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Abstract: Accurate prediction of lithium-ion battery state of health (SOH) provides an
important basis for safe operation, maintenance decision-making, and lifetime management.
To address the nonlinear, nonstationary, and multi-timescale characteristics of battery SOH
degradation, as well as the insufficient representation caused by applying a unified prediction
model to components with different dynamic complexities, an adaptive frequency-division
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hybrid neural network is proposed. First, health indicators (HIs) that characterize battery
degradation are extracted from the charging-stage data of the training battery. Variational
mode decomposition (VMD) is then applied only to the SOH sequence of the training battery
to separate degradation information at multiple time scales. Permutation entropy (PE) is
employed to quantify the complexity of different intrinsic mode functions (IMFs), and K-means
clustering is further used to adaptively divide them into high- and low-frequency components.
According to their different dynamic characteristics, a bidirectional long short-term memory-
attention (BiLSTM-Attention) model optimized by the Gray Langurs Optimizer (GLO) is used
for high-frequency components, while a gated recurrent unit (GRU) model is used for low-
frequency components. During model development, HI selection, VMD decomposition,
hyperparameter optimization, and model training are performed exclusively using the training
battery. During cross-cell testing, all model parameters are fixed, and only the historical Hls
available up to the current cycle of the test battery are used to predict the intrinsic mode
functions of the next cycle in a one-step-ahead manner, followed by reconstruction of the final
SOH. Experiments are conducted on the CALCE-CS2 battery series. CS2_35 is first used as
the sole training cell and CS2_36, CS2_37, and CS2_38 are used as independent test cells,
followed by cross-validation by alternately selecting each cell as the sole training cell. The
results show that the proposed method can effectively characterize the multi-timescale
information in the SOH degradation process and maintain relatively stable prediction
performance under different training-cell conditions, further validating its cross-cell prediction
capability within the CALCE-CS2 series.

Keywords: lithium-ion battery; state of health; Gray Langurs Optimizer; frequency-partitioning

strategy; cross-cell validation
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TR LA MR AL B SR NBENLE
K C R AL B R RS R 7 X&G&R
TN LUGEARN )4 R B AR A E
FEVP @AM B SR A A
B AR RO B AT HH, AT Z T A B A4 2
XIREENT . — HERE A e PR AN Ak 2 BRI v M1
HALE H AR (13); X T 2 HERE R A 1R
AP, HoA B B A s (14):
X4 = X+ Cy( X - X)) (13)
X=X+ 0(X, — X))+ Cl[oO(ub —b)] (14)
A, X RN E UGRS3 A A
frE; X FRoRER RS EMANE; C &R
M)A B RS 1 X3R5 t s AR
EINHEMEMRIALE; X SRR EHENIAE; 0
KR REGIF T CRARMENIIRE: oFR
JIl bR HE TE S 23 A B B AL ) =
b BEWEE, HigEFRaEEs
OB o HEHT AU
X! = X!Ostep
step = scale®L - 0.001 (15)

(12)

scale = r,(ub - Ib)e (1)

X, stepFomH FWESK: scale Rnb
KAR A T

FEANL: WHRAR SRR MEAEE
WiiE, HEHERSE, FEMMTURL R

Xt*1 = min[max (X", Ib), ub] (16)

A, X RN T LR G AR E

bt 5 SR T B AN G S A, R
SAMERI & R AME . ERE RS, BRI
B RIERIREL, e 2 e AR Y ) e AR
HSHHE .
25 [HEEFET

I 4% 53K .7t (gated recurrent unit, GRU)#& —
PO BUE AR 22 IR 28, FELSTM N T, i
VA R TS R EAT T A, BRI E B
TR . GRU ] ALEfR R AL 45 4y B o] 2. S48
B IIGRCRE R ER, kK F gL i
H2s Gy H B B R 1 P T SO AR A R
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z,=0(W,x,+ U,h, , +b,)
r,=0(Wx,+Uh, ,+b,)
h, = tanh(W,x, + U(rOh, ;) + b,)
h,=(1-2z,)0h, , + zOh,

