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Abstract: With the global surge in electric vehicle (EV) deployment, driven by enhanced environ-
mental regulations and efforts to reduce transportation-related greenhouse gas emissions, managing
the life cycle of Li-ion batteries becomes more critical than ever. A crucial step for battery reuse
or recycling is the precise estimation of static capacity at retirement. Traditional methods are time-
consuming, often taking several hours. To address this issue, a machine learning-based approach is
introduced to estimate the static capacity of retired batteries rapidly and accurately. Partial discharge
data at a 1 C rate over durations of 6, 3, and 1 min were analyzed using a machine learning algorithm
that effectively handles temporally evolving data. The estimation performance of the methodology
was evaluated using the mean absolute error (MAE), mean squared error (MSE), and root mean
squared error (RMSE). The results showed reliable and fairly accurate estimation performance, even
with data from shorter partial discharge durations. For the one-minute discharge data, the maximum
RMSE was 2.525%, the minimum was 1.239%, and the average error was 1.661%. These findings
indicate the successful implementation of rapidly assessing the static capacity of EV batteries with
minimal error, potentially revitalizing the retired battery recycling industry.

Keywords: retired lithium-ion battery; reuse; static capacity; machine learning; rapid estimation

1. Introduction

The rapid increase in the use of electric vehicles (EVs) is contributing to significant
reductions in greenhouse gas emissions from transportation systems that used to depend
only on an internal combustion engine (IC), which accounts for about 20% of global
emissions [1]. This increase in EV usage has caused significant growth in the lithium-ion
(Li-ion) battery market. However, this growth is also bringing about inevitable challenges
related to the disposal of used Li-ion batteries after their initial application in EVs [2,3].
The retired batteries referred to here include those that have decreased to 80% or less
of their initial capacity, those with a long service life, or those that have been replaced
due to a sudden accident [4]. Recent studies estimate that the number of retired batteries
generated from electric vehicles will increase dramatically after 2030 [5]. Finding ways to
recycle electric vehicle batteries that have reached the end of their life and ways to reuse
the static capacity of retired batteries has now become a necessity rather than an option.
This is important for sustainable resource management and environmental protection. To
achieve the above objectives, it is very important to accurately and quickly estimate the
static capacity of batteries from electric vehicles after their initial use to make decisions
between recycling and reusing, i.e., remanufacturing [6]. A lot of research has been carried
out for this purpose [7-10].

1.1. A Review of SOH Estimation Method for Li-lon Batteries

A battery’s static capacity or health status is called its state of health (SOH), which can
be defined as a performance measure in terms of the power and energy that the battery can
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deliver relative to its original capacity [9]. One of the SOH definitions can be expressed as
shown in Equation (1).

SOH(%) = Remaining capacity of the battery < 100 1)
)~ "Nominal capacity of the battery

In previous studies, various methodologies have been employed to estimate a battery’s
SOH. These methods include direct measurements of voltage, current, and temperature;
filter-based estimation; and electrochemical model estimation. The method of directly
measuring data such as the voltage, current, etc., of a battery has the advantage of high
estimation accuracy for the SOH because it directly measures the real-time changing data
of the battery. This method is also useful for battery management because it can monitor
the state of the battery in real time [11,12]. However, to estimate the SOH using data
directly measured from the battery, it is necessary to develop algorithms accordingly. One
disadvantage is that the accuracy of SOH estimation may decrease depending on the
precision of the measurement equipment or the error of the sensor [13,14]. Filter-based
estimation methods offer several advantages. They can enhance the accuracy of SOH
estimation by accounting for the nonlinearity of the battery model. They can estimate the
SOH in real time in both online and offline environments. Additionally, they are highly
adaptable, as they can reflect the changes in characteristics as the battery ages [15]. However,
this approach is subject to the limitation that the process of linearizing the nonlinearity
of the battery may introduce errors, and it also has difficulties in modeling the complex
chemical structure of the battery [16,17].

To compensate for these drawbacks and to achieve fast and accurate estimation,
recent research has adopted machine learning techniques, also known as data-driven
methods [18-20]. This approach paves the way for directly processing traditional data
streams to estimate the target value faster and with higher accuracy. These machine
learning-based methods also leverage data on battery aging characteristics to develop
estimation models for the SOH, assembling extensive datasets (such as current, voltage,
resistance) for training and evaluation and utilizing various machine learning algorithms
for estimation. While it has the disadvantage of requiring a significant amount of training
data to improve estimation accuracy, this approach offers the advantage of adaptable SOH
estimation under different environmental conditions and operational scenarios [21-24].

