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Abstract

To address the issues of high-dimensional feature extraction, long-term dependencies of neural net-
works learning on time series data, and high computational cost in existing lithium-ion battery
state-of-health (SOH) estimation methods, this paper proposes a lithium-ion battery SOH estimation

method combining feature extraction and a lightweight BiTCN-Transformer architecture. First, 12

static and dynamic health factors are extracted and selected from battery charge-discharge data
and fused by dimensionality reduction via stacked autoencoder into 5 highly correlated features.
Then, a hybrid model of bidirectional time series convolution network BiTCN-Transformer is built,

where BiTCN captures local fluctuation features and Transformer models global degradation trends.
Dynamic channel pruning (DCP) is introduced into the attention modules of the Transformer decoder,

the original complex decoder of the Transformer is replaced by a fully connected layer, ReLU activation

function is replaced by GELU activation function to improve performance, and NRBO intelligent opti-

mization algorithm is used for automatic hyperparameter optimization to ensure the estimation accu-

racy while significantly improving the model’s running efficiency and cross-battery generalization abil-

ity. Experimental results show that the proposed model outperforms traditional RNN, LSTM, and Trans-

former models in both SOH estimation accuracy and computational efficiency on independent test bat-

teries.
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BEAE A ERAEIRAS AL XU SRES IR, R IRIR BN SR OB RO, I
PRI S H AR AR SRR T 1] B 7 F i RS HBLm I Re B B . KA A5y SR B iR 2
SRR, RO BRIV R U AR 0B JIRIE 2] SR, FEIMLAE A I I A o A T S bt 2 R A
REREN, HARRORSEE T EWISNEE . BT e 545 E3]. i, @BREENENE
2 A AR B TN T A 05 FH A5 i IR DG B FE b, SR FOREVE . SRl T, AN Fh T P R 4 S LR R
T RATEBORENS . T RGBTSR O AR, R R ET AEIRIR G K Aie B S K i A
i E BT 4] [5].

HT, SOH flith /52 F En] 2 AR K3 5 Bt IR BN I 2 o IEAY OK ) 752 T FL AL A AL B B A i
PEEAE, LU Yang 55(2021) [6]2E T W G R AR, ) FE K 70 B B B B SR AT S BRI,
BEMAG I SOH. FREFEZE(2018) [7]1MIFH T HT HIEN-F AR R/R SIBE 5T R-R/R WP SOC
5 SOH BE &t ik, AELIERt I, ZE16552025) [81%it T —FMRUZ eIk 45K FEEE HENY RE
IR 2 RLT I8 SE I = 37 SOC flitt, TE4E HIE RN LR /R 2 38U HHR R Py B CAERER SOH 2214k

R EEEAHANEE S, AR EEE S RPN SR IA RS, E
SRR, DLV 24 51 AR 3 A B0 B Bl 7 ik DR R T 26 M Rt A 800 w2 51 R 24 A 4R SR AL R,
BB TE . For, B TA5(2026) [91IE 2 70 LS 4 RS EREEEAL T LSTM K55S, $2
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Tt T T 7 7 T RE 1. BEIEARAE(2026) [10]MIH4EE 7 CNN-BILSTM YR G HEAY,  JF 51\ Bt Rk 55
FHATRAG . T RGEE(2025) [11HEH T — M It &R B0 . A5 TP 5 CNN-BiGRU-Attention
WA 2% RV A RFAE SR I T, 3T 1 A B il Tl T B bt o X L 45 (2026) [ 12142 H T —Fh i T2
W BURFE R FR AR Bt SOH Al 7, AR TG TR ZE . EEBE%E2025) [13]188H T —FhfA FREE
2T CNN-RVM (Rt SOH 5 RUL BXETRINTT 7%, TRINKS B2 R I . RAREE(2025) [14]52H R
RS 38 B M 28 1 BB it SOH. Al U7, BT 119163 o AL S B 17 v i 2 1) r v A IR A Ak
it. % Transformer 22151 N, FLaf K4 m OB AR RE 77, Al 4 s 2 A F v i R B F5 4 it
THFEAREAE . Hannan 55£(2021) [15]42 H B B %231 5 Transformer £56 7715, A %4656 1 I 4R 8] 3
fer - SOC A THFEE . BRI(2023) [16]138 3 32 70 A6 25 70 fiffh 7 B 3B B 70 i, SRS A A Transformer 11
GRU 735l TN &AM = A1 7 4, JRRbG TNEE SR, el AR AMR . WK Q2024) [17])/E T
TCN Fl Transformer 2244, FfMH g AL #ATRAL, ST SR SOH Tl . T K &155(2026) [18]
H 7 MLTA-Net, F454 LSTM 55 81101240 Transformer )4 ByER SIMLH], LB TEEZ T TH
SOC-SOH BE&fliith. &7 %5(2025) [19]45 4 CNN $2HU= S A Transformer 2 A, IH-RA
Dm-HRfie e 24, SEBl SOH fhiit.

