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Fig.1 Topological structure of typical flexible
DC distribution system
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Fig.2 Key technical issues of flexible
DC distribution system

1.1 FEETIATEREEREBRZRESERS
A=l

FEVE B L R e SRR AR T A
& DG FAfar (Y BEHL I Bh 38 17 2 I FERE X% A0 55
A FRAR DU SE A5 B S BENLANR E R T RGO
B IBAT , VA SCHL L AP -/ BRI A
DA RIS 5 45 R 2R R B0 RGeS X FRIB A IR, BT
X R G A A BB A T R

DG i I3 F167 fip D 22 00 B HIL I8 5l 38 15 S 1) %
It 25 A, A5 A BRAR S U 3 A R R S B L B
REAFAELZEAEIFR M ARG L LB
FER R o Xk AL H R R Tk
B, JCe S kT s b 3 () 4 rh U o 2
T Ui A5 B B e H A o Ak
SR v 22 B AILAS G 2 PR R 52, 4 REAR SN 5
KA DG 22 A FNY) IR W H A W A e 5% T ek
B C L FR G0 U D — g B ) e R R

BRSO AN P AR O L Y S SR
DIt TC FEL 2R 498 AH % 19 52 Tt T FRL 9 K 2R S Al e R
RYH LIS 2l sl P o | R R A i R Bk R TR
X R ook P 97 A V) A6 T B R A TGk ke
L1 A AS A A3 R AT IR T, S B R A A AR
S5, S0 FR G0 HL RE BT i, ™ N A fiph A R
BB ORIt 75 2 Ny AR BRAR L R ek
LT FL 2R G 0 A AR B B R B I R AT A AR
filo MM E ARG IF R/ HI R A 1 A
PR R XIARIZ AT S RN R SR G B T 7EE
PRAR T LI, 25 T B I 4 25 AH BT AR B 40 i 1Y A
P I IR AR ER IR, A 2 (A5 B It 2 P AE 1S K
ARG T i eI . B G B Ak 22 v P it 4
MMC (Modular Multilevel Converter) £F 2% ' EL i fic
HL R 48 v AN, oA s rp R e A
JC 8] B4 AH B 5 e 45 A R R A BB R 2



%58

R 53, A AR AR T 00T S R B L AR A S s A sl S B ) ®

BAFAE IR 22 55 AR IE W B AR, Bl a7 O PR AR
P B 52 A O P i 1 P R R A R AR A, RS
L AL RS B T P E AN R AR R R . [
I, 0 B AT T B C L AR G P AR A AR AR XS
PRIBAT AT T BIRS AR BEAT AR BL A PIE A2
12 SMRBHIHB TEEERERRESHER
EahSHF IR SR EE

FVEE AR RS & MR B KO i
AETAC fE DA S5 2 J R L ST L 72345, DG Il
TR AT DA AN R IR I SRR H 4R R
55 28 A B S BRI R T R
Ui HE L AR G 22 I E] RORE R MLEE 347 o B0 DG B A 3
ULAFR [ N A 22 U e A B I B I L R G 2 4
AN 8y GV e o N S W R DO 5 W BT R (T e
PR IRGRE 42 1l 7 3 IO 7 SR P O L 2R 4 )3
PR

V0 523 DG I 52 B3 L RE e R e 1 32
TR, ek B 2R G R - I A5 A R
¥4 BB v R ) L AR AR SR S BEALA )
il T RG0S A R B 2 B )RR R R
iR BT R GE I T 00— s RO AL 4t
S AT 1 TCTE MR 0124 BEALI 3 T A R  R]
NUE Z (A7 AL B AR A R AR ™ A [ S B0 4 2
P 28 2 B AN 2 RS 1 AN B RGN
A2 B AT O A (AL 4 L 4 T 8 1A
RGNS AT IR TN I8 J1 2 A7 A HLIEAT 20 B o
P X T HAT 22 i 18] RO G5 ARRAE ) 2 1 0 e
AR G0, HARUE 51 U7 58 B LT ZEHE AN [ s ]
FOBEFIAN [ S R 4 22 18] A SRBERR 5 52 ), LA K i
BLEFF nbly N RERSIE I 22748 T80 AP 341 ] g
75 YU 25 88 JRy R PRl ] RS R N R GU R, B =
SFERA RGOS, NI, BEE R E IR R
G545 AR T 25 B AN W28 A6 0 SE PR TR I A8 AS DT 4
b, IRABETE R GALINFBENLAL ) T 89 2 i [a] RO
SRR AE AR AR P [ AL N 2 55 2 2

2 ERSMNARIRREZRESSH

21 FHERBEBRRESEESHKLIES
211 Z2ER#AmEMEAETRERAARSE RLEMAL
EAR L Jr

16 B [l Bk BEALTE ) DG MRk 32 A bk
ELACH R G (5 B AR W i
T LOREZEI DG 7 4 BEHL I SRR AE 5 5 i 22 |
A 5 SE A B0 25 A0 A R BRAR R S 3 (5 PR
B8R [ P AR AR R Tl A e A

B X DG H 3 A gy DR BN P, BT
BLI b B T5 VAL HE BE LR 1 T i I E Ee Ak T
TR 2 Fh A A AR K HUORE AR AR ARG

W sh D) 2R R M e, DAITTKE BE ML 29 5% A0 R 1
PR A J2 AL BT A LS R AR
ORI S (BEMLI SR HIZ R W
KR EEAEEAR , RECL RN RO R E. &
RO AL T V5 R AN 2 45 A K 53 DG 1A 1 e
P A% Bl R I o LA B R R 5 T R R
Jrge. SCHR[32 1Sy T 2 FE R R AN 8 1 1 28 LI
TRA T HL A 2P AR | 3l i TR — 3t 2 R
X TC FE DX 5 DX S A T R, DA SRR A A2 B IR A
TC FEL DX ) ) 3Pl SRR [ 33 155 I HAL Y 5 — fr
AHEE R T —Fh S OBAE A R 1 22 B AL
B2 PR B B S R AL s AT o m . SCRR[34-35 142
T2 OB RE TR I Bl DX () % A8 T TR EDK TC R -
AT, /N 2 Be AU SE 8 T 4 = R B 1%
YRR BRSBTS & i B 25k
S (1581)%5) Rl ENRe I = 51§ 6 e v T R O Y i S (B2
S TORSF . RIS, A FAE S AT ECHL M)
M E R ECH R G A BB as IR TG |
T T A O 9 i 2 T AN R S TR A ) R A
XA B ATIR A S DG W H O B,
I, AR 2 H ) H -2 % TR B DI ] At 2 2 M LR
Tic FL 22 49 SR ATL DL T 80 4 5 2 2% e i) D B [ it

L TR AR I SR e e M RO R 4
R RRIERAT GELF I 25 S AE ER AR FME S i £ AN W
HA 22 45 PP e N2 B R Tkt O Hb A7 AE — o 1Y
22 S sk 22, HAG B A 70 1% f i A ml ez 2
FAE AL MRS F AR SOk 38 1A i
TR AR AT PR B I AT, J-25 B S8 I AN B T BT
HL PO () AN s PR G DG &R, B 1 1 28 LI T P I )
WA B B O A AL TR ok S R R S, SCHR
[ 39 11 FH % 3 545 DX 48 k5 Al o 0 A A 118 22 g
BB R G I B R 2= A T A T, STk
(40 JEEST T B3 ik e I P 38 15 48 B g B 1 I
Bt TSI ES I T AME . SCERL41 108 T 23
ZEME ER R G P S EOR I X R R SR ] Y R
Wl , JF0ie T MK MG S I R S R R RS S
AL R, SR, H AT A X R R AR
iff o N 3E 15 A BE A 2 PR R BCH R F b= Yy
WFFEHE /0 A W BT X | BRAE AN o 2 00 15 20 5
R R g8 O A B AR SR T T R T
W5E
212 AN TEFHAAGRY R LS LS
o B ARG R ACYE )

AN B R Y FE LR 2 B R D) SN X R e
oM 07 2 A% 1) A5 D R B T R D) R TR AN S 1 1
OUARTIN 5 3 i L o 54 T L IO A %) 221 LR
T L R 0 Fh A8 A g 8 B A O vk TG T R A
S B HEAT IR, NI R G s YR R AR



