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Abstract7

One challenge of fast charging for electric vehicles is the potential degradation caused by high8

charge currents on the battery. This article focuses on the numerical optimization of fast charging9

protocols and on their impact on battery cycle life. An optimization problem is formulated to0

define the parameters of a multi-stage of constant current charging protocol. The problem is1

based on a strongly coupled electro-thermal model and is developed to achieve fast charging2

while taking aging into account in an implicit manner.3

The proposed method is used to define optimized protocols in different operating conditions4

in terms of ambient temperature, charging time, and charged capacity. Experimental aging tests5

are then conducted to investigate their impact on the cycle life of a lithium-ion cell. Optimized6

protocols are compared with fast charging reference protocols in similar operating conditions.7

The results show that the optimized protocols can reduce the charging time and/or the degradation8

compared to the reference protocols. This indicates that there exist opportunities for significantly9

higher currents to reduce battery charging time while still maintaining a long cycle life.0

Key words: electric vehicles, fast charge, numerical optimization, aging, lithium-ion battery,1

temperature dependency2

1. Introduction3

Fast charging of lithium-ion batteries is an important step towards the adoption of electric4

vehicles. The deployment of very high power charging systems is underway in several regions5
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thanks to the coordination of both public and private actors [1]. This current deployment mo-6

tivates many research works on the battery side, to make lithium-ion batteries accept higher7

charging power and effectively reduce charging times [2, 3]. This paper focuses on the issue of8

optimized fast charging protocols.9

The charging protocol controls current, voltage, and/or power during the charging stage of0

batteries [4]. In general, the goal of optimized fast charging protocols is to find the best com-1

promise between a low charging time, a high energy charged, and a high durability [5], which2

are contradictory objectives. In particular, durability has to be carefully considered because high3

charge currents rates are often considered as a factor of aging acceleration [5–7]. The reason4

comes from several aging mechanisms such as lithium plating [8], solid electrolyte interphase5

(SEI) growth [9] and mechanical degradation [10, 11]. These mechanisms depend strongly on6

battery states such as state-of-charge (SOC), temperature and state-of-health (SOH). Thus, pa-7

rameters of charging protocols should vary depending on the operating conditions.8

Therefore, optimized fast charging protocols seek to design the charge current or power pro-9

file with the highest rates possible that minimizes aging. Two key questions are raised. The first0

one concerns the choice of a charging protocol, which determines the charge current or power1

profile. The second one concerns the definition of its parameters, which decide the value of2

charge current or power. While considering the choice of a protocol, many have been proposed3

in the literature such as constant current-constant voltage (CC-CV) protocols [5, 12], multi-stage4

of constant current (MSCC) protocols [13, 14], pulse-charging protocols [13, 15], and uncon-5

strained protocols or protocols that follow a defined trajectory [15–17]. While considering the6

definition of optimized charging protocols parameters, they are two main approaches in the liter-7

ature: experimental and numerical. The experimental approach seeks to observe an experimental8

criterion whose value limits the charge current or power. It involves methods such as three-9

electrode tests [18–20], mechanical activity monitoring [21], voltage relaxation tests [22], or0

design-of-experiments [15, 23, 24]. The numerical approach is based on a mathematical model1

of battery behavior and on numerical optimization methods. This paper considers the numerical2

optimization approach, because it is well suited for the intrinsic compromise that fast charging3

protocols have to offer. It also has the ability to rapidly define protocols for many operating4

conditions.5

Several contributions to the definition of charging protocols by numerical optimization have6
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been published in the literature [14, 16, 17, 25–28]. They differ by the underlying model used,7

the optimization problem and the realization of experimental aging tests or lack thereof. The8

aforementioned articles bring notable improvements; however, in our perspective, there remains9

several issues that limit their potential for defining fast charging protocols in real electric vehicle0

applications. The main issue concerns the impact of these protocols on the cycle life of lithium-1

ion batteries. Some studies did not realize experimental aging tests [25–27]. Therefore, the2

impact of such optimized protocols on aging was not validated experimentally. Lin et al. realized3

such experimental tests; however, they did not provide detailed information on the cell used [28].4

Thus, the results cannot be interpreted comprehensively because the electrode materials and5

energy density of the cell are not known, although they strongly influence aging [29]. Three6

studies provided more information on aging. Perez et al. observed that the optimized protocol7

increased the degradation compared to a reference CC-CV protocol with a similar charging time8

[17]. Guo et al. witnessed that the optimized protocol allowed to decrease the degradation9

compared to a reference CC-CV protocol [16]. Yet, the charging time of the reference protocol0

was significantly inferior, which skews the comparison. Zhang et al. observed that the optimized1

protocol caused a similar degradation compared to a reference CC-CV protocol, for a charging2

time divided by two [14]. Nevertheless, the charging time of the optimized protocol is still3

superior to one hour, which is high for the high power cell that is investigated and cannot be4

considered as fast charging [5, 30]. Consequently, in our opinion, there is a need for additional5

experimental aging data to demonstrate the applicability of such optimized protocols for electric6

vehicles.7

The objective of our study is to experimentally investigate the possibility to define protocols,8

that limit the impact of fast charging on battery lifetime, by numerical optimization. To fulfill9

this objective, this paper reports on a numerical optimization method that we developed and fur-0

ther used to define fast charging protocols. Then, the degradation that these protocols induce1

is experimentally compared on a high energy cell with reference CC-CV protocols, that were2

investigated in one of our previous studies [31], and under similar operating conditions. Section3

2 details the numerical background and the optimization problem developed to define the param-4

eters of a MSCC charging protocol. Section 3 presents the experimental aging tests achieved to5

verify the impact on cycle life of the optimized protocols. Finally, Section 4 reports and discusses6

the degradation results by comparing the optimized protocols with reference CC-CV protocols.7

3
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2. Optimization problem and numerical results8

This section first justifies the choice of the protocol and presents the underlying model used9

for simulating battery behavior. Then, it describes the formulation of the optimization problem0

and shows examples of numerical results.1

2.1. Multi-step of constant current (MSCC) charging protocol2

We choose to optimize the charge based on a multi-stage of constant current protocol (MSCC).3

Figure 1 illustrates its principle. The charging process is separated in n stages of constant cur-4

rent (CC) [I1, I2, · · · , In], which are combined with n voltage thresholds [U1,U2, · · · ,Un], which5

control the end of each CC stage. The end of stages can also be controlled by SOC thresholds6

[S OC1, S OC2, · · · , S OCn]. In this article, voltage thresholds are preferred as they do not need to7

be adapted to a decreasing capacity unlike SOC thresholds.8

I1
I2

Ii

In

...

