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Lithium-ion Battery Instantaneous Available Power
Prediction Using Surface Lithium Concentration of
Solid Particles in a Simplified Electrochemical Model

Linfeng Zheng
Dylan Dah-Chuan Lu

Abstract—Accurate battery power capability prediction can
contribute to reliable and sufficient utilization of the battery to
absorb or deliver a certain amount of power within its safe oper-
ating area. The power capability of a battery is a finite quantity
that is limited by the electrochemical reaction properties occurring
inside the battery. Note that the instantaneous available power of
the battery is strongly related to the surface lithium concentra-
tion of solid particles in battery electrodes, but their relationship
has not been explored sufficiently yet. This paper proposes a novel
method for battery instantaneous available power prediction using
a practical physical limit (i.e., lithium concentration limit) rather
than the limits of macroscopically observed variables, such as the
cell terminal voltage and current, thus providing a direct insight
into electrochemical processes inside batteries. The surface lithium
concentration of the solid particle is derived from a simplified bat-
tery electrochemical model, and a relationship between battery
instantaneous available power and surface lithium concentration
is quantified for the power capability prediction. Promising results
with small forecast errors can be achieved for battery charging
and discharging at different cell aging levels and ambient temper-
atures, which highlights the superior accuracy and robustness of
the proposed method.

Index Terms—Battery management system (BMS), instanta-
neous available power prediction, lithium concentration limit,
lithium-ion battery, surface lithium concentration.

1. INTRODUCTION

ITHIUM-ION batteries with desirable performance in en-
L ergy density, power density, and cycle life are ubiquitous
in electrical energy storage applications, such as smart grids,
electric vehicles, and railway transportation systems [1]-[3],
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etc. Precisely because large amounts of power and energy are
required in these applications, lithium-ion battery management
systems (BMSs) with essential functions including cell balanc-
ing, state of charge (SOC) estimation, state of health estimation,
and state of available power prediction, etc., are necessary to
ensure safe and efficient battery operations [4]-[10]. State of
available power reports the peak power capability of the battery
that can be delivered to loads or absorbed from regenerative
braking or active recharging within a time horizon of interest
[11]. Thus, itis of great significance to accurately predict battery
available power for reliable and optimal utilization of the battery.

The reported techniques for predicting battery available
power can generally be classified into three groups including
characteristic map-based methods, machine learning methods,
and model-based methods. The characteristic map-based meth-
ods utilize static interdependencies between battery available
power and its influenced factors, such as SOC, temperature, and
cell aging to build a multidimensional power capability map [9],
which can be directly stored in the memory of BMSs. Due to
their simplicity and ease of implementation, the characteristic
map-based methods are prevailingly adopted by manufactur-
ers of battery and BMS. However, the characteristic map-based
methods have limited adaptive capability against dynamic con-
ditions and require a high amount of nonvolatile memory to
store the multidimensional map [12]. The machine learning
methods including neural network and support vector machine
have been developed for battery available power prediction in
[13]-[16]. Approximate relationships between battery available
power and input variables, such as cell terminal voltage, inter-
nal resistance, and SOC, temperature, etc., can be quantitatively
trained with reliable experimental data, but the accuracy of the
prediction depends firmly on the training data. Alternatively, a
battery model is employed in the model-based methods to pre-
dict dynamic behaviors of the battery for computing its peak
power capability within the design limits such as the permitted
highest and lowest values of cell terminal voltage, current, and
SOC, etc. [17]-[20]. The model-based methods have attracted
considerable attentions due to their high adaptation capabili-
ties and real-time performance. The main differences among
the model-based methods are the type of battery model and the
estimation technique of battery states and model parameters.
Farmann et al. [9] summarized and compared different adap-
tive joint and dual-estimation techniques including Kalman
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filter-based approaches, least-square-based approaches, and
other filters and observers for the model-based power predic-
tion methods. It is noteworthy that equivalent circuit models
(ECMs) are typically employed in these model-based methods
since they have simple and flexible structures as well as few
unknown variables [21]. However, ECMs idealize battery by
applying circuit elements to represent its electrical behaviors
but offer little physical explanation of battery performance, thus
leading to limited prediction capability [22], [23].

