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ABSTRACT: With the promotion of lithium-ion batteries and
the development of hybrid energy storage technologies, the
difference of energy storage units in the energy storage system
becomes more and more significant, which puts forward
challenges for power allocation. In order to reduce the aging
cost of energy storage systems during operation, this paper
proposes a power allocation strategy based on the cycle-based
aging feature of each energy storage unit to reduce aging costs.
An online rainflow counting method is proposed for real-time
updating of power-cycle mapping relationships, then the
real-time subgradients of the aging cost with respect to
charging and discharging power are obtained by using the chain
rule of differentiation. The reciprocal of real-time subgradients
is used as power allocation weight to achieve equalizing aging
costs of energy storage units. A transferrable power allocation
algorithm is further developed, which allocates power
according to weights while considering power limits and the
state of charge (SOC) boundary of energy storage units. In an
energy storage system participating in secondary frequency
regulation, the proposed strategy can reduce the aging cost by
8.08% and 10.34%, respectively, compared with two
commonly used power allocation methods (based on maximum

power and residual energy).
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Table 1 Parameter settings for energy storage units in

heterogeneous energy storage system

ZH #1 # #3 #4

BUEIhHE P/MW 2 1 135 125

BUE AR E/(MW-h) 4 2 135 22

TR D, 095 095 098 098

GRS 095 095 098 098

ZUEE k/(x107%) 3.125 250 285 0.5
EWERE ks 1.1 1.1 1.2 1

AL B A/(TT/(W-h)) 2.0 1.5 1.7 6.0

WIGEAT IR xo 058 060 062 0.64

B & HE AR O F AR A RE SR G . AR 100%1E
INRFE T IR IR B S X A, 13 2P
HA RN R RN fEBEF IG#4[0.3 J0/(kW-h)]<
fith e B IG#2[0.375 JT/(KW-h)|<fi¥ it B TT#3[0.485
JC/(KW-h)]<fif BE B IC#1[0.625 JC/(KW-h)].
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Fig.5 Total power and target power of heterogeneous
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energy storage systems using different power allocation

strategy for charging and discharging
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power instructions for heterogeneous energy storage
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XTI, RIE AR SR
SEIN BB BB R B ARG . I8 7 R 1%/ N Y
ik B 5T 70 SR KB FE AN A TR I Th 2 . il RE ST
#4 FIZ AR T 78 TR AE R AN, "B A SR IR
BP9 2 {8, T HL A ik BE 580 0 SR OB B2 Bt
8 AR FEE B 3G N T 32 18 K. AE 3R 78 TR 1R L
&, #A ERESEIN AL RAS B K, DL 44 i

0.20 0.20

B 0.15F —HITH2—H3—H4 s 015 #I—H2—H3—#4
Zoaop gl A g | Eoaofd g 10 )
ﬁo.osl,’vf!‘ | 3 oosf ,‘f,’g‘(' fl il
0.00 L # 0.00 L
0 1800 3600 0 1800 3600
I} ) /s i 16)/s
2.0 2.0 “
E_LS_ —HI—H2—HH4 ; L5k —#1—#2—#3#4)
5 100§ | flosohow L, R
Sl o bt St A ar R
m —0.5 ol LIt L] = 0.5H Y "R |
Ei U LY AL = VAL L IR TS A
0'00 1800 3600 = 0'Oo 1800 3600
1)/ i 1fl/s

7 FRAETEMRAIADABENEST SR
SANEEE R G0 70 HUER SERDR A B R FE AR Th 3
Fig. 7 Real-time subgradient and charging and
discharging power of heterogeneous energy storage system

when using the proposed power allocation strategy



522 W

B BT BB SEIN B 1 7 KA i E 2R 58 D 3 00 T SN 8893

REM A L DR /b o (HBEE TR IREE IR N, #1
fith BE R T IR S VOB FE R I #4 B8, X I D& 4 i
IRANK R R . #2 A3 fEREF T G
SIS A FEE i A I R R B PR AR AT H IR /N O &R
BHAINR . B TR BN, AR I
530 1) T 28 8 HH H e K 7 I FL Dl 2 I, it e T
SICII TR KN K R 5 S R R /N R R — 5L
2 HARE BRI, A6 e FR Rk B H i K 7
TR TN A, AR B FL i S 1Y) Th 2 4 i e ¢ A it R
BITHAT .

