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Fig.1 Topology and control system of three-phase grid-
connected inverter with droop control
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Fig.2 Equivalent circuit and vector diagram of
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Fig.3 Block diagram of droop control with a
low-pass filter
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Fig. 6 Adaptive frequency tracking strategy based on
frequency drop

rate

O — -

AP’

0 (jrate 5;ate 3
— IEHIBT T T GEMI S 511 P-o i £k
—— PP R IS4 R SR J GEMIY AR A () P-o 2

7 BENMEIBERREE P-o %
Fig.7 P-0 curve of adaptive frequency tracking strategy

DI(PraleiApipb):w;miwref (17)

HIA7 A -

_ wrefia)pcc o /
Pb_Prme+ D 7AP_PMIP+AP (18)
f
{e
AP/: wrefiwpctiAP (19)
D

K (17)—=0(19) i, #5748 5 5 Z 0] f WA fff 5%
A A2 BT (A I N A4 GE BR R R S 0 ) ff
A
M R A
3VE

Pb - Sin 61'/alc ( 20)

2X
B AT SChn A A 3 N R G BR R g ) P-6 25X

wmr .

P..=P— AP'=

SN NS E BEpE kS R IR R S
175 00 7T LA E M % A S FI W P A5 B 3 R 3 GE
B R WG P-0 M2 A7 7222 sl RV R] o AE S AT 4R A 1
07 A B RN S, G ML 307 85 2 3 17 b sl )

3VE .
sind — AP’ (21)
X



Iy iy B AL AR 0 Dy A i DT AR R b B

e F ¢, LAVC B AE D, it do/de=0, D A8 2 7E

B 6L, GEM 8 88 7T LLES E 1517 .

2.2 BIE R E B BR R W o] IR AR B &R B AR
Xt 6 HR R A R G R SR A ] AT 2

A AT LS 2 A 3 356 B SR /NE S HE BT a0 1A

8HIR .

-|x2

Ax,
PI 0
Ao, .. 1 Ax +
pec — 1 2
£ 3 Kps *10 }—;
Aa)inv *
AP,

APT 4 X
AP
B8 Hi&RMEERKENMSSIEE

Fig. 8 Small-signal block diagram of adaptive frequency
tracking strategy

B ML BT .
X 65 P(8) B MEL 15 31K (22)

FIrE A o AR B R T ) Y 4 ) AR5 A g B UL SR

KA o M AR K N5 TR LRk
B4 4% s AP SBT3 8y /ME S AE .
Te FRIRZE AL AL A
APA+PA,O:(AIl+x1,0)(mz+12.0) (23)
AP Ty A48 i VR A
APy= Ax x50+ Axo210 (24)
K Py IR B RS E s o WARE AR 17 2 1
TR 52000 FARSAL i 2, BB A s AP N Yy 38
HE/IME S Axy B Az, 53 50 R IR S AR 1 B, 1)
M, AR FRE = (25) fR .
Ar; = Gp (Awiy, — Aw e )
1 (25)
Az, :T (Awi, — Awye ) Kps
K Awy, Fl A, 53518 @ 1w /MG 5 15 Gy
by P il 25 11 1% 328 pR 4
2 ST I R I A% R FE R AL A

Aw,,=(AP"— AP — AP,) D; (26)
K AP A D I3 48 4 B /MG S A IRH D 5
{6, 8N 0,

B BRAL ] A APL R T A, 1 P 31 4% 32 bR

3EV . . _
APZ( % cos&o)Aé‘ZKmAé‘ (22) Hean=b(27) s o
AP, _ IzvoGPIKPsGLPFSDr+KPsIl.oKPsGLPFDr*(5+KmGLPFDr)(sz.oGPI+KP81‘1.0) (27)
Awpcc 52 + KPGGLPFSD[ + SZ.TZV()(I‘[JIDI + SKP(«;IL()D[
BRE A 1 P P 22 R BN 2 (28) BT AR Ak 3R 2 T B iR T e A I E L T LA R
Go — skopr 1 RipLi (28) Ml AR AS 5K A6 T~ . B I, B & R AR B B
PLL —

S+ Vikpins + Vb
FH ey, R B I EE A1) R K5 A M BEAH IR B R
B Vo L H R il
I Ah R 2 A B2 AR 506 15 25 IX (1) I L B ]
.
-3 0
’ Cwn V(/ka’LL
KA CHBHJE 5w, 0 A SRS
B S A A3 S BUAH 2R 1A 34 4% 33 0K U Bode [,
i BT AR PR PT 2 80a] LA B A 2T 0 A
516 Hz, %4 98 i ) i 3 AR P . py X (29) 1T LAAR:
AL B FR HE AR ES 50 1% 25 XY IR L i ) 2
0.001 96 s, % B} 8] T Z W6 AN 1, S B ) A5 s () 38 75
b T R
T HL DO AT 3 PR o P R (e R 0 ) | S B T
£ 4 S U BE KA B IS IV A G R I e i
JEAS 2, BIAE 58 /I FLAK T 88 A 2070 98 (an B 5% A &
AL ) A AT ff v Ao BT & i e T SE R
B, ) 3246 A 110 R 3% 3 K 0 vk DG IC S5 Br ) ff 14 i

