%5382 W e dt o R o i Vol. 53, No. 2
2026 4F-3 H Journal of North China Electric Power University Mar. , 2026

doi: 10.3969/j. ISSN. 1007-2691. 2026. 02. 09

R R 38 e R B IR R LB S I B
R I 4 A

SR, AR, WReE, £, XM, MRE, KRR

(1. WdbA S A=AERE ST T S cge s (ARdbi k), idb PR 071003; 2. EFRHEMAF XSG
A K HIBITH AR R (Bdul HRFMAF R BEA RTHUEA ), dEat 100045)

FE . T LMo 0 A AR IE ) T A AR R AR M, B BT 2SR AU &2 ) BR 09 A s
RS AYP S, A LR, B AR AR RS ik, RBEE T AV AR P dg b R AT AR
FARAABERY, EET A GALE § FRAHA | 524 MR EHETIE T MM AR 60 5 bk
Jok, ATMAAER AR TAVAFR R GAREN, #—F R AR BT AR AR, &
SHBRMFAEFBZFHSNT AABER, MR, BARAKOBELER, FOMLET RAREL G R
SALAHALE B YR, RS RAY, BB MEEABN, NASKREEENALE N, 5 MR
BE, MAASERERY AT K, R, it PSCAD/EMIDC &A% Ay S I0IE T ik 4 45 R 60 E50 1
Aok

K@i, ARR MM, MAER, BIALR, AHMTK

FE SRS TM614 XHERPRERD . A XEHS: 1007-2691 (2026) 02-0085-14

Stability Region Analysis of Control Parameters of Direct Drive

Wind Turbines Considering Power Grids with Different Strengths
GAO Benfeng', ZHENG Zhanxiang', DENG Xiaoyang”, WANG Xiao®, WU Linlin®,

LIU Peixin' , CHEN Zongliang'
(1. Hebei Provincial Key Laboratory of Distributed Energy Storage and Micro-grid ( North China Electric Power
University ) , Baoding 071003, China; 2. State Grid Wind-photovoltaic-energy Storage Hybrid Power Generation
Technology Laboratory (North China Electric Power Research Institute Co. , Ltd. ), Beijing 100045, China)

Abstract: Parameter optimization control based on impedance analysis method can effectively enhance system stability.
However, the stable ranges of parameters for each control link in direct-drive wind turbines have not yet been clarified.
To address the above problems, this paper firstly adopts the harmonic linearization method, taking into account the DC
voltage link and the dg-axis voltage feed-forward link in the unit modeling process to establish the positive-negative se-
quence impedance model of a direct-drive wind turbines. The accuracy of the analytical model is verified by using the
impedance sweep method. Then, the stability of the unit’s grid-connected system is analyzed based on the impedance
Bode diagram criterion. Furthermore, this paper quantitatively analyzes the stability region of the DC voltage loop,
phase-locked loop, and current loop parameters using the unit controller control bandwidth and damping ratio parame-
ters in conjunction with the frequency-domain impedance stabilization criterion, and analytically considers the effects of
different grid strengths on the stability region of the unit parameters. The results show that the stability region of the u-
nit parameters reduces when the grid strength is weakened and expands when the grid strength is strengthened. Finally,
electromagnetic transient simulations performed in PSCAD/EMTDC validate the correctness and effectiveness of the the-

oretical analysis.

s EEA: 2024-02-21.
E£mA: Lt IRFMREA R EARBHLIE (KJZ2023020).



86 AP

2026 4

Key words: direct drive permanent magnet synchronous generator; impedance modeling; weak AC grid; parameter

stability region

0 51 &

Bt < RUhE” W E A 0 AN W XU 555
REVREAL 7 Lo A0 4 i, XU 37 1 I RS A 9 —
YR BRI AZ B3R XURE 9 R 5 fue
30 ] 43473 i B A Sy, X HRL 37 5 48 5 e B
HL 2R BT ACHR I, B SER0R R B OR, RS
& LV (short circuit ratio, SCR) I /)N, 32 17t B, 9 ik J&F
IS, (A XU H, 375 5 55 22 Ui L ) Y B AR A2 HL
FHARGIR/ BRIIRG G0 A KA, ™
&M Z e e Y,

H A7 P A%k KU AILZE T ) 3R e e Tt
FOAVFZ A EARKOITE, R IR S B
Brids BHBCH RS, FEEER R IFM RS
PRS2 [ ME SRR ARG S 5 I 7 MR E 45
Her ok g TR AN IR 5n B IR LR B e 55 A1
KA B (AL AR X R G b S BRI
fer, THE I R, T8 2R 48 M ABE K 335 fin i) 348 A7 7
YRR TR

VLA B A BT 23 A i ZE AL T M &
GekasE VR 8 A B0 732 W 1207 125 38 5 A3 ek
HBOR R R GTIR s PR3 R BT, LABH PR A 3R
ERGEAE/ NS T By SN, I T 255 17 B BT
FRLI S 0 Al BEL AR A0 S 0 R e i AR
PEo AHECTRMIE(E T 12007 Bkt 00 1 4EH0K 1)
A, B RGN SRR, f ke T« TRA”
(I AR [ R0, ELAT B ) B S IR R AT L
S5 BHBT 4 7 50 UE BIL A A BT BEL 0 45 R 1 TE B
PEo PRI, 2R FH BE AT 20 B 4 20 B XU L 4 0 0 %
Gk e e AA —E L.

I iF, AR 4 e IO [A) i Ze Ak AR B, BH BT
FEER LU N dg SRHP TR AR P S BT AL
dq SR PHHTEALE XS KU 37 AR I e 4 1 XU AL
MNP R I R 5 — 2% R T, A KL 37 9F
W 3R Ge e [l T LA — s JR B 1 A
BT dg SWEHPUBAY | He TP AR AL 7 A 7
SR RHPUAL Y | 7 2 37 R AL ZH ) BE T 7 ) B 5
T, HOCA B SCHE g i, S A TSR AR
R 10

A SRk, BT % B K XUHL BT ZH (direct drive

permanent magnet synchronous generator, D-PMSG )

JEBRAT A 5, K 2 % & BIUHH 28 ( phase-locked
loop , PLL) FIHLIE N FA , M EE N7 D-PMSG J7 BT
R TT B M Hr TAE SR, 66 SCHR
J [R5 T B I FE RS 21 F dg il R R T B T
(1) D-PMSG BHATHLHY | 33 57 4k 1 #1140 42 il 3 s 45
¥, % F AL BH T S A A 75 225 R R R A
S, SCHR[17-18] 4357 T D-PMSG #l =44
LCL %Y Jf: 9] 33 A5 28 1) 1F 67 7 BHPT AR AL (R 35 K 2%
JEEL L R 1 R dg il TS R T, i SOk
[19-20 ]t HE IR T dg il A FEFT 53857 F LU HL
JEFATT P H—, IS T D-PMSG J7 fH
OB IF I R AR M B T A

LA SCHR A &F X 3E T D-PMSG 3 BH B 5 7Y
K R M S B A T Y, K
Zil e M LA S 8O0 R Gk R RE
M5 R & RS RE M S B0 T & A
W AT HI LA S B BRI RS e B, SCiEk 18-
197 43 S8 S T = AH LCL %Y JF [ 336 2% 2% F1 D-
PMSG P BPTALRS , FLI54 H T — R8I R 241
WA, BEAR T RGEIRG KA kA KU, 4R
M, SCHREE B2 1 BAH 248 2 B0 1 7 AN g I B
RS BRI RRE BTG E . SRk 20—
221857 1 D-PMSG FIXUist KU HL AL 2 (14 1 £ 7 FH
PUBAY it e e T LAl R S O R g ke
PERFZIA , DT 25 5 A 0 i ok 8] 25 ik 5 1 FH Y
SRR T 2, IR R AT P LA & 5 i S 5
HLAR R G

