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Fig.7 CCCT curve and CVCT curve for M09 SR R AR B R AR
bl CS2_33 HUM A CCCT 2 v Bk 4541 Fs AUREMAEE I A
R ) 75 P, P IR BB 6 6025 A it 2 o P O R, ik — S AT A
S5 4R AR ) D 5 6] B L % I B o BRBEBSEE RAREHAHE
IRFIF], DA 1A 9 il % 52 1k it % A7 BE PR IR HF RACARIER RARARIE R
573 1 24 0 IS K I 1) B o7 % s %A LT HHIE LI
WEBEN LM, X B BRT HF I e (3T
FIEJOH o R, JLIERH T 12 A~ HF(F1~F12)4 Fo L BT IR S BT

JiHE T L RUL B AR, FAR L3R 2.
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FRTRHRAE A JE I H LR AR BRI L, T CX2_37
FEL YL RT MO F b ) 258 B ) R R 184 ) 04 K 3
IR 58 . €S2 33 HL AN CX2 37 HE X B 1 2%
I 1) i S 189 B A AT M09 Al M0 FEL AT 25 4 2 (1)
B3l , 75T A Ik AR 2 B0 25 00 A R (Y AR 2R e
HERE

VN TA) B 4 45 R P b R ] Bl 2R B 14~ 17

Fros. mEm A, S IR ) 2 B )
e gk, H CS2_33 Ml M09 HIh & H )k F
T TR (4 B R JEE it 25 778 2 U S0 48 o i B
4.2 FUMFFHERY I ik

B 12 A HF AT AR 9 Se Bl it RUL
TR RAE, X EH TEEERKZHER,
@I Sl S Rt B2 DN RSN i
PR TR 42 HF 2 B RS AR FH T J5 SO ) 25 1 7Y
e 2, B AE BIGRU X £ 4k 2 AR AL A7 50 47 () %
B

SR HF A& Hh A/ HF 5HibEik
RS RMEEARK A #E, X LEH R MR ) HE &8
B e DL 4l vh 4 92 3 fa vl RUL B0 205 B A
T A TO0 R AE R 1 . [EIE, AH OGRS HF 34m
TR T SRRRAS, BRI 0, LA S A
BRI, SRR T2 yg 8% 07 ik i B R i
R M SR BUR BT HE BEAT SCHRBE VR4, iF
FAE HF 52 OR8] SRR . R
I B IR b AH % A B AR, 0 3 M A 5% AP A v Y 1Y
AN HF A 0128 0 326 J BORFAE , 7] I 3o 38 4 3 % HF .
U, BN HE 22 KA: €S2 33 Al CX2 37 Hiith,
URAEZE E A M09 Rl M10 Hit, FTHRIEL HF ) 52 /K
AR R B 3.

&3 [E HF 58tE RSN ERBEXRY

Tab.3 Pearson's correlation coefficients between different

HFs and battery aging states

HF CS2_33 CX2_37 M09 M10

F1 0.998 06 0.998 41 0.999 55 0.999 68
F2 -0.934 08 -0.931 96 -0.888 63 -0.843 99
F3 -0.965 45 -0.976 55 -0.916 39 -0.928 72
F4 -0.871 02 -0.982 28 -0.970 97 -0.966 07
F5 -0.994 64 -0.990 67 -0.769 54 -0.915 82
F6 0.796 43 0.488 64 0.647 46 0.742 34
F7 -0.954 07 -0.891 48 -0.438 50 -0.690 80
F8 0.974 41 0.973 63 0.981 51 0.965 32
F9 0.890 23 0.995 31 0.971 32 0.951 93
F10 0.987 51 0.996 04 0.974 07 0.955 19
F11 0.878 59 0.991 46 0.981 69 0.997 77
F12 0.985 94 0.997 14 0.985 79 0.996 83

