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ABSTRACT

The deposition of metallic lithium on the negative electrode’s surface of a lithium-ion battery, known as lithium
plating, can significantly reduce the battery’s cycle life, performance, and safety. The likelihood of the lithium
plating reaction depends on the current rate, temperature, and the state of charge (SOC), which complicates
the prediction of this phenomenon. In this paper, a novel fast charging procedure is introduced. It utilizes a
correlation between the negative electrode’s polarization and the anode potential for current regulation. The
correlation is investigated under various operational parameters. Thereby, a linear relation between cell voltage
and anode potential is shown independently of the current rate, temperature, and the initial SOC. Based on the
linear relation, an anode potential regulation is implemented. In this regard, a Newman-type P2D modeling
framework is used to derive a dynamic voltage threshold. Due to the anode potential regulation, the risk of
unwanted lithium plating is significantly reduced. The implementation is considered not to require a P2D

model on a micro-controller, which is a significant advantage, especially in embedded systems.

1. Introduction

Range anxiety and long charging times are the main factors hinder-
ing the large-scale deployment of Battery Electric Vehicles (BEVs) [1—
5]. As a result, the field of lithium-ion battery fast charging has gained
significant attention [2]. Thereby, electrode active materials with small
particle sizes and different battery designs with reduced electrode
loadings [2,5] are being studied. Additionally, efforts are made to
optimize thermal management [5,6] and to develop new fast charging
procedures [1,2,5,7]. However, it has been shown that simply increas-
ing the current rate in a constant-current (CC) constant-voltage (CV)
charging procedure accelerates battery degradation. This is primar-
ily attributed to the deposition of metallic lithium on the negative
electrode’s surface, a phenomenon known as lithium plating [7-11].
The lithium plating reaction is thermodynamically likely if the an-
ode potential falls below 0 V vs. Li/Li* at the interface between the
negative electrode and the separator [12-14]. However, conventional
fast charging protocols, such as CCCV or multi-stage CC protocols,
typically utilize predefined current and/or voltage limits. The physical
phenomena occurring within the battery cell during the fast charging
process are typically ignored [2,15]. The fast charging procedure in-
troduced by Sieg [13] for instance uses current profiles stored in a
2D look-up table as a function of the battery’s SOC and its tempera-
ture. The applicable charging current, which avoids lithium plating, is
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determined through measurements using pouch-format three-electrode
battery cells. Using the outlined approach, the charging time is reduced
without accelerating battery degradation due to lithium plating. The
algorithm proposed by Mai [12] applies a predefined voltage ramp
to control the charging process. The procedure likewise aims for a
reduced charging time without increasing the risk of lithium plating.
The voltage ramp is derived from simulating a fast charging procedure
using a physics-based battery model. Machine learning based methods
that aim for predicting the anode potential in fast charge applications
are introduced by Hamar [16] and Lin [17]. Such approaches are
often realized as black-box models, not incorporating a profound under-
standing of the relevant electrochemical processes. More sophisticated
approaches employ reduced order physics-based battery models in
order to monitor and control the fast charging procedure [2,18,19].
However, these approaches are associated with drawbacks regarding
the Random Access Memory (RAM) available on a micro-controller and
real-time computability at low processor frequencies [2,19]. Moreover,
using physics-based battery models requires an accurate model param-
eterization under all possible ageing conditions, which is considered a
significant constraint of such approaches [20-23].

In this work, we introduce a novel fast charging procedure that
incorporates an anode potential regulation to minimize the potential
risk of unwanted lithium plating. The anode potential regulation is
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implemented by utilizing a correlation between the negative electrode’s
polarization and the onset of lithium plating. The correlation was first
introduced by Liu [24] using laboratory-format symmetrical cells. The
implemented anode potential regulation is considered to provide signif-
icant advantages compared to state-of-the-art fast charging algorithms.
The novelty of this work comprises: (i) the demonstration of the cor-
relation between the negative electrode’s polarization and the lithium
plating reaction (indicated by means of the minimum anode potential)
in a technologically relevant battery format, (ii) the investigation of
the correlation under various current and temperature boundary con-
ditions, and (iii) the derivation of a fast charging procedure that uses
the correlation between the negative electrode’s polarization and the
lithium plating onset for current/voltage control. However, it is to be
noted that the experimental validation of the electrochemical-thermal
model and the proposed fast charging procedure is part of our ongoing
work. This publication hence focuses on the question whether the
correlation between the polarization of the negative electrode and the
onset current for lithium plating, that is shown in the work of Liu [24]
is transferable to a technologically relevant battery format. The correla-
tion is therefore translated into a relation between the anode potential,
which is considered an indicator for the lithium plating reaction, and
the full cell voltage. In addition, it is analyzed whether the derived
relation is suitable for controlling the fast charge procedure in practical
applications. Thereby, the influence of electrode-heterogeneities on the
accuracy of the implemented anode potential control is discussed. The
accuracy with which the novel fast charging procedure controls the
anode potential, is subsequently evaluated under varying current and
temperature boundary conditions.

The remainder of this work is structured as follows: Section 2
provides an outline of the electrochemical-thermal model used in this
study, along with the theoretical considerations that were made before-
hand. Additionally, Section 2 describes the simulations conducted to
analyze the correlation between the anode potential and the full cell
voltage in a technologically relevant battery format. In Section 3, the
results of the correlation analysis are presented and discussed, and a
novel fast charging procedure is introduced. Subsequently, the intro-
duced procedure is compared to the existing literature in multiple use
cases with varying boundary conditions. Section 4 draws a conclusion
from the previously discussed simulation results.

2. Method
2.1. Modeling framework

Electrochemical model.— In this work, we employ the widely ac-
cepted and extensively discussed Newman-type pseudo-two-
dimensional (P2D) model. The objective is to investigate whether a
correlation can be identified between the polarization of the battery’s
negative electrode and the onset of lithium plating, utilizing this model.
In this section, we present the model equations that are crucial for a
comprehensive understanding of this study. However, for more detailed
information on the model, it is referred to the literature [25-27]. De-
pendent variables of the P2D model are the lithium-ion concentration
in the solid active material composite c,, the lithium-ion concentration
in the liquid electrolyte ¢;, as well as the potentials of the respective
phases @, and @,. Regarding the lithium-ion concentration in the solid
phase, a distinction is made between the surface concentration ¢, ; and
the average concentration c,,,. of the active material particles. It is
solved for these variables along the x-coordinate that represents the
thickness of a single electrode stack on a macroscopic scale with two
porous electrodes and an electrically insulating separator. The positive
and negative electrodes are treated as a volumetric superposition of the
solid active material composite and the liquid electrolyte. Lithium-ion
diffusion within the solid phase is modeled using a pseudo-dimension
(r-coordinate) that represents the radius of an active material particle
in the composite of the porous electrode, approximated as symmetric
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sphere. Since our work does not focus on local mechanisms which
might be affected by a particle size distribution, the simplification of
symmetrical spheres with an average radius rp for the active material
in the porous electrode is assumed to be reasonable [28]. The two
dimensions are coupled via a mass balance and the electrode kinetics.
The pore-wall flux of lithium ions at the electrode—electrolyte interface
Jjp is thereby related to the surface overpotential # according to the
Butler-Volmer kinetics

Fj, = iy <exp <a§Fn> —exp <_al;1;:’l>> (D)

with the exchange current density i, given by

«a,
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where ¢; . is the reference lithium-ion concentration in the electrolyte,
and k, and k, are the reaction rate constants for the negative and
positive electrode, respectively. The charge transfer coefficients a, and
a, weight the anodic and cathodic reaction, thereby accounting for
the symmetry of the reaction [28]. The surface overpotential 5 is
considered to be the driving force for the electrochemical reaction. It
corresponds to the difference between the electrochemical potentials of
the surface of an active material particle and the liquid electrolyte in
contact with the respective particle

n(x,1) = Dy (x,1) = D) (x,1) = Egq (5, (x.1)) 3)

where @ is the electrical potential of the solid active material compos-
ite, @, is the electrochemical potential in the liquid electrolyte and E,q
is the electrode’s equilibrium surface potential, which is a function of
the surface concentration of the active material particles. The electrical
potential of the porous electrode directly contributes to the full cell
voltage, which is given by

Veell = @ (X, 1) | = =D (x,1) |9 =R + const. “4)

where @ (x,1) |,-; and @, (x,1) |-, are the potentials at the current
collecting foils of the positive and negative electrode. The ohmic resis-
tances of the battery’s passive components (e.g. the contact resistance
at the terminals) are represented by R,,. The charge/discharge current
is given by I. The subscript L specifies the thickness of the electrode
stack. The constant value given in Eq. (4) relates to the difference of the
Fermi levels of the positive and negative electrode. The anode potential,
considered an indicator for the lithium plating reaction in this study,
is defined as the potential drop between the electrical potential of the
porous active material composite of the electrode and the potential of
the liquid electrolyte (@, —®,) at the anode-separator interface [12,29].
In this regard, the lithium plating phenomenon is thermodynamically
likely if the so-called anode potential @y, 1, falls below 0 V vs. Li/Li*
at this respective point [12-14]. Hence, the condition

D min=, (5l ~ P11 ity S OV vS. Li/LI* 5)

represents the onset condition for lithium plating. This simplification is
assumed reasonable for our work, as lithium plating is usually initiated
at the anode-separator interface according to the literature [9,11,30].
Since the proposed fast charging procedure aims to prevent unwanted
lithium plating, it is considered sufficient to consider the minimum
anode potential occurring at the anode-separator interface when evalu-
ating the risk of lithium plating. An explicit ageing model incorporating
the lithium plating reaction is accordingly not implemented in the mod-
eling framework we used. The parameter set for the electrochemical
model used in this work is summarized in Table A.1.

