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Abstract

In this paper, we propose a non-invasive method to determine the electrode balancing of the lithium-ion batteries,
which is the determination of (i) individual electrodes capacities and (ii) individual curves of equilibrium potentials
of the electrodes as functions of the battery state of charge. The proposed method requires the average measurements
of the battery voltage between discharge and charge for a low current. This averaged voltage is then associated with
the reference average curves of the electrode equilibrium potentials issued from literature. To determine the electrode
balancing, the method was first used on a pristine LiFePO4/graphite cell. The results are consitent with this cell data
and the proposed method accuracy is compared to a reference method of the litterature. We then used the proposed
method on an aged cell of the same type to evaluate the method robustness with respect to the change in the cell state
of health. The tracking of each electrode capacity during the battery lifespan can be used as a non-invasive diagnosis
tool to monitor the state of health evolution to each electrode. Furthermore, the access to the individual curves of
electrodes equilibrium potentials as functions of the battery state of charge is the first step towards the implementation
