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ABSTRACT: Upon the power analysis of modular multilevel
converter (MMC), this paper proposed a comprehensive
control strategy for the DC-link voltage, the capacitor voltages
and the AC-side currents of MMC under unbalanced grid
condition. Multi-hierarchy method was adopted to control the
capacitor voltage. Under unbalanced grid condition, the
AC-side currents were controlled to be symmetrical by
adjusting active power distribution among three legs of MMC.
Inner current loop employed arm current direct control, which
can simultaneously control AC-side currents, DC bus current
and circulating currents, removing the need for the
AC-side

three-sequence circulating current suppressing controllers

three-sequence current controllers and the
under unbalanced grid condition. A zero-sequence current
canceller was proposed to add in arm current reference, and
this could eliminate the zero-sequence fundamental-frequency
current which is caused by the asymmetrical arm power losses
and will flow to the DC-link. A 10kVA experimental prototype
of the three-phase MMC was developed. The experiment
results verify the feasibility and effectiveness of proposed

strategy.

KEY WORDS: unbalanced grid condition; zero-sequence
current canceller; modular multilevel converter (MMC); arm

current control

WE. ETHHLL B A 2% (modular multilevel
converter, MMC)&# 2 [AIMINER KRR, RH—MiEHT
B D B R AN O AR L MMC 25 & 3 SR w0956 IR BR 2R
HO R A A U R A S s . Herh, My
T LAY HUECR F B I s ), 75 H R B NS Rk, JE
T B B BELR T RAE MMC = AHMRE 8] A2 B, SEELAS iR

EEWHE: FEXAARFAEESIH (51541708),
Project Supported by National Natural Science Foundation of China
(51541708).

0 PR o AR ST PR B FRLOAE L R e, TSI
UER AN 522 e R A EZ b 1 B e ot UM U G Y
BRI 6 5 S0 U000 = L R4 1 2 D = e TR IR 1 38 SRt
ST E B B LU % PP TR N R v 2, e e A
AT FRIRFES N ELR AR OSB3, 358 T 10kVA
U MMC SEBRENL, SEU0 48 BT T FF S E ) S0 1 T AT
M

SRR B RO T RS L % T
A R R

0 38

RN R R B A A R e
(modular multilevel converter, MMC)LAk!M, %4
FNEH T E A R R D B
DA S 3E F AN [ H s B Dh 26 S5 0 S50 R, FE HLHILEK
#1H E E B % B (high voltage direct current
transmission, HVDC)P20%17 452 32 i

FAT, #1x MMC i) 3 2R H S5 S0P
~F- A% i 25 A [ R 22 L H i S Az i), A B AR
T 2% ke s OO, s ) D A BRI T
N R, RAE HL N RS KERR TR ARG
o HYE, MMC Sl sk G & Ik e A4 e 7y
B, TlRMOUT iRm0 ok, AR
AR R AR R A S MMC Z R Z BRI, A2
MBI ERTSE, [TRNTITHEF B
miEd et =, BT MMC AR TR IE
F¥ PRI T3, A A B B R Oy 7
IS INAE Ry (4R AT 45 1 e (5] 22 4] ) A0 22 e A 000 4100 i
ZUPBL T MMC W Hh B I R IR TE = AR )
ATy, IR T RIE I poxe s,



%1

AN H R = AR XS RR S i A T B2
MA MMC E B, ARG R
i) 0L PRIk, AR R R AR R DR,
K HAE GAS I R s ], AR G 2 AR

Ao

Shr b, MMC BV LA & A8 i . B
TBESE FRL DA S N BB IRLAE N I BT LS B, A
T 38 2 S M R LA T DASE IS LI AL . LA BE
28 B AR P BRI I = T SCHR[I8]1A T
FETHFE RIS ) MMC 2255080, Hizix
1) S B LE FL ) FL s AN FR B 23 HY B MIMLC 19X = AH
HLRAN AT . SCHR[19132 HOKE MY r i il T
WA LR AN R 0, 5 T BR A NG D) — Aot
31, I K L A5 i iR 5 i #% (proportional resonant
controller, PR controller) s FH T-Hr /& i . 48
1M, 436 B AR T R RA Dk shin, & S8
AW EFEAKIFR, 51K H s B iR s 1),
1M Ho2> B MMC MR H IR S 73 K )t e A1
HER[19] T R T 5L, R hsRinss R, EHAE
SCHR[20]H$2 H 7 H X H R AN O RR TR 2 T A
FE LA i B PR A MIMC 438 i) i (R T FE A 78 4
HARZ e as R .

