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Abstract

Machine Learning (ML) is a promising technique for battery health esti-
mation and prediction. However, with more and more types of batteries
entering the market, building an ML model from scratch for each new bat-
tery requires collecting a large amount of data, which is very expensive and
time-consuming. This paper proposes a transfer learning approach to reduce
the amount of data that needs to be recollected for a new battery. The
key idea is to train an ML model for a new battery of interest (i.e., target
battery) with a limited amount of data by transferring the knowledge con-
tained in a well-studied battery (i.e., source battery) with sufficient data. We
illustrate this approach using two types of batteries, i.e., the battery with

Lig.g6Nig.86C0g.11Alg.0302-based positive electrode (NCA battery, source bat-
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tery) and the battery with Lig g4Nig g3C00.11Mng ¢7O2-based positive electrode
(NCM battery, target battery), which have similar degradation patterns but
dramatically different cycle life. Specifically, we first pre-train a long short-
term memory (LSTM) network, using cycling data of 20 NCA cells at 25 °C
and at 45 °C, to predict the following capacity fade based on the previous
capacity sequence. Then, to make the model applicable to NCM cells, we
employ the transfer learning method to retrain the model, using cycling data
of only 2 NCM cells at 25 °C, and propose a two-stage approach to further
improve the model performance. The proposed two-stage model can predict
the cycle life of NCM cells at 45 °C using the capacities of the first 13 cycles
and obtain a cycle life root-mean-squared-error (RMSE) of 25.23 cycles and
a capacity trajectory RMSE of 17.80 mAh (0.51 %).

Keywords: Lithium-ion battery; Long short-term memory network;

Transfer learning; Capacity fade; Cycle life

1. Introduction

Lithium-ion batteries are widely used in portable electronic devices, micro-
grids, electric vehicles and other applications because of their high energy,
and power density [I]. However, batteries of any chemistry will gradually lose
their initial capacity and power during usage, which leads to degraded per-
formance and potentially higher operating costs [2]. Therefore, it is critical
to predict the capacity fade and cycle life accurately. In general, lithium-ion

battery aging models are divided into three main categories: physical models



[3], semi-empirical models [4], and data-driven models [5].

The physical modelling of battery aging generally starts with the cell’s in-
ternal chemical reactions and couples the battery’s aging law into the model
through certain relevant parameters. Classical theoretical models of cells,
such as porous electrode theory and molecular dynamics [0, [7, 8], are of-
ten used in this group of models. Ramadass et al. [9] developed the first-
principle formulation for battery capacity fade and quantitatively discussed
the influence of some parameters. Shrihari et al. [I0] proposed a simple one-
dimensional model coupling diffusion and dynamics to study the capacity
decay of lithium-ion batteries. Purewal et al. [I1] obtained the growth law
of the solid electrolyte interphase (SEI) film on the negative electrode surface
from the expansion of graphite particle cracks and then gave a formulation
for calculating the capacity fade per cycle. However, physical models require
many chemical kinetic parameters of the cell, some of which are difficult to
obtain in practice.

A semi-empirical model is typically an empirical mathematical formulation
obtained by fitting accelerated aging experimental data from the laboratory
[12]. John et al. [13] proposed a semi-empirical model for capacity fade,
and they pointed out that the dependence of capacity fade on the rate is
exponential. At the same time, that temperature is a quadratic polynomial,
and for a charge, throughput is linear. Long et al. [I14] and Saurabh et al.
[T5] proposed aging models considering the State of Charge (SOC) ranges for

LiFePOy cells and LiCoO; cells, respectively. However, one drawback of this



group of models is that they are not very precise, as simple mathematical
formulations are difficult to capture the complex dynamics of the battery
accurately.

In recent years, data-driven models have become popular in the research
field of batteries [16, 17, I§]. Instead of directly reflecting the aging mech-
anism inside the cell, they are purely based on statistical analysis to model
the nonlinear capacity fade law by mining the intrinsic correlation between
inputs and outputs. For the task of cycle life prediction, many previous stud-
ies have used different machine learning approaches such as Support Vector
Machine [19] 20, 2], Gaussian Process Regression [22], 23] 24], Neural Net-
works [25] 26, 27], to predict future values of capacity and cycle life based on
previous capacity trajectory. These data-driven methods that use battery ca-
pacity as input require first obtaining the capacity, which can be derived from
the cyclic charging/discharging data in the laboratory or estimated from the
partial charging profile [28, 29] for practical applications. Recent literatures
have proved that battery capacity can be estimated accurately and efficiently
for operating data of real-world electric vehicles with incremental capacity
analysis [30], Extreme Gradient Boosting (XGBoost) [31], and hybrid deep
neural network [32], which provide a data basis for cycle life modeling and
demonstrates the possibility of online implementation. However, one dis-
advantage of these models is that they require nearly half of the capacity
trajectory to obtain an accurate cycle life prediction. Recently, Kristen et al.

[33] and Yu et al. [34] proposed to use the features of the early-cycle stage to



predict the cycle life directly, and the results exhibited high accuracy. One
disadvantage of these data-driven strategies reported in the literature is that
they only give a prediction of cycle life but cannot predict the capacity tra-
jectory for each cycle.

Another challenge with data-driven models is that they are specific to a par-
ticular battery type. With more and more different types of batteries entering
the market, building an aging model of each type of battery will require a
significant amount of time and cost to run extensive laboratory experiments.
Transfer learning is a promising approach for predicting different battery
types’ capacity and cycle life. It can transfer the information learned from
a well-studied source cell to the target cell. Xiaopeng et al. [35] proposed
an input-output slope and bias correction method to capture the aging of
the target cell from the source cell, and Sheng et al. [36] proposed a deep
convolutional neural network combined with transfer learning for capacity
prediction. The limitation of this work is that they only transfer information
between different individual cells of the same battery type. However, to the
best of our knowledge, approaches that migrate information between differ-
ent types of batteries for cycle life prediction have not been reported in the
literature.

