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Abstract This paper presents an innovative approach to optimize the fast-charging strategy for
cylindrical Li-ion NMC 3Ah cells, with a focus on enhancing both charging efficiency and ther-
mal safety. Leveraging the power of Model Predictive Control (MPC), we introduce a cost func-
tion that approximates the thermal safety boundary of Li-ion batteries, revealing a relationship
between temperature gradient and state of charge. Our proposed approach formulates the fast
and safe charging problem as an optimal output regulator problem, incorporating thermal safety
margin constraints. To solve the optimization problem, we develop an MPC algorithm. Our
charge control structure incorporates an equivalent circuit model coupled with a thermal equa-
tion for battery state of charge and temperature estimation. Through numerical validation with
real experimental data obtained from testing an NMC 3Ah cylindrical cell, we demonstrate that
our approach respects the battery’s electrical and thermal constraints throughout the charging
process.

Keywords lithium; charging; modelling; MPC; thermal control

1. Introduction

Lithium-ion batteries (LiBs) have become an integral part of modern technology, finding ap-
plications in devices such as laptops, cell phones, and automobiles [1]. One pressing challenge in
the battery industry revolves around the rapid charging of batteries while ensuring safety and
minimizing degradation. Lengthy charging times stand as a significant obstacle to the widespread
adoption of electric vehicles (EVs) [2]. To address this issue, the development of fast-charging
stations is crucial [3]. These systems play a pivotal role in ensuring swift and dependable charg-
ing, ultimately maximizing the efficiency of batteries. However, there exists a delicate balance
when it comes to charging at high C-rates, as it introduces inherent tradeoffs with battery thermal
gradient and lifespan [4]. Elevated C-rates accelerate ageing due to factors such as increased
temperatures, a heightened growth rate of the solid-electrolyte interface (SEI) layer, elevated lith-
tum plating, and greater mechanical stresses [5—7].

Numerous offline optimal control algorithms have been proposed to mitigate the adverse
effects of fast charging. These algorithms tackle real-time optimal charging problems, primarily
employing constrained such as dynamic programming (DP) [8], Pontryagin’s minimum principle
(PMP) [9], and Model Predictive Control (MPC) [10-12]. Among these optimization methods,
the MPC algorithm has recently emerged as a promising solution for online optimization prob-
lems [10—12]. Moreover, previous works have demonstrated various approaches to employing
MPC for battery fast charging [13—15]. While these studies contribute significantly to the field,
they often rely on complex models and lack comprehensive experimental validation under vary-
ing conditions.

Therefore, this paper presents an MPC-based fast-charging controller that integrates a simple
yet high-fidelity electro-thermal model. This model accurately represents the cell’s electrical and
thermal behaviour and incorporates practical future information prediction. Unlike previous ap-
proaches, this study emphasizes a balance between thermal safety and state of charge (SoC) op-
timization under real-world conditions. The scenario is based on a fast-charging application, and
after extensive testing on an NMC 3Ah cylindrical cell, the model’s validation confirms its relia-
bility for the optimization process. This simple approach provides a comprehensive solution for
optimizing fast-charging strategies, ensuring safety, efficiency, and practical applicability.

This approach aims to fill the gap in the current research by providing a validated and prac-
tical solution for optimizing fast-charging strategies for Li-ion batteries. The tailored MPC system
enhances thermal performance and minimizes charging time trade-offs, ensuring that the cell’s
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temperature self-regulates within safe limits. This development holds the potential to downsize
cooling systems, offering substantial cost, weight, and volume savings in battery pack design.

The structure of this paper is as follows: Section 2 details the experimental setup used for the
fast-charging test, while Section 3 outlines the fast-charging results. Section 4 covers the devel-
opment of the electro-thermal and MPC models. Section 5 presents the optimization results.
Finally, the conclusions are provided in Section 6.

2. Experimental Setup
2.1. Battery Feature

The tested batteries were cylindrical VTC6 3Ah 18650-type LiBs with the LiNiMnCo)1/302
cathode and carbon anode, and the average mass was measured to be 46.6 g. The nominal ca-
pacity and voltage of the battery were 3 Ah and 3.7 V, respectively. The Neware CT-4008 (25
mV to 5 V—0.5 mA to 6 A) controlled by the computer was used to cycle the LiBs with the
standard charging and discharging current of A, according to the battery specification [16]. A
type-K thermocouple was attached to the cell and used to monitor the battery temperature.
Figure 1 depicts the fast-charging experimental setup.
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Figure 1. Schematic of the experimental setup used for testing the VIC6 NMC/G 3Ah.

