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Abstract: Accurate and real-time estimation of pack system-level chips is essential for the performance
and reliability of future electric vehicles. Firstly, this study constructed a model of a nickel manganese
cobalt cell on the ground of the electrochemical process of the packs. Then, it used methods on
the grounds of the unscented Kalman filter and unscented Kalman particle filter for system-level
chip estimation and algorithm construction. Both algorithms are on the ground of Kalman filters
and can handle nonlinear and uncertain system states. In comparative testing, it can be seen that
the unscented Kalman filter algorithm can accurately evaluate the system-level chip of the nickel
manganese cobalt cell under intermittent discharge conditions. The system-level chip was 0.53 at
1000 s and was reduced to 0.45 at 1500 s. These results demonstrate that the evaluation of the ternary
lithium battery pack’s performance is time-dependent and indicate the accuracy of the algorithm
used during this time period. These data should be considered in the broader context of the study
for a comprehensive understanding of their meaning. In the later stage, the estimation error of
the recursive least-squares unscented Kalman particle filter method for system-level chips began
to significantly increase, gradually exceeding 1%, with a corresponding root-mean-square error
of 0.002171. This indicates that the recursive least-squares optimization algorithm, the unscented
Kalman particle filter algorithm, diminished its root mean square error by 27.59%. The unscented
Kalman filter and unscented Kalman particle filter are effective in estimating the system-level chip of
nickel manganese cobalt cells. However, UPF performs more robustly in handling complex situations,
such as pack aging and temperature changes. This study provides a new perspective and method
that has a high reference value for pack management systems. This helps to achieve more effective
energy management and improve pack life, thereby enhancing the reliability and practicality of
electric vehicles.

Keywords: nickel manganese cobalt (NMC) cell; unscented kalman filter (UKF); unscented particle
filter (UPF); state of charge (SOC); unscented particle (UP)

1. Introduction

Under the increasing environmental awareness and energy crisis, the advancement
of electric vehicles (EVs) is a global focus of attention [1,2]. However, despite the sig-
nificant advantages of EVs in eliminating exhaust emissions, reducing carbon footprint,
and improving energy efficiency, the challenges of their large-scale application remain
numerous, including issues of power storage and EV travel restrictions [3,4]. Among all
energy storage devices, lithium-ion packs (LIPs) are extensively utilized in EVs, due to
their excellent performance, becoming an important bridge connecting the power grid and
EVs [5,6]. Nickel manganese cobalt (NMC), in particular, is the most commonly used type,
and their excellent capacity, energy density, and durability make them dominant in EVs.
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On the basis of these, the use of the unscented Kalman filter (UKF) and the unscented
particle filter (UPF) to evaluate and optimize the model is proposed for the first time.
It is a brand-new perspective and method that helps measure and predict the state and
performance of the battery more accurately. It is crucial to understand the state of charge
(SOC) of the packs during the operation of EVs. The SOC is the most commonly used
pack health indicator that can describe the ratio of the current pack’s remaining capacity
to total capacity. It belongs to the most important monitoring parameters in the battery
management system (BMS). However, due to the complexity of internal chemical reactions
in packs, the accuracy and real-time performance of the SOC, which is currently widely
accepted and applied, cannot meet the pursuit of pack performance in existing EVs. In
recent years, there has been rapid development in artificial intelligence, and the widespread
application of machine learning algorithms in SOC estimation has led to greater develop-
ment in data-driven methods. Xin et al. proposed using machine learning combined with
multi-step prediction strategies to improve the accuracy of the multi-step prediction of
the SOC. They also studied the effects of different multi-step prediction strategies using
actual LPA data. The outcomes indicate that the actual SOC prediction of LPAs exhibits
significant linear characteristics during the charging process, while the discharge process
exhibits nonlinear characteristics [7]. Li et al. used the adaptive extended Kalman filtering
algorithm (KFA) to correct the noise when estimating the SOC using the extended KFA.
The relevant outcomes demonstrate that this method could markedly improve the accuracy
of SOC estimation. Under dynamic stress testing conditions, the estimation accuracy was
improved by 2%. Under the dynamic stress testing conditions of pure electric buses in
Beijing, the estimation accuracy was improved by 0.39% [8]. In this study, the evaluation
methods based on UKF and UPF were used to evaluate and optimize the model. Both the
UKF and UPF algorithms are on the ground of Kalman filters and are suitable for handling
nonlinear and uncertain system states. This new design method is not only used to estimate
the effectiveness of SOC estimation for ternary LPA EVs, but, the research also found that
this method is helpful for achieving more effective energy management, improving battery
life, and enhancing the reliability and practicability of EVs, factors not involved in previous
research. This can achieve more effective energy management, improve pack life, and
enhance the reliability and practicality of EVs to a greater extent. It provides new ideas for
the market-oriented and large-scale production and application of EVs. This study will be
conducted in four parts. The first part is an overview of the construction of a SOC model
and the research methods for LIPs in EVs. The second part is the model for constructing a
SOC model and researching methods for LIPs in EVs. The third part is the experimental
verification of the second part. The fourth part is a summary of the research content and
points out the shortcomings.

