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Impact analysis of grid-forming VSC-HVDC system on low-frequency oscillations of
receiving-end AC power system
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(1. State Grid Zhejiang Electric Power Co. , Ltd. Research Institute, Hangzhou 310014, China;
2. College of Electrical Engineering, Zhejiang University, Hangzhou 310027, China)

Abstract: The receiving-end converter station of a grid-forming VSC-HVDC system adopts a DC-voltage self-
synchronizing control strategy that emulates the behavior of a synchronous generator, which may affect the low-
frequency oscillatory characteristics of the receiving-end AC system. To address this issue, this paper proposes an
analysis method based on equivalent damping torque to investigate how grid-forming control parameters influence
system oscillatory behavior. First, a virtual rotor equation is established according to the grid-forming (GFM) con-
trol strategy, and an equivalent damping torque model is derived. Second, by examining the frequency-response
curves of the damping torque components, the influence mechanisms of parameters in the self-synchronizing loop
and the voltage-control loop on the equivalent damping torque are revealed. Finally, time-domain simulations are
performed in MATLAB/Simulink for validation. The results show that appropriately increasing the equivalent damp-
ing coefficient and the voltage-control gain enhances the equivalent damping torque components, thereby effectively
suppressing low-frequency oscillations in the receiving-end AC system.

Keywords: DC-voltage self-synchronizing control; VSC-HVDC; low-frequency oscillation; damping torque analy-
sis; grid-forming (GFM) control
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Fig.1 Control block diagram of the grid—forming VSC-
HVDC system

BARK, B ER RS X = w, Ly IR
P, wo=100rrad/s AL MM, Co R HM
TSI HLES , R L, 43 5 A v IO 28 % ri B 5 LR
Ve FUL e 53 500 Ay 00810 P25 F S O 1 5 U i P TR,
WAL, Lo A BIZE ki R 5

EL R A R RS R
B v -] @

0=0—10,50=w,w (2)
X ABEEIIREG D NHEREG KiovE
B ENA S SRS 2 G s £ B e I R = s SN T PR 2
] [ S8 14 ) 07 5 882 5 o Shy D D) T 2 1) D 1 O
F (BT = AH abe A2 45 2 BN il 45 dg 26 bR 5 Park
A E R FAMTR) 5 O R ARBRAR R A 5 o 1C e I
RIZZ B EIA; o RS EE, HETH

w=w,+



2

TR, S MBS R 2 A AR SRR B R S A 3

FHER R i, ARG I AT A Jis Vil R B2
%13 H VI)(‘, )ﬁﬁ?}lﬁbgﬁ Eﬁg E]/‘J EEE )

VDC E‘Jﬁj#&ﬁ*ﬁ%ﬁ :
: Ps  P:
v v VD(‘ VD(‘

b Coc MHEFTRAIE; Ps M EFLMZIR, 3T
P RIZE B P MU 5 Py ol 0 L2 i 1 31 58
RS2 RT3

5 A [P AR, A o B 22 RVt 95 A
[F) 2B HL— R RIHUAES 7, o nl ASS & B L A Y
BN R HLRE A2 07 R A AU ] oy 52 30 L 3
FEFER SRR 2L . i TARSCR A TR L
7E0.1~2 Hz BRI D) R Ik 5 [, Heshasd
T A I 1] ROBE T8 5 AEAP R (1~10's) o AR
IR LI F T A2 ) B S 38 /2 10~20 Hz 52,
W )57 Fsf [E) £ J L 22— 1 22 70 (0.01~0.1 ) Z i) 7
HH T U PR P A ] ) sl A A (PR )2 HE T 5
AR AR s (12 Bh 25 Ph— 2 A BoR g, R rE
S HARARR ), n] LA B0 L PR 42 i 2 2 PR
R AR I HEAMERR S, BRI ) RO
FIERCAFE HI, 45620(1)—(3) A1

Jsw + Dy (w—w,)—(Ps— Pr)=
ch (Vier—viri~o Y

s SR R, = JC0c/2; FRBH)E R B
Deq:DCD(‘/ZO

KDY T, SETH s30T FE AL
[P BEA L, ELUR T I [) 20 2 T g 1 251
FHEBHEALRRF L]

JCH)—r i A TR -

Vit — Vo:KQ<QM_ Q:) (5)

X Vi g Jo - i T S il e B N L 4
Mo EZEE, VO T ERERRERER; K
T HEREG Qoo HE A Y JC T T AR BE (A 5
Qi G RIS 110 S i 1 A TC T 8

AU L RSN R R -

If?e[: kFIod + GV(‘L(S >( V,?e[ - Vd>_ wOCFVq
I'=lel,, + Gy (s (V= V, )+ w,C:V,
:_thj : GV(?L<S)y‘jEEA}£ﬁI\ﬂ: PI%%‘J%%{?E@%&,
VMV, 53500 R 8 I A L RS Y o Bl 5 g Bl i
VR V7 5353 DA O P R LR Y o il S g il
ZHAH, Hh Vil R (5) T I — R T I

