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ABSTRACT: Aiming at the problems faced by the combined
fire-storage system in participating in the secondary grid FM,
such as the large loss of unit FM and the poor economy due to
the short storage life, a cooperative control strategy based on
the improved adaptive complete set empirical modal
decomposition of hybrid energy storage to assist the FM of
thermal power units is proposed. In the fire-storage power
allocation layer, based on the different response characteristics
of the thermal power and energy storage systems, the power
allocator is constructed using the improved adaptive perfect
ensemble empirical modal decomposition and the multi-scale
arrangement entropy to complete the power allocation between
fire and storage. At the hybrid energy storage power allocation
layer, a multimodal coordinated action strategy for
flywheel-battery energy storage system is proposed to ensure
that each energy storage system works in a reasonable
operation interval and adaptively adjusts the output power
according to the charge state of the energy storage system.
Finally, the proposed strategy is evaluated by establishing an
economic model of the joint fire-storage FM system. The
simulation results show that the proposed strategy can
effectively reduce the climbing loss of the unit, extend the
operating life of the battery storage system, and improve the

economic efficiency of the combined fire-storage FM system.

KEY WORDS: secondary frequency modulation; combined
thermal and energy storage; improved adaptive complete
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Fig.2 FM instructions and actual output of thermal power
units under different strategies
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Table 2 Depth of thermal power output under different

scenarios
TE N EEMW K-S FE IR MW
PN 3900.16 3900.16
FHE 1 3900.16 5924.74
T2 3900.16 5938.02
HE3 2673.36 5965.55
EX 2302.91 6329.93

K 3(a). (b) RSB I SIS KA i A
T EE I i e PR R AR P 2 RIS bRt 7, RTRAE
2 M RERIRE S B IR T AR A, HAMS
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— R G RE 4 — RIS Table 3 Pert e q ;é . .
10 \ %%ﬁﬁﬁﬁiﬁﬂ?ﬁﬁ aple eriormance indicators under diiierent scenarios
UES K K K; K,
= 1 ARG 1.5 1.54 1.73 4.02
2 of T 1.96 1.97 2 7.72
*’Hfi TE2 1.99 1.97 2 7.83
S N FE3 1.98 1.96 1.99 7.76
10} LEX 1.99 1.96 2 7.81
sl - R4 FEHETHERGRAZFITE
0 100 200 300 200 500 600 Table 4 Cost-economic assessment of energy storage
t/s systems under different scenarios
(a) fHRERGUEIARIRS . RRRERETE & R szbr it 1 e Cro/ Cosam! Cre/ Cwas/ m/ Crotat/
. . _ 10t 10°6 10°9t  10*J% R 10° G
8| — HUBfEREARIEIE S — - AIbfERESERR I A
HE1L 346 1.2 5.46 4.99 6.52 102
HE2  4.02 1.4 2.00 1.86 4.92 7.44
HE3I  4.02 1.4 2.18 2.07 5.19 7.63
&4 4.02 1.4 1.83 1.77 442 7.27
*x5 TRBETNMEERKRE ARG &
Table5 Combined fire and storage system benefits under
different scenarios
S I,/ Irue/ Ic/ Irco/ Ieow/  FEEWRRS/
0 100 200 300 400 500 600 10°76  10°56  10°76  10°76 107 10°%
tls HEL 331 00685 0139  0.154 0.00 232
(b) HLIBAHRETR 2 K SEbRH Ty HE2 329 0.127 0259  0.286 0.00 26.2
0.7 YR FHE3 328 0.145 0296 0326  0.167 26.4
"""" R T4 341 0.141 0287 0316 0327 29.0
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Fig. 3 Coordinated control of flywheel-battery energy
storage system
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Table 6 Combined benefits of different flywheel energy
storage shares

Pen/ I/ Crotal/ m/ AR AR/
Ppn 10° ¢ 10° 76 w P 10° 75
2/1 34.8 9.45 225 7.81 26.4
111 35.3 7.27 4.42 7.81 29.0
12 34.1 6.73 6.82 7.78 28.1
13 32.3 6.53 7.44 7.74 26.5
1/4 31.9 7.12 7.66 7.71 25.4

i LPTA, PR sk B Re s 25 8 B K LAY
s SRR P T AR R &, MR R IR &
il BE 2R SR B4R 2 HERA A L 2 AR AE L 3, i
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(7 I g/ L b A BETAE » B 2% TA B K- IR S R GL43
R H b

6 Z4ip

EFXEH AT K- BEA RG0S5 HN O
PR AELE K LA B TS b v . AT e
A FEAR T ZE I ), AR SO — i it
B I8 3 58 4% 5 B L 0B Iy i 1 VR i e B B 2K
P LZEL R AT P [ 42 ) S, IR EAT 7 BARIE, 2
LR

1) #E3T ICEEMDAN-MPE {35 /3 i
AP AGC 182155 40 i N SRR /)
T i R RGURK LA KRR, W] LA R
WL CHARFE, FET EMD S- R sRmg, B skmg
AL P4 AE B 2k 39 0 16 57T

2) i kEe-r i BE R G 2 A YRR R
W&, ATLAR e R AR A i RE I AR R I %
BT A KM, g aERe L 7,
D B RE AR TR TR SR, A R0k FRLTB A e PR AR 25

PR, SEA B HIIBAT A i

3) JIrde KMl BBk o YR A 1 SR T DA R PRI
TREMERERA, R B AR 7 ZEAH B2 0 5 i
i 25%. 9.85%. 10.69%, HiE T AR HEHE T k-
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M & LA FI W 4 IR (http://www.dwijs.com.cn/CN/1000-
3673/current.shtml).
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Table A1 Simulation system operating parameters

5 ZH L e
1 CBp FL L B B T R AR/ (T T6/MW) 50
2 CB. ELIU A R 2 25 B BRUAS /(T 7G/MW-h) 120
3 CEp THC A RE AL I A/ (JTTE/MW) 125
4 Cre TKEC Ak AR A 2 B BR/(JT TG/ MW -h) 200
5 Cpb.om F L B B T EE AR B 4 LA/ (F5 76/ MW) 6
6 Cptom TRECAE AE AL TH SRARIB 4 A/ (5 T6/MW) 8
7 Ceb.om FL Vbt B A 2 B ARIE 4E BUAY/(J5 76/ MW -h) 0.1
8 Cefom TRES A AR AL AR 4E BUAY/(JT TG/ MW -h) 0.1
9 CBpw FELH i s B DR R AL B AR /(T TG/MW) 0.72
10 CB.ew FEL A il B 2 B AR I Ak B AR /(5 TG/MW -h) 0.72
11 Cfuel RN/ (T /) 400
12 Wil JCHUALER R HH B R R B T 7 (U RE B /(/MW-h) 350
13 Ce cal B0 5 BB AN/ (Tt 50
14 Jpor A E B R AT/ (/MW -h) 0.57
15 ccon P B N BRI ORA FE 3 F/(JT/MW-h) 18.669
16 cso2 AR RN AR IR RS B 2 F/(JT/MW-h) 2.671
17 xox P B N RS IR ORIE FE 3 F/(JT/MW-h) 10.074
18 Aeim ML FFE AR/ TG/ MW -h) 63.5
19 Ss0C B.min FELY g B L T FR 0.2
20 Ssoc Bl FLY fi AR BR ] X R 0.25
21 Ssoc B.d Rt i BE T R TR (X BR 0.45
22 Ssoc B.e LG RS DD R TAEIX _EFR 0.55
23 SsocBh FEL I i A 7 E T X PR 0.75

24 Ss0C B.max it e 78 H B PR 0.8