2. Materials and Methods

The system-level chip can integrate various battery management functions, including
battery charge and discharge control, battery SOC estimation, etc. This integrated design
can enhance the stability and reliability of the BMS and improve the accuracy of SOC
estimation through optimization algorithms. Building a ternary LPA SOC model is a core
component of the pack management system. The primary task is to set the parameters of
the model and adjust and optimize the model to be closer to reality. Next, two valuation
methods are introduced: the UKF-based valuation and the UPF-based valuation. To accu-
rately calculate the pack’s SOC and dynamically adjust the state, the LPA SOC is accurately
estimated by utilizing nonlinear uncertain system states. Then it comprehensively utilizes
particle filters and Kalman filters to make the estimation more accurate and less risky.

2.1. Construction of a Ternary LPA Model

Due to the fact that the SOC of the power LPA cannot be directly measured by
instruments and can only be indirectly estimated by measuring parameters, such as the
voltage, current, and temperature, of the packs under certain experimental conditions,
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it is particularly important to choose a suitable and effective pack model. This directly
influences the accuracy of the estimated pack SOC [9,10]. To comprehensively reflect the
impact of factors such as the charge—discharge rate, temperature, and capacity changes on
accurately evaluating the SOC of the LPA, the SOC of the ternary LPA is defined, as shown
in Equation (1).
;o
7i(7)
t) = — | —=—=d 1
SOC(t) = SOC, /0 e (1)
In Equation (1), 7 is the charging and discharging rate. T serves as the pack tempera-
ture. C(T,x,t) is the available capacity of the ternary LPA at different temperatures and
charge-discharge rates after discretization, as shown in Equation (2).

At .
Xp = Xg—1 — (;7C>1kl 2)

In Equation (2), x; is the SOC of the ternary LPA at time k. i;_; represents the
operating current of the ternary LPA at time k — 1, and At represents the time interval [11,12].
Combining the dual polarization (DP) model, the state space model of the ternary packs is
shown in Equation (3).

1 1
. L 0 0 1
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u, | =1 o0 —xc O | Un |+ |& 3)
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In Equation (3), U,; and U, are the voltages at both ends of the RC parallel branch.
C serves as the maximum usable capability of a ternary LPA. The working voltage of
the port is obtained by combining the composite model with the parallel voltage of two
polarization effects in the DP model. Under normal circumstances, EVs are constantly
providing new input and output data, and this constantly updated information should be
utilized to improve the performance of vehicle mileage prediction. Online identification
of model parameters is needed to optimize the estimation. One of the most widely used
methods for identifying or estimating parameter values is the least-squares method, which
can be used to fit and characterize the statistical characteristics of the estimated parameters
for a set of data functions. There are important elements that affect the capacity of the
LPA, such as the charge—discharge rate, temperature, etc. The DP model can quantitatively
characterize the electrochemical polarization effect and the concentration polarization effect
of the LPA simultaneously, achieving the basic requirements superior to the Thevenin
model in terms of accuracy. In addition, combined with the composite model, the accuracy
is greatly improved, compared to other pack models that consider a single factor. The DP
composite model established in this article has the basic characteristics of being simple,
convenient, and easy to operate, with little computational complexity. It is relatively easy
to implement in engineering applications and can accurately identify model parameters.
Large amounts of voltage, current, and SOC data can be obtained in the charging and
discharging tests of the LPA. On the grounds of these data, the RLS method is utilized for
identifying the model parameters [13,14]. The recursive formula using the least-squares
method is showcased in Equation (4).