Moreover, the power capability of a battery is a finite quan-
tity that is limited by the chemical reaction properties occurring
inside the battery [16]. However, the reported techniques of bat-
tery power prediction are primarily derived based on the limits of
macroscopically observed variables, such as cell terminal volt-
age and current, which are insufficient to adequately depict the
electrochemical processes inside batteries, and consequently,
the resulting battery power forecasts may be conservative. To en-
hance the safety, efficiency, and longevity of the battery system,
an advanced BMS with physical insight into batteries should
be developed, and a practical physical limit of the battery is
highly required for reliable battery power capability prediction.
In lithium-ion batteries, high power requires that the lithium
diffusion in and out of solid particles of battery electrodes takes
place fast enough to supply the loading current [24]. Lithium
concentrations within the inner regions of solid particles dif-
fer substantially from surface concentration during high current
rate, and solid phase concentration gradients requires time to
relax [23]. Based on the assumption that lithium ions within the
inner regions of solid particles fail to fleetly diffuse to the surface
of the solid particles for instantaneous applications, the surface
lithium concentration can be employed for describing battery
instantaneous power capability. It has also been reported that
battery instantaneous available power depends significantly on
the surface lithium concentration [25]. However, the relationship
between the surface lithium concentration and battery instanta-
neous available power has not been explored sufficiently yet.

It is also worth mentioning that the aforementioned methods
have rarely discussed the effects of power dissipation on bat-
tery internal resistance in battery available power prediction.
Although many equivalent circuit model-based methods have
considered the internal resistance and polarization resistance
for peak power prediction, the resistances used in the equivalent
circuit model-based methods are mainly employed for deter-
mining the maximum/minimum current within the permitted
limited voltages rather than directly computing the power dis-
sipation on the resistances. Since the internal resistance is a
primary source of power dissipation [26], there is no doubt that
battery available power prediction would be problematic due to
the omission of power dissipation on battery internal resistance,
especially in the prediction of battery instantaneous available
power with large loading current.

The primary goal of this paper is to address the previously
mentioned issues and investigate a battery power prediction
method from a perspective of physical mechanism-based reac-
tions inside the battery using a physical limit, namely lithium
concentration limit. Based on the theoretical analysis of battery
Gibbs power and dissipation power of its internal resistance,
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Fig. 1. Schematic of a lithium-ion battery EM.

the relationship between the surface concentration and instan-
taneous available power is quantified for battery charge and
discharge power capabilities prediction. The proposed method
is then experimentally verified with various cell aging levels and
ambient temperatures.

The rest of the paper is organized as follows: Section II in-
troduces a simplified battery electrochemical model (EM) for
computing lithium concentrations of various nodes of battery
spherical solid particles, which was mainly developed in our
previous work [22]. The analysis and modeling processes of the
proposed battery instantaneous available power prediction are
outlined in Section III. Section IV discusses the experimental
verification of the proposed method, followed by the conclu-
sions drawn in Section V.

II. BATTERY EM AND LITHIUM CONCENTRATION

A. Battery EM

A lithium-ion battery EM consisting of a negative electrode
with solid LixCg particles, an electron-blocking separator, and a
positive electrode with solid metal oxide particles is depicted in
Fig. 1. During a battery discharge process, lithium ions deinsert
from the solid LixCg particles in the negative electrode, travel
via diffusion, and migration through the electrolyte across the
separator to the positive electrode where they insert into the
solid metal oxide particles. Simultaneously, electrons, blocked
by the separator, transfer from the negative electrode to the
positive electrode through an external circuit. During a battery
charge process, the opposite moving processes of lithium ions
and electrons occur.

