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Explainable OptiCNN-SLSTM
hybrid model for enhanced
lithium-ion battery state of health
prediction

Ashima Singh'™, Sanju Singh?, Rahul Kumar Kamboj? & Anju Bala®

Accurately predicting the State of Health (SoH) of Lithium-ion Batteries (LIBs) is critical for improving
Electric Vehicle (EV) performance and enabling smarter charging strategies, yet existing methods
often struggle with variable cycle data and the limitations of physical models in capturing the complex
behaviour of LIBs. To overcome these challenges, the present work introduces a hybrid deep learning
framework, the Optuna-Optimised Convolutional Neural Network and Stacked Long Short-Term
Memory (OptiCNN-SLSTM) model, which combines a 1D CNN for temporal feature compression with
a stateful LSTM to capture both inter- and intra-sample dependencies. A two-step hyperparameter
optimisation process is applied, first exploring different parameter sets and then refining them
through Optuna optimisation. The model was trained and tested on the NASA and Oxford datasets
and validated on a real-world EV E-kart battery dataset, achieving strong accuracy with RMSE

values of 2.15% (B0005) and 2.18% (B0007) on NASA, 0.67% (cell-1) and 1.02% (cell-2) on Oxford,
and exceptionally low errors on the E-kart dataset (MSE = 0.001%, RMSE = 0.03%, MAE = 0.28%),
demonstrating its robustness and generalisability for practical EV battery health estimation.

Keywords Explainable AI, Convolutional Neural Network, Lithium-ion Battery, Long Short Term Memory,
State of Health

LIBs are essential to EV's, though they undergo inevitable ageing and performance degradation over time, raising
significant safety concerns'. Assessing the SoH, the ratio of current to nominal maximum capacity is crucial for
ensuring safe operation®. However, SoH estimation is complicated by factors such as charge/discharge rates,
temperature, and operating conditions, making direct measurement infeasible®. In Equation (1), the SoH is
defined as the ratio of the battery’s measured capacity at a specific cycle, Cy, to its nominal (initial) capacity at
the beginning of life, Co:

CTL

SoH = o (1)

SoH is a key metric used to quantify the overall condition of a battery relative to its nominal performance. It
reflects the battery’s ability to store and deliver energy compared to when it was new. SoH is typically expressed
as a percentage, where 100% indicates a fully healthy battery and lower values indicate ageing or degradation.
Factors affecting SoH include cycle count, depth of discharge, temperature, and charging-discharging rates.
Accurate SoH estimation is crucial for BMS to ensure safe operation, optimise performance, and predict RUL.
SoH estimation techniques are generally classified into model-based and data-driven approaches. Model-based
methods offer simplicity and low computational cost but have limited accuracy over extended use and under
complex conditions*!. On the other hand, data-driven approaches can effectively handle large-scale operational
data and nonlinear dynamics, showing superior accuracy and generalisation over time>.

Recently, Machine Learning and Deep Learning models, including Support Vector Machines (SVM),
Convolutional Neural Networks (CNN)®, and stacked Long Short-Term Memory (LSTM) networks’, have
gained traction for SoH estimation. As deep learning models become more sophisticated and widely used in
predictive systems, their increasing complexity often hides how decisions are made. This lack of transparency
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has fueled a growing need for interpretable and explainable frameworks. Explainable AI (XAI) has emerged to
meet this need, striving to combine strong predictive performance with clear, understandable reasoning.

The primary objective of this study is to develop a robust hybrid deep learning model for accurate SoH
prediction in LIBs, addressing the challenges of variable cycle data and complex degradation dynamics.

This work proposes a hybrid Optuna + CNN + stacked LSTM architecture named OptiCNN-SLSTM, which
efficiently processes time-series battery data. The model independently handles charging and discharging profiles
using 1D CNN blocks and stacked LSTM layers. Data balancing and subsampling strategies help retain critical
information while ensuring a lightweight structure. Hyperparameter optimisation is performed using Optuna
Optimisation for computational efficiency. We evaluate OptiCNN-SLSTM on the NASA battery dataset (B0005
and B0007), Oxford and real-time from E-kart at TIET, using MAE, MSE, RMSE, and MAPE as performance
metrics and a real-time TIET E-kart dataset.

The rest of the paper is organised as follows: Section II reviews related literature; Section III describes the
proposed method; Section IV presents the experimental setup and results; and Section V concludes the study.

Literature

Researchers have worked on various SoH estimation techniques. For example, Xu et al.® proposed a technique
for evaluating the SoH of a particular EV by employing discrete incremental capacity analysis. Furthermore,
the utilisation of a Bidirectional LSTM (Bi-LSTM) network for online capacity estimation in LIBs has gained
attention. Similarly, Ning et al.’ provide a novel approach for estimating the SoH of LIBs by combining an
arctangent function adaptive genetic algorithm with a back propagation neural network (ATAGA-BP). The
process of error point optimisation and correlation verification is also conducted. The simulation results
utilising NASA data demonstrate a correlation of over 85% between the suggested health indicator and LIBs
capacity. Moving ahead, Yongzhi et al.!° proposed a hybrid of LSTM and Recurrent Neural Network (RNN)
to effectively capture the inherent long-term dependencies among the deteriorated capacities. The developed
RUL predictor has been focused on the capacity explicitly, thereby showcasing the efficacy of the Auto-CNN-
LSTM model in improving its long-term learning capabilities. However, the works mentioned above are yet to
work on the sampling techniques. Sampling is crucial to derive precise inferences on the holistic condition of
batteries within a broader cohort. Therefore, to overcome this, Yan Ma et al.!! have proposed a combination
of deep belief networks (DBNs) and LSTM, along with transfer learning, for the estimation of SoH in LIBs.
Joint distribution adaptation (JDA) has been used to fuse the health indicators, which are subsequently fed into
a hybrid DBN-LSTM network for SoH estimation. The experiments have been conducted, and the findings
showed improved results in terms of estimation accuracy. In a similar vein, Xu et al.!? employed the LSTM
RNN model, using cycle sequences of capacities within discharge voltage windows as input data. The authors
compared the performance of their model to other prediction methods, such as particle filter and support vector
regression, and found that the LSTM RNN model outperformed them. Additionally, a framework known as
the digital twin, encompassing a real-time SoH estimation method featuring a time-attention SoH estimation
model and a future data reconstruction strategy, has been developed by Qin et al.!>. The presented approach
aimed to achieve accurate SoH estimation by having smaller samples compared to existing approaches. Sharma
et al.!* highlight that battery SoH estimation is challenging due to nonlinear ageing and variable operating
conditions. Their study employs a stacking framework combining LR, RE, and XGBoost, enhanced by CPDE
preprocessing and GridSearchCV tuning. Experiments on real-world and NASA datasets demonstrate improved
accuracy over conventional methods, supporting smarter battery management and extended battery lifespan.
Kamboj et al.'> emphasise the importance of accurate RUL prediction for reliable battery management and
propose the Opt-KAN-XAI model, which integrates Optuna-tuned KAN with SHAP-based explainability. Their
approach effectively captures complex ageing patterns, identifies temperature as a key influencing factor, and
demonstrates superior accuracy and robustness on NASA and CALCE datasets compared to existing methods.
Similarly, Lie et al.!® developed an improved CNN and LSTM model called Auto-CNN-LSTM for the prediction
of the RUL of LIBs. The augmentation of data dimension has been done using autoencoders required for the
training of CNN and LSTM models. Moreover, a filter has been used that smooths the value predicted by the
proposed Auto-CNN-LSTM model. The experiments have been conducted, and the findings illustrate the
effective performance of Auto-CNN-LSTM. Houde et al.'” presented a Markov chain and Prior Knowledge-
based Neural Network (PKNN) method for the estimation of SoH. Multiple features have been extracted to
capture the ageing process of the battery. The experiment is conducted and compared with the Levenberg-
Marquardt algorithm. The findings showed that the work performed well by reducing the loss by 1.7% as
compared to the existing method. Moving ahead, Yajun et al.!® introduced a new approach that integrates a
voltage-capacity (VC) model-based incremental capacity analysis (ICA) with support vector regression (SVR) to
estimate the SoH of batteries. To ensure accurate and efficient acquisition of incremental capacity (IC) curves, an
evaluation is conducted on a total of 18 voltage-current (VC) models. After conducting an association analysis
between the retrieved health variables and the reference battery capacity, the decision is made to employ the SVR
algorithm for the development of models aimed at SoH prediction. The experimental findings demonstrate that
the SVR models exhibit a notable level of accuracy when employed for SoH estimation. Moreover, Wang et al.!®
devised a transferable data-driven framework to effectively estimate the capacity of LIBs in real-world scenarios,
specifically focusing on batteries with the same chemistry but varying capacities. The suggested methodology
takes universal data obtained from a laboratory dataset and employs a pre-existing network specifically tailored
for small-capacity batteries that undergo constant-current discharge patterns. The findings indicate that the
suggested approach substantially improves both resilience and accuracy. Nevertheless, efforts in this domain
have been predominantly focused on CNN, LSTM, and RNN models, with minimal exploration of hybrid deep
learning architectures. Furthermore, the requisite dataset preprocessing step, specifically sampling, has been
overlooked in previous research endeavours®-!%. Accurate SoH estimation is vital for repurposing electric vehicle
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batteries. Recent literature shows a strong shift toward machine learning methods, with deep learning especially
LSTM networks being the most widely used. Public datasets, notably from NASA, are increasingly utilised,
enabling reproducible research. New trends include transfer learning and hybrid models, aimed at improving
accuracy. SoH prediction is also gaining relevance in smart energy systems like IoT and smart grids for better
energy management'!. In addition, the application of optimisation techniques for refining model parameters
remains an unaddressed aspect.

