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ABSTRACT

Due to their high energy density and minimal emissions, lithium-ion batteries are frequently employed in electric vehicles (EVs). Accurate
estimation of the micro-parameters, state of charge (SOC), and state of health (SOH) are a few primary monitoring functions of the battery
management system (BMS) to increase the battery’s efficiency and safety under various operating conditions. This paper proposes a SOC and
SOH co-estimation method by adopting an ensemble empirical mode decomposition method with adaptive noise and an autoencoder (EEMDA)
to extract, decompose, and reconstruct the full-scale charging voltage and current data for a dual extended Kalman filter (DEKF) with multi-
parameter and time-scale updates for accurate estimation based on a variable forgetting factor limited memory recursive least squares (VFF-
LMRLS) method. The VFF-LMRLS method is used to solve the data saturation phenomenon and identify the battery’s characteristic micro-
parameters based on a proposed dynamic migration second-order resistor-capacitor equivalent circuit model under different operating states.
Battery tests are conducted at temperatures ranging from — 10 to 50 °C under complex working conditions. Using the VFF-LMRLS method, the
effects of different temperatures on the micro-parameters are discussed. The SOC and SOH results of the proposed EEMDA-DEKF method
based on the dynamic migration battery model show that the mean absolute error and root mean square error metrics have the least values of
0.0233% and 0.0252%, which signify an optimal performance improvement of 93.26% and 93.66%, respectively, compared to the
conventional DEKF method. Based on the experimental results and analyses, the proposed method has a high degree of accuracy and
robustness, which makes it feasible for battery monitoring and prognostic BMS applications.

Keywords:
State of charge; State of health; Dynamic migration second-order resistor- capacitor equivalent circuit model; Variable forgetting factor limited
memory recursive least squares method; Ensemble empirical mode decomposition autoencoding method

1. Introduction

Because of the global energy crisis and the pressing need to reduce greenhouse gas emissions, clean energy has been promoted over the
past few decades through the use of battery-powered devices [1]. One of the key functions of an energy storage system is to be a source of
additional power when the main power source of the system cannot meet the power demands. Fuel cells [2], lithium-ion batteries [3], sodium-ion
batteries [4], and other power battery types are currently among those with promising future development [5]. Nevertheless, lithium-ion
batteries are used in a variety of applications, such as energy storage systems, electric transportation, portable electronic devices, electric
vehicles (EVs), etc., because of their unique properties, such as high power and energy density (up to 200 Wh/kg), high energy
efficiency (more than 95%), relatively long cycle life (3000 cycles at a depth of discharge of 80%), no memory effects, a low self-
discharge rate (5% per month), 95% recyclability after their end of life, etc. [6,7].

Given the rapid advancement of EVs, it is crucial to have a reliable method for monitoring the battery’s state of charge (SOC) and
state of health (SOH), especially given that the energy and power of commonly used lithium-ion batteries decline with time [8,9]. Every
lithium-ion battery experiences variations in resistance and capacity over its lifetime, which have an impact on the SOC and SOH
during electro-chemical degradation processes that include active material decomposition, dendrite formation, the development of a
solid electrolyte interface on the anode surface, etc. [10,11]. When the battery is fully charged or discharged, the SOC values are 100%
or 0%, respectively. To ensure the reliability and safety of EVs and their users, it is essential to monitor the battery’s SOH, which
includes figuring out when the battery is getting close to the end of its useful life and how much power and energy it has left until that
point [12,13]. Therefore, accurately estimating the SOC and SOH values provide information about the battery’s charge and aging
degree, which can be used to perform maintenance or reconfigure operational strategies to increase the service life. In addition, the
battery management system (BMS) is developed to ensure effective monitoring of the external macro physical quantities (current,
voltage, temperature, etc.) and states of lithium-ion batteries, including SOC and SOH estimation, to enhance the driving performance
and safety of EVs, particularly safeguarding the battery from operational dangers, including overcharging and over-discharging [14—
16].

Abbreviations: EV, Electric vehicle; SOC, State of charge; SOH, State of health; BMS, battery management system; 2RC-ECM, Second-order resistor-
capacitor equivalent circuit model; OCV, Open-circuit voltage; DEKF, dual extended Kalman filter; EEMDA, Ensemble empirical mode decomposition
autoencoding method; IMF, Intrinsic mode function; ME, Maximum error; MAE, Mean absolute error; RMSE, Root mean square error; VFF-LMRLS, Variable
forgetting factor- limited memory recursive least squares; BBDST, Beijing bus dynamic stress test; DST, Dynamic stress test; HPPC, Hybrid pulse power
characterization.
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1.1. Review of battery state estimation methods

Several SOC estimation methods have recently been put forth by researchers, and they can be divided into four major categories: the
Coulomb counting method, direct measurement methods, data-driven methods, and model-based methods [17,18]. To calculate the
battery’s remaining energy and determine its SOC, the Coulomb counting method uses the integral of the current flowing to and from the
battery. Even though it is a simple open-loop method, its performance is sensitive to sampling noise and can hardly be used
independently [19]. The direct measurement methods are based on parameter characterization to establish a stable relationship
between the physical quantities of the battery and the measured state. They include open-circuit voltage (OCV), internal resistance,
electrochemical impedance spectroscopy, etc. [20], and have been frequently employed for estimating the states of lithium-ion
batteries. Even though these methods are simple and easy to implement [21], given the high dynamic operation load in mobile battery
systems and the propensity for multi-use applications in stationary battery systems, the reliability of these direct measurement methods is
reduced by the significant accumulated error caused by current sensor uncertainties, the infrequent correction periods, being highly
sensitive to the battery’s state and working conditions, etc. [22-25]. Data-driven methods based on active sensor data from the
battery systems offer a potential direction [26]. These techniques use the battery as a “black box” with multiple layers and neurons to
estimate SOC and SOH without creating a battery model. For instance, the gated recurrent unit [27,28], long short-term memory
[29,30], convolutional neural network [23,31], extreme learning machine [32], support vector regression [33], etc., have been employed to
estimate the SOC and SOH of lithium-ion batteries with satisfactory results. However, they mainly consider the electrophysical
processes by approximating physical relations using a complex network structure, resulting in a high computation process [34], and those
that have simple networking structures tend to have poor generalization ability [35]. Furthermore, they do not only need a large amount of
data but are also very sensitive to the quality of the training data and process, resulting in the difficulty of selecting the characteristic
hyper-parameters, which cannot guarantee accurate SOC and SOH estima-tion under complex and adverse working conditions [36].

