540 & 5 2 )
2021 4F2 A

HLOTOHBE BT B R
Advanced Technology of Electrical Engineering and Energy

Vol.40, No.2
Feb. 2021

REFZAESLE MMC = RIEKBEENTE

L&E, AR, kK M, & #®
(1. WA RAARR B EEEHN G ARARELERE, FEXFEME, LT 100084,
2. AAMBHARABRELER T, 5 L WAFLHARLR, S & M 510663;
3. P E & F R A RN RS EH A ASRIE P, &R M 510663)

E . 4P SOk AL % & -F 37 % (Modular Multilevel Converter, MMC ) /& Bt T 0L TF #ir b ¥ /&
B Anh Bpe A S TR S T 2ok k v R IEA G B S0E MMC #47 T AR, £JET7 MMC &5
W, R B R ST ZOR R B RENT MMC 2R s H it 47 T 547, BT T A RREIT T
T ZRIEEIENST MMC R KIBFILORZEEARE, A TEBREIATHRANLTRGEER TS
PEIOUA M 3R T S50k MMC 89 = R0k B R EN T ik, T RANERME T T B0k iEairs X3
HeH R R R A A e sk H B AUk MMC #4r s FE B ¥ R B 5% A MMC #3582 T
BBUK MMC Bl b v B ae /) = F 2 FRIFAE, A5 B 45 RIGIE T PT4R 7 sk 6 A 20k

KEEIE: B LB FRIAS,, KEEAE; ZRERBEEAN

DOI: 10. 12067/ATEEE2010026

1 3|5

f Ak, 22 i SE#37 #% ( Modular Multilevel Con-
verter, MMC) R HGE S MEREIL 2, A B S , 5 T
PR AR B S A AR Bz A MMC
W8 EAFTERRI D38 3l , o 1 i/ NS0 AR
TR 25 H R WA, R TR E R R R A LA
B 3l MMC A 8 J AR AR R R AR ) R 5 11
FECA LA, i A TE TR i AR & ik
£ 60% LA |, A o L ik 3 40% L B b KRR
il T MMC Yk — 20 A JE AN H

FEAR MMC 1T BB A(E B 8 MMC #5219
—AHGR 2807 ST LR TR 2 e B
R AR R A AT K P (51 T AR S92 BB v i SR T
+10%) 24 H bR, R USRS T B AR D &k 3,
T ARG BT 5 1 7~ R Rl 2508, 4 2 A 5 3R
W ek Y i A AR R IR ] P R TR
Ve SR L, T/ N TR B, (H  FrTE AR
TABATIA A 2 K A R P T AT (BT AL, X
PAHPEAR MR LA BR . X T8 2 7

K EHER: 2020-10-22

XEHS: 1003-3076(2021)02-0001-08

FEES . TM72

BBy MMC, ) A 7R e i) £ i 4 ] ek 2
IES) &RV LIRS SN GE PN Ry
JEIN, B 2 RE AT B S0 2 AR e Bl o3 i ik B — >
AR AL o AR R 2T T 2 A0 A0 K i 1 i 4
THRYE R BARH A A BT R (BT a8
R AT RO E B 1Gn, E B AS R AR D T Y
R IR, Ak, BEE DA B A, 5 L
F 5 R Dl 32 3l ) AR R A R T

PEAER—FE B S s T 7 AR . X R
T3 TR AL BR i A AT L e 3 % TR AR FL A
LRI A S I YRR R, Fu i MMC 76 B R HY
LR L RS0 T Is AT, M R M B AR BT 5 7 R e
M, B, SCHRL7-10 ] 32 1 1R H R Sas A1 07
AR 2595 1 oD & 2E 2% ( Low-Capacitance Static
Synchronous Compensator, LC-STATCOM ), 3C #ik
[11 )42 T @& 8ei MMC (MMC with High Ripples,
HR-MMC) , 75 L 25 HL R (B AN A | R 2 F R e R U
B 10% 52 R 8] 20% B 15 B0 T, 7T LU L 2
WA 409% LA L, B AFIRRAR 30%

B A vy A L R SO0 T2 1T T R Y

EETE: HEARBEREH (51977119) | #7752 Al BHEI0H (ZBKIXM20180663)
EREE T R (1990-), I CWIE) , I T4, MLWEE, BR5Er i v B A EoR ;
KOBR(1975-), 55, WOAREE, RIEEE, WAL, B O R R A R GEITWERE ) .



