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ABSTRACT:

Fast charging of lithium-ion battery packs must
reconcile four competing requirements: short
charging time, electro-thermal safety, degradation
awareness, and electricity-cost efficiency. These
requirements are difficult to satisfy in conventional
series-connected packs because the same charging
current is imposed on all cells even when individual
cells differ in state of charge, state of health, and
thermal condition. This paper presents a cell-level
optimal  fast-charging  strategy  based on
series/parallel reconfiguration and a coupled electro-
thermal battery model. The proposed framework
decouples intrinsic cell dynamics from pack
topology constraints by combining a unified
switching representation with projection-based
topological constraints, thereby allowing distinct
charging currents to be assigned to individual cells
during the charging stage while preserving series
structure during discharge. A constrained optimal
control problem is formulated to minimize a multi-
objective cost composed of terminal state-of-charge
error, charging loss, time-of-use electricity cost, and
current penalization near full charge. The controller
explicitly enforces limits on cell voltage,
temperature, and state-of-health-adaptive allowable
charging current. Experimental studies conducted on
Samsung 18650-35E cells show that measured
charging currents track the optimized profiles
closely, all cells reach the desired terminal state of
charge, temperature and voltage remain within
safety bounds, and the controller naturally performs
cost-aware load shifting under variable electricity
tariffs. The proposed approach provides a practical
and economically aware fast-charging framework
for advanced battery management systems in
electric vehicles and stationary storage applications.
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I. INTRODUCTION

In the ongoing transition toward renewable
energy systems and electrified transportation,
lithium-ion batteries have become a core enabling
technology because of their high energy density and
long service life. One of the main barriers to wider
adoption, however, is the relatively long charging
time, which contributes to range anxiety and reduces
user acceptance. As a result, fast-charging strategies
that can simultaneously improve charging speed,
preserve battery health, and maintain operational
safety are of great practical importance. Increasing
the charging current to high C-rates can shorten
charging time significantly, but it also accelerates
battery degradation because heat generation rises
approximately with the square of current, while the
risks of lithium plating and dendrite formation
become more severe. Previous studies have reported
that mechanisms such as aluminum dissolution and
cracking of the solid electrolyte interphase (SEI)
may lead to substantial capacity loss after repeated
fast-charging cycles. [1]-[7]

Current research on fast-charging lithium-ion
batteries generally follows three major directions:
advanced battery materials, thermal management,
and charging control strategies, including
feedforward, feedback, and optimization-based
approaches. [7]-[16] Despite this progress, many
existing methods do not fully account for the
combined effects of degradation-related constraints,
electro-thermal safety under realistic operating
conditions, and time-of-use (ToU) electricity
pricing. Consequently, their practical optimality
remains limited. In this context, reducing charging
time is meaningful only when it is addressed as part
of a multi-objective optimization problem that also
respects constraints related to state of health (SoH),
state of temperature (SoT), and electricity cost.

The challenge becomes even more pronounced in
large battery systems composed of many cells or
modules connected in series. In practice, individual
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cells differ in SoC, available capacity, thermal
condition, and aging level. Therefore, the optimal
charging current is not identical for all cells.
However, in a conventional series-connected pack,
all cells are forced to share the same charging
current, which is usually determined by the weakest
cell. This limitation tends to increase charging time
and reduce overall efficiency. In addition, electricity
tariffs often vary throughout the day, while end
users expect charging to be fast, economical, and
safe. Therefore, an effective charging strategy
should jointly consider aging, thermal constraints,
and ToU-based electricity cost.  Flexible
series/parallel reconfiguration during charging and
discharging offers a promising solution, since it
enables different current allocation at the cell level,
thereby shortening charging time, improving
performance, and extending battery lifetime. This
makes reconfigurable pack architectures attractive
from both technical and economic perspectives.

This paper proposes a cell-level optimal fast-
charging strategy for lithium-ion battery strings
based on a coupled electro-thermal model. In the
proposed framework, each cell is assigned an

individualized charging profile, and its allowable
charging current is adapted according to the cell’s
aging condition in order to prevent overheating and
avoid safety violations. The control objective is to
ensure that all cells reach the desired terminal SoC,
set at no less than 97%, while minimizing electricity
cost over the charging horizon. The reconfigurable
pack architecture is represented through switching
actions and topological constraints, allowing
different charging currents to be applied
simultaneously to different cells. In this way, both
technical performance and economic efficiency can
be improved without relying on expensive material
modifications or complex cooling solutions.

