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Highlights:
What are the main findings?

• Rapid acquisition technology of electrochemical impedance spectroscopy.
• EIS was used to quickly and effectively estimate the SOH of LIBs.
• Machine learning method and equivalent circuit method to estimate battery health state.

What is the implication of the main finding?

• EIS were found to be better SOH estimation method.
• The technology based on EIS has the characteristics of high precision advantages.
• The method based on EIS of LIBs SOH estimation has been applied to the BMS.

Abstract: Lithium-ion batteries stand out from other clean energy sources because of their high
energy density and small size. With the increasing application scope and scale of lithium-ion batteries,
real-time and accurate monitoring of its state of health plays an important role in ensuring the
healthy and stable operation of an energy storage system. Due to the interaction of various aging
reactions in the aging process of lithium-ion batteries, the capacity attenuation shows no regularity.
However, the traditional monitoring method is mainly based on voltage and current, which cannot
reflect the internal mechanism, so the accuracy is greatly reduced. Recently, with the development of
electrochemical impedance spectroscopy, it has been possible to estimate the state of health quickly
and accurately online. Electrochemical impedance spectroscopy can measure battery impedance
in a wide frequency range, so it can reflect the internal aging state of lithium-ion batteries. In this
paper, the latest impedance spectroscopy measurement technology and electrochemical impedance
spectroscopy based on lithium-ion battery health state estimation technology are summarized, along
with the advantages and disadvantages of the summary and prospects. This fills the gap in this
aspect and is conducive to the further development of this technology.

Keywords: electrochemical impedance spectroscopy; lithium-ion battery; estimation of SOH; equiva-
lent circuit model; data-driven method

1. Introduction

Lithium-ion batteries (LIBs) have always been the preferred green batteries. Lithium-
ion batteries have been widely used in many fields in recent years due to the continuous
improvement of production technology and the constant compression of costs (Figure 1).
Lithium batteries are widely used in power storage systems such as water power, fire
power, wind power and solar power stations, as well as in power tools, military equipment,
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aerospace and other fields [1–3]. At present, Libs have been gradually expanded to areas
such as electric bicycles and electric cars [4].

Figure 1. Application scenario and working principle of LIBs.

In recent years, the research hotspot is the electrode materials of lithium-ion batter-
ies [5–10]. However, in the field of new energy such as electric vehicles, in order to meet
the power and endurance requirements of electric vehicles, they are usually in the form
of battery packs [11,12]. It is very important to monitor the health status of LIBs in real
time [13–17]. As the number of cycles of LIBs increases gradually, the impedance of the cell
will also increase in varying degrees. Electrochemical impedance spectroscopy (EIS) has
been widely used in the state of health (SOH) diagnosis of LIBs [18–20].
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EIS is a technique to analyze the internal changes of electrode process dynamics, dou-
ble layers and diffusion by measuring the change in impedance with the frequency of sine
wave [21]. It can be used to study the mechanism of electrode materials, solid electrolyte,
conductive polymer and corrosion protection [22]. Compared with the traditional method
that relies on the detection of voltage, current, temperature and other data to judge the
degree of battery aging, the method based on electrochemical impedance spectroscopy has
been proven to be more accurate [23,24]. The specific measurement method is to apply
a small amplitude AC potential wave with different frequencies to the electrochemical
system, and measure the ratio of AC potential and current signal (the ratio is the impedance
of the system) with the sine wave frequency ω, or the impedance phase angle (Φ) with ω

change [25]. Because the system is perturbed by a small amplitude of sinusoidal potential
signal, the anode and cathode processes (namely oxidation and reduction processes) appear
alternately on the electrode, and the two have opposite effects in the collection process
of EIS. Therefore, even if the disturbance signal acts on the electrode for a long time, it
will not lead to the accumulation development of the polarization phenomenon and the
accumulation change in the electrode surface state. Thus, the EIS method is a “quasi-steady
state” method [26]. Because there is a linear relationship between potential and current,
the electrode is in a quasi-steady state during the measurement process, which simplifies
the mathematical processing of the measurement results [27]. EIS is a frequency-domain
measurement method that can measure a wide range of frequencies, so more dynamic in-
formation and electrode interface structure information can be obtained than conventional
electrochemical methods [28,29].