(6)

Mg, Vi M L, R L, 23 5 o AL 2
EL R RS g Bl LRI A3
TN IS0 505 g S B S EH s ke M
TR R

FEL I N PR T T RN

Ui= Gy (s)Vy+ Geer (s)(IF'— 1,)— wo Ly,

U, = Gy (s)V,+ Geer (s —1,)+ woLe 1,

(7)

L Geo (s) R HLIL NI PLEE il 25 1% 33 PR AL
Ger () HHLERT SN a5 LB ik, U, MU, 5
S PWM AR B ER S ¢ S 825 1H; 1,
FIL 5350 R FUB LT Y Bl 5 g oy
1.2 &HEAHTEE

R T S B R I B S BN 2R G AR s R E MR B
M), AT R ) P90 R 22 L R 4 ) Jr R 5 o e G O
FEV-Af AR EAL, AR B Sh A

e, KU AN AR 3 K Bh S S (Rl K 2 A
S AL PRI L, TR T

AU — AV =(sL: + jwL:) AT (8)
Zyp(s)
AT — AL = (sCy + jwCy ) AV (9)

Zex(s)
AV —AU=(R,+sL, +iwL,)AI, (10)
Z(s)
K A/MES MBI, V=V,+]V, hikd
MR U = U+ jU; 28 28 H R 26
By I=1,+i1, kU i R e i [, =1+
i, WA H R I K U=U, +U,=
Ue # 41 28 dg AL b5 2 O FL I L 26 Bt (U
L I PR, G55 A R L JE AU =0).,
AL 24338 R B 1 3 1 28 5 1 398 R A I 2%
A AR, RS R 5 (F
FROFRIZA BRI :
AU, + AU, = A(Ue ¥)=—jUe "Ad <

AUs|__|—Usind, AS (11)
AU, —Ucos 0,

W (6) . (7) R FH X Fh s 6] O 1 F A2 A% i
PRACEERIITF LA, 550(8)—(10) Bk AT 1S

AL=Y($)Gy(s)AV™— Y (s)AU  (12)

A, VI=VE VIO AR RS B E R




4 iz <k p

o545 %
Y () Go(s) h FRBESHUUS R BRNIE  DIAPish s nfe s st
ﬂ%ﬁﬁ%m%ﬁzﬁ BARFGRA 0T A8 =K, (s)(APs— APy) (21)
=[G (s)+ Zs(s) ]! (13) . 2w, (s + Ky)
: KP S)= o
[ZIF +G((1( ) G((,L(‘)kF_jwllF]X ib:'j (S) SCD(:(]S2+DS)

UZA)+GM<)JM)ZAJ+
Geer ()G (5)+ 1 —joCeGeer (5)— G (5) ]
(14)
Gu(5)=Geer (5)Gyer (s)X[(Z15 (5)+ Geer (5)—
JwLp) Zer (5)+ Geer (5) Gyer ()1 —
GCCL(S)jCUCF — Gypr (s) ]71
(15)
RIFH(12) 855K (9)—(11) Mt 25 17
HB DL HL IR A — AR A 7 i A% i eR SR B R X

Af (711(-) (112(3) AS
LJ{MQQMLW}GM
G(s)
A
Gu($)=[(Ze(s)Zo(s)+1)Y (s)+ Zer (s )]]Ue o,
QM)(ZM)()+D()G&%
G (s)=(Y(s)Z:(s )+1)]U€ 7,
G (5)=Y(5)Zs(5)Gu(s).

(17)
R TAEF FIRE - RS A R S R M A
HYpPREG R, -2 HEEARY
pWIIE ST Py
S S
AQe] LV, —I AV [—V. ILollAV,
(18)
H =X (18) AR (16) Hr 5 21 LU N 751 22 1 1)
F—l R Z [ /MG T e B R

APy . SH(S) 512(5) AO
hd{mn&@hw}“%

S5(s)
e
S(s)=
\ I .
|:qu Ilo:|R {G }+[ V/o Ido}lm{G(w}
(20)
N T 207 A B S A R A R AP
P IO —HU s N R AR, FF (1) —(3)
LeMEAC T I 245 B b 00 1Y 52 B 2 AR 3y i ) kg U

LG R R RS H A s 5o
YA ER, IR (2D Al LR 2.

