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Fig.2 Two-stage wind-storage dispatch process
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Fig.4 Controllable unit output after intra-day adjustment

Pl 5(a) Ay v TOUINAR B2 T A o) B8 K 24 2 It
THRIDIA AR Lo T UL 37 X5 R H T A A%
R LR, TEAE 7R WKUH 375 A A H, 0 T H, L2 il A2 8 2
R, SUE RIS 1 A R 2 o T
A Ml DX XU IR, HLZR Gt 3 R it A 0 3
it oK, PRI 28 R 7 R 2 80t 24 T 45 A s =X, £



101 fiti it A5 T R AHRE R AR H 9 KURESUST B B2 S

5.
118
0Ff
2
S st
e
=
=& -10
w
-15}
0 5 10 15 20
it [a]/h
(a) FAEE (1% %5%)
40 1200
30 1180
20 ﬂ 1160
10}
g 1140 =
0f A (el M
S_ -10 mkﬁ‘\:&wakwﬂjj J\,A,nﬁght\\iﬁaw\dtjl } \N\.;‘A 120 %
] 20| 1100 3¢
= 30! 80
' 40l 160 &
=50t 140
-60 20
-70 0
0 5 10 15 20

I} [ /h
(b) {RHE I (R2E15%)
— HAfid) -t S e
AYUte - R E
- =
E5 AEBEHTNGEEHRNIEEBRELBRTE
Fig.5 Comparison of intra-day dispatch tie-line power
under different ultra-short-term forecasting accuracies

xR 2 AEBEHHTNEERERLERITLL
Table 2 Comparison of dispatch optimization results
under different ultra-short-term forecasting accuracies

bl R TEIRE/% R /MW
3 Kk 6.98 43.62
e A B B
e 3.45 18.49
Ktk 89.30 2061.2
IS B2 o
thibs 26.72 31.51

{EICRE R o PR 7 A DD T R R AR E
IR o] DX B 20 8 e BIR o ) KR R B R e . 7R AR
i HE AR I 221, AR AR S RO BR 28 e S R S5 RIMEZ
() 4 22 ) 2 0, SECIIONG 5 J BE T . Bt S P
ARG RIE 2 18] 22 B A 4 /)N, BR 2% 29 sh DTl
A AR 1 B I /D, S WA S0 A AR AN
SE PRI g L A 17 1 A

PR E A T H I AR R A R R Y R
25 8, AT

E |Pliaireal,1 - PliaJ)re,t{

Ogis = —— (34)

T

Z |P1iaJ)re,t}

t=1

A S W EE TR 225 Piy rear, NI Bt INERZE L T2 PR
FERT TR Pry e I B NERZE R RIAE I D%
7 PR Ak PHE g A BT RS PR o] DX 3k A B ) 0
0L, 7 LA
Poveredge _ {P lia_real,t -P lia,max P ]iaﬁrcal,tBP lia,max
Priomin = Pria reaty  Plia_reaty < Pliamin
FH: Poyercage N AMEBR DR AN P 1
FE AT R, AR R B R 2 W, T
K2 50%, 22 481k 4% 2k B 3 5 3y 35 1) v 1 R 41
1o, W1 H PR ST LACTE - 410 XU HR 38 B Y 152 25 % 3
D7 TRCR B35, 4T 7R B R SR RRE
P[RR, BRR AL P& R R T 57%, FEAR T JHEE
oAb 3HLEE H BB A A Y AR, B T XU 3 X Ah
H Do) 2 [ A BB 28 e PR D 2 4k o
A S e 2 af UL, ZEAH R R BE 5 T, D&
TOOMRG B ) 22 57 S 80 E R A R AR . R
TODUAG B A5 F T, AR AT F BRIR 1 07 A F0 1R 22 b 2
RAEARR, A9 B rhvCoox P 5 B0 R A A8 B T ok o . 0
A5 B I B R 25 MR AR 6.98% B 2 3.45%, K
PR Azb - K B = 18.49 MW, B6IE T B VLA
M. (EAR RS, BTG B, R
PR 24T ik 26.72%, Ak 5 B s R Ad #1 i
1 31.51 MW, 1t B SRV 78 AN F 45 14 T AR 0K Je 3 i
6 RRERE 7. R, X T AR R Rk
) R B BT, TRDNDORG B X R R A R LA e e M
Wi, 25031 5 1 LG T B SCR I g . 2% 2 308
N, B AE AR TS B 2 F T, B AR AU AR
SR, 2D B T SR Y A N, R S BR E
JERAE TS R
X T MPC, H B0 B T BRI AR 5 4
Ko El 6 MPCIRBILALIT, fitf B SOC 5% 22 AL
FHA T 5 — R ENE R F Z WBOR [RE
i, SOC WIS FRE 5 H AR ) BREE RN HE
R ZERCE P F A48 H N H bR eR B0+ 50 4 1
5 H AT S %8 22 (A BCE B P 90 2, ACE AR [
FF A T S RCER R 43 00 0 7 b R R AR [
& MPC WY H 224, AR Z i #28), MPC %
il R ER TR A D R A B R A7 3R A Z L
I, MPC $5 i) 2 258 HoAth £ A 42 o 90115 25 ), 2%
55 T At s E A AR R RO i R A U Bl .
[Fi] i v B AR 1 525 T30 23 B I 4 i B A A, Al
K H TR A ok DCAE S BUAS (3 i PR A R [
T BB 77 ZE AR 8 SE PR IE 00 & e B, AT A 2
B PEHIRCE B i B 5 158 22 A B 1 R 3
FratEEE AT

