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Abstract

:

The accurate prediction of the remaining useful life (RUL) of Li-ion batteries holds significant importance in the field of predictive maintenance, as it ensures the reliability and long-term viability of these batteries. In this study, we undertake a comprehensive analysis and comparison of three distinct machine learning models—XDFM, A-LSTM, and GBM—with the objective of assessing their predictive capabilities for RUL estimation. The performance evaluation of these models involves the utilization of root-mean-square error and mean absolute error metrics, which are derived after the training and testing stages of the models. Additionally, we employ the Shapley-based Explainable AI technique to identify and select the most relevant features for the prediction task. Among the evaluated models, XDFM consistently demonstrates superior performance, consistently achieving the lowest RMSE and MAE values across different operational cycles and feature selections. However, it is worth noting that both the A-LSTM and GBM models exhibit competitive results, showcasing their potential for accurate RUL prediction of Li-ion batteries. The findings of this study offer valuable insights into the efficacy of these machine learning models, highlighting their capacity to make precise RUL predictions across diverse operational cycles for batteries.
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1. Introduction


Lithium-ion (Li-ion) batteries have received extensive recognition in recent times and have emerged as a crucial energy source for a diverse range of applications, such as portable electronic devices, electric vehicles (EVs), hybrid electric vehicles (HEVs), and renewable energy storage systems [1,2]. The exceptional energy density, prolonged cycle life, and swift charging capabilities of the batteries quickly made them the favored choice, leading to a significant transformation in energy storage and utilization practices across various industries. The adoption of Li-ion batteries is known to promote ecological sustainability by mitigating the release of greenhouse gases, air pollutants, and other environmental impacts that are typically associated with traditional energy sources [3]. Various chemistries of Li-ion batteries, including LiCoO2, LiFePO4, and LiNiMnCoO2, are currently accessible [4,5,6]. Out of the available alternatives, LiFePO4 is distinguished as the most environmentally friendly option owing to its non-hazardous structure and the plentiful occurrence of its component elements. In addition, the process of recycling batteries plays a pivotal role in mitigating waste generation and recovering valuable resources, thereby supplementing the overall ecological sustainability of the technology. The assurance of the dependability, security, and optimal functionality of the batteries has gained considerable importance due to their widespread integration in diverse domains. Several methodologies have been devised to monitor Li-ion batteries, with a particular emphasis on evaluating the State of Health (SOH) and State of Charge (SOC) [7,8]. By analyzing variables, like capacity fading, impedance changes, and aging effects, SOH monitoring approaches aim to assess the overall health and deterioration of Li-ion batteries over time and to predict the remaining useful life (RUL) [9,10]. Capacity estimate and impedance spectroscopy are standard approaches for SOH monitoring, providing useful insights into battery degradation patterns and the need for maintenance or replacement. Conversely, techniques for monitoring SOC concentrate on the estimation of the present energy level or residual charge within a battery. The estimation of SOC is accurately achieved through the utilization of voltage-based methods, current integration, coulomb counting, and advanced algorithms, as indicated in sources [11,12]. Accurately evaluating the RUL of Li-ion batteries is a crucial component of battery monitoring, as well as the number of charge and discharge cycles left before the battery fails, as assessed by SOH [13]. The estimation of the RUL of batteries is a crucial aspect that offers significant benefits, such as facilitating preventive maintenance, optimizing resource utilization, and mitigating the likelihood of catastrophic failures. The continuous monitoring of the RUL of batteries enables individuals to make well-informed decisions about battery replacement or maintenance. This, in turn, enhances operational efficiency and reduces downtime. It is noteworthy that numerous monitoring techniques currently in use utilize simplified models and assumptions that may not comprehensively encompass the intricacies of battery behavior. The aforementioned methodologies may exhibit the susceptibility to external factors, computational complexities, and difficulties in accurately forecasting the RUL or SOC. Hence, it is imperative to devise innovative methodologies that can efficiently overcome these constraints and facilitate accurate and robust surveillance of Li-ion batteries. While classical methods, such as Tremblay [14] and Volterra’s integral equations [15], have been successfully applied in various fields, including power systems [16], they may have limitations in capturing complex nonlinear relationships and dealing with high-dimensional data. In particular, they may require a large number of parameters to accurately describe the behavior of a system, which can lead to overfitting and poor generalization performance. Additionally, these equations may not be able to capture the full complexity of a system, especially if the system exhibits highly nonlinear or chaotic behavior [17]. In comparison, machine learning (ML) techniques can be more flexible and adaptable to different types of data and can potentially provide more accurate predictions or classifications in certain cases. Both methods need data to conduct training and prediction, but models based on physics, like those of Tremblay and Volterra, frequently need larger datasets that include precise electrochemical readings and operating characteristics. Further, external elements that may affect the battery’s RUL but are not explicitly included in the integral equations, such as temperature, cycling profiles, and usage patterns, can be more simply incorporated into ML models. The aging process and total RUL of the battery can be considerably impacted by these outside variables.



