energies

Article

Research on the State of Charge of Lithium-Ion Battery Based
on the Fractional Order Model

Lin Su 10, Guangxu Zhou 1 Dairong Hu 1 Yuan Liu ! and Yunhai Zhu 2*

check for

updates
Citation: Su, L.; Zhou, G.; Hu, D,;
Liu, Y.; Zhu, Y. Research on the State
of Charge of Lithium-Ion Battery
Based on the Fractional Order Model.
Energies 2021, 14, 6307. https://
doi.org/10.3390/en14196307

Academic Editors: Victor Becerra and
Ahmed Rachid

Received: 25 August 2021
Accepted: 27 September 2021
Published: 2 October 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Shandong Provincial Key Laboratory of Automotive Electronics Technology, Institute of Automation,

Qilu University of Technology (Shandong Academy of Sciences), Jinan 250000, China;
1043119495@stu.qlu.edu.cn (L.S.); zhougx@sdas.org (G.Z.); hudr@sdas.org (D.H.); liuyuan@sdas.org (Y.L.)
Science and Technology Service Platform, Qilu University of Technology (Shandong Academy of Sciences),
Jinan 250000, China

*  Correspondence: zhuyh@sdas.org; Tel.: +86-139-6412-5419

Abstract: Accurate estimation of the state of charge (SOC) of lithium batteries is paramount to
ensuring consistent battery pack operation. To improve SOC estimation accuracy and suppress
colored noise in the system, a fractional order model based on an unscented Kalman filter and an
H-infinity filter (FOUHIF) estimation algorithm was proposed. Firstly, the discrete state equation of a
lithium battery was derived, as per the theory of fractional calculus. Then, the HPPC experiment
and the PSO algorithm were used to identify the internal parameters of the second order RC and
fractional order models, respectively. As discovered during working tests, the parameters identified
via the fractional order model proved to be more accurate. Furthermore, the feasibility of using the
FOUHIF algorithm was evaluated under the conditions of NEDC and UDDS, with obvious colored
noise. Compared with the fractional order unscented Kalman filter (FOUKF) and integer order
unscented Kalman filter (UKF) algorithms, the FOUHIF algorithm showed significant improvement
in both the accuracy and robustness of the estimation, with maximum errors of 1.86% and 1.61%
under the two working conditions, and a terminal voltage prediction error of no more than 5.29 mV.

Keywords: lithium ion battery; fractional order model; SOC estimation

1. Introduction

Currently, the traditional automobile industry is one of the main contributors to
the global greenhouse effect and oil crisis, and consequently the development of new
electric vehicles is evolving. To this end, many automobile companies have transformed
themselves and issued a timetable for ending the sale of traditional fuel vehicles. The new
vehicle models are mainly battery electric vehicles (BEV), hybrid electric vehicles (HEV)
and plug-in hybrid electric vehicles (PHEV). The main types of power batteries currently
available for electric vehicles include lead-acid, nickel-chromium, nickel-hydrogen, and
lithium-ion batteries. Between them, lithium-ion batteries have the highest specific energy
and volumetric specific energy, in addition to a long service life [1,2]. SOC is an important
lithium battery parameter and an accurate SOC estimation can help improve the service
life and battery safety.

There are four methods employed in SOC estimation. Firstly, there is the Coulomb
counting method. Although the calculation is simple, there are also obvious drawbacks.
For example, it is difficult to determine the initial calculated value, so it is generally used
in combination with an open-circuit integral method. However, before using this method,
the lithium battery needs to be left to set for a long time and the current sensor may
also show errors. When mixed with noise from the external environment, the current
error accumulation will continue to increase [3]. The second method is through empirical
value-based estimation, represented by neural networks, fuzzy algorithms, and support
vector equipment. The neural network requires a large amount of training data in the early
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stages to explore the relationship between various parameters in the nonlinear system
with high estimative accuracy. However, this method also has distinct shortcomings,
namely, the primary task of inputting a large amount of training data into the system
means that the estimation cannot be made in real time, and so this method has poor
adaptability as realistically it can only be used in a training environment. Furthermore,
fuzzy algorithms also need to process a large amount of data in the early stages, which is
difficult to implement in an embedded system [4]. Marvin Messing et al. took the internal
parameters of a battery model as the input values of a neural network. The experimental
results showed that the SOC estimation was relatively ideal [5]. Yin et al. adopted a PSO
algorithm to optimize the weight and threshold of the neural network, and subsequently
used a SA algorithm to optimize the PSO algorithm. The experimental results revealed that
the PSO algorithm was optimized for both accuracy and arithmetic speed [6]. Darsana Saji
et al. solved the problem of error accumulation by using a combination of the coulomb
counting method and the fuzzy algorithm, achieving high robustness and improved
estimation accuracy [7]. The third method is an estimation process based on the battery
characterization parameters. It is mainly used in laboratory environments to identify the
relationship between the parameters (including the open-circuit voltage and remaining
capacity) and the SOC of the lithium battery. This method is convenient and accurate,
but not suitable for practical application. Liu et al. estimated the SOC by using battery
characterization parameters such as the rebound voltage and temperature in combination
with a neural network. The results demonstrated that the estimated SOC values in this
method were highly accurate and consistent under various working conditions [8].

The fourth approach is an estimation method that combines filtering theory with an
equivalent circuit model, and is currently the most popular and reliable method [9,10].
The common filtering algorithms include the Kalman filter algorithm [11], H infinite filter
algorithm [12] and so on. The main advantage with these algorithms is that it is not
necessary to stage the battery for long periods or to train the data before use. Moreover,
real-time correction can be made in the case of errors in the theoretical and measured
values to conclusively estimate an accurate SOC. Amongst the filtering algorithms, the
unscented Kalman filter (UKF) algorithm develops quickly, and its UT transformation link
can usually be improved by obtaining more accurate values of the estimated parameter. H.
Aung et al. adopted an improved square root UKF algorithm, where the arithmetic speed
was improved by reducing the amount of sigma points [13]. Another research focus of the
UKEF algorithm is its noise covariance matrix, with relevant theories showing that UKF
noise should be assumed in advance. Accordingly, Peng [14] and Sun [15] used an adaptive
UKEF algorithm to estimate the SOC of lithium batteries, and adjusted the noise covariance
matrix in real time, which contributed to the fast convergence of the algorithm. In the
process of SOC estimation, the largest problem often comes from colored noise interference.
The main filtering algorithms suitable for colored noise estimation include the H infinity
algorithm [16]. Liu et al. proposed an adaptive H-infinity algorithm, which could not only
help to filter out colored noise but also solved the problem of the inaccurate initial values
of the noise covariance matrix. Moreover, the estimation accuracy was improved [17]. Liu
et al. used a method combining the UKF algorithm with an H-infinity algorithm, where
the UKEF algorithm was used to linearize the nonlinear system. The experimental results
proved that this combined method could compensate for sensor errors [18].