In this paper, we generated a cycling dataset of 32 cells containing two types
of batteries, i.e., the battery with LigggNig.s6C00.11Alp.0302-based positive
electrode (NCA battery) and the battery with LijgsNigg3C00.11Mng g702-

based positive electrode (NCM battery), at two temperatures (25 °C and 45



°C). The data of 20 NCA cells are first used to pre-train a long short-term
memory (LSTM) network. The LSTM model predicts the capacity fade in
the next cycle based on the previous 13 cycles. By recursively feeding the
network, the model can predict the long-term capacity trajectory and cy-
cle life. Then, to make the model applicable to NCM cells, we employ the
transfer learning method to retrain the model, using cycling data of only 2
NCM cells at 25 °C. The model is tested on 10 NCM cells at 45 °C and
achieves good performance. The principal contributions of this study can be
summarized as follows:

1) The LSTM network is trained with data from all cycles of NCA cells,
rather than only early-stage cycling data, so it can capture the capacity
trend of the battery at any life point and accurately predict the long-term
capacity trajectory with a small amount of initial capacity data.

2) Transfer learning is applied to transfer information between different types
of batteries for the long-term capacity trajectory and cycle life prediction,
which can significantly reduce the amount of data needed to build a data-
driven model for new types of batteries.

The paper is organized as follows. Section 2 describes the experimental setup
and data generation. Section 3 introduces the preprocessing of the data and
the proposed methodology. Section 4 reports the prediction results of the

model and discussion. Section 5 summarizes the key ideas of the paper.



2. Data acquisition

Two types of commercial 18650-type batteries with 3500 mAh nominal ca-
pacity are cycled at two different temperatures to collect experimental data
to model and verify capacity fade and cycle life prediction. The battery spec-
ifications are listed in Table[1] 20 NCA cells (10 cells at 25 °C and 10 cells at
45 °C) and 12 NCM cells (2 cells at 25 °C and 10 cells at 45 °C) are used in
our study. All charging rates were set to be 0.5 C, and all discharging rates
were set to be 1 C, where the current rate is determined on the basis of the
nominal capacity of the batteries, i.e., 1 C is equal to 3500 mAh. Specifically,
the cell cycling process involves constant current charging to 4.2 V at a rate
of 0.5 C, followed by a constant voltage charging step at 4.2 V until the cur-
rent corresponds to 0.05 C. A constant current is employed at 3500 mA for
the discharging process until the voltage drops to 2.65 V for the NCA cells
and 2.5 V for the NCM cells, respectively. More detailed descriptions of the

experiments and datasets can be found in our previous study [29].

Table 1: Specifications of NCA and NCM batteries

Name NCA battery NCM battery
Battery type 18650
Anode material Graphite/Si
Cathode material LiO.SGNiO‘gﬁCOO.11A10.0302 [37] Lio.84Nio_83000.11Mn0_0702 [37]
Electrolyte Solution of lithium hexafluorophosphate (LiPF)
Nominal voltage 3.6V
Cut-off voltage 266V ~42V 25V ~42V
Nominal capacity 3500 mAh
Battery mass 450 g




Voltage and current are the basic data recorded in the experiment, and Fig.
(a) shows the voltage and current profile in one complete cycle for an
NCA cell, which includes the charging and discharging process. Capacity is
obtained by integrating the current over time during the discharge process at
specific ambient temperatures, so that we can get the capacity at each cycle.
The datasets of NCA cells and NCM cells are collected, respectively. The
NCA cell dataset is used for the training of the source model, while the NCM
cell dataset is used for the retraining and final testing of the target model.
Figure|l] (b) shows the change of capacity with cycles for all NCA and NCM
cells, and the cycle number ranges from 146 to 933 until the capacity decays
to 2500 mAh. The cycling data of NCA cells are plotted as red lines, where
the dotted line is for cells cycling at 25 °C and the solid line is for cells at
45 °C. Fatigue down to 2500 mAh is found to be around 175 cycles at 25
°C cycling temperature and around 725 cycles at 45 °C cycling temperature,
exhibiting temperature is an important factor affecting the rate of battery
degradation. The cycling data of NCM cells are shown as blue lines, and
it is evident that the capacity of 2500 mAh is reached after 350 cycles and
900 cycles at 25 °C and 45 °C respectively. Different peak positions of the
violin plot in the figure also indicate that NCA cells and NCM cells exhibit

different cycling characteristics due to the difference in the cathode material.
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Fig. 1. Battery cycling dataset: (a) The plot of the voltage and current profile in one
complete cycle for a NCA cell. (b) Capacity versus cycle number of all cells.

3. Methodology

3.1. Data preprocessing

The outliers in the dataset can reduce the accuracy of the model. In this
paper, the outliers are detected by the residual analysis. For each cell in the

dataset, the sequence of capacity data is smoothed with the moving average



method, and the standard residual is calculated by

L2 "
MSE

where (); is the experimental capacity, Ql is the smoothed capacity and M SFE
is the mean-squared-error between the original and smoothed data. Fig.
shows the standard residual of all samples for NCA cells, and the samples
with standard residual outside the 99% confidence interval are recognized as
outliers and will be replaced by linear interpolation. For some cells, capacity
increases slightly in the first few cycles. These cycles with increasing capacity
are removed to facilitate the model training, and we only consider cycles after
capacity fade is observed. In other words, the first cycle is the one where the
capacity rises to the highest value. All capacity data after outlier removal
are smoothed with the Savitzky-Golay method [38] to reduce noise. The

capacity data in the following discussion are all smoothed data.
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Fig. 2. Residual analysis for battery capacity with 99% confidence interval for NCA cells.

