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Abstract: Medium-voltage flexible DC power distribution technology can provide high-quality power supply services
for large-capacity sensitive loads, such as those in precision manufacturing industrial parks and data centers. In flexi-
ble DC islanding power supply systems, sympathetic inrush current can trigger transient disturbances and cause the
saturation of island-side transformers and remarkable harmonic distortion in bus voltages once it occurs in grid-side
transformers. These phenomena have a serious impact on sensitive loads that require a high-quality power supply. The
mechanism of how sympathetic inrush current in grid-side transformers induces DC-side voltage and current distur-
bances is analyzed in depth, and the relationship between the DC component of sympathetic inrush current and the

Wi B E: 2025-02-21; fEEIHH: 2025-05-26.
EEREN: T M (1990— ), B, i+, BEE
BEEE: F Y, minglei@tju.edu.cn.
EEWA: ERARPFEEFRINH (52207219) 5 K1 ARBHEEE 20T SE PN H (22JCZDIC00790) ; HEE+)E “H#)
FIEAESE T BBITE (AM2023027).
Supported by the National Natural Science Foundation of China(No. 52207219), the Tianjin Natural Science Foundation Key Project
(No. 22JCZDJC00790) , the Macao Young Scholars Program (No. AM2023027) .



136 KHAR AR (A AR5 TR

DC-side fundamental frequency disturbance of converters is derived to address the above problem. Subsequently, the
influence of DC-side disturbances on island-side converters is discussed, and the reasons for island-side transformer
saturation and bus voltage distortion are also expounded. On the basis of this discussion, an anti-disturbance control
method for island-side bus voltages is proposed. The proposed method adopts fundamental frequency resonant control-
lers in the voltage outer loops and current inner loops of island-side converters. In this way, the DC component of the
AC-side output voltages of island-side converters can be restrained, and the saturation of transformers and harmonic
distortion of bus voltages can thus be prevented. The proposed anti-disturbance control method does not require addi-
tional hardware equipment and has the advantages of easy implementation and low cost. Finally, a 35kV/20MV - A
two-terminal flexible DC island power supply system is built by using MATLAB/Simulink simulation software, and
the correctness of the theoretical analysis and effectiveness of the proposed anti-disturbance control method are veri-
fied. The comparison between simulation results under two different conditions demonstrates that the proposed method
can effectively suppress island-side transformer saturation and reduce the total harmonic distortion of bus voltages to
less than 1%.

Keywords: flexible DC distribution; islanding power supply; modular multilevel converter (MMC) ; sympathetic

5oL HoW

inrush current; anti-disturbance control

Wit BT R ) RGN BT AT, BrRe IR | B AL 1
fif BERERY ) I A HHE SR R G R S RGE T TR
BT A AR PR M TS SR RS, H
VAL RSB I ZEORCH, it R ok
MK s RCR B P R R
(FH) BLH REE UK AL | ae s B
Taf it I 25 R BHE A, WA ) S 1 R R IR I £ 52
L. AL, SR BT FAILA A i T DX B
O ST B R GRS s T, R R H R
P AR AT A A R R 5, B R AT
W 1A .

R 22 HRCHE R G008 H R AR UL 2 i P
2 (modular multilevel converter, MMC) 'Sz} f %5 &
ZHIMH RS, MMC HA B 254 | TORPEL
L T B I B A TRCR R B RS SRR
SRR, B N TR RS B e TR
FIFR A TR 22 B H s 8 TR R 0, ZE R il R
grrh, 38T A R AR R A (i AR) 4 728 i H e
AN SR . SERRAR L NI R AR
MRl —BE F IR & S A AR R e, Fofl AR g
= i N I B 8 e o IR 13 S =5 I o
N IR I A R B AN I, 5 38 MMC
g A o IR AP, E R AR I R o I I 5
s URRAL T R Gl nT SR e A B R [
N RIS BUNER/ TS A L R I I E S S
At A i i () TE 384 7. 78 e R 22 v 2 Pk L I A
TR, B R A — i AR A ARG, S0 HA P
i RURE TE 3 2% HE A 22 1),

RTRIRZE EECH ARG MMIR RS & MMC
ARSI BT T BRI, W DA AR, T RN

MMC G 7 A s, Hare A ek
PEH T 2007 1 nT RN T 3, 45 i o i AH A
el SRR e R L AR A R A —
YR AU 3 5 F RH 48 45 il P2 AP A8 1 25 25 24 A ™ A 1 il
TR , A2 T R 0 5 RN TR 9. 35 T L LI A iz
T ALK ) TS, SCHR[ 1914 H 7 538 A2 1 fi 4] SH-Ec
1152 2 4 K U 55 R0 T AL I A BRI R ) B B
grim. LAk AR AT AN IR T MMC AR
S, ARG INAR S — W&, AETE AR . T AR
SR A AL

TE MMC B8R AT PRt 1w, s
EHCERXT MMC FEAC T HL A XS Rl i T 00
PSRRI R T R ST, SCHR[20148 H 223 H )
AXFREEE MMC B0 BRAR A A5 30H e
Wedh. SCER2113EH TAXTFRAC T M T MMC ik
P SR, T S B AR 1) ) e A, Il 3
AN A AT AU SCHR (22041 X 52 3t HE IR AN X AR
SIHEM MMC B RYRY, , 8 T EL7 00 R L i
P shimsRms. SCRR[2314 H T RIRIHT T MMC %
HAE U e, AT A AR R A e Kty SR
I, BRI FEER FREH MR, X TLZEM
55y AL s TR T S 0 DI A PR ) G 8 s T
FETEAE , AfaT BT At e ri R AT AT it — 2
AW,

