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Abstract: Accurately estimating the state of health (SOH) of lithium-ion batteries ensures the proper
operation of the battery management system (BMS) and promotes the second-life utilization of
retired batteries. The challenges of existing lithium-ion battery SOH prediction techniques primarily
stem from the different battery aging mechanisms and limited model training data. We propose a
novel transferable SOH prediction method based on a neural network optimized by Harris hawk
optimization (HHO) to address this challenge. The battery charging data analysis involves selecting
health features highly correlated with SOH. The Spearman correlation coefficient assesses the correla-
tion between features and SOH. We first combined the long short-term memory (LSTM) and fully
connected (FC) layers to form the base model (LSTM-FC) and then retrained the model using a fine-
tuning strategy that freezes the LSTM hidden layers. Additionally, the HHO algorithm optimizes the
number of epochs and units in the FC and LSTM hidden layers. The proposed method demonstrates
estimation effectiveness using multiple aging data from the NASA, CALCE, and XJTU databases.
The experimental results demonstrate that the proposed method can accurately estimate SOH with
high precision using low amounts of sample data. The RMSE is less than 0.4%, and the MAE is less
than 0.3%.

Keywords: lithium-ion battery; battery aging mechanism; state of health; model training; long

short-term memory neural network; Harris hawk optimization; transfer learning

1. Introduction

Due to their wide operating temperature range, convenient charging capabilities, low
self-discharge rate, and environmental friendliness, Lithium-ion batteries (LIBs) have been
widely adopted in electric vehicles (EVs) and distributed energy storage systems. This
transition effectively reduces carbon emissions and fossil energy consumption. The internal
structure of a battery changes as a result of an increasing number of usage cycles and
improper charging and discharging practices. The presence of internal resistance, capacity
degradation, voltage fluctuations, and other effects can negatively impact the device’s
performance and safety. The state of health (SOH) of a battery represents the performance
of the active materials and electrolytes within the battery. Variations in this parameter
can indicate changes in the internal health state of a battery [1]. Battery performance
declines rapidly if the capacity drops below 80% of its initial capacity [2], resulting in power
devices being unable to operate or becoming permanently damaged. In certain applications,
the battery may be deemed unusable when its SOH reaches 70-80% of its rated capacity.
Therefore, an accurate assessment of battery health status is required to ensure that battery
management systems (BMSs) operate normally, preventing accidents. Moreover, evaluating
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the health status of retired batteries can facilitate their reuse in secondary applications,
extend their life cycle, and minimize resource waste [3].

Various methods have been suggested for assessing the degree of battery degradation
and aging based on the SOH of a battery. Research on predicting lithium-ion batteries’
health status has incorporated a number of innovative methods and techniques. Advances
in technology have improved the accuracy of predicting LIB health status, which is benefi-
cial to the long-term maintenance and safe operation of these batteries. SOH estimation
methods are currently divided primarily into two categories: model-based estimation and
data-driven estimation [4]. The model-based estimation method constructs a model that
describes the aging behavior of LIBs through a series of algebraic and differential equa-
tions. Then, it is used to identify the battery aging parameters using filtering algorithms
and their derived algorithms to achieve SOH estimation. According to different model
mechanisms, the model-based methods can be divided into electrochemical models and
equivalent circuit models (ECMs) [5]. The electrochemical model derives mathematical
formulas, such as differential or partial differential equations, that characterize the battery
performance decay mechanism by analyzing the lithium-ion battery’s internal composition
and working principle. The electrochemical model has high accuracy, but complexity needs
to be lowered in actual SOH estimation [6]. The ECM ignores the above physical and
chemical reactions and approximates the aging behavior of the battery by using existing
circuit components such as resistors and capacitors. Analyzing experimental data achieves
accurate model-related parameter identification. However, due to the fixed structure of the
ECM, it is challenging to achieve high-precision SOH estimation for the entire life cycle of
the battery [7].

One major limitation of model-based methods is that if the model selected does not
accurately reflect the physical and chemical processes of the battery, the SOH estimation
results will be inaccurate. Furthermore, capturing all potential battery degradation mecha-
nisms and reflecting them in model parameters is challenging. Unlike model-based SOH
estimation methods, data-driven estimation methods do not require a deep understanding
of the complex degradation mechanism inside the battery. Data-driven methods can auto-
matically establish the mapping relationship between the battery-aging features contained
in a large amount of battery charging and discharging data and SOH. Data-driven methods
are easy to operate and have high estimation accuracy and generalization ability. Sup-
port vector regression (SVR) [8], Gaussian process regression (GPR) [9], neural networks
(NNs) [10], and Ensemble learning [11] are very powerful and have been widely applied.
Li et al. [12] directly used the original voltage data of the constant current stage charging
curve as input to the LSTM-RNN network. The network shows excellent anti-interference
and estimates SOH ability when facing input noise. Tagade et al. [13] used local charge
and discharge time series data (voltage, current, and temperature) based on deep GPR for
capacity estimation without extracting additional input features to achieve high prediction
accuracy. However, the features automatically extracted by these methods often need a
more precise physical meaning.