SOH is usually expressed as the capacity, health and performance status of LIBs.
This simply means that the battery after a period of use and nominal parameters of the
performance of the ratio of the new factory battery is 100%, completely scrapped for 0%.
At present, there are a variety of specific definitions of SOH. The most commonly used
definition is the ratio of the capacity released by the LIB from a certain rate of discharge
to the cut-off voltage under full charge and its corresponding nominal capacity, which is
simply understood as the ultimate capacity of the LIB.

SOH = Cnow−Ceol
Cnew−Ceol

∗ 100% (1)

where Cnow is the current capacity of a used battery, Ceol is end of life capacity (usually 80%
of Cnew) of the representative battery, and Cnew is the capacity of a brand-new battery.

There is a certain relationship between the EIS of LIB and SOH. The lower the SOH,
the greater the internal resistance of the LIB. The EIS of LIB is obtained through the
electrochemical workstation, and then the SOH is calculated according to the relationship
between SOH and the internal resistance of the LIB. At present, SOH prediction of LIBs
using EIS has been widely studied, which is mainly divided into two categories: based
on the equivalent circuit model (ECM) method and data-driven method. With the rapid
development of this technology, it has become an urgent task to summarize this work
and propose future research directions. This article summarizes the advantages and
disadvantages of each method, which is expected to further promote the application of this
technology in battery SOH prediction.

The remainder of this paper is organized as follows. The second section summarizes
the recent advances in the measurement of EIS. The SOH estimation technology of LIBs
based on EIS is summarized in the third section. Finally, the paper summarizes and looks
forward, and points out the further research direction of related technologies.

2. New Method for Acquisition of Impedance Spectra of Lithium-Ion Batteries
2.1. Basic Principle

The traditional EIS measurement methods usually apply sinusoidal disturbance with
a certain amplitude frequency change to the LIBs. The frequency domain impedance is
calculated by using the disturbance and its response. Depending on the type of interference,
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the measurement can be performed in constant current or constant potential mode. The
measurement methods are mainly divided into voltage-type excitation and current-type
excitation. Voltage-type excitation requires the battery to keep the current constant during
measurement. Similarly, current-type excitation requires the voltage of LIBs to remain
constant. However, voltage excitation is not conducive to online measurement of the
impedance spectrum, so current excitation is usually used in practical applications.

EIS is a non-destructive LIB detection tool. During the test, a wide frequency range is
applied to reflect the impedance spectrum information (real part, imaginary part, phase)
of the battery under different temperature and state of charge (SOC). The use of EIS can
fully reflect the changes in cathode, anode, electrolyte and solid electrolyte layer in the
aging process of LIBs. Compared with the traditional use of battery management system
(BMS) and non-destructive testing technology, it has the advantages of fast detection speed
and rich information. The measurement methods of EIS are usually divided into voltage
excitation type and current excitation type. The measurement method of voltage excitation
type is to apply sinusoidal voltage in a certain frequency range to the battery and analyze
the output current and phase. However, this measurement method requires the voltage
to remain unchanged during the measurement process, which is not conducive to online
measurement, so the current excitation method is usually used.

2.2. The Latest Method of Impedance Spectroscopy Measurement

However, the traditional EIS measurement method has a large frequency range. The
testing process will take a long time. Therefore, recent advances in research have generally
focused on overcoming this challenge.

Fourier transform, Laplace transform and other time domain methods can greatly
reduce the measurement time at the EIS acquisition. An EIS measurement method based on
the fast Fourier transform is proposed by Zappen et al. [30]. It can obtain the EIS data in the
range of 1 Hz to 1 kHz within 1 s. Unlike conventional single-frequency signals, multiple
frequencies can be excited at the same time by using multiple superimposed sine waves of
different frequencies. In the time domain, a signal composed of n frequency components
can be described as:

s(t) =
N
∑

k=1
ak × sin(2π fkt + ϕk) (2)

where, the amplitudes of each individual component is ak. fk and ϕk represent frequency
and phase, respectively. The total number of frequency points is N. It has been tested that
this method can obtain the single impedance spectrum in the range of 1 Hz to 1 kHz with
up to 60 times the speed during continuous measurement operation. In addition, Nils et al.
proposed three time domain methods by using the method of discrete Fourier transform
(Figure 2a) [19]. In addition to sine wave, rectangular wave and Gaussian Sinc waveforms
are respectively applied to Libs. The experimental results show that Sinc waveforms can be
suitable for most applications.

