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Abstract: Accurate state of charge (SOC) estimation is based on a precise battery model and is the focus of the battery
management system (BMS). First, based on the second-order RC equivalent circuit model and Grunwald-Letnikov (G-L)
definition, the high-precision fractional-order hysteresis-equivalent circuit model (FH-ECM) is established considering
the open-circuit voltage hysteresis effect. Then, the global parameters of the battery model are identified using a particle
swarm algorithm optimized by the genetic algorithm (GA-PSO). Thirdly, a fractional-order adaptive unscented Kalman
filter (FOAUKF) algorithm is derived to estimate the SOC of lithium-ion batteries. Finally, the feasibility of the model
and algorithm is verified under complex working conditions. Under the dynamic stress test (DST) condition, the
accuracy of model terminal voltage has been improved by 37.83%, and the error of SOC estimation has been reduced by
11.28%. Under Beijing bus dynamic stress test (BBDST) condition, the model terminal voltage accuracy has been
improved by 51.44%, and the SOC estimation error has been reduced by 35.71%. The experimental results fully confirm
the accuracy of the fractional-order hysteresis equivalent circuit modelling method.
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1. Introduction

New energy vehicles have been pushed onto the stage of history due to factors such as the energy crisis and
environmental pollution [1]. Compared to conventional fuel vehicles, new energy vehicles must solve the technical
problems linked to batteries [2, 3]. The accurate battery model is the premise of SOC estimation and the basis of the
battery management system (BMS) [4, 5]. Obtaining an accurate battery model and simulating the actual characteristics
of batteries is a challenge in practical application. The highly non-linear nature of battery systems, the complexity of
internal chemical reactions, and the variety of application scenarios increase the difficulty of modelling batteries [6]. In
addition, battery status estimation is affected by historical status, which makes it challenging to build a model with
memory characteristics.

To simulate the process and behaviour of batteries, the models mainly include the electrochemical model, the
data-driven model, and the equivalent circuit model (ECM) [7-10]. ECM is the best model for BMS, considering model

accuracy and complexity. ECM includes the Thevenin model, the partnership for a new generation of vehicles (PNGV)
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model, and the second-order RC model. The Thevenin model has a simple structure and high accuracy and is widely
used in practice [11]. The partnership for a new generation of vehicles (PNGV) model has higher estimation accuracy,
but parameter identification is more complex [12]. There are many algorithms for estimating SOC based on ECM [13].
Fu et al. [14] used the weighted multi-innovation cubature Kalman filter (KF) method to estimate SOC based on the
Thevenin model, which improved the accuracy significantly. Ref. [15] Considering the effects of temperature and C-rates
based on the Thevenin model and the SOC of lithium batteries was estimated using the unscented Kalman filter (UKF).
Chen et al. [16] proposed an improved H -infinity method based on historical data of the battery, which has a high
accuracy of SOC estimation based on the one-order RC model. In addition, with the increasing computing power of the
BMS, some new models and methods have been proposed. Yang et al. [17] used a long and short-term memory network
to learn and reduce the effects of temperature changes in the battery, with high accuracy in SOC estimation at different
temperatures. Shi et al. [18] established an adaptive multi-timescale ECM based on the second-order RC model to
analyze the fast and slow change of parameters in each region, which has higher accuracy and practicality. Ref. [19]
comprehensively considered the effects of the state of health (SOH), SOC, and temperature and established a
comprehensive equivalent circuit mode. Ref. [20] proposed a new modelling method using the Wiener structure based on
ECM and derived a parameter identification algorithm for the model. Hu et al. [21] proposed a joint estimation strategy
for SOC and SOH using dual particle filtering based on the second-order RC model. Wang et al. [22] proposed a
modelling method of feedforward long short-term memory to estimate the entire cycle SOC considering the influence of
temperature. However, Ref. [14-16] overlook the influence of the open circuit voltage (OCV) hysteresis effect, and the
maximum error of OCV caused by the hysteresis effect exceeds 0.1V. Shi et al. [18] analyzed the voltage hysteresis
effect and obtained higher model accuracy. Ref. [23] established a first-order RC model considering the hysteresis effect
for SOC estimation, and its verification results show that the model considering the hysteresis effect has better estimation
accuracy and rate of convergence.