X, z Rt ZI BT r 38Rt 21
HET: WU 75025 AR A B E 5
K5 P 2o 2RI FROROIR S s bR B T
2.6 BENMTINRESRE RSB MTTUNRE

AR i — P T B — I SR it 2 R R B
B e o= R 7 <R RN L N = BTN 7 DR
o BRI FE A HE I 25 F It B 2R I 25 A0 I X etk 5
FEL VA 000 AN B B . DL CS2_35 1 v Il 45 Ha it
CS2_36 - CS2_38 fE A r ik it A, 785
IR B, AR CS2_35 5E i His it . VMD
I3~ PE-K-means 7 &Il 70 i S50 w A
Ik, Hr VMD 7 43 2| 1A 7] IMF 7 8E:A4F R %
TR MBI Grbr 2. TR BRI 2, VMD1E
AR TG Bt it 2 R B ARAE, A
MY BN AL B R, R SBR[ 2
P78 HIs 5 — &3 %% IMF 43 5 2 [6] i R g 52 &R o
T I 25 56 B [ 8 43 240, 76 5 it K e
B¢, CS2_36. CS2_37 il CS2_38 A i# 1T VMD
o, WA SRS, (CRHSRE A
PEIR TV 3RAT 1 D7 52 HIs F0M 265 ¢+1 AN 305 B 1
% IMF 73 &, JFfisit 7 2 H 15 2] SOH fl 45 K,
WK b 3 52 SOH A H T e A R Re vPA « 1R
G A 3E FH T B8 1 S b 5 B F gt T, EARRE
XGRS R 3.575 .

FARUE ZRBY B 5 A B A — B 5 %
NTEZ AR SO P71 38 35 ok H 56 2.3.1 75
R [ KB T S Eh E . BRI RIS
BRI HIs W& N h, BOKEL, LR T EE t+1
MEIRRS, HEASRHCRWT

[ tvnsh ] = { IMF .}, — SOH,,,  (18)

R, IMF,.  Fom 8 kA TR R — @5
Xt IMF 43 B FME . SOH.,. , 274 A Tl
Iy B AT EM SRS — 7528 SOH Bill{E . 7T
DL, T0I0ES ¢+ NGRS, A58 B A FH ) i e
i NEURACR B S ENMEIR . B HT BI0E A 3R
3, PIsE DR s —AME, A R D7 20
TR T — &3, AT 5% 25 (1) — 20 3R 3 Tt ik

(17)

o BARBEAAESL I 4 fros, BRI D 5%
IR

H—0: HURTUCHE SRHFER . &%
b SR UG OGP A AT TRAG BE R HIs 5 SOH; 3L
s A R CS2_35 i B % ik His 5 SOH 2 [1] [
PCC I 5 lUFFiE ik, CS2_36 - CS2_38 4% 5
His fiiik, H AL G 1) SOH AU M 4 REVT
M JE 1t

%= VMD RS IMF 43 %15 o AU
g HLh CS2_35 11 SOH i 17 VMD 71 fift, #32| KA
AR TR)ROBE B IMF 23 5, 06 AR N & PR
WS Hbr. BETHE & IMF 7 & 10— PE
{8, i K-means 4 3 5 3&E N KI5 s A 3 4r
HAEAEE .

b mAIME 2 2 T . BT X PE B
B A& E 2% FE SR I @ 4 IMF 4> &, R A GLO-
BILSTM-Attention % 37 Tl 4 78 ,  H 1 BILSTM H
THREU L O AR 7 RSB S, Attention
FH T 5 A DG B g s B[R] 2B R 4E, GLO TR A A
RUOCHHEZEL, AR S & 2R s B bR ) Fl g

VD AR IME 23 ST o B X A8 b A X
%% FEIRBK IR FRAIMEF 7 &, KH
SE R A X TV 9 GRU BEAT T, DAPRAIC &R A Y
A FRF RS E S BT R I UAR

SHD: B HIb TS SOH HEA . BALIZx
SERJE [ 8 AX RS AL, R F I T S8 HIs $ BEAH
I i 2 B 10 23 N I e A IR v R AT T A
B, BEEIMF o= T — A ENE, JF20H
— Ak 143 B A SRS A 4% SOH Tl 45 5 . Ik He
M ESLSOHNAH FiFE MR ZE, 425
VMD. RN S HOE B B 5