SR, A 7 AT T G R AE SR B B0 R 28 P 28 3 AR A B R AR st , DA AR TR T B Rl A o v
SEI R ST, ARSCER T — P TR LS B E AL BiTCN-Transformer 7R -G 45 284 [ 21 25 1~ Fith SOH
T 1% AR BAR QR E T

(1) 8L AR LA B 7 128 B 0% 42 T B e r b iR A i 25 1k 5 sh A A P A R DL 7«

(2) MEX A (a5 A 4% BiTCN 5 Transformer #nf3 33 iR 4514, BiE BiTCN 1R EB4FEHH T2 A8
715 Transformer )2 JR OB IBLRE /), SCIAR S B AR .

(3) 7E Transformer Zwfid#% 7 = i A 5] A )& @iE B H H R (DCP). A4 2 BRI AL 45
K GELU Hu% si #1201 B4 RELU WUE B4, IF455 NRBO Hik AT, FETRUEAG VRS B2 04 [R] i 2
FHEATRCR S dEith iz AL Rg

2. BiEAbiE
2.1. BBBURENA
NASA A FF I EIEE B LW RO kA, KA 18650 UGN Hth, eS8 2 Ah, BS5N

B0005. B0006. B0007. B0018, 7t 24°CIHIFMEL FREAT M IS, Bl 15 AERARE 42V, H
TH RS S R, ARG DL 2 A THRBCEEHIE 2.7 VEL 2.5V, fEHCREE. . BE LR
I . CALCE ¥4l 48 (i o B 22 RS e b Ay A A AR hos R AT, R B ES 1 HEI 2 AT 7T 10 53— AU
. HHEBEMmIS N CS2 RS, IR 1.1 Ah, LK INR18650 R, FRFRAR 2.0 Ah. JHE 72
TE IR 1C B IR S N7, SR PSR E i E 7S R AME R AR, e R, R R R
VIR, FH TR A DR S AN 5 A T

R EEE TG . B ARG, HORE R O A . T R R
Rt R AT i a2 R AR PR TR, FLE BRIRES SOH 2 VTG it AL FE A O iR bR, B e SUN
Hl Y AT K AR SHUE R EM A . RELuF Fos:

C
SOH = —2<L % 100% 1

rated

Forby Cowrren 3R S HTHISEBR AT VB Crarea 2275 FEBH T INAR E HOBIUE A 6
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RO R P FE A B T 2 Ab/NIE RN T 5, X — IR ARIE it i 25 B AR, B ER b AR Skt
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Figure 1. SOH degradation curves of batteries B0005, B0006, B0007, and B0018
[# 1. B0005. B0006, B0007. B0018 EEth SOH iRk rhLk

2.2. WHRTALE

SRIAG S W (AR FE WU R BB AT AR s 2 TR 2R VAR I W B 5 i, X R T
DAGIBR: B IR SIS X 55 DA Bk uE, X ity R P S5 (8] 77 5 B AT 2R P (B 4, SR de
UEFZ IR T FETRCRAEPA DI MRS FE TR B AR RS A P S BRIAEL, RS HE D) 20t R N IRSL O FE TR R

