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High Renewable Energy Penetration

ZONG Sijia, PENG Yinzhang, LI Ming, LAN Chenglong, LIANG Jiye, KEPAYITU Tuerxun,
ABAI Zhumabieke
(State Grid Xinjiang Electric Power Co., Ltd. Electric Power Science Research Institute, Urumchi 830063,
Xinjiang Uygur Autonomous Region, China)

Abstract: In systems with a high proportion of renewable energy, when a virtual synchronous
generator (VSG) -type grid-forming energy storage system operates under different short-
circuit ratios (SCR) with a fixed damping coefficient D and virtual inertia J, it is difficult to
balance active power dynamic response performance and grid-connection stability margin. To
address this issue, this paper proposes a method for constructing the D-J offline feasibility
region and an online adaptive control strategy. First, based on the small-signal model of the
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VSG active power loop, a region of D-J parameters that satisfies the dynamic performance
requirements is obtained by optimizing the damping ratio. Then, using the dq impedance
model of the VSG-type grid-forming energy storage, the system's grid-connection stability
margin under different SCR conditions is analyzed to obtain a region of D-J parameters that
meets the stability margin requirements. By integrating these dynamic and steady-state
regions, the D-J feasibility domain corresponding to different SCRs is established offline.
During online operation, the controller retrieves the corresponding feasible region based on
the identified SCR value, searches for the parameter point closest to the current operating
point, and achieves a smooth transition of D and J through a first-order inertia term.
Simulation results show that when the SCR is reduced from 10 to 2, the active power of a
VSG with fixed parameters exhibits low-frequency oscillations and eventually becomes
unstable, whereas the proposed adaptive strategy prevents system instability. Under active-
power step commands, the proposed strategy reduces response overshoot and accelerates
oscillation decay, thereby improving the system's dynamic performance. The proposed
method eliminates the need for online frequency-sweep stability analysis and complex
optimization calculations, enhancing the adaptability of VSG-based grid-forming energy
storage to SCR variations.

Keywords: high proportion of renewable energy; virtual synchronous generator; short-circuit

ratio; damping coefficient; virtual inertia; adaptive control

BEE W7 HbsiEdE, XHL SBIREREA BEY S D, JBEGEDINER.

REVRRNL S A LB b it v, KR eV A ik
AE e B HL ) A AR AR RN L, g B T
AREIR ARG IBHIL . 2 ROGH IRENLIE . B3
PEUL KA G FP LA BT ISR R, RS
SHURBE . 590 e MR Iy T ARFE™. R,
BREWE L Ty S ACF S M 23 4T 07 U AR AL 25 5
2 Jr) IR 1% A B AN T I R SCR 5l Al 55 HLIM T
O DUAS A 2

W R AR i o BAT R IR AR E, RERS T 3hiE
SR AEES, Dy g A BT BT REVR R iR 1
& BHJE AT HL IS SRS i RE UL R D kL
(VSG) il 2y o4 714 fidh E A2 7 4% 1) s R o 7 5
o0, LR R L s s R, R
TR 25 T 5] AU 2 J ABH JE RE D, ik fe
AR it i Fe 2% AR 25 WL AR A S AN T 2 00 75 g
71%%, SCHRIOTEESL T VSG TR, KHJFD
SEIWAH DENAMRL, SERAR AR R E &
PRGOS AR SCER(10]E ST 1 25 18 2 F i) IR K 5
i (4 VS G Y4 0 fifi e dq BH TR, Fi5 H 55 HL I 5%
T A S HRAN T GEF AR . H1 ok m]
W, VSG R WA it RE FY) 31 28 i LR PR A I 0 A

Ftoxt [ € 2 VS G A LLE N AN Rl Hish T Ot
W, AR T 2R S MO b N R
M SCER[12]R 38 SR ) RS W B R &=
A O AR N, H B SE J B, R
JES K RERIZE B AN L o SCHR[1SIAR 5 £ 2 A2
MR i 22 B AT D EEAT B R, RENS B
BN AA ik M H, EZSH0LF 2 KB AR
SE R HL ) o AR A X 2 R VG Bl R
SCHR[1A] 52— Tl el 10X 55 52 7 20 BRI 1) 3 I8 3
e, ST R R B B d SR R UL R E , {H
BITiE L EESE SRR, Rtk — D% &
D. JZHAEAIFR SCR N2 E W ATVEH . SCHk
[15]4 T VSG i th BT Fu X BHL 47T FUAH f s Bt AT
HE N ST, R T VSG X 55 H R Y38 B g
71, BHREGNESHIL S ESERENRE, R
J T [ AN ] SCR ) D-J I AT I S AE LR AL B
KRG, DA VSG H & N7 il 2 LA Ck 3 A0 i
A DA TERE N H bR, X SCRAZAL 5 I3 2
WA AT A TR 7y, 2O B I RE sk D 1 A AN
[A] SCR A& E AT 32 3R,