The model-based methods, in contrast to the data-driven methods, take into account the physics of electrochemical processes using a

battery model, such as the electrochemical model [37], the mechanistic model [38], the equivalent circuit model (ECM) [39], etc. The electro-
chemical model mainly includes a pseudo-two-dimensional (P2D) model, a single particle (SP) model, and a simplified pseudo-two-
dimensional (SP2D) model. This model has good accuracy, but its complex partial differential equations have no analytical solutions,
making it unsuitable for online applications [40]. The mechanistic model established for battery modeling obtains its parameters through
excitation-response analysis based on internal physicochemical pro-cesses [38]. Generally, their computations are based on the finite
difference method, which is time-consuming. The ECM uses electrical components, such as resistors, capacitors, and constant voltage
sources, to form circuit networks to monitor and simulate the dynamic charac-teristics of the battery [41]. The ECM is currently in widespread use
and has the benefits of having a clear physical meaning, simple mathemat-ical expression, less computational cost, etc. [42]. Model-
based methods, such as the recursive Kalman filters [43-45], that are established based on ECMs have become a research hotspot for
their simplicity, low computational complexity, real-time applicability, and robustness [46].

1.2. Literature review of existing methods

The SOC and SOH are the two macro-state quantities of the battery that are frequently focused on in nearly all applications, among
others. The effectiveness of the battery system’s control and mainte-nance operations is increased, and downtime is avoided through
accurate SOC and SOH estimation. Additionally, it occasionally offers chances to increase a lithium-ion battery’s useful life [47,48]. Even
though considerable research has been conducted on estimating SOC and SOH individually, their estimations should be calculated
collaboratively since they are substantially related to each other [49]. Liu et al. [50] proposed a co-estimation method for SOC and SOH using
a particle filter based on the P2D model, which is mathematically complex with a time-delayed response for practical BMS applications.
Qiao et al. [51] proposed a chaotic firefly-particle filtering method that realizes particle optimization by simulating the behavior of fire-flies in
nature, which attract each other through light. It finds a new optimal solution by chaotically mapping a group of particles to different
solution spaces to realize high-precision SOC and SOH co-estimations. However, this method is established based on a first-order
migration ECM, whose performance under adverse conditions is not robust enough due to the inadequate micro-parameter
characterization, and the adaptation of the proposed method to various temperatures is unverified [52]. Also, Wang et al. [53] proposed
a backpropagation neural network-dual extended Kalman filter (DEKF) method based on the limited memory recursive least square (LMRLS)
algorithm for SOC and SOH co-estimation of lithium-ion batteries. The backpropagation neural network is used to achieve synergistic
estimation to improve the tracking accuracy of the DEKF method while taking into account the coupling effect between SOC and SOH.
However, the verification of the proposed method is not conducted to test its robustness at various temperatures that significantly affect the
performance of lithium-ion batteries. Li et al. [54] proposed an adaptive extended H-infinity filtering method with a particle swarm
optimization network, which innovatively exploits the monitoring of the aging characteristics of the battery in terms of capacity and power fade
for SOC and SOH estimation. Zou et al. [55] co-estimated the SOC and SOH using two EKFs with different time scales based on a first-
order resistor-capacitor (1RC) ECM. The degradation performance of the nominal model over the battery’s lifetime is quantified based on
ECMs with fixed model parameters. As the battery’s capacity reflects the SOH, Xiong et al. [56] co-estimated the SOC and capacity for lithium-
ion batteries using a multi-stage model fusing method by considering the normal distribution, the mean, and variance of the residual error under
a complex working condition. Also, Wei et al. [57] established a multi-timescale KF estimator for the co-estimation of the SOC and capacity
based on an online identification method. However, the model parameters are affected by many factors, such as temperature, charge-
discharge rates, SOC, working conditions, etc.[58], which are not considered. Since the aforementioned nonlinear factors have adverse effects
on the battery and its estimated states in real-world applications, the estimation accuracy of these methods may significantly decline in the
absence of model adaptation [59]. Additionally, these models tend to be accurate early in the battery’s service life, but if the model parameters
are fixed, they may not be able to adapt to changes in temperature and working conditions. In this regard, battery models with adaptive
parameters are more futuristic for the multi-state estimation of lithium-ion batteries.



1.3. Contributions of this paper

First, this paper addresses the uncertainties from a different perspective by analyzing the sensitivity of each parameter and augmenting the
dominant parameter as a new state to simultaneously estimate the SOC and SOH of lithium-ion batteries considering different temperatures
based on the DEKF method. However, due to the nonlinear effects of temperatures on accurately co-estimating the SOC and SOH, this paper
adopts an ensemble empirical mode decomposition (EEMD) method with adaptive noise to extract and decompose the original data, which is an
improved variant of the empirical mode decomposition. Then, a multi-functional autoencoder is established to reconstruct the extracted features
of the EEMD for the DEKF method, which is based on a proposed dynamic migration 2RC-ECM whose parameters are identified online using a
variable forgetting factor (VFF)-LMRLS method for the multi-state estimation of lithium-ion batteries. The contributions of this paper are four-fold:

1 A dynamic migration battery model is proposed for online battery modeling to ensure the adaptation of the battery model to various working
conditions. The long-term co-estimation accuracy of this model is enhanced by its construction on top of a predetermined 2RC-ECM.

2 The effects of data saturation caused by historical data are overcome by the VFF-LMRLS method to ensure accurate battery modeling
and multi-state estimation for lithium-ion batteries. The characteristic micro-parameter estimation results accurately illustrate the
dynamic changes of the battery at different temperatures.