23. RRETFRBSiHE

PSRl SOH it R4 a B BN /MBI 2 . |1 T b A s A 2L R “RRAE” ek, 24
HIIE 7E 3 3 R FH A K A B AR, SRS A S e AR SR R (R BRI 70 T i R AL PR S8 B B e R ML T
MR EROR, ARG SBEEZR. Bk, AL B0005 LS8 &5 Bt B, 20775 80+ 90,
100 120 KAEAT, TR k. BRAREINES SRS S S M S @ RER 1, Jvja 27
DALl 37 2 At J i

2.3.1. BSEREFRE

FRAE ] 2~4, 7E 70 Ik R P A It 70 SR R RO I, r it N BRI S SRR, 5 3507 =
%2, IRFFWEME R ETE, R 78 R IS VRN HF 1. cc BB, BEZE 7S ICBRAEIRREBN N, TR 459
WLV, AT, MRS F N AR R, e A (R R TR U BT R TR AR T T R, R
YEN HF2 F1 HF3. cv BB, BEFSHCER PR A I, raith oy BELAE K 51 R PR B 4 SR R AR Ak R T 1
LT 6 R A s, 1L 70 PRI BI04 38 0, 55 22 7 PR IR 46 0, DRI EK X 9 RFAEVE A HIF4 FHFS
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Figure 3. Current curves under different cycles
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Figure 4. Voltage curves under different cycles
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BB R 2 AR, BT SEEL SOH RS eI . HE AR T
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2
v AV V-V, @

Hrf: On O F Ve VNS ¢ M1 ZIC 7N st 25 5 S HUE . AR R EU 1C ihZkA W
ZE5, LA EM IC 2k EIREUH Bt 2R . BT 1C R T B BORFESE A2 i, KR & m
g 7 5 00 3R 22 1T e S B 2R I B B S AU BLR o IXBh AN AR 2 1 2 M g BRE DR T B ) R
AR H Savitzky-Golay SIS [2 10 546 IC B4R M & N iEAT i ab 3, 22 405 i Foss Bt
I ZH % Savitzky-Golay JEH 81 H LKA 15, Z0EUNECH 3. 1IX BLLL B000S HL HI4h H~Fig 5
Mk anfl 5 Fw, RICFIE A EEE S| 7RG i 2 e s e s, A HGE AT NP, R SRS
FRIEAR AR B, BB 34 5 IR GG M 2 (R 45— 8. HLBEAE 70 i B AE PR B3, 1C 2k e ( 2 30
FRE Ry, AR R AR E D B AIG,  h Z f BE AR IZ 8/, AN B B, 0 B AR
K, IXSE RN KPR IR 5 R TR R R k. B TS BB AR 2, EOAREILLE IC BB SR
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Figure 5. Smoothed IC curves of B000S battery under different cycles
[& 5. B0005 Bt A EMEMR T /B /G IC #hzk

2.3.2. BESERETFRE

LLB0005 Jyfil, TP e 1C #hZk, RAEENR ST AL 10 MESEM NG H, W& HAN K
IC ML ARG, BULA BELMRIZEME Y HFLL, 248 br R8N S AL Rt A S0E TR ST B be 5
PEAF DR B AROE 2, SO A BRI R, 2 RREEE, R R R AR R R H A
IC fhZRUE(ESRARMERS, 153 HF12, SO itiB A R (R e sl v, i BUEOR, il IC #h 28 3h
Z0, R B N B E, AU AL SIS S R R RO RS, W R PR TS
PTG A BEAN Y 52 A 1]

2.3.3. XS
LT BRI R R H 3 B IR 2 BRAR 5 SR MO T B0diE 70 A0 I IR B e, T2 MR 4 A )k
UG REAT I . ZINEAGE M TS5, Wl bBA Fr k20, HxbmE S Edae s AR
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R, TELAR TR
Y