Conventionally, methods for diagnosing the static capacity of Li-ion batteries include
full charge/discharge/pulse discharge, the internal resistance measurement method, and
the EIS (electrochemical impedance spectroscopy) measurement method [25]. Particularly
in Korea, a low-current (i.e., 0.1 to 0.3 C) full discharge method is used to diagnose batteries
with high precision following the Korea Battery Industry Association standard. Although
they have the advantage of being able to measure static capacity with high precision, using
these traditional methods is time-consuming and increases the financial burden. Methods
for accurately diagnosing the static capacity of retired batteries have been developed with
varying degrees of accuracy but typically require significant time for data processing and
capacity estimation [26]. If conventional methods are used for the evaluation of retired
batteries, it seems obvious that the bottleneck of the long processing time would result in
significant economic and environmental losses [6].

Although numerous researchers have successfully addressed the challenge of estimat-
ing the static capacity of a battery, few studies have been conducted on diagnosing it rapidly.
While deep learning methods have demonstrated promising results in estimating the static
capacity of batteries, these machine learning estimation methods are typically studied in
isolation, making it challenging to discern their relative strengths and weaknesses [23].
In this study, we developed a methodology to estimate the static capacity of lithium-ion
batteries using a machine learning-based model. This model differs from other studies in
that it employed 1 min partial discharge data at a 1 C rate to estimate a battery’s capacity
in a rapid and precise manner. Furthermore, this study differs from previous studies in
that it designed its own experiments and conducted experimental validation using the
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data, in contrast to other studies that demonstrate comparable performance by utilizing
publicly available experimental datasets from NASA or Oxford to assess battery health
status [27,28].

This study aimed to diagnose the static capacity of aging batteries rapidly and accu-
rately in electric vehicles. Time series data of cylindrical lithium-ion batteries in various
stages of degradation were analyzed to estimate the static capacity of the batteries after use
using a recurrent neural network (RNN)-based model. This fast diagnostic method has the
advantage of quickly assessing the reusability of batteries, which can reduce the economic
costs incurred in the reuse and recycling processes and create a more competitive industrial
structure. Consequently, this study presented a methodology that can significantly enhance
the industrial and economic benefits associated with the diagnosis of end-of-life batteries
in electric vehicles.

1.2. Structure of the Paper

The structure of this paper is organized as follows: Section 1 describes the research
background and the necessity, objectives, and outcomes of this study. Section 2 details
the experimental setup and methods, along with the specifications of the equipment used
to acquire input parameters for battery static capacity estimation. Section 3 discusses the
algorithm used in this study, an RNN-based model. Section 4 analyzes the results of the
battery static capacity estimation algorithm when utilizing input parameters measured
through various experiments. Section 5 provides the conclusion of the current study and
summarizes the limitations of the study and future work.

2. Experimental Setup and Methodology
2.1. Experimental Configuration

In this study, data from cylindrical Li-ion batteries, typically found in electric vehicle
applications, were used for the analysis with machine learning algorithms. The batteries
used in the experiments were NMC (Nickel Manganese Cobalt) series Li-ion batteries
and, more specifically, the ‘INR21700-40T” model shown in Figure 1la. A picture of the
experimental equipment used in the current study is also provided in Figure 1b. The
specifications of the battery samples used in the experiments are summarized in Table 1,
and the specifications of the experimental equipment, i.e., a cylindrical battery cycler, are
also supplied in Table 2.

Figure 1. Experimental setup. (a) Tested cell: INR21700-40T; (b) cylindrical cell cycler.

In the current research, the experiments were conducted mainly in two parts. The
first part was to measure transient voltage data during a specified discharge time period.
During this measurement part, the direct current internal resistance (DCIR) was acquired
after standard charging, and, after that, discharge characteristic data, i.e., the transient
voltage response, were measured after a prescribed resting period to ensure electrochemical
stability [29]. The second part was to age battery cells intentionally for a prescribed number
of cycles. The aging was performed for 100 cycles with constant-current charging and
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discharging at a rate of 2 C. A flowchart to describe the experimental sequence is provided
in Figure 2, and it shows a subsequence to acquire the transient voltage response and to
measure the static capacity of the batteries in their corresponding aging state, aiming to
correlate the transient voltage response data with the static capacity data in the respective
aging state.

