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frequency regulation markets
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MASAC algorithms
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Table 1 Parameters setting for energy storage system

e e

Z4/(MW-h) 48

UIR/MW 14.5

HES 0.1

Hiss 0.9

Y1/(ETE-MW ) 25

Y2/(3EI6- MW -h) 0.4

42 BERMEEST
X HEXTHOBIR B Q 4% (dueling double deep Q-

x2 NBISHIKE

Table 2 Parameters setting for thermal power plant

S8 KHTTT kT2 KHT3
1 ERR/MW 200 200 400
N R/MW 30 30 60
e 2/ (MW-h ") 70 70 90
LR VRS REFR AR 0.7 0.75 0.8
BA—KIMAER/(ET-MW -h") 53 5.8 6.5

AR TR RFU(EITL-MW h) 0016 0014 0.018

#£ 3 MASAC HEESHIEE
Table 3 Hyperparameters setting for MASAC model

e 3 HfH
actor [ 45 2 2] 0.01
criticfq 2525 3] 0.01

RS 96

EIE(ES 0.99

G 0.005
RESEAIE 0.02
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BOICSINTR], 455K 5K 4 Fs .
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Table 4 Comparison of convergence steps and
convergence time under different algorithms

ek e slop % W Sht ) /s
D3QN 135 293.6
SAC 120 2623
MASAC 50 121.2
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IS B2 50, 1 SAC B9 Fl D3QN & ki
SUE R R 120 A1 135, 3 F 507 A4 e St 1] 43 531
A 121.2. 2623, 293.6 s, MASAC 5. =41 %F S B
PRABETRY (e S B B S TP, AR T A PR AR Tk
& 2 M4 T2 53.8% | 58.7%., MUSFaE M TT
1l &, D3QN A AE I X B BE Q M 4 (dueling
deep Q-network, DQN) % 12 i it it WA, LBl 1 25
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Y= 18], WeslUm B Il 4 e 2l DX 18] BH 2 08/, G sh
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SAC FI D3QN B &, R T 28k R%. 5
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Fig.5 Comparison of total return of different algorithms
P 6 FIlEl 7 HL A H R & 7000 2 S g i -
JABT S bR L
== WA R K TR R
600 I gmmm ok FJ 2 e KR 3R R
|~ F G R A

4 8 12 16 20 24
I Bt /h

B 6 &XUpgEmHPRTERBATER
Fig.6 Winning bid capacity by each entity and daily load
demand in the energy market
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Fig.7 Winning bid capacity by each entity and daily
frequency regulation demand in the
frequency regulation market
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Fig.8 Winning bid results of wind-storage systems in the
energy and frequency regulation market
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Table 5 Comparison of wind-storage system
returns under different scenarios 7 6T

Y2
AL fitifie
REmmIAINES  57517.345 29151.688 6023301

it 5l

PR EINES  37454.464  18996.100 6 125.953

TPEGEI A 5349.879 2931.483  942.658
AR 4197.842 0 3561.298
psN &y 96 123.846 51079271 9530.614
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Fig.9 Real-time frequency regulation performance score
curve under scheme 1 for wind-storage system
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Fig.10 Clearing prices of energy market under different
schemes for wind-storage system
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Fig.11 Clearing prices of frequency regulation capacity
under different schemes for wind-storage system
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Fig.12 Clearing prices of frequency regulation

performance under different schemes
for wind-storage system
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Fig.13 Winning bid capacity by each entity and daily load
demand in the energy market under scheme 2
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Fig.14 Winning bid capacity by each entity and daily
frequency regulation demand in the frequency
regulation market under scheme 2
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Fig.15 Winning bid results of wind-storage systems in
the energy and frequency regulation market
under scheme 2
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Table 6 Comparison of revenues for each

entity under different schemes LRI STH
i Ek EIL e EL &
Wit R 5 96 123.846 77 160.852
K1 123 568.017 103 581.180
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Deep reinforcement learning-driven bidding strategy for wind-storage systems
in energy and frequency regulation markets

LI Zhongping, XIANG Yue
(College of Electrical Engineering, Sichuan University, Chengdu 610065, China)

Abstract: In the power market environment, participation of wind-storage system in both the energy market and the frequency
regulation market is essential to enhance economic efficiency and support grid frequency regulation and peak shaving.
However, key issues such as formulating bidding strategies for wind-storage systems in energy-frequency regulation dual
markets need to be addressed. A bidding model driven by deep reinforcement learning is proposed in this paper to formulate
bidding strategies in an incomplete information market environment. Firstly, a framework for wind-storage systems
participating in the energy and frequency regulation markets is established to clarify the bidding operation strategies of each
market entity. Then, a real-time frequency regulation performance scoring model is introduced to address the differences in
frequency regulation response capabilities among various resources. Based on this, a bidding model for wind-storage systems is
developed. Finally, a multi-agent deep reinforcement learning method with strong model-free learning capabilities is employed
to solve the stochastic game problem in an incomplete information market environment and to handle the multi-agent bidding
game relationship. Simulation results indicate that the proposed method can effectively formulate bidding strategies for wind-
storage systems participating in the energy and frequency regulation markets. The method achieves high returns while ensuring
high convergence stability. As a result, the economic efficiency of wind-storage systems is enhanced, and grid frequency
regulation and peak shaving are effectively supported.

Keywords: wind-storage system; energy and frequency regulation market; deep reinforcement learning; real-time frequency

regulation performance scoring; actor-critic; multi-entity bidding game
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