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ABSTRACT : Thoroughly exploring the power operation interval
control strategy of flexible DC transmission systems is crucial for
improving the quality of power transmission and ensuring system
stability. In this context, this paper proposes a power operation
interval control method for flexible DC transmission system under
low short— circuit ratio. Firstly, the power operation
characteristics and influencing factors of the flexible DC system
under the condition of low short—circuit ratio are analyzed, and
the constraints that limit the steady—- state operation area of the
flexible DC transmission of the modular multilevel converter—
high voltage direct current (MMC— HVDC) are determined.
Secondly, based on these constraints, a theoretical calculation
model of the power operation interval of the flexible DC
transmission system under low short—circuit ratio is constructed,
and the calculation program of the power operating range of the
flexible system connected by the flexible DC system with low
short—circuit ratio and the weak AC system is developed. Finally,
the boundary of the steady—-state operation region of MMC on the
PQ plane is drawn by using the point—by—point scanning method
and the implicit function plotting method in the simulation
environment to mutually the accuracy of the calculation results

and verify the effectiveness of the proposed control method.

ESUWE : [ 2022 48 5 “BHE BUH AT SR BHE SRR
KU AL 35U H (22DZ1206100)

Project Supported by the 2022 Shanghai “Science and Technology
Innovation Action Plan”: Special Science and Technology Support

Project for Carbon Peaking and Neutrality (22DZ1206100).

https://www.cnki.net

KEY WORDS: flexible HVDC transmission; steady— state
operating range ; modular multilevel converter; short circuit ratio
FEEE : R AT R B i R G D) I8 471X ) 42 1l 5
W, % T4 oy L RE AL i (R B R R G, TR
HERT S T — Rt i i v R G AE I L TR i
AT AR vk . 5, ST IR L AR F T SR B AR
G AIBAT R RISE I R R JFA0E T BRI 2 HL
5 U0 8 1) 22 PE B B L (modular multilevel converter—high
voltage direct current, MMC-HVDC) £ 2532 7 X 38 19 £ o 4%
Pho SRIG Tk Se A 5 R A 1 S Tt i B R e A
R % LR B D30 AT DX ) (Y B TSRS I e TR
% O SR U AR e RN ST R GUAHIE RV R G ) R is AT
WHRTTERR . R&JF, 07 SRl 2 SR A
PRENZ VL0 T MMC 7 PQ -1l L ARS8 4T K Sk i1
St AR EDUETH A5 R A HER M, [R]INIESE T B Oy ik
A RE

KGR FEME B TR B AT H s B 2 R
s B L

R PRA 2 1L P48 3 g 1) 2 P BV i HE (modlular
multilevel converter—high voltage direct current, MMC—
HVDC)EAR A5 I 5 w85 1 B Aa) e PO
BN IR Tz O, AFSEA SRR
e MMC-HVDC 2 il A A 52, IR AR IS LA 1Y
P SR RN LR AP 712, AT 442 e v BE A% i B et O
FERGRE . TR R B ARl 7=




Hh | &N

14 L, S U R RS B LR I Th B T IX a2 vk

Vol.40 No.9

2 T S W A5 TR [ P AMIE SR IR A T T 2 4

FE NAP ST MMC $RF S5 H BB AR 45k
o SCHRA1TE AN B AR T 2 BF 7B (half-bridge
sub—module , HBSM ) Fll 4= #ff T4 £t (full-bridge sub—
module, FBSM) ) MMC i #i #1424 o SCRR[S]
4T 45 I A 4 3 & (voltage sourced
converter , VSC) ¥ F&5 ¥4 FlHGZ 1706, I 38 1 A
T BRI EE, 48 H MMC 40 F N5 ke H 16 w8 4 R
S3 RN B, B A& T S M v e e R g i H
e, SR, JCREVE BR AL T HBSM #1FM Y MMC i
o T LU0 PR, 235 ] R L TR ARG T R T
TR ST 0 0 B H T RE SR R AR T . AR
MMC e 3 25 # Fh i 48 1 3 Rainer Marquardt 7E 3C
HR[6]H 2 AL, S IUFE B IR R 10
MMC R il 4: FBSM JRFM45H , RS F bR Py ER
77 A ) PR H R e S v 2 A B P I i
DSBS 3 s U ) BELIRT . X SRS 45 SR A B
b, SCHR[7- 1078 B A U Mk R A Y R RE ) 10
CDSM ,CCSM Z5 T B NI T TIRABISE, LLE—
AP T HAERE RN AT S . SR, A R 2 E A Fhas
A AT LA S50 BEL T 737 0 i o i il e e, 3
{HFREEAAL 1 TIGBT Al A5 oo & 1,
FEUERZEAE ARG T S A%, TR IR AR R 3
THMERENTR, SCHERITAYER X L AR e e ™ Ei A S
Ui FR P 3R 25 AP %) )i, 2 DA A2 388 1) ) %)
R HEAT A AT, ST AN TR R A g i AT )
FAT X, R IR R S B A T S A . U
FRYGE AT T T A R A AN AT S A 25 &
i Y HOE R R ), A5 e VSC-HVDC A5l
R A2 PWM | D7 =X, i Rh J7 RS T
MMC-HVDC R Gy "™, SCHR[181E 11 45 54
FEREHOR 5220 R DI RE ST 1A AR ]
AR HL T 45 [T ] L B 5 e L B A5 R B i e 11
PURIERRE , TR AL T MMC BYPR IR