(29)

R W 114 DA B A% 3o RV BT 6 T R = AH [R) A5 Bl 28 11
B o
B SR AT AT SRy B A A G R SR W P 3R AT 3
PR AN Bode &l o AT LA & B, g 00 A 1 7 3H, 2 A 2
oL 43 "k i, B A Y TC 55 K, B S A B A
T, Uk B A A R SR W e A7 R PR T A B
B4 M) 7 T RE . PRI, T AR R B ORI RE AR 4 b
SHE A AH B, DT 431 AH 20 RE % I el P AR R LR 52
M) [ 385 7 A0 6 3 B SR s o
2.3 ETFREDANERMERITERE
NS YNBSS R R NN N o
B, IR B R, AT AR K (30) 6
3
EEMIMZPM (30)
A N EUE K EL 55 T PCCHIUE HL 3 P N
i e R HL IR B P e RO T R 1, o AR B e K
B S EL A
B S A B A8 Ry fie KA T 3 3R T, L
TR T R SR o HL N H BT

http : //www.aeps-info.com 49



2025, 49(22)

JE 55 3078 28 L R Y S R R R
Vi = Efe X+ X)L I (31)

K Vi B KA T IS5 R 30078 45 i
JE 5 X A HE ST

H B % A A8 BT AT, S T A 3k B I KAE B, 46
% BHL BT AN R 8L BEL T 22 18] B4 H R PR AR B e R, N
BRI EEL AR R B A T A S I E L 2R I L B A
SRS £V ER WAL FI

X+Xw:£%¥53 (32)
A2 0, R TR ) UA B Bead R B E TR S B0 iR
NI
H I, A I8 N SUBH T8 5 2
xﬁiﬁﬁﬂi—x (33)

AR K O BE T o AR A Th R A E
IG5 38 3 BB 6% PR AT 158 B AT 3 O A0 ok 2 O R 1
TR /IN ) i FEL SR AT foF L 9 T A L

T FEL AT R RV B R, 2R s G P e R
A ZHEE USRI (3D A (33) 18R

U= E} (Xl ) (34)

BEAb, I i 5L BH BT 2R 5 S5 A HL R - L I U 4
il A P An BAE S A A9 B . B U UL, R i
PUBH BT L dg o i Je 09 o R B 95, Ho T A Xn =X
(35) iR 7E daq e % A6 bR 2T U8 in k2 $01 BE Bt 26
A5 AL AT LA GEM ¥ 28 8815 dg e 5 e bR & F
it R I i PR AL L S T LA 55 A R O S 3R I X
FE AU BEBT A5 (52 m, TR R 5 F 5080 .

Ucvd o Rvir 7Xvir id
[U}[R X }H ()
2 F 2, o3 00 A i LU Y g Bl S R R
?HEEIS—HaRVir:XVir/O"ﬁ“EFI ,O':X/Ro

3 HESWMESEWEIE

3.1 (HESH

T IR T AR A SR W Y IE B S A s AR
Y S fE MATLAB/Simulink H 3% 2 {5 A 5| 4
L GFM 3% 748 2% 22 S8 i (8] 50 T8 5 s 1Y JE SUL5E 7 o
WCE LR AE 0.6 s IR DL 2 Hz/s A9 3 R Bk JE 2
49 Hz, 1F 1.8 s JFUE LA 2 Hz/s 1) 38 % 6] 7| %8 50 Hz.
FEGESEMNE 2R

BRF S AR ATO AL AL 4303 R R AT 4] BR i
W (1 550 R 55 Ty g 1 B D% TE e GF M6 A8 25 4
o n LI A, BT GFM ¥ 48 2% 77 76 1 fO15
PE, GFM 15 A8 25 47 5 (1) A48 £k 380 RE iy 5 1 H 400 5

50

s M BERAR -

x2 FEMHESH
Table 2 Main simulation parameters

SR HfE ZH Hifh
BB U, 800 V HLE IR RS R Ay 100
JFRMAS 10kHz T T IERED, 3.333x10™
MU A& L, 10 mH HIHTEAKD, 3x10"
B A C 25 uF || SUAHIR L) R E ke, 9.7
WA L, SmH | B R A Ay, 2323

WA AL HLBIL R, 0.9 Q|| 431 3 3 ¢ B 9 2R Bk, 3 000
G RN AL O S VI (S PR e e SEY - 320 ¥ 1 93 1
LN BRI ¢ S BUESR o, 600 rad/s
HEIR ) Z Bk, 0.5