However, the above methods use integer-order models. If the model's structure differs from the characteristics
performed by the cell, the perfect parameter identification algorithm is also difficult to break through the structural
constraints. Studies have shown that many natural manifolds have fractional-order properties [24-26]. The application of
fractional-order systems in battery models has received attention, mainly by introducing Constant Phase Element (CPE)
to establish a fractional-order model (FOM) and algorithms to estimate the state of batteries [27-29]. Ref. [30] analyzed
the terminal voltage estimation results of FOM and integer-order models and concluded that FOM has higher estimation
accuracy. Guo et al.[31] analyzed lithium-ion batteries' solid-state diffusion mechanism and established a clear physical
significance FOM. Wang et al. [32] proposed a fractional-order model for the supercapacitor and used a particle swarm
optimization algorithm of chaos theory for parameter identification. After experimental analysis, it was concluded that
FOM is more reasonable and applicable. In addition, the electrochemical impedance spectrum of lithium-ion batteries

also exhibits fractional-order characteristics [33]. With the maturity of fractional order technology, some improved
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FOMs have been proposed. Reference [34] established a FOM considering the influence of temperature on parameters,
which enhances the estimation accuracy and stability of the model. Reference [35] proposes partially adaptive FOM
based on different time scales with higher SOC estimation accuracy under different working conditions. Similarly, the
KF algorithm can be applied to FOM. Ref. [36] analyzed the SOC estimation results of different fractional-order
extended Kalman filtering (FOEKF) algorithms based on FOM. The results showed that FOEKF had better accuracy
than EKF. Ref. [37] proposed an improved fractional-order KF method for SOC estimation; the root mean squared error
(RMSE) is 0.19% under Urban Dynamometer Driving Schedule (UDDS) test. However, for the highly non-linear system
of power batteries, the EKF ignores high-order information during Taylor expansion, which may cause linearization
errors and system instability. Therefore, optimizing existing models and developing advanced SOC estimation
algorithms are significant.

The computational complexity of fractional-order differentiation makes FOM modelling more difficult than the
integer-order model. It is crucial to accurately identify the parameters of the FOM and develop a state estimation
algorithm based on the FOM. The FOM in Ref. [34,35] does not consider the battery's hysteresis effect and the
inconsistency of the resistance in the charging or discharging state. To solve the modelling and SOC estimation of the
battery, the main contributions of this paper are as follows: (i) the CPE is introduced based on the second-order RC
equivalent circuit model, and considering the open-circuit voltage hysteresis effect, the high precision fractional-order
hysteresis - equivalent circuit model (FH-ECM) is established; (ii) The global parameters of the model were identified
using the genetic algorithm optimized particle swarm algorithm (GA-PSO); (iii) The state space equations of FH-ECM
are derived and proposed the SOC estimation strategy based on the fractional-order adaptive unscented Kalman filter
(FOAUKEF); (iv) The feasibility of FH-ECM and FOAUKF was verified by comparing the experimental results of the
second-order RC model and FOM.