(35)



2 HEHEAR 102

0.9

[ — At
0.8 F — WEMFETFHS5%10

SOC

0.2 . . : :
0 5 10 15 20
I 8]/
(a) BLH F T Eb5x 10452 b PR B A i
09
— HuiHR
0.8 — J a1 Lhdx10°

0.7
0.6

SOC

0.5}
0.4t
03}

0.2

0 5 10 15 20
B[R] /h
(b) BLIE [KF Lbdx 105 SZBRER BRIt

El6 ZWNERTFREXIL
Fig.6 Comparison of multiple weight factor tracking

Pia _Piamin

é‘: — max
|Plia|

T | Prial e 9 5 RS 98] B2 S S0 PN K 245 2 A% i )
R RAE I 5 TAE 5 | Pl i A IR 28 AL il D) 38 448 %)
(BB 5 /IMEL; [Py 4 38418 52 T SO0 B0 245 R AL B D) R
Y NHE 1A

HETHRI R OC AR FE AR f5 B A2k 23 0
1.116 7. 1.356 4 1 1.201 2, Ak J5 V- M 508 S 11,
HEHE HETH . PR BUE R QR 2% 4k
FE R BE JE I N (0 D) SR 45 2 B/ o AT AR 2], P
A5 IR 4% 2 i 326 ) 32 ) D B AR B /0N, R P AR T
T VFFE -

5 #Hig

SO KU IR S DA T8 BE TR R, 2 3 —Fhit
L2 3 T 9 i RE e A5OM) A% XL B 9 38 54 ek A
o (e HRTH B, /AL T % BB T A | FE KA
il BEFI) FH A< 1) 22 H b 4 B2 A8 8L il il MOPSO 3R
fif;s 76 H NPT B, iz JH T MPC #RRER H AT K i
HROVR AR . D7 HSLHIEDT, BT B AT
AP AT BE RS 6 AL I BE oK, m] LG B H
THRIFA R FIERE R IR . BRI R 224 PR
FRETESFE Z AL DI H N TR BEZE R, M T 4K

SERERY AT IR ZR o Sl A [ 9 R 3 3 R0 SR R 4

FLSLHG, SCHR S UE 1 AU B B SR s A AT AL .

MPC BB A RORME XU, | Ol 25 ] 4R BE IR A A

B RE PR R TR R R 22, I B R R E T, 4R

1o ARG R E PE RN TR o S XU H 37 i A

PEAT 05 BT, A3 B I SCrh g s, R IR A

T 15.6%, SHRER AT T 12%, 147 A KE

T 10.5%. e BMRE LR, 6 BE DR 28 MR AL

Y 6.98% [ 2 3.45%, MR IIHRI AT 57%. i

FLAE R W, T $ O 2 5w B 12 2 52 T B UM

R, BRI B R 22, JFHG R R E Tk

SE k-

[1] WANG W, YUAN B Q, SUN Q, et al. Application of energy
storage in integrated energy systems: a solution to fluctuation
and uncertainty of renewable energy [J]. Journal of Energy Stor-
age, 2022, 52: 104812.

