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Abstract: Medium and high voltage direct current (DC) transformer is one of the key equipments for DC collection of new energy
generation and voltage conversion in DC transmission and distribution system. Modular multilevel DC transformer (MMDCT) has
high modularity and strong voltage expansion ability, which is the mainstream technical solution of high voltage and high power DC
energy conversion, showing a rapid development trend. The typical application scenarios of medium and high voltage DC transform-
ers are summarized, and then the typical topology of MMDCT is summarized. On this basis, the key technical problems of MMDCT
such as modulation strategy, capacitor voltage balancing control method, circulating current suppression strategy, power control
scheme, prototype and application, are analyzed and summarized. Finally, the development trends of MMDCT in the future are
prospected, and the multi-functional roles and the multi-direction technical challenges of MMDCT in the future DC power grid are
summarized.
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Fig. 1 Offshore windfarm DC collection schemes
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Fig. 2 DC system interconnection in the future DC grid

— ——— R I——
i [smi] [smi]i i[sm1] [smi] i HBSM
2] [smz  [smz] [sm2] |
P T R ¢
L swy] [smv] [SMn] [Swn] i
] ; i ﬂ
SM
i [smi] [smi]i  ismi] [swmi]
E | : | i
i [sm2] [sm2]i i[sm2] [sm2] i—[ CT
P AR IR 4
. [sMy] [SMN]  [SMa] [SMa] i FBSM
. E £ e R e e

E3 MMCZ MMDCT
Fig. 3 MMC-based MMDCT

MMDCT Y TAE R P55 0CA P54 2 (dual active
bridge, DAB)ZZHas2SMBl, Py A HL HoAH £ Fij b
T 5 8 g Ul SR 1) — 000 ) O S — 0, 08l
VR i L RS 18R 1 22 R 1L {8 T A2 1) B 232 %) SR /N A
UL, RlG T DAB AR g A7 R S A T e g i g
710 MMC i 35 1 4 48 A R0 B3 i) SM 3 ok 4 4%
SEU RIS, SMUE Ry 2E A L8 (half bridge
SM, HBSM) #{ 4 #f + #&& B (full bridge SM,
FBSM), HBSM AJ DL i & o flIE HL %, FBSM
A L fUB R . ARl MMC, MMDCT Ay
UL PRI, AN IESEYE, ] DU IE
P HRL P =

TEML I KRR, HVDC i R 4550 3 2% R is
AT, X B AR Fe A% 1 58 i s s AT i i T
Ko HULIEAY DAB A8 45 L FL T U5 AU DAB A5 4 2%



Hi2

FrA, AR AL 2 P B R R B AR PR AR N S 4 i £k 35

HA SR ARG, RN, SCHk[22-23 ]
1 MMDCT H75 Hp (168 57 L JERAG DA R A LR R A 7
fitfe, AR SR EAE T AMES], A e R A AR
i, E LU TR 2R H R R A AR A B AR R R DR A
Ap, PRUE T AR L AR AL FUCEOIR A, e T
MMDCT Wia 17803 . SR, FLD)33n 5 £ 6E T
55 13 T H R R AR B 2% 1 MMIDCT

MMC % MMDCT 3k H T WA~ K4 2 1 MMC,
SM R AL 50 %, PRFURIE RAER K, B T H
FE X AR R SR SURR A 1 b7 5 S5 400 I
2.2 HEREAZMMDCT

EFRACABMERMEE, —S2ER T
IR G AIMMDCT, /¥ 7 HEKSMIFSIAT
SSA, FEAK T IF AR 2 5 . SCik[ 24 148
T 3T B A B 508 R e U A% (alternate arm
converter, AAC)MMDCT, & FBSM A1
SSA HEEZH AL, HRECAY FBSM N HEIEHLEL, W& 4
Jii7~ o AAC B MMDCT 54 I N #7545 B AR T
AN, 1B T MMC R R IR B, A5 3%
T IR B A i, B T RSN RE; A
AT B % T LA S PR SSA B R A SC T, ik T
SRR AAC R T A B R
fig J1 0 FBSM, {H & i 75 FF 5C #% 14 /& HBSM 1Y PR
5, AHIT MMDCT TR % 5 3 5

T B
svi| [smi] (

i L LA
[smV] |SMN|§ [smn ] |SMn|§%

s

SM1 SM1
[swi] [sv]  {smn] [swin]
"""""" AACaac

4 AACEMMDCT
Fig. 4 Alternate arm converter based MMDCT

SCHR[26 J4 T 2T o Y 22 f - B i A
(transition arm multilevel converter, TAMC) [
MMDCT, A i # BE Y SM % SSA 1AL, SSA
AT RARIB T B R s AR, BRI SMoR R TR

B, WE SR, TAMC L MMC 4 T 29 12%
() TF AR, s s O SM 2% 5 Ha g%k v] LA
SRR R TR, T IIA T SSA, Hr i SM
HL AR B D — 2P I HLZE AR AR A 1 L 8Lk
JEHE /N, SR, TAMC 1) SSA BT B G W, 7575
RSN R

- -
- [smi] |SM1|§ [smi] [5mi] P
: é : Y
Do [sm2]  [smz2]: {sm2 | |SM2|%E
: ! P i ! H
[smMy] [smn ] [ SMn| [sMn]
""""" TAMC  TAMC