BExt Bib i, SE il —F AR SCR T VSG &



= (- AY
SR A A

T 161 e L A1 T A2 R IR AR SN VS G ALY N i E 22 HE % bL B G A I HROR BT 7T 3

He) I A e 125 2 D-J TAT S i 55 AR 28 1 3 4 il g
o UINERETH AN E LRI EREL
W, BEARTFAE SCR R 2 ah A M A 5 Fa e 1
FORH) D-J W AT AELISATI, AR H Y 5 A
WA B AR AT 3807 B D, JZ4, Llike VSG
TR 1) fis B AN [R] R T 56 P2 0

A TAE T a0 VSG BUM I fif BEA T /IME
SR dg fr tH BPTE R, pHr AR SCR T
~ D J ZEH A SN RE BOF R E # LI 52

Wi BEJGIEHIE T D-J B AT R TE LR IS
S ) W B S BT 0 BRI TR VR A
k.
1 VSG A& #y W fif ik Z % K D-d 53
Fe M AT
1.1 VSG BhFf/MESHREE
I [ VS G 4 0 s B 1) 285 R T 0 P 1 T

d d, d
4 E 4 L
L N . PcC ’
1 || ,/ \ * /
R v ettt
Y\ YN
d d, d; \:/C__J_i - ¢ =
wF Ut o] T vl

abc/dq

SPWM

[T

abc/dq

Al SR

1 VSG EaRiERERILEIDHEE
Fig. 1 Block Diagram of the VSG-Type Grid-Connected Energy Storage System

L VSGH T M /ME SRR . %46
R T8 H IR S P08 A Dkt 10 5h 25
L, JF0 ) 8 D-J AAT O R A s 24K
VSG A1 Dy ¥F 32 2 i A7 oy N HE 3415 MR U T a2 5)
TR . Horh R I R R R AL D) 5
AP ZE Z B K &, Wl (1D fros®s

P, P.,="K,(Ww~- w,) (1)

X, P AR RSHE, K, WA E
R W, NHE IR

REAUIE 107 REH R A T Dy 3 AT 00 i H A7 A
RGN, HAEHITT R (2) FroRte.

Jd—w=7pmipe -D(w - w,)
at W o 9
(2)
do _

W—w wg

X, P, OARMALIRTI R, P,y VSGHih A
TiEhE, w Al wg 7335 VS G i th #4541 L A £
Wi, DANBIEREL SR,

VSGHmth Z I (3) Pios.
uU,-u
r—jxj @)

KA, 1 IR, Uy oA VSG i i 3t L
e, U, P RSB, roAZRESE R, X
LS. S 2 B U8 A DL )
AE, HATIEIE AR PR 2D 0 9 A5 Rk
REAE, R — A A2 X > ro 7 2 2 % P BH B 1
AT, Xl (3) HULsEHs, wree £ VSG i th
HID &P, 51 6 Z [ HE Lk R (4
Fii7 o

S =3U,/; = 3U,



4 i B A

5 & R

_ 30U, .
P, = Tsmé (4)

NEAH A HARNMESER, B (1D,
X (@ @, BRGEPZERER R NRE T
RE/MEEEE M. ENEIFEAT, 2
B RUL EmE R, SR AR E, ATERS
HATH MG 5 R R R R EE 2 Fros i
VSG i Lh¥h M /ME SR,

3U,U, P

v

2 VSGEIIFHAFNMESIEEE
Fig. 2 Closed-loop small-signal model of the VSG
active-power loop

M 2 fros A Dh A /MG ST 15, HIhI)
BT P, FIVSG it ThTh P, [ I FF A 3%
RE = (5 Fim.

6(s) = P, . 3U,U,lJw o X,
P, S+ ((Dw.+ K,)Hw)s + 3UUglJw X,
(%)

¥ (B) MRt — By RG - BEXTLL, AT 4%
VSG A Ui ¥ R G e b R FE JE B 28 3R
PR w, i (6) Frr.

Dw, + K,

2 [Jw, - 3U,U,IX,
W o 30U

«// Jwresz

il (6) WK1, TEU, Uy FIX,—ER, FHJE
KB D RIEE ARG B, BRI TMHIHThh R
P35 HU N SNAS I R A J 3 ORI 2 PRI &
GiRHJE LG R G B 2R IR G A, 8 RSk T il
)38,  HA DDA Nk BE AR . kAT WL, D
LSRG Dyah A R A A B HI 28 R IR
ARG K2 L ¢=0.707 1 N ThIR sh & RE L)
W, EZARTAH—PRIDE IR RL R,
w7 R

2¢ JJw,, - 3U,U X, - K,
= W (7)

H1 T SCRAZAL 2 B2 Hi S5 AT X, PR

(6)

D

AN[A] SCR R &2 ¢=0.707 ) D-J i £k th 4> Kk A=A
b, k3 s

250

——SCR=2
——S8CR=5
200 - SCR =10
——SCR =20

_

a

o
T

D/ (W-s-rad'1)
S
o

(o))
o

0

0 0.2 0.4 0.6 0.8 1
J/ (kg-m?)

