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Abstract: Accurate state of health (SOH) estimation of lithium-ion batteries is critical for maintaining
reliable and safe working conditions for electric vehicles (EVs). The machine learning-based method
with health features (HFs) is encouraging for health prognostics. However, the machine learning
method assumes that the training and testing data have the same distribution, which restricts its
application for different types of batteries. Thus, in this paper, a deep learning neural network and
fine-tuning-based transfer learning strategy are proposed for accurate and robust SOH estimation
toward different types of batteries. First, a universal HF extraction strategy is proposed to obtain four
highly related HFs. Second, a deep learning neural network consisting of long short-term memory
(LSTM) and fully connected layers is established to model the relationship between the HFs and SOH.
Third, the fine-tuning-based transfer learning strategy is exploited for SOH estimation of various
types of batteries. The proposed methods are comprehensively verified using three open-source
datasets. Experimental results show that the proposed deep learning neural network with the HFs
can estimate the SOH accurately in a single dataset without using the transfer learning strategy where
the mean absolute error (MAE) and root mean square error (RMSE) are constrained to 1.21% and
1.83%. For the transfer learning between different aging datasets, the overall MAE and RMSE are
limited to 1.09% and 1.41%, demonstrating the reliability of the fine-tuning strategy.

Keywords: lithium-ion battery; state of health estimation; machine learning; transfer learning

1. Introduction

After years of development in the electric vehicle (EV) industry, lithium-ion batteries
(LiBs) have become the main source of EVs [1,2]. Although EVs’ market share has steadily
increased in recent years, their safety and lifespan have always been essential issues restrict-
ing their long-term use. Therefore, the battery management system (BMS) is implemented
to monitor the health state of the battery system and to ensure safety and reliable operation.
State of health (SOH) is an important indicator to evaluate the health state of the battery,
and it can be expressed as follows:

SOH, = G x 100% 1)
Co
where C; and Cy are the actual and rated capacity, respectively.

SOH estimation is a key function of the BMS [3]. In the past decades, the existing

SOH estimation approaches can be classified as direct measurement methods and indirect
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analytical methods [4]. Typical direct measurement methods include capacity measurement
based on the coulomb counting method, internal resistance measurement based on specific
tests, and the impedance measurement method, which relies on electrochemical impedance
spectroscopy (EIS). The direct measurement methods suit laboratory conditions but not
onboard applications. Indirect analytical methods can be further classified as model-based
and data-driven methods. A high-fidelity battery model, such as the electrochemical
model [5], equivalent circuit model (ECM) [6], empirical model, and stochastic degradation
model, is first built for the model-based methods. Then, the well-parameterized battery
model is integrated with filter algorithms to estimate the SOH [7,8].

Owing to advanced techniques, such as 5G, cloud computing, and the Internet of
Things (IoT), the data-driven approaches have found successful applications across different
domains of LiBs, such as the production of LiBs [9,10], material design [11], fast charging
strategy [12], safety control [13], as well the state estimation, especially the SOH estimation.
Compared with the model-based method, the superiority of the data-driven method is that
it considers the battery as a black box, and the pre-determined battery model is not required
anymore. Machine learning (ML) methods can mine the hidden degradation information
from the aging data [14]. The typical flowchart to develop an ML-based SOH estimation
method is shown in Figure 1. Data processing and model training are two critical steps
that determine the performance of the SOH estimation [15]. For data preprocessing, the
so-called health features (HFs) [16] are extracted from the raw data, which is the foundation
and key for ML methods. The extraction methods include direct extraction and indirect
extraction methods [17]. The direct extraction method obtains HFs based on the measured
raw data directly. For example, the charging time of constant current (CC) and constant
voltage (CV) processes [18,19], the slope of the curve during the end of the CC charging
process [20], and voltage discrepancy at uniform time intervals [21] were used as HFs
in recently published papers. The indirect extraction method obtains HFs based on the
reconstructed curves. Commonly used reconstructing methods are incremental capacity
(IC) analysis [22], differential voltage (DV) analysis [23], and differential temperature (DT)
analysis [16]. For example, multiple peaks can be seen in the IC curve, and each peak
reflects the phase transition when the battery is working. With the aging of LiBs, the
IC curve shows a specific trend of change, especially the peaks. Therefore, the value,
position, width, slope, and area under each peak are often used as HFs. For these kinds
of reconstructed curves, filtering methods are required to eliminate the influence of noise.
Other indirect HFs include open circuit voltage and ohmic resistance within the ECM or
polarization capacitance and resistance derived from electrochemical impedance [24,25].
The main drawback is that additional algorithms are required, increasing its difficulty.
Other variables, namely, the sample entropy [26,27] and Kullback-Leibler distance [28], are
also used as HFs for SOH estimation.
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Figure 1. The procedures to build an ML-based SOH estimation method.

Based on the pre-processed HFs and SOH values, different ML approaches are em-
ployed to train the SOH estimation model, including shallow neural networks, deep
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learning methods, Gaussian process regression (GPR), support vector machine (SVM), and
ensemble learning methods. Although developing the data-driven-based SOH estimation
method requires numerous aging data, more and more public aging datasets are avail-
able online thanks to the joint efforts of all researchers, which is beneficial for developing
advanced health prognostic methods. Some popular public aging datasets are given in
Table 1.

Table 1. Summary of the publicly available battery datasets.

Sources Refs.
Research & development data repository from Sandia National Labs [29]
Oxford battery degradation dataset [30]
Center for Advanced Life Cycle Engineering (CALCE) at the University of Maryland [31,32]
NASA Ames Prognostic Data Repository (NASA) [33]
Massachusetts Institute of Technology (MIT) dataset [34]
The Tongji University dataset [35]
The Huazhong University of Science and Technology dataset [36]

Currently, the HF-based ML methods for SOH estimation are usually developed based
on a single battery dataset, which means that the effectiveness and applicability of the
HF extraction strategy cannot be guaranteed toward other battery datasets. For example,
Fan et al. [37] used different combinations of HFs to train the SOH estimation model toward
the NASA and Oxford aging datasets, respectively. When choosing appropriate HFs, in
addition to the principles of easy acquisition, suitability for practical conditions, and a
highly relevant degree, the adaptability and universality of different types of batteries
are significant. Therefore, it is essential to explore a robust HF extraction strategy that is
especially applicable to diverse material types and varied working conditions [38].