A6 T [Kels) AP T [AP,
bA{ mMMJde”

Zi, HERRYE19) 50 (22) # Sy T R A
FEIMRGERY A PR S ASRAY, Fi3R T 7 B A
s F R AL RS YRR G R

2 MMEBEEEFMNRREED T

2.1 EMEFHETIE

oy 1 0 22 R FH U P s 2D i, AL
TR RS Tz i i, nlRER RS R 4L
T R AUERR SRR . DG, A5 SR 2D
YL e 560k, fe iR sh @i ienl b ik — 4
I TR RS R AU T AT R, T
Jr A W RS T (R LRI 27 O 2 W A

B, R4 R B E A R
Jite, BHIEHHERARN

{]CqSAw :7ATD 7 ATPLL - ATL (23)
Aw =s5A0
A H . AT, =D dw=(sD/w,)Ad: = fi,(5)A0 %

A DX 1R 2 g R R Y [RD AE g o i B AR Y BEL R
B ATy=AP: f1 ATy, =—D. Aw, 53 1) N A
KA I 75U 22 A Ty 0y 23 8 2 B W 5 A G H AT R
oz I AT S A SR A, HARFRR A i e ¢
i,

ZERN M AIZE ER IS Y R4S 2 B4R
g, B 22)hAQ =0, MM (19)
PRI A DD 28884 AR R «
 KgSa(5)Si(s)
14 KgS2(s)

APE:[SM< ]Aé\::ATE:

fe(s)AS
(24)
Krb: AT Ry B RIS AEE S #9822 B 400 5% 1
AR SR
) ) Y 52 L Y L E R 1 )20 4 ol R HH Bl A
IRVE Sy o X1 e 0 R, o e R A AR I sl A7



2

TR, S MBS R 2 A AR SRR B R S A 5

TER ARl B, BUHIR SIS RN -
Aw,= Gy, (5)AV,
SAOp ., = woAw,
e G (s) S BIAR FR PTIE T 25 09 1% 3 o 4
Opr, P AVURH RGN 381 F) Hi, O AH £
#ia(25)5(16). (19)n]15:
o M1(5>_ M2(5'>KQ521(5) —
Awg_':Ma(S) M:%(S)[1+KQSZZ(S)]:|A6.
Aw,=f,(s)AS

(25)

(26)
A
M, (s) =sin(0, — O,,,)Re { G, (s)} +
cos (0, — Op0)Im { Gy, (5) } + m,
M,(s) =sin(0, — 0,,,)Re { G, (s)} +
cos (0, — Opio)Im{ G, (5) },
M,(s) = 1/Gp, (s) + mw,/s,
m =V, co8(0, — Opyy) — V,osin(0, — Opyy)
(27)

245 50(23) . (26) A1, 5 HL A5G I B
ARG I AR R AT O
ATy, =D, [, (s)A0: = fo, (s) A0
2.2 EXHRHEESH
RELJE 3% J v 1z FH T 2 B 1) 25 i AR B
[P R, A O 7Y S R 40 O R A LSRR
SRR IR, AT DL 4 ML RH JE 3 R 1 43 A ) ) 7Y
FEIF M ARG e o i, (8 TR 8 22
HEESSREHLE MRS R ALK, nE 2
R o

(28)

SR EEHEAT,

| S
[°g
S

1 )
Jo$ &/

20 ¢—] Y

SR JEF AT,

FEL AR A PR S R R AT,

B2 MMBEEINERE R R
Fig.2 Equivalent damping torque model of the grid—
forming VSC-HVDC system

MR RTLAE 5T e Use ol M, 14K
BRI ERAA SIS T LA iE S 34 it
[l o Forb, i) E E A B A R

HR SRR Y, SRR R A AR LT
[ 2D AL, 32 5 R IR 7 AR T O AN T 42 SO ik
R ABIRAUR G (O BEJE ™, JF B R BUE T R 48
PG RS, — AR [, BRSO TR
Wi 5 St o] g 0 i) 2 O I Bl 3 s At Il g% . BHUE
15t Il 5 R, PR A I S i ko HGvb L 5 )
R A A R 24) i £ ()R, BT
/oei RISl A S O I E A Rl ERT A A i RS
FHBEAR R BIAS, S2 P M R AU T
RO R S i ATy BHJE S IR B& 3 25
A (23)H £ (s Ak, i B IR A [R) A4
SERRJE RBRE , 5 R R R R B A
KNG I, TREANE M $UFe 7 b B S5 R e e o)
O AT HL TR AG I S5 15 [ s 20 25l 2K (28)
W) fou () IR, BRS B EISA K, &5k
hohAR—r R ] A s —H U N PR A &
T R A L AU A 1 BhAS ARG, T e ke AU
LA N AT v

AL, e 0 TR S T ) S R A LA 32
H1 3R R & IR R, BIE S UEAT &
MR ATy = ATy, + ATy, + ATee HWHLE , 7E
R LR R B SE RSO, 18 3(a)—(c)
25 T AL T N S A ] % b AL R BCTE AR B
R, EI3(d) g T 3D AR AE 5 A U R
MREE KRR, 28 IS, RSO A A
O A AR A 32k R BSOS, A RIS Rk X 7 ) 45
R R 1) R/ A Y, AN S0 32 BEOCTE ARA BL
R (0.2~2.5 Hz)

£1 MNEZESH

Table 1 Parameters of the grid—forming VSC-HVDC system

e Bl
AR AR L, /p.u. 0.05
JEPL LA C/p.u. 0.05
I L BEL R, /p.u. 0.02
LN PSS K,=0.3, K;=10
HLURAPER PLSEL Kp=4, K, =30
TR A 105
FHJE %D 330
S LTS O 6.3
ERBHIERBD,, 20
LR R ALK, 2
HL AR B B 1941 98 oy /(rad -s71) 10
T T ERMK, 2




