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Parameter Feasible Region Construction for Voltage-Source Transient
Synchronization Stability of Grid-Forming Energy Storage System Under
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Abstract: The national standard “Technical Specification for Grid-Forming Converters in Electrochemical Energy Storage Systems”
(draft for comments) requires grid-forming energy storage system (GFM-ESS) to achieve long-duration low-voltage ride-through and
transient synchronization stability under faults. To quantify this capability, a parameter feasible region construction method is
proposed for maintaining voltage-source characteristics and synchronization stability under GFM-ESS sustained faults. Firstly, a fault-
current engineering calculation method considering electromagnetic transient process is developed to obtain the transient current peak
and steady-state AC component as current constraints. Then, an energy function incorporating virtual impedance and equivalent
damping coefficient is constructed as the synchronization stability constraint, while the feasible active-power reference range is used
as the equilibrium-point constraint. On this basis, an expression is derived for the parameter set that enables the GFM-ESS to
maintain voltage-source transient synchronization stability under faults. The feasible region is further characterized using the active-
power reference and virtual reactance as key parameters, thereby quantitatively determining the stable operating boundary of the
GFM-ESS. Finally, the effects of various grid-side and device-side parameters on the feasible region boundaries, together with their
underlying mechanisms, are quantitatively analyzed, and electromagnetic transient simulations are conducted to verify the effective-
ness of the constructed feasible region.

Key words: grid-forming energy storage; fault current engineering calculation; energy function; voltage-source transient
synchronization stability ; parameter feasible region
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connected system

PEH 4549 75 1/, GFM-ESS 240 & 47 1) ) -
WA . oI Py A ] L KU BT A ER
P TR S FL P TR PR o A D D) A0 A A o A R
PR ], Bee ik .

gﬁ§+Kﬁ:Pm—ﬂ (1)

wo
AHr: 025 GFM-ESS N HL ST L X L S 9 ) £
25 LAR© IR OXTE ] o ; BARe TR
7R O XTI (B — B 8 HOM R R EG o, HEUE
M K, WESPHE REG P A IR EE
H; P HAIYIR .
TC ) Ty 28 - v, He 4 ) 20 10>k
i, ARy
E=K[(0u-0)+K(U,-U)] (2)
K. EHGFM-ESSWHLHEZS%; Lir“-"RNE
XFEFRN ) — B S8 K5 K, 20 518 TC T T 08 R
FECRI 250G Q AT N iR set” %
IRNEME ;U R T HLE o
JERAR IR A 3R A
Uy = E — 0, L,i,, (3)

PRI T 4%

Upy =0+ @w,L,iy,
K U 5T e N RGBT i 1 RS
M d, qilni; o, NEUEMERE; LoERE

H TR 5 L I A R ER Y . PWM R i 2R 2R i
RIS HISEH, LA SR .

1.2 BERESALHEESHEESEN

AR SCHTF I I H R R 2 R 2B AR S i il
191 1H] GFM-ES'S 3 12 [1] 422 B 37 5 s O 4 R e AR
(0 IR 2 4 TR 2P R B A8 AT o IOIRAS TR TR IRkt 2 3 2%
b IR A, RS
LIRSl e B, — Sl o 0 [ R ) A R

PNEPIVIES S PENIY 2 E R PR S s wol

36.,, s..P., = P(6.,) (4)
e 08 R RS B S-S T A s P R D))
RUE(E ; PLOASRE I )4 s A Th D

kil GFM-ES'S 7 it [ 1 ] 24 47 L 1 5 SR
o BLERE  [) ht A fooh % LR BRI . AR A
SYHTAT AT e R AT A S R A A R
PI/NTRRERT, GFM-ESS fiE % 4 43 v J5 J5 A0 4%
P, K, BRIARGE N

Lo (@) < Iy,

I(a)<I,,
K I, (o) WEBHRRIEME; 1, () HESHEK
Sy I, MIRE; a e R" A GEM-ESS I M £ 48
S E e, HrP R 38 n 4 S08es i)

Rt GEM-ESS i i 19 ] A ol & L 3 BRI, 3R
GeATh AT BE K ) f142 sl A AR e ST T ok R R 2
fsE. Wik, Wit —25I AREREAR, ST hE
2 PR ALK BT GFM-ESS fE 75 4E #F Rl A Ree i, 3l
VLR GemI i et /N T R G0 SR B4
I, FERE R E A

Vi(a) <V, (a) (6)
KV, (@) 5V, (@) 30 ZRERG 5 A Re k.

FHF(4)—(6), & X GFM-ESS 4+ i i
BEFLRENSHES . Dl e (4)—(6) 2R
MBEES R Q.. WA

3., s.t. P = P(6L,).
O =1a R (@) <L, I (a)<I,, | (7
Vi(a) <V.(a)

(5)

2 GFM-ESS#EHERITESfEERmEHGE

AT S (7) E LS HOTIT R G B AR
MR RT k. B, e SR ORI A R A A



28 FEITRMEEA

%20 &

MSEATATIEE Hk, 480 T — M s &
if F£( GFM-ESS #§ i f i i TR vk, 7edie
S5 23R 5 0 1 Aty SR IR I ) S W AR S
Sy W, T ORI PR SRR e R A
A1 PR T2 37 GFM-ESS # & [R) A Fa e FE
2.1 FEHATEENSHAIITEE

