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Abstract: In recent years, offshore wind power development is expanding from nearshore areas to deep-water and far-offshore areas,
creating operating scenarios where nearshore wind farms are connected through AC transmission and far-offshore wind farms through
VSC-HVDC transmission, with both systems integrated at an onshore grid-connection point. The interaction between AC-connected
wind farm and VSC-HVDC converter may affect system oscillatory stability. Based on the actual situation of a certain project, a
calculation example system of offshore wind farms integrated with combined AC and VSC-HVDC is established and the state space
model of the case system is developed. Based on the linearized state space model, the dominant eigenmodes of the system and their
instability scenarios are analyzed. By comparing the variations in the dominant eigenmodes of AC-only, VSC-HVDC-only, and
combined AC/VSC-HVDC systems under different transmission-capacity allocations, the key factors affecting the oscillation
characteristics of offshore wind power systems with combined AC and VSC-HVDC grid integration are identified. Finally, the cor-
rectness of the analysis results is verified through detailed electromagnetic transient simulations. The research conclusions provide
guidance for the planning and operation of offshore wind power with combined AC and VSC-HVDC grid integration.

Key words: VSC-HVDC; combined AC and VSC-HVDC grid integration; subsynchronous and supersynchronous oscillations;
eigenvalue analysis

BEEUIE : [FH5 A AR G40 F (U22B600010) 5 7 [ R 77 AL AT BRETAT 2 ml BHE I H (GDKIXM20222425)
Foundation item: Supported by the Integrated Project of National Natural Science Foundation of China(U22B600010) ; the Science and Technology
Project of China Southern Power Grid Co., Ltd. (GDKJXM?20222431).



144 FEITRMEEA

%20 &

0 355§

AR, 1R - XU H T 2 S5 B DAL Y 1) VA
[ % ka3 L N KU P HO R B B R, £
RS Tt e 7 2 A R MR 9, LA B B AR
ZoUeVE . TR I LG s R N B, S
KRBT R, HERBERRE, B28R
VRS LR, T B A (R RR )
— R LS AR AR TR B, R
W R, A A IR A R TSR G T R AR 1, TR
L2508 1 K R R LT AR T S B A 32 4R P
FEFATIL . HI B T 00 KU 238 ik L TR
VUL 2 T kY, JFFERE LD AT RS A
ClERFR7

VK, R e K ko K XL
WU 2 FRAS I AT 1 T H PR 28 38 1 o 4 0 51
Bl AR, FEARE A S hk 0 A o R S5
/o L PR3 SO e Sl = R0 | 2 2 i 1
FEBAK, B EAER AR A E TR A S
Tk LA L I T [ L Wa ke LR DO L VAT
HPEERATRS, MTEZHELNETER
G5, FLEEZE PO LRI SRR I X, A
% 7 AL T3l 1 AR R S I L 4 LR T &
Gy B A RAC TR BB 2 BRI 2T N F &
G, A ZR TR . M K R R A
TETN TN AR ML B A i T, B B S
e R G5 L) B A R R A e, KU L R A
T ey TR S 0 A £ R B A e
L AR R AR T 1 3h 25 B RO IS A TR
R AT TR i i o )

LR XU F B A5 5 TR L IO A 7 U IR A5 R
XU, 76T T PG 7 ARy XU T 2% 3o A o R
T XL IR G R R e I K KL 3 1
AR S 8 H 5 A3 3 L I B T A 2 A XU 2 37
PR SRR R R, B AR
i 4 LU S L PO 77 X R, PO 0 25 3 R R 4 )
S U I A 5 RVBIURA ) 6 2 R Rl B g b KU
ZAE T AR AL I, DA A A LR 5 5
FEEAE R, FIREETSR S, Rk
TEAEAI IR XU 32 12 ot T R i R
5 PR P R A AR L A, TR o A
L L RV R A 2R L iR 3 WU L s i e

Vi) 22 I i) FRUBE 42 i AH B AR P 23 5 R PR ) AT, XL
HL 37 E i 1 TS 2 T 8 0 A 4 (static var generator,
SVG) 2 itk — 2 55 10 XU I I Y /i [] 2041k 1 15 2R
EME . e E R R E T R, TR
HEEERZEAHEEER, FIWA7ERS KR
ﬁﬁm_zmo