On the other hand, when using a single battery dataset to train the SOH estimation
model, it usually assumes that the training and testing data have the same distribution.
However, such an assumption does not work for different types of batteries or working
conditions. Therefore, the well-trained SOH estimation model cannot guarantee an accept-
able estimation performance toward other battery datasets. In this case, transfer learning
(TL) technology is utilized for such problems [39]. Two strategies, namely, the model
parameter fine-tuning and domain adaption methods, are used in recent works for SOH
estimation [40].

For the fine-tuning strategy, the data from the source domain is used to train the
base model first, and then the specific layer in the base model is re-trained using the data
from the target domain while other layers keep frozen. Huang et al. [41] proposed a deep
learning model, and the principles of either fine-tuning or rebuilding were applied based
on whether the target domain shared the same type of LiBs. However, the HFs used in the
source domain and target domain were different according to different source and target
domain selections. In another work [42], according to whether the feature expression score
(FES) was greater than a threshold, the last fully connected (FC) layer of the base model
was fine-tuned or reconstructed. However, the proposed method was only validated inside
the same aging datasets (e.g., the NASA aging dataset). In addition, the need for individual
fine-tuning for each battery in the target domain significantly increases computational
expenses. Zhu et al. [35] randomly selected a battery from the target domain and used
its complete cyclic data for TL. They also compared different data selection strategies and
concluded that using data from a randomly selected battery can achieve much better results
than that from the time-series-based data. In addition, the fine-tuning strategy was applied
for the SOH estimation of the battery pack [43].

Domain adaptation methods aim to reduce the disparity in feature distributions
between the source and target domains, ultimately enhancing the generalization and
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accuracy of data-driven models. [44]. Li et al. [45] used transfer component analysis (TCA)
to minimize data differences and eliminate redundancy across various datasets. In another
work [46], joint distribution adaptation (JDA) was employed to achieve simultaneous
adaptation of both the marginal probability and the conditional probability distribution.
Fu et al. [38] proposed a feature mapping strategy that first identified the reference cell (RC)
and optimal matching cell (OMC) in the source domain and target domain, respectively.
Then, a linear matching approach was developed. The cyclic data of the OMC in the target
domain was used to re-train the base model. However, for different source and target
domains, it is necessary to identify the RC and OMC first, increasing the complexity of the
algorithm.

Based on the analysis above, some challenges need to be considered: (1) a universal
and effective HF extraction strategy is imperative, especially for different types of batteries
and different working conditions; (2) how accurate and robust SOH estimation toward
different types of batteries using TL can be ensured. To address these challenges, a universal
HF extraction strategy and a deep learning neural network-based transfer learning method
are established for SOH estimation in this paper. Three open-source aging datasets, namely
the Oxford, CALCE, and NASA aging datasets, are used to validate the effectiveness of the
proposed algorithms. The main contributions are as follows:

(1) To comprehensively reflect the aging characteristics of LiBs and apply them to dif-
ferent battery types and working conditions, a universal HF extraction strategy is
proposed. Only partial voltage and current information is required to extract four
straightforward and highly relevant HFs.

(2) To learn the long-term dependency between the HFs and capacity and fulfill TL, a
deep learning neural network consisting of the long short-term memory (LSTM) and
FC layers is proposed in this paper. For the same battery type (or in the same aging
dataset), the proposed neural network is trained using a random-selected battery, and
other batteries are used to test the model directly without using the TL strategy.

(38) To achieve accurate and robust SOH estimation of different types of batteries and
different working conditions, the fine-tuning-based TL strategy is used in this paper.
The basic principle is to use a random-selected battery in the source domain to train
the base model, and then use a random-selected battery in the target domain to re-train
the base model, where only the last layer is re-trained and the other layers are frozen.

(4) Comprehensive verifications are conducted using three popular open-source aging
datasets, namely Oxford, CALCE, and NASA aging datasets. Sixteen batteries, featur-
ing two distinct cathode material types, are subjected to cycling under five different
operating conditions to assess the efficacy of the proposed methods.

The remainder of the paper is organized as follows: Section 2 introduces the exper-
imental datasets and feature extraction strategy. Section 3 explains the used algorithms.
Section 4 gives the results and discussions. Finally, conclusions are summarized in Section 5.

2. Experimental Datasets

Referring to recent research, three open-source aging datasets provided by the Uni-
versity of Oxford [30], the CALCE at the University of Maryland [31,32], and NASA Ames
Prognostics Center of Excellence [33] are used in this paper. Note that only the most used
data from each dataset is used in this paper, e.g., Cell 1 to 8 from the Oxford aging dataset.
Details are explained as follows.

2.1. Oxford Aging Dataset

Eight LiCoO2 (LCO) pouch batteries with 0.74 Ah nominal capacity were selected
from the Oxford aging dataset, labeled Cell 1 to Cell 8, respectively. The aging experimental
procedures were as follows: (1) The batteries were discharged using a driving cycle obtained
from the urban Artemis profile (average current = 1.36 A), and the termination voltage
was 2.7 V. (2) Then, the CC charging process was conducted with the batteries with a
constant current rate of 2 C until the terminal voltage reached 4.2 V. (3) The above charging—
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(a)

discharging cycle was repeated 100 times, and then a characterization test was conducted
to measure the capacity of the batteries. The aging experiment was conducted under 40 °C.
The SOH curves of the Oxford aging dataset are shown in Figure 2a. Note that the cycle
number in the x-axis represents the number of characterization tests. For example, 45 cycles
mean the 45th characterization test after 4500 charging—discharging cycles.
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Figure 2. Degradation paths of three aging datasets: (a) Oxford dataset, (b) CALCE dataset,
and (c) NASA dataset.