E3 mIEEEEETA[ESCRAYD-IFRXFH
Fig. 3 D-J Relationships for Different SCRs at the
Optimal Damping Ratio

1.2 VSG EMEaE dq PRITIER

NHEAFE SCR T T D JB RS R4
kb F R AT I A, #E—25] A VSG R K
fit A% dq % th B RS A, 3F 45 & Nyquist £2 52 3
P19, Ay Ja SR B2k D-J T AT S B R A R 4R

EdqAFR R T, VSG B W fif G i 11 B #1t
5P ERIEEZ R E L (8,

0y(s) is(s)| _[Zus(8) Zu(s)]| 7a(s)

[ww}z“”hwj{@w>@wlmgk&

Heb, Z,.(s)NVSG BRI M fiFBE I dg 25 3
HBEAUERE, Zy(s) P Z,o(S) 40 3 R d i, g% E
B, Z (8) F1 Zog(S) A dq il 8 PRS2 BEAT -

Hor, Z.(s) ST A %518 T VSG R M
Y5 N aBF) Bt ot B NIE A o ot 1[E7 NNIE R s 1167
DA JE U BHIUHR 2 18] (RS & VR . SR SCHR[10]42
R 22 4% ) PR B LT AR 9, 8 3 o) P Y A 3
o0 1 s % 4 ) 0 v 1 BHBURR IR R 2, 45 2
VSG Ky W fik BE 19 dq i B T 4E BE sl (9)
FR o

Z,,(5) =[G,(s) + G5(5)Go(s)]"[/ - G5(5)G,(s)19)

BRI S CILB . BHJE R %D R LR
B JIEIE TR N AL A . T R
LRGSR B B U, WD, JEEB S HE
SN 55 P I 2% 0 T B R i A5 0020,

K FL S5 BB S Dy dg A A T ) B T 20



SRS TR L T A BE TR R A1 VS G BUR W it BE 2 KB S L B G M IR HREF R 5
W=k (100 Fimm. L - 302 (13)
z (S) - |:SLg + Rg 7w0Lg :| (10) SCR - Sbase * Wy
¢ woly  sLy* R, Nk — BN RGREME, & SCRHEARBZL

e, L TR, 43 50 e 19 5 e e T 6 2
BH, wo NEE A% . SCRARL 2 i B Y 45 4%
BT, BEMSEZ,(S) 5 Z,,.(s) LML HRK R,
FE AT AE R =l (1) PR
L(s)=2Z,(s)Z.u(s) (1)
R (12) TR IHARFERPIL .
A(s) = eig[Z,(s)Z,i(s)]. i=1.2 (12)
i VSG BY ) W fith fi £ HE, I B b3 47 I 3 Ak
T/MESHREIRD, HBAPUEAERE L(s) AEETT
WA PR AL Nyquist 208 I AT a4y it
FIBTRHE AR FUE A X T (-1,j0) AL E KR, 4
AN FE SCR KAF D JZE T REH/IME S E
PEET2A ] AR R BE AR E 1 2 A 45 SR AR B AN SCR
NHID-JARE X, NEEE B ARSI AT I R
HEAKHE o
1.3 VSG RHMERERE M2
T RA PR TR ES S8, AR
(12) HHE AR SCRLH KD JZHHE THIH
PUECHRFIEARBIZ, LA 47068 I 0 A A R B9
F=1 VSGHMEEEITHI S E B EESH
Table 1 VSG Grid-Connected Energy Storage
Control and Main Circuit Parameter

A BUH
AUNHEZHME P, | KW 500
Th# 2% Q. [ kvar 0
JEW AR L/ pH 150
PRV RSB IR R,/ Q 0.005
WP HIZ C, 1 uF 2250
HIREHEHE Uy 1V 700
T MAE w, [ (radls) 1001
FLFAAR LR A R U, 1V 220
HURFREL B 38 K, 9
HEIRRL 3 K, 300
HLLHE LB 25 K, 05
IR 25 K, 50

HL SCR AR AR o7 506 B2 H 19 55 2 BHL AT
AR, 2 R8I ey s A ) A AR S 0 DA 2
BT, BE ST BT rh R R A R R L R
AEAN[A] SCR T A A 9 5 B2 e 4k, e i 55 5 dn 5
(13) fh®,

FIf A5 (-1,j0) /M B sl (14) R,
i = Min| A, (jw) = (-1 +jO) |
JE 8 o, FAE R G RIFATERE KN
1.3.1 RIS RGP
RFF VSG B B H DR IARTZE, 49 Bk BUA ]
SCR, % il B 5 LS BE Z,(S) | Z,,(S) 10 45 1 AR 5
M, 2R 4 .

(14)

0.4

0.2r

0,

-0.2F

HE %

04+

-0.6

-0.8 : :
-1 -0.5 0 0.5
S
BEl4 T[ESCR T Z,(S)Z,(s)HFEMR T
Fig. 4 Root locus of Z (s)/Z,(s) for different short-
circuit ratios

K4 R HIBE%E SCRFFAR, R AEARBUZEZ BT 1A I
FR(-1LJ0)EEIE, R EM LI . 7555 HL M 2%
PER . VSG it BLYT 5 H R B BT 18] A 5 1 ik
15 22 90 50 5 H BILAR IR 5 B S A i . [
B, [EE Dy JZHOHE LG AN [ L 58 2 T AR
FEEEK .