The potential of ML techniques in mitigating the limitations of conventional Li-ion battery monitoring methods has been demonstrated recently by various authors [18,19]. ML algorithms possess the capability to analyze intricate and multi-dimensional data obtained after conducting experiments, and subsequently identify significant patterns and correlations. Through the utilization of ML models, intricate relationships between input parameters and the output can be discovered by creating models based on historical data, which enables the capability of accurate predictions and real-time monitoring [20,21]. Nuhic et al. [22] gathered multiple variables across various aging scenarios to assess the state of health (SOH) of batteries. In a related study, the authors presented a feed-forward neural network model in [23] for the purpose of predicting the RUL of Li-ion batteries. The accuracy of the proposed approach was validated through experiments and numerical comparisons. Zhao et al. [24] have proposed a hybrid model that combines the broad learning system (BLS) algorithm with the LSTM neural network. This model has been designed to provide precise predictions regarding the capacity and remaining useful life (RUL) estimation of batteries. However, one key disadvantage of traditional ML models is their lack of interpretability and transparency, which prevents them from being widely adopted in crucial applications. The emergence of Explainable AI (XAI) has been identified as a critical research direction to overcome the aforementioned limitations. The objective of XAI techniques is to augment the interpretability and transparency of ML models, enabling users to understand and trust the decisions made by AI systems. The integration of XAI techniques in Li-ion battery monitoring can facilitate the creation of models that not only yield precise RUL estimations, but also furnish valuable information regarding the underlying factors that positively impact the forecasts and predictions. The ability to interpret data not only enhances the quality of decision-making, but also enables the detection of potential biases, errors, or anomalies in the process of monitoring batteries.



This study introduces a novel methodology for precise and comprehensible prediction of the RUL of Li-ion batteries by utilizing an XAI-assisted XDFM model. The proposed model integrates deep learning and feature interactions, leveraging Shapley techniques to effectively identify the most suitable set of features for accurate RUL estimation at different operational stages. The incorporation of XAI into Li-ion battery monitoring represents a significant advancement towards establishing dependable and reliable battery management systems. The study aims to contribute to the broader objective of achieving sustainable and efficient energy solutions by optimizing the utilization and lifespan of Li-ion batteries. The organization of the proposed methodology is as follows: Section 2 provides a comprehensive overview of the dataset used and machine learning algorithms employed along with the XAI method for feature selection. Section 3 presents the analysis results and key findings, and finally, in Section 4, we summarize the significant outcomes and highlight future extensions and areas for further research. The proposed framework for predicting the RUL of Li-ion batteries is depicted in Figure 1.




2. Materials and Methods


2.1. Machine Learning Models


A branch of AI known as ML allows computers to learn and anticipate data without the need for specific programming. Automated systems can learn patterns and correlations from data via computational techniques [25,26]. After training on huge datasets, ML models improve as they evaluate more data. Because of ML’s adaptability, battery monitoring is a feasible application. Battery performance and health are critical for proper device and system operation. Basic battery monitoring methods or static threshold settings may not accurately capture the complex dynamics and unpredictability of battery performance. Machine learning has the potential to improve battery monitoring by accurately predicting residual capacity, health status, and possible malfunctions. In this study, XDFM, A-LSTM, and Gradient Boosting Machine are utilized for predicting Li-ion battery RUL.



2.1.1. Extreme Deep Factorization Machine


The Extreme Deep Factorization Machine (XDFM) is a robust computational technique that integrates the advantages of deep learning and factorization machines to achieve precise and effective predictions. Factorization machines, which are frequently employed to manage sparse, high-dimensional data, are at the core of the XDFM architecture. XDFM demonstrates that deep learning factorization machines can capture subtle feature interactions and derive useful data representations. DNNs are integrated into the factorization machine framework by XDFM [27,28]. By layering several hidden layers, the model captures higher-order feature interactions and produces complicated representations from input data. Mathematically, the XDFM model can be expressed as:


    y  ^  = σ     w   linear   T   a +   w   d n n   T     x   d n n   k   +   w   c i n   T     p   +   + b    



(1)




where   σ   represents the sigmoid function;   a   represents raw features; and   w  ,   b   represent learnable parameters. During the training phase, the model optimizes the model parameters by minimizing a suitable loss function, which is expressed as:


  L = −   1   N     ∑  i = 1   N          y   i   l o g ⁡     y  ^    i   +   1 −     y  ^    i     l o g ⁡   1 −     y  ^    i      



(2)







N denotes training data, and       y  ^    i     represents the model in various iterations during training. The objective function is defined as follows:


  J = L +   λ   ∗   ∥   θ  ˙  ∥  



(3)







λ∗ denotes the regularization term, while θ refers to the set of parameters in the CIN and DNN components.




