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Analysis of maximum power operating region for hybrid MMC considering
sub-module balancing constraint
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(1. Global Energy Interconnection Research Institute, Beijing 102209, China; 2. State Key Laboratory of Advanced
Electromagnetic Engineering and Technology (School of Electrical and Electronic Engineering,
Huazhong University of Science and Technology), Wuhan 430074, China)

Abstract: Hybrid Modular Multilevel Converter (MMC) has the ability to operate under reduced DC voltage and ride
through DC faults without blocking IGBTs. Sub-module balancing constraint places the dominant limit on the feasible power
transferring region compared to other constraints when it operates under reduced voltage. This paper analyzes the
characteristics of the arm current and arm output voltage that meet sub-module balancing constraint, and calculates the
corresponding maximum power operating region when hybrid modular multilevel converter operates under reduced voltage.
A fast calculation method is proposed to determine the feasible operating region. The effectiveness and accuracy of the
proposed method is validated by comparing calculation results with a scanning method and cross-verified by electromagnetic
simulation. The impact of the full-bridge sub-module ration on the operating region is analyzed. A new design model
regarding full-bridge sub-module minimum ratio is provided from the perspective of power transferring ability.
This work is supported by Smart Grid Joint Fund of National Natural Science Foundation of China (No. U1766211).

Key words: hybrid modular multilevel converter; modular multilevel converter; VSC-HVDC; power region; sub-module

balancing

0 == Converter, MMC) H - ¥ - £ 8 (Half Bridge Sub-

= Module, HBSM) Fil 4= #f ¥~ £ 2t (Full Bridge Sub-
TR A RBEL 2 HP 4R 2 (Modular Multilevel Module, FBSM)VE & #4 b i o AHLEHE T HBSM 1)
P MMCHFIZE T FBSM 4 H 8 MMC, Y4
HEEHE: BERAARMAFALHHLOUNELLLTAE ) MMC EEARMERERI 5 E B B %, LR
(U1766211); 4FRAS IR 754 W 42 H A7 FRAN3) A4 B R AR S BT it it i 2 B L U i s R AN [R) i




- 18- @A &R B R

1T, AELRAS 2R 2R BV v o A0 B A R P 1 P
HISte TR, FARFSTR ST MMC 1Ak b
B W TSR RS s S T R T
TR,

T B R o A i R 5 | () L9 P 3
ITLH T, RER MMC — J7 il f 2l dot & 3
(R4 T S % 2 T 5 PR R B IR B R 2 S 1 %
91 10034 O Ao e A AV R ) 9T s A e 1
. T AN NG, TR AR
GiitARE, s B AR Ak L [ AT R AL AT T
IhEEMA TN, FEXRE IR, it s
WM ER S K, 5 5 SRR M E
BEIE, FHFE g HBSM $EN, Bl M AT F i
2% HBSM $F2l 78 Ll # i i, 530 HBSM
H 2 L R Tl R, o D T e 34
KW IR B L RIEAT TOL R, BE% MMC
(AT Dh N2 F0TC LN D 2R A i [ 25 52 3 A i
LIRS, A B T BE S R R
(1) AR SR ARG ], DA 2 Al 1E 18 AT
RTHE TR REZ AL Th %

H AT T4 MMC AR SRR ME DL ShRizg
PR EAT R (e T2, SR A MMC
(T HIB AT 9T e/> o SCRR[21148 8 T FhIL T
TRAT MMC AR MRS AR AR i H A L T %
AT T, BRI R 2%, HE S
FRAZI T B A HERT,  LESERR TR H N I
FRCRAN G WSTR[ 1 v S gl T OB 21,
RER ST, BE%E MMC I Risiras P-O
H AR R I TR, Foa A A
oy EEL TR A R, Heax i A e L
R4 T PR e R SO V(L R et o 2% 240 o e
SE, HIBAR LT EH T P A B sy, Sk
T, 4TRSS PRE T FAR B RIS AT KT R
H 1 MMC ) Zas T3 5., o3 B L R
BATHE ST, AT 2 B4 R 29 R Fii
AU FERAE IR R, 20T T AH R R R R AR
T F R SRR T () D AR BRI ATV T, el TR
O E IS T A R v, Rl S AT
FRE VT S 2 SR T DA R R T A T AR R (1) 5
WE, A T AT SV A RO R e . $2H
THAEL R IBAT s N T FBSM LBl i 7 v, ol
FBSM [P LL IS it T8 ise vt 411 5 o