ARICR MMC-HVDC R2GE7E = AHFAPIRS T /Y
R IBA TS AT 7o, 008 1 D Aas A7 X ] 1Y
SRR P T 3 R RS B T
IR AT AR 7 v o iR SR AR 1Y 29 R 2R 1
T AR AR R M B R R RIB AT X
[ A TR IR T T —Fh 3 T 2 R IC A %
ERERKSHLMAGELIKRNEHRRF iz
PR Y o EIE T RS2 T

https://www.cnki.net

() TE AR 1 , A SCHE( BT R FH 72 s 33 AR
PR BRI [ ok 224 MMC 78 PQ “F1i b i FaZsis T
90 BB S A AR BLEIE . S T T8, AL
{LAIFSE T B MMC-HVDC 255,

1 MMC-HVDC &#&

1.1 MMC-HVDC R4 Riz1TX B mEZE S
B 18R T MMC-HVDC 3 ASE 3 ™ 14 Bk
SR A

B1 PCC U.Zp

U, 20

P+jO, Upee<PCC

1 MMC-HVDC B3 K E
Fig.1 MMC-HVDC single—terminal equivalent

circuit diagram

TEIE 1, PCC R it ot I 0 ., L 18] 52 0 2
Beii RN Pooctj Oree, ULO FRET REGEH
SRR T ZL@=R+jX iR T H AR BT
Do X F7N AR T A5 4 58 22 W00 ) 6 e T
MMC SR A2 HRH RS AR A Y, T L H A 1
HER U, =U.2B o R, X RHT R 45400
Yo A % IR BAR AL A | 1R FL i AR A
Ui as L , PHCAT AAS Y MMC-HVDC fit A 45
NSRRI IR b i IS )

P= kl;EU"sin,B (1)
kU (KU - U cos
o= FHAU- U cosh) 2)

K AR C RS 3SR G R Z I A £
%, (D) Q) A, i PQ 847 X 6]
HEBSEA LT 4 4.
1) ZE AR EL ks
2) IMARGEHIERHR I Uy
3) M AGERH R S b R A
4) BEZE C W RIR{EFIAE A Bo
TEFNE AT ARG ARG HoE AT
S. _UX .1
SCR= Po= m-m (3)
S S AR RE L 14 50 [ 5 B 5 P A BT AS (A)5
SE ELA DR Uy N it 4 B AR e o G
TEAE AL it L R SEHE (R D3R B UE(EL 53 1R U P, IR



Hh | &N

40 HoM

L9015 T R A 15

2 S e N
_ 1
%R|ﬂw (4)
XFF B RGN L XY SCR<2 B, 28I &R
GRS RS ;2 2<SCR<3 B M55 R4t ; 4 SCR=3
B AR R 5
1.2 HHRFRSEBETEENEE
121 BABZEHR
i es 2 i BRI MMC-HVDC Fa 78 TAF X s
1) 7 THI S M AT AR
P2+ (Q’<S%, (5)
QAT PRI v I AR 2 W ST A T
TR S B PRI I ARAE TR A
122 WwESER
1% B1 BERHL R U.£0 T80 HARRRAS , 4
g 2 T A LR 7 A
U,-1(GX,+2Z)=U_£0 (6)
Aoy i O R U, S T RAE . I
DA (6) AR HE I KX (6) TS
P, -jQ,
U /-8,
L ULS,=U,+jU, , ULO NS4 NG H
ARG, SRR A 1%
{y;+U;—Q&n+XnyR—UJ%=0
P(X;+X)-QR-UU,=0
# MMC-HVDC TARfEREBITIERN, U, —
SEA, T U, — &AM, AHEG U, e AR
AW S BT DPR SUE B ia e R s T P, B

LP&&+X)—QRT_

US

UU +

(GX,+2)=U_20 (7)

(8)

A=(U) -4

Q,(X, +X)-P,R|=0 (9)
() /R TAERE 2 I TARIRE T (MR T2
R U Z) B RS 1E o 2577 P+jQ. 1))
K, — BRI o AU SS TR, S0 AT ATHSE
PCC HEAL#E,
P>+’

PPCC+jQPCC=PPCC+j[Qn_#XT] (10)