...
...

U1 U2

Ui
Un

...
... ...

Figure 1: Theoretical illustration of current (red) and voltage (blue) profiles vs. time during a MSCC protocol with

current stages delimited by voltage thresholds.

The MSCC protocol can be used with progressively increasing Ui thresholds such as illus-9

trated in Figure 1. In this case, its principle is to apply different charge current rates depending on0

the SOC range. Proceeding this way, the MSCC protocol allows a finer tuning than the CC-CV1

protocol [32]. In particular, it can decrease the current in the last stages of the charging process2

to avoid aging mechanisms that are amplified by high SOC, such as lithium plating [18, 21]. An3

unconstrained protocol or a protocol following a current trajectory can also provide this advan-4

tage. However, the definition of the MSCC protocol parameters is simplified and is well suited5

to a numerical optimization problem. Moreover, the straightforward structure of this protocol6

4
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promotes its implementation into electric vehicle charging systems. For all these reasons, we7

expect the MSCC protocol to provide good performances for fast charging optimization.8

2.2. Coupled electro-thermal model9

To represent the battery behavior during charge, an electrical model is coupled with ther-0

mal dynamics. The framework of the coupled electro-thermal model used is based on existing1

works in the literature [33–35]. This subsection thus briefly describes its main equations and its2

parameterization methods.3

The electrical model is an equivalent circuit model. It computes the evolution of the cell4

voltage U (in volts) in relation to the applied current I (in amperes, a positive current convention5

in charge is considered) during time t. The cell voltage is expressed with three terms as6

U = Uoc + ηΩ +

n∑

j=1

η j. (1)

The first term is the open-circuit voltage Uoc. It is mainly a function of the state-of-charge7

S OC. The S OC is computed according to Eq. 2, where S OCini is the initial SOC and Qc is the8

cell capacity (in Ah). As the coulombic efficiency of lithium-ion cells is generally high (superior9

to 99%), it can be ignored in Eq. 2 without significant errors in SOC estimation because the0

model is only used in this study to simulate a single charge. The second term is the ohmic1

overvoltage ηΩ. Its value is computed by Eq. 3, where RΩ is a series resistor representing the2

cell ohmic resistance. This resistance is a function of the cell temperature. The third term is3

the polarization overvoltage, accounting for charge transfer, electrochemical double layer and4

diffusion phenomenon. It is represented in the equivalent circuit by a series of R-C parallel5

circuits of voltage η j and time constants τ j = R jC j. They account for transient dynamics and the6

voltage drop over each circuit is described by Eq. 4. In this study, three R-C parallel circuits are7

used for a good trade-off between low computation time and high precision as recommended in8

[36]. The value of time constants τ j are fixed and the resistances R j are considered as a function9

of cell temperature, SOC, current rate and direction of the current (charge or discharge).0

S OC = S OCini +
1

3600Qc

∫
Idt. (2)

ηΩ = RΩI. (3)
5
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τ j
dη j

dt
= −η j + R jI. (4)

The thermal model is a one-state lumped-parameters model. It computes the evolution of the1

cell temperature Tc (in kelvins) depending on the ambient temperature Text and generated heat2

Q̇gen (in watts) as described by3

mCp
dTc

dt
= Q̇gen + hS (Text − Tc) , (5)

where Cp (in J K−1 kg−1) is the cell specific heat capacity, m (in kg) is the cell mass, S (in4

m2) is the cell external surface and h (in W K−1 m−2) is the heat transfer coefficient between the5

cell and its outside environment, which accounts for thermal exchanges by convection, radiation6

and conduction. The generated heat Q̇gen is described by Eq. 6. The first term corresponds to7

joule heat and comes directly from the electrical model. The second term corresponds to entropy8

heat, where the coefficient ∂Uoc
∂T is a function of SOC.9

Q̇gen = I (U − Uoc) + ITc
∂Uoc

∂T
. (6)

A high energy 3 Ah 18650 cell is considered throughout this article. The cell is further0

presented in the experimental section (refer to 3.1). Several methods from the literature were1

used to identify the model parameters. The open-circuit voltage Uoc and cell capacity Qc were2

identified during an incremental charge with relaxation periods [37]. The resistances RΩ, R j3

and time constants τ j were identified during electrochemical impedance spectroscopy tests as4

well as charge/discharge pulses and relaxations tests [33]. These tests were realized at several5

temperatures (between −15 ◦C and 45 ◦C), several SOC (between 0 % and 100 %) and several6

current values (between 1.5 A and 7.5 A), to obtain a lookup table of impedance parameters7

values at different operating conditions. Specific heat capacity Cp and heat transfer coefficient h8

were obtained during a heating test by application of a squared alternative current [38]. Finally,9

the entropy heat coefficient ∂Uoc
∂T was identified during potentiometric measurements of open-0

circuit voltage at different temperatures and SOC [39]. Calibration procedure of the electro-1

thermal model and identified parameters are further described in supplementary materials (refer2

to Appendix).3

Based on the described models, a simulator is coded into the Simulink environment. The4

functional coupling between electrical and thermal models is illustrated by Figure 2 and works as5

6
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Figure 2: Schematic representation of the simulator developed to emulate battery behavior during MSCC charge.

described in the following. Depending on the applied current, the electrical model first computes6

S OC and U based on values of Uoc, RΩ and Ri at this S OC and Tc. The values of S OC, Uoc and7

U are then passed onto the thermal model, which computes Q̇gen and then Tc. The value of Tc8

finally comes back into the electrical model to compute the new values of resistances parameters.9

