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The upper layer considers the frequency-regulation costs of different regulation resources and
dynamic wind-turbine deloading. It combines automatic generation control (AGC) command
forecasts with forecast-error information and applies a boundary-tightening method to handle
chance constraints on the state of charge (SOC) of energy storage, thereby addressing the
effects of forecast errors on storage SOC and frequency-regulation power allocation.
Meanwhile, the participation level of wind turbines in frequency regulation is dynamically
adjusted according to the SOC of the energy storage system, and the frequency-regulation
power among wind power, thermal power, and energy storage is allocated. In the lower layer,
adaptive weights are constructed according to the extent to which the predicted SOC of each
energy storage power station approaches its operating boundaries over the prediction
horizon. The adaptive weights are incorporated into the SOC-balancing objective function to
strengthen the regulation of power stations exposed to higher boundary risks. With frequency-
regulation cost minimization and weighted SOC balancing as the optimization objectives,
MOGA is used to obtain a Pareto solution set. The optimal solution is then selected from the
solution set by calculating a comprehensive evaluation value based on the adaptive weights,
thereby realizing optimized frequency-regulation power allocation among the energy storage
power stations. Simulation results show that the proposed strategy significantly reduces the
overall SOC boundary-violation risk of energy storage and wind-turbine deloading while
maintaining the economic performance of frequency regulation, and effectively improves SOC
balance among the energy storage power stations, thereby enhancing the sustained
frequency regulation capability of the system.

Keywords: stochastic model predictive control; multi-resource coordination; multi-objective

genetic algorithm; secondary frequency regulation; Balancing Control
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Fig. 1 Bi-level control framework for wind-thermal-
multi-storage coordinated frequency regulation
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Table 1 Frequency regulation mileage of different
resources and curtailed wind energy under different
strategies
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Table 2 Comparison of energy storage frequency
regulation capability and wind power curtailment
under different strategies
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Table 3 Frequency regulation costs of multiple energy storage stations under different strategies
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Table B1 Techno-economic parameters of energy

storage power stations

24 L 1 L 2 G 3
HL b A TR ERARAT SR
HE T EIMW 15 10 5
HUE 25 5 (MWh) 15 5 10
FEI AR 0.9/0.9 0.95/0.95  0.83/0.83
BT R A (TTI(KW)) 400 800 2500
BN BRI (TT/(KWh)) 1500 3500 3000
TR A AR 10 25 20
TG 77 6000 18000 20000
SOC F/ LR 0.1/0.9 0.1/0.9 0.1/0.9
SOC#IH 0.4 0.48 0.36

MiZB2 AEBHESKNBEZRARSH

Table B2 Technical parameters of thermal power

units and wind farms

BRI WESH il
FHLA MW 700

Kot &3 2 BRAE/(MW/min) 30
ag/p.u. 2.5

Ba/p-u. 0.5

WA MW 300

A a,/p.u. 1.5
By/p.u. 15