E5 TAMCZ MMDCT
Fig. 5 Transition arm multilevel converter based MMDCT

AHE T MMC % MMDCT, 3T AAC Hl TAMC
(1) MMDCT FF G #5145 R 28 B0 A BTG, (HU2:
FRAFR USSR EL o
2.3 HEREEMMDCT

FERAH HAF AR b, BRSO R 2
BRI ST, 7E BT B H 25 25 AR S
HL R T AR 22 SRR 52800, 2 0 SR AE L
IESE A R B A LA A%, AT DA 28 T A5 51
PRARIE L, % — AR, SCEk[27 iR T —
Fh IR A B MMDCT, 441 i 88 5 () SM AT SSA
PR HAF IR AL AL, HRERN SM o BIE %, T
YERFAIA B 22120 ©, W 6 i . FERIR &/
MMDCT f9 ¥ 3¢ 25 14 B0 i FAif e L 75 7% o o & B
%, b TR A

B 25 7 MMDCT H A5 i A MR 4y, BAF7E
DC/AC #1 AC/DC W 2% Hi g 28 46, v 8] 52 it 9 7 22
rhp B S A8 R 2% . MMDCT Y, HLZS H H RS FR
() S, R4 % MMDCT i F A% T H %%
B, HAREMYREE MBI RA, H5T
WAZ AL g A LUA AN BA B AL, Ak, K%
SIS R AR XERE K, TERE AR . 4L 2R
PG HAFTEVF 2 H AR MERE, BRI T MMDCT K



36 FEITRMEEA

919 %

6 FHFECESEMMDCT
Fig. 6 Parallel hybrid MMDCT

T B
3 MMDCTHiE1TiE &l

MMDCT iz 17 4 il 5 i £ ZAL G . 3R
W FELA R IR O L A I A0 SR R T
R AR 4
3.1 AFIRES

MMDCT F) ¥ il 2 48 Q] 5% 1) SM o 18 31 # [7]
LT, BT MMC 5 22 1 58 6 5 X n] 43
A ik o s 2 8 ) (pulse width modulation, PWM) Al
B 6 5 8 1 R . PWML IR R B A AR % RS A
PWM ¥ 1| (carrier phase shifted PWM, CPS-PWM)
A # ) JZ & PWM il (phase disposition PWM,
PDPWM ) %55 B e i il 3 224 foe e i P2 3w oA
#il (nearest level modulation, NLM), PWM i JF %
ARG i3 TS T AR, (HJE A R BT IR
PEO . NLM 76 SM %5 2 B i e vk B, 421
B AR R HE T A R I AT S O IR A
15, f5k i T ik SMBE e L Se B TR AR A
MMDCT H1, 289 B R B4 % 4 500 Hz~1 kHz, #
FELZE MMC g il =, R ORBRA IR 5w,
KT SRR 2™ FE 4 MMDCT R 1 T850%

J T FEAEMMDCT iz 17 (e A8, — kg
BT T HAVR G vk, TSR A T 28 P I i
U 220 e i = A R L I A
AW RS, s 7 s . BT g ~gy AR
o7 ] ] SR e A R SR BN 155

{4F MMDCT [f]—#8 th &1~ SM 3K 815 5 1Y
Hi 25 R S50 %, B AH S wIN(N B E o SM
A ), fE SMEUR R 2 ENL T, AR IIE
SRR = A R A 1 28 LUK B S S

AN 7() s . =M AEf R, AHET
BN SM RS A £, AH = IR AR A
BUEECR, SR FEL . R, REER—
MR th B SM KB5S 1 5 25 ol 50 %, it —
FERPATE A SM M, & AIEIE AT LLE
AL EBZYE Y, RN R 5 s T A 58 NLM
W IE LI T, ORI HEA0 . 1 5% %

EES U R R A, (R DRE R I 2%
e AR R, BAh, = AP E R E 5% 0%
il T SM BRI S A XESE B

»
>

N

(b) 1E5% Ik il

4

(a) =AU

[\ j —— BHA -
)[' ||I ’ g“t l_l 2m
2n

(c) MEMIHL P (d) 5528 LEAR B E
E7 MMDCT i i i 72
Fig. 7 Modulated waveform of MMDCT

e us DAB 75 4 25 o 9 e ST 9 o R AL, o
MMC 52 i Wi H 0 H 7 i 4 AN A 8 45 A f SML5E
REARAE, TR IRUAIL 7RSO AT LA B
SERORT, BRI, 7 R SR S B 4 b T AR R
VA TG dv/dr, 4 PSR B A8 TR RS I e 5 SR T I
SRV 05 3 AR T 200 R T, LAY P 52
o AR e o O ST 4 ST 0 0 1L
R T U R R T P R A BB, A A IR 22
T B A dv/de P o TR ST A i £
Pk DINRALHIRE 130 2)00FE A AU BE B [
T A SMABA L BIER S KR/, R
o i JERRT SML L 28 5 BEFREAIG s 3) SMLER AR T
ST, SR, BRSSO S UGB LR
SRR IS T, R T R
7%, BRI IR SR s MEPTHEEh Y
BRI T eP S R R L AR
BAR A A%, R TIT AR ARG o 79 L, SP- 0 h e  Z  ] 4
G, AT LA B R e B R T AR T R
AR S, e e L S S A (T R L 2
Pb, e FRRE b AT LUOR v 795 o - 0 3 D