(76} L/ AR {7 G-

F41%

SERASATIE B o SRy ik, R FH BRI A A 5 D O e
K AEATRME (025 0 2 R m AR A o 38 I B G
P I g 3 25 P A 1 8 T ke 0 5 A T 2 Bl 2 H
A E BT 510

Vol DS ME RN L SR W R TR R E ol T
I E T BRI TUT e Ahn 2R, s SR AR
PO T L PR 4 3 g ) 5 A i B Dy 2R s R E
38 2 o B R GE U B V)R 5 I T EL R A OCHK
FER bR B R Ge Y 2 RS ik sh' 2 iZ T LA
THBRAT AU A Doy & oo s s iy, H
HBEAR 4 75 Z e g B — HAR AT IS BR . h
I, 38 T IE ) BERE Ak A 3R i S AN P R T R
S0 % Sl Dy A i AR R R R A A 4 T TR X
Ty ik sy 8 AN JC ) U ) (R B AT A S 0 e
AT LA A5 ] 2y 258 () AR A0 20 I N b FRL O 1)
AR o ABFEEANRIZE R ) F R A O MR BB
Ry, W54 i A G 0l Bl 0w A &
ARG T EAMTHEAE, KRS S0 AR R
TR R A T SR AT
2.1.3 BRBHUE/ RAAREBATH FZHEAARE R4
A DM AL AL I H)

Bifi 5 22 14 EL I G F B R 19 & e , MMC K 78 v e
[N SR N N R T g e iy N R (2 5 E R
— H ML L R S A MMC & A P30 3
AXFFRIZAT , FLAAH B TT 0 BE Ht 43 e - A 15 150 il 2
PEATHE , BN FRA TGN R GFEIE KL it
JoT A

N Ah g B4 EIE #2173 T MMC BF
G AT S R IF T HE5T , IR 2] MMC [
T L 3 RN 5 LU A A i E O S B 2 A A RS B e
AR R A AR A . AR R A R R A A 5 I
BF, BT b R SRR TAE RIS BOA AT REAS B
—E M XS FRIBT IR R IR Y BRik = 4h,
MMC | | F SR — S R A& 80 A
AKTFRIBITIRAS . BN E XX @ T 1
W25 . SCHRI50] 700 T MMC F RSB T /Y
B (] 6 &40 04 258, T2 8 T RE B 11 il R i
A L9 F U A A Bl o . SCHRST]HR R T
— P FH T MMC 29 25 3t 25 B8 PR o Y 1 43 B0 ik o
&l T 3 ok N X MMC - 55 e (74 g B ] R SC ik
[S2 R ARUETEN i S 50W 22 16 0L T R AT s
A7, 5T R BOR S 7 42 T MMC 19 2 3R 45 0 0R
W, {H IR V5 SOM R R U 0 A R AR AT . STk
[53-54 15081 T M S BOR X FRE L T MMC A5
T B AR Sy, FF B TORE R ST A 4 R
W VAT X MMC AR / AN XTFR Iz 15
(e IRE ATy R ket | IRE SR E 2T SR EECTE 3
AEUH R R (A1 AR, L RS 22 0 6 B — 3

Ui TERMEEECH RGBT, H AR —i
DL g A O A28 T D7 B2 02 A5 2o HLAth R g H -2k 4™
R 5 A AN [R) 4 3 e [R) e A A 3B sl Ak —F AN X
PRIZATIRAS , RGECHE M i P A I / B
R A R B R A R A R R () R S 7 G g
)i 5 i — R
22 RUEBEREBRREHSERSREES
221 FHAARE Z %G5 SERS TSI
FVE B G HL R GE A AE W ) e L A5 P, T LT
TN B 5 BT RE R AL RRAE , S8 S5 FAL S [R5 L
F A HL ) R GEEA BRG]
REESHARHE G817 TOURATEMES R . i,
IEEE il Cigre B8 & TA/EZH T 20204F 4 H B4 7 &
FBE R H R DR ) RGBT N Ry
TESFE e O BARME ™ AL G ) RGRE
PRSI0 LR BB G 2 B0 0 0 S, AR IS IR AR
JE AR it A 3K Sl AR E M F OGRS AR 4 H R
HL CIG (Converter Interfaced Generation )15 £ 5 Hi [
BN RGBS g B 5 |
KR REIR G , Ja & B4 CIG A& I M 51 & 1) 58 i
PRGNS, BARMNE 3 7R o FE 283600 F, 3CaT
2P AR B RN AT ] B[] RUBE 257324 /)N
Poah 5 R shAG e v 5 AR E P Pt i e
REfREMES, REE3IHEEN SR TEY RT
1t i 71 R Geka e P i s, (BAR IH A7 75 I ik B &
FIXE LA DX 7345 (] Sk, SCRR (56 ] T AsURIE
AT B AT RO LS R G S A AR BURE . S
RS R E AR ER AR R RN
oA ) R RS E E IR B2 3 1 R N Abe
)2 RTE B BT ARIE BT R BB R &
WL R Guka e v
()

1
| ¥ Y ¥ ¥
i HUE || AR | | IR AR YLt

PE| | AR Pk
ISR ] o
e | (e || (| (e

B3 IEEER A RGRE MRS % (2020 4F)
Fig.3 IEEE classification of power system

stability (2020)

TERSEVE I T O WL W2 T, H A SCTEBE L
A S B R S8 Bl AR I A S AR P kT
SEATT IS 9 DL L2 - DU RGeS # A il
i 2 A RS A A BT 1 AR M R AR 23 BT
%, FEASREE T Ry - ABOT R BUE 05 BTk
B TR 25 (AR R B I 3 23 M 7 9k 2 T RS 2
(R 3 M 7 3 5 I B AR G A E T A i i R A 3l

A IS

[



%58

R 53, A AR AR T 00T S R B L AR A S s A sl S B ) @

R PR AT 73k, 43 S MR AR

(1) KIE R G AR A Es = 28RS TS
BRI BRSO T RE R A B 1

a. BT 3L J7 138 1o 8 7 F W 22 B0 245 /) 1 B
oy —ARE BRA DLAR IR oA 1 AR ALl
25 SRR Tl ST AR RORS A R, E R R PE R
HL R G bt 3 T AR DG H B M LR
T FL 2R G R A 15 4 AR i) e T e THT S B R e A
Z R RE T /) sh 28 o B, B A5 27 ik ag it E
SRR IEBG N, BRI 2 A B 5 ik R BB ERHL
REFEENEESS IS LR R RE R Y
A JURHIE o

b. FE TR 23 [ AR [ B 38 43 B T 23 2 ok
i P AR R[] 22 K Wy 3R G i 52 /N Bl s 1 5
POV Sk S i o JES A P R 2 AR AV SR R DN
Z M LU BC L R Gede i R A s e (R Y
it FC L 2R 8 RIS R ], 5 BN T ST A T R A T
R B Ak B[R] B 32 0 Tk Rk T R B AN AL Bh By
R

c. BETBHHTR AL U o B 07 EE R PR A /
HE AR BE A 3 2R 8 A0 v 11 RE M I o s 4 kR
FIHE T RGERE AT 0 o IV TR SR X
G0 P o OO AE A, & A R o AR
PR B AL RS AIER A B e Rt X BER A AR
FEVESE A BT TIRABESE R R T I HI B A5 A
XPVE ER L R G AT R SR . A B
BT RAE T RGN AR Ty I BA B0 (1
WAT T+ B S 4 B 1R 48 RpAiE 52 A4 AR I 52 ), o A
HENLRME HR G R G HBURE R A T R SRR
AT IR I — M A

(2)3% 2§ R G fa e TAE s R sh s e PE e
BN IR

XTI B R Gk E TAE R R shia e, H
HIE A AR A 32 A v T BT A3 5T M R
9%, 2 38 B — b ik R R R g2 s
FHLEE A, AN T Lyapunov 22 M55 — ¢
B RAT 5 o0 7 i3 3 57 REERY Lyapunov PR
HAEA753 47, B AT 7E B0 Wi a7 170020
FHRTS H AR M B R G E A P v TE R
i, H AN A4 1% Lyapunov pREATS SR 75 ZE IR AW ST o
SCHR[69 48 1 35 T T 230l — P H A iy 7 0GR
P XU IRUHIL T A A A e 1 22 s ol =X U
IXHIL ) e - e 3ot R 87 2547 R e Wy Rt 2 (H % 8
BN R B Z2 L TR A I B L R G AR
FEMED T IR T EHE . SCERL 70 JET X 1 8255 28 I
FEL PO ) i, R VR A i i a7 T 2R RU R & b iz
BT R S BRSO SR AE L T T RS
FE s Hr . SCERL71TE R IERE e b RN &S T
FENE B A G0 0 1] AR A 2 a] S S R, 3R