2.1.2. Long Short-Term Memory Network with Attention Mechanism


Recurrent neural networks (RNNs) with Long Short-Term Memory (LSTM) and an attention mechanism can capture complex dependencies in sequential input. An attention mechanism helps the LSTM model focus on relevant input sequence components, improving prediction accuracy [29]. The LSTM model’s attention mechanism allows each time step to focus on different input sequence segments. This helps the model prioritize relevant data. The system can accurately predict language translation, emotional analysis, and voice identification by recognizing distant relationships. Mathematically, the LSTM with attention mechanism can be represented as follows:


    h   t   =   LSTM  ⁡      x   t   ,   h   t − 1   ,   c   t − 1        



(4)






    e   t j   =   v   a   T   tanh ⁡     W   a     h   t − 1   +   U   a     x   j      



(5)






    α   t j   =     exp  ⁡      e   t j           ∑  k = 1   T        exp ⁡     e   t k        



(6)






    c   t   =   ∑  j = 1   T          α   t j     x   j    



(7)






    y   t   = σ     W   o     h   t   +   U   o     c   t      



(8)







In these equations:



    x   t     represents the input at time step   t  .



    h   t     denotes the hidden state at time step   t  .



    c   t     represents the context vector at time step   t  .



    e   t j     denotes the energy score between the previous hidden state     h   t − 1     and input     x   j     at time step   t  .



    v   a   ,   W   a   ,   and     U   a     are weight matrices used to compute the energy scores.



    α   t j     represents the attention weight assigned to the input     x   j     at time step   t  .



    y   t     denotes the output at time step   t  .



  σ   is the sigmoid activation function.



    W   o     and     U   o     are weight matrices used to compute the output.



In the LSTM with attention mechanism, the energy scores       e   t j       are calculated to measure the relevance of each input element     x   j     to the previous hidden state     h   t − 1    . These scores are then converted to attention weights       α   t j       by applying the SoftMax function, ensuring that the weights sum up to 1. The context vector       c   t       is obtained by taking a weighted sum of the input sequence       x   j       using the attention weights       α   t j      . This context vector represents the important information from the input sequence that the model focuses on. Finally, the output       y   t       is computed based on the current hidden state       h   t       and the context vector       c   t      . The output can be used for prediction or passed to subsequent layers of the neural network.




2.1.3. Gradient Boosting Machine


GBM is a popular machine learning approach in academia and industry. This ensemble learning method has high predicted accuracy and can handle complex datasets [30,31]. To create a strong prediction model, the GBM algorithm iteratively combines many weak learners, such as decision trees [32]. The repetitive process of training weak learners in a boosting algorithm corrects previous errors, creating an accurate and resilient model. The model is founded on the concept of gradient descent optimization, wherein the algorithm iteratively refines model parameters by minimizing a predefined loss function. GBM loss functions are often calculated by comparing expected outcomes to response variable values.



Mathematically, the GBM algorithm can be summarized as follows. Given a training dataset with input features   X   and target variable   y  , the algorithm starts with an initial prediction     F   0   ( x )  . In each iteration   m  , a weak learner, typically a decision tree, is trained to fit the negative gradient of the loss function with respect to the previous predictions, denoted as     r   i m    . This weak learner is referred to as a base learner and is denoted as     h   m   ( x )  . The base learner is then added to the ensemble, and the prediction is updated as follows:


    F   m     x   =   F   m − 1     x   + ν   h   m   ( x )  



(9)




where     F   m − 1     x     is the prediction from the previous iteration,   ν   is a learning rate that controls the contribution of each base learner, and     h   m   ( x )   is the prediction from the current base learner. To minimize the loss function, GBM employs a gradient descent step by calculating the negative gradient of the loss function with respect to the ensemble’s predictions. This step determines the direction and magnitude of the updates to the model parameters. The learning rate   ν   scales the impact of each base learner’s prediction to prevent overfitting and stabilize the learning process. The training process continues for a predefined number of iterations or until a stopping criterion is met. Once training is complete, the ensemble of weak learners forms the final predictive model. During the prediction phase, the input features   X   are passed through the ensemble, and the final prediction is obtained by summing the predictions of all base learners:


    y  ^  =   F   M   ( x ) =   ∑  m = 1   M        ν   h   m   ( x )  



(10)




where   M   represents the total number of base learners.