Nowadays, feature-processing methods are widely used because they simplify and
reduce computation time by extracting health features (HFs). Feature processing refers
to the extraction of trends from collected data, such as voltage, current, and temperature,
from batteries. The purpose of this analysis is to characterize the aging performance of
LIBs. An explanation-boosting machine was used by Lin et al. [5] to estimate the SOH,
which improved accuracy and robustness when the battery was near its end of life due to
the battery’s internal resistance. In the work by Wang et al. [14], 12 HFs were extracted
from the incremental capacity curve and input to a structurally weighted twin SVR model
in order to assess SOH accurately. Feng et al. [15] utilized an improved GPR method to
estimate SOH and remaining life based on 5 HFs calculated from the charging current
curve of the battery. Zhang et al. [16] extracted 25 statistical characteristics of feature
histograms from the original data collected under different operating conditions and used
them as features to learn battery aging. Roman et al. [17] proposed a SOH estimation
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method based on machine learning to extract 30 features from the battery charging curve.
Thermal runaway presents a significant risk to lithium battery operation; thus, temperature
is strongly correlated with the SOH. Based on the accelerated durability test with idle and
load-changing cycles and the degradation characteristics test, Tang et al. [18] established a
mathematical model that reveals the relationship among load current, SOH, and optimal
temperature reference. With the assistance of domain knowledge, enhanced features can be
constructed using original data to extract more practical information, which can be used to
describe battery aging more effectively. Then, statistical analysis, correlation analysis, and
other methods can be utilized to identify the most representative and predictive features,
which will enhance the model’s accuracy and generalization capability.

The degradation of LIBs typically manifests as a decline in battery capacity and partial
recovery with increasing charge-discharge cycles, which may be referred to as a time series
problem. SOH has been successfully diagnosed using recurrent neural networks (RNNs),
which are particularly suited to processing sequential data [19]. The problem of vanishing
or exploding gradients makes it difficult for RNNs to capture long-term dependencies.
LSTM is an improved variant of the standard RNN, which effectively captures the long-
term trend of decreasing battery capacity over time [20]. In the design and training of
LSTM models, the number of neurons is a crucial factor that influences the model’s com-
plexity and fit. The predictive power of LSTM cannot be fully exploited through empirical
parameter selection. The model may be unable to capture complex patterns in the data
if its neurons are too small, resulting in insufficient fitting ability. Alternatively, overfit-
ting may occur when there are too many neurons, which will result in poorer predictive
ability. Designing and training LSTM models requires balancing model complexity and
predictive accuracy with the appropriate number of neurons. Qian et al. [21] proposed a
method to estimate battery capacity using a one-dimensional convolutional neural network
(CNN). The neural network hyperparameters were optimized by using a linear decreasing
weighted particle swarm optimization algorithm, resulting in accurate battery capacity
estimation. Li et al. [22] proposed a method for SOH estimation that uses the improved ant
lion optimization (IALO) algorithm to optimize the kernel parameters of SVR. This method
has been demonstrated to be highly accurate and robust in experimental studies. With
random battery data length inputs, Zhang [23] proposed a method for estimating SOH that
optimizes back propagation (BP) of neural networks using genetic algorithms (GAs). Harris
hawk optimization (HHO) is widely used due to its simple structure, fast convergence, and
strong local search performance. Jafari [24] proposed an innovative method combining
HHO to optimize random forest and LightGBM hyperparameters, accurately estimating
the battery’s remaining useful life (RUL). Gadekallu [25] proposed a hybrid HHO-CNN
model for gesture image classification. HHO is used to adjust CNN hyperparameters, and
the proposed model achieved 100% accuracy.

Battery health prediction is challenging due to nonlinearity, wide operating conditions,
and different aging processes. Furthermore, deep learning requires an extensive amount
of training data, limiting the application space for LIB SOH estimation. Using knowledge
derived from different but related source domains could improve the performance of
data-driven methods in the target domain [26]. Deng et al. [27] used early aging data
of batteries to achieve aging pattern recognition and transfer learning (TL), effectively
improving SOH estimation accuracy. Yao et al. [28] used the capacity increment features of
partial charge/discharge data and adopted a deep transfer convolutional neural network
to improve battery capacity estimation accuracy. Che et al. [29] developed an innovative
method for predicting RUL based on gated RNNs and TL. TL can leverage data from the
source domain to reduce the model’s demand for data from the target domain.

Although deep learning and optimization algorithms have achieved certain results in
battery health prediction, they still have some limitations. Deep learning requires a large
amount of training data, which may be difficult to obtain in practical applications. Opti-
mization algorithms can adjust the hyperparameters of the model to improve prediction
accuracy, but these methods often require a large amount of computational resources and
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may lead to model overfitting. In order to address these challenges, this paper proposes
a new method that utilizes features extracted from the voltage, current, and temperature
profiles of LIBs during charging. These features not only contain the physical information
of the battery but can also be obtained from actual charging data. They serve as inputs for
the base model LSTM-FC and allow the model to be transferred to different application
scenarios. During the transfer, a fine-tuning strategy is adopted without modifying the
model structure. In order to ensure the precision and generalizability of both the base
and transfer models, we employ the HHO algorithm for the global optimization of the
hyperparameters in our proposed model. This method can not only reduce the demand
for data in the target domain but also improve the accuracy and generalization ability of
SOH estimation. According to the experimental results, the proposed method can enhance
estimation accuracy while maintaining high stability.