ZE LT, —J5 1, #37 D-PMSG F¥BH P AR 7l
B, B8 AT SCHR VS 2 [] B 5 S8 B B R PR A dg il
FERTBRERTT TR R G fa E v T4 55—
Ji 1T, 55T D-PMSG 3 BH P 7 (4 S Bt Ak 4 ol
WFFE, BEAT SCHR Y B o0 T AL 2 2 805 1 A
NS NI TR T B = SVt eI 2§ KL
PRI, 30 ) 5 B A 5 SO L O R R A dg B L R
FI5E 2837 () D-PMSG J7 BT A4, 1T FF & D-
PMSG #22 A 55 L 9 B 42 i 2 8508 e Bk 5%, 43
D-PMSG 1 1 3 HL e B0 FLUE N B FIT PLL (1 S 4K
FRogs T, L br TR+ D-PMSG 250 2 A1
TRt — e e FAE SR

AR SE R PR i 2k Ak 7 i, I 5 R L
Y AT R T dg il F R TR P Y DL R LI R R



55 2 3]

AN A VT S AN TR 9 R FL 1Y 4 K R AL ) 2 R Sl 87

AT, HE57 D-PMSG Y IE 3 BHPTAR AL, 545 5Bl
UL IO UEHLAL AT BT A i 1 . A
Z b ARYE B BT R A G 5 BT D-PMSG 3 &
SRR E M, 25 SR AR BH T AR S 4
AT D-PMSG ™ B Ui HL R 26 PLL LA K HA, 3 36
il T8 A BH 2 L AR G L, O B B R
)5 B HL ) X6 D-PMSG 2 8RSk A 52,
J&i i 3 PSCAD/EMTDC Ha R 87 25 5 L 96 iF B i
Sy MTEs R E R

1 D-PMSG Ff M & 4t 45 44 Je HBH $it
LAY
RGN

EORXE I IF M R G gt i 1 s 8%
HipzZ M5 MR ERH SR 5srRExe—
) 2.5 MW D-PMSG 4%, Hh 4 &5 D-PMSG ¢
23t 0. 69 kV/35 kV RMLA A R 48 TR S IEA
35 kV BRI RIE 20 35 kV/110 kV FH &
AR FFEG A 110 kV B L, &5 H#EA
110 kV A8 FHM

1.1

)%ﬂ@

690 V/35 kV Zys ZZ | Zy,

)\% 35KV/110 kV

HER A
A1 AR EIFMARGLEN
Fig. 1 Grid-connected system structure of direct -drive wind farm

D- PMSG JRFRUNAE 2 Fias , Hod sE 8 XUEE  HL
P RE FITHL BEFE 4 18 XU ML ARG [R) 28 & FL L ( per-

+

)

D) Vae==Cye

1 load

1
= l= s
ol
Yo Vo Y
AR B

manent magnet synchronous generator, PMSG) | 4=1J]
KA A (full rated converter, FRC) 5583 43 4H 1,
Horp FRC phy Al 42 11 i R By 23 B 1) AL A 3 370 4%
(machine side converter, MSC) VA K A] #2 ill i Hk:
ZH H A2 e 1 ) 4 3 % (grid side converter,
GSC) PIER I H I

FSCHR[ 23 ] A1, Bl 2 D-PMSG A i LA 3
3R] A2 A o i U5 AR, I A e e s R/ R
7R D-PMSG A L2846, Ak, il T H 5K
K £ & D-PMSG ¥ il S 8058 & — 3,
S TR A BB XU, 377 BE B A 3o A A SO 3R XL
R IZ & D-PMSG 54 EH 8 —f D-PMSG
PAT R SERY BT AL

SR
KA
> 3|3
_ BIEE
AR s SR

H 2 D-PMSG R H
Fig. 2 Schematic diagram of D-PMSG

1.2 D-PMSG FFFEITEE

K HL375E 5 B D-PMSG Iy 2% B, 1% A il i,
B 3 R, Hi o, v, 0, 537518 GSC = AH
o LR 50,y 0, Mo, o, o, 28518 D-PMSG
I/ 15, ( point of common coupling, PCC) FJ = #1732
A =AM ym, omy, om, i GSC = AH%E
TG T 50, LIRS 2028 A% v O A4 F
N} D-PMSG W55k, b, HAERERELL 1, N
MSC FaS i ; Cy oy, ., N E IR HLEY |

de

EEE&;H\:%%%{E,Lf ﬁﬁgﬁ%@,l{l \Rz \Ll \Lz é:’\

i BRI LkoR 1, S |

& —

Ve B R R
IZ2 Bitas]
R el
AT

B 3 D-PMSG & v, 34 Fo d 4| v, %5

Fig. 3 Power circuit and control circuit of D-PMSG



88 AP

B2k 35 kV AT 110 kV fai B 2 O HUBEL AL 0,
, JPIN dg AR F R BRI FL A
PHIE S50, i, N dg B S HE1H; 0,, W&
PLL #6175 2 A H A B s 00, L = K, N AC T HL U
Pl i A BB w0, = 2mf, (f, R HE DR
Hyy (s) H,(s) (H (s) 735124 PLL B H 0 26
TRIAZ It HEL I PN B 458 ol 25 0 A% 38 PRVBI s &, N dg Tl AR

A SCFFAFFE R D-PMSG M 2 48 = HAXF Fk
R0, R LM AL T 857 D-PMSG FH AT
RURT, ] 22w I OE )7 R G BT, K5 B AL E
JP UFBHT, AN, A SCHST ) D-PMSG IE i )F
RELATOAR Y | 220 W SR A 4iE B 8 4 LA I i T ¢ 3
B, FEE R GSC EL U A AR 38 PLL | LI P 36
DI dg i R ETS R 1T
1.2.1 Ed s

KRR B E 3 H L R e R
HL R FEL A DG 3R 0 DA 43 BT 0 S A8E, GSC i i i 11 P
JE \PCC Ab A H Y0 T F HS DG R 0 2

AT ANLN

i v, v
d|.
Lfa L=V = |0 (1)
I v, v

K v, = mk v, k, NG R
M T RS = AHXTFR, LA a #H R 61, GBS 5 D) 05
H e L A IRl gk X
v,(t) =V,cos(w,t) + Vpcos(a)pt + govp) +
V.cos(o,t +¢,)
i,(t) =lcos(w,t + @) + 1 cos(wt +¢,) +

Incos(wnt + ¢in)

(2)
KLV o, ey 2RI IE 4 HL R LR Y
'l]ﬂaﬁ FBCRFBIAAL; V, o, 0, @, 710

WU IE T Y H R H VA ) L | A A 3R ) R A6
Vol o, @, @ 530 8 1 0 HL R L Y
W (A ABLAS RN AR

XT abe ALFR £ T B I R A L Hs R 3 R AT
LA A O R IR A, =l (3) B, X
A 2 38 AT AL AR AR 4 15 dg A2 h5 R T Y
FHAE A J L A R A 20, IR s A R (AT
K (A2),

2026 4
Vi, f=%f I, f==f

V.U =3V =2/, LIl =40,./ =/, (3)
V.S ==/, I..[=%f,

Kb Vi= V/ 2,V = Ve / 2V = Ve 2,
AT B HL IR AR S 2 2R
1.2.2 HARFLKEHE

ELH RN N MSC FIl GSC A3 24 , AR 4
BLLL A B Ok o} T SR A0 5 A

dv,,
(Liga = Cue E)”dc = vt F oy, Fod, (4)
Bear (1) ~ (4) MEFR A (AL K
(A2), FIARHIR[0, =(f,- f1), =(f,+ f1) ] FIUE
i HL
Vio
Vi [f] = 3[(‘/1* + Q‘SL{II* )Ip +11* ‘/p:l/(]l()a(l - VchCch)
3LV + LI, + LV, 1/ (L = VeCucs)
(5)

1.2.3 PLL &4

M & PLL MR R B, PCC A IE 71U 18
P 25 PLL % th AH A 94 30, el PLL 3%
INH O, = 0,+ A0, FIL AT LMEE Ao 7E55I8 Y

GV, f==(f, - )
Moo Y

X6, (s) (G, (s) MIEFF I AL 5 5 Y
PLL it AH P 3l 2 1] 1) A% 338 R 5K

BT IR T TR B R S P o £
JEMER .