Upstream from the coupled electro-thermal model, a charge controller block is integrated to0

determine the applied current based on a CC-CV or MSCC protocol.1

To verify the model validity for the study of fast charging, experimental CC-CV charges at2

three current values (1.5, 3.0 and 6.0 A, corresponding to C/2, 1C and 2C) and at three ambient3

temperatures (0, 20 and 40 ◦C) were realized and compared to simulation results. Comparison4

results are given as supplementary files to this article (refer to Appendix). Results show that the5

model accurately predicts the cell voltage (with an error range of 24-46 mV), as well as the cell6

temperature (with an error range of 0.2-1.2 ◦C) and charging time for the 9 tests. Hence, the7

coupled electro-thermal model is suited to our investigation of fast charging at different temper-8

atures.9

2.3. Constrained optimization problem0

This subsection formulates a constrained optimization problem [40] to define the parameters1

of a MSCC charging protocol, using the battery model described above. No aging model is used2

in this article; instead, battery aging is taken into account in an implicit manner, in the different3

costs and constraints. Proceeding this way allows to promptly reuse its results for another cell4

reference, without needing to calibrate a new aging model.5

7
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2.3.1. Costs6

Costs are mathematical functions to be minimized. In the literature on optimized charging7

protocol cited in the introduction, several costs are frequently considered. All references used8

a cost on charging time [14, 16, 17, 25–28], two used a cost on energy losses during charging9

[25, 27], three used a cost on cell temperature rise [14, 25, 26], and three used a cost on cell0

degradation when using an aging model [17, 27, 28]. In the present paper, charging time is1

rather chosen as a constraint and two distinct costs are considered. These two cost functions are2

dependent on the vector of optimization variables ~x, which are the currents of each step of the3

MSCC protocol.4

The first cost is a cost on energy losses Jel due to joule effect, which exists in the literature.5

This cost is computed by integration of overvoltages during the whole charge duration as ex-6

pressed by Eq. 7. The effect of Jel is to reduce the charging current and it is more important7

when the internal resistance is higher, such as at low SOC and low temperatures [33].8

Jel
(
~x
)

=

∫ t f

t0
(U(t) − Uoc(t)) I(t)dt. (7)

The second cost is a cost on end-of-charge overvoltages Jeoc. Relative to existing literature, it9

is a novel proposition to limit aging mechanisms accelerated by fast charging at high SOC such as0

lithium plating or SEI growth. To determine what SOC range corresponds to the final part of the1

charge for a given cell, we propose to use differential voltage analysis [41] from a low current2

charge as plotted on Figure 3 for the studied cell. Several distinctive features of the positive3

and negative electrodes can be observed on Figure 3b. More specifically, the position of the4

central graphite peak is highlighted. This peak corresponds to a half-lithiated graphite (LiC12),5

and signals the start of the potential plateau corresponding to the transition of graphite from this6

stage to the fully lithiated stage (LiC6) [42]. As this plateau is the closest to the potential of7

lithium plating, the position of the central graphite peak can be used as a signal for the beginning8

of the last part of charging. This peak is positioned at 50 % of graphite SOC, but can change9

for the full cell depending on the balancing between positive and negative electrodes. For the0

studied cell, it is located at 57 % (Figure 3b). The cost Jeoc is finally computed with Eq. 8, by1

an integration in the SOC domain of overvoltages multiplied by a penalty function Peoc. This2

penalty function is calculated by Eq. 9, where γS OC is the SOC of the central graphite peak3

as highlighted on Figure 3b. Thus, the effect of Jeoc is to reduce the charge current after the4

8
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Figure 3: Position of the LiC12 graphite peak on the SOC scale: (a) cell voltage during a C/10 charge at 25 ◦C and (b)

corresponding differential voltage with position of central graphite peak highlighted.

beginning of last graphite transition and it increases towards higher SOC.5

Jeoc
(
~x
)

=

∫ S OC f

S OC0

(U(S OC) − Uoc(S OC)) Peoc(S OC)dS OC. (8)

Peoc (S OC) =



0, if S OC < γS OC ,

(S OC − γS OC)3 , if S OC ≥ γS OC .

(9)

As expressed by equations 7 and 8, the two cost functions Jel and Jeoc can have very different6

numerical values, which can be delicate to balance. To avoid this issue, we propose to normalize7

them by introducing limits on the optimal charge to be found. An inferior limit would be a8

normal charge, with a charging time just below of what could be considered as fast charging. For9

a high energy cell as the one studied, we choose a CC-CV protocol with a current rate of C/20

(meaning here a current of 1.5 A) for a slowest charge possible of around 2 hours. A superior1

9
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limit would be the fastest charge possible. Of all conceivable definitions, the highest current2

profile possible without exceeding the upper voltage limit of the cell (here 4.2 V) is chosen. This3

can be obtained by achieving a CV charge directly from the discharged state. These two charges4

can be simulated with the model and Figure 4 represents their obtained current profiles in the5

time and SOC domains. The defined upper limit charge leads to extremely high currents which6

would not be safe for the cell. This charge should thus be considered as a theoretical high limit7

for current and low limit for charging time (here 29 min at 25 ◦C). These two charge limits can8

be simulated for each simulation condition to obtain the value of Ji,lb and Ji,ub, where Ji is either9

Jel or Jeoc. These values finally allow to normalize the cost function with Eq. 10. The normalized0

costs J̃i thus vary between 0 and 1. Consequently, the optimal fast-charge protocol should have1

a current profile that is between the two curves on Figure 4b, for a charge duration between the2

two bounds on Figure 4a.3

J̃i =
Ji − Ji,lb

Ji,ub − Ji,lb
. (10)

The next step is to construct the objective function f that is to be minimized by weighting4

the individual costs as expressed by5

f
(
~x
)

= ωel J̃el + ωeoc J̃eoc, (11)

where ωel and ωeoc are the weights respective to costs J̃el and J̃eoc. The vector of weights is6

noted ~ω = [ωel, ωeoc]. Figure 5 reports the evolution of the individual cost functions versus the7