AT HL O L AN AR 0L, $ H— AT
MRS FELIA EL B3 1) 1 MIMIC B3 M & 45 42 ol SRS
RIS R A A, 8T SRR B R T
HIE MMC = AMME 2T, Rei8 e s N HEA
YRR LR SEHL MMC P —AH FEL P mT7EMF
EHRAE AT FRAG DL N SCEUM R F A L R T . SR
MR FE B ), R SEI =P . =7
B2 e T o O o Yad K 2 S S N S
TN EE A = P AN H 2% . SCIR IR UE T BT SR
TG P PTAT PRI 2k

1 MMC IhESHT

Kl 1 A= MMC K. Ed, MMC
FAHAE B TR BAE BN A TS
HUR L SR BRI R, BRI N A uge
g 73 BAASHLMAR FL AR s Ugs g 23BN ELIR
BEZE R AL Upks U 700008 X AH B R i
TR ks I 20008 XA By R HLIRL

T MMC SR HUE L A, 1 B
HL A M e — B RE o, DRI 2 A7 R R e B
R DIDZEIS, MR R s 2 i e 2 A S
EFECRNEE, DI SIS A Th DA B AT 4

BRAC A FRL I FE R ANKERR 000 R A A 22 B ST 480 85 42 il SR 259
TR i — * ¢ h
. S EY [ sm | [ sm |
| I u ’ T T
Ic H P H H
i o [ s™ | [sM| [sm] Ug/2
! 1
Enil L
‘-—-u—sﬂ—--'is A i A i i
p
Ugp i v

ina inb i
b nc

L L L

[s™m] [s™M] [sM] Uy2
T T
]
M
|

SM
|L|I:V

1 Z#AMMC £HE
Fig. 1 Structure of three-phase MMC
AR Y5 HEHISFNS, IR RS E A
IR &, 3B x A B MMC 3047 D27 Hr .
RASTEOL T, ST R L s, TR
it 11 R s 55 252 AT 0 R 950 R I B L AL B 2k H 1 22 [
AN K A

u, ~U,/2-ug
{unxzud/2+uSX

(1)

B UL s o 200901 P ASCIT R 20 AR (L EK(2))
ARG @)

{M=QKHM+Q” o

inx = isn>< - Idx - icir_x

Q:%+m:%+% 3)
Iy =14 + 1 + 14 4)

ﬁl:'j: ispx\ isnx %%Uﬂ‘jii}ﬁm”%‘bﬁﬁiﬁ\i Idx y‘jﬁi}ﬁ
R s e x ST o
EEJF“‘: ist\ isnx\ Idxﬂén icirﬁX%E‘Fﬁ3

ﬂUi dt=0

d’spx

[} Uit =0

[ Uiy, it =0 (5)

T .
_[0 usxlcir_xdt =0

[ uylydt=0

B4 385 Pt o f e 8 BT 5
Py = Pio+ P+ Py ©6)

X dex
s Py ST IR DI s Py N EIR
BT INNF: Ppe P A5 L. FHRE#
TR D)%, AZW YR A N T



260 ST £ N =< 1 R B =3

%38 4%

KA R RS, W

| L et . .
P :?J'O Ui, dt :?IO Uy, (i + i )it

sX

1 tUy. 1etUg.
= Id—?LzﬂﬂL- (7)

dex ?0 ) pX

1,7
?Lugﬁm

| B S 1 ,7U
aﬂz—?juu d:——jifu@H

0 pPxpx T Jo

1em .
? IO st'spxdt
17 1.7U ®
_ 1 Pt —— [ 24
%—TLU|dL-TL2IwH

nx nx

SX'snX

TLJ‘OTU i dt
1.1 AMiEHIE R
Zhg MMC H & asfF4ike, /p
P,=P,~0 9)
BERS, HE(7)s (8)FT AT, MMC M HL IR I 1)
HIThR S5 R ER LA IR B
KAV =ZMIEAER RN

| S 1,7
Psa = Pd :?J.o Usalsadt :?J.O Udldadt

et LT
Po = Py :? 0 Ul dt =?j0 Uglgpdt  (10)