Presently, equivalent circuit models are normally divided into integer order models
and fractional order models. The contents of the previous paragraph all relate to integer
order models. Compared with integer order models, fractional order equivalent circuit
lithium battery models can more comprehensively depict the internal chemical reaction
mechanism of the battery, resulting in improved SOC estimation accuracy [19,20]. Mu
et al. established a fractional order model which is simplified to be similar to the Thevenin
model, and on this basis a fractional order UKF technology was derived [21]. Additionally,
Chen et al. established a fractional second-order RC equivalent circuit model, and based
on this model, a fractional order UKF technology was developed [22]. In terms of updating
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the covariance matrix, the technology developed by reference [22] is different from that
derived by reference [21], but is more effective.

In view of the obvious advantages of the fractional order model over the integer order
model, a fractional order lithium battery model based on the FOUHIF estimation algorithm
is proposed in this paper. The specific layout of this paper is as follows: Section 2 gives
a detailed introduction to the fractional order lithium battery model; Section 3 describes
the identification of the internal parameters of integer order battery and fractional order
battery models, and compares their respective effects; Section 4 initially introduces and
analyzes the UKF and H infinity (HIF) algorithms, then proposes a fractional order model-
based unscented and H-infinity (FOUHIF) estimation algorithm; Section 5 describes the
experiment carried out under complex working conditions and compares the performances
of the FOUHIF algorithm, the fractional order unscented Kalman filter (FOUKF) algorithm,
and the integer-order unscented Kalman filter (UKF) algorithm.

2. Lithium Battery Modeling

In reference [23], a new linear capacitance model was proposed based on Curie’s
empirical law. Curie’s empirical law states that when a DC voltage U is applied to two ends
of a capacitor at the initial moment, the current generated by the capacitor complies with
the relationship equation i(t) = U/ (h1t"), where, h; and n are constants, and 0 <n < 1.
This law is an empirical relationship. The newly proposed capacitance model can be
summarized as follows: i(f) = C d";;,ﬁ” ,0 <n < 1,t>0,and it was revealed that there is
no constant capacitance in practical engineering. These theories also imply that the essence
of capacitance is fractional order.

In engineering, the complex chemical reaction mechanism in lithium batteries is
often depicted by establishing an equivalent battery circuit model for simplicity’s sake to
clarify physical meaning and for online use. The main equivalent circuit models are the
Rint, Thevenin, PNGV, and multi-order RC models. However, they all have a common
drawback. That is, integer order models cannot depict the charge transfer reaction between
the electrolyte and the solid-phase interface layer or the electrochemical process of the
electric-double-layer effect. This implies that test results obtained over multiple testing
cycles under working conditions severely deviate from the true value. Consequently, in this
research, the second order RC model was improved into a fractional order model that can
depict the reaction mechanism more realistically. The improved model is shown in Figure 1,
where Ry is the ohmic internal resistance of the battery, which reflects its ohmic polarization
characteristics; the fractional order links formed by the constant phase elements CPE1 and
Rj describe the charge transfer process and the electric-double-layer effect in the battery
electrochemical processes; the fractional order links formed by the constant phase elements
CPE2 and R; describe the transfer reaction behavior between the electrolyte and the solid
phase interface during the battery electrochemical processes.

qe—~
I

Figure 1. Fractional order model structure of the battery.
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There are three common definitions of fractional calculus: the Riemann-Liouville (RL)
definition, the Caputo (CP) definition, and the Griinwald-Letnikov (GL) definition [24].
Since the GL definition is concise and clear, it is more appropriate for engineering, and it
is also easily combined with the Kalman filter algorithm. Therefore, in this paper, the GL
definition is used to establish the fractional-order lithium battery model. The GL definition
is given as:

C
WDEF() = imgir 32 (1) () fte i) <1>
dF(H) /A >0
aD:ﬂt):{ 1 r=0 @
JEf

In the equation, ,Dj represents a continuous integral differential operator, where «,
t are the upper and lower limits of the integral, and r is the fractional order of each link.
The impedance of the two constant phase elements (CPEs) in the above figure is expressed
as Equation (3). In the equation, 11, n, are the numbers of the orders of the polarization
capacity and the diffusion capacity.

Zcpr1(jw) = W
Zepea(jw) = 5 gae

®)

The following equations are obtained in combination with the above figures and the
Thevenin theorem:

1 1
DUy (t) = ————U(t) + I(t 4
1) =~ gicoy M) + e 1) )

1 1
D™Uy(t) = ————Up(t) + I(t 5
2() =~ g e W T e, 10 ®)

The measurement equation is:

Uy = Upcy —Ur — Uy — U (6)

According to the above equation, the state-space equation of the continuous fractional
order model can be obtained as:

a* 1 1
%Tg U1 - m 01 O u2 q
50C 0 0 0 SOC /i
dt On
U= Uy—U; —U,— IRy
In the equation,
1 1
T RiG Cll
Al = T RG ’ B1 = G, (8)
0 G
Y]

After discretization of the above equation, according to the GL definition equation of
fractional calculus, the state equation of the fractional model can be obtained as follows:

Lm .
{ Xpy1 = Tg' Axy + T¢'Buy + 121 (=)' yixpy1-i + Tlwy ©)
=

y:Cx;:+vk
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In the equation, the matrices A, B and the Newton binomial coefficients are:

A = diag{(At)", (At)", At} Ay + diag{ny,np, 1}
— di _AML A2 g (10)
= aiag RiC R,

B = diag{(At)™, (A})"™, At} By

_ [ A A2 gDt }T (11)

o C (@} On

(D) (1) () () () -{ Azt 0

Memory length is determined in a simplified form L,,; if f(f) < M and the precision
is ¢, then:

M 1/i
ez (et 1) v

3. Identification of Internal Parameters of the Battery Model

After an equivalent circuit model of the lithium battery was established, it was nec-
essary to identify the model’s internal parameters. For the widely used second order RC
model, the parameters to be identified include the open-circuit voltage, ohmic internal
resistance, polarization capacity, and resistance, that is 6 = [ Ry Ri Ry, C; (G ] .
Since the open-circuit voltage cannot be measured directly under normal circumstances,
the terminal voltage of a lithium battery staged for a length of time is regarded as the open-
circuit voltage; and the electrochemical model proposed by G.L Plett was used to fit the
open-circuit voltage and SOC. This electrochemical model mainly combines the Shepherd,
Unnewehr, and Nernst models, and is expressed as Equation (14). In the equation, U is the
terminal voltage of the battery; Ry is the ohmic internal resistance of the battery; iy is the
discharge current; z is the SOC at the moment of k; and ko ~ ky is the fitting coefficient.