Tah(:/dq(ePLL> b/lq(A6>T} /zl]<0 ) 7

cos(Af)  sin(Af)
T e, (AG) = {— sin( A6) COS(AO) ] (8)
0
= (7) Z0(8) AlF5 PCC i = *HEELFQL

FrRUR v A $ 15 201 dg i R o i
V=V, +A0-V,
V,=V,-A0-V,
AG =Hy, (s)V, (10)
K Hy,(s) = (kpm p”/s) / s,k
i PLL 4 LU R 5 222K
BRAL K (6) ~ (10), AT FHL 8 s AL G, (s) |
G,(s) Wz (11) FizR, PCC A K dg Sl 434

(9)

N
oiip ~F il



52 3]

AN A VT S AN TR 9 R FL 1Y 4 K R AL ) 2 R Sl 89

HARRATE IR A th(A3)
GP(S) =F jTp,.(s)
G,(s) =%jTy, (s)
Ty, (s) = Hypy(s) / [ 14V, Hyy (5) ]
R4 0,, = 0,+ A0, ] 1% PLL 1E 4% 5% (1 B ik
FIR AL L FRA X (12) K (13) .

cosfy; = cosf, — Af - sinb,

(11)

: : (12)
sinf,,, = sinf, + A6 - cos6,
172, f==f
cos@y, [ f] = Top (s F jo,) Vp/25 f= J—rfp
Ty (s £jo)V,/2, f=2f,
(13)

T2, f==f
F T (s Fiow)V,/2, f==f,
T (s tjw,) V.72, f=+f,
1.2.4 @R sREAs

HRAE I 3 25 H 42 i Pl B, SR IR Dl e M Ak
JrgAs i PCC LS W HIE S H A OC R,

sinfy, [f] =

BRI /M 2
m, = m,cosf — m sinf
my = Hi(‘g> I:HV(S> (Udc
mq = Hi(s) [iqr - qu + Kdid + kqu

= Vge) Ld] - Kdlq + kg,

(14)
K H (s) = b+ ky/ s, H(s) = ko +ky/ s,k .
ke Ky ey 2300 DA FELIA PR R TR R SRR 19 LG A5 AR

53R PCC A5 dg Bile FE 4 7 28400, [) B
AI3RA% PCC A5 dg AT A o, TE LR S A Pt
(A4),

WA T W B H R PLL IE 4% 7% DL R S B
PCC il dg Bl AR IA AKX (14) , 7715
FI R dg BTG S U S a ARG S TER
Btk A hU(AS) B (A6)

g5 LT K (5) USRS A Hral(A6) 1R
A GSC it v B R L IR R A (1) B )R
A% D-PMSG M IEfFBHBTERL, an=(15) PR,

ko Vol H(s = jo,) —jK,] +sL; -

Z(s) =143k, [ (V] +2(s —jo,)LI)]

Iluad - VchCdc(s - jwl)

1= kik, Vo = b VaoTor (s = jo,) [M, + 1, [H(s - jo,) —jK,]

3k I 1
2

]load - Vd('OCd('(S - jw] )

kmvdc()[Hi(s + jwl) + jKd] + SL[ -

Z,(s) =93k, [(V, +2(s +jo,)Ld,) ]

Lsi = VieoCoo(s + jw,)

= kk, Vi — K, VdcoTPLL(S +jw,) [M]* + Il* [Hi<5 +jow,) + jKd] -kV,]-

3k, 1, 1
Dost = Vo Coe(s + jo,) |:

1.3 FRIASALEHE

T PSCAD/EMTDC 1 BF- &5, # 2K 3 i
/N D-PMSG I AT KRG P HERB R, ML
FEM R G s 1T AR S EOLH % B HhER Bl R,

K BB 2 5030E D-PMSG fif M BELAL 4 i
Wbk, VLR EETT)E, M PCC AR N R4
FL R 5% A = FR I U0t R, AR RS R OB )
FIFH FET BLHREL PCC Y IE T FLE | H I 38 D%
gy, BIAT A5 2 B4R T D-PMSG BH 47T B4 471 4580
W{H, D-PMSG iE G AT BTN 5 H 1Y)
XF 25 SR UNE 4 Fis

2

1
l:zvdcoH;(S +jo, ) H (s +jo,) + Ml*

Vil (s + jo, )H (s + jo,) +M1*i|

/
?VdCOHi(S _jw])Hv(‘S - jo,) +M|:|

— kfvl] —

7Vdc()Hi(S - jo, ) H,(s - jo,) + M|:|

(15)
Tt/

XF L 4E BB D-PMSG IE | i i@ A B4 5
PR ZE R FA—E, BAE T i D-PMSG 1E | ¥
i BT BEL B A 7R (%) A 2

BCAMATT 2 B, 76 W/ HE [R) A6 00 BE Y, HL4L I
FEBHATCAEA B, 41 ~49 Hz Sl Bt 60~ 78 Hz N FL
AH S 1 £ E BHL A PR AR, £ BT 7E 9T A0 B Y
PR IIE B B AR AE . JC TR RS E s AT S AL
L IF W RGNS IRINENL T 41 ~49 Hz 60~78 Hz
SR I , RGO T RE = A /N sk 5 o R
1.4 EBRNFEIEE

B XoF FRL IO P BEL B A AR | R A AR 3o A Ay T



20 AL Kk 2% R

2026 4

=T IR

FoeEEm [ )

N e 1T D

£ jii

10— I
0 e o ol ol o H

4

10° 10°

$H%/Hz
(a) IEFFFEPL

FFE/Hz
(b) SFBEHT

B4 b &ieraiiia i R

Fig.4 Results of frequency scanning and analytical curves

RELA7C 2 B BELEME A 1 | HLHOE 7P BHATO A 45
AR S 3o 28 % BEL BT AN AR s i BELATC SR A 40 FL X 25
FHATC, an=C(16) Frzs .
Z(s)=R, +Ry/k; +s[L, + (L, + X/w,)/k; ]
(16)
22U HL I 56 G B D-PMSG T R G
SCR i , % X SCR KT 3 Juk L W, /v F 2 Hl 3
Z AR ES L /N 2 A AR 55 L I, 38 3 L X 4
ZHLKE S B 3R B2 Biow, Hir SCR #%5(17)
HEP
S. Ux
S, Z.P,
KrpeS,, Sy 75 2 58 5 i 75 5 D-PMSG %
FEYR Uy RN L Z, R 3E T R B2 1 4%
BEBHAT
FT D-PMSG ., HL I BH ALY | R I B B0 1A 12
KRS HT SCR A 3.92 il 2. 58 WA E 5L T AL

SCR =

(17)

FM R G n0Fa & v, HLAL I W R G 00 e B P 4
EE s s,

40 :