2 YR T 55 TS R MMC D 3Ris 1T
T
1.2.3 dshd RmRH e R
20U,

HEVHHI L m 8 X m=——
J3U,

o U, AL

https://www.cnki.net

uli ELTON L s o SEBRAz AT At b e P 9 i AN

W 1,1 0= ggj <1 SRR TR P

JE I YT I AE[0.75, 0.95], A8 SCHL 0.75<m=<0.95, it
DAt — LA ] L 29 SR AR BN L . U, 2, T
U AT (6) R (7) 45
124 EEBEETAHR
[ M, R AR R A 2 B e i e A B
PR, 33~ BRI S5 44 7T LAFR IR
Plec Qpee =Sty (11)
A Poce Fl Quee 43514 PCC S AL A ThAITE T 1)
By S RS R A AR MERLAE D)% . R4 PCC
SRR v s TR XN O R A
{PPCC=P0 . (12)
Opec=0Q,—-I"X;
JITUA RS e g ) e R s R AT AR
P+(0,-IX,) <83, (13)
125 FMEXABARYR
WA rabVl= 7Tl A AR A I i N O A
W LUF 215

{I =I—‘+I—
T3 D (14)
U,1,= \EUI,IS cos o
FUH 2 cos SR IR B IAT M 1T AL A T R R A, A S
R EUE N 0.9,
W 1y BRAE D T BRAE L S8R A (14) 1
53 A 28 T H e By
_ 243U dc b
A S FAMNEE IR Lo, EAHR T RN <
Lo
1.3 TEAEFHFMER REBEES
1.3.1 Q. f#H X
P 1 RG2S TR M L pE, vT 75
{mumw=@&+w
UU_ sinB=P X,
s X, =y e e g,
d
A% P U AR, AR R Q. It

R 2 s
c Xz

(15)

(16)

(17)




16 T, % R RGN B R IS SRIE AT X Ry ik Vol.40 No.9
L I B
00 24 Q X (18) TR AR TR SNy 2
QX,+U;
ﬂ%ﬁ%@ﬁmﬁﬁéﬂﬁﬁ%ﬁﬁ’%,%ﬁﬁz O a7
_PX P.X 2
2<U T2 (19) P, +0Q,<Sy
U, U, 0.75<m=<0.95 (25)
132 2R&EH P+(0,-IPX,) <8,
B 555 1.2.2 /NI LR 29 S AR TR] oA abs(1) <1,y
AR, I, AT RIS DU 295 1<I,,
P +0Q,<S:, ,_._| _ .
PX_, _PX, 2 REBEEITEHETIHERXEHR
EU U, KRBT IE
0.75< U“ <0.95 (20) Xt MMC-HVDC Fa @RS T TARS T IX ) 2
b2y (Q _12‘} )z<52 W DRI 22 EA 34000, el i PO 5 A B O e B
v ) RN P2l PO 1 I MMC Fa it 7iu il . 1257
jbs(l) <Iy i B2 T 4 A A 7 2P o i PO P I

2%, R (18) Al s F FS IR b 2k mT A
O.75@UdC\U \mm{o 953U, PX} (o1)

7 2 U

LLBRAE U, AT T RS, PR U,

ﬁ/\ﬁ(w) RIRTAR0 Q, is 47 il , A4k =X (10) 7T
5 MMC fazSizf e,
1.4 E%Ij]:fI%Uf”EEIJILEEJ—*I%U
141 P
T MMC i FH A9 2 Jo 242 i e B e s
R, QUL MMC EEElE . % Q. Ul i
LA, ARG AR & P s =X, i da o i R 0 )
FLZ R4 Ul 380N
U, = V20,
= Am

”2 M R (16)f

(22)

PRI U, = S P

2

Uu X, +U?

p =t SJI—(Q“UZU ] (23)
2 c s

M P=P., TR P oAb,
142 #kR&E&MH
BRI IR AR LA A IR, w5 T

0.X,+UY _
1—[UUJ =0 (24)
— AR FMAPE LT AR QM U B,

o B 1P

https://www.cnki.net

MMC e TAEX R . fe)a, 15 Bhige s A4k
FIVFE BT V2 AH B30 U % AR A s AT 3 L B A R AN
7iités
21 E=fEAWE

MHfiE T MMC-HVDC Fa @ RS TAE X 38
2 BR T 5, AR X SO 2 o 55 1 G 5 8 e A
KR ERE T BITEBMRE T . B kK
fie MMC-HVDC F2 281z 1770 [ iy i 2 e an &1 2 B
N TE B S Ry 2 5, BRI AT 2I7E PQ -
Taf L i S = AR T B9 MMC-HVDC 2253817

TG

WARGSH,
O e

}

TEMMCH R 25 115
PRI ST R
IB17
P2

B2 &SE#EREMMC-HVDC BAEITERRER
Fig.2 Flow chart of point—by—point scanning method for
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