. k
U = ko — Roix — Zfl + kozg + k3 In(zg) + kg In(1 — z;) (14)
k

To verify the superiority of the fractional order model, the hybrid pulse power charac-
terization (HPPC) experimental method and the PSO algorithm were used to identify the
internal parameters of the second order RC and fractional order RC models, respectively,
and a comparison was made via the identification results. In addition to the above two
methods, genetic algorithms and ant colony algorithms can also identify lithium battery
parameters. The main challenge is to balance exploration and exploitation in the algorithm
process [25].

Firstly, an HPPC experiment was conducted to identify the offline parameters of the
second order RC model. The results reveal that in the case of pulse-driven high current
discharge, an instant drop in the terminal voltage of the battery occurs, as shown in Figure 2.
Capacitance characteristics show that the capacitor is turned on in this process, and the
bypass polarization resistance is short-circuited. Therefore, it must be the battery ohmic
internal resistance that causes the instant voltage drop during pulse discharge. The voltage
change curve in this process is shown in section AB of Figure 2 and was calculated as per
Equation (15).

Ro = (Up—Uc)/I (15)
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Figure 2. Single pulse discharge current and voltage curve.

Upon canceling the pulse discharge current, the terminal voltage of the battery in-
stantly increases. Since the voltage of the capacitor cannot suddenly change, the battery
ohmic internal resistance remains the reason for the instant voltage rise when the battery is
left standing still before the battery terminal voltage starts to rise slowly. This process is
mainly due to the zero-input response of the RC link. The voltage change curve is shown
in section DE of the figure. The battery output is calculated as per Equation (16).

__At .Y
UOc(SOC) —Uy=U (0)6 Ri& 4 UZ(O)E RoGy (16)

In the equation, U;(0) and U,(0) are the voltage values of R;C; and R,C; at the
moment after discharging is stopped. During pulse discharge, the two RC links can be
regarded as zero-state responses. The voltage change curve in this process is presented
in section BC of Figure 2, and the battery output in this process is calculated as per
Equation (17). The parameters of the battery model can be calculated by substituting
Equation (17) with the time constant calculated as per Equation (16).

_ At _ At
Uoc(SOC) — Uy = IRy + IR (1 — e RiC1) 4 IRy(1 — e Ra%2) (17)

Next, a particle swarm optimization (PSO) algorithm was used to identify the parame-
ters of the fractional order model. The parameters to be identified are
=Ry Ri R, Ci C m ny |. Compared with the integer order model, there
are two more capacitor orders. This algorithm is an immediate search algorithm based on
group collaboration, which is easier to implement than the other algorithms. The fitness
function is continuously optimized by updating the speed and position of particles in the
space. When the fitness function is optimal, its position is also at the optimum. The fitness
function is the minimum Euclidean norm between the terminal voltage U(t) estimated by
the fractional order model of the lithium battery, and the actual measured terminal voltage
U(t). The process of using the PSO algorithm to identify the capacitor order is illustrated

in Figure 3.
2

+oo N
J=min [ U -G a (18)
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Figure 3. Flow chart of the PSO algorithm.

4. Algorithm for Estimating the SOC of Lithium Battery
4.1. UKF Algorithm

The internal parameters of the lithium battery system are nonlinear and vary with
time. The widely used expanded Kalman filter (EKF) algorithm is applicable to this kind
of nonlinear system. The main idea involves carrying out a Taylor expansion of the state-
space equation; therefore, it is necessary to calculate the Jacobian matrix if this algorithm is
adopted. However, it suffers from a high computation burden. Meanwhile, the high second-
and above orders are omitted in the Taylor expansion. This may cause an accumulation of
errors in the estimation, resulting in inaccurate results.

In contrast, the UKF algorithm used for this kind of nonlinear system can approximate
the probability density distribution of random variables instead of directly approximating
the linearization of the nonlinear system. Compared with EKF, UKF can retain high order
information, with an expected value accuracy and covariance reaching the third order
approximation. Moreover, without the need for a differentiable model and calculation of
the Jacobian matrix, UKF is easier to implement in hardware.

As the core of the UKF algorithm, the unscented transformation (UT) can be regarded
as a Monte Carlo algorithm, whereby the approximations of the mean and covariance are
obtained by constructing sigma points. UT is generally divided into the general, simple,
and spherical types. If the model pursues fewer calculations, then the simple type should
be used. If the model has a large number of dimensions, then it is necessary to use the
spherical type, as the simple type may result in unstable values.

The UT can be explained mathematically as follows, whereby the second-order statis-
tics are x and the nonlinear function is f:

y=f(x) , px=E(x) , Cy=Cov(x) (19)
The UT can be expressed as follows:

[ﬁy/ éer Cy] = UT(f/ Ux, Cx) (20)
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Mathematically, UT can be equivalently expressed in an approximate integration
format.

/” h(z)@x(z)dz (21)

In the equation, ¢, is the probability density function of x. When calculating the
expected value y of fi,, his equal to f (i.e., h = f).

Currently, there are many types of UKF algorithms. In this paper, the following type
is introduced:

Given that the nonlinear system model is

xp = f(xp_1, ug) + wy ”
{ Yk = h(xg, ug) + vk 2)

(1) the initial value of the state observer is set.
o N ot T
2y = E(x0), Py = E[(x0 — %7 ) (x0 — %5 )] (23)

(2) the sigma point and the corresponding weight are calculated in a general UT
format. Here, P;_; should be processed first, via the Cholesky decomposition.