MRAE I 1 AR 2534, GFEM-ESS Jf % 2 45l
PR A R BT A 254 . Ho,
HIE = E£0, AMEIET, = U,20, S3FHGTH

Z, =R, + jX, (8)

AP Ry=R +R.; X.=X,+X +X,.+X,; R,
X A3 R BRUE I L BATT; Ryes X 200 HER IS
HLBHATEET; X OWARFRAS T X, b,

Z (R AE S 5 B3 53 N

|z, |= /R + X2

e B (9)
@ = arctan X,
AR5 S TR R KA T 15 GFM-ESS 1A R 4t
UESRPIRPIES SR
p = E’R, — EU,R, cos § + EU,X, sin 6 (10)
’ R: + X;
W (ORAZ(10), ALK P RIAA LTy .
P,=P +P,sin(6 - ¢) (11)
K P, 5P, 50 50H
_ E°R
©T RL+ X2
EU, (12)
P =

ML) AT R, A R G e e, W
5 12
3, P =P =P +P,sin(6,—¢) (13)
A (13) A 15

Pset_Pc
P,

3 (14) A, B A7 A8 Y S BT A7
1A -

=sin(0£q—go) (14)

P,-P,<P_ <P, +P, (15)

2.2 HEERIBITERE
XN FARGE R WL L, GFM-ESS BB
MAMZ A SECE W, & 580 . EPIRH
PUEUIAHG By, SRR, SRR

T ARG B SRR . I, A SCHEEST T % E
BN L R AN S A AR LR B F RS A5 )
VI i Y1 e 3 i S e N [ N
LB SR R S ST R
X‘T:X‘% + (R + j( Xy + X,) )i, = v, — U, (16)
K o, WEUE MBI i MIERMAMBET; vHh
PCCHIH; U, fyH M H H AR
TSR AR BTN
A%%%wa=g (17)
A XONIFERIRBE Y v i AR LA
F14) FEL R TR IR o
UE BRI BTN
f%%f+(&+jxﬁL=E—yn@—vt (18)
Ao i IR s E N A R
i, BRI A AT, X ZERE T SR b
PREOE AR, B, 8 AE X, 15)
TP uR
TEVEHLER DRI F S ML A i R R ) R B
BRERN:
I, =1, — I,
vi=v.+R. (i, —i,) (19)
A i IR AL ROV AR
PR R X =i, i, v.]', B (16)—
(19), A 1544 R GFM-ESS Hi, i 8 25 1 B iR 25 07
A= (20) s .

dx
7=A + 2
s x+b (20)
Hrr, AL bR R X (2D s .
[ w, . w, , w, |
—Y (R + R, +iX — (R, - jX, —_—
Xf( c f .] f) )(f ( J ) )(f
w w . w
A= 7:R —7:(R0+Rg+JXg) —Z
Wo Wy .
X ){C .]wO
&7
XfE
b: _&_
X, U,
0
Rg = Rline’ Xg = Xline + Xl
(21)




559 1 ZREMR, A AL UG RRISRE T AR R R A RP AR M S RO A TR 29
R TTRER (20) ARSI A #1 GFM-ESSHMRZGEETRSH
x(t) = x + eA(t— '“)[x(t ) —x ] (22) Tab. 1 Basic operating conditions parameters of the GFM-ESS
ss 0 ss

e 1 MR R RIS 25 x (1,) R 2K A I T 17
WIHRIRAS s xBTS AR o

HH T R AL B 71 A R 0 8 0 17 Ay A% i 2k i W it
iy, P, ASCUL, 098 A (E AR AR o0 s AR i BR
Ui A A o AR s 20 (22) T A 0, By i R A
B2

i) =i, +[0 1 0]e" [x(s,) - x,] (23)
Kb, OB S ARSI T =

H 3B S WA (X 7 L 3 W (1) SR s Al R AL, A
MG WA (RIS 20 2, IO 2

dli, (0|

=0 (24)

Aorre, A ANE— o 25 IS P I 7 A I (i
H O PRTE R R S R 12 AN RN, AR SR
ik ) 7 11 P 2R 06 R 2 (24) AR SRl (B, I
P i RABAE B S L R

HeBE ], AN sh A R S BN R E
FUAEF OB AE, iRk m R b,
BT B AL, ARSI R IR AL 1)
T R A S R A e ) RUBE Sz /N T 1) 3R A D B ol B
) RUBE e H Ak 1) A 0 A AT A LA R
GFM-ESS PN HL 32 (L AR A PR3 0 s 0 AR S
2) DI R K % K 5 S0TE ) T - i 4 o 2 A
2t ABR R, PR R AR A A A
GFM-ESS N HL 3 A BRI .

FEF BRI, A SCHT 4 GFM-ESS Hi 5 L 3t
TRETEFEABIT . DRIESERT S50 e,
KB ARE xS, I HAEARIEARA 2) MRl
B 30 [10) 2 50 ) ot o ) DR S R P AT TS A ] £ B
IR B RASREXL; 3)BAT x Flx AR (23)
5800, (r) Rk ) RHER(24) 48 F o U IR AE R
W KAB, VBB 1, A RS a1 5
TR IR 1,

F T PSCAD/EMTDC ¥ {5 #5 17 40 F i A5 7Y
B E FL LTSS R A R . GEM-ESS I M & 48
FEE TS EN R 1 R .