While specific experiments on retired batteries have not been conducted yet, our
method is highly suitable for their assessment. By utilizing transfer learning, our approach
accurately estimates the SOH of batteries even with limited sample data. This capabil-
ity has substantial potential for evaluating the health status of retired batteries, thereby
enabling their reuse in secondary applications. Such practices contribute to a circular
economy and sustainable development by optimizing resource utilization and minimizing
environmental impact.

The remainder of this paper is organized as follows: Section 2 presents the extraction
of degradation features based on the charging curve. Section 3 describes the LSTM-FC
base model, the HHO optimization algorithm, and the proposed SOH prediction method.
Section 4 introduces the experimental results and analysis. Section 5 provides the conclusion.

2. Health Feature Extraction

Data-driven methods include data preprocessing, feature selection, model training,
and others. Improvements in each of these steps can enhance predictive capabilities. In
particular, in predicting capacity loss, selecting battery data features significantly impacts
accuracy [30,31]. Feature data and output labels must be correlated in order for the model
to be accurate. The prediction model will become more accurate as the correlation increases.
We conducted a Spearman correlation analysis to verify the effectiveness of the extracted
parameters in this section, which extracts features that effectively represent the aging
characteristics of LIBs.

2.1. Definition of SOH

The SOH of a battery is a vital indication that represents the extent of LIB degradation.
The battery’s SOH can be defined as any factor that characterizes its health status [32].
Most current research defines SOH using battery aging characterization parameters such
as capacity, internal resistance, and power. However, these characterization parameters
are not the only determinants of battery health, as some internal parameters also reflect
health status. The capacity indicator is the most commonly used indicator, as shown in
Equation (1).

SOH = Sawrent 1009, 1)

new

where Cyop and Ceyrrent represent the rated capacity and current capacity, respectively, and
the SOH of a new battery is 100%. Changes in usage time and environment modify the
battery’s internal materials and structure, resulting in a decrease in SOH.

2.2. Lithium-Ion Battery Aging Test Dataset

The NASA Prognostics Center of Excellence (PCoE) provided the first experimental
data for this experiment [33], including batteries BO006 (B6) and BO007 (B7). The batteries
utilize LiCoO, /LiNiCoAlO; as the cathode material and have a rated capacity of 2 Ah. At
a temperature of 24 °C, the batteries were subjected to a continuous flow of electric current
of 0.75 C until the batteries’ voltage reached 4.2 V. After that, the batteries were charged at
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a constant voltage of 4.2 V until the charging current dropped below 20 mA. Batteries B6
and B7 were discharged at a constant current of 1 C until their voltages dropped to 2.5V
and 2.2 V, respectively. Figure 1a shows degradation data for two batteries.

The second set of experimental data comes from the CALCE battery dataset provided
by the University of Maryland [34]. This includes batteries C52_35 (C2), CS2_36 (C6),
CS2_37 (C7), and CS2_38 (C8). The batteries’ cathode material is LiCoQO;, and it has a
1.1 Ah capacity. The batteries underwent charging at a consistent current of 0.5 C until the
voltage reached 4.2 V. Subsequently, they were recharged at a voltage of 4.2 V until the
charging current dropped below 50 mA. The voltage of all four batteries was reduced to
2.7 V by discharging them at a steady 1 C current. Figure 1b shows the deterioration data
for the four batteries.

The third set of experimental data is derived from the XJTU battery dataset, which is
provided by Xi’an Jiao Tong University [35]. This study focuses solely on the first battery
(X1) from batch 1. The battery’s chemical composition is LiNig5C0p2Mng30;, and it has
a nominal capacity of 2 Ah. The battery was charged to 4.2 V at room temperature using
a constant current of 2 C. The voltage was then maintained until the current dropped to
0.05 C. After a rest period of 5 min, the battery was discharged at 1 C until it reached 2.5V,
followed by another 5-minute rest period. Figure 1lc presents the deterioration data for
this battery.

T T Bo|
N B7)

c 0.95 1/

0.90 |

SOH(%)

b
\L\r@% .

, 1 085
06 E Yy ]

s s s s s s 0.80 s s s s s s s s
0 50 100 150 0 200 400 600 800 0 50 100 150 200 250 300 350 400

Cycle Num. Cycle Num. Cycle Num.

(a) (b) (c)
Figure 1. SOHvariation curve of the battery dataset. (a) NASA; (b) CACLE; (c) XJTU.

2.3. Health Feature Extraction Based on Charging Curve

The charging data are more accessible and relevant to time than the uncertain discharge
process. Considering the feasibility of online applications, we only extracted aging features
based on the battery charging stage. Figure 2 illustrates the charging voltage and current
curve for B6. The constant current charging time decreases as SOH decreases, while the
average constant current charging voltage gradually increases. This paper selects four
indirect health features: the proportion of constant current charging time (F1), the average
value of constant current charging voltage (F2), the charging capacity (F3), and the time to
reach maximum temperature (F4), respectively. The charging capacity (F3) is calculated
based on Coulomb counting.
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Figure 2. Partial charging curves of battery B6 under different SOH states. (a) Charging voltage;
(b) charging current; (c) charging temperature.
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2.4. Spearman Correlation Analysis

The effectiveness of the extracted features was evaluated using Spearman correlation
analysis [36].
Y (xi — Yy —9)

T'spearman =
VI (= 22D (i — 9)?

where 7spearman Tepresents the spearman correlation coefficient. x; and y; correspond to
feature values and battery SOH, respectively, while ¥ and 7 are their averages. As spearman
approaches 1, the correlation between x and y becomes stronger. Table 1 below provides
a quantitative correlation analysis between the proposed features and SOH. The CALCE
dataset does not have temperature data. The health features extracted from the dataset
have a strong correlation with SOH.