3.2. Long short-term memory network

The goal of our model is to predict future battery capacity trends based on
previous capacity trajectories. Here we choose the recurrent neural network
(RNN) [39] for battery capacity prediction because of its nonlinear mapping
power and strong prediction performance based on the historical sequence
information. It is a variant of artificial neural networks used to process con-
tinuous sequential data. It demonstrates high accuracy in many fields of
application, such as machine translation [40] and multilingual language pro-
cessing [41]. Tt can read one input at a time and store some information
through the hidden state that gets passed from one time-step to the next. A

basic structure of a typical RNN is shown in Fig. 3| (a), where x is the input,
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y is the output, and h is the hidden state updated over time.
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Fig. 3. Illustration of the LSTM network: (a) A basic structure of a RNN. (b) The
structure of an LSTM cell.

One challenge in training an RNN model with gradient-based methods is
that the gradients that are propagated can tend to zero (vanish) or tend to
infinity (explode) as the number of layers and time-steps increase. These
phenomena make the optimization algorithm fail to find the optimal param-
eters of the networks. To overcome this challenge, the LSTM network uses

a more carefully designed cell structure to avoid the gradient vanishing and
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exploding problems [42], as shown in Fig. |3 (b). In addition to the usual
hidden state h, LSTM cells have an extra memory state c. An LSTM cell
consists of a forget gate and an input gate that allows the information to
be removed from or written to the memory state ¢, and an output gate that
decides which values of the memory state to output. The sigmoid function
in these gates can decide how much of each component should be let through
by outputting numbers between 0 and 1, so that the gates can selectively
pass information.

In this paper, the LSTM network is trained to predict the capacity fade
for the next cycle based on the capacities of previous m cycles and cycling
temperature. Note that the capacity fade in this paper means the differ-
ence in capacity between two consecutive cycles, not a loss of capacity rel-
ative to the nominal capacity or initial capacity. As shown in Fig. [ in
order to generate samples, a window of length m + 1 (m inputs and 1 out-
put) is used to scan capacity data for each cell to obtain input-output pairs.
More generally, consider a capacity sequence of a cell at temperature T is
Q=1[Q1, ,Q -, Qn], where Q; denotes the capacity of t-th cycle and
N is the sequence length. For any continuous m + 1 capacity data in the
sequence [Qi, Qit1,+, Qitm—1,Qitm) (1 < i < N —m), we can have an
input-output pair to train the LSTM network. Concretely, the input to the

network is

1 j m
CIC P U} (2)
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where xl(j) = (Qi+j—1,T), and the output is

Vi = Qitm—-1 — Qitm (3>

Moreover, to reduce overfitting and improve the robustness of the model, a
GaussianNoise layer is added before the LSTM cell. A fully connected net-
work containing four hidden layers and one output layer is also added after
the LSTM cell to improve the model’s predictive performance. Each hidden
layer uses a sigmoid activation function to introduce nonlinearity, whereas
the output layer uses a softplus activation function to ensure that the output
is greater than 0. We choose to predict the capacity change rather than the
capacity in this paper. One reason is that the capacity change of each cycle
is small relative to the capacity, and directly predicting the capacity value
may cause the model to output the last value of the input capacity sequence
directly. Another reason is that predicting the capacity change ensures the
capacity decreases over cycles for long-term capacity trajectory prediction,
which is consistent with the prior knowledge on the battery that the battery
capacity shows a downward trend due to the change of internal electrochemi-
cal reaction with the degradation of the battery [43]. In addition, because the
battery has a faster degradation rate at 25 °C, there are significantly more
samples at 45 °C than at 25 °C. To balance the sample inconsistency, the
samples are weighted by the total number of samples at two temperatures,

so samples at 25 °C are given a higher weight. The overall loss function for
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the LSTM network is the mean squared error loss.
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Fig. 4. Diagram of the sample generation.

3.3. Cycle life prediction algorithm

The LSTM network proposed in the previous subsection can predict the ca-
pacity change of the next cycle; in this subsection, we illustrate how to use
the model to make predictions for a longer forecasting horizon, i.e., the entire
capacity trajectory before reaching the end of life and the corresponding cy-
cle life. We chose to feed the predicted capacities back into the LSTM model
recursively. The details for the recursive method are illustrated as follows.

The trained LSTM network is essentially a nonlinear mapping between in-

15



puts x and outputs y, and the notation x — f(x) is adopted to describe
this relationship. Given an input z; = [(Q1,7); (Q2,T); -+ ; (Qm, T)] (ca-
pacities of the first m cycles and cycling temperature) for one cell in the
test set, the model can get the one-step capacity fade prediction g; = f(x;).
The superscript A here means that it is the predicted value obtained by
the model. We compute the predicted capacity of the next cycle Qm+1
using Qm+1 = @, — y1 and it can be used to update the input z, =
[(Qz,T); e (Qum, T); (QmH,T)}. For simplicity of the expression, we use
71 directly to denote the new input x5, and then the two-step prediction is

U2 = f(th) = f(f(x1)). After repeated iterations, the k-step prediction is

Ur = f(@k-ﬁ = f(f@k—z)) == f( f(@l)) = f( f(ﬁl)) (4>

Based on the above recursive idea, the cycle life prediction algorithm is shown
below. Here we set the battery cell to reach 75% of the nominal capacity as

the end of life, that is, the capacity reached 2625 mAh.
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Algorithm 1 Cycle Life Prediction

Input:
The first m capacity data of a cell and the cycling temperature
The capacity value of the cell reaching the end of life Q.4
Output:
The predicted cycle life of the cell
1: Initial the cycle number [ = m;
2: Predict the capacity fade for the next cycle 4;_,,+1 with previous m ca-
pacity values and temperature;

3: Compute the capacity for the next cycle Ql+1 = Ql — Ylmma1;
4: set l=1+1;

5: if Ql > Qeng then

6:  Go back to step 2

7. else

8: return [ as the cycle life of the cell

9: end if

3.4. Transfer learning

Generally, the cycling characteristics of different batteries are not the same.
However, traditional machine learning techniques assume that train data and
test data have identical statistical distribution, which is not guaranteed be-
tween different batteries. In this case, to predict the cycling performance of
a new type of battery, many experiments on the new battery are required,
which may take months to years. Fortunately, different batteries share the
same degradation pattern, i.e., lithium loss due to the solid electrolyte inter-
phase (SEI) film formation. Therefore, it is crucial to transfer some relevant
important information from one type of battery to another. Transfer learn-
ing provides a practical framework for this issue.