AR S AR Z5 e U B A 22 R BT HE R AN
AR A S, X6 I XA 07 TR 9 375 2 IS I H PR e 51
MLEL R et il Jr it  r il oy, LAS B g ae: 47 A
R DG AR R LR B . 7 28 23 A 5 TOX 0 R g 97 37 5 % [
il MMC HL 25 o 2540 st A B A s A% AL
P, SR 1R ELIR A 2075 & DS g 3 A8 1 i S S8



2026 42 J OIS SRS R G RO I 5 A I 0 A S L R e i i - 137 -

BE2E AL T i 28 B LY. TR R b, B I
MMC 4§ Hh —Fh P il Jr vk UG TH I ] 58 3 £
e TR R, AR TR T e T 4G
B IER PRI P B4 i 7 1 B A .

1 FRENMBHEREEHEANEREE

1.1 R&ZLEH

F 1 R T ETI0R MMC #32 EIRE e 2
Sigbty. Horf, MMCL SR A2 H TR I P i 4
AR EAR Ty ARSI SE i B2 Hi% 82 44 (point
of common coupling, PCC)PCC1, Sk a1k 1 fuf {3t
L. MMC2 SR FH 3 H R 2T (RAiE B3 TR A
AE, HEAE 0 3 o e AR R A Ty B A G B2
PCC2. PCC2 H/AILHs AHIE. T3 Ry AR R B
FH B0 A8 R 25 8l 1 2048 R 4% , CB M.

MMC1 MMC2

PCCl 7 -
R W PR o P IR
il i SR

T‘@_é‘p, Fé@

E1 FEMBHEERZEEN
Fig.1 Structure of flexible DC islanding power supply
system

1.2 FRERSFEVNIERRE

NIRRT AE LT 255 1 1 AR an . K
—AFZIAS TR RS Ts 25 8 AR A= AL RE T I, SR
HH ) LI 0 e A N M D A5 A% N FRLBEL | 5 | A O
B, SEOFMM PCC2 AR BN RN E. %R
Pt B BET [R) B R A0 i AE T, WEBEIR AN, Sk =k
R )

FHUNE IR U 7 B A I A A MMC2, 5
& MMC2 Bl FE s i d sl B M st ad B
WA MRALRE 2 IS M MMC1, & IR0 PCCL
W R R A S, PREA AT SR IRAE T, MEEE
A, 33 PCCl HUREIE AR RSB , KR FRAK
TR g 1) G i T L R

2 NEMEhEk B 52 N F0 R 7 2 AL

2.1 FRM MMC2 BEBEERERMBEZILSHT

FIUN I R AR S, MMC2 A2 3 B A0 5 R
HIRAE . T MMC A 25 i TR )52
LU R R HE R i S o R Y R SO b
Hh S B TR T LU LR A R R RS I A

AT KV (N yrRe R i

KIS, LA MMC2 (9 A ARFRE ], 5 F
THREE R N A2EF AR (submodule, SM) | 7R
HUEK L, FIFRE B R, FRERALN, C IR 2
{8, a8 2 Fis. ME MMC2 323700 A R i, D
Wt MMC SHIEJ W, bR (v, v )
HLTE Ciyy > i YT LLER B 48 10 R AR by 1E J7 ).
i MMC2 ELMIE, PLEA MMC RiEJr [,
V... A MMC2 B .

TEMBRR AL, MMC2 383 A M,
AUE K

iron = hop 1 COS(@ + By )+ (1)
s g, Pl o 230 R 8 A0 R A A 2 W
B @, HACTMI A S BEAR A 5 oy
FARTUR. AT LG 1) B A3 1 AT D R 3 5
HET P ECE L 3 B . ST, RS
TR i, 5
frge T e o Fige 1 COS(O+ B, ) )

s dg o i, 2350 A U L 114 LG 40
W WAL @y, o B DM R A3 1A £

[ CHIFoE

BAiIE
i, AR R G

2 MMC2 ) A EHERINEITRE
Fig.2 Topology structure of the A-phase bridge arm of
MMC2

TR UGE DL, A IR R AT R R
b = i’?rcmu cos(awr + ¢rcirA7n) (3)
Refri . Mg % A BRI » Witk
3 I WEAELFIAH A7)
H MMC FHEERER A4S A HLE R AR



- 138 - FHRS A (AR 5 TR AR H39% 2l
11 Nini,
fear = 3t T hron i &tcos%AJ (14)
1 1 @ o
i =iy, iy i N (15)
AL = e T oA A O, =— ac " tcos(ar) 15
H MMC RFEHIE LRI A, A A0 B PRI Nini,
T 0, = _—Sa:?l sin(2arx + ¢, ) (16)
1, . i
N,y :E(l—mcos(a)t)) O, = NI dge o sin(2ar) 17
(5) f2ac

N,, =%(1+n%cos(a)t))

A m g B RS L, — RO o< m<1.
H T ER A i 8 ) L R R A D, 5K (5) h E 22

H1 MMC BJHLEERFE AT, A A E AV 7
Herp 28 R ] 2R R

1 .
VieAu = E IN auaud?
: (6)
VieaL = E J.N aLbard?