(2] Jazetf, 2208k, BRA, 55, 3 Mo L BIXUE L ) REEIB AT T 48

P B0 3 A B RO A AR ST AG L] e R R S,

2025,53(11): 116-124.

ZHOU Yangiao, LI Jueyou, CHEN Guo, et al. Distributionally

robust optimization modeling and evaluation of power system

operational reliability with high wind power penetration[J].

Power System Protection and Control, 2025, 53(11): 116-124.

XIPE, AR, 4%, 45, 5LF CEEMDAN HI DBO-GRNN (1

R A AN (1], v Iy, 2024, 45(8): 97-105.

LIU Yang, WU Shuangxi, ZHU Yu, et al. Ultra-short-term

prediction of wind power based on CEEMDAN and DBO-

GRNN [J]. Electric Power Construction, 2024, 45(8): 97-105.

ZHOU B, FANG J K, AI X M, et al. Storage right-based hybrid

discrete-time and continuous-time flexibility trading between

[

(3

(i)

(4

energy storage station and renewable power plants[J]. IEEE
Transactions on Sustainable Energy, 2023, 14(1): 465-481.
ABDELTAWAB H, MOHAMED Y A 1. Energy storage plan-

ning for profitability maximization by power trading and ancil-

[l

(5

lary services participation[J]. IEEE Systems Journal, 2022,
16(2): 1909-1920.

R, EARIR, 25T, 4 BAAWUAN AR XU S AR o
A AL AR RE M 2 H LI D). B ) R R4 5 3, 2025,
53(4): 108-119.

GAO Shuai, WANG Weiqing, LI Xiaozhu, et al. Trading mech-

anism for centralized shared energy storage in wind farm clus-

[l

(6

ters with incentive-compatible characteristics[J]. Power System
Protection and Control, 2025, 53(4): 108-119.

JEVAES'G, WK, EHIRAS, 2. XL I IS A REAY F1m N HE L0 15
PR e F b (V). b2 5 HOR#A4R, 2024, 39(3): 150-
158.

ZHOU Nianguang, XIE Xintao, MA Junjie, et al. An adaptive

virtual inertial damping control for wind farm integrated energy

[l

[7

storage system[J]. Journal of Electric Power Science and Tech-
nology, 2024, 39(3): 150-158.
(8] Z=JbH, ZEARMR, X E#, 45, @0 ZUIRET R IR RE R A Ak


https://doi.org/10.1016/j.est.2022.104812
https://doi.org/10.1016/j.est.2022.104812
https://doi.org/10.1016/j.est.2022.104812
https://doi.org/10.1109/TSTE.2022.3215839
https://doi.org/10.1109/TSTE.2022.3215839
https://doi.org/10.1109/JSYST.2021.3069671

103 filt 2t 55 T S BE R ROR 4 XUOUL B B 2 S

BATFSE 3], EHIH, 2021, 38(6): 29-34,42.

LI Yuyang, LI Xiangjun, LIU Guojing, et al. Research on
distributed energy storage operation majorization under multi-
ple application scenarios[J]. Distribution & Utilization, 2021,
38(6): 29-34,42.

[9] SU X J, ZHANG Z Y, LIU Y H, et al. Sequential and compre-
hensive BESSs placement in unbalanced active distribution
networks considering the impacts of BESS dual attributes on
sensitivity [J]. IEEE Transactions on Power Systems, 2021,
36(4): 3453-3464.

[10] HANNAN M A, WALI S B, KER P J, et al. Battery energy-
storage system: a review of technologies, optimization objec-
tives, constraints, approaches, and outstanding issues[J]. Jour-
nal of Energy Storage, 2021, 42: 103023.

(11] phdete, A0, FLIBEDE, 45, 25 R4 A 29 A ey L 451X

HLF ) R G AR DU AL L B s U] i Do BRI,
2024, 39(5): 151-162.
SUN Jianhua, WANG Jiaxu, DU Xiaoyong, et al. Optimiza-
tion strategy for energy storage configuration in high propor-
tion wind power system considering frequency safety constraints
[J]. Journal of Electric Power Science and Technology, 2024,
39(5): 151-162.