Hi2

FE, A BLRAL 2 RSP R i T LR

JEgedndh SEEilsiik 37

AU EE R A A TR . S T R T
PR FEF- ) B R B A i R O, SCHER(32 14
TR RS AR R R i, DR B P TR R A
([ el 1 B B H A I RE ), AR, HIF
%ﬁ%%ﬁ?ﬁﬁﬁ%ﬁ$,ﬁiﬁ%ﬁﬁﬁm,
BOF A ELL S, Ah, WA EERN T

Hi 25 LY BRI Ok, HE %ASM%¥ﬁ£

H A 50 %> 2 e L S 3 ) £ 7 D R A e i
J1 BT SRR s v A AR A 7 1 A B

W ZREAR A TR 2 e
AR FRHr, 21845 T MMDCT Hh 56454
e B TEBE He g .
£1 MMDCTHiF#$l ik 1Ese b

Tab. 1 Performance comparison of modulation methods for

MMDCT

Al SR ESKE R A
SIS e ) 55 54 TR
JILIJJE {:S R =]
RER/ AR RIPEE B {:S =] R
P FEE IR i [ i
W 25 A2 T R R i o dlis [
TSR LN g PN /I =/
BIF RS A A B
SM HL A A it ] 5] fix

3.2 HAFHEEHEZEH

£ MMDCT W B:A~a 17 W, SMIK3 {55
1) 2% 5 5 350 SMHL 25 F0 i B Rt A — B, 1T R
T SM AR RS, ARG IER 817
114 XU o

MMDCT H ¥4 25 L R EZA IR % 4R
PN s WIS R o RS A AR (R 3
R T LASE I, BRAR T s 2, HE
B H RN T A R DI AERATR . ARE 3. 1
AT, FEAT ) 5 5 1S P MMDCT, A
SC A BB R ) T AR AR T

SCHRL17, 41145 HAE MMDCT 265 SM $# i —
SN P e 5e48Y), A AT LS EE SM ) FEL 2 Ha R 44
XA BRI, Bk E R ER, 5 T,
H%ESM S5 ER | KEh{F S LR, SMAEZK
FL A LA S B4 4

JER5E 197 MMDCT #93K 3h 15 5 B i
TIIT M43 RS, — R4S AR SR,

B> I R 25 A, WE 8 k. Bk, MMC
PR LA R IR 7 I ) PR R R I AR 5 AN IR
FHF A58 ] B MMDCT ., i F [5]— 75 A N~ 3K
HE 5 7E SM LA b= A (W L fef AR fb & 22 FR 0,
PR SR A4 SMUFE N A3z 47 JR IR o] LA I 3 4
1 N A IR B 55 T AR M A L Sk
(21 JAR G Bk AR, AR I — AN s A7 R 9

Ja— DB T B S A SM, A AR S {55
Y 73 B 25 55 2—N A~ SM, A R T A

JE, SR A kB IREE — AW EifES, SME
HEFFE, SBEERIER A, BRSEZ
AR E S W X UK (5 S AE SM L b7 A 1
HL S AL R HEA T, T LU AR AR SM L 2 4
WAL IR L MRS S 70 SM LA b7 A L
A5 i FSMHL 75 HL R 43 BT HERR . SRS BRI 4
e 9K S 15 5, AT LA HE— 2B FR IR SM L 2R 80
FEP SR B R SUHE v, s R P ]
9fiR. Ko . V,—V, HSMHEEHE; V., N

— W SMELA R ; AV, SM B4 RSk ;
g\ —gh N WHEF B B IR S E S .
1
8 | |
0 H [ 2n
; AQ, H
fm/f/\\\\ e
0 / \/Zr
Lok ;
0 2

B8 —NEFERETHENENES

Fig. 8 A drive signal with positive voltage difference

IR IR a1
SMI P

L2 H R AR fIG
SMI T

AV Vo Ve
UK E

F R AL e i

S Y NS el o=
LRI | z

A L

s || | EHHEHTS

B9 XHEFERABEHERENIER
Fig. 9 Block diagram of double-sorting capacitor voltage
balance strategy



38 FEITRMEEA

919 %

SCHR(39, 43 [958 HHEATE 6 770 F 98l 5 518
SM HEL 7 ™ A 1 L iy 728 A e Bt RS AR A A9 3 KT
BEAIG, IR ASOXT SMLHRL 2 F T P ] L2 -5 XU
Pk RIRERORICR (2 SCHR 44 148 1124 Vi (n V) (V,
Vo) UNERTRS = AN S A I A A AL
N E LR R KT 110, X AE A BT,
ity 2 BT XS5 57 SM LA HUE B AR R g,
A A, AR S AN B I R 2 At AN ik
A8, ALTHT AT — U

VAL P Bk R T S, SCHk[45 138
Hi T2 R A T S R BUHE e H 2 T A R
W&o Ry 1 S UL JRE 7 FEATUIA ] R A TR X A OR
W EAF R, R 20 HAET TIEAL, RPA ToRTFC
JE 3

F2 EMATTRARENERBERR
Tab. 2 Characteristics of capacitor voltage balance strategy
with fundamental frequency modulation

Jr i FOREE OO BRI 22530k

Fe A fi&- K++ ZJNT, [17,41]
BlES LIS K+ NT, [21]
EAERE N fix PN NT, [39]

WG = N NT, [42]
LA LU AR (= /- AT, [39,43]
MR [=Ras N AT, [33-34]

et SHE i+ = AT, [44]