In light of these limitations, this research has addressed the aforementioned gaps by proposing OptiCNN-
SLSTM, an optuna-optimised hybrid CNN and stacked LSTM for SoH estimation. Table 1 presents a critical
analysis of related work along with a comparative evaluation against the proposed OptiCNN-SLSTM.

Specifically, the proposed OptiCNN-SLSTM model demonstrates strong potential for real-time battery
health monitoring in electric vehicles (EVs) and predictive maintenance of energy storage systems (ESS). In
EVs, its lightweight and computationally efficient architecture enables accurate on-board State of Health
(SoH) estimation, supporting predictive maintenance, optimal charging strategies, and enhanced driving
range prediction to improve reliability and operational safety. In ESS applications, the model enables health-
aware scheduling, lifecycle forecasting, and load management, thereby ensuring a prolonged system lifespan
and a stable energy supply under varying operating conditions. These applications underscore the practical
relevance and industrial scalability of the proposed framework in advancing intelligent battery management and
sustainable energy systems.

Contributions
The key contributions of this work are summarised as follows:

i. Proposed a hybrid, lightweight, and computationally efficient deep learning architecture that combines
a 1D CNN for temporal compression with a stacked LSTM for capturing intra- and inter-cycle dependencies,
enabling accurate SoH prediction.

ii. Introduced an optimized sub-sampling strategy that leverages complete charging—discharging cycles
while performing cycle-based segmentation to preserve critical degradation patterns and reduce computational
overhead from long time-series inputs.

iii. Developed an OptiCNN-SLSTM framework with stateful LSTM integration, enabling phase continuity
and improving temporal learning efficiency for practical real-time deployment.

iv. Implemented a two-phase training mechanism that independently learns phase-specific dynamics from
charging and discharge data, improving generalization and predictive robustness under varying operational
conditions.

Proposed framework

In this research, Optuna optimised a hybrid architecture combining a 1D CNN and stacked LSTM for the
estimation of SoH in Li-ion batteries. The research utilises an open-source dataset provided by NASA, Oxford,
and the real-time TIET Ekart dataset. Before model training, extensive data pre-processing has been carried out
to prepare, refine, and balance the dataset effectively. The pre-processed data is subsequently fed into the hybrid
architecture, consisting of a CNN and stacked LSTM layers. The key architectural parameters, including the
number of cycles per sub-sample and CNN kernel size, have been optimised through the optuna optimisation
technique. To assess the performance of the proposed methodology, four fundamental evaluation metrics have
been employed: MSE, RMSE, MAE, and MAPE. Figure 1 presents the workflow of the proposed framework of
OptiCNN-SLSTM, elaborated in the following section.

Dataset description

In this research, the dataset made available by NASA has been harnessed for analysis. This dataset comprises
.mat files, each corresponding to a multitude of LIBs. Every individual battery encompasses two distinct profiles:
charging and discharging. These profiles have been characterised by specific features. It is noteworthy that the

Validation on
Authors [Ref] Dataset different dataset | Sampling method | Estimation method Parameter tuning | XAI
Xuetal® Driving dataset X X Discrete incremental capacity. X X
Ning et al.’ 18,650 LIBs cells X X LST™M v X
Yoongeon et al.'’ | 18650 LIBs X X LSTMRNN Monte Carlo X X
Yan Ma et al.!! NASA, MIT v HI and JDA DBN-LSTM X X
Xuetal.!? NASA X Data Augmentation | LSTM-RNN v X
Qin et al.’? MIT X Time Wrapping A digital twin method X X
Lie etal.!® NASA X Autoencoder- Auto-CNN-LSTM v X
Houde et al.!” NASA X Average Voltage PKNN and Markov Chain model | X
Yajun et al.'® NASA X HI using CNN VC based ICA with SVR v X
Wang et al.”? MIT X ICA Transferable DNN X X
OPHCNN-SLSTM | NASA Oxford, and Real | Average Sampling | Optuna + CNN + Stacked LSTM | - v

Table 1. Critical analysis of the related work against the proposed OptiCNN-SLSTM.
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Fig. 1. Workflow depicting phases of OptiCNN-SLSTM.

cycle number, while implicit, has not been explicitly delineated within the dataset. There is an interval of 1
cycle between any 2 consecutive cycles’ data in the NASA dataset, and each battery has around 167 cycles.
Additionally, the dataset includes information pertaining to the maximum battery capacity achieved at the
conclusion of each cycle.