2 BT HLfiE BT R

540 % 5 2 1

P i e i BB 0 & 7= A s ), 1 T R g ) R
JEHE L, SCER[ 12,13 ] AT 3R E B E T T,
FAL 2 FEL S D8 ST (R R P DA A 5 A 2, 48 1
FEL 2 FEL R S0 2 A5 0 i o P PR BB D BRI,
T4 7 #5 JE P o 11 905 6 32 BR . % X LC-STATCOM
TR TE T 37 R T 1, SCRR [ 14, 15 ] 48 HR 38 i el 4L
[ it V)52 ) ) AT B DD L T8, R SRR 00 T 3G K
P8 A 5 R O 22 ) A 3 2 L AR AR R 6 A 4 B
R AR ER R G R T 26 B R A AR R,
SCHR 113 B B 80 MMC AR S ol R 2k
Te i BE 5 R MMC — 2, {8 2 B R TS
g B A B MMC 19 40% 445, BT
iy HE BB 7 32 B 1 [R) A X R S0 MMC I R T
R T —E MBI

SUCE I HR T A — R T4 S A
WRE I FBL (H R BT MMC fFER KRB A HE
FEE 5, JF H A28 v Fe U 20 S5 A0 R o o vl R A £
KARMPEIZAT THA AR L, X 5 MMC (1) =
UOE I R A T A 2%, Blan SCEk[ 16 ] /Y
W5 B, A MMC IS BE A7 5 >R FH [ 1 18
FAHAL ) = VI A T 2, TR 75 2RI 217 T
LB SR U ) = URR U W (i FTAR 67, 4% T 400
T AR R LR R AR ARSI T SIS
JEFEAXS MMC 932 47 30 Bl A 52 0 |, & BLAEAS [F] iz
T T = UGB B 7 AT MMC e K ) E i
RE e AR, £ MMC R =& AT
L PR AT Byl i L AT B S AR S T
PET B0, TR 22 5 1E ] LU F ok b s 8 as 177
AE BN T 00 i E R RN TG 2 2l R A7 BR A S
Mo FET U, ARSCHR T S 80k MMC 1) = RS
HL T A DT 125, AT LURE S0 MMC 9 % D %83
FEI 9 e 21 5 5 B MMC #2308, 5a IR 5 800 MMC e
Toyts th RE T ™ HE A2 PR A TR) 8,

2 B4 MMC EXRFEESETEESH

2.1 BYGE MMC EARE

MMC /) 3= i B R &l 1 s, Herr,
w,,, N TR S B NV AR PR | L
VYL, U, 1,50 30 B R, U, i,
L, 390 A CRE HL R T P R AT LU

SCHR[ 1] H8 H f  80 MMC 32 17 J5 B (D
FHET BRG] nE 2 frR ., 5% H MMC A B, BF
IR E NV WA B, £ oL 25 e B IR

S I

Bl 1 MMC EdL
Fig.1 Circuit diagram of MMC

T A BRI 7 LS R VA —E I L T (T A
VER LS R SR s, th Fri s A S
Z5 WL TR I8 Sl A2 B, 338 AT K i e 1 T 7 L 2%
&, B, Ak H N B 10% , fE R K
WEAE NS R RTEE T, AT A FR 17 ) H 25 fEL R D Bl
H 10% F+ 2 20% , B A~ B 25 (6 7] LR IR —
2 MMC HLZ R BRI 40% , BARFUREAR 30%,
ERRRER 10%"

""""""""""""""" éé ﬁjm}i&fwmaﬁ
MAREER R (TANMO 3

A BB

K2 RS MMC TR 2 o R gl s 2 ]
Fig.2 Schematic of HR-MMC( capacitive)