CC current of CC-CV charge protocol in the range 1.5 A (C/2) to 9 A (3C). It can be observed8

that the cost J̃eoc is higher and increases faster with charge current compared to the cost J̃el. Thus,9

it is possible to use a higher weight on J̃el to balance the two objectives.0

Due to their numerical nature, the allocation of weights requires prior numerical experiments1

and should depend on the relative importance of cost J̃el and J̃eoc to the user of the method. As2

we stated for the costs in Section 2.3.1, allocating a higher weight ωel will tend to reduce the3

current more towards low SOCs, whereas allocating a higher weight ωeoc will tend to reduce the4

current more towards high SOCs. Ultimately, we chose to allocate a higher weight on J̃el to put5

an emphasis on relatively higher currents towards higher SOCs because for real electric vehicle,6

charging will rarely start from very low SOCs, which limits the benefits of charging protocols7

that make use of very high current values at low SOCs to reduce total charging time (such as8

10
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Figure 4: Limits on optimal charge search: simulated current profiles of lower limit charge and upper limit charge as

a function of (a) time and (b) SOC (example at 25 ◦C). The reader is advised that the upper limit charge leads to an

extremely high current peak at the beginning of charge and should be considered as a theoretical case (here simulated),

as charging a cell at such rates could lead to safety issues.

those resulting from a higher weight on J̃eoc here). All in all, the weights ~ω = [0.8, 0.2] are used9

in the rest of this article.0

2.3.2. Constraints1

With the objective function defined, we propose a constrained optimization problem to de-2

termine the parameters of a MSCC fast charging protocol. The considered problem is expressed3

as follows4

11
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Figure 5: Evolution of individual normalized cost functions J̃el and J̃eoc as a function of CC current Icc of CC-CV charge

protocol.

min
~x=[I1,I2,··· ,I3]

f
(
~x
)

(12a)

subject to: t f ≤ tmax, (12b)

S OC f ≥ S OCmin, (12c)

Tc(t) ≤ Tmax ∀t ∈ [t0; t f ], (12d)

∆Tc(t) ≤ ∆Tmax ∀t ∈ [t0; t f ], (12e)

Ilb ≤ Ii ≤ Iub ∀i ∈ [[1; n]], (12f)

Im > Im+1 > · · · > In with m ∈ [[1; n]]. (12g)

Differently from previous references in the literature, charge duration is here taken solely5

as a constraint. Eq. 12b means that a maximal charging time tmax is set, which leads to higher6

currents and counterbalances the objective function f . This constraint should be chosen between7

the two bounds of Figure 4a (29 min and 124 min) for an achievable target in charging time.8

The second constraint in Eq. 12c is on a minimal SOC at end-of-charge S OCmin. This9

constraint compensates the charging time constraint and ensures that a minimum of capacity or0

energy is charged.1

The third and fourth constraints are thermal constraints. Eq. 12d sets a maximal cell tem-2

perature Tmax to not exceed. Eq. 12e sets a maximal heating ∆Tmax, to also limit self-heating at3

12
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colder temperatures.4

The fifth constraint sets bounds on current value in Eq. 12f. A lower bound Ilb helps to avoid5

very low currents that prolongs charging time. An upper bound Iub allows to avoid excessive6

currents.7

Finally, a sixth constraint is used in Eq. 12g on the regularity of current decrease in the8

successive steps of the MSCC protocol. The step m where the regularity constraint starts to take9

effect can be chosen. For example, setting m = 1 forces a regular decline from a first step to0

obtain a current profile similar as [21]. Otherwise, it is possible to set m > 1 to let the liberty for1

an inferior current at beginning-of-charge to obtain a current profile similar to [16].2

2.3.3. Optimization algorithm3

The optimization is based on the cell model described in 2.2 by linking the Simulink model4

to the Matlab environment. The optimization algorithm used is the fmincon function with the5

interior points method. The gradients of the objective function and non-linear constraints (Eq.6

12b, 12c, 12d and 12e) are computed numerically with the central finite differentiation method7

and are fed to fmincon at each iteration. From a given initial value of MSCC currents ~x0, the8

optimization algorithm thus runs charge simulations to obtain information on objective function,9

constraints and their gradients, and then decides a new iterates until stopping criteria are met and0

an optimal solution ~x∗ is found.1

2.4. Example of numerical results2

To better understand the operation of the optimization algorithm according to the set of equa-3

tions 12, a case study is proposed with a MSCC protocol of two stages. The two-dimensional4

case gives an intuition about the influence of constraints on the solution. Two constraints are con-5

sidered here, one on the charge duration t f ≤ 45 min, and the other on the final state-of-charge6

S OC f ≥ 90 %.7

Figure 6a draws the contours of the objective function f and the position of the two con-8

straints. The objective function tends to decrease when both currents I1 and I2 decrease. The9

constraint on the final state-of-charge S OC f only depends on the current of the last stage I2.0

All values of I2 that are above this constraint do not respect the condition S OC f ≥ 90 %. On1

the other hand, the constraint on the charge duration t f depends on the value of the current in2

all stages. All combinations of I1 and I2 that are located left and below this constraint do not3

13
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respect the condition t f ≤ 45 min. The feasible solutions are thus combinations of I1 and I2 that4

are located between the two constraints lines in the low-right corner. As f decreases with lower5

values of I1 and I2, the optimal solution to problem 12 is located at the intersection of the two6

constraints.7
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Figure 6: Example of numerical results for MSCC protocol with 2 steps (n = 2, U1 = 4.0 V, U2 = 4.2 V, ~ω = [0.8, 0.2],

Text = 25 ◦C): (a) contours of the objective function f , constraints on charge duration t f , and final state-of-charge S OC f

and iterations from initial vector ~x0 to optimal solution ~x∗, (b) current and voltage profiles of optimal protocol.