1.3.2  FHJE R A MR R atha e VE s

—E RS EREE TS, FHJE R D A E MR J
FERZI VS G i PG IRARF PE ) RS S 0 OREF
JAAE, SrHTANIE DX R G E VR, 45 2
PULRFEARPUZ I & s . KI5 R, 1EX3EK
DREW IR A TIAILE, MHRAR G, RAEAR
Pl eI T s, R ARSFEHE .

NG AT AS [ R LB B O X R gu e E MRS e
RIFIHE RE DAL, 152 FHAT LR AEAR B3 4 P
6 T~. 6K, RrALAR I BE J 3G ZH )
FREEIL. HJIERN, RRIERPUL L = A
(-1,j0) 5, RGiKte. NG 6) i,



6 it B B ¥ H H KR
0.4
0.2+
0.2+¢
0 L
O L
= = 02}
g 02t =
04
04}
-0.6
-0.6
08 -0.8 _‘1
Sl
924
% SE N = U
5 FED T Z,(S)/Z,.(s)HERIIE 6 TREIJT Z,(8)IZ,,(s) FFERIIT

Fig. 5 Characteristic root trajectories of Z (s)/Z,,(s)
for different values of D

S, JIERKZEERAMRELL, R

iy A g . Bk, REAUMRE J BARAENE Y 0

PR SCARRE ST PRI AR R, (HILHUE 2%

BIRRE TELI R o

1.3.3 A[FSCR T D-J FasE X 35
NFE—SIREAFSCRF D, JZHFae n]

2.5 . H |
AEE

20 40 60 80 100

N
- (6] N

J 1 (kg-m?)

o
%))

D/ (W-s/rad)
(a)

25

2
-

€15
2

- 1
3

0.5

20 40 60 80 100
D / (W-s/rad)

(©
7

Fig. 6 Characteristic root trajectories of Z (s)/Z,(s)
under different J conditions
ITIEHL, R4 % SCRAM T X D, JREAT 4+
i XTH-HAD. JZH, HEIHHEHITSCRT
fAaas TAE AL, ARJE A BHIT LA FE Z () | Z,.(S)
AR IEARBUE HIRS, BJa I d,, RAEHAS B -
AFRISCR N D, JEHREE XN 7 Fros. b
# SCRFAML, FasE XAk BBl Aias. Xt
BHS5 HL 2565 N VSG X D J S0 A0 B sk .

| . H |
AEE

20 40 60 80 100

-
- (6] N

J/ (kg:m?)

o
%))

D/ (W-s/rad)
(b)
T
E 1.5
2
3

FRase
20 40 60 80 100
D / (W-srad)

(d)

REISCRTHD, JEKIEEH: (a) SCR =1.5 (b) SCR =2 (c) SCR =5 (d) SCR =10

Fig. 7 Stability regions of the D and J parameters at different short-circuit ratios: (a) SCR =1.5 (b) SCR =2 (c)
SCR =5 (d) SCR =10

ANTF) SCR M A& E X 8 A R R 5E 8 LK/ i 2
& 8 fram. HE8ATLAE Y, 7[R —FaE XI5

W, ARZHEN D, FAEPEZER. 80380
AR AN B HI(-1,jo) A e HE, BXLd,, B,



= (- AY
SR A A

T 161 e L A1) T A2 RE YR AR S 1K V'S G AU I ifh BE 22 A L G MBI T 7

I, AL “SEERasE” 1Rk, &5

25

J/(kg-mz)
o

-

o
o

20 40 60 80 100
D/ (W-s/rad)

ZHPIBASTRZE « IBAT R AR B ) SE I R I 5
B MBREME . Fik, EMED-JAITEH AN TREREZELAR.
dmin
2.5 06
2 0.5
€15 0.4
2 0.3
-~ 1
- 0.2
0.5 0.1
20 40 60 80 100
D / (W-s/rad)
(a) dmin
2.5 08
2
< 0.6
E15
g 0.4
3 1
0.5 1 0.2

20 40 60 80 100
D/ (W-s/rad)

(©

20 40 60 80 100
D/ (W-s/rad)

(d)

8 ATREISCRTHID., JEHMMMIEEWEd,,,: (a) SCR=1.5 (b) SCR =2 (c) SCR =5 (d) SCR =10
Fig. 8 Stability margins d,, corresponding to the D and J parameters at different short-circuit ratios: (a) SCR =
1.5 (b) SCR =2 (c) SCR =5 (d) SCR =10

2 f[ESCRF B & i % | 5k &

B 2S5 prml A, (R —4LBEJE R % D AN EE L
2 JAEA A SCR N A AER B H AN [H] () F s 4 B A
AW NRRE . B, FCRAE 2 D JSHL
i DA [) S e o515 Fh 9 155 55 FRL X 000 I (R Thah &5 1
REFN I AR BT

BEXPiZ el @, A TAE$EH — R AH SCRF
VSG B4 I it fit BEL & — 158 o 1 3 o 4 o ok s, 3L
BB BN BSGAA A EhELR. T
FoE M LR TREZ I, # AN [F] SCR X R 1)
D-J T AT38; LR M BUR B SCRAL A A B Ax 100
TR TR, R SR S EOT PR IEE 2 His
AATIRA o
21 BLZAME D-J W17

B LR B H AR A 4% ] S E AT TSRS AN
SCR %M Fifi R A MERE . Fae M A TREL R
() D-J AT 4788, JEEE N 9 FITs

X T4 %€ SCR, 43l ke i =AMk e A .