3.3 IR

MMDCT H', &4~ ia47 B b3 4 il B
B R BS A SMA AR Z], X, MMDCT Hr4s i
PR PR . PRSI T MMDCT JF 56 48 14 1 5
FE. B A EME TN S

H AT MMDCT [ PR3 410 il S ] o3 s
PRy B o Tk S A Y AR P R B
FEVFE L IG TR IR, SRR S A R G 1K
FURIBRAS o B0 v 32 22 02 45 38 o 5 o) 590 0 400 11
Wit o

TESZPEHTIT , K RS B 2 2% H R S A
TAEMTREE 15 R AP 1 R A5 28T 10 2 25 L R
AL PR o LA A P BRI O v s A
WRT dg Hebs 2T 1 EL AR 2 45 R abe AR BR R R
[y AR 2 2

HEW L SEE SR R, FaSi MMDCT &A1 —
B SMAeTHEA, —ERN SM Ak, B

TALAE SM AR YNGR B W3l , MO PR 3 9 A T
AR RS B A R TR A SM %
N5 IRV AEAE T B4, LA B bt 14 ]
FERFASIBAT R P o5 HOARAR . 7 = A D R IE B
T, 4 4y B IR AR 1R R R AR SMAR A
PR AL SO ] Y . B, o TR R R
PR HG = R E BRI R AR 22

X7 PR EEL PR = A D I R s MMIDCT 1Y
PRS0 ) B R A ST . T e R IR R AR e B 1Y
MMDCT 38 i 75 525 Foal DA B R il B B2 v
DA S I8 113 57 0 A
3.4 IhE/EEEH

H Bl MMDCT i) Zh /8, J5 £ 6 SR g £ 8 A
Wil

D) B TEF] : —RAS e sl 1 0 v 306 7
WS, LRSI FE A AR, RS e
3T TR N BT o S — T AR PR
L PR R4 R S PR B, R A e £ 2R
15 MMC % 3% 2 AR IR A R 7, sy () 2
AR EREHRAE W 10 R . F10H: Ve Vit
G350 — VR A e, 06 {1 10 22 2% (1 5 S )
fl; m A—WMPERE; PL Q. VL, AP, Q. V,,
Sy TS TET IR AN RES (
SRR Voo i, My i, 5090000 Z0kflld. g
Bl L 0 2 (RS BRINEHE Ve, V250 d
g 0 RAINL; Vi, UM %

)R AREE I 1 P9 MMDCT HOBAs R 25 T
TP S5 VAL P 22 T £ £ 22 158 1T LA % 3 3
(K /INFIT 1] . REARE I JE s AL b s s FAH , i
R, IR

B R0 5 U L LA — AN SN AR A B 2R RS AR
H5 T52, J2HRETMMDCT H )32 % FH 1y ol 245
T S § NPTIE e ) g R S e
52T A HIEH T MMDCT BOSC2 R | i 28
T4 T TH SN . T 2R AR i 1 0 3y
SV FE P A R A0 P 11 %, LR RS He N SE
VAL HL TR 110 5 415 2 984 MMDCT IR i 5 A4~ | 1
BT B B LA, S VR F S A I L
BEE NHE A, IR H A IE— 1 1 P
B, BT DOBSAREL: VORIV AR R
BTN I

SRS ARRE B RS0 54T, (EAR AN R AR AR L



B2 M FrA, AR AL 2 P B R R B AR PR AR N S 4 i £k 39

- Feo LN, BTSRRI NS AR AR A, XGE
Wsaz 5. oL A AR ] A 18] 8 Dy 3R A2 i 7 1) G o 2 4 ) 2%
L

SRR RN, 5 TSI, SR, TR
2R S5 B R EH P A EL R 14 15 28 LR AR TE T 2
e, WA PO R, AR LR DS OIRAS T
e SUCHURA T A AT SR B 22

4 MMDCTHISLHHNSMA

FIRT, P2 75 MMDCT b 7 FH 5 514
A, MR RN RSN 3 s o Horp
MMC %! MMDCT #F 58 8 A TR A, AE B R |
ABB SFSG W] T SCIAEAL, NI R RO R
FRGLE IR OB RE IR T AR T R e 4
MMDCT HA7 ELi b B f 2 ah e =, 14 T

B0 E e 5 Eﬁ%%%ﬁ%ﬁ,ﬁui%ﬁ%%,ﬁgéﬁﬁ
Fig. 10 Block diagram of DC transformation power/voltage $>97' 5% o
control AR R R, 5B MMDCT # D 5E
BUHLACRRAS . LR DT ALt SR AR 5 DD RE .
REVR 1 T 3 s HVDC fi HL 2R 48 Ik o R 2 A7 I
FET L IR R AR e i) MMIDCT RERSAR b b 248 47
JEAE HDC L™ 3R 4 % MMDCT 76— & B2 B I
I T BEEAS, (R i R 2

B [ A A IHT RE TR F e LA 0 A i P, T
AR S TS 1 LA B AR OGS B AN TR A, MMDCT £
SRR KU I H]

5 H#RS5RE

(b) ZIRAUXL A R4 il

RS < L R AN Ak 1 E bR B N 3
A ERTF A 220, AT LA st 7E 2 AR 1 SL A
R T R SR R AR LRI, AR R
a3 80— A AL 9 0 4 A R B 2 e P X
(] R TR A AR 0 T R 2R i — A4
[7] A B A 3 119 XU TR B AR 4 o R R B R
7] A RS AH A B = SRR il Ak A A
i, T AR I A I T 2% R R ) S AT 45