(2)

Table 1. Spearman correlation coefficients.

Battery F1 F2 E3 F4
B6 0.98 —0.97 0.99 0.99
B7 0.92 —0.95 0.98 0.99
C5 0.95 —0.92 0.99 -
C6 0.96 —0.95 0.98 -
Cc7 0.96 —0.94 0.98 -
C8 0.70 —0.82 0.99 -
X1 0.97 —0.97 0.99 0.85

3. Methodology

A novel transferable SOH prediction method based on LSTM-FC and optimized by
the HHO algorithm is presented in this section. We introduce an LSTM-FC framework for
modeling battery aging data, where the LSTM layer can learn the long-term degradation
trend of LIBs; the FC layer can further learn and fuse features and also serves as a “firewall”
for target domain transfer learning. The HHO algorithm improves the accuracy and
transferability of LSTM-FC by optimizing the units of hidden layers and training epochs.

3.1. LSTM-FC

LSTM was introduced to address the issues of slow gradient updates due to the
vanishing gradients of RNNs and the slow network parameter optimization process due
to exploding gradients [37]. When we use LSTM for SOH estimation, a typical dataset
is L = (Xy,S0OH;), (X2,SOH,), ..., (X,, SOH,), where SOH,, and X,, are the actual SOH
value and input feature vector at the cycle step n, respectively. LSTM consists of a series
of recurrent neurons, as shown in Figure 3. The core idea of LSTM is to control the flow
and retention of information through gate units. LSTM includes three critical gate units:
the forget gate, the input gate, and the output gate. These gate units are responsible for
controlling the flow of information and updating the memory state, meeting the conditions
for the dynamic updating of cyclic weights.

a
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b 4
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Figure 3. The framework of the LSTM neural network.
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Each LSTM unit accepts the hidden state /;_1 and cell state c;_; from the previous time
step and forwards the current time step’s hidden state /1; and cell state ¢; to the following
LSTM unit. Compared to RNN, LSTM has an additional current time step cell state ¢; to
pass memory information. Among them, /; is used for output or is passed to the next step;
¢t contains memory information from the previous steps and updated information from
the current time step. LSTM introduces a gate structure to decide which information can be
sent to the next LSTM unit.

The forget gate, f;, receives inputs h;_1 and x; (the current time step’s input) and
determines which information in the previous cell state c;_; should be forgotten by using
an activation function (usually a sigmoid function).

fr = o(Wg - [he_q, xe] + by) ©)

In the formula, ¢ is the hyperbolic sigmoid function, Wf is the weight matrix of the
forget gate, and by is the bias matrix.

The input gate i; takes h;_; and x; as inputs. A gate structure and the tanh function
determine the degree of influence of the current input x; on the update of the cell state.
This controls the amount of input information added to the cell state.

ir = (Wi~ [hi—1,x¢] + b;) (4)

Ct = tanh(Wc . [ht,l,Xt} + bc) (5)

For the input gate, W; and W, represent the weight matrices, and b; and b, represent
the bias matrices.
According to Equations (3)—(5) and Figure 3, the updated formula for the cell state c;
is as follows:
ot = frxcrq +ipxC (6)

The output gate o; also accepts the inputs #;_; and x;. Equation (8) shows the calcula-
tion formula for the hidden state /1; based on the cell state and the output gate:

o = 0(Wo - [hp—1,x¢] + bo) ()

hy = o * tanh(ct) (8)

Different lithium batteries exhibit different aging and degradation processes. The
LSTM is capable of understanding and storing long-term trends in battery degradation.
The gate mechanism makes LSTM an effective tool for analyzing time-series data. With
the output of the LSTM layer fed into the fully connected (FC) layer, the feature space
can be transformed for improved classification. The FC layer serves not only as a feature
extraction layer but can also serve as a “firewall” for the transfer of features into the target
domain [38]. Ultimately, the basic model is designed as one LSTM layer plus one FC layer,
as shown in Figure 4.

LSTM layers FC layers

Figure 4. LSTM-FC network structure.
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3.2. Harris Hawk Optimization

HHO is a swarm optimization algorithm proposed by Heidari et al., which mimics
the predatory behavior of Harris hawks. Three stages are involved in the process: global
exploration, transition, and exploitation [39]. During exploitation, the hawks employ four
strategies to capture the rabbit (representing the optimal solution).