T VSGH U AR/ ME 588, LI JE L 0.707 /F
NENFSVERELIN, 13200 2 A Dhim N R (1 S 54k
#: Q,(SCR)=(D,J)|{(DJ,SCR)=0.707. i%&
0 d,,> 05N EHRIELR, BRFRELHRTM
ZH %S Q(SCR)=(DJ)|d,, >0.5. &,
ik i LR J i /N 3 BUVSG R B SO RE AN
2, BINTREZH: Q,(SCR)=(D,J)|J>0.1. %
& FIREALE, AFESCR TR AT E U
Q' (SCR)=Q,(SCR)N Q,(SCR) N Q,(SCR). *
SCR HUEEEUE N B BT 2, #H8 1R 753843 7l i
S HE SCR XM ) D-J AT 4745
22 AELHBENSHAA
ELRIZATIE 2, SCR 7 AR HE B PR 25 5
I 3REL . AR A SCHR[14] 52 ) 28 T3 i N ) e
WBHGTHER 71k, SRR H R S e, RRX
FEUUAE R 8 1P ) U R AV N /MIRAE 75 Hz
AERFES R RIS, R 25 Hz /E A d B4 Hr
&7 B2 B Y71 O 2 W E SN = i ) A e S
BHPT, it — D528 THIRHPT. SCR I fil



R =aemoo mid ~

SEE 1 (Q1) JEE 2 (Q2)

A SR

WHBRSIER

BERIEE Q3 (SCR)
D, J &¥EHE

BEIRIEE Q, (SCR)
D, ) &% EHE

E9 AESCRTELZ D -J i{THMERIEE
Fig. 9 Flowchart for constructing the offline D - J feasibility region under different short-circuit ratios

KB s, PHRSERMRSLRIERILEN . HFR s IR Z R SHE BT A2 4L, AR
32 SCRAZ MDY & TN JR M RO B % D JSHEHE.

SCRi ., JF % 50 B D - J Al AT AT RSB AT, B IE N 2 K A AR L& 10
SHLEFE. Dy JSHAAESHRG RIS G X BT .

SCREHUW R A ARACIS S5, SRR AT 1

@RI - - - N

(o5 sgmasTazErerEnTiEn

/ |
: ( SCRIHAZREH: SCRy~ SCR; ) :
| I
| I
| & HARHSCRER |
| BEREEL? |
| I
| (‘Liﬂll B#% SCR* &% D-J EIﬁfz!i) |
l ¢ |
| ( wmsms oo nes | |
| I
I A,

| ( mmuo, surz ) [ SR LR A J |
| (D*,J%) |
| I
|

| FIBEH D, I |
| S BRI |
| I
| | |
| I
| I
| I
I ]

E 10 AESCRTHEZLBENSHARREE
Fig. 10 Flowchart of the Online Adaptive Parameter Retrieval Process for Different Short-Circuit Ratios

WRSGEH BN SCR,, Hig1r 28N (D,  NEM, 1EHFRATIEN FHRIEE (D, J,) il 1) A
Jo)o AR EI DY FONJE 1) SCREEHCT sk AL AERNHFAAT A, L N (DYJ*). Hik B UK
RJg, Pt g H AR g b SCR M M kT X (15),

T Q (SCRY). N D. J KRB, MHKS% C o D-D,\* (-
~ . . e o (D',J7)= argmin ( ) )+( y ) (15)
D%} R RS R0, U\élﬁﬂz/%ﬁ)ﬁ(Do,Jo) (DJ) e Q'(SCR,) N N




= (- AY
SR A A

T 161 e L A1 T A2 RE YR AR S 1K V'S G AU I i BE 22 A L G R BORBIE T 9

A, DRI, AN BE e 22 500R R A0 1 I
—AMIEAEE, HTHBRWESHENEE R E =
SRR B AR . RS DALY BUE S5 AR S
e A EEYIMIE, KT 500 kKW 2544 VSG 2 4 ¥
fRE RS, LLRAIEIT T SCR=10 L= H Nk
#e, HUD,=50. J,=1.5.

T FHJe &% D FE e /& J B BAE R T VSG
B, HSEACER R NRA, "Jaes A Th)
TRy AR BB A bR, Rk, E1S R H AR
AT SU(D* Y, KA R I 0 S H o AT
WL W=l (16) Fs.