P vV
P l lgrgN g8y i =Nk . Al
_»é* o [t e |- MMDCT*%EMHI%EJ\ %E?f%abjﬂ%\ 2
Vie LQH] "- Tl | | | TIBICARTER L e i He o s B ) i 4
e HIRG S R H AT MMDCT (B8 i AL T Bk 4

B ROS B = > iz B i 74 0 <

O L, FEAERBEL AR . S5

Fig. 11 Block diagram of single phase shift power/voltage *ﬁ T MMDCT ;f’ﬁ ﬂ\ 5 % %IJ :B'ij( ji ﬁ E/‘J ﬁi%ﬁ Eﬂ:ﬁ ﬁi
control B, FEALWT,

*3 HAMBAEHUZBEIRGEEERTER/NEEZHRHEN
Tab. 3 Typical downscaled prototype of modular multilevel medium and high volage DC transformer

75 SCHk ARy RN BT UAT R CINEREY S 2 R WL N5
1 (48] 2017  MMCH! 1 kHz 200 V/IOOV 250 W PR R AR B R 5
2 [23] 2018  MMCH! 40 kHz 375 V/250 V 3 kW ABB HrRe IR B ILAR e
3 (28] 2023  MMCZH!  5kHz~50kHz 200V/400V  2.67 kW ARSI HRARGH%E
4 [55] 2024  MMC#! 4 kHz 300 V/450 V 2kW R A S IR ARGk AR
5 [26] 2018  TAMCZ#! 250 Hz 300 V LkW MRl a R R 2 e 2 K HIRARG O A
6 [27] 2023 JRECIRAH 50 Hz 200 V260V 450 kW B[ BT 22 HIR ARG SHReiR il




40 FEITRMEEA

919 %

DA, HETEad SM A SSA 41 i iR &
AIMMDCT, HAG 55 0 )R % B AR A A,
B T AR Fe g AH LU AT AS B W AL A B
AR . SEE . R S5 T SR T AL
fili MMDCT %11k .

2) VA SR TR, MR ST LA T A
ABJI0E . HBER AR /N . BOF RIS 2R
P ZREF R, ARHIRR R e ZE, |
TR AT SO AL o R R RSP R R R Ak
T A SR A L SR R B Rl SRR, A
Z BRI ST

3) B A o m 7, fE Y R F R T
MMDCT ¥R Fb IE 5% 3 = M iss £, H2
5HE — s FRJE BRI T IFCFE, 4R T IF a1
) 75w, H A A SCHER i 8 A B E I R
MMDCT f4 PR 5 410 il 55 W o

4) 3R 2 T, R FH EL A A R i BEL T
) SM, I LA %30t 5 22 i 11 MMDCT e — 3t 118
B 22 48 K AL, H 9 FBSM R R Jin 1
MMDCT £ 58 A, Bk, WF I8 AR AS i 37 i
SM X} MMDCT (1) i F B A B & X . MMDCT %
AR I A s AT R R, SR R R By A5 5 )
Z—.

5) R B AR FE AR B O T, 4R %
o MR DU AR, BELSADREL. g5 EA
BORM™N, WOITE TR R M, HRTMAA % —
P TT I o A, o RSP 90 o v 1 o R g
— LN T e Ak AT R AR R SR R ERE

S

(1] B3, ZPh, W0, 55 DRSPS T S bR
WRBEFELT ] MM A, 2022, 16(2): 121 - 129.
LUO Qin, LI Dan, PAN Guangze, et al. Requirements
analysis on reliability standards for flexible DC transmission
system in China [J]. Southern Power System Technology,
2022, 16(2): 121 - 129.

(2] ) H, 2, Bt . 2 v B il S B e R [T
HE LT AR 2A 4, 2013, 33(10): 8 - 17,24,
TANG Guangfu, LUO Xiang, WEI Xiaoguang. Multi-terminal
HVDC and DC-grid technology [J]. Proceedings of the CSEE.
2013, 33(10): 8 - 17,24.

(3] feME, 2=, 2280, 45 BORACH B R G HERAR KO AR e
ZER[I]. E AL TR, 2018, 38(23): 6802 - 6813,
7115.
XIONG Xiong, JI Yu, LI Rui, et al. An overview of key
technology and demonstration application of DC distribution

(4]

(5]

(6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

and consumption system [J]. Proceedings of the CSEE. 2018,
38(23): 6802 - 6813,7115.

V)R, BN, DENE . SR AR L AR BORWES N K
KIE[I] B RZ A, 2013, 37(15): 3 - 14,

TANG Guangfu, HE Zhiyuan, PANG Hui. Research, applica-
tion and dvelopment of flexible HVDC engineering technology
[J]. Automation of Electric Power Systems, 2013, 37(15): 3
- 14.

MRAMA, ZEHAE, B, AF L kAL S EA R R 1 O AU
DA 3 M S BB 0] H IR 2023, 47(10) : 4017 -
4025.

LIN Shaobo, LI Xinnian, LEI Xiao, et al. Risk analysis and
prevention measures of operation mode transformation for
Zhangbei VSC-based DC grid[J]. Power System Technology.
2023, 47(10): 4017 - 4025.

Ao, T2, VAR, 4. JLT MMCHRHMY ) i 78 R 2
BT LRk [T]. = ML TR A4, 2022, 42(15) @ 5630 -
5649.

ZHENG Tong, WANG Kui, ZHENG Zedong, et al. Review
of power electronic transformers based on modular multilevel
converters[J]. Proceedings of the CSEE, 2022, 42(15) : 5630
- 5649.