X T B RS BRI A T M AR GE, SSRUE
5 A Z i IR TR gE, Hp ) SVG L
N 5% IS T AR ELAE PR B KUrR 22 B I iR 35
Pk, 5 EE A TT AT, v R FE AT 42
ESiEs

A 1 JXCHRL 22 T I 4035 R AR T B9 A
7 AR LALLM TR T
D7 L ENS FE R e e I e, BHPTEE L
5T AT UKL T i) A A AR L ) RO It i BELATC R A
T BT 2R Ge i v AU, AR A AR 00 B T4 o 1 4
FALIE SRR AEAR L . 2 5 P LA SRR 1] 20
RO R AR A . IR G AR OC I A
W AR GRRHE, $857m REHRG RS =R
FapLEL, ASCHE AT AA R XA E S
I R G G R AR 5 R A LB 5, SR ATRAAE
B AT, XUHS RS2 R P M A s A S 2
B, aasie T RGNS %

1 BLEXBEXERBKAHMNRERESG

1.1 HMEGRGEN

SRS R T AR 2 496 b XU 3 BRI M &R
SGEAEIE 1 Frs . Horp, XU WFL 25520 1000
MW, kH 3181330 kV 28 it HL i 422 A Bili b S 45 0k,
iy EL S R 60 km, 32 Ui VR 2 T it EC B AE N S L
fili | S5 b e B 2 el 5x50 Mvar (S 25 0T o %
MR, Bl ARG R R A 500 kV A2 &
45 KUE WF2 FIWF3 FE 506 |92, 5 km, £33
P, Bl T R A IR R SE Rl — 500 kV
BEZ s 52T HL R T A F AR R

3L I 4% 5.5 MW BT BIK 5 XL L2,
IR SHLAE 3 46 (A B BRI %) 28 66 KV HL 8
AR S A LTl s XURAILZE A AT AR 1) 0 R
FHEE T HOHA R SR T 32 | N BRI Y 2 s il
Ao FEM Ll R HE AT E R 6, S WEF2
FTWE3 JRUHL 37 48 1L 52 g i o S 3, i b 48 3 R
FHAE B H R A TG T D28 AR LR H i P oA 1l



%9 XU, &5 W R A BRI I X R etk 3 e R oY 145
) - o
1 000 MW 66/330 4560 km 3 (1] 22631%/%53,5 % 1 EEEN%*H%E*:%U%T‘ H"J'ﬁﬂi'?ll-_mﬁ.
%ﬁ O'@69/66 @ B Tab. 1 Typical bandwidths of control loops in the direct-drive
i wind power and VSC-HVDC systems

WF1 550 MVA 3
300 Mvar 300 Mvar

*
3

=

z
if@ﬁ

1000 MW
0.69/66
—(Q))— . N R A 1 2
i Yﬁi}ﬁévﬁzﬁgﬁ”tf AR e S L
66/500 I T 500/525=
WE2 6% [T (1% 2500,
1000 MW L3

<
>

0.69/66| 2,100 2100 M
%ﬁ | MVA o S00KY 5 g0

WF3

E1 #BLEXBZERBKEHNRELEN
Fig. 1 Structure of offshore wind power with combined AC and
VSC-HVDC grid integration system
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Fig. 3 Participation factor of subsynchronous mode dominated
by the VSC-HVDC receiving-end converter

W T A T E R R PR G, X
AN 5 A A PR A A A LA G . AR SCXUAR
R R AR S o e M i e 4 1 K )N A W
A, MZ T, 2 E 2 v i i o i 4 ] 1] 2 42
FEAAZTHL I, XU H, L gt A o] o] B0 7 2 0k 28
LR YA e i NG O T E I S s
P F IR R IR G AR A F R, o a]
DAVE Ry DX 53 WP —Ff 2 1] 3= S8 3 1R AIE
2.2 REGHRFEXBEESH

D) A M, 3 SRR

M E 2 A0, IR ERE IR G (A, o) R H 5E
WA E S SR EZ A TR, B 455504
T XU T (Pygy) o FE L T (Poge) VAR B LE
(short circuit ratio, SCR)Z3 51|28 Ak B2 455 2K 18 42 11F
HRPAE o 3 HEL L fi L e BE Bty T sl s e 00 22 9 R
St R AL ) J B 7 1 B DA O I XU, DL S 3 52 B Ot
AR TR, KA I A AR SE T R G BT
SEEL, RRALRGIE AT AR AT |k Y B L K
A