D= DTDD

(16)

s T AT, 73 3 D RELJE 28 R R A5 )~
T IS T

FE 2R & N ] I R A 7 B AE 2GS 9 50
fa, WAFEIITERSHMM, AFETHLE
SLH) D-J AT HGE R E R MBS EETW . H ] fRIE
D. J# AT HAr SCR N asE Hahas 1k geBr 1
AT, 3R VSG B ) fifk BE XS AN (7] FL I i
138 RLRE ST o

3 HEMT

NIGAIE AT AR SCR R VSG 4 M il A BHLJE
— 155 1 IE 4% ] SR WS A RtE . fE MATLAB/
Simulink F#5## VSG I M EBL AL . R 3 ik
MBS HERARE . EPREREE
ZHVSG Fl H & N 2 1 VSG W Fl 4 il 7 X k4T
X,

B ABYIEIBITAHE SCR=104/E T, ¥thE
¥~ D=50. J=1.5. 7£1.5siF, SCRH 10¥J#: K
2, BIM A TZ Lo FrAIhIhZ PR . Al L
FEi, SCRI#KE, [EEZ%VSG KA ThiiH
BB IR G, B I 5 X 2 A 55 T I A
Ly T EE R VSG R SCR=2 %t B () il 4738, #
RIS 4 D=106.45. J=0.4, 3% 7 A I
RN, PRIE T REGRGE .

B2 T Dy JHHER A 2. SCRA
fbfE, BHJE R%(D 50 i -7t % 106.45, &
M JH 1.5 R4 0.4,

10~

,,,,,,,,

9
8

6 :

. N

2

0

-2

-4 52 SG

-6

|
0 0.5 1 1.5 2 25 3
t/s

11 SCR=10 JJ#t = SCR=2 B H NI P, xFLL
Fig. 11 Comparison of active power response Pe
when switching from SCR=10 to SCR=2

P /W
e

N
N
o

D/(W-srad™)
(2] © 8
o o o

0 0.5 1 1.5 2 25 3 3.5
t/s
15
€
g 1 7 k
S 05k i
0 . . . ;
0 0.5 1 1.5 2 25 3 3.5

12 SCR=10 {JitE SCR=2 i$i2# D. JBEERIk

gz
Fig. 12 Adaptive behavior of D and J during the
transition from SCR=10 to SCR=2

N HE— BRI BT 3 7 6 A ThE 4 B A4S 1 N 1)
BE SR, WE RAVIRIE1T T SCR=10, H1E
1.5s ¥ SCRYIH 5. 454K 7AI%0, SCRYIH
J5, [HESHVSGHID. JZH AT SCR=5 X}
MRS E X, L RGR KA KR SR, %
SH A — B R R B A DIl AS A R %
e, M VSG RS SCR=5 X} |3 () 5 £k D-J Al 4T
2, BSECFRE R E D=91.3. J=0.6. f£2.5si}
MG IR SHEL, B34 I TRESHVSG S
H & N VSG 1A T ik s b . 45 FR
E 2R VSG 1EMY R J5 A7 TE K B8 R AR 5, 1
T 3 I SR WA A D S B ISP, 3 kN

VR, BT R SR
4 = #

EEX AN A SCR T VSG B A4 I ik fie [F] 1 B e %
H D AN R ARG o M L[] B SHE 8 3 25 1 B 5 5 D A
SEM LI IR, $RH T —FhdE T B Lk D-J AT



il

ave
F

5 & R

13 SCR=10 {JitE SCR=5 [F B I BKMa KL P, xFEL
Fig. 13 Comparison of active step responses Pe
after switching from SCR=10 to SCR=5

H3&E M7V B o BT R IR E, 4518
/I

(1) 5T VSGH I /M SRR, K
e REDRe It m RGBS, BRI T HHE sl
AR FEUR B s T R DL S O K R AT Y SR AR
BT, (HE R RGLE LR E SRR & 40
K, A TN AN, R R IREE I .

(2) F:F da fir HH BT (1 RS0 M o A R 1
Bi%E SCRIFK, D. JSEkaw Xz, [
SE S HIVSG ME LLE AN [F] HEL I 58 B R (15 5 18 4T
R,

(D) HEEREH, Y SCRH10MFE 20,
[ 52 240 VSG I RARAR %, M0 AT vk
D. J Vi E B bRl 473808, A 808/ TR
#1; {£ SCR=10J#: % SCR=5 J& {1 D15 2 B ik
THUF, HIERN VSG H A 5/ [ 1 2 A0 5 R
R TR . TR 7 VR BE WA R0E Y SCR AL,
TEARIE RGiFaT 1817 I Rl 085 Thah 25 M v .

2 % Xk

(1] /N, Bk, BATR, 55 . 00" B ) R AR e R I i) A 4y 2
PRVTJ]. o E AL TAR 240, 2021, 41(2): 461-475.
XIE X R, HE J B, MAO HYY, 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): 461-475.
[2] Xiong L, Liu X, Liu Y, Z . Modeling and stability issues of voltage-
source converter-dominated power systems: A review[J]. CSEE
Journal of Power and Energy Systems, 2022, 8(6): 1530-1549.
BT, YLITRT, #l 5K t, 45 . A B R 2% P B AR 0T 5 RFELD].
HEHIA, 2024, 50(2): 590-604.
CHI Y N, JIANG B W, HU J B, et al. Grid-forming converters:
physical essence and characteristics[J]. High Voltage Engineering,
2024, 50(2): 590-604.