6 iz <k p

45 4%

ARBLI©)

/

10" 10 10'
Bi% Hz

(b) fils I P

107 10" 10’ 10'
B8 Hz

(a) /() YRR

=30 Aw

=]
= AT,

—-60 T AT, AT,

—60 —> A

90 |
S-120 |
=_150

107 10" 10 10'
LIES

M3 LupEHEREE

Fig.3 Illustration of equivalent torque components

WRPEBHJCH AR, 3R A S i AE
ATs 0 LGy i — A BLJE 56406 AT, P K —A TR
W AT W, HE RS RE, B
R, IR G etk TS RS
G RS B — S B S R AR, R
FHIEA R, HE MR R fa = KHitk, mE3
AT, PR B AR BH AR R B ATy 5 Aw [A]
L, BARBEEFEAEME R, 80 SR
AT 5 A8 JLFEAANL, 10 AT, 5 Aw 323 I,
FARGHBRC R AIEN , v R 2 A Ak A o 2
FH AL i R G 15 A 5

3 FXHEHERZMSE S

3.1 HRBEERSEFBEXSHZ
X — 5 BT B R A R A 2 o
A A 0 R 5 A A AR R B BRI, E
1713 J52 IR AL 9 78 232 08 28 AR AR 9 45 X PRy 5
AR 2. 1715 Fp 2% B S 0 I % 126 PR B8 i AT 2238 5
AT EZE A R LE R BRI o

B4 550 25 TR A TRIBEE RECD I i (s),
So ()5 forr Cs ) B MRS — R 5922 Ak phh 26 LA K AT R (14
FAERE R R . AT, Bl A R Y
THMERBD MK, fi(s) AN, XNF
RO TR AN 5 fy () RS BE A IR (3 K
X I S8 S BELJE e R 23 3, AR T LA 7] P
PR G A, BEMBEJE L s 1M for, (s ) ERABUBL Y
(B, X O R, O A0 A 00 A8 1 Tt Jon 6 g 400 5 5
bR SRR o s, A KB e R KL
D XS5 E AR R SR TR AN, R eI
Fe IO Y 2 45 ASS I R GEFF A RE 35 4R R SC T &
GRIR G R AIBHIE L .

ffffff D=80

~ 905 -
2= 90.0 = 2
Egos Z 1
0
89.0L -
107 107" 10' 107 107" 10'

10°
4%/ Hz

(b) £ AR IR

o
2% /Hz

10' 10° 10" 10'

Wit E/PIIS " JJBTEE/I;S ﬂ
(O VTR () 5 RIS S R
M4 BRSSO RH R

Fig.4 Effect of self-synchronizing control parameters on
equivalent damping torque

107 107"

3.2 ERMSREGNIA T SHAR N
MR 2.2 5007, AL ORI AT AT RES A
TR JE RN, AR 32 B 5C T vl IR0 ARG 2545
200 K I 2R 20 4% A AL B L3 B R R
HETM S B SRR 2R GARIIR A X 5
1 5 25t 1 AN 5] HL AR AG I B 15 B 2R 58
B fels)e fo(s) 5 fon Cs ) B DRI —AH A Al 26 2



2

TR, S MBS R 2 A AR SRR B R S A 7

LA B4 4% SR8 A A i B AR A . IR, B
& R O A AR T B B BRI U copw B R,
Se(s) 50 () BEARANAE , XA R e i
BELJE FR o 3 BEACANAR 5 T foa, (s ) RRAIBE (4 R (D
EOR, RT IE FEL PR SR AGE I A 49 e o A R AU 1 L
A B S5O R o B I, S ECE U BB
o o R SR ER A S AT RE il F 1955 5
R ER 5 A PR R, ORI B2
JO7, TR A IS R ) B S B AR R S
HI55 58 i A SRR AR B LE

20 ! / 42
=] =]
= 40 = 40
juiz:o

! —— wy=10rad/s ImE —— w,,=10rad/s
—60/—~—-wm=15 rad/s 3.8 — = -wy,=15rad/s

cee- =25 rad/s e wy=25 rad/s

-80 3.6
91.0
4
—90.5 ‘ .
< < 2
=900 = —‘\/
m o= 0
=895 ‘ .
-2
89.0 .
107 10" 10’ 10' 10° 107" 10’ 10'
B Ha 1% /Ha
(a) /o ()RR IR (b) ()R FEIE]
-10
-20 P
= -30 t
= -40
= 50 —— w,,,=10rad/s
-~ -wy,=15rad/s
_Sg —————— w],:W:ZS rad/s
-60 0.6
3! 304
. =
i
' § 02
0
107 107" 10’ 10' 107 10" 10" 10'
BiR Hz i/ Hz