AP.=0.3p.u., X,=0.3p.u., JrHHEEIN
I 5 5 B LE SCRYE A 10, 5. T HEAT XS L SE 5, 45
R 2 iR,

grid-connected system

Eviesiy SRR CEEl
A IR I P/MW 1.25
AU LSS U,y /kV 35
B iﬁ%iﬁzﬁ{a fB/Hz 50
A AR AT X /p. u. 0.1
GFM-ESS Jf- ¥ 5 SCR 10
P40 e HL s U /. . 0.2
BE A S/ MVA 1.25
VeV AR BELHBT R, X /p. u. 0.0034,0.1
UEBEARIFBCBHIT R, X /p. . 0.44,0.0182
Wk ECH s 4
GFM-ESS BHJE RHK,/(W-s-rad ™) 20
P L BRI . /p. u 1.1
ML BRI 2 /p. u. 3
HINVIRSH P p. u. [0,1]
LT X /p. u. [0,0.4]

%2 GFM-ESS#ERBEEESHEEXTL

Tab. 2 Comparison between calculated and simulated fault

currents
SCR B Fads sy
6 ip/p. u. FiBR/p.u. W%/% Hi/p.u. TbEp.ou. BEE%
10 3.19 3.28 2.7 2.33 2.34 0.4
5 2.67 2.74 2.5 1.93 1.92 0.5
1 1.17 1.18 0.8 0.61 PR /

FI R 2 0T 1) I T vk A i B ri 7 A (L
ARSI E B ARSI 2) &%
H AR THEAE NS N T B8, BT Ry 2
TR A N HL A E A R e A Ik ] 22 B A L O
VA (B B DR R, T S B PN LAY E AR BB A I
BT, NSRBI ERE . N RiZiR 5
SRS R I SRS RN S ER AR RS S E= 3 |
5 %A ; 3)SCRAE=11, BISMEAELE, (HOFHE
RS Rk, F 0] GFM-ESS 775 “ A fil 2 BRI
HFEZE R I ITIEAS AU L I 29 R TE 7k 52
PTG B I R R e 2 1 TRE . I, TR —
Ao 15 BT g 1 pR R [R] AP AR 8
2.3 I RESBRMENERE REEE REEE

GFM-ESS 11 B 1t o &5 S5 RB 00 . 2 B350 1
JEFEHIOT 3 A3 2H ko LA s 0 [ A S asi oy 4
fE2 %, & X GFM-ESS [ AET V. (0) 4 «



30 FEITRMEEA

%20 &

VA@=JJP4@—PWM§ (25)

K O R UIfa2E ;s 0, i ) RIS RE - 1 i B )
faZe; ENBUNERL,
Pl TR (25) I KA AT
V,(0)=(P. = Py )(0—0,)— P,cos(0—¢)+
P, cos(6, - o) (26)
A (26)FKW], MEIHLPT X, Kl SR S5 AT

X, — WP, P, Mo, MIMNMASREEREBUE S
R R ERREE .
& X GFM-ESS 1B HEI V,(w) K :
V(w)= Hw’ (27)

X 0=wey -0, WABRERZ, Hh o
GFM-ESS fi tH ff 3l 2 5 H AR 45

X T GFM-ESS T &5 , A L2y =32 - 43 45 il 34
TG Sk B B G K TG R HLRLE &
¥, L, GFM-ESS 14 g ik bR 575 25 2% JE

JERIEERE I, DARR IR RE B R B (ST .
SCRRJBFEBLIR V(1) 10
V(1) = [%wz(r)dr (28)

AP K WM ARG o WAHE; o, WEUE
FHLRE 5 1, AR A A2 5 o SO A T %5 7

NP

FH I #7000 i 25 1 o AT 45
6=w
df = wdt (29)
w*dt = wdf
¥ AK(28), HLLofENSH,
CIEEE

Vi =5 [Cwiera (30)
w, 7o,

WA x =6, R(30) 1 k5 K.
%M=§4kWMn (31)

Kb B a . MG T2,
GGEE

Lx=0-4,,

Vd(t)=la()'3[xw(x)—f;ndw(n)} (32)

NARAHE T AT AT HO R AT Rk, fERRE
- 17 a5 B S X % s s Oy RRAR R JE £ R,
(EEIE

2Ho ~-K,0 (33)
B k=0 (33) AR (32) P41, IF
YERSYy, 115

f:ndw(n) ~f0n( —%)dn =—%x2 (34)
% JE B PR B 5 TR P A R AR e

Bk z e 2, RGOS ABIEZREA,
(GELE

' -, K
fondw(n)— /\4Hx (35)

oA BUE K R E B I s, A SRS
Brep BCA = 1, HA R AE AT RE & pR U & B
P AT IR
Bx=0-0,. A=1HK(35 1 AL (32),
55,
= K0 0 K
2iaa(26)—(27) Ax(36), I E ARG RER
PRELV(6, o)l
V(6,0)=Heo’ + (P~ P,)(0-6,) -

Vi

(6-6,)7 (36)

P,cos(6 — @)+ P,cos(f, —¢) +
v (37)
KD(H—HS)a)+ Ky’
W, 4Hw

(0-0.y
0

AKrp v, M, LEIHBEHFEIV,(0).

