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Offline Multiobjective Optimization for Fast
Charging and Reduced Degradation

in Lithium-Ion Battery Cells Using
Electrochemical Dynamics

Fredric Lam , Anirudh Allam , Graduate Student Member, IEEE , Won Tae Joe,
Yohwan Choi, and Simona Onori , Senior Member, IEEE

Abstract—The rapid charging of lithium ion battery
cells while minimizing degradation is a key challenge in
battery management. Offline optimal control frameworks
employing physics-based models provide a first-principles
approach to this problem that provides critical insights
and benchmarks for real-time oriented online optimization
algorithms. In this letter, we approach the optimal control
problem of minimizing both charging time and degradation
of a NMC battery using the single shooting optimization
framework, employing a coupled electrochemical-thermal-
aging model. The aging mechanism used captures growth
of the SEI layer, solvent diffusion. The effectiveness of the
single shooting method using a piecewise polynomial con-
trol and the low sensitivity of the method to chosen numer-
ical parameters in the multi-objective problem is illustrated.
The tradeoff between charging time and degradation is
investigated numerically.

Index Terms—Constrained control, energy systems,
electrochemical model, optimization.

I. INTRODUCTION

L ITHIUM batteries are an important energy storage solu-
tion for automotive, grid, and other applications, with

the advantages of superior energy efficiency and lifespan [1].
Aside from improvement to battery chemistry, charging strate-
gies that intelligently balance charging speed while avoiding
lithium deposition and damage to the battery active mate-
rial are integral to efficient battery use and battery longevity.
Furthermore, constraints on the charging process introduced
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by safety concerns such as excessive heat generation lead-
ing to the possibility of thermal runaway [2] imply additional
complexity in the development of charging strategies.

Numerous attempts have been made to compute optimal
charging strategies that minimize various combinations of
charging time, thermal and aging objectives, using battery
models of varying degrees of fidelity. The equivalent circuit
model (ECM) has been used to formulate simple optimal con-
trol problems (OCPs) with manageable computational effort.
The problem of minimizing charging time and energy loss
for a simple circuit involving a voltage source and resistor in
series is solved analytically in [3], where the optimal strat-
egy is proven to be the well-known constant current, constant
voltage (CC-CV) protocol. More complicated circuits involv-
ing resistors and capacitors in parallel, however, necessitate
the use of numerical solution [3]; in [4], a pseudo-spectral
method is applied to an ECM coupled with thermal and aging
subsystems to solve a multiobjective problem. The fast charg-
ing problem (formulated as a fixed-time, charge-maximization
problem) was approached using collocation on a reformulated
pseudo-two-dimensional (P2D) model in [5], and using control
vector parametrization (CVP) on a similar model in [6]. In [7],
CVP was employed to solve the fast charging problem, achiev-
ing a significant performance increase relative to CC-CV, and a
model predictive control (MPC) strategy was employed in [8]
on a simplified ESPM model, with the objective of tracking
a fast-charging trajectory. Similarly, MPC was used with a
reduced-order model (ROM) to investigate fast-charging sub-
ject to no-plating constraints [9]. The multiobjective problem
of minimizing charging time and degradation, using a high-
fidelity, coupled electrochemical-thermal-aging model, has
been introduced by [10], although presently their work is
limited to finding suboptimal strategies via dynamic program-
ming. Manual design of charging strategies has also been
approached using ROMs [11], although such an approach also
does not claim to achieve (local) optimality. To our knowledge,
the multiobjective problem minimizing both charging time and
degradation has not been attempted using an electrochemical
aging model capturing both cycle and calendar degradation.
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TABLE I
SYMBOLS FOR PHYSICAL QUANTITIES

In this letter, the direct single shooting method [12], a gen-
eralization of the control vector parametrization method [6],
is applied to solve a multi-objective optimization problem
involving time of charge and degradation. We use an
electrochemical-thermal-aging model that quantifies battery
degradation via a solid electrolyte interphase (SEI) layer
growth model and a solvent diffusion model. The tradeoff in
the multiobjective problem involving both charging time and
aging objectives is quantified. Furthermore, the efficacy of the
single shooting method is demonstrated by the low dimen-
sionality of the resulting optimization problem and scalability
to either higher fidelity models or computationally cheaper
models.