3 WMERE 2

3.1 IR E SEENTENIERR

53.2 - 3.4 15500 R CS2_351F Nl 25 s
i, CS2_36 - CS2_38{E NAr i dit; %5 3.5
FIAC YR T M — Y SR, T R I SR F I R B
UE o 5 2H S0 ANE FH 22w R H v 5 i A7 AR
SIS A R I 25 K S U € - HIs K H Min-Max /7
FEH—A, MREA— S B HIGB i E, BT
AR FHA B L D 12 (103 B[R] 3 R iy
FEAS, & 3P KATND K N1, B
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X 2% HL VAR AT T AL B 4R L

HIs5SOH
v v GLO#FH
VMDA UG | [ TR — —
HICS2_ 35 | | FERMTBEER | | SR SRR
[1ISOHF: 51l #HHIs v
T X WM, B4
I ZR R IBIMF > S PE(Y, AR
ZK-means K H IEMN KI5 = p
YR, FHER TR B H bR BT IRIIRAT Ay s 13
¥ v vy 3 AT B T A 7
[ IMF1 ] IMF2 | IMF3 | ... | IMF6 | b1
IZEGLO- E R VA SRR
YIZGRUKLY BILSTM- #
Attentionf 7!
| — Z—
H LR FECS2_36 - CS2_381)
J3 SEHISH NN ZREF IR, T
W F— 18R FIMF 43 &
v

BINHNIME> EEHMSOH, Jf
5 it LS SOHBEAT PN

4 VMD-PE-GLO-BIiLSTM-Attention-GRU RY#RH!1E
ZRE
Fig. 4 Framework of the VMD-PE-GLO-BiLSTM-
Attention-GRU model

2 MEPA BT L HIs TN AR t+1 ANMEIR . B S
S o s s 1| S - R 1 R 9 71 S
80% M2k T4 J5 20% B0 UE T4 . A dh 06
WEHT B G B2 584, His H— WS E |
80% Il Zr 1 LM, [RIEAUHZ N Zh 7 52X B 1)
SOH 41 #47 VMD 73, F-44 Bt 3 IMF 2 &4
BB MBI 2R AR )5 20% Sk A S
5 VMD 73 fif MR 30 0, XA Tt E
SOH (1) MSE Jf Pt it il 4. Fe il 2 30 e
Jo . PR T AT S BN SR IE IMF R B AR5
IR &M, GLO MLz T 5k, RERFIKH
R RV PR AR A, R
M Bt &R 4H e 0k 2 5001145 2 Epoch, M\ 5 Ik ML iz
A7 ik BUER E MSE S AR 1) S 8 S Ay e 457
Z . L4 {E Intel Core i5-14600K. NVIDIA
GeForce RTX 5060 & Python3.11 3535 F 52 i, H
f RS HN K 2.

DR A T AT B AR S50 B A 7E SOH Tl 55 H 1Y
TR B2 505 R, A Sk B 77 il ik 22 (root
mean square error, RMSE). P4 X%} % % (mean
absolute error, MAE). 7~ 1 44 % & 4 bt i 2
(mean absolute percentage error, MAPE) DA A ¥
& % ¥ (coefficient of determination, R?){E Jy 1 7Y

x2 BHBELBESHINOXESHRE
Table 2 Key parameter settings of the model and
hyperparameter optimization

SRR SN E

VMD #E75 7 ffE KIAE ST+ o 6/2000
PE ik N4EHL miisf 8] 2838 7 511
GRU R 5 o $u = 4 64/1

GRU #:>] % /Epoch/Batch size 1x10°/30/64
BILSTM 2% > 3/ 2 el 1 e RV 10°~10/16~128
GLO P RIS B R AR L 12/30
GLO L2 31 R /BILSTM BEk . o2k 2.64x10%/80,66
#x4 BiLSTM-Attention Epoch/Batch size 100/64