Psc:Pd

CC

Lero. LT
:?L%ﬁm:?LWUﬂ

2 e X = R AR RR A, JE R (10)nT BATS
FI MMC B0 1y 95 ol 1) 77 5%
111 HTER 1

540F BLIR BEZR FHIRAE MMC = AH M 18] 351685 4
Bio, B lg=la=la=l/3, AT TR i o s
KRR BRI HTUT

BT lga=lag=le, RHIE(10)ATHES =AH Th
R LU R R

P =P, =P

dca dcb dcc
| I . 1,7 . | Y .
?J‘O Ui, dt :?J‘O Uy i, dt :?J‘O u i dt  (11)

A AT, HT AR Uy Ugps Use AXT
FR, SR i g isc HAAIRASKIFR . 24 HL KA
SRR VSRR = imalll ECl RS i o g = Vi A ]|
RrsE. B, 23607 ZAGE T N R A
XPRR Tt SCHR 18] 4 il BLARL S st Ab AHABL o
1.12 TR 2

PRUEAS VL LU LD Tgan Tgon Toe XTAR,  AHRLTA

:>Psa=Psb=Psc:>

T BB FRIRAE MMC = AHBRE (] i 20 BE, it
Ly # Dy # 1y o EAARSHTUITR
AR i iy Ise NZAXTFR, AR TR
THLE Ugan Ugps Use AXTFR, MMC ZAHME A AZ IR
HLJEIR S A DY D) 2 22 A A, NI AT45-:
Pa#Py#P =P,

dca

#P #P. =

dcc
1T 1T 1T
?LUJﬁm¢?LUJ%m¢?LUJ“m:

Lo # lap # D (12)

HY(12) T 0, 38 T R B B AR (BN T )
£ MMC =AM & [RI 20C, AT ORUEAZ SO L i =
FHXTFR o 1242 i 7 225 FH T R DX R o R ARTAS X R
T
113 #8075 1 5775 2 B EL o #r

D B HEXSRRI, #6107 2 T =
AT SRR, AR T R R

Pa=PFo =P = Pii =Picr =Picc =

dca dce
1,1 1,1 1,7
?Lugwmz?kugﬁmz?kugwm:
Ida=|db=|dc=|d/3 (13)

ZR R AWHEFRE L. (13)RTEBR M H
FEXSFRI, $E107 % 1 507 R 2 3

2) WM AR, 7% 2 AT
75 % VAW OFHIT% 2 TR RS
P LR = AR RR ;. @FATT R 2 ARBL T
Ao A HL X R I R R BN, AT T 5 1 e 1)
ATy i =AIERERSR, N 7 A A f 2h
RER . Besh, BT 2EAR R S R T B 5
B = L R FL R IR K ()20 BT, % BT R 2
ANFPERTT SR 1 A R R ) E RS, A
RN R IR AT, RIITF R AT
1.2 EHIEERYEN

M) TR, FEEREHIE Ug AERE O
N B R R T I B lee FTHEEE
TR ARAEIAT DD Pae T i P VA D) &
R R AZ AL HL R L AT DD Py

HA @) AL, B IS TR A D)
GBI, 2105 AR, 22 B hlE
px A1 gy FH 2, RIVEREAR ] 1ax B s e I AZI
By, Y b, SRE A DIThE, Bk
. THERRA R, HEE L. PTHES
PHEFER BEAAEZ I, FfE by TP g —
A5 AR R I A R A RO 52 iR D B )
Aigp, Bl