Figure 6 also depicts the iterations of the optimization algorithm from an initial guess ~x0 to8

the found solution ~x∗. It can be seen that the algorithm first seeks to respects all constraints and9

then seeks to minimize f inside the feasible domain. The final iterate ~x∗ is indeed found at the0
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intersection of the two constraints. Figure 6b finally reports the simulated current and voltage1

profiles of the corresponding optimal protocol.2

The same principle holds for a higher number of stages in the MSCC protocol. In the follow-3

ing, this method is exploited to define several fast charging MSCC protocols with 5 or 10 stages4

as case studies to experimentally investigate the impact of protocols defined by this method on5

aging.6

3. Experimental aging tests7

This section describes the experimental tests conducted to verify the impact of optimized8

MSCC fast charging protocols on battery lifetime. They are compared with fast charging CC-9

CV protocols, considered as baseline conditions.0

3.1. Studied cell1

The cell reference INR18650HG2 from LG is selected to conduct aging experiments. Table 12

details its specifications. It is a 3 Ah cell in the 18650 cylindrical format, with a nickel-rich3

LiNi0.8Mn0.1Co0.1O2 (NMC) positive electrode and a blended graphite-silicon oxide (G-SiO)4

negative electrode. Its materials and high energy density make it suited to battery electric vehicles5

with high driving autonomy.6

The manufacturer recommends both a standard charge current and a fast-charge current of7

respectively 1.5 A (C/2) and 4 A (1.33C). Hence, we expect 4 A to be representative of fast8

charging for this cell.9

3.2. Optimized MSCC and reference CC-CV charging protocols0

Five fast charging MSCC protocols are defined by using the numerical optimization problem1

presented in Section 2 and compared to four reference CC-CV protocols under similar operating2

conditions.3

3.2.1. Common parameters for optimized MSCC protocols4

For the definition of optimized MSCC protocols, several parameters are kept constant be-5

tween all conditions: the voltage thresholds and several constraints.6

15



31

31

31

32

32

32

32

32

32

32

32

32

32

33

33

33

33

33

33

33
The number of stages is set to n = 10 for cases of complete charge. This number of stages7

allows sufficient tuning of the current on different SOC ranges while not significantly increas-8

ing the convergence time of the optimization algorithm for too small current variations between9

stages. With the number of stages set to ten, several options can be considered for setting voltage0

thresholds values Ui such as increments of voltage, or increments of SOC or energy and corre-1

sponding changes in the cell OCV. The issue with using, for example, fixed voltage increments2

between stages is that the first stages are completed very rapidly due to high overvoltages and3

represent a small portion of the charged capacity, while last stages either significantly extend the4

charging duration or cut the charge short. Thus, more discretization is needed for the high volt-5

age range. Ultimately, we opted for progressively decreasing voltage increments between each6

stage which resulted in the voltage thresholds detailed by Table 2. They allow for a high amount7

of capacity to be charged in the first stages and for adaptation of the current in the last stages in8

the high voltage range. Moreover, as the cell upper voltage limit Umax is progressively reached,9

no prolonged charging happens at Umax such as in a CC-CV protocol. Thus, these thresholds can0

help to limit aging due to high overvoltages towards end-of-charge. All in all, this choice helps1

to better balance the three main objectives of low charging time, high capacity charged, and low2

degradation. The voltage thresholds in Table 2 are related to the specific OCV features of the3

studied NMC/G-SiO cell, which is relatively linear in its 10%-100% SOC range [43], and should4

be adapted depending on the electrodes’ materials.5

To limit aging as well, four constraints are set. Thermal constraints of Eq. 13 and 14 require6

Table 1: Specifications of the cell investigated in aging tests.

Reference LG INR18650HG2

Positive material LiNi0.8Mn0.1Co0.1O2 (NMC)

Negative material Graphite + SiO (G-SiO)

Nominal capacity 3000 mAh

Energy density 240 Wh kg−1

Voltage range [Umin,Umax] 2.5 to 4.2 V

Charge temperature range 0 to 50 ◦C

Standard charge current 1.5 A (C/2)

Fast charge current Ifc 4 A (1.33C)
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the cell temperature to be inferior to 50 ◦C and to not rise more than 15 ◦C relative to the ambient7

temperature. The current levels of each stage are bounded between 300 mA (C/10) and 9 A (3C)8

as set by Eq. 15. Finally, constraint of Eq. 16 forces the current to decrease regularly starting9

from the second stage, while current I1 is let free.0

Tc(t) ≤ 50◦C ∀t ∈ [0; t]. (13)

∆Tc(t) ≤ 15◦C ∀t ∈ [0; t]. (14)

C/10 ≤ Ii ≤ 3C ∀i ∈ [[1; n]]. (15)

I2 > I3 > · · · > In. (16)

3.2.2. Experimental conditions for reference and optimized charging protocols1

Four CC-CV protocols are selected to offer comparison with MSCC optimized protocols.2

They were previously investigated in one of our aging studies among other protocols [31]. Their3

experimental conditions, charge durations and final SOCs are given in Table 3. Three parameters4

Table 2: Voltage thresholds of stages of optimized MSCC protocols.

Ustage Voltage (V)

U1 3.60

U2 3.90

U3 4.00

U4 4.05

U5 4.10

U6 4.12

U7 4.14

U8 4.16

U9 4.18

U10 4.20
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Table 3: Experimental conditions for reference CC-CV protocols and experimentally measured charge duration t f and

final state-of-charge S OC f .

Condition Text Icc Ucv t f SOC f

(◦C) (A) (V) (min) (%)

1 25 4 (1.33C) 4.2 61 96.2

2 25 5 (1.66C) 4.1 46 83.3

3 5 4 (1.33C) 4.2 66 91.4

4 45 4 (1.33C) 4.2 53 97.8

are varied: the ambient temperature Text, the CC stage current Icc, and the CV stage voltage5

Ucv. The chosen temperatures of 5, 25, and 45 ◦C represent a cold, mild, and hot climate,6

respectively. Because of reduced internal resistance when ambient temperature increases, the7

charge duration decreases and the final state-of-charge increases. Most conditions are achieved8

at the recommended fast charging current of Icc = 4 A (1.33C) during CC stage and at the9

maximum cell voltage of Ucv = 4.2 V during CV stage, with charging stopped when the current0

is lower than Icv = 300 mA (C/10), in order to represent near complete charge at the selected1

temperatures. Parameters Icc and Ucv are changed for condition 2, to have one partial charge2

condition at 25 ◦C.3

Five simulation conditions are given to the optimization algorithm to obtain five optimized4