Coupled nonlinear partial differential equations are inevitably
used in the lithium-ion battery EM for describing underlying dy-
namics of the battery, thus leading to the expensive computation
and impracticability of the model [27]. To reduce the computa-
tional complexity, a simplified lithium-ion battery EM, known
as single particle model (SPM), has been widely investigated
in the literature [22], [23], [25]-[27]. In the SPM, each elec-
trode is idealized as a single spherical solid particle, which can
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TABLE I
GOVERNING EQUATIONS FOR COMPUTING THE LITHIUM CONCENTRATION OF
THE SOLID PARTICLE [22]

Equation Description

dr = R, /node (1)  Node meshing of
radius

des (r, Dcs (7.t 02 ¢ (r, .

% =D, (%% + %) (2) S;)}{(tihphase transport
of lithium
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with space
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Mean concentration

Boundary conditions
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{ =t drp : =0

cgq(node,k)—cgg(node—1.k) _ I((k —1)dt) O
dr - Dg FalL

caa(iy 1) = %) (8)  Initial condition

well strike a balance between the mathematical simplicity and
modeling accuracy while sufficiently enhancing the state ob-
servability [22], [28]. The mean lithium concentration of the
solid particle of the SPM has been sophisticatedly applied for
battery SOC estimation, and remarkable results with high accu-
racy can be achieved [22], [28]—[30]. It has been reported that
surface lithium concentration of the solid particle is strongly
related to the instantaneous power capability of the battery [25],
but their relationship has not been investigated sufficiently yet.
Thus, this paper focuses on developing the surface lithium con-
centration of the solid particle for modeling and predicting bat-
tery instantaneous available power.

B. Surface Lithium Concentration

As reported in our previous work [22], the lithium concen-
tration at various radii of the solid particle can be obtained by
using the discretized governing equations, and the experimen-
tal results confidently validated the robustness and availability
of the developed SPM, which provides a solid foundation and
convincing calculation results of surface concentration for this
paper. The governing equations for computing the lithium con-
centration of the solid particle are briefly listed in Table I, and
more details are provided in [22].

In the developed SPM [22], each solid particle was meshed
as 40 nodes for equilibrating the model accuracy and com-
putational efforts. Fig. 2 shows the lithium ion concentrations
in different nodes of the negative solid particle during battery
charge process with the current rate of 1/3 C. As can be ob-
served, the lithium concentration in the outmost node can be
acquired during the whole process of battery operation, which
is regarded as the surface concentration of the solid particle
and is employed to develop the prediction method for battery
instantaneous available power capability.
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Fig. 2. Lithium ion concentrations in different nodes of the negative solid
particle during battery charge process with the current rate of 1/3 C.

III. PROPOSED INSTANTANEOUS AVAILABLE POWER
PREDICTION METHOD

The reaction Gibbs free energy of the battery is determined by
AG = —nFVoev + RT'In Q, )

where AG denotes the Gibbs free energy, n the number of
electrons transferred, F' the Faraday constant, Vocvy the open
circuit voltage (OCV), R the gas constant, 7' the absolute
temperature, and @), the reaction quotient.

If all the Gibbs free energy is converted to work that would
be the maximum electrical work, Wgipps, One has

Waibbs = —AG =nFVocv — RT'InQ),. (10)

As previously mentioned, the internal resistance of a battery
is a primary source of power dissipation, which could not be
omitted when applying a large loading current. With this in
consideration, the charge and discharge power capabilities of
the battery are governed, respectively, by

AdWaibbs

Pchg = PGibbS + -Pros - ;tbb + Prcs (11)
dWw ibbs

Puis = Paivts = Pres = =2 = Pres (12)

where P}, and Py;s denote the charge and discharge power ca-
pabilities of the battery, respectively, Pgipps 1S the Gibbs power,
and P,.s the power dissipation in battery internal resistance. It
is noted that the charge power provides the Gibbs power of the
battery reaction and the power dissipation during battery charge
process, and the Gibbs power of the battery reaction supports
the discharge power and the power dissipation during battery
discharge process. The ratios of the Gibbs power to the charge
power and the discharge power to the Gibbs power can also be
used to evaluate the efficiencies of battery charge and discharge,
respectively.