[12] TRIETR, RRE, RERIL, 55 WAHBA KB R A LR

R R R 2R A AT (0] H ) v R 5 R TR B2, 2021,
42(1): 173-180.
XU Yanfei, SONG Tianhao, YUAN Tiejiang, et al. Capacity
optimization configuration of wind-storage power generation
system and analysis of its influencing factors[J]. Power Capac-
itor & Reactive Power Compensation, 2021, 42(1): 173-180.

[13] STECKEL T, KENDALL A, AMBROSE H. Applying
levelized cost of storage methodology to utility-scale second-
life lithium-ion battery energy storage systems[J]. Applied
Energy, 2021, 300: 117309.

(14] TKEFEHR, E48, H2E, & RO FRREHE RS T

BERI[J]. KR, 2022, 43(5): 731-739.
ZHANG Zedong, WANG Wei, YE lJilei, et al. Study on steady
state power model of concentrated solar power with heat stor-
age system[J]. Power Generation Technology, 2022, 43(5):
731-739.

(15] FaEHe, IR I8, A, 55, SETURBERR A2 2 1Y 5G JLuli it
RETHBE R [J]. B R 48 A 3h1k, 2023, 47(9): 147-157.
JIANG Tingyao, XIE Longen, DU Yu, et al. Dispatching strat-
egy of energy storage for 5G base stations based on deep rein-
forcement learning [J]. Automation of Electric Power Systems,
2023, 47(9): 147-157.

[16] RIE, X =M, #fh, 55 $THHRe It ) Rgcte et 1
TSR A0 1 (V). W 1 R G A Bk, 2023, 47(12):
130-136.
WU Chen, LIU Chenxi, HUANG Wei, et al. Siting and sizing
method of grid-forming converters for improving stability of
power system with renewable energy[J]. Automation of Elec-
tric Power Systems, 2023, 47(12): 130-136.

(17] OKBH, bk, S, 4. BT o0 RGo XARAG T fif g

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

ARBCE AN (1], H ) A S i s, 2024, 44(7): 13-20.

MI Yang, WANG Peilin, ZHOU Jie, et al. Energy storage
capacity configuration strategy based on partitioned inertia esti-
mation of power system[J]. Electric Power Automation Equip-
ment, 2024, 44(7): 13-20.

W, oL, B, A5 W A BRI Ay X BT AR R S At i
A R 40 B o ) R m [0]. v [ R WL TR 24 4R, 2024,
44(11): 4286-4297.

HU Haitao, YANG Kai, GE Yinbo, et al. Regenerative braking
energy utilization system and control strategy for sectioning
post in electrified railway[J]. Proceedings of the CSEE, 2024,
44(11): 4286-4297.

OJETOLA S T, WOLD J, TRUDNOWSKI D J. Multi-loop
transient stability control via power modulation from energy
storage devices[J]. IEEE Transactions on Power Systems,
2021, 36(6): 5153-5163.

FHIEf, JH/INT-, BRAMEZR, S5 T e e A % BE 28 AR A 19
MIDC J& S8 AR S AL ER 73 KA il 5w (0] i SR B,
2024, 50(7): 2820-2832.

YIN Hanhang, ZHOU Xiaoping, CHEN Yandong, et al. Subse-
quent commutation failure mechanism analysis and prevention
of MIDC system considering interaction of grid side energy
storage[J]. High Voltage Engineering, 2024, 50(7): 2820-
2832.

2N, NS, M1, S, JE T — B RO R
fift BE 2320 DRI R A o SR (). K PHRE 412, 2024, 45(9):
345-352.

LI Shengqing, LIU Bowen, LI Huanping, et al. Coordinated
voltage control strategy of photovoltaic inverter and energy
storage group based on consensus algorithm[J]. Acta Energiae
Solaris Sinica, 2024, 45(9): 345-352.

TER, X, RGP, 55 RS Z R RE AR G g £
SR BT[], nTHAEREDH, 2020, 38(5): 690-695.
WAN Yuliang, LIU Xin, WU Xiaodan, et al. Dynamic robust
optimization model of wind power and multi energy storage
combined for power grid peak regulation[J]. Renewable
Energy Resources, 2020, 38(5): 690-695.