This work established a high-precision FH-ECM based on the model structure, and the proposed FOAUKF
algorithm has high SOC estimation performance. The remaining content of this paper is as follows: Section 2 proposes
FH-ECM based on battery characteristics and proposed GA-PSO algorithm FOAUKF algorithm for parameter
identification and SOC estimation. Section 3 conducted experimental verification of the model and algorithm in Section

2. Section 4 is the Conclusion.

2. Theoretical analysis

2.1. Fractional-order hysteresis equivalent circuit modeling

Most capacitors have fractional-order characteristics, and fractional capacitance in the frequency domain is defined
as shown in Eq. (1), C is the capacitance value, and 7 is the order of the capacitance, 0 < < 1. The battery model only
introduces fractional differentiation and does not involve integration. The definition of Grunwald-Letnikov simplifies
derivative calculations and is more applicable to discrete systems, as shown in Eq. (2).
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)

is the fractional-order differential operator, is the order of the system, 7 is the sampling time of the system,

and L is the memory length. The result of the dispersion of Eq. (2) can be obtained as shown in Eq. (3).

« 1 & ifa
d x,=—) (-1) ,
xk Ta j:O( ) (j}k_J

. 1 j=0 3)
[J: a(a—1)...][?_(j_1)] 150

( ) is the Newton binomial coefficient, £ is the current sampling time. Eq. (3) shows that the current state of

fractional-order systems relates to the historical state.

Systems with a long memory, dynamic diffusion, and retardation effects can be optimized by introducing fractional
derivatives, such as the material migration process and the double-layer effect of batteries [38, 39]. The electrochemical
impedance spectra of lithium-ion batteries show fractional-order characteristics. In the mid-frequency region of
electrochemical impedance spectroscopy (EIS), the battery impedance is shown as a semi-ellipse, as shown in Fig. 1,

which is related to the charge transfer effect at the electrolyte interface and the double layer effect.
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Fig.1. The electrochemical impedance spectra of lithium-ion batteries

The RC network of the standard integer-order ECM is shown as a perfect semicircle in the impedance spectrum,
which differs from the oval shape of the battery. By increasing the number of RC networks, the actual performance of
batteries can be approached gradually. However, the difficulty of parameter identification and the computational burden
of BMS is significantly increased. Based on the second-order RC equivalent circuit model and considering the effect of

delay voltage, an improved fractional equivalent circuit model is established by introducing CPE, as shown in Fig. 2.
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Fig.2. The fractional-order hysteresis - equivalent circuit model (FH-ECM) of lithium-ion batteries

is the open-circuit voltage,  , and , 4 represents the ohm internal resistance in charge and
discharge, 1 and , represents the charge transfer internal resistance and diffusion internal resistance. 1 is the
voltage of the CPE,, s the order of the CPE,; , is the voltage of the CPE,, is the order of the CPE,. CPE has

characteristics between capacitance and resistance, when = =1, CPE is equivalent to the ideal capacitance; when

= =0, CPE is equivalent to the ideal resistance. According to the circuit principle, the following can be obtained:

U, =U,+H,-1,R,-U,-U,
1 U

d°U, =L 21 4
G RG
1 U

d’U,=-t—-—2
C, RC,

is the hysteresis voltage used to reflect the hysteresis effect of the battery [40], which can be expressed as:
Hnl(k)ﬂ] Hnl(k)ﬂD
H,=e¢' % VH +/1-¢"* VIMH) (5)

is a hysteresis decay rate constant, a positive constant used to regulate the decay rate. () is the maximum

hysteresis; the OCV calculates it during charging and discharging. is the rated capacity, is the Coulomb efficiency

and this paper selects as 0.98. To reduce the dimension of the matrix calculation, note = + ., 0 and
o 4 will be selected based on the direction of the current. SOC can be defined as:
t
ﬂf 1(t)dt
SOC(t)=SOC, +—"— (6)
N
According to Eq. (3), Eq. (7) can be obtained.
fae 1] 1 1 (1]
< — 0 0 _
dr” v RC, U C
dﬂ 1 ! 1 (7)
U, |=| 0 - 0 (U, |+| =1
dt RC, c,
0
iSOC 0 0 0 /a
_dt i | | Oy |
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U=[-1 —1][ }—IRO+E (8)

According to the G-L differential definition, the discrete expression of Eq (7) can be obtained, as shown in Eq. (9).