M 3 I LLEH, F1. F3. F8. F10 1 F12
X A HF 5 H it 22 AR 3 2 1] 1) B AR AH DG M4
Xof I U 2L FL vl PR AH SGPE VR AR S 4EFEAE 0.9 DA b T
AR T8 H T i 2R R 2 A MK AU [RIY) F6 A G FR
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AL EEAR, 7E CX2 37 M P B RN 0.488 64,
Zad Bz R AR OCME A T I Ik, CS2_33 HL ik H
F1. F5. F10. F12 {F A 385 B A RHE; CX2_37
HthE A F1. F9. F10 Al F12 15 ik g o i % A\ 4
fE; MO9 HEHsRE ] F1. F8. F11 A1 F12 fF it g )5
o NEREAE; M10 HEMIEH F1. F4. F11 f1 F12 1
i BB I BN RAE -
T A S B L HE 23 39 R4 A 36 16 70 &%
PR, I TR 100 4 0 ABE AR (1) T 280 SR 7 A 47 THD R
R RS R 22 MR HE AT, B 5% 95
A o X R TR Y 2 d B DGR IR E s 1 T
AU A BN SR, T 2N T IE HE 2 AR
AR . TUAR HF 2 {FB R AR5 58 N 52 7% H
DA, R TUAR HF A7 7R R 5 A A 75 22 b 3
2 [ HF, 10X L% HF 7] 68 3% A7 SL 1 Hh 32 T 7
MVERE, MM TS IS AT BROAR . R T B R
M % % 7532 (SFS) 7] LR R A [\ HF 24 & [ RRE =
&, M HF JFFaa AT SRR, LR INE 2 HF
T, RJ5, RIRER P T M e B AT VAL, R E
IE A RUL T AR 4L 4, 7642 m A A M g 1 )
I/ 1R AE 23 1) ) 4 B o AR AR T 1 7 B4R iR
ZENVEMbRE, 4 SFS T S8R AR 8T F i S84
TERE Y 1 7 SR AR ZE PR AIK T 40%IN, SFS ik 3% 1k
Ao G0l B R MDA G ME 4 B I 98 DA SFS 1 2%
TR, BB A REAE T VR IR B B T
i RUL T il & SRR AR L3R 4.
x4 T EIEM RUL 70 B0 5l & 451
Tab.4 Fusion feature of RUL prediction for different

batteries

HF CS2_33 CX2_37 M09

<
s

F1 X J
F2
F3
F4
F5
F6
F7
F8
F9
F10

<« X X X X X X <« X X X

F11

< X <« X X X X <« X X X
< X X <« X X X X X X X
X < X X <« X X X X X X <«

F12

X

F 4R EIR, CS2 33 Hjh )\ HF Fi ik
F5. F10 A1 F12 {ERsz8 RUL T ) 54 RR 1E,

CX2 37 ik F1. F9 Ml F10 15 NEh &1L,
M09 H e F1. F8 A1 F11 fENEL&H-E, MI0
HL B 3% ] F4 0 11 4R k& R 1E .

5 EF O0A-BiGRU f##A!f) RUL Fin

5.1 REERE

AW T Tensorflow HEZL[F) python if 5 5K
W, FIH G — 1+ H % %% 224 (Compute Unified Device
Architecture, CUDA) fill i, SEIGHE 4F 7 & % & : CPU
4 AMD Ryzen 7 5800H 3.2 GHz, W1 RAM N
16 GB, GPU N Nvidia GeFore RTX 3060 6G.

0N T LB BBOHE R R o AL A T 50%
85, T I14% OOA-BiGRU M 2% Filill 5 7, )5
50% M 250, T 50 F YRUI 1 A A 1 S A
BiGRU M %5 XU Z 4544, 5l N dropout H %, ¥
J7 IRRAR ZAE N 4 14k R, KA Adam 4K
B, HIRWEEN 0.001 . TEUIEIF6 AT Ml 2R 45
J&a 3l e Bl AT I3 — A RO 3 — AR AR . T
OOA Xf BiGRU WH#BZ — R4 4. 2R
P TCHE das HEIRKZI batch size DA IEARIREL
epochs H M MESHHATNMHE R, BERTRN
[10,3,100,100], % FFR~[80,64,800,800].

N T AT AL VR AR B TN Be B %5, ik L
T AR RS, 00 RT3 R Z (Root Mean
Square Error, RMSE) . " 4 X} i Z (Mean Absolute
Error, MAE). “F3545 %7 5 7 L% 2 (Mean Absolute
Percentage Error, MAPE) VLK ke 550 (R . EA
Xof PR AR 543 il

RMSE = \/ i (v(k) = (k) (22)
1 A
MAE = — 2 |y(k) = (k)| (23)
MAPE = O =I B, 10904 24
kz:‘ y(k) 2
> (v(®) - (k)
R =1 ——kj (25)
> (v =¥ (k)
Ko, (k) A k) 20 BIEE kA8 ) S B e A

OB : Y (k) A SEBRI-T-24ME . N AR S R A
RMSE I T+ P00 i A0 50 S AR 2 8] ) 22 1
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B T LI B PO A AR e AR R IR 22, RMSE {H
AN AT AR 8 PR S  MAE $24E T TI0I R 22 11
TR, R-AERRERIRERDNER. 5
RMSE H b, MAE X 5 {8 1) SRS AN U, 3
AE 2 i S Bk PR P 3% 22 o MAPE A& — AN L Tt o4
B L RN R A, AR R TN 45 2R A% 22 o Sk
o bl . R A B R R BRI S L — A EL
TR, BENS SR TN A R AR 1%k AL T FE M . R K
FIE T 1 AR AL T A 00 A R R R
5.2 AEHREAE S EAFIE LRI FUNES R 3T EE

Z HERFIEAR L T R R IR AR RE S SR L 2 AL
ERSYiICIEPEPOE iR ERSE ik A S S PN
e AR A Bt T AR BT 12 4> HF 41 A RE 8 S
PLH it RUL TN A 42 AR AL, 1 L BELAEAR B N Ry
fiE 2 32 R TN A 2 2% B, AT B i 2% 6 A5 R o
Z Y5 RIHHERE J1. A RMSE. MAE. MAPE
A R? PYUASVEA 48 A5 K PEAL BIGRU 2 55 H i A5 Y
FE A ERARAE BRI TINROR , SRR as R 5.