JEIFY, PNAT, KR, 4. 25 B AR SRR AR R ) -
& Z e BEHLOE P R B A B S 0. T R AR g UR, 2020,
38(3):380-387.

ZHOU Dan, SUN Ke, ZHENG Zhaoming, et al. A stochastic
optimal dispatch method for integrated electrical-thermal
energy system considering heat storage characteristics of heat-
ing system[J]. Renewable Energy Resources, 2020, 38(3):
380-387.

PR, RBERE, K, 55 LT 2R B AR R B R i KOG
kA G LRI L], WL R S8 A Bk, 2022, 46(16): 178-
187.

PENG Chunhua, XIONG Zhisheng, ZHANG Yi, et al. Joint
robust planning of wind-photovoltaic-energy storage system
based on multi-scenario confidence gap decision[J]. Automa-
tion of Electric Power Systems, 2022, 46(16): 178-187.
TRAAIT, M7, P, I v A2 R TE B XL, TN 2k 1 XL


https://doi.org/10.1109/TPWRS.2021.3051629
https://doi.org/10.1016/j.est.2021.103023
https://doi.org/10.1016/j.est.2021.103023
https://doi.org/10.1016/j.apenergy.2021.117309
https://doi.org/10.1016/j.apenergy.2021.117309
https://doi.org/10.12096/j.2096-4528.pgt.22044
https://doi.org/10.12096/j.2096-4528.pgt.22044
https://doi.org/10.7500/AEPS20220620002
https://doi.org/10.7500/AEPS20220620002
https://doi.org/10.7500/AEPS20220620002
https://doi.org/10.7500/AEPS20220620002
https://doi.org/10.16081/j.epae.202405015
https://doi.org/10.16081/j.epae.202405015
https://doi.org/10.16081/j.epae.202405015
https://doi.org/10.16081/j.epae.202405015
https://doi.org/10.13334/j.0258-8013.pcsee.223210
https://doi.org/10.13334/j.0258-8013.pcsee.223210
https://doi.org/10.1109/TPWRS.2021.3072827
https://doi.org/10.13336/j.1003-6520.hve.20230240
https://doi.org/10.13336/j.1003-6520.hve.20230240
https://doi.org/10.19912/j.0254-0096.tynxb.2023-0760
https://doi.org/10.19912/j.0254-0096.tynxb.2023-0760
https://doi.org/10.19912/j.0254-0096.tynxb.2023-0760
https://doi.org/10.3969/j.issn.1671-5292.2020.05.020
https://doi.org/10.3969/j.issn.1671-5292.2020.05.020
https://doi.org/10.3969/j.issn.1671-5292.2020.05.020
https://doi.org/10.7500/AEPS20211221004
https://doi.org/10.7500/AEPS20211221004
https://doi.org/10.7500/AEPS20211221004

2 HEHEAR 104

fiff W6 R B 22 5 140 A7 (0] R L R EEAR, 2023, 17(11):
87-96.

XU Weihang, YANG Mao, SUN Li. Economic analysis of
wind storage joint scheduling using battery energy storage to
track wind power prediction curve[J]. Southern Power System
Technology, 2023, 17(11): 87-96.

(26] 4RI, L JRLAT, BLAE, 2. 5T T 44 X (] ) XL - R

Hby F -5 BRI B (D], F i As 38 K224, 2025, 59(9):
1270-1280.

YANG Yinguo, FENG Yinying, WEI Wei, et al. Coordinated
day-ahead scheduling and real-time dispatch of a wind-thermal-
storage energy base considering flexibility interval[J]. Journal
of Shanghai Jiao Tong University, 2025, 59(9): 1270-1280.

[29]

[30]

system considering uncertainty [J]. Electric Power Automation
Equipment, 2024, 44(2): 18-25.

/N, BEAEER, BiRih, S5, 25 AR RE AR 4 A 1 1 KU R
BRI SR (V). B RIEE A, 2024, 48(5): 1938-1946.
ZHANG Xiaolian, QIN Shiqiu, CHEN Chong, et al. Wind
turbine storage joint frequency modulation control strategy
considering the balance of energy storage charge and discharge
[J]. Power System Technology, 2024, 48(5): 1938-1946.
a4, W, BE. 55T 2 BARR RS 00 i I O A )
BELT]. H PS54 T REIR, 2014, 30(1): 49-54.