Table 1. Specifications of batteries used in the experiments.

Parameter Value Unit

Nominal capacity 4000 mAh
Charging cut-off voltage 4.2 £+ 0.05 \%
Nominal voltage 3.6 \Y%
Discharging cut-off voltage 25 \%
Cell weight 70.0 g

Table 2. Specifications of battery charge/discharge equipment, APC-5V20A battery cycler.

Rest (1hour) Rest (1 hour)

Category Specification Unit
Rated voltage 0~5 \Y
Rated current 20/each channel (40 CH) A
Data processing 10 ms
Full Scale + 0.05 %
Accuracy Voltage, Current Full Scale £+ 0.1
Power Full Scale + 0.2
o osc s o et | I e R o =
2 [
| | I
[ o]

]

Transient Response measurement
(1C-rate, 6/3/1min, CC Discharge)

0.1C-rate CC discharge
2.5V cutoff No
¥ 100 Cycle
| DCIR | ’ Rest (1 hour) | "
es
¥ v
[ o] [ emes ]
SOH < 80%

or
OCV = minimum
operating voltage

Figure 2. Flowchart of the experiments.

As the main goal of this study was to reduce the estimation time for the battery’s
static capacity, parametric experiments were carried out for the cases of a 6 min, 3 min,
and 1 min discharge period, respectively. In earlier research, training data were collected
through constant-current discharging at a rate of 1 C, and the researchers of that study
employed a linear regression to assess the static capacity of batteries with the data obtained
through partial discharging at 10% state of charge (SOC) intervals [30]. A 10% SOC
interval was implemented with a 6 min partial discharge at a 1 C rate, and by utilizing
voltage characteristic data, the method effectively used the voltage data at various SOCs
to take aging into account for the successful estimation of the static capacities. In order
to highlight the current parametric experimental study, partial discharge characteristic
data were obtained at a 100% SOC down to a 0% SOC at a 1 C rate for 6 min, 3 min, and
1 min intervals. When discharging for 6 min using a constant-current 1 C rate, 10 steps
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of discharging were performed, which means the amount of 10% SOC discharge using
a Coulomb counting method during 3 min and 1 min of discharging represented SOC
changes of 5% and 1.67%, respectively, and 20 steps and 60 steps of discharging, respectively.
The coulomb counting is illustrated in Equation (2). After the above process was repeated
and the termination condition was reached, the actual static capacity of the battery was
measured through a low-current discharge and charging process to measure the static
capacity of the battery.

()
Jo Cy

A total of 15 battery cells (5 for each experimental condition) were used for the experi-

ment to ensure accurate and diverse data collection. The collected data were preprocessed
to observe aging characteristics and electrochemical changes to improve the accuracy and
relevance of the subsequent machine learning models. The working hours spent on the
completion of the experimental sequence shown in Figure 2 are summarized in Table 3.
In this study, the experiments were conducted until the static capacity of the batteries
decreased to less than 80%. To verify the integrity of the training and validation data,
a random sample was drawn from each experiment, and the decreasing trend of static
capacity was analyzed. The change in static capacity due to the aging process of randomly
selected samples for each experiment is shown in Figure 3. It shows how the static capacity
of a battery changes over the aging cycle. It is important to note here that when the battery
is discharged using a 1 C-rate current under three different discharge time conditions
(6 min, 3 min, and 1 min), there is little difference in the declining trend of the battery’s
SOH. This consistent result suggests that the battery’s static capacity can be effectively
estimated simply using one minute of discharge data.

SOC(t) = SOC(0) — dt )

Table 3. Working hours required for data acquisition based on the discharging period.

Experiment Step 1C 6 min 1 C3 min 1C1min Unit
Measurement Ste *TR + DCIR 15 25 64 Hour
P Static Capacity 25 25 25 Hour
Aging Step 100 100 100 Hour

Total
(100 cycle) 140 150 189 Hour

Total
(1000 cycle) 1400 1500 1890 Hour

* TR stands for transient response, which is the step of measuring the partial discharge voltage. Refer to Figure 2 for
the experimental process. When aging was implemented using the cylindrical battery “21700-40T", static capacity
was measured to be less than 80% after 1000 cycles, and experiments were conducted for up to 1000 cycles.