Peq =Sk 1(Se1)" (24)
_ A

wy = 53

wh =y + (1-a?+p)

e A

wi' = wj = 20L+A) 7 L...,2L

S0 _ 4 (25)
X1 = xqu

X,Eillzﬁ,;*,ﬁ( (L+A)P_q),i=1,...,L
’el(jzl:’?ktl—( (L+A)Pq),i=L+1,...,2L

(3) Time updating
5 = f&) ue ) (26)
£ = Liowl'sy) (27)
RPN () B
Py = Ywi®) — )@ - %) + o (28)
(4) Measurement updating
gi = (2", ) (29)
I = Yoo wf' (30)
2L i anai AT
Py = Ym0 @i (G = 06) (T — 1) + Re (31)
2L oD ansai AT
ny,k = Zizo w; (xl(;) — Xk )(yk - yk) (32)
Ki = Peyi(Pyy )~ (33)
25 =20 + Ky — 9o) (34)
Pl =P — KiPyy iKY (35)

In summary, the following problems are encountered. Firstly, the covariance matrix
Py_1 must be positive definite and symmetric in order to conduct the Cholesky decomposi-
tion. However, in actual calculations, due to the loss of precision and the inversion link in
the algorithm, the covariance matrix Py_1 cannot constantly remain symmetric and positive
definite. Furthermore, the more estimation parameters that are involved, the more likely it
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is to be non-positive definite, resulting in the failure of the algorithm. Secondly, in the UKF
algorithm, the UT link is removed, and the remaining steps still fall within the standard
KF framework. The UKF algorithm has the same requirements for system noise as the KF
algorithm. Namely, the noise probability distribution is known, and it is considered that
the state noises w; and v are uncorrelated Gaussian white noises that conform to a normal
distribution. However, the real noise is often colored noise, so the UKF algorithm itself still
has certain limitations.

4.2. H-Infinity Filter (HIF) Algorithm

In the battery management system (BMS), the noise generated by a multitude of factors
cannot be approximated to zero-mean uncorrelated white noise. Therefore, the use of UKF
or KF alone can cause divergences or invalid estimation results. The colored noise of BMS is
mainly caused by two factors. First is the noise generated by sensors. The main sensors in
BMS include voltage, current, and temperature sensors. Due to the manufacturing process
and design of circuitry, accuracy loss and electromagnetic interference are caused, and
the noise generated cannot be regarded as zero-mean uncorrelated white noise. Second is
the error of the noise covariance matrix. Sudden changes and a large range of change in
electrical currents will affect the calculation of the mean noise value, and will further affect
the calculation of the covariance matrix. It is also hard to determine the error generated at
this time.

In order to filter out uncertain noise, the He, filter (HIF) algorithm is introduced
here. Firstly, the cost function shown by Equation (36) is given below, where y; — 7 is the
estimation error, xy — £y is the error in the initial value, and Sy represents the designer’s
degree of interest in each state being evaluated.

N-1 2
Y lye =0l s,
k=0

] = (36)

1o — olPPpr + T (lwl® s + logl2 )
Fy k=0 Q Ry

For any form of noise in the system, the purpose of the cost function is to calculate the
accuracy of the estimated object, which is controlled within a certain range of proportions.
According to game theory, in the KF algorithm, natural noise is idealized, and the noise
that is treated as white noise is never changed. In contrast, in the HIF algorithm, natural
noise is assumed as the worst condition.

The goal of this is to minimize the estimation error yx — ¥, and to further obtain the
smallest cost function, J. To facilitate the setting of the performance boundary to minimize
cost function J, the following equations were used:

1
] < ; (37)

After rearranging the above two equations, the following equation was obtained:

1 o 112 NI o 12 1 2 2
J= gl = ol + X [~ ol — G-+ e~ Cose~ Dusl ) 9

Based on the above equation, the minimization of the cost function was transformed
into the following minimax equation:

J] = min max | (39)
% WkEkXo

The goal of the calculation results was to make the cost function | lower than 1/+.
The following is a brief introduction to the iteration process of the HIF algorithm:
(1) Initialization:
x0, Po, So, Qo, Ro (40)
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(2) Updating the prior states estimation:
S = F& ) (41)
(3) Updating the prior states error covariance:
Piya = AP AL+ Qi (42)

(4) Updating the symmetric positive definite matrix:

Sp = LTS Ly (43)
Correction of measured value.
(5) Updating gain matrix:
_ -1
Kiy1 = Aga Py (1= 1/9SkP + Cia Ry G Pyy) - GlaR, (44)

(6) Updating the posteriori state value:

2 = B+ Ko (zeg1 — bR, 1)) (45)

(7) Updating the posteriori variance:

- - TpT — LT
Pl = AikP (I =1/9SPy + CiR{CPry)  Afr+ Qk (46)

As discovered from the above process, it is possible to obtain the relationship between
the converted HIF and KF algorithms by changing the limiting factor, y. When 7y = 0, the
HIF algorithm becomes the KF algorithm. In other words, the KF algorithm is a special
iteration of the HIF algorithm with an infinite performance boundary. Moreover, there
are some limitations in the HIF algorithm. (1) In the HIF algorithm, there are no specific
measures for the linearization of the nonlinear system, and (2) although colored noise
can be filtered out in the HIF algorithm, the state noise variance and measurement noise
variance matrices should still be assumed in advance. The assumed value also has a direct
effect on the final estimation result, resulting in amplified or divergent errors.

4.3. Fractional Order Model-Based Unscented Kalman Filter and H-Infinity Filter (FOUHIF)
Estimation Algorithm

The internal chemical mechanism of lithium batteries is complex, and the parameters
have an extremely strong nonlinearity relationship. In addition, the noise probability
distribution of lithium batteries is unknown under different working conditions and
electrical currents. Based on the above-mentioned problems of lithium batteries and the
analysis formed in Chapter 4, a fractional order model-based unscented Kalman filter and
H-infinity filter (FOUHIF) estimation algorithm was proposed, with the UKF algorithm as
the main framework, and its UT change can improve estimation accuracy and speed. In
the FOUHIF algorithm, an HIF algorithm was incorporated to solve the problem where all
noise had to be assumed to be white noise in the UKF algorithm. Colored noise was filtered
out by minimizing the cost function. Meanwhile, in order to improve estimation accuracy,
the FOUHIF algorithm was combined with the lithium battery fractional order model.
Namely, the expected value and error covariance matrix of the priori state estimation value
were transformed into a fractional order format. Furthermore, some issues with the two
algorithms were also improved: firstly, the singular value decomposition of the covariance
matrix P, was carried out to solve the original problem of an ill-conditioned matrix being
generated during the Cholesky decomposition. Secondly, a self-adaption method was used
to solve the problem of the uncertain initial values of the state noise covariance and the
measurement noise covariance matrices.
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If the SVD method is used, the decomposed matrix is neither required to be positive
definite nor required to be a square matrix. This means that any matrix is suitable for SVD
decomposition. Assuming that the matrix A is an m X n matrix, the SVD of matrix A is
defined as:

A=USVT & [U,S,V] = SVD(A) (47)

0 ,
S = { % 0 ] Y =diag(ov,09,...,00)
mxn

In the above two equations, matrices U and V are orthogonal matrices; the column
vector u; of U is the eigenvector of matrix AAT; the column vector v; of V is the eigenvector
of matrix ATA; o; is the singular value; and 0’1-2 is the eigenvalue of the matrix AAT.