The time horizon is defined as 1 s for the instantaneous
power prediction in the presented study. During this in-
stantaneous time horizon, the reaction quotient, ()., that is
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determined by the concentrations of chemical species involved
in the battery reaction is deemed to be not significantly changed
and remain constant. Thus, the instantaneous Gibbs power can
be arranged as

dn

4(nFVocv) (an‘t/OCV) = FVoey 2 + anVgtCV (13)

With the lithium concentration limit, it is regarded that battery
instantaneous available power achieves its peak value when the
surface concentration of the solid particle increases to its per-
mitted maximum value. The change of the number of electrons
transferred in the instantaneous time horizon is represented by
the growing number of lithium ions inserted to the surface of
the solid particle, namely

% =0 (Csurf,max - Csurf,(]) = UACsurf

where cgyrf,0 and Cqurf,max denote the initial value and the max-
imum value of the surface concentration of the solid particle,
respectively, Acg,,r is the maximum change of the surface con-
centration which is the difference between cgyrf,max and court 0,
and o is the transformational coefficient between the surface
concentration and the number of electrons.

The number of electrons transferred is represented by the
mean lithium concentration of the solid particle and can be
described as

PGibbs =

(14)

s5)

where ~ denotes the transformational coefficient between the
number of electrons transferred and the mean lithium concen-
tration of the solid particle, and c;_, ¢, denotes the mean lithium
concentration of the solid particle, which can be computed based
on the concentration of each node [22], as given by

N = 7YCs_mean

node

Comen = Y 3ca (i,k) (i — 1)°dr® /RS, (16)
i=1
The battery OCV change with time can be expressed as
dVocy  dSOC dVpev dVocv
= = kAcq 1
dt g dasoc ~ Memiggoe 17

where the SOC change is determined by the maximum change
of the surface concentration in the instantaneous time horizon,
and k denotes their transformational coefficient. It is noted that
in the battery EM, the SOC is represented by the lithium-ion
concentrations in electrodes [22]. With the computation results
of lithium-ion concentrations, the SOC can be obtained, and then
the dVpcy /dSOC value in (17) can be determined according
to the OCV evolution against SOC values of the battery shown
in Fig. 3.

The loading current applied to battery internal resistance is
also considered as being determined by the maximum change
of the surface concentration in the instantaneous time horizon
and, therefore, the power dissipation is given by

-2 2
Prcs =1 Rbat = EACsurf Rbat

(18)

where ¢ denotes the loading current of the battery, € the transfor-
mational coefficient between the loading current and the max-
imum change of surface concentration, and Ry, denotes the
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Fig. 3. OCYV evolution against SOC values.

battery internal resistance that refers to battery direct current
resistance, which is the sum of the ohmic resistance and the po-
larization resistance [31]. Different battery internal resistance
values may be used for charge and discharge, and are denoted
as R, and Ry, respectively.

As mentioned in the previous section, the lithium ions dein-
tercalate from the negative electrode and intercalate into the
positive electrode during battery discharge, and the opposite
process occurs during battery charge. Thus, the surface concen-
tration of the positive solid particle is applied for predicting bat-
tery discharge power capability, and the surface concentration
of the negative solid particle is employed for forecasting battery
charge power capability. Combining (11)—(18), the maximum
values of instantaneous charge and discharge power capabilities
can be expressed as

dVocv
dSOC

P(:hg,inst = UﬁAC;lrf

FVoov + AiAc;u,fo F

S._mean

A2
+e Acyy Reng (19)

dVocv

_ At N
Pdis,inst =0 ACsurfFW‘/OCV + A Acsurfcs,meanF dSOC
2

—ct Ac:m.f Ryis (20)
where a parameter with the superscript “+” or “—” denotes

the parameter related to the positive or negative solid particle,
Peg inst and Pyjs ing are the instantaneous charge and discharge
power capabilities, respectively, and A is the product of v and k.