r T(Z ] Ta ]
- 0 0 — hmT 1)’ U (k-
RC 1 c Z( ) [ j (k=)
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The state space equation of the FH-ECM can be obtained, as shown in Eq. (10).
L
X, =A%, +B,_ I, — ZF}xk—j +W
=1 (10

-, R,+E, +v,

U,=Cx,
I 1 1
Where A4, | =diag<— ,— Ap . B, = —_— ], Ck =[—l,—1,0] . the state variable
RC, R, C C Oy

[U (k),U,(k), SOC(k)] , F,=diag {(—l)j (ij,(—l)'i['g_}()} , W, and V, are mutually independent
J J

Gaussian white noise. It can be seen that when estimating the state at time k, it is necessary to calculate the state of the
past k-1 times, which increases the complexity of the algorithm greatly. When estimating the state of time k, only the
influence from time k-L to time k is considered by introducing the short memory principle [41]. It is worth noting that

when the state time k does not exceed the memory length, the influence of past k-1 states is considered.

2.2. Parameter identification strategy for GA-PSO

When the model is used for state estimation, it is necessary to identify its parameters. The main difference between

FOM and ECM is that there are two CPE, so the discretization expressions of ; and , need to be deduced.

Combining formula 4 and the G-L definition, the expression of

=d U(t)—hm—Z [i}r ¢—jT) (11)

1 can be obtained, as shown in Eq. (11).

L@ _U@©

dU, (1) =L~
© C, RC

By discretizing Eq. (11), the expression at time k can be obtained:

Ul(k)=T“{IL(?D—U‘;I‘C_D} 2.(-1) ( j U(k=J) (12)

Similarly, the expression of

0=(R,, R,

» at time k can be obtained. The parameters to be identified for the model include
T
Rza Q> Cza a, ﬂ)

. The optimal search algorithm is suitable for parameter identification of nonlinear
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systems. The genetic algorithm (GA) directly operates on the target and has better global optimization ability. However,
the local search ability of the GA is poor, and there are some drawbacks, such as "premature", which can not guarantee
the algorithm's convergence. The particle swarm optimization (PSO) algorithm differs from GA in that PSO considers
both "location" and "speed" information in the evolution process, whereas GA usually only has "location" information.
Over the entire evolutionary process, the globally optimal particles provide information to other particles so that all
particles can converge to the optimal solution more quickly. However, in the process of PSO optimization, with the loss
of particle diversity, PSO may fall into the local optimum. In this paper, the GA-PSO algorithm is proposed to identify
model parameters; in each iteration of PSO evolution, particles are crossed and mutated to ensure the diversity of
particles in the optimization process and to effectively reduce the risk of falling into the optimal local solution, and the

GA-PSO algorithm flow as shown in Fig. 3.

Initialize particle swarm ‘

:

‘ Fitness calculation of particles ‘

!

Update the optimal position . .
e e e Vi R

: i

| Cross the particle |

| Update the particle speed and position

‘ Output the optimal solution ‘

End

Fig. 3. The GA-PSO algorithm process

Pulse tests are performed at different SOC points, with the minimum RMSE of the terminal voltage as the fitness

function, as shown in Eq. (13).

. 1 & AR
min \/%Z[U(k)—U(k,ﬁ)] (13)

k=1
2.3. Fractional-order adaptive unscented Kalman filter

In practice, for the highly non-linear system of power batteries, the EKF ignores high-order information during
Taylor expansion, which may cause linearization errors and system instability. This paper uses the UKF algorithm to

estimate the SOC of batteries. However, the UKF of integer-order systems cannot be applied to fractional-order models,

so a fractional-order UKF (FOUKF) algorithm is proposed. Combining the memory characteristics of fractional-order
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differentiation and considering the influence of historical information, the problem of SOC estimation based on the
FH-ECM is solved. Meanwhile, the FOAUKEF estimation strategy is proposed to better adapt to noisy environments.
The discrete state space equation for fractional-order systems is shown in Eq. (14).
d“x(k)= f[x(k—1),u(k—1)]+w(k)
v(k)=nh [x(k),u(k)] +v(k)

x(k) is the state variable at time k, u(k) is the control variable at time k, and y(k) is the observation variable