T i R A LR e A BT
V(0 w)tE 6, SR E. T ATV, () I
i, WAl

V(w)=Hw* >0 (38)
X FHBEIV,(0), 1E60 = 0406
V,(6,)=0
dv (39)
T;‘ 0=06, = Pﬁ(es) - Psa =0
A (39)%F 05K Z B 3 m 15
d’v dp,
dazp ’ 0=0.="qg l0=0 " P, cos(8, —¢)>0 (40)

BRI, V,(60) 7E 6, 4B 5N oy TF € pR &, T FHJE
FEHLAE V(1) AEf, SMRERRELV (0, o)1 0,283
WIESE

HRTBE V (0, w)XTEFE—- SR, X
VLTI AR AT A



EIAR, A5 A B REHCRE T 2k i R IR AS R 2D R 1 S 0T ATl 31

; ) Ky ) K’
V=2How +V, +— (lw + Abw) + —— Abw
P 2Hw,

0

(41)
AHPAI=(0-6,), fRAO=wfK (1), FHFFHKL
(25), #HA[15.

.__ﬁ _

V=g A0(Po - Pu) (42)
H T 0, WRASE TS B DA AR P

(6-06,)(P.~P.)>0 (43)

SFSAAES = 0 4b T, ATV < 0, TEW]
T ORE R pR BT R S8 P R i e S BBk
V0, o)MIEEMSV (0, o) et T ik
AETR PR KR A B, BEREHT T GFM-ESS #[A) 42
SE T o

N E R SGEm FRE R, BRI R AR AR E
i 530, %F IO (4 BE 1 pR R(EAE OO I R BE R . GFM-
ES'S ¢ B 91 5] 14 o s o o o G P 2 P 7

EEmER [

Py L e - HEPRIA
=R T hs s
: K SRS
{ o mmea P
TN
L he 0 PucKoho
0 . 0. ¢

2 GFM-ESSImmEdBETREE
Fig. 2 GFM-ESS acceleration and deceleration process
diagram

HBERRE], RGAEVIUR DA 0, b itE A 1 1)
I AREE L, R 0,5 0, X N LR B RE ;
WIS TE 6,5 0, XM NAERL SN RE , #5 R 6 K
i, WRGHKZEEIE o M. Mk, #Ifo
Bt e,, MLhT R REAR LR E . Wik, o,
SO RE R V, (6, o) AIENRGEIG AR . H
U, MR R E AR

Vil 8y 0) < Vo(6,, 0) (44)

3 GFM-ESSHERESRTSHEESHAIT
WHE S I

3.1 SYAMTHEHIEE
TR E XS R RES, EHEAI

\)

KRB P AP X, AE b S 2 ok i vl 47
W, BARME R 4 P X, BUETE B A
ik, STAEE—4SE058 (P, X,), B2
SR EIES N Ea. ¥ ah i EES
BARAR(15), X(23)—(44), HIWHZ4L(P,., X,)
SRR (7)) E S, WP X, AL, 3k
AR S HT AT S A S BT A T8, T AT kb
PN 3 Frs o

G#D

[ BECP. XOBREEESEEK |

| PRI (Pl X2) |

| TS T B (Pl X) |

| WS R e RAR(15)23)44) |

aXf P ZHE
S 2 (7)

I
pring

[EHCF —4 3808 | R T2,

4R
B3 SHATHMZRER
Fig. 3 Flowchart for constructing the feasible region of

parameters

FRAE 1 FE TS5, P TEO~1p.u. Z Al
B 1004 REE, X, 7E0~0.4p.u. Z[E)BEE 1601
KA W SEOTTE N A 4 PR

Kl 4R, SETATH00 5 i 8 A FL T 29 SR
R e AR E e . [, e P, 2X M
0~0. 4 p.u. 1k, Vi LS HOTE itk AS R
TR, RS il kBT A LR AR, R E dE AW AT
W BRI, DFEMETH R P, =0 4p.u KK,
SHOTHEA ATV, BEE X, 3K, SEH S
FE AT A 7 BRI fish A2 [R) 25 BeE 20 oRORN - s 2005 [T
X,, P MO0~1p.u Bk, SHEOSE LM TT



%20 &

32 TR EIAR
0.40 ]
0.35
o5 2
0.30 AT
0'257vvvvvvvvv;;
: FYYYYYVYVYVYYVY
= 22222222222
E 02 0F YYYYYYYVYYTVYY
> N YYYYYYYYYYY
F YYYYVYYVYVYYYY
FYYYYYYYYVYYY
F YYYYVYYVVYYYY
0l15F YYYYYYVYYVYVYY
FYYYYYVYVYVYYVY
FYYVYYVYYYVYVYYY
FYVYYVYYVYVYYVYYY
FYVVYVYVVYVYVYY o
0.10f A7
0.05
0 -
0 0.2 04 0.6 0.8 1.0

E4 EEIRTSHMITE

Fig. 4 Feasible region under the base case

B, BEJS BRI il & [ 20 R 2 oA A
A,
3.2 WA{TEHIAERMRIE

# T PSCAD/EMTDC - {5 #5 1 41 f i A5 7Y
ISUE AT AT A Rt . SR HUEL 5 s SR AT
PiE, H, a2 5ad S TAATHRL A 1. ik
I GFM-ESS 114 % H 471 5 1 4% i 24 % e 30 1 SR L)
I IEHS Al AT IR A R S A AR —
EXQ

e T S HT A7
0.40 —
0.35
0.30 al e 22@ @23 {1[f7
. L ®as
g
£0.20
=
0.15
al:(P,=0.2, X,=0.3)
0.10 a2:(P,=0.39, X,=0.3) IARTTTT
a3:(P,=0.43, X,=0.3)
0.05 a4:(P,,=0.2, X,=0.25)
. a5:(P=0.2, X,=0.27)
0 0.2 0.4 0.6 0.8 1.0
P.lpu.

