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Abstract: A supervised offline replay method is proposed for remaining useful life (RUL)
prediction under capacity-regeneration-induced local non-monotonicity, cross-battery
degradation discrepancies, and limited valid target-domain windows. When complete-life
records are available, target-battery observations are released in chronological order following
a predict-evaluate-update sequence. An exponentially weighted moving average (EWMA)
mechanism based on capacity differences identifies candidate regeneration intervals, screens
continuous valid windows, and maintains RUL continuity within these intervals. A gated
recurrent unit (GRU) model is pretrained in the source domain; during target-domain
adaptation, its first layer is frozen while the second layer, fully connected layer, and output
layer are updated. A quality-gated variational autoencoder generative adversarial network
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(VAEGAN) is included as an exploratory augmentation branch. Multi-seed, ablation,
sensitivity, and augmentation-comparison experiments on NASA batteries show that layer-
wise adaptation reduces replay errors for some batteries, EWMA parameters affect valid-
window availability and final errors, VAEGAN provides no stable incremental gain over simple
augmentation, and GRU offers a favorable error-parameter balance under the current
configuration. The framework supports reproducible analysis of the temporal effects of
processing and adaptation strategies under capacity regeneration.

Keywords: lithium-ion battery; remaining useful life; capacity regeneration; offline replay;

gated recurrent unit; transfer learning
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Fig. 1 Capacity degradation curves of four NASA
batteries
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HUBAFRRAE. TRARESTCEWMARTERNZ  REH A FF B ERE & DL R AR 1 ol
15 MAE 43 1) 4 3.90+£1.11 F14.21+£0.39 ME 3, 0 EWMA AEEF/EH

THAAZE 031 AMEM, N T REERE 1.1 ANME B R RN, SER AR AR XS T G EWMA
() Fb 7 I6] bR e 2% . RMSE 23 %l 4 4.77+1.06 1 3 F& 1Y 7€ B0018 L [A] i} B& 1k MAE Al RMSE;
5.70+0.63 MG, FHIEWMAALFEXF iR 28 B0006 % 3l MAE % & iff RMSE & ik, B0007 %
BARmMZRERIEA 8. Hik, BN ZdEil Iy MAE B 75 RMSE i ftl. & 8 41 B0006 5¢ 5
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B 72 R . BO006 X BEHLHIAGIL . A 2L & I HCE AN
SRR AR UK, AT EMAE4.6 545 S
AEFFIERT I8
4.4.3 RZEIEVAEGAN M5 43 3¢ 3 5 A 4

R AKHE 5 M HIREA H T H BIL AR R
VAEGAN 75 3 i ie A5 il Jo & )i o A e 2% N
A Ot . I RE AR HO 4 0 [ TS B 1 e B Rt
A HCR s RS AN [R] BE BT A A B vk
it N, B ZEE AR R T ME— R L.
frife il R N, R B SR o s H
PRI &R .

&4 IREMVAEGAN 7 RIS NiEHEAR T
Table 4 Candidate and selected-sample audit of the

exploratory VAEGAN branch

FobRriit Rt ifA% @ GEEF/%) ANEHAR 2];\%
B0005 170500 10095 (5.92) 1249 5/5
B0006 17500 0 (0.00) 0 0/5
B0007 512500 23786 (4.64) 3157 5/5
B0018 2500 148 (5.92) 20 2/5

B0006 |- 5 # i f£ 5 GRU+EWMA+TL f) =3
fabRe A —8, BN 5 AP35 J0 A R A iE i BR
W& T, VAEGAN 7 X & H L br 2 5 5 i .
B0018 B 2 MF A it Nk 20 HAE ke A, HIR
CEREA A AR B R IR L S, (EA TR AL T
REFAENE OIS TS AEN B, BAHTIT
A 1) RUL % 475 -5 A3 A5 P 350 S5 7 113 T )t A —
#; BO0O7 {15 /NPT HEREARNGE, MAE Z) B
[T = S R N B S U - |
VAEGAN 77 K [ 17 % 4 3% . BO0O05 1] MAE 22 {¢ R
J&TZHOF R BILS, AN EBIPA RS .