(14)

attime k; w(k) and v(k) represents process noise and observation noise, with variances of Q(k) and R(k).The
FOUKEF algorithm is constructed as shown in Table 1.
Table 1. Steps for the FOUKF algorithm

2
Step 1 Calculate the weight coefficient, A=a (n + K ) —n.

(m) — L

W)= n+A

W) =7 (0)+(1-a* +b) (3
(m) (= _ ©) (1 — 1

WEO=W"D=35

Step 2 Initialize state variables and error variance:

#'(0)=E[x(0)]
T 16
P*(O):E{[x(O)—fc*(O)][x(O)—fc*(())] } (16

Step 3 Calculate Sigma sampling point:

2 (0)=3"(k-1)
Z_(i)=)%+(k—l)+[ (”+A)P+(k—l):|(i),i=1;“,n (17)
)('(i)=5c+(k—1)—[ (n+l)P*(k—1)}(i),i:n+1,...,2,,

Step 4 Update status process:

a5 0 =3 W07 [ Dutk-D & B =d“t 0~ X[ F k-0 ¢ )] (18)

Step S Update variance process:

P, = _ZZ"W(“(I’){f[x*(ixu(k—l)]—d%r(k)}- U @ut-n]-d &)} +0k-1)

2n

P =2 WOz O=% =D ]e s [2 @utk=1]-d % (k) 3 (19)

FL (k= D]+ 2 [F, (k= DP" (k= )F, (k=1)]

Jj=1

P =P +|F(k-1)|P, +P,

Step 6 Output posterior estimate:

2O =fx @uk-1]- i[f} (k=13 (k= j) | 3(k) = _ZZ"{W“’” Ohl 7' (]} (20)

J=1
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Step 7 Update status measurement:

P, = _Zznw<”<i>{h[z*<i)] —sm (2 ]3P, = iW‘”(i)[z*(i) - W[ro-F®»] on
K)y=P,(P)) 5 (k) =5 () + KR [y(k)~ 3(k)]

Step 8 Update variance measurement:

P*(k)=P (k) +K(k)P, [K (k)] 22)

First, Sigma sample points are constructed, centred on the posterior estimation at the last sampling time, and 2n+1
Sigma points are calculated using the unscented transformation. Secondly, the state and covariance of the system are
updated to sum the resulting Sigma points by weight. Considering the influence of historical data, the prior estimate of
the state variable is obtained, and then the observed estimate is calculated. Finally, the system state and covariance are
updated, the Kalman gain is calculated, the posterior estimate is obtained, and the next iteration is carried out. In step 6,
before entering the observation equation, the state needs to be differentiated by fractional order, so the historical value of

the memory length needs to be subtracted first.

When using UKF to estimate SOC, Q(k) and R(k) is usually set to a certain value, but in practice, the
uncertainty of noise will increase the error of the algorithm in estimating SOC. To better cope with the noise changes in
the actual application, an adaptive algorithm is introduced to correct Q(k) and R(k) in real-time, as shown in Eq.
(23).