Zyi o

7. SCREDS
Nt

g DU

e 80y

10° 10' 10° 10°
WiF/Hz

B5 e hiTeimA%mZE
Fig.5 Impedance Bode diagram of grid-connected system at

initial parameters

TS R, 2438 3t FEL I A o L B, 5 R
GEAEAL SN 80 Hz AbIAH A 228 167. 5°, H4
R 12.5°, R A . 38 Ui i M Sk 55 Fa I
B, BLZEL I 3 L R e P BELE %) s A0 e e ol 2 7
WA 73 Hz ARAFEAEAC A, V6 A6 B B 2 M IXCI, it
B I 0 22 4 19 1 AR 255 189. 6°, AH AV 48 B3 Sk —
9.6°, REKEIRG KA

FL, DO 5 J3E S A2 i, ML I ) R 4 ) R M
BT D-PMSG 9 BH BT REM: , M AL AL 0 BH BT 45
PECZ B SR A TR S, |F
A SCHLLIT 9 22 6 11 158 B A1 e A5 T e [) 20 4 B
T 90 0k P J 2 B e AL 2 v A B BT . TRt
ARG BEAN T8 P8 I H SR ) T S B I
FEFR PLL HL i N B 0 48 ] 2 B0k 0 AT 4
BT, LA OR G580 - R g i Ae e P

2 FERSEGEE ST SRR

2.1 SUSEMEEFIE

FEAFIRBH LR E FI 98, D-PMSG $: ASC i HL
W R 5 B G T LSk < RLC™ HL fi % A BRI
&> mE e iR, Wik, RGBT Z,,,(s) AT
D-PMSG FH#T Z, (s) FAL ST Z, () PIER 014
B, = (18) FiR

Zwa(s)=2(s) +Z(s) (18)

TSR BT RS IS AR Y R G BT
Z o (8) LI ) ACFETN O B, RGuAE P
Z () 1 FRL BELEL T 670 SR 4 2027

1) 7,0 Cs) I LTl 26 DA B 1] IF 28 B



AN A VT S AN TR 9 R FL 1Y 4 K R AL ) 2 R Sl ol

H6 Fa“RLC"HA
Fig. 6 Equivalent “RLC” circuit model

S Z, (o) BIHLBEE R T 0, W RS A2 e
RZ, RGEARTE;

2) MY Z,a(s) BYHLHT IR 2 DA IE [7] 67 25 5 %
M Z, 4 Gwy) FTHLBEAE /N T 0, T R G A E
RZ, ZREARE,

2.2 EHSHRTEESH

TE D-PMSG it R 25 #) v 3 H R 36 | PLL
DA K HL 30 A4 o 4 1) A A A 3o R 0K T AR 0
SR T RS DT AR B B R T AR 5 3
1 38 BRER R 7 58 8 L, 19 310 4% 8 1 s v L BELJE
W5 PISEM R, ASCLL PLL 6, 45
LA B A2 356 oA BSR4l R B R 001 X =X

(19) Fron
T (s) = Vlkp“ps + Vlkplli _ 2§pllwns + “)i
o st o+ Vlkpllps + Vlkplli st + 2§pllwns + wi
(19)

R4 ML — By 2R 455 DA IR A% 38 RSN Y 9E
SRR by b SIS BUE IR

kp“p = zfpuwvagp/Vl 5kplli = wiKgp/Vl

K 2+ 48 + 48 -1 =28,

pll pll

o =
(20)
KXo, = 2mf,, f F1 &, A PLL £ il 4 58 F1
BB L, w, A SRR,
) B0 AR B T R R B D R O BR 10 ) B AL
38 PRI LA B LAY B 2R G5 P A A 33 o BRI B
FE S, A DUAS B T R BRI B PT B 4K
HHAF S IS R (21) ~ X (24) fF
N o

B o B
1 Cr|c fo'a)ns + w:
T\'(S = = 2 2
2 kvp kvi s+ Zé:\wn‘s + (,U"
st o+ S
de Cdc
(21)
k»p = 2Cd(:§dvcwv V Kév kvi = Cdcw?ng
(22)

Ky = /2 + A€, + 460, - 1 - 26,

klp kii
T f Ly Ao, + o,
i\s) = =
oy kls . E S+ 205+
L, L,
(23)
k. = 2L§ioinKikii :La)izKi

P Sy IS f 13 (24)

Ky = /2 + 48 + 48 -1 =28
ittfj 0, = Zﬂfdm y W; = 21Tf gic afdvc \f gic Gl f dve \f gic ﬁ‘j
ELULH PR | HL P S AR e,

PRI SC 5 252 43 B EL U F R 248 PLL DA S
LI 044 1) S RS S A A5 4 o B 1 4 il T A
BHLJE L AR 2 TE L, D-PMSG 5355l BR 15 (400 B
il SE MBI L S5 1 s,

2.2.1  FLA W EIRIEH A 5L Ae LRI

FE TR AR 5 SR AE S B B — S o0t
HILZH BH AR 1 4 52 el B JHG Al 2 000 [ 470 s R
Fr—2, MEFG—5 11 D-PMSG B i HL 4
il Hy T MBHJE L R S L LA 1 Hz AR fe b
KBS, M 5~45 Hz; %S T B3 HL R FRBHE 1
PLO. 1 R0 B E,, M 0.2~2,

AL, T4 SC D-PMSG I M RS AEVI th =
BT VSRS 73 Hz, Z BB S50 b e
FEEHLLH I 2R G BT PR AT 3 A — 2 A 4 [N
Ak, I EW R, EBLHOK 65 ~ 80 Hz 45 Bk
N D-PMSG Jf: M &R 48 iy BHAT AR, an &l 7. &1 8 Jir
7, Forb oAy B R e R ) AR i T AR TR
203 D-PMSG I M R gifa e KI5 K Fa X
Y BT XIS P X Y 43 AL B D-PMSG Jf:
MR GEHLBE BT 0 BT .

m & 7 WAL TR £, N 5~ 45 Hz JLRI AT, Bl
% fin. FIBENN, D-PMSG Jf- W 2 48 S5 300 H BT M £ i)
TEZF B ZF w01 8 05 i 1 K A B R 1 4 W v
58, ZR SR BB A B R BELARR A A A in B 5, 67 ep BELA
B2l Ko, H R g R R Xy 1 K
fERS B NG RN C NS S SRR e TSt
RS D £, , BRG0P B ) 1
TE R S S K U E R 0 S A BE R X
D-PMSG FFM ZGeka e, N 7 AT £, FE R
5~15 Hz,

I 8 AL 7E £, 0. 2~2 JulE AT, Bl
£ WM, RGESFHCR BT 7 1] 1F 25 801k 25 0
RIAR PO IR | SR R SeBH BT Y 17 BH AR
TEAR AR/ | S e BELAA BB sk /D, FLAE €, R