TERI PR R AFA TR DT, B i 25
LSRR —E, A ML PR SE PR

{vrAU = NN \yVeeau
Vear = NN Viear

(7

B (7) b b IAVE RLUEARIN, FRARAS () |
(6) AT A AHATE i ) L T vy,

N . .
Vsa =Viau T VeaL = 2 J‘(NAUerU + Ny dia ) dt =
%MCOS(M)I(NAUirAU =N, )dt (8)
b A AR SR 1 P R B T vy, THIA
PO B, TR S ETHE MMC BRI S
M, FEML 200 5 25 2 TP B BORAE A A
b BB TR R P A R Y 22 (E, — AR I
THZEE R Z . Pk, iR () 5 R
Ve, =G+ O, + O+ 0, + 05 +

0, +0,+0,+0,+0,, 9)
/\l:':‘
N .
0] =Elrdc_0t (10)
N’.‘
0, =Lsin(ar+9, ) (1)
N - l’.:'cirAn .
=—>» —=sin(nwt+¢_. 12
0, =55 270y st +6,,) (12)
N
@:‘Zﬁf““”) (13)
0=~ r 0.
=— = S1n —
5 166()C T0A_1

N’;lzl’:rdc 1
Q9 = 48606: Sln(3a)[ + ¢rdc71 ) +

Nty | .
———sin(@t + @, )+
8wC -

AR
Nm lrdcﬁl Cos ¢rdc71

tcos(ar) (18)
12C
thz - ;rcirA n :
=— = +2)wrt + @, +
QIO 8C ;( (I’l + 1)a){S1n |:(n ) ¢rcer_n:|

sin(nax+ @, An )}j +

( Liien {sin [(n -2t + ¢rcirAjl ] +

N i
8C (n-NHow

n=2
sin(naxt+4@,, An )}j +

N, cos@.
rurA741.C ¢rurAil £cos (a)f) (19)

K (10) ~ (19) #EF B AT WL SCHER[27], PLARAS FEREHA.

H TR PR UL HP L AURT 3 A 40 ) M R K
FH A AR S IRAE, LT b h AR B A
) A 0 AT A A3 i, W R O U o . Bt
(10) ~ (19 "] EH A A7 L FHE R A vy, FPASE
B3 vy, AN GRS 1 vy, S5 R

N(8 + 7;’12) a .
Vsar = W’rdg sin(ar + ¢rd071 )—
Nmi
40 sin () +
Cw
N+ Iﬁz) ¢ .
16Cw lrcirAJ SIH(a)t + ¢rcirA71) (20)
Nt
Vsar = 12Co Lac o sin(2ar) -
3Nm - .
16Ca) lmAJ SIH(ZM + ¢0A71 ) +
~2
MZ":'cirA 2 51n(2a)t + ¢rcirA 2) (2’ 1)
12Cw - -

[FFAT LIS H B C AH b AR L AT ) 3
WA Vg, < Voo, PSR T vy, © Vo IR, 7E
A FRECIA.

Kl 3 IR T B BRI A5 4 MMC2 H



2026 42 J OIS SRS R G RO I 5 A I 0 A S L R e i i 139 -

TSR . A QO) FTRAE H, vey, « Vg « Vo
5 iy AR T 7 /i, — MG OL T i
R A R A I RD R R A RN AR ], R v,
Ve ~ Voo T REES A AT MET 438, — 7 15
MMC2 NS H IS, 55— 7 150 MMC2 H.
TSR 3 A JEA 0 vy, -

v Vs, v
v Vg v
Via
2L, 2L, 2L,
2R, 2R, 2R,

B3 MMC2ERMEHER
Fig.3 Equivalent circuit of the MMC2 DC-side

+ V.

Vea, TV se1 _

— YAl 2Bl
1 3
N(8+n%2)lc

48Cw -

_Nin_ i oSIN O+ sin(a)t—z—nj+
12 Ca) roA_0 roB_0 3

. . ( ZRJ}
o 0 SIN a)t+? +

N(8+m?)
48Cw

» . 2n
Liig_1 SN wt _?"' ¢rcirB_I +

,sin(ar + ¢rdc71) -

l:ircirAl sin ( wt + ¢rcirAil )+

a . 2
l.rcirCil sin (a)t + ?ﬂ: + ¢rcirC71 j:| (22)

s Gy o B o 239010 B ARFN C AHACTRMN BT 1Y B
{’ﬁi’\%’ lfrcirBfl N i:cirCil N PreirB 1™ PreirC_1 ﬁ\%”ﬂ‘j B *H%n C
FHER LA IR ERIAR . MR (22) HRT AL B, 7EA[R]
FINIBRAL S ST, AE C K, vy, B/, SEPR
HL AT 25 A 25 AR | B R AR F 25 L TR 3
HZ QD ATLABE H vog Figeo ~ foa s ~ bz A
. FOR I & ARG £33 i MMC2 A2 37 M H 3t B
R sh. 7EAHBET R NSRS ST, W]
PRIE MMC2 38 70 HEL 3 6471 43 8 — AR, DL
Vors ~ Vego ~ Ve WEEI AHXTFRERE, MMC2 B )
BB R HEAS B A i
22 fIEM MMCIEBEESBERBLBESZINAN
MRPEES 2.1 15 43HT AT AL, - ISR AR & A R
MG ST MMC2 ELFLM H BT f i 5, ik
(IR =RV R s B2/B 7/, 2] IR S € 62 K L B L B UM E R/
il BEEZE MMCL. MMC1 24 FLE 5 E