MSCC protocols. Three key parameters are modified: the ambient temperature Text, the con-5

straint on charge duration t f , and the constraint on final state-of-charge S OC f . These conditions6

are summarized in Table 4 as well as the t f and S OC f of the defined protocols measured in exper-7

imental conditions. The simulated current profiles of defined optimized protocols are pictured in8

Figure 7b. These conditions are chosen to allow for an objective comparison with fast charging9

CC-CV protocols (Table 3) in terms of thermal conditions, charge duration and capacity charged,0

with the objective to either decrease the charge time and/or the degradation compared to CC-CV1

protocols. Each comparison is explained in the following paragraphs.2

3.2.3. Description of the compared charging protocols3

Condition CC-CV 1 is considered to investigate the impact of a near complete charge at 254

◦C. It is compared to conditions MSCC A and MSCC B, which aim to decrease the degradation5

in a similar charge duration of around 60 min or to reduce the charge duration to around 50 min,6
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Table 4: Experimental conditions for optimized MSCC protocols and experimentally measured charge duration t f and

final state-of-charge S OC f .

Condition Text t f ≤ SOC f ≥ n t f SOC f

(◦C) (min) (%) (-) (min) (%)

MSCC A 25 60 98 10 65 96.8

MSCC B 25 50 98 10 52 93.5

MSCC C 25 35 80 5 37 78.4

MSCC D 5 90 95 10 91 90.4

MSCC E 45 45 98 10 44 95.1

respectively. As an example, simulated current and voltage profiles of MSCC A are shown in7

Figure 7a.8

Condition CC-CV 2 is considered to treat a case of partial charge at 25 ◦C. A higher current9

of Icc = 5 A (1.66C) is used in the CC stage and a reduced voltage Ucv = 4.1 V is used in the0

CV stage. These parameters lead to a 15 min faster charge than the complete charge at the same1

ambient temperature but with slightly less capacity charged. It is compared to condition MSCC2

C, which aims to further decrease the charge duration by 10 min. The number of stages is limited3

to n = 5 in this case, to operate on the same voltage window as its CC-CV reference.4

Condition CC-CV 3 is considered to investigate the impact of a near complete charge at a5

cold temperature of 5 ◦C. It is compared to condition MSCC D, which aims to decrease the6

degradation. As previous tests with the CC-CV protocol (charging in 66 min) showed that the7

cell aged very rapidly [31], the charge duration constraint was relaxed to 90 min.8

Condition CC-CV 4 is considered to investigate the impact of a near complete charge at a hot9

temperature of 45 ◦C. It is compared to conditions MSCC E, which aims to decrease the charge0

duration to around 45 min. Thanks to improved kinetics at elevated temperature, this charge1

duration (while respecting S OC f constraint) can be reached without touching the upper bound2

on current, contrarily to condition MSCC B and C at 25 ◦C (see Figure 7b).3

Five optimized fast charging MSCC protocols are obtained in this manner. Their current4

profiles are vastly different compared to reference CC-CV protocols (Figure 7b). Also, several5

MSCC protocols significantly exceed the maximum current value of 4 A recommended by the6

cell manufacturer (Table 1). A cycling aging campaign was performed to verify the impact of7

19



38

38

39

39

39

39

39

39

39

39
Figure 7: Optimized MSCC protocols for aging experiments: (a) simulated current and voltage profiles of MSCC A and

(b) simulated current profiles of all conditions as a function of charge time.

such protocols on aging.8

3.3. Aging tests procedure9

Experimental cycle aging tests are performed by repeating a charge-pause-discharge-pause0

sequence. The charge step is either one of the reference CC-CV protocols (conditions 1, 2, 3, 4)1

or one of the optimized MSCC protocols (conditions A, B, C, D, E). In total, 9 tests are carried2

out. Discharges are identical for all tests and are done in a CC protocol with a current of 1.5 A3

(C/2). Charges and discharges are separated by 15 min pauses to allow the cells to cool down to4

ambient temperature.5

Each test is performed on two different new cells to verify repeatability. All cells were6

pre-screened. The preliminary inspections showed that cell-to-cell variations in capacity and7
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resistance were low and could be neglected compared to the difference in cycle life caused by8

different charging protocols. Thus, clear conclusions could be drawn from the comparison of9

aging caused by optimized MSCC protocols and reference CC-CV protocols.0

While considering test equipment, cycling is conducted with Biologic BCS-815 power benches1

connected electrically to the cells with Biologic BH-1i holders. Cells are placed inside Climats2

thermal chambers to regulate temperature at the ambient temperature Text.3

3.4. Characterization procedure4

Initial, periodic and final characterizations are performed at a temperature of 25 ◦C. Cycling5

tests are interrupted around every 10 days for the characterizations. Their goal is to provide a6

reference measure of capacity and its evolution with aging under comparable conditions. Capac-7

ity Qdch is measured during a CC discharge at C/10 until Umin, after the cells have been charged8

by a CC charge at C/10 until Umax. The relative capacity based on this measure is used in the9

following section to assess aging caused by fast charging protocols.0

4. Experimental aging results and discussions1

This section reports the experimental results and further discusses them. Results of opti-2

mized MSCC protocols and reference CC-CV protocols are compared on Figure 8. The two left3

columns of Figure 8 compare the charge current profiles, as a function of time and of SOC, for4

one charge event. The right column reports the evolution of relative capacity as a function of the5

number of accumulated charge/discharge cycles.6

4.1. Case A (25 ◦C)7

The protocol MSCC A is compared with the CC-CV protocol of parameters Text = 25 ◦C,8

Icc = 4 A, Ucv = 4.2 V, and Icv = 0.3 A. The current profiles are compared on Figure 8a and9

Figure 8b. Charging time of protocol MSCC A is 65 min, which is 4 min longer than its reference0

CC-CV protocol. The current of the MSCC protocol becomes inferior to that of CC-CV after a1