(©) fonn (VBTDAEIE (d) A5 AR i B U
BE5 MR ENIAT S HIT SR R R R AR

Fig.5 Effect of grid frequency detection loop parameters on
equivalent damping torque

33 HBEEHRSERZMm

A it L 9 1l 2 ) PR 750 22 B SR S B L R S
FERETI I SRR, HPERE S MM B H 2%
A B UIAR OGO 2 OC T H R 45 1 3R 15
2RO ) Y 2 1 45 S5 BEJE e R o RS2 I
T R W S AR AT R GEARR 7 1= 52

B 6. B 7500t T AR PR i A 25 &R
BGFUFRECTE f:(s). fo(s) 5 for (s) TR A —4H
A Ak it e LA RORE N 1 45 A5 4505 oy e A2 Ak

P RIRN B v e 2 T PR 8 4 2R K0 Ky R R
;F&KIV E/‘Jij(, fn(?)%fpn(s)%zlgz:g ’ X\T@ffr
RPHJEFHE P B FEARAAL 5 f (s MERPTBL A IE(E S
FARE A Frm OF AT A& 055 5 Ao R, B0
B G MU L AR R R AR P R
Jie ) B0 4 2 805 B0 2 BCHT BAT A1 55 1
BELJE RNV, S T PR3l A e il 4 o i
Fetk,  BEixE A R SRR A X B e HeAy
FTTRCR

------ K, =20

-80

91.0
—~90.5 o 3
= 90.0 3 2 y
= = 1 5

89.5 L

0 ot
89.0 .
107 107" 10° 10' 107 107" 101 10'
B Ha 1% /Hz

(@) /(S A RE A (b) fs) B BHFIE]

i fE/pAL

-90
<120
i:_
Z=-150
107 107" 10' 10° 10"

10° 10
% Ha A Hz

(©) fonn (S)BTHARFIEL (d) A SRR o B L
El6 FEERGIINEGISHx S R a0

Fig.6 Impact of the voltage control loop’s proportional gain
on the equivalent damping torque

10'

4 {HEWIE

R T IR AE L A ) IR TR 2 T A A 55k BHLJR B A
BT DL R HX 52 i R GR35 A X s ), AR B
W5 T A8 I 2R 2 B R X DU HILAS I 2 40 2R P A
TEAE AT 5 B 3505 B IR B0IE . % R Goak e di b
ME 8w, MMBZHEHSHIWLE]L, Kiiss
5 Sk 15—,

4.1 $HEESHITIE

P9 (a) 45 T 2R GEARATIR 7 5 2 Bt ey 1 750 22

B H A B e 250D 28 AL e s .



8 iz <k p

45 4%

10" 10’ 10' 107 107" 10° 10'
$i % /Ha A% /Hz

(a) /() BRI 2] (b) fi(s) I B I

{E/I)AL

[

lﬂﬁfﬁ/pm

10° 107" 10’ 10' 10° 10" 10" 10'
B Mz 1%/ Ha

(©) fonn (VBTBAEIET () A T B HLA A
7 BEEHFRSSHXEHERHEERNZIT

Fig.7 Impact of voltage control loop’s integral gain on
equivalent damping torque

FI RIS .

9 3
= RSIGEZIK]

1
GEZ NS 7 7
—?'-4!‘-@@%%}14

15 67-1

M @t=—=— %« Zss
2 Lo 7, Zoss

B8 SHNEZHERMNZHIREAL
Fig.8 Receiving—end AC system with grid—forming VSC-
HVDC system

H, CHEHJE RED M 20 AR B 50 B, ISR
PR (RIE 9 A D RYBHJE tu A Frdd g, {H4k
2ok D NS08 R EN SO, XA FHIE LT
AAE X GRS AR A R —2, R
RUZE [ )25 4 1 BEL e 22 BUOAE 35 K AR 3% B e 6 48
{18 ] FsF A T A S, o 1 3 A DN 1] 8% 174) 73 BELJE 4
PR TG i — 20 A 52 Tk R e ARAIR B X

B 9(b) 25 T R G R 75 155 X i ) ) 75 22
L FEL O A T A5 7 B o R AR P RFIE AR o
Hdr | YBHFHIR GE wsw M 10 rad /s 9 /NE] 25 rad/s
B, iRy £ SRS RBEE B2 TR, nTRE

2R A SR AR P TN T R TR A A N [ ]

TARHIERNE, SR JEFEAE e R —EL.

15
10 $;;A<,W
RS
5 Y J/ /
. O D=50 =y
-5 i P
- X x
N Xxxxxxxxxxm
-15
-10 8 6 = » :
Il
(a)
15 .
KA1 JOO00XH X >
10 s
5 @y, =10 rad/s @, =25 rad/s

E s R R R RRERRH RN N
_s5b B2
-10

HXXXXHXXXXX X X XX X

0 08 -06 -04 =02 0
Ik
(b)
B9 AR A RSEHSHE MRS E S8 3 PIE
Fig.9 Trajectories of low—frequency oscillation modes under

different self-synchronizing control parameters

E110(a) 5 (b) 430l 45 T R G R % A=
LAY D) 7R 22 A8 O L R A il 4 25 R A Ky SRS R
ﬁKlv MU ERGE . o, 4383 L R4S il

HA 25 Kov D\ 438851 20 55243 2 B0 30 34 m 1 100
i, AR £ SRR R e A Prdt e, X2
M T T SRR A AR Ay i, A AR AR I RE
JesE RN, SRR T A R — 3.