2.2 BYUKE MMC Bt TR TR &k E

H TR 8 MMC ARG H R MMC (%) H 25 HL
WS A, R e R 2 TR R AR 2R T
e B IAH . B 3 BoR T RS0 MMC FTE R
MMC 7E BB T30 T (A R A s Fl s R P 25 F
JE (HF R T A T A Bk L 25 H R 22 ) A 6 R
W3 (a) i FERMERI (o =m/2) I, B i
H, R (55 H 25 Pl 0 Bl W (AR 67 — 38, LA LR
Pesh 2 A R T 48 v 0 R kR R R T, A
3(b) FiR, FESRN R B (o =0) B, B2 L R 9
SRR i R B S R T T, WL 3 ()
IR AR (o= —m/2) IF, B At 0 HL T I
5 P 5 L R A (B 5, — 350, 3 (45 f ) P B



w2, A 5k

i, 4. IR A B S S0 MMC ) =GR A R[], B TR, 2021,40(2) :1-8. 3

1 BEFR SO AP R TR B P Pl P Bl i
JFERNR , 76 L2 i TR I S AU I, 25 B 2
FEIBEI (RN T BT S ) o R OO0, BIIET 3 ()
RBAEE o, B BRI ], 1E— 25 mT LAZ2 4] H 4
K4 P i DRI, i 4 /TR RS0 MMC %
Pl A 3 R AN 2 2 5 S -5 R L MMC

B TS 2 1430 O ) 50 4 41 8 T A
AT, 4 MMC TARFERERIR (o=-m/2) , B0
MMC (LA HL TR 3l 5 209 10 ) #4970 i i g
{50 4K MMC (9 40% 2247, T A 25 305 119 6 4
O i L R i 25 2 BB

HHE S AR
AR EENSE

B AR

HAREHRS &

_______________ AR R |
AR EE A

Bl S RARE

BB R CIkEE IHAEENES

0 FSEMMC 0

AR E R &
WE AR

RAREEHASE

EEUEMMC FEEMMC

(a) p=n/2

(b) =0

(¢) p=—m/2

B3 e A AL MMC L8 T30 L AR
Fig.3 Comparison of HR-MMC and NR-MMC

-0.2 LCEMM
(HL3F @gﬁiﬁﬁ‘@zo )

-0.4 k j
0.6 (R B 10%
HHMMC

-0.8 M

-1.0
-1.0-08-06-04-02 0 02 04 06 08 1.0
[)

Bl 4 RS0 MMC FE L MMC 258
Fig.4 PQ diagrams of HR-MMC and NR-MMC

3 EF=REBEBEENNSLYHE MMC
R HIRFA T X
U LR AR — iR s R e
BE 7 19 2T, DR AT L 2% SR T = Yk ol
VAT BT B 4 I MMC JEE T 00 T i v TR g
SIZ BRI, (HE T MMC PR e s R i i 4
HLHE U 8y, fiff MMC %) = WIS I L R A T IR T

R, T AT IR AR AW
3.1 MMC W =& R BEF NG ERIE K

DL A FH MR A, X AR = U I R A
HEZWIEAT R 0T, A =B R EE, A A
A A A R R R R

U(lc Udc
u,, = - M —sin(wt +8) -
2 2
Ud(‘
k3M75in(3a)L + 0 +Bg) (1)

S ) RGN 6 45 S
rh, PP LA P A ) L AT CAE AT i s by FPEA =
VL TR B LR 8, o A = Wt I 1 A
fir,

SR AE u,, W

ucapiarm (t) = Z ur:apfn, (t) ( 2)

BILHCRR 5 140 97 7 450l v, 25 fh I 2 0, b
HH5 0 A TRt e PRI,
S S A A 1 o P 5 R o 2
S 9 L, B
fu = e (3)

ucapiarm ( t )



4 BT HLfiE BT R

540 % 5 2 1

AT I8 S gt R R P R R 2 R R AR
SRR —1k, M MMC A 7 R 5 e 2R
PR 8 S 2

0<f .(t)=<1 (4)

SEBR L, 20 1) R = OB B TE AR 1R AL
N w,,, BT 10 R (R REEALG, DA T B8 A R 1 90 o) 3
JER(4) ZPET T R AR, X T 5 AR H
-y = HOP S , A BT FE A R I SRS A
G3 BTSRRI Y B ANRE R = U I R X
wo, B WS B AT 58 8 U7 A — > (B R AR
AR [ 52 1 = YR I L, I HLAE &84T 00 F i
KIAHI L #S T DL E 32 1. 15, {HJE7E MMC
X (3) PRI LA u,,, ., WA TR
S, H L2 H R I 2 55 470 R A AL OC R 2 B
IBAT LA A A o PRIt =R i e AR
MMC 2 8 51 71 ] A0 5 K8 i L 7 5 i) I S 2 [
ENAEHY SRl 2 1T T.O Ak ARk Y, i B %
LB PRI/ | S0 32 3 T v, 3 A 2 o B
=, Hib, 2R R R A R s, X 45
17 TR B e 0 = U 3B D R R (2R BSORT A 37
TE MMC HR H = U8B A DT, A Rlis 47 T
LT SR AR LU Ao B e AR B T AN A ]