Dateset 1. Two NASA lithium-ion batteries (B0005 and B0007) were tested under distinct operational
profiles involving both charging and discharging at ambient temperature. Charging was performed in constant-
current (CC) mode at 1.5 A until the cell voltage reached 4.2V, followed by constant-voltage (CV) charging until
the current dropped to 20 mA. Discharging was carried out in CC mode at 2 A, terminating when the voltage
fell to 2.7 V for Battery 0005 and 2.5 V for Battery 0007. Testing continued until each cell reached its end-of-life
criterion, defined as a 30% reduction in rated capacity (from 2 Ah to 1.4 Ah).

Dateset 2. The Oxford Lithium-ion Battery dataset contains long-term cycling data from commercial Li-
ion cells tested under controlled laboratory conditions. It includes high-resolution measurements of voltage,
current, and temperature during repeated charge-discharge cycles, enabling analysis of degradation patterns
and SOH estimation prediction. The dataset is widely used for benchmarking battery prognostics and health
management algorithms.

Dateset 3. The TIET E-Kart dataset was collected from an in-house electric kart equipped with a 2500
W motor capable of delivering peak currents up to 100 A. The motor and vehicle dynamics produce diverse
discharge patterns representing acceleration, braking, idling, and stop-and-go driving. An on-board BMS logs
high-resolution time-series data, including pack and cell voltages, current, temperatures, and state-of-charge,
providing a rich resource for online SoH modelling. However, the BMS also introduces challenges: measurement
noise, sensor drift, and occasional data gaps can affect the reliability of recorded signals. Additionally, high
current transients and thermal effects during aggressive driving may complicate accurate SoH estimation.
Despite these challenges, the dataset offers a controlled yet realistic environment, balancing reproducibility and
operational variability, making it well-suited for developing and validating real-time SoH prediction models.
Table 2 summarises the lithium battery chemistries used in the dataset.

Data pre-processing and balancing
Data pre-processing involves three stages comprising data preparation, refinement, and balancing, which are as
follows:

a. Data Preparation: Two batteries comprising B0005 and B0007 have been utilised in the current study.
Within each .mat file corresponding to a battery, cycles are arranged in chronological order. Each of the two
battery states, namely charging and discharging, corresponds to a single cycle. However, these states are not
inherently synchronised by a cycle number. Consequently, it is imperative to establish a consistent cycle ordering
to facilitate further data processing. To achieve this, an additional feature denoting the cycle number for each
cycle has been introduced. For each cycle, data from both battery states were carefully extracted and stored,
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Battery Test Capacity | Battery Chemistry
B0005 2 LiCoO2

B0007 2 LiCoO2

Oxford 1 1.1 LiFePO4

Oxford 2 1.1 LiFePO4

TIET Real Time | 100Ah LiFePO4

Table 2. Lithium battery test information.

with charging data saved in one file and discharging data in another. To ensure synchronisation across all files
and preserve the chronological relationships inherent in the battery states, the cycle number feature has been
uniformly incorporated into each file.

b. Data Refinement: A random anomaly occurred during the data extraction phase. For some of the cycles,
the discharging data state was not presented in the correct order, or there was more than one discharging cycle
after one charging cycle. Therefore, the discharging data that was closest to the previous cycle’s data has been
retained from the two discharging cycles.

c. Data Balancing: This pre-processing step involves harmonising data entries (timestamps) across all cycles
before their input into the model. It should be noted that the original length of each cycle varies, with the initial
cycle encompassing the greatest number of time stamps and the concluding cycle featuring the fewest. This
discrepancy arises from the inherent nature of battery ageing, wherein the total capacity diminishes over time,
leading to a progressive reduction in cycle duration.

Consequently, it is essential to equalise the time stamps across all cycles to enable the model to accurately
capture their influence on battery performance. To achieve this, an averaging technique is applied to homogenise
cycle lengths. First, the maximum and minimum lengths among all cycles are determined, and a fixed reference
cycle length, less than or equal to the minimum, is selected. Each cycle is then subdivided into continuous
intervals based on this fixed length, and within each interval, all rows (time stamps) are averaged column-wise,
producing a single representative row. This approach standardises variable-length cycles into a uniform format,
facilitating consistent model input.

To further enhance model performance, all input features are normalised to a common scale, reducing bias
from differing units or magnitudes and improving convergence during training. Furthermore, two features,
"Time’ and cycle number, preserve the uniqueness of each cycle. The ‘Time’ feature within a cycle remains
independent of other cycles, with its maximum value helping maintain uniqueness, while ‘Cycle Number’
explicitly indicates the chronological position of each record in the battery’s life. Together, these techniques
ensure that the model can accurately track the battery’s ageing state at any given moment.

For each cycle i with original length L;, the standardized length Lfixeq is determined as:

Lﬁxed = mil’l(Ll, L27 R L'rn) (2)

The averaging operation for each interval j:

o1
Xj=2> X (3)

Where k = number of timestamps in interval j, X; ; = feature value at timestamp i in interval j and X; =
averaged feature value for interval j.

These include SoH capacity, which indicates the current health relative to nominal capacity; initial SoH,
providing a baseline for tracking capacity fade; and charge capacity (QC), reflecting the battery’s ability to store
energy during charging, which decreases with ageing and repeated cycles. Additionally, voltage captures the
electrochemical state and internal resistance, current represents load conditions and discharge-charge rates
affecting stress and ageing, and temperature influences chemical reactions, with high or fluctuating temperatures
accelerating degradation. By integrating these features, the model effectively captures both short-term operational
dynamics and long-term degradation trends.

Model development

A hybrid deep learning model architecture comprising CNN and stacked LSTM has been built for predicting
the SoH after each cycle. The underlying challenges of time-series preprocessing and random data size of battery
cycles have been efficiently resolved by the proposed OptiCNN-SLSTM. Firstly, appropriately sized input sub-
samples have been created for a single battery, which can be fed into the model. Additionally, input sub-samples
have been compressed using temporal compression with a 1D CNN. The compressed sub-samples are then
fed into a 3-layer stacked LSTM architecture for estimating battery capacity. Finally, the hyperparameters of
the proposed hybrid model are tuned. A detailed description of the approach used in model development is as
follows:
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Sub-sampling

Although the duration of each cycle has been standardised, the dataset from an individual battery still comprises
an extensive number of timestamp entries. Processing the entire dataset in a single iteration is infeasible for the
model. Therefore, the dataset is partitioned into smaller sub-samples. Sub-sampling serves to input a decreased
count of timestamp entries to the model in each iteration. Sub-sampling is a form of mini-batch learning where
the batch size equals 1, but at the same time, there is no shuftling between the chronological order of batches/
sub-samples. In each sub-sample, data from only a specified number of cycles (n), is assembled. Adjacent cycles
are selected as part of a sub-sample, which helps maintain continuity within it. For any 2 adjacent sub-samples,
n-1 cycles are overlapping, i.e., there is a jump of 1 cycle from a sub-sample to its succeeding sub-sample. This
helps in leveraging data from the latest n cycles before estimating SoH at the end of a cycle.