B 4 FEIEAR B R BT, 22 B[R] 20 03 32 4 ol AH
HAERBAG LA TROERE, JF b E X R
B R e A 4o R, IRFEIPIR
DB BELJE Bl A J 1 LU R 2 B e K AR, a0
A 2 it HeL O P AR B AR AL, RN R e 55 1h 5 15 5 XL
M5 R EZ A R AH EAE

2) F H 3% v 7 IR R PR G AR

B 5 AR T (Pyyy ) o FEELH T (Pyee) VA S SE
% L (SCR) 73 5l & A= AR AT, 26 B A% v 32 3 A LU
FEHIR PR (A, o) R IEAR B

H &S AT, 22 A2 v 3 IR AR 1A
fEEERRRY 5, .



%9 XU, &5 W R A BRI I X R etk 3 e R oY 147
L SCRffi=2  SCR{f=4 . SCRffi=2 SCR{f=4 (SCRf=2 , SCRfii~4 SCR{E=2 SCR{f=4
Prec=0.11 p.u. = Prpe=0.11p.u.  Prpe=1.0 p.u. " Prpe=1.0 p.u. Prec=0.11 pu. ~ Prpc=0.11 pu.  Pipc=1.0p.u. = Ppee=1.0p.u.
60
L DELNENDNBIH X B B X 40 - Y 7 72
50 NAY :l\ ; )& 7,7
ﬁ Py t o g 22 I Pyt
=0 =
o ¥ 20
50} .543£«34;>!>§:§:§ % %% -401 -
: : ' L ' 020 S0 80 60 40 20 0 20
-60 =55 =50 —45 ~40 =35 - - - YT -
S S
PN H a) WELRUHL A3 (P s 0.11—1.0
(a) WELHIBI(P, ,,: 0.11—1.0) ® TP )
. SCRA=2  SCRffi=4 SCR{E=2 SCR{f{=4
Pyn=0.11 pu. © Pyp=0.11 pu.  Pyp=1.0p.u. = Pyp=1.0p.u.
i SCR{ti=2 ASCR{EZ4 : SCR{f=2 SCR{=4 wr160_ p-u WFI p.u WEI p.u WFI p.u
Py =0.11p.u. © Pyp=0.11pu. ~ Pyp=1.0 p.u. ~ Pyp=1.0 p.u.
40+ = ‘L 271,72
o 20} = =
501 T g, N P b
E PRF,C T ﬂmm 5?—11 0
z W _
= 0 20 < =
b -40 - =
ieo0n <« _ L . L \ . )
=501 i = 0120 T100 80 <60 40 20 0 20
-60 =55 =50 -45 -40 -35 (b) FEIFIENN (Pree: 0.11—1.0)

(b) FEEHm I IARRN(P e 0.11-1.0)

>(PWH:O‘II pu. Pyr=1.0 pu. | Pyr=0.11 p.u. Pyp=1.0 p.u.

Prece=0.11 p.u. Prec=0.11pu. Pgee=1.0 p.u. Pree=1.0 p.u.
50 WEROT_ OEREX Xy

~N }‘63.64

jusi

= SCR {

FE(Q)

R
-50 gt B0

60 —55 50 —45 40 35 —30 25 —20 -15 10
S
() I W% % HL B AR(SCRIE: 4.0—2.0)
B4 THERBESZEHEEEAREX SRS

Fig. 4 Eigenvalue loci of the interaction mode between AC-
connected wind farm and the VSC-HVDC receiving-end converter
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T F A 2L A L/ (KVKV) 66/500 S de PR LI 2R K 0.8
i LMt vl AL AR BELBT L /% 10 32 S L R4S TR AR A3 B )5 R T 0.1
Pl 80U 3 A8 T A0 7 28 HE/MIV A 2100 52 5y d/q il AR P 1 L A 2R K, /K 0.7
fili 14t ol A8 AR A8 L/ (KV/K V) 500/525 33t A Bl AL R AR T A TR 3 B T /T, 0.02
i 480 08 385 4% s A BELATC L PR/ % 10 TNk P 0 I I (8] T 0.01
KIS LD, u. 0.2 AR LU OIE 25 Ky, 50
Z Uit L Up. . 0.2 BURH PR T BRI ) K T 0. 001
RA3 SVGHEXSH
Tab. A3 Related parameters of SVG
SVCZ4k HufH SVC &%k Bl
B ¥ 4 /Mvar 50 SVG IR LI R KUK /K 0.8
BE BV 35 SVG AN R 45 K /K 1/0. 08
U A [Hz 50 diq AL R ER T LR ALK WK, 0.8
HIUHAF 0. 000 25 diq R IR B T A4 45 KK 1/0. 04
TR HLRp. u 0.5 N BT B I ) R T 0. 001
JAR R IT I Hz 2000 BRI O RILK 50
P25 K, 0.03 BIAHPRE R BUIHI AR Kopy 1/0. 002
S A Pl P BB/ V 330
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Tab.B1 Electrical resonance modes of the system