Brayton-Moser i 5 # R B ILHER T IG5 T
RGN ARE BONAED . SRS, 76 8k i AC L
RYGX KM S TR G TT A 0 4 e
PE TTA A BRI PR B PRT AE R Y 1 4 5
PRI 2R (75 2 8 8 A Bl A3 BT i O 52 2% , i e] =%
JEIX S R 2T HE T A R G K Bl 3 AR 7R TG B S
— RAZOPRR

BRI Z A1, FE X M B AR e AT R M A
3 MR, 3 5 2 AN (] R B 78 4 1) B G AR
022 W5F [] RUBE S5O, DA K pl Ot 7 A ) 5 A RS 5
GG, FPE EC H R e 22 B ) RS Bl AR
PE 3202 1 ) ke A 2 (R DA S 2R 5 1Y
SEEAE ALY X SR A AT R GEREE A
Wiy S 2 AT Z2 I TR R RERY . SCHRL73 AR 45 5
F 2y B Ve X A P o S8 AR R AT 22 I Ta] RUBE R 9
FEHRIH 2 Gedeoa 8 A UG U X B i IS 3R
GEE SRR — B AT TR . 2R, T B
XoF P B C HEL R 96 1) 45 R R A AR A T
T Y Z2 1) [] RS [ 2 1 ST AT B R . B %
L7 HL AR ) R GUR 2 B4 (1) 22 I [R] R A
3 MR, SCHR [74-75 153500 DN BV Fi, Hs 1 ) RUBE
A Ui L Y P[] RUBE A T AT T R AL A L 4
TRETIRAR S ) F T s . TR A R
GeJR T, A Sk & R ge a7 X (b A8 A
AR ) X H 22 I (R RBERAPEEA T o0 B BV 75
A S H 7 R Z 0 5 22 L ) T B Y e R
e HEL 2R 4t 22 I (] R R £ 38 RS 537, AN ) sf
() R X LA B 4 5 PR R, ek R WL b 387 2
Bidi 5 0 BRA BURFAETS

ZEERTR N T REERER ARG XKRAARE
SR IELER G S, HAT L — &3 A
PR 1 AR 1 P R M AR 0 B O s, R R
ATV FL U I L R G AR S BB LA 3l 1 22
(1) RUBE Bl 2R i A5 5 R s ) )

222 SPREMMS T B AR Y & AT
Iy ik

B A5 P U T P B R A PR K e [ I b
H O EE R LM H A R GRS E A TR
TAHRHESE, Rt T 2w g Bt 5. s
FEtil HFRASIR , S FLBEPLYE 3 T v B BC i R &
R E P i 7 v EEAFE LA L,

(1) T L 2R 4 i AL AR AT ) 5841k 9 1Y
PR TH R . S 1R TP i e L R G rY BH
Je , TR IC IR BE e A IR B 42 1 1 J7 58 AH AT
T B E ZR G0 0] v G b ) SRR 2 A A
PRAS AT, 23390 2R GE A G o B T R 40 i BHLA%
T 75 8777 ok 48 o5 G 4 R O 67 S 5 AT
O S R i IEC FL AR 8 45 A8 T H T 2 ) Y LR
TEAIE R ARAAE R RS2 T 3908 T R R e KR



@ L/ AR {7 G-

F41%

Peo FIXPRMEERBCHE RSP TR TRES H
UL 190 285 BHLAT 2 18] 1) 52 T i i D ) e s 4 3 [ A, SC
BRL17,79 e 7 AH R A 255 BELJE 42 1 SR

(2) 358 B A L AR GE A8 3Bt BT R GEpToh
FETHLRE S W HEAU R SR TR o 10 R B
DA T 7 G AR 535 32 i L I A AR S A PEREAN I Y 7]
R, R AULBT 4 A 5 i S e S A PR R AR
WS PR RAG S BUR TG N4, 8
TSRO0 FR R B H AR G A A AL B Y 2
ATERE . (XT3 2 i ) i A A S BRI
F L, RN REAU IS il ) 1 A IR RS LA
Loty BEORUEA R M AU R) AL Z [R5 1 AT Ak
Gl

(3) -4 i1 DG 1 Ty 5 5 iy Iy A 5 Pk 5
14 LU R RS Sl A e R BOR o B SRE EO A
HOARG R RS BLG  AAd R H T B
SO, R H AR 5 O 9 T R T F Y
HRRR AT A GG, AT R e TR R B B BRI
ZAb AR L AR S UL g R A A
BUACHE i B e rh A9 SE R s T 2SRk B R L &R
GErgpE il A et b, LA/ N A B E R
Xt R GRS B AT I LR R

(4) 3% 5 K AL Bh I R 58 208 47 U e 1
PER A VIHEOR o Ve B ICH R GUA7 1 i It
L I R 2 v B A 2 R s AT R A
TR B R SR AN BRI B I, A7 7T e 2 EAT AR TR
MBI TR D)4 DU TE R GE i T Sk . SCik[ 86 ]
PR Tl G A 4 Jag J2E AR b S22 1) I 30 SR s A X
PIO7 58, LI E R F R E BT, Sk
(87 JET 3 s A7 iR A S ELR R M 4R T
— b3 FEOUL ) PR R O S AT AR SIS o R A A
PRPEATAI T 9 52 B L 4% . SCHR 88 15Xk
S b U R ) BRI L R B T — b A b R 42
HIHEZR , LASE B i BEAS 3 3l I R A s A2
A e P S AR A AN ) s A 2 4 ot
P RUE I, g gt — A4 v B O A R AL
RIPRPB AR T AL Z s AT D) Y
TR ERRPEAT IR T ERADFTE ™

RS EARTE—E R B T B
LR GERIARUE P (HR 25 R RE R LD D s F R ¢
s 4T THRA S BENLIL shis fr S5, MU Z2 i )R
JEBh AR AR RIS 2 GG i As e Ve P 3 3 i e
PEAT ST DT TEATIE D K
3 KRERAEE

TPk LR C HL AR SR A AT 5 ) B SR SRR R L
AR T 00T ARG R AR A S LA il a2,
ARSI FBERLIE SN T 1 22 18] RO A R R A
FE A, BARE N A2 B AE M M ER

BCHL R G0 R TIT T A SCHIE ST, AHL 1 AR T8 1 B A 1) PR
PR AR HHSCHE AR ] T R 17 S 1

()T B 2 F AR e PR R R 0 32 v B e i &R
ESE L RS K R

DG H 77 B FEAIL I s AR FEAS R B 5 18 15 20
BE AR R 45 R PE ELIRC FE R LI e B R Ui A 1
TR B PRER , 75 2K 22 40 0 B A BLe S al th i 42
(AR E DAL 4 T BN i P A AR A s %

XIANFIZERL DG H AN 2 PR T e s e p
Z M BB R G AR AR ) &, T A FH Copula
SEPRIE DR AR DG U A AN RE - T iR
25 Z A1 G &, DT DA AR DX (0] 4608 =S % DG
W Sh RS AR ARk o T X DG H AR
FRS A AL A RSP fb & kb K H
T30 SR R  (R) RO et B R
B AT Ak V8 A IR 5 AH L B4 17 A8 it SR i B A
(AT B B AR, B LAk T v 0l A 2 2 ok
FEOL N AT 2, 7 S m TR L, ik —
ARG e S B T i, AR s 2 T 1 A
St A AT, [FRE, TR ERE R RS
e R B P IR T T X s %
(I8 AT RAS I 78 50 I R76 o] P8 R, DA T4 2
FEE A R GRS VR i o e o A 4
A R 25 S 5 i R R D75 B E— 25 ik 98 xR
PHARURBA O 8 (5 A B — E A M2 M B
HL 2R G0 45 SRS TR TR Sh A5 RS IE ik o