Onda et al. proposed a method using Laplace transform to measure the EIS [31].
EIS are collected by measuring the response from the voltage step (or current step) input
and the current (or voltage). Huang et al. pointed out that in the process of impedance
spectrum measurement, Warburg behavior shown by LIB is the key for a long time of
EIS data acquisition. The fractional circuit model and its corresponding EIS is shown in
Figure 2b. By means of wavelet transform, EIS can be quickly obtained from the time
domain data of current pulse and voltage responses [32]. The EIS obtained by this method
are proven to be consistent with those obtained by the traditional method.
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Figure 2. (a) Basic structure of the new single-cell tester. The DUT is charged and discharged by two
controlled current sources. Current measurement is achieved with a shunt resistor RS. Reprinted
with permission from Ref. [19]. Copyright 2014, Elsevier B.V. (b) Equivalent circuit model and
corresponding impedance spectrum. Reprinted with permission from Ref. [32]. Copyright 2019,
Elsevier Ltd.

In a word, the current EIS rapid measurement technology has been developed greatly.
These efforts are mainly based on the type of disturbance signal. The main research is
summarized in Table 1.
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Table 1. Summary of acquisition techniques of electrochemical impedance spectroscopy.

Signal Types Researcher Transform Method Highlights

Step signal
Park et al. [33] Fast Fourier transform

Time of less than 1 ms for impedance
measurements in the whole.

frequency

Onda et al. [31] Laplace transform Test using current step or current
pulse signals.

Multi-pulse signal
Masayuki et al. [34] Wavelet transformation

Test impedance spectrum without stopping
galvanostatic polarization for the

charge/discharge.

Wei et al. [35] Recursive total least squares Estimate SOC using impedance data.

Multi-sinusoidal
signal

Darowicki et al. [36] Short-time fourier
transformation

Expands the applicability of the impedance
technique to non-stationary systems.

Beer et al. [37] Optimized broadband
impedance spectroscopy Rapid online condition monitoring system.

Din et al. [38] Power converter Balancing converter efficiency of 95%.

Danny et al. [39] Employing a multisine sine
measuring method

A shorter measurement time and fast
evaluation of the quality of the data

and fitting.

Chirp signal

Slepski et al. [40] The non-stationary
‘chirp’ signal

Can simplify and speed up the
calculation process.

Brian et al. [41]
Using large bandwidth and

short duration
diagnostic signals.

The impedance plots are generated in a very
short time.

Pseudo-random
binary sequence

Debenjak et al. [42]
Wavelet transform

with Morlet
mother wavelet.

Impedance characteristics in frequency
bands ranging from 0.1 Hz to 500 Hz were

identified within 60 s.

Ritzberger et al. [43] The generalized total
least squares

Unbiased parameter estimation is achieved
in the presence of noisy current and

voltage measurements.

Nazer et al. [44] Broadband excitation signals

Signals based on square patterns result in
correct broadband recognition and are

particularly suitable for
electronic implementations.

Weddle et al. [45] System identification
The impedance of the stitched state-space

model is in good agreement with that of the
original physics-based cell model.

Mixed-Signal
Katayama et al. [46] Fourier transform

The proposed method is consistent with the
impedance values measured by commercial

impedance analyzers.

Lohmann et al. [19] The time and the
frequency domain Online SOC estimation is possible.

3. The Method Based on EIS to Estimate the SOH

Due to the wide frequency of EIS, the internal reaction mechanism of the battery aging
process can be reflected, including lithium dendrite growth, positive and negative electrode
and electrolyte aging [47,48]. Therefore, compared with the traditional method of collecting
voltage, current and temperature through the battery management system (BMS), it has
higher accuracy and speed. With the rapid development of EIS, the SOH estimation of
LIBs has attracted much attention. There are two main methods: equivalent circuit model
method and machine learning method. There are two main methods: the equivalent circuit
model method and the machine learning method which are summarized as follows.