2.2. CALCE Aging Dataset

Four LCO prismatic batteries with 1.14 Ah nominal capacity were selected from the
CALCE aging, labeled CS35, CS36, CS37, and CS38, respectively. The aging experimental
procedures were as follows: (1) The batteries were discharged using a constant current
rate of 1 C, and the termination voltage was 2.7 V. (2) Then, the batteries underwent the
same constant current—constant voltage (CC—-CV) protocol, where the CC charging current
was 0.5 C, and the CV process ended when the current dropped to 0.05 A. (3) The above
charging—discharging cycle was repeated until the end-of-experiment criteria were met.
The aging experiments were conducted at room temperature (around 25 °C). The SOH
curves of the CALCE aging dataset are shown in Figure 2b.

2.3. NASA Aging Dataset

Three 18650 LiNiCoAlO2 (NCA) batteries with 2 Ah nominal capacity were selected
from the NASA aging dataset, labeled as B05, B06, and B07, respectively. The aging
experimental procedures were as follows: (1) The batteries were discharged with a constant
current of 2 A, and the termination voltages were 2.7 V, 2.5V, and 2.2 V, respectively. (2) The
batteries were then fully charged with the CC-CV protocols, where the CC charging current
was 1.5 A, and the CV process ended when the current dropped to 0.02 A. (3) The above
charging—discharging cycle was repeated until the end-of-experiment criteria were met.
The aging experiments were conducted at room temperature (around 24 °C). The SOH
curves of the NASA aging dataset are shown in Figure 2c.

According to Figure 2, it is clear that significant differences between the degradation
paths of the three aging datasets due to different materials, structures, and working condi-
tions can be observed. In addition, as for the Oxford or CALCE aging datasets, even though
the batteries have the same cathode materials and experience the same test protocols, they
have different aging paths because of the initial difference. For example, the first charged
capacity of the four batteries from CALCE are 1.135 Ah, 1.142 Ah, 1.130 Ah, and 1.137 Ah,
respectively, indicating the aging inconsistency. The initial difference could result in more
aggressive internal variations as the battery ages. The characteristics of the three aging
datasets are given in Table 2.



Batteries 2023, 9, 585

6 of 28

Table 2. Characteristics of three open-source aging datasets.

Aging

Dataset

Battery Label

Cell
Types

Charge C

Charging
Cut-Off

Rate (C)

Voltage (V)

Discharge

C Rate

©

Discharging
Cut-Off
Voltage (V)

Nominal
Capacity
(Ah)

Temperature
O

Oxford

Cell 1 to Cell 8

LCO

2

42

2

27

40 0.74

CALCE

CS35 to CS38

LCO

0.5

42

1

27

25 1.1

NASA

B05

B06
B07

2.7
0.75 42 1 25 24 2
22

NCA

@ 45

Voltage curves of Oxford

2.4. Aging Analysis and Feature Extraction

The HF extraction is the foundation and key for building the ML method for SOH
estimation. When choosing appropriate HFs, in addition to the principles of easy acqui-
sition, suitability for practical conditions, and high relevant degree, the adaptability and
universality toward different types of batteries are significant. Based on this principle,
although many valuable HFs are summarized in the Introduction, we want to choose as
few neural network inputs as possible but maintain accuracy and robustness simultane-
ously. Therefore, a universal HF extraction strategy is proposed in this section based on the
analysis of three open-source aging datasets.

Note that the CC-CV charging protocol was used in the experiments of the CALCE
and NASA, while the CC charging protocol was used in the experiments of Oxford. Hence,
only the data from CC charging duration is used to obtain HFs. Figure 3 shows the terminal
voltage curves during the CC charging process under different aging states. Taking the
Oxford aging dataset as an example, it can be observed that the time for LiBs to reach
the upper cut-off voltage (4.2 V) decreases as the battery ages. This phenomenon directly
reflects the reduction in usable capacity. Therefore, the charged time during the CC charging
process is selected as an HF in many existing research. However, to fulfill the HF-selection
principle stated at the beginning of this section, the whole CC charging process cannot be
used to obtain the time-related HFs because LiBs are hardly charged from 0% to 100% in
practical applications. Hence, the charging duration derived from the specific segment
(from 3.8 V to 4.1 V) of the CC charging curves is selected as an HF to represent the battery
degradation, denoted as T1. Correspondingly, the charged capacity in this voltage range
can be calculated easily since the current remains constant. Therefore, the charged capacity
is considered as another HF, denoted as Q1.

(b) i Voltage curves of CALCE (©) Voltage curves of NASA
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Figure 3. The terminal voltage curves under different aging states: (a) Oxford dataset, (b) CALCE
dataset, and (c) NASA dataset. (EOL means end of life).



Batteries 2023, 9, 585 7 of 28

The incremental curve analysis (ICA) is a popular method to analyze the aging mecha-
nism of LiBs and is used to extract high-related HFs. The IC curves can be calculated from
the CC charging process using a differential equation as follows:

aQ dt
IC = F i I G )
where Q and V represent the capacity and voltage, respectively, I represents the current,
and t is the sampling time.

Figure 4 shows the IC curves under different aging states. We note that the IC curves
are further smoothed by the Gaussian filter. Taking the IC curves of the Oxford aging
dataset as an example, two peaks can be observed in the middle range of about 3.6-4.1 V.
Each peak represents the phase transition process during active material insertion and
delamination. With the aging of LiBs, the first peak gradually disappears, and the second
peak decreases with a clear trend. In addition, the region beneath the peaks diminishes as
the age of the LiBs decreases, indicating a loss of active material and a loss of lithium [47].
As for the other two aging datasets, the IC curves of the CALCE aging dataset also have
two peaks and have the same trend as the Oxford aging dataset, while there is only one
obvious peak in the IC curves of the NASA aging dataset. To guarantee the universality of
the HF extraction strategy, the second peak value and the region beneath the second peak
(between 3.8 V and 4.1 V) are selected as HFs, denoted as P1 and Al, respectively.