E5 HMERIESE=SMHE
Fig. 5 Distribution diagram of selected parameter points for

simulation verification

SHOAUT al —a3 KRR ALS . RGEE ekt TR
EARMRGARE, B RAEFL R ST al—
aS YN AL, RGLHE Jokt TRUERRRA, Fl
AR R . BARE, 22533800 F R4z

RS 22 SR SE PR Al AT B A T a2 H a3 2
], [A)RE AT IS PR al A7 B0 B2 T a4 5 a5 Z ]
BN SRS O KR A B — 2tk Bk T
PSRBT TR A Rk o TRIE,  Hy Tl e L
BT PSIAT S %M, FLAE & s RH
JETUR N TAR AT A, s e T A7 A A e
AT — RSP

—al: P,=0.20, X,

— —a2: P=039. X,

1.04 |
-- a3: P=0.43, X,

I | .

1.08 — R

5 1.02} I

K

H1.01F o

e 1.00 4%7
0.99 " .
3.0 !

.30
30
.30

- Iyl
Lo oo

8 10 12 14 16 18 20
t/s

6 S = al.a2.a3 3t AISIER 5B

Fig. 6 Frequency and current responses at al,a2 and a3

1.004¢ i ]
1.003} ATHEERE a1 p=020, X,~0.30
. i ad: Po=0.20, X =027
7 1002y | — a5 PL=0.20, X.=0.25
s 1.001f {
X 1.000{———— /\/ e
0.999} i
0.998 ; - : : , .
357 :
. 30t
=
\d" 25 I 35
W 20 | === 30 N
IJ:éE 1 '5 I ?zé // \\
B (1)2 ! Hop Wb
0 e o= l g N OIQ.UOU 10.095 10.010 .
8 10 12 14 16 18 20

t/s

7 S5 al.ad.a5 X HISRER S BRI N

Fig. 7 Frequency and current responses at al,a4 and a5

4 GFM-ESS Z#AI1THEIZ I E = 5347

4.1 HFEEES W%EEX S ATTEH m a4

1) B U S5O 138052

PREF RS EON S TOSE, A RN e
JE U, 53 % F0.05p.u.. 0.2p.u. 50.4p.u.,
1R SET TN E 8 BT .

Bl HL R VR R BN, S BT AT X, TR



59 4

EIAR, A5 A B REHCRE T 2k i R IR AS R 2D R 1 S 0T ATl 33

AW R, P AIATIE FL R o A A O
D) & SRR, w5 A BN X, A RE 1 1 BRI 29
Wy 2) PR 5 A AR 2 T P B
M. ma(2)w, P BUE TR P, 5 I
HUE U EAHSG, BEE U, FER, P BYRTAT EERS TR
FREPRE W4

0.40 l
0.35

030 Be Ae

AU, F AT A L

3
o
= 0.20
1

0.15

0.10
—U,~0.05
005t e U=02
U~04

0 01 02 03 04 05 06 0.7 08 09
P /p.u.

E8 RERMEREE U, TS 8T

Fig. 8 Feasible regions under different fault voltages

PERE 8 AP, =0.6p.u., X,=0.3p.u. ),
B(P,=0.2p.u., X,=0.3p.u )Frxf i 6w S5
JSHEATOTE, 155 GFM-ESS B H 458 5 i
IR Y 0 9 BT

1.04 .
= MERE ;. o~ o~ o~
103} | AN AN AN AN A NN AN
5 | 1N, WA NS N
R | g — AUS04
‘F?ﬂ:l.Ol- I,\_/ —-—A:U~02
= | B:U,0.2
1.00 |-——— e L
0.99 :
35, [
. 3.0}
] A )
S8 25¢ iR . R
= 20} {47 AW WX SIS
£ s s _// S
=Y L ! 1.0
e Ll 0.5
0.5 —— I . .
0 | ) . ) 10.000 ) 10.005 ) 10.010 |
9 10 11 12 13 14 15 16
W18/ s
B9 ABXRNSH SINES MR RXT EE

Fig. 9 Comparison of frequency and current responses at
parameter points A and B

Kl 8 R M A K7E U, =0. 2 p. u. BT RIATHNY,
M4 U, =0.05 p. u. B, AR ERERES
SV AR 2T BT I AT G SR A SRR R B

MR, BIEAEU, =0.05 p.u. BFEHIE ATk, &
9 fir 7~ FL R LA R 5 BB BT — 3

2) 458 B SCR X 25 £ 7 i

R A S BN T, 2 FE M 5 SCRAE S
ST 1. S0, RS 3an & 10 fs .

i & 10 AT, B O A SCRE R i, S 4K
AIATIRAY X, R IR P T ATYE Y8k, TR
e 1HE R SCRX LR il /e 5, B 5
W RA R 2) K H BT X, B SCREFE =1 T
Me, 4R 2)al g, P, P Y¥RBEE SCRE 2
s BT Bk, P B RTAT 0 DR Rl SCR A 44
ST

040 ANFISCRT AT A7 4skil Bx L

——SCR=1
0.35

0.30
0.25
3
& 4
£0.20 °
>< Y
0.10

0.05

0 0.2 0.4 0.6 0.8 1.0
P /p.u.