R, o T IFE 2 AR 3 R AR R A
PTG OB W T D RE . 5 E i 2R NG 4L
% VAEGAN 7E AR H Ar it i 1 s b & 5
e

SR 8 T ) R AR, 1) U S 6
FE T B ML T 2026—2028 [ 5 [F] — kA5 vk KE s
A AR G 8 BB, FRAR IR B BRIARIFEAA 3
PR ™R R TR 3 T 0.015 Ah,

0.0075 Ah/{i§ ¥ #11 0.05; 2K A it & 1] B9 B 1H R
0.020 Ah. 0.0100 Ah/fEHAF10.10;  FEFaJod &1 THY
1€~ 0.025 Ah. 0.0125 Ah/JE34AF10.20. BN
WHRZRE 104, Q& HE &R E B DF
FEA Mg A R T TR E 52 54 1
ACTE NS Kz . RE5HE &R & T
FORE DB m AN, DL A ik T A A Xt
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Table 5 Sensitivity of VAEGAN quality gates on an
identical candidate pool (three random seeds)

Heseih 7 (EEEER% REOEER%  NEREAH
FER% 2.34 3.13 278
Bopos BRIk 6.25 8.41 808
PR
B 13.26 15.44 1522
A% 0.00 0.00 0
Booos  HRik 0.00 0.00 0
DA 0.00 0.00 0
A% 1.68 4.16 1025
B0o007  EKIA 4.14 6.93 1921
KA 6.44 8.94 2610
TR 0.27 13.33 4
B0018  ERik 9.87 13.33 20
G 10.33 13.33 20

TERATTHE 7 T BO005 A1 BO0O7 11 %k i i %
A E N7 55 %, B0006 7 314145 N 4 T ik ik il
i, BOO18 AT 78 e FARFEAAL . 7E YRS
W, AR R A I N TR FEBE B bR H IR 4%
T 57 o

NIX 3 A AR 1 43 A 2 S A S AR B i 1
e BRI — BN, B SR REA
HSEREAR H . Bootstrap HR ALY, W O
M VAEGAN. H i, HSHEAHEE ., Bootstrap
HORAE . TR B A VAEGAN U Fift 38 5 5
PREE T F TGRS H T R UCHT I REARSL. B
FE A SR T T I ) s R I 2R A —
Bootstrap H KA K A B 32 B F1HR A T80 i )
J73e 36 LA 3 B[ 5 S 8N HVE AL HL AR AR B
T B A g AL, SR TR 34
BE ML AP T . MAE Z fH 8 LA “ 0 BB OIR B I8
VAEGAN”, IE{H#7~ VAEGAN % Z H{%; [ %4
% 2 1) 95% B {5 X [ (95% confidence
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interval, 95% CD.
HopfkcHh, SefEsENFEtBELR T A 5 BO006
B0007 #1B0018 ] MAE 25 BT 15, HJE Al 3/ Fh

THRICXS ZAH . 95% CI R I BE o 7 48 25 48 H XU
Student t[X[a], DABCX ZE (L HRE AR #E 22 il v AN
EVE, FEAREN=3, HHEN2.

#*6 FHRENSTHELIEES VAEGAN SR (EERINEE)

Table 6 Simple augmentation and VAEGAN under equal augmentation opportunities (mean + sample standard

deviation)
TSR AN MAE/{EIR RMSE/{&# R? MAE %1 [1195% ClI
A E SRR A 3.398+0.627 4.2750.397 0.95108+0.01412 [-0.026, 0.041]
HEHARES 3.393+0.616 4.280+0.382 0.95103+0.01396 [-0.010, 0.015]
Bootstrap 3.384+0.628 4.270+0.396 0.9511420.01412 [-0.043, 0.030]
TR RE) 3.392+0.617 4.279+0.384 0.95104+0.01397 [-0.011, 0.016]
VAEGAN 3.390+0.613 4.276+0.386 0.95107+0.01401 218
VAEGAN 5 SR A & . Bootstrap Mzl A H 444 NI
B B 10 7% F ¥ MAE 4> 7 8 3.390. 3.393. 4.5 HEIECE T GRU.LSTM5BILSTMHIZES
3.384 1 3.392 Al ¥4 o = Ffr ] FA 1 5 SR B 5 SHESH
VAEGAN [#] % ¥ 3 MAE 4 % % {8 5 A i i 0.006 GRU. LSTM HI XU [m] K %5 3 ic 12 M %%

