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a b s t r a c t

Lithium-ion battery charging management has become an enabling technology towards a paradigm shift
of electrified mobility. Fast charging is desired for convenience improvements but may excessively
degrade battery's health or even cause safety issues. This paper proposes a novel algorithm to manage
battery charging operations using a model-based control approach. Based on a fully coupled electro-
thermal model, the fast charging strategy is formulated as a linear-time-varying model predictive control
problem, for the first time. Constraints are explicitly imposed to protect the battery from overcharging
and overheating. To enable the state-feedback control, unmeasurable battery internal states including
state-of-charge and core temperature are estimated via a nonlinear observer using noisy measurements
of current, voltage, and surface temperature. Illustrative results demonstrate that the proposed approach
is able to optimally balance time and temperature increase. In addition, it is shown from simulations that
the model predictive control based charging algorithm appears promising for real-time implementation.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Due to their advantageous properties including high energy and
power density, no memory effect, low maintenance requirement,
and relatively friendly environment effect, lithium-ion batteries
have been recognised as the most promising cell chemistry for
applications like electric vehicles and portable electronic devices
[1]. To utilise the battery-powered equipment, safety and economy
are two critical concerns. Temperature is a particularly important
factor impacting battery's safety and health [2]. For example, a high
temperature will accelerate the battery ageing process and may
even cause thermal runaway and explosion [3]. In this regard, it is
necessary to monitor and manage battery thermal behaviours. To
facilitate battery utilisations, the required charging time is another
significant aspect. Simply increasing the charging rates may cause
large heat generation associated with dramatic cell temperature
rise. Therefore, for battery charging management, control algo-
rithms that can optimally handle these correlated objectives are

desirable.
The constant-current constant-voltage (CCCV) charging proto-

col [4] is now widely used for lithium-ion batteries. In this scheme,
the battery is charged at a constant current until the terminal
voltage reaches its upper limit, and then, the charging process
enters the CV stage. When the current drops below a threshold
value, the operation is terminated. It was found by Notten et al. [5]
that the depleted batteries can be recharged with high currents for
a short time but do not sacrifice significant lifetime. Then, by these
authors, a boost-charging approach was proposed to shorten the
charging time. Motivated by this, a multiple-stage constant-current
charging was proposed in Ref. [6], where the operation starts with
the largest current in the first stage followed by sequentially
stepwise reduced currents. A CC-CCCV protocol was analysed in
Ref. [7] to seek for improved charging patterns. In addition, the
Taguchi method was adopted in Ref. [8] for LiPB cells under
different ageing levels and has been demonstrated advantages in
time and energy efficiency over its CCCV-based benchmark. Note
that the above well-defined CCCV alternatives may improve the
charging performance to some degree. However, these charging
strategies in essence are defined without explicitly considering
battery in-situ electrical and thermal dynamics. These model-free
approaches are considered as heuristic, and the corresponding
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solutions for battery charging are often suboptimal.
To overcome the existing issues, model-based algorithms have

been devised. The first body of related literature focused on
physics-based modelling of battery dynamics. This class of models
describes physical phenomena such as intercalation kinetics,
lithium-ion diffusion, and electric potential from first principles.
For instance, an electrochemical-thermal-ageing battery model
consisting of partial differential equations (PDEs) over multiple
spatial dimensions was proposed in Ref. [4]. Through resorting to
nonlinear electrochemical modelling, an optimisation problemwas
formulated to minimise intercalation-induced stresses over
charging processes [9]. Charging profiles derived from electro-
chemical model-based optimisation techniques were recently
presented in Ref. [10] to avoid lithium deposition. Based on a
similar battery model, Sourav and Anwar formulated an open-loop
controller to optimise the charging speed and temperature increase
[11]. By using an electrochemical-thermal model, a one-step
nonlinear model predictive control (MPC)-based charging strat-
egy was developed to reduce the charging time in Ref. [12]. With
the same objective but an isothermal electrochemical battery
model, a differential flatness-based MPC charging protocol was
employed in Ref. [13]. All the above optimisation and control ap-
proaches have been shown some merits for battery charging, but
mathematically, they are subject to complicated model structures.
The associated calibration efforts and computational requirements
can be significant and overly expensive, thereby forming a great
challenge to their application in commercial battery management
systems.