E10 AREH M= SCRETHSEAIITIE

Fig. 10 Feasible regions under different grid-connected SCR

R 10 AP, =0.3p.u., X,=0.2p.u. ),
B(P,=0.1p.u., X,=0.2p.u. )X )i p L 2
s, LT PSCAD/EMTDC -4 #EAF 45 2L, 5%
GFM-ESS 19 % t #50 #2 5 i 3 vl 3t me 17 41 18] 11
iR o

1 EHZE R LW, A S 7E SCR A =5 T 1l 15
B, MM SCR/NE 1A, HAR A e BRI 2R,
{0 RGeS 0P i 29 5 R0 e e 29 i i S [RIAE H
Nkfa; MASTHEEBSG, BAEHEANTT
o (5 E IS BIG S HLE T 45 AR — B
4.2 EEEHNSEX ST NS

1) A T2y 28R 5845 A 15 X5 S B0 AT 3852 1)

A% GFM-ESS M5 1 % H 5 45 30 B e R 5K
Ky, RIS HOT TN 12—13 iR .

AL [RIBE 5 55 H P BB T A 7 B OIE B ol 5%



34 B L AR 5520 %
A W5 LR 3K, KT AT B S I B
Srosl SN NG N s R I K, UK 2 A
3 \ 7 Mgt N 7 . N A3 P — .
gl S Toasais LR, BEE K, WK, R0 R
E1.005¢ [ TR L S > \
Looo) —— - B:SCR{A- ()5 e 2 T 55 o BT DR Ry s 1)t X (37) AT,
o | Ko X T AT 50 0 58 W6 45058 3o RE T2k o 50 4 BEL G B
S 30f 5 WAL, XF- s 20 5 BRI LR 2, R
% 251 5 M P . . N
g 2o AR AR 2) R QDT ShRES
E sl 20 s . N .
E o o R I g SR A B A, T R B R A 5 0
O'(S) - b . 075600 . 10.005 ‘ 10.010 . F)?fi‘){jﬁ?&ﬁ(] w=0, EI]WJ}F;{J)H{?S"F B/\JfgjﬁléIﬁ*H Iﬁ] 5
ST T I e g, G R RO T, % H
11 A B S4B IR b K, BUEFERURMIEL WA FEE: TR K, B
Fig. 11 Comparison of frequency and current responses at YRR JEAFE RO S = R AR A REE, PR
parameter points A and B AIAT I .
odop ... ERGEETH N (P, =0.2p.u., X,=0.3p.u.)
. BRI 69 25O 7 00T, 790 GRM-ESS i
AR S5t R TR O A 14 R
0.30 A @
1.006 - — H=4, K;=1
s 1004 TS TR0
g — 0.40 \ 5 1.002 ﬂ T
= 0. \ £ 1,000 [ SRANANA [\/ AN A
el :“\hl ]'.\_.',:é, 0.998 i \/\/\/\/\/\/ /\//\/\/*/AY/
0.15 33 \ 0.996 I
\ 0.994 :
0.10 030 | '\ 35,
\\ — H=1 3.0}
0.05 § S H=4 3 25 35p B
025 030 035 040 045 H=8 & 20 ,\A.%N‘\.ing_ e
% 02 04 06 038 ro £ 15 . st
B 12 xﬁlﬁlﬁﬁﬁHTm%ﬁﬂ?fﬁ 05'-- — -110 1,5 2,0 2‘5 10.000 3 10.005 3 10.01040
Fig. 12 Parameter feasible regions under different H ils
0.40r 14 REAIHIHZEEEHIRT SHNZE 5 B it Xt bt
Fig. 14 Comparison of frequency and current responses under
0.35¢ different active power control parameters
030/ 4@ P K BUEEN KO GRMAESS /23
025 HARRFMRE AR DR, B4R e 35K
éom M7 L B LS R 35 -
osl 2) P E SRR IR S5 AT 47 85 M)
' A BRIE E,, 43 1.0p.u. . 1 1p.u.
Bl 51.5p.u., BEIGSEATFFEIE 15 PR,
0.0s] BEAE N AR IRE R BT, SETAT D X Y
5 , ; : . ; THRIRELZ; P BUE ERRYE . b5
0 0.2 0.4 0.6 0.8 1.0

13 AESMMERFEH K, THSHITE

Fig. 13 Feasible regions under different K,

R DR FEER 20 N B R RE] ERR, H
1 PN L B BRE ST PT AT 8 X, A R BRI s s 2) FR
WEAE BT (15) P+ P EE S K, PRI AR



59 4

EIAR, A5 A B REHCRE T 2k i R IR AS R 2D R 1 S 0T ATl 35

0.40

0.35

0.30 Be

0.25

g,
= 0.20
d

0.15

0.10

005 e Eyn=1.1

0 0.2 0.4 0.6 0.8 1.0
P /p.u.