15
Bzl XX X X X

10}
K,\=20  K,=10

Kn=4 %

i /4 / /4 B2
—10l

MRXX X X X X
B S ——

-15
-0.60 -0.55 -0.50 -045 -0.40 -035 -03

il
=}

Sh
(a)
15
M;XXXXXXXXXX
10+
TV L
iz
K,=100 K,=70 K,=30 ¥

il
S

5k /‘ /4 /
_IO'
20000KX X X X X X X XXX

-15
-0.60 -0.55 -0.50 -045 -040 -035 -03
(b)

6] B8 [E 42§ S ¥ MR IR H S MR8 s 3T
TraJectorles of low—frequency oscillation modes un-
der different voltage control parameters

E10
Fig.10



2

TR, S MBS R 2 A AR SRR B R S A 9

4.2 EHIHFEIGIE

7E MATLAB/Simulink Fr#g a8 Firn i &
PR TR 2 BLAY R X PUALAS i R 4, B UE b # X0
TR 22 A SR 5 o B DA R R 58 3 R SR
SRR . B 11, B2 B4 T W
RIZE H A R S80S B R 6 S BT
STV F G0 DX B 4% £k A T T SR A I e
W .

0.35

£030
a
0.25

035+

£030f
al

025+

E11 A[EERTEHSHT RS RINRS rHER
Fig.11 Time—domain waveforms of system’s low—frequency
oscillations under different self—synchronizing control param-

eters

0 5 10 15 20 25
tls

(b)

E12 AREBEEFISHT RGRINIRSRHE R
Fig.12 Time—domain waveforms of system’s low—frequency
oscillations under different voltage control parameters

Bk, R 1) T IAE S, M RRIZ
1 B R AR BHJE RO 20 28463 50 IHEE AR 17
B2 T —Z R, M 50 38R 2 80 I A5 By ek i

LT ZR AL A, X5 Y B e 48 20 L
LAFHAE T R —8G M 11(b) ATLE H,
o0 22 P PO A3 A AS I A 45 58 A 25 rad /s N AT RE
IR R R AR XU, WL 21 R 48 3 2.01 Hz
BT AR AR, s/ MR 10 rad /s Je, R GRS
PRz A2, X5 AR A RS Fe A LR
POl s R —5 12 RIE Y, 5O K
T2 B A Ui A R A i 0 4 2R S R B BRI (S
A GUR G (R U A B e, X9 AR A R
JEREHE AT DL BARBUIE 73 T4 R — 5, B T &
R0 4 1 2 0T Fg I 250 52 AT LA S i 52 O R
FIIIR; o

5 4iE

ARSCR AR R ZE AR Z 3 58 R GE N )
S, AL TSR SR, SRR E
FEFE 3BT TR Y 2 10 R GBI 3 B XY
S, FEESIRIT

1) g [ 0 52 AT A S AU AR,
Pros BB | AR RSB T B e Fe 0
=HZEMEAER SRR, W TN ES
P S HOHRIIR B B2 AL

2) AR THFa I RS2 () A5 o B e 2 Kn] i
Ao 18 R B e 7t A o P 42 A 52 0 A8 it AR AR
WIR R, E R T R OR T F g AT A 1
B BELJE RO T A5 R A FR

3) /N 190 25 22 T L IR 0 A 0 B A A
SETINAZ i HL A 3 i B A ) T B T BELE B ARy
NS R R B S A A2 S AR SR IR F
AUEELER]

Z =21 P I EEE SN E R NG B
GLr Y5 LURIIR G W 2R, O Bl 52 i i
WSR2 P i T AT 1 . RIS MR H S
HOHLEL TR A 5 52 0 A2 L 2 G AR IR v e 1k
Bt T — L TR

S22 3Lk

(1] &FENR, BRIESE, U, 55 A E LUBT BT AR 7
W RGRERME ST T]. v TR, 2021, 23 (6)
61-69.

SHU Yinbiao, CHEN Guoping, HE Jingbo, et al. Building

a new electric power system based on new energy sources



10

iz <k p

45 4%

[51

[J].Strategic Study of CAE,2021,23(6) :61-69.

FYHSET, /N, X, 55 SRR L A R SR R 0y
Pr5 il Uy ik R [T ). MR, 2018, 42 (4) < 1117-
1123.

YIN Congqi, XIE Xiaorong, LIU Hui, et al. Analysis and
control of the oscillation phenomenon in VSC-HVDC
transmission system[J ].Power System Technology, 2018,
42(4):1117-1123.