3 Using the EEMD method, the current, voltage, and temperature inputs are effectively extracted and decomposed into signals with
various features so that the autoencoder can reconstruct them for accurate SOC and SOH co-estimation at different temperatures
and working conditions.

4 The proposed EEMDA-DEKF method provides more accurate results because it can compensate for noise measurements and models

without requiring an initial SOC value and temperatures. Also, it has high superiority, accuracy, and robustness compared to the
con-ventional DEKF method.

1.4. Outline of this paper

After the introduction and presentation of the state-of-the-art SOC and SOH estimation methods, the implementation of the battery model
and the description of the mathematical methods are given in Section 2.

The battery and temperature tests are described in Section 3. Following this, the results of the battery model verification, the output of the
micro-parameters, and the co-estimation results are presented and discussed. Finally, Section 5 is the conclusion of this paper and
future work.

2. Optimized battery modeling and co-estimation methods

This section focuses on model verification and parameter un-certainties to maximize the agreement between model estimation and
experimental data. To implement battery SOC and SOH co-estimation, first, an accurate battery model is constructed. Then, the optimized
estimation method for accurate co-estimation is developed to ensure the safe and reliable operation of the lithium-ion battery.

The SOC indicates the ratio of the current capacity to the maximum possible charge that can be stored in the battery. Generally, SOC is
ob-tained using the Coulomb counting method, which is expressed in Eq. (1).
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SOC, = SOC, JT 1)

In Eq. (1), SOCp and SOCk are the SOC values at time steps 0 and k, respectively. n is the Coulombic efficiency, which is defined as 1, I,
k is the load current value at time step k, and Qp, is the battery’s nominal capacity.

Without a SOH estimation or update by the BMS, the user will experience an overestimated range or less acceleration. The SOH
manifests as capacity fading and internal resistance increasing, both of which change gradually in practical applications [55]. Typically, the
changes in the battery’s resistance, maximum power, or discharge capacity are used to define the SOH. Therefore, this paper considers the
capacity-based definition, which is expressed in Eq. (2).

SOH = O /Qn*IOO% 2

In Eq. (2), Qk is the remaining capacity at time step k, and Qp is the nominal capacity of the battery. Usually, the charge and discharge

methods are used to calculate both capacities. The nominal capacity is frequently substituted with the actual initial capacity, particularly when the
analysis is not performed on the system as a whole [60].



2.1. Architecture of the lumped dynamic migration battery model

ECMs are composed of resistors and capacitors, which are widely used to monitor and simulate the internal characteristics of the battery
in BMSs and other energy management systems due to their simple model structure and computation with good accuracy and reliability
[61].

The conventional 2RC-ECM comprises three main components: (i) The voltage source is the first component. It uses Ugc to denote the
ideal voltage source. (ii) The second component is the internal ohmic resistance, RQ. It represents the charge accumulation and dissipation in
the electrical double layer as well as the electrical resistance coming from different battery components. (iii) The last two circuit
components, respectively, conduct electrochemical-concentration polarization resistance and capacitance effects as well as the
dynamic voltage responses.

Based on Kirchhoff's circuit law, the discrete-time state-space description of the electrical characteristics for the SOC and SOH
co-estimation based on the 2RC-ECM is expressed in Eq. (3).
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In Eq. (3), Ak is the sampling time interval, and [SOC, +1,UFU, k+1H Up2 k+]]T is defined as the state variable. Upc is the OCV of the
I is the gafterys terminal or closed-circuit voltage wﬁen connected to an

battery, which has a functional relationship with the SOC and
external circuit. /L k is the load current flowing through the 2RC-ECM (Assuming positive is discharging, and negative is charging). RQ is
the internal ohmic resistance, Rp1 and Rp2 are the electrochemical and concentration polarization resistances, respectively. Cp1 and Cp2
are the electrochemical and concentration polarization capacitances, respectively, of the bat-tery. Up1, k and Up2, k are the resultant
voltage across the respective polarized resistor and capacitor circuit networks at time step k. Qk is the actual capacity of the battery measured
during the capacity calibration experiment at time step k. wgx and vk are the process noise (R) and measurement noise (Q) assumed to
be from zero-mean multivariate Gaussian white noise matrices.

A 2RC-ECM with dual RC circuits is constructed as the initial model, which is then used to establish the dynamic migration 2RC-ECM. This
allows for the creation of a lithium-ion battery model that can accurately characterize the battery under various working states, as shown in
Fig. 1.

To achieve the dynamic migration model of the initial battery model under various operation states, the OCV-SOC relationship curve of
parameter dynamic change of the initial battery model can be reset online through linear transformations. The SOC obtained during the
estimation process has a functional relationship with the reset initial model relationship curve. Therefore, to ensure that the dynamic
migration model’'s parameters are relative to the actual battery model parameters, the inaccurate SOC must be corrected. In reality, batteries
come in hundreds of different varieties, some of which are still under development. Therefore, a straightforward but effective linear migration is
the best option. A superscript R is used to characterize the parameters of the migration battery model and base model. The state-space
expression of the dynamic migration battery model, which is based on the 2RC-ECM, is shown in Eq. (4).
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(a) Conventional 2RC-ECM

(b) Dynamic migration 2RC-ECM

Fig. 1. The architecture of the dynamic migration battery model.



{

Z=21,22,23,---,210 |
SOC} = 7,50C; + z

Umk 80, (8) = zafu, (SOCF) + 2
RO, = 8ry(5) = 4fR0 (SOC ) + 210
,,lkfgk,.(s)_zifkl(soc ) +zu @
m = gr, (5) = 2efr,, (SOCY) + 212
/)IA e (s) = 7le, (80CH) + 213
Chx = 86, (8) = zafRZ(SOC ) + 214
UR = gu, (i) = US , — 1., RS, — U®

plk Uka + vk

In Eq. (4), the migration model expression Z = [z1,z2,23,...,Z14] are the migration factors of the battery model to be determined, and

SOC/::‘> is the corrected SOCk value. R“S, k, R§1, k, Rﬁz, ks CIC">?1, k, and C'A?z, k are the micro-parameter values obtained after migration

of the relationship curve of the battery’s micro-parameters and SOC-SOH values. UF, k is the closed-circuit or terminal voltage value
determined by the observation equation of the dynamic migration battery model.