The remainder of this paper is organized as
follows. Section 2 presents the research
methodology and model formulation. Section 3
reports the simulation and experimental results.
Finally, Section 4 summarizes the main conclusions
and outlines directions for future work.

II. METHODOLOGY

A Dbattery pack composed of multiple cells is
considered. During discharge, the cells are
connected in series to provide the required load
voltage. During charging, in order to improve
charging speed and flexibility, each cell is allowed
to receive its own optimal charging current based on
its operating condition. To achieve this objective, a
reconfigurable  series/parallel  architecture is
employed, as shown in Fig. 1. Specifically, the pack
is operated in a series configuration during

I

Cell

—3 T2, 50C,

T,

discharge and reconfigured into independent parallel
charging branches during charging. This transition is
described by switching operators and projection-
based topological constraints, allowing the intrinsic
cell dynamics to remain unchanged while the inter-
cell connection constraints vary with the operating
mode.

n
Tq

Figure 1. Representation of the series/parallel reconfigurable battery cell architecture

This study employs a battery cell model (or
supercell), as shown in Fig. 2, where V,, =
Jocv(SoC,T,)is a nonlinear function relating the
open-circuit voltage to the cell state of charge; T.is

the average internal cell temperature; T,is the
ambient temperature; Ciand R;are temperature-
dependent parameters; R,is the internal resistance,
also dependent on the internal cell temperature; C,is
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the nominal cell capacity; and n = 0.95denotes the
coulombic efficiency.

Here, a(T;)and [(T,)represent the RC-branch
attenuation coefficient and input-current gain,
respectively; ATdenotes the sampling interval;
dVyc/ O0T,is the partial derivative of the open-circuit
voltage with respect to cell temperature; and zis the
delay operator. The parameters n,and nydenote the
numbers of poles and zeros, respectively.

The coefficients a;(Ty), -, @, (Tq)and
bi(Ty), ., by, (Tg)are  the coefficients of the

polynomials a(z)and b(z), both of which are
functions of the ambient temperature T,. The state
C, (1)

vector and the input-output vector of the electrical
model are defined in (1), where the state variables
are the cell state of charge and RC-branch voltage at
time instant k, and the outputs are the terminal
voltage and heat-generation rate at the same instant.
The input to the model is the cell current, with I, >
Ofor charging and [. < Ofor discharging. The
parameters of model (1) were identified in our

recent work [17].

I SoC
T, c
n a —’
LI & i iy | \ ! Mohihdien ) [
== ; \ | =
T V—’ v '-' Sinh nhiét \\5 "I',.
—) he s H M hinh nhiét T,
VOC = gOCV(SOC' [,) l Céc tham 6 phythuge T > ARX (9) >
1 nhiét 4§ cell a
a) Electrical mode b) Coupled electro-thermal model of the cell
Figure 2. Representation of the coupled electro-thermal model of the cell
1 0 _AT
The dynamics of the cell are represented by the A(TC )= ; B(T,) = |77 3600 Cp,
following coupled electro-thermal model [17]: 0 a(T.) B(T,)

x(k+1)=A(Te)x(k)+B(Te)u(k)
y(k) = Goc + Cx(k) + dy (T,) u(k)
+dy(To) u? (k)
Te(k) = (k) 6(Ta)

(1

where
SoC (k)
Ve (k)

w0 = [0 v = [00)]

u(k) =1.(k
AT AT
a(z") =e R (Te)C (Te) ’ﬂ(TC) — (1 —e R (Te) G (Te) )RI (TC)

By introducing the superscript ito denote the i-th
cell, where i=1,2,..,n, the coupled electro-
thermal model of cell ican be written as follows:

X' (k+1) = A'(T! (k))x' (k) + B'(T, (k))u' (k)
YO = Gloe, (k) +CO()x (k) +d" (T (k) (k) +d3” (T (k) ()
T (k)= " (k)0 (T, (k)) A3)

where

i_ SoC' i _ Vcl(k) ieiy _ 1 0
* {VR"C }’y(k){qzl(k)}’“m{o af(T;)}

V, 0 -1
GOC:[SC];C:[O —u(k)
_RO(Tc)u(k) 0
B = 7, e ) = o0

|

2

o(k) =[-T,(k=1)... = T.(k—n,)q (k)...4.(k —n, +1)]

¢=|a/(T, .., (T)b(T,)..b, (T,) ]T

;AT i
B =|" 3600C] ﬁ&(k){%ﬂ,

BT

0 ~Ry(T)

cm{o _u,-(k)},d:a:’h TaaLT
o 0
d,TH=| . . 4)
e [Rs(T;J

The vectors representing the n-cell system are

defined as follows:
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] ] yl during charging. All electro-thermal equations
. remain unchanged at the cell level through the
X = U= Y= > superscript i. This is the advantage of introducing
X" u" )" the projection matrix
ST () L7
T T! F, =1n—;1n1n
1. = I, = R P =1 —llnlfl which enforces the common-current condition in
" " h the discharging mode through P,U(k) = 0, while
Loe Loa preserving the block-diagonal cell structure and

where [,is the n X n identity matrix, and 1,is an n-
dimensional column vector whose entries are all
equal to one. The control inputs are defined as
ugz(k) € R, the common discharging current, and
u.(k) € R, the vector of charging currents for the
n cells.

u,(k)el

(©)
u (k) =[ul(k) (k)

uj(k)] ell”

Define the switching operator as
u(k)=zu,(k)1,+(1-z)u, (k) (7
where z = 1 implies u!(k) = uy(k)for all i, and
z = 0 implies ul(k) = ul(k) = IL(k). The
topological constraint enforcing a common current
in the discharging mode is given by

2(k)P,u(k)=0 (8)

where P, is the projection matrix with elements
1
I)nji - é‘ij - ;

in which §;; = 1if i = jand §;; = Ootherwise. The
overall state-space model of the n-cell system, valid

for both charging and discharging modes, is given
by

X(k+1)=A(T (k)X (k)+B(T (k)U (k)

Y(k) = Gy (k) + C(k) X (k) + Dy (T, (k))U (k) + D(T.(k))[U () U(K)] ~ (9)
T.(k) = ®()I(T, (k)

Where

A =blkdiag{A',...,A"}, B = blkdiag{B',...,B"},

1

Gloc @
A (10)

Goc @

C=blkdiag{C',...,C"}, D, = blkdiag{d,,...,d]'},

D, =blkdiag{d,,...,d}}, $=[6',6,...,0"]

Models (9) and (10) provide a unified representation

for the n-cell system, in which the pack operates in

the series-connected mode during discharge and is
reconfigured into independent parallel branches

Goe =

enabling cell-specific fast-charging control. Based
on (9) and (10), the one-step-ahead estimates of SoC
and temperature can be obtained for the charging
input U (k) under the charging mode z = 0

X(k+1)= A (T, (k)X (k) + B(T,(k))U (k)
T (k+1) = D(k)HT, (k) (1)

Safety-related constraints are imposed as follows.
Since excessive charging current may damage the
battery cells and accelerate degradation, the
charging current must be maintained within the
manufacturer-specified limits:

0<UMK) Sty s

_ 1
udisimm' - |:ud157max

T

Wy e ]+ i=12,0m (12)
where ufﬂs,max denotes the maximum allowable
current of the i-th cell, which depends on the state of
health of the cell at the charging instant. In addition,
overcharging and overheating may accelerate cell
capacity degradation. To avoid these adverse
effects, the state of charge, cell voltage, and cell
temperature must also remain within their
admissible limits, expressed as follows:

T<1,T,,:80C <1,50C,,; V, <1V, .
T.=[r" - 1] :S0C=[SoC' Soc" ] (13)
ALAERA

Charging objectives: Fast charging is one of the
primary objectives in the proposed control strategy.
The controller aims to minimize the deviation of the
cell state-of-charge vector from its desired target
value SoCjover a charging horizon of Ncontrol
intervals. The initial state-of-charge vector is
defined as