2.2. Fast-charging Profile

The fast-charging profile comprises a high charging current of 4C (12 A) until the battery
voltage reaches its maximum level of 4.2 V. This is followed by a constant voltage (CV) phase,
continuing until the cut-off current reaches C/20 (0.15 A), where “C” represents the capacity of
the cell. The fast-charging mission profile is designed to emulate a real-world fast-charging sce-
nario involving the application of high currents [17—19]. To provide a more comprehensive over-
view, the testing procedure encompasses the following stages:

* Charging at C/3 from 0% to 10% SoC.
* Charging at 4C from 10% SoC up to the upper cut-off voltage of 4.2 V.
* Maintaining a CV phase until the charge rate reaches C/20.

For a visual representation of the fast-charging profile, please refer to Figure 2.
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Figure 2. Iast-charging profile.
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3. Fast-charging Results
In Figure 3, the results illustrate the fast-charging profile of a 3Ah NMC cell at 25 °C. The

results, visualized concerning current, SoC, and temperature over time, reveal distinct charac-
teristics. Initially, at a low current rate (G/3 or 1 A), the SoC gradually reaches 10% over 18
minutes. However, upon transitioning to the high current phase (4C or 12 A), characterized by
rapid charging, the SoC swiftly surges to 80% in less than 15 minutes. These values represent
current commercial targets and underscore the remarkable performance of these cells.

Regarding the temperature aspect, during the initial 0% to 10% SoC range, the cell’s tem-
perature remains relatively stable, owing to the low current rate. However, as the 4C (12 A) phase
begins, the temperature escalates to 54 °C. These temperature levels raise pertinent concerns at
the battery pack level, emphasizing the imperative need for meticulous charging strategies. Such
strategies are indispensable to mitigate overheating risks, ensuring both the safety and long-term
operational integrity of the battery pack.

In the end, achieving rapid charging of these cells necessitates a delicate equilibrium between
maintaining desired SoC levels and managing temperature dynamics.
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Figure 3. Fast-charging results of the NMC VTC6 3Ah cell.
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4. Model Development
4.1. Model Methodology

This paper employs a 1D electro-thermal model based on a semi-empirical approach imple-
mented within a MATLAB/Simulink® interface. The primary objective of this model is to rep-
licate the electrical and thermal performance of the cell through two key components: the elec-
trical and thermal modules. The first module focuses on calculating the SoC using electrical pa-
rameters, while the second module estimates the cell’s temperature based on the heat generation
equation.

The electrical model is constructed using the R;,, model [20], as illustrated in Figure 4. It
comprises a voltage source 1n series with a single resistance. In accordance with the equivalent
circuit model, the battery’s output voltage for the Li-ion cell is determined by the voltage drop
resulting from factors such as the battery’s open circuit voltage (OCV) and internal resistance
(R;,+)- The output voltage of the cell is then calculated using the formula described in [20]:

‘/cell = ‘/oc - Rint' Ibatt (1>

where I, is the flowing current in the battery (A), Thereafter, the SoC is determined by the
coulomb-counting method and is defined as [21]:

1
SOC = SOCO — C_/ Ibattdt <2>

nit
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with SoC| the initial SoC of the cell. C;

int

. 1s defined as the initial capacity (Ah) and it is as-
sumed to be temperature-dependent as well as influenced by the current. In Equation (1), all the
circuit parameters are derived from the manufacturer’s datasheet, resulting in an internal re-
sistance value of 28 mQ.