Transfer learning is a machine learning method that focuses on applying

17



knowledge gained while solving one task to a related task [44] [45]. This pa-
per proposes a transfer learning method to transfer the model information
trained on NCA cells (source battery) to NCM cells (target battery). The
core idea of transfer learning is to improve the prediction accuracy for the
target battery using the knowledge in the source battery. Specifically, we first
pre-train a long short-term memory (LSTM) network, using cycling data of
20 NCA cells to predict the capacity fade and cycle life. Then, to make the
model applicable to NCM cells, we employ the transfer learning method to
retrain the model, using cycling data of only 2 NCM cells at 25 °C. In the
implementation of transfer learning, fine-tuning of the last few layers is a
common strategy for neural networks [46, [47, 48], as the last few layers are
usually task-specific layers that need to be fine-tuned based on new data and
tasks. In this study, we kept the variables of the early and middle layers of
the LSTM network unchanged, and only retrained the last two layers of the
network to learn the difference between the source and target batteries. Fig.
shows a flowchart of TL, and here are the details of our method:

1) Train an LSTM network to predict the capacity fade based on experimen-
tal data of NCA cells (source dataset). Data for both 25 °C and 45 °C are
used here. This model is denoted as the source model.

2) Freeze other layers and retrain the last two layers of model_source based on
experimental data of 2 NCM cells (target dataset) at 25 °C to get a transfer
learning model. The performance of this model is assessed on 10 NCM cells

at 45 °C. This model is denoted as the target model.
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Fig. 5. Flowchart of transfer learning.

4. Results and discussion

4.1. Metrics

To evaluate the predictive performance of the LSTM networks, Root-Mean-

Squared-Error (RMSE) is used in the paper, and it is given by

RMSE:Jli(n—Yi)Q (5)

i=1

In our paper, 3 different RMSEs are proposed to describe the accuracy of

capacity fade and cycle life prediction:
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1) RMSE of Capacity Fade Prediction (RCF) is used to evaluate the perfor-
mance of the LSTM network in predicting the capacity fade of the next cycle
based on the previous capacities. Here, Y; is the predicted value given by the
LSTM network, Y; is the corresponding target value in the test set, and n is
the total number of test samples.

2) RMSE of Cycle Life Prediction (RCL) is used to evaluate the performance
of our cycle life prediction algorithm. Here, Y; is the predicted cycle life ob-
tained by the cycle life prediction algorithm, Y; is the observed cycle life of
the corresponding cell, and n is the total number of test cells.

3) RMSE of Capacity Trajectory Prediction (RCT) is used to evaluate the
performance of the cycle life prediction algorithm on long-term capacity tra-
jectory prediction. Here, Y; is the predicted capacity of each cycle obtained
by recursively feeding the LSTM network predictions, Y; is the corresponding
observed capacity, and n is the total number of predicted capacities.
Moreover, considering the difference in the cycle life of cells under different
operation conditions, Percentage Error of Cycle Life (PECL) is also proposed
to describe the accuracy of the cycle life prediction algorithm. It is defined

as

PECL = — Z‘Y Y’ 100 (6)

where Y; is the predicted cycle life of each cell, Y; is the observed cycle life

of the corresponding cell, and n is the total number of test cells.
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4.2. Performance of source model on NCA cells
We first train an LSTM network based on experimental data of NCA cells
(source dataset). The LSTM model predicts the capacity fade for the next

cycle based on the capacities of previous m cycles and cycling temperature.

4.2.1. Influence of the number of input capacities

To investigate the influence of the different number of input capacities m on
the prediction performance, we compare six models with different m. The
source dataset containing 20 NCA cells is randomly divided into a training
set with 16 cells (8 cells at 25 °C and eight cells at 45 °C) and a validation
set with four cells (2 cells at 25 °C and two cells at 45 °C). Six models are
trained on the training set, and the prediction results on the validation set

are shown in Table 2.

Table 2: Comparison of source model performance on NCA cells with different m

m  RCF (mAh) RCL (cycles) RCT PECL
) 0.3471 23.96 43.94 (1.26%)  6.43%
8  0.2557 25.54 50.72 (1.45%)  6.63%
10 01812 20.90 35.98 (1.03%)  4.87%
13 0.1424 14.12  33.69 (0.96%) 4.67%
15 0.1298 25.37 45.74 (1.31%) 7.84%
20 0.1167 27.49 37.58 (1.07%)  6.93%

As shown in Table [2] it is clear that RCF decreases as m increases, as more
capacities can provide more information. The best capacity fade prediction
error at m equals 20 is 0.1167 mAh, only about 1/3 of that at m equals

5. However, unlike the capacity fade prediction results, we also notice that
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a larger m does not guarantee a higher accuracy of cycle life prediction.
RCL, RCT and PECL at m equal 15 and 20 are significantly higher than
those at m equal 10 and 13. One possible explanation for this is that more
inputs make the model more prone to overfitting. When we perform cycle
life prediction, the input to the LSTM network is the predicted value rather
than the actual value, and the error is more likely to accumulate when the
model is overfitted. Considering the prediction accuracy of capacity fade and

cycle life comprehensively, m is chosen to be 13 in the following discussion.