&5 BiGRU RESH thiE8 R T £ ARHFERY

UM R SR % EE

Tab.5 Comparison of predictive effectiveness of BiIGRU

model with other models based on all features

R o RMSE MAE  MAPE(%) R?

OOA-BiGRU 0.0245 0.020 5 2.5518 0.951 6

BiGRU 0.0369 0.0216 2.903 8 0.897 8

CS2_33 GRU 0.0371 0.0329 3.9377 0.896 5
RNN 0.0427 0.028 8 3.753 1 0.863 0

CNN 0.0490 0.038 6 4.8270 0.8195

OOA-BiGRU 0.008 3  0.007 0 0.743 7 0.989 8

BiGRU 0.0179 0.0132 1.4504 0.958 9

CX2_37 GRU 0.0227 0.016 7 1.8316 0.933 4
RNN 0.0232 0.0175 1.8955 0.930 5

CNN 0.0438 0.0307 3.398 1 0.753 3
OOA-BiGRU 0.0123  0.0107 0.878 9 0.9829

BiGRU 0.0329 0.0262 2.144 5 0.8721

M09 GRU 0.0379 0.0228 1.936 6 0.829 7
RNN 0.0405 0.026 1 2.2345 0.806 0

CNN 0.0448 0.036 1 2.9375 0.762 6

OOA-BiGRU 0.0027 0.002 3 0.183 1 0.998 2

BiGRU 0.0109 0.009 5 0.742 1 0.9718

M10 GRU 0.0148 0.0128 1.004 2 0.947 6
RNN 0.018 8 0.0114 0.9217 09153

CNN 0.0230 0.0194 1.4719 0.873 3

M 5 A LA, CNN 7EFT A H it i F
GESRYIARNE TR, B M10 AN, CNN 78 H 4x e
M _EFON ) RMSE ¥+ 0.04. 1XFK/" CNN F %
FH T A B S X R 5 14 RO 5000 S 6] T B TR) 371 4
I 1 E B RE AR RS . XFEE CX2 37 F1 M10 H
i, RNN &S MR I CNN B, H, 1
CX2 37 ¥ RNN ] RMSE fil MAE tt CNN k7T
0.020 6 f10.013 2, IM7E M10 ' RNN f{] MAPE Lt
CNN KT 0.55 NH s, th4h, RNN 78 HAh g5
FLIB PR R Ar EAIEL T ONN g 4 d, R B
tHh RNN & & A0 287 51 £cs b i i A5 B . X EE
GRU F1 RNN F 7 % 5, GRU 7 fir A HE il ) RMSE
AR YR HE bR BT RNN. &5 RIE 1
GRU #HLEE RNN B EA WM MR E t, X156
GRU JURF (1) T T4 LI BE 05 A5 R ZE fF RNN 86 2 7
R FH A B I O 1) R

BiGRU 7£ GRU [l _F 380 7 XA &5 4, 7
Ak B 22 K5 AE N YOI 5 TR RE D AR T AR S
GRU. #4538 & 7~, BiGRU 7 VU4 L) RMSE
AT GRU PRI T 15.3%, [FIEHE MAE
MAPE I 43l 3% LL 8- 35 BRI T 16.5% 1 15.6%.
X% B BiGRU #H LL B 7] ) GRU B A7 5 4 {45 B3Rk
LR ) RRIER N e Sy A7 HI @A Re 7, TE b3
PR3 T R B AT B . 485K E, BIGRU 1£
BE T A HRFAE 10 T I 2% B A 4 1 T R
b3 BIGRU 558 47 REAIE i 14 375 H 2 B i &
HEAT AR AR, B R B b 4 v A4S 2R 1) UK

i AE A, €S2 33 Mt OO0A-
BiGRU #H#% T BiGRU 7E RMSE. MAE #il MAPE ¥
Praabr b o AH LB RS T 33.6%- 5.1%F1 12.1%.
£ CX2_37 = BFR 73 Bl FEAK T 53.6%- 47.0%F1
48.7%. TMi{E M09 Al M10 tf =ANEFR1G 2] 13—
RIPEAR, £ M09 HFEMK T 62.6% 59.2%%1 59.0%,
£ MI10 FFBRAK T 75.2%- 75.8%A01 75.3%. 515t Fi A5
i, 23d O0A ZE AL BiGRU #5244 78 Tt il 14
Re LR T ARRREMR R, BW%E 00A A
AT TR T AR A AR e M. Sy 4, dEad
R2H0 45 7T LUOVL 52 2] OOA 1 M. BE % 4 =1 BiGRU #
B TRz mlymeE, BEDRAT
2.7%. TAE M09 HLt I, 405 B $E iR B 2 1
12.7%. MEFERIEEEEE OOA-BiGRU #EALHE
B A A AR IE S H AR B R Z X R,
RE B G Hh A R B 2 R B R R . XA B TR
BNRFEAN HAR AR S 2 BN TERR R, [F) B B2