_ P @)
= TPk DI

)
P(k) = (1= K(k)gT (k) P(k —1)
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In Equation (4), § serves as the parameter vector to be identified. K(-) serves as the
gain. ¢(-) serves as the experimental data matrix. P(-) serves as the covariance matrix.
e(k) serves as the terminal voltage error. I is the identity matrix. The structural diagram of
a ternary LPA is showcased in Figure 1.
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Figure 1. Structural diagram of a ternary LPA.

In Figure 1, a ternary LPA is a common type of LIP that consists of a positive electrode
(PE), a negative electrode (NE), a separator, and electrolyte components. The PE is the
PE plate in the ternary LPA, usually coated with active materials, such as lithium nickel
manganese cobalt oxide (LiNiCoMnO2), on the conductive collector. The main function of
the PE is to receive and release lithium ions during the charging and discharging processes.
The NE is the NE plate in a ternary LPA, usually coated with graphite material on a
conductive collector. The function of the NE is to release and receive lithium ions in the
charging and discharging processes. The diaphragm, made of polymer materials, acts as an
isolation layer between the PE and NE plates. The diaphragm serves to isolate the PE and
NE while allowing lithium ions to pass through in the charging and discharging processes.
The electrolyte is a conductive medium in the ternary LPA, usually composed of lithium
salts and organic solvents. The electrolyte contains lithium ions [15,16].

2.2. Estimation and Algorithm Construction of a Ternary LPA SOC on the Ground of UKF

Firstly, due to multiple factors, such as temperature and discharge current, the perfor-
mance and lifespan of the ternary LPA will undergo significant changes during practical
use. This study selected UKF as the SE algorithm. This algorithm is unique in handling the
SOC estimation problem of multivariable nonlinear systems, such as the ternary LPA. It
can effectively integrate various factors mentioned above and provide accurate estimates
of the corresponding SOCs [17,18]. The system state and measurement equation of the KFA
are shown in Equation (5).

{ x(k) = ¢prr—1 x x(k—1) + Br_qug_1 + T qw(k — 1) 5)

Yr = Cx x x(k) + Dyuy + v(k)

In Equation (5), uy is the input value at time k. yj is the actual measured output value.
I' is a noise-driven array. ¢ _1 serves as the transfer matrix. By_; serves as the input matrix
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of the system. Cj serves as the output matrix. Dy serves as the feedforward matrix. vy serves
as the measurement matrix. The variance of process noise is shown in Equation (6).

E[wkwlz] :{ Qe n=k

0 n#k ©)
T Rk n==k
E[vgo]] —{ 0 nAk

In Equation (6), Qy is the covariance of the process noise and serves as a non-negative
definite matrix. Ry is the covariance of the measurement noise, which is a positive definite
matrix. The difference between the UKF and extended Kalman filter method is that the UKF
algorithm does not linearize the nonlinear equation but determines the sampling points
near the estimated point by calculating the unscented transformation; it approximates the
probability density function of the state variable with the Gaussian density corresponding
to the sample points, achieving accurate estimation [19,20].

The unscented transform (UT) is a method for calculating the probability of nonlinearly
transformed random vectors. It is incorporated into a deterministic sampling nonlinear
algorithm on the ground of the Kalman linear filtering framework, known as the unscented
KFA. The traceless transformation is the foundation and core content of the UKF algorithm,
and the principle of UT transformation is shown in Figure 2.

Mean vah{ Variance » True mean
?\ﬂ y=/(%) - el
(1)True distribution J-rat - True variance
- - -
' y=f(x) f(x)
(2)Extended Kalman '
Filter oo P=APA
Y AAPa
_ : g Y=/
(3)UT Transformation J'_ cee

Wi

Sig‘ma point

UT variance

Figure 2. Schematic diagram of unscented transformation.