(2)AEXF AR &AM T Z2 Pk EL AL B R G N1 43
A R AR D R s

IR TR IR A R RGP 24 i
T2 8 FIT 7= AR B AN A 43 2 [A) I 28 BRI 25 &R
B¢ S S e e A R T 220 B D 43, L E R
A BT BT R TR 4 3 4% 22 8] 19 28 B R PR E AT
2408

EXTFR AT 4 A 18 AN A7 3 v 3 2 ) 2%
TE R G4 v 1 2Z (A AT A3 A 2 5 | AT I AC B
S ) OCEE . Rt mT A R BT 2 B 45 ik
AT BB I ML 2 5t Hp 45 2 B AN - o i 1) BT BELBT
MR METIT Y 2 i RGP I S B . 3
PR LI BC H AR GE R I B BT o AT O v B R an E] 4
Fieon o B 1 CGR) R L (k) 43 53l A fe gt s 1 RN 3t 2%

i sy 2

Bl L) Zewa(k) Lk

L
IHO 200 )2k ZoB)]) Zal)

B4 EUERERERENERERSHHTETEE
Fig.4 Schematic diagram of harmonic impedance analysis
method of flexible DC distribution system



%58

R 53, A AR AR T 00T S R B L AR A S s A sl S B ) ®

2MA RGN b WA -5 538 5 1, (k) AL, (k) 5351k
e 2 1 A 2% 2 ZEAE X FROIR S R B = 2R 0 kIR
A 4300 5 7y, () RN Z,, () 4330 A 4 s 1 A 3t
A2 ELIR R R A (E BT 2, (k) Zo (k) Z,(B)
P s (6] A S (E 25 B BT . TRt ELR G R 5
R O A LA R AR R M RREAE , PR D R
P LR I BT S S AE X R T R G
IR LA 7 A A AN ST 3 i D) 2% R A%
P, 23 e i 2 70 AR X RR TR AT REAEAE Ah 45 T
Wyt KSR, I AR 9 X 2R 4 0 2% Ha A
FEH D 2R A R0, IF4 0 AR R B AS S 3 P ] i
il 1%

(3) FNFEBEPLHL 3 T 22k B Be H 2R Gt 2 15t [
JUBE BhAS R AR A MLBR AT SRS e 4 ik .

T B RGN T |, 50 A A REE
B 53 A 7 224 Wi B, B AT B I 1) 22 1 1] RO AR AIE
SR, TR S ) A R R 9 2 R R ) A B R
T dEm RGeS BT 20 R BRI 4> B[R]
B BE IR F A 8 DR T IR 6 G0 sh 25 A AN
Ivi] s 1) R AR 2 P I T L 2R 8 22 B[] R
AR SR . A T 2 AR R T AL P T (R A
PR 7, AT DK 2Pk B I R 2R 48 A5 A AN KU
DEANE TS

x, =f(x|,x2,8)
eir=g (v x08) (xom)eCx¥ (1)
y:h(xnxzvg) (xl,xz)eCXlI’

Horf %, e R il x, € R 430 R SUHE n RS 808E 1Y
12 AR FAREFPAE FIRE ALy e RN E LFEn 4t
SR S RGPS AR 2 (0 <
& < 1) R [EBREE N, T i A2 sl ) 20 518
ASEN 12 B4 B FREE s C F W oE TE n eS8 4E |
HES, CXxVERES CHER VR ER; £() M
g( VA RGEMW I TR h ()N RGN #E
T 22 PE BB X R 2 42 i T PR T &
Beii 5, FLE )45 B2 PR 104 158 BURE ZEAR 5 R e iR
A VRS G E T TR R . X T A ARl AR
Bl o] A BEHUME R 55 7 1500 R AT A LR il 26
TESN FEBEALIE S i F A A, IF 51 AR P B bR
ST W R GRS TR, TS 2SN AR AL 3
TR B IR AC H R G 22 (] R Bl AR AR A
FEXT 22 B AL HE R G AR e MLEL 2B S ol
T, A T BT HE ST 1) 2R G 22 i R RUBE B A8 REAE AR
R R HBEHL BN ) 27 5 B 0 0 i 2R Ge e P A
Pt e A FEBEALIE 20 5 R G0 N S A RRE Z 1] 1 O
156G 2R DT 4 T A 3R 8 i 3z A T AR A I 0 LR
WLEN J1 2847 AL T A o XS T4 A BN 3
T R G R A T SR, T R 6 R I ) A B

(xl,xz)e(]xq’

BT S i 2R 53¢ 22 1] [] R JRE mieg 1y AR P 1) e D04 1) 7
2, NS B 3R G f2 e 12 47 1A G i 2 3 .
7 SR M B IC . R S0 B R Lt RN 22 i [a) R
FRRAE TR P 308 e O 458 0 e 48 ok 1 g I 4 o
R R Ak R Lyapunov Fee HELE T ¥rifr foe 72 il L
SR R, LA fa] Ak 4 i SR (R SR B2 o BRI Z A,
B0 R AULABE P 42 ] R UL BELHC 455 1) 5 7 22 Mk L I
HL RGP RN H I T B T i — DR A BT

4 £

ARTCRES T T al i i i & R B
VMC R R GEAE A AR AT 00 B YA s A7 4 il
T3 R AFAEUN T 5 BER AR BB MR -

(1) ZEAWEVEIREL TR IE B RGN
FEE (A 5 V5 5 BRI 2 A E R R AR T
5 I U DT L A BT AR 2 8] B 5

()M AEXIFR A T B AE R A R S, &
FERA AT AN TR L 7 R 52 27 A R AN P 0 A
W2 r A AL Rp I 1 IR H R R A B LA A Dk 5

(3) 5 FHBENLIL N B R BRI R AR B3I S
R 5 22 I ) RRE AR, S ST AR N ) 3 A R AR
TUFFHEATHLER T , 318 1) R 0 ARG 4 ) S s,
P R B TR L R ST AR E A A BB IR 2R, R R
IR ATF IR B AR T 10]

Sk :

[1]JI H,WANG C,LI P,et al. Quantified analysis method for
operational flexibility of active distribution networks with high
penetration of distributed generators[J]. Applied Energy,2019,
239:706-714.

[2 ] 2o, A, AR PSR, 455 . S ORI H AR SR s P B A
FKEEMIL)]. I RS A Bk, 2019,43(23):90-98.

PENG Ke, CHEN Jiajia, XU Bingyin,et al. Key issues of sta-
bility and control in flexible DC distribution system[J]. Auto-
mation of Electric Power Systems,2019,43(23):90-98.

[3 ] sRIIZE XT3, R, 45 BACHL R SR 4L I BEAR K H

LI I RS 21k, 2019,43(23) :39-49.

ZHANG Yongjun, LIU Ziwen, SONG Weiwei, et al. Networking

technology and its application of DC distribution system[]].

Automation of Electric Power Systems,2019,43(23):39-49.

WREE, RARAR , U/, 45 . =i 2 A M BTG R B A

5 ORI LT ], D RGP 545, 2020,48(2) 1 157-164.

CHEN Rui,SONG Weiwei, TU Xiaotao,et al. Start, stop and

coordinated control of three-terminal flexible DC distribution

[4

[a—

system using star-type structure[ J]. Power System Protection
and Control,2020,48(2):157-164.
[ 5] BOROYEVICH D,CVETKOVIC I,DONG D,et al. Future elec-
tronic power distribution systems:a contemplative view[C]//
2010 12th International Conference on Optimization of Elec-
trical and Electronic Equipment. Basov,Russia:IEEE,2010:1369-
1380.
HUANG A Q,MARIESA L C,GERALD T H,et al. The future
renewable electric energy delivery and management system:
the energy internet[J]. Proceedings of the IEEE,2011,99(1):
133-148.

—
=)}
[—



60

L0/

Wt %

F41%

[7]

[8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

MAGUREANU R,ALBU M,PRIBOIANU M,et al. A DC distri-
bution network with alternative sources[C]//2007 Mediterra-
nean Conference on Control and Automation. Athens, Greece:
IEEE,2007: 1-4.

J A% BRECTE, A i PR A U B A 1 R
MO RS A 9k, 2019,43(23) :204-211.

QU Lu,YU Zhanqing, CHEN Zhengyu, et al. Engineering ap-
plication of three-terminal hybrid DC circuit breaker[J]. Au-
tomation of Electric Power Systems,2019,43(23):204-211.