%1

WO S HL R HL S AN PR T 00 AR A 22 P AR g s i S 261

Ler o0 LT .
pr_an =?J‘O usx(lspx_lsnx)dtz?jo usxAlsdet (14)

BRI, AZSMHIRAE B RV A 2
gy = (i + Alp) /2
{hfqm—mmyz
b B TR R A e RS, LA
M 1A TR D (] R A R P AT R A, it
HI SR A MO 257 ORI Th AR 1 ik SE L L A
Jis (P A4 ) o
2 MMC BRBRLEATEHIRE
ASCAEH A ARIFR O, SRR % 2
SRR MMC 5] -
21 EREEZBEES
EIERFLRNL g 25 MMC HfiEHZEH
oAb i =AM E 10 B BE HLRL (2 U
X(16)), FHHIAEEWE 2 fix. Ed, U NER
B ESH A
lot=15"/3 (16)
e 18O BB R R S 150
x FHRE IS5 5 T I ELIR D -

| ref ctr et
i Us Ly o1 15
i L B
s E 3

iU

(15)

El2 EiRtHkEEIEE
Fig. 2 DC bus voltage control
2.2 MMC HrERABEES
M P R 2 1R 2 TR 1) 5 0 S B
1) BB — AP 2 R (P
BRI H R A B PE R R
HECF MBS EES AL, Wi IH) i L, 12
HIHEE AIE 3 fioR. Bl USORFAEE 2 B
Z7Al: U, o~ x AN TR A i P M
15 N x ARSI TR S % 1H .

f ct
— -l
>

UCX

\ 4

3 —HEREBRAREEES

Fig. 3 Average voltage control of a leg
M L1 a0 58 1 AR el s, s H R
AXIFRIS, HT =AMV B BB, 25
=S TMNA D e AN . 75 2 koA
AL, OSSN D IR AR RR, 7 R B

BELR IALYE DR P 1 S o AR 2 3 w4
PO RS 2 B S VO A FR AL A
a5,
5 = (5 + 150 + 153 /3 (17)
GRJR U LR R PLAE AT B [
e, B
UsN
Ud
WY A 2 £ 5 o 0 LR R AR A
15 =15 +A1E (19)
SEURA R FRAERIRE R AN 4 B

ctrl _ ctrl ctrl
AIdX - (IsP - IsXP) :

(18)

SEH | pp
HR —
Friz

ctrl
l Isl’

B4 2R FRiEs]
Fig. 4 AC-side current balancing control
2) BN I A R R R
AR H R AEA A S -7 L
IHVE AR, JEI T Alge S, FEHIHE R a0
s fis. ERO,, . O, 2808 x Ak, FHFE
TR R A R T A

n ctrl
U Al o
1
+

U cnx

E5 . THEBRRBEHEITE
Fig. 5 Average voltage control between
the upper and the lower arms

3) RN TR A L Rl 4%

ZJE P AR AL E AR AR R
HLUS IR BT AN SR R P, M AR
RN T O Fgeals e NS

Ad,, +Ad,, +...+ Ad,  , +Ad, =0 (20)

FEHHERWE 6 FR. BEIH: Upm N TR
P2 LR AL s i PR L s L PR FELTRIRAEL 5 /1
M R A o
2.3 TGS

MR E1, ¥ b FHFE D RBFEAEZE
S, FTEIAREERR P B BT,
= HAME 2 (B DR AR, 2B A =
AV R R, AAAERT - () (4)FI(15)



262 ik L S - %38 %

AL ZEFES SRABRE . AHEESE 2.4 FERM MMC GRE15H R
Feefiit, Wk E P RN A i 7 B R LU0 B 2 P T 1 R R o LR A
BT x M L B RS EE 520N

sref _ sref sref ref | rref
{l =l 05150 + 1 +1

pX spxP cir_x

sref _ sref sref ref s ref
I = lgoep 105050 — g —1

e2y)

nx cir X

[€1-]
'_é
’ y

A il NACTRME i HIO BT IS % i,
ARSI LS s R 2%, &y, =07
SEPLA = RN R ], T T R
Bl6 TR RaERBEH TEIMEEEs 0l i NS R R R

| ~ 7]
. . . . ; P P
Fig. 6 Fine-tuning control of capacitors of an arm P o

THHE RS AR D

[<I-]