=1 n(nz—l) ®

Hp, n RoRBEx Ay MAKIEHAR, RRTEx 5y 5 i MIRIRIRE. Z5itEnITEE
FEITE—1 2] 1 Z (7],

MRPEE 1 HR, Frigim 12 M@K 15 SOH ¥R ILEFEAHK(r > 0.8). SR, #7#F H il A
PR, AN SRR 2 B R Zh s B IERKNZRIFIR], B FTRES| A A . DRI, 75 ke
DR 7 AT R AIE TR 40 5 B 4 A 2

Table 1. Correlation coefficients between HFs and SOH
%2 1. HFs 5 SOH R X &

RHAIE Feature Correlation
HF1 70 HL IR VA 0.9020
HF2 TELIAE 78 HLI ) 0.9574
HF3 L 7 L T B LA 1 42 BT [l T A 0.9452
HF4 1E 7 78 HL B[R] -0.9386
HF5 S 22 75 H N [A] 0.9454
HF6 IC £k Ig(E 0.8974
HF7 IC 2RI AE XN L R 0.8777
HFS$ IC £ AR 0.8301
HF9 IC i 2% Jl % -0.8799
HF10 IC HhZkig v —0.8851
HF11 IC 2k % 1A 55— B S H (R ER) —0.8233
HF12 IC & & NP FIbRiEZE 0.8217

AR I HES: B i S5 (SAEYK 12 M@ R 7 #EAT IR R RS, 7RO B SRS B IR R AR
A5 B TEARYERE, DASCHUA B YE . fERAFREUZ T, 3 Sigmoid MU NEGE KA, EH Adam 4L
s BURBRBCE PRI TR IR ZE RMSE. W12 2 s, R EFELEIR (1 5 D@ RE 75 SOH Iy frfF i AR
Ky MRABLENEIIAE 0.7 UL, WHIENTREN A RS RIEIR MR T, X Rl FERR R & BT
WIRALRE T NHRTHERL (AT R, XS BRAERSAL S SR AR (i BRI AT T ARG 20, 4 R EL: A
HURFE AR 5% 2 R A JEUR A BETA 7, s P 6 . IREEIEAE L 1C BZARA AR B AR, XU HFTRAE
BEfRE T R EE R, SRR SR T — R RO BT AR

Table 2. Correlation coefficients between HFsnew and SOH after dimensionality reduction and fusion

% 2. [R4ERN &R HFsnew 5 SOH HIHE < A2

fibA JE e B IR Correlation
HF Inew 0.8032
HF2new —0.7546
HF3new 0.8764
HF4new 0.8365
HF5new —0.7145
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FEVIGRAE R 1, SRR - S KAk, W E BERAEAR B0 5 A8 e R 7 A1 HL it (1) SOH 3k
6 MRFALMARAEALAL TR, K A RS AL A UL B R 46 2 0~1 2Z[8],  DASEAR B R e NS AEHEAT I 25
HARTHR A QN prs -

xl — min (4)
xmax _xmin
Horb, X ASHER G IBUE, x AZEARHECHTHI IR BUE, X, 5 Xpe 2 9IERIZSHUN S/ IME AN

R KAH.
2.4, FEENTNIERR

KHABTTHGRZE . PRI IRE . PRI R 2 M AR A S 5 P E A ZEFE 5, T e R 3
MR ATEE, Hh & aah:

RMSE = Q)
1 .
MAE:;Z|yZ.—y[ (6)
i=1
13 i_j’i
MRE ==Y |Z—=L @)
ni=t| Y
s Z}( i_yi)z

3. BEXREBSFZENA
3.1. BiTCN #&&

UL TE IS TR] 5 AR W 45 (BITCN) A2 it FH I 18] e 510 25080 Ak 2 (R P52 = SIS, e el g N 1 . ) o AR
MM HR, —DIESIAREBE AR LB X5, 75— B2 AL B A N\ Fr F1 R IR HUR K
B, IR P B[] R 28 R A IR N A R R AT B A T o X AU S5 K 45 BITCN BEWS 78
AAHRE P A L SER, R, Jf B ERiEd KRS RSERORY KRR, sef i
I 18] 3 51 o B R IR A0S 2o HE A BRIk G AR B B Rk R F

y(0)= Y o(k)-x(t—d k) ©)
k=0
b, w(k) RBPZINE kDR, d Y KRBT, kK ABBIRA.