LN Ry S PR s N O [ - e N P R
FRGUAEH KPR R R AT (], W R R S
2020,48(9) :164-173.

DU Xiaolei,GUO Qinglei, WU Yankun,et al. Research on con-
trol system strategy for
Zhangbei demonstration project of MMC-HVDC grid [J]. Po-
wer System Protection and Control,2020,48(9):164-173.
PRI, O . 1PN 1A 0 2 M A I P s 3 TR A
70 IR EdE,2018,21(9) 1 94.

BAN Guobang,XU Yutao. The first five-terminal flexible DC
power distribution demonstration project in China entered trial
uperation[,]l Power Big Data,2018,21(9) :94.

E R TP 5 A W) N E 2 G ) S E R TR (4
BCHL M ZBEPETEAL ()], L FIHAR ,2019,43(5) 1 1520-1528.
GAO Shuang, SHENG Wanxing, XU Bin, et al. Economic eva-
luation of multi-voltage hybrid AC / DC distribution networks

structure and coordination control

with high penetration of photovoltaics[J]. Power System Tech-
nology,2019,43(5) : 1520-1528.

LIU Y,LI H,YU Z,et al. Reliability evaluation method for
AC/DC hybrid distribution power network considering cascaded
multiport power electronic transformer[J]. IET Generation,Trans-
mission & Distribution,2019,13(23):5357-5364.

YU S,ZHANG S,HAN Y, et al. Transfer function models of
gas distribution networks for studying gas-electricity coupling:
modeling, networking and evaluation [J]. International Journal
of Electrical Power & Energy Systems,2020,118:105737.

WU T, LI X,ZHANG J,et al. Modeling and simulation of
DC distribution network with distributed generation[C]//IEEE
3rd International Electrical and Energy Conference (CIEEC).
Beijing, China:IEEE,2019:1-5.

SRR, SR, XM 55, 55 . A U RE R S 2 5 IR A 250
A F 10 0 e P R s sk S [0 ). W F B Ak e s, 2019,
39(5):15-21.

ZHANG Jianglin, ZHUANG Huimin, LIU Junyong, et al. Two-
stage coordinated voltage control scheme of active distribu-
tion network with voltage support of distributed energy sto-
rage system[]]. Electric Power Automation Equipment, 2019,
39(5):15-21.

Pt R R R T T B R AR IR A
Tt T HL 169 10 2y H S 4 ] SRS AF ST (T ], ob L TR A
2019,39(16) :4764-4774.

FU Yang,ZHANG Zhiquan, LI Zhenkun. Research on reactive
power voltage control strategy for hybrid AC / DC distribution
network based on two-stage robust optimization model[]J]. Pro-
ceedings of the CSEE,2019,39(16):4764-4774.

2L 33RO A L GRS HL I P VSC 52 R AC TR
TR IRBEL R S [T . R EHR ,2019,45(9) :2884-2894.
LI Luyang,PEI Wei,DENG Wei,et al. Active damping strategy
for improving VSC and line interaction instability in DC dis-
tribution network [ J]. High Voltage Engineering,2019,45(9):
2884-2894.

AR, R I DRI RA T , 25 . BT TRl A 2 P T I H P 2%
IR B2 A A R B2 S (D] b E PL T AR 24 4, 2019, 39
(10):2828-2839.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

XIE Da, CHEN Aikang,YU Songtao, et al. Research on syn-
thetic scheduling index and scheduling strategy of multiport
flexible DC distribution network with dr()()p-(:()ntrol[]]. Pro-
ceedings of the CSEE,2019,39(10):2828-2839.

P O (| S S A o B & By VAl N R e N A E R
T s, P S B RE A 43I0 5 H e TG Ml 2 R SR [0 . W TR
#,2019,34(4) : 795-806.

LIU Ziwen,MIAO Shihong, FAN Zhihua,et al. Accurate power
allocation and zero steady-state error voltage control of the
islanding DC microgird based on adaptive droop characteristics
[J]. Transactions of China Electrotechnical Society,?2019, 34
(4):795-806.

BOLLEN M H J,ZHANG L D. Different methods for classifi-
cation of three-phase unbalanced voltage dips due to faults
[J]. Electric Power Systems Research,2003,66(1):59-69.
LIU Z,MIAO S,FAN Z,et al. Characteristics analysis and
improved arm control of modular multilevel converter under
asymmetric operation conditions[ J]. International Journal of
Electrical Power & Energy Systems,2019,105:272-282.
JYIRET /N XN, S Rk B T R SR R AT
BEHTTRERALL]. FBIMEIAR,2018,42(4):1117-1123.

YIN Congqi, XIE Xiaorong, LIU Hui,et al. Analysis and con-
trol of the oscillation phenomenon in VSC-HVDC transmission
system[.]]. Power System Technology,2018,42(4):1117-1123.
JW e, SRR, TP, 45 . RS HE ) 22 Ik ) ROBE s AR R
5T, W, 2018,39(9) : 54-60.

FAN Shixiong, LIU Xingwei, WEI Zechen, et al. Research on
multi-time-scale control system of DC distribution network [ J .
Electric Power Construction,2018,39(9):54-60.

AHMED M,ABDEL-RADY A I M. Investigation and enhance-
ment of stability in grid-connected active DC distribution
systems with high penetration level of dynamic load[J]. IEEE
Transactions on Power Electronics,2019,34(9):9170-9190.

[ SR S/ NI STV N S 2 NS S S W N EA =R
BEALETTIEAL ()] R R EAR ,2019,45(10) :3140-3148.
ZHANG Jin, GENG Guangchao, JJIANG Quanyuan,et al. Multi-
objective stochastic operation optimization for distribution net-
work with flexible multi-state switches[J]. High Voltage Engi-
neering,2019,45(10) :3140-3148.

KALANTAR N M,SOSSAN F,BOZORG M,et al. Characte-
rizing the reserve provision capability area of active distri-
bution networks:a linear robust optimization method[J]. TEEE
Transactions on Smart Grid,2020,11(3):2464-2475.

g LN R B R A3 A X H IR A 2 3 T Ak R
FEWIFEID ] BB AP R R, 2019.

YE Chang. Research of the optimal scheduling method for
active distribution network with high penetration distributed
generations integration [ D].  Wuhan: Huazhong University of
Science and Technology,2019.

Y5 RIS, B, 4 BT AL 2RI 19 £ PET HLIK
1422 B BC R P9 H RO AR B2 () . Ly i, 2019,40(12)
96-103.

FU Shougiang, CHEN Xiangyu, WANG Chang,et al. Day-ahead
optimal scheduling of AC / DC hybrid distributed energy sys-
tem with multi-power electronic transformer adopting chance-
constrained programming[J]. Electric Power Construction,2019,
40(12):96-103.

YANG G,DONG P,LIU M,et al. Research on random fuzzy
power flow calculation of AC/DC hybrid distribution network
based on unified iterative method [J]. IET Renewable Power
Generation,2021:15(6) : 1-15.

DONG L,MENG T,LI J,et al. Uncertain dispatch based on
the multiple scenarios technique in the AC/ DC hybrid distri-



%58

R 53, A AR AR T 00T S R B L AR A S s A sl S B ) 81]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

bution network[ C] /IEEE Power & Energy Society General
Meeting. Portland,OR,USA:IEEE,2018:1-5.

SHANG Y,WU W,GUO J,et al. Stochastic maintenance sche-
dule of active distribution networks
tree search[J]. IEEE Transactions on Power Systems,2020,35
(5):3940-3952.

EZA, B, XA, 55 . B B AN E TR S B R IR A
e e WA A is AT [ ], E AL L RE# 4R, 2020,40(2) :
550-562.

WANG Jiayi, GAO Hongjun, LIU Youbo,et al. A distributed
operation optimization model for AC/ DC hybrid distribution

based on Monte-Carlo

network considering wind power uncertainty [J]. Proceedings
of the CSEE,2020,40(2):550-562.

PR P W5 L ORTA L SF . GARIBE A A 1Y 5 1AL IRE F I
XU P B G PR A2 173w ()], By 5, 2020,41(3)
110-118.

LIAO Hongtu,HUANG Yihong,SHI Yizhi,et al. A bi-level two-
stage robust optimal operation strategy for AC and DC distri-
bution network with photovoltaic and energy storage[J]. Elec-
tric Power Construction,2020,41(3):110-118.