2.2. Integrated VFF-LMRLS parameter identification method

To identify the micro-parameters of the dynamic migration battery model in a computationally efficient manner, the model parameters are
estimated online and then mapped to the actual state of the battery. The parameter estimation method is a mathematical method to determine
model parameters using collected battery data and a known model structure. The RLS algorithm is straightforward and useful, obtaining
real-time characteristics by continuously updating and correcting the system parameters. However, as iteration times and data volumes rise,
the “data saturation” phenomenon emerges. This occurs as a result of the increase in the amount of data, which affects the gain matrix using the
old data and gradually tends to zero, causing the recursive ability to correct errors to slowly degrade [62]. As a result, this paper develops
the VFF-LMRLS method based on the LMRLS method, in which the old data is removed when new data is input and only the most recent
limited- length data is used for parameter estimation. The recurrence principle is mathematically expressed as follows:

Set the initial value and get the parameter estimation value for the memory interval using the iterative RLS algorithm shown in Eq. (5).
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In Eq. (5), B is the estimated parameter vector, K is the Kalman gain function, P is the error covariance coefficient, and / is the unit matrix.

The initial values of the LMRLS method are taken from the parameter estimation results obtained by the RLS algorithm. The output at

time step k is calculated using the result (initial value) obtained by the iter-ation at time step k —1 and the L + 1 set of data corresponding to
the time steps k —L to k. The iterative calculation process is shown in Eq. (6).

Ok — L,k) = O(k — L,k — 1) + K(k — L, k) [y(k) + " (k)0 (k — L,k — 1)] (6)
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In Eq. (6), L is the memory length. A set of data at time step k is added, and a set of data at time step k — L is removed to maintain the
memory length L as a constant value. Based on the L sets of data corresponding to the time steps k — L + 1 to k and the results obtained
from Eq. (5), the final solution formula of the LMRLS method at time step k is obtained, as shown in Eq. (7).
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Based on the electrical characteristic state-space description in Eq. (1), the Laplace transform is applied, as shown in Eq. (8).
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Ur(s) = Une(s) = I(s) (Ro + m + #12(3)) (8)



In Eq. (8), sis the Laplace operator, 11 = Cp1Rp1, and 12 = Cp2Rp2. Then, the time constant variables are mathematically expressed, as
shown in Eq. (9).

a =77,
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Substituting the time constant variables in Eq. (9), Eq. (8) is trans-formed into Eq. (10).
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In Eq. (10), U(s) = UT(s) —Uopc. The function is transformed from the s to z domain using the bilinear transformation to ensure the consistent
stability of the system before and after the transformation, as shown in Eq. (11).
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Eq. (11) is substituted into Eq. (10), which is simplified to obtain the discrete transfer function of the system. Then, MATLAB solves the
transition from the s domain to produce a bilinear z domain trans-formation function, as shown in Eq. (12).
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The expressions of 61~65 are calculated, as shown in Eq. (13).
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The discrete recurrence equation of the voltage Uk is calculated using Eq. (14).

Uy = 01Uy +0,Uo + 051 + Osli_y + Oshi_, = O] a4

In Eq. (14), 6k = [61,62,03,64, 95]T, and hg = [Uk— 1, Uk— 2,1k, Ik— 1, Ik— 2]T. Where 6 is the parameter vector that needs to be identified
for the battery system, and h is the information vector made up of input and output datasets.

Consequently, a VFF-LMRLS method is proposed to identify the battery model parameters based on the LMRLS algorithm. The
VFF- LMRLS method divides its recursive equation into segments based on receiving new input data and eliminating old data, which are
expressed in Egs. (15) and (16), respectively. The receiving of new input data is expressed, as shown in Eq. (15).
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Therefore, removing old data allows for the elimination of data saturation, as shown in Eq. (16).
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In Egs. (15) and (16), A(k + L) or A(k + 1 + L) is the equation used to update the variable forgetting factor. The characteristic micro-
parameters of the established battery state estimation method to be identified, as well as the characteristic internal ohmic resistance Ro(k)
of the system, are shown in Eq. (17).
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Using the VFF-LMRLS method, the accurate micro-parameters of the dynamic migration battery models are then obtained.

2.3. Enhanced EEMDA-DEKF method for SOC and SOH co-estimation

2.3.1. Dual extended Kalman filter method for SOC and SOH co-estimation

The EKF method linearizes the nonlinearities of lithium-ion batteries by applying partial derivatives and first-order Taylor series expansion to
the system state-space equation. It is a better regression data processing algorithm than the traditional KF method, but it only estimates with
first-order accuracy [63]. It estimates the current time step’s state value based on the estimation and observation of the previous and current
time steps, respectively.

Since the SOC and SOH have coupling effects and it is challenging to accurately estimate the actual state of the battery by estimating just
one state, the DEKEF in this study is used to achieve the synergistic estimation of the SOC and SOH. The DEKF method employs two EKFs, the
first of which estimates the SOC of the battery and the second of which simultaneously estimates the capacity by updating the control-
input matrix in the state-space equation. When estimating the SOC, the bat-tery capacity is treated as the only state variable and the SOC
as a constant, and vice versa when estimating the capacity. In the separate estimation of SOC, the Q in the control-input matrix is the
calibrated capacity value, which does not change when the number of iterations increases. Q is inversely updated and adjusted during the co-
estimation to account for the mutual optimization and effects of the two-state pa-rameters. To achieve a synergistic estimation of the SOC and
capacity of the battery, the ampere-hour integral equation is used as a connection between the two-state parameters. The working principle of
the DEKF method is shown in Table 1.