2.2. Explainable AI


XAI is a growing AI subfield that aims to make machine learning models more comprehensible, transparent, and dependable. The technique helps researchers to understand and trust prediction results by revealing these models’ underlying workings. XAI describes these models’ decision-making mechanisms to help individuals understand the findings. The aforementioned techniques encompass rule-based models, feature importance analysis, local explanations, and model-agnostic approaches. Local explanations assist in clarifying prediction for a given input by understanding model behavior at an instance level. Model-agnostic methods, like LIME (Local Interpretable Model-agnostic Explanations) and SHAP (SHapley Additive exPlanations), give significance to different characteristics to provide comprehensive explanations.



SHapley Additive exPlanations


In recent years, SHAP has been receiving significant attention and emerges as an effective method within the field of XAI that provides understandable justifications for the predictions generated by machine learning models. The approach is founded on the theoretical framework of cooperative game theory’s Shapley values and presents a systematic and rigorously formulated methodology for assigning credit to individual features for their contributions to the model’s output. The fundamental objective of SHAP is to ascertain the individual impact of each feature on the prediction by exhaustively evaluating all feasible feature combinations and their corresponding contributions. The fundamental concept underlying SHAP is to allocate a numerical value to each feature that denotes its incremental impact when incorporated into a group of features, while taking into account all feasible feature combinations. The aforementioned values are subsequently combined in order to derive the comprehensive feature significance. Mathematically, the SHAP value for a particular feature can be expressed as follows [33]:


    ϕ   j   ( v a l ) =   ∑  S ⊆ { 1 , … , p } ∖ { j }       | S | ! ( p − | S | − 1 ) !   p !   ( v a l ( S ∪ { j } ) − v a l ( S ) )  



(11)







In Equation (11),     ϕ   j    (val) is the Shapley value of a specific feature value. S is a subset of features used in the model, x is the vector of feature values for the instance being explained, and p is the total number of features.





2.3. Experimentation


The NASA Ames Prognostics Centre of Excellence (PCoE) Li-ion battery dataset is examined using a custom-built battery prognostics testbed [34]. The dataset includes charging, discharging, and electrochemical impedance spectroscopy-related information. Data were gathered at various temperatures and current loads. To demonstrate deep discharge aging, discharge limits were set at 2.7 V, lower than OEM recommendations [35]. The batteries were cycled until they reached their end-of-life. During cycling, cells measured the voltage, current, temperature, and impedance. The data recording was carried out at an average data capture rate of about 10 Hz. The main data acquisition system, and a PXI chassis-based system, supported the experiment control and data collection. The obtained data were examined using a MATLAB-based system that incorporated the experiment control, data acquisition, and the evaluation of prognostic algorithms. A total of 18,355 data files provide measurements from a single battery cell over the battery’s life cycle. The cyclic structure of Table 1 provides a comprehensive overview of the steps involved in the charge and discharge phases of the batteries. Each cycle in the table represents a unique charging and discharging process. The table presents information on the voltage, current, temperature, and capacity of the battery for each iteration, as well as additional details, such as the state of charge (SoC) and cut-off voltage. Table 2 provides essential data pertaining to the ambient temperature, cycle count, and discharge cut-off voltage for the batteries under consideration in the estimation of their remaining useful life (RUL). Figure 2 indicates the voltage and current values recorded for batteries B0005, 6, 7, and 18 during a single discharge cycle. The batteries are charged according to step 1 of Table 1, where the CC-CV characteristic can be observed as the battery is initially charged at a constant current, followed by a constant voltage where the amount of current is reduced gradually. The discharge cycle follows, constant at 2 A, until the cut-off voltages corresponding to each battery are reached.