SOC(0)=[SOC](0) SoC,(0) SoCn(O)]
The horizon length N reflects the desired fast-

charging duration specified by the user.
Accordingly, the target is to achieve

SoC(k, )~ SoC,*1 , k, =NAT

The objective associated with the charging duration
is therefore defined as
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J, =NAT (14)

After the charging horizon NAT, the state of
charge of all cells is required to reach the desired
target SoC,;. This objective is represented by the
following terminal SoC penalty:

Jeo = Z”:(SOC(kN)fSOCdln )(SoC(ky)—SoC,1, )T 15)

k=1

To improve charging efficiency, the charging-
energy loss is also minimized. The corresponding
loss-related objective is defined as

Jp = Z(VRc(k))TU(k)
k=1
Where
Vee) =[Vac(k) Vi)~ Vie®)] (16)

Economic cost optimization: This objective is
introduced to reduce the electricity cost according to
the time-of-use tariff at the charging instant. The
electricity cost is defined as

5 (V0) U

T :; 36x100 P® a7

where p(k)denotes the time-of-use electricity price
at sampling instant k, and

v=[Viw v o i

Large-current penalty near full charge: To ensure
safety and improve battery lifetime, the charging
current should be reduced as the state of charge
approaches unity. Therefore, a penalty term is
introduced when SoC (k) > 0.9, defined as

N
J oo =D Uk), if SoC(k)>0.9
k=1

J =0, if SoC(k)<0.9 (18)

pen

Objective function formulation: Based on the
above analysis, the operating-condition-dependent
fast-charging control problem is formulated as the
following constrained optimization problem:

minU(k)J=7/1JT + Vo soc ¥ V3t Ve s + 75

pen
subject to

X(k+1)=A(T.(k)X (k) +B(T.(k)U(k), X(0)

Y (k) = G (k) + Ck).X (k) + D, (T, (k)U (k) + Dy (T, (kDU ()1 U (k)]
T (k+1) = ®(k)S(T, (k)

L) SLT s OSUMR) Sty s Vo)<V, 19
where Y1, Y2, V3 Yar Vs > 0 are weighting
coefficients selected according to the user’s priority
preferences.

Optimal charging control algorithm: To solve the
charging-current optimization problem associated
with minimizing the objective function J, this study

employs Sequential Quadratic Programming (SQP).
At each iteration, SQP constructs a local quadratic
approximation of the original problem around the
current solution. The objective function is expanded
using a second-order Taylor approximation with the
Lagrangian Hessian, while the constraints are
linearized through the Jacobian matrix. As a result,
the controller solves a local quadratic programming
(QP) subproblem and then updates the solution
using a line-search/merit function or trust-region
strategy to ensure objective reduction and
progressive satisfaction of the constraints.

III. RESULTS AND DISCUSSION

In this study, SAMSUNG 18650-35E 2500
mAh cells were used, with the model parameters
taken from [17]. Figure 3 shows the daily electricity
price profile adopted as the case study in this work.
The experimental setup consisted of a Dell Inspiron
15 3000 computer equipped with an Intel Core i5
processor and 32 MB RAM, MATLAB R2020a
software, an OPAS549 power amplifier, an NI
cDAQ-9174 data acquisition system, three NI 9239
analog input modules (each providing four analog
input channels of +10 V), and one NI 9263 analog
output module. For each cell, current, external
temperature, and terminal voltage were measured,
resulting in a total of 12 analog input channels;
therefore, three NI 9239 modules were required. In
addition, each cell required one analog output
channel to deliver the optimal current reference,
computed in MATLAB, to the OPA549 power
amplifier. For this reason, one NI 9263 module was
used, since it provides four analog output channels
of £10 V. The OPA549 amplifier is capable of
supplying charging currents up to 8 A, with an input
voltage range of 0—5 V and an output voltage up to
+15 V. The experimental results for case (a) with
N = 30min are presented as follows. The
experimental results for case (b) with N = 60, case
(¢) with N =50, and case (d) with N = 50are
presented in Figs. 4, 5, 6, and 7.