FA40 BHE W I #% RET RS EMEA OOA-BiGRU )48 B 1 H vth 78] 4% 15 FH 75 fir T 7 v 3007

ZARE BB B .
5.3 OOA-BiGRU RE £ E4F1E L&Y RUL FUM

HRITEE

K HI OOA-BiGRU #5545} Hi it RUL #EAT T,
I R 3 T A PR AE TR L 2 T JERFAE (Filtered
Feature, FIF) ¥l A A % F @t & 4% 1E ( Fusion
Feature, FUF) Tl )88 & 5 it RUL U0 24 R ik
ITEEE, XA R WE 6.

FE T A RVRRAE T 7 924 Sy BL 22 Bl 4R b A
W25 R =R & 18~ & 21 fiion . K 18
A 20 AT LAE H, 3EF FIF B AL 00 25 SR A B T
FE T A ERRAE T BN S SRt 2, Sk 22
1L P8 AR 9% 1 J5 1 FIF £ — € RERE L3 m 7 A A Tl
FIAERR I . SR ORI B oR, T TR FUF (3
SEPL S = AR AE A B T ROR A i 4 1k
(End of Life, EOL) Ab#H Et - Ay iy ol 5 ik F5T00 45 R
#* 6 OOA-BiGRU R A 7E N EIHFE £ B E (L FUNEE R
Tab.6 Comparison of predictive effectiveness of OOA-

BiGRU model with other models based on all features

Rt T 7 % RMSE  MAE MAPE(%) R?

FUF-OOA-BiGRU 0.0040 0.0029 0.3456 0.9987
CS2_33 FIF-OOA-BiGRU 0.0128 0.0105 1.2863 0.9867

OOA-BiGRU 0.0245 0.0205 2.5518 0.9516

FUF-OOA-BiGRU 0.0037 0.0028 0.2875 0.9979
CX2_37 FIF-OOA-BiGRU 0.0069 0.0056 0.6005 0.9930

OOA-BiGRU 0.0083 0.0070 0.7437 0.9898

FUF-OOA-BiGRU 0.0021 0.0012 0.0983 0.9995
M09 FIF-OOA-BiGRU 0.0116 0.0088 0.7368 0.984 8

OOA-BiGRU 0.0123 0.0107 0.8789 0.9829

FUF-OOA-BiGRU 0.0007 0.0005 0.0384 0.9999
M10 FIF-OOA-BiGRU  0.0020 0.001 7 0.1321 0.9991

OOA-BiGRU 0.0027 0.0023 0.1831 0.9982
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AR X B TIN5 22 KN T 24048 . A 1 31 30408 B
IMEAN R KRR (NS FE RN, R
FHOE ) G T A AV B A I R O
WA, SR AEE XCh/NT Q1-1.5IQR BUK T Q3+
1.5IQR [IfE. M CS2 33 Al CX2 37 Kyl iR % F8
LR AT LU Y, FUF-OOA-BiGRU )15 2 U [H %
BN T S5 A PR T v, HORE R R ZE R kiR
Tk, H Lk B A 0 B b I Y = R O R AR T
I AR AR AN 1 0% 22 RN DASCBEA A A R A
wEIES A% . NES P HaEEh, &
T A ERRAE R LA S FIF AR B T 5% 22 50 B i,
i 3% F FUF f] OOA-BiGRU B 8 Fi 0 7= A& i 2 A
BRAN I R BN AN AR ERAE 0 Ff i, JEomth T PTiR
77 v EL A 5 v ) R R TR

YO B A5 A 1 RUL T 25 SR an i 22~
Kl 25 B o A EALE S S50 B o] LR Y, AT
OOA-BiGRU, FIF-OOA-BiGRU 7 1% %1 5 i 4 i /&
1% T, i FUF-OOA-BIiGRU # — T+ 7
FIF-OOA-BiGRU (¥ i ¥4 && , LAt i W] FUF 6 FIF
R4 AR I B R S B L R SZ AR A5 o AL EOL Ak 1Y
JR FBIHOR Bt RE M 42 2], SR A FUF Fi0Mll AR B T HoAth
P AN RFAE B 0T 82 it 2 S 43 T R dh s, ARk
L 295000 HH 1Y) RUL A FE AR B0 T 53 A A O v
X453 %8 T FUF J7 ik 42 BURFAE (1038 B 4 AR S Vo %
T AR A B A S BUFNAT 45, FUF fg 9% 38 i fl & i
e FE K B R AR AR AE A & . FUF 45 200 e 1 e
PRI TLARRFAE R T4, AT 42 1 3 4 1 T3 00 A
MFERERE . HALK 23 UM, 3T FUF