PEREVEO bR .  LIRFEARAERS MARZZ R/ T i
72 A R g R e 0 S5 U T IO 45 SR AT 455 1 F
ARSI S AR

1 n N 2
RMSE = |37~ )

T<n |~
MAE = >0 17~ vl

n
1w, 100 x|y, -yl (19)
MAPE—EEM#
R2=1- 27=1(y,'_)7f)2
n —\2
2i=1(yi_y)

A, yRoREPME: p RN TINE: YR
INSEBREIME s nFRONIEH IR

— %1 =, RMSE. MAE #il MAPE #4%if 0,
W B AR 2R N R R ARG . RAEREIT 1, R AL
GRS o
3.2 VMD RS DH

FEFEWE S, K VMD XI5 s i €S2
35 (1) SOH JF BIEAT 3 fift,  DARE I AN ] BRF 1) JRUBE 1)
IMF 578 B bi; VMDA T ISR B, W3 L i 7
3 A2 ASFEEAT VMD 43 fif . VMD [ 43 fil &5 1 2
B2 BB R KRN RS R B a s .
KAE R B/, AN A )R (4903 i 73 1] R 4R
TH—EE, S8 EART: HKERETK,
AT e i ot o i, A8 A AT e gt itk — D Al A It
AR E. F—J7TH, BN a WA T 12
WAELTG, It K0 o 2 A8 SRS 1 A0 52 B 5 R
file % REE| K a¥) 2 m VMD 73 i 45 R, A
SR FH 42 i) A 8 PR 38 0 UBR M AT SR o B S e S
& R % a v 2000 (1464 T, i AN F KB
T2 IMF 4 5 Hp O 4728 (10 A8 10 R R A5 3 KE
B 5 [ e ik KAE, E—2 i AT a o
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5 & R

WARAGAFAE, AT E L S HAH G
A2 a292000, J3 s E AN ] R AR A 7 i
K, KR O ARER IR 3 fros . BRE X3 AIAL,
MK, ffa—A IMF or S LA L4
TR, JREKET, LR AR 0.44~
045, I AKKESFHOABSKEDR, ™
G NS N A B v RN R i
SE NG,
#3 CS2_355HARKETHFLIRZE («=2000)
Table 3 Center frequencies of battery CS2_35 at
different K values («=2000)

IMF1 IMF2 IMF3 IMF4 IMF5 IMF6 IMF7

K

4 1.57x10* 0.0390 0.1524 0.3610 — — —

5 1.57x10* 0.0360 0.1317 0.2662 0.4123 — —
6 1.57x10* 0.0351 0.1268 0.2460 0.3457 0.4440 —

7 1.57x10* 0.0185 0.0636 0.1420 0.2539 0.3542 0.4469

B 5 [ e K6, 23 il e AN R ) I R
Boa, MM OIENE SR, BEXRAIH,
2 a )\ 500 B4 114 2000 B, 35555 IMF 435 1 A O A
FAN A T IO R R AR A, RN R A o TE 2
IR, VMD B R e RF AR . S a R
% 2000~2500 B}, £ IMF 43 & i) O SR R B
W R R e, WAEZ S TG R N VMD 3k
3 TR E AR A R . T a 4 AR KR
3000 BA_EBF, #845 IMF 43 52 1 o0 5056 P IR 2B
HHEARE, R KAEN RES BE WSS
=AU L. IR I, a2y 2000~2500 Fff I B
TR T A AR B O A Z X TR], FE3 &2 % IMF 43
= O SIER AR E PRI X Ay BRI RTEE R, ok
G AN 05 EH I SR Y W AR, AR BUZ AR E X
6] PN 45718 2000 4 afi

i ERIB DU TR, RS
K N6 44T, a2000 A7 T ot SR A o fa
SENSHIX ], SRR K8 Bk H 2 & 1 R
B8 B, ALK EK=6. a=20001F N
VMD 724, Mo 4 R 5 s o

9 1% I 25 ra it SOH 43 i )5 19 IMF 23 /s E 4T
AER Sy, TR AR A T TN ) o L, T
P T R J R B . ASCHINPE, ¥ IA—1L)E
(1) PEAEAE N & % o E E AR LMV e bs, BAk
HAEWFRSFrox. RN, AT @5 N TR 7k i
AHEtE, %M K-means 25077 H i& MK 4 IMF