LAEE, PR, AR, SF . VR B L R GURY s L O
PO TSR] I RG A Sk, 2024, 48(3): 150
- 158.

JIANG Chongxue, MA Xiuda, ZOU Qiang, et al. High-
frequency harmonic protection methods and engineering
practice for flexible DC transmission systems [J]. Automation
of Electric Power Systems, 2024, 48(3): 150 — 158.

AR, TR, TREME, BT URAF AL DR R R B
TR AL A sk s, 2024, 44(5): 164 - 170.

SHAO Shuai, WANG Xin, ZHANG Jianjia, et al. Voltage
balancing method for series-connected power devices based on
active clamping [J]. Electric Power Automation Equipment,
2024, 44(5): 164 - 170.

BRI, 22l R, A BUA IR A R T e i S
(V). P EAL T RE2E4R, 2021, 41(1): 288 - 298,418.
ZHAO Biao, AN Feng, SONG Qiang, et al. Development and
application of DC Transformer based on dual-active-bridge[J].
Proceedings of the CSEE, 2021, 41(1): 288 —298,418.
ORTIZ G, BIELA J, BORTIS D, et al. | Megawatt, 20 kHz,
isolated, bidirectional 12 kV to 1.2 kV DC-DC converter for
renewable energy applications [CJ//The 2010 International
Power Electronics Conference-ECCE ASIA, June 21 - 24,
2010, Sapporo, Japan. New York: IEEE, 2010: 3212 - 3219.
JOVCIC D. Step-up DC-DC converter for megawatt size ap-
plications[ J]. IET Power Electronics, 2009, 2(6): 675 — 685.
PARASTAR A, KANG Y C, SEOK J K. Multilevel modular
DC/DC power converter for high-voltage DC-connected
offshore wind energy applications [J]. IEEE Transactions on
Industrial Electronics, 2015, 62(5): 2879 — 2890.

B, skdrat, DakMg, 45 T MMC B6IR i i T I
PO 2R G B 0BT D BR A ) SR (0 ). vl ) RGeS
2023, 51(22): 145 - 154.

CHEN Xingang, ZHANG Jinjing, MA Zhipeng, et al. MMC-
based fault analysis and current-limiting control strategy for a
photovoltaic DC boost grid-connected system [J]. Power
System Protection and Control, 2023, 51(22): 145 - 154.
PR g B XK ) R T R M HOCBEEOR IR [T ], L 3



Hi2

FrA, AR AL 2 P B R R B AR PR AR N S 4 i £k 41

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

A3k, 2022, 46(21): 1 - 10.

XU Zheng. Main schemes and key technical problems for grid
integration of offshore wind farm [J]. Automation of Electric
Power Systems, 2022, 46(21): 1 - 10.

BN, PhOEEE, IS AR T MMC-PET R &R
AR Y] mOT R, 2023, 17(10): 1~ 12.
CHENG Qiming, SUN Yinghao, CHENG Yinman. Nonlinear
composite control strategy of MMC-PET under non-ideal condi-
tions[J]. Southern Power System Technology, 2023, 17(10) :
1-12.

PRI WL, BRA, Phaess, 45 Al L RSP R MMC-SST %
AR T B SR [T ], T M AR, 2024, 18(3)
129 - 137.

CHENG Qiming, CHEN Ying, SUN Yinghao, et al. Feedback
linearization sliding-mode control strategy for MMC-SST under
unbalanced power grid voltage [J]. Southern Power System
Technology, 2024, 18(3): 129 — 137.

KENZELMANN S, RUFER A, DUJIC D, et al. Isolated DC/
DC structure based on modular multilevel converter [J]. IEEE
Transactions on Power Electronics, 2015, 30(1): 89 - 98.
R, PR, BT, & — R FRLOR & R L
Z W P-4 i 7 1 15 R K 238 DC/DC A8 4 # [T]. v [ e AL T
i, 2015, 35(14): 3577 - 3585.

SUO Zhiwen, LI Gengyin, CHI Yongning, et al . A cell-
hybrid modular multilevel converter based high-voltage high-
power DC/DC converter[J]. Proceedings of the CSEE, 2015,
35(14): 3577 - 3585.

Wi, JAE, EEUM, 45 ERUARZ R 2T SAADR-PI Y
MMC 7 H, Jj L 75 i #F CCS-MPC 5 S i (3], # 7 FiL 1)
HA, 2024, 18(9): 11 -22.

YANG Hao, ZHOU lJianping, HUANG Liegang, et al. CCS-
MPC control strategy for MMC power electronic transformers
based on SAADR-PI under non-ideal conditions [J]. Southern
Power System Technology, 2024, 18(9): 11 - 22.

GOWAID I A, ADAM G P, MASSOUD A M, et al. Quasi
two-level operation of modular multilevel converter for use in a
high-power DC transformer with DC fault isolation capability
[J]. IEEE Transactions on Power Electronics, 2015, 30(1) :
108 - 123.

ZHAO B, SONG Q, LI J, et al. Modular multilevel high-
frequency-link DC transformer based on dual active phase-shift
principle for medium-voltage DC power distribution application
[J]. IEEE Transactions on Power Electronics, 2017, 32(3) :
1779 - 1791.

IMEIL, REESC, SN0, 45 . B2 2 MMC LU 28 Hedi (9 LT
asAr[I]. PR T 2R, 2016, 36(7): 1977 - 1986.
SUN Changjiang, ZHANG lJianwen, CAI Xu, et al. Current-
fed operation of isolated MMC-based DC transformer [J].
Proceedings of the CSEE, 2016, 36(7): 1977 — 1986.