For a battery with N total cycles, sub-samples are created as:

Si = {Ci70i+1,»»'7ci+n*1} (4)

Where S; = i-th sub-sample, C; = j-th cycle data, n = number of cycles per sub-sample (optimised to n = 3),
and Slidil’lg window: Si+1 = {Ci+1, CH_Q, ey Cl_g.n}

Model architecture

This research utilises both charging data and discharging data for model development. The hybrid model is
developed using a 1D-CNN for sub-sample compression and a stacked LSTM having three layers for estimating
the battery capacity. The developed model is divided into two phases: the first phase represents the training of
the model on charging data, and the second phase utilises the same model for discharging data, incorporating
the output of the first phase. Two identical architectures (phases) have been utilised so as to aid the final model in
distinguishing between charging data and discharging data. Each architecture has its own weights corresponding
to its data profile. At the same time, fusing the 2 architectures together, sequentially, helps utilise data from
both profiles, while maintaining the chronological order of data. If it were a single CNN+LSTM network, the
combined length of timestamps from the 2 battery profiles would make it difficult for a single LSTM network
to do temporal mapping optimally and would also increase the training time. The final concluding dense layer
gives the battery capacity at the end of each cycle based on charging and discharging data. The working of
the developed hybrid model has a 1-D CNN and stacked LSTM having three layers. Both these networks are
arranged in sequential order, with the CNN layer preceding the LSTM layer and are discussed in the following
subsections.

Temporal compression using 1D CNN 1D CNN has been used in the proposed architecture for temporal
compression of sub-samples. When a sub-sample (charging/discharging) is fed through the model, it first passes
through the CNN layer. It is worth noting that CNN used in the architecture only compresses the data within
a cycle, while the number of original cycles remains uncompressed. It has been applied independently to each
feature in the sub-sample. All the features are processed through a separate CNN kernel. The amount of tempo-
ral compression is kept the same for all the features to maintain homogeneity. The role of CNN in the proposed
model is of critical importance. The inclusion of a 1-D CNN layer enables a lightweight overall architecture by
efficiently extracting salient features from raw input data. Without the CNN, the LSTM network would be over-
whelmed by the large influx of raw input data. To handle this, the LSTM would need to be made more complex,
either by adding more layers or increasing the number of neurons per cell. This would significantly increase
the complexity of the architecture, leading to longer training times. Moreover, LSTM’s ability to hold time-do-
main information decreases as its chain length increases. CNN enables the model to learn data characteristics
effectively without significant information loss. Additionally, a single CNN layer typically has fewer trainable
parameters compared to a single LSTM layer. Therefore, incorporating a CNN is a more efficient way to man-
age the complexity of the model while maintaining performance, rather than making the LSTM network more
complex. CNN was chosen over other mathematical tools for temporal compression because it can learn the
optimal weights to compress the data during training. This adaptability allows the model to adjust more flexibly
compared to a fixed compression formula. Further, the reason to compress the time scale (and not enlarge it) is
to utilise the whole dataset, in general, and put as many cycles as possible in a single sub-sample. The aim is to
provide context from a wider timeframe to the succeeding LSTM network. If we enlarge the sampling interval,
then it could lead to information loss owing to intervals (gaps) within the sampled data. Figure 2 shows the
working of the CNN layer. So, it is better to encrypt the data meaningfully than to skip any part of it. The under-
lying logic is as follows: Let the sub-sample passed as input be represented by I, i.e., I = [I1, I2, I3, ... I;n] where
m is the number of features in the dataset. Then, the CNN operation on the .J th feature, i.e.,

Zj = acty(Wy; x Y} + bias;) (5)

where Z; is the temporal compression output for the j*" feature, act s is the activation function, Y’ represents
the j™ feature at time step ¢, W;; denotes the kernel weights, and the stride is 1. This compression is applied
consistently across all features within the sub-sample, ensuring a standardised temporal compression process.
To feed cycles of varying lengths into the CNN, it is necessary to standardise their temporal dimension. This
is achieved by calculating a compression ratio for each dataset. First, the maximum and minimum cycle lengths
are identified, and a fixed reference cycle length is chosen, typically less than or equal to the minimum length.

LSTM layer The output of the CNN layer is passed as an input to the LSTM. Since time-series data is being
used in the current research, the best way to capture temporal dependency is to use the best recurrent network,
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Fig. 3. Operational mechanism showing the functioning of LSTM layers.

LSTM?. The stacked LSTM architecture has been framed to process the data. Figure 3 shows the operational
mechanism of LSTM layers. A 3-layer stacked architecture is used to aid the LSTM network in learning the
sophisticated data characteristics. 3 memory cells at a single time stamp have been used to forward the im-
portant information temporally. The reason to choose a 3-layer architecture is based on results obtained after
experimenting with 2 to 5 layers. It was found that 3 layers were giving better results. Almost similar results are
obtained with 3 and 4 layers, while 4 and 5 layers took longer to train the model without any improvement in

the results.
For each LSTM layer i, the state transitions are:

Forget Gate:
fe=0(W;y - [he—1,2:] + by) (6)
Input Gate:
i = o (Wi - [heer, 4] + b)) @
Ci = tanh(We - [he—1, 4] 4 be) )
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Cell State Update:
=fi®Ci1+i 0 Cy ©)
Output Gate:
ot = a(Wos - [hi—1, ] + bo) (10)
ht = 0 © tanh(C%) (11)

Where o = sigmoid activation function, Wy, W;, W¢, W, = weight matrices, by, b;, bc, b, = bias vectors, hy =
hidden state at time ¢, C; = cell state at time ¢, and ® = element-wise multiplication.

The number of neurons per LSTM cell in the first, second, and third LSTM layers is 100, 80, and 60,
respectively, for charging as well as discharging input. The output of the LSTM1, LSTM2, and LSTM3 of the
first phase is fed to LSTM4, LSTM5, and LSTMS, respectively, along with CNN compressed sub-samples of
discharging data. The final output of the two phases, having six LSTM layers, is passed to dense layers connected
at the end of the network. Mathematically, it is expressed as follows: Let us suppose that the output of CNN is
denoted by charg/disch, and Uhi, ci denotes the output of an LSTM cell where charg/disch stands for charging/
discharging phase, h for hidden state, ¢ for cell state, and i for LSTM layer sequence number. The processing of
data through stacked LSTM is given by the following equation:

Uhl, Cc1 = LSTM1

Charg)

(O
UhQ,CQ LSTMQ(U}LI,Cl)
Uhg, C3 = LSTMg(UhQ,CQ)
Uh47 Cq = LSTM4(OdlSCh)
Uns, cs = LSTM5(Upa, ca)
Une, ce = LSTMg(Ups, cs5)
Una(0), €a(0) = Un1(L), e1 (L)
Uns(0), ¢5(0) = Unz(L), c2(L)
Un(0),¢6(0) = Uns (L), c3(L)

where Uhi(j), ci(j) represents the output of an LSTM cell at layer i and timestamp j. As stated earlier, the single
battery sample is sub-sampled in the current research. Each sub-sample comprises data from a range of n cycles,
with n varying from 1 to the total number of cycles available. The optimal cycle number has been determined to
be 3 after comparing with other values in the range of 2 to 5. Consequently, each sub-sample incorporates data
derived from precisely 3 cycles and enables mapping from the latest 3 cycles to SoH. These sub-samples are fed
to the model using the sliding window technique. Overall, each sub-sample first goes through the CNN layer for
temporal compression, and then its result is fed into the LSTM network, which maps the temporal dependency
of the sub-sample through its chain structure. This helps capture the intra-sub-sample time dependency. For
capturing inter-subsample relationships, the LSTM network has been made ‘stateful, which means that the
LSTM states are not reset after processing a sub-sample. When the chronologically ordered next sub-sample
is fed to the LSTM network, the final states of the previous sub-sample are used. This makes it possible to do
sub-sampling of the input sample because a ‘stateful’ LSTM can capture inter-sub-sample dependencies. This
contributes to making the model lightweight since at a single instance, only a sub-sample of data is fed to it.
Along with a ‘stateful’ LSTM, the batch size is set to 1 without shuffling, so that only one sub-sample is fed to the
network in a single batch and its final states are propagated to the next batch. Hence, temporal relationships are
optimally captured in the model architecture.