1 REE MMC R H

1.1 ARG
K 1 s RS MMC — A 1 s s K .

HAHFE  HBSM 1 FBSM VRS HI . {Bi% FBSM
1 HBSM i R AAE AR R, FFH Cop R0 FS
TR R A R T DA B2 R I v, R v,
Fore by FHE GBI i i RoR, BRAIE
7 1 7R e Ramm A1 Lo 73 B 2R ME 25200
FEAR RS HJs . MR IR dg 7, 5 B FHF
EHRIIRRN
iy =0.5(3, —4,) (1)
TEEGM, dge BN uge 73 5 B4 16 B 1 B
LA E R R . EACHM, @ FRoR¥iids <
WH. Ky Ry Al Ly 20 R R AR H 2% 9 X
VR (I PRI A B L 50 L LR A5 5 LR . Ry AT L 43 )36
N A T I RS UL B2 4 1) 4 RPN FE BHLRH 25 R0
o ugs wp 1 ug 73 IR AR B R A3
% 5 (Point of Public Coupling, PCC)HLJEFIATIi 5
BRI .

- -

i
:

‘ yp
an
arm

Ude

———————

1 E&3 MMC #RINEE)

Fig. 1 Topology of hybrid MMC (one phase)

1.2 BREREERIEN
REACTT AR GE AN FR, s R 504
A S, M SCHRR 207 A R AR,
2 e A T IR ), W LA E] ug.
TN | BN B S VN Wy
u,(t)=U,, cos(wt) =ug cos(awr)
u,(1)=U,, cos(at +¢, ) =u,, cos(ot)—u,, sin(wor)
i(t)=1,cos(wt+¢,)=i, cos(wr)—i,sin(wr)
Ly (t ) = Ligro
2
e gy uy i BJREHTERET: U RIS
ARGUBUEANIRIEA ;s Uy A1 L 20 95027 H0 45 1
ATV L Hs A R IR . AR B AR x ATy o
ARSI 2 G855 280 i I Ry B ) e e AR Bl 7 . ol
TR AR B R, I g S H B
igitoo FolASHY dgigy 15 dae WAL :



B, %

5 RS B [ 2 SRR £ RS AN 22 PRV M 255 D A B 0 A - 19 -

Liitro = idc/3 (3)

1.3 R BRI S ok B

A MMC EEA RIS i 2 fros.
K T A ELRARRE P SR o A ERFE )43 ol 42 ol 6k
T AS T AR R . AN E bR oA
THRYCFE IS O FRMA DR E, 3k
AU LR R AR S (A A A
PRI TRPCF IR Ueave, SEIL T A HI)
BV AT BRI T B A
T AR AR B

RA T MMC G 50 & =R oy
P FRAT UL L A2 ot BRSO S S, AR R
WP RS, A A
il AABOAEIE S, = FHILE S TR /5
WHEIE Y. ATUER, 500 MMC ML, BT
RAM MMC 5l T Al G PR FBSM, i
WSS RN T B e E R, AT BRI
2 MMC s PR R ELIR S 1324
TR R4 )

Uwgg
Idref
1 P1
- iiﬁﬂaiﬁn
N o y3f s
4

Lgp.n 0>
> P (x| PI > S
i Licret .
% Tion® s filke
o PR

AR A A
abc

2 IRAE MMC EATH]
Fig. 2 Elementary control of hybrid MMC

1.4 FIRPEHELR

Y T HBSM B, #F8 L AE — N
T P9 [R5 TE 47 40 2 B 0% SI BT AR B i, P 3 1l
PR b B4, 75 ) HBSM 23 8 B ] A AT PRI
Frage el il . TR AT MMC [RRIZATIY,
FH T~ L FEUHS ) B, AR A A [R] A A Th D) 22,
BRSO, U r 1 B o 4
K, RN B E B R RO, 8 T k4
TR RIS H R IR RS o SCHR[2 119 BT 5 45 Al
R, EARERAEE T 20%E 5 E IS ITIY,
A MMC [HIh2RISAT X (8] 32 2257 B 7R
ZUN . BRI AR A AR LR s . S
MR[14)45 I B8 hn et as 10 JC Dh Dh AL 4K F,
BORMYE e A iR i, ] DARRAR bl 1k
PR L I S L) XSS o