SHI Y, LI H. Isolated modular multilevel DC - DC converter
With DC Fault current control capability based on current-fed
dual active bridge for MVDC application [J]. IEEE Transac-
tions on Power Electronics, 2018, 33(3): 2145 - 2161.

LUTH T, MERLIN M M C, GREEN T C, et al. High-
frequency operation of a DC/AC/DC system for HVDC applica-
tions [J]. IEEE Transactions on Power Electronics, 2014, 29
(8): 4107 - 4115.

DAVIDSON C C, TRAINER D R. Innovative concepts for
hybrid multi-level converters for HVDC power transmission

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[C1//9th IET International Conference on AC and DC Power
Transmission (ACDC 2010), October 19 — 21, 2010, London.
UK: IET, 2010: 1 -5.

GOWAID I A, ADAM G P, MASSOUD A M, et al. Hybrid
and modular multilevel converter designs for isolated HVDC-
DC converters[ J|. IEEE Journal of Emerging and Selected Top-
ics in Power Electronics, 2018, 6(1): 188 — 202.

ANSARI M S, RATH I C, PATRO S K, et al. High power
parallel hybrid DC-DC converter [J]. IEEE Transactions on
Industry Applications, 2023, 59(1): 1077 — 1089.

ZHANG L, QIN J, QIU Y, et al. Analysis and evaluation of
DC-DC
transformer based on different operating conditions [J]. IEEE
Transactions on Power Electronics, 2023, 38 (12) : 14898 —
14917.

T, A, BBEOG, % . MMC-HVDC i H % & R
DC/DCE e g B di Rt [T o RE A ik, 2017, 41
(8): 172 - 178.

WANG Xinying, TANG Guangfu, WEI Xiaoguang, et al.
Discussion on isolation requirements of high voltage DC/DC

modular multilevel converters for solid-state

converters for MMC-HVDC transmission systems [J]. Automa-
tion of Electric Power Systems, 2017, 41(8): 172 - 178.
EB, YRR, R S R TR MMC AR
A g A ], P AL TR A 2021, 41(14) : 4954 -
4964.

WANG Chen, XU Tong, WANG Yi, et al. An equivalent
level modulation strategy for MMC with small quantities of
submodules [J]. Proceedings of the CSEE, 2021, 41 (14) :
4954 - 4964.

EWC I EY N Gt N E 0 E -0 SR S LT
MMC T T B s B s Wi ks (1], i TR 244, 2024,
39(1): 233 - 245,302.

WU Hong, WANG Yue, XUE Yinglin, et al. A diagnosis
strategy for open-circuit submodule faults in MMCs under
nearst level modulation suitable for different powers [J].
Transactions of China Electrotechnical Society, 2024, 39(1) :
233 - 245,302.

MO R, LI H, SHI Y. A phase-shifted square wave modulation
(PS-SWM) for modular multilevel converter (MMC) and DC
transformer for medium voltage applications[J]. IEEE Transac-
tions on Power Electronics, 2019, 34(7): 6004 — 6008.

CHEN Y, CUI' Y, WANG X, et al. Design and implementa-
tion of the low computational burden phase-shifted modulation
for DC-DC modular multilevel converter [J]. IET Power
Electronics, 2016, 9(2): 256 - 269.

TR, W, R, G — AL £ P DC/DC R
0 BB R ) s (D). R AL AR SRR, 2016, 36(7)
1987 - 1998.

WANG Xinying, TANG Guangfu, CHEN Yu, et al. A
fundamental frequency modulation for modular multilevel DC/
DC converter [J]. Proceedings of the CSEE, 2016, 36 (7) :
1987 - 1998.

JIN H, CHEN W, HOU K, et al. A sharing-branch modular
multilevel DC transformer with wide voltage range regulation
for DC distribution grids [J]. IEEE Transactions on Power
Electronics, 2022, 37(5): 5714 - 5730.

ZHAO B, SONG Q, LIJ, et al. High-frequency-link modula-
tion methodology of DC-DC transformer based on modular
multilevel converter for HVDC application: comprehensive



42

7T ALEAR

919 %

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

analysis and experimental verification [J]. IEEE Transactions
on Power Electronics, 2017, 32(5): 3413 - 3424.

ANSARI M S, SHUKLA A, BAHIRAT H J. Analysis and
design of MMC-based high-power DC-DC converter with
trapezoidal modulation [J]. IEEE Transactions on Power
Electronics, 2023, 38(6): 7256 — 7270.

LHF, BFH, N4, % A TRERE YL E T B
T/ L U AL 0t 1) Sl A O e 7 ) Al e o 2 o) e (). AR
77, 2025, 42(2): 377 - 384.

KONG Xiangping, BIN Zijun, DENG Fujin, et al. Optimal
modulation control strategy for total harmonic distortion rate
based on isolated modular multilevel DC/DC converter [J].
Modern Electric Power, 2025, 42(2): 377 — 384.

ZHANG L, QINJ, ZOU Y, et al. Analysis of capacitor charg-
ing characteristics and low-frequency ripple mitigation by Two
new voltage-balancing strategies for MMC-based solid-state
transformers [J]. IEEE Transactions on Power Electronics,
2021, 36(1): 1004 - 1017.