AL LR BRI BEA G « LR BRI, PRl e R A
LR 2, MMC1 SRR EEBUIN. A SCRT BT
FHEIS MR RGN E AL, O E L
WO, PEEh R A AT L2 DR XA
Ml MMCT L7 FL e SAZ R M BE FL s I S M A 7

I3
T8 BRI 400 ) A BE A9 17 60T 7T 22 WA R T R0
MMCI i) A # L FHPE R AT RN
. . 1, 1.
lsAU = _lsdc70 +_lsdc71 +_lsoAil
‘:’ ? 2 (23)

laL = Elsdcﬁ + Elsch - E

s iy ig APPATA MMCL BN B
SRS 5 i, , S MMCT S A HRLF RS 53 .

R4 MMC B9 TAEIEI A A E R
HLR IS8T IR R

lsoA7 1

1
vsAUref = 5 Vdcref - VsoAref
(24)
1
VeALret = 5 Vdcref + Vsoref

AV MEIRIERREE ; v, NI A HH
i RS E .
4 MMC AL EEFRME:, X (23) | (24) IS H
A FHE IR DI
Py = l J:Hl Voaurerbsavd? = B + B,

t
(25)

1
1 pr+g .

P = Z_ J‘r VoaLrerbar df = B — By
1

A o Fon— TR P RIE MMCL | FHF
B 55 P RIE MMCL B I
WS ThIY 2580 5. BRI P B AR SGR

1

P)Z = g Vdcreflsdc_O - E VsoAreflsoA_l cos ¢)] A

(26)

~

PA = _EvsoAreflsdc_l cos ¢2A

s Dy ST A AHETHHHEESHE v, IR
{5 1, FBCTM A ARSEIRA 0, | ORI 1, K
FLURN B I iy, BIBRME s 00 N Viorrer 9 ion , HIAH
225 0o N Viorser 3 e, AR 22

120 (25) F1= (26) FTLAE T, TR iy, A MMCI
BHIE, A MBI ICR TR AR Y 2545
Gyt Py, 2B A BB R LA R RS

BT, 7 AL TR R A RIERR N

{VSCAU = vcref + Avc
vscAL = vcrcf - Avc

(27)



- 140 - KHAR AR (A AR5 TR

5oL HoW

s v WHEAHIRHUEE; Av, A i, TEM A A
b A AR R A, R PSR P R
R A K B R SR L

05V, .—v
— N deref soAref
v,y = round (—v Voau

cref

05 (28)
. +
vsAL = roun d( deref vsoArel' jvscAL

v

cref

X H round O MBUE B Bear 2L (27) | (28) FEZ %
VR, ATAS A AHAC T A S H R A S BRE N
Vo —V 0.5V, Av

— _sAL sAU _ dcref c
Veor = 2 = Voohref v (29)

A (29) ITLIE H, A FHSEBRE H A58 I LA
GBS v, BT —TH Av, 5 B
J3HE0.5 Vieret AVe / Ve -

K 4 HIEMARS A Mk, Kb R | L
S Ty iR AR, R, L L, 25 T 1
Jit 0 L BELFR Gl i i Jg%. R AT Bk Ty LR
Fek 1. A 4 ATRIE W, v, PR B A 2 )
R ST A, o R PR LA AE B 0o, s ] SR AT
FEC T REEEIR A AN, A PCC1 LR
BRI IR AL

PCCI {ig L L R i} MMCI

, i
TR 0.5L,.,

RO 3L,
HE 0.5R,,,
i
= V&(‘A
WA L 8T, 1] £

B4 IMBMRS ABERER

Fig.4 A-phase equivalent circuit of island-side system

3 IMBMEELBIEmMEHFTIE

R PR BB B B4 e R R 3R TR
M BEL B BT 7 i2: , FERREIR A0 5 .
BLS i, v Vi Vi, s Ve, 239124 PCCI

peclg > Vpeelg

HUE dg 73RS FHEMEIRME: i, iy ~ g
ineag 2SI PCCL LI dg S S5 (EAISEPRE
Vet » Veoprer ~ Veocrer 0 MMC1 25T H = AL RS2
{H; L, NFERITERRR, 9% F 2L+ Law/2. HUE
S 6, MBUER £ BUMER, f =50Hz.

LG A b, BT s i A eSS
H A0 21 T H 38 P9 28 B AT EE 491 - B 43 (proportional-
integral , PI) ¥ il %% (0 JE Ak b 30U T 08 R 75 4 2%
R AL R Bk

R 2K s
s’ +af
s o IEIREER SR, @ = 20f,; KN
B4 BB A KB R, MR R R G R, A
B/, D02 1 583 00 1 22 P AR A5CR . S BR TA Hho
R IR /0T 505 R 5 G T B e K

MMC1

(30)

PCC1 T

e A @_ ~

|
ﬁirﬂ? “ I I Vieela.B.C

Bl 5 FriRl AR HIEE
Fig.5 Control block diagram of the proposed anti-
disturbance method

Kl 6 R MfES PL FEEhil g Fl BT 4 Le - FR -1
P& (proportional-integral-resonant , PIR) il %% %) i 45
Wi, MR A H, PIR P45l 2R e B AL YA
MR35, AIVABR B IR 22, S H P ¥R A 1L
PIR #4745 50 Hz FEAAL tL A R 4. B
PCC1 HLEAAAE B4t , &30 ABCldg )5
Voceld Vpeelq YIRS 5. S LR AMIR P 1) R 45574
AT RN EZ IR 2. St SRR
i, i, TSR A AN RN R 45

TR AT iy i, JOFT 22 BB 222 {1, 1Y 3R
Xt PCC1 HE & LI 431 A SR

400

300

200

W /dB

100 F

] |

—loplb———
0 10 20 30 40 50 60 70
Hi# Hz
B 6 FriZ PIRIZHIZRS PHEH 2SR50 A
Fig.6 Amplitude-frequency response of PIR and PI con-

trollers

!