In Figure 2, the central idea of the traceless transformation is that the calculation
process should prioritize ensuring that the sampling mean and covariance are x and Py,
respectively. This set of sampling points is transformed nonlinearly for each sigma point
to obtain the point sets ¥ and Py, and the predetermined system is y = f(x) [21,22]. The
dimension of the state matrix is shown in Equation (7).

w=r+ (VOF DR, @)
X=X (W>z

In Equation (7), X and P, are the mean and variance of the n-dimensional state vari-

able x. X; serves as the ith column of the variable matrix, and ( (n+ )\)Px) _serves as the
1

ith column of the matrix /(1 + A)Py. Generally speaking, when estimating the SOC of an

LPA, the charging and discharging currents of the packs are used as the excitation input for

the system to be tested, and the observed variable is the operating voltage of the system.
After the system inputs excitation information, the observation will also track the estimated
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state variables over time. Therefore, when utilizing the UKF algorithm to estimate the SOC
of the NMC LPA, it is also necessary to first clarify the observed variables, state variables,
and excitation inputs of the system. The initialization of state variables and covariance is
shown in Equation (8).

X():E[XO wo Uo]:E[SOCO 0 O]T

Py=E [(xo — Xo)(x0 — XO)T] ©

In Equation (8), x is the state variable. Py is the covariance. Using the ampere hour
integration method, the expression of the relationship between the SOC and the time can
be obtained, as shown in Equation (9).

t—tg I t
SOC = SOC(to) —/ 1) 4 )
to C

In Equation (9), the selection of initial values directly affects the overall filtering effect
and has a decisive impact on the convergence speed (CSP) of Kalman filtering. On the
grounds of the above derivation, a flowchart to evaluate the SOC of the LPA using the UKF
algorithm is established, as showcased in Figure 3.

State variable
initialization P

—— e — o

Sigma sampling poinf
set of state variables a
time K

Observations at State variable

time K+1 value at time K+1

Sigma sampling point|
set of state variables a
time K

Figure 3. UKF algorithm estimation SOC flowchart.

In Figure 3, the DP model is selected as the pack model. The DP model has strong
expressive power and can effectively simulate pack polarization phenomena and electro-
chemical processes. Once the model is established, the UKF can be used for estimating
the SOC. The UKF is an efficient mechanism for handling nonlinear problems. Unlike
direct linearization, the UT is used to approximate the effects of nonlinear functions at the
mean and covariance, allowing the algorithm to have better performance when dealing
with multivariate nonlinear systems. Finally, the constructed UKF-based SOC estimation
algorithm is validated through a large amount of experimental data from the ternary LPA.
The results met the expected accuracy requirements.
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2.3. SOC Estimation and Algorithm Construction for the Ternary LPA on the Ground of UPF

The method of using the UKF for generating the importance distribution of PF is called
UPF [23,24]. It establishes a mathematical model of the internal state of the packs, including
the packs’ voltage, temperature, charging current, etc. Then, experimental measurements
are conducted to measure the discharge curve data of the packs under different states,
which are input into the UPF filter for training and validation. The UPF combines the
accuracy of the Kalman filter and the wide area of particle filter to optimize the handling of
nonlinear and non-Gaussian problems. This is particularly applicable to the valuation of
the ternary LPA SOC. The algorithm flowchart for estimating the SOC state of the ternary
LPA using UPF is showcased in Figure 4.

Initialization (k = 0)
Particle generated by
P(x0)

; K<T?

Apply UKF algorithm to K- K +1
each particle

(k=1,2,000)

Imponance dlstrlbutlon
collection

~q<¢>*

Figure 4. UPF algorithm estimation flowchart.

Firstly, the study initializes the number and weight of particles, using the set of these
particles to approximate the posterior probability of nonlinear transformation. Then, by
combining the characteristics of Kalman filtering, it predicts and updates the system as
accurately as possible. The prediction stage relies on the distribution of particle weights
and changes in the state equation to predict new particle states. Then, during the update
phase, the particle weights are updated by measuring the difference between the predicted
and actual outputs of the particles. To avoid particle degradation issues, resampling is
conducted as the quantity of effective particles drops below a certain threshold. This
helps to maintain the diversity of the particle set, thereby more accurately reflecting the
system state. Finally, the estimation of the SOC is completed by combining the UPF and
the ternary LPA models. The SOC value of the NMC packs is used as the state variable,
and the open-circuit voltage OCV of the ternary LPA is used as the observation variable. It
discretizes the state equation and observation equation of the ternary LPA model, as shown
in Equation (10).