A, 9 2 D) A T ff 3 B AS 1B I K. NI AT
AL W FE T A B K A i B e GFM i AR 2% 4
L L B o o Bl = N S O A S ) ) B4 i) B
R HE K

B S B A12 5 1R AT3 9 HEE A F 3 B K 8L B
P IR 5 Dy f 3 & 0B ) GFM a6 78 2% i
T o Hh T R 480 BE Bt BR 970 2% 3 2o ) D85 A FL R 9 o 2
() HL R 2 2 S B ) 550 1 BEL e IR 370 0 L AR A%
U GEM AR 2R S 2 [ D f B e, — B
REL PP E A Y, GEM Wi A8 28 £ I L B AT E
) . PR, A UL B BT LA BR i A R Bk
5 R ) 3 3 1)

9 Sy i A BT £ B A N AR 3B RO B 1 GFM
WSS o FTLLE A [ AE R A 2GR B
SRWE R, 2o PR AR B U A 0 A7 AE S 30T A
HERAY I [ I8 R A B R W, D) A 3 LR
AN BB B 3 A R S B SR W AT LA ) A
T 0D 0] 0 Ty R 3 o IR BR A B T B R O R
75 T by 2 A6 0 3] o A 3k B IR) P B34 T A 4
A, 2 D) 46 i 2 5 80 GF Ml A8 % S i el 300 4
FEFE I B AR B9 KN {E G0 R 2o 37 1 (R 1 AN i
s $0 ) ) A S R O AN

10 A i A BT 4 [ 30 O A0 R8BSR S IR
IO R AV BT R 70 46 W 1 GF M 306 A5 g Hh e ol
DL % B, H 05 2% L 2 Hz/s (9 3B R [ B, 3 A
i B S RO T LR R RN o 24 RO S B o O M
i, SR @A77 19 PR 37 328 58 9k il &, SR 05 $8 ABR R
m L SEEL T PO AR Kb A TR, A
JO7 A 3563 B SR s U Ak T R B U ) 1) T 4
BT R A DA A 3E IR 0L R B T o I
(B I /IN 1 i o fRL AL, DT R IE T i P S 4 30T A A
HL . DU, BT E N BB A A7 A DU R
WG TR AR A YR EHEA NS HRS
FREIET , AT B AT D ) 3R S0 . Y H AR R 5 A



— R
— AR

L L s s )

50.5
X 500
495}

49.0 - -

~ 0.06
£ 0.05
5 0.04
1% 0.03
2 0.02
=001
0 0.5 1.0 15 2.0 25 3.0
IS
(a) AR5 L A% 5 1)) £ 3 DO
100 —
< 50 —cifl
2 0
® 50
-100
= 30
=< 20
g 10
=0
10 I I I I I )
N 50.0
=z
54951
K490
=
EH
)
=0 0.5 1.0 1.5 2.0 2.5 3.0
fiFal/s
(b) WAEF R H Y
B9 Hn\FTiZ B iE R 5% B R R B B GFM
A SRR

Fig. 9 Output waveforms of GFM inverter with
proposed adaptive frequency tracking strategy
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Current-limiting Strategy of Grid-forming Inverter Based on Power Angle Increment Under
Power Grid Frequency Drop

WANG Shunliang', CHEN Yalong', MA Junpeng', TU Hao', SHI Huabo®, TENG Yufei’
(1. School of Electrical Engineering, Sichuan University, Chengdu 610065, China;
2. Electric Power Research Institute of State Grid Sichuan Electric Power Company, Chengdu 610041, China)

Abstract: Grid-forming (GFM) inverters effectively alleviate the issues of low inertia and weak grid stability caused by increasing
renewable energy penetration. However, the virtual inertia of the GFM inverter may induce overcurrent during the power grid
frequency drop. To address this issue, based on the power angle variation during the frequency drop, this paper reveals that the
power angle increment between the GFM inverter and the power grid is the dominant factor causing the GFM inverter overcurrent
during the power grid frequency drop, and a current-limiting strategy is required to avoid the overcurrent. To prevent repeated
switching of the current-limiting strategy and achieve fast overcurrent protection, this paper proposes a switching logic based on an
event-triggered SR latch. This method utilizes the event-triggered logic to respond to overcurrent events in real time, thereby
achieving fast overcurrent protection. Then, an adaptive frequency tracking strategy based on power angle increment is proposed,
and the virtual impedance is adaptively calculated based on the residual power angle increment in the initial phase of overcurrent.
The proposed method not only suppresses the overcurrent during power grid faults, enhances the synchronous stability of the
system, but also has fault recovery ability. In addition, the bandwidth analysis of the closed-loop transfer function of the adaptive
frequency tracking strategy demonstrates that this strategy has good compatibility. Finally, simulation and experimental results
verify the effectiveness and accuracy of the proposed method.
This work is supported by Smart Grid-National Major Science and Technology Project (No. 2024ZD0801600).

Key words: grid-forming (GFM) inverter; frequency drop; inertia; current-limiting; power angle increment; frequency tracking;

virtual impedance; overcurrent protection
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