II. SYSTEM MODEL

ESPM is coupled with a two-state thermal model and an
anode SEI layer growth model to describe the dynamics of a
single lithium ion cell. The finite difference method is used
to discretize the partial differential equations (PDEs) describ-
ing solid diffusion, and the finite volume method is used to
discretize the electroyte diffusion PDEs, resulting in a system
of ordinary differential equations (ODEs) that is in turn cou-
pled with thermal and aging ODEs described in this section.
For the sake of brevity, the governing ODE system is pro-
vided in a compact form. Explicitly listing the entries for
the system matrices in this section along with formulae for
state-dependent coefficients would be prohibitively lengthy;
the complete system model can be found in [13]. Parameters
for the electrochemical and thermal modeling are suited for
18650 battery cells with lithium nickel manganese cobalt oxide
(NMC) cathode chemistry, a rated capacity of Q = 2 Ah, and
a maximum voltage Vmax = 4.2 V. The state vector describing
the lithium-ion battery cell is

x = [
cs,n cs,p ce Tc Ts LSEI csolv

]T
. (1)

The meaning and dimensions of these quantities and those
that follow are described in Table I. Note here that bold-
faced quantities denote vectors, e.g., cs,n = [c(1)

s,n, . . . , c(Nr)
s,n ]T ∈

R
Nr , where each entry corresponds to nodal or cell-averaged

quantities arising from the discretization of the PDEs [13].
Similarly cs,p ∈ R

Nr , ce = [cT
e,n, cT

e,s, cT
e,p]T ∈ R

Ne,n+Ne,s+Ne,p ,
and csolv ∈ R

NSEI , with Ne,n = Ne,s = Ne,p = NSEI = Nr +1 =
10. The length of x is thus Ntotal = 2Nr + Ne,n + Ne,s +
Ne,p + NSEI + 3 = 61. The system of ODEs describing the
evolution of the state vector results from the discretization
methods described in [13] and can be compactly summarized
the nonlinear state-space system

dx
dt

= f(x, u), x(0) = x0. (2)

The scalar control u ≡ I is the current applied to the battery,
with I < 0 corresponding to charging and I > 0 corresponding
to discharging.

In the following, (2) is defined in components correspond-
ing to each element in (1), in the order that it appears. The
evolution of cs,n and cs,p due to diffusion are respectively
given by

dcs,n

dt
= αs,n(x)As,ncs,n + βs,nBs,n(I − gs,n(x)) (3)

dcs,p

dt
= αs,p(x)As,pcs,p + βs,pBs,pI, (4)

where the dependence on the state vector x is explicitly noted.
The functions αs,n, αs,p, and gs,n are nonlinear functions of the
state defined in [13], while As,n, Bs,n, As,p and Bs,p are fixed
matrices.

Similarly, the electrolyte concentration evolution due to
diffusion is described by

dce

dt
= Ae(x)ce + Be(x)I, (5)

where solid-electrolyte interface effects [13] are incorporated
directly into the matrices Ae and Be. The core and surface tem-
peratures of the cell are described by the lumped parameters Tc
and Ts respectively, and change over time due to overpotential,
Joule heating and heat transfer; that is,

dTc

dt
= 1

Cc

[
(Voc(x) − Vcell(x))I + Ts − Tc

Rc

]
(6)

dTs

dt
= 1

Cs

[
Tamb − Ts

Ru
− Ts − Tc

Rc

]
(7)
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where Cs and Cc are (constant) heat capacities and not to be
confused with solid-phase concentrations. Thermal resistances
Ru and Rc are fixed.