Where Wout = output layer weights, bout = output layer bias, Hgnal = final hidden state from stacked LSTM,
Xcharg> Xdisch = charging and discharging phase data, Ocharg, Odisch = CNN outputs for each phase, and
Hcharg, Hdisch = LSTM hidden states for each phase.
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Require: Battery cycle data: Xcharg, Xdisch
Ensure: Predicted State of Health: SoHpyed

© ® N DTN

Phase 1 (Charging):

Ocharg — CNNcharg(Xcharg)

Hcharg — LSTMstack,charg(Ocharg)
Phase 2 (Discharging):

Odisch < CNNgiscn (Xdisch)

Hdisch — LSTMstaCk,disch (Odisch7 Hcharg)
Final Prediction:

Hconcat < Concatenate([Hcharg, Hdisch])
SoHpreq ¢ Dense(Hconcat )

10: Alternative Formulation:

11: Hgna < Haisen > Final hidden state
12: SOHpred <~ Wout . Hﬁnal + bout

13: return SoHpeq

Algorithm 1. Two-Phase Processing for SoH Prediction

Hyperparameter tuning using Optuna

Optuna is designed to automatically search for the best set of parameters that either minimise or maximise

a given objective function. Unlike traditional approaches that rely on a fixed, manually defined search space,

Optuna constructs this space dynamically as the optimisation progresses. Each attempt to evaluate the objective

function is called a trial. To improve efficiency, Optuna also integrates pruning strategies that stop unpromising

trials early, preventing unnecessary computations. For sampling, it employs advanced optimisation techniques
such as Bayesian optimisation, Tree-Structured Parzen Estimators (TPE), and multi-armed bandit methods.

The framework is organised around three main components: the study, which represents the entire optimisation

process; the trial, which corresponds to one evaluation with a specific set of hyperparameters; and the sampler,

the algorithm that decides which parameter values should be tested next.

Optuna defines hyperparameter optimisation as the task of finding the parameter set § that minimises the
objective function f (), as shown below :

* .
0 argger(raun, f(0) (12)

In Equation (12), 6 denotes the set of hyperparameters, © represents the overall search space, and f(8) refers to

the objective function that needs to be minimised.

The key hyperparameters used for training the Opt-KAN-XAI model are summarised in Table 3. The model
was trained for 300 epochs, allowing sufficient iterations to effectively learn and capture the underlying patterns
in the data. For optimisation, the Adam algorithm was employed owing to its adaptive learning rate mechanism
and strong performance in handling sparse data.

o Train-Test Split and Cross-Validation: The dataset has been split chronologically into an 80:20 ratio, with 80%
used for training and 20% reserved for testing. To improve the model’s robustness, Five Cross Validation is
utilised where the dataset has been partitioned into five equally sized folds (K=>5), with each fold serving once

Hyperparameter Optimal Value
Learning Rate 0.00008815
Number of Cycles 3

Epochs 300

Batch Size 48
Optimizer Adam
Dropout rate 0.1

CNN kernel size for charging sub-sample 83

CNN kernel size for discharging sub-sample | 21
Training Split 80%

Test Split 20%

Table 3. Hyperparameters for OptiCNN-SLSTM Model using Optuna Optimisation.
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as the validation set while the remaining folds were used for training. This process was repeated until all folds
had been used for validation. This approach exposes the model to different subsets of data, reducing reliance
on any single partition and enhancing its ability to generalise across diverse battery degradation patterns.

« Regularisation: The model incorporates built-in mechanisms to manage complexity during training. These
dynamically adjust regularisation parameters, preventing excessive parameter growth and striking a balance
between model simplicity and predictive accuracy.

Table 4 shows a comparison of training time, inference speed (testing time), and memory usage for several deep
learning models used for battery SoH prediction. These metrics are critical for evaluating the computational
efficiency and practical deployment of models in real-time applications.

Explainability

As deep learning models advance and gain prominence in predictive systems, their growing complexity often
obscures the underlying decision-making processes. This opacity has led to a rising demand for transparent
and interpretable frameworks. XAI has emerged to address this challenge, aiming to balance high predictive
accuracy with interpretability. XAI techniques fall broadly into two categories: post-hoc and intrinsic methods.
Post-hoc approaches focus on interpreting the decisions of already trained models. Among the most prominent
are SHAP and LIME. SHAP (Shapley Additive exPlanations) offers a mathematically grounded way to quantify
the contribution of each input feature to a model’s output, fostering a global understanding of feature importance.
In contrast, LIME (Local Interpretable Model-agnostic Explanations) provides local fidelity by approximating
a model’s behaviour around a specific prediction, offering insight into why a model made a particular decision.

SHapley Additive exPlanation

SHAP is a model-agnostic post-hoc method that can be applied to any machine learning model. Rooted in game
theory, it evaluates each player’s contribution to the overall payoff. In the context of machine learning, the players
correspond to features, and the payoff corresponds to the model’s output. SHAP assigns an importance score
to each feature, reflecting its influence on the model’s prediction. These scores are computed by considering
all possible combinations of features, ensuring that every scenario, including subsets of features, is accounted
for. Because the computational cost of SHAP grows exponentially with the number of features, an efficient
approximation called Kernel SHAP has been introduced. The mathematical formulation of the SHAP approach
is given in Equation (13).

M
9y =do+ > 652 (13)
j=1

Where (g) is the explanation model, 2z’ € (0,1)™ is the vector of features, M is the maximum coalition size
of the vector, and ¢; € R is the weight assigned to each feature for feature j. The pseudo code for SHAP is
illustrated in Algorithm 2.