The Python-based SHAP library offers a range of tools, such as Tensor-Flow, XG-Boost, and scikit-learn, to facilitate the computation of SHAP values. The process for calculating SHAP values involves the utilization of the SHAP software for running the model with diverse features, while capturing the appropriate feature values for each simulation. The average SHAP score can be used to prioritize features. The bee swarm plot illustrated in Figure 3a provides supplementary insights into the contribution of individual features to the prediction of RUL. Within this plot, the feature “Cycle” exhibits the widest dispersion along the horizontal axis, thereby indicating its prominence among the considered features. Following closely, the “Current charge” feature demonstrates a slightly smaller range, while the distribution of the “Battery” feature appears comparatively narrower, and so on. In the context of battery capacity prediction, the color scheme of the plot assigns red and blue colors to represent the magnitude of the feature values. Specifically, blue signifies lower feature values, whereas red denotes higher feature values. By analyzing the feature contributions depicted in the plot, it becomes evident that the “Cycle” feature showcases a negative relationship with the predicted RUL. Batteries subjected to a higher number of cycles are associated with reduced capacity, thereby having a lower RUL (as indicated by the presence of red points on the left side). Conversely, instances with lower “Cycle” values tend to exhibit a higher predicted RUL (as represented by the presence of blue points on the right side). Turning attention to the “Current charge” feature, it becomes apparent that higher current measurements generally exert a positive influence on the predicted RUL (as evidenced by the prevalence of red points on the right side). Conversely, lower current measurements are inclined to have a negative impact (as indicated by the abundance of blue points on the left side). With respect to the “Battery” feature, the clustering of blue points on the right side suggests that certain battery IDs consistently contribute to a higher predicted RUL. However, the presence of red points on the left side indicates that a specific battery may yield a lower predicted RUL. Figure 3b presents a bar plot representing the mean SHAP values of all the features. Since the “Cycle”, “Current charge”, “Battery”, and “Current measured” features possess positive mean SHAP values, they are deemed significant explanatory features in terms of explainable artificial intelligence (XAI).





3. Results and Discussion


The accurate estimation of the remaining useful life (RUL) of Li-ion batteries is of vital importance in ensuring their optimal and dependable functioning. The assessment is carried out on four distinct battery types, namely B0005, B0006, B0007, and B0018. The present investigation involves a comparative analysis of the efficacy of three distinct machine learning (ML) models, namely, XDFM, A-LSTM, and GBM, in the context of predicting remaining useful life based on the Li-ion battery dataset procured from the NASA AMES prognostic center. The evaluation of the models’ efficacy is conducted by analyzing the root-mean-square error (RMSE) and mean absolute error (MAE) metrics, which are derived from the training process. This assessment takes into account all the features, as well as those that have been chosen through the utilization of XAI methodologies. The training phase of each battery comprises three cycles, namely, Cycle 0, Cycle 55, and Cycle 110. The results of the comparative analysis are shown in Figure 4a–d, which show RMSE metrics for each model and cycle. For Battery B0005, XDFM outperformed A-LSTM and GBM throughout all cycles. When all features were examined, the XDFM model performed better in terms of RMSE values, with a score of 0.06 for Cycle 0. When only XAI-selected features were used, this score was lowered to 0.03 for Cycle 110. The A-LSTM model’s performance improved as the number of cycles increased, reaching a root-mean-square error (RMSE) of 0.06 for Cycle 55 when all features were evaluated, and then dropping to 0.05 for Cycle 110 when only the XAI-selected features were used. The GBM model produced favorable results, with an RMSE of 0.07 during Cycle 0 and 0.04 during Cycle 55 and 0.03 during Cycle 110. Battery B0006 delivered comparable performance to XDFM and GBM, both of which achieved lower RMSE values than A-LSTM. When all features were examined, the XDFM model produced the best results in terms of RMSE, with a value of 0.04 for Cycle 0. Furthermore, when only the features picked by XAI were considered, the RMSE value was lowered to 0.03 for Cycle 110. The A-LSTM model produced consistent RMSE values ranging from 0.06 to 0.05 throughout all cycles. The GBM algorithm performed consistently in terms of RMSE, with a low RMSE of 0.04 for Cycle 0 and 0.02 for both Cycle 55 and Cycle 110. Battery B0007 displayed patterns similar to the preceding batteries. The XDFM model outperformed the A-LSTM and GBM models by achieving the lowest RMSE values. When all features were used, the XDFM model had an RMSE of 0.05 during Cycle 0. However, using only the features selected using XAI techniques, the model was able to reduce RMSE to 0.02 for both Cycle 55 and Cycle 110. The A-LSTM model demonstrated elevated RMSE values ranging from 0.07 to 0.09. The GBM model, on the other hand, consistently achieved low RMSE values of 0.05 for Cycle 0 and 0.03 for Cycle 55 and 0.02 for Cycle 110. RMSE measurements for all cycles in Battery B0018 showed that XDFM performed the best. When all features were included, the XDFM model achieved a RMSE value of 0.01 in Cycle 0, and this value was maintained at 0.03 in both Cycle 55 and Cycle 110 when only the features selected by XAI were evaluated. The A-LSTM model provided RMSE values ranging from 0.05 to 0.06, but the GBM model produced an RMSE of 0.08 across all feature sets and cycles.