4.2.2. Comparison of different machine learning models

The effectiveness of the proposed LSTM network is benchmarked with other
three commonly used machine learning models, including the elastic net [49],
support vector regression (SVR) [50] and Extreme Gradient Boosting (XG-
Boost) [51], covering a range of linear to nonlinear scenarios. The elastic net
is an extension of the linear model that combines the L; and L, penalties of
the lasso and ridge methods. SVR is a special case of support vector machine
in regression, which was designed to find the optimal decision boundary. The
advantage of SVR over the elastic net is that it can introduce nonlinearity
through different kernel functions, i.e., radial basis function (rbf) kernel, to
improve the performance of the model. XGBoost is an efficient and scalable
implementation of a gradient boosting framework designed for speed and per-
formance. It gives a prediction result in the form of an ensemble of decision

trees and can handle nonlinear relationships.
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Table 3: Performance comparison of different source models on NCA cells

Model RCF (mAh) RCL (cycles) RCT PECL
The elastic net 1.6216 169.62 88.45 (2.53%)  22.73%
SVR 0.3168 23.15 45.28 (1.29%)  6.12%
XGBoost 0.3189 22.62 43.52 (1.24%)  6.17%
LSTM network 0.1424 14.12 33.69 (0.96%) 4.67%

Same as in Section 4.2, 20 NCA cells are randomly divided into training and
validation sets at a 4:1 ratio. All models are trained on the same training set,
and the prediction results on the validation set are reported. Moreover, to
ensure a fair comparison between different models, we compared the perfor-
mance of the model with different hyperparameters. There are two hyperpa-
rameters in SVR, i.e., epsilon and the regularization parameter C. As shown
in Table A1 and Table A2 in Appendix, it is observed that RCF decreases
as (' increases, but a larger C' does not guarantee a higher accuracy of cycle
life prediction. After comprehensively considering the prediction accuracy of
capacity fade and cycle life, the performance of SVR with epsilon of 0.2 and
C of 0.1 was reported in the paper. For XGBoost, we have tested the perfor-
mance with a different number of estimators n_estimators from 1 to 10. The
results shown in in Table A3 in Appendix suggested that n_estimators of 5
have good accuracy for both capacity fade and cycle life prediction. Table
exhibits the performance of different models. The elastic net shows the worst

performance because it cannot capture the complex nonlinear dynamics of
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the battery. SVR and XGBoost demonstrate better prediction accuracy, but
they are still worse than the LSTM network, demonstrating the LSTM net-
work’s superiority for modelling on time series data.

We also compared the performance with the method proposed in Kristen et
al. [33], which established an early-prediction model to predict the cycle life
using data from the first 100 cycles. To be more specific, they proposed a
feature Var(AQ1p0-10(V)), which is the variance of the change in discharge
voltage curves between cycles 10 and 100, and found a strong linear corre-
lation between the logarithm of Var(AQip0-10(V)) and the logarithm of the
cycle life. An elastic net regression combined L1 and L2 regularizer were
then proposed to predict the cycle life based on Var(AQip—10(V)) with
reasonable accuracy. Fig. [6] shows the relationship between the logarith-
mic Var(AQipo-10(V)) and the logarithmic cycle life of our dataset from
20 NCA cells. For all cells, the correlation coefficient is —0.51, which does
not demonstrate a strong correlation. If we consider cells cycled at different
temperatures separately, the correlation coefficient is —0.69 for cells at 25 °C
and —0.88 for cells at 45 °C. Further, we train a model separately for cells
cycled at different temperatures, RCL and RECL on four validation cells are
15.35 cycles and 4.75%, respectively. The results are relatively accurate but
are still slightly worse than our model. Another advantage of our proposed
method is that it can also predict the long-term capacity trajectory, which
cannot be predicted using methods in Kristen et al. Moreover, our model

only needs the capacities of the first 13 cycles as inputs instead of 100 cycles.
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Fig. 6. Logarithmic cycle life vs logarithmic Var(AQ1p0—10(V))

4.2.3. Computational efficiency analysis

To evaluate the feasibility of the practical implementation of the proposed
model, Table [4] compares the computational cost of the four source models
in terms of training time, average testing time of capacity fade prediction
per cycle, and average testing time of cycle life prediction per cell. We use
Python to implement the proposed models and our implementation runs on
a computer with Intel(R) Core(TM) i7-8700K CPU running at 3.70 GHz. As
shown in the table, it can be noticed that the proposed LSTM network con-
sumes more than 500 times the training time compared to the other models
because of the complex structure. However, once we have obtained the model

parameters, the LSTM network only requires a similar amount of time as the
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other models to perform the capacity fade prediction and cycle life predic-
tion. It should be noted that the LSTM network can be deployed in onboard
battery management systems after offline training. In this case, the training
time is not a concern, and we confirm that the proposed method can be used

in practical applications.

Table 4: Computational time of different models on NCA cells

Testing (s)
Capacity fade Cycle life

The elastic net 4.987 x 1072 1.70 x 1077 0.0147
SVR 0.5027 1.15 x 1074 0.0798
XGBoost 0.0628 1.70 x 1076 0.6188
LSTM network 243.6612 7.13 x 107° 0.4548

Model Training (s)

4.3. Effects of transfer learning on predicting NCM cells

After training the source model on NCA cells, to make the model applicable
to NCM cells, we employ the transfer learning method to obtain the target

model, using cycling data of only 2 NCM cells.

4.3.1. Performance of target model on capacity fade prediction of NCM cells
To compare the performance of the source model and target model on ca-
pacity fade prediction, Fig. (7| (a) shows the predicted capacity fade of one
random test cell, while "Experiment’ is the observed capacity fade. To visual-
ize the results, the prediction error is also shown in Fig. (7| (b), where the red
line in the figure is the 'zero’ line, and the closer the data point is to this line,

the smaller the error. As shown in Fig. (7| (b), compared to the source model,
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the prediction error is reduced for most of the cycles after transfer learning.
But, we also noticed that the source model exhibited higher accuracy in the
capacity fade prediction for the first few cycles, which may be because there
are so few samples (only 660 samples) to retrain the model that the target

model cannot capture the aging characteristics of this interval.
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Fig. 7. Capacity fade prediction results for one test cell: (a) Capacity fade versus
cycle number. (b) Prediction error versus cycle number.