92 RPN 2026 4
— T 1 80
: 0
2 X 9 ‘ REXE °
0 ! c N5
S 1 2 E ¥ -
o xmem || s ? S wrars |
-8 et [X -5 e [X. »
: -6 400 ;
510 1520 25 30 35 40 45 635710 15 20 25 30 35 40 45
/M P
(a) RGAEREI @ %2
— 80, 3
2
K, ' : ~ BiE
- 1105 g o i :N:75 1 0
0 B W -
A ’ B2 ¥ s |
0.5 -4 70 = -2
B -1 817 75 A 36 50 -3
6551015 20 %ﬁs 2035 40 15 4%/8270 630 loé%j\’\i 655710 15 2%;%3]_[0 354045
/Hz z
(b) REERABHT (b) RGEFR ST
B7 [, 095H8EENH B fu 9 RBAEZHLH
Fig.7 Parameter stability region analysis of f, . Fig.9  Parameter stability region analysis of f,,
o Coe o BRI D-PMSG RS SR B 6 T 5
i O MBI, U AR, 24
G-1l- = -1 > ol I
52| H TLo RSB G F B P R 5o LA B
3| O - et 2y ol 22 b
4k = s PRI/ £, ZRGEAFRHHT DA A ) 1 5 i 2
- B -3 > o N
Hyy, 005 L " s RS R G SRR BLRE KB, D-PMSG I F
00 20.40.60.811.21.41.61.82 . .
: w e GekasE B 9 45 £, BB 5~ 10 Hz,
(a) REZHHMA
80 15 80 iy
4 BHEH £ R 0
< % N5 2 :(1)45
o R P -15
# ) R 05 -2
) - 70 0. s REaX |[-25
80 ‘ -0. Z
s 2 -1 35
Hig,, 70 5 Ly 6 I‘” ‘ -1
He 050 Vgt 0204060 Lt 116182 66204060.81121416182
(0) RGSHCEH () R MUBK
80 1
B8 &, HHRHABEERSM 05
Fig. 8 Parameter stability region analysis of &, T 0
-05
-1

JE N, R 505 RCH BT A7 [ 1F 28 B0 2 R
A 1K e e R L G AR DX I A T D # T
K&, , RGER AT A 1) TE 5 80T 2 0 00
TEAE R G0 53 AR E IX 35, D-PMSG 1M & Gifa
FE N 8 I £, FRERC 1~2,
2.2.2 PLL ¥4 AL R b

FAE TG —4rHr D-PMSG PLL #5 il 4 5 F1BH
JE He R R E SRS, DL 1Hz R K B, S
~45 Hz; % T PLL BB e, LL 0. 1 7tk K,
W&, 7 0.2~2, 1K 65~80 Hz #iiBt D-PMSG Jf:
W R G BH BT AR, an &l 9 (T 10 B

I 9 "R AE £, h 5~45 Hz JG[E AT BE&

ﬁﬁEﬁT :
k— 2
5

6
0.20.40.60.811.21.41.61.82

(b) RGSE X H FHJE H
10 fpll W BT IR T

Fig. 10 Parameter stability region analysis of £,

H 10 I FE £, M 0. 2~2 JE TR Bl
£ POHEIN , 2R 50 A58 AL BT DA 7 i) I 2 ek 2% A
BRI, 2P R W 55 , SR 1T AR G LT
(1% 671 Fi L AR P 394 e, £ b BELARE B3 3, PR L 0 /)
£, RO PN B 1] 1F 2 8 0o R SO RN T
T 22 55 45 3 B A 58 X 8, D-PMSG Jf: W R S5 fa



52 3]

AN A VT S AN TR 9 R FL 1Y 4 K R AL ) 2 R Sl 3

55

E, NEL 10 AT45 &) RESN 0.2~0. 4

WAh, 2 &, 7 0. 8~ 1 JEHI AL FFATER S
SERCRPT N IE [n] 97 2 R ik 2 A A AR HL 3k S
L FHAE AV 7 R G RCR /N T 0 Y L, Pl A
Iof BB R JI 0 1T 2, At AR S TG SRR
2.2.3  WIRIRIEH LA LRI

H T D-PMSG HL it PR il 7 w3 K T H

HL B  BORH PR 1T 9, 7 Ak R it R o
G A C N LN G AT N WS o Ny Y L]
AL 10 Hz 926 B S, 4 80~ 180 Hz (i
K 65~100 Hz #i B ) ; % T HBHJE b, LA 0. 1 748
K B E,, M 0.2~2, & 11 & 12 R,

=

100,

0
- M mmxm -5
N90 -10
o 13
B -20
‘532 -25
N SefaX iR =30
0180 70 B 35
65 Wy
30 100 12&%40 160 180
N W %E/H
(a) ARG R I ‘
100
95 2
51 wo| UK 0
o OF RN i
G 5. - -
E*IO . 485 T -6
5] . ‘ - F ) -8
- : -10
S T 7(5) ERRE -12
90 R 160 7 -14
280 207 qgoi20l40, T gl g W6
. 60 80100 gg 30 100 120 140 160 180
) 9 /Hz
(o) REZHOLH -

11 f, 058RS

Fig. 11 Parameter stability region analysis of f,;,

FHEL 11 AT, 7 £, N 80~ 180 Hz 115 Bl P A
WEE £, M350, D-PMSG Jf [ % 4 % & 40 M it
[ 1E 25 e 2 A B AR R E ) 2 R, TR
B ZR G0 AT £ e BE AR 1 i 071 R L AR B 2
I, ELRGE A5 R F BT B 1) 1E 5 8t 2 AU 1Y
R BG HAR X I kPR3 R
Fae s BRGUAEROB BTN ) TE 27 83 2 mO A0 75
T 2 50 2 3 i B S 5 X 38, D-PMSG 3 W & St fa
SE 1L AT RAECR 115~ 180 Ha,

BT 12 PRI TE £, 0.2~ 2 JE I I B4
&, RSN, RGEAFRLHR BT IE 0] £ 28 80 &
WRBITEAE R, RGARE ; 1 R GG T
AR T 1E 25 3 2 A A0 R 3 RN, R TR
55 , F2 40 BH AT 0 IE L BH AR 3 u P 3 R
&y RGEAFRUB TN 1) 1E 2 8 0 R RN
TE 22 45 25 3% e B G 58 [X 8k, D-PMSG I M R S5 f4

80 -
20 !
of -4 » mexE |

a9l N75 |

gob o W -3

Ny ® 5
80 s v = - SRR X I8, -6
PO NG 2
LA 0.5 65 -8

‘%//73 650 AN 0.20.40,60]?&] 121.41.61.82
B
(a) RGERCHME
1.6
2 1.4

" %

ﬁoj 0.8
0 06

0.5~ 0.4
80 o 8.2
Hrge 70 1 0.2

) 0.5 65 .
e 650 Tl 0.20.40.60.81121.41.61.82

FHJE L

(b) REGEFRCEHT
B 12 £, #5HA8E BN

Fig. 12 Parameler slabilily region analysis of £,

JE B 12 W15 &, FEEC 1.6~2,

25 bRk it L D-PMSG I 2 48 45 5%
FL BT 5 00 238 1) 34 K 5 R R 4 e AR DXl ()
T X)) 3G H i H RGBT
i 1 2 Bt 2 AR 7 T R G0 S5 A% Pl PR X 8
MSEGE L E S FEN, D-PMSG JF M & 4t
e, A SHRRE BT .

1) HUHEI WD £ foe BB — B 5
~15 Hz; 3K €, €, RREB—BN 1~2,

2) BAHIR B/ £ S FRE B — MR 5~ 10
Ha; /I €, €, BB — R 0.2~0. 4,

)RR £ S FRE MR 115 ~
180 Hz; M4 K &, &, FEH—BN1.6~2,

2.3 EHSHREEEIE

BT 2.2 TSR Y D-PMSG A [R] 4 il
I AN AR B, SR FH BEL B AP 8 L) 4l 46k 45
P AT S E R B B

TEAE I PR S 80k e WG N, 43 0 45 1
®7}ﬁ/]\fdw 215 HZ;@ij( £ B L 5;®7jﬁ/]\fpn
F 9 Hz; @B/ € £ 0.4; K £, & 115 Hz;
©HK ¢, 1.7 6 A TH,# D-PMSG I M &
Gk, WIBUE T 2.2 9 S50 3o At 1 1E B
Pk, BRI D-PMSG I W £ 4¢ B4 17 1 1=
ZERNE 13(a) Fin,

TEA P P S 80k € WS F A1, 43 50 45 1
®M/J\f;]w %20 HZ;®ij( e £0. 9;®Uﬁ/J\fp“
%12 Hz; D/ &) % 0.5; @K £, % 110 Hz;
©@HIK £, & 1.2X 6 4T, # D-PMSG JF M &