In machine learning, MAE is another important metric used to evaluate the performance of regression models. MAE measures the average absolute difference between the predicted values and the actual values of the target variable. MAE values are obtained when training is performed on all three models. Figure 5a–d compares the performance of various ML models in estimating the remaining useful life of Li-ion batteries. Figure 5a–d show the MAE values obtained for each model and cycle. Reduced MAE values are indicative of enhanced precision in prediction. For Battery B0005, XDFM outperformed A-LSTM and GBM throughout all cycles. When all features were analyzed, the XDFM model produced the best results in terms of MAE, with a value of 0.02 for Cycle 0. Furthermore, the model’s performance was improved in Cycle 110, which used only the features chosen by the XAI approach, resulting in a further drop of the MAE to 0.01. The MAE values for the A-LSTM model ranged from 0.04 to 0.05, but the MAE values for the GBM model were 0.05 for Cycle 0 and 0.04 for Cycle 55 and 0.02 for Cycle 110. In terms of the Battery B0006 performance, the results show that XDFM and GBM outperform A-LSTM. The XDFM model had the lowest MAE values, with a score of 0.02 when all features were evaluated during Cycle 110, and then reducing to 0.01 when just XAI-selected features were used during Cycle 110. The MAE measurements for the A-LSTM model were elevated, ranging between 0.03 and 0.05. The GBM algorithm performed consistently in terms of MAE values. GBM, in particular, produced low MAE values of 0.03 for Cycle 0 and 0.01 for both Cycle 55 and Cycle 110. Similar behavior to that of earlier batteries was displayed by B0007, with XDFM showing substantial improvement over A-LSTM and GBM. The XDFM model had the lowest MAE values, registering 0.02 for Cycle 0 when all features were taken into account and keeping the same value of 0.02 for Cycle 55 and Cycle 110 when just XAI-selected features were used. The MAE values for the A-LSTM model were elevated, ranging between 0.06 and 0.07. The GBM model, on the other hand, consistently achieved low MAE values of 0.04 for Cycle 0 and 0.05 for Cycle 55 and 0.02 for Cycle 110. The results show that XDFM has the most consistent low MAE values across all cycles in Battery B0018. When all features were examined, the XDFM model had a MAE of 0.05 in Cycle 0. However, when only the features picked by XAI were used, the MAE was lowered to 0.02 in both Cycle 55 and Cycle 110. The A-LSTM model produced MAE values ranging from 0.03 to 0.04, but the GBM model consistently produced MAE values of 0.07 across all feature sets and cycles. According to the results of the comparison analysis, XDFM outperformed A-LSTM and GBM in estimating the remaining usable life (RUL) of Li-ion batteries. The use of the XAI feature selection approach has been seen to improve the efficacy of the XDFM and A-LSTM models, resulting in a significant increase in their accuracy.



After analyzing the RMSE values obtained after testing from three distinct machine learning models, namely, XDFM, A-LSTM, and GBM, for four Li-ion batteries (B0005, B0006, B0007, and B0018) at Cycle 0, Cycle 55, and Cycle 110, a number of observations can be inferred, as can be seen in Figure 6a–d. In the case of Battery B0005, the XDFM model demonstrated a superior predictive performance across all cycles. The model obtained the minimum RMSE values. It recorded 0.04 for Cycle 0 when all aspects were considered. The RMSE for Cycle 55 decreased to 0.02 and for Cycle 110 decreased to 0.05 when only the features chosen by XAI were utilized. RMSE values for the A-LSTM and GBM models were greater than anticipated, ranging from 0.05 to 0.07. The predictive efficacy of the XDFM model for Battery B006 was exceptional. Consistently, the lowest RMSE values were observed. Cycle 0’s RMSE was calculated, and the resulting value was 0.09 when all features were considered. However, when only the features chosen by XAI were used, the RMSE was reduced to 0.05 for Cycle 55 and 0.07 for Cycle 110. The RMSE values for the A-LSTM and GBM models were greater, spanning from 0.06 to 0.10. Similarly, it was observed that the XDFM model performed better than the A-LSTM model and the GBM model for Battery B0007. The XDFM method obtained the lowest RMSE values, which ranged from 0.07 to 0.10. The RMSE values for the A-LSTM and GBM models were greater than anticipated, ranging from 0.08 to 0.10. The XDFM model consistently predicted the performance of Battery B0018 with high accuracy. Cycle 55 and Cycle 110 recorded RMSE values of 0.05 and 0.02, respectively, indicating that the features selected by XAI produced the smallest RMSE values. The RMSE values for the A-LSTM and GBM models were greater, spanning from 0.07 to 0.11. The aforementioned findings demonstrate that XDFM is capable of accurately predicting the RUL of Li-ion batteries and is suitable for implementation in the field of battery prognosis.