WANG Jinquan, HUANG Li, YANG Yi. Optimal dispatch of
microgrid based on mult-objective particle swarm optimiza-

tion[J]. Advances of Power System & Hydroelectric Engineer-

(27] Z=IEBH, 2000, A, 45 KOG ARG LR k)T
FARGUALIEE (). A1, 2024, 53(2): 142-152.
LI Bingyang, LI Xinli, YANG Guotian, et al. Optimized

ing, 2014, 30(1): 49-54.

TEH R

dispatching of wind-PV-thermal-storage for auxiliary power

itz (1990), 2o, Wi+, BIZHZ, B9 7 a
S 1 R GaE T 50K (E-mail: 20191011@
hhu.edu.cn);

XIEE(2002), 55, A-AE 2, AFSETT 10 90

system of thermal power plant[J]. Thermal Power Generation,
2024, 53(2): 142-152.

(28] g, TSR, 2Bk, 5. T R E R WU & R4 %
wHE R ET %S SR, By A ik g, 2024, 44(2):

18-25. B ) KRG s 500k
SUN Xin, WEI Wenrong, LI Qionglin, et al. Multi-time scale i XUMEMS(1999), 55, Wik, HF5E 5 1) A 7 7
ft it WL RGBT 5L

market participation strategy of wind-energy storage combined

Two-stage scheduling strategy for wind-storage systems with
efficient storage utilization

CHU Yundi, LIU Yu, LIU Yepeng, HOU Shixi
(College of Artificial Intelligence and Automation, Hohai University, Nanjing 211100, China)

Abstract: Existing wind-storage dispatch strategies often overlook the optimization of energy storage utilization and the impact
of fluctuations in tie-line power. To address these issues, a two-stage wind-storage dispatch strategy is proposed. In the day-
ahead scheduling stage, a multi-objective optimization model is formulated to minimize system operating costs, wind
curtailment, and maximize energy storage utilization. The model is solved using a multi-objective particle swarm optimization
(MOPSO) algorithm. The model fully accounts for the volatility of renewable energy sources such as wind power and
photovoltaic power, and improves energy storage utilization efficiency and dispatch economy by optimizing the charge-
discharge schedule of energy storage. In the intra-day scheduling stage, model predictive control (MPC) is employed to
dynamically adjust the output of energy storage and dispatchable resources, minimizing scheduling errors and enhancing
system stability. Simulation results demonstrate that the proposed strategy significantly improves system performance.
Specifically, MPC reduces scheduling errors by 50%, limits exceedance by 57%, improves tie-line stability, increases wind
power utilization by 15.6%, boosts energy storage efficiency by 12%, and lowers operating costs by 10.5%. These findings
validate that the proposed strategy optimizes energy storage utilization, reduces scheduling errors, and enhances the reliability
and economic efficiency of the wind-storage system.

Keywords: wind-storage dispatch strategy; energy storage utilization; two-stage scheduling; multi-objective particle swarm

optimization (MOPSO); intra-day scheduling; model predictive control (MPC)

(5B %EH)


https://doi.org/10.19666/j.rlfd.202307111
https://doi.org/10.19666/j.rlfd.202307111
https://doi.org/10.16081/j.epae.202305007
https://doi.org/10.16081/j.epae.202305007
https://doi.org/10.16081/j.epae.202305007
https://doi.org/10.13335/j.1000-3673.pst.2023.0907
https://doi.org/10.13335/j.1000-3673.pst.2023.0907
mailto:20191011@hhu.edu.cn
mailto:20191011@hhu.edu.cn

	0 引言
	1 风储联合单元双阶段优化调度
	1.1 风储双阶段调度框架
	1.2 MOPSO算法

	2 日前优化调度
	2.1 运行成本
	2.1.1 经济成本
	2.1.2 环境成本
	2.1.3 惩罚成本

	2.2 储能利用率
	2.3 风电利用率
	2.4 约束条件

	3 日内滚动优化调度
	3.1 MPC优化理论
	3.2 预测模型
	3.3 滚动优化
	3.4 反馈校正

	4 算例分析
	4.1 日前优化调度结果
	4.2 日内优化调度结果

	5 结论
	参考文献