Models Training Time | Testing Time Memory Usage
StackedLSTM 1-2 hrs 10-30 ms/sample | 1-2.5 GB
OptiCNN-SLSTM | 40-50 min 8-15 ms/sample | 800 MB-1.2 GB

Table 4. Training time, memory usage, and inference speed comparison for Deep Learning Models.
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Require: Model f, Input instance z, Background dataset Xyg
Ensure: SHAP values {¢;})2, for all features

1: Initialize:
2: M < number of features in x
3: o  E[f(Xbg)] > Baseline value
4: Initialize ¢; <~ 0 for j =1,2,..., M
5. For each feature j =1 to M:
6: for each subset S C N\ {j} do
7: |S| ¢ size of subset S
M-1)! . .
8: w(|S]) + m > Weight function
9: Compute marginal contribution:
0 A5(8) < fF(SU{j}) - F(5)
11: Update SHAP value:
s
12 gy 2 A(S)
13: end for
14: Construct expjbanation model:
15: g(2) = o + 252, %]
16: Verify Shapley Pro]\p/}erties:
17: Efficiency: Verify >, ¢; = f(2) — E[f(X)]
18: Symmetry: Check equal contributions for symmetric features
19: Dummy: Verify ¢; = 0 for non-contributing features
20: Additivity: Ensure linearity for additive models
21: return {p;}1L,, g(2')
Algorithm 2. SHAP Value Calculation for Model Explanation
Experimental setup and results
In this research, the NASA dataset of two batteries comprising B0005 and B0007 has been used to perform the
experiments. The minimum hardware requirements to perform the experiments are 8GB RAM, an i5 processor,
and an NVIDIA GPU. The language used to perform the implementation is Python,y and the libraries used are
Numpy, Pandas, opt, Tensorflow, Keras, and Matplotlib. The performance evaluation is conducted through the
utilisation of four parameters comprising MSE, RMSE, MAE, and MAPE.
a. Root Mean Square Error (RMSE)
RMSE = (14)
b. Mean Absolute Error (MAE)
1 n
MAE = — i — Ui
= Iy =l (15)
i=1
c. Mean Absolute Percentage Error (MAPE)
100% <~ |yi — i
MAPE = —_—
n Zl Yi (16)
d. Mean Squared Error (MSE)
1 2
MSE = — i — Gi
=~ (=) (17)
i=1
Results and discussion with comparison
OptiCNN-SLSTM framework is developed, incorporating a hybrid of CNN and stacked LSTM networks, to
assess the SoH estimation for batteries BO005 and B0007. SoH estimation curves have been generated for various
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Fig. 4. SoH estimation curve for B0005 battery.
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Fig. 5. SoH estimation curve for B0007 battery.

models, including LSTM, CNN combined with Bidirectional LSTM (CNN + BiLSTM), CNN combined with
stateless LSTM (CNN + stateless LSTM), and the proposed Optuna optimised CNN combined with stacked
stateful LSTM. The results for all the models have been obtained after hyperparameter tuning. SoH estimation
for the B0005 and B0007 batteries has been conducted over a span of 167 cycles, and the actual and predicted
results are visually presented in Figs. 4 and 5, respectively. Based on the observations from the plots, it has been
noted that the SoH estimation results of the OptiCNN-SLSTM model exhibited superior performance compared
to the PINN, CNN + BiLSTM, and KAN + LSTM models. Results for models other than the OptiCNN-SLSTM
have been shown to validate the architecture of the proposed model through comparisons with other models
that are lighter or more complex than it. This has helped to design the balanced architecture of OptiCNN-
SLSTM, which can optimally map battery data to SoH.

There is a closeness between the results of PINN and KAN + LSTM, as the LSTM network in CNN-BiLSTM
does not retain the state information of a sub-sample (batch) before feeding the next sub-sample. This leads to
the elimination of inter-sub-sample mapping. Hence, KAN LSTM fails to outperform PINN, despite having a
heavier architecture. In the case of CNN+BiLSTM, it includes a PINN network that performs temporal mapping
in both forward and backwards directions. When the network runs backwards in time, it loses the context of
the decrease in SoH with decreasing cycle number. It fails to do inter-sub-sample mapping when the data is
reversed. OptiCNN-SLSTM’s accuracy demonstrates that it is a balanced model, losing its effectiveness when its
architecture is modified to a more complex or simplified version.
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Parameter | PINN | KAN LSTM | CNN+BiLSTM | OptiCNN-SLSTM
RMSE 3.7% | 3.0% 5.4% 2.15%

MSE 0.13% | 0.09% 0.29% 0.046%

MAE 3.0% | 2.5% 4.5% 1.7%

MAPE 1.8% | 1.6% 2.9% 1.1%

Table 5. Performance Results (%) of B0005 Battery.

Parameter | PINN | KAN LSTM | CNN+BiLSTM | OptiCNN-SLSTM
RMSE 8.4% |9.5% 11.55% 2.18%

MSE 0.17% | 0.70% 1.3% 0.047%

MAE 82% | 7.8% 9.9% 1.5%

MAPE 5.0% | 4.8% 6.3% 0.9%

Table 6. Performance Results (%) of BO007 Battery.
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Fig. 6. Convergence Behaviour.

Furthermore, the evaluation of the performance of the OptiCNN-SLSTM model for batteries B0005 and
B0007 has been conducted using various metrics, including MSE, RMSE, MAE, and MAPE. The corresponding
results are presented in Table 5 and Table 6. The data indicate that the OptiCNN-SLSTM model demonstrated
robust performance compared to the established models, evident from its RMSE, MSE, mean MAE, and MAPE
values of 2.15%, 0.046%, 1.7%, and 1.1% for B0005, and 2.18%, 0.047%, 1.5%, and 0.9% for B0007, respectively.

Figure 6 shows the training and validation error curves of OptiCNN-SLSTM. The training loss decreases
rapidly at the start and then stabilises, while the validation loss follows a nearly parallel trend, indicating
strong generalisation and minimal overfitting. Unlike CNN, which converges quickly but plateaus, and LSTM,
which converges slowly, OptiCNN-SLSTM combines fast feature extraction with long-term temporal learning,
offering a more efficient approach. The smooth curves confirm efficient convergence, robustness, and reliable
performance for battery SoH estimation.

Explainability results
Figure 7 illustrates the feature importance based on SHAP (Shapley Additive exPlanations) values, which are
commonly used to interpret predictions from machine learning models. The x-axis represents the mean absolute
SHAP value, indicating the average contribution of each feature to the model’s output. The y-axis lists the feature
names. Among all features, QC stands out as the most influential, demonstrating the highest average impact
on the model’s predictions. Following QC, cycle _number and chargetime are also identified as significant
contributors, suggesting that battery cycle characteristics and charging behaviour play key roles in the model’s
decision-making process. Features such as IR (likely internal resistance), Tmax, Tmin, and Tavg (temperature-
related features) exhibit moderate importance. QD appears to have the least influence among the listed features.
Opverall, the plot highlights that the model relies most heavily on QC and cycling-related metrics, with SHAP
values providing a transparent way to understand how each feature affects the model’s predictions.

This SHAP waterfall Fig. 8 analyses the prediction for Sample 21, showing how different features contribute
to the final model output of f(x) = 0.195. The analysis begins with a baseline expectation E[f{X)] of 0.192 and
demonstrates how each feature shifts the prediction above or below this baseline.
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Fig. 7. XAI feature importance based on SHAP values.
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Fig. 8. XAI waterfall structure.

The most significant contributor is the QC feature with a SHAP value of -0.951, which has a strong positive
impact of +0.06 on prediction. (QC) capacity appears as the most important feature because SoH is inherently
defined on the basis of capacity fade, i.e., the ratio of available capacity to nominal capacity. QC capacity directly
reflects this usable charge storage capability, and thus its degradation has the most pronounced influence on SoH
compared to other parameters (e.g., voltage or temperature), which contribute more indirectly through their
impact on ageing. This is followed by several features that have smaller negative impacts: IR (-0.966) contributes
-0.02, cycle_number (-0.954) contributes -0.01, another IR feature (-0.953) contributes -0.01, and QC (-0.965)
contributes -0.01. The remaining features - QD (-0.963), Tmax (-0.958), and chargetime (-0.956) each contribute
small negative adjustments of -0.01 to the final prediction.