R TR B S RSB FR A MMC iR 1T AR
MrApT, T B AE X (3) Bt B 18 T8 e TR 4
ZIRHAA R RS EITRIAX , AR RN
SRR 2 T A B A A A AR R, T DL OB
TE A REWRIHEL AN T .

e(t) = %NCufap(t) (5)

I 205 o A B R 2 A0
SR, TS5 L R AR 40 BT LRI
(5) B e th B e A I
2e(t)
C/N (6)
57T B B UL R B L R 31
SHGLE 1,
o) = [ p(r)dr + (1) (7)
Rl 0, W BT e (1,) WP SR B0
M T LA REAE e P AR 2 R B A4
IEC 5 B LGP — B A P T IETE
FFE LRI 5% p (1) 7 L gt B A 5 3
TR R
p() =iy (1) 1, (1) (8)

u = Nu’('ap =

cap_arm

P e R A by e k20 an =X (1) Poos , IR R
AT LAFRIR R .
iap=—§+2c=—f[sin(a)t+¢>) +%Idc (9)
K, o MR 1 B R ARE, T
(6) ~2(9) A] Lhid i M i e i L R4S 2 M R ik
REAEL, E M5 BAT Y H 25 i e i B 1
3.2 MMC ZRigEBEFNFERKEG LR
SRESH
P B R R, 25 R W B (RS, o AR A 31 58
(3) B AT LAAS B4R i . = UOR I HR
TP S T R AR TR IR ) Iz A (L, 2 o8 T 5K
PR Fe RVE S G, PR, T DA FH X 37 o i 06 £ f
AR B PP = YOI AT AR . % 185
Wi LR AR TE Uy /2 W E RS , P8 I A A
12 WE TR , i U J7 2058 10 8 i # JE 3
1o FR Bk DUV = U I R 0 AR A2 0 L
4 R e
max[ﬁnodu(m_inj) (t) -0.5]
inj max[ﬁnmu(wﬂh_inj) (t) -0.5] (10)
fiEP,f..mdu<no,anj>j@%iﬁ\i&“?ﬂi%&?ﬁ?/\ﬁﬁ@ﬂ%%ﬂﬁ
IZ@& ;fmorlu(with,inj) ﬂﬂﬁ E{KIEB/BZ EE E{f/\ HTJ‘ EI/‘J S| —Fﬁﬂ {Bz
PRE, Y k> 1 I D R g BT A A SO
e F P B o i L TR R RE ), RTINS ke, BOK 42 o
BREENER U DAY
MMC H) P P S0, 2 IB AN (3) Fros X T
AR B AT T, B LA £, B A —> T8 ] 48]
N B IEAE B /N R Ak B Bs 48 R S50 i = R
WEAE &R Bk, RUAH G By, EE X W 1 OFT R
1 000 MW/+320 kV (10% ) i) MMC 5E 5], %}
SUOEBEA DT R HEAT TS A B R ALY kA1
B, FEZh R B A AR A i 25 AN & 5 JF %, A R Y
3 = U R A BT B8 S B A B R R ] L An
Kl 6 F)f/fo

025F

é 0.20+
~"0.15F

A

0.2k
= 0.1+
< 0r
“\‘—Ol],
-0.2 . . . >

m 3n 2n

o
=
\/

T
2
p/rad

5 AU R ] L RAR L

Fig.5 Modulation ratio and phase of injected voltage



WA R A B R4 IRE AR S A0k MMC A = UGB i RE A JTIE[T]. T HAERTHIAR , 2021,40(2) :1-8. 5

A

1.19

1.18

1.17
2 1is /L A\
<115

1.14

1.13

112§ = L S —

2 2
p/rad

Ko AT OUIR b R i v R ALk,

Fig.6  k;, of all operating conditions

MIE 5 BT LU BEE ARz 47 o0 (PR
o) e AL, 1 IR B R He AR e AR R A R H
i, s TE A B = U R (B R B Ry FIARAL B, OF
AN E B, T s AT TR, e T
MMC FPAFFERCR I 2 L R 8, 1 EL R i 4
s I M i ) e s 22 i) B ARG AR O ZR B R
DA A A2 AL, DRI S BUTT AR = U
kA,