In light of this, attempts have been made to develop charging
algorithms using semi-empirical or equivalent circuit models.
Instead of modelling electrochemical processes, the system dy-
namics in circuit models are approximated by several resistors,
capacitors, and an ideal voltage source, e.g. in Ref. [14]. Due to their
simplicity in parameterization and implementation, these models
have beenwidely studied for battery applications and may be good
candidates to solve the charging problem. For example, an off-line
optimisation problemwas formulated tominimise time and energy
loss in Ref. [15]. The similar optimisation problemwas then adopted
in Ref. [16] with different objectives, namely the charging
completion time and increased temperature. By using a simplified
circuit model, Abdollahi et al. [17] derived an analytical solution to a
linear optimisation problem of battery charging. Depending on a
nonlinear electro-thermal-ageing model, Perez et al. [18] designed
an open-loop optimal controller with a pseudo-spectral method to
solve the embedded optimisation problem. This type of algorithms
optimises the charging profile at once and applies its solution to the
battery, but does not consider the inevitable noise and disturbance.
To close the control loop, Xavier and Trimboli [19] recently syn-
thesised a linear MPC and the first-order resistor-capacitor (RC)
model to generate CCCV charging profiles. With the same electrical
model but considering a temperature-dependent ohmic resistance
through a lookup table, a constrained generalised predictive control
(GPC) was proposed in Ref. [20]. However, coupling relationships
between thermal and electrical dynamics as well as model-plant
mismatches have not been fully addressed. Furthermore, the
existing charging strategies often assumed available battery state
and parameter information. In fact, the core temperature and state-
of-charge (SoC) are difficult to measure during onboard applica-
tions [21]. Meanwhile, parameters of the battery model for pre-
dicting system charging dynamics, such as resistance and
capacitance, are usually dependent on the internal temperature
and SoC [22].

This paper leverages battery modelling and estimation tech-
niques and the MPC control methodology to propose a new
charging algorithm which is practical for real world

implementation. A high-fidelity mathematical model is utilised to
predict battery coupled electrothermal dynamics. Based on the
obtained model, a nonlinear adaptive observer is designed to es-
timate the unmeasurable state variables in real-time in the pres-
ence of noise, modelling error, and initial deviation. Finally, the
battery charging management problem is formulated within the
framework of linear-time-varying (LTV) MPC. Through this model-
based approach, constraints are straightforwardly imposed to
protect the battery from overcharging, overheating, and safety is-
sues. Extensive simulations are conducted to demonstrate the
performance of the proposed strategy in balancing the charging
time and temperature increase under different tuning parameter
values.

The remainder of this paper is organised as follows. The battery
model and estimation algorithm are successively presented in
Sections 2 and 3. The MPC-based charging strategy is formulated in
Section 4 and then implemented in Section 5. Section 6 points out
the limitations of the proposed approach and highlights the po-
tential future work, followed by a conclusion in Section 7.

2. Battery model

For model-based charging management, a mathematical model
to predict battery system dynamics is first described. The electrical
behaviours are captured in the manner of an equivalent circuit
consisting of an ideal voltage source, an internal resistor, and two
resistor-capacitor (RC) pairs, as illustrated in Fig. 1(a). The state
variables required to describe the electrical model are state-of-
charge SoC(t), and voltages of two RC pairs denoted as V1(t) and
V2(t). With these notations, the electrical governing equations for a
lithium-ion battery can be derived using Kirchhoff's current and
voltage laws:

dSoCðtÞ
dt

¼ IðtÞ
3600Cn

(1a)

dV1ðtÞ
dt

¼ �V1ðtÞ
R1C1

þ IðtÞ
C1

(1b)

dV2ðtÞ
dt

¼ �V2ðtÞ
R2C2

þ IðtÞ
C2

(1c)

where the current I(t) is defined to be non-negative for charging
operations, and Cn represents the nominal capacity. For an
extended range of operations, the electrical model is often
nonlinear, as the resistances, R0, R1, R2, and the capacitances, C1 and

Fig. 1. Illustration of electrothermal modelling for a lithium-ion battery. (a) An
equivalent-circuit model of battery electrical dynamics. (b) A thermal model for a
cylindrical battery.
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