The waterfall structure illustrates how these individual feature contributions accumulate from the baseline
expectation of 0.192 to reach the final predicted value of 0.195. The large positive contribution from the first
QC feature is the primary driver that elevates the prediction above the baseline, while the other features provide
minor negative adjustments.

Case study using Oxford dataset with comparison
The OptiCNN-SLSTM has been validated on the Oxford dataset?!. The dataset comprises four distinct layers.
Layer 1 encompasses Cells 1 to 8, denoting individual cell units. Layer 2 involves characterisation cycles labelled
with cycle numbers. Layer 3 contains specific parameters: 1-C charge (Clch), 1-C discharge (Cldc), pseudo-
OCV charge (OCVch), and pseudo-OCV discharge (OCVdc). Lastly, layer 4 includes data attributes such as
time (t), voltage (v), charge (q), and temperature (T). For each cell in the Oxford dataset, the cycle data is not
continuous. Data is provided for a cycle occurring after an interval of 100 cycles. The cell-1 data is used for
training, and cell-2 is used for testing. After data balancing through the averaging technique, the optimal values
for the hyperparameters are 2.95, 102, and 102 for the number of cycles per sub-sample, CNN kernel size for
charging sub-sample, and CNN kernel size for discharging sub-sample, respectively. It is worth noting that all
the models under consideration underwent hyperparameter tuning before obtaining their results.

The SoH estimation for cell-1 is shown in Fig. 9. Comparing the NASA dataset (167 cycles) and the Oxford
dataset (approx. 8000 cycles), the results for the NASA dataset are more precise than the Oxford dataset. For
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Fig. 9. SoH estimation for cell-1.

Cycle | Square Error | Root Square Error | Absolute Error
100 1.72551E-05 | 0.004154 0.004154
500 9.10186E-07 | 0.000954 0.000954
900 5.38712E-06 | 0.002321 0.002321
1300 | 1.16555E-05 | 0.003414 0.003414
1900 | 2.18320E-05 | 0.004672 0.004672
2300 | 2.82279E-05 | 0.005313 0.005313
2700 | 2.35710E-05 | 0.004855 0.004855
3100 | 1.28824E-05 | 0.003589 0.003589
3600 | 1.97034E-06 | 0.001404 0.001404
4000 | 2.75893E-09 | 0.0000525 0.0000525
4400 | 1.07974E-06 | 0.001039 0.001039
5000 | 4.10994E-06 | 0.002027 0.002027
5400 | 1.58281E-05 | 0.003978 0.003978
5800 | 1.06506E-05 | 0.003264 0.003264
6200 | 3.27564E-05 | 0.005723 0.005723
6600 | 4.01366E-05 | 0.006335 0.006335
7000 | 2.90211E-05 | 0.005387 0.005387
7400 | 7.39758E-05 | 0.008601 0.008601
7800 | 5.30103E-05 | 0.007281 0.007281
8200 | 7.24768E-05 | 0.008513 0.008513

Table 7. Detailed Error Predictions at Various Points (Cycles) in Time.

each cell in the Oxford dataset, the cycle data is not continuous. This is because in the Oxford dataset, when
considering the latest n cycles, there is a gap of 100 cycles between any 2 adjacent cycles. Such a distribution of
data leads to the learning of general trends in data by the model instead of predicting in detail. The detailed error
predictions at various points (cycles) in time, depicting the precision variation, have been shown in the Table 7.

For cell-2, the SoH estimation plot is depicted in Fig. 10. The abrupt drop in SoH after the 80% mark indicates
the completion of the battery’s RUL, making it unsuitable for further use. As the battery approaches its End of
Life Cycle (EOL), the ’Knee’ phenomenon?? occurs, where the rate of capacity (SoH) decay accelerates, and the
battery enters a non-linear decay phase. In this phase, a mapping relationship between the ageing mechanisms
of the electrode material and the nonlinear characteristics needs to be established. To accurately train the model
beyond the RUL, this mapping, along with sensor data, should be included so that the model can account for
significant changes in battery characteristics.

It is worth noting that PINN LSTM has a huge gap from the OptiCNN-SLSTM due to a drawback in the
former’s architecture. The PINN has an LSTM network that does not retain the previous sub-sample (batch)
state before processing the next sub-sample. This defers the inter-sub-sample mapping. But OptiCNN-SLSTM
uses stateful LSTM, which can retain the previous sub-sample (batch) state before processing the next sub-
sample. Hence, OptiCNN-SLSTM performs better than CNN+ BiLSTM. The aforementioned drawback in
CNN-+stateless LSTM also leads to the closeness between its result and that of only the KAN LSTM model, even
though the former has a heavier architecture. Moreover, the error plots of MSE and RMSE have been plotted for
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Fig. 10. SoH estimation for cell-2.
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Fig. 11. Real vs Predicted SoH for E-kart battery at TIET.

cell-1 and cell-2 to show the comparison of OptiCNN-SLSTM with existing base models. The RMSE for cell-1
and cell-2 on OptiCNN-SLSTM is 0.67% and 1.02%, respectively. Similarly, MSE for cell-1 and cell-2 is 0.004%
and 0.01%, respectively. Based on the research findings, it has been observed that the OptiCNN-SLSTM model
demonstrated strong performance not only on the NASA dataset but also on the Oxford dataset.

Case study using TIET E-kart dataset with comparison
This case study focuses on a LiFePO4 battery pack manufactured by Likraft and deployed in an electric cart
(E-kart) used for campus transportation at TIET. The objective is to design a real-time SoH prediction system by
leveraging the battery’s intrinsic characteristics and its operating parameters. To achieve this, the pack is equipped
with sensors that continuously monitor voltage, current, temperature, and cycle count. These parameters are fed
into the Battery Management System (BMS), which aggregates sensor data along with the estimated SoH. As
illustrated in Fig. 11, the system enables real-time SoH prediction for the E-kart.

The BMS is further integrated with Wi-Fi and Bluetooth modules, allowing seamless data transmission to
a central server or cloud for storage and advanced analytics. The proposed model is trained using this data,
ensuring the prediction process is adaptive to real-world usage patterns. The experimental evaluation confirms
the robustness of the model, achieving remarkably low error values: MSE of 0.001%, RMSE of 0.03%, and MAE
of 0.28%. These results underline the accuracy and reliability of the framework in monitoring battery health
under dynamic operating conditions. The detailed specifications of the LiFePO4 battery pack are summarised
in Table 8.

Comparison of OptiCNN-SLSTM with existing works
To demonstrate the effectiveness of the proposed OptiCNN-SLSTM model, its results have been systematically
compared with several state-of-the-art approaches, including those of Ning et al.’, Huixing et al.?3, Ang et al.%,
Robbert et al.?, as well as standard deep learning baselines such as CNN and LSTM models.