®1 BRBFSH
Tab.1 Parameters of MMC

., 3 T B AR R YR FELTAE , AT 38 TG A i i 4
FERNFAE A &, 76 3. 2 WP B M — T %
Bt TR R S s AEAN RS AT T =
YR I 1 A 3 %o )80 i) A T o A R AN ) A
NS TF R = U T A D k4 v 2 I A9
JE, 5 IEEN 22 Toal s 2, Higik K 6 i
I b4 e R B8 e Y B (IR AEL ( BP0 ) %
i, B—FmE R, A MMC R A = U I e
ATT S ZEEE T 00 T 8 5 1 0 mT 4 v R
FAMETH, CiERR B &M H =08 B A ik
P28 N E HL  # T DA 3 A 22 5ok Bk b
RS0 MMC BRI, b T U] =0
ATTEEXT MMC S50 B 52, DL RCA SCHT 8 5
VX R B MMC 8P Tl 25 4 L0 Y B4 T 09 4E
ARSC Z R AT T AT, A Rk
2 IR 3 7R, MMC 980 2 25 5 AU 8 B3 L TR
53 1 P SEORAE (B2 At S BOR 4 AR 3 1
I RA AN, FEART T Z it M i bk
b 2B A SR R4 T 1T
F2 ZRIBEENFTR 1K MMC 8181t
Tab.2 Parameters of MMCs when using third-order

SR Bl harmonic injection scheme 1
R S/MW 1 000 HHMMC B8 MMC
MHEE U /kV 192 s ] TR T R
HRHLIE U, /kV +320 (HLIA] 640) SYERBATTA x ﬁ%tﬂ[ﬁiéjﬁ;
BB L L/mH 110(0. 156pu) W S A LR /K 192 192
BUERARIE U, /V 1818 BEAC TR L/ A 1736 1736
B TRAEH N 352 Wi B 8% L/ mH 110(0. 156pu) 110(0. 156pu)
HUA(E/mF 12.7 5358 352 384
LA L RIS R 2 (%) 10 BUERARIE U, /V 1818 1 667
HA R 8hR o 10% 20%
M 6 i LLE H, FEA S AT TO0 R i =k HL A/ mF 12.7 6.6
RIS VBT i S I A B R VA ) Lt R AN TR B /M 53.6 30.4
AR I FAVE T 00, ZE8E T8 B A S B AY 5t A (pu) .
SBILE TR, G g T Py (SR IPONCES "
: e BB (pu) 1.0 0.9

) e KR ) HE 240 R 6 = Ui 0 fL R ARG 1. 128
5, A Al T35 T BE S 80 o5 K il EL 24 R
TC =GB Il L R v AR 1. 185 £%, X EERAH LT
FNEBATIE I, = U I A i 7 SR Y TR P
{15 3] B A P i Y L P R TR AR
3.3 EF=xEEBREFINNSLHE MMC B
MR EERA
TR T H L MMC 38 2 5 80 MMC, = ki
WA — A A P2 T AR i B i 4 1 e K
AT b, A DL Mt v AR R MMC 32 3 0 451 < A

TEJTEE 1 H O MMC RIS 80 MMC 180 2
A2 B RSB e BRI = U I 1 A%, RAE
S0 MMC H R R = OB O 1 B B MMC i
HL PR RE 7, BTy AR = VR I FR P s L 28 B50RT R 467
3.2 WM R TR EA, FELTHEM
MMC 72080 MMC /) £ E S50 2 Biw,
XA T AR, FA AR B = A0 MMC 81T
JEENE 7 B, ATV S, H T = UG8 S A Y
TR TR T T MR PR R BE T Az B 2



6 BT HLfiE BT R

540 % 5 2 1

AN BRI T 8Ci MMC [ Jg& ke iz
FIIEH, e 0 MMC R EPE D RIS 1T B 24
HE T H AL MMC
3 ZRERENTR 2 B MMC S8t
Tab.3 Parameters of MMCs when using third-order

