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Abstract: Accurate state of health (SOH) estimation for lithium-ion battery packs plays an
essential role in ensuring safe and reliable operation, particularly under complex inconsistency
conditions. This study proposes an SOH estimation method that extracts time-series and
statistical features reflecting cell inconsistency from charging time-series data and capacity
increment curves. Redundant features are removed through correlation analysis while
retaining the core inconsistency features. A dual-branch model based on a Transformer
encoder and a multilayer perceptron is then developed to fuse dynamic temporal information
with global inconsistency descriptors. To support the training and preliminary testing of the
model, a large-scale simulation dataset covering the full battery health range is generated on
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a battery-pack digital twin and verified against measured data. The proposed method
achieves a high SOH estimation accuracy (root mean square error <1%) on the test set.
Transfer validation on two measured battery packs with different inconsistency and health
states shows absolute SOH estimation errors below 2%. Ablation results further demonstrate
that the inconsistency features and fusion strategy significantly improve the SOH estimation

accuracy and robustness.
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simulation model
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;
head, = Attention(Q,, K, V,) = softmax QK;

v, (24)
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R0t W 2% 2 — ML T J= e PR AR 4 A ReLU
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Fig. 8 SOH distribution of simulated sample dataset

(12 i BEPR A I AL RE AR IR B T 3 M Hdi £ &l
grEel: RS HE 30% . 50%. 70%. K19
JE&7R 1 BT AR RAE REA L H A AN ] o LR 258
BEAT IR G, AR R 4R b e it 41 SOH f i
E5FHME IR LA R, 14 IR A SOH M i 2
B HES il v 2 0 R 22 20 A 1 DL 1B 10 frow
TR ZES R R 2. S5 RERW, UK 30% %L
VRN UIZREE RS, AR B8 % S (0 o o 12k
e, 7EMAEE bl i 45 R MAE 79 0.78%, RMSE
N1.09%. AN, BEAUIZREE S ECRSE N, R AL
THEE RN IR E RO, EIIZRE S T0%
i, A RZE IR AR 1 (Y MAE #1 RMSE 43l % 21 7
0.65% H110.86%. X3 Wi t A AR A it /> &
HE A B BE 5 SC L RERS AR A0 R0 4, SEBLG
AER B2 SOH il it,  HAEAFUIZRREA LB T
B RetrREFRE TERE, HA RN
53 ARIEOKETHM[ITER

FERT L B 2 I 18] P 1) B AT R AR SR R, %K
P& D R R AR R e ) — N SRR K . )

100 - 100
VIZFEA30% - FLSfE 100 VIZHEAS0%  + FYLls WIZHEATO%  « LS
95} - A ol i * i 95| < b
90r i . 90}
g EN
T 85 585t
z 3
80f 8ol
757 751
70— T T 70—
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500

FEA G 5
9

B S
I AEA H 51 T P 48 SOH A5t 45

FEA G 5

Fig. 9 Battery pack SOH estimation results under different training sample ratios
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Table 2 Battery pack SOH estimation indicators
under different training sample ratios
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Table 3 Battery pack SOH estimation indicators
under different feature window lengths

i AL B MAE RMSE
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250 0.65 0.86
300 0.63 0.9
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Table 4 Battery pack SOH estimation indicators for
different models
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