Thermal model.— The electrochemical P2D model is coupled with a
zero-dimensional thermal model to account for the temperature depen-
dency of the electrochemical reactions. Thereby, heat generation within
the electrode’s active material composite and heat exchange with the
surroundings is taken into account. However, the local temperature
distribution within the cell as well as the heat generation in its passive
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electric components (e.g. current collecting foils, and the cells electrical
contacts) are neglected in the zero-dimensional model approach. Heat
exchange with the surroundings is considered to be dominated by
convection. Thus, a simplified energy mass balance that is derived from
the work of Bernardi [31] is applied. It is given by

oT aV;

PV C, = = (Vooy = Veat = T—=X ) I — hA (T = Typyp) 6
ot JaT

where the irreversible heat generation is expressed by

(Vocv = Veen) 1 )

with Ve being the full cell voltage, Vycy being the cell Open Circuit
Voltage (OCV) and I being the applied current. In our work, the
convention is adopted that the sign of the applied current is positive
during the discharge process and negative during the charging process.
The reversible heat generation that is related to the cell’s entropy, is
given by the expression T'I (0Vpcy/0T ). The mean density of the cell’s
active material composites, the passive electric components, and its can
is characterized by p. Its volume is given by V and the mean specific
heat capacity is given by C,,, respectively. The convective heat exchange
with the surroundings is described using the expression

hA (T = Typ) ®

where h is the heat-transfer coefficient, A is the intersectional area
and T, is the ambient air temperature. The parameter set for the
zero-dimensional thermal model is summarized in Table A.2.

2.2. Theoretical considerations

The polarization-based fast charging procedure we propose in this
study is based on the findings of Liu [24], that suggest a correlation
between the negative electrode’s polarization and the risk of unwanted
lithium plating. In their work, the authors found that the negative
electrode’s polarization, as well as the onset current for lithium plating,
can be predicted by introducing an equivalent resistance. According to
Liu [24], the introduced equivalent resistance summarizes the charge
transfer resistance, the current collector/active particle contact resis-
tance, and the resistance of the lithium-ion transport through the pores
of the porous negative electrode. Liu [24] predicted the equivalent
resistance via Electrochemical Impedance Spectroscopy (EIS) measure-
ments from coin-type symmetrical cells that were built from the neg-
ative electrodes of dissembled single layer pouch cells. The authors
subsequently calculated the negative electrode’s polarization using the
relation

Mheg = RnegI ©)]

where Ry, is the introduced equivalent resistance and [ is the full
cell current. The interrelation between Ry, and the anode potential
becomes prominent resolving Eq. (3) for @, —®; at the anode-separator
interface (x = Lneg) according to

= Eeqneg + neg (10)

Dpnmin = Eegneg (X:1) |x=Lneg Hineg (X 1) Ix:Lneg_
where @, ,;, is the anode potential, E,q ¢ is the potential of the nega-
tive electrode in thermodynamic equilibrium and 7, is the electrode’s
polarization. The negative electrode’s potential in thermodynamic equi-
librium is thereby calculated from the average lithium concentration
within the porous electrode’s active material [32]. As mentioned pre-
viously, Liu [24] found a negative correlation between the introduced
equivalent resistance and the onset current for lithium plating using the
outlined approach. This rather simple model is consequently found to
be practicable for the prediction of the plating onset if the previously
named resistances are the dominant factors determining when lithium
plating occurs. However, the polarization due to lithium diffusion
in the solid active material composite and the liquid electrolyte is
neglected in the work of Liu [24]. According to the authors, this might
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hinder the practicability of the approach in diffusion limited systems
with large active material composite particles or thick electrodes. It
was furthermore not investigated, whether the relation is transferable
from laboratory-format symmetrical cells to a technologically relevant
(cylindrical or prismatic) battery format. Besides, the usability of the
model for controlling a fast charging procedure has not yet been shown.
In this regard, electrode heterogeneities resulting from high current
rates might negatively influence the correlation between the negative
electrode’s polarization and the lithium plating onset. In this work,
it is consequently investigated whether the approach introduced by
Liu [24] is practicable for realizing an anode potential-controlled fast
charging procedure in large-format lithium-ion batteries. The theoret-
ical framework proposed by Liu [24] is therefore to be reformulated
into a correlation between the full cell voltage and the anode potential,
which indicates the lithium plating onset. The correlation between the
full cell voltage and the anode potential is expected since the negative
electrode’s polarization directly contributes to the full cell polarization
and the anode potential. This becomes prominent considering that the
full cell polarization results from the sum of the positive and negative
electrodes’ polarization, the polarization of the insulating separator
and the voltage drop induced by contact resistances, and the battery’s
passive electrical components [32]. It is given by

Vcell - VOCV = (Vpos - Eeq,pos) - (Vneg - Eeq,neg) - RsepI - R.QI an

where V. is the full cell voltage and Vycy is the battery’s OCV.
The expression Ve /neg — Eeq,pos/neg accounts for the deviation of the
positive or negative electrode from its potential in thermodynamic
equilibrium [32]. The voltage drop within the separator is given by
R I, whereas the resistance of the battery’s electrical components is
accounted for by the expression R,I. The relation given in Eq. (11)
accordingly reveals a linear contribution of the negative electrode’s
polarization to the full cell polarization, i.e. to the full cell voltage. The
interrelation with the lithium plating reaction can be shown resolving
the equation for the potential V., according to

Vneg = —Veen + Vocv + Ee + (V os — E,

D eq,pos) = Reepl — Rp! 12)

q,neg

where V., according to Eq. (11) refers to the sum of the negative
electrode’s OCP and its polarization (Vjeg = Eeqneg + fneg)- It is hence
considered an electrode-averaged anode potential. The relation given
in Eq. (12) consequently indicates that the contribution of the negative
electrode’s polarization to the full cell voltage translates into a relation
of the form Ve, = a - Veey + b. The slope of the relation between the
full cell voltage and the averaged anode potential is —1 which is in
agreement with the work of Liu [24], in which a negative correlation
between the negative electrode’s polarization and the lithium plating
onset was found. The x/y-intercept of the linear relation is simplified to
Eeq pos (T, SOC)+1p0 (1, T, SOC) = Reep I — Ry I if Vo is replaced by the
difference of the positive and negative electrode’s potentials in thermo-
dynamic equilibrium (Ecq pos — Eeqyneg)- The relation for the simplified
x/y-intercept of Eq. (12) suggests, that the positive electrode’s poten-
tial in thermodynamic equilibrium, its polarization, and the voltage
drop induced by the separator and the battery’s electrical components
negatively affect the correlation between the full cell voltage and
the anode potential. The impact of the positive electrode’s potential
in thermodynamic equilibrium is thereby considered to be SOC- and
temperature-dependent, while its polarization is assumed to depend
on current, temperature and the battery’s SOC. It is furthermore to be
stressed that the anode potential is to be considered an area-dependent
value [10,11,30]. The potential Vheg 8iven in Eq. (12) in contrast is
an electrode-averaged value which is considered to adequately reflect
the lithium plating risk. The difference between V,eg and @yp miy is
formulated from Egs. (10) and (12) as follows

E

Vneg = Panmin = Eeq,neg — Leq,neg |:c=L,.leg Hneg — neg |x=Lneg 13)
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where feq,neg is the averaged potential of the negative electrode in
thermodynamic equilibrium and 7, is the electrode-averaged polar-
ization. The resulting relation states that differences between V¢, and
the lithium plating onset, that is indicated by ®,, ,.;,» are to be expected
whenever the equilibrium potential and the polarization at the anode-
separator interface (x = Lneg) differs from the negative electrode’s
corresponding average values. The fact that electrode heterogeneities
are expected to negatively influence correlation between cell voltage
and anode potential might hinder the usability of the previously intro-
duced relation for the realization of an anode potential-controlled fast
charging procedure. The remaining part of this study, in consequence,
aims to investigate whether the introduced approach is capable of pre-
dicting the lithium plating onset, despite of electrode heterogeneities
and parasitically considered influences of the positive electrode and the
insulating separator. Therefore, a correlation analysis is conducted, in
which the relation between cell voltage is investigated under various
operational conditions.