The anode SEI layer growth used to quantify aging is
governed by

dLSEI

dt
= − is(x)MSEI

2FρSEI
, (8)

where is is the side reaction current density detailed in [13].
The solvent concentration evolution is given by

dcsolv

dt
= Asolv(x)csolv + 1

F
βsolv(x)is(x)e1, (9)

where Asolv and βsolv are state-dependent quantities, and e1 =
[1, 0, . . . , 0]T is used to indicate the boundary term arising
due to side reactions.

Other quantities of interest such as the cell state of charge
(SOC) and the cell voltage Vcell are functions of x and there-
fore can be computed directly. Specifically, the state of charge
(SOC) of the battery is computed from the bulk-averaged
cathode concentration c̄s,p via

SOC = θ − θ0,p

θ100,p − θ0,p
= c̄s,p/cs,p,max − θ0,p

θ100,p − θ0,p
. (10)

where θ0,p and θ100,p are fixed. The cell voltage is computed
via Vcell = Up + ηp − Un − ηn + ��e − (Rl + RSEI)I using
quantities defined in Table I; their formulae are found in [13]
and [14]. Finally, the open-cell voltage is defined by Voc =
Up − Un. The initial state of the battery x0 is set such that
the initial state of charge SOC0 = 0.2, with spatially uniform
concentrations. The temperature is set to equilibrium at the
ambient temperature, i.e., Tc = Ts = Tamb. The initial SEI
layer thickness is fixed at LSEI,0 = 5 nm.

The time interval of interest is [0, tf], where tf = inf{t
≥ 0 |SOC(t) ≥ SOCtarget} is the charging time, or time to
charge. The quantity SOCtarget = 0.8 is fixed throughout this
letter.

III. OPTIMAL CONTROL FRAMEWORK

The OCP for fast charging with reduced degradation is
defined as follows. We seek the control current I that min-
imizes the weighted objective function

J = αγ1tf + (1 − α)γ2LSEI(tf)

+ γ3|SOC(tf) − SOCtarget| −
5∑

i=1

εi log fi (11a)

subject to the dynamics constraints given by (2), and additional
inequality constraints

cs,n,min ≤ c(j)
s,n(t) ≤ cs,n,max, j = 1, . . . , Nr

cs,p,min ≤ c(j)
s,p(t) ≤ cs,p,max, j = 1, . . . , Nr

Vcell(t) ≤ Vmax,

I(t) ≥ Imin, I(t) ≤ Imax (11b)

for all t ∈ [0, tf]. These inequality constraints are necessary
to ensure the solid phase concentrations are physically mean-
ingful at all times and at all positions j, and to keep the cell

TABLE II
VALUES OF SCALING PARAMETERS

voltage below a prescribed maximum voltage Vmax = 4.2 V
as is often done in the literature [4], [15]. Simple bounds on
the input current [Imin, Imax] = [−6 A,−1 A] = [−3C,−C/2]
are enforced on the control current to prevent over-aggressive
charging and to ensure the current remains in the region of
validity of the aging model used in [13], which is calibrated
on data obtained from experiments with C-rates of −10C to
−C/2 [14]. The first two terms in (11a) are the fast-charging
and aging objective terms, weighed by the tradeoff parame-
ter α, and the subsequent terms are constraint penalty terms.
The term γ3|SOC(tf) − SOCtarget| is necessary to eliminate
trivial solutions (in which the cell is not charged at all),
and is chosen in favor of a higher-order penalty term (e.g.,
|SOC − SOCtarget|2) to penalize any deviation from the target
SOC, without relaxing the constraint as long as the target SOC
is not reached.

The terms εi log fi in (11a) are chosen to enforce the first five
inequality constraints listed in (11b). Precisely, the functions
fi are chosen to be

f1 = min
t,j

(
c(j)

s,n/cs,n,min − 1
)
, f2 = min

t,j

(
1 − c(j)

s,n/cs,n,max

)

f3 = min
t,j

(
c(j)

s,p/cs,p,min − 1
)
, f4 = min

t,j

(
1 − c(j)

s,p/cs,p,max

)

f5 = min
t

(1 − Vcell/Vmax). (12)

The inclusion of the logarithm function ensures that the value
of J is only for paths in the feasible set, and smoothly penalizes
solutions close to the boundary of the feasible set.