(@) IC curves of Oxford (b) IC curves of CALCE ) IC curves of NASA
Fresh 2 Fresh Fresh
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5 5 5
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Figure 4. The IC curves under different aging states: (a) Oxford dataset, (b) CALCE dataset,
and (c) NASA dataset.

In many existing research and our previous work [48], temperature information is
used to extract valuable HFs. However, to build a uniform feature-extraction strategy
considering the commonality of different datasets where the CALCE aging dataset does not
provide the temperature information, the temperature information is ignored in this paper.
Then, the Pearson correlation coefficient, an efficient method to evaluate the correlation
degree between two data sets, is employed in this paper. The expression is as follows:

. i, (HF; — HF)(C; — C)
VXL, (HF — HF)’y!

®)

i=1 (Ci - 6)2

where HF; and C; represent HF and SOH, respectively, HF and C are their mean values,
and 7 is the number of samples. Typically, the Pearson correlation coefficient spans from —1
to 1, with a closer absolute value to 1 indicating a stronger degree of correlation. Figure 5
gives the heat map of the Pearson correlation coefficients of each battery in three open-
source aging datasets. It is evident that every Pearson correlation coefficient surpasses 0.95,
signifying a robust correlation. In summary, four straightforward and high-related HFs are
obtained from the specific segments of the voltage and current curves based on analyzing
three aging datasets’” degradation characteristics and commonalities.
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Figure 5. Heat map of the Pearson correlation coefficient of each battery.

3. Related Algorithms
3.1. The Deep Learning Neural Network

Referring to [41,42,46], a deep learning neural network consisting of one LSTM layer,
one dropout layer, and three FC layers is established to achieve accurate SOH estimation
toward a single aging dataset and fulfill a TL strategy toward different aging datasets. For
simplicity, the proposed deep learning neural network is abbreviated as LSTM-FC-NN.

The LSTM layer is used because of its superiority in dealing with time-series data.
The LSTM was first created by Hochreiter et al. [49] to solve the information decay during
the algorithm back-propagation through time (BPTT). Most gradient-based learning algo-
rithms, such as the Elman neural network [50], suffer either gradient vanishing or gradient
explosion when the backflow transfers the information over a long period. To overcome
the time dependence problem, the LSTM is proposed with a cell state (memory cell), a
hidden state, a forget gate, an input gate, and an output gate, as shown in Figure 6. The
expressions are as follows:

ft = O'(fot +UfH;1 + bf>
ir = o(Wixy + U;H;—1 + b;)
0t = o(Woxt + UH;_1 + by) 4)
ct = fi©Qcr—1 +ir O tanh(Wexy + UcHy—1 + be)
H; = oy O tanh(cy)

where x; represents the input of the LSTM, H; represents the hidden state, W and U
represent the weight matrices, b represents the bias, i;, fi, 0;, and ¢; represent the input,
forget, output gates, and memory cell, respectively, and o is the sigmoid activation function.
The significant feature of LSTM is the use of different gates to control the information
flows. In particular, the input gate determines the new information allowed to pass into the
memory cell, while the forget gate identifies the information from the previous memory
cell (c;—1) that should be disregarded. The output gate is used to calculate the outputs.
More details can be found in [51].
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Ct—1 [f—\ ey \ Ct

&)
Figure 6. The structure of LSTM.

Although different batteries have similar declining degradation curves, the specific
characteristics are different. As referred to in [52], the FC layers in the base model can
serve as the “firewall” to achieve outstanding transfer learning performance. Therefore,
three FC layers are used in this paper. In addition, to prevent overfitting, especially when
there is limited data, a dropout layer is added to the base model. In the end, the structure
of the proposed deep learning neural network is shown in Figure 7. For reproducibility,
important hyperparameters are listed in Table 3. Note that all algorithms and computations
are executed using MATLAB 2022b.

N

O Input feature OLSTM unit . FC unit . Dropout layer O Output

Figure 7. The structure of the proposed deep learning neural network.

Table 3. Hyperparameters of the deep learning neural network.

Hyperparameters Values and Settings
Optimization method Adam
Number of units in LSTM layer 100
Number of units in FC layers 10/10/1
Dropout rate 0.5
Data split ratio for training base model 80%/10%/10%
Data split ratio for re-training 80%/20%

3.2. Transfer Learning Strategy

Parameter fine-tuning and domain adaptation methods are two commonly used
strategies in TL. The parameter fine-tuning method is more straightforward than the
domain adaption method. Thus, the fine-tuning-based TL strategy is used in this paper.
The principle of the fine-tuning-based TL is shown in Figure 8:
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(1) First, three open-source aging datasets, the Oxford, CALCE, and NASA aging datasets,
are represented using different shapes, respectively. Note that different color shades
represent the inconsistency between the batteries in the same aging dataset, caused
by different initial states, working conditions, and internal variations in material
properties from battery manufacturing.

(2) Second, one of the three aging datasets is selected as the source domain, and the other
two are considered the target domains. Then, the cyclic data of a randomly selected
battery from the source domain is used to train the base model. And other batteries in
the source domain are used to test the base model.

(38) Third, the fine-tuning-based TL strategy is applied when the target domain is available.
The data-selection principle is used to randomly select a battery in the target domain
and re-train the base model with its cyclic data using the fine-tuning method. The
fine-tuning method in this paper means that only the last FC layer is updated during
re-training, while other layers are frozen.

(4) Finally, other batteries in the target domain are used to test the re-trained model.

Source domain

Test

All datasets [ Qﬁ Train

Target domain
\ o Re-train

Test

(U] Frozen [:]Updated

Figure 8. The principle of the fine-tuning-based TL strategy.

By using the random-selected strategy, the accuracy and robustness of the proposed deep
learning neural network and fine-tuning-based TL strategy can be thoroughly evaluated.