SUN F,MA J,YU M,et al. A robust optimal coordinated droop
control method for multiple VSCs in AC-DC distribution net-
work [J]. IEEE Transactions on Power Systems,2019,34(6) :
5002-5011.

MG, X3, MR DR , 5 . 25 TEOHT AE TR 3 IX ] A9 52 i e
L 0T R AL T B D], I R H Bk, 2020, 44
(14):62-70.

SUN Fengzhou, LIU Haitao, CHEN Qing,et al. Robust optimi-
zation method for droop slopes in AC/ DC distribution net-
work considering fluctuation interval of renewable energy source
[J]. Automation of Electric Power Systems,2020,44(14):62-70.
SRBEAL, X TS0, AR L SR EIBE I L T 5 IR A e H
RIERZRLI]. TR 1,2020,33(12) :3-13.

ZHANG Yongjun,LIU Ziwen,DENG Fengqgiang. Review on re-
search status and development of flexible interconnected dis-
tribution networks[J]. Guangdong Electric Power,2020,33(12):
3-13.

TRERAR, ARAKHE B R0, 55 . SE ST I P —fifs o3 A 2 A
Pz Ay (=) 25 AR P PRI 1 — B Rk )], P
HLHL T RE2442,2018,38(11) : 3244-3254.

XU Xilin, SONG Yiqun, YAO Liangzhong, et al. Source-load-
storage distributed coordinative optimization of AND(part II ):
consensus algorithm considering non-ideal telemetering network
[J]. Proceedings of the CSEE,2018,38(11):3244-3254.
IS EEN, . BB RIS A E TR
Tt THC H 0 7 B B SRS A T[T ], W THOR %48, 2020, 35
(23) :4949-4960.

LI Xingzhi, HAN Bei, LI Guojie, et al. Two-stage probabilistic
state estimation for AC / DC distribution network considering
non-Gaussian coupling uncertainties[J]. Transactions of China
Electrotechnical Society,2020,35(23) :4949-4960.

HUANG Y,XU Q,HU C,et al. Probabilistic state estimation
approach for AC/MTDC distribution system using deep belief
network with non-Gaussian uncertainties[J]. IEEE Sensors Jour-
nal,2019,19(20) : 9422-9430.

MUHAMMAD M, CHUL-HWAN K, MUHAMMAD S. Robust
control for DC islanded microgrid considering
communication network delay[ﬂ. IEEE Access, 2020,8:77765-
77778.

SAWSAN S,AHMED M. Impact of forced and unforced system
parameter variations on network stability and system economics
of radial MTDC networks[J]. Electric Power Systems Research,
2020, 179:106051.

centralized

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

ZHU M, HANG L, LI G,et al. Protected control method for
power conversion interface under unbalanced operating condi-
tions in AC/ DC hybrid distributed grid[ﬂ. IEEE Transac-
tions on Energy Conversion,2016,31(1):57-68.
MEELE, T3, TBE, 45 . —Fh B AC L S A A 1 00 T
F R T kSR S ], BBl TR, 2019,35(4) 1 1-8.
SHI Kailun, WANG Yi,WANG Chen,et al. A voltage ripple
suppression strategy for DC distribution network under AC
side imbalance[J]. Electric Power Science and Engineering,
2019,35(4):1-8.

XT3, R ZGa TR T 2 B 08 s 11 RF R 23 Hr b 4 il
JEWIFEID ] BB P R, 2019.

LIU Ziwen. Studies of operation characteristics analysis and
control methods of hybrid AC/ DC microgrid under compli-
cated operation conditions[D]. Wuhan: Huazhong University of
Science and Technology,2019.

T BASE R AT R LR SRR PWM R A
i AR R AN PR SR [ ). b [ A AL TR A1, 2012, 32
(21):46-53.

WANG Meng, XIA Changliang, SONG Zhanfeng,et al. A power
resonance compensation control strategy for PWM rectifiers
under unbalanced grid voltage conditions[J]. Proceedings of
the CSEE,2012,32(21):46-53.

X3, vt VAR AR AR N T SR A
ARG AR A [T ). L TR 41, 2018, 33(14) :
3296-3305.

LIU Ziwen, MIAO Shihong, FAN Zhihua, et al. Power sliding
mode compensation strategy of VSC-HVDC under unbalanced
grid voltage[J]. Transactions of China Electrotechnical Society,
2018,33(14):3296-3305.

MEZE AN, T9R 45 . BT IC H ) MMC-H B B 3 728 s 435 [l 3
DA ()], s A sl ks, 2020,40(2) : 14-20.
MEI Jun,GUAN Zhou,DING Ran,et al. Variable-frequency op-
timization strategy based on backflow power of MMC-H DC
transformer in DC distribution network[J]. Electric Power Au-
tomation Equipment,2020,40(2) : 14-20.

HUANG X,QI L,PAN J. A new protection scheme for MMC-
based MVDC distribution systems with complete converter fault
current handling capability[J]. IEEE Transactions on Industry
Applications, 2019, 55(5):4515-4523.
A, BT X730, 45 L BERAL 2 AR A TR R
Rk o3BT 5 AR s (). e TR 2441, 2018,33(16)
3707-3718.

FAN Zhihua, MIAO Shihong, LIU Ziwen,et al. Modular multi-
level converter sub-module fault characteristics analysis and
decoupling control strategy [J]. Transactions of China Electro-
technical Society,2018,33(16):3707-3718.

WaST L ZEMAE 25T IR, 45 . MMC FREBGE R T RE B PP
i 5% Aa AT (1), W1 A Bk ,2018,38(4) :52-59.
YANG Limin, LI Yaohua,Ll Zixin,et al. Energy rebalance con-
trol and safe operation region analysis of MMC with sub-module
fault[J]. Electric Power Automation Equipment, 2018, 38(4) :
52-59.

GAO F,GU X,MA Z,et al. Redistributed pulse width modu-
lation of MMC battery energy storage system under sub-
module fault condition[J]. IEEE Transactions on Power Elec-
tronics,2020,35(3) :2284-2294.

MEHRASA M, POURESMAEIL E,ZABIHI S,et al. A mulii-
loop control technique for the stable operation of modular
multilevel converters in HVDC transmission systems[J]. Inter-
national Journal of Electrical Power & Energy Systems,2018,
96:194-207.

G, B FEE . BRSO MMC 193217 59T ]. &



@

L0/

W g % a5

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

el L T R4 4, 2017, 37(24) : 7255-7265.

DONG Peng,LU Jing,CAI Xu. Operation and control of modu-
lar multilevel converters under asymmetric arm parameter con-
ditions[ ] ]. Proceedings of the CSEE,2017,37(24):7255-7265.
LIU Z,MIAO S,FAN Z. Analysis of the performance charac-
teristic and arm current control for modular multilevel conver-
ter with asymmetric arm parameters []J]. International Journal
of Electrical Power & Energy Systems,2019,110:258-270.
HATZIARGYRIOU N D, MILANOVIC J V,RAHMANN C, et
al. Stability definitions and characterization of dynamic behavior
in systems with high penetration of power electronic interfaced
lcchnulugies[R]. Piscataway, USA : IEEE, 2020.

/N BURRRE, B A R D R SRR T R ]
Loyt 1], i E AL TR, 2021, 41(2) : 461-474.
XIE Xiaorong,HE Jingbo,MAO Hangyin,et al. New issues and
classification of power system stability with high shares of re-
newables and power electronics[J]. Proceedings of the CSEE,
2021,41(2):461-474.

JBOAR , REZERA X . O I 3R 45 A B 2R e R o 1R A3 AT i
ZiR[I]. MTTRMEAR 2019, 13(1) 1 14-26.

YIN Weibin, XIONG Liansong, ZHAO Tao. Review of stability
analysis methods of grid-tied inverter power generation systems
[J]. Southern Power System Technology,2019,13(1):14-26.
WRATEE B, AR R, A5 2 E G B o0 S 7 LA AR
SR ] R S EOR 1, 2020,35(5) : 82-95.

TAN Zhukui, BAN Guobang,XU Yutao,et al. Model segmenta-
tion method for the real-time simulation of a multi-terminal
DC distribution network [J]. Journal of Electric Power Science
and Technology,2020,35(5) :82-95.