Values used for the scaling parameters in (11a) are shown
in Table II. The values of γ1 and γ2 were chosen to bring
the objective terms to roughly the same order of magnitude.
The value of γ3 was chosen to be sufficiently large, without
adversely affecting the optimizer performance. The parameters
ε1, . . . , ε5 are only required to be positive, and the value shown
in Table II were verified to have insignificant impact on the
solution.

The numerical approach we follow here to tackle the
OCP (11a) subject to (11b) is a discretize-then-optimize
strategy. Because the states describing the battery evolve
over disparate timescales (e.g., electrochemical timescales
versus temperature timescales), using a single discretiza-
tion scheme for both state and control may result in
a chattering control signal that fluctuates on the short-
est timescale. This fluctuation may be undesirable due to
hardware limitations, motivating a numerical approach that
discretizes the control and the state separately. We begin
by discretizing the control signal I piecewise on the set
of intervals {[SOC0, SOC1], [SOC1, SOC2], . . . , [SOCN−1,

SOCN]}, where N is the number of intervals over which the
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piecewise control is defined, distinct from subscripted Ntotal,
which refers to the length of the state vector. While it is
intuitive to divide the control signal based on time intervals
{[0, t1], [t1, t2], . . . [tN−1, tf]}, the latter strategy requires a pri-
ori knowledge of tf, which is one of the objects of search.
Furthermore, using {[0, t1], [t1, t2], . . . [tN−1, tN]} with arbi-
trarily defined tN introduces an additional numerical parameter,
such that any control and state data beyond t = tf < tN is of
little relevance to the OCP.

The control current I is discretized piecewise as

I(SOC) =
p∑

j=0

βi,jφj(SOC − SOCi),

SOC ∈ [SOCi, SOCi+1] (13)

for i = 0, 1, . . . , N − 1, where φj are chosen basis functions,
βi,j are the corresponding coefficients, and p is the order of
the basis. In general, the basis functions are chosen a priori
to reflect desired properties such as periodicity or smoothness
(continuity, differentiability, etc.). In particular, periodic basis
functions can be chosen for simulating multiple charge and
discharge cycles to investigate the long-term degradation of
the cell. The scope of this letter is limited to a single charging
cycle, and as such, only piecewise polynomials will be con-
sidered for simplicity. Let φj(x) = xj be the polynomial basis
functions. In the following, we will consider p = 0, 1, 2, which
are respectively the piecewise constant, piecewise linear and
piecewise quadratic basis functions. To reduce the problem
dimension and obtain smoother control signals, we enforce
continuity for p = 1 and continuity of the derivative for p = 2.
Note that constructing smooth control signals this way elimi-
nates the need to explicitly handle chattering in the objective
function, as is necessary in MPC [8]. An initial guess Iguess
for the control in the chosen basis is supplied as a vector of
parameters b0 = [β0,1, . . . , βN−1,p]. The initial guess is dis-
tinct from the initial condition or initial state of the system;
the latter concerns the state at t = 0, while the former is a
function defined over [0, tf] that serves as a starting point for
the iterative optimization algorithm. Note that for p = 0, 1,

and 2, smoothness constraints imply that the dimension of the
vector b is N, N +1, and N +2 respectively. In the absence of
a priori information on the optimal current, we will consider
only initial guesses corresponding to a constant current at an
amplitude I0, i.e., Iguess(t) = I0 for t ∈ [0, tf]. The present dis-
cretization strategy reduces the OCP to the nonlinear program
(NLP) in which we seek b∗ ∈ R