X1 = f(Xp, ik, wi) = He X + P + wy (10)
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In Equation (10), wy serves as the system noise. {x serves as the independent variable
noise. It normalizes the voltage value of the pack’s module, as shown in Equation (11).

N
q= 071'/; qj (11)
=

In Equation (11), g, is the corresponding probability of the error covariance. It calcu-
lates the gain matrix of the filter, as shown in Equation (12).

Ki = Pry /Pl (12)

The root-mean-square error (RMSE) of SOC estimation is defined, as shown in
Equation (13).

N
kil(SOCk - SOCreal,k)2

RMSE = N (13)
In Equation (13), N is the running time of one experiment. SOCy is the estimated value
of SOC in step k. SOC,,, « is the true value in step k [18-20]. In response to the shortcomings
of the EKF algorithm in generating recommendation distributions, this study uses the UKF
algorithm to generate recommendation distributions for state variables. The algorithm is
structurally on the ground of the UT transformation and uses Kalman linear filtering as the
operational framework. The specific sampling form formed is deterministic sampling. It
usually adopts symmetric sampling, with 2n+1 sigma points. The UPF algorithm does not
directly approximate nonlinear models but approximates the probability density function
of state variables, avoiding the tedious calculation of Jacobi matrices while a maintaining
high estimation accuracy. Therefore, this article uses a UKF algorithm for generating an
important density function and uses the unscented Kalman particle filter algorithm to

estimate the SOC of the NMC LPA.

3. Results

It is inferred that the UKF and the UPF methods have greater potential in practical
applications, but their relatively high computational complexities also need to be taken into
account when conducting practical applications. It is necessary to further optimize and
develop more feasible SOC valuation methods. Both algorithms could markedly evaluate
the SOC of the ternary LPA, but there are significant differences in specific performance.

3.1. Analysis of SOC Estimation for the Ternary LPA on the Ground of UKF

At the beginning of the experiment, for the convenience of testing, the ternary LPA is
discharged to a charge of 0.7 SOC in the pack testing equipment, and then the intermittent
discharge condition is set. After the experiment begins, the experimental data is recorded
in the software of the workstation. The initial state of the EKF algorithm is set to 75%, with
initial state covariance, process noise Q0, measurement noise R, and a sampling time of 1 s.
Then, it imports the test data into the program and estimates the SOC of the ternary LPA.
It applies the UKF algorithm to estimate the SOC of the NMC ternary LPA, as shown in
Figure 5.

Figure 5 showcases that the UKF algorithm could evaluate the SOC of the ternary LPA
under intermittent discharge conditions. In addition, the SOC at 1000 s is 0.53, and at 1500 s,
it is 0.45. This indicates that the estimation effect (EEF) is very good in the initial stage. The
reaction speed is not particularly fast, verifying the general convergence characteristics of
the UKF algorithm.
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Figure 5. Estimation of the ternary LPA SOC on the ground of the UKF algorithm.

In practical applications, the convergence of the UKF algorithm is an important
consideration. Although the UKF algorithm may require a longer convergence time, once
converged, it can provide a relatively accurate SOC estimation. Therefore, the research
results indicate that the UKF algorithm can serve as a reliable method for evaluating the
SOC of the ternary LPA under intermittent discharge conditions. What needs further
research is how to further improve the reaction speed of the UKF algorithm to adapt more
quickly to changes in different working conditions. This is crucial for real-time monitoring
and control in practical applications. By optimizing algorithm parameters and improving
filter design, the performance, applicability, and accuracy of the UKF algorithm can be
further improved. Overall, these results are meaningful for understanding and improving
the application of the UKF algorithm in the estimation of the ternary LPA SOC and provide
valuable clues for future research.