harmonic injection scheme 2

W HL MMC S MMC
e 2 2 AL
N N . i E’ T rll Py .
R R %;ﬁé";ﬁj et
) ) Ty 2k Y
55 A LA L R/ KV 215 215
BUE S I L L/ A 1 550 1 550
B B L/ mH 138(0. 156pu)  138(0. 156pu)
AL 352 384
BUERARIE U, /V 1818 1 667
HABREESIR (%) 10 20
HL 25l / mF 11.6 6.1
B E/M]) 49. 4 28. 1
L2 H = (pu)
. 0.922 0.524
(M THH MMC 72 1)
ﬁaij(@zﬁlﬁﬁ(pu) 1.0 0.7
T TR T
A S e s s s Bt e
bt L L ESOEMMC BT
0-("“.‘-3‘“3‘ SWHEEEAR) Tt
04 pe-t-ont- o TRIPRHIEMME -5
02 b b | rEEgMMe | Y
Qi 0 s ‘ 3 E -
R frrtrt-
0.6~ %=~} l o-ga
1Te 4+ + 4 e P e !
-0.8 ____%___‘13‘_;_ R 4: o”io b
210 1 Poo ooeooo:oo°° i

-1.0-0.8-06-04-02 0 02 04 06 0.8 1.0
I)

K7 e HeA

Fig.7 Comparison of output power capability

TEFZE 2 T H L MMC Al 80 MMC 5]
SR I TE H 1R A E AE U L R (R AR T
HEZAS SCHRE HH 1y 90T o e 3 8 R R it 4 1) A IR S i
1o SAME S MMC A ) FH I b s R B A 22
SRR THEPE T A Y L, ZEAE U RN 1Y
TEOLT K MMC 38 047 i i et vy, I I 80 e 58
TREL I, T8 B BN G AR U LT | (R T2
PAREMRAL PRI A H Y, RIEE 6 FrRi
THEZER BT MMC 7 7E L2 L R 8l , fE AN TR iz
Fr 0T = U8 AT 1) 0 4 s A e AR T

(), 25 FE R0 L 4 T oL AT 50, TR S50 T 1
FEH2 PR TR L v 2 B 0 B /MR A P01 AR
SERPE T 00T R L R BB 112 %, % 2 2%
AP EE R HE R 1. 12 %, FHFAH O Hi A A 52 3 I 45
FE LT,

%2 TR MMC J7 =UFI R 80 MMC R 3=
BN 3 Fin . PR MMC, Tl A
T PR AL O B DR I 3 = WO IR R R T A
A — 25 P ] F I RN RR S £ B MMC A s 2
FEY ], 3B Ao R AR R A F T R
ZAE/INIEV /N 8. 66% , HLTZRYL Bl SEA AR

FEJT S 2 P, B G MMC {75 J2 3 1 34 in 9% 156
TR E I/ N A 1 07 Ul MMC DR s
(20%) T R384T, EIR MMC S H0R I 5 T
il Fe R 1. 12 FFIR T R R AR T Tl DL
PN YL L7y i N A S B A WD W7 D B e e
T A R S0 MMC R S Ve S R, &
2 HE L MMC T fE 15 1) 9 1) 25 i 1 9 112 o) 7
79, BT MMC S8E 24 BRG] L& 1. 12
ATV, R AT DL 4 v etk T e o v 1Rl
B ] 22 850R EE O 26 1 H e 80 U BT,
it it D BRI R %6 1 TR R B MMC /),
ERAT AR FEJE = VRS 0t 7 AR Y 5 800 MMC A5 388
KEEBEPE S . AH T3 MMC D72, B 80 MMC
ATLAH MMC HL2S s BTG 40% UL |, BT Rk
LA AR BURT AR 7 GRS AR K, BRI e mT DAk 31K
TEREAR MMC (RFIRSA R B Y, MHET R 1,07
22 R At MMC 25 o R IR B, R
PETCIIE A — & hl/N 6 PR TR ] DR 1)
3 B R BRI A T

4 {HEWIE

6 1 7R A 1000 MW/ +320 kV A MMC fii
i Matlab/Simulink #1705 BLIGE, Hod HE A
odel (Euler) 14 50 s,

@=4m/3,1=0.95pu i} EECE MMC {5 EL&5 R840
& 8 fi7N  1E @ =4m/3,1=0.95pu T T, MMC [f]
TR G EE A 0.475pu B9 A B o 2 [A] B0 i
0. 823pu TP, H L MMC (10% ) fgttaSia
17, T = YOE AR S S0E MMC 233 il
T3 R P R A (4) BT Y =R
S AR b A e 7 A N 2 el O
MR i B w,, BN SR o