4 {FEIE
W T B ERE A M O TE B L R BT B 1



2026 4¢ 2 1 OIS SRS R G RO I 5 A I 0 A S L R e i i - 141 -

JrE AR, 72 MATLAB/Simulink £ ity
HRH, RETESHINER 1 PR, K, Heii 22
i i 2R A B AR, (AR R XA A A0 DX ) 453
SREEEBEA 1.1 pau.. PIRiREBEROR, it A 5y A
A RIS 5 1EL 32403 A8 AR FVAR G 24, 493 i i
ARGl .

®1 RAZHESH

Tab.1 System simulation parameters

A pAgIEd

P, PR 40 2 HL TR /K V 110
MMC IR E B R /kV 35
MMC g F i/ (MV -+ A) 20
HE B HE/RV 68
B F AN 68

FAREH L 2 R A (/K V 1
FAREY A A /mF 18
PR fL &/ mH 10
B SITRAE 24 110 kV/35kV,40 MV - A
AR R RE Gy BEAR R g 2k

i As B s He (p.u.) 0.1

4.1 EiLHIRBIGIE

KT IRAESE 2.1 RS AT IR, ST
| ZEFEE T MMC R4, FIHZE B RFEE MMC
el LR R AN E N NE R s 1 G PR VRER €/ TEIN
5 A AHE N BYE R AR AR S i vy, TS K

(20) ESTHASAF G LI TXT L, Qi 7 PR,
1.6
1.4t
; 12+
Z 10}
=
®= 08}
2 o6t
7'1% 04|
) — HpL R
0.2 f o FEZER
ol .
2 4 6 8 10 12 14 16 18 20
A8 O L O LI 40 4/ A
(a) WE{EXTEL
150 — FipsE
~ 100} o fELER
= so0f
_;E
# OF # v ’ ’ ¥ ] v 1 v »
§ -50
100
-150 F
2 4 6 8 10 12 14 16 18 20

A I P AT LI 43 kA
(b) AR
B7 HEBEMNEMSEFELERSEIEERT
Fig.7 Comparison between the simulation value and the

theoretical value of fundamental-frequency com-
ponent of bridge arm voltage summation

L 7 % F AT, B8 R AR A5 R S R
WA R AFRHRZNE L 4% , FHA X
Z2/NTF 7.5° REN FEORBFEISHE ST CEE T
SRR AN ASIIRG , 20 T =k, HE A
AR S A R EARY G, Bk T2 2.1 S r
IR IE R
4.2 HILIESIAERIUE

R T IR UESR 3 R TR RAA O s A Rk
MRYEE 1 FR RELE/AEE 1 i SEEE# T Wk
MMC IR HEH R S8, F it TR T X He oy
Br. ZEPRD 00, T Y7E 6.0 s B2 5O M, 5k
Ty P2 AR , WEEEAN [R5 T ARE M T, i
PCC1 HLEHTIE.

42.1 T 1:. RABERESR T *®

FETH 1 H, MMCL RAME GG k. Ty 53

FWE B E I T B W IR B, FEA o R

H5250 1.8kA, WK 8 Fik.
1.6 -
-

0.8 F
g
2
g 0 w(\w
£
i

-0.8 |

-1.6 — : !

5.9 6.1 6.3 6.5 6.7 6.9

t/s

8 MMCI1E M BT R
Fig.8 Simulation waveform of DC-side current of MMC1
HiF 9 ATLIE L, 6.0s LUS MMCI 1 A A AR
B AU, M AL B R AR R B T AL
G, R R 22652 130V, DL EHER 5 22
TR TSR —EL

1.16
- —AU—AL
'f“ﬁl Uil
> 1.08F AR 0
3 »"”w‘““\‘\u‘\‘w“w W\‘”H\“‘I‘\“‘v‘\‘l\\'“'\"'\“u'r'w
2 L T
Py 1| A L A ‘z“'b“‘_‘b‘fu‘ LA A TATATAT
g 100%}}%}%4 A A AR
: i
(_'\P
£ 0.92f b
0.84 . . . .
5.9 6.1 6.3 6.5 6.7 6.9

t/s

B9 MMC1AMHLE THEEHBEFBERERE
Fig.9 Simulation waveforms of bridge arm average ca-
pacitor voltage of A-phase of MMC1

B 1011 4350 T IR0 T, #) = AHRESE Al
RER TR, HE 10,11 AJIFEH, 6.0s DUg T, #Y



<142 - RHRE 224 (A AR 5 TR 5ok 2

SAREEE LT IR E, 6.1s A T, REEESEAM 2% H (total harmonic distortion, THD) 43518 6.15% .
N, RIS 7 A B R B G f . AR RE R AR AT 6.24% H1 4.86% , Y ad FFRATESR 19 3.00% 0L