N+p and the corresponding
control current I∗ so that

b∗ = argmin
b

J(b) (14)

such that

Imin ≤ I∗(t) ≤ Imax (15)

for t ∈ [0, tf]. Beginning from the initial guess b0, the value
of J(binit) and the numerical gradient of J are computed
via numerical solution of the governing ODEs. Subsequently,
a new iterate b1 is produced by the NLP solver, which is
then used to compute J(b1), and so on. The interior point

Fig. 1. Key states, including the C-rate (current normalized by nominal
capacity), shown as a function of time, using α = 0.1, and N = 6.

method [16] from MATLAB’s fmincon package is used to
solve the constrained NLP. The ODE solver ode15s [17]
based on a modification of the backward differentiation for-
mulae (BDF) is chosen here for its suitability for stiff ODE
systems. The additional termination event SOC = SOCtarget is
provided to the solver to ensure the solver stops at t = tf.

IV. RESULTS AND DISCUSSION

The optimal current profile is presented in terms of C-
rate I∗/Q in Fig. 1, along with the cell voltage, the core
temperature, the surface temperature, the anode surface con-
centration, and the state of charge. Depicted curves correspond
to p = 0, 1, and 2, with Tamb = 293 K, α = 0.1,
and N = 6. Throughout, a constant current profile with
I0 = −5 A (−2.5C) is provided as an initial guess unless
otherwise specified. The problem described by this set of
parameters is multi-objective, since the solution sought min-
imizes a weighted combination of charging time and aging
(described by SEI layer thickness). Note that the p = 0 result
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Fig. 2. Optimal current profiles and the corresponding evolution of LSEI
for p = 2 and N = 6.

Fig. 3. Pareto front showing the tradeoff of SEI layer objective L∗
SEI and

charging time t∗f for p = 0, 1, 2.

can be interpreted as N constant current stages of a CC-CV
charging protocol. In this letter, SOCtarget = 0.8, so the con-
stant voltage stage can be assumed to begin at the optimization
horizon at SOC = 0.8.

For each case of p in Fig. 1, the same optimal objec-
tive value of J∗ = 24.7 is attained, and a similar evolution
is observed in all cases for the surface concentration and
state of charge. For p = 0 the optimal current profile differs
significantly from the p = 1 and p = 2 cases, achiev-
ing a faster charging time (tf = 838 s) but greater aging
(LSEI(tf) − LSEI(0) = 0.111 nm) compared to, for example,
the p = 1 case (tf = 874 s; LSEI(tf) − LSEI(0) = 0.109 nm).

The optimal current profile for p = 2 and varying α is
shown in Fig. 2, where α = 0 corresponds to minimiz-
ing only aging, and α = 1 corresponds to minimizing only
charging time. The intermediate values of α = 0.04 and
α = 0.07 are chosen for the sake of exposition as balanced
optimization cases. Choosing α = 1 implies that the solu-
tion, as expected, is the constant charging current of maximum
amplitude (I = Imin = −6 A). Correspondingly, the growth of
the SEI layer is far quicker than the other cases, as depicted
in Fig. 2. Note that because the interior point method is used as
an optimization method, the optimal charging profile computed

Fig. 4. Optimal current profiles for N = 2, 8, and 14, and α = 0.1 with
(a) p = 0, and (b) p = 2.

satisfies I(t) > Imin for all t. On the other hand, choosing
α = 0 results in a charging current profile that gradually
increases in magnitude over time. Because the aging model
is calibrated on data that captures both cycle aging and cal-
endar aging, the optimal charging current is not the minimal
magnitude solution (i.e., I = Imax = −0.5 A) but rather an
intermediate level of current that finishes charging in a rea-
sonable amount of time. Indeed the growth of LSEI shown
in Fig. 2 for α = 0 accelerates later in the charging pro-
cess. Choosing α = 0.04 or α = 0.07 results in a charging
profile that lies between the two extreme cases, with the mag-
nitude of I staying relatively constant. The tradeoff between
the optimal value t∗f of charging time and the optimal value
L∗

SEI of SEI layer at t = tf is summarized in the Pareto front
depicted Fig. 3. Each marker corresponds to one optimization
run, with different-shaped markers corresponding to different
values of p. While the markers for p = 0 and p = 1 dis-
play some scatter, the markers for p = 2 delineate a smooth
front, achieving the best values of t∗f for fixed L∗

SEI and vice
versa. The superior results from using p = 2 suggest that in
general, enforcing smoothness in the control current results in
more consistent solutions than the simpler, piecewise constant
control.