It is well acknowledged that the cell aging and ambient tem-
perature have a striking impact on battery power capability. The
cell aging and temperature dependencies of the parameters in
(19) and (20) should be considered for achieving more promis-
ing results in battery power capability prediction. In [32] and
[33], the maximum possible concentration in the solid phase
was expressed as being proportional to the capacity of the elec-
trode. Thus, the permitted maximum surface concentration of
the solid particle would also change with the cell aging level
and can be formulated by

Csurf,max — & + 5@ (21)
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where () denotes the battery capacity, and « and 5 are two fitting
coefficients for the maximum surface concentration.

Then, the maximum change of surface concentration can be
rewritten as

ACsurf =a+ BQ — Csurf,0- (22)

Combining (19), (20), and (22), the instantaneous available
power capabilities at different cell aging levels can be calculated.

Moreover, the physiochemical properties of lithium-ion bat-
teries are temperature dependent and obey the Arrhenius expres-
sion [34], [35]. The standard Arrhenius equation for computing
a general physiochemical property value is defined as

Eact 1 1
= Tlbas €X =N
g Tbas XD R T Tbas

where 7 denotes the physiochemical property value at ambient
temperature 7', 1,5 the based physiochemical property value
at the based temperature 73,,s (namely 25 °C in the presented
study), and E, . the activation energy.

As expressed in (19) and (20), the instantaneous available
power capabilities of the battery are mainly governed by the
lithium ion diffusion from electrolyte phase to solid phase,
which is temperature dependent through the Arrhenius law, and
consequently, the temperature dependent power capability can
be determined by the Arrhenius expression. Equation (23) is a
critical application in determining the rate of electrochemical
reactions, while the activation energy is theoretically regarded
as a constant. However, in most of practical cases, the activation
energy changes with variation in temperature [36]. With this in
consideration, the activation energy of battery power may be
temperature dependent, and a modified Arrhenius equation for
computing battery instantaneous available power is given by

(w+pT) (1 1
Fo(rng) e

where P, denotes the battery instantaneous available power
(FPeng.inst for charge power and Flyjg inst for discharge power),
P15t bas the based instantaneous available power under the tem-
perature of 25 °C, and w and p are two fitting coefficients for
the activation energy. It is noted that (19) and (20) are used for
calculating the instantaneous charge and discharge power capa-
bilities, respectively. The temperature dependence of the power
capability is considered in (24). Based on the instantaneous
charge and discharge power capabilities at the temperature of
25 °C computed by (19) and (20), the power capabilities at other
temperatures can be obtained by (24).

(23)

Rnst = -Pinst,bas exp |:

IV. VERIFICATIONS AND DISCUSSIONS

Since battery direct current resistance is typically employed
for describing battery power capability, the battery charge and
discharge power capabilities computed by using two recom-
mended equations, i.e., (25), with direct current resistances in
many studies and standards [37]-[39] are considered as the
“real” values, i.e., the referenced power capabilities of the bat-
tery. In particular, the direct current resistance is determined
by a current pulse and its resulting voltage change between 1 s
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after the start of the current pulse, which is consistent with the
instantaneous time horizon for the power prediction:

{Pref‘chg = V;nax(‘/max - VOCV)/Rchg (25)

Pref,dis = V;nin(VOCV - V;nin)/Rdis

where Pict oo and Pf qis denote referenced charge and dis-
charge power capabilities, respectively, and V.« and Vi, the
maximum terminal voltage and minimum terminal voltage, re-
spectively. In this paper, LiMn,O, batteries are used for the
experiment and verification and, therefore, the maximum and
minimum cell terminal voltages are set as 4.2 and 3.0 V, respec-
tively. The referenced charge and discharge power capabilities
at different cell aging levels and ambient temperatures are de-
picted in Figs. 4, 6, 7, and 9 in the following part and are used
for parameter fitting.