3.2. Analysis of SOC Estimation for the Ternary LPA on the Ground of UPF

To verify the superiority of the UPF algorithm in estimating the SOC performance of
the LPA, intermittent discharge tests were conducted on a 3.7 V/3.2 Ah LPA produced by
Panasonic. It recorded real-time data, such as the voltage and current of the ternary LPA
at room temperature (25 °C), and the relevant data were utilized as the simulation input.
The simulation design set the initial SOC value of the ternary LPA to 0.7 and the particle
number to 200, and the test condition was the intermittent discharge test. The simulation
time was set to 2000 s, and the sampling frequency was set to 2 Hz. This UPF algorithm is
shown in Figure 6 under different parameter identification errors.

In Figure 6, in the same situation, the estimating outcomes of the two scenarios are
basically the same at the beginning of a period of time. Nevertheless, in the later stage,
the estimation error of the RLS-UPF method for the SOC began to significantly increase,
gradually exceeding 1%, with a corresponding RMSE of 0.002171. This indicates that the
ORLS-UPF algorithm decreased by 27.59%, compared to RMSE, indicating that the gap
between the two will continue to widen over time. In short, the UPF algorithm on the
ground of ORLS has the better SOC estimation performance. The comparison chart of SOC
effects estimated by various algorithms is shown in Figure 7.
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Figure 6. The SOC estimation error of the UKF algorithm under different identification errors of
the parameters.
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Figure 7. Comparison of the SOC effects of various algorithms for estimation.

In Figure 7, all four algorithms can better estimate the trend of SOC changes. However,
it is evident that the SOC estimation method on the ground of the UPF algorithm possessed
a significant improvement in the maximum absolute value of estimation error relative to
the other three methods. The EEF was more excellent. Various algorithms estimated SOC
errors, as shown in Figure 8.
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Figure 8. SOC error estimated by various algorithms when the initial value of SOC is 0.7.
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In Figure 8, the overall analysis of RMSE performance comparison results shows that
UPF increased by 50.9% compared to EKF, 33.4% compared to EKPF, and 19.6% compared
to the UKF. The maximum absolute error was also controlled from around 3% of the EKF
to within 1%, but it was relatively slow in running time. However, due to the continuous
operation time of the system, it will not possess an essential influence on the actual SOC
EEF. The robustness verification of the UPF algorithm is shown in Figure 9.

A
= Actual measurement
0.8 v EKF
07 - v EKPF
v UKF
0.6
@) i
3 0.5
5]
04 =
Q
o
03 4 |2 o068 EQ;&%
02 o 0 30_60 90
Time/s
T T T T T >
0 400 800 1200 1600 2000
Time/s

Figure 9. Robustness verification of the UPF algorithm.

In Figure 9, the CSPs of UPF and EKPF were the fastest; however, the error of UPF was
below that of EKPFE, and the convergence effect (CEF) was more stable. Moreover, the RMSE
of UPF was the smallest, and it demonstrates that the CSP of UKF was slower. Therefore,
relative to the other three algorithms, UPF possesses stronger robustness and interference
suppression capability. The initial SOC value was 0.2, and the algorithm estimation error is
shown in Figure 10.

=wmr  Actual measurement
-201 +w+ EKF
—304 EKPF N
. = UKF |
5 —40d = UPF 2
& ElY
= &
—50— & - 14
—D-
—60- T T T
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T T T T T >
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Figure 10. SOC error estimated by various algorithms when the initial value of SOC is 0.2.
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In Figure 10, the CSPs of UPF and EKPF were the most rapid; however, the error of
the UPF was below that of EKPF, and the CEF was more stable. Moreover, the RMSE of the
UPF was the smallest, and it demonstrates that the CSP of the UKF was slower. Therefore,
relative to the others, the UPF possesses a stronger robustness and interference suppression
capability. The algorithm estimation robustness at an initial SOC value of 0.2 is shown in
Figure 11.
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Figure 11. Algorithm estimation robustness at a SOC initial value of 0.2.

In Figure 11, the robustness of the algorithm estimation at an initial SOC value of 0.2
was not as good as that of the UKF at 1600 s.