Notably, for low values of t∗f in Fig. 3, all values of p pro-
duce similar values of L∗

SEI, since the optimal current produced
in each case is approximately the constant profile at maxi-
mum amplitude. In contrast, for low values of L∗

SEI, a large
scatter in solution performance is observed for p = 0 and
p = 1. The strong parameter dependence for the p = 0 case
is contrasted with the relative robustness of p = 2 in Fig. 4.
In Fig. 4(a), p = 0 solutions are shown for various interval
counts N, with the resulting solutions being vastly different.
The p = 2 solutions in Fig. 4(b), however, change little as N is
increased. Computational cost increases as p is increased, due
to a slight increase in the number of degrees of freedom and
the requirement of handling higher degree polynomials while
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Fig. 5. Contour plot of optimal objective function value J∗ with varying
numerical parameters I0 and N, for p = 2.

enforcing the continuity constraint. The computational cost is
also strongly dependent on N, which can be changed with-
out compromising accuracy of the ODE approximation (i.e.,
the chosen numerical solver of the ODE). Fig. 5 shows con-
tours of the optimal objective function value J∗ in the space
of N and I0, demonstrating the independence of J∗ over these
numerical parameters. Here p = 2, and α = 0.04, 0.1, and 0.5.
Note the different color scales used to resolve the contours.
For values of I0 close to the upper bound Imax, the solution
quality is notably degraded. Nonetheless, choosing values of
I0 well in the interior of [Imin, Imax] gives a solution robust to
I0 and N. Notably, a small value of N is sufficient to obtain
a good solution in this multiobjective setting, suggesting fea-
sibility of a future online implementation. By replacing the
detailed electrochemical-thermal-aging model used in this let-
ter with a simple ROM—which is straightforward thanks to
the decoupling of the control and state discretizations in this
optimal control framework—one may freely adjust the com-
plexity and computational cost of this model. While the wall
clock time of each optimization run is dependent on the initial
guess, the converged current profile varies little as a func-
tion of initial guess, suggesting that the solution method is
robust to the choice of numerical parameters. Furthermore,
the computational cost of the present approach scales more
slowly than, say, collocation-based methods, since the numeri-
cal Hessian matrices in this framework (required by the interior
point method) have size (N +p)× (N +p), independent of the
PDE discretization accuracy.

V. CONCLUSION

The results of applying the direct single shooting optimal
control framework to a fully coupled electrochemical-thermal-
aging model with a large number of states were presented.
Polynomial bases with varying degree p were used, and the
robustness of continuous, differentiable piecewise quadratic
control (p = 2) was identified, in contrast to the commonly
used piecewise constant current control (p = 0). While the
present numerical approach requires careful handling of path
constraints via penalty terms, the strengths of this approach
include the low dimensionality of the resulting NLP despite
stiff dynamics that may require fine timesteps, and the ability
of the user to control the desired properties of the con-
trol signal such as continuity via choice of basis functions.
Furthermore, the structure of the optimal control framework
(discretize-then-optimize) allows quick integration with dif-
ferent battery models of increasing complexity for greater
fidelity, or with reduced order models to facilitate online
implementation and subsequent experimental validation.

REFERENCES

[1] B. Scrosati and J. Garche, “Lithium batteries: Status, prospects and
future,” J. Power Sources, vol. 195, no. 9, pp. 2419–2430, 2010.

[2] D. Lisbona and T. Snee, “A review of hazards associated with primary
lithium and lithium-ion batteries,” Process Safety Environ. Protection,
vol. 89, no. 6, pp. 434–442, 2011.