In Table 1, HQ is the coefficient of the measurement matrix for bat-tery capacity estimation. Rk and Qk denote the associated with the
system process noise and the observation noise, respectively. The difference between the observed value and the estimated value of EKF1 and
EKF2 is expressed by yk+1 Yyk+1|k and yQ,k+1 yQ,k+1|k, respectively. Ak, Bk, and Ck denote the state transition, control-input matrix, and
measurement matrices, respectively, for SOC estimation, whose expressions are pre-sented in Eq. (18).

2.3.2. Ensemble empirical mode decomposition method with adaptive noise

An adaptive signal processing method to analyze nonlinear and non- stationary time sequences, the EMD, has been extensively used [64].
Since the EMD is highly adaptable, setting up basis functions and workable decomposition layers is not necessary. Through step-by-step
decomposition, the EMD method transforms battery input data into components of various frequencies known as intrinsic mode functions
(IMFs) and residual energy [65]. The original input signals are divided by the EMD into several IMFs, each of which contains unique data on
different time-frequency scales. When utilizing the EMD, the following conditions must be satisfied: (1) The numbers of extrema and zero
crossings must be equal or differ from one another by no more than one. (2) The mean value of the encoder, which is derived from local maxima
and minima, should be zero at all times, i.e., the encoding must be symmetric on zero. Using the original signal, the reconstructed sum of the
intrinsic mode functions is expressed in Eq. (19).



Table 1
The working principle of the DEKF method.

EKF1 for SOC estimation based on battery parameters

Step 1: Parameter initialization
Xo = E(xo)
Py = E{(Xo — Xo)(xo — fo)T}
Qo = E(Qo)
P§ = E[(Q — Q0)(Q — Qo) |
Step 2: Time update
Priori state estimation:
i1:\1<71 = AXj_y + Bt + R
Priori error covariance matrix:
P = ARPAAT + Qe
Step 3: Measurement update
Kalman gain matrix:
Ky = PeH{[HPCHL + R !
Posteriori state estimation:
Q;H = ?l: + Kk(ﬂ 7yk)
Posteriori error covariance matrix:
Piiag = (I — KeHP + Qi

EKF2 for SOH value calculation based on estimated capacity

Priori state and error covariance update of capacity:
{ Qik-1 = Qi
Pqiik-1 = Poxik + Rk
Calculate the Kalman gain:
Kq k41 = Po, k ko, k+1[Ha, ki1Po, k kHG, ki1 + Ro, 117!
Posteriori state and error covariance update of capacity:
{ Qii1ik = Quiri + Koks1 Vk — Vi)
Pokiik = (I — Kois1Hoks1)Paoxk  + Qk

1 0 0
N O A
0 0 exp<7clj;pz>
—1-Ak/Q, (18)

dUoc
Ce= Lzsock - 1}
x(k) = Y _filk) + (k) (19)

In Eq. (19), N is the number of IMFs, r is the residual, which repre-sents the overall trend of the input signal. It is worth noting that as
subscript i increases, the fj denotes the IMFs, which reflect the frequency characteristics of the original signal from high to low. The IMFs
component reflects the process of capacity regeneration, and the residual component reflects the true battery state.

The noise-assisted data analysis method, used by the EEMD, which adds white noise of finite amplitude before EMD in each ftrial, is
proposed as a solution to this problem. The ensemble average of trials is then used to define the actual IMF. The ensemble average is also
used to remove the white noise that was added to the original data because it is independent of the trials. True IMFs can be extracted more
readily because the EEMD lessens the mode mixing effect. However, the noise elimination procedure is time-consuming. Additionally, using
various white noises will result in different modes. Hence, the high computational cost and randomness of the final results limit its applications.
An improvement to the spectral separation of the IMFs and a precise reconstruction of the original signal is provided by the EEMD with an

adaptive noise method, which can be summed up as follows:
The input signal x(k) is combined with a Gaussian white noise Qwij(k) to create the output signal y(k), which is then decomposed using EMD

to yield the first fj(k) component, as shown in Eq. (20).



1N . (20)

In Eq. (20), e0 denotes the amplitude of the added noise. The Gaussian white noise with unit variance is represented by wij(k). Then,
the first residual after the first staged decomposition is computed, as shown in Eq. (21).

re = y(k) +fi(k) 2D

The second mode, f2(k), is obtained by decomposing each rk + ¢jEj(wj(k)) by the EMD, as shown in Eq. (22).
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Fig. 2. The multi-layered and -purpose autoencoder.

B0 =1 S B+ e (6) 22

In Eq. (22), E(-) denotes the function used to extract the IMF decomposed by the EMD. For k = 2, ..., Nk, the kth residual is
computed, as shown in Eq. (23).

Iy = F—q (k) —ﬁ(k) (23)

Then, each computed residual rk + ekEk(wk(k)) is decomposed by the EMD, the k + 1th mode fk+1 is obtained, as shown in Eq. (24).

N

) =1 DB+ eBin(K)) @4)

i=1
Finally, Egs. (23) and (24) are repeated until the output of the re-sidual rk is constant.

2.3.3. Multi-functional autoencoding method

A fully connected symmetric neural network with two parts, an encoder, and a decoder, make up the autoencoder. With the help of
this neural network, unsupervised learning is made possible with the goal of producing reconstructed features with a dimension identical
to the original input data [66]. In this paper, the autoencoder is employed for multi-functional purposes by receiving, reconstructing, and
outputting the decomposed features from the EEMD for the DEKF method to esti-mate the SOC and SOH of the battery.

First, using the feature-extracted input data xg € RN, the encoded latent feature. The decoded reconstruction output feature is shown
in Eq. (25).

hixe) = o(wex, + be)
{ = 6(waz + ba) 25



In Eq. (25), h(xg) represents the encoder activation vector, "xg € rN represents the estimated output vector, and ¢ represents a

nonlinear activation function. weg € rRN*M ang wqg € RM> represent the weight matrices of the encoder and decoder, respectively.
Also, be and bg represent the bias vectors of the encoder and decoder, respectively.