E15 ARNBBRIEEE,, THSHATITE

Fig. 15 Feasible regions under different E,,

[) X, BT 18 P, AT AT B R

PEHUE 15 A (P, =0.5p.u., X,=0.3p.u.),
BA (P, =0.2p.u., X,=0.3p.u )kl R i w4 2
Bk AT &, 153 GEM-ESS A4 5 % 55 B i i 17 4
16 TR o

— AE=1S
1.04 ) —-—- AlE=1.1
b i 2 A B:E=1.1
1.03 P N N
3 | 7 X /A ;7 o\ ! \ // \
2.1.02 i poRF N4 Y & e
§1401 | e &
oo N
0.99 I ;
35 !
5 301 ﬂ";\ :
£ 25t o 2 TR 7N\ [
| / 0 -
% 2.0f i __)// \\/ \\// 254 ™
= 15t T 20F \
= ' o e
2 Loy ' 1, Wbt
08 1 i i ‘ 10.600 ]0.605 10.610
9 10 11 12 13 14 15 16

E 16 FRENEBRIEEE,, 5% 587053t
Fig. 16 Comparison of frequency and current responses under
different E; |

Kl A KA B i S BN R N 3R B 0 LA
REHILHN—B, ASTEE=1 SEAL T 173K,
T E /N 1. 1R P10 5 24 05 [R] 2 A 2
R IEIE AR R B IF A48 A SRR 2 B e,
BRE B AT, REMRERE.

5 #ig

AR 3L 5 Ak GFM-ESS 4 15 L < U5 85 745 [] 2

FE M RE 1 5 M 1 S BT A TSR 1) BT e T .
iy (I

D1 T —Fh GEM-ESS s B i TR 807
oo ZOTIEF RSB . DA AR RH ST Y
RERTAS R, A T R R I Y = PR A 2 ) Oy
30 A7) e DR A B0 B bR A SR R
BIEE SRS R EZS FAE I T ik n e
bk, o] A BRI LA IR R

2) P T SR AU BT R ARG B e F AR A
PRI o 8 1o 7 i 5 0 ) 5 S At BT X 132 B
TR E =R AR H, AR T R JE R A T
AL fEAT k3, IRt — 2y TR R K
15 LG IR S5 3 A B R s 1 [ 26 e L R AR RS A 4L
Z)|im GFM-ES'S i b 19 1] i) [m] 25 A e i 3

3)5E ST A S A BRI SRR e e 4
FILFEIEF R S EE A I 20 m rT ik, R, @
TR T L5 154 0N 2 8048 {k X GFM-ESS 4
R RIS SR RERE IR, JRRST T HAE
FHMLEE

4) NI A R R A I, R R
PRVETRIE | 250 B SCR A1 P Ha 3 BRI {200 A £ duk
MR R, A YT T S8
FZE B AARE A RAE R T A 20, XAk
52 M /N, A AR R0BR e &R B0 /N 2 7 30 GFM-
ESS 7E R BEf5 B ES BHC IR, PR AE S B i
O [ 2 b s R YR T A IR R e B e SR &

JE et — oM AL SRR R . RIS
R il AR B IS A s, YR
AR ST R DA SCHE R I AL G R Sl i S 80T S 1 4
FEBTT.

SE 0k

(1] SR, R Q. fik b f AR TR Eop B i ) RGPk S
JREELT] AL TR A, 2022, 42(8): 2806 - 2819.
ZHANG Zhigang, KANG Chongqging. Challenges and
prospects for constructing the new-type power system towards a
carbon neutrality future [J]. Proceedings of the CSEE, 2022,
42(8): 2806 - 2819.

(2] R, i LC R AL B A 0 e o T 1y = R AR PR [T ). g
Jy LA, 2020, 14(2): 1 -9,

XU Zheng. Three technical challenges faced by power grids
with high proportion of non-synchronous machine sources [J ].
Southern Power System Technology, 2020, 14(2): 1 -9.

[3]  BREAL, BREHLSR, Sk, 55 . O RERTHARE T ik
SRR FITHRNEIR, 2020, 14(2): 10 - 24.

CHEN Minquan, KANG Zhuoran, ZHANG Qian, et al.



36

7T ALEAR

%20 &

(5]

(6]

[10]

[11]

[12]

Review on large disturbance stability analysis methods in
power system [J]. Southern Power System Technology, 2020,
14(2): 10 - 24.

T, SR, A, AF . R AL TS TR L T RE IR
I M R GEIR v R vk s L ). B A, 2023, 17
(5): 39 -48.

LUO Shuxin, HAN Yingsheng, YU Hao, et al. Application of
grid-forming control in improving the oscillation stability of
power systems with high proportion renewable energy integra-
tion [J]. Southern Power System Technology, 2023, 17(5) :
39 - 48.

e, B, IRMERR, SF . M RORE R FI AR T 2R ek R L £
PPERELT]. B 1 A B4, 2024, 44(11): 210 - 216,224,
XIE Hua, HUANG Tao, XU Xiaochun, Fault
characteristic and protection performance under grid-forming

et al.

control objective [J]. Electric Power Automation Equipment,
2024, 44(11): 210 - 216,224.

TRE, W, WL, SRR RERE SRR AL A ) R
PR 5 Sk ] L) RGEAR I S #2023, 51(5)
172 - 179.

WANG Xinbao, GE Jing, HAN Lianshan, et al. Theory and
practice of grid-forming BESS supporting the construction of a
new type of power system [J]. Power System Protection and
Control, 2023, 51(5): 172 - 179.

R, B, EI, S 5 R A ORI R R ) A
TS — A R HE 2 A [0 ] P E L AR, 2025, 45
(23): 9376 - 9392.

WU Chao, WANG Jinhao, WANG Yong, et al. Derivation of
a unified control framework for grid-forming converters
considering power constraints and current protection [J].
Proceedings of the CSEE, 2025, 45(23): 9376 — 9392.

FRMS, R, VEARK, A B TR R AL ) B i AR
WAE SR EM T ] P E YL TR, 2025, 45
(24): 9680 — 9693.