(3]

[4] X, T &, FhRTE, 45 B AR VR 25 2 ) R K B 250 ], o
[ L TFE 244, 2025, 45(1): 277-297.

LIU H, YU S Q, SUN D W, et al. Review on control technology
and principle of grid-forming converters[J]. Proceedings of the
CSEE, 2025, 45(1): 277-297.

FERIL, S, FHEK, & M B AR IR AR T TEAT A SRR [J].
ML FE244)R, 2023, 43(6): 2339-2359.

ZHAN C J, WU H, WANG X F, et al. An overview of stability

[8]

studies of grid-forming voltage source converters[J]. Proceedings
of the CSEE, 2023, 43(6): 2339-2359.

BN, BT, B, A R D R L B FEAE T R ) v )
FAL]. A E L TR 244k, 2014, 34(16): 2591-2603.

LV Z P, SHENG W X, ZHONG Q C, et al. Virtual synchronous
generator and its applications in microgrid[J]. Proceedings of the
CSEE, 2014, 34(16): 2591-2603.

KURE, @5k, PRI, & otk UL R A R AL M5 5 R e T
M) KPHBESEIR, 2021, 42(2): 417-424.

LIU H, GAO S N, SUN D W, et al. Small-signal stability analysis

[6]

[71

of grid-connected photovoltaic virtual synchronous generator[J].
Acta Energiae Solaris Sinica, 2021, 42(2): 417-424.

AT, BFF, #HORt, &6 . B AE 231K VS G # 3l i 5 F1BH JE R &
[ ] BT R 488 A 3k, 2018, 42(17): 120-126, 183.
WEN C X, CHEN D, HU C B, et al. Adaptive control of virtual
inertia and damping coefficient for VSG in microgrid inverters[J].
Automation of Electric Power Systems, 2018, 42(17): 120-
126, 183.

RAE, BUBTB, BRI, & RIEE R LIRS @i S S 80k
T[] A E AL T2 244k, 2015, 35(24): 6508-6518.

WU H, RUAN X B, YANG D S, et al. Modeling and parameter

(8]

[9]

design of the power loop for virtual synchronous generators[J].
Proceedings of the CSEE, 2015, 35(24): 6508-6518.

[10] MRS, BRI, BV . 75 18 2 4% I F1 B 51 1 VS G B I % ¢ dg
FHAC @R R AR e M T[], ik RERL S 5H0R, 2025, 14(1): 222-239.
CHEN J R, ZHAO B, ZHAO B Y. Modeling and stability analysis
of energy storage dgq impedance of VSG-type configuration
network considering the influence of multiple control loops[J].
Energy Storage Science and Technology, 2025, 14(1): 222-239.

[11] Alipoor J, Miura Y, Ise T. Power system stabilization using virtual
synchronous generator with alternating moment of inertia[J].
IEEE Journal of Emerging and Selected Topics in Power
Electronics, 2015, 3(2): 451-458.

(121 FEab, Bp¥k, & 1E, 55 . g0l A0 K s AL AR e 7 15 B | o I 2 ) 7 %
[J1. 1 R G E 31k, 2015, 39(19): 82-89.

CHENG C, YANG H, ZENG Z, et al. Adaptive control method of
rotor inertia for virtual synchronous generators[J]. Automation of
Electric Power Systems, 2015, 39(19): 82-89.

(1314352, BRI, XX, &5 . 5T 4l R 2 R BN R 4 1 5
HE TR SRS [J]. TR 4R, 2019, 34(1): 128-138.
REN B Y, QIU J J, LIU H, et al. Self-tuning optimal control
strategy for parameters of parallel virtual synchronous generators
[J]. Transactions of China Electrotechnical Society, 2019, 34(1):
128-138.



= - /Y
SR A A

T 161 e L A1 T A2 R IR AR S 1K VS G LAY R i E 22 Je i bL B TG A IHRORBIE T 11

[14] Tk 25, 240k, SN0, S5 . — il B 190 500 PR A 2 SRR 1 1 3 17 i AL 1R) 22 4
il SEnE[J]. B R G RIS 4%, 2019, 47(21): 117-125.
ZHANG Q, LI Z, CAIl X, et al. Adaptive virtual synchronous
control strategy based on online grid-strength perception[J].
Power System Protection and Control, 2019, 47(21): 117-125.
[15] 2387 7 . R0 R R B LB e A 5 55 L W3 2 PR AR [D]. 1 AR

%, 2023.
LI X N. Impedance modeling and weak-grid adaptability
optimization of virtual synchronous generators[D]. Jinan:

Shandong University, 2023.