FUELRL, SR AROBTHT L 45 . R DR A KT 58 52 i HL R
SRR B AL RS G ]. e ) TR R, 2020, 39
(1):31-37.

LYU Sizhuo, SHU Zhan, SONG Xinfu, et al.Influence of
VSC-HVDC interconnection on recovery characteristics
of weak receiving-end grid fault and optimization measure
[J].Electric Power Engineering Technology,2020,39(1) :
31-37.

D’ ARCO S,BEERTEN J, SUUL J A.Classification and
analysis of impact on small-signal dynamics and stability
from expansion of VSC-HVDC systems to multi-terminal
HVDC grids[C]//13th TET International Conference on
AC and DC Power Transmission (ACDC 2017). Febru-
ary 14-16, 2017, Manchester, UK. London: IET, 2017:
1-8.

LS W, 2T, 55 T MR GOS0 2 M B
e R GE AT SEVE AL R RBUEZ [T i A SR S 0
ik, 2024,45(6) : 98-107.

MA Yangin, YANG Gang, LI Zhanyu, et al.Reliability as-
sessment and sensitivity analysis of multiterminal
VSCHVDC system considering system status [ J]. Power
Capacitor &. Reactive Power Compensation, 2024,45(6) :
98-107.

KALCON G O, ADAM G P, ANAYA-LARA O, et al.
Small-signal stability analysis of multi-terminal VSC-
based DC transmission systems[J].IEEE Transactions on
Power Systems, 2012, 27(4) : 1818-1830.

O, W, R S RS 2 B IR
Sy FEL 19 22 e R R R VP Sl (7). v e, 2021, 54
(9):55-65.

HUANG Zhiguang, CAO Lu, LI Jianhua, et al. Evaluation
and improvement of security and stability of Jiangsu
receiving-end power grid with hybrid multi-infeed DC[J].
Electric Power,2021,54(9) :55-65.

T 2, FUERL, S5 R HUBERE [ BU A R AR e A KT
JEL B R R 0T [T ] WAL g, 2024, 43(9) - 58-66.
MA Xin, LI Hongqiang, LYU Sizhuo, et al. Analysis of
the impact of large-scale centralized integration of grid-
forming energy storage system on short-circuit currents
[J].Zhejiang Electric Power,2024,43(9) : 58-66.

AU, 38, X0, 45 AL P 2 XU ATLZE e 158 e BEL e e

[13]

[15]

[16]

SETLT] WALy, 2024,43(7) 1 56-63.

WU Shuangxi, GUO Liang, LLIU Yang, et al. Analysis of
inertia damping characteristics of GFM wind turbines[J].
Zhejiang Electric Power,2024,43(7) : 56-63.

RFET, B3, KT, 55 K R BB A BRI FE 43
A REELT]. A R AR S5 Io kM, 2025,46(3) 1 1-12.
ZHU Baoyu, WANG Ying, ZHANG Zixiang, et al. Re-
view and prospects on research of grid-forming energy
storage converter technology[ J].Power Capacitor &. Reac-
tive Power Compensation, 2025,46(3) : 1-12.

TRAETE, R A, T/ NFS A T e M i vy T s
ey ) B i RE Pl SRS [T 1. v g i A S JC A, 2025,
46(2):53-61.

XU Zhiyang, CHEN Laijun, SU Xiaoling, et al.Grid form-
ing control strategy based on improved SMC for modular
cascade high-voltage direct-mounted energy storage [J].
Power Capacitor &. Reactive Power Compensation, 2025,
46(2):53-61.

G, BRI, BREG , 55 SR T2 i HRL AR RE 1R ) 2 3l S 4
RIZEVE AL SRBEOR S RE [T ] i pL TR
2=#,2024,44(17) :6818-6831.

RAO Hong, HUANG Weihuang, GUO Zhu, et al. Grid-
supporting VSC-HVDC for enhancing the stability of re-
ceiving end power grid: forms, key technologies, and pros-
pects[J]. Proceedings of the CSEE, 2024, 44 (17) : 6818-
6831.

VFREER, XU, X, 45 . o ) R GEAR T A Pl B AR Y
BURS A S s [T ] LA, 2022,46(9) : 3586-3595.
XU Jieyi, LIU Wei, LIU Shu, et al. Current state and de-
velopment trends of power system converter grid-forming
control technology [J]. Power System Technology, 2022,
46(9):3586-3595.

ML, 225, 1123, 45 T 1) MMC-HVDC $ 3 3 1)
ey o ZE 0 B2 1) 7 ] JCSE DB [T ] IR R
2025,52(7) :44-53.

SUN Kongming, LI Kuan, FENG Yiwen, et al. Seamless
switching method between grid-forming and grid-
following control for MMC-HVDC converter stations[J].
Shandong Electric Power, 2025,52(7) : 44-53.

HUANG L B, XIN H H, WANG Z, et al. A virtual syn-
chronous control for voltage-source converters utilizing dy-
namics of DC-link capacitor to realize self-synchronization
[J]. IEEE Journal of Emerging and Selected Topics in
Power Electronics,2017,5(4) : 1565-1577.