M BRG] LLE 2], FERisAT T, RE R

N

MMC fERARAIIRIAT D DA RC D B2 2 AT R
(K)o TR SOREE 3 M e AR IS 2 AR TR A 7
MMC IR MBI MR KR, D)
R PR AL

2 EEFIRREELROTRRIR 4

NS Z T L, TR e e R B s o SR e 2
SEIL AR R (R LB . SCHR[12]55 38 3
TRAT MMC 171 R I A S o AN SO
WP RS g i RO TR AR, R T
PEERIY AR ER 2 H A B4, Bl A2 FARER
)R 29 R (PR W T RO g B . T
FBSM i i i . T3 AN [ (1) FF 5 BV AT SEBLAEAT i F
W7 A RSB N 78 B S OB ) 46t
BT LAA SC AR BT A B MMC {E B II2 4TI Je 5
A FBSM.

2.1 FRERHEARMBFERE

MNHTIT 2> BT o DA 2, AW i R 75 22
HBSM Z: 5725, MR e YA 200 A2 R ) 45 A o
X REEI He Z0 O YRS S R FEL R B
AP PR FBSM PR, 24
HLH KT 0T FBSM figfs 7= AE (1 RIS, HBSM &
BN DLEME ], 2 o R e K
Vomax WA W F XX, HBSM T ZHEN.

Ve > Mgl “

s g AWVE th R TR LG (A IR TUAR):
ugen A FLIRH R o BRI, B Pt 5 9 A2 AL
[P S S N W)
min{ipmax,inmax} >0
max {ipmin ,inmin} <0
I s Gpmax P dmax 2302 by TN AR FLUL PR 5 B s
fpmin A1 dumin 77 A2 by TR HLIR ) B /ML
O B ARE AL (4, B LUK T FBSM
PAERIET, R IR AR TG R A X (5).
2.2 MEBRBENNERRAR
DA MR A 48], MR PO T A 2 R0 22
FEL RN LA R IR s A

R U e 1.
i —E./zx +i cos(a)t+gz)i)+§zdC (6)
U208 55 5 BB Ryw R A Ry L IRAT T TH 2R
PFER G K Ly Ly ERTEDI D404, W] LA
13 2NR A B s I Th Y% P, FIJGT)
DI O, SR
P, =3ui [2K; ~uyi,

Qa = _3usxiy /2KT

)

()



-20- @A &R B R

T DG 2] i 5 dge Z AIEISC R

2u, K.
ix ~ udc . idc = \/z udc idc (8)
U, 33U,

X Kr=Un/Upns Usm:\/EUSN/\/g; U MU 7
) A TR A2 A H. gt IR AV 0 ) 000 P 800 5 28 H I
A ®), WA, 4 U s 2

uy|>2U 3 ©)
N, MR FER R 1 B mAAS LA B AL
id i 1 2 2
L XL it +i 10
3 2 2Vv® Y (19)

K9). XA0)KY], HHE R T
L 1R800 A FL R TR RTINS, PR P 2 9 A X
5ttt e NI —J7 5, U HL s AN AL
P Y i P S A= W VAR

1 z‘f+i2:l
2 Y3

(11)

ldc

BERY, WTEARE] P, AT O, MR AR

Pl_ | Kjug
- 2 2 2 (12)
Qa Usm _KTudc

AUEER], P, M Q, LR, M
MR PE I € (DD AR BRI A P-Q ELA A bR
FrP O SR A AR IR L, HARNRE iR
FEACHATIR, Wil 3 s

N I S
s Y

A AT
A TR A

3 MRS FR 8 S P AR E RO T R ARPRIA R

Fig. 3 Maximum power determined by bipolar arm currents
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Fig. 4 Maximum power region determined by arm voltage
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