#4 CS2_35S5H A EaETHHLIME (K=6)
Table 4 Center frequencies of battery CS2_35 at
different « values(K=6)

a IMF1
500 1.93x10*
1000 1.81x10*
1500 1.69x10*
2000 1.57x10*
2500 1.57x10*
3000 1.56x10*
4000 1.53x10™*

IMF2
0.0421
0.0406
0.0401
0.0351
0.0349
0.0378
0.0376

IMF3
0.1317
0.1306
0.1303
0.1268
0.1264
0.1290
0.1292

IMF4
0.2813
0.2736
0.2653
0.2460
0.2448
0.2648
0.2759

IMF5
0.4120
0.3807
0.3713
0.3457
0.3450
0.3582
0.3599

IMF6
0.4983
0.4854
0.4669
0.4440
0.4431
0.4718
0.5861
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5 CS2_355Hth SOH 58I VMD 72
Fig. 5 VMD decomposition of the SOH sequence of
battery CS2_35

e, KREEEE N2, HWEKPEELE
NN, B4 1350.4660 F10.9264 AR AL 0
T PEARER /N, 2RoR 7y BBk-F A H AU B 5E
PR AT TR 2 R BB/ R — 2R R 23 v R Aia 35 70
PE BB K, TZR7R 70 B A B sl Ve M2 % B ey
PRL MR B 2 rh L UK I — 2R & 73 Dy sy B 3l 70 £
FRIE TR R, 2 IMF1RTIMF2 X1 53 AR5 5>
&, 1FGRUBIRKFM HFR: # IMF3 - IMF6
XI5 A sy &, {EA GLO-BILSTM-Attention 41
H R T E AR o
&5 CS2_355HMENEF—WEHNHIYIEE
Table 5 Normalized permutation entropy of each
component of battery CS2_35

7 IMF1 IMF2 IMF3 IMF4 IMF5 IMF6

HepgifE 0.3510 0.5811 0.8112 0.9682 0.9981 0.9281

3.3 HRASCIE
RV IE BT $ 7 1 8% 2H AR B R e R AR 7R DG
77 R R, A K T GRU(AT). BILSTM
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(A2).  BILSTM-Attention(A3).  VMD-BIiLSTM-
Attention(Ad). A i H 73 43t 3 B [¥) VMD-GLO-

BILSTM-Attention(A5). {4 7 4 5 b A~ A8 H Ik
5 IMF 43 5 FRUOIN ASE 28 55 2% S 532 s 1) T B ) A 2R
(AB) LA B AR SC 7 (AT )HEAT T il SE 36 o AR5 T A 7
il R R 3414 F) B CS2_35 58 il 4, CS2_36 -
CS2_381E A ar ik f it , S5 4570 {0 S0 25 SR K
P RS L EI 6 T 6.

775 800 825

0 200 400 600 800
TBEIRRER

(a) €S2 36
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Fig. 6 Prediction results of different ablation models

T 43 Hr B 6 T 25 SR ET A, BILSTM X1+
PRI AR SEBR G HUR B, (HAHR
FERAK. I Attention HLfiIJ5, HBEALRENS F 1& N o%
5 SOH Tl ¢ 1 B 56 =y (R I) FP ReAiE, T A 75
TRAS B2 i iy o 75 sb AL B\ VMD % fi& J7
%, H I it SOH 43 fif R 22 AN AE G ST R ) M B
HAriE, e zEdt— D RAK, Ui 2 R H bt
I8 Be W PRAICBR 4f SOH [ 2% S ME R, 3 A 28 X0 A