The detailed steps of the FOUHIF algorithm are as follows:

(1) Initialization:

25 = E(x0), P = E[(x0 — £0) (x0 — £0)] (48)

(2) Performing SVD on Py,and calculating the sampling points and corresponding
weight values:

[u S v ]|=SVD(F) (49)
A
wy' = 5
wh = iy + (1 —a? + p) (50)
_ _ A
wi' = w; = syt =120
N() N
B =%
20 — %t 4+ (JILFNS),i=1,...,L (51)
9?,(21 =%, - (/(L+A)S),i=L+1,...,2L

(3) Update time: The state variables £/, ..., £ | are required to calculate the expected
value and the error covariance matrix of the priori state estimation variable; Equation
(9) is the nonlinear state transfer function (52), and the maximum difference between the
fractional order UKF and the integer order UKF is shown in Equations (52)-(54). The
detailed derivation process can be found in Reference [22].

92,(:) = f(ﬁ,(le,ukfl) (52)
(i) - S sy
= i= =
2L BN ) NI () B S
n- EOW?@) _ ;Ow;"x}())(x,ﬁ) -Lw 2T
k 2n i 2 () (i
+ 'Zl (K]J?]jjzowi )(32]({) — £wa )x,E))T
j= i= =
(54)
K 2n ; 2n
" Z w(c) (3?](;) Z w(m)f(l))(flj ])T(Kj)T
j=1i=0 i=
k
+ ¥ Kt (3 ) TR+ Qe

.
Il
—_
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(4) Updating the measurements and calculating the predicted value #j; of the output
and the covariance matrix Pyy ; and P where the nonlinear measurement function is

xy,k’
expressed by Equation (9):
7 = h(e ) (55)
2L ,
Ik = ) wi' G (56)
i=0
2L cosi s N(i s\
Py = Yo W5k = ) (T — 9x) + Ry (57)

2L ) T
Py = Zi:o wf(xl((l) =)W — ) (58)

(5) The above steps are identical to those of the fractional order UKF algorithm.
Afterwards, the posteriori state estimation value was corrected:

Ki = Prye(Pyy i)' (59)
25 =2 + Ky — ) (60)
_ 1 _ AT
Pk+:Pk - [ Pry Py ]Re,k[ Py Py ] (61)
R+Pyr (Poy)”
R., — vy, xy, 62
ek ny,k 72 I+ Pk— ( )

The specific derivation processes of Equations (61) and (62) can be seen in Refer-
ence [18]. In Reference [18], the range of 72 based on the integer order battery model was
derived from the above two equations. In this paper, the range of 72 based on the fractional
order battery model was derived from the above two equations.

According to the characteristics of the lithium battery state equation, the following
equation was obtained by substituting Equation (54) into Equation (61).

— 2 — —
P& =Py —*Pyy Py, — Pp RE; (63)

By carrying out an inversion calculation on both sides of the equation and simplifying
it, the following equation was obtained:

() = () 2= () Py R (B) 'Ry (64

Since P;" is symmetrical and positive definite, the above equation should be greater

than 0. Hence:

— —\—1 —1 1 T )
(P = (P) Py RT(P) Py > 07 (65)
72 can be regarded as the eigenvalue of the left side of the above equation, so:

-1

o PR (B " Pyi] ) ) (66)

-1

7* > amax{eig((P,)" — (P,)

7?2 takes the largest eigenvalue, which can be calculated by the following equation:

-1
T B PR MRy0] ) ) (67)

7" = pmax{eig((P;)
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Thereby, Equations (61), (62), and (67) are applicable to both the integer order model
and the fractional order model. 92 has the same function as the cost function in the HIF
algorithm. By adjusting 72, it is possible to improve the robustness to colored noise and
correct the ill-conditioned matrix that is encountered when calculating the covariance
matrix. When 92 tends to infinity, the FOUHF algorithm is equivalent to the FOUKF
algorithm, where  is not less than 1.

Next, a self-adaption algorithm was used to correct the noise covariance matrix Q and
matrix R.

.k
AU, = Uy — [ko + Roip + Zi —kozy — k3 ll’l(Zk) — kg 11’1(1 - Zk)] (68)
k
k
Y AU,AUT
F ~ n=k—L+1
k I (69)
Qk = KeFeK{ (70)
2m A . A T
R = Fe+ ) wi(yi — Up + AU) (y;, — Uy + AU) (71)
i=0

where AU is the terminal voltage error value output used by the model at time k, and Fy is
the approximate value of the terminal voltage error covariance used by the model at time k.

5. Experiment
5.1. Experiment Platform

In order to verify the effectiveness of the algorithm proposed in this paper, a lithium
battery test platform set was established for this experiment. This platform mainly consisted
of the following components: (1) an electric vehicle battery test system (EVTS) produced
by Arbin (USA) with a measurement accuracy of £0.1%FSR, (2) a constant temperature
and moisture testing machine produced by Giant Force Company for controlling the
ambient temperature of the lithium battery, (3) an upper computer for collecting the
lithium battery parameters, (4) a battery pack composed of three ternary lithium batteries.
The specific parameters of the battery pack are shown in Table 1, and the physical diagram
of the experimental platform is shown in Figure 4. Figure 5 shows the flow of the PSO
identification algorithm and the FOUHIF algorithm.

Table 1. Battery parameters.

Name of Parameter Value
Nominal capacity 27 Ah
Nominal voltage 3.7V

Charging cut-off voltage 42V
Discharging cut-off voltage 275V

Size 17 x 90 x 200 mm
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Figure 4. Lithium-ion battery test platform.

5.2. Identification of the Parameters of Lithium Battery Model

The function relationship between OCV and SOC was calculated before carrying out
the parameter identification and SOC estimation. The experimental temperature was set at
25 °C to measure the charge and discharge curves of the lithium battery and to calculate
the mean value. Then, by fitting based on Equation (14), the OCV-SOC curve of the battery
was obtained, as shown in Figure 6.