3.2.1. Global Exploration Phase

Harris hawks are distributed randomly and discover prey based on two equally
probable strategies. The specific model is as follows:

Xrtmd(t) —-n ‘and(t) - 21’2X(t) |/ p > 0.5

(Xrabbit(t) - Xmean(t)) - 7”3(LB + 7’4(UB — LB)), p <05 ©)

X(t+1):{

where X(t) represents the hawk’s position; X, (t) is the rabbit’s position; rq, 1o, 13, 4,
and p are random numbers within (0, 1), which are randomly assigned in each iteration;
UB and LB are the upper and lower bounds of the optimization variables, respectively;
X,and (t) is a randomly selected hawk; and Xyeq, (£) is the average position of the current
hawk population.

By using Equation (10), we can determine the average position of the hawk:

Xonean (£) = %Zizlxi(t) (10)

where X;(t) represents the position of each hawk during the iteration process; N is the total
number of hawks in the swarm.

3.2.2. Transition Phase

The energy of the prey significantly decreases during the escape process, and its escape
energy is modeled as follows:
t
E=2E(1- = 11
0 ( T) (11)

where E is the energy of the prey’s escape; Ey is the prey’s initial energy, which is a random
number between (—1, 1); and T is the maximum number of iterations.

During the iteration process, the escape energy E continues to decrease. When the
escape energy |E| > 1, the HHO algorithm enters the global exploration stage. Otherwise,
it enters the local exploitation stage.

3.2.3. Exploitation Phase

In the HHO algorithm, the factor r € (0, 1) describes whether the hawk successfully
captures the prey: when r < 0.5, it indicates a failed capture; when r > 0.5, it indicates
a successful capture. At the same time, the Harris hawk adopts different encirclement
strategies based on the relative size of the prey’s escape energy E and 0.5.

*  Soft besiege: When r > 0.5 and |E| > 0.5, it indicates that the prey’s energy E is
sufficient and attempts to escape the encirclement by randomly jumping but ultimately
fails and is captured. The position of the Harris hawk is updated as follows:

X(t+1) = AX(t) = E[J Xpappit () — X(8)] (12)

AX(t) = Xyappie(t) — X (1) (13)

where AX(t) is the distance between the hawk and the prey; | = 2(1 — r5) is the prey’s
random jumping ability when escaping; and 5 € (0,1).
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*  Hard besiege: When r > 0.5 and |E| < 0.5, it indicates that the prey’s energy E is low,
and the prey is directly captured. The position is updated as follows:

X(t+1) = Xyappir (1) — E|AX(t)] (14)

e  Soft besiege with progressive rapid dives: When r < 0.5 and |E| > 0.5, it indicates
that the prey’s energy E is sufficient, ensuring successful escape. However, the hawk
swoops down in the optimal direction to softly encircle and capture the prey, and its
position is updated as follows:

Y = Xyappit (t) — E|] Xpappie (£) — X(t)] (15)

Then, the process compares the results with the previous ones. If Y is not reasonable,
they will swoop down in a pattern based on Levy’s flight when approaching the rabbit,
and the position is updated as follows:

Z=Y+S x LF(D) (16)

where S is a D-dimensional random vector, and LF is a D-dimensional Lévy function;
the formula is as follows:

I'(1+pB) xsin g
LF(x) = 001 x 2,0 = ( = 1) (17)
L r(552) x px2l?)
where 1 and v are random numbers within (0, 1), B = 1.5.
Therefore, the final strategy can be executed by using Equation (18).
X(t4+1) = Y %f f%tness(Y) < fi'tness(X(t)) (18)
Z if fitness(Z) < fitness(X(t))

*  Hard besiege with progressive rapid dives: When r < 0.5 and |E| < 0.5, the posi-
tion update can also be given by Equation (18), but Y is replaced by the following
expression, where Xeqn (t) is obtained through Equation (10).

Y = Xrabhit(t) - E|]Xrahbit(t) — Ximean (t)| (19)

3.3. Transfer Learning

By utilizing machine learning techniques to construct appropriate data-driven models,
the precise estimation and aging prediction of specific battery conditions can be achieved.
However, the complex degradation patterns of batteries caused by different working con-
ditions pose significant challenges to the practical application of these methods. Transfer
learning is a method that enhances the performance of data-driven models by transferring
knowledge from related domains. It will become an effective means of intelligent battery
management if used correctly. Transfer learning can apply knowledge from other related
tasks to the target task. This avoids learning new tasks from scratch and reduces the need
for large amounts of data for the target tasks. In battery management applications, the pri-
mary methods used for battery state estimation and aging prediction include feature-based
transfer learning (feature-based TL) and parameter-based transfer learning (parameter-based
TL) [26,40]. Feature-based transfer learning is achieved by applying a domain adaptation
strategy, while parameter-based transfer learning is achieved through a fine-tuning strategy:.

This paper uses parameter-based transfer learning, as shown in Figure 5. The core
concept is to retrain the already trained basic data-driven model by introducing new data
from different environments to adapt to the state estimation scenario of LIBs in the new
application environment.
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Figure 5. The network structure of the parameter-based transfer learning.