2.3. Correlation analysis

The relation between cell voltage and anode potential is subse-
quently analyzed by means of a simulation study in which we focus on
two fundamental aspects: (i) the impact of the operational parameters
and (ii) the influence of time-dependent processes (e.g. mass and charge
transport in the solid active material and the liquid electrolyte). In this
section, the simulations performed to analyze the previously outlined
aspects are described. The corresponding results are discussed later on
in this work. Regarding the impact of the operational parameters it is
to be stressed, that a prominent influence of the prior charging current,
the temperature profile or the initial SOC on the relation between
cell voltage and anode potential would hinder its applicability in a
fast charging procedure. The influence of time-dependent processes is
investigated in order to assess whether there are negative influences
on the usability of the relation for current/voltage regulation to be
expected in a rather dynamic use case such as fast charging. This relates
in particular to electrode heterogeneities that might negatively affect
the validity of the relation under such conditions. The most relevant
process in the context of unwanted lithium plating, i.e. mass transport
in the liquid electrolyte, is assumed to have time-constants in the range
of micro-seconds to minutes [33]. Therefore, the relation between cell
voltage and anode potential is investigated in differential form, i.e. by
means of 9V, /0t and 0@y, i /01, and at multiple time intervals after
the cell is subjected to a highly frequent change in the charging current.
The time-dependent nature of the electrochemical processes is however
considered not to hinder the application of the relation between cell
voltage and anode potential for the use in fast charging procedure, if
there is no pronounced influence on the relation found.

Operational parameters.— During the correlation analysis, different
current and temperature profiles are simulated. Thereby the influences
of current and temperature on the correlation between cell voltage
and anode potential are investigated separately. In the first set of
simulations, the charging currents are regulated by means of a multi-
step constant-current (MSCC) profile such that a current rate of 1C is
reached in the final time-step of the simulation. The profile is thereby
considered a function of the battery’s SOC. The initial values are varied
in 0.5C steps in a range between 0.5C and 2C. The number of steps
in the charging profile is selected randomly from equally distributed
values between 1 and 4. The battery temperature is kept constant at
25 °C. In a second set of simulations, the initial temperature is varied
in 5 K steps in the range between 15 °C and 35 °C, while the current
is kept at a constant rate of 1C. The battery temperature is likewise
controlled in such way that a predefined value of 25 °C is reached
in the final simulation time-step. It is noteworthy that the applied
temperature profiles were generically specified and do not aim for
most accurately simulating the battery’s temperature behavior. Instead,
simplified profiles with constantly increasing or decreasing temperature
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Fig. 1. Exemplary current profiles (a) and temperature profiles (b) applied in simu-
lations performed in order to investigate the relation between cell voltage and anode
potential and its dependency on the previous charging procedure. The initial charging

state SOC;,; is varied, and the relation is investigated in a predefined charging state
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were chosen. These profiles are considered sufficient for the purpose
of this study although they do not represent the thermal behavior
expected for lithium-ion batteries in fast charging applications. In addi-
tion to the temperature and current variations, the initial SOC is varied
stochastically assuming equally distributed values between 0% SOC and
50% SOC. Exemplary current and temperature profiles corresponding
to the outlined simulation sets are shown in Fig. 1(a) and (b). The
relation between cell voltage and anode potential is investigated in the
final time-step of the simulation for both simulation sets, where current
rate, temperature and the SOC are identical (1C, 25 °C, and 50%)
for all simulated profiles. Note, that the system is due to the applied
current considered not to be in thermodynamic equilibrium in the
respective time-step. Table 1 summarizes the operational parameters
of the simulation cases in the outlined first part of this study.

The previously outlined procedure aims to evaluate whether a
distinct correlation between cell voltage and anode potential is found
under predefined operational conditions, independently of current rate
and temperature during the previous charging procedure, and the
initial SOC. Whether a similar correlation can be found in various
operational conditions is investigated in a second simulation study.
Thereby, multiple current rates, temperatures and end-of-charge SOCs
are examined. During the corresponding simulations, the current and
temperature profiles, as well as the initial SOC are varied stochastically
similar to the previously described procedure. The initial current rate
is again varied in 0.5C steps in a range between 0.5C and 2C and
temperature is varied applying initial values between 15 °C and 35 °C
in steps of 5 K. In contrast to the previous simulation sets, the influences
of current rate and temperature are varied in a multivariant analysis,
i.e., the impact of the respective measures are not evaluated separately
this time. The applied current and temperature profiles are regulated
in such way that predefined current rates, SOCs and temperatures are
reached at the end of the simulation. Thereby, current rates of 1.5C,
1.3C and 1C are investigated at and end-of-charge temperature of 25
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Table 1
Initial current, temperature and state of charge for simulation cases in the analysis of
the correlation between cell voltage and anode potential.

Sim. Set 1 Sim. Set 2
Current profile
I [0.5C2C] 1C
Tend 1C 1C
Temperature profile
Tini 25 °C [15 °C 35 °C]
T, 25 °C 25 °C

end

Charging state

SOC;; [0% SOC,yq] [0% SOC,,q]
SOC,q 50% 50%
Table 2

Initial current, temperature, and SOC as well as operational parameters at the end-of-
charge SOC for simulation cases in the analysis of the correlation between cell voltage
and anode potential.

Sim. Set 1 Sim. Set 2 Sim. Set 3
Current profile
L [0.5C 2C] [0.5C 2C] [0.5C 2C]
1 1C, 1.3C, 1.5C 1C 1C

end

Temperature profile

[15 °C 35 °C] [15 °C 35 °C] [15 °C 35 °C]
25 °C 15°C25°C35°C 25 °C

T;

ini

T

end

Charging state

SOC
SOC

[0% SOC,nq] [0% SOC,nq]
50% 50%

[0% SOC,nq]
30%, 40%, 50%

ini

‘end

°C and a final SOC of 50%. Regarding temperature, three different end-
of-charge values of 15 °C, 25 °C and 35 °C are analyzed at a current
rate of 1C and at 50% SOC. The correlation is furthermore evaluated
at three different end-of-charge SOCs, namely 30%, 40% and 50% at
a current rate of 1C and a temperature of 25 °C. Table 2 summarizes
the operational parameters for the outlined investigations as part of the
correlation analysis.

Differential behavior.— The approach used to analyze the practica-
bility of the correlation for fast charging in a dynamic battery state
is described in the following subsection. Thereby, a general two-step
current profile is used as shown in Fig. 2(a). During the simulation set,
the initial current /j;; as well as the current difference 41;_, ; between
the first current step /;_; and the second current step /; are varied
randomly assuming a uniform distribution. The subscript j thereby
represents the number of current steps in the respective profile. The
step in the current profile is applied at different SOCs (10%, 30% and
50%). The simulations are performed at different temperatures that are
varied randomly from equally distributed values in the range between
15 °C and 35 °C. It is however to be stressed, that the battery tempera-
ture, even though it is varied between the simulations, is kept constant
throughout one particular simulation. Hence, an isothermal behavior
of the battery is assumed. This approach allows for investigating the
correlation between cell voltage and anode potential at various current
rates neglecting the influence of the respective current on the battery’s
temperature. Table 3 summarizes the simulation parameters, i.e. initial
current rate, current difference between the first and second current
step, temperature and the SOC at the time step 7, at which the charging
current is changed from 7;_, to I;. The differences in cell voltage and
anode potential are analyzed in three different time intervals 4¢ of 30
s, 90 s and 180 s after the current step as shown in Fig. 2(b) and (c).
The differences are calculated according to

Weetl . AVeen _ Veel (t2) = Veen (11)

: 14
ot At -1 a4
and
aéAn,min o Achn,min _ (DAn,min (12) - djAn,min (t]) (15)
a AT th—1
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Fig. 2. Method used to investigate the correlation between differences in cell voltage
and anode potential following a step in the applied current profile. The corresponding
two-step current profile is exemplary shown in (a). The resulting cell voltage and anode
potential profiles are shown in (b) and (c). The differences in cell voltage and anode
potential are highlighted for on exemplary time interval.