Distinct trends emerge upon analysis of the MAE values obtained (Figure 7a–d) after the testing phase of three ML models and the Li-ion batteries considered similar in earlier cases. The XDFM model consistently outperformed the other models for B0005 and B0006, as indicated by the lowest MAE values over multiple cycles. In comparison, the A-LSTM and GBM models demonstrated elevated MAE values, indicating a considerably lower level of accuracy in their prediction capabilities. When Battery B0007 was examined, it turned out that all three models performed similarly, as evidenced from the MAE values that were generally around 0.1 across multiple cycles. The results show that there was no statistically significant difference in the performance of the various models when compared to the MAE metric for the specific battery under examination. Battery B0018 consistently achieved the lowest MAE values, demonstrating the XDFM model’s superior performance. When compared to XDFM, the MAE values derived from both the A-LSTM and GBM models were greater, indicating a poorer level of precision in predicting outcomes.



Figure 8, Figure 9, Figure 10 and Figure 11 show the RUL predicted by the ML models, overlaid on the actual RUL during three distinct operational phases. The discharge cycles completed by the batteries are denoted in crimson and separated by a vertical perforated line, indicating the battery’s current state. In Figure 8a, the predicted value of the RUL for Battery B0005 in its fresh, unused state is depicted. This prediction is based on the utilization of the run-to-failure data collected from Batteries B0006, B0007, and B0018. By leveraging this training data, the ML models aim to extrapolate and estimate the RUL of Battery B0005 at this early stage. Subsequently, Figure 8b illustrates the predicted value of the RUL for Battery B0005 after 55 charge/discharge cycles, while Figure 8c represents the corresponding prediction after 110 charge/discharge cycles. These figures offer insights into the ML models’ ability to capture and project the progressive decay in the discharge capacity of Battery B0005 over multiple operational cycles.



Furthermore, Figure 9a–c indicate the RUL predictions obtained from all three models for Battery B0006. Analyzing these predictions, it becomes apparent that the models tend to slightly underestimate the values of discharge capacity utilized to project the RUL during the initial cycles, gradually approaching a more accurate estimation as the battery’s operation progresses. Towards the end cycles of Battery B0006, the ML/DL models tend to marginally overestimate this value, which can be attributed to the composition of the training data, which encompasses Batteries B0005, B0007, and B0018. Notably, these training batteries had initial capacities of 1.8 Ah and were monitored until their discharge capacity dropped to 1.3 Ah. In contrast, Battery B0006 possesses an initial capacity of 2 Ah and operates until its discharge capacity reaches 1.1 Ah. The dissimilarities in the initial and final capacity values between the training and predicted batteries contribute to the observed discrepancies in the RUL predictions. Likewise, Figure 10a–c presents the RUL predictions for Battery B0007 utilizing the ML/DL models trained on the run-to-failure data of Batteries B0005, B0006, and B0018. Similarly, Figure 11a–c depicts the remaining useful life (RUL) prediction for Battery B0018, leveraging the data from Batteries B0005, B0006, and B0007. Notably, XDFM demonstrates a closer approximation of the battery’s RUL by effectively capturing its nonlinear decay. This nature of Li-ion batteries is attributed to the capacity regeneration phenomenon in batteries, where longer rest periods between discharge cycles lead to a sudden spike in capacity.



The following are a few potential reasons for XDFM to perform better in the RUL prediction of Li-ion batteries when in comparison to the other two models: Extreme Gradient Boosting (XGBoost) techniques are used in the XDFM model to facilitate group learning. The model can capture complicated associations and produce precise predictions because of ensemble learning, which integrates several predictors into one powerful predictor. In comparison to the individual A-LSTM and GBM models, the ensemble learning and boosting strategy in XDFM is better able to handle the nonlinearities and complexity found in the Li-ion battery data. Second, even though A-LSTM includes an attention mechanism that enables the model to concentrate on particular input sequence segments that are most important to the prediction task, it might not fully capture the intricate dependencies and linkages found in the Li-ion battery data. The A-LSTM’s prediction powers may be constrained by the attention mechanism’s inability to handle the data’s diversity and nonlinearity. Last, but not least, the data from Li-ion batteries show specific temporal patterns and dependencies that are frequently connected to the form of the degradation curves. In order to record and examine the temporal behavior of Li-ion batteries, the XDFM model uses shape-based approaches. The XDFM model learns more about the underlying degradation mechanisms by concentrating on shape-related parameters, like voltage curves, discharge profiles, or capacity degradation patterns. Due to this particular factor, the XDFM model is better able to capture significant temporal relationships, which enhances the RUL prediction performance. In conclusion, the XDFM model’s superior performance in Li-ion battery testing to the A-LSTM and GBM RUL prediction’s capacity to capture intricate nonlinear correlations, thorough feature utilization, targeted feature selection using XAI, and specialized consideration of shape-based traits are all factors. These elements work together to increase the XDFM model’s accuracy, which makes it especially suitable for estimating the useful life of Li-ion batteries.