=
<
1
A
— A
OOA-BiGRU

1.1 — FIF-OOA-BiGRU
— FUF-OOA-BiGRU
---EOL
-0 100 200 300 400
IRV
K 22 M09 RUL T il &5 5

Fig.22 RUL prediction result for M09

0.03

0.02F

0.01F

TIM R 22/(Ah)

1 1 1
OOA-BiGRU  FIF-OOA-BiGRU FUF-OOA-BiGRU
AL 7 ik

23 M09 RUL Tl i3 72 48 £k &1
Fig.23 Boxplot of RUL prediction error for M09

1.2411

h
JOOA-BIGRU

=
1.5 ¢
124013 -
g 3
_ 12391 = E.
2 336 338 340
= — bR
© — OOA-BiGRU

1.3 — FIF-OOA-BiGRU
—FUF-OOA-BiGRU EQL

1.2

0 50

l(I)O 1;0 2(I)0 2%0 3(I)O 3;0
IR TREL
[ 24 M10 RUL Tl &5 3
Fig.24 RUL prediction result for M10

0.01F

TR ZE/(A h)

(=3
T

1 1 1
OOA-BiGRU  FIF-OOA-BiGRU FUF-OOA-BiGRU
SR INIPLVARES

25 M10 RUL Tl % 2 f6 £ &

Fig.25 Boxplot of RUL prediction error for M10
TERAR KRR T HAb T3, BEWE %A
5 S e A TROIORS P A e B ) — Bt . B Rk
% R ZE B B Ml X, AT 1% T 7
) T 45 R BN AT 5 o 3 AR REE LS Y, FUF- OOA-
BiGRU -7 £ (A1 op 7 28 #4530 T 0, 10 He 77 3%
HEE AT T 0.1, 1K 22 BR s It G Ay 73 Ao A8 284 ) 93
MG EAR TRt k. mMmLE 25 HREE 2,
F£T FIF Al FUF (P F RUL T 75 7 78 &6 6



%4055 9 M Fh

#2%  ETRESRER O0OA-BiGRU 1945 B -1 Hi vt 8] 4% 14 F 75 iy T J7 922 3009

P T 3% 22 1) 53 AT A 4501 5 T 4 SRR O 900 0 B
R, XUl B4 e R AR R R, R B R
B3] 7 A B TEFIF A1 FUF ROAH 26 B X L2 B
FUF W54 B L FIF 515 T 05 FIF B9 #m i 2
BhmTRME, FEEMEBAERME L TNFE. XK
B} 3 72 O RS E ARG S LR, FUF T A 55
B O A M, IX 45 28 T E FUF J7 59 % FIF
W TCAR TR T A7 200 B, T2 s 1 B8 ) it
RS
OOA-BiGRU # A 7E AN [A] REAIE () RUL il 25 53
HiREHyE R 7, nTLAWER, Rhpra ALY
BT BONREAER) RUL FU . (B BT $2 5 VA AR T
FIF-OOA-BiGRU #1J%: T2 #iFFE ] OOA-BiGRU
7E CS2_33. CX2 37 Al M09 HLitff) RUL 5l K i
SEEL T R R s 7E M10 HLil T, FUF-OOA-
BiGRU &84 SEHL 7 RUL 1928 1R 22 T o S By 4
IEB], 3T FUF-OOA-BiGRU [ R AL 35 /2 1 i ks i
RUL ) 223K, HLARBE 1 F50000 77 2% 1) 38 o 12k
# 7 OOA-BiGRU &2 E! 7 RE4HE LAY RUL T
ZBRRIRE
Tab.7 RUL prediction results and errors of OOA-BiGRU

model on different features

HL It T 75 vk RUL RUL_error
HE 248
FUE-OOA-BiGRU 249 1
CS2 33
FIF-OOA-BiGRU 251 3
OOA-BiGRU 252 4
HE 386
FUF-OOA-BiGRU 387 1
CX2 37
FIF-OOA-BiGRU 394 8
OOA-BiGRU 396 10
HE 150
FUF-OOA-BiGRU 151 1
M09
FIF-OOA-BiGRU 153 3
OOA-BiGRU 153 3
HAE 137
FUF-OOA-BiGRU 137 0
M10
FIF-OOA-BiGRU 139 2
OOA-BiGRU 140 3
ﬂ: ~
6 zl:l 'lo%

AT —FhFE T B HEA OOA-BiGRU
AR 257 FEL M RUL TN 575, M HF $2E. RR1E 55
34 TR Y 500 = AN 77 T % B0 A B R T VR A R i3 AT

itk .