To illustrate the average results across all cells in the test set, Table [5| shows
the comparison of RCF for all test samples. Here, all of the test data are
derived from the cycling date of NCM cells at 45 °C and test samples are
independent since our LSTM network directly maps the sequence of the pre-
vious capacities and the capacity fade for the next cycle. From the results in
the table, it is clear that transfer learning can improve the accuracy of the
capacity fade prediction and the RCF can be reduced from 0.1892 mAh to

0.1536 mAh after transfer learning.
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Table 5: Performance comparison of different model on NCM cells at 45 °C

Model RCF (mAh) RCL (cycles) RCT PECL
source model 0.1892 67.39 18.54 (0.53%)  9.35%
target model 0.1536 32.68 35.35 (1.01%)  4.47%

TLO model 1.7104 288.82 60.52 (1.73%)  43.00%
TS model-3050 mAh - 25.23 17.80 (0.51%) 2.74%

To further validate the effectiveness of transfer learning, we also show the
performance of the TLO model, which is trained totally from scratch based
on the experimental data of 2 NCM cells cycled at 25 °C only. The RCF and
RCL on 10 test cells at 45 °C are 1.7104 mAh and 288.82 cycles, respectively.
The poor prediction results show that the influence of temperature cannot
be ignored, and we cannot accurately predict the cycling characteristics of
the battery cycled at 45 °C using only cycling data at 25 °C without transfer
learning. We will only compare the performance of the model_source and

model_target in the following discussion.

4.83.2. Performance of target model on cycle life prediction of NCM cells

We also evaluate the effects of transfer learning on the cycle life prediction,
which is critical for battery usage and management. Here the cycle life
prediction algorithm mentioned in Section 3.3 is implemented. As shown in
Table [f], the source model has an RCL of 67.39 cycles and an RCT of 18.54
mAh (0.53%), while the target model achieves an RCL of 32.68 cycles and
an RCT of 35.35 mAh (1.01%). Specifically, Fig. [8| (a) shows the prediction
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of capacity trajectory over cycles for one random NCM cell in the test set,
where ”Experiment” means the observed capacity curve and the number of
cycles when the cell capacity reaches the end of life (2625 mAh) is defined
as cycle life. Fig. (b) further demonstrates the prediction error with
different cycles. Note that the cumulative error due to the fact that the
inputs to the model are predicted values rather than experimental values is
much larger than the prediction error in Fig. [7| (b). As shown in Fig. |8 (a)
and (b), the source model demonstrates higher accuracy in predicting the
long-term capacity trajectory, especially for the first 400 cycles, but it fails
in predicting cycle life. When we updated the LSTM network with some of
the experimental data from NCM cells, it could be noticed that the accuracy
of the cycle life prediction started to improve. Still, the long-term capacity
trajectory prediction results are not satisfactory because it does not have
good prediction accuracy in the early-cycle stage, and error accumulates as
the number of cycles increases. Moreover, for all test cells, Fig. [§] (c) shows
the capacity trajectory prediction error distribution for the source model.
Most of the prediction errors are concentrated in the range of -20 mAh to 10
mAh, which is excellent relative to the nominal capacity of 3500 mAh. Fig.
(d) illustrates the corresponding cycle life predictions, and all of the predicted
cycle life are lower than the observed cycle life, indicating the difference in
the cycling characteristics of the two batteries. For the target model, Fig.
(e) shows the distribution of the capacity trajectory prediction error, and

most of the prediction errors are concentrated in the range of 20 mAh to
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55 mAh, which are significantly worse than source model. But, for cycle
life prediction, Fig. [§] (f) shows that the target model has higher accuracy

compared to the source model, which is consistent with the results in Table

5l
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diction and (b) prediction error for one test cell. (¢) Distribution of capacity trajectory
prediction error and (d) cycle life prediction for source model. (e) Distribution of capacity
trajectory prediction error and (f) cycle life prediction for target model.

We further analyze the effect of the length of the given initial capacities on

the prediction accuracy, and the results are shown in Fig. @ Fig. |§| (a)
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shows RCL and RCT change with the length of the given initial capacities.
Since RCL and PECL have the same trend with the different lengths of the
given initial capacities, we choose to show only RCL. Here, if the length of
the given initial capacities is greater than 13, we only choose the last 13
capacities as the initial input to the model. For example, when the given
initial capacities length is 50 cycles, we choose the 38th to 50th cycle capaci-
ties as the model input. As shown in the figure, it is clear that the more the
initial capacities are given, the higher the model prediction accuracy. Fig. [9]
(b) and (c) compare capacity trajectory prediction results of source model,
target model and target model with the first 100 initial capacities for one
random test cell, and we can notice that the target model with the first 100
initial capacities has a significantly higher accuracy in capacity fade and cycle
life prediction relative to the other two models. Fig. [0 (d) demonstrates the
capacity trajectory prediction error distribution for the target model with
the first 100 initial capacities. Most of the prediction errors are in the range
of 5 mAh to 30 mAh, which are better than the result in Fig. [§f (e). Fig.
|§| (e) shows the corresponding cycle life prediction result, which exhibits a
higher level of accuracy compared to Fig. |8 (d) and (f). Concretely, for
the target model, RCT, RCT and PECL with the first 100 initial capacities
are only 17.61 cycles, 19.55 mAh (0.56%) and 1.87%, respectively, which are

almost half of these with 13 initial capacities.
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4.4. Two-stage model

A two-stage model is proposed to improve the prediction accuracy further
to address the long-term capacity trajectory prediction for the target model.
The motivation is that the target model loses its prediction accuracy in the
early-cycle stage, so we propose to train two target models, one for the early
stage and the other for the late stage. Specifically, we define a change point
(CP). Cycling data of 2 NCM cells at 25 °C with capacities greater than CP
is used to retrain the source model and obtain the target model 1. Similarly,
target model 2 is obtained by retraining the source model using the cycling
data of 2 NCM cells with capacities less than CP. To make predictions on
test cells at 45 °C, target model 1 is used when the capacity of the cell is
above CP, and we start to use target model 2 when the capacity drops to
CP. We denote our two-stage model as the TS model.