(k) = y(k) = y(k)

d(k) =(1-DH1-1"")"

Q(k) =0k 1) +d (k1) [K(k) e(k) e(k) 'K (k) "+ P (k) - P 7(")}
R(k)=R(k -1)+d (k1) (k) (k) "~ P,, |

(23)

The overall modeling and estimation strategy for this paper is shown in Fig. 4.
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Fig. 4. FH-ECM Modeling and FOAUKF Algorithm framework

3. Experimental analysis

3.1. Experimental platform

To verify the accuracy of the FH-ECM and FOAUKF algorithms, an experimental test platform is built, as shown in
Fig. 5. The experimental platform includes lithium-ion batteries, a charge-discharge tester, a temperature control box,
and a master computer, the experimental equipment is shown in Fig. 5(a), and the battery sample information is shown in

Fig. 5(b).
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] (b) Characteristic Parameters ]

&% l Battery brand: CATL I

: I Battery: Ternary lithium-ion battery |
Size:148 mm*40 mm*98 mm

*—I Rated voltage:3.7 V I

) ' Rated capacity: 70 Ah I
Standard charging current:1 C

I Standard discharging current:1 C |

Maximum discharging current:3 C
I Discharge cut-off voltage:2.7+ 0.05 V |
. I Charging cut-off voltage:4.2 £ 0.05 V I

Fig. 5. Battery test platform

3.2. Hysteresis voltage experiments

The accurate model requires an accurate OCV-SOC relationship. In order to obtain the precise relationship between
OCV-S0C, this article conducted hysteresis voltage testing on the battery. The battery was discharge-shelving at 0.1C
first, then charge-shelving at the same step, as shown in Fig. 6(a). Fig. 6(a) shows that at the same SOC point, OCV at
the charging state is more significant than OCV at discharging state, and the difference between them increases
significantly at low SOC value, which is related to the increase of chemical reactions inside batteries at the end of

discharging.

0 50000 100000 0 50(-)0.0 100.000

time (s) time (s

l— Charging Dischargingl i
1
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Fig. 6. Hysteresis voltage experiments. (a) Current and
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voltage in the test. (b) Result of hysteresis voltage test.

1.0

OCV-S0C relationship is fitted using the combination model method, and the results are shown in Table 2.

Table 2. Fitting results of OCV-SOC relationship

Charge state:

Uye (SOC)=m; +m, In(SOC)+m,In(1-S0C)

Discharge state:

U, (SOC) = m, +m, In(SOC) + my In(1- SOC)

Results:
ml1=3.757(3.719, 3.802) The 1%‘;‘;3;?; ;)gf ;}'
m2=0.1253(0.1034, 0.01368) RN 0yt

m3=-0.1705(-0.1964, -0.1495)

Results:
m1=3.704(3.679, 3.742) The 1%‘;‘;3;?; ;’f;;lt'
m2=0.1237(0.1067, 0.01413) RN Drss

m3=-0.1693(-0.1878, -0.1537)

3.3. HPPC experiments and parameter identification results

The battery was discharged under the Hybrid Pulse Power Cycle (HPPC) test. The current and voltage of the HPPC test

are shown in Fig. 7 (a), and the GA-PSO parameter identification results are shown in Fig. 7(b).
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Fig. 7. Hysteresis voltage experiments. (a) Current and voltage under HPPC.
(b) Result of parameter identification results of GA-PSO algorithm.
When the order of CPE is equal to 1, the model is the same as the second-order RC model. However, the
identification results indicate that lithium batteries have the characteristics of fractional-order systems. They are
comparing the simulation results of terminal voltage between the second-order RC model, FOM, and FH-ECM, as

shown in Fig. 8.
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Fig. 8. Hysteresis voltage experiments. (a) Current and voltage in Pulse discharge test.

(b) Error of terminal voltage with different models.

Fig. 8 (a-2) indicates that FH-ECM can better simulate the polarization effect of batteries, with more minor terminal

voltage errors and closer proximity to the actual characteristics of batteries.

3.4. Complex working conditions experiments

The discharge mode of the HPPC test is single and cannot reflect the behaviour of the battery under actual working
conditions. Therefore, the dynamic stress test (DST) and Beijing bus dynamic stress test (BBDST) were conducted on
the battery. Using the SOC calculation value of Coulomb counting method as a reference, and comparing different

models and SOC estimation algorithms.