Therefore, the weights of the parameters @ = {we, wq,be, bq} are updated to minimize a reconstruction error of R(xe, &) based on a
least- squares loss function, as shown in Eq. (26).

N
Bree = argmin ZR(xe,YZ)

i=1

R(x.,X,) = xei(i) — Xui(i)

(26)

In this paper, the autoencoder used comprises four layers, two each in the encoder and decoder, as shown in Fig. 2.

The multi-dimensional extracted-feature inputs are condensed into six- and four-dimensional features at each layer of the encoder. Four-
dimensional data are further decoded into six-and nine-dimensional features with the same dimension as the input data at the end of each
decoder layer. Each layer's hidden nodes are trained to reduce the amount of reconstruction error between the features that were
reconstructed and the outliers that are removed. The exponential linear unit function is additionally added at each layer to take into
account the nonlinear aspects of degradation. Since the feature spaces are condensed through linear space transformation, an
autoencoder without a nonlinear activation function is typically comparable to the principal component analysis. The unsupervised
learning process of feature reconstruction effectively reduces the variations in several extracted features and successfully extracts the
long-term degradation trends from noise.
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Fig. 3. The flowchart of the multi-state estimation methods.

Table 2
The fundamental technical details of the ternary lithium-ion battery.
Parameter Value
Nominal capacity 70 Ah
Nominal voltage 3.7V
Charge Cutoff voltage 4.2V
Standard current 1C
Discharge Cutoff voltage 2.75+0.05 V
Standard current 3C
Working temperatures —20-60 °C

Dimension (1 x w x h) 148 x 33 x 93 (mm)




2.4. Architectural framework for SOC and SOH co-estimation

The SOC and SOH co-estimation method study consists of four parts, namely: (1) The real-time battery tests at temperatures of — 10, 25,
and 50 °C under complex working conditions; (2) The online VFF-LMRLS parameter identification method based on the dynamic
migration 2RC-ECM for micro-parameter estimation and model verification; (3) The EEMD with adaptive noise and an autoencoder for
feature extraction, decomposition, and reconstruction; and (4) The optimal SOC and SOH co-estimation using the proposed EEMDA-
DEKF method. The schematic diagram is presented in Fig. 3.

After the dynamic migration 2RC-ECM battery model’s ability to track the closed-circuit voltage is verified, its micro-parameters are
estimated using VFF-LMRLS for the DEKF and the proposed EEMDA- DEKF methods to co-estimate the SOC and SOH. A comparative
study using the error metrics is conducted to critically evaluate the perfor-mance of each method, as presented in the following section.

2.5. Battery state parameter evaluation criteria

In this paper, three evaluation metrics are used to measure the ac-curacy of the battery model performance, micro-parameter estimation,
and state estimation of the proposed methods: the maximum error (ME), the mean absolute error (MAE), and the root mean square error
(RMSE). Their mathematical calculations are described in Eq. (27).

Er = w */y\k
ME = max1,2,...,N|E;|

N

1
MAE = > IE] @7

k=1

1 N
RMSE = | > (E)’
N k=1
In Eq. (27), k is the non-missing data time step, N is the total length of the given data sample, and Ek is the estimated state parameter
error value at time step k. yk is the actual state parameter value of the battery system and”yy is the estimated state parameter value by the
proposed method at time step k.

3. Experimental battery and testing conditions

In this paper, the research object is a ternary lithium-ion battery with a rating of 70 Ah and a nominal voltage of 3.7 V. The anode of the
cell is made of graphite, and the cathode is made of lithium nickel cobalt manganese oxide (LiINiCoMnO2). The fundamental technical
details of the ternary lithium-ion battery are presented in Table 2.

As shown in Fig. 3, a host computer is responsible for setting different complex working conditions and logging voltage, current, and
other data about the battery. Information about the operational condition’s effects on the battery is recorded using the experimental
platform, and the retrieved data are the voltage, current, capacity, etc., at a time in-terval of 0.1 s. The data is transferred between the two
devices using the TCP/IP cable, and the high-power battery tester regulates the battery’s charge and discharge states.

The lithium-ion battery is placed in a temperature test chamber during its operation under various working conditions to study the
temperature effects while connected to the charge-discharge test equipment through the power cable to ensure that the experimental
condition temperatures are 10, 25, and 50 -C. To test and verify the efficacy of parameter identification and the superiority of the suggested
co-estimation method, the Beijing bus dynamic stress test (BBDST), dynamic stress test (DST), and hybrid pulse power characterization
(HPPC) working conditions are adopted in the experiment in this paper. The working steps and characteristic data curves at 10, 25, and 50
°C under the BBDST, DST, and HPPC working conditions can be found in [3,26].

4. Results and discussion
4.1. Battery model verification and micro-parameter estimation
4.1.1. Established battery model verification

At 25 °C, the 2RC-ECM'’s inherent accuracy limitation is evaluated and selected as a benchmark to verify the performance of the
proposed dynamic migration 2RC-ECM in precisely identifying the parameters of the ECM under BBDST, DST, and HPPC working



conditions. The closed- circuit voltage error curves are then obtained by subtracting the battery’s closed-circuit voltage outputs simulated by
the battery models using the actual terminal voltage from the battery, as shown in Fig. 4.

In Fig. 4, it can be observed that the dynamic migration battery model can accurately characterize the nonlinear changes of the battery
more effectively than the conventional 2RC-ECM. It can be observed that, under the BBDST, DST, and HPPC working conditions, the
conventional 2RC-ECM has maximum output error values of 17.899 V, 12.391 V, and 6.78 V, respectively. Meanwhile, the dynamic migration
2RC-ECM has maximum output error values of 9.289 V, 5.922 V, and 3.973 V, respectively. These results signify a performance improvement of
48.10%, 52.21%, and 41.40%, respectively. Even though at the end of discharge, the voltage error tends to increase, such in-depth charge
depletion is rarely experienced in real-time due to the intention to protect the battery. The dynamic migration battery model effectively
reduces the noise and eliminates the large errors during the traction processes with highly stable traction characteristics. Thus, it validates that
the parameterized model adequately captures the electrical dy-namics of the lithium-ion battery, serving as a strong foundation for the model-
based state estimation method.