A. Parameter Fitting

The Levenberg—Marquardt algorithm, also known as the
damped least-squares method, has been widely applied to solve
nonlinear least squares problems by finding a model curve so
that the sum of the squares of the deviations between the experi-
mental data and model computed values is minimized [40]-[42].
Due to its good performance in training model parameters, the
Levenberg—Marquardt algorithm is employed to fit the param-
eters of (19), (20), (22), and (24) in a parameter optimization
software called Auto2Fit. The optimal parameters for the posi-
tive and negative solid particles are listed in Table II.

Note that the coefficients of determination R? are 0.995 and
0.996 for instantaneous discharge and charge power capabili-
ties, respectively. It means that the proposed models can well
match the real relationships between the instantaneous avail-
able power capabilities and surface lithium concentrations of
solid particles. The predictive results of instantaneous available
power capabilities are elaborated in the following parts.

B. Instantaneous Charge Power Prediction

To investigate the effectiveness of the proposed approach
during the process of battery aging, the battery cell with a rated
capacity of 90 Ah degraded from 92 to 69.5 Ah was used for
the verification. Fig. 4 shows the predictive results of battery
instantaneous charge power at six various aging levels with the
capacities of 92, 87, 82.5, 78.5, 74, and 69.5 Ah, respectively. It
can be observed that the battery instantaneous available charge
power decreases with the rising SOC, and the predictive power
capabilities can track well with the referenced values for all the
aging levels.

For evaluating the predictive accuracy of the proposed ap-
proach at different cell aging levels, one of the most com-
mon measures of forecast error, mean absolute percentage error
(MAPE), is employed in the presented study and it is defined as

1 n
MAPE = — ; — ref; f;| x 100 26
nZ|(pre ref;)/ref;| x 100%  (26)

i=1
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where pre; and ref; denote the predictive and referenced values,
respectively, and n denotes the number of data set of predictive
and referenced values.

The MAPESs of battery instantaneous charge power predic-
tion at different aging levels are depicted in Fig. 5, where the

(b) MAPE:.

maximum MAPE is about 5.4% at the capacity of 92 Ah. This
relatively large error is attributed to the influence of few outliers
in the prediction. However, promising results with the MAPEs
of less than 3.5% can be obtained at other aging levels. It in-
dicates that the proposed method can well handle different cell
aging levels.
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Fig. 7. Battery instantaneous discharge power prediction results at different
aging levels, where (a) 92 Ah, (b) 87 Ah, (c) 82.5 Ah, (d) 78.5 Ah, (e) 74 Ah,
and (f) 69.5 Ah.

To assess the adaptability of the proposed method at various
temperatures, the battery was loaded at a commonly used tem-
perature ranging from 10 to 40 °C with the interval of 5 °C
for the verification. Fig. 6(a) compares battery instantaneous
charge power prediction results with referenced data at various
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Fig. 9. Battery instantaneous discharge power prediction results at vari-
ous temperatures, where (a) referenced and predictive power capabilities and
(b) MAPEs.

SOCs and ambient temperatures, showing that the forecasts are
able to follow the tracks of the referenced values. It can also
be seen that the ambient temperature has a significant impact
on the power capabilities, which decrease with the declining
temperature at some battery SOCs. Furthermore, the MAPEs of
the prediction results are presented in Fig. 6(b), where all the
MAPEs are limited in a small error band of 3.0%, indicating the
proposed method can work well and achieve desirable results at
various ambient temperatures.
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TABLE II
OPTIMAL PARAMETERS FOR THE POSITIVE AND NEGATIVE SOLID PARTICLES