[16] EK i, sk, b, 55 . o g B8 e 1 VS G it &-BH e

I 3 I8 4 ) S [J]. o R L AR 24, 2026.
YAN L Q, ZHANG Y Y, ZHU J B, et al. Whale optimization
algorithm based adaptive coordinated inertia-damping control
strategy for virtual synchronous generators[J]. Proceedings of the
CSEE, 2026.

718, B, WUL, A% . DU RE AUl R 2D i LS AN B 1) 1 3
I HEmE [J]. AKPHAE AR, 2023, 44(11): 495-504.

YANG X, ZENG C B, MIAO H, et al. Adaptive control strategy for
optimizing inertia and damping of virtual synchronous generators
[J]. Acta Energiae Solaris Sinica, 2023, 44(11): 495-504.

[18]Zhong Q C, Weiss G. Synchronverters: Inverters That Mimic
Synchronous Generators[J]. IEEE Transactions on Industrial
Electronics, 2011, 58(4): 1259-1267.

[19]1Sun J. Impedance-based stability criterion for grid-connected
inverters[J]. IEEE Transactions on Power Electronics, 2011, 26
(11): 3075-3078.

[20] E 2, TRMGHL, BHL, 55 . 2T VSG M I B AR A8 3% B 40 A

SRa ks r[J]. 3 )1 LR, 2025, 45(10): 1573-1585.
WANG W A, ZHANG P K, LV J, et al. Impedance modeling and
stability analysis of VSG-based grid-forming photovoltaic inverters
[J]. Journal of Chinese Society of Power Engineering, 2025, 45
(10): 1573-1585.

(211 BR¥T, EVRE, 3B, 45 . R BEHT W 7705 (1 JF 9 0048 25 5 08 1
W LRR ], Hh E AL T2 544, 2018, 38(7): 2082-2094.

CHEN X, WANG Y C, GONG C Y, et al. Review of stability
studies on grid-connected inverters based on impedance analysis
[J]. Proceedings of the CSEE, 2018, 38(7): 2082-2094.

[22] Pogaku N, Prodanovic M, Green T C. Modeling, analysis and
testing of autonomous operation of an inverter-based microgrid
[J]. IEEE Transactions on Power Electronics, 2007, 22(2):
613-625.

[23] AN, 5T, B, 45 . 55 F R BAT g AR E M R 0 O I i AR
RPHBTE IS BT 5[], W TR 2R, 2020, 35(6): 1327-1335.
TU C M, GAO J Y, ZHAO J B, et al. Impedance reshaping
analysis and design of grid-connected inverters with specified
stability margins under weak grids[J]. Transactions of China
Electrotechnical Society, 2020, 35(6): 1327-1335.

[24] - JuifE, #6, /N, 45 T 2 BN RGBS LL
[J]. LT RE 43R, 2016, 36(22): 6013-6027.

XIN H H, DONG W, YUAN X M, et al. Generalized short-circuit
ratio for power-electronics-dominated multi-infeed power systems
[J]. Proceedings of the CSEE, 2016, 36(22): 6013-6027.

[25] AR5, 5K, FhL, 45 . 22 s S AR e R AL ) 0 R AL I St Y
FEEDME FE N HRI]. b E BT RAR, 2017, 37(2): 412-424.
SONG Q, ZHANG H, SUN K, et al. Improved adaptive virtual
inertia control for virtual synchronous generators in autonomous
microgrids with multiple distributed sources[J]. Proceedings of
the CSEE, 2017, 37(2): 412-424.

[26] MRk, £AF, FORIE, 5 . 5T S 80 WG R 7 K 240 8 R L

35 R AR ] L DR 4, 2016, 36(21): 5724-
5731.
CHEN L J, WANG R, ZHENG T W, et al. Optimal transient
response control of virtual synchronous generators based on
adaptive parameter adjustment[J]. Proceedings of the CSEE,
2016, 36(21): 5724-5731.



12 ik B8 B ¥ 5 R
B %
TS AN L
_[Ri+sL, -wL, }
G, G [ wL, R, +sL,
U
G,= do G
G, 2T (WL +(Ls+ R
G G. - 1 _[SC —wC}
3 P (wL)P+(Ls+R)} ' lwC sC
__ 15 i iq]
G, G, swo(D+Js)[id i
- 1.5 Uy uq}
Gs Gs st(D+Js)[ud u,
G, GG=—1.SD1[”ﬂ ’_d}
—iy g
u, ~u
G,=-15D,| "7 4
G; 7 1[Uq 7”d:'
G 6. - [—RVH,HH - KugH,H, ~ Hy wl,HH, + KugH,H, - wL]
8 8 wL - wL HH, -R,HH, - H,
G, =
G, [inqHuH, - wLC - sCH,~ H,H;+ 1 ~wsLC - K,i,H,H, ]
wsLC H,H, - w?LC - sCH, + 1
i, 0 u, 0 -d, 0
M =9 M =|"q M, = q
M. M, M, ' [o —ij‘ u [0 —uj‘ d [0 dj
1
G, Gy = Uy, (Gy + GyMG, + G;M,G,) + MG,
1
G, G, =, (Gy + GsMG, + G,M,G) + M,Gs

Udc