4 AL Kk 2% R

2026 4

SR, WIRUE T 2.2 7S 80F 2 WA i 1IE 7
P SEOHE TS D-PMSG I W 22 48 FH 3041 72 &
ZEBANE 13(b) s,

50

830

70 75 80 8 90 95 100
B Mz
(b) BRI S HORE

50 55 60 65

B 13 S4CA%UE 09 D-PMSG SF M & S fL4i/a i A
Fig. 13 Impedance Bode diagram of D-PMSG grid-connect-

ed system after parameters adjustment

PP 13 AT 2601, 24 90 2 AN ) s o B4 45 1 5
FIBEJE LLE, D-PMSG BHAt 5 L X BE 7 AH 38 A5 451 %
AR AR A 5 2. 2 15 SR E S A 48 AR
—8, WD £, 2 15 Hz B, 38 S8R i 73 Hz
R#M 70.3 Hz, X 5E 7 500 R G S50yt &
SRR £ BB IATHE K AR — 2L

BUAN 7045 1l P11 S 8508 e B85 11 o o 2
PR HE 55 FIBHJ HE T, D-PMSG BHAE 5 v I BH 7% 1)
IR 2% A 5/F 180°, BIVAH A7 #5 & ¥ 4 1, D-
PMSG I RGfaE . M6 45 136 20 1 S50k e
ST R A1 9 i Ay g8 A B EL I, A BIRF
180°, RN #5 BE X 17, D-PMSG F- M R 4 2k %4 .
TG UE 1 A ST 4 HE A AN [ 42 o) B 45 45 1l 7
FIBHJE oA R $uk 91 R A 1E A P R 3k vk

3 AR LAY R

D-PMSG JfM RS nfa e YEfR T 52 BIHLA A
SRR 052 e, 8 5 5T A H 5 B LR
Koo AU HL I A B 55 R R H X S (E BT EROR
SE(EL LU/ R T 5 B B

TE D-PMSG A B FHATRF AR AT (% 1
SR RFFLL R, = 0. 2X, Bk AR 4k i JjK L,
4 LK R X BELAC P 0 A8 1 7 A 5 e, JHC R A
PR ORRFANAE 38K L, B, FE o0 B U 5557, e D) L
U SHLALBH T ) 28 SR80/ 5 DN L, B HL Y
iR P B, FL D) BT -5 L2 BT A9 38 s 003 3 K
3.1 EBMEERSS

R 43T HEL D 88 B D 55 % D-PMSG 551l S 5k
SEB S K L, (R, 4303 KR 0. 064 H 4. 05
QUL SCR 24 2.3, 3R Bl 13 (a) H 45 45 i 26
W SEOREE TR (BN ) |, e i 45 R an ik 14
Fis .

50

10 i

5301

m :
mE 20

70 75 80 8 90 95 100
HR Mz

50 55 60 65

CRUER AL Y SRR e R & VTR A
Fig. 14 Influence of weakening power grid strength on pa-

rameter stability region

H & 13(a) &l 14 A] 01, 7E SCR 2y 2. 58 Hy#%
il S BRIP4 L D 5 D55 B T 13 () 7S
HTH TR RIBEYT S D-PMSG BHATAHAS 545 %
I A AR BE AR R GE AR Ry £, D-PMSG I
RGEPIR ARG A, U D-PMSG 454 il 24 15
SEN R I B Y 24
3.2 EMEEERE

Sk K e I 55 B B 58 X D-PMSG 8 i 2 $ ke
FEIR R K L, (R, 3 I8/ 0,053 H. 3. 32
Q,ULHF SCR 24 2. 8, FF2k HIIE 13 (b) H 45 42 il 26
TS Bk (Rl ah ), b s R Aan e 1s



AR A T BN T i B2 P T 1Y R X P L2 45 i 2 R s M 95

~100

7200 R Y |I:‘:::‘::‘:
50 55 60 65 70 75 80

Wi/ Hz
B 15 & W 5% JE R IR T A RAR IR Hh

Influence of power grid strength enhancement on

Fig. 15

parameter stability region

H1IE 13(b) (&l 15 W1, € SCR 2 2. 58 4%
il SR B, 2 e R SR A T 13 (b) 7S
HTH TR RIBHAT S D-PMSG BHTAHAE SR
IR AR B L34 FR 448 D 1E, D-PMSG I
ARG E T2, UL D-PMSG 4% il 28 45 S 5
R B R 28K

25 LTI 2 e i B 5 I, L IR AT D-
PMSG BT Y28 A5 %3k /)N, D-PMSG 5 1l 3745 5
B RS E B B B S N, 0 T B R R o
ik, B RIBHST S D-PMSG BB Y 22 555 R 4 K, D-
PMSG £ il 3547 SHU R e B B 8 &K,

4 TR UE

1£ PSCAD/EMTDC HL B 2545 BV 5 #5 5]
3 JIi7R D-PMSG Jf: M 2 Gt 1 {5 EAR Y 47146 S 5500
F 1. F2, EOTEMZ] 1 s WP SCR i 3. 92 [
4 2.58,D-PMSG i th DR i 2k \PCC 4b a AHHL R
W B H AT 45 AP 16 PR

H &l 16 AIHL WIEE ST D-PMSG M R 4t
R TR SR T PCC Ak 41 181 vh & 45 i
{HALKAY 73 Hz 150505, iX 5K 5 D-PMSG Jf- ™
FRGE BT 1 1] 53 A7 25 R AH — B, R B iR AR
27 Hz WIREA 75 BLAN, PCC &b a AR AT A
HA AR B IR (B /N 7 Hz .93 Hz $5 % 1350 45
i, IXEH 73 Hz i IR I 3/ D-PMSG [R5
LR — s A
4.1 FB[O)3E BT R 55 B4R ) SRR B I I E

R T3S UE D-PMSG A [A] 45 i 2515 2400k e B

R K

(e

I

AIHTHHE/MW

R—»SCR=2.58

atf /KA

5
$4
i
=0
§ 2 27 Hz
53 I_JZHZ f3Hz
09 20 40 60 80 100 120

BHZE Hz
B16 WBEAKTARERRGALR

Fig. 16 System time domain simulation results

M IE A, DL R Ha I i 8 6 55 % D-PMSG S 8k
S S S BT B R A . 7E S EOR S B LY
O ST BRI, W/ £, 215 Hz 838K &,
1. 5;@F%F PLL WU/ £, 2 9 Hz slih &) &
0. 4;FFXTHER, K £, 2 115 Hz B K £,
F 1.7, IFTED N2 3 s I SCR i 2. 58 B
2.3, WEEA RIS HOMEE IS 9 D-PMSG i th A )
RPN 17 P,

Hi1El 16 & 17 I, 7R 45 S50k e B Y
é}%uyﬁd\fdw \fp“ \fpn \ﬁijt §dvc \fgic \fgic ’ D-PMSG
M R GEAE EIZ) 1 s R IR k(& 16)
RIS, RE i THRE , WIET D-PMSG A
[l PR T S8R e S IE P TR B
3s J&,D-PMSG J M R G = A T iR G R Fa
XGRS 3.1 WA AR IR T H
A 8 B ek 553 5, D-PMISG. 4545 il 2R 17 S 4k e sl
PR Y5 2 i /N AT 2 SR ) IE B
4.2 EB[W3EEIG5E R 5 S AR E I IE