PR, Il Eﬁ:ﬁﬁmﬁéﬁﬂjﬂ% 600 A. %0 — ANl — BH — CHl
. T R ———

. " "I
" . MHMMM«H

— Al — B — C#

25
80 A
"\
Uy 25 b
-80 | _50 L L L . L

6.20 6.21 6.22 6.23 6.24 6.25 6.26
t/s

R R /KV

Wi EE/ Wb

820 621 622 623 624 625 626 (b) K (a) BB
o) B;/;%%MM - E12 B PCCIBLBERR (15 1)
10 T, SRS I (15 1) Fig.12 lsyléncu;tl;:l vlv)aveforms of island-side bus voltage at
Fig.10 Simulation waveforms of three phase flux of T,
(case 1) 422 IL2:. RARIEH
0.8 v ———— FETLL 2 Y, MMCI R BBl Jr ik,
0al 13 JE/R T IRE M Ty 0 = AHREBEROE. milEl 13 "L
L] e s,
2 0 L I | 160
T e
-0.4 30
L
5.9 65 6.7 6.9 &
b e e emeneee

0.8

— A — Bl — CH -160

5.9 o1 63 65 o7 6.9
0.4 | t/s
(a) Wh%E
0 )

160
— At — Bl — CHl

-0.4 | \] \} U 20k
B | | I | | 0 W
6.20 6.21 6.22 6.23 6.24 6.25 6.26 ’
t/s
(b) &l (a) ByRFRHCR -80

B 11 T, ZtAR#ERGERR (T 1) 1o . . . . .
Fig.11 Simulation waveforms of three phase exciting cur- 6.20 621 622 623 624 625 626
rent of T, (case 1) tls

Jili R KA

W4E/ Wb

. . e X (b) I (a) IR EHOK
& 12 JBR TSI PCCl MH R, 6.1s LU B 13 T, SARHESEG IR (1 2)

J& PCCL iy =AHHL R BL T I R4 ah, SR e Fig.13 Simulation waveforms of three phase flux of T,
HUT R A TS, 7E 6.2 s I PCC1 —AHHLRAY BRI (case 2)



2026 4¢ 2 1 OIS SRS R G RO I 5 A I 0 A S L R e i i - 143 -

AL ARG R . 1 14 JB/R T T 2 TR
S0 PCC1 W RITE. K 14 (b) R8T AT LA
FH L 6.0s J5 PCCl A=A EIEA K Z 50,
6.2s IFZ=AIH EA THD Z391H 0.52% . 0.56% .
0.54% , ¥IIETF 3.00%. LA 45 ELEFR, SRk
Pl v v A ST L 5 AR R, PR AR £ 2R
(14 e i R P

50

— A — B — CH

25

I

0

< ———

~50 1 1 1 1
5.9 6.1 6.3 6.5 6.7 6.9

t/s

532 LNIVINY

(a) BEHEE

50
— Al — B — CHI

25 14

532 LNIVINY
(=}

=25

-50 1 1 1 1 1
6.20 6.21 6.22 623 6.24 6.25 6.26

t/s

(b) @ KRR
14 IEBM PCC1BE&RBREHRERN (T0 2)

Fig.14 Simulation waveforms of island-side bus voltage at

PCC1 (case 2)
5 & it

ARS8 495 32 R0 WL T A 1 R A
BRZMPER T TIRABIESE, fa7n T - PR 37 A A 7 T
TS A IR IR v R A (R HLEE. 72 L Semd I, 42
T R B 2 BT R O, HARSS e
wF.

(1) 0L IR 3 HH A B 43 B R AR A MMC
S, 2 IR MMC R0, R A 37
B2/UB 510 ) B B 18 ) BT U = RS - s el
I, 255 FEISM MMC &AH | SR 2 H
FEASEA , PRI MMC % 583 U 5 B4
It XL A AT 5 IS e AR TR AT, 3 A
R 2% Ha TS WA

(2) PR PP i 5 2R VAT 42 o 400 il K
S MMC 22 i i e P ) B A0 o, T B LA

IR AL 3 AR RIAR SIS | IR, AR T 98
I ERLR L T i, 5005 1 AR G R A P
AR HLAE ST

(3) Frde th PRI T AT A A RS
il R Bt _E 3G o A R P A , DO R B
e, BAT 5 TS0 P RS

(4) D5 ELAREE T A0S B 2 Mrat 2R 9 1R
PR SR BTHCRE 7 15 AT R

AT X WU 2 BN i R GETTHE T H R
WETE. I SR R 2 b 2 B AR GEA R 00T A
TG KA B AL R HAT e ) 5 vk AT IR A e B
IS

S 3Bk :

(1] g, 2 08, 7 . BRERCHE MAHIE S R H
RIEWRAE T SR A ], I RG A3, 2018,
42(10) : 13-21.

Wang Chengshan, Li Peng, Yu Hao. Development and
characteristic analysis of flexibility in smart distribution
network [J]. Automation of Electric Power Systems,
2018, 42(10) : 13-21 (in Chinese).

(2] Epul, E5FHH, 55 J1. REFGERBHEAREET].
FTHLM AR, 2010, 4(1): 18-22.

Wang Chengshan, Wang Shouxiang, Guo Li. Prospect
over the techniques of smart distribution network in
China[J]. Southern Power System Technology, 2010,
4(1): 18-22(in Chinese).