4. Results and Discussion

This section gives the results of the proposed universal HF extraction strategy and
LSTM-FC-NN for SOH estimation on the single aging dataset, as well as the effectiveness
of the proposed fine-tuning-based TL strategy toward different types of batteries in detail.
Commonly used statistical metrics, namely, the mean absolute error (MAE), root mean
square error (RMSE), and the maximum error (MaxE), are used to evaluate the performance
quantitively. The MAE gives equal weight to all errors, which can be used to evaluate
the accuracy of a regression model. At the same time, the RMSE is more sensitive to
outliers and can be used to evaluate the robustness of a model. The MaxE is useful for
understanding the magnitude of the largest error. The expressions are as follows:

1N —
MAE = N; ’SOHZ- — SOH,; )



Batteries 2023, 9, 585 11 of 28

1Y~ 2
RMSE — N,; (SOHi - SOHi) 6)
MaxE = max‘S/O-?Ii - SOHi’ 7

where SOH i represents the predicted value, SOH; represents the reference value, and N is
the number of samples.

4.1. Results of the Single Aging Dataset

This section separately evaluates the proposed deep learning neural network for SOH
estimation using three open-source aging datasets. It first verifies the effectiveness of the
proposed universal HFs extraction strategy and proves that the proposed LSTM-FC-NN
model can achieve accurate and robust SOH estimation toward different battery types.
Note that the training and evaluation principle for the same type of batteries is that a
random-selected battery is used to train the base model, and other batteries are used to test
the base model directly without using the TL strategy.

4.1.1. Oxford Aging Dataset

Table 4 gives the statistical metrics of the case that Cell 1 in the Oxford aging dataset
is randomly selected to train the base model, and other batteries are used to test the base
model directly without using the TL strategy. Table 5 gives the results where another
battery is randomly selected to train the model, e.g., Cell 2 to Cell 7, and the MAE, RMSE,
and MaxE in Table 5 are the mean values. For example, the second column in Table 5
represents that Cell 2 is used to train the base model, and the other seven cells are used to
test the base model. Then, the MAE, RMSE, and MaxE are the mean values of the seven
testing results. Correspondingly, the eight curves in Figure 9 represent which battery is
used to train the base model.

Table 4. Estimation results of the Oxford aging dataset.

Train Test MAE (%) RMSE (%) MaxE (%)
Cell 2 0.22 0.28 0.59
Cell 3 0.21 0.27 0.52
Cell 4 0.29 0.36 0.89

Cell 1 Cell 5 0.49 0.56 1.05
Cell 6 0.56 0.61 1.02
Cell 7 0.45 0.53 1.07
Cell 8 0.56 0.62 1.09

Table 5. Estimation results of all cases in the Oxford aging dataset.

Unit: % Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6 Cell 7 Cell 8
MAE * 0.37 0.39 0.32 0.34 0.32 0.34 0.29 0.32
RMSE * 0.43 0.48 0.40 0.42 0.39 0.39 0.35 0.37
MaxE * 0.84 0.95 0.83 0.86 0.82 0.75 0.71 0.70

* The MAE, RMSE, and MaxE are the mean values.
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Overall, it can be seen from Figure 9 that no matter which battery is randomly selected
to train the base model, the base model can achieve accurate SOH estimation results toward
other batteries without using the TL strategy. Specifically, as an example, Figure 9a gives the
results where Cell 2 to Cell 7 are used to train the base model in turn, and Cell 1 is used to
test the base model. It can be observed that all seven estimated SOH curves can follow the
actual SOH curves quite well. The MaxE is merely 1.09% when Cell 8 is used to train the base
model, according to Table 4. In addition, the mean values of MAE and RMSE are only 0.37%
and 0.43%, respectively, according to Table 5. As for other evaluation cases in Table 5, the
estimation results demonstrate that the proposed universal HF strategy and LSTM-FC-NN
model can achieve accurate and robust SOH estimation toward the Oxford aging dataset.

4.1.2. CALCE Aging Dataset

Table 6 gives the results that a random-selected battery from the CALCE aging dataset
is used to train the base model, and other batteries are used to test the base model without
using the TL strategy. Correspondingly, Figure 10 illustrates the estimation results.

Table 6. Estimation results of the CALCE aging dataset.

Train Test MAE (%) RMSE (%) MaxE (%)
CS36 0.51 0.70 2.55
CS35 CS37 0.48 0.59 3.06
CS38 0.63 0.75 3.32
CS35 0.51 0.61 2.54
CS36 CS37 0.57 0.70 3.38
CS38 0.80 0.94 3.70
CS35 0.63 0.94 3.87
CS37 CS36 0.74 1.04 5.08
CS38 0.48 0.60 3.04
CS35 1.11 1.87 8.30
CS38 CS36 1.21 1.83 9.71
CS37 0.66 0.90 3.60
Mean values - 0.69 0.96 4.35

Similar to the Oxford aging dataset results, on which a battery is used to train the base
model, the model can achieve accurate and robust SOH estimation toward other batteries
without the TL strategy. For example, Figure 10d shows the estimation results of CS38 using
different battery-based base models. It can be observed that no matter which battery is used
to train the base model, the base model can obtain accurate estimation results toward CS38.
The estimated SOH curves can always follow the actual aging path, even in some slight range
fluctuation. In addition, the estimation errors rarely exceed absolute 2%, demonstrating the
proposed method’s robustness. However, for CS35 and CS36, when evaluated using the
(CS38-based base model, the results are slightly worse than other battery-based models. This
is because the aging path of CS38 is quite different from that of CS35 and CS36, especially
when the SOH drops below 80%, as shown in Figure 2b. When the SOH drops below 80%, the
internal electrochemical reaction becomes more uncontrollable, resulting in quicker and more
different aging paths. Therefore, significant estimation errors and MaxE occur when the SOH
drops below 80%. At the same time, there is consistency between the estimated and actual
SOH curves when the SOH is higher than 80%, as shown in Figure 10a,b. Overall, the last
row in Table 6 represents the mean values of the corresponding columns. It can be concluded
that the mean values of MAE and RMSE are 0.69% and 0.96%, respectively, demonstrating the
accuracy and robustness of the proposed model toward the CALCE aging dataset.
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Batteries 2023, 9, 585

15 of 28

4.1.3. NASA Aging Dataset

Table 7 gives the results that a random-selected battery from the NASA aging dataset
is used to train the base model, and other batteries are used to test the model directly
without using the TL strategy. Figure 11 compares the estimated SOH curves based on
different base models and actual SOH curves and the estimated errors.