3.4.1. DST working conditions experiments

DST experiments were performed after the batteries were fully charged in the constant current and voltage. The
DST test results are shown in Fig. 9. Fig. 9 (a-1) is the current of the DST; Fig. 9 (a-2) is the terminal voltage
measurement and model value of the DST; Fig. 9 (a-3), (a-4), and(a-5) is the local amplification diagram of (a-2); Fig.

9(b) is the terminal voltage error of the model.
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Fig. 9. Model results in DST condition. (a) Current and voltage in DST condition.

Fig. 9 (a-2) shows that the second-order RC model and FOM can simulate general voltage changes when simulating
the batteries' polarisation effect. However, it has a greater error compared to the FH-ECM. Fig. 9(b) shows that under
DST conditions, the areas with significant errors mainly manifest during battery charging or discharging. The maximum

error of the second-order RC model exceeds 0.03V and has significant fluctuations, while the error of the FH-ECM

(b) Error of terminal voltage with different models.

generally remains within 0.015V and has minimal fluctuations.

The initial SOC value is deliberately set to 0.8, and the results of different algorithms are compared. Fig. 10 (a-1) is

the estimated value and reference value of SOC in DST condition, Fig. 10 (a-2), (a-3), and(a-4) is the local amplification

diagram of (a-1), and Fig. 10 (b) is the error of SOC estimation.
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Fig. 10. SOC results in DST condition. (a) estimated value and reference value of SOC in DST condition.

(b) Error of SOC with different algorithms.

Fig. 10 (a-2) shows that FOAUKF and AUKF can quickly converge to the actual SOC value when interference
occurs, but FOAUKF has more minor error fluctuations after convergence. Fig. 10 (a-4) shows that FOAUKF can better
approximate the changes in SOC at the moment of battery charging or discharging. Fig. 10 (b) shows that the SOC
estimation errors of FOAUKF and AUKF in the DST condition are less than 5%, and FOAUKF is more stable with

smaller MAXE and RMSE.

3.4.2. BBDST working conditions experiments

Compared to the DST condition, the BBDST condition has a smaller range of changes in battery current and voltage,
but the frequency of changes increases significantly. The BBDST test results are shown in Fig. 11. Fig. 11 (a-1) is the
two-cycle of current in the BBDST condition, and Fig. 11 (a-2) is the terminal voltage measurement and model value of
the BBDST, Fig. 11 (a-3), (a-4), and(a-5) is the local amplification diagram of (a-2). Fig. 11 (b) is the terminal voltage

error of the model.
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Fig. 11. Model results in BBDST condition. (a) two-cycle of current and voltage in BBDST condition.

(b) Error of terminal voltage with different models.

FH-ECM can better simulate the battery's terminal voltage in high-frequency changing working conditions, and the
maximum error does not exceed 0.02V. The initial SOC value is deliberately set to 0.8, and compare the results of
different algorithms in the BBDST condition. Fig. 12 (a-1) is the estimated value and reference value of SOC in BBDST
condition, Fig. 12 (a-2), (a-3), and(a-4) is the local amplification diagram of (a-1), and Fig. 12 (b) is the error of SOC

estimation.
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Fig. 12. SOC results in BBDST condition. (a) current and voltage in BBDST condition.
(b) estimated value and reference value of SOC in BBDST condition.
(¢) Error of SOC with different algorithms.

Fig. 12 (a-2) shows that FOAUKF can converge more quickly to the actual value with more minor error

fluctuations when there are significant fluctuations in SOC values. After the above experiments, it can be concluded that

FH-ECM has higher terminal voltage accuracy than the second-order RC model and FOM, and FOAUKF is more stable
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in estimating SOC. Fig. 13 (a) shows the RMSE of terminal voltage for different models under different working

conditions; Fig. 13 (b) shows the RMSE of SOC for different models under different working conditions.