(3] A& M, & 7°, & &, % HiKHBRZECHE

TR BN AIRIELEAR D). P EAL LR, 2018,
38(23): 6802-6813, 7115.
Xiong Xiong, Ji Yu, LiRui, etal. An overview of key
technology and demonstration application of DC distribu-
tion and consumption system[J]. Proceedings of the
CSEE, 2018, 38(23) : 6802-6813, 7115(in Chi-
nese) .

(4] 8 ¥k, VLERy, b 3. SSRECH N5 B A

M BEE AL [T]. AR, 2013, 37(12) @ 3368-
3374.
Zheng Huan, Jiang Daozhuo, Du Yi. Economic com-
parison of AC and DC distribution system[J]. Power
System Technology , 2013, 37(12) : 3368-3374(in
Chinese) .

[5] R o, ®& J%, XISCHe, S5 FREE WAL M
gk 0], P EEHLCRESAR, 2013, 33(25): 9-19,
5.

Song Qiang, Zhao Biao, Liu Wenhua, et al. An over-



- 144 -

RHAR 2R (A AR5 TR

5oL HoW

(6]

(7]

(8]

[9]

[10]

[11]

[12]

view of research on smart DC distribution power net-
work[J]. Proceedings of the CSEE, 2013, 33(25): 9-
19, 5(in Chinese).

B, BT, Tk, FOETRERIRERE
HIRREIR IR R e 0], R AL LR =4, 2015,
35(19) : 4843-4851.

Zhao Biao, Zhao Yuming, Wang Yizhen, et al. Energy
internet based on flexible medium-voltage DC distribu-
tion[J]. Proceedings of the CSEE, 2015, 35(19) :
4843-4851 (in Chinese) .

Lesnicar A, Marquardt R. An innovative modular multi-
level converter topology suitable for a wide power
range [C1//IEEE Bologna PowerTech Conference. Bolo-
gna, Italy, 2003: 1-6.

MEEH, A A, &, S KICRER MR
SHEPE AT 0] R EAR, 2018, 42(11) @ 3698-
3707.

Guo Xianshan, Zhou Yang, Mei Nian, et al. Construc-
tion and characteristic analysis of Zhangbei flexible DC
grid[J]. Power System Technology, 2018, 42(11) :
3698-3707 (in Chinese) .

B, BUNKK, VERIRE, S 9IRS EA
HIZRIE TR R G it 2 (0], By B R
2015, 9(1): 63-67.

Yang Liu, Li Xiaolin, Xu Shukai, et al. The integrated
system design scheme of Nan’ao VSC-MTDC demon-
stration project[J]. Southern Power System Techno-
logy, 2015, 9(1): 63-67 (in Chinese).

FPk, B, 2B, F FHERBORTERE
HIRR P AR D). P E AL TR, 2015,
35(14) : 3551-3560.

Wang Yizhen, Zhao Biao, Yuan Zhichang, et al. Study
of the application of VSC-based DC technology in en-
ergy internet[J]. Proceedings of the CSEE, 2015,
35(14) : 3551-3560 (in Chinese) .

ERORR, EAEHT, AEAE, S R RAR AN i A B
W] ARG AL, 2005, 29(6): 1-8.

Bi Daqiang, Wang Xiangheng, Li Dejia, et al. Theory
analysis of the sympathetic inrush in operating trans-
formers[J]. Automation of Electric Power Systems,
2005, 29(6) : 1-8(in Chinese).

froa, #80 WE, W IR, AF BIRAFFINIE AR
TR —UGEMR PTEL T (D). BB RIEOR 2017,
11(11) : 20-26.

Xing Wu, Guo Xiao, Hu Bing, et al. Simulation and

analysis of negative-sequence second harmonic created

[13]

[14]

[15]

[16]

[17]

[18]

[19]

by sympathetic inrush current of transformer[J]. South-
ern Power System Technology, 2017, 11(11): 20-
26 (in Chinese) .

LiR, Song SY, MaZG, etal. A simulation study of
the influence of magnetizing inrush current and sympa-
thetic inrush current of converter transformers[C]//2016
IEEE PES Asia-Pacific Power and Energy Engineering
Conference (APPEEC). Xi’an, China, 2016: 2282-
2286.

v, mERIEE, OB OB, FORSIUKEMBE R
G4 Y 78 N AL 0 AR AL L e R A e s ()]
HURJHE A, 2025, 49(16) : 2446-2454.

Zheng Tao, Xue Yuting, Zheng Lu, et al. Generation
mechanism, influence and suppression scheme of sym-
pathetic inrush current of converter transformer in hybrid
cascade HVDC/[J]. Power System Technology, 2025,
49(16) : 2446-2454 (in Chinese) .

TORHIGE. R RS B L R GU Sl L TR RE D A
G3 AT R AW RS T 5T (D] M AR R R A
2018.

Huang Kefeng. Charging Startup of Nan’ao HVDC
Flexible Transmission System and Suppression Measures
Study[D]. Guangzhou : South China University of
Technology, 2018 (in Chinese) .

VR, AP RE, AT, A5 HEMSCA BRI =
B B AR B G I R SRR ST L. W RGP S 1
fil, 2018, 46(8): 135-141.

Xu Jiayuan, Hua Zhengxiang, Zhu Kelou, et al. Ex-
perimental research on inrush current suppression of
unloaded transformers based on the controlled switch-
ing[J]. Power System Protection and Control, 2018,
46(8) : 135-141 (in Chinese) .