Energies 2023, 16, 1599 7 of 16

3.1. Based on ECM Method

Because the LIB is a complex electrochemical system, it is often difficult for the simple
equivalent circuit model (ECM) to accurately describe the electrical characteristics of the
LIB. The complex model is also difficult to apply in the BMS due to its calculation amount,
so it is necessary to make a choice between the model complexity and the calculation speed.
At present, the main ECMs are mainly divided into two methods: equivalent circuit method
and electrochemical model method. The ECM is a model that does not consider the internal
electrochemical reaction of the battery, and only uses the basic electronic components to
build the ECM according to the external electrical characteristics of the LIBs. Therefore, in
order to ensure the timeliness of SOH estimation, the method based on ECM is usually
chosen. The EIS data collected were used for equivalent circuit fitting (Figure 2b), and
appropriate state variables were selected. Finally, the SOH was estimated.

Impedance data of different frequencies correspond to different elements. It is gen-
erally assumed that the first semicircle corresponds to the solid electrolyte membrane
impedance and the second to the charge transfer impedance. For RC components, there are
two main ways to use pure capacitance or constant phase components. Among them, the
expression of impedance of CPE1//RSEI is

ZCPE1//RSEI =
RSEI

1+RSEI CPE1(jω)α1 (3)

where α1 at the denominator of the expressions denotes an angle that rotates in the complex
plane relative to a pure capacity behavior. If α1 = 1, the impedance is a pure capacitor, if
α1 = 0, the result is a pure resistance.

The tail of the EIS shows the diffusion of ions in the electrolyte. At present, the pro-
posed ECM usually adopts the Warburg element or pure capacitor element for simulation.
The impedance expression of the element can be expressed as

ZW = 1
CPEW (jω)αw (4)

The existing ECMs are shown in Figure 3c:
(1) Two time constants (parallel CPE//R) are used to simulate ECM (a) in the interme-

diate frequency region. The Warburg unit was placed on the resistance branch of the second
CPE//R unit to describe the diffusion behavior of lithium ion and fit the low-frequency
tail of the impedance curve.

(2) ECM (b) uses two time constants (parallel CPE//R) to separate the intermediate
frequency region, and the Warburg element is placed in serial with respect to the other
circuit elements. Two time constants describe the SEI layer of the anode and the cathode
electrolyte interface layer of the cathode.

(3) The difference between ECM (a) and ECM (c) is that the modeling methods of the
intermediate frequency region is different. ECM (c) is modeled by traditional capacitors. On
the contrary, the cathode in ECM (a) includes a modified RC element with Warburg element
in the capacitance branch. This choice can better describe the cathode EIS spectrum.

(4) ECM (d) is an improved Randles model: RC elements are used to simulate surface
processes; A second RC unit is used to simulate charge transfer and double layer effects,
and a Warburg unit parallel to the capacitor is used to simulate the low frequency tail.

(5) ECM (e) has the same configuration as ECM (b), and C element is used instead of
Warburg to describe the diffusion behavior.

Wang et al. proposed a charge-transfer resistance estimation model considering both
temperature and the state of charge (SOC) [49]:

Rct =
α1Texp( α2

T )√
SOC2+β1SOC+β2

(5)
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Figure 3. (a) Fit the equivalent circuit. (b) Impedance fitting curve. (c) Different equivalent circuit diagram.

α1, α2, β1 and β2 are parameters that need to be determined, and T represent the
temperature of LIBs. On this basis, Qunming Zhang et al. proposed an improved SOH
estimation model considering SOC, temperature and Rct (Figure 3) [50]. The proposed
model can achieve prediction under any SOC and temperature conditions, and the predic-
tion error can even reach 1.29% under 30% and 80% SOC conditions. Xiong et al. pointed
out the correlation between solid electrolyte interphase (SEI) resistance and SOH in model
fitting. The estimation model based on SEI resistance is proposed [21]. The algorithm is
validated to have a prediction error of less than 3% before the end of the battery life, but
the influence of temperature is not taken into account. Unlike the first, both Geleotti et al.
and Stroe et al. built an SOH estimation model of the response based on the ohm resistance
of the equivalent circuit [51,52]. In addition, Geleotti et al. tested standard and abnormal
batteries, respectively. The maximum error of SOH evaluation in standard batteries was
3.73%, and when abnormal batteries were considered, the error increased to 8.66%.
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Figure 4 is SOH estimation schematics considering SEI resistance. In the process of
equivalent circuit fitting, the correlation between equivalent circuit parameters and SOH
is different due to different frequency of the EIS data selection, the types of LIBs, aging
conditions and ECMs. This results in different parameters selected by each estimation
model of SOH. The current method of SOH estimation using the model is shown in Table 2:

Figure 4. SOH estimation schematics considering SEI resistance. Reprinted with permission from
Ref. [53]. Copyright 2022, IEEE.

