me2d +Me2q —20L,
2 8a)Ceq 16(4)Ceq
M Mg Moy + MG —M2 2M& + M2 +M2
29  Vidc™M2d ed eq ZwLof dc ed eq 0
2 8a)Ceq lGa)Ceq
c=[0 -y2 o o] (A3)
2 2 2 2 2
) _8Mdc+(Med +MZ)-2(M3y + M3,
320)Ceq
- 2 2 2 2 2 (A4)
Mo +(M% +MZ ) ~2(M3y + M, ) .
32(0Ceq
Mg _MedMZq—Meq(4Mdc+M2d) Meg (3Mde+M2q)+MeqM2d Meg (BMge + Mg ) = MegMyq
- 2 lGa)Ceq 16a)Ceq 16a)Ceq (A5)
Meg  MegMyy _Meq(4Mdc_M2q) Mgy (3Mge —Mag ) +MMyy Mg (3Mdc—M2q)—Mequd
16a)Ceq 16a)Ceq 16a)Ceq

[_ﬂlMed +12(MedM2d + MeqMZq)}kaCeq

[ﬂiMeq+12(MedM2q_MeqM2d)]mkaeq
64(51"’52"’43) 64((1"’52"’43)
[%M‘?d +3MdC(MEdM2d + MEQMZQ)]XCEQ [%Meq +3Mdc<MedM2q —MggMyy )}XCeq
_ M (6 +¢5+¢5) M (61+¢5+¢3)
[ 2Meg (M3 = MZ +MZ )+ Mg (6MgcMog + MegMag ~MegMog ) [ Xceq [ 2Meg (3ME +ME = MZ )+ Mg (6MgcM g + MgMg + MegM g ) | X
4((1"’42"’53) MG +Er+E3)
|:2M (3M§c_2Me2d)+ MZd (GMcheq +MedM2q _MeqMZd )}XCeq |:2M d <3M§c _2Me2q)+M2d (GMched + MedMZd +MeqM2q)j|XCeq
L 4(§1+§2+§3) 4(41‘*’52‘*'{3)
(A6)
2 2 2 T
.. - [2M3 +2(MZ +MZ ) [ Xee ~32X 1 . 16M,, 16My, A7)
m(1+52+65)  M(&+&p+4s)

1+, +43




%:MdC[SleC ~2(MZ +M2)+2(MZ + Mzzq)JXCeq ~128M . X |,
27| M, ~2(M& +ME) | X coq ~32X

AG:|:2Mdzc +(Mezd + Mezq)_(MZZd + Mzzq):| XCeq _32xL0

Fi% B
P 260 2 45 A HE 5t T U R ] LU (AT 2150 O I uE B R an R .
X (25)5M T
oM, 06,

Q _ . R
oM, 06,

P P
m
(B1)

Hrr, mA—AHE 0 S
P-Q HhZk i) 3 250 55 Wi 77 R s LU ME T 3R 2 ) R R R A

P P U, 0P My
M, Uy oM,  aUy oM,
P _ P U, 0P Uy
26, Uy 06, U, 06,
0Q _ Q Uy , RQ Uy
M, Uy oM,  aU, M,

0Q _ 9Q Uy , 3Q Yy
06, Uy 06, U 06,

(B2)

¥aUBL) A (B2), HFLJ515:

oP {autd mautd}_ P [autq B autq]

m
Uyl oM, a0, Ugl oM, 06,

Q {autd _man]:_ aQ [autq B autq]

m
Uyl oM, a6, Ugl oM, 06,

(B3)

Kk, 17
P Q P aQ
Uy 0Uy,  0U 0Uy

MNITTAFHIE R 7 R v LERERE 8 0, ansXl (B5) Jw.

P P

Uy Uyl P Q P Q
Q Q| Uy dU, 08U, Uy
Uy U,

(B4)

9]= (B5)

Mk C

Koee MZM X ceq {xCeqyl -[32X0 - (12M5, - 2mZ + MZZ)XCeq:|;/2}
2
do, 64(y2+y3)

sin(6, —26,)

2 (C1)
dMMMC MeMZXCeq |:(3M§c_Me2)722_(3M§CMeM2XCeq) _372Mdsze2M2xCeq COS(@Z—ZHe):|
do,

sin(6, —26,)

2
mkMdc(72 +73)2\/722 +(3XCequsz2) +672MchM2XCeq COS(QZ _209)



h:Mmﬂnxm@M§—3M§—2MQ—x@JmM&+3M:+2M§—mM&M§—uM&M§—2M§MQJ

V2= Mdc[SZXLO - XCeq (2M§c + Me2 7M22)J

73 =MZMyXceq C0s(6, - 26,

Misk D

=Dl FERZSH

Table D1 Parameters of simulation system

2 Bl
ek GV 551.25
W ARGRLGUAI() 80
BUE M IHZ 50
et AR He s A8 s H/kV 525: 66: 437.23

AR s g ek Yo/AIY
WA A2 (MV » A) 1380
U AL H A I BT/ % 24, 14, 8
FLRAUE f KV +420
BUEAT DD IMW 1250
MR T BB 500
TR /uF 11000
M i pUH 0.14

ARSI 54 R

777777 PSCAD/EMTDCAJj H.45
2 5 1
5 1 ; 0.96}
El 1r = 05 =
2 o = 0 = 092
o 4 = —O_i"'> S 088}
-15 -1.5 0.84
2 5
1 2
5 1 = 0 2 1
= > S
s O £ e 0
-1 =
-1r L
-1.5 -15 »1.%
0%3 14 038
< 05 £ 02 £
S5 -1 -0.2! -04
15 06 -038
1 1.4 0.8
L 05 s 1 S 04
= 0 < 06 < 0
;5 -0.5 5 02 £
-1 -0.2! -0.4
_l'EO 2 T 3m/2 2 _O'CO 2 i 3n/2 2n -08 0 2 g 3n/2 2n
G./rad 6./rad 6./rad

() WAL (b) MMC #Z it fil

D1 LUl 2
Fig.D1 Comparison of verification curves

(c) MMC EL3



—6=26,
—6=26.+1
5=26.+1/2

-0.5 0

0.5 1

P/p.u..

B D2 hFEz{TXE LRI E R ERIE

1350

2 1300

= 1250

8- 1200

USy—20 40 60 80
t/s

@BEHHE

0.85 L

. 083

081

0.79 200 40 60 8
t/s

(c) ESRiEHILL

15 2

Fig.D2 Verification of calculation method for upper boundary of power operating region

(b)TThThE

0.06

_0.04

=
0.02

0

(d) 2 53R bt

0 60
t/s

& D3 RRIRFIZH AR TH MMC (FELER

Fig.D3 Simulative results of MMC with different circulating current control modes

2000
=1000]
2 0
21000

-20 0010

700

20

30
t/s

40

(QESPIES

500]
5 300

I kv

10015

20

30
t/s

(©

40 50

TEERF M E

2000

515 00
§10 00
— 500
o

-200075

(OBF2PYES
4

20

1./ kA

O = N W

10

20

() ZEBRMEFR
[ D4 7EE% b3t MMC Mt DRI B4R
Fig.D4 Simulative results of influence of SCR on MMC power outputs



	202106013
	202106013_附加材料