SOC of 58 %. This result can be attributed to the cost on end-of-charge overvoltage introduced2

in 2.3.1.3

Evolutions of relative capacity are compared on Figure 8c. From the beginning of cycling,4

protocol MSCC A degrades the cell less than the CC-CV protocol, with 3 % less capacity loss.5
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Figure 8: Comparison of experimental charging and aging results between CC-CV reference protocols and optimized

MSCC protocols: (left) charge current as a function of time, (center) charge current as a function of SOC and (right)

evolution of relative capacity as a function of cycle number. Each row compares one case of MSCC protocol with a

corresponding CC-CV protocol.
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The degradation stays inferior to that of CC-CV after that, and the MSCC A protocol even6

postpones and limits the sharp acceleration of capacity loss caused by CC-CV protocol below a7

remaining capacity of 80 %. This capacity rollover, that can be observed for both protocols, is8

indicative of lithium plating [44, 45]. Thus, although MSCC A protocols did not avoid lithium9

plating, it allowed to reduce its amount while charging in a similar duration. This result can0

be attributed to the significant reduction of MSCC current after 58 % of SOC. Considering an1

end-of-life criterion of 70 % remaining capacity (30 % capacity loss), cells cycled under CC-CV2

protocol reached end-of-life after around 330 cycles and those cycling with MSCC A between3

700 and 800 cycles.4

4.2. Case B (25 ◦C)5

The protocol MSCC B is compared to the same CC-CV protocol and their current profiles6

are compared on Figure 8d and Figure 8e. Charge duration of protocol MSCC B is of 52 min,7

inferior by 9 min to that of its reference CC-CV protocol. To achieve this low charging time, the8

current values of MSCC A are more than two times superior to that of CC-CV (superior to 8 A)9

during a significant part of the charge, which corresponds to 53 % of the capacity. The current0

also becomes inferior to that of the CC-CV protocol after 74 % of SOC, thus 16 % later than1

MSCC A.2

Evolutions of relative capacity are compared on Figure 8f. When compared with MSCC A3

(Figure 8c), it can be seen that the lower charge duration of MSCC B negatively impacts the4

cycle life. Nevertheless, it can also be observed that the significantly lower charging time and5

higher currents for 74 % of charged capacity did not increase the degradation when compared to6

the reference CC-CV protocol. After a relatively similar capacity loss at beginning of cycling,7

the MSCC B gradually degrades less than the CC-CV reference. Cells cycled under MSCC B8

protocol reached end-of-life after around 450 cycles.9

4.3. Case C (25 ◦C)0

The protocol MSCC C is compared to the CC-CV protocol of parameters Text = 25 ◦C,1

Icc = 5 A, Ucv = 4.1 V and Icv = 0.3 A. The charge is stopped at a partial SOC for the two2

protocols. Their current profiles are compared on Figure 8g and Figure 8h. The charging time3

of MSCC C protocol is only 37 min, 9 min lower to that of the CC-CV reference. Current of4

MSCC C becomes inferior to that of CC-CV after 56 % SOC. The final SOC of protocol MSCC5
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C is lower by 5 % compared to that of the CC-CV reference, which can be quite significant6

considering the impact of depth-of-cycling on aging [46].7

Evolutions of relative capacity are compared on Figure 8i. The degradation caused by the8

two protocols is similar at the beginning of cycling. At 80 % remaining capacity and below,9

however, the degradation caused by MSCC C considerably slows while that caused by the CC-0

CV reference sharply increase. This result can potentially be explained by the lower final SOC1

of MSCC protocol, which cause the cell to charge less on SOC interval where aging mechanisms2

such as lithium plating can occur. Cells cycled under the CC-CV protocol reached end-of-life3

after around 600 cycles, whereas cells cycled under MSCC C protocol only lost 25 % of their4

capacity after 1200 cycles.5

4.4. Case D (5 ◦C)6

For cases at low temperature, the protocol MSCC D is compared to the CC-CV protocol of7

parameters Text = 5 ◦C, Icc = 4 A, Ucv = 4.2 V, and Icv = 0.3 A. Their current profiles are8

compared on Figure 8j and Figure 8k. The charge duration of MSCC D is 91 min, which is 259

min slower than its CC-CV reference. Therefore, the current of MSCC D is always inferior to0

the CC-CV protocol in the SOC domain.1

Evolutions of relative capacity are compared on Figure 8l. The CC-CV protocols caused2

massive degradation to the cells, characterized by a sharp drop of capacity. This shows that3

the studied cell is highly impacted by fast charging at low temperatures. The MSCC D protocol4

reduced aging significantly. The first part of degradation, characterized by a decrease of the speed5

of capacity loss, can be observed, similar to results at higher temperatures. Then, at around 756

% remaining capacity, the capacity loss accelerates strongly again. All in all, the end-of-life7

is reached after around 100 cycles for the CC-CV reference and after around 400 cycles for8

the MSCC D protocol. Thus, an adapted charge duration and lower current rates allowed to9

significantly improve the cells lifetime.0

4.5. Case E (45 ◦C)1

For cases at high temperature, the protocol MSCC E is compared to the CC-CV protocol2

of parameters Text = 45 ◦C, Icc = 4 A, Ucv = 4.2 V, and Icv = 0.3 A. Their current profiles3

are compared on Figure 8m and Figure 8n. The MSCC E protocol completes the charge in 444

24



48

48

48

48

48

49

49

49

49

49

49

49

49

49

49

50

50

50

50

50

50

50

50

50

50

51

51

51

51

51
min, which is 9 min lower compared to the CC-CV reference. The current of MSCC E protocol5

becomes inferior to that of the CC-CV protocol after a SOC of 78 %.6

Evolutions of relative capacity are compared on Figure 8o. The two charge protocols induce7

a similar degradation, albeit slightly lower for MSCC E. The degradation is rather low and no8

acceleration of capacity fade can be observed for both conditions. Cells cycled with the CC-CV9

reference reached end-of-life between 900 and 1000 cycles, while cells cycled with MSCC E0

lost around 28 % of their capacity after 1200 cycles. Both results show that the studied cell is1

less impacted by fast charging at elevated temperature. Moreover, results of cycling with MSCC2