MELIAE R AT ) = A ] 51 5 0 (1 2 55 b 42
I RE A% S e F It 22 AR AS 16 HF, 32 3 B0 SR 4 1 3L
B, fRUR R 7R B X DUTE 28 BB DU FLU R A
B ) A, % RS BB B HF JEAE#RAEXT RUL i
TUPKE FE Je mTSEPE RS B R A AE L, SR A 266 T ik B 25 A
£0.355 SR A R I 7 6 HF BEAT Ok, 3 R
FF RUL 0 (% fil & 7 4E - 8 GRU B84 T+ M fig
[ 5 b 3 3ok 25 R ORAE B BIGRU BEAY, #5817 4%
R FE b 1 fi I BT ) 2 A PR A 5 O R D 4 3R R
7. KM O0OA k%t BiGRU B HEAT AL, PEAK
N T R 5 1R I TR A DA R B v 17 ASE AR ) )
FEEE, ROl T HSHMARE.

AR SC IR 9 R AE By B 24 K 2 e vt i d LA R R
R A A B S R A3 B TG UE . BT R A TR AR
A5 A B TO0 A 2 A0S B, 38 4E T BIGRU A
RUTE Ab 3 2 R i N\ TI0 75 THD (R A e A AT S
[ B 6 LG T R R AE S L ARRRAE XS RUL T &5
(R SEIa, 56 B2 B A A R SR O v B — D R
B 7 RUL T A v, [RIRS 8 OR 0 0 A0 7 110 &
B o AW 5 v R A TG SR HL AT DAFE 2R 5K
B, 3E T B REIEIR 4 BV A B R 40h 9 RUL T
B, BAMSEE L.

2

(1] A4 He, PRIENS, R&d, &, wrbh A H AR T o EH
REVRAEAT[T]. H ERF 2 BB 1], 2023, 38(1): 48-58.
Zou Caineng, Chen Yanpeng, Xiong Bo, et al. Mission
of new energy under carbon neutrality goal in China
[J]. Bulletin of Chinese Academy of Sciences, 2023,
38(1): 48-58.

(21 J7dwn, e, FLEiRE, . FE T XA KR

1200 46 5 Ta) 32 A RE 4R R I 8 i b SOH A iH[J]. "
H1 &4 8501k, 2024,48(4): 160-168.
Fang Sidun, Liu Longzhen, Kong Laiqiang, et al.
State-of-health estimation for lithium-ion batteries
incorporating indirect health indicators based on bi-
directional long short-term memory networks[J].
Automation of Electric Power Systems, 2024, 48(4):
160-168.

[3] Emedi, EIEH, EWAR, & B ERN/ AR
— AL FR G b LA ) SRS £RIA (D] TR AR,
2023, 38(22): 5940-5958
Wang Xiaoji, Wang Daohan, Wang Bingdong, et al. A



3010

LR i N

£t 20254 5 H

[9]

review of drive-charging integrated systems and control
strategies for electric vehicles[J]. Transactions of
China Electrotechnical Society, 2023, 38(22): 5940-5958.
B, sk, BWOUE, & BT ARIIRERN-HT
AR B A% T R 2B RO T 190 2% 1 S T L i S AL R
PERERE[T]. BT HER M, 2024, 39(13): 4226-4239.
Li Yi, Zhang Jinlong, Qi Hanhong, et al. Ageing
performance modeling of Li-ion batteries based on
variational deep embedding-Wasserstein GAN with
gradient penalty[J]. Transactions of China Electro-
technical Society, 2024, 39(13): 4226-4239.

Tk, KREZE, Wi, . OETWKNMEET
R ) AR ) 25 A O 7], R AR AR AR, 2024,
19(1): 49-56.

Yu Miao, Zhu Yuhao, Gu Xin, et al. Remaining useful
life prediction of lithium-ion batteries based on
expansion stress[J]. Journal of Electrical Engineering,
2024, 19(1): 49-56.

RIS, HALS, FEAR. BT BRORES AL T S
7oy O 7 ik g2 iR (7] R HEEAR, 2023, 44(1):
1-17.

Zhao Jiahui, Tian Liting, Chen Lin. Review on state
estimation and remaining useful life prediction
methods forlithium-ion battery[J]. Power Generation
Technology, 2023, 44(1): 1-17.

3G, W, SRR, S5 BT RRE RN
T R AR IR A VE Al B S W R R > AT ()] LA
AR 24R, 2023, 38(19): 5330-5342.

Gu Juping, Jiang Ling, Zhang Xinsong, et al.
Estimation and influencing factor analysis of lithium-
ion batteries state of health based on features
extraction[J]. Transactions of China Electrotechnical
Society, 2023, 38(19): 5330-5342.

RO, AOEE, #EET, AL AR R R AL A
BT R A E M E AT AR, 2023, 24(2):
1-5.

Yu Peiwen, Yu Yajuan, Chang Zeyu, et al. Remain
useful life prediction of lithium-ion battery based on
relevance vector machine[J]. Electrical Engineering,
2023, 24(2): 1-5.

Najera J, Arribas J R, de Castro R M, et al. Semi-
empirical ageing model for LFP and NMC Li-ion
battery chemistries[J].

2023, 72: 108016.

