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a b s t r a c t

This paper presents a state of charge (SOC) estimation method based on fractional order sliding mode
observer (SMO) for lithium-ion batteries. A fractional order RC equivalent circuit model (FORCECM) is
firstly constructed to describe the charging and discharging dynamic characteristics of the battery. Then,
based on the differential equations of the FORCECM, fractional order SMOs for SOC, polarization voltage
and terminal voltage estimation are designed. After that, convergence of the proposed observers is
analyzed by Lyapunov’s stability theory method. The framework of the designed observer system is
simple and easy to implement. The SMOs can overcome the uncertainties of parameters, modeling and
measurement errors, and present good robustness. Simulation results show that the presented estima-
tion method is effective, and the designed observers have good performance.

& 2016 ISA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Battery which is an important energy storage equipment has
been widely used in various electric vehicles (EVs), and plays an
important role in EVs [1,2]. Lithium-ion batteries are favored as a
promising power source for EVs by the researchers because of the
characteristics of high cell voltage, high specific power and long
cycle-life [3,4]. In EVs, battery management system was applied to
ensure the reliable operations of battery [5], in which state of
charge (SOC) is an important parameter [6]. SOC often suffer the
influences of random factors like driving loads, operating envir-
onment and nonlinear characteristics [7]. Poor SOC estimation
may lead to larger SOC swing, over-charging and over-discharging
causing the cycle life decline or lower efficiency, it is very sig-
nificant to estimate SOC accurately to improve power distribution
efficiency and usage life [8–10].

A number of SOC estimation methods and techniques have
been proposed in recent years, e.g. ampere–hour counting
method, artificial neural network, support vector machine tech-
nique, Kalman filter-based method and electrochemical impe-
dance spectroscopy method [11]. Ampere–hour counting method
is simple and easy to implement, but requires the prior knowledge

of initial SOC and suffers from accumulated errors [12]. Estimating
the SOC based on artificial neural networks and support vector
machine [11,13] can lead to good SOC estimation results with
appropriate training data sets. But they require a great number of
training samples to train the model. Impedance measurement is
an effective technique for SOC estimation [15,16]. In [14], an
impedance spectra-based approach to estimate SOC was pre-
sented. However, this kind of method requires a set of costly and
auxiliary equipments to carry out the impedance measurement
that is inconvenient in EVs.

The Kalman filter-based method is generally applied to esti-
mate the SOC online or offline [4,7,11,17–19]. In the research on
SOC estimation, both the linear model based and nonlinear model
based methods were applied to estimate the SOC. In order to
improve the robustness and estimation accuracy, some adaptive
Kalman filter estimation methods for SOC estimation were pro-
posed, and the performance was improved. However, these Kal-
man filter-based SOC estimation algorithms often require accurate
parameters of the model, and assume that constant values of the
process and measurement noise covariance are known.

Fractional calculus has been applied in various fields, for
example, control [20–22,25], signal processing and system mod-
eling [23,24,26,27], and some related researches such as stability
analysis of fractional order systems [28]. Recently, fractional cal-
culus was applied in state of charge estimation of battery
[12,29,30]. Ref. [12] introduced a fractional calculus method to
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model the constant phase element in the impedance model. Based
on the impedance model, a fractional Kalman filter was introduced
to estimate the SOC of the lithium-ion battery, and good estimate
results were achieved. In Refs. [29,30], fractional order sliding
mode observer designed method was employed to estimate the
state of charge of lithium-ion batteries based on the presented
equivalent circuit model, and the experimental results show that
the designed observers were effective and possess good
performance.

In the past, sliding mode observer (SMO) has been employed to
estimate the SOC for the battery [14,31–33]. The SMO-based SOC
estimation method can overcome the drawbacks of the conven-
tional SOC estimation methods like large cumulative errors. It is
simple and robust to modeling errors. To do the further research
on sliding mode observer for SOC estimation of batteries is
significant.

The purpose of this paper is to establish an SOC estimation
method for lithium-ion batteries which combines the advantages
of SMO with the excellent modeling ability of fractional calculus.
Firstly, the fractional calculus is employed to model the battery,
and a fractional order RC equivalent circuit model (FORCECM) is
set up to characterize the charging and discharging dynamics of
the lithium-ion battery. Then, we design fractional order SMOs to
estimate the SOC. In order to guarantee the robustness stability
and the estimation performance of the designed SMOs, the rele-
vant conditions are derived out. Finally, the experiments are car-
ried out, and the results show that our method is effective.

This paper is organized as follows. In Section 2, the basic
definitions, lemmas and theorems are introduced. In Section 3, the
fractional order RC equivalent circuit model and the dynamic
equations which are employed to describe the dynamics of the
battery are presented in detail. Design methodology of the frac-
tional order SMOs for SOC estimation is presented in Section 4.
And the results of the test experiment of designed SMOs are
shown to verify the performance of the proposed method in
Section 5, followed by conclusion in Section 6.

Notations: Rn denotes n-dimensional Euclidean space. J � J
denotes a 2-norm.