The thermal aspect of the model addresses the thermodynamic equations applicable to cylin-
drical-shaped cells. In this section, a single temperature point is considered. This implies that
heat is generated at a specific location on the cell’s surface, characterized by a particular heat
capacity and mass. Subsequently, this heat is transferred from the cell’s surface to the surround-
ing environment. By performing a heat balance equation at this specific point on the surface, we
derive the following equations from thermodynamics, which describe the heat transfer between
the surface and the ambient [22]:

dU, dT
dcte” = Qgen (t) - Qloss (t) =m. Op' %
Qgen = Rint' (Ibatt)2 <3>
Qloss = Qconu = hconu' Sarea' (Tcell - Tamb)

where U,,;;, the internal energy, is the total energy contained by a thermodynamic system (J),

(Qgen 1s the generating heating rate (W) in the corresponding element, ), is the heat losses

of the corresponding element (W), C,, is the specific heat of the cell (k]/kg.K), and m is the mass

of the cell (kg). The thermal model operates under the following assumptions:

* The temperature of the cell’s surface, denoted as T, is considered to be uniformly
distributed, and as such, it represents the overall temperature of the entire cell.

* This paper accounts for natural convective heat transfer, characterized by the following
parameters: ambient temperature, T, (°C), the heat exchange surface area, S

area
(in m?), and the convective heat transfer coefficient, h (W/m?.K).

conv

The thermal parameters are crucial for the model’s accuracy as they directly influence the
predicted temperature profile of the cell under various operating conditions. The careful selection
of these values from the manufacturer’s datasheet ensures that the model remains faithful to the
actual physical behaviour of the battery. These parameters include:

* Specific Heat Capacity (C,): This value indicates the amount of heat required to raise the
temperature of the cell by one degree Kelvin. The chosen specific heat capacity of 1006
k]/kg.K reflects the material properties of the cell, ensuring accurate thermal modelling.

e Mass (m): The mass of 0.046 kg is derived from the actual cell specifications, providing a
realistic basis for thermal calculations.

e Surface Area (S

a’rea)
for heat exchange, which is critical for determining the rate of convective heat transfer.

e Convective Heat Transfer Coefficient (h,,,,,): A value of 15 W/m? K is chosen based on
typical natural convection conditions, ensuring that the model realistically captures the

: The area of 0.004327 m? corresponds to the surface area available

cooling effects in a natural environment.

All thermal parameters utilized in this paper are sourced from the cell manufacturer’s
datasheet. Gonsequently, the model employs a specific heat capacity (C,) of 1006 k]J/kg.K, a
mass of 0.046 kg, and an area of 0.004327 m? are used. Given the use of natural convection, an
h of 15 W/m?2.K is applied [23].

conv

int

—»
I, batt

Vcell

©
Figure 4. The R,,, electrical model [20].
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4.2. Model Validation

The results of model validation are presented in Figure 5, which displays the comparison
between the measured and estimated SoC and temperature for the cell during the fast-charging
phase (4C or 12 A). Table | lists the model deviation for which an average of 1% error. The
model deviation is calculated with the root-mean-square error (RMSE) and showcases the devi-
ation from the measurement data. A close examination of the figures reveals that the modelled
SoC closely aligns with the SoC derived from the electrical experiments. This alignment serves
as further substantiation of the electrical modelling and the accuracy of the electrical parameters.

Furthermore, in terms of temperature evolution, the model, despite employing only a single
resistance, demonstrates remarkable accuracy in predicting the cell’s temperature for which a
minor model deviation has been found. Consequently, the strong agreement between the model’s
predictions and the experimental results for both electrical and thermal behaviours underscores
the model’s validity. Therefore, the electro-thermal model stands as a reliable tool for optimiza-
tion processes.
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Figure 5. Validation of the electrical and thermal model.

Table 1. Electro-thermal model deviation.

Parameters RMSE (%)

SoCi (%) 0.6
Temperature (°C) 1.8
4.3. MPC

MPC is a sophisticated control strategy employed in various fields, including engineering,
economics, and robotics [24,25]. At its core, MPC is a dynamic optimization technique that
utilizes a mathematical model of a system to make control decisions. Unlike traditional control
methods, MPC operates over a defined prediction horizon, which is a time window into the
future. During this horizon, the controller predicts how the system will respond to various control
inputs. Figure 6 shows the flowchart of the MPC and the semi-empirical model.