Table 3

Initial current, current step, temperature and SOC at the time-step at which the
charging current is varied for simulation cases used to analyze the correlation between
differences in cell voltage and anode potential.

Sim. Set 1 Sim. Set 2 Sim. Set 3
Current profile
I [0.5C 2C] 1C 1C
Al=1,_, -1, 0.3C [0.1C 0.5C] 1C

Temperature profile

T = const. [15 °C 35 °C] [15 °C 35 °C] [15 °C 35 °C]

Charging state
SOC (1)) 50% 50%

10%, 30%, 50%

where AV, is the full cell voltage difference and A®,, 1;, is the change
in the anode potential. The time interval at which the differences in
cell voltage and anode are investigated is characterized by 7, and 1,,
respectively. As can be obtained from Egs. (14) and (15), the time-
dependent gradient of both measures, cell voltage and anode potential,
is approximated linearly.

2.4. Novel fast charging procedure

The results of the previously outlined correlation analysis are used
for the implementation of a polarization-based fast charging procedure.
Thereby, a voltage threshold is derived from the relation between cell
voltage and anode potential. The voltage threshold is subsequently used
for a voltage regulation in the proposed fast charging procedure. It is
considered to correlate with the lithium plating onset. The polarization-
based procedure is, due to the use of the correlation, considered capable
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of avoiding lithium plating. This section aims to describe the procedure
used to derive the voltage threshold. Thereafter, a possible implementa-
tion of the novel fast charging procedure is described. Fig. 3 illustrates
the procedure used to derive the voltage threshold as well as an
exemplary fast charging procedure according to the polarization-based
approach we propose.

Derivation of voltage threshold.— The voltage threshold is derived
by means of multiple CC charging simulations. The simulations are
terminated as soon as the anode potential target value, indicated by
the expression (d)s —(D,) arget? is reached. Fig. 3(a) and (b) show the
corresponding cell voltage and anode potential profiles resulting for
three different current rates of 1C, 1.5C, and 2C and a constant tem-
perature of 25 °C. However, simulations are performed with (constant)
charging currents in a wide range between 0.3C and 2.5C to derive
the voltage threshold applied in the proposed fast charging procedure.
The maximum current rate of 2.5C is thereby adopted from the cell
manufacturer’s recommendations for the cell investigated in this work.
The target anode potential value is to be defined in such way that
lithium plating is avoided. In this work, an anode potential buffer value
AV of 10 mV with respect to the theoretical onset condition of the
lithium plating reaction, i.e. 0 V vs. Li/Lit, is defined. The respective
value of 10 mV is in accordance with literature [12,13]. The buffer
value is considered to account for inhomogeneities such as current and
polarization inhomogeneities along the current collecting foils [28,29,
34,35]. Due to the correlation between cell voltage and anode potential,
the cell voltage values shown in Fig. 3(b) are considered to correlate
with the anode potential target value. This is indicated in Fig. 3 using
the expression corr(V, ®). The simulations are furthermore conducted
at different temperatures between 15 °C and 60 °C. In consequence,
voltage thresholds are determined for various temperatures to most
accurately reproduce the battery behavior at different temperatures.

Polarization-based fast charging procedure.— The voltage threshold,
which is used for voltage regulation in the polarization-based fast
charging procedure is shown in Fig. 3(c). It is, due to the correlation
between cell voltage and anode potential assumed, that for a particular
SOC, voltages below the threshold do not result in an anode potential
below 10 mV. Thus, lithium plating should not occur as long as the full
cell voltage does not exceed the introduced threshold value. This as-
sumption can be explained by the fact that, at a predefined SOC, lower
cell voltages correspond to a reduced polarization of both the negative
electrode and the full cell. The reduced polarization of the negative
electrode reduces the risk of lithium plating according to the expression
given in Eq. (10). The proposed procedure subsequently allows for
applying a higher current rate whenever the measured/simulated full
cell voltage is lower than the voltage threshold specified previously.
This is possible regardless of the battery’s temperature, its SOC or the
operational parameters throughout the previous charging procedure.
The implementation of the voltage regulation as part of the fast charg-
ing procedure is to be explained in detail as follows: In our example,
the fast charging procedure is initiated with a CC phase at 1.5C that
is applied until the voltage threshold is reached for the first time. It
is thereby to be taken into consideration, that the battery is in ther-
modynamic equilibrium prior to the charging process. The cell full cell
voltage is accordingly well below the predefined voltage threshold. The
subsequent second phase of the fast charging procedure is characterized
by a voltage-regulated charging process in which the voltage threshold
is used as a reference for the feedback-control. The voltage regulation
is implemented using a PI-controller. The controller setup is outlined
in Appendix B. During the voltage-controlled phase, the current rate
decreases monotonously. The anode potential is intended to be kept
constant at the previously specified target value of 10 mV vs. Li/Li* in
this phase. The voltage-controlled phase is hence considered an anode
potential controlled phase. However, model limitations, the quality of
the cell voltage measurement or inaccuracies in the voltage regulation
might cause deviations from the anode potential target value. Addition-
ally, electrode heterogeneities and parasitically considered influences
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Fig. 3. Derivation of voltage threshold by means of constant-current charging simula-
tions with three different current rates of 1C, 1.5C and 2C that are terminated when the
anode potential target value (&, — &,) arget is reached as shown in (a). The threshold
results from assigning the resulting cell voltage values to the corresponding SOC. Due
to the correlation between cell voltage and anode potential, the resulting voltage curve
that is shown in (b) is considered to correlate with the anode potential target value.
This is indicated in (a) and (b) using the expression corr (V,®). The threshold is used
for a voltage-regulated phase in the novel fast charging procedure proposed in this
study. The respective phase begins as soon as the measured full cell voltage information
reaches the voltage threshold for the first time as shown in (c).

of the positive electrode and the separator might hinder the proce-
dure to control the anode potential sufficiently accurate. Whether the
proposed fast charging procedure is nevertheless capable of avoiding
the lithium plating reaction is investigated in detail in Section 3.
The polarization-based procedure is, due to the implemented anode
potential regulation in the voltage-controlled phase, considered to be
advantageous especially in the event of unforeseen changes in the
operational boundary conditions, i.e. variations in the initial current
rate or subsequent variations in temperature due to changes in the
available cooling power. This is likewise to be demonstrated later on
in this study by comparing the proposed polarization-based procedure
to recently introduced fast charge algorithms [12,13] by means of
the minimum anode potential and charging time at varying boundary
conditions.

3. Results and discussion
3.1. Anode potential characteristics analysis

Operational parameters.— In the following subsection, the results of
the previously described simulation studies are discussed. It is thereby
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to be evaluated whether a correlation between cell voltage and anode
potential is to be found on a full cell level. The full cell voltage and
the anode potential are thereby investigated at a predefined set of op-
erational conditions (1C, 25 °C, and 50% SOC). Due to the application
of the generic current and temperature profiles shown in Fig. 1, the
specified operational conditions are reached in the final simulation
time-step, as was described previously. The initial values of current,
temperature as well as the initial SOC are varied according to Table 1.
In summary, a total number of 100 simulations with varying initial
conditions are performed. The results of the respective simulations sets
are shown separately for current and temperature in Fig. 4. Thereby,
an approximately linear correlation between cell voltage and anode
potential is found. The previously described variations in current and
temperature as well as in the initial SOC are not found to considerably
affect the correlation as shown in Fig. 4(a) and (b). Nevertheless, there
is a shift towards higher cell voltages observable when the initial cur-
rent rate is increased from 0.5C to 2C and when the initial temperature
is reduced from 35 °C to 15 °C. This is indicated in Fig. 4 by means of
(dashed) trend lines for the respective currents and temperatures. The
observed shifts are attributed to the parasitically considered influences
of the positive electrode, the separator and the battery’s electrical
components, that are, according to Eq. (12), expected to cause changes
in the x/y-intersect. In addition to the observed cell voltage shifts, the
slope of the trend lines is found to vary, when current and temperature
are varied. This is to be explained by inhomogeneities in the negative
electrode that are found to increase with decreasing cell voltage as
indicated in Fig. 4. The increasing electrode-heterogeneities are at-
tributed to variations in the initial SOC. Thereby, an inhomogeneous
distribution of lithium-ions in the solid active material phase and the
liquid electrolyte, which is observed for high initial charging states, is
considered to result from transport limitations [33].