MBI, FhTGECN Z A ) 95% BEAF X 18] 6
0, 47 SE KW % 5] VAEGAN (72 8 s i 3

FIRE SR DR B AR AR AR A AT A BT LR
b, R THE— D ISR IR NSRRIk
AR B R S A5 A A RUL AR RS, E 2 Y e R
ARG HIRILE B AIEA SR AR BRH1] 7 2R
oA 2 s AR R A BB EE 451 0.10 £ BOOOS
TR B A B G R W E, A ARl P AR
FRREE o 120 B IR 1 22 B ASAE 2 508 37 o 1A
XFoTik, s G PRV AR PR, IX LR
5 T A R — 2 (H RS M E 2

(bidirectional LSTM, BIiLSTM) & FH #H [&] ) J5 45
5 B AR . EWMA GRS B R A KRR TN
&~ VAEGAN FEA . T0M B 507 AR, 2
E L YIGRFEE . bR NIl BE AL T 2026
—2030, AN F B R 0 48 8 . = P AL 5 S
EEN, HARUEREHRE S — BN E, BHE
TR AEEE MR B0005 AN E
. MTFSHERITE, A7 R ECYATEE T
IR 2ZE S EONIE,  ASHE b T A [ 496 24 X 4% 1) A
RS -

RT HAERETRANEZNLMENHAFRESSHESR

Table 7 Five-seed error and parameter-count reference for recurrent networks under the current configurations

H b it/ | S MAE/f§3 RMSE/fE R?
GRU 9511 4.510+3.002 4.710£2.964 0.841+0.203
B0006 LSTM 12121 4.811£2.508 5.203+2.452 0.827+0.141
BILSTM 31381 4.232+2.620 4.6722.247 0.859+0.121
GRU 9511 4.565:0.208 5.599+0.262 0.969+0.003
B0007 LSTM 12121 4.504+0.213 6.33840.240 0.960£0.003
BILSTM 31381 6.460£0.978 8.19241.102 0.93240.018
GRU 9511 2.623+0.881 4.007+0.548 0.947+0.015
B0018 LSTM 12121 3.643+0.676 4.8120.732 0.924£0.022
BILSTM 31381 2.952+1.002 3.99620.767 0.947+0.020
GRU 9511 3.899:1.113 4.77241.055 0.919+0.069
3 Bl A AL L Tt TR LSTM 12121 4.319:0.790 5.45140.844 0.904+0.048
BILSTM 31381 4.548+0.529 5.62020.573 0.913£0.035

7¥: GRU. LSTMAIBILSTM & %fe 73 %179 9511, 12121 f131381; BIiLSTM %3 GRU f113.30 1 »

H, HARILEESHE .

AFLIF IS AL AT SR —
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Table 8 Capacity-regeneration characteristics and valid-window screening statistics
Ha it EOL/fEH  #HEEAMEXEE  ARidiEaE P4 K IR AE Ah ARUARE D D TREB 2%
B0005 (Jfk) 101 5 32 0.050/0.088 26/92 (66) 28.3
B0006 61 4 23 0.074/0.110 9/52 (43) 17.3
B0007 124 6 32 0.038/0.096 45/115 (70) 39.1
B0018 75 5 32 0.058/0.131 5/66 (61) 7.6

B0006 (1) 75 iy & LA A 61, R5HIH 4 M=
PR (g3 X 1A RN 23 AN FRACHERR, TR A IR
0.074 Ah; HAEME MR EIAN, REEN
17.3%. A PRI H Ar g 5B o 1 AT BERCR BE ML) 46
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