3.4. HHO-LSTM-FC-TL Model

The number of iterations and hidden layer units is crucial for training LSTM. By
increasing the number of epochs, the model has more opportunities to learn patterns and
features from the dataset. However, too many epochs may lead to overfitting the training
data, increasing generalization error. Complex models with many hidden layers can cap-
ture more complex patterns. However, this also means more computational resources are
needed. Therefore, the hidden layer units must be adjusted according to the dataset size.
The HHO algorithm has shown significant superiority in global parameter optimization
due to having few parameters, fast convergence speed, high stability, and ease of imple-
mentation. The HHO can effectively avoid local optimal solutions, significantly improving
predictive performance. For this reason, the HHO algorithm was used to optimize the
LSTM layer units, FC layer units, and training epochs. In addition, considering the training
time of the neural network and the need for the HHO algorithm to repeatedly obtain the
error of the validation set as the fitness value, a single-layer structure of the LSTM network
was chosen. Figure 6 shows the HHO-LSTM-FC-TL algorithm model structure. The fitness
function is the root mean squared error (RMSE) between the model prediction result and
the actual value, as shown in Equation (20).

F(x) = min (RMSE) (20)

The calculation method of RMSE is shown in Equation (21).

RMSE = \/i]z‘zz\il (yi — f(x:))? (21)
where N represents the length of the test sequence, y; represents the actual value, and f(x;)
represents the predicted value.

The base model trained using S data will be transferred to D and fine-tuned. The
critical points of this fine-tuning strategy include (1) using only a small portion of the
cell data and (2) retraining only the weights of the fully connected layers. By using this
strategy, the overall degradation characteristics of the battery learned by the base model
can improve the estimation accuracy of new batteries and reduce the training data in the
upcoming domain.
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Figure 6. Flowchart of the HHO-LSTM-FC-TL model.

The HHO-LSTM-FC-TL model algorithm is as follows:

1. Data processing. S and D lithium-ion battery aging data are processed as described
previously, extracting health features and normalizing them.

2. Sand D datasets are divided into training and validation parts.

3. Hyperparameter optimization of the LSTM-FC-TL model based on the HHO algorithm.

(a)

(b)

(©
(d)

(e)

There are three optimization objects: the neurons in the LSTM hidden layer, the
neurons in the FC layer, and the training epochs in the base model. In accordance
with the actual training volume and experience, LSTM hidden layer neurons are
selected between [1, 100], the FC units are selected between [1, 30], and the epochs
are selected between [100, 500].

Construct the solution space by initializing the HHO parameters. The population
size is 20, and the number of iterations is 120. According to step (a), the positions
of 20 Harris hawks are initialized. For faster convergence, both population
initialization and iterations are taken as integer values, which is also required for
the selected hyperparameters in the neural network.

Calculate the objective function and determine the rabbit’s position representing
the optimal solution (X, ;ppit)-

Update solution X during the exploration and exploitation phase. The LSTM-FC
base model is constructed by using the parameters associated with each Harris
hawk. The fitness value is determined by using the error of the prediction results
of the validation set.

Determine whether the termination criteria have been met. If they are, stop the
process and output the optimal solution X, ,p;;. In any other case, return to step (c).

4. Model training. Configure the LSTM-FC base model using the globally optimal
parameters found in step 3.

4. Example Results and Analysis
4.1. Simulation Platform
Each experiment was conducted on a computer equipped with an Intel® Core™

i5-12400F processor, 16 GB of RAM, and a Windows 10 operating system. The prediction
model was built in Python 3.9 using Keras 2.10.0, based on the Tensorflow 2.10.0 backend.
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4.2. Data Processing and Evaluation Index

The health indicator curves were derived from the battery cycle data provided by
NASA, CALCE, and XJTU and are depicted in Figures 7-9. It is evident that the batteries
age differently depending on the method of charging used.

B 420 B

ROV

Moy,

0 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150
Cycle Num. Cycle Num. Cycle Num. Cycle Num.

(a) (b) () (d)
Figure 7. Four health features extracted from the NASA dataset. (a) F1. (b) F2. (c) F3. (d) F4.
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Figure 8. Three health features extracted from the CALCE dataset. (a) F1. (b) F2. (c) F3.
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Figure 9. Four health features extracted from the XJTU dataset. (a) F1. (b) F2. (c) F3. (d) F4.

The NASA batteries exhibit rapid aging, characterized by a decrease in battery capacity
(F3) to 80% of the nominal capacity in less than 100 cycles. As these batteries degrade,
the proportion of constant current charging time (F1) decreases while the average value
of the constant current charging voltage (F2) increases. In contrast, the CALCE batteries
demonstrate slower aging, with the battery capacity only declining to 80% of the nominal
capacity after at least 600 cycles. The changes in F1 and F2 of the CALCE batteries exhibit
a smoother transition throughout the aging cycle, and any anomalous data observed are
attributed to experimental interruptions. Both types of batteries display a notable capacity
recovery in the early stages of aging, followed by a gradual decline in the amount of
capacity recovery in the later stages. The variations in the features of the XJTU batteries
exhibit relative stability.