The accuracy of the identified internal parameters of the equivalent circuit model has
a direct effect on the estimation of the SOC. Meanwhile, in order to prove the superiority
of the fractional order model, the HPPC experiment method and the PSO algorithm
introduced in Chapter 3 were taken to identify the internal parameters of the second order
RC and fractional order models. Then, a comparison was made on the operating effects
of the parameters identified by the two methods under the working conditions of HPPC.
Table 2 illustrates the results identified by the two types of models. It was revealed that the
fractional order model and the integer order model have fairly different parameters; the
two capacitor orders in the fractional order model were 0.91 and 0.82 respectively, which
is consistent with the conclusion made in reference [23]. Namely, the lower the loss, the
closer the order is to 1. Figure 7a,b demonstrate the current and voltage curves under the
working conditions of HPPC, and Figure 8a presents a comparison between the actual
value of the terminal voltage and the estimated value of the terminal voltage, which were
obtained from the fractional order and integer order RC models. The graph in Figure 8b
represents the error in the terminal voltage estimated by the two types of models. As can
be seen in Figure 8 and Table 3, compared with the integer order model, the depiction of
lithium batteries by the fractional order model is more accurate, because the mean absolute
error (MAE) was reduced from 1.66% to 1.39%. Meanwhile, the stability index (RSME) of
the estimated terminal voltage decreased from 2.28% to 1.75%.
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Figure 6. Fitted OCV-SOC curve.

Table 2. Identification results of battery parameters.

Ry(mQ) Ri(mQ) Ry(mQ) Ci(F)  Cy(F) n )
Two-order 6 2.6 3.5 12,470 26,981 - -
Fractional-order 6 1.7 1.2 17,283 60,181 0.91 0.82

Table 3. Statistical data of terminal voltages under HPPC cycles.

RMSE(%) MAE(%)
Two-order 2.28 1.66
Fractional-order 1.75 1.39
0 42 |
—HPPC —HPPC
4 il
=10 1 o
S 218 |
F e
¢ g
£ L |
8 20 | g 3.6
34
=30 I 392 1 J
0 1 2 3 4 0 1 2 3 4
Time(S) Aot Time(S) x10*
(a) (b)

Figure 7. Current and voltage profiles of HPPC cycles, (a) current profiles; (b) voltage profiles.
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Figure 8. Test results of HPPC cycles. (a) Comparison of terminal voltage estimation results between fractional and integer

order models; (b) comparison of terminal voltage estimation error results between fractional and integer order models.

It can be seen from the identification results that the parameters of the fractional
order equivalent circuit model are significantly different from those of the integer order
equivalent circuit model. This is especially the case for the capacitance value. The main
reason for this is that the integer order equivalent circuit model is too simple, and only
reflects the ohmic, concentration, and electrochemical polarization in the lithium battery.
Meanwhile, the fractional order model not only reflects the three chemical reactions, but
also reflects the double electric layer effect, and the transfer reaction between the electrolyte
and solid phase interface.

5.3. Verification of SOC under the Working Condition of NEDC

In order to verify the accuracy and robustness of the algorithm proposed in this
research, the working conditions for the complicated New European Driving Cycle (NEDC)
were selected when running tests on the battery. Under these working conditions, the
electric current fluctuated greatly, making it more suitable for testing the performance of
the algorithm at filtering colored noise. In the meantime, considering that the initial value
of the SOC cannot be determined in actual engineering applications, it was necessary to
evaluate whether or not the SOC could be quickly corrected in the algorithm when the
initial value of the SOC was inaccurate. Therefore, in this research, the initial value of the
SOC was set at 70%, the initial error was artificially set at 30%, and the memory length of
the fractional order model was set at 70.

Figure 9a,b show the current and voltage under the NEDC working conditions.
Figure 10a illustrates the SOC values of the battery estimated by FOUHIF, FOUKE, and the
UKEF algorithm, respectively, under the NEDC working conditions. Figure 10b presents
the errors in SOC estimated by the three algorithms. As can be observed in these figures,
FOUHIF had the highest robustness and greatest estimation effect; the UKF algorithm had
the worst estimation effect under these working conditions; and in the FOUHIF algorithm,
the root-mean-square error (RSME), mean absolute error (MAE), and maximum absolute
error (ME) were reduced to 0.94, 0.78, and 1.86% respectively. Furthermore, the maximum
error in the estimated SOC value appears at the 13,686th second. This reflects an improve-
ment in SOC estimation accuracy and improved robustness. Figure 10c demonstrates the
terminal voltage values estimated by the three algorithms. The voltage predicted by the
three algorithms can track the measured value quickly. However, the maximum absolute
error in the terminal voltage predicted by the FOUHIF algorithm was only 5.29 mV. the
specific results are shown in Figure 10d. Table 4 shows the SOC estimation errors of the
three algorithms under the NEDC condition.
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Table 4. Statistical data of SOC under NEDC cycles.

RSME (%) MAE (%) ME (%)
FOUHIF 0.94 0.78 1.86
FOUKF 1.29 1.10 2.53
UKF 1.57 1.33 291

The main factors that significantly affected the measurement uncertainty of the lithium
battery SOC are the uncertainty caused by the measurement repeatability of the terminal
voltage and the measurement error of the battery cycle test equipment itself, as evaluated
by class A and class B, respectively. Under the NEDC working conditions, the uncertainty
analysis of the three estimation methods was conducted to select the time period when the
battery was standing, ranging from 11,711 to 11,741 s. First, the functional relationship
between the measured voltage Upcy of battery and the estimated SOC value was fitted,
thus obtaining Formula (72). Second, Formula (73) was used to calculate the standard
uncertainties u, of the directly measured value Upcy. Formula (74) is the propagation
formula between the directly measured voltage Upcy and the indirectly measured SOC
value. Third, the propagation formula was used to calculate the standard uncertainties
of the indirectly measured SOC value. Therefore, the uncertainty components of the
UKEF, FOUKF and FOUHIF estimation methods caused by repeated measurements were
6.0 x 1074, 9.8 x 107° and 5.3 x 107°, respectively. Fourth, Formula (75) was used to
calculate the uncertainties caused by the error of the instruments where, Ax is the limit
error. It was assumed that the error was normally distributed and that k = V3. Therefore,
the uncertainties caused by equipment indication errors were 5.7 x 1073,4.9 x 1073, and
4.1 x 1074, respectively. Finally, Formula (76) was used to calculate the combined standard
uncertainties of the estimated SOC value; the standard uncertainties of the three methods
were 5.8 x 1073,4.9 x 1073 and 4.1 x 10~%. For the selected measurement time interval, the
measurement results of the three measurement methods were 0.605 & 0.0058, 0.602 + 0.0049
and 0.600 & 0.00041, respectively. Therefore, in terms of uncertainty, the FOUHIF algorithm
had the highest reliability when analyzing the three measurement methods.