Furthermore, the MAE and RMSE metrics are used to critically evaluate the performance of the dynamic migration 2RC-ECM compared
to the conventional 2RC-ECM, as shown in Table 3.

In Table 3, it can be observed that the dynamic migration 2RC-ECM has lower MAE and RMSE values compared to the conventional 2RC-
ECM. These findings demonstrate that, when compared to the conventional 2RC-ECM, the dynamic migration 2RC-ECM provides much more
accuracy in adequately characterizing the nonlinearities of the lithium-ion battery. The dynamic migration battery model application provides a
strong framework for more accurately completing the SOC and SOH co-estimation of lithium-ion batteries.

4.1.2. Characteristic micro-parameter estimation

The battery’s ability to produce a certain amount of power is closely related to its impedance characteristics. It describes the voltage across
the battery caused by the application of current. It depends significantly on the battery’s SOC, temperatures, charge-discharge current rates,
cyclic depth, and lifetime aging [67]. The dynamically varying curves for the experimental findings of the internal ohmic resistance and polarization
resistances and capacitances at different temperatures are pre-sented in Fig. 5.

Fig. 5 illustrates the dependency of the temperature on the internal ohmic and polarization resistances and capacitances at different

temperatures. It can be observed that the ohmic resistance (RQ) relationship to temperature is very high at —10 °C, moderately high at 50 °C, and
stable at 25 °C. Furthermore, it can also be observed that the electro-chemical and concentration polarization resistances (Rp1 and sz) are
high at —10 °C while those at 25 and 50 °C remain moderate and low, respectively. This is because the impedance is dominated by the
electrolyte and increases with decreasing temperature [67]. Furthermore, it can be observed that the electrochemical and polarization
capacitances (Cp1 and Cp2) are approximately opposite to the resistances, where at 50 °C, both capacitances show an increasing trend with

discharging time. Meanwhile, at temperatures of —10 and 25 °C, these parameters remain almost constant, exhibiting nearly identical trends.
This is because it is generally known that the absolute value of this double capacitance increases over the lifetime of the battery and is not so

much dependent on temperature [67,68], which is also again in agreement with the results presented in this paper.
4.2. SOC-SOH co-estimation under various temperatures and working conditions

Using the VFF-LMRLS method established based on the dynamic migration 2RC-ECM, the experimental verification of SOC and SOH co-
estimation of the proposed EEMDA-DEKF method is conducted under the BBDST and DST working conditions. For the SOH estimation, the

reference values of 96.42%, 99.83%, and 97.95% at temperatures of —10, 25, and 50 °C, respectively, are obtained through rigorous capacity
determination tests. The battery is fully charged and discharged three times to determine its actual capacity in the current state and to calculate

the current SOH levels.

4.2.1. Co-estimations under the BBDST working condition
In addition to the basic working conditions such as starting, braking, and stopping, the BBDST also includes acceleration, taxiing, and rapid

acceleration, which are acquired from actual data collected during the operation of the Beijing bus. The SOC and SOH co-estimation results of the
DEKF and EEMDA-DEKF methods under the BBDST working condition are shown in Fig. 6.
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Fig. 4. Comparison of closed-circuit voltage traction errors for different battery models.

Table 3
Comparative traction analysis of the battery models.
Battery model BBDST DST HPPC
MAE RMSE MAE RMSE MAE RMSE
Conventional 2RC-ECM 2.6809% 3.1639% 4.0899% 4.8684% 1.2083% 2.1441%

Dynamic migration 2RC-ECM 0.6052% 1.0036% 1.4394% 1.7515% 0.4007% 0.5381%
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Fig. 5. Dynamics of the characteristic micro-parameters estimated at different temperatures under the HPPC working condition.

As can be observed from Fig. 6, the SOC and SOH estimation results for the DEKF and the proposed EEMDA-DEKF method show that the
proposed method is highly optimal for BMS application. For the SOC estimation results, it can be observed that the DEKF method fluctuates

greatly and is extremely unstable. It has ME values of 0.685%, 0.426%, and 0.948% at temperatures of —10, 25, and 50 °C, respectively. Then,
its SOH estimation results show it has ME values of 1.437%, 5.414%, and 1.965%, respectively. Meanwhile, the proposed EEMDA-DEKF method

estimates the SOC with ME values of 0.211%, 0.137%, and 0.523% at temperatures of —10, 25, and 50 °C, respectively. Additionally, its SOH
estimation results show that it has ME values of 0.0517%, 1.327%, and 0.366%, respectively.

Furthermore, it can be observed that the estimations by the proposed EEMDA-DEKF method have greatly improved as a whole. Even when
operating under the dynamic BBDST working condition, it maintains high stability. The method has a very high level of robustness, and the
estimation results do not change significantly due to the ability of the EEMD to extract and decompose the IMF for the autoencoder to reconstruct
the features for accurate multi-state estimations.

4.2.2. Co-estimations under the DST working condition

Under the DST working condition, the correlated estimations and analyses are performed to ensure accurate estimation of the states of the
battery in real-time applications. The SOC and SOH co-estimation results are shown in Fig. 7.

The SOC and SOH co-estimation results are conducted at different temperatures under the DST working condition, as shown in Fig. 7.
Compared to the DEKF method, the proposed EEMDA-DEKF method enhances the accuracy of the estimates significantly when the battery’s
temperature changes considerably. At temperatures of —10, 25, and 50 °C, the DEKF method estimates the SOC with ME values of 4.556%,
1.983%, and 2.021%, respectively. At the same time, it estimates the SOH with ME values of 3.005%, 0.4882%, and 2.304%, respectively.
However, when it comes to the proposed EEMDA-DEKF method, the ME values for the SOC estimations are 0.4872%, 0.117%, and 0.559%.
Meanwhile, for the estimation of the SOH, it has ME values of 0.3751%, 0.1998%, and 0.192%, respectively.