The method based on ECM achieves SOH prediction by fitting parameters from EIS
data. The parameters obtained by this method are of practical physical significance and
represent the changes in the parameters of the corresponding components in the equivalent
circuit with the number of cycles. Although ECM can better simulate the aging process of
batteries, this method is not sufficient to simulate the battery characteristics under various
conditions. In addition, EIS testing is highly sensitive to test conditions, such as the need
for long-term static test batteries before testing to ensure their electrochemical balance. If
there is no specific experimental condition, EIS measurement will fluctuate. Therefore, the
implementation of this method will greatly increase the experimental cost, and there are
some limitations.
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Table 2. Summary of methods for estimating SOH of LIBs based on equivalent circuit model method.

Researcher Parameter Selection Performance

Andre et al. [53] Ohmic resistance The variation in ohm resistance with temperature and
SOC is revealed.

Wladislaw et al. [54] Ohmic resistance The impedance dependence of a lithium-ion battery on a short
prior history is shown for the first time.

Chen et al. [55] AC impedance It is revealed that the battery impedance is closely related to the
cathode process.

Illig et al. [56] Charge transfer resistance
and contact resistance The conditions of impedance change are revealed.

Illig et al. [57] Ohmic resistance A method to identify the hidden features in impedance spectrum
is proposed.

Mingant et al. [58] Quasi-electrochemical
impedance spectrum The online estimation of SOH is realized.

Schmidt et al. [59] Ohmic resistance The physical process of cathode aging is revealed.

3.2. Based on Machine Learning Method

Unlike model-based approaches, machine learning (ML) approaches look for hidden
features in historical data without mainly focusing on principles [60–62]. Moreover, it does
not need to know the aging mechanism of batteries, and based on data collection, it can be
predicted by various forms of data analyses and machine learning methods, thus avoiding
the complexity of model acquisition [63,64]. The methods using ML mainly include: data
preprocessing, feature extraction, model training and prediction [65]:

(1) The purpose of data preprocessing is to normalize the EIS data to the same interval.
(2) Due to the EIS data packets containing a substantial amount of information, in-

cluding noise and information that can reflect battery aging, effective feature extraction is
needed to ensure correlation.

(3) Different training is needed for different models. The parameters need to be
corrected during the training process, including the number of hidden layers, the number
of nodes and the initial learning rate. Through the adaptive iteration of the model, the high
prediction accuracy is achieved.

Zhang et al. placed the batteries at 25 ◦C, 35 ◦C and 45 ◦C for a cyclic aging exper-
iment [66]. In order to determine the initial capacity of LIBs, they were first placed in a
unified environment of 25 ◦C for the initial aging cycles. During each aging cycle, the LIBs
were divided into nine kinds according to the SOC, and the EIS of each state was tested.
The EIS data collection frequencies were 0.02 Hz–20,000 Hz, and the wide frequency range
ensures the information richness. The EIS data obtained were input into the Gaussian
process regression (GPR) model. The experimental results showed that the method based
on EIS has higher accuracy than the traditional voltage and current method. Chun Chang
et al. used the above data for manual data extraction [67]. The extracted 19 features were
analyzed by principal component analysis to reduce the data dimension and the amount
of computation. The Elman neural network and cuckoo search (CS-Elman) was used to
estimate the SOH. The results show that compared with the GPR model, the CS-Elman
model has higher prediction accuracy. The minimum error is 0.34%. Convolutional neural
network (CNN) was used by Li et al. to manually extract features from impedance data,
which greatly reduced the complexity of manual data processing [68]. In addition, the
features extracted from the CNN are input into the bidirectional long- and short-term mem-
ory (Bi-LSTM) neural network to consider the advantages to effectively avoid the gradient
explosion. The experimental results prove the superiority of this work. The average error is
1.83%, but the training set and test set in the experiment are from the same battery, without
considering the predictive effect of different batteries.
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Figure 5 is the CNN-Bi-LSTM neural network model. The data-driven approach
improves the efficiency of SOH prediction to some extent, but it has a strong dependence
on EIS data. For noisy data, the robustness of the model may be reduced. Although this
method can automatically extract features, its physical significance cannot be explained.
Therefore, the research focus of this method will be to link the degradation mechanism
related to the electrochemical properties of LIBs with advanced machine learning methods.