CP balances the data used to retrain the two target models, and different val-
ues of CP have a significant impact on the accuracy of our two-stage model.
Fig. 10| (a) shows the RCL and RCT change with CP for model TS. Same as
in Fig. [9] (a), we choose to show only RCL here as RCL and PECL have the
same trend as CP changes. Note that when CP equals 3175 mAh, no data
are used to retrain target model 1, and all data are used to retrain target
model 2, so target model 1 is the source model, and target model 2 is the tar-
get model. As shown in Fig. (a), both RCL and RCT first demonstrate
a downward trend, followed by slight fluctuations when the CP decreases

from 3175 mAh to 2900 mAh, but they cannot be optimal at one CP value.
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After comprehensively considering the prediction accuracy of cycle life and
capacity trajectory, 3050 mAh is selected as the best CP value for TS model
in our paper. Fig. (b) shows the comparison of capacity fade prediction
of 3 models for one random test cell, and we can notice that the cycle life
prediction error of the TS model is further improved relative to the target
model. To visualize the results of capacity fade prediction, the prediction
error is also shown in Fig. (c). As shown in Fig. (c), compared to
the source model and target model, the prediction error of the TS model for
most of the cycles is significantly reduced. Fig. (d) shows the distribution
of capacity trajectory prediction error for all cells, and most prediction errors
for the T'S model are in the range of -5 mAh to 30 mAh, which are better
than the results of the target model. Fig. (e) demonstrates the cycle life
prediction result of the T'S model, and it is clear that there is a significant
improvement in accuracy compared to the source model and target model,
which confirms the effectiveness of the proposed TS model. Specifically, as
shown in the Table [5 the TS model with 3050 mAh as CP can achieve an
RCL of 25.23 cycles and a PECL of 2.74% with a guaranteed high RCT
accuracy (17.80 mAh, 0.51%), which are all better than source model and

target model.
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Fig. 10. Performance of the proposed two-stage model: (a) RCL and RCT change
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4.5. Comparison of different transfer learning strategies

To further verify the effectiveness of the proposed transfer learning strategy
of retraining the last two layers of the LSTM network, we compare the per-
formance of retraining only the last layer and retraining the last three layers,
denoted as LSTM-TL1 and LSTM-TL3, respectively. The results show that
LSTM-TL1 has an RCF of 0.1418 mAh, which is lower than the proposed
target model from retraining the last two layers of the LSTM network, but an
RCL of 42.40 cycles, an RCT of 36.61 mAh (1.05%) and a PECL of 5.62%
are worse than target model. With regards to LSTM-TL3, it achieves an
RCL of 24.64 cycles, an RCT of 31.12 mAh (0.89%) and a PECL of 3.29%,
which are better than target model, but an RCF of 0.1607 mAh is inferior to
target model. Additionally, the proposed TS model-3050 mAh outperforms
LSTM-TL3 in terms of RCL, RCT and PECL.

We also apply the two-stage model to LSTM-TL1 and LSTM-TL3 to further
demonstrate the superiority of the proposed method. Table [6] and Table [7]
compare the performance of the two-stage model on LSTM-TL1 and LSTM-
TL2 with different CPs, respectively. As shown in Table[6] for the two-stage
model on LSTM-TL1, RCL, RCT and PECL first show a downward trend,
followed by a slight upward trend and fluctuations when CP changes from
3175 mAh to 2900 mAh. Considering both the cycle life and capacity tra-
jectory predictions, the optimal CP is determined to be 3000 mAh, and the
model achieves an RCL of 23.75 cycles, which is slightly better than TS
model-3050 mAh, but an RCT of 18.00 mAh (0.51%) and a PECL of 2.84%
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are worse than the proposed TS model. As shown in Table[7] the two-stage
model on LSTM-TL3 has the best capacity trajectory prediction at CP of
3000 mAh, with an RCT of 15.37 mAh (0.44%), but with remarkably high
RCL of 33.57 cycles and PECL of 3.68%, which are inferior to the proposed
TS model-3050 mAh. By comprehensively comparing the performance of
the proposed transfer learning strategy with LSTM-TL1 and LSTM-TL2, it
can be concluded that our TS model-3050 mAh provides a better balance
between cycle life prediction and capacity trajectory prediction.

Table 6: Performance of the two-stage model on LSTM-TL1 with different CPs

CP RCL (cycles) RCT PECL
source model 67.39 18.54 (0.53%)  9.35%
3175 mAh 39.74 34.33 (0.98%) 5.33%
3150 mAh 38.57 33.47 (0.96%)  5.20%
3125 mAh 34.38 30.53 (0.87%)  4.67%
3100 mAh 26.76 2471 (0.71%)  3.58%
3075 mAh 25.07 22.72 (0.65%)  3.33%
3050 mAh 23.29 19.90 (0.57%) 3.07%
3025 mAh 23.15 19.81 (0.57%)  3.05%
3000 mAh 23.75  18.00 (0.51%) 2.84%
2975 mAh 24.24 18.19 (0.52%)  2.73%
2950 mAh 23.40 19.77 (0.56%)  2.84%
2925 mAh 24.80 18.90 (0.54%)  2.74%
2900 mAh 24.36 20.60 (0.59%)  2.71%
LSTM-TL1 42.40 36.61 (1.05%) 5.62%
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Table 7: Performance of the two-stage model on LSTM-TL3 with different CPs