4. Conclusions


In the present work, the RUL prediction of Li-ion battery using three machine learning models—XDFM, A-LSTM, and GBM—was explored. Training and testing of all batteries are performed, and RMSE and MAE values are examined to analyze the accurate RUL predictions. The shape-based XAI model is selected to identify the key features, which significantly affects the prediction capabilities. Based on the results obtained, considering all features and the features selected through XAI for Li-ion Batteries B0005, B0006, B0007, and B0018 at Cycle 0, Cycle 55, and Cycle 110, noteworthy outcomes are elaborated as follows:




	
When all features are considered, the average lowest RMSE across all batteries and cycles for RUL prediction is 0.042 when XDFM model were trained, whereas considering XAI-selected features, the average lowest RMSE value for RUL prediction is 0.027 from the XDFM model.



	
Considering the MAE values, the average lowest MAE value across all batteries and cycles for RUL prediction is 0.02 with all features, whereas the average lowest MAE value of 0.01 is obtained from XAI-selected features from the trained XDFM model.



	
When testing of ML model is conducted, the average lowest RMSE value observed is 0.06 with all features and 0.03 with XAI-selected features from the XDFM model.



	
A similar trend is observed from MAE values. The average lowest MAE value observed is 0.03 with all features and 0.02 with XAI-selected features, again from the XDFM model.








Overall, the XDFM model with XAI-selected features outperforms the GBM and A-LSTM models for RUL prediction based on the lowest average numerical RMSE and MAE values across all batteries and cycles. By including additional sensor data, such as humidity and vibration, which can potentially have an impact on the battery’s performance and lifespan, the Li-ion RUL prediction capabilities can be further enhanced. The inclusion of such data can improve model accuracy and offer additional insight on the mechanisms underlying battery deterioration. Other energy storage technologies, including supercapacitors, fuel cells, and flow batteries, can also be predicted using the suggested methods to determine how well they will work and how long they will last. This may aid in the creation of energy storage systems for diverse applications that are more effective and dependable.
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Figure 1. Proposed framework for RUL estimation of Li-ion battery using Explainable AI-assisted ExDeepFM Model. 
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Figure 2. Voltage and current data were collected during the first cycle of the charge and discharge. 
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Figure 3. (a) Bee swarm plot indicating the correlation and contribution of each instance for a feature towards the prediction of battery capacity; (b) Bar plot providing global interpretation of the model’s prediction in terms of mean SHAP scores for feature importance. 
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Figure 4. Training RMSE of Li-ion Batteries: (a) B0005, (b) B0006, (c) B0007, (d) B0018. 
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Figure 5. Training MAE metrics of Li-ion Batteries: (a) B0005, (b) B0006, (c) B0007, (d) B0018. 
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Figure 6. Testing RMSE of Li-ion Batteries: (a) B0005, (b) B0006, (c) B0007, (d) B0018. 
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Figure 7. Testing MAE of Li-ion Batteries: (a) B0005, (b) B0006, (c) B0007, (d) B0018. 
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Figure 8. RUL prediction for Battery B0005 from (a) 0th; (b) 55th; (c) 110th cycle. 
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Figure 9. RUL prediction for Battery B0006 from (a) 0th; (b) 55th; (c) 110th cycle. 
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Figure 10. RUL prediction for Battery B0007 from (a) 0th; (b) 55th; (c) 110th cycle. 
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Figure 11. RUL prediction for Battery B0018 from (a) 0th; (b) 55th; (c) 110th cycle. 
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Table 1. Description of the experimental cycle.
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	Step
	Action
	Exit Condition





	1
	CC-CV Charge of batteries
	4.2 V is reached



	2
	2 A Discharge of batteries
	Cut-off voltages are reached as specified in Table 2
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Table 2. Batteries selected, along with the number of cycles, temperature, and cut-off voltages used for analysis.
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	Battery ID.
	Ambient Temperature
	No. of Cycles
	Discharge Cut-Off Voltage





	B0005
	24 °C
	168
	2.7 V



	B0006
	24 °C
	168
	2.5 V



	B0007
	24 °C
	168
	2.2 V



	B0018
	24 °C
	132
	2.5 V
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