The fact that a distinct correlation is found between cell voltage and
anode potential and that this relation is not significantly affected by the
operational conditions of the previous charging procedure suggests that
the approach introduced by Liu [24] might be transferable to the full
cell level. Accordingly, the onset for lithium plating is assumed to be
predictable from the full cell polarization. It is however to be stressed,
that up to this point, only a predefined set of operational conditions
was investigated. The utilization in a polarization-based fast charging
procedure however requires the correlation likewise to be found under
various operational parameters. The correlation is therefore to be in-
vestigated at different end-of-charge current rates, temperatures, and
SOCs. The corresponding simulations are part of the second simulation
study that is performed in our work (See Table 2). The results of
the correlation analysis are shown in Fig. 5. The Figure shows the
cell voltage and anode potential values resulting for three different
current rates I.,q between 1C and 1.5C, three different temperatures
Tenq between 15 °C and 35 °C, and three different end-of-charge SOCs
between 30% and 50%. During the investigations, the charging profile,
the temperature profile as well as the initial SOC are varied randomly.
Note that the results are not analyzed separately for current and tem-
perature variation as previously. This is due to the fact that current and
temperature variations were not found to considerably influence the
correlation under the operational conditions investigated earlier (See
Fig. 4). As shown in Fig. 5, an approximately linear relation is found for
all operational conditions investigated. There is however an influence
of current, temperature and the end-of-charge SOC observable. The
simulation results are subsequently shifted towards higher cell voltages
and lower anode potentials when increasing the current rate from 1C
to 1.5C. This is shown in Fig. 5(a), (b) and (c). A similar behavior is ob-
served when decreasing the temperature from 35 °C to 15 °C as shown
in Fig. 5(d), (e) and (f). In general, a shift in the simulation results
is considered to indicate an increase or decrease in the polarization
of the negative electrode and the full cell. An increased polarization
(i.e. a shift towards higher cell voltages) is for instance expected when
increasing the current rate or reducing the temperature [36,37]. The
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Fig. 4. Correlation between cell voltage and anode potential at predefined operational
parameters of 1C, 25 °C and 50% SOC. Current (a) and temperature (b) are regulated
in such way that a current rate of 1C and a temperature of 25 °C are reached precisely
at 50% SOC. The initial values of current and temperature as well as the initial SOC is
varied randomly assuming uniformly distributed values. Throughout the simulations
with current variation (a), the temperature is kept at a constant value of 25 °C.
Likewise, the current rate is kept constantly at 1C throughout the simulations with
varying temperature profiles (b).

linear relations shown in Fig. 5 are moreover found to have varying
gradients for different current rates and temperatures. Thereby, a trend
is to be observed for an increased current rate or a reduced temperature
in the final simulation time-step. The gradient decreases when the end-
of-charge current is increased from 1C to 1.5C or when the temperature
in the final simulation time-step is reduced from 35 °C to 15 °C. The
changes in the slope of the linear relation are to be explained by
electrode-heterogeneities that are considered to be most pronounced
for high charging rates and low temperatures. The contribution of
the positive electrode, the insulating separator, and the battery’s elec-
trical components to V., is likewise interpreted as a change in the
slope. Regarding the battery’s SOC, a shift in the simulation results
towards higher cell voltages and lower anode potentials is found when
increasing the end-of-charge SOC as shown in Fig. 5(g), (h) and (i).
The observed shift in cell voltage is in this context explained by the
SOC-dependency of the OCV and the negative electrode’s potential in
thermodynamic equilibrium. This is due to the fact, that the full cell
polarization as well as the negative electrode’s polarization are not
considered to vary significantly when varying the end-of-charge SOC.
The electrode’s potential in thermodynamic equilibrium in contrast
shows a clear dependency on the charging state resulting in variations
of the anode potential. Due to the fact that the correlation between cell
voltage and anode potential remains distinctive (and linear) even under
varying operational parameters, its usability for an anode potential
controlled fast charging procedure is not considered to be limited to
certain current rates, temperatures or SOC ranges. Nevertheless, an
impact on the accuracy of the anode potential regulation is expected
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Fig. 5. Correlation between cell voltage and anode potential at different operational parameters of the battery cell. The operational parameters are varied in ranges between
1.5C and 1C for the end-of-charge current rate (a), (b) and (c), between 15 °C and 35 °C for end-of-charge temperature (d), (e) and (f), and between 50% SOC and 30% SOC
for end-of-charge SOC (g), (h) and (i). Initial values of current, temperature and SOC are varied randomly assuming uniformly distributed values. The gradient of the trend line,
which is highlighted in the Figure using the parameter al following the general linear equation y = a,x + b, indicates the inaccuracy in an anode potential regulation in mV when

a 1 mV error in the measurement of cell voltage is assumed.

due to the observed variations in the gradient of the linear fit. This
is to be explained by means of a general linear equation following
the convention y = a, - x + b. The cell voltage is thereby represented
by the variable x. The resulting inaccuracy in the anode potential y
is subsequently to be predicted by means of the gradient a; of the
linear fit. Thereby, an increasing gradient causes the anode potential
regulation’s inaccuracy to be increased. The changes in the trend line’s
gradient observed when reducing the initial current rate from 1.5C to
1C for instance results in an increase of the inaccuracy from 8.2 mV
to 9.6 mV assuming an error in cell voltage measurement of 10 mV.
Likewise, the inaccuracy in anode potential regulation is expected to
increase from 7.9 mV to 11.2 mV when increasing the end-of-charge
temperature from 15 °C to 35 °C. The proposed fast charging procedure
is accordingly expected to show best accuracies for high current rates
up to 2.5C and low temperatures of 15 °C. This is in accordance with
the work of Jow [38], stating that the battery’s resistance is dominated
by the anode resistance at low temperatures.

Differential behavior.— Regarding the relation between the 9V, /0t
and 0@, iy /0t, differences in cell voltage and anode potential, after
applying a two-step current profile, are to be investigated. Thereby, the
initial current rate I}, the current step 41, ;, the temperature 7, and the
SOC at the switching point in the current profile SOC (1) are varied.
The correlation is investigated at three different time intervals At of 30

s, 90 s and 180 s after the switching point in the current profile. Fig. 6
shows the results grouped by initial current rate, current step, and the
SOC at the switching point. The corresponding simulation parameters
are summarized in Table 3. During the analysis, a linear correlation
is found for all operational parameters that were investigated. There is
however an influence of the initial current rate, the current step and the
SOC at the switching point in the two-step CC profile observable. The
quality of the correlation is in this regard quantified by means of the
Pearson coefficient. It is shown in Fig. 6(a) and (d), that variations of
the initial current rate, and the current step between the two phases of
the applied profile show most prominent influences after a time span of
30 s. The correlation coefficient however shows increasing values for 90
s and 180 s. This behavior is to be explained by differently pronounced
electrode-heterogeneities expected for different initial current rates and
different current steps that are balanced out with increasing Ar. The
influence of the SOC on the correlation is to be attributed to variations
in the slopes of the negative and positive electrodes’ potentials in
thermodynamic equilibrium. In addition, the battery’s SOC-dependent
internal resistance is expected to have an impact on the behavior of the
correlation. This is expected most prominently at charging states below
10% SOC where increased resistances are reported [37]. However, the
analysis of the positive and negative electrodes’ equilibrium potentials
and their polarizations influence on the correlation is out of scope
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Fig. 6. Correlation between 9V /0t and 0@, i, /0t investigated applying two-step CC current profiles with varying initial current rates (a), (b), and (c), varying current steps
between the first and the second step of the applied current profile (d), (e) and (f) and varying SOCs at the switching point in the current profile (g), (h) and (i). Multiple data
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in this figure legend, the reader is referred to the web version of this article.)

for this study. The various effects are therefore not separated for the
illustration in Fig. 6. The results shown in Fig. 6(a)-(f) nevertheless
suggest, that the most prominent changes in the polarization affecting
the correlation between differences in cell voltage and anode potential
decay within 180 s. These results are well in line with the finding of
Jossen [33], suggesting that the correlation between differences in cell
voltage and anode potential is suitable for predicting the gradient of the
anode potential under the assumption of a steady-state battery state.
The computational extensive Newman-type P2D model is thereby not
necessarily to be implemented in the control algorithm. However, the
fact that the correlations validity is found to be limited to steady-states
is considered a distinctive constraint for the usability in fast charging
procedures.