) RO R AR AE R R AERE U RS EINA GLO
PR BT SRS NG, BRCRG 2 Y] R
. AR FIAE H GRU HE4T 544k SOH Tl i 47
FERCR R 2, (HASCI7EI AR EHA M GRU &
SRR, TR ARYE A R B 0 B A RHIE
BEAT 22 A AR o 3k — 2 0] L S [ T BB AR AG T
PURBL, FELRFFE VMD 73 filt s IR AR 70 A3 L AL
ATy BB R S, T &5 SR I W
Z2, WA SCTT % AT AT e 0% B0 PR B S bR SOH A&
o ZEE R, BRI R H i AN UK YR T 20 90
AEERA G, 3 A ) B AN TR ASE Y 2 [ ) B
VLRCA 5%, MTMEGIE 1A S AR L 73 e 77 X
AR
&6 JHRAKIRBIEMNIERR
Table 6 Evaluation metrics for different ablation

models
Rk TR RMSE MAE MAPE R?
A1 0.0892 0.0720 0.1519 0.8447
A2 0.0815 0.0647 0.1443 0.8705
A3 0.0745 0.0594 0.1347 0.8919
CS2_36 A4 0.0546 0.0459 0.0897 0.9181
A5 0.0164 0.0128 0.0194 0.9813
A6 0.0331 0.0246 0.0524 0.9621
A7 0.0103 0.0079 0.0127 0.9926
A1 0.0889 0.0704 0.1540 0.8215
A2 0.0750 0.0598 0.1335 0.8729
A3 0.0696 0.0584 0.1246 0.8901
Cs2_37 A4 0.0561 0.0473 0.0927 0.9211
A5 0.0169 0.0135 0.0206 0.9804
A6 0.0368 0.0271 0.0597 0.9597
A7 0.0108 0.0083 0.0141 0.9921
A1 0.0752 0.0605 0.1093 0.8600
A2 0.0705 0.0592 0.1035 0.8770
A3 0.0620 0.0538 0.0939 0.9050
CS2_38 A4 0.0533 0.0453 0.0889 0.9158
A5 0.0160 0.0122 0.0190 0.9821
A6 0.0317 0.0225 0.0493 0.9640
A7 0.0104 0.0077 0.0132 0.9924

i 3 o3 A 2 6 Hh A% AR IR R FR A F b T
AR SCHTR A 7 92 AE = Bl it B3 T
TG T 45 S o I = B A R 1 o 2 & ROk
H ., AR AT A B R — GRU A A1 R
BiLSTM-Attention # %4 A3 ] RMSE 4 7 % 1%
87.56% #11 84.72%, MAE 7 5l [% ik 88.22% Al
86.07%, it 1 5 B HE 42 AF 5 o — BF 3 T 19X 8% i
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5 & R

% IRAT 5 = B T B o AR T AN 29 A0 5 s 1)
VMD-GLO-BIiLSTM-Attention 1 %4 A5, A7 )T~
RMSE FI MAE 4> | B4 1% 36.11% f1 37.92%,
BEXTAS [ 43 8oR F 22 S AL TS 2R e A gk — 2
O TR SR . 20 5 OR KR AR [R] 43 AiAS SR &
A AT T 0 A Y S 1) L ) A A B, AT HISF
RMSE 1 MAE 4 il %1% 69.00% #167.79%, i B4
BIVAs R FH AH 7] 1) VMD 23 fR A A3 gl 2R, AN TR A
o3 1 5 TS AL 2 (8] Y UT AT 77 =045 4 BR S5 R e i 4%
TRMPERE . A ST M RESR T IR TR —
ML, T 2 RN B AR 2 R A
P AR AT 43 5 T A% B 2 (] 1) 6 34 G i 3 [
FHK
3.4 XL SIMIERES T

Nk — 0 LW FIRE RS | {55 o0 i 0 1 DA e -
HREIEXT SOH T M RE RIS, A SCHT CS2_38
L T R 2 & 5 B S B8 o S8 AR i O\ 3 R AR A
CNN(B1) 1 LSTM(B2), i A 3= 9t 3 5 2 #4) i
VMD-GA-BIiLSTM-Attention(B3) #1 VMD-PSO-
BILSTM-Attention(B4), N\ 3= ¥t 7 f# 77 12 #4 1k
EMD-GLO-BILSTM-Attention(B5) 1 CEEMDAN-
GLO-BILSTM-Attention(B6), AN FH 43 47 S i
ff) VMD-GLO-BILSTM-Attention(B7) Fll A X J7 2
(B8)HEAT L. A5 F b Sz v (16 i A R 7R 35 A e
Fl CS2_35 e il 45k Z 8k #, CS2_38fFE Nl
SCMRR A, S SRR, SR TR h 2 A0
PSRRI 7 LA R T .
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Fig. 7 Prediction results of the comparative
experiments