Parameter  Positive solid particle ~ Negative solid particle
coefficient coefficient

o 1.854 x 1077 1.356 x 1077

Py 1.075 x 10716 1.034 x 10719

€ 2.000 x 103 1.631 x 1073

a 7.958 x 102 2.995 x 102

Jéi 1.496 x 103 3.585 x 10°

w 54.670 63.184

0 —1.911 x 10* —2.180 x 10*

R? 0.995 0.996

C. Instantaneous Discharge Power Prediction

Likewise, the battery operated at six different aging levels are
used for evaluating the instantaneous discharge power predic-
tion, and the predictive results are demonstrated in Fig. 7. It is
clear that the battery instantaneous discharge power increases
with the rising SOC, which shows an opposite tendency in com-
parison with the instantaneous charge power, and the predictive
power capabilities can effectively follow this trend and approach
the referenced values at different aging levels.

Fig. 8 provides the MAPEs of battery instantaneous discharge
power prediction results. It can be observed that at various ag-
ing levels, the MAPEs are within 2.50%, which highlights the
robustness of the proposed method in forecasting battery instan-
taneous discharge power against varying battery aging.

Additionally, the referenced and predictive results of battery
instantaneous discharge power at different ambient tempera-
tures are compared in Fig. 9(a), and their MAPESs are depicted
in Fig. 9(b). From Fig. 9(a), it can be seen that as the ambient
temperature rises, the magnitude of the discharge power capabil-
ity increases at some battery SOCs. Moreover, the instantaneous
discharge power forecasts can still tail after the referenced data.
Itis noteworthy that the MAPESs showed in Fig. 9(b) are success-
fully confined into a narrow error band of 2.0%, which validates
the feasibility of the proposed method for the instantaneous
discharge power prediction.

According to the close agreement between the forecasts and
experimental data, it can be summarized that the proposed
method for both battery instantaneous available charge and dis-
charge power capabilities prediction can handle various cell
aging levels and ambient temperatures quite well.

V. CONCLUSION

This paper proposes a physical mechanism-based power pre-
diction method for lithium-ion batteries. Based on the theoret-
ical analysis of battery Gibbs power and dissipation power of
its internal resistance, quantitative relationships between bat-
tery surface lithium concentration and instantaneous charge and
discharge power capabilities are deduced and applied for the
power capability prediction. Different from conventional meth-
ods for battery power capability prediction with macroscopi-
cally observed variables such as the cell terminal voltage and
current as the constrained limits, a physical limit, i.e., the lithium
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concentration limit of the solid particle is employed in the pro-
posed relation, providing a direct insight into electrochemical
processes inside batteries. The factors that would influence bat-
tery power capabilities, such as cell aging and ambient temper-
ature, are considered in the proposed relations, and their param-
eters are figured out using the Levenberg—Marquardt algorithm.
The proposed method is verified with various cell aging levels
and ambient temperatures, and the experimental results demon-
strate the close agreement between the forecasts and referenced
values. Most of the MAPEs of the forecasts at various battery
operation conditions are less than 3.5%, which highlights the
superior accuracy and robustness of the proposed method.

Since the lithium concentration is obtained by operating an
EM, the implementation task of the proposed method can be
really tough for microprocessor units, especially in low-cost
target BMSs. It is recommended to further simplify the EM for
reducing the complexity of the algorithm. The microprocessors
with 32/64 bits or dual/multicores and cloud-based BMSs are
promising to implement battery EM and the proposed algorithm.
Note that the proposed method only used the surface lithium
concentration for the power prediction within a short-term time
horizon, i.e., 1 s, in this paper. Since the prediction within a
longer time horizon such as 10 s and 30 s is also meaningful in
applications, the long-term prediction needs to be investigated.
For the long-term prediction, not only the change of surface
lithium concentration but also the changes of lithium concentra-
tions at various radii of the solid particle should be considered
in the algorithm. These tasks will be further investigated in our
next stage.
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