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Abstract: A secondary frequency regulation control strategy and an economic evaluation method that account for active
state-of-charge (SOC) recovery were proposed for energy storage stations to improve their frequency regulation
performance and cost-effectiveness in secondary frequency regulation. First, the control principles of large-scale energy
storage stations in secondary frequency regulation were described, and their power support requirements were analyzed.
A frequency support strategy that combines area control error (ACE) and area regulation requirement (ARR) was
proposed for energy storage stations. Second, the decoupling characteristics between system frequency support
requirements and active SOC recovery requirements were analyzed. Based on active SOC recovery scenarios for energy
storage, an additional control strategy for active SOC recovery was proposed, in which the recovery process is made

consistent with system frequency regulation requirements to reduce the uncertainty introduced into the system. Third, in
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order to comprehensively and quantitatively analyze the frequency regulation contribution of energy storage itself and
the impact of frequency regulation losses, while taking into account the secondary frequency regulation support energy
of energy storage, an energy storage operation life and economic evaluation model was constructed. Through
quantitative analysis, the effects of the proposed method on the cycle life and calendar life of energy storage systems
were evaluated, thus addressing limitations in existing research. Finally, simulation studies were conducted under step
disturbances, typical-day continuous fluctuations, and different initial SOC values. The results show that the proposed
method improves the secondary frequency regulation performance of energy storage stations, reduces the risk of SOC

exceeding its limits, makes the frequency support capability more stable, and enhances the economic benefits of energy
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storage stations in secondary frequency regulation.
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Figure 1 Principle of AGC control for regional power grid

with energy storage stations
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Figure 3 Active SOC recovery scenario for energy storage
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Table 1 Parameters of simulation model
D/ H/ K./ T./ Tew/  Tww/ — fEEEHUE it il 4 0 7% Fup/ g
a n
p.u. s p-u. s s s /MW /(MW +h) p.u.
1 5 20 0.08 0.3 10 25 25 0.5 0.8 0.2 300
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Figure 5 Frequency deviation curves under step conditions
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Figure 6 Energy storage output variation curves under

step conditions
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Figure 7 SOC fluctuation curves under step conditions
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Figure 8 Frequency deviation curves under continuous

disturbance
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Table 2 Performance indicators under typical continuous

disturbance conditions

e S8R s s s
AT 0.0046  0.228  —0.256  0.40 0.54  0.30
JiEk1l 0.0056  0.314  —0.283  0.31 0.39  0.21
JEE2 0.0059  0.284 —0.271  0.30 0.31  0.30
k3 00051 0245 —0.282  0.31 040  0.22
JLikBE 0.0064  0.338  —0.293

24 8 R SOC A5 fk il 28 4n & 9 Fir s o 45
B2 2 HARTE bR S 80T H L 29D iR SOC #4928 0.3
B s TR, B 5 SOC 43 91 4 0.36.,0.30,0.37 .
0.51, Horp 7 1 f1 5 3 3 A9 SOC E AL 8] 7 0.21,
0.22. 1 F 1L 5 7 B AUH B 3 SOC 4 47 5K W, 78
SOC WIERAE A 0.3 Bf , AR XMEHEfifs il L 25 1 SOC 1%k &
g FEOR A, BB S R 5 B I8 3 T R 1 FE
A&, 75 LAY H rp s SRS 3 5 [R] SOC #R Ak T 0.35 DA
L3 kBT 6 BE H sk A 1R AR BE R BARL, HL 6%
AE A I R152 47 7RG L RS TR 23 45 it B Dy 5
A K . LA fif B FL 3 1 SOC 3= sk &2 3 i AN
AT LLA 00 B BE A IR A AT 55 0k v 4 T
LA BE T G- M L5 % 1 A9 8 B SOC, 3% 158 A AR S
0T LS R GRS A R S AT I U H

SRy Y A T b ) AR i SR A 00 M 00K K
FLAILZEL A B A A0 30 R 4 T SR /IR S A e AT
Fb X, 5 A HL ML 1 HE A kR B N AR )
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Figure 9 SOC variation curves under continuous disturbance
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Figure 10 Frequency regulation output variation curves of

thermal power units under continuous disturbance
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Figure 11 Frequency regulation output variation curves of

energy storage under continuous disturbance
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Table 3 Corresponding energy storage battery life indicators under typical-day

continuous disturbance conditions

AR SOC 55 ¥k TEIR F4w /d HIi#dr/d - 963 H i F 4 /d
TS 1.530 5 10° 829 828
SOCHIHE M 0.5 .
AT TR 1.4652x10° 830 830
Fik3 8.691 4 10° 454 454
SOC ¥R {E M 0.3
A SCRT AR D vk 7.180 7 < 10* 778 769

R4 A BELHID TN TRE EMRERE SR
Table 4 Benefit indicators considering only cycle life under

typical-day continuous disturbance conditions

RS AP BELRID TR TREEB G FHMAEAF
Table 5 Benefit indicators considering only calendar life

under typical-day continuous disturbance conditions

R SOC 5773k AR/ T s & R SOC 577k A/ T8 S
T3 2.554 4X 107 3.047 1X10° ITES 5.4654Xx10"  1.3610x10°
SOC I HE$7 0.5 i SOC HIRE A 0.5 i
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Table 6 Comprehensive benefit indicators under typical-day continuous disturbance conditions
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