Moreover, MPC formulates an optimization problem that seeks to optimize a cost or objec-
tive function over the prediction horizon. The objective function typically includes terms related
to system performance, such as tracking a reference trajectory or minimizing a cost, while con-
sidering constraints. At each time step, MPC solves the optimization problem based on the cur-
rent state of the system and the prediction horizon. It calculates the optimal control inputs over
the horizon but only applies the first input to the system. After applying the first control input,
MPC advances to the next time step and repeats the process. The optimization is solved again,
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taking into account the updated state of the system. This iterative process continues, providing
feedback control as the system evolves.
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Figure 6. MPC flowchart.

As mentioned earlier, the request for safe and rapid charging strategies has become increas-
ingly crucial, particularly in the context of fast charging [17,25—27]. To address this demand,
MPC has emerged as a promising and versatile approach. MPC leverages predictive modelling
and real-time optimization to achieve precise control over the charging process.

In this paper, the primary objective of the controller is to concurrently minimize battery tem-
perature while maximizing the SoC. This presents a multifaceted challenge, as the problem en-
tails dealing with a multi-state, constrained, and nonlinear dynamic optimal control scenario.
The key states under consideration are the battery temperature (7, ,,,) and SoC, while the control
variable at our disposal is the charging current (£, ;).

The MPC problem, tailored for fast charging, is defined with strict inequality constraints
governing both battery temperature and SoC. By harnessing the probability distribution of esti-
mated battery temperature and SoC levels, MPC strategically determines the charging current
rate. The primary objective is to maximize the expected SoC, all while effectively managing and
regulating battery temperature within specified limits. This intricate control challenge is encap-
sulated by a carefully formulated cost function:

N,—-1 1
J: Z a-—+ﬁ'Tcell<Np) (4)
k=0

SoC(N,,)
where N, representing the prediction horizon, is set to 10 (equivalent to 10 seconds); SoC sig-

nifies the charge level at the £-th time step; and o and [ represent weighting factors. The first
component of the cost function is dedicated to maximizing the SoC, aligning with our primary
objective. The equality constraint of the MPC is stated as:

w(k+1) = f(x(k), u(k)) (%)

where x(k) is the state and wu(k) is the control input, expressed as follows:

o) = [t ] - 4) = i) ©
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The inequality constraints are as follows:

Tcell,min S Tcell (k) S T,

cell,mazx

SoC, ... < SoC (k) < SoC,, .. (7)
Ibatt,min < Ibatt(k) < Ibatt,ma;ﬂ

where min and maz refer to the minimum and maximum values, respectively.

4.4. Problem Description

This section outlines the study case that forms the basis of our optimization process. Our
scenario is rooted in the fast-charging profile detailed in Section 2. For this investigation, we
employ an electro-thermal model specifically tailored to the VI'C6 3Ah NMC battery.

The control algorithm employed in this study utilizes a receding horizon mechanism. Within
this framework, the optimal control sequences within the prediction horizon are computed, and
the initial control input is implemented while ensuring compliance with defined constraints.
Throughout this study, the constraint values are established as follows:

—20 °C < T, (k) <45 °C
0.1 < SoC(k) <1 (8)
0 < Tpau(k) <30

The temperature and current values in use are in accordance with the cell manufacturer’s
recommendations. Regarding the initial SoC, given that during the initial 0% to 10% SoC range,
the cell’s temperature is relatively stable, the MPC will focus on optimizing the high-current
phase, commencing at 10% SoC. Furthermore, the initial temperature is established at 25 °C,
aligning with ambient environmental conditions.

5. Results and Discussion
5.1 Fast-charging Optimization

In Figure 7, the results of the MPC applied during the high-current phase (4C or 12 A) are
presented. During this simulation, both weighting factors were set to a value of 1. The optimal
outcomes are represented by the red line, while reference values are depicted with a black line.
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Figure 7. MPC results of the high-current phase.

As observed, the current trajectory computed by the MPC reflects a two-phase charging pro-
cess. Initially, a high current of 23 A is applied, gradually tapering down to a stable current of
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6.5 A. Due to this variation in the current profile, an additional minute is required to reach an
80% SoC compared to the reference profile.

However, it’s noteworthy that the optimal charging strategy effectively maintains the cell's
temperature below 45 °C, in compliance with the manufacturer’s temperature limit, all without
the need for an external cooling system. This self-regulation of temperature through the optimal
current profile suggests that an undersized cooling system can be employed for this battery pack,
potentially resulting in savings in terms of weight, mass, and cost.