State of Health {SOH) Over Cycles

100 u Datasets |
—e— 1C6min
—=— 1C 3min
95 1C 1min

K

75 . .

o 200 400 600 800 1000
Cycle

Figure 3. Changes in battery’s static capacity along aging cycles.

2.2. Data Analysis

Prior to applying the machine learning scheme, a careful data analysis was carried out
with incremental capacity analysis (ICA) and differential voltage analysis (DVA), which
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are discussed in a later section, to generate parameters reflecting the aging characteristics
of the batteries for further analysis with various machine learning algorithms. Moreover,
the analysis utilized the characteristics of the discharge voltage measured after aging,
specifically focusing on the voltage response characteristics indicative of aging.

2.2.1. Transient Voltage Response Analysis

In this research, training data for machine learning were obtained through constant-
current discharging at a 1 C rate for three different discharging periods, namely 6 min,
3 min, and 1 min, to systematically evaluate the effectiveness among them in an attempt to
come up with a faster yet reliable methodology.

Initially, the data obtained through partial discharging for 6 min at a 1 C rate for
every 10% SOC were used to link the transient voltage data with the static capacity at
the corresponding age through RNN-based machine learning algorithms. The fidelity of
the estimation method utilizing an RNN-based machine learning algorithm was verified
by separating the learning dataset and the validation dataset completely. After that, the
studies were then expanded to include 3 min and 1 min discharges at a 1 C rate. A series of
transient discharge voltage graphs at various aging states are illustrated in Figure 4.

Figure 4 illustrates the transient voltage characteristics during the partial discharge
interval for each measurement cycle. For the machine learning application, only the
transient voltage responses during the partial discharge period, excluding the data from the
relaxation period, were employed in the training and validation processes. The transient
voltage responses depicted in Figure 5 represent a segment of the voltages obtained during
the different partial discharge experiments in Figure 4a—c.

For each experiment, discharge voltage data were measured at every 0.2 s. In other
words, for the 6 min discharge period, 1801 voltage data points were acquired during a 10%
SOC discharge. For the 3 min discharge, 901 voltage data points were acquired, and for the
1 min discharge, 301 voltage data points were acquired. As the battery aged, the voltage
drop became more prominent due to the increase in the internal resistance of the battery
cells. This affected the learning and validation data collection in low SOC cases where the
transient voltage during discharging at low SOC levels reached the cut-off voltage, limiting
the discharge process for safety reasons. As shown in Figure 6a, the numbers of data points
acquired during the discharge period decreased as the SOC level decreased in all cases, i.e.,
for the 6 min, 3 min, and 1 min discharges. An expanded plot of the number of data points
acquired for the case of the 1 min discharge is provided for a better understanding of the
situation. Therefore, the section of a 30% SOC or less, where the number of data points was
lower than that of normal cases, was cut out and not used for machine learning.

4200 1C-rate CC Discharge,6min

4,000

3,800

3,600

3,400

3,200

Voltage (mV)

3,000

2,800

2,600

0 5000 10,000 15,000 20,000 25000 30,000 35,000 40,000
Time (sec)

(a)

Figure 4. Cont.
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Figure 4. Transient voltage response with different discharge periods. (a) 1 C-rate 6 min discharge;
(b) 1 C-rate 3 min discharge; (c) 1 C-rate 1 min discharge.
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Figure 5. Typical transient voltage responses. (a) 1 C-rate 6 min discharge; (b) 1 C-rate 3 min
discharge; (c) 1 C-rate 1 min discharge.
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Figure 6. Number of acquired transient voltage data points with aging during partial discharge.
(a) Number of acquired data points with aging; (b) number of acquired data points with aging for a
1 min partial discharge.