The comparison spans multiple benchmark datasets, namely the NASA batteries B0005 and B0007, and the
Oxford dataset, which are widely used in SoH and RUL estimation research.
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Battery Parameter Value
Manufacturer Likraft
Nominal capacity 100 Ah
Nominal voltage 51.8V
Recommended charging current | 25 A

Cycle life 2000
Operating temperature 5°C-65°C
Max discharge current 100 A

Max charge current 50 A
Voltage range 48-60 V
Communication ‘Wi-Fi, Bluetooth
Software Intellicar

Table 8. Characteristics of a LiFePO4 Battery Pack.

Battery Work / Model RMSE | MSE MAE
Ning et al.’ 2.57% |0.06% | 3.6%
Huixing et al.? 2.43% |0.059% |2.32%

B0005 Chen et al.?® 2.36% | 0.054% |2.18%
Xu et al.?”? 229% | 0.051% | 2.05%
OptiCNN-SLSTM | 2.15% | 0.046% | 1.7%
Ning et al.’ 2.53% |0.062% | 3.7%
Huixing et al.? 3.72% | 0.13%

50007 Angetal? 2.47% |0.057% | 2.54%
Chen et al.?® 2.32% |0.052% | 2.02%
Xu et al.?”? 2.26% |0.049% | 1.9%
OptiCNN-SLSTM | 2.18% | 0.047% | 1.5%
Robbert et al.?® 1.61% | - -

Cell-2 (Oxford) Chen et a—l.26 1.34% | -
Xu et al.”’ 1.21% | -
OptiCNN-SLSTM | 1.02% | -

Table 9. Detailed Error Predictions at Various Points (Cycles) in Time.

Ning et al.” and Huixing et al.>* focused their investigations on the B0005 and B0007 cells. Their works
primarily employed data-driven deep learning models but still exhibited relatively higher error rates, particularly
when dealing with long-term degradation patterns. Ang et al.?%, on the other hand, concentrated only on the
B0007 cell, introducing a refined estimation strategy. While their model achieved slightly improved performance,
it still struggled to capture nonlinear degradation under fluctuating conditions. Robbert et al.2> conducted their
experiments on the Oxford dataset, leveraging a different experimental setup and data characteristics. Although
their results were competitive, they too highlighted the need for architectures that can better generalise across
datasets.

Meanwhile, the CNN and LSTM baselines were implemented to provide a fair comparison with the proposed
hybrid framework. CNN alone was able to extract spatial patterns but lacked long-term temporal modeling
capability, leading to moderate accuracy. Similarly, LSTM captured sequential dependencies effectively but was
less efficient at feature extraction from raw signals. Their inclusion highlights how the hybrid OptiCNN-SLSTM
achieves a more balanced and robust performance.

The comparative analysis summarised in Table 9 clearly shows that OptiCNN-SLSTM consistently
outperforms not only prior studies but also baseline CNN and LSTM models across all datasets. Specifically, it
reduces RMSE by approximately 0.14% compared to LSTM and by 0.21% compared to CNN on B0005, by 0.08%
and 0.14% respectively on B0007, and by 0.19% and 0.32% on the Oxford dataset.

These findings highlight that while CNN and LSTM individually capture certain aspects of the degradation
process, the hybrid OptiCNN-SLSTM leverages their complementary strengths. The convolutional layers
efficiently extract spatial features from the input signals, while the stacked LSTM layers capture long-term
temporal dependencies. The integration of Bayesian optimisation further ensures that the model operates with
well-tuned hyperparameters, preventing overfitting and enhancing generalisation. By achieving consistently
lower prediction errors, OptiCNN-SLSTM advances the accuracy of battery SoH estimation and demonstrates
adaptability across diverse datasets, including both NASA and Oxford benchmarks.
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Model / Metric Overlapping RMSE | Non-Overlapping RMSE | Overlapping MAE | Non-Overlapping MAE | Overlapping MAPE | Non-Overlapping MAPE
PINN 3.7% ~5.2-6.5% 3.0% ~4.5-6.1% 1.8% ~2.2-32%
KAN LSTM 3.0% ~4.3-5.7% 2.5% ~3.7-4.9% 1.6% ~2.0-2.8%
CNN+BiLSTM 5.4% ~6.5-7.8% 4.5% ~5.5-7.0% 2.9% ~3.3-4.2%
OptiCNN-SLSTM | 2.15% ~3.1-3.8% 1.7% ~2.3-3.0% 1.1% ~1.5-1.8%

Table 10. Overlapping vs. Non-Overlapping: SOH Error Metrics.

Non-Overlapping Windows (stride = window size)

Overlapping Windows (stride < window size)

1 2 3 4 5 6 7 8 9 10

Fig. 12. Overlapping and Non-overlaping.

Overlapping vs. Non-Overlapping: SOH error metrics

Table 10 gives the comparison of SOH error metrics in overlapping samples (stride<window) and non-
overlapping samples (stride=window). Here, overlapping in samples consistently reduces error metrics (RMSE,
MAE, and MAPE) across all models by preserving temporal continuity, retaining transitional information, and
enriching feature extraction. PINN and KAN-LSTM exhibit moderate improvements, as they already leverage
physics fundamentals and attention, respectively. CNN+BiLSTM benefits more, as overlapping enhances
both local feature learning and sequential modelling. The proposed OptiCNN-SLSTM achieves the highest
performance, reducing RMSE from 3.1-3.8% to 2.15% and MAPE to just 1.1%, confirming its effectiveness in
combining CNN’s local feature extraction with SLSTM’s long-term dependency learning for accurate battery
health forecasting. The Fig. 12 shows the stride window for overlapping and non-overlapping samples taken in
the study.

Conclusion

In this study, we introduce OptiCNN-SLSTM, a lightweight hybrid deep learning model that combines a one-
dimensional CNN with a stacked LSTM to predict battery SoH after each operational cycle. The CNN is used
for temporal compression, while the stateful LSTM effectively captures both short and long-term dependencies
within the compressed sequences. To further enhance performance, we employed Optuna for hyperparameter
optimisation, making the model not only accurate but also computationally efficient. We evaluated the model on
the NASA dataset using two batteries (B0005 and B0007). OptiCNN-SLSTM achieved strong predictive accuracy,
with RMSE values of 2.15% and 2.18%, respectively. To ensure robustness, the model was also validated on the
Oxford dataset, where cell-1 was used for training and cell-2 for testing, achieving RMSE values of 0.6% and
1.02%, respectively. Finally, we compared OptiCNN-SLSTM with existing approaches, including those by Ning
etal.l, Huixing et al.?*, and Ang et al.>* on the NASA dataset, and Robbert et al.?> on the Oxford dataset. Across
all cases, OptiCNN-SLSTM consistently outperformed prior methods, reducing RMSE by 0.28% and 0.42% on
B0005, 0.29%, 1.54%, and 0.38% on B0007, and 0.59% on cell-2.

The approach can be extended to other battery chemistries and real-world conditions, integrated with
additional features like temperature or usage patterns, and deployed on edge devices as TinyML for real-time SoH
monitoring. Explainable AI techniques can further enhance the understanding of battery ageing mechanisms.
Future work will incorporate partial-cycle and random SoC training to further align with real-world battery
usage.

Data availability
The dataset generated and analysed in this study is available from the corresponding author upon request (Ashi-
ma Singh).
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