Journal of Energy Storage,

[10]

(1]

[12]

[14]

[15]

[17]

[18]

[19]

[20]

Hoekstra F S J, Donkers M C F, Bergveld H J. Rapid
empirical battery electromotive-force and overpotential
modelling using input-output linear parameter-varying
methods[J]. Journal of Energy Storage, 2023, 65: 107185.
Montaru M, Fiette S, Koné J L, et al. Calendar ageing
model of Li-ion battery combining physics-based and
empirical approaches[J]. Journal of Energy Storage,
2022, 51: 104544.

Zhang Wei, Ma Fenfen, Guo Sibei, et al. A model
cathode for mechanistic study of organosulfide
electrochemistry in Li-organosulfide batteries[J]. Journal
of Energy Chemistry, 2022, 66: 440-447.

Khodadadi Sadabadi K, Jin Xin, Rizzoni G. Prediction
of remaining useful life for a composite electrode
lithium ion battery cell using an electrochemical
model to estimate the state of health[J]. Journal of
Power Sources, 2021, 481: 228861.

Hosseininasab S, Lin Changwei, Pischinger S, et al.
State-of-health estimation of lithium-ion batteries for
electrified vehicles using a reduced-order electro-
chemical model[J]. Journal of Energy Storage, 2022,
52: 104684.

Torregrosa A J, Broatch A, Olmeda P, et al. A
generalized equivalent circuit model for lithium-iron
phosphate batteries[J]. Energy, 2023, 284: 129316.
Koseoglou M, Tsioumas E, Panagiotidis I, et al. A
lithium-ion battery equivalent circuit model based on
a hybrid parametrization approach[J]. Journal of
Energy Storage, 2023, 73: 109051.

Li Guishu, Xie Song, Guo Wenqi, et al. Equivalent
circuit modeling and state-of-charge estimation of
lithium titanate battery under low ambient pressure[J].
Journal of Energy Storage, 2024, 77: 109993.

Li Hang, Liao Youping, Zhao Changlu, et al. State of
charge estimation of lithium-titanate battery based on
multi-model extended Kalman filter considering
temperature and current rate[J]. Journal of Energy
Storage, 2024, 77: 109890.

El-Dalahmeh M, Al-Greer M, El-Dalahmeh M, et al.
Physics-based model informed smooth particle filter
for remaining useful life prediction of lithium-ion

battery[J]. Measurement, 2023, 214: 112838.
Duan Bin, Zhang Qi, Geng Fei, et al. Remaining useful

life prediction of lithium-ion battery based on



%4055 9 M Fh

5 TG R EA OOA-BIGRU (8 & Fi it 3] % i 1 7 iy 9 07 72

3011

[21]

[22]

[23]

[24]

[25]

[26]

extended Kalman particle filter[J]. International
Journal of Energy Research, 2020, 44(3): 1724-1734.
Wangliaolong, Zhang Fode, Zhang Jianchuan, et al. A
flexible RUL prediction method based on poly-cell
LSTM with applications to lithium battery data[J].
Reliability Engineering & System Safety, 2023, 231:
108976.

YO, Bk, A5, &L T HUE BAEE A
VMD-LSTM-GPR [ 8 25 - H s 3 4 77 iy F0 90 [J].
AL, T3 A 241, 2024,39(10): 3244-3258.

Li Yingshun, Kan Hongda, Guo Zhannan, et al.
Prediction of remaining useful life of lithium-ion
battery based on data preprocessing and VMD-LSTM-
GPR[J]. Transactions of China Electrotechnical Society,
2024, 39(10): 3244-3258.

T, X, EE, & ETTBEFEIMEYRA
i B 2% - K I [ 10 A2 1 B8 T o v o R i L
[7]. B THAZEHR, 2024,39(1): 289-302.

Yin Jie, Liu Bo, Sun Guobing, et al. Transfer learning
denoising autoencoder-long short term memory for
remaining useful life prediction of Li-ion batteries[J].
Transactions of China Electrotechnical Society, 2024,
39(1): 289-302.

Zhang Senju, Kang Rui, Lin Yanhui. Remaining
useful life prediction for degradation with recovery
phenomenon based on uncertain process[J]. Reliability
Engineering & System Safety, 2021, 208: 107440.
Streb M, Ohrelius M, Siddiqui A, et al. Diagnosis and
prognosis of battery degradation through reevaluation
and Gaussian process regression of electrochemical
model parameters[J]. Journal of Power Sources, 2023,
588:233686.

Xu Xiaodong, Tang Shengjin, Yu Chuangiang, et al.
Remaining useful life prediction of lithium-ion
batteries based on Wiener process under time-varying
temperature condition[J]. Reliability Engineering &

System Safety, 2021, 214: 107675.

[27]

[30]

[31]

Zhou Zhongkai, Duan Bin, Kang Yongzhe, et al.
Health feature extraction and efficient sorting of
second-life lithium-ion batteries[J]. IEEE Transactions
on Energy Conversion, 2024, 39(2): 1373-1382.