E show that it is possible to charge at significantly higher current rates than with CC-CV for a3

significant portion of the charge without an increase in the degradation.4

4.6. Discussions5

The experimental results call for discussions on two different topics: the proposed method to6

optimized fast charging, specifically, and the impact of fast charging on aging, generally.7

4.6.1. Proposed method to define fast charging protocols8

The main objective of this study was to present new experimental evidence on the possibility9

to define fast charging protocols, that do not increase aging, with numerical optimization meth-0

ods. To that end, we used a coupled electro-thermal cell model and proposed an optimization1

problem with several improvements, to then launch an experimental aging study with optimized2

fast charging protocols and CC-CV protocols of comparable charge durations and capacities as3

references.4

Results of our experimental study demonstrated that the optimized protocols allowed to re-5

duce charge duration and/or degradation. These results were obtained by employing a frequently6

used electro-thermal model framework, at the cell level, and without employing an aging model.7

Instead, aging was taken into account in an implicit manner with simple principles. Firstly, a8

MSCC protocol is used with a sufficient number of steps to adapt the current during charge and9

also with increasing voltage thresholds to progressively reach the upper cell voltage. Secondly,0

a penalty is imposed on high overvoltages when charging on the last graphite phase transition.1

Thirdly, several reasonable and compatible constraints are set on charge duration, final SOC, tem-2

perature, current bounds, and on decreasing currents. This way of proceeding allows to quickly3

define fast charging protocols for many operating conditions and at a low experimental cost.4
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The obtained aging results are encouraging for the method. For example, using protocol5

MSCC A instead of the CC-CV reference protocol more than doubled the cell lifespan (Fig-6

ure 8a). They could further be improved by enhancing the cell model or the optimization prob-7

lem. Possible enhancements include the addition of an aging model, the optimization of voltage8

thresholds or the adaptation of the fast charging protocols parameters to significant change in the9

cell SOH.0

4.6.2. Impact of fast charging on cell aging1

Aging has to be carefully considered to enable fast charging because high currents are known2

to accelerate several aging mechanisms. Although the optimized protocols of our experimental3

study were successful in reducing the degradation compared to the CC-CV references, several4

of these protocols still caused a rather rapid aging, leading to end-of-life in a few hundreds of5

cycles. This is coherent to the findings of Sieg et al on another high energy cell [20]. Even6

when seeking to charge while avoiding a prominent degradation mechanism such as lithium7

plating, they found that high currents still caused an important degradation. Therefore, there8

is a reasonable compromise to be made between low charge duration and high durability. For9

example, Spingler et al obtained a drastic improvement in cycle life with an optimized protocol0

compared to a CC-CV protocol of similar charging time, by allowing for a slightly longer charge1

time or 75 min [21].2

While a trade-off has to be made, our experimental findings nevertheless show that there ex-3

ist opportunities for higher currents without necessarily reducing cycle life, at least for the high4

energy NMC/G cell investigated here. One opportunity is to use high currents at low SOC, such5

as demonstrated by case MSCC B. Indeed, currents more than two times of the recommended6

maximum current can be used for a significant portion of the charge while still lowering degra-7

dation compared to the CC-CV reference (Figure 8e and Figure 8f). Another opportunity is to8

use high currents until a partial state-of-charge or lower end-of-charge voltage, such as shown9

by case MSCC C (Figure 8h and Figure 8i), and results of Mussa et al [47]. Finally, there is an-0

other opportunity for fast charging at elevated temperature such as demonstrated by case MSCC1

E (Figure 8n and Figure 8o). These opportunities are further corroborated with the results or2

Yang et al [48], that showed a very high cycle life for a high energy cell by performing a partial3

fast-charge at elevated temperature and the discharge at a lower temperature.4

Therefore, the results suggest the possibility to significantly reduce charging time while still5
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maintaining a good durability by using these strategies.6

5. Conclusions7

This article proposed a method to define the parameters of battery fast charging protocols by8

numerical optimization and investigated their impact on durability.9

A multi-stage of constant current protocol was chosen because of its straightforward frame-0

work and its possibility to adapt the current on different state-of-charge ranges. An electro-1

thermal model at the cell level was set up to accurately represent the cell dynamics during fast-2

charge at different temperatures. Based on this model, a constrained optimization problem was3

formulated. Differently from the literature, this problem considers aging in an implicit manner,4

in the different costs and constraints. The costs penalized high currents both when the electrical5

resistance is high, such as at low state-of-charge or low temperature, and when completing the6

last graphite transition to the fully lithiated stage, at elevated states-of-charge. Then, charging7

time was considered as a constraint that effectively requires high enough currents to reach the8

target. The charging time target was further balanced by constraints on charged capacity, temper-9

ature, current bounds, and on the decreasing of current during charge with the aim of managing0

degradation.1

The proposed optimization method was then used for an experimental aging study, performed2

on a high energy lithium-ion cell with a LiNi0.8Mn0.1Co0.1O2 positive electrode and a graphite-3

silicon oxide negative electrode. Five case studies of optimized multi-stage of constant current4

protocols were defined by modifying three parameters: the ambient temperature, the charge time5

constraint, and the charged capacity constraint. These protocols were compared to fast charg-6

ing constant current-constant voltage protocols as references. The results showed that optimized7

protocols can either improve the cell cycle life in a similar charging time, sometimes by more8

than two-fold, or decrease the charge time without increasing the degradation. It was also ob-9

served that there exist opportunities for significantly higher currents at low state-of-charge, with0

a partial charge, and at elevated temperature.1

These results suggest that the proposed optimization method can be used to define fast charg-2

ing protocols with a lower impact on cycle life. Moreover, charge time can be further reduced3

while maintaining a good cycle life by using the discussed strategies.4
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Glossary5

SEI solid electrolyte interphase6

SOC state-of-charge7

SOH state-of-health8

CC-CV constant current-constant voltage9

MSCC multi-stage of constant-current0

CC constant-current1

CV constant-voltage2

NMC lithium nickel manganese cobalt oxide3

G graphite4

SiO silicon oxide5

6
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