2.2.2. Incremental Capacity Analysis

Li-ion batteries experience a decrease in electrochemical stability as they age, which
can lead to reduced performance and capacity. The decrease in capacity and changes in
the voltage drop pattern associated with aging in Li-ion batteries can be analyzed in detail
using incremental capacity analysis (ICA). ICA is a method used to non-destructively
investigate the capacity state of a battery by tracing the electrochemical characteristics of
the cell [31]. It analyzes the changes in a battery’s capacity with respect to the battery’s
voltage over entire or partial cycles. Equation (3) represents the formulas used in the ICA
analysis to observe the changes in capacity relative to the changes in voltage. The ICA
value is a differential value that represents the relationship between the charge and the
voltage. The change in voltage when charging or discharging the battery is measured and
displayed on a graph, and then the rate of change in charge at a specific voltage is observed.
Through this, the change in charge is observed. The state and progress of internal chemical
reactions can be estimated [32]. Through this, the concept of capacity loss in Li-ion batteries
can be analyzed by dividing it into the loss of active material (LAM) and the loss of lithium
inventory (LLI) [33]. Figure 7 show an ICA performed by organizing the data obtained from
this experiment. A graph is shown for the discharge process, with the x-axis representing
voltage (V) and the y-axis representing the charge change over the voltage change (dQ/dV).
The section where dQ/dV is indicated as a negative number shows that the initial voltage
gradually increases due to the electrochemical reaction that occurs in the discharge section,
and the electrochemical reaction is maintained stably in the voltage stabilization section
(voltage relaxation). The specific peak point during the discharge process varies with aging.
During the discharge process, a peak appears as lithium ions are extracted. The reason for
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the peak shift with aging is because the internal negative resistance increases due to the
increase in the solid electrolyte interphase (SEI) layer with aging.

dQ _, dt AQ

€= v S av 3)

Ocycle
100cycle
200cycle
300cycle
400cycle
500cycle
600cycle
700cycle
800cycle
900cycle
1000cycle

e B Y A > <« @

dQ/dV (Ah/V)
|

-4

2.6 2.8 3.0 3.6 3.8 4.0 4.2

3.2 3.4
Voltage (V)
Figure 7. dQ/dV with respect to voltage with aging as a parameter.

2.2.3. Differential Voltage Analysis

The ICA method and the DVA method are the main technologies used to evaluate
the health status of Li-ion batteries. The ICA method is used to identify and separate
independent components within a battery and has the disadvantage of requiring a large
amount of data. On the other hand, the DVA method is used as a method to analyze the
voltage change in a battery, determine the imbalance between cells, and evaluate the state
of the battery. Figure 8 shows a DVA performed by organizing the data obtained from this
experiment. The graph shows the discharge process, with the x-axis representing V and the
y-axis representing the voltage change over the charge change (dV/dQ).

% e Ocycle
0.0 1x10 S v. —100cycle
a4 200cycle
<« 300cycle
» 400cycle
05 = 500cycle
» 600cycle
- 700cycle
2 800cycle
<
< / 900cycle
~ _1.0 1000cycle
>
T
=~
(=%
h-]
=15
-2.0
2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2

Voltage (V)

Figure 8. dV/dQ with respect to voltage with aging as a parameter.

DVA is a quantitative method for evaluating the static capacity of a battery. It considers
several important parameters related to the battery’s capacity, internal resistance, and
voltage characteristics. The main parameter is dV/dQ, which shows the voltage change
according to the capacity change. It is used in an inverse-function relationship with the
ICA method and plays a complementary role. In this study, the ICA method and the DVA



Batteries 2024, 10, 191

10 of 17

method were used to organize data to be learned for machine learning. The experiment
differed from the existing DVA method in that data were acquired through partial discharge
at a constant 1 C-rate current. Consequently, the current value was determined to be a
fixed value, and the voltage change over time was observed and used as learning data.
Equation (4) represents the relationship between the ICA and the DVA and was used as a
key parameter for machine learning in this study.

1 dv. _ dv

IC —DVA—IXE—@ 4)
The data acquired through the ICA method and the DVA method could be used to
observe changes in voltage and capacity due to aging, and therefore, they were selected as
input parameters for the machine learning algorithm to estimate the health status of Li-ion
batteries. In addition, to improve the performance of the estimation model, additional data
that can be acquired during the discharge process were also utilized. Through this process,
the model was able to learn the correlation between existing discharge characteristics and

the health status of Li-ion batteries.

3. Deep Learning-Based Estimation Methodology

This research examines various methodologies for estimating battery health through
the use of electrical and physicochemical measurements, including voltage, current, and
temperature. It places a particular emphasis on machine learning and data-driven ap-
proaches, with a focus on deep neural network models.