R T BRI FEL I 5 B 5 X D-PMSG SR E
G AT I IR B P, AR E S E AL, D X
TFLFLHERR B/ £, 220 Hz sid kK &, £0.9;
@#HxF PLL, /I £, & 12 Hz s/ € % 0. 55
QFFR L ER K £, % 110 Hz B K €, &
1.2, IR FE N 2 3 s BB SCR /1 2. 58 FHE iy
2. 8, WEAR[RI S HH 2L 5 1) D-PMSG i A D) 1)



\©
@)}

LAV RPN S

2026 4

E R 392W SCRZ2.58 —» SCR=23
£, b
g 0 /. FH30 HZWR/NZ 15 H
E 4 SCR=3.92LW—> SCR=2.58 —» SCR=23
Kg 2 |
g 0 . & H0707HKE S

! 2 W O 4 5

(a) EHLBEH
E 4 ISCR=3.92] —= scR=258 —» SCR=23
£, oy
2 Ty B1S HAR/NE H
0 L
g 4fscr302] —> SR8 > SCR=23
- ¥ |
E &, BO0.707IR/NZE0.4
0 .
! 2 B 1)/s 3 4 5
(b) PLL
Z 4 .
S " [SCrR=392] —» SCR=2.58 —» SCR=23
g 0 S\ H1100 HZ} K2 115 He
24 SCR=3.92 —>S‘(R258
®
N
B & H0.707HKZE1 7
o 3 4 5
E]LIEﬂ/s
(c) IR

B 17 AHAEISH D-PMSG A 28 3 % (SCR #,Y)
Fig. 17 Active power of D-PMSG after parameter adjust-
ment ( SCR reduction)

RWIE , El 18 Fiw,

HiE 16, 18 AT, 75 45 S50k e B [ A1
I3 frve Son En IE K €, S € » D-PMSG
I RGAEDT BT 2] 1 s S5 N RG 8, ik —
B5E T D-PMSG A [A] 42 il 2015 2 50088 e Bl 1F 1
M, MEDFERTZ 3 s J&5 ,D-PMSG F:M R G H1R
WSk, REETHE I HASC 3. 2 Wi ROk R
— 3, I0UE T H SR SR I, D-PMSG #5455 il 215
SRR E G B A 24 KA 45 R TR

5 45 &

KAWL T #37 T D-PMSG 1 ¥
OB 255 ML R #5417 98 FBHE th 280, FIH
AR B BT RS A F o =BT T ELUR HLR IS (PLL
HLR PR S E RS Ja I, IR B4 AT 1 R [ ik 5 HL
WX SRR E WG, FEESIR T .

1) A 8T AL A B 1) dg il
FRIA T DL S B R 3T, 57 T D-PMSG 1
IEAUF BHPTA R,

~

—» SCR=2.58

i8]

1. H130 Hzig/NE20 Hz

(=)

—» SCR=2.8

EIHE/MW B IHE/MW
(38 S~

&, FH0.7073 K Z0.9

(=)

I 3 3 7 3
L

(a) EFRHEFR

—» SCR=2.58 —» SCR=28
§ 4
R 2 ]
g {15 HZWR/NE 12 Hz
0
§ 4 > SCR238
M ]
®2
N & B0 03N 0.5
&o .
1 2 3 4 5
EE
(b) PLL

—» SCR=2.58 —» SCR=28

/.| H1100 Hz#KZ 110 Hz

—» SCR=2.58 —» SCR=2.8

BINE/MW HIHTHE/MW
(=)

(=}

&, FO0.707THKZE 2
1 2 3 4 5
B /s
(c) FULFR
A 18 A% JE 4 D-PMSG A 235 % (SCR # X)

Fig. 18

Active power of D-PMSG after parameter adjust-

ment (SCR increase)

2) it g D-PMSG I M RS S0 P &
SR B ST R S8 e R X (i fa s i) 1Y
B B 2 R G0 R BT 7L 1] I 2R it
TR TR AR 7 50 5 AR B RRUE X S 40
FlL 433 T D-PMSG F M & 48 AR [6l 45 il 2845 (1 2
H— MBS e W

3) FE IR B S N, B R B4 S D-PMSG FH
BURAE AN, D-PMSG # IR  S 80k 2
SR X S 4 /0N, H T i B e ) BT
5 D-PMSG FHFLINAC S K, D-PMSG F il 7
TSR E G R &R,

4) KT PSCAD/EMTDC (1) i 45 ELAR 750 5631
T D-PMSG N [a] 4 il #5775 2 B e 38 %) 1 w0 1
DL K A [ 38 1 Fi B9 % D-PMSG 2 8084 5 Sl 5 i 43
B IE AP

B XS T S A [ 3 R Do) 1749 B 30K XU FEL L 2 42 ol
SRR E W T B I gE, X F ik — 245 = D-
PMSG WS Lh S 45 52 bR T2 [m] B 2 —
EZHMHE



52 3]

AN A VT S AN TR 9 R FL 1Y 4 K R AL ) 2 R Sl 7

S

(1]

(2]

(3]

[4]

[5]

[6]

[7]

SIS, MAERS, R, S ORMBI KR AR
P A G IR R [0, P I BL TR 224,
2010, 30 (25): 1-9.

ZHANG Liying, YE Tinglu, XIN Yaozhong, et al.
Problems and measures of power grid accommodating
large scale wind power [J]. Proceeding of the CSEE,
2010, 30 (25): 1-9 (in Chinese).

N, B, BT, SF. CXGRT B RGR
SEPERH R or R (1], i AL o
e, 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 renewables and power electronics [ J].
Proceedings of the CSEE, 2021, 41 (2). 461-474
(in Chinese).

LIU Huakun, XIE Xiaorong, HE Jingbo, et al. Sub-
synchronous interaction between direct-drive PMSG
based wind farms and weak AC networks [ J]. IEEE
Transactions on Power Systems, 2017, 32 (6) : 4708-
4720.

U, TEN, PR, S OBIBRBRIF N RS G R K
ARG LU HXT SR [J]. MR, 2017,
41 (4): 1035-1042.

LI Mingjie, YU Zhao, XU Tao, et al. Study of complex
oscillation caused by renewable energy integration and
its solution [J]. Power System Technology, 2017, 41
(4): 1035-1042 (in Chinese).

SRRIL, FSCIH, PRR, 55 SRR IR E
BRI 5 | T e L 7 R R R 2L LR LB 5
[J]. PR EBLT R4, 2020, 40 (18): 5875-
5884.

ZHANG Tianyi, DU Wenjuan, CHEN Chen, et al. A
mechanism investigation on SSTOs in power systems
without series compensated lines induced by PMSG
wind farms under the condition of weak grid connection
[J]. Proceedings of the CSEE, 2020, 40 (18): 5875
—5884 (iin Chinese).

HRUKUK, B, Jedkhl, &5 HIRKHG 2 VSC-
HVDC I F ) Uk [ 2 Ik Fe e e dr [0, 4L
A, 2019, 43 (9): 3344-3352.

SHAO Bingbing, ZHAO Shuqiang, PEI Jikun, et al.
Subsynchronous oscillation characteristic analysis of
grid-connected DDWFs via VSC-HVDC system [ J].
Power System Technology, 2019, 43 (9) . 3344-3352
(in Chinese).

XY, AR, PMVEE, 45, SVG 5 E K XL

[8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

B RLD A EAE R B [J]. MR, 2019,
43 (6): 2072-2079.

LIU Yuming, HUANG Biyue, SUN Haishun, et al.
Study on subsynchronous interaction between D-PMSG-
based wind turbines and SVG [ J].
Technology, 2019, 43 (6): 2072 -2079 (in Chi-
nese).

G, FEad, WG, & ARG EEE
MR R EERG R (1], hEBIL TR
#, 2020, 40 (4): 1149-1160.