3.2. Polarization-based fast charging procedure

The practicability of the polarization-based approach for the imple-
mentation of an anode potential regulated fast charging procedure is to
be demonstrated by means of simulation in the subsequent subsection.
The previously outlined results of the correlation analysis are thereby
considered a strong indicator for the feasibility of the relation between
cell voltage and anode potential to predict the lithium plating risk in
a technologically relevant battery format. However, the dependency of

the introduced voltage threshold on the operational conditions (cur-
rent, temperature and the initial SOC) are yet to be investigated. This
section consequently aims to derive voltage threshold for different
maximum current rates between 1C and 2C, various temperature of
15 °C, 25 °C and 35 °C and various initial charging states of 10%
SOC, 30% SOC and 50% SOC. The anode potential target value is
specified to be 10 mV vs. Li/Lit in the CC charging simulations used
to determine the current, temperature, and SOC dependent thresholds.
The buffer value AV of 10 mV with respect to the theoretical onset for
unwanted lithium plating is considered to account for inhomogeneities
of temperature, local potentials as mentioned previously. The derived
voltage thresholds are subsequently used to control the fast charging
process in two exemplary use cases with different current boundary
conditions. It is thereby to be evaluated whether the anode potential
is controlled sufficiently accurate at its target value using the proposed
procedure.

Derivation of voltage reference curve.— The voltage thresholds, which
are derived by means CC charging simulations for different maximum
current rates, temperatures, and initial SOCs, are shown in Fig. 7. Note,
that the maximum current rate of 2.5C, that was adopted from the
battery manufacturer’s specifications, is not exceeded. The maximum
charging current is furthermore limited to 1C, 1.5C and 2C to investi-
gate the threshold’s dependency on the maximum applied current rate,
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Fig. 7. Voltage thresholds for different maximum current rates of 1C, 1.5C and 2C (a),
for different (isothermal) temperatures of 15 °C, 25 °C and 35 °C (b) and for different
initial charging states of 10% SOC, 30% SOC and 50% SOC (c). During the variation
of the maximum current rate and the initial SOC, temperature was kept at a constant
value of 25 °C. Likewise, the maximum current rate was kept constant at 2.5C for the
investigation of different temperatures and initial SOCs. The initial charging state is
similarly kept constant at 10% SOC whenever current rate and temperature are varied.
Multiple data points of one color represent simulations at different initial current rates
considering that the voltage thresholds are derived by means of CC simulations with
various current rates. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

as shown in Fig. 7(a). As shown in Fig. 7, the voltage thresholds are
generally observed to show a rather linear shape in wide SOC ranges.
This is well in line with the work of Mai [12] in which the simulated
cell voltage in an anode potential controlled fast charging procedure
was approximated by a linear-shaped voltage ramp. However, the
reference voltage curves are found to show a non-linear region at
the leftmost segment of each individual graph. The non-linear region
expands furthermost for high current rates, low temperatures and for a
low initial charging state of 10% SOC. It is however not to be observed
for a maximum current rate of 1C as shown in Fig. 7(a). The observed
influences suggest an interrelation with the polarization of both the
negative electrode and the full cell. However, further investigating the
battery’s polarization would exceed the scope of this work. A detailed
analysis of the positive and negative electrodes’ polarizations following
the approach introduced by Nyman [32] is hence to be found in the
supplementary material of this work. It is to be stressed, that the non-
linear behavior of the voltage threshold and the observed dependency
on temperature and the initial SOC are not considered constraints for
the proposed polarization-based fast charging algorithm.
Polarization-based fast charging procedure— The previously
described polarization-based fast charging procedure is subsequently to
be validated by means of simulation. Thereby, two initial current rates
of 2C and 1.5C are investigated. The battery’s temperature is kept at
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25 °C throughout the entire charging procedure assuming isothermal
battery behavior. The initial SOC is specified to be as high as 10%
and the battery is intended to be charged to 80% SOC. The results of
the respective simulations are shown in Fig. 8. Thereby, the current
profile, the full cell voltage, the reference voltage curve, and the anode
potential are shown in Fig. 8(a) for an initial current rate as high
as 2C and in Fig. 8(b) for an initial current rate as high as 1.5C.
Due to the fact that temperature was kept constant throughout the
simulations, it is not shown in Fig. 8. Identical voltage thresholds are
used for both simulations, taking into consideration that the voltage
reference curve was not found to show a distinct dependency on the
maximum current rate (See Fig. 7(a)). The cell voltage initially shows
values well below the predefined voltage threshold allowing for CC
phases at 2C and 1.5C as shown in Fig. 8(a) and (b). The initial CC
phase is thereby found to be considerably longer for an initial current
rate of 1.5C compared to an initial current rate of 2C. This is due to
the lower polarization expected for a reduced current rate causing the
full cell voltage to reach the voltage threshold at a higher charging
state. As shown in the lower parts of Fig. 8(a) and (b), the anode
potential is regulated with an accuracy of +2 mV using the previously
derived voltage threshold as a reference in the voltage-controlled
phase. The observed inaccuracy is found to be most prominent when
switching from the initial CC phase to the voltage-controlled phase
and is caused by a non-ideally parameterized PI-controller. This be-
comes particularly prominent taking into account that the full cell
voltage marginally exceeds the voltage threshold between 24% and
30% SOC, i.e. in the initial phase of the voltage regulation, in the
simulation with a maximum current rate of 2C. The corresponding SOC
range is highlighted in Fig. 8(a). It is furthermore to be found that
decreasing the maximum applied current rate from 2C to 1.5C causes
the inaccuracy to be reduced. This is likewise considered an indicator
for a non-ideally parameterized controller. The introduced voltage
curves derived from the polarization-induced correlation between cell
voltage and anode potential are subsequently found to be practicable
to predict the likelihood of the unwanted plating reaction during fast
charging. Its validity for preventing the lithium plating phenomena is
demonstrated independently of the phase of the charging procedure
and the operational parameters.

3.3. Current control under varying boundary conditions

The subsequent section aims to discuss the benefits of the
polarization-based fast charging procedure expected most notably un-
der varying boundary conditions (e.g. current and temperature). The
performance of the algorithm under such conditions is therefore com-
pared to that of the fast charging approaches recently introduced by
Mai [12] and Sieg [13] by means of the minimum anode potential
throughout the charging process. The minimum anode potential is
in this regard considered to represent the onset of lithium plating.
The polarization based procedure is furthermore compared to the
mentioned approaches in terms of the accuracy of the anode potential
regulation. The accuracy of the regulation is to be evaluated by means
of the Root Mean Square Error (RMSE) of the anode potential with
respect to the target value of 10 mV vs. Li/Li*. The reference charging
process for the comparison is specified to be a fast charging procedure
from 10% to 80% SOC at a maximum current rate of 2.5C and an
ambient temperature of 25 °C. These respective conditions are referred
to as ‘Case 01’ in the subsequent discussion. In order to investigate
the performance of the fast charging procedures under a varying
temperature boundary condition, the ambient temperature is reduced
to 15 °C. The maximum current rate remains at 2.5C and the initial
charging state is maintained at 10% SOC. The corresponding boundary
conditions are referred to as ‘Case 02’ in the following subsections. The
current limitations described previously are simulated by reducing the
current rate to 1C for the first 10 min of the charging procedure. The
ambient temperatures is kept constant at 25 °C and the initial charging
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Fig. 8. Validation of the proposed method utilizing the previously discussed reference
voltage curves as threshold for voltage regulation. For this purpose, two fast charging
procedures with maximum current rates of 2C (a) and 1.5C (b) are simulated.
Temperature is kept constant at 25 °C throughout the charging simulations and is
consequently not shown. The initial charging state is specified to be 10% SOC. The
charging procedure is thereby subdivided into an initial CC phase and a successive
voltage controlled phase. Marginal deviations of the anode potential target value due
to a non-ideally parameterized PI controller are highlighted in (a).