More specifically, for case (a) with N = 30min,
Fig. 4 shows that the experimental charging current
closely follows the optimally computed charging
profile. The peak cell temperature T.appears before
the current step transition and then gradually
decreases toward the end of the charging process,
which is consistent with the simulation trend. The
small discrepancy in amplitude can be attributed to
thermal lag and practical heat dissipation effects.
The experimental SoC increases progressively and
reaches SoC,, remaining in close agreement with
the simulated trajectory. The measured cell voltage
V. exhibits minor fluctuations due to measurement
noise and instantaneous ESR effects, but it remains
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below the constant-voltage threshold, in agreement
with the simulation.
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Figure 3. Daily electricity price profile (case study)
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Figure 4. Experimental results for case (a), N = 30: a)
SoC and cell voltage of Cell 1, b) charging current and
cell temperature of Cell 1, ¢) SoC and cell voltage of Cell
2, d) charging current and cell temperature of Cell 2, e)
SoC and cell voltage of Cell 3, f) charging current and
cell temperature of Cell 3, g) SoC and cell voltage of
Cell 4, h) charging current and cell temperature of Cell
4.
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Figure S. Experimental results for case (b), N = 60: a)
SoC and cell voltage of Cell 1, b) charging current and
cell temperature of Cell 1, ¢) SoC and cell voltage of Cell
2, d) charging current and cell temperature of Cell 2, e)
SoC and cell voltage of Cell 3, f) charging current and
cell temperature of Cell 3, g) SoC and cell voltage of
Cell 4, h) charging current and cell temperature of Cell
4.
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The experimental results shown in Fig. 5 for
case (b) with a charging horizon of 60 min indicate
that the measured charging current follows the
simulated profile closely. In particular, the low-
current segment after 2000 s almost coincides with
the computed trajectory, confirming that the
controller correctly implements the strategy of
reducing current to maintain the constant-voltage
regime and ensure thermal safety. The time at which
the temperature reaches its peak, as well as the
subsequent cooling trend, agrees well with the
simulation. A slight deviation in the peak
temperature amplitude is observed for the cell
operating at a higher ambient temperature T,, which
is consistent with the expected thermal-model error
under  different ambient conditions.  The
experimental SoC also approaches the target value
in a manner similar to the simulation.

Figure 6 presents the experimental results for case
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(¢) with N = 50min. These results show a high
initial charging current, while the experimental
response accurately reproduces the short current-
reduction pulses computed by the controller to limit
cell temperature and terminal voltage. The transition
to the constant-voltage stage occurs earlier for the
cooler cell and the cell with higher state of health,
which is consistent with the simulation.

The SoC increases progressively, and the final
saturation level at the end of the charging process
closely matches the computed result, confirming
that the current-control component is the decisive
factor and has been accurately reproduced in the
experiment. The experimental results for case (d)
with N = 50min, shown in Fig. 7, indicate a clear
“shift-then-push” load-shifting behavior, consistent
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Figure 6. Experimental results for case (c), N =50: a)
SoC and cell voltage of Cell 1, b) charging current and
cell temperature of Cell 1, ¢) SoC and cell voltage of Cell
2, d) charging current and cell temperature of Cell 2, e)
SoC and cell voltage of Cell 3, f) charging current and
cell temperature of Cell 3, g) SoC and cell voltage of Cell
4, h) charging current and cell temperature of Cell 4.

Figure 7. Experimental results for case (d), N = 50: a)
SoC and cell voltage of Cell 1, b) charging current and
cell temperature of Cell 1, ¢) SoC and cell voltage of Cell
2, d) charging current and cell temperature of Cell 2, e)
SoC and cell voltage of Cell 3, f) charging current and
cell temperature of Cell 3, g) SoC and cell voltage of Cell
4, h) charging current and cell temperature of Cell 4.
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IV. CONCLUSION
This paper has presented a multi-objective
optimal fast-charging strategy for series-connected
lithium-ion battery packs based on a coupled
electro-thermal model and cell-level
reconfiguration. The proposed method ensures safe
operation by maintaining cell voltage and
temperature within admissible real-time limits,
while adaptively allocating charging currents
according to cell state of health and ambient
temperature. As a result, healthier and cooler cells
can be charged more aggressively, whereas weaker
cells remain protected. In addition to enhancing
charging speed, the proposed strategy reduces
charging losses and electricity cost while ensuring
that the desired terminal state of charge is achieved

within the prescribed charging horizon.
By incorporating switching actions and
projection-based  topological constraints, the
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