— Ly HERA7) AT, TR i 52 = AR,
AT SRR I e o 5 R A T
| i HIRHOBI 52, 22 0, Bl MMC 258 715
WEINIE 8 B, Lo, HRRY LR 2L SCHR18]
e & gi i VeI

3 LIRS

B7 ERFERAHE SEHG I

Fig. 7 Zero-sequence current canceller K 9 MFTHS AN = A0 “I5 55157 MMC S2Bo ke
Hlo 37500 0330 A5 () 249 5% FF) = KA A% T 98 5 o [ [

™

- FHH
Thra | e [ i | Al D e R
S R ] 3\ ~
pxi
5 ] X g
°E B
T " ctrl lepw +y ctr
BB lg U, + 0 1| L
HE % ) U, 3 2 g
€ UL
B FHR g | Al N o s s SRR )
iR B S - Ad,
+
o JPLC s, | i ) Ao +7 X Ao
i — [
3 H

8 ESRM MMC &5 50
Fig. 8 Control scheme for MMC
DB, Heh I AR, 5 Y/Y .

AL Y/Y AR A MMC 1E i m 347 525
BB AN . SEI B S H R 1 Fis.
N T R B D, AR STV R R 7 S
Bl 10 Fros. IR TOLT, a MHALUE Gy b ANt
MR R e TR Ay R TOL T, AL
o a HHAR A — IRITE G, Ab B A%

1) S5 T 1 M RXRR LA, Bk
il SRS B S AERASTERE . A IR 50%%0 € 1H,
A0 v TET L 50%30 e BT D I 2] 50%%0

9 =# “iEE MMC SSIREEM ERMETLI AR . B 11 S TEmes R, K
Fig. 9 There-phase back-to-back MMC prototype Kl 11(a) W B RFZR R Ug A=A 52 L L AT T 5




WA FL O H IS AN AR 0 AR A 22 1728 Jhe a4 ) S 263

x1 BELIESH
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The modular multilevel converter (MMC) is
suitable for medium/high voltage applications, such as
high-power motor drives, and high voltage direct current
transmission (HVDC). However, when conventional
ac-side current feedback control is applied under
unbalanced grid condition, the comprehensive control of
MMC is rather complicated.

In this paper, an MMC control strategy based on
arm current control under unbalanced grid condition is
proposed. This control strategy can greatly simplify the
MMC control under unbalanced grid condition.

In MMC, the active power absorbed from ac-grid
and output to dc bus by MMC should be equivalent.
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Under unbalanced grid condition, ac-grid voltage
will be asymmetrical. In this paper, iy, i, I are
controlled to be symmetrical, whereas lg, # lgp # lgec.
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To realize the control, the AC-side current

balancing controller is proposed, as shown in Fig.1.
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Fig. 1 AC-side current balancing control
Fig. 2(a) shows that ac-side currents are controlled
to be symmetrical under unbalanced grid condition.

Since dc bus voltage does not contain ac fluctuation, it
also shows a good effect of the zero-sequence current
canceller. Fig. 2(b) shows the upper arm currents of three
phases and the upper arm output voltage of phase c. The
peak-to-peak values of three-phase currents are almost
the same, whereas the dc components of three phases are
different. The DC current components of phase b and ¢
are almost the same, while that of phase a is apparently
smaller than those of phase b and c. This is in accordance
with (2).
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Fig. 2 Experimental results with the proposed control strategy
under unbalanced grid condition

In this control strategy, ac-side current is controlled
to be symmetrical by adjusting active power distribution
among three legs; the adoption of arm current control
removes the need for the three-sequence ac-side current
controllers and the three-sequence circulating current
suppressing controllers; by adding zero-sequence current
cancellers in arm current reference, the zero-sequence
fundamental frequency current which is caused by the
asymmetrical arm power losses and will flow to the

dc-link is eliminated.