state is kept at 10% SOC. The simulation use case corresponding to
the infrastructural current limitation is hereafter referred to as ‘Case
03’. It is to be stressed that, in the corresponding simulation sets ‘Case
01-03’, the battery’s temperature is modeled using the 0D thermal
model outlined earlier in this work. Accordingly, the influence of
temperature variations during fast charging is taken into consideration
when comparing the polarization-based procedure to fast charging
procedures adopted from the literature [12,13]. The voltage-based
approach introduced by Mai [12] is derived from a MSCC procedure
and aims for avoiding high currents at high SOCs. This is due to the
fact that high current rates at elevated voltages were found to increase
the likelihood of lithium plating according to the literature [9,11,12].
The approach is however expected not to be capable of preventing
lithium plating under varying temperature boundary conditions. This
is because the voltage ramp given in mV s~ is not defined to be a
function of the battery’s temperature. The algorithm proposed in the
work of Sieg [13] is, in contrast, expected to be capable of handling
varying temperature boundary conditions, taking into consideration
that the authors determined no-plating current rates for different bat-
tery temperatures using pouch-format batteries. However, the charging
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time observed for a fast charging procedure with temporary current
limitation, for instance due to a malfunction in the charging infrastruc-
ture, is expected to be increased compared to the polarization-based
approach we propose. This is due to the fact that the no-plating current
introduced by Sieg [13] is determined as a function of the battery’s SOC
thereby depending on the distribution of lithium-ions within the solid
active material, the lithium-ion distribution in the liquid phase, and
on the charge transfer reaction [13]. Unforeseen limitations in current
supply are however considered to cause the lithium-ion concentration
along the x-coordinate within the positive and negative electrodes’
solid active material composite and within the liquid electrolyte to
balance. The risk for unwanted lithium plating following the temporar-
ily occurring current limitation is accordingly reduced compared to
a charging procedure without any limitation. The battery is hence
capable of higher current rates for the time-period in which the critical
lithium-ion concentration gradient within the electrode’s solid active
material particles and the liquid electrolyte is yet to be built up. The
polarization-based procedure we propose is capable of providing infor-
mation about the maximum current rate not causing unwanted lithium
plating. This is since the full cell voltage, due to the contribution of the
negative electrode’s polarization, holds information about the lithium-
ion distribution in the solid active material composite and the liquid
electrolyte. The polarization-based procedure is furthermore considered
to be capable of controlling the anode potential under varying temper-
ature boundary conditions due to the temperature dependency of the
introduced voltage threshold. The algorithms introduced by Mai [12]
and Sieg [13] are implemented in our modeling framework according
to the information given in the corresponding publications. However,
the voltage-based procedure proposed by Mai [12] is adapted by means
of an additional CV phase at 3.9 V prior to the application of the
voltage ramp. The additional phase aims for better reproducing the full
cell voltage profile, which is observed in an anode potential controlled
simulation at the anode potential target value of 10 mV vs. Li/Li*. The
voltage ramp is furthermore specified to have a constant gradient of
0.25 mV s~!. The procedure introduced by Sieg [13] is implemented
without further adjustments. The temperature-dependent no-plating
currents are thereby derived by means of simulation and stored in a
2D look-up-table as suggested by the authors [13]. Table 4 summarizes
the minimum anode potentials and the inaccuracy of the regulation in
each use case. The corresponding current, voltage and anode potential
profiles are shown in Fig. 9.

Reference charging procedure.— It is subsequently to be evaluated
whether the algorithms are capable of maintaining the anode potential
target value of 10 mV vs. Li/Li* under the reference conditions (2.5C,
25 °C, and 10% SOC). The corresponding current, temperature and
anode potential profiles are identified with ‘Case 01’ in Table 4 and
Fig. 9. It is thereby shown in Fig. 9(a) and (b), that the anode potential
regulation is sufficiently accurate if the polarization-based approach
we propose or the current-based procedure introduced by Sieg [13] is
used for current control. The minimum anode potential is found to be
9.5 mV vs. Li/Li* for the polarization-based procedure. The procedure
proposed by Sieg [13] shows a similar performance with a minimum
anode potential as high as 9.1 mV vs. Li/Li*. However, the anode po-
tential drops noticeable below the targeted anode potential showing a
value of 5.5 mV vs. Li/Li" when the fast charging algorithm introduced
by Mai [12] is applied. The RMSE is in this case calculated to be as high
as 3.6 mV compared to 0.7 mV for the polarization-based approach we
propose, and 1.1 mV for the algorithm introduced by Sieg [13]. The
increased inaccuracy that is observed for the voltage-based procedure
introduced by Mai [12] is attributed to the fact that the, not ideally
linear, behavior of the full cell voltage is approximated linearly in their
fast charging procedure. The polarization-based approach we propose
in this study and the current-based algorithm introduced by Sieg [13]
store voltage or current thresholds as a function of the charging state in
a system of look-up-tables allowing for non-linear profiles. The battery
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and for the voltage-based approach introduced by Mai [12] (c). The simulation case ‘Case 01’ represents the reference charging procedure exhibiting a maximum current rate of
2.5C, an ambient temperature of 25 °C and an initial charging state of 10% SOC. In the simulation case ‘Case 02’, the ambient temperature is changed to 15 °C not adapting the
parameterization of the charging procedure. The simulation case ‘Case 03’ is similar to ‘Case 01’ in terms of the boundary conditions with the current rate limited to 1C for the

first 10 min of the charging procedure.

Table 4

Min. anode potential and RMSE of the anode potential regulation retrieved from the simulation-based comparison of the proposed
polarization-based fast charging procedure with the approaches introduced by Mai (Ref. [12]) and Sieg (Ref. [13]).

Polarization-based

Mai (Ref. [12])

Sieg (Ref. [13])

min (@, min ) RMSE min (@pp min) RMSE min (@pp min) RMSE
‘Case 01’ 9.9 mV +0.7 mV 5.5 mV +3.6 mV 9.9 mV +1.1 mV
‘Case 02’ 9.5 mV +0.6 mV -7.1 mV +10.7 mV 9.1 mV +1.0 mV
‘Case 03’ 10.7 mV +2.2 mV 7.9 mV +9.7 mV 11.5 mV +7.7 mV

behavior during fast charging is hence represented more accurately.
The approach introduced by Mai [12] is consequently considered to
not be capable of realizing a sufficiently accurate anode potential
control, which is required to avoid hazardous lithium plating, while
maintaining the minimum possible charging time. This becomes even
more prominent taking into account that the charging time is found
to be 23.4 min and therefore similar compared to the polarization-
based procedure we propose (23.2 min) and the method introduced by
Sieg [13] (23.3 min) in spite of the fact that the anode potential is found
to drop below the target value of 10 mV vs. Li/Li* in the reference fast
charging procedure.
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Temperature variation.— The polarization-based fast charging pro-
cedure proposed in this study, as well as the algorithms proposed by
Sieg [13] and Mai [12] are furthermore to be investigated under a tem-
perature boundary condition that varies from the reference conditions.
Thereby, the ambient temperature is reduced to 15 °C. Due to the well-
known interrelation between temperature, mass and charge transport
within the battery and the reaction kinetics, the reduced ambient tem-
perature is considered to cause the risk for unwanted lithium plating
to increase [9,11]. The polarization-based fast charging procedure we
propose in this study, accounts for the increased plating risk utilizing
a temperature-dependent threshold in the voltage-regulated phase. The
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anode potential target value of 10 mV vs. Li/Li* is accordingly found
to be reached in spite of the variation of the ambient temperature as
shown in Fig. 9(a). Table 4 shows that the minimum anode potential
and the accuracy of the anode potential regulation reach compara-
ble values than those observed for ‘Case 01’. The current-based fast
charging approach introduced by Sieg [13] is similarly capable of
controlling the anode potential sufficiently well, i.e. with a root-mean-
square error of 0.6 mV in the case of a reduced ambient temperature. It
is however to be stressed that an initial undershoot to 5 mV vs. Li/Li*
is observed. A similar undershoot is to be found for the polarization-
based procedure. The observed undershoot is not considered when
evaluating the inaccuracy of the anode potential regulation for the
aforementioned algorithms due to the fact that is caused by the non-
ideally parameterized PI-controller used in our modeling framework as
outlined previously. Regarding the procedure proposed by Mai [12],
the anode potential is not controlled properly under varying temper-
ature boundary conditions. This becomes prominent considering that
the minimum anode potential falls below the theoretical plating onset
of 0 V vs. Li/Li* when the ambient temperature is reduced to 15 °C.
This behavior might however be counteracted by varying the voltage
limit as well as the voltage ramp with temperature. It is furthermore
considered noteworthy that the anode potential control is significantly
more inaccurate compared to the other approaches when the voltage-
based procedure introduced by Mai [12] is used for voltage control.
The RMSE is thereby calculated to be as high as 10.7 mV for the
investigated temperature reduction in ‘Case 02’. This is due to the fact,
that the voltage ramp is defined to be a function of time (mV sH
by the authors [12]. Therefore, the included information about the
maximum full cell polarization not causing lithium plating is not linked
to the battery’s charging state. Hence, the procedure is not considered
to allow for an anode potential control under varying temperature
boundary conditions. The polarization-based procedure as well as the
approach introduced by Sieg [13] are however considered to be capable
of handling temperature variations.