Table 7. Estimation results of the NASA aging dataset.

Train Test MAE (%) RMSE (%) MaxE (%)

B06 3.40 3.88 12.43

BO5 B06_retrain 1.39 1.86 8.21
B07 0.63 0.97 5.68

BO6 BO5 2.94 3.12 4.85
B07 1.99 2.22 5.00

B05 0.72 0.95 5.10

B07 B06 3.40 3.91 12.72
B06_retrain 1.37 1.93 8.66

According to Table 7, it can be concluded that when the B05 is used to train the base
model, the base model can achieve accurate SOH estimation toward B07 but not B06.
The MAE and RMSE of B07 are 0.63% and 0.97%, respectively, while the MAE and RMSE
of B06 are 3.40% and 3.88%, respectively. As shown in Figure 11c, the estimated SOH
curve based on B05 can follow the actual aging path quite well, but in Figure 11b, there is a
significant difference between the estimated SOH curve based on B05 and the actual SOH
curve. The same results can be observed when B07 is used to train the base model. As for
the case when B06 is used to train the base model, it can be seen from Figure 11a,c that the
estimated curves based on B06 cannot follow the real SOH curves well, e.g., the blue line in
Figure 11a and the yellow line in Figure 11c. The reasons can be explained as follows. First,
the initial SOH of these three batteries is quite different, indicating 0.92%, 1.01%, and 0.94%
for B05, B06, and B07, respectively, as shown in Figure 2c. Second, the discharging protocols
for these three batteries are different, as summarized in Table 2. Different discharging
cut-off voltages would result in different depths of discharge, which is essential for battery
aging. The initial differences are bound to result in inconsistencies in the aging paths of
different batteries, and different cycling protocols exacerbate the inconsistencies. Therefore,
as shown in Figure 2, it can be observed that the differences between different aging paths
of the NASA aging dataset are more evident than the other two aging datasets.

Since the aging path of B06 is quite different from B05 and B07, the fine-tuning-based
TL strategy is used to improve the accuracy. Figure 12 compares the estimation results of
B06 with or without using the fine-tuning-based TL strategy, and the corresponding results
are given in Table 7. After fine-tuning the base model, the re-trained model can perform
much better. The estimated SOH curves can follow the actual SOH curve well. The MAE
and RMSE after using the TL strategy are 1.39% and 1.86%, respectively, decreasing by 59%
and 52%, respectively. In summary, the effectiveness of the proposed LSTM-FC-NN model
and fine-tuning-based TF strategy is verified toward the NASA aging dataset.
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In summary, three open-source aging datasets are used separately to evaluate the
effectiveness of the proposed universal HF extraction strategy and LSTM-FC-NN model
for SOH estimation in this section. On the one hand, from the results of the Oxford and
CALCE aging datasets, it can be concluded that when the training and testing batteries are
the same battery type and have the same aging protocol, the estimations are accurate and
reliable, whatever the training dataset. On the other hand, from the results of the NASA
aging dataset, it can be concluded that when the testing battery has a significantly different
aging path from the training one, the estimations cannot be guaranteed. In this case, the
fine-tuning-based TL strategy can be used to improve the adaptivity of the trained model
toward the testing battery, which builds the foundation for the following results.

4.2. Results of the Proposed Transfer Learning Strategy between Different Aging Datasets

This section gives the results of the proposed fine-tuning-based TL strategy between
three open-source aging datasets in detail. As shown in Figure 8, the evaluation principle
is that one of the three aging datasets is randomly selected as the source domain, and the
other two aging datasets are then used separately as the target domain. Then, a randomly
selected battery from the source domain is used to train the base model. Next, one of the
batteries in the target domain is selected randomly, and its cyclic data is used to fine-tune
the base model. Finally, the re-trained model is tested using other batteries in the target
domain. The following three subsections explain the results in detail.

4.2.1. Transfer Learning between Oxford and CALCE Aging Datasets

Figure 13 gives the results that Cell 1 is used to train the base model, CS38 is randomly
selected to re-train the base model using the fine-tuning strategy, and other batteries in
the CALCE aging datasets are used to test the re-trained model. Note that the blue lines
(labeled as Before TL) give the estimated SOH curves using the base model directly, and
the yellow lines (labeled as After TL) give the estimated SOH curves using the fine-tuned
base model.

It can be observed that although the overall trend of the estimated SOH curves without
using the TL strategy has the same downtrend as the actual SOH curves, there are significant
estimation errors between them. That is because the LSTM layer can learn the long-term
dependency between the input features and SOH, but the last FC layer determines the final
output. Therefore, the re-trained model can adapt to the target domain when the last FC
layer is updated. Then, the estimated SOH curves can track the real SOH curves quite well,
even with slight fluctuation. Specifically, according to Table 8, the MAE and RMSE of CS35
after using the TL strategy are 0.68% and 0.95%, respectively, which is even better than the
results in Table 6.

Table 8. The results of the TL strategy from Oxford to CALCE.