SOC = f(Upew) (72)
_2\ /2

X (xy — x)
Uy = n—1 (73)

aS0C
= oty ™

Ax

Uyo = * (75)

— 2 2
Ue = \Juyy +uy s (76)

5.4. Verification of SOC under the Working Condition of UDDS

In order to further verify the robustness and universality of the FOUHIF algorithm,
lithium batteries were also tested under UDDS working conditions, and an estimation was
made on the SOC of the battery by the aforementioned three algorithms. The initial value
of SOC was set as 0.5, and the initial error was set as 50%.
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Current(A)

The current and voltage tested under the UDDS working conditions are shown in
Figure 11a,b. As can be seen, these working conditions are very complicated, allowing
the robustness of the algorithm to be better tested. Figure 12a,b illustrate the estimation
effects of the three algorithms under these working conditions. The results indicate that
the robustness and estimation accuracy of the FOUHIF algorithm are the best, with RSME,
MAE, and ME reduced to 0.97, 0.74 and 1.61%, respectively. The maximum error in the
SOC estimated by this algorithm occurred at the 22,463th second. Figure 12¢,d illustrate the
terminal voltage values and their errors predicted by the three algorithms. As revealed from
the experiments, the FOUHIF algorithm had the best evaluation effect, with a maximum
absolute error in the estimated terminal voltage of just 4.94 mV. Table 5 shows the error of
SOC estimation by three algorithms under UDDS condition.
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Figure 11. Current and voltage profiles of UDDS cycles; (a) current profiles; (b) voltage profiles.

Table 5. Statistical data of terminal voltages under UDDS cycles.

RSME (10%) MAE (10%) ME (10%)
FOUHIF 0.97 0.73 1.61
FOUKF 1.73 0.96 1.94
UKF 1.94 1.23 222

Under the UDDS working conditions, the uncertainty analysis of the three estimation
methods was conducted to select the time period when the battery was standing, ranging
from 30,147 to 30,500 s. The uncertainty components of the UKF, FOUKF and FOUHIF
estimation methods caused by repeated measurements were 1.3 x 1073, 7.9 x 10~ and
1.2 x 1074, respectively. The uncertainties caused by equipment indication errors were
72x107% 4.8 x 10 % and 4.1 x 1074, respectively. The standard uncertainties of the three
methods were 1.5 x 1073,9.2 x 1073 and 1.6 x 10~%. For the selected measurement time
interval, the measurement results of the three measurement methods were 0.898 4 0.0015,
0.908 £ 0.00092 and 0.904 +£ 0.00016, respectively. Therefore, in terms of uncertainty, the
FOUHIF algorithm had the highest reliability when analyzing the three measurement
methods.
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Figure 12. Comparison of estimated SOC and predicted terminal voltages under UDDS cycles; (a) the results of SOC

estimation; (b) SOC error profiles; (c) the results of terminal voltage estimation; (d) terminal voltage error profiles.

6. Conclusions

In this paper, by using the fractional order battery model as the core component, an
analysis was made on the advantages of several models from the perspectives of electro-
chemistry and mathematical modeling. The results revealed that the internal chemical
reaction process of lithium batteries depicted by the fractional order model is more compre-
hensive. On this basis, the FOUHIF algorithm was proposed as a method for estimating the
SOC. In this algorithm, estimation accuracy and speed could be improved by using UT, and
colored noise could be filtered out using a cost function. Furthermore, the parameters of
the second order RC model and the fractional order model were separately identified, and
the terminal voltage estimation effects of the two types of models were tested under HPPC
working conditions. The experimental results show that the terminal voltage estimated
by the fractional order model was more accurate, with absolute error kept within 5 mV.
Following this, the estimation effect of the FOUHIF algorithm was verified under NEDC
and UDDS working conditions. At the same time, with the error of the initial value of the
SOC artificially set as 30% and 50%, the estimation result of this algorithm was improved
significantly, compared with those of the FOUKF and UKF algorithms under the same
experimental conditions. Under the two working conditions, the maximum absolute error
in the estimated value of the SOC was reduced to 1.86% and 1.61%, with the error of the
estimated terminal voltage kept within the range of 0-5.29 mV. The experimental results
revealed that the FOUHIF algorithm had high robustness and estimation accuracy.



Energies 2021, 14, 6307 22 of 23

Author Contributions: Conceptualization, L.S. and G.Z.; methodology, L.S.; software, D.H.; vali-
dation, Y.L. and Y.Z.; formal analysis, Y.Z.; investigation, L.S.; resources, G.Z.; data curation, G.Z.;
writing—original draft preparation, Y.L.; writing—review and editing, D.H.; visualization, D.H.;
supervision, Y.Z.; project administration, G.Z.; funding acquisition, G.Z. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funding by Major Science and Technology Innovation Project of
Shandong Province(2019]Z22Y020810,2019]2Z2Y010912), Young Doctor Cooperation Fund Project
(2019BSHZ008,2019BSHZ004).

Institutional Review Board Statement: The study was reviewed and approved by Institutional
Review Board of Institute of Automation, Shandong Academy of Sciences.

Informed Consent Statement: The manuscript is approved by all authors for publication.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: This work was supported by the Young Doctor Cooperation Fund Project
(2019BSHZ008,2019BSHZ004), and the Major Science and Technology Innovation Project of Shandong
Province (2019]27Y020810,2019]ZZY010912).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Imran, RM, Li, Q. Flaih, E. An enhanced lithium-ion battery model for estimating the state of charge and degraded capacity
using an optimized extended kalman filter. IEEE Access 2020, 8, 208322-208336. [CrossRef]

2. Li, H; Zhang, W,; Yang, X; Jiang, H.; Wang, Y.; Yang, T.; Chen, L.; Shen, H. State of charge estimation for lithium-ion battery
using an electrochemical model based on electrical double layer effect. Electrochim. Acta 2019, 326, 134966. [CrossRef]

3. Zhang, J.; Wei, Y; Qi, H. State of charge estimation of lifepo4 batteries based on online parameter identification. Appl. Math.
Model. 2016, 40, 6040-6050. [CrossRef]

4. Gan, L, Yang, F; Shi, Y.F; He, H.L. Lithium-ion battery state of function estimation based on fuzzy logic algorithm with associated
variables. IOP Conf. Ser. Earth Environ. Sci. 2017, 94, 12133. [CrossRef]

5. Messing, M.; Shoa, T.; Ahmed, R.; Habibi, S. Battery SoC Estimation from EIS using Neural Nets. In Proceedings of the 2020 IEEE
Transportation Electrification Conference & Expo (ITEC), Chicago, IL, USA, 23-26 June 2020.

6. Yin, G, Jiang, C.; Yang, Y.; Xiao, W. Soc prediction of lithium battery based on sa-pso-bp neural network fusion. J. Phys. Conf. Ser.
2021, 1738, 012070.