The trade-offs observed during the optimization process highlight a delicate balance: while a
higher initial current accelerates the SoC increase, it also raises the cell’s temperature more rap-
idly. To prevent overheating, the MPC strategically lowers the current, which slightly extends
the charging time but ensures thermal safety. This demonstrates the MPC’s effectiveness in
achieving a fast-charging profile that optimizes both the SoC and temperature, ultimately en-
hancing the overall efficiency and safety of the charging process.

5.2. Optimal FC Profile Validation

In this section, the validation of an optimal fast-charging profile was conducted through a
rigorous analysis involving both computational modelling and experimental testing. The charg-
ing profile, which was derived through an optimization algorithm, was evaluated by comparing
the SoC and temperature evolutions. The result of this validation test is shown in Figure 8. These

comparisons were made against the results obtained from practical experiments conducted on a
VTC6 3A NMC cell.
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Figure 8. Optimal FC profile validation.
As displayed in Figure 8, the measured SoC and temperature evolution closely match the

simulated values. The successful validation of the profile’s performance against real-world exper-
imental data demonstrates that the profile not only exists as a theoretical concept simulated by a
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simple battery model but underscores the potential for its application in optimizing fast-charging
strategies for LiBs, thus it can be applied effectively in practical scenarios.

5.3. Effect of the Current Limit

In the preceding section, the maximum current limit for the MPC was initially set at the
manufacturer’s recommended maximum C-rate of 10C, equivalent to 30 A. However, consider-
ing the specific application, the cells within the battery pack typically operate well below this
threshold, not exceeding 4C. Consequently, we conducted a fresh simulation of the MPC using
a maximum current limit of 4C (12 A), while maintaining the same weighting factors.

Figure 9 illustrates the results obtained with the 4C current limit. It’s evident that the optimal
charging profile exhibits a three-phase charging pattern. Initially, a 4C (12 A) charging rate is
employed for 3 minutes, followed by a reduction in current to 6.5 A to ensure that the cell’s
temperature remains below 45 °C. After 15min, the current slowly decreases. While this ex-
tended the charging time by more than 1 minute and 30 seconds in comparison to the reference
profile, it successfully kept the thermal gradient of the cell within a safe temperature range.

In conclusion, although the temperature remains under the 45 °C limit, it is imperative to
conduct a comprehensive lifetime study when utilizing this charging current to evaluate the long-
term viability of the optimal charging strategy.
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Figure 9. MPC results of the high-current phase using a current limit.

6. Conclusions

In this paper, significant progress has been achieved for optimal fast-charging strategies for
LiBs using MPC, with a particular focus on the intricate balance between SoC level and thermal
safety. Firstly, the development and rigorous validation of an NMC battery model, employing a
single-resistance model framework, showing the accuracy of the simple modelling methodology.

Building upon this groundwork, a tailored MPC system for fast-charging applications has
been conceived and implemented. The outcomes reveal an optimal charging profile that not only
enhances thermal performance but also entails a minimal trade-off—a mere one-minute exten-
sion of the charging duration compared to a typical fast-charging profile.

Significantly, the findings indicate that this optimized charging profile not only facilitates
rapid charging but also enables the cell’s temperature to self-regulate to the recommended
threshold of 45 °C. This development holds the potential to downsize the cooling system, offering
substantial cost, weight, and volume savings in battery pack design.
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While these achievements are significant, future research endeavours will encompass extend-
ing model validation across diverse temperature ranges to ensure robustness under varying envi-
ronmental conditions. Additionally, a critical task ahead involves the implementation of an ex-
haustive lifetime study, delving into the long-term implications of the fast-charging strategy on
cell durability. Moreover, efforts will be dedicated to enhancing the battery model methodology
to further refine with more electrical parameters (e.g., an RC loop). Lastly, the aspiration is to
scale up these findings to a broader context, applying them to a battery module, thus aligning
our research with the practical demands of real-world applications.

In summary, this work lays the foundation for subsequent explorations into MPC and optimal
charging strategies for the development of safer and more efficient fast-charging solutions for Li-
ion cells.
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