Source/Target Test Method MAE (%) RMSE (%) MaxE (%)
Before TL 10.61 114 19.
CS35 efore 0.6 0 9.88
After TL 0.68 0.95 3.49
Before TL 10.96 12.12 20.45
Cell 1/CS38 CS36
After TL 0.74 1.08 471
Cs37 Before TL 10.68 11.26 19.68
After TL 0.59 0.72 3.06

Figure 14 illustrates that CS35 is used to train the base model, and Cell 4 is used to
fine-tune the base model. The corresponding results are summarized in Table 9. Similar
results can be observed in Figure 14 that the estimated SOH curves based on the base model
have the same downtrend as the actual SOH curves, but there are significant errors between
them. After fine-tuning the base model, the estimated SOH curves can track the actual
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SOH curves quite well. The MAE and RMSE are limited to 0.46% and 0.57%, respectively.
Opverall, the above results between the Oxford and CALCE aging datasets demonstrate the
validity of the proposed LSTM-FC-NN model and the fine-tuning-based TL strategy.

() CS35 ) ) Es:umated error
| |
11 ——Real value ||
h ——Before TL
1.0 4 1‘&\ n C After TL
oo 0.9 Lo B ‘1;"1'.“"‘;',—-1\/-"‘-';“.'. Wigert §
O E ; Magm, )
“ 084 - h“‘i :E‘
S— e
0‘7 Ik“.wl"u_‘.
w . Before TL| |
0.6 After TL
| -24 , I
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Cycle number Cycle number
CS36 Estimated error
(b) .
1 1 I
11 ——Real value [ 0 Y Ty | - e
10 \_\_ & Before TL ‘
. ‘\Vd\.,_.\. . After TL .
"'3."'3" ft @ h
o 0.9 G p:
Q Ldk e
9 0.8 bl 5 -12
0.7
-18; ﬁ Before TL| |
0.6 After TL
24 ] !
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Cycle number Cycle number
(© CS37 Estimated error
1 |
11 ——Real value [ | ol— L. ~_I_____I_ - _| __._l__.. » | - I
L Before TL
1.0 W After TL [T . 4
e, o —_~
x 09 e g
e} 1 “N\‘f. -
@ s’ £ 12
0.8 s e ™ N PO e, s
swhe Nt
0.7 .
“184f ——— Before TL| |
0.6 After TL
-24 | |
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700

Cycle number Cycle number
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Table 9. The results of the TL strategy from CALCE to Oxford.
Source/Target Test Method MAE (%) RMSE (%) MaxE (%)
Before TL A1 1 31
Cell 1 efore 8 8.19 9.3
After TL 0.35 0.42 0.90
Cell 2 Before TL 8.26 8.32 9.21
After TL 0.26 0.32 0.64
CS35/Cell 4 ;
B TL 1 22 9.27
Cell 3 efore 8.15 8
After TL 0.32 0.36 0.67
Before TL 8.63 8.69 9.52
Cell 5 ot
After TL 0.46 0.57 1.11

4.2.2. Transfer Learning between CALCE and NASA Aging Datasets

The mutual estimation results of the TL strategy between the CALCE and NASA aging
datasets are given in Figures 15 and 16, respectively. As an example, Figure 15 shows the
estimation results of CS36, CS37, and CS38 with or without using TL. The corresponding
results are summarized in Table 10. The overall trend of the estimated curves before using
the TL strategy is similar to the real ones, but significant gaps can be found. After updating
the last FC layer of the base model, the re-trained model can track the descent SOH curves
well. Furthermore, the proposed LSTM-FC-NN model showcases robustness, with the
MAE and RMSE constrained to 0.80% and 0.95%, respectively.

Table 10. The results of the TL strategy from NASA to CALCE.

Source/Target  Evaluation Method MAE (%) RMSE (%) MaxE (%)

Before TL 5.66 6.45 13.42

CS36
After TL 0.58 0.85 3.15
Before TL 4.26 4.99 12.59

CS37

B05/CS35 After TL 0.63 0.78 3.16

Before TL 4.20 5.04 12.83

538 After TL 0.80 0.95 3.40

Figure 16 gives the estimation results of BO5 and B06 with or without using TL, and
the corresponding results are summarized in Table 11. As analyzed in Section 4.1.3, the
model trained using data of BO7 can achieve accurate estimation toward B05 but not B06.
Similar results can be found in this TL case. As shown in Figure 16a, the B07-based model
can achieve accurate estimation toward B05 after implementing the TL strategy. As for B06,
the B07-based model improves the estimation accuracy after implementing the TL strategy,
and the MAE and RMSE decreased by 68.80% and 73.43%, respectively.

Table 11. The results of the TL strategy from CALCE to NASA.

Source/Target Test Method MAE (%) RMSE (%) MaxE (%)
Before TL 19.91 20.97 28.29
B05
After TL 0.70 0.95 5.12
CS35/B07
Before TL 10.77 14.42 27.38
BO6

After TL 3.36 3.83 12.48
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Batteries 2023, 9, 585

22 0f 28
(a) B05 Estimated error
1.2 4 t 30 4 " :
“ [==o—Real value 5d Before TL
[==o——Before TL After TL [
10 After TL 18
. @ !
<12
s [ N 5
] . \ ;E‘ .
0.8 [
N 0 - - ¥ B B
. \Tkﬁi "
0.6 T T
0 20 40 60 80 100 120 140 160 180 0 40 80 120 160
Cycle number Cycle number
(b) B06 Estimated error
+—t 5 ;
1.2 [=—o—Real value| | —&— Before TL
Before TL 24 4 h After TL [}
After TL \
1.04 ~ 16
2
g -\r\\!f s 8 \l
7} L 2
0.8 5} .
4 f
0.6 "",_T_“. =8
T -16
20 40 60 80 100 120 140 160 180 0 40 80 120 160
Cycle number Cycle number

Figure 16. The results of the TL strategy from CALCE to NASA: (a) B05; (b) B06.