Infrastructural current limitation.— The influence of a variations in
the current boundary conditions are investigated by limiting the cur-
rent rate to a maximum of 1C for the first 10 min of the charging
procedure, as was outlined previously. The limitation is found to cause
the battery’s average temperature to decrease by approximately 7 K.
This is observed independently of the charging procedure applied.
The risk for unwanted lithium plating consequently increases [9,11].
However, the lithium-ion concentration along the x-coordinate within
the negative electrodes active material composite is, due to the initial
current limitation, expected to more balanced. The more balanced
lithium-ion concentration, for its part, reduces the risk of unwanted
lithium plating [13]. As a result, the prediction of the lithium plating
risk complicates, which makes regulating the current at the battery’s
physical limits a difficult task. The polarization-based fast charging
procedure we propose is nevertheless capable of controlling the anode
potential accurately as shown in Fig. 9(a). The anode potential almost
immediately reaches the target value of 10 mV vs. Li/Li* after the
limitation in the available charging current has been overcome. The
deviation of the anode potential from its target value was calculated to
be as low as 1.2 Vs for the polarization-based procedure. The voltage-
based procedure introduced by Mai [12] is however found not to be
capable of controlling the anode potential in the event of an initial
current limitation. The inaccuracy of the anode potential control is
thereby increased by 6.1 mV from 3.6 mV to 9.7 mV. This is again
to be explained by the missing link between the specified voltage
ramp and the battery’s charging state. The current-based procedure
introduced by Sieg [13] is similarly not capable of adapting to the
variation in the current boundary condition. This is due to the fact
that the algorithm does not allow for the realization of a feedback-
control since the changed full cell polarization, following the limitation
in the available charging current, is not captured in the current-based
approach. The inaccuracy following the current limitation, indicated
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by the highlighted area in Fig. 9, is found to be as high as 4.3 Vs. The
RMSE of the anode potential with respect to its target value of 10 mV
vs. Li/Li* is calculated to be as high as 7.7 mV for the entire charging
procedure. This is significantly higher compared to the polarization-
based procedure we propose, which shows a value of 2.2 mV for the
respective use case. However, the anode potential is not found to
drop below the target value. The hazardous lithium plating phenomena
is therefore not provoked. Instead, the current limitation causes the
charging time to increase by 2 min compared to the polarization-
based approach if the algorithm introduced by Sieg [13] is used for
current control. The increase in charging time is expected to be more
pronounced if the current limitation occurs at higher SOCs. This is
due to the fact that the no-plating current consistently decreases with
increasing SOC in the respective algorithm [13].

4. Conclusion

In this work, a novel fast charging procedure is proposed that
uses a polarization-induced correlation between cell voltage and an-
ode potential for current control. A correlation analysis is performed,
that reveals an approximately linear interrelation between cell volt-
age and anode potential. The relation is only marginally affected by
variations in the operational parameters (current, temperature and the
initial SOC). Nevertheless, an impact on the accuracy of the anode
potential regulation is observed. The polarization-based procedure is
accordingly expected to show best accuracies for current rates up to
2.5C and temperatures below 20 °C. This is due to the fact that the
battery’s internal resistance, is according to the work of Jow [38],
dominated by the negative electrode under these respective conditions.
The influence of time-dependent processes on the relation between cell
voltage and anode potential is investigated by means of a two-step CC
profile. It is thereby observed, that the contributions of the positive
and negative electrode to the full cell polarization vary if different
initial current rates and various current differences are applied, or if
the SOC of the switching point in the current profile is changed. An
impact on the accuracy, with which the anode potential is predicted
using the relation, is found. However, the most prominent changes
in the polarization are found to decay within 180 s suggesting that
the correlation is suitable for predicting the gradient of the anode
potential under the assumption of a steady-state battery state. This
is considered a distinctive constraint for the usability of the relation
in fast charging procedures. The correlation is nevertheless utilized
for the purpose of deriving a voltage threshold correlating with an
anode potential target value of 10 mV vs. Li/Li*. The voltage threshold
is used in the proposed fast charging procedure as reference curve
for a voltage-regulated phase. It is found, in a simulation study that
the voltage threshold is, similar to the relation between cell voltage
and anode potential, affected by the operational parameters. Most
pronounced influences are observed for variations in temperature and
the initial SOC. However, this is not considered a constraint for the
practicability of the voltage threshold in the proposed fast charging
procedure as long as the influences of temperature and the initial SOC
are taken into consideration properly in the fast charging algorithm.
The implementation of the anode potential regulation by means of
the introduced voltage threshold is considered a significant advantage
most notably for usage in embedded systems. This is due to the fact
that the computationally extensive Newman-type P2D model is only
to be used offline in order to derive the correlation information and
for the controller-parameterization, resulting in significantly reduced
hardware requirements. The introduced approach is subsequently com-
pared to recently proposed fast charging procedures [12,13] in terms
of the performance of the implemented anode potential control under
varying current and temperature boundary conditions. The proposed
procedure thereby shows the highest accuracy in terms of the anode
potential control as well as an advantage in charging time in the case
of a temporary limitation in the available charging current, due to
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Table A.1
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P2D model parameterization set for the investigated NMC-graphite battery. Parameters were adopted from the work of Hamar [16].

Geometry Symbol Unit Graphite (C) Separator Nickel-rich
(NMC-811)

Thickness? t m 8.50e—05 2.50e—05 5.50e—05
Density P g ecm™3 2.24 4.06
Particle radius® p m 1.00e-05 8.80e-06
Active material fraction” £ - 0.68 0.68
Inactive fraction” £5na - 0.03 0.03
Porosity g - 0.29 0.40 0.29
Bruggeman coefficient® ap - 2.50 2.50 1.80
Thermodynamics
Equilibrium potential® Eq V vs. Li/Li* Ref. [29] [29]
Entropic coefficient® a:;“ V K1 Ref. [29] [29]
Stoichiometry at 100% SOC* 01009 - 0.8652 0.2180
Stoichiometry at 0% SOC? by, - 0.0100 0.9587
Gravimetric loading b, mAh g! 347.85 223.2
Maximum Concentration® €y max mol m~3 28,548 50,060
Transport
Solid diffusivity®? D, m? ! 1.60e-14 6.00e-14
Specific activation™d E"}‘{D‘ K 1,200 1,200
Solid conductivity oy Sm! 1,000 20.00
Film resistance Rf Q m? 3.30e-04 1.30e—-04
Kinetics
Reaction rate constant™¢ k m st 6.40e—-09 1.68e—09
Specific activation®? E]”(" K 3,600 3,600
Transfer coefficient Uye - 0.50 0.50
Ref. concentration Cref mol m~3 1,200 1,200

aMeasured.

bEstimated.

CLiterature.

dArrhenius law (Ref. [39]): k = (*E“‘ m)

R T-298 [K]
¢Effective transport correction according to Bruggeman (Ref. [40]).

Table A.2
0D thermal model parameterization set for the investigated NMC/graphite battery.
Parameters were adopted from the work of Hamar [16].

Symbol Unit NMC/graphite
Density p kg m™3 2354.42
Volume v m? 4.20e—04
Heat transfer coefficient h W kg K! 6.00
Specific heat capacity ¢, J kg™! K1 880.00
Surface area A m? 7.60e—02

infrastructural limitations. It is conclusively to be stressed that the
experimental validation of the electrochemical-thermal model, that is
used in this work, as well as the validation of the proposed polarization-
based fast charging procedure is, though considered important, out of
scope of this work. The simulation-based analysis of the accuracy of
the implemented anode potential regulation under varying current and
temperature boundary conditions, and the investigation of the influence
of electrode-heterogeneities is however considered crucial for the use
of a polarization-based fast charging approach in technology relevant
applications.
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Appendix A. P2D model parameterization

See Tables A.1 and A.2.
Appendix B. Controller setup

The voltage controlled current regulation in the second phase of the
proposed polarization-based fast charging procedure is implemented
by means of a simple PI-controller. The general controller equation is

given by the expression

t
y(t)=kpe(t)+ki/ e(t)dt (B.1)
0
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Vinax (t) e(t)
=50
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Fig. B.1. Schematic setup of the PI controller used for the voltage-regulated phase
in the proposed polarization-based fast charging procedure. The difference between
the threshold V,,,, () and the full cell voltage V,, (r) is given gy e(r). The controller
parameters k, and k; are used to calculate the charging current (1) the battery is
subjected to.

where k, and k; are the parameters of the controller and e(r) is the
controller offset that is in this work considered to be the difference
between the full cell voltage and the voltage threshold. The controller
output y (r) represents the charging current the battery is subjected to. It
depends on the controller offset, on the parameters of the PI-controller
as well as (due to the integrative part) on the respective time t an
offset is detected. The controller parameters for a sufficiently accurate
regulation are expected to be affected by the battery chemistry and the
respective boundary conditions (e.g. current, temperature and SOC).
The controller setup is illustrated in Fig. B.1.

Appendix C. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.est.2023.108234.
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