Considering varying temperatures and working conditions over the entire battery lifecycle, it can be observed that the undesirable battery state
estimation effects that negatively impact the DEKF method and result in inaccuracies, fluctuation, etc., are corrected and optimized by the
EEMDA-DEKF method. This is due to the feature extraction, decomposition, and reconstruction by the EEMDA proposed for the

conventional DEKF method, which has optimal performance at a temperature of 25 °C.
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Fig. 7. SOC-SOH estimation and error results under the DST working condition.



Table 4
The quantitative evaluation of the SOC and SOH estimation performances.

Working Operating SOC-SOH co-estimation methods
conditions temperatures
DEKF EEMDA-DEKF
MAE RMSE MAE RMSE
SOC estimation evaluation
BBDST -10°C 0.3456%  0.3975%  0.1523%  0.1635%
25°C 0.4017% 0.4024% 0.0831% 0.0939%
50 °C 0.5362% 0.6142% 0.3520% 0.3568%
DST -10°C 1.0343%  1.2822%  0.1263%  0.1829%
25°C 1.6549%  1.6969%  0.0739%  0.0877%
50 °C 1.3121% 1.3315% 0.4313% 0.4513%

SOH estimation evaluation

BBDST -10°C 1.3882%  1.3897%  0.0362%  0.0396%
25°C 3.6848%  4.1351%  1.2827%  1.2831%
50°C 1.1669% 1.1762%  0.2961%  0.2977%

DST -10°C 1.3202%  1.5601%  0.5333%  0.5388%
25°C 0.2987%  0.3105%  0.1353%  0.1499%
50°C 2.2767%  2.2781%  0.1081%  0.1181%

Two major conclusions can be drawn from the experimental results in this section. First, compared to the conventional DEKF method, the
proposed EEMDA-DEKF method offers adequate estimation perforfance at different temperatures. Even though its computational costs and
complexities are a little higher compared to the DEKF method, the accuracy and robustness are significant for practical SOC and SOH
estimation of lithium-ion batteries. Second, by utilizing the EEMDA method’s capacity to extract, decompose, and reconstruct the extracted
features from the battery input current, voltage, and temperature variables, the proposed DEKF method can co-estimate the SOC and SOH
with sufficient accuracy under the various complex working conditions.

4.3. Performance analysis of the proposed method for SOC-SOH co-estimation

The MAE and RMSE metrics are used to compare the two methods to further verify the reliability and robustness of the proposed method.
The numerical results of the DEKF and EEMDA-DEKF methods at different temperatures under the BBDST and DST working conditions for
the quantitative analysis of the SOC and SOH estimation performances are presented in Table 4.

Lithium-ion batteries have strong nonlinear and time-varying prop-erties due to the complex electrochemical reaction processes, which are
also influenced by environmental conditions. From Table 4, it can be observed that the SOC and SOH performance of the proposed EEMDA-
DEKF method is optimal compared to the conventional DEKF method. The results show that the DEKF method has optimal MAE and RMSE
values of 0.3456% and 0.3975%, respectively, for the SOC estimation. Comparatively, the proposed EEMDA-DEKF method also has 0.0233%
and 0.0252%, respectively, for SOC estimation. At the same time, for the SOH performance evaluation, the results show that the conventional
DEKF method has optimal MAE and RMSE values of 0.1063% and 0.1111%, respectively. Meanwhile, the proposed EEMDA-DEKF method
has optimal MAE and RMSE values of 0.0362% and 0.0396%, respectively, at different temperatures under the BBDST and DST working
conditions, which are optimal improvement values to ensure accurate SOC and SOH estimation for real-time BMS applications.

5. Conclusion and future work

In this paper, an EEMDA-DEKF method is proposed to achieve high-precision real-time SOC and SOH co-estimation of lithium-ion batteries.
This method provides a more accurate estimate of the battery’s remaining energy, which will benefit the users in determining how far the EV can
be driven safely. First, battery tests are conducted at different temperatures under complex working conditions. Second, to ensure higher
computational efficiency when mapping the model parameters to the states of the battery based on the dynamic migration 2RC-ECM for the
DEKF method, a VFF-LMRLS method is established to identify the characteristic micro-parameters of the dynamic migration battery model
online. The novelties of this paper are as follows: Based on the identified characteristic micro-parameters of the battery using the VFF-LMRLS
method, the sensitivity analysis shows that internal resistances are the predominant parameter among all the model parameters, of which sig-
nificant change occurs, especially at a temperature of — 10 °C. Furthermore, various characteristic micro-parameters at different temperatures
provide significant insight into the dynamic changes during the operation of the battery. Besides, the internal resistance is shown to have
potentially increased over the operation time, which may be beneficial for the battery’s SOC and SOH evaluation. The proposed EEMDA
methods provide the DEKF method with the relevant and reconstructed data features for the SOC and SOH co-estimation of the lithium-ion
battery to guarantee reliability and stability for real-time applications. Using the proposed EEMDA-DEKF method, the experimental validation
results demonstrate an MAE and RMSE performance improvement of 93.26% and 93.66%, respectively, for the SOC estimation. Additionally,
the results for the SOH estimation show performance improvements of 65.95% and 64.36%, respectively, which are very accurate for BMS
applications.

In conclusion, the proposed identification and co-estimation methods play a distinct and beneficial role in improving the accuracy of SOC and
SOH co-estimation in lithium-ion batteries. Additionally, this study offers a theoretical framework for battery condition monitoring. In the real-world
use of EVs, it offers significant contributions to real-time monitoring of their status to guarantee users’ safety. However, the effects of aging on
battery state estimation in actual driving conditions are not taken into account in this study. As a result, our future research will focus on
considering the effects of battery aging on the SOC-SOH value of the lithium-ion battery, as well as improving the computational efficiency of the
proposed model by eliminating some non-essential EEMDA method parameters.
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