4.2.3. Transfer Learning between NASA and Oxford Aging Datasets

The mutual estimation results of the TL strategy between the NASA and Oxford aging
datasets are shown in Figures 17 and 18, respectively. The same estimation results can be
found that although the estimated SOH curves before using the TL strategy can follow
the overall trend with the real SOH curves, there are significant gaps between them. After
fine-tuning the base model, the estimated SOH curves can accurately track the real ones.
The results corresponding to Figures 17 and 18 are given in Tables 12 and 13, respectively.
For the TL strategy from NASA to Oxford, the MAE, RMSE, and MaxE are limited to
0.4%, 0.47%, and 0.87%, respectively, demonstrating the effectiveness of the proposed deep
learning neural network and fine-tuning-based TL strategy.

Table 12. The results of the TL strategy from NASA to Oxford.

Source/Target Test Method MAE (%) RMSE (%) MaxE (%)

Before TL 19.22 19.59 26.06

Cell 1
After TL 0.25 0.29 0.52
Before TL 19.34 19.70 25.86
Cell3 After TL 0.17 0.20 0.38

B05/Cell 2

Before TL 19.26 19.60 25.41

11 4
Ce After TL 0.32 0.36 0.65
Before TL 20.04 20.31 25.99

Cell 5

After TL 0.40 0.47 0.87
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Figure 17. The results of the TL strategy from NASA to Oxford: (a) Cell 1; (b) Cell 3; (c) Cell 4; (d) Cell 5.
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Figure 18. The results of the TL strategy from Oxford to NASA: (a) B06; (b) BO7.

Table 13. The results of the TL strategy from Oxford to NASA.

Source/Target Test Method MAE (%) RMSE (%) MaxE (%)

Before TL 4.96 6.03 13.38

BO6
After TL 2.00 2.53 10.19

Cell 6/B05

Before TL 10.66 11.26 15.94

B07
0 After TL 0.87 1.12 4.84

In summary, this section evaluates the effectiveness of the proposed LSTM-FC-NN
model and fine-tuning-based TL strategy using three open-source aging datasets. It can
be concluded that although the estimated curves based on the base model can follow the
overall downtrend of the actual curves, there are significant gaps between them. This
result is because the LSTM layer can learn the long-term dependency between the inputs
and outputs, and the overall degradation trend of different types of batteries is similar.
However, the final outputs are determined by the last layer of the base model. Therefore,
after using the fine-tuning strategy to update the last FC layer of the model, the re-trained
model can adapt to the target domain quite well and achieve accurate and robust estimation
results. Table 14 compares the results with or without using the TL strategy between three
aging datasets. The first column represents the source domain, and the first row represents
the target domain. The MAEs and RMSEs in Table 14 are the mean values of all evaluation
cases from the source domain to the target domain. It can be concluded that with the
fine-tuning-based TL strategy, the accuracy of SOH estimation improves significantly, and
the MAE and RMSE are limited to 1.09% and 1.41%, respectively. In addition to the model
accuracy, the number of learnable parameters and training time are used to analyze the
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algorithm complexity with or without the TL. According to the hyperparameter setting,
the proposed deep learning neural network has 43,100 learnable parameters. If the whole
model needs to be re-trained toward the target domain, 43,100 learnable parameters must
be involved in the training process. However, only the last FC layer is updated for the
fine-tuning-based TL method, meaning only 11 learnable parameters are involved. As for
the training time, take training B05 as an example. When training the entire model, it took
14.43 s, and when re-training the model using the fine-tuning method, it took only 7.08 s.
Note that this is the average time when training 10 times.

Table 14. The comparison of results with or without the TL strategy.

Oxford CALCE NASA
Unit: (%)
MAE * RMSE * MAE * RMSE * MAE * RMSE *
Before TL 12.78 13.55 7.81 8.65
f - -
Oxford After TL 0.93 118 1.09 141
Before TL 8.88 8.97 15.34 17.70
CALCE .
After TL 0.42 0.51 0.92 1.24
Before TL 19.83 20.13 6.55 7.37
NASA .
After TL 0.41 0.48 0.86 1.09

* The MAE and RMSE are the mean values of all evaluation cases.

4.3. Future Work

This work comprehensively verifies the effectiveness of the proposed LSTM-FC-NN
model using a universal HF extraction strategy and the fine-tuning-based TL strategy for
SOH estimation using three open-source aging datasets with different material types and
working conditions. However, there are some limitations beyond this research. First, this
research does not consider the LiFePOy (LFP) cell, which is a commonly used type of LiB.
Second, the batteries used in this research were cycled under CC-CV charge-CC discharge
protocols, which are different from real-world working conditions. Third, the results of
the NASA aging dataset are worse than the other two because of severe inconsistency
and capacity regeneration. In our forthcoming research, we plan to investigate a broader
range of battery types, including those cycled under dynamic operational conditions.
The accuracy and robustness of the proposed method will be improved according to the
specific characteristics of different types of batteries.

5. Conclusions

A universal HF extraction strategy and an LSTM-FC-NN model are proposed in this
paper for accurate and robust SOH estimation. In addition, the fine-tuning-based TL
strategy is developed considering the difference in data distribution between different
types of batteries. Sixteen batteries, featuring two distinct cathode material types, are
subjected to cycling under five different operating conditions to assess the efficacy of the
proposed methods. The main conclusions are summarized as follows:

(1) Four straightforward HFs, including charged time, charged capacity, peak value
of the IC curve, and area under the IC peak, were extracted from partial voltage
curves to reflect the battery degradation of different battery types. The Pearson
correlation analysis demonstrates that the four extracted HFs are highly related to
battery capacity.

(2) A deep learning neural network consisting of one LSTM layer, one dropout layer, and
three FC layers was proposed to estimate the SOH accurately. The effectiveness of the
proposed LSTM-FC-NN model with the HFs was verified using three open-source
aging datasets. The MAE and RMSE are less than 1.21% and 1.83%, respectively.

(3) The fine-tuning method was used to transfer learning between three aging datasets
where a random-selected battery from the target domain was utilized to re-train the
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base model. The mutual evaluation between the three aging datasets demonstrates
the validity of the TL strategy, with the MAE and RMSE limited to 1.09% and 1.41%,
respectively.
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