The most prominent deep neural network models include convolutional neural net-
works (CNNSs), recurrent neural networks (RNNs), generative adversarial neural networks
(GANSs), autoencoders, and perceptrons. In this study, an RNN-based model was employed,
which has been demonstrated to be effective for processing time series data. RNNs are
particularly well suited for estimating the state of health (SOH) of batteries due to their
proficiency in handling time-dependent data. The inherent nature of a battery’s SOH,
which varies over time, aligns seamlessly with the capabilities of RNNs to effectively learn
and carry out estimation from time series data. One of the defining characteristics of RNNs
is their memory function, which enables the model to retain and utilize previous state in-
formation, thereby facilitating more accurate estimation based on historical data. Moreover,
RNNS’s possess a robust ability to model complex nonlinear relationships, a crucial attribute
given that a battery’s SOH is influenced by various nonlinear factors [20,22,34]. Collec-
tively, these insights demonstrate the suitability of RNNs for battery SOH estimation. They
exploit their strengths in time series data processing, memory utilization, and nonlinear
modeling capabilities.

The algorithm utilized in this study employed an RNN-based model, which is effective
for processing time series data because it can detect the temporal continuity of voltage
response characteristics and electrochemical changes as batteries age. The basic structure of
an RNN is depicted in Figure 9. Equations (5) and (6) illustrate the fundamental structure
of the RNN depicted in Figure 9. RNNs consist of interconnected layers that facilitate the
processing of sequential data over time [35]. At each time step, the input layer receives
time series data, such as partial discharge voltages and currents acquired over the aging
stages of the battery. These inputs are then processed through recurrent connections, where
information from previous time steps is incorporated to generate an output at the current
time step. This recurrent nature enables the network to capture temporal dependencies and
make estimations based on historical information. Finally, the output layer represents the
static capacity of the battery, providing valuable insights into its health and performance.

Yt = Wayht + by ®)
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a<0> see — 3!

ix<2>

Figure 9. Architecture of an RNN.

The experimental dataset for battery aging was obtained through experimentation,
where 15 Li-ion (21,700) cells with a capacity of 4 Ah were cycled at room temperature
(RT) to 72% of their nominal capacity. The framework of the learning process consists of
several steps: data preprocessing, training, and testing the RNN-based modeling algorithm.
The process of deriving estimates using this model is depicted in Figure 10. Following the
removal of outliers, the application of min—-max normalization, and the division of the data
into a training set and a test set, the hyperparameter tuning of the model was initiated.
Table 4 presents the parameter tuning of the estimation model. The model was constructed,
and the testing environment was configured using MATLAB 2023a.

RNN based SOH estimation model construction steps

Inpul data Sequence Learning
Voltage Capacity : -
oy . T W <o oo
Current Temperature
. wocye - ST sok ot 000cyce
Resistance L

Battery Cell Test

(Aging, Measurement) Acquiring raw data Data pre-processing

SOH Estimation model Test
1C-rate CC
Discharge, 6min
e e Trained
Discharge, 3min » RNN based iy ‘_L"‘—H_

Estimation Model B TR e o
1C-rate CC .
Discharge, Tmin

Test experiments Model Learning Estimation result

Figure 10. Overall flow chart for the constructed ML model.

Table 4. Parameter settings for the ML-based model.

Parameter Value Setting
Optimizer Adam
Learning Rate 0.01
Mini Batch Size 30
Epochs 1500
Dropout Rate 0.1

4. Analysis Results

In order to extract the characteristics of the voltage change over time and parameters
that can indicate the relationship between the voltage change and the capacity, the discharge
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of CC at a rate of 1 C for various time periods, such as 6 min, 3 min, and 1 min, was
performed. These experiments were then used as training data for static capacity diagnosis.
For each experiment, five samples were utilized to obtain data, with three of the obtained
datasets employed for training the model and the remaining two datasets utilized for
validation and testing, respectively. An RNN-based model was employed to estimate the
SOH utilizing the acquired data.