ZHENG T, GAO C, LIU X, et al. A novel high-voltage DC
transformer based on diode-clamped modular multilevel
converters with voltage self-balancing capability [J]. IEEE
Transactions on Industrial Electronics, 2020, 67(12): 10304 —
10314.

IV, 2Rk, wgefl, . FET RS AR 0 R AL
2 11 I8 He e A A A ) R S AR A A L R Y
BT ). AL TR A4, 2018, 38(5): 1310 - 1318,
SUN Qianhao, LI Yalou, MENG Jingwei, et al. Distributed
control strategy and alternate modulation balance algorithm of
high-frequency-link modular multilevel DC transformer based
on phase-shifting principle [J]. Proceedings of the CSEE,
2018, 38(5): 1310 - 1318.

LI R, CHEN W, SHAO S, et al. A novel hybrid DC
transformer combining modular multilevel converter structure
and series-connected semiconductor switches [J]. IEEE
Transactions on Power Electronics, 2022, 37 (5) : 5699 -
5713.

SUN C, ZHANG J, CAI X, et al. Analysis and arm voltage
control of isolated modular multilevel DC-DC converter with
asymmetric Branch Impedance [J]. IEEE Transactions on
Power Electronics, 2017, 32(8): 5978 — 5990.

SHAO S, JIANG M, ZHANG J, et al. A capacitor voltage
balancing method for a modular multilevel DC Transformer for
DC distribution system [J]. IEEE Transactions on Power
Electronics, 2018, 33(4): 3002 - 3011.

BERG, BRIE, 14, A RS AR IRE R 2 A i BRI
Bz ) BB S IOk [T ] i TR 4R, 2022, 37
(24): 6216 - 6229.

SHENG Jing, CHEN Cong, XIANG Xin, et al. Multiple-
degree-of-freedom control and capacitor voltage balancing
method of modular multilevel resonant converter [J ]. Transac-
tions of China Electrotechnical Society, 2022, 37(24): 6216 -
6229.

AL, ZEfRA], 22204, A BEH AL £ v P 8 A O BB
PL-\ PRI MG [T ]. o J7 RGP S5, 2023, 51(1):
113 - 121.

ZHENG Zheng, LI Peike, LI Shaoling, et al. Fractional order

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

PIN circulating current suppressing strategy for modular
multilevel converter|J]. Power System Protection and Control,
2023, 51(1): 113 - 121.

X . A Al 2 B P B I 25 s s R S iy 5
[D]. 2B AR, 2023.

CHEN Y, ZHAO S, LI Z, et al. Modeling and control of the
isolated DC-DC modular multilevel converter for electric ship
medium Voltage direct current power system [J]. IEEE Journal
of Emerging and Selected Topics in Power Electronics, 2017, 5
(1): 124 - 139.

YE Y, ZHANG X, GAO C, et al. Analysis and comparison of
isolated high-gain high-voltage DC/DC converters for offshore
wind farm collection and integration [J]. IEEE Transactions on
Power Electronics, 2024, 39(7) : 8757 — 8769.

BN, M2, THR, A5 JET 90 A AR thl A B G B, O AR
L Z W B AR R4 (1] TH AR 24, 2019, 34(13)
2770 - 2781.

GUAN Zhou, MEI Jun, DING Ran, et al. Modular multilevel
DC transformer for DC distribution application based on
extended phase-shift control [J]. Transactions of China
Electrotechnical Society, 2019, 34(13): 2770 - 2781.

IhEERE, PR, WA, 45 BT 2 i T B R AR A
el g (], g TR, 2022, 37(S1): 246 - 256,287.
SUN Guanqun, YIN Xianggen, LAI Jinmu, et al. Fault toler-
ant control strategy for modular multilevel DC transformers[J].
Transactions of China Electrotechnical Society, 2022, 37
(S1): 246 - 256,287.

T, ERB KW B2 L B TR SR 5T
(J]. E AL TR, 2016, 36(1): 31 - 39.

WANG Zhaohui, WANG Tianwei, ZHANG Junming.
Research on modular multilevel DC Transformer [J]. Proceed-
ings of the CSEE, 2016, 36(1): 31 - 39.

WANG Y, SONG Q, ZHAO B, et al. Quasi-square-wave
modulation of modular multilevel high-frequency DC converter
for medium-voltage DC distribution application [J]. IEEE
Transactions on Power Electronics, 2018, 33 (9) : 7480 —
7495.

QIAO Y, ZHANG X, XIANG X, et al. Trapezoidal current
modulation for bidirectional high-step-ratio modular DC-DC
converters[J ]. IEEE Transactions on Power Electronics, 2020,
35(4): 3402 - 3415.

YIN S, ZENG Z, DEBNATH S, et al. Modeling and ZVS
operation of the isolated modular multilevel DC-DC converter
with a unified trapezoidal wave modulation[J]. IEEE Transac-
tions on Power Electronics, 2024, 39(7): 8306 — 8322.

Yim HER: 2024-05-17; MI4%E % HEA:2024-10-17
fEE BN

FF&(2001), B, MEHEAE, ARF QA PHELALE

RIEIA L IR AR, 13093992319@163. com;
BRT(1989), B, LA, Mt, SR FTaHFRALANSE
EHEARSEAR . FHEILIAM R BB ESISHE AR, duanl018jie@163.

com;

WIE(1986), %, @f4EH, algdk, WM, AARTH @A

RRRAL ., WARTRAE BB RIETAE, yti@ncepu.

edu. cn,