Normalization can enhance predictive accuracy and accelerate training speed, playing
a crucial role in many machine learning and data analysis tasks. Adjusting the value range
of input features in the dataset to the same scale allows all features to be treated equally
during model training. For example, the range of the F1 health feature in this paper is (0, 1),
which is significantly different from other features. The min-max normalization method
is used to normalize the HFs, speed up the solution, and improve prediction accuracy, as
shown in Equation (22).
Xi = Xinin

—_— 22
Xmax - Xmin ( )

Xinew =
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The root mean squared error (RMSE), mean absolute errors (MAE), and the coefficient
of determination (R?) were used to evaluate the estimation results. The definition of RMSE
is shown in Equation (21), and the definitions of MAE and R? are as follows:

1

MAE = ﬁzfiﬂyi — f(xi)] (23)
=N (i — f(x:))?

RZ=1- "=l 24

Zil\iﬂyi —7)? 24

7= 3= 25)

The prediction performance of the model is excellent, with RMSE and MAE approach-
ing 0 and R? approaching 1.

4.3. Analysis of Results
4.3.1. Performance of HHO-LSTM-FC on NASA Datasets

As a time series analysis method, LSTM produces good results for SOH prediction.
A fully connected (FC) neuron is connected to every neuron in the previous layer, which
allows it to learn global information from the input data rather than just local information.
The adaptive moment estimation optimizer (Adam) improves the LSTM-FC model’s perfor-
mance, which adaptively adjusts the learning rate. The HHO algorithm can find the most
suitable parameters for the LSTM-FC model, improving the base model’s performance.
This paper selects two sets of battery data, BO006 and B0007, to verify the accuracy and
generalization of the proposed model. The first 40% of the data is used as a training set,
and the last 60% is used as a test set. Finally, the optimized model structure for the B0006
battery consists of an LSTM layer with 26 neurons and an FC layer with 10 neurons. The
optimized model structure for the BO007 battery consists of an LSTM layer with 27 neurons
and an FC layer with 10 neurons. The HHO-LSTM-FC prediction results and errors are
shown in Figure 10.
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Figure 10. Comparison of HHO-LSTM-FC and LSTM-FC. (a) Prediction outcomes for B6. (b) Error in
prediction outcomes for B6. (c) Prediction outcomes for B7. (d) Error in prediction outcomes for B7.

The predicted SOH curves are always close to actual SOH values. Furthermore, the
model optimized using the HHO algorithm exhibits superior prediction performance and
has fewer minor errors. Table 2 presents a more comprehensive evaluation result, where
the model’s prediction error has been reduced by more than half. Table 3 compares the
RMSE results of our model with those of other models for estimating NASA battery health.

Table 2. SOH estimation errors for NASA cells.

RMSE MAE R?
B6 LSTM-FC 0.0086 0.0055 0.9757
HHO-LSTM-FC 0.0010 0.0009 0.9996
B7 LSTM-FC 0.0080 0.0068 0.9645
HHO-LSTM-FC 0.0010 0.0008 0.9995




Sustainability 2024, 16, 6316

14 of 19

Table 3. Comparison between the RMSEs obtained for the SOH evaluation of NASA batteries and
other methods in the literature.

References RMSE
B6 B7
Lin et al. [41] 0.0100 0.0114
Zhu et al. [42] 0.0136 0.0056
Zhou et al. [43] 0.0190 0.0140
Yang et al. [44] 0.0149 0.0078
HHO-LSTM-FC 0.0010 0.0010

Table 3 shows that our method has better evaluation accuracy, and our training set
data ratio is the smallest (only 40%). When optimized using the HHO algorithm, the model
adapts well to the NASA dataset and accurately estimates SOH values.

4.3.2. Performance of HHO-LSTM-FC-TL on CALCE Datasets

The CALCE dataset was selected to test the proposed method’s performance on
different datasets through transfer learning. For the CALCE dataset, a fine-tuning strategy
was implemented on the FC layer, and the transfer model takes 30% of the data to train and
update the FC layer weights. By using the initial 40% of the B6 and B7 datasets, we trained
our base models to demonstrate the effectiveness of the proposed method. Given the
lack of temperature data recording in CALCE, only three features—F1, F2, and F3—were
employed for training. The results of the transfer models are depicted in Figures 11 and 12.
A comparison was made with the HHO-LSTM-FC method, which only uses the first 30% of
the CALCE data as a training set. For the case where the B6 battery data were taken as the
source domain and the CALCE data as the target domain, the optimized model structure
consists of an LSTM hidden layer with 60 neurons and an FC layer with 10 neurons.
Correspondingly, for the case where B7 was used as the source domain, the optimized
model structure consists of an LSTM hidden layer with 70 neurons and an FC layer with
20 neurons.
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Figure 11. Performance comparison of HHO-LSTM-FC and HHO-LSTM-FC-TL, migrating the
knowledge of B6 for the CALCE dataset. (a) Prediction outcomes for C5. (b) Error in predic-
tion outcomes for C5. (c) Prediction outcomes for C6. (d) Error in prediction outcomes for C6.
(e) Prediction outcomes for C7. (f) Error in prediction outcomes for C7. (g) Prediction outcomes for
C8. (h) Error in prediction outcomes for C8.
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Figure 12. Performance comparison of HHO-LSTM-FC and HHO-LSTM-FC-TL, migrating the knowl-
edge of B7 for the CALCE dataset. (a) Prediction outcomes for C5. (b) Error in prediction outcomes for
C5. (c) Prediction outcomes for C6. (d) Error in prediction outcomes for C6. (e) Prediction outcomes
for C7. (f) Error in prediction outcomes for C7. (g) Prediction outcomes for C8. (h) Error in prediction
outcomes for C8.