CP RCL (cycles) RCT PECL
source model 67.39 18.54 (0.53%)  9.35%
3175 mAh 23.48 27.43 (0.78%)  3.15%
3150 mAh 23.29 26.29 (0.75%)  3.07%
3125 mAh 23.41 23.29 (0.67%)  2.89%
3100 mAh 27.24 18.21 (0.52%)  2.87%
3075 mAh 28.50 17.03 (0.49%)  3.01%
3050 mAh 31.24 15.80 (0.45%)  3.40%
3025 mAh 31.27 15.97 (0.46%)  3.42%
3000 mAh 33.57 15.37 (0.44%) 3.68%
2975 mAh 33.22 16.19 (0.46%)  3.65%
2950 mAh 30.50 17.89 (0.51%)  3.32%
2925 mAh 31.59 17.91 (0.51%) 3.45%
2900 mAh 29.93 19.70 (0.56%)  3.23%
LSTM-TL3 24.64 31.12 (0.89%) 3.29%

5. Conclusions

In this paper, an LSTM network combined with transfer learning is proposed
to predict lithium-ion batteries’ capacity fade and cycle life. The number of
input capacities m is 13 to provide both high capacities fade and cycle life
prediction accuracy. This LSTM network was initially trained on cycling
data from 20 NCA cells, and after transfer learning with cycling data from 2
NCM cells at 25 °C, the RMSE of capacity fade prediction for NCM cells at
45 °C can be reduced from 0.1892 mAh to 0.1536 mAh. Feeding the LSTM
neural network predictions can yield long-term capacity trajectory and cycle
life prediction. Our results show that the model after transfer learning can

reduce the cycle life RMSE from 67.39 cycles to 32.68 cycles with only the
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first 13 initial capacities. The model prediction accuracy can be improved if
we give more initial capacities, and the proposed model_target can realize a
cycle life RMSE of 17.61 cycles and a capacity trajectory RMSE of 19.55 mAh
(0.56%) with the first 100 initial capacities. A two-stage model is further
proposed to improve prediction accuracy, and CP is defined to balance the
data used to retrain the two target models. By selecting an appropriate CP,
the two-stage model achieves a cycle life RMSE of 25.23 cycles based on
ensuring accurate capacity trajectory prediction (17.80 mAh, 0.51%). The
success of the proposed method confirms the potential of transfer learning in
modeling battery aging for different types of lithium-ion batteries. More data
under different temperatures and dynamic loading profiles will be collected in
the future to help the model learn different degradation patterns and improve

the generalizability of the model.

Appendix

Table Al: RCF (mAh) comparison for different epsilon and C in SVR

N 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
epsilon

0.1 0.2990 0.2194 0.1756 0.1526 0.1383 0.1304 0.1238 0.1192 0.1153 0.1105
0.2 0.3168 0.2450 0.2224 0.1984 0.1863 0.1805 0.1779 0.1717 0.1663 0.1602
0.3 0.3360 0.2794 0.2621 0.2469 0.2473 0.2507 0.2456 0.2420 0.2263 0.2200
0.4 0.3639 0.3326 0.3211 0.3147 0.3103 0.3153 0.3041 0.2874 0.2822 0.2803
0.5 0.4062 0.3852 0.3791 0.3715 0.3619 0.3577 0.3360 0.3180 0.3059 0.3008
0.6 0.4735 0.4426 0.4464 0.4597 0.4463 0.4186 0.4036 0.3926 0.3856 0.3794
0.7 0.5304 0.5087 0.5166 0.5320 0.5410 0.5132 0.4909 0.4824 0.4775 0.4672
0.8 0.5912  0.5753 0.5853 0.5987 0.6136 0.6150 0.6095 0.6091 0.6020 0.6029
0.9 0.6475 0.6425 0.6608 0.6752 0.6839 0.6849 0.6805 0.6736 0.6764 0.6818
1.0 0.7115 0.7233 0.7379 0.7598 0.7651 0.7565 0.7546 0.7518 0.7526 0.7543
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Table A2: RCL (cycles) comparison for different epsilon and C' in SVR

N 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
epsilon

0.1 26.98 2647 4196 7231 85.17 111.72 12855 152.66 157.22 169.12
0.2 23.15 43.64 99.70 100.39 102.13 106.63 115.65 108.03 99.14 72.24
0.3 32.33 8230 119.09 130.23 138.20 143.48 144.54 143.45 131.63 119.82
0.4 56.26  102.46 123.66 134.47 138.96 144.24 142.20 139.41 142.96 146.06
0.5 7341 11048 123.26 132.77 135.86 140.05 136.56 128.20 119.23 116.45
0.6 91.18 112.55 132.38 142.79 145.58 144.88 142.79 142.79 143.93 144.94
0.7 104.04 125.81 14533 160.71 165.61 167.33 168.74 171.97 176.18 178.33
0.8 12790 142.48 163.51 173.32 178.93 183.19 188.81 193.06 195.21 19591
0.9 141.03 161.32 177.49 185.25 190.16 195.12 198.67 200.08 202.89 204.29
1.0 157.07 178.85 190.82 198.59 202.80 207.06 209.59 210.58 211.28 211.99

Table A3: Performance comparison of XGBoost with different n_estimators

n_estimators RCL (mAh) RCL (cycles) RCT PECL
1 0.5819 67.87 76.98 (2.20%)  15.39%
2 0.3659 28.55 46.02 (1.31%)  5.29%
3 0.3437 23.22 43.69 (1.25%)  5.54%
4 0.3292 93.22 43.26 (1.24%)  5.98%
5 0.3189 22.62  43.52 (1.24%) 6.17%
6 0.3101 22.68 44.25 (1.26%)  6.32%
7 0.3039 24.92 45.32 (1.29%)  6.77%
8 0.2975 24.11 43.99 (1.26%) 6.28%
9 0.2911 25.19 45.00 (1.29%)  6.98%
10 0.2865 24.19 44.59 (1.27%) 7.01%
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