I ATE T AR T TR, 7RSSR VMD gy i
J7 VT AN o3 A SR s 1 264 R, A GLO S
S 1) BT B AT PR R 2 R AR R R B 1
B4(PSO)i7, JLRMSE. MAE. MAPE %) 3l /i

7T FTELLIARBIFMIERR
Table 7 Evaluation metrics of the models in the
comparative experiments

TR A RMSE MAE MAPE R?
B1 0.0912 0.0763 0.1346 0.7940
B2 0.0816 0.0569 0.1240 0.8349
B3 0.0532 0.0466 0.0776 0.9298
B4 0.0459 0.0357 0.0709 0.9478
B5 0.0468 0.0365 0.0724 0.9458
B6 0.0450 0.0343 0.0681 0.9499
B7 0.0160 0.0122 0.0190 0.9821
B8 0.0104 0.0077 0.0132 0.9924

7 65.14%. 65.83%. 73.2%, R*#%7} 1 0.0343,
Ut B GLO REW% i3t — 2D 243 BiLSTM-Attention {2
SRR E R AWM MERE . 7E¥R A GLO G5
VT AN FH 23 A SR e B A AR, A VMD 43
15 ) BY A5 AR B 7 e 2 9 v R SR TR A Y B6
(CEEMDAN)#i %!, H RMSE. MAE. MAPE %}l
B T 64.44%. 64.43%. 72.1%, RERTH T
0.0322, B VMD 7EA SCSEE 264 T e R Je 4
TRIBE B FR AL B 5 22 S M o kR . b — D45 &
PESEREIVEIISE R WL, ATV e bR LT 5L
fib ot LEAR RS, i BH VMD 43 f# . GLO T4t BA K J5 45
ZE A S S A HAMER .

Rk — P WA R AR L S R ke, AR
IR R it CS2_ 35 JF e sz, I 44 8] I
1T 80% 1E N 4R F4E. I 20% 1F NIAE 74,
PLE&AIE T 4  KJ SOH 1 MSE 1 Ay it 87 5 oF 4 .
GLO. PSOFIGAXHHFHIMSHIE R . Fh
FERLRE (12) FIER RKIEARREL (300, H4r ks
BAT 5 K. IR GE 0] S 56 45 R s m
B RR R Y bR ZE R, R M e
FUERPYIYERE, bRk 22 OB 5 RS IZ AT 45 )
BUERERE, brdEE RN RN G R e e . Bk
WEAE RN 8 MK 8 Fran. K8 SRR &
IEARUECT I S B e 3 P 3504, B RS R R 3818
+1 MR HEZ o [FIBSR FH L BT S URCSSOR B 58 Bk
S IE IO P MO R 95% B S I R IE AR K, RSt
F I AR ]

o BT I 8 fR 8 HI AT, GLO [ fie 2 56 IF
MSE % %l % PSO #il GA & {1k 10.95% F1 15.37%,
los 73 ) 98 7> 64.47% F1 78.91%, H. H 5 & 56 iF
MSE [ brifE 2 550/, Ut GLO TEA U 2 503 &R
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Fig. 8 Hyperparameter optimization convergence
curves of different optimization algorithms

% 8 AREMMLEZENIHIERGITER
Table 8 Statistical optimization performance of
different optimization algorithms

FETE  RAKIEMSEAC I WECEKE T s
GA 4.23+0.11 25.6+2.13 74.661£4.70
PSO 4.02+0.07 15.2+2.11 71.54+£3.92
GLO 3.58+0.03 5.4+0.71 81.82+5.57

e K8 HEE R 5 AL IEAT bR E

B A HEENERREE . BERkR I SR
VLR AP E R e TR e . B4R GLO i it
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Table 9 Cross-cell SOH prediction results with
different training cells
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