3.2. Transformer {254

Transformer FAI[ 222 F4E 4 RNN FHIKHGL PLE VR JIHLEI I O REE #1388, Biiid £
SKEB AT RSN T AR T A SCR W CEB E, FI45& A a4 A BRRRE . A5 M0 & i 2
(Encoder) Flf#i4 45 (Decoder):  Zmfd#silid 2 JZE B 1 S HIHM LS, KMNEACNE &4 R E T SCRRHIE
lEE s ARADAS TSGR =y, T g ig 24 AR B H AR 51

A B bt 7752 5N IR 5L R B AR 52 B BOH AT A0 B, BAR B THR A 2R s
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PE(pOS,zl):Sln(lo(i)W) (10)
. 0S
PE(pOS,Zl-Fl):COS(IO(i)Wj (11)

Hrb, pos FoRFPAIHREIE AL E, | oM BSR4 RG], d RN R R ALERL .
2 SRVER IV H 2 A IEAT 0 B E R A . B MBS ST B R, RN T 51
WGy BEAVERERE, RS THEAEE . A

O=XwWe,L=xw*yv=xw" (12)
Attention(Q,K,V) = Soﬁmax(?/l;: JV (13)

Hr, we, whk, wr RIS RIRERRE, O K. V anlZonEmaERE . EEMEAEERM, SRE 2
GERBRUA Jd, AT B O KSR A B B K )

A5 20 000 2% PR A% 0o D) B A2 CHEVE B U LR 58 URRAE VR FE SR, DAL SR AR R R IR R IB e T
BN Z N, 2N T AT IR MR B Ab 5 — X ReLU JEZetEAc#, 1HH AW
TN

FFN (x)=max (0,xw, +b, ) w, +b, (14)

o, wi A wy REGAEARIS B BUCEIERE, b1 A1 by WA 2 AR 2 1) i B 17 2

PRFZIEFRANZIA— . FRIFZEE F AR N iR RO RS e M, 6 O IR FEE VR SR RIBE R 8 X ) il AL
JE VA A A Bt o3 A SN 50, R RS SO BT A e 1

AR SRR B MEE, BRIt , 8 VB IE m, — RPEERE
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Figure 6. Improved Transformer model
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3.3. FFSBEEHHERARDCP)

SRR 58 UG REAT — VRS BTROAN R, 2250 BT A (23 138 a8 5N T T AL R 44 1
IEARBYA SRR S . ZhASEIE B BORAZ A T -

(1) #rgath: ERRVIGATEH B, EH IR PTAIEIE, ARATEM BT B, BRI SORI 7
R RHIE .

(2) FEUIZREA

) AR BRI FRATAT AR, TS AR SR AR

2) TR E M RIE TR SRS T A I A B W ROSR RS L1 B L2 YuESE

3) NI BN ST oA A B R, e AT R OR B B

B9 WSRBEANEIE ) S AR T PR B AR, 5L “REPE” MBR. BlZEERNESWES,
B R LA —NEIE T BN IEIE, AR JE St A AR .

BOE: BEIE I B A BN B Sigmoid BEEIAMBIE R AR, BT 0 R 1 2
IFESHE . XAMERE TIBERE IR 9" o ARG, RS RRAE 3 LU 7 B REAT AL,
AT SEBLIEE 1 BT .

4) BRIEEALAR S R AR R BRI RE T, BRESRA RGBT EIE . e B8 BIEiE, HAHSC
SECREAN 2 BN BB S R, TR IR JL 4k S >

5) ShAHEEBTRRNG: RSB ZREE FREL, BhaS T4 7 2 0T ) T A0 s A

(3) VEREKE: PATBIRS, BATEREA N S22 —E . NWRENERE, TSI “RIHAZKIE” .