GUO Xianshan, LI Yunfeng, XIE Xintao, et al. Sub-

synchronous oscillation characteristics caused by PMSG-

Power System

based wind plant farm integrated via flexible HVDC sys-
tem [J]. Proceedings of the CSEE, 2020, 40 (4):
1149-1160 (in Chinese).

MG, B TE, EA, S ZHBRSITM RS
) SRR B RS AE [T, AL TR AR,
2017, 37 (5): 1277-1292.

XIN Huanhai, LI Ziheng, DONG Wei, et al. General-
ized-impedance and stability criterion for grid-connected
converters [ J]. Proceedings of the CSEE, 2017, 37
(5): 1277-1292 (iin Chinese).

SUN J. Impedance-based stability criterion for grid-con-
nected inverters [ J]. IEEE Transactions on Power E-
lectronics, 2011, 26 (11): 3075-3078.

KRG, R, ER L, SF. 55 HL MR HA S
FRVE A IF S g BT B OE Y [J]. Wb 3
A, 2022, 41 (2): 24-29.

ZHENG Guochao, YAN Baiping, WANG Fuli, et al.
Research on impedance reshaping of grid-connnected
inverter with broadband characteristics in weak grid
[J]. Hebei Electric Power, 2022, 41 (2): 24-29
(in Chinese).

WEN B, BOROYEVICH D, BURGOS R, et al. Small-
signal stability analysis of three-phase AC systems in
the presence of constant power loads based on measured
d-q frame impedances [ J]. IEEE Transactions on
Power Electronics, 2015, 30 (10): 5952-5963.

SUN J. Small-signal methods for AC distributed power
systems-a review [ J]. IEEE Transactions on Power E-
lectronics, 2009, 24 (11) . 2545-2554.

VIETO I, SUN J. On system modeling and analysis
IEEE 18th
Workshop on Control and Modeling for Power Electron-
ics (COMPEL) , Stanford, USA, 2017.

CESPEDES M, SUN J. Impedance modeling and analy-
sis of grid connected voltage-source converters [ J].

2013, 9

using DQ-frame impedance models [ C].

IEEE Transactions on Power Electronics,

(3): 1254-1261.



98

LAV RPN S

2026 4

[16] &

[17]

[18]

[19]

[20]

[21]

[22]

T, RGN, FHT, 5F. B THEA SO K
MR [F2P IR G IR S R A [J]. PR AL
e, 2017, 37 (16) ; 4662-4670.

SONG Ruihua, GUO Jianbo, LI Baiqing, et al. Mech-
anism and characteristics of subsynchronous oscillation
in direct-drive wind power generation system based on
input-admittance analysis [ J ]. Proceedings of the
CSEE, 2017, 37 (16): 4662-4670 (in Chinese).
LIU H, SUN J. Voltage stability and control of offshore
wind farms with ac collection and HVDC transmission
[J]. IEEE Journal of Emerging and Selected Topics in
Power Electronics, 2014, 2 (4). 1181-1189.
R, AT, PR, . R TIEB & =4
LCL U P 30 A% e 1E 57 BT [J]. I
FHLT RE2=4, 2016, 36 (21); 5890-5898.

WANG Yuncheng, CHEN Xin, CHEN Jie, et al. A-
nalysis of positive-sequence and negative-sequence im-
pedance modeling of three-phase LCL-type grid-con-
nected Inverters based on harmonic linearization [ J].
Proceedings of the CSEE, 2016, 36 (21). 5890 -
5898 (in Chinese).

s, EAME, ATEPC, 55, 6T BEHPT ELSK XU
KRR G A 5 B S B st 1],
R HL L TR, 2017, 37 (23) : 6757-6767.
ZHANG Chong, WANG Weisheng, HE Guoqing, et
al. Analysis of sub-synchronous oscillation of full-con-
verter wind farm based on sequence impedance and an
optimized design method for PLL parameters [J]. Pro-
ceedings of the CSEE, 2017, 37 (23). 6757-6767
(in Chinese).

SR, AR, MG, 5. BT RHBT R SR Y K
JAUHE 37 I R[] 25 41 37 57 W) DR 3R e 2 ) 8 43
[J]. HMEAR, 2018, 42 (9): 2768-2777.
ZHANG Mingyuan, XIAO Shiwu, TIAN Tian, et al.
Analysis of SSO influencing factors and parameter ad-
justment for grid-connected full-converter wind farm
based on impedance sensitivity [ J ]. Power System
Technology, 2018, 42 (9). 2768 = 2777 (in Chi-
nese) .

WA, XUAER B, AF. HIRXDLAHL 558
UL FEL PR A 5 R ) A 4R O LB R B
[T]. " E R TR 4, 2016, 36 (9): 2366 -
2372.

XIE Xiaorong, LIU Huakun, HE Jingbo, et al. Mecha-
nism and characteristics of subsynchronous oscillation
caused by the interaction between full-converter wind
turbines and AC systems [J].
CSEE, 2016, 36 (9): 2366-2372 (in Chinese).
2o, B3, BHE, L SUB XU RS LE D

Proceedings of the

(23]

[24]

[25]

[26]

[27]

[28]

RBEPTER A R E MR b [J]. P E AL T R
iz, 2019, 39 (12) . 3434-3443.

LI Hui, WANG Kun, HU Yu, et al. Impedance mod-
eling and stability analysis of virtual synchronous control
based on doubly-fed wind generation systems [J]. Pro-
ceedings of the CSEE, 2019, 39 (12). 3434-3443
(in Chinese).

HAE, fRamot. BTG BT B3R AL
LR I35 S B i DR 2R 70 A B A il e (0]
HLRFEA , 2023, 47 (4): 1641-1654.

XIAO Shiwu, XU Liguang. Analysis of key factors and
suppression measures for sub-synchronous oscillation of
direct-drive PMSG based on frequency coupled imped-
ance [J]. Power System Technology, 2023, 47 (4) .
1641-1654 (in Chinese).

VIgitE, W, RN, GE BT 2 BA R R
Gy R [T]. R A AL TR AR, 2016,
36 (22): 6013-6027.

XIN Huanhai, DONG Wei, YUAN Xiaoming, et al.
Generalized short circuit ratio for multi power electronic
based devices infeed to power systems [J]. Proceed-
ings of the CSEE, 2016, 36 (22): 6013-6027 (in
Chinese) .

LIU H, XIE X, ZHANG C, et al. Quantitative SSR a-
nalysis of series-compensated DFIG-based wind farms
using aggregated RLC circuit model [J]. IEEE Trans-
actions on Power Systems, 2016, 32 (1) . 474-483.
RS /NG ATTE DR, S BTREIR A R I R SEY
[ S5 A bR R BT R K KA e R ik [T].
TR HAL TR, 2017, 37 (14) : 4002-4007.

LIU Huakun, XIE Xiaorong, HE Guoqing, et al. Syn-
chronous reference frame based impedance model and
stability criterion for grid-connected renewable energy
generation systems [ J]. Proceedings of the CSEE,
2017, 37 (14) . 4002-4007 (in Chinese).

ERME, A%, KT, % HIRX LA T
BRI AR G e R 0 fr (0], B TR
A, 2020, 39 (1) 170-177.

WANG Lichao, YU Yongjun, ZHANG Mingyuan, et
al. Impedance model and analysis of subsynchronous
oscillation influence factors for grid-connected full-con-
verter wind turbines [ J]. Electric Power Engineering
Technology, 2020, 39 (1): 170-177 (in Chinese).
LR, EARME, X2, 55, BRI 55 1
AT IR I SR Tk (—) o SO TR
PESIRGHLET [J]. sPEEHLTR =R, 2019,
39 (22): 6547-6561.

(F#% 109 )