4. Discussion

With the increasingly serious problem of global climate change, reducing the use
of fossil fuels and promoting the development of renewable energy technologies have
become an urgent task [25]. Electric vehicles, with their zero emissions, low noise and low
maintenance costs, are considered to be a strong alternative to traditional fuel vehicles.
However, despite significant advances in electric vehicle technology, the performance
monitoring and management of their battery systems remains one of the key challenges.
Lithium-ion batteries, especially ternary lithium batteries, are widely used in electric
vehicles due to their high energy density and long cycle life. The state of Charge (SOC) of a
battery is an important indicator to evaluate the remaining available energy of a battery,
which is crucial to ensure the safety of electric vehicles, optimize energy management
and extend battery life [26]. However, estimating SOC accurately is not easy. Complex
electrochemical reactions inside the battery, changes in external operating conditions (such
as temperature, aging), and nonlinear characteristics during charge and discharge all
increase the difficulty of SOC estimation. Traditional SOC estimation methods, such
as ampere-hour integration method and open-circuit voltage method, are simple and
feasible, but their accuracy is limited in the face of complex working conditions and battery
aging [27]. Therefore, the aim of this study is to develop a more accurate and reliable SOC
estimation method to address the various challenges faced by electric vehicles in practical
applications. By building a detailed model of ternary lithium batteries and using advanced
filtering algorithms (such as UKF and UPF), it is expected to achieve accurate and real-time
estimation of SOC, thereby providing strong support for battery management systems and
promoting the further development of electric vehicle technology.

This study analyzed the SOC estimation of ternary lithium battery based on UKF,
and the experimental results showed that UKF algorithm could accurately estimate the
SOC of ternary lithium battery under intermittent discharge condition. Although its initial
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reaction is not particularly fast, once it converges, it provides a relatively accurate estimate
of SOC. This finding validates the effectiveness of UKF in nonlinear system state estimation,
especially when dealing with complex systems such as ternary lithium batteries. This
result is consistent with the conclusion obtained by Zhao et al. in their study on SOC
valuation [28]. In addition, the experimental results show that the UPF algorithm has
superior performance in the estimation of terre lithium battery SOC. Compared with
UKEF algorithm, UPF algorithm can still maintain smaller estimation error under different
parameter identification errors, and has stronger robustness and interference suppression
ability. This coincides with the conclusion obtained by Liu’s team in their research [29].
Finally, this study also found that the UPF algorithm has a significant improvement in
the maximum absolute value of the estimation error, and the overall estimation effect is
more stable. These advantages make UPF algorithms have greater potential in dealing with
complex conditions and battery aging. The results are also similar to what Yetik found in
his 2020 study of UPF algorithms [30].

This study focuses on the performance difference between UKF algorithm and UPF
algorithm in SOC estimation of terpolymer lithium batteries. However, in practical appli-
cations, the battery management system also needs to consider other factors, such as the
aging of the battery, temperature changes, and charge and discharge rates. These factors can
affect the accuracy of SOC estimates. Therefore, future research can be further expanded to
SOC valuation methods considering the comprehensive influence of multiple factors.

5. Conclusions

Although ternary LIPs are increasingly widely used in EVs, accurately estimating
the pack’s SOC in real-time remains a challenge. To address this issue, a ternary LPA
model was constructed, and methods on the grounds of the UKF and the UPF for SOC
estimation were subsequently adopted. By analyzing the performance comparison results
of RMSE, the UPF increased by 50.9% compared to EKF, 33.4% compared to EKPF, and
19.6% compared to the UKFE. The algorithm estimation robustness at an initial SOC value of
0.2 was not as good as that of the UKF at 1600 s. The maximum absolute error was also
controlled from around 3% of EKF to within 1%, but it was relatively slow in running time.
However, it should be noted that the UPF method has a high computational complexity
and will require optimization and appropriate hardware support in practical applications.
Overall, the potential of the UPF as an effective and robust SOC valuation method has
been confirmed, and it may have broad application prospects for the ternary LPA and other
types of packs. This may provide an important theoretical basis for improving the energy
management efficiency, pack life, and overall vehicle performance of EVs in the future.
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