Peng Simin, Sun Yunxiang, Liu Dandan, et al. State of
health estimation of lithium-ion batteries based on
multi-health features extraction and improved long
short-term memory neural network[J]. Energy, 2023,
282: 128956.

Li Lei, Li Yuanjiang, Mao Runze, et al. Remaining
useful life prediction for lithium-ion batteries with a
hybrid model based on TCN-GRU-DNN and dual
attention mechanism[J]. IEEE Transactions on
Transportation Electrification, 2023, 9(3): 4726-4740.
Guo Fei, Wu Xiongwei, Liu Lili, et al. Prediction of
remaining useful life and state of health of lithium
batteries based on time series feature and Savitzky-
Golay filter combined with gated recurrent unit neural
network[J]. Energy, 2023, 270: 126880.

Zhang Jiusi, Huang Congsheng, Chow M Y, et al. A
data-model interactive remaining useful life prediction
approach of lithium-ion batteries based on PF-BiGRU-
TSAM[J]. IEEE Transactions on Industrial Informatics,
2024, 20(2): 1144-1154.

Mazzi Y, Ben Sassi H, Errahimi F. Lithium-ion battery
state of health estimation using a hybrid model based
on a convolutional neural network and bidirectional
gated recurrent unit[J]. Engineering Applications of

Artificial Intelligence, 2024, 127: 107199.

fEEBN

Fh

A, 1979 4R, RIEUR, LRSI, AT RO T

At R o
E-mail: sunjing@sdu.edu.cn CGE{EIE#E)

”Fif

5, 1999 R4, W Fe A, B TCTT ) Dy B A i fi

ARG 5 R R B A7 A 00

E-mail:

1030033160@qq.com

A Novel Remaining Useful Life Prediction Method Based on Fusion
Feature and OOA-BiGRU for Lithium-Ion Batteries
Sun Jing  Zhai Qianchun

(School of Information and Electronic Engineering Shandong Technology and Business University

Yantai

264005 China)

Abstract With the continuous development of the new energy vehicle industry, lithium-ion batteries are
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used in large quantities as on-board power batteries. The battery management system (BMS) is responsible for
monitoring, evaluating, maintaining, and optimizing the performance and life of Li-ion batteries, and the prediction
of ¢ is an important part of the BMS. Accurate prediction of a battery's RUL helps identify batteries that are nearing
the end of their life to prevent potential safety risks such as overheating, combustion, or explosion, and allows
O&M personnel to schedule battery maintenance and replacements based on the battery’s actual state of health,
rather than on a pre-determined schedule, thereby reducing unnecessary O&M costs. However, lithium-ion
batteries exhibit nonlinear aging trends due to their complex internal chemical reactions during use, and the aging
process of batteries usually exhibits multi-stage degradation, which increases the difficulty of RUL prediction. In
view of this, this paper proposes a RUL prediction method for lithium-ion batteries based on public battery data
from the University of Maryland and lithium iron phosphate battery data collected by the group's own laboratory,
and the main research contributions are as follows:

Aiming at the problem that battery capacity is difficult to be measured directly, and the poor ability of
traditional network models to capture multi-feature input information, a method is proposed to optimize the
bidirectional gated recurrent unit (BiGRU) network based on the fusion feature and the osprey optimization
algorithm (OOA) for RUL prediction of lithium-ion batteries. Simple and easy-to-measure current, voltage and
time data during battery aging are collected, from which the health factors that can reflect the aging trend of the
battery are extracted. The Savitzky-Golay filtering method is selected to reduce the influence of noise on the
prediction accuracy. A fusion feature screening strategy combining filter and wrapper is proposed to reduce the
complexity of the model and prevent model overfitting. Considering the insufficient ability of the traditional model
to capture battery aging information when dealing with multi-feature inputs, the GRU network, which predicts
only based on historical information, is upgraded to the BIGRU network, which is capable of handling both forward
and backward information of the sequences. The BiGRU network is able to understand the overall structure and
dynamic properties of the sequences in a more in-depth manner, better integrate the multi-dimensional features,
and adapt to dependencies in different time scales. OOA is used to effectively optimize the hyper parameters inside
the BiGRU model, which improves the prediction accuracy of the model and also realizes the automatic
configuration of the parameters. Different types of battery data are used to compare the proposed method with
traditional network models to verify the reliability of the proposed OOA-BiGRU model. In addition, the effect of
the proposed fusion feature prediction is compared with all feature prediction and filtered feature prediction, which
proves that the fusion feature better represents the aging degree of the battery and improves the accuracy of the
model prediction.

The research results of this paper provide a new method and idea for RUL prediction of lithium-ion power
batteries, which can be applied to the BMS system of new energy vehicles and is of practical significance.

Keywords: Lithium-ion batteries, remaining useful life (RUL), bidirectional gated recurrent unit (BiGRU),
health factor (HF), fusion feature
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