(a) B Sccond-RC model (b) B Sccond-RC model & AUKF|
0.01212 B roMm T FOM & FOAUKF
N B rH-ECM B FH-ECM & FOAUKF
0.010f - B < < Lo {4 = ooo0p- - gggezy -
> 4 0.00753 = 0.00749 PR
Z : 8 : 0.00682
==
= 3 0.00534
& 000sf- . 1 & ooosf- - - 4
0.00275 2]
B 0.00172 ( 50134 5
0.000 0.000

Fig. 13. RMSE of model terminal voltage and SOC estimation.
(a) RMSE of the model terminal voltage in DST&BBDST condition.
(b) RMSE of the model terminal voltage in DST&BBDST condition.

3.5. Comparison of the proposed methods with other existing methods

Comparing FH-ECM with other existing models makes it possible to verify that the model and algorithm are
feasible and superior, as shown in Table 3. Include the PNGV model; Thevenin model; Second-order RC model;
Fractional-order model. Model reference adaptive system identifies OCV (MRAS & OCV); Weighted multi-innovation
cubature Kalman filter (WMICKF); Wiener & EKF; Adaptive central difference Kalman filter (ACDKF). Urban
dynamometer driving schedule (UDDS); New Europe Driving Cycle (NEDC).

In Table 3, the model accuracy and SOC estimation accuracy are analyzed comprehensively. FH-ECM and
FOAUKEF algorithm have good terminal voltage and SOC estimation accuracy. In BBDST condition, the RMSE of end

voltage is 0.0013V and the RMSE of SOC is 0.53%. Compared with existing models and methods, it has obvious

advantages.
Table 3. Critical performance review of the FH-ECM with other existing SOC methods
Model Methods Battery Verification Error of terminal voltage Error of SOC
PNGV MRAS & OCV [12] lithium titanate battery 20Ah HPPC RMSE: 0.0048V Average error: -1%
Thevenin WMICKEF [14] LiFePO4 lithium-ion battery 50Ah UDDS RMSE: 0.39%
second-order ECM Wiener & EKF [20] NMC-based lithium-ion battery 3.4Ah UDDS RMSE: 0.0107V RMSE: 0.93%
. o DST RMSE(DST): 0.0070V RMSE(DST): 0.47%
Fractional-order model ACDKEF [26] NMC-based lithium-ion battery 94Ah
NEDC RMSE(NEDC): 0.0085V RMSE(NEDC): 0.52%
HPPC RMSE(HPPC): 0.0020V
o RMSE(DST): 0. 74%
Proposed FH-ECM FOAUKF Ternary lithium-ion battery 70Ah DST RMSE(DST): 0.0075V

RMSE(BBDST: 0.53%
BBDST RMSE(BBDST): 0.0013V

4. Conclusion

To simulate the actual characteristics of lithium-ion batteries and restore batteries' dynamic response under complex
working conditions. Firstly, a high-precision FH-ECM was established based on the second-order RC model, introducing

http://mc.manuscriptcentral.com/ijcta


http://mc.manuscriptcentral.com/ijcta

oNOYTULT D WN =

International Journal of Circuit Theory and Application

fractional order theory while considering the influence of the hysteresis effect. Then, the genetic algorithm is introduced
to improve the particle swarm optimization algorithm, and the GA-PSO algorithm is used to identify FH-ECM
parameters. Thirdly, the FOAUKF algorithm is proposed to estimate the SOC of lithium-ion batteries. Finally, the
feasibility of the model and algorithm is verified under Dynamic working conditions. Under the dynamic stress test
(DST) condition, the accuracy of model terminal voltage has been improved by 37.83%, and the error of SOC estimation
has been reduced by 11.28%. Under the Beijing bus dynamic stress test (BBDST) condition, the model terminal voltage
accuracy improved by 51.44%, the RMSE of end voltage was 0.0013V, and the SOC estimation error was reduced by
35.71%. This work confirms the scientific validity of the fractional-order theory in modelling lithium batteries and

provides ideas for subsequent modelling.
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