In the latter half of the prediction, the model with transfer learning maintains a high
level of accuracy. In contrast, the base model without transfer knowledge experiences a
decline in accuracy in the latter 50% of the prediction process. Table 4 shows the numerical
comparison indicators of different methods. It can be seen that the proposed transfer model,
which learns “knowledge” from the B6 battery, performs slightly better on the CALCE
dataset than B7, and both are superior to the HHO-LSTM-FC model.

Table 4. Performance comparison of different methods for CALCE.

HHO-LSTM-FC HHO-LSTM-FC-TL(B6)  HHO-LSTM-FC-TL(B7)

RMSE 0.0033 0.0015 0.0022
C5 MAE 0.0021 0.0009 0.0007
R? 0.9940 0.9988 0.9973
RMSE 0.0093 0.0017 0.0025
C6 MAE 0.0056 0.0012 0.0017
R? 0.9781 0.9993 0.9984
RMSE 0.0098 0.0014 0.0018
C7 MAE 0.0070 0.0011 0.0011
R? 0.9648 0.9992 0.9988
RMSE 0.0046 0.0017 0.0021
C8 MAE 0.0029 0.0014 0.0017
R? 0.9909 0.9988 0.9902

Furthermore, to validate the proposed SOH prediction method’s advanced nature,
a comparison with other experiments conducted under the CALCE dataset is shown in
Table 5. Our model achieves high accuracy within the battery’s permissible usage range,
with an RMSE of less than 0.2%.
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Table 5. Performance of different experiments using the C7 dataset.

References RMSE MAE
LSTM-LWS [45] 0.2106 -

StackedLSTM [46] 0.0186 0.0333
LSTM-FC-TL [47] 0.0075 -

HHO-LSTM-FC-TL(B6) 0.0014 0.0011

4.3.3. Performance of HHO-LSTM-FC-TL on the XJTU Dataset

For the XJTU dataset, the base model was trained using the initial 40% of the B6 and B7
data. The transfer model then employed 30% of the data to train and update the weights of
the FC layer, thereby demonstrating the effectiveness of the proposed method. The results
are shown in Figure 13. For the case where the B6 battery data were taken as the source
domain and the XJTU data as the target domain, the optimized model structure consists of
an LSTM hidden layer with 20 neurons and an FC layer with 20 neurons. Correspondingly,
for the case where B7 was used as the source domain, the optimized model structure
consists of an LSTM hidden layer with 20 neurons and an FC layer with 10 neurons. In
contrast, Figure 14 shows that X1 requires 70% of the data for training when the transferred
knowledge is not utilized. It is evident that the transferred knowledge has had a significant
impact. This knowledge transfer has led to a reduction in the training data required for
battery X1, thereby substantially reducing the training cost. Table 6 presents the detailed
metrics associated with the transfer model.
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Figure 13. The performance of the HHO-LSTM-FC-TL model transferring knowledge from NASA to
the XJTU dataset. (a) Prediction outcomes for X1. (b) Error in prediction outcomes for X1.
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Figure 14. The performance of the HHO-LSTM-FC-TL model on the XJTU dataset. (a) Prediction
outcomes for X1. (b) Error in prediction outcomes for X1.
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Table 6. SOH estimation errors for XJTU cells.

RMSE MAE R?
HHO-LSTM-FC-TL(B6) 0.0037 0.0029 0.9941
HHO-LSTM-FC-TL(B?) 0.0034 0.0027 0.9952
HHO-LSTM-FC 0.0078 0.0065 0.9422

5. Conclusions

This study proposes a battery SOH prediction method based on a transferable LSTM-
FC network optimized by the HHO algorithm. This study contributes the following main
findings. (1) Four aging features— the proportion of constant current charging time,
the average value of constant current charging voltage, the charging capacity, and the
time to reach maximum temperature—were extracted based solely on the charging phase.
Spearman correlation analysis shows a strong correlation with SOH. (2) In order to solve
the problem of parameter optimization identification in neural network prediction, we
propose a method to optimize the LSTM-FC network and LSTM-FC-TL by using the HHO
algorithm. In the estimation of SOH, the RMSE is less than 0.4%, and the MAE is less
than 0.3%. (3) Transfer learning was employed in order to achieve accurate and stable
predictions of SOH. The transfer model was trained by only using the first 30% of the
battery data in the target domain, effectively addressing the problem of limited data for
novel tasks, which significantly improved the practicality of the prediction model. The
knowledge transferred can effectively improve SOH prediction accuracy in the later stages
of battery usage. Combining the HHO algorithm and transfer learning can reduce the time
for manual parameter tuning and maximize the model’s performance, which significantly
improves the model’s generalization. However, the limitation of this method is that
applying the model to batteries with different charging modes may require additional
model training and adjustment. By accurately predicting SOH, the method promotes
efficient resource utilization and reduces environmental impact, aligning with the goals of
sustainable technology adoption. Future research will explore transfer learning methods
for lithium batteries with different charging protocols and chemical compositions, thereby
enhancing the applicability and sustainability of battery management systems.
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