—160. 43£j67. 19x2m SVG+REC+AC+WF1

L | L u, iy | rid *B2 BEXBSZHEEKFREHEER
[c¥ ﬁ J@ PLL / ¢ | Tab.B2 Eigenmodes of the offshore wind farm and VSC-HVDC
sending-end subsystem
75 (LES ERRNRIED AHICRY
1 Msss  —268. 18%j127. 00x2m WF2/WF3
e 4 S e R 2 A —133.36xj111.40x2m  WF2/WF3/SEC
- 3 s 6 ~96. 8967, 19x2m WF2/WF3
4 Ao 10 ~17.05%j58. 94x2w  WF2/WF3/SEC
5 Aesy =2 180. 13j12. 90X WF2/WF3
6 Ayas  —2370.99%j6.50x2m  WF2/WF3/SEC
7 Ayt 1 ~24.974j3. 09x2m WF2/WF3
8 Aiss 136 -17.874j2.83x2m  WF2/WF3/SEC
9 Mo or  —81.24xj11.64x2m  SEC/WF2/WF3
10 Aiso 10 —-8.71%j1.61x2m  SEC/WF2/WF3
EIA3 SVGIEHIZH 11 Aisa1ss ~13. 79+j0. 50x2m SEC/WF2/WF3
Fig. A3 Control structure of SVG 12 Mot 12 ~44. 83j0. 07x2m SEC/WF2/WF3
RA4G TRBERSBH £B3 TR RETHT RERREHIEENR
Tab. A4 Electrical parameters of the AC submarine cable BES RS SR
M H S Bl Tab. B3 Current-control-related subsynchronous and
LR ARGV 330 supersynchronous eigenmodes of the AC-connected wind farm
RS A/ mm” 800 and VSC-HVDC receiving-end subsystem
B RE LB/ (Q km ) 0.014 1 e ik s HEER T
HBR LY (mH k™) 0.5 I Ay —116.36+96. 22x2 WFI+REC+AC
0 (k) 0. 16 2 Ay, —179.024j115. 47x2m REC+WFI+AC
B 3 A, —291.88%j137.17x2m  SVG+REC+AC+WFI
N S y . 4 Ayg —318.86%139. 76x2m SVG
W RGHEETITRER 5 Ao | —48.35£j47.28x2m WF1+REC+AC
6 Ay, —60.29%35.22x2m REC+WFI+AC
7 A
8 A

os0s  —167.35%j75.51x2m SVG
e RS FRIE(E HHIRIRT
ZFE T e J1K3
1 /\4'5 —-13. 761_]760 43X21r T+L i% B4 )Llllbjgtﬂmiﬁ'iﬁiiﬁ'¥ %?f%ﬂ*ﬁ?:ﬁiﬁﬁgéﬁ'ﬂ&ﬁ
= 7 4 =
2 A, -13.37%j660. 23x2w T+L s LR
Tab.B4 PLL-related low-frequency eigenmodes of the AC-
3 As  —40.35£j241.58%2w WFI+T+L+AC+REC ) .
o connected wind farm - VSC-HVDC receiving-end subsystem
4 Ay oy —30.20£j144.20x2m  WFI+T+L+AC+REC — — — —
= Fe 5 S FHEH LS 7]
V. " b7 :
e .T‘Sﬁmﬁi3%0k\iﬁ% AR, LA 330KV AL, 1 P ~24.39+j3. 08x2m WFI+REC
ACHRR AL AL W, SEC 1G22 Bk e i 4% , REC fC R B A7 vl o
Tt 2 P I —25.23+j2. 84x2m REC+WF1
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Tab.B5 Voltage-control-related low-frequency eigenmodes of the AC-connected wind farm and VSC-HVDC receiving-end subsystem

i B FIE( IR
! A 13 —18.26+j1. 80x2m REC+WF1
2 A7 1 —16. 26£j2. 37X2m SVG