(4) B0l (RSSO BF AT REREAT 2R IR 2 5, S SR AL AT — U IR “ B

3.4. NRBO ¥k

NRBO (Newton-Raphson-Based Optimizer)5iZ[24 ]2 —FF 2024 £ H o8 kK XA E L. %25
VRIR I R AT I SRR AR - RO AN, RN T RS R 5SSOI [N, S NFERE
WA TS BE NS, AR EIEEE R RPN RR RS, RN R FE
[

(1) FEERIIEA: BENLA B PEMAAL E

x,.=lh+cx><(u,,—lh) (15)
X, x, RoRFEENMEGLE, [, 5w, RS E ERIR, o R0, 1) IR I BENLEL .

(2) R - $r KIS
i AR 2 s E

Ky = o X 28 - i )_XzA:x;) (16)

F) = %] = Kypgn +(@x(X, =] )+ bx(x, =x] ) (17)
ST =%, ~ K +(ax (X, =] )+ bx(x, =] )) (18)
R} =x] —5x(S) —F) (19)

X =nx(nx F o+ (1=1)x 8] )+ (1=1)x R] (20)
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e

(3) [Pt b T
EFENEUNT R F, WEE & 2 a7 A E S FEVIAL B Bk R A
3.5. SOH {&itHFE

K7 RGN 7 NEIETALEE . RHE TR, B, ES SRS RIE R e, E RN
FEL T (R RROPR S T A A o B TEAE R St L B

SRENEEIERES

BREESHEELNE
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- | BREREF RS

SAEREERES
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Figure 7. Flowchart of SOH estimation
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Table 3. Model hyperparameter settings
F 3. REBSHRE

SHAATR FAR {1
ESE [0.0001, 0.01] 0.001
BRI — 2
LR EE [64, 512] 122
NN ZLERE [32,256] 44
AT LB — 0.5
U LERE SRS WIS — 4
Yl A HES AL [4,16] 4
YT 2% TR ) 6% 24 [64, 256] 84
Dropout # [0, 0.5] 0.1
Ptk 3 — Adam
b SRRV — Gelu
EAUNTE — MSE
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Figure 8. SOH prediction curve of B0018 battery
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Table 4. Model performance under different pruning rates

4. TRIBIRETREEEE

B MAE RMSE MRE (%) THELR E)/s

0% 0.035 0.042 0.044 576
20% 0.032 0.038 0.041 484
50% 0.025 0.031 0.023 343
70% 0.029 0.037 0.034 254
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Figure 9. Comparison of model performance under different pruning rates
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Table 5. Comparison of NRBO-BiTCN-DTransformer model and model performance
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0.051
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0.821
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Figure 10. Performance comparison of each model
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Table 6. Comparison experiments with different datasets

% 6. TEIMIEEITLIRIE

Pt | NASA $iE4E - ‘ CALCE iﬂz?&% ‘
ez S MR %S RS
MAE 0.008 0.017 0.011 0.019
RMSE 0.010 0.021 0.014 0.023
R2 0.981 0.930 0.972 0.921
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PR, RYIPHERAE CALCE Hfi 4k EVIRERIFRURM PR 22, 7070 IR WA L % R 4F s S 4
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AL 4 o S 6 0 F ABE 28 6 AR B M AR Oy SR IR TV R0 SRR S M A M R A A ) R U AR Y
T — R BR B i B B3RN0, R LU RS BRSSP e AR Ak, AT S T 2R o R AR
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RlSELS o

R¥EE 7 ATAE M, RSOSSN RFA . PERETE 3R SOH A1 %Y, %:T Transformer # % T
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Z% I, DCP. BiTCN 5 NRBO 5 Re A IR E, H 2B & e I s s PR Re s &,
Horh NRBO 5] NS AYIA 3 21/ i RS

Table 7. Comparison results of ablation experiments
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A MAE RMSE R
Transformer 0.035 0.042 0.821
DTransformer 0.025 0.031 0.888
BiTCN-Transformer 0.030 0.037 0.874
BiTCN-DTransformer 0.021 0.028 0.917
NRBO-BiTCN-DTransformer 0.017 0.021 0.930
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