For the training data, data from the interval of 100% to 30% SOC, which corresponds
to 70% of the depth of discharge (DoD), were used for model training and testing in order
to increase the precision of the diagnosis. The evaluation metrics employed to assess the
performance of the estimated models were the mean absolute error (MAE), the mean square
error (MSE), and root mean square error (RMSE) of each experimental result. These metrics
are commonly utilized in machine learning and deep learning. The evaluation methods are
defined in Equations (7)—(9).

n

1
MAE = EZ Qmaxpredicti — Qmaxyeq; @)
i=1
1{ 2
MSE = EZ (Qmaxpredicti - Qmaxmlli) ®
i=1
1 2
RMSE = i/nz (Qmaxpredicti - Qmaxreali) (9)
i=1

The performance of the ML model was evaluated by comparing the RMSE data based
on training data partially discharged for 6 min, 3 min, and 1 min ata 1 C rate. The validation
results for each experiment are presented in Table 5.

Table 5. Comparison of various errors from 6 min, 3 min, and 1 min discharge data.

Value 6 min Data 3 min Data 1 min Data Unit

Max 0.03109 0.025189 0.024069 -

MAE Min 0.010126 0.010138 0.010316 -
Average 0.018463 0.015386 0.0153181 -

Max 0.001667 0.0001 0.000637 -

MSE Min 0.000151 0.000178 0.000153 -
Average 0.000644 0.000403 0.000283 -

Max 4.0816 3.1677 2.5255 %

RMSE Min 1.2289 1.3343 1.2385 %
Average 2.4909 1.9805 1.6609 %

The MAE values, as shown in Table 5, indicate the average magnitude of the errors
between the estimated and actual values. For the 6 min partial discharge data, the max-
imum error was 0.03109, the minimum error was 0.010126, and the average error was
0.018463. For the three-minute partial discharge data, the maximum error was 0.025189,
the minimum error was 0.010138, and the average error was 0.015386. For the one-minute
partial discharge data, the maximum error was 0.024069, the minimum error was 0.010316,
and the average error was 0.0153181. These results indicate that the model’s estimations
are more accurate with shorter discharge times, as evidenced by the decreasing average
MAE with decreasing discharge duration.

The MSE values, which represent the average of the squared differences between the
estimated and actual values, provide insight into the variance of the estimation errors. The
MSE values for the 6 min, 3 min, and 1 min partial discharge data were 0.001667, 0.0001,
and 0.000637 (max), respectively, with a minimum value of 0.0001. The MSE values for the
51, 0.000178, and 0.000153 (min) datasets were 0.000644, 0.000403, and 0.000283 (average),
respectively. The lower mean squared error (MSE) values for the shorter discharge times
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indicate that the model exhibits greater consistency in estimation accuracy with more
frequent data points.

The RMSE values provide a direct interpretation of the model’s estimation error in the
same units as the original data. For the 6 min partial discharge data, the maximum RMSE
was 4.082%, the minimum RMSE was 1.229%, and the average RMSE was 2.49%. For the
three-minute partial discharge data, the maximum RMSE was 3.168%, the minimum RMSE
was 1.334%, and the average RMSE was 1.98%. For the one-minute partial discharge data,
the maximum RMSE was 2.525%, the minimum RMSE was 1.239%, and the average RMSE
was 1.661%.

The results indicate that the error in SOH estimation decreases as the discharge time
shortens. This suggests that learning from partial discharge data minimizes gaps in the
data, leading to more accurate estimations. To this end, a constant-current discharge at a
1 C rate for 6 min was performed to measure the voltage change corresponding to a 10%
reduction in the SOC. The data were trained in 10 steps from 100% to 0% SOC. Furthermore,
the voltage response at 5% and 1.67% SOC reductions was obtained from 3 min and 1 min
discharges, respectively, allowing for more precise estimates at different SOC stages and
enhancing the diagnostic precision of static capacity. To assess the stability of the model
and input parameters, various RMSE values obtained through more than 100 iterations are
presented in Figure 11, along with the corresponding MAE and MSE values. The analysis
confirms that shorter discharge durations result in lower error metrics, thereby highlighting
the importance of frequent data collection for accurate SOH estimation.

The results presented in Table 5 and Figure 11 indicate that a single minute of partial
discharge transient voltage response data at a 1 C rate is sufficient to provide a reasonably
accurate estimate of the capacitance. Figure 12 illustrates the estimated static capacitance
of the cell, along with the actual static capacitance values measured in each experiment for
the 6, 3, and 1 min discharge periods.