Figure 5. CNN-Bi-LSTM neural network model.

The physical meaning of the features cannot be explained by a traditional ML method.
This limits the flexibility and robustness of the model. Combining the ECM method
with the ML method, SOH prediction using extracted model parameters has attracted
the attention of researchers. Artificial neural network (ANN) was used firstly by Li et al.
to estimate the parameters of the ECM [69]. Experiments have predicted the changes of
three resistance parameters in ECM as an index for evaluating the SOH of batteries. It was
proven that the parameters can be used as input to the neural network, but no specific SOH
prediction was made.

Lyu et al. attempted to use the fitted parameters as input to the neural network model,
and the estimated error of the neural network in the first 240 cycles was about 10% [70]. It is
worth noting that the traditional model-based methods have a higher prediction accuracy
by comparison. Experimental results show that the prediction accuracy of traditional
models based on the ECM method is higher because the fitting parameters have certain
errors, and the neural network model also has errors. The combination of these will
increase the error. Therefore, improving the accuracy of the model and improving the
neural network model in the future will still be a major challenge.

The latest achievements on SOH estimation using machine learning are as follows
(Table 3):
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Table 3. Summary of SOH estimation for lithium-ion batteries based on machine learning.

Researchers Calculation Basis Description

Zhang et al. [66] Gaussian process regression Perform impedance data test and estimate SOH.

Chang et al. [67] Optimized Elman model Multiple groups of features were extracted and SOH
prediction was performed.

Messing et al. [71] Deep neural network The extracted model parameters are used as the input of
neural network.

Eddahech et al. [72] Artificial neural network The extracted model parameters are used as the input of
neural network.

Pradyumna et al. [73] Convolutional neural network Convolutional neural network.

Li et al. [68]
Convolutional neural network,

bidirectional short and long time
memory neural network

Automatic extraction of impedance characteristics and
effectively avoid gradient explosion.

Li et al. [69] Artificial neural network The equivalent circuit model parameters are predicted.

Lyu et al. [70] Back-propagation neural network The equivalent circuit model parameters are used as the
input of the neural network.

4. Summary and Prospects

With the development of EIS acquisition technology, the SOH monitoring of LIBs is
becoming more rapid and accurate. In this paper, the latest technology of EIS measurement
and research progress of SOH estimation based on EIS data are summarized.

(1) The current EIS testing technology mainly faces challenges such as complex test-
ing equipment, long testing time and the inability to be measured online. Although the
researchers proposed the use of Fourier transform and Laplace transform to reduce the test
time, the EIS data collected by this method showed instability. In addition, the electrochem-
ical workstation used to test the EIS data is relatively complex. Online acquisition is also
the most important challenge affecting practical applications.

(2) The difficulty of SOH prediction based on equivalent circuit lies in the establishment
of ECM. The accuracy of model fitting will directly affect the estimation accuracy of the
results. The construction of ECM needs to consider the calculation amount and speed. In
addition, the ECMs of LIBs are also different due to different working states. The key to
overcome this difficulty is to use the ML method to predict the equivalent circuit in real
time and ensure the fitting accuracy of the ECM all the time.

(3) The method based on ML to estimate the SOH is also difficult because the physical
meaning of feature extraction is not clear. This greatly limits the robustness and flexibility
of the model. In addition, the strong dependence on historical data leads to the high
time complexity of the model. The neural network model has poor robustness under
different working conditions, which makes it necessary to retrain the model. It limits its
application in practice to a great extent. The future research direction will focus on the
development of models, improve the robustness and flexibility of models, and reduce the
amount of computation.
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Abbreviations

LIBs Lithium-ion batteries
SOH State of health
EIS Electrochemical impedance spectroscopy
ECM Equivalent circuit model
CNN Convolution neural network
Bi-LSTM Bidirectional long- and short-term memory
GPR Gaussion process regression
BMS Battery management system
SEI Solid electrolyte layer
SOC State of charge
CS-Elman Elman neural network and cuckoo search
ML Machine learning
RNN Recurrent neural network
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