FERAT, A, EHET, A K R RS SRS e ME T i
[J]. s E AL T AR 4R, 2023,43(6) : 2339-2359.

ZHAN Changjiang, WU Heng, WANG Xiongfei, et al. An
overview of stability studies of grid-forming voltage source
converters [J]. Proceedings of the CSEE, 2023, 43 (6) :



1 TR, S MBS R 2 A AR SRR B R S A 11

[18]

[19]

[23]

2339-2359.

HUANG L B, XIN H H, WANG Z. Damping low-
frequency oscillations through VSC-HVdc stations oper-
ated as virtual synchronous machines [J]. IEEE Transac-
tions on Power Electronics,2019,34(6) : 5803-5818.

ThRg R, 2] bR, A | R B v PR A 90 A SR A Y
L) R GER A v ) B R RN BB R B2 [T ). W ) i,
2025,46(10):1-11.

MA Weimin, LI Ming, XUE Yinglin, et al. Key technolo-
gies and innovation prospects of large-capacity voltage-
sourced inverter in the construction of new power systems
[J].Electric Power Construction, 2025,46(10): 1-11.
LR, 0, S 2R, 45 . it U] A0 & U pLREL e A
HBE L L] R, 2021, 45(1) : 269-275

MA Yilin, YANG Huan, QU Zisen, et al. Design method
for improving damping characteristics of virtual synchro-
nous generator [ J]. Power System Technology, 2021, 45
(1):269-275.

FOUT AL B A T R TR0 Y R UL AP
B LA & B e 7 i Sl [T ). R R G A 3k,
2022,46(14):177-184.

WANG Guangyu, FU Lijun, HU Qi, et al. Analysis and
control of low-frequency oscillation damping of virtual syn-
chronous generator considering influence of voltage loop
[J]. Automation of Electric Power Systems, 2022, 46
(14):177-184.

EBRAHIMI M, ALI KHAJEHODDIN S, KARIMI-
GHARTEMANI M. An improved damping method for
virtual synchronous machines [J]. IEEE Transactions on
Sustainable Energy,2019,10(3) : 1491-1500.

ZHAO F Z,WANG X F,ZHU T H.Power dynamic de-
coupling control of grid-forming converter in stiff grid [J].
IEEE Transactions on Power Electronics, 2022, 37 (8) :
9073-9088.

XUAE e , RIGEE , Wb 9e 9, 45 JE TR I B SVG 5=l i1k
R RIS X375 g A I 0 1 20 A (). v s 115, 2024, 45
(11):125-136.

LIU Yanlong, CHEN Xiaoguang, YAO Shuangshuang, et
al. Analysis of high-frequency resonance suppression in
doubly-fed wind farms based on grid-forming SVG control
optimization [J]. Electric Power Construction, 2024, 45
(11):125-136.

[24]

FESLRR, KT AT, TR, A6 . F 00 A8 4 X0 58 T AR S A
TR R T SREE LT ] i &R 88 A sk, 2023,
47(16):103-113.

XUE Yicheng, ZHANG Zheren, XU Zheng, et al. Impact
analysis and damping control of grid-forming converter for
low-frequency oscillation of AC system[J]. Automation of
Electric Power Systems, 2023,47(16) :103-113.
HARNEFORS L. Modeling of three-phase dynamic sys-
tems using complex transfer functions and transfer matrices
[J].IEEE Transactions on Industrial Electronics, 2007, 54
(4):2239-2248.

KUNDUR P. Power System Stability and Control [M].
New York; Tokyo:McGraw-Hill, 1994.

ROSSO R, WANG X F,LISERRE M, et al. Grid-forming
converters: control approaches, grid-synchronization, and
future trends: a review [J].IEEE Open Journal of Industry
Applications, 2021, 2:93-109.

WANG W Y, JIANG L,CAO Y J, et al. A parameter al-
ternating VSG controller of VSC-MTDC systems for low
frequency oscillation damping [J]. IEEE Transactions on
Power Systems, 2020, 35(6) :4609-4621.

e LAME . haS ) RGBS AT (M. bt B R
R, 2002.

WAZRIT, /N RE S ZAS . R O R 2 A 22 RUBE D146
Pl S S e A ) R G2 R AR [T . P A
HLT R4, 2019, 39(18) : 5457-5467

HU Jiabing, YUAN Xiaoming , CHENG Shijie. Multi-time
scale transients in power-electronized power systems con-
sidering multi-time scale switching control schemes of
power electronics apparatus [ J].Proceedings of the CSEE,
2019,39(18) :5457-5467.

Wi BH: 2025-05-17; {EEIHHEE: 2025-09-26
EEEN:

EAREK(1990), B, TFHLE, FHIEIF, FFRF G

KN RGRRE S 51,

A

gt AR(199), B, LFHE, BIRFI@ALA LA
ST E YR, GBEEEH)

(ALtpdt: & )