WA R A B R4 IRE AR S A0k MMC A = UGB i RE A JTIE[T]. T HAERTHIAR , 2021,40(2) :1-8. 7

A
2L
0 W
,2 >
« A TN Z R I8 R 1
= Ir /é\ /\
HB
|
2 Tt e T e T et e T
g SR N 1 1
-1 >
A
1000 |
z “cnp,nun
500
E ll“"
0 0.|01 0.|02 0.|03 0.|04 g

t/s

K8 1 e=4m/3,1=0.95pu LTI F RIESEE MMC {5 B 4%
Fig.8 Simulation results of HR-MMC when
¢=4m/3 and I=0. 95pu

©=3m/2,1=0.93pu B, B4 MMC 15 B 45
B 9 s, 78 @ =3m/2,1=0.93pu I T T,
MMC FIZE TR G 0] To A Dy Dy 284, s 47 Tl &
PE B0, WSS RGO 0. 93pu B B TR, &
HLMMC RS R 22 17, 1M = 8L MMC (20% )
ES B R uN I BN R = T AN A S SR PN [ =
(4) BT =RV I H e 08 6 0% pR B TE A
WIN/NT T 1, RO i R w, SN T

2+

NN

A VEN Z U B

M TN T

iJKA

B
E
.E] P Tt Thellle ~.___-‘ ~~___.‘ Seaae® e’
#r SRR TENRT I 8¢
3 .
A
1000
Uy
Z
1g 500
E:l uoul
0 >

0.01 0.02 0.03 0.04
t/s

&9 1E@e=3m/2,1=0.93pu T.0L T &Lk
MMC fij 45 2H
Fig.9 Simulation results of HR-MMC when
¢=3m/2 and I=0. 93pu

PR AR RN, P = UOR R IR TE AR
IBAT 71 REAS 35 1 5 v U MMC Ry JEPE TE 2
R RE S Y R R AL MMC BB IS AT

5 #ig

S0 MMC AT UK IR BEAR MMC 9 L 25
ERAE B T 00T o i i 8 ) 32 B i 2k
MMC Tl ) 2 B2 ) 2 — AR SCX T B 2 L
WBhE) MMC = U I i R A T 3864 T T 20 ¥,
KT FEANF BT T 0T =0 % H & AT
MMC. 5 KA 42 = RE 1 AR TR, e T
TR R AT B AR R L T A T, ST
T AN ZE T = YR Ik e A VR ] G e R 1Y)
5 RS T A0 MMC B = U0 I R R
AT T AR B 80 2 47 7 sAE Bk 100 T 4
H EEL R R A S T R BE T 2 R < R K e B
MMC B4 H DR R 21 5 % B MMC #2378
KUEFEAL MMC L2 &0 B AR T, R 78 Al s a1
W MMC JEPETC Tk 58 1 ™ sz BRAG Il 3, B
SERAIE T AT T IR A R

S Hk (References) ;

[ 1] Lesnicar A, Marquardt R. An innovative modular multi-
level converter topology suitable for a wide power range
[ A]. IEEE PowerTech Conference [ C]. Bologna, Italy,
2003. 6-23.

[ 2] Tang Y, Ran L, Alatise O, et al. Capacitor selection for
modular multilevel converter [ A ]. IEEE Energy Conver-
sion Congress and Exposition [ C]. Pittshurgh, PA,
USA, 2014.9-14.

[ 3] Tang Y, Chen M, Ran L. A compact MMC submodule
structure with reduced capacitor size using the stacked
switched capacitor architecture [ J]. IEEE Transactions on
Power Electronics, 2016, 31 (10): 6920-6936.

[ 4] LiX, Meng J, Song Q, et al. Analysis and reduction
method of MMC capacitor voltage ripple operation bounda-
ry based on circulating-current control [ A]. IEEE Energy
Conversion Congress and Exposition [ C ]. Portland,
USA, 2018.9-23.

(5] A0, XS, IMRHEE % (Li Xiaogian, Liv Wen-
hua, Sun Shumin, et al.). FJFHEFRFAT MMC HLZ5 L 3
Bl 777 (Capacitor voltage ripple suppression method
of MMC using circulating current) [J]. B HL R
(Power Electronics), 2018, 52 (11). 30-33.