Mioe , B0, DUBTHT, 5 . BT SR R LAY 22 BRI A IO
RIEBES G FT ()], LA, 2018,42(5) 1 1410-1417.
CHEN Liang, HUANG Qiang, JIA Mengmeng, et al. Modeling
and simulation analysis of hybrid AC / DC distribution net-
work based on flexible DC interconnection[J].
Techno]ogy,2018,42(5):1410—14]7.

X it i, R B UNT L A T RAAE AR 43 HT 9 DFIG KU AL
LAEROR I T B SRR R SRR WFFE [ ). oh R AL TR
2017,37(19):97-105.

ZHAO Jingjing, HONG Wansha,XU Chengsi,et al. Control stra-

tegy of DFIG wind power generation on frequency control of

Power System

micro-grid based on eigenvalue analysis[J]. Proceedings of the
CSEE,2017,37(19):97-105.

PN, THUR M, AR, A . ETACHL ) RS EUN TR 2 R
P TIELT ). ITRGE A 31k, 2018,42(3) :48-55.

SUN Fengzhou,MA Junchao,ZHU Jie,et al. Optimized dispat-
ching and control method of droop parameters with assurance
of small-signal stability in DC distribution network [J]. Auto-
mation of Electric Power Systems,2018,42(3):48-55.

GU H,JIAO Z. Comprehensive small-signal model and sability
analysis of VSC-based medium-voltage DC distribution system
[J]. IET Generation,Transmission & Distribution,2019,13(20) :
4642-4649.

PR PR, AN, S LT BELCRE P A D A L T
FEPESATLI]. AL T R A, 2019, 39(5) £ 1323-1333.
ZHONG Qing, FENG Junjie, WANG Gang, et al. Analysis of
resonance characteristics of DC distribution network based on
node impedance matrix[J]. Proceedings of the CSEE,2019,39
(5):1323-1333.

LIU Yuchao,RAZA A,ROUZBEHI K,et al. Dynamic resonance
analysis and oscillation damping of multiterminal DC grids
[J]. IEEE Access,2017,5:16974-16984.

ZHANG H,MEHRABANKHOMARTASH M,SAEEDIFARD M,

et al. A new zone aggregation method for impedance-based

stability assessment of the expanded DC-distribution networks
[J/OL]. (2020-06-30) [2021-02-19]. IEEE Transactions on
Power Delivery. hitps: /ieeexplore. ieee.org/document /9130103.
DOI:10.1109 / TPWRD.2020.3005993.

[66] #¥ T, DBl Remd 2N, 45 . #7310 L 0 R GERRE 1Y ) BB
PRH: DU ASTESE LB BT ], PBE~741, 2020,69(8) :88907.
YANG Zigian, MA Rui, CHENG Shijie, et al. Problems and
challenges of power-electronic-based power system stability: a
case study of transient stability comparison[J]. Acta Physica
Sinica,2020,69(8) : 88907.

[67] ABEDI A,REZAIE B,KHOSRAVI A,et al. DC-bus voltage
control based on direct Lyapunov method for a converter-
based stand-alone DC micro-grid [J]. Electric Power Systems
Research,2020,187:106451.

[68] LIU S,ZHENG J,LI R,et al. Multiple Lyapunov function-
based large signal stability analysis of DC microgrid with
coordinated control[C]//TEEE International Conference on Elec-
trical Machines and Systems (ICEMS). Harbin, China:IEEE,
2019:1-6.

[69] B EME T, ok, MIRIL . T RGBT NI A9 U5k WAL
W Bt A ) P ) RO SRR [T / OL L. b [l WL L LA 2
. (2020-09-09)[2021-02-19]. http: //kns.cnki.net / kems /
detail / 11.2107.tm.20200907.1647.006.html.

[70] HU Q,FU L,MA F,et al. Large signal synchronizing instabi-
lity of PLL-based VSC connected to weak AC grid[J]. IEEE
Transactions on Power Systems,2019,34(4):3220-3229.

[71] ZHENG H,ZHOU L,SUN P,et al. Large-signal stability ana-
lysis for VSC-HVDC systems based on mixed potential theory
[J]. IEEE Transactions on Power Delivery,2020,35(4):1939-
1948.

[72] #XA3a, AR vk ok, 2220 . 21k T UL vh 3R 0 Y 9IR 9 B 50317
[J]. My MEA 2018, 12(2):105-113.

ZHAO Shugiang,SHAO Bingbing, LI Ren. Analysis on oscilla-
tion modes of VSC-HVDC system[]]. Southern Power System
Technology,2018, 12(2):105-113.

(73] Dol , SR, i . 50728 2 A1 v ISR ) 22 i)

FERER A3 MR s — B UE [T ], b E AL TR A4, 2018,
38(13):3813-3825.
MENG Xiaoxiao, ZHOU Niancheng, WANG Qianggang. Multi-
time scale model order reduction and stability consistency of
1IDG system[J]. Proceedings of the CSEE,2018,38(13):3813-
3825.

[74] HU J,ZHU J,WAN M. Voltage modeling and analysis of mo-
dular multilevel converter in DC voltage control timescale[]].
IEEE Transaction on Industrial Electronics,2019,66(8) :6449-
6459.

[75] ZHAO M,YUAN X,HU J,et al. Voltage dynamics of current
control time-scale in a VSC-connected weak grid[J]. IEEE
Transactions on Power Systems,2016,31(4):2925-2937.

[76] e /o, Bl 55 . i EL BT BE IR AT H ) Fl P A

NERGWEIIRG TR LRI ] P LR 4, 2020, 40
(15):4720-4731.
MA Ningning, XIE Xiaorong, HE Jingbo,et al. Review and dis-
cussion of wide-band oscillation in renewable and power elec-
tronics highly integrated power systems[J]. Proceedings of the
CSEE,2020,40(15) :4720-4731.

[77] TR, 25405 REESR . SAGRIY R 00 1 DL T T 247 1l
Trik[I]. PHRSCHlR A4, 2017, 52(5) :1020-1028.

WANG Tianhong,LI Qi,CHENG Weirong. Adaptive virtual im-
pedance droop control method in load sharing[J]. Journal of
Southwest Jiaotong University,2017,52(5):1020-1028.

(781 Zuk, X 45, FLAET 55 . IR C L IS A4 i SR 43 BT A e

). BB, 2018,39(11):96-108.



%58

R 53, A AR AR T 00T S R B L AR A S s A sl S B ) ®

LI Bin,LIU Haijin, KONG Xiangping,et al. Analysis and pros-
pect of control strategies for DC distribution systems[J]. Elec-
tric Power Construction,2018,39(11):96-108.

[79] sk, 258, X1, 55 . FET LR MONBLE i ER IC L R Ge ke e
PRI L] ) B Sk, 2020,40(4) : 191-196.
WANG Lin, PENG Ke, LIU Lei, et al. Stability improvement
method for flexible DC distribution system considering com-
prehensive additional damping[J]. Electric Power Automation
Equipment,2020,40(4) :191-196.

(807 TR, MM, AT, 45 . LT 748 T 3 2 H0AY LR BC L 1) i N
PSRRI ], RS A 31E,2017,41(8) : 116-124.
WANG Yi,HEI Yang,FU Yuan,et al. Adaptive virtual inertia
control of DC distribution network based on variable droop
coefficient[ J]. Automation of Electric Power Systems, 2017,41
(8):116-124.

[81] YAN X,HUANG X,FU Y. Research on virtual inertial con-
trol technology for improving transient stability of DC distri-
bution network [ C] //TEEE Conference on Energy Internet &
Energy System Integration. Beijing, China:IEEE,2017:1-5.

(82wt , ifh , oo, 45 . ol kb 2 U R LT BGs 174 )
PRSI R TSR, 2019,39(21) :6247-6255.
HONG Haohao, GU Wei, HUANG Qiang, et al. Power oscilla-
tion damping control for microgrid with multiple VSG units
[7]. Proceedings of the CSEE,2019,39(21):6247-6255.

[83] B IE, fbflde  Har A5 FE T B A SR 1Y B VA IS FE I P

PRI ], TR, 2016,31(17) :23-31.
ZENG Zheng,SHAO Weihua,RAN Li,et al. DC electric spring
for voltage fluctuation suppressing of DC distribution network
[J]. Transactions of China Electrotechnical Society,2016,31
(17):23-31.