7.  Saji, D.; Babu, P.S.; Ilango, K. SoC Estimation of Lithium Ion Battery Using Combined Coulomb Counting and Fuzzy Logic
Method. In Proceedings of the 2019 4th International Conference on Recent Trends on Electronics, Information, Communication
& Technology (RTEICT), Bangalore, India, 17-18 May 2019.

8.  Liu,M,; Li, B,; Qian, F; Qian, G. Modeling and numerical simulation of the battery capacity estimation based on neural network.
Mod. Phys. Lett. B 2018, 32, 1840062. [CrossRef]

9. Huang, Z.; Fang, Y.; Xu, J. Soc estimation of li-ion battery based on improved ekf algorithm. Int. J. Automot. Technol. 2021 22,
335-340.

10. Sun, D.; Yu, X,; Zhang, C.; Wang, C.; Huang, R. State of charge estimation for lithium-ion battery based on an intelligent adaptive
unscented Kalman filter. Int. J. Energy Res. 2020, 44, 11199-11218. [CrossRef]

11. El Din, M.S.; Hussein, A.A.; Abdel-Hafez, M.F. Improved Battery SOC Estimation Accuracy Using a Modified UKF With an
Adaptive Cell Model Under Real EV Operating Conditions. IEEE Trans. Transp. Electrif. 2018, 4, 408-417. [CrossRef]

12.  Xie, J.; Ma, ].; Sun, Y.; Li, Z. Estimating the state-of-charge of lithium-ion batteries using an h-infinity observer with consideration
of the hysteresis characteristic. . Power Electron. 2016, 16, 643—653. [CrossRef]

13.  Aung, H.; Low, K.S.; Goh, S.T. State-of-Charge Estimation of Lithium-Ion Battery Using Square Root Spherical Unscented Kalman
Filter (Sqrt-UKFST) in Nanosatellite. IEEE Trans. Power Electron. 2014, 30, 4774—-4783. [CrossRef]

14. Peng, N.; Zhang, S.; Guo, X.; Zhang, X. Online parameters identification and state of charge estimation for lithium-ion batteries
using improved adaptive dual unscented Kalman filter. Int. J. Energy Res. 2020, 45, 975-990. [CrossRef]

15. Sun, F; Hu, X; Yuan, Z; Li, S. Adaptive unscented kalman filtering for state of charge estimation of a lithium-ion battery for
electric vehicles. Fuel Energy Abstr. 2014, 36, 3531-3540. [CrossRef]

16. Li, L.; Hu, M,; Xu, Y,; Fu, C; Li, Z. State of charge estimation for lithium-ion power battery based on h-infinity filter algorithm.
Appl. Sci. 2020, 10, 6371. [CrossRef]

17.  Liu, Z.; Dang, X.; Sun, H. Online State of Charge Estimation for Lithium-Ion Battery by Combining Incremental Autoregressive
and Moving Average Modeling with Adaptive H-Infinity Filter. Math. Probl. Eng. 2018, 2018 Pt 8, 1-16. [CrossRef]

18. Liu, Y,; Cai, T; Liu, J.; Gao, M.; He, Z. State of charge estimation for li-ion batteries based on an unscented h-infinity filter. J. Electr.

Eng. Technol. 2020, 15, 2529-2538. [CrossRef]


http://doi.org/10.1109/ACCESS.2020.3038477
http://doi.org/10.1016/j.electacta.2019.134966
http://doi.org/10.1016/j.apm.2016.01.047
http://doi.org/10.1088/1755-1315/94/1/012133
http://doi.org/10.1142/S0217984918400626
http://doi.org/10.1002/er.5690
http://doi.org/10.1109/TTE.2018.2802043
http://doi.org/10.6113/JPE.2016.16.2.643
http://doi.org/10.1109/TPEL.2014.2361755
http://doi.org/10.1002/er.6088
http://doi.org/10.1016/j.energy.2011.03.059
http://doi.org/10.3390/app10186371
http://doi.org/10.1155/2018/7480602
http://doi.org/10.1007/s42835-020-00544-0

Energies 2021, 14, 6307 23 of 23

19.

20.

21.

22.

23.
24.

25.

Mawonou, K.S.; Eddahech, A.; Dumur, D.; Beauvois, D.; Godoy, E. Improved state of charge estimation for Li-ion batteries using
fractional order extended Kalman filter. . Power Sources 2019, 435, 226710. [CrossRef]

Hu, X; Yuan, H.; Zou, C.; Li, Z.; Zhang, L. Co-estimation of state of charge and state of health for lithium-ion batteries based on
fractional-order calculus. IEEE Trans. Veh. Technol. 2018, 67, 10319-10329. [CrossRef]

Mu, H.; Xiong, R.; Zheng, H.; Chang, Y.; Chen, Z. A novel fractional order model based state-of-charge estimation method for
lithium-ion battery. Appl. Energy 2017, 207, 384-393. [CrossRef]

Chen, Y,; Huang, D.; Zhu, Q.; Liu, W,; Liu, C.; Xiong, N. A New State of Charge Estimation Algorithm for Lithium-Ion Batteries
Based on the Fractional Unscented Kalman Filter. Energies 2017, 10, 1313. [CrossRef]

Westerlund, S.; Ekstam, L. Capacitor theory. IEEE Trans. Dielectr. Electr. Insul. 1994, 1, 826-839. [CrossRef]

Pavlenko, I.; Ochowiak, M.; Agarwal, P; Olszewski, R.; Michalek, B.; Krupiriska, A. Improvement of Mathematical Model for
Sedimentation Process. Energies 2021, 14, 4561. [CrossRef]

Kanagasabai, L. FCC Algorithm for Power Loss Diminution. J. Eng. Sci. 2021, 8, E29-E38.


http://doi.org/10.1016/j.jpowsour.2019.226710
http://doi.org/10.1109/TVT.2018.2865664
http://doi.org/10.1016/j.apenergy.2017.07.003
http://doi.org/10.3390/en10091313
http://doi.org/10.1109/94.326654
http://doi.org/10.3390/en14154561

	Introduction 
	Lithium Battery Modeling 
	Identification of Internal Parameters of the Battery Model 
	Algorithm for Estimating the SOC of Lithium Battery 
	UKF Algorithm 
	H-Infinity Filter (HIF) Algorithm 
	Fractional Order Model-Based Unscented Kalman Filter and H-Infinity Filter (FOUHIF) Estimation Algorithm 

	Experiment 
	Experiment Platform 
	Identification of the Parameters of Lithium Battery Model 
	Verification of SOC under the Working Condition of NEDC 
	Verification of SOC under the Working Condition of UDDS 

	Conclusions 
	References