SAARSRUL, (TR EL T, fEREZ M T
73 T B K /N =2 B A 1a 47 I R R i R B T BR
TR FIHE 2 K/ AL T AR AL

A —EEMGUETT R ERELE % i e
BTG S IN VOB B 948 o 32 (RN TE TH B 0B FE 1)
R, XL R AE 25 A S o IR AE A 5
Bk, 155 AT s B 1 7 SE AR A AR AR T B
Ao UL RE G SRR B A W Bt . 12T
T, 2 70 T PG PR P AR B (5 P s as AT
ERAH DI, J5 BRI R PR IR BE 1) 78 AT N 2 Ak
FRAKG 22 B RN o 2 A AR I B 3G K AN AR
SBT3 T RS 2 AR M R E R
A2 IR R
522 i HARA(SOC)

AR D)2 BT R A e RSE 24 h
(e FUOR A AR AL 2R 0B 8 BT

0.9 0.9
% 0.8 #'#1—# 2—H3—H#4 % 0.8+ #IT#Z ‘-ﬁ3. #4
g 07 N' s b 1 ﬁ 07h ‘_):'"I-E(H‘v‘ﬂ“,‘3’.5-]\\"_.",“.‘"-j',' Al
5 07 L 5 07 [
= 0.6“”“? g L O . = 0.6p0F :
0.5| 1 1 1 1 1 0.5 1 1 1 1 o
0 4 8 12 16 20 24 0 4 8 12 16 20 24
i [E)/s i [f/s
() Prieri% 09— BT RN
% 08} #I—H#H2#3#4 4 0.8} #1—H#H2—#3#4
= = | i
= 0.7t 5 0.7 "l
B e 2 0T
#E 0.6 Y W“""“““Mm g 0.6!“\"‘? ' Nl ile Wl
Vo o i |
0.5 P R .

%0 4 8 12 16 20 24 %% 4 8 12 16 20 24
I 18] /s I [A]/s
(c) T REEMIMIC (d) T A5
E8 (EATRNESES RN
FtERE R G Sk RE R TR RS IFR
Fig. 8 SOC curve of energy storage units in heterogeneous
energy storage system using different power allocation
strategy
S T o BL AR, fEiIB T N2k
A B v HO#1 il BE SR TC IR T REZAD L, BRIt E
BRI FEUIRAS BB AR DN, 11728 AR A AR BE AR 42 1

#3 fi REA 5E 2 M o BT o3 e R VA s sk
fifi e 5 TG [ i FDIRZS ORIF— B, fid it il 5 I PR IR
5 458 K T A DT 488 0 P S B 0 R T K 0N i B B G (1)
faf BRI Bl SO VR & A0 AR AL 1 it B 5 G 1)
HPR A BAG 5K 1A 3E

i FHEE T Th R o BL VAT, PRA#3 figBe Y
TCAILE T &5 80E 25 5 1 H )oK T 3 At 6 g
TG, #3 AR T fAT ORI 3 B 35 KT H A g
REBATE. JF HLER Jo#t] FN#2 i A% 54 70 10 78 00 3%
INTH#H3 4 e, 7RI RIS AT 5 I T far HOIR
BRI E

iR T REE M RO SVER, A HE SRt R
AN LE T8

R TP 1 B SO ) B VRS, #2, #3
F#4 i B8 B0 A7 FEIR A 2 AR A4 B DL (25 4]
GRE, TI#1 fifi e B A TE RIS B R HE A B fif HR
AR
523 BITHAR

MRIEAS R SE RS E TR, 153)8ME S
TEFE IR MLk, 1 2 TR AR T
fifi e B C E AR T AT Bl R R A 2 AL A,
SERWNEK 2 FIR,

R2 RO RGRIEASTERENBA

Table 2 Aging cost of heterogeneous energy storage

system using different power allocation strategy fi: .
ik B #1 #2 #3 #4
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Fig. 9 Operation of heterogeneous energy storage systems
using the proposed power allocation strategy when the
initial SOC of energy storage units approach the lower
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