[ 6] Song Q, Yang W, Zhao B, et al. Energy storage require-



8 HLTHLRE BT £ R 5540 % 55 2 1]
ment reduction using negative-voltage states of a full- [12] Li Xiaoqian, Song Qiang, Liu Wenhua, et al. Perform-
bridge modular multilevel converter [ J]. IEEE Transac- ance analysis and optimization of circulating current con-
tions on Power Electronics, 2019, 34 (6). 5243-5255. trol for modular multilevel converter [ J]. IEEE Transac-

[ 7 ] Farivar G, David C, Hredzak B, et al. Low-capacitance tions on Industrial Electronics, 2016, 63 (2):. 716-
cascaded h-bridge multilevel StatCom [ J]. IEEE Transac- 727.
tions on Power Electronics, 2017, 32 (3): 1744-1754. [13] Song Q, Liu W, Li X, et al. A steady-state analysis

[ 8 ] Isobe T, Shiojima D, Kato K, et al. Full-bridge reactive method for a modular multilevel converter [ J]. IEEE
power compensator with minimized-equipped capacitor and Transactions on Power Electronics, 2013, 28 (8):
its application to static var compensator [ J]. IEEE Trans- 3702-3713.
actions on Industrial Electronics, 2016, 31 (1). 224- [14] Farivar G, Townsend C, Pou J, et al. Low-capacitance
234. StatCom with modular inductive filter [ J]. IEEE Transac-

[ 91 He Z, Zhang L, Isobe T, et al. Dynamic performance im- tions on Power Electronics, 2019, 34 (4). 3192-3203.
provement of single-phase STATCOM with drastically re- [15] Farivar G, Townsend C, Pou J. Low-capacitance statcom
duced capacitance [ A]. IEEE 3rd International Future with thyristor switched filter inductor [ A]. Annual Con-
Energy FElectronics Conference and ECCE Asia [ C]. ference of the TEEE Industrial Electronics Society [ C].
Kaohsiung, Taiwan, 2017. 17062481. Washington, DC, USA, 2018. 10-21.

[10] Isobe T, Zhang L, lijima R, et al. Experimental verifica- [16] Guo G, Song Q, Yang W, et al. Application of third-or-
tion of capacitance reduction in MMC-based STATCOM der harmonic voltage injection in a modular multilevel
[ A]. 2016 IEEE Energy Conversion Congress and Exposi- converter [ J]. IEEE Transactions on Industrial Electron-
tion [ C]. Milwaukee, WI, USA, 2016.9-18. ics, 2018, 65 (7): 5260-5271.

[11] Song Q, Yang W, Zhao B, et al. Low-capacitance modu- [17] Angquist L, Antonopoulos A, Siemaszko D, et al. Open-

lar multilevel converter operating with high capacitor volt-
age ripples [ J]. IEEE Transactions on Industrial Elec-

tronics, 2019, 60 (10) . 7456-7467.

loop control of modular multilevel converters using estima-
tion of stored energy [ J]. IEEE Transactions on Industry
Applications, 2011, 47 (6). 2516-2524.

A third-order harmonic injection method for low-capacitance modular
multilevel converters with high ripples

MENG Jing-wei', ZHOU Yue-bin®, ZHANG Nan®, SONG Qiang'

(1. State Key Laboratory of Control and Simulation of Power System and Generation Equipments, Department of
Electrical Engineering, Tsinghua University, Beijing 100084, China; 2. State Key Laboratory of HVDC,
Electric Power Research Institute , CSG , Guangzhou 510663, China; 3. Maintenance and Test Center of
Extra High Voltage Power Transmission Co., China Southern Power Grid, Guangzhou 510663, China)

Abstract : Aiming at the problem of the limitation of inductive reactive power rating of the low-capacitance modular
multilevel converters with high ripples (HR-MMCs ) , the third-order harmonic injection method for HR-MMC is
studied. Taking the effect of the capacitor voltage fluctuation into consideration, the influence of the third-order har-
monic voltage injection on the output voltage capability is comprehensively analyzed. The different effects of third-
order harmonic injection on the maximum modulation ratio under different operating conditions are revealed. Based
on the fact that the modulation ratio of inductive operation mode can be improved more than that of capacitive opera-
tion mode, a third-order harmonic voltage injection method for HR-MMC is proposed, which can make up for the
limitation of the output voltage ability under inductive condition, and extend the output reactive power range to be
close to that of conventional MMCs, and overcome the problem of the limitation of inductive reactive power rating.
Simulation results verify the effectiveness of the proposed method.

Key words: modular multilevel converter; low-capacitance; third-order harmonic injection