[84] FRIGEHE, B b, 10 BT, 55 . 1T o I EL VARG HL PR A S e 22

HSFDC / DO v AR a8 B [T ], e Ci 5 i,
2018,8:141-145.
ZHANG Xiaotong, HUANG Jingjing, TONG Xianggian, et al.
Nonlinear controller design of MMC DC/DC converter applied
in medium voltage DC distribution network [J]. Magnetic Ele-
ment and Power Supply,2018,8:141-145.

[85] BRMMd, DRt , 55 . SEF ESO 55 & A4 il i) 14

BCH P BRI 0], P E WAL T AR =40, 2018, 38(11)
3235-3243.
KANG Zhongjian, CHEN Xing, CUI Zhaoli, et al. Bus voltage
control method of DC distribution network based on ESO and
terminal sliding mode control[J]. Proceedings of the CSEE,
2018,38(11):3235-3243.

[86] J1 Y R,YUAN Z C,ZHAO J F,et al. Hierarchical control
strategy for MVDC distribution network under large distur-
bance[J]. IET Generation, Transmission & Distribution, 2018,
12(11):2557-2565.

[87] YANG P C,YU M,WU Q W,et al. Decentralized bidirectional
voltage supporting control for multi-mode hybrid AC / DC
microgrid[]]. IEEE Transactions on Smart Grid,2020,11(3):
2615-2626.

[88] QIAO L,LI X L,HUANG D,et al. Coordinated control for
medium voltage DC distribution centers with flexibly inter-
linked multiple microgrids[J]. Journal of Modern Power Sys-
tems and Clean Energy,2019,7(3):599-611.

(897 ZHEIHk, 5y, W, 45 . B AL HL s AT B AR BT Y 25
WIT). b EEA,2019,45(10) :3039-3049.

LI Xialin,GUO Li,HUANG Di,et al. Research review on ope-
ration and control of DC distribution networks[J]. High Vol-
tage Engineering,2019,45(10):3039-3049.

[90] LI L,MIAO S,TU Q,et al. Dynamic dependence modelling of

wind power uncertainty considering heteroscedastic effect[]].
International Journal of Electrical Power & Energy Systems,
2020,116:105556.

[91] SRFMARFT, IRERSE 55 . S IR DA 1 22 80 30 3l 315 e PEL A

RSP s AW RT T[], i) A Sk e, 2020,40(10)
187-193.
GUO Chunlin,XU Xuan,ZHANG Chenliang,et al. Research on
harmonic impedance model and harmonic interaction of multi-
ple converter station system with AC filters[J]. Electric Po-
wer Automation Equipment,2020,40(10):187-193.

[92] 4. Z ik RGNS IRLYT S I S B2 pr 5 [D ]
At AL IR, 2019.

XU Xuan. Research on the harmonic impedance and harmonic
interaction in multi-HVDC transmission system[D]. Beijing:
North China Electric Power University,2019.

[93] MA J,SONG Z,ZHANG Y, et al. Robust stochastic stability
analysis method of DFIG integration on power system consi-
dering virtual inertia control[J]. IEEE Transactions on Power
Systems, 2017,32(5) :4069-4079.

[94] Dhif, w224 bl , 45 . BN BEPLARE M 2 Lol 1 R 50

FEMETI]. M) A3 ki, 2016,36(8) :26-32.
MA Jing, GAO Xiang, LI Yinan,et al. Stability analysis con-
sidering time-varying wind speed for power system with multiple
operating conditions[J]. Electric Power Automation Equipment,
2016,36(8) :26-32.

[95] Hg~F, Xk & BEE M, 45 . WL REEHENLEN 1" E TR 22T ]
W RS A BIE,2017,41(1):1-8.

JU Ping,LIU Yongfei, XUE Yusheng,et al. Research prospects
for stochastic dynamics of power system[J]. Automation of
Electric Power Systems,2017,41(1):1-8.

[96] FAUL, XM 55, XA, 45 . 1 BB BEALIsh i v o) R G087
BRESHLI]. B A BB, 2016,36(3) : 100-108.
JIANG Changjiang, LIU Junyong, LIU Youbo, et al. Transient
stability analysis of power system considering wind-power
stochastic excitation[J]. Electric Power Automation Equipment,
2016,36(3): 100-108.

[97] LIU Z,ZHAO J. Disturbance interaction analysis and suppre-
ssion strategy for MMC-HVDC systems considering sub-mo-
dule capacitor voltage ripples[J]. IEEE Transactions on Power
Systems,2021,36( 1) :235-247.

(98] X 5-3C, # Lyt , 2 047, 4 . T 20025 Markov L7 H1 3
PRI HY HVDC B Il e 0F 5 [0 . w1 A shiki 4, 2018,
38(11):114-120.

LIU Ziwen,MIAO Shihong,LI Lixing,et al. Complementary con-
troller of HVDC based on multi-state Markov model and in-
verse optimal theory[J]. Electric Power Automation Equipment,

2018,38(11):114-120.

X F L1991 —), 5, i R g A, Bt
0L, ZRAT A A Ft AR B
FAR AR W H A ZF (E-mail: liuzi-
wen@hhu.edu.cn) ;

B OM1990—), F b AmEA L
+E , ERMATMAC AL THR B S
HH B RS T AUH] L SR A A ) AL
%] % (E-mail : tomnytang@gmail.com ) ;

REFUIB3—), 5,7 KRARA, K
¥, ML, 2 2R G @ A 2 F Bl MALR] 5 iE 475 (E-mail :
zhangjun@scut.edu.cn) .

(448 &%)



84) ® 0 & % L B ®41 %

Key issues of modeling and operation control of flexible DC
distribution system under non-ideal conditions
LIU Ziwen',TANG Yuan’,ZHANG Yongjun’,CHEN Bing’
(1. College of Energy and Electrical Engineering,Hohai University,Nanjing 210098, China;
2. Research Center of Smart Energy Technology,School of Electric Power,

South China University of Technology,Guangzhou 510640, China)
Abstract: The modeling and operation control of flexible DC distribution system under non-ideal conditions
face the dual challenges of both the steady-state operation demand of economy and high efficiency and the
dynamic operation demand of safety and stability. The systematic analysis of operating characteristics for
flexible DC distribution system under non-ideal conditions, and the discussion of reasonable modeling me-
thods and analytical control techniques, have important theoretical and practical significance to guide the
development of future distribution systems towards the direction of more economical,efficient and new energy
friendly accessed. For that,along with the research status and development trends at home and abroad,the
steady-state modeling and optimal control of flexible DC distribution system under non-ideal conditions,and
the multi-time scale dynamic feature modeling and stability control under external stochastic disturbances
are deeply analyzed,which points out the main issues of system modeling and operation control under non-
ideal conditions. Furthermore, the technical development directions of flexible DC distribution system are
explored from the aspects of system modeling and optimization with multiple uncertainties,system interactive
feature modeling and collaborative control of unbalanced components under asymmetric conditions, and the
multi-time scale dynamic characteristic mechanism modeling and stability control under external stochastic
disturbances, which provides the research idea for the modeling and operation control of flexible DC distri-
bution system.
Key words: flexible DC distribution system; distributed power generation; non-ideal conditions;system mode-

ling;operation control ;stochastic uncertainty
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Small disturbance stability analysis of multi-converter DC microgrid based on

impedance network model
LIU Zhenxiang,ZHAO Jinbin,ZENG Zhiwei,QU Keqing, MAO Ling
(College of Electrical Engineering,Shanghai University of Electric Power,Shanghai 200090, China)

Abstract: The integration of many renewable energy equipments and loads into DC microgrid through power
electronic converters makes the small disturbance stability of MCDCM (Multi-Converter DC Microgrid) face
severe challenges, and some limitations exist when using the traditional impedance ratio and state space
model to analyze MCDCM. An impedance network model and a negative feedback system with open-loop
stable characteristic of MCDCM are established based on the impedance characteristic of converter ports,
and the impedance network model is applied to the stability judgment and design of DC microgrid. The
time-domain simulative results of a MCDCM with six converters verify the advantages of the proposed method
in stability judgment and design of MCDCM.

Key words:impedance network model; multi-converter; small disturbance stability ; equivalent open-loop func-

tion; generalized Nyquist criterion