[3] A. Abdollahi et al., “Optimal battery charging, part I: Minimizing time-
to-charge, energy loss, and temperature rise for OCV-resistance battery
model,” J. Power Sources, vol. 303, pp. 388–398, Jan. 2016.

[4] H. E. Perez, X. Hu, S. Dey, and S. J. Moura, “Optimal charging of li-
ion batteries with coupled electro-thermal-aging dynamics,” IEEE Trans.
Veh. Tech., vol. 66, no. 9, pp. 7761–7770, Sep. 2017.

[5] B. Suthar, P. W. Northrop, R. D. Braatz, and V. R. Subramanian,
“Optimal charging profiles with minimal intercalation-induced stresses
for lithium-ion batteries using reformulated pseudo 2-dimensional mod-
els,” J. Electrochem. Soc., vol. 161, no. 11, 2014, Art. no. F3144.

[6] R. Methekar, V. Ramadesigan, R. D. Braatz, and V. R. Subramanian,
“Optimum charging profile for lithium-ion batteries to maximize energy
storage and utilization,” ECS Trans., vol. 25, no. 35, p. 139, 2010.

[7] R. Klein, N. A. Chaturvedi, J. Christensen, J. Ahmed, R. Findeisen, and
A. Kojic, “Optimal charging strategies in lithium-ion battery,” in Proc.
Amer. Control Conf. (ACC), 2011, pp. 382–387.

[8] C. Zou, X. Hu, Z. Wei, T. Wik, and B. Egardt, “Electrochemical esti-
mation and control for lithium-ion battery health-aware fast charging,”
IEEE Trans. Ind. Electr., vol. 65, no. 8, pp. 6635–6645, Aug. 2018.

[9] M. A. Xavier, Efficient Strategies for Predictive Cell-Level Control of
Lithium-Ion Batteries, Univ. Colorado, Boulder, CO, USA, 2016.

[10] M. Xu, R. Wang, P. Zhao, and X. Wang, “Fast charging optimization
for lithium-ion batteries based on dynamic programming algorithm
and electrochemical-thermal-capacity fade coupled model,” J. Power
Sources, vol. 438, Oct. 2019, Art. no. 227015.

[11] M. Song and S.-Y. Choe, “Fast and safe charging method suppressing
side reaction and lithium deposition reaction in lithium ion battery,” J.
Power Sources, vol. 436, Oct. 2019, Art. no. 226835.

[12] M. M. Martín, Introduction to Software for Chemical Engineers. Boca
Raton, FL, USA: CRC Press, 2014.

[13] T. Weaver, A. Allam, and S. Onori, “A novel lithium-ion battery
pack modeling framework-series-connected case study,” in Proc. Amer.
Control Conf. (ACC), 2020, pp. 365–372.

[14] E. Prada, D. Di Domenico, Y. Creff, J. Bernard, V. Sauvant-Moynot,
and F. Huet, “A simplified electrochemical and thermal aging model of
liFePO4-graphite li-ion batteries: Power and capacity fade simulations,”
J. Electrochem. Soc., vol. 160, no. 4, p. A616, 2013.

[15] M. Pathak, D. Sonawane, S. Santhanagopalan, R. D. Braatz, and
V. R. Subramanian, “Analyzing and minimizing capacity fade through
optimal model-based control-theory and experimental validation,” ECS
Trans., vol. 75, no. 23, p. 51, 2017.

[16] R. H. Byrd, J. C. Gilbert, and J. Nocedal, “A trust region method
based on interior point techniques for nonlinear programming,” Math.
Program., vol. 89, no. 1, pp. 149–185, 2000.

[17] L. F. Shampine and M. W. Reichelt, “The MATLAB ODE suite,” SIAM
J. Sci. Comput., vol. 18, no. 1, pp. 1–22, 1997.

Authorized licensed use limited to: Stanford University. Downloaded on February 26,2024 at 19:27:46 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