Figure 12 illustrates the capacity value on the y-axis and the number of input data
points according to the SOC on the x-axis. Only data up to the 70% DoD bin were utilized
for training to enhance diagnostic precision. Consequently, for the 6 min discharge data,
seven steps out of a total of ten steps, excluding three steps below 30% SOC, represent the
partial discharge bin at 10% SOC reduction. Similarly, for the 3 min and 1-min discharge
data, the exclusion of steps below 30% SOC results in the retention of 14 and 42 steps,
respectively, out of a total of 20 and 60 steps, respectively. As illustrated in Figure 12, the
estimation error in the low SOC bin decreases as the duration of the partial discharge decreases.

Comparison of model prediction stability for each experiment 5 Comparison of model prediction stability for each experiment

—— RMSE_1min
—=— RMSE_3min
—— RMSE_6min

Root mean square error
Root mean square error

-

0 20 40 60 80 100 imin 3min 6min
Number of repetitions Experiment Type

(a)

Figure 11. Cont.
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Figure 11. Stability of established models in terms of RMSE, MAE, and MSE. (a) RMSE errors with
respect to the number of repetitions for various discharge periods; (b) MAE errors with respect to the
number of repetitions for various discharge periods; (c¢) MSE errors with respect to the number of
repetitions for various discharge periods.
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Figure 12. Estimated and actual static capacity and errors for every step and every 100 cycles based
on 6 min, 3 min and 1 min discharge data. (a) Estimated and actual static capacity for every step and
every 100 cycles based on 6 min discharge data; (b) estimated and actual static capacity for every step
and every 100 cycles based on 3 min discharge data; (c) estimated and actual static capacity for every
step and every 100 cycles based on 1 min discharge data.

5. Conclusions and Future Study

In order to solve the problems of precision, reliability, and rapidity in estimating the
static capacity of lithium-ion batteries, which are mainly used in electric vehicles, this paper
proposes a method for diagnosing the static capacity of lithium-ion batteries by learning
the time series characteristics of changes in discharge voltage and capacity measured
during partial discharge using an RNN-based estimation model. The constant-current
partial discharge times at a 1 C rate were set to 6 min, 3 min, and 1 min, respectively,
to characterize the voltage change over time and the capacity change with the voltage
change as the main parameters that evolve with the aging of lithium-ion batteries. The
model was constructed using experimental data from real Li-ion batteries and then verified
experimentally. The experimental results showed that the RMSE of the 6 min partial
discharge data ranged from 1.229% to 4.082%, with an average RMSE of 2.49%. The RMSE
of the 3 min partial discharge data ranged from 1.334% to 3.168%, with an average RMSE of
1.98%. For the 1 min partial discharge data, the RMSE ranged from 1.239% to 2.525%, with
an average RMSE of 1.661%. These results show that even with a short partial discharge
time, the estimation accuracy of the proposed model was precise and acceptably reliable.
By continuously training and developing a model to diagnose the static capacity of batteries
using a machine learning-based model that is useful for large-scale data processing, this
method is expected to be able to diagnose the static capacity of retired batteries from
EVs quickly and accurately for the recycling and reuse industries, thereby increasing the
economic value of lithium-ion batteries.

While the current research shows the development of a fast and accurate method for
estimating the static capacity of a battery, there are several avenues for further exploration
and development.

(1) Exploration of the applicability of various cell compositions and shapes: Although
this paper has focused on 21,700 cylindrical Li-ion batteries, it is necessary to extend
the applicability of the proposed method to various shapes of battery cells, such
as pouch, prismatic, etc., and cells with various cell performances. Furthermore,
it would be interesting to evaluate the impact of different battery rheologies and
chemical compositions on the model to expand its applicability at industrial sites.

(2)  Analysis of estimation precision under various temperature conditions considering the
use environment of electric vehicles: In this study, experiments and data acquisition
were conducted in a room-temperature environment, which is the setting for the
actual retired battery treatment process. However, since the distribution and operating
environment of electric vehicles represent different environments around the world
and aged batteries may have different electrical and electrochemical characteristics
under different temperature conditions, it is necessary to conduct experiments and
verification considering aged batteries under different temperature conditions to
expand and improve the proposed method.



Batteries 2024, 10, 191 16 of 17

(38) Practical applications of the proposed method and strategy formulation: The objective
of this study is to contribute to the optimization of the battery recycling process and
the promotion of sustainable resource utilization. In future research, it is necessary to
further investigate the applicability of the research results by formulating strategies
for the commercial application of these models to promote practicality throughout
the battery reuse industry.
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