Wrasfh, #/ANK, TR, 5. A% EREAER LS
WA TR B2 T g Il R T G BRI F R 1], v
HAL TR, 2022, 42(13): 4982-4992.

Chen Zhiwei, Dong Xiaofei, Ding Guocheng, et al.
Research on excitation inrush current management strat-
egy of hybrid transformer without considering remanence
asynchronous closing technology [J]. Proceedings of the
CSEE, 2022, 42(13): 4982-4992 (in Chinese) .
Zhang S, Yao C G, Zhao X Z, et al. Improved flux-
controlled VFCV strategy for eliminating and measuring
the residual flux of three-phase transformers[J]. IEEE
Transactions on Power Electronics, 2020, 35(3) :
1237-1048.

Liang C G, XuJZ, Luo L F, et al. Harmonic elimina-



2026 4E 2 A H

My SEEANE LR R G R A

JSLT U5 A M P P A ST e eI ol g 7

- 145 -

[20]

[21]

[22]

[23]

[24]

[25]

tion using parallel delta-connected filtering windings for
IEEE
933-

converter transformers in HVDC systems[J].
Transactions on Power Delivery, 2017, 32(2):
941.

Shi X J, Wang Z Q, Liu B, et al. Steady-state model-
ing of modular multilevel converter under unbalanced
grid conditions[J]. IEEE Transactions on Power Elec-
tronics, 2017, 32(9): 7306-7324.

LW, w) e, 2N, SR R XS RRAS I HL R
MMC-HVDC i REERYFEHI A (1], rp i LR
4R, 2013, 33(28): 41-49, 8.

Kong Ming, Tang Guangfu, He Zhiyuan, et al. A con-
trol strategy for modular multilevel converter based
HVDC of unbalanced AC systems[J]. Proceedings of the
CSEE, 2013, 33(28): 41-48, 8(in Chinese).
O, & e, B AL AWURRZHBMT MMC-
HVDC Z Gy £ s (1], b [ A pL AR A 4,
2018, 38(16): 4646-4657, 4970.

Dong Peng, Cai Xu, Lii Jing. Control strategy of
MMC-HVDC system under asymmetric AC grid condi-
tions[J]. Proceedings of the CSEE, 2018, 38(16) :
4646-4657, 4970 (in Chinese).

PO, 8 B, RNy, AR S EAR AR R
SEMARE A S 2 o i 7 25 0. KK AL
HAR (P30, 2025, 56(6) : 174-183

Li Yu, LuYi, Lei Ming, et al. Study on characteristics
of MMC affected by sympathetic inrush current and tran-
sient impulse suppression method[J]. Water Resources
and Hydropower Engineering, 2025, 56(6): 174-183

(in Chinese) .

EEON, 1 B IR AR A MMC R A
MRG0, BT R, 2013,
28(2) : 255-263.

Guan Minyuan, Xu Zheng. Modeling and control of
modular multilevel converter based VSC-HVDC system

connected to passive networks[J]. Transactions of China

Electrotechnical Society, 2013, 28(2) : 255-263(in
Chinese) .
Mo B, BEE, 8 4. RA dg0 &FRAY VSC-

HVDC FazstRl Skl aricit (1. o RE A sk,

[26]

[27]

[28]

[29]

[30]

2004, 28(16) :
Chen Qian,
model and controller desing of a VSC-HVDC converter

61-66.
Tang Guoqing, Hu Ming. Steady-state

based on dg0-axis [J]. Automation of Electric Power Sys-
tems, 2004, 28(16): 61-66 (in Chinese).
T, R, )R, S RS o R
el Ar KA R[], R AL TR 24, 2011,
3124): 1-8

Wang Shanshan, Zhou Xiaoxin, Tang Guangfu, et al.
Modeling of modular multi-level voltage source con-
verter[J]. Proceedings of the CSEE, 2011, 31(24): 1-
8 (in Chinese) .

Ilves K, Antonopoulos A, Norrga S, et al. Steady-state
analysis of interaction between harmonic components of
arm and line quantities of modular multilevel conver-

ters[J]. IEEE Transactions on Power Electronics ,

2012, 27(1): 57-68.
BN, R B, BWHG, & BiHub 2 o

R i B R R SR ] BT RSE
34(2): 48-52.
Guan Minyuan, Xu Zheng, Tu Qingrui, et al. Nearest

Azhik, 2010,

level modulation for modular multilevel converters in
HVDC transmission[J]. Automation of Electric Power
2010, 34(2): 48-52(in Chinese).

Zmood D N, Holmes D G. Stationary frame current

Systems,

regulation of PWM inverters with zero steady-state er-
ror[J]. IEEE Transactions on Power Electronics ,
2003, 18(3): 814-822.
A [ HL T L S5 AR R L ROR 2 B 23 (SAC/TC
1). GB/T 24337—2009 HiRE/5T -2 T R i 315 /Bz[s]
Jent: AR RN ] [ 5 5 B AG A L
Hh ] R AR B 512y, 2009.
Systems Aspects for Electrical Energy Supply (SAC/TC
1). GB/T 24337—2009 Quality of Electric Energy Sup-
ply-Harmonics in Public Supply Network[S]. Beijing:
General Administration of Quality Supervision ,
Inspection and Quarantine of the People’s Republic of
China, Standardization Administration of the People’s
Republic of China, 2009 (in Chinese) .

(AL 4 T AE)