2. Basic definitions, theorems and lemmas

Let us introduce some definitions, lemmas and theorems that
will be used in this paper. The Riemann–Liouville definition of
α-th order fractional derivative is given by [21,23,34]

Dα
t f ðtÞ ¼

1
ΓðN�αÞ

dN

dtN

Z t

0

f ðsÞ
ðt�sÞα�Nþ1ds ð1Þ

where f(t) is an integrable function, Γð�Þ is the Gamma function, N
is the first integer larger than α (N�1rαoN). The Riemann–
Liouville definition of q-th fractional integral is described as

0I
q
t f ðtÞ ¼

1
ΓðqÞ

Z t

0

f ðsÞ
ðt�sÞ1�qds ð2Þ

where N�1rqoN.

Lemma 1 ([35,37,38]). For a non-autonomous fractional-order sys-
tem DνxðtÞ ¼ f ðx; tÞ in which νAð0;1Þ and f ðx; tÞ satisfies the Lipschitz
condition with a Lipschitz constant k40, let x¼0 be an equilibrium
point. When there exists a Lyapunov candidate EðxðtÞ; tÞ satisfying
ρJxJαrEðxðtÞ; tÞrσ JxJαϱ; ð3Þ

DνEðxðtÞ; tÞr�γ JxJαϱ; ð4Þ

where ρ;σ; γ;α;ϱ are positive constants, then the equilibrium point is
asymptotic stable.

Lemma 2 ([36,35]). For αAC, ReðαÞ40, �1ox1ox2oþ1, and
1rpr1, the fractional integral x1 I

α
t f ðtÞ is bounded in Lpðx1; x2Þ

Jx1 I
α
t f ðtÞJrβJ f ðtÞJ ; ð5Þ

where β¼ ðx2 � x1ÞReðαÞ
ReðαÞjΓðαÞj .

Lemma 3 ([35]). Consider a fractional-order nonautonomous sys-
tem Dν

t xðtÞ ¼ f ðx; tÞ, where νA ð0;1Þ, f : Ω� ½0; þ1�-Rn is piece-
wise continuous in t, ΩARn is a closed set that contains the origin
x¼0, the initial value condition is xðt0Þ. The constant x0 is an equi-
librium point of fractional dynamic system (without loss of generality,
let the equilibrium point be 0). Choose a Lyapunov function
EðtÞ ¼ 2xT ðtÞxðtÞ. According to Leibniz's rule of differentiation, the νth-
order time derivative of E(t) can be expressed as
Dν
t EðtÞ ¼ ðDν

t xÞTxþxT ðDν
t xÞþ2Ψ , where Ψ ¼ P1

k ¼ 1
Γð1þνÞðDk

t xÞT ðDν� k
t xÞ

Γð1þkÞΓð1�kþνÞ .
Then, there exists a positive constant ψ1 such that

X1
k ¼ 1

Γð1þνÞðDk
t xÞT ðDν�k

t xÞ
Γð1þkÞΓð1�kþνÞ

�����
�����rψ1 JxJ : ð6Þ

3. Equivalent circuit model for lithium-ion battery

The charging and discharging process of lithium-ion battery is a
complex electrochemistry reaction procedure. In this paper, the
fractional calculus is applied to describe the charging and dis-
charging dynamics. A fractional order RC equivalent circuit model
for lithium-ion battery is employed, in which a fractional order RC
loop is used to model the polarization effect, nonlinear factors, and
approximate the modeling errors. Then an SOC estimation method
and fractional order equivalent circuit model for the battery are
proposed.

The model mainly consists of a capacitance Cp which is used to
model the polarization effect, a diffusion resistance Rp, an open
circuit voltage (OCV) denoted as Voc which is related to the SOC Z,
an ohmic resistance Rt employed to model the ohmic behavior of
the battery cell, terminal voltage Vt and instantaneous current.
Others are depicted by fractional-order terms. The model used in
Ref. [33] employs a capacitance, a resistance and an uncertain term
to model the polarization effect. This uncertain term can model
the uncertainty of the parameters of a battery. As the electro-
chemical reaction in the battery is extremely complex, the model
in this paper considers the characteristics of the battery further.
Not only a resistance, a capacitance and an uncertain term, but
also a special term depicted by a fractional order model is applied
to model the polarization effect, nonlinear factors, and approx-
imate the errors caused by the model. It is named as fractional-
order element (FOE) which aims at improving the model accuracy.
The polarization capacitance is in the FOE component. The voltage
of the FOE is described as Dα�1

t Vp which is in the form of
fractional-order integral. When α¼ 1, it becomes the common
used one, Vp. The diffusion resistance, unknown term ϕp and
fractional-order element component form a fractional-order RC
loop. Symbols ϕp and ϕv denote uncertainties in the battery. The
FORCECM is shown in Fig. 1.

Based on the definition of SOC for lithium-ion battery, the
mathematical expression for SOC is given by

ZðtÞ ¼ Zð0Þþ
Z t

0

IðxÞ
Cca

dx

¼ Zð0Þþ
Z t

0

ImðxÞ
CnomðTÞþΔCnomðT ; tÞ

dxþ
Z t

0

ΔIðxÞ
CnomðTÞþΔCnomðT ; tÞ

dx
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