$54% 551 W ERAKRY S ES Vol.54 No.5
2026 3 H 1 H Power System Protection and Control Mar. 1, 2026

DOI: 10.19783/j.cnki.pspc.250771

WimE T2 [RAERE SRR N 2 T 5215 Y
BEALIRAL T A

KA, HERL £ T ABGE, MR

(1. RGBSR LA, bR 100044; 2. K FEE B E A TAEFRFARL T, LT 100044)

TR LG O AR A ARG S 1 A 7 Tl 52 s PR DX 22 4, T il B ) PR U1 R A X R 22 4 (LK
NI, B RS T 2 R A RE SRR R N 4 R T RIBERLICA T . O, M B RISR T EIRUERAS 2
BRI . HLK, W e e T RE TR T (0 S AR AR W MR, R HE S Th R -RE R AT RIA S,
Bt — A R Al 22 RN T S R R A L2 AN i RE VR AIURECR [ R e e o SRS, I T 2 A DU (R B AL
PR, 55— B BU/MERGERA, 5 I BN 6 X375 T BRI LM, (RER MR 22, K5,
A TACHE S IR R PR M b X 52 3 FEL R GIE T SRS TR P R, 5 SRR W TSR TR RE A A R o R R R
FAPE, SR SRIRBN A R B AR

KR MR ELRERAR L MR fhRE: a6 IR

A stochastic optimization method considering the whole process of energy storage supporting
frequency response under extreme events
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Abstract: Extreme events represented by typhoons occur frequently and pose a severe threat to the frequency security of
receiving-end power grids, while the fast regulation capability of energy storage is of great significance for maintaining
frequency security. To this end, a stochastic optimization method is proposed that considers the entire process of
regulating the frequency response of energy storage support under extreme events. First, a probabilistic failure model of
DC interconnection lines under typhoon scenarios is established. Second, the frequency response characteristics of the
entire process based on energy storage regulation after faults are analyzed, and analytical expressions for power-energy
reserve capacity are derived. A criterion is then proposed to quantify the effects of frequency deviation while reflecting the
frequency regulation contributions of synchronous generators and energy storage, as well as system resilience.
Subsequently, a security-constrained stochastic optimization model is constructed. In the first stage, the system cost is
minimized, and in the second stage, a probabilistic model of the DC interconnection lines under typhoon scenarios is
embedded to ensure grid frequency security. Finally, the effectiveness of the proposed model is verified on an improved
asynchronously interconnected power grid and a regional receiving-end power grid. The results show that the proposed
model can effectively enhance system resilience under extreme events and improve post-fault frequency dynamic performance.
This work is supported by the National Natural Science Foundation of China (No. U22B20103).
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Fig. 3 Frequency response under DC tie line fault event
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Table 2 Operation cost analysis

i Tl RESR AL D% NESV
255 5 /% Agedr g OB Tmes BlAk
1 0 0 765 365 765 365
2 0 0 800 485 800 485
15 15 863 766 532 782 395
’ 30 52621 720 987 773 608

LG, 35t 3 BN TAERERA, (HIZ AT AR PRI
4.2%, [FINS, fEREVAAT S LLas e, REGUS AR T %
T 11%. FH, SSAREE 2.6%, UEARIA ESS
AL REFETHIN R 22 4=, IBREH K R AT A3 -
6.2.5 2 A N 35 E

AT K A &R G800 B A L (PSASPY) T
HE— 2D U0 IE BT PR A R 2 A vE N 1 A e . RS
SEH Ty 400 MW, H=450MW-s/Hz, D=
100 MW/Hz o XA~ [6] 1 4 % FH & 33047 05 B oA
PSASP #HU R A & 5 frx. H, 77
Z—: IR I PFR &M FATA 250 MW, SFR &8
100 MW; J7%—: IR 1 PER &A1 A 275 MW,
SFR &y 75 MW; J5 % = IR #ll PER &/ 300 MW,
SFR 5 50 MW, i E&RWE 5 fis.

HNZ Hz
o~
©
=

20 10 20 30 40 50 60 70 80
t/s
& 5 SRR iEFE

Fig. 5 Full frequency response process

TEARRERAKFET, SR )R 2k K 27
PR ZE R g RE 5 pron. ETFRA)FMA
(23), IR-PFR #1 SFR 3 #2 A (155028 (i 22 i v R 3 7
W TR 48.7 F1 31.4; J7 R =5 37.5 F1 20.8;
TN 26.2 F10.4 0 BEUME S5 At THE O AE R 2
TE—ETaE . SRR, P 22 4 uE A XS
PR, X AT AE T B AL 2 B R AT % A LA 2
WA R BR . R 2 A AR AR AL —Fh H
AU BEREAY, AR 2 4 T DAz ), A
NIER AT, SER A AT RER AR K

6.2.6 AN[FIJTIE0 EL A A

BT & X2 T 808 e I8 5 5 s K TR e 25 T
i, XA ERBE LG KRBT, &5l
HA T E AR . R, SEREAT AT RE S H
AU FE S5 R AR 2K . B S 17— R BTl
AHEE,  SEBRE A AKSEIIN T 3%. B SR BEL
WA A T SR iEA et N-1 7k, DR
YA H ISR 28, 2T U LRSS,
THE SRR 87 HH 28 BT B 2% 26 i e A rp
BB B R P IA, PiRgGRNE 3.

= 3 TEIAEMAITIEL
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Table 4 Performance analysis under different safety criteria
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Fig. 6 Actual grid cost comparison
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