HAN Peng, XU Shiyun, WANG Letian, et al. Research on
transient synchronization stability of grid-forming power
conversion system considering charge and discharge mode [J].
Proceedings of the CSEE, 2025, 45(24): 9680 — 9693.
AR, ARFE, WelkI, S5 AL I BUAH AR AR T A FOE MR R
PR A [0 ]. B TR, 2025, 40(9) : 2724 - 2737.
LI Jianlin, ZOU Fei, YOU Honghao, et al. Adaptive low-
voltage ride-through control strategy for grid-forming energy
storage converter [J]. Transactions of China Electrotechnical
Society, 2025, 40(9): 2724 - 2737.

AT LT AR BEAR AL HOR R 51 2x . WAl il RE ALY 190 2028 i 8
AP : 20243219-T-524[ S ]. fERE WH, 2024.

IhEL ], A, S, S T RO U Y B RO I R 4
WO R (T ). UM A, 2024, 48(7): 2985 - 2994,

MA Hongyue, ZHENG Tao, ZHOU Hao, et al. A fault
calculation method of the inverter grid-connected system
considering control strategies switching [J]. Power System
Technology , 2024, 48(7): 2985 — 2994.

W, TN, ARFEZE, A5 . A IR iR B e B o 8L I 25 4L
FL O A AT TS AR R B A [0 ] R 2023, 47(4)
1460 - 1475.

ZHENG Tao, WANG Ziming, ZOU Pengying, et al. Fault cur-
rent calculation and influencing factors analysis of virtual
synchronous generator under grid symmetrical short-circuit fault
[J]. Power System Technology, 2023, 47(4): 1460 — 1475.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

A, TUSRIR, W, A5 R IO U A I B 1 £ L
TSR B8 A LR AR AT THSE S S BOT AT T [J/OL .
AL ML T RE 2% 412, 2025 = 09 - O1. https://doi. org/10.13334/j.
0258 - 8013.pcsee.251417.

LI Xialin, JIA Haochen, YU Haifeng, et al. Transient current
analytical calculation and parameter feasible region analysis for
grid-forming  converters  maintaining  voltage
characteristics during faults [J/OL]. Proceedings of the CSEE,
2025 - 09 - Ol. https://doi.org/10.13334/1.0258 — 8013.pcsee.
251417,

B, PR, WO, SF L T RO RS A R B AR A 2
PLIF I 2R G087 A A 5 R U T[], L T AR 2 4l
2025, 40(9): 2752 - 2765.

LUO Cong, CHEN Yandong, XIE Zhiwei, et al. Transient
model and stability region estimation for multiple paralleled

source

grid-forming inverter system [J]. Transactions of China
Electrotechnical Society, 2025, 40(9): 2752 - 2765.
FHERI, BEHA, WA, S SRR R R R e T AL 1
AR i o (BT A5 R A AR o A (0], o [ AL TR 22 4l
2024, 44(7): 2815 - 2825.
FU Xikun, HUANG Meng, LING Yangjian, et al. Transient
synchronization stability analysis of grid-forming converter
influenced by power-coupling and current-limiting[J |. Proceed-
ings of the CSEE, 2024, 44(7): 2815 — 2825.
SR, ML, BT, BT RE T LI o B 1 -4 )
IR R G AR E MR TR (1), I RS H L,
2026, 50(6): 35 - 47.
PENG Zihao, XIAO Fan, YUAN Yuteng, et al. Transient
stability enhancement strategy for paralleled grid-following and
grid-forming converter based on energy balance mechanism[J].
Automation of Electric Power Systems, 2026, 50(6): 35 — 47.
BAIEZE, G RIGE, Mok %E . T3 SO Tk RE AR i As 2 HUIF IR
B A R AR R [T ], A TR 240, 2026, 41(9) = 2991
- 3004.
ZHAO Zhengkui, HAN Minxiao, CHEN Laijun. Transient
voltage optimization control for paralleled active support
energy storage converters [J]. Transactions of China
Electrotechnical Society , 2026, 41(9): 2991 — 3004.
THE, &, TR, S AN BRI M R SRR RES R
5P feic (/oL ], [ L TRE 24l , 2026 - 01 - 26.
https://link.cnki.net/urlid/11.2107.TM.20260123.1628.006.
WANG Qi, YANG Man, ZHENG Jinghong, et al. Design and
optimization of energy storage parameters for grid-connected
photovoltaic and energy storage systems with grid-forming
control [J/JOL]. Proceedings of the CSEE, 2026 — 01 - 26.
https://link.cnki.net/urlid/11.2107.TM.20260123.1628.006.
BURER, B, 0, 55 B IR P22 R B I B Al i
TACE LB A A [IOL ], b [ s AL TR 2241, 2026 -
05 - 27. https://link. cnki. net/urlid/11.2107. TM. 20260527.
1527.004.
YAN Xiangwu, HU Yan, CAI Guang, et al. Analysis of fault
overcurrent level and transient boundary analysis of grid-
connected equipment considering synchronization loop differ-
ences [JJOL]. Proceedings of the CSEE, 2026 - 05 - 27.
https://link.cnki.net/urlid/11.2107.TM.20260527.1527.004.
K3, VAR, B, & T R AR ML VSC B
o 58 LA K Bk i B ST (T ). o [ L TR A AR
2026, 46(6): 2179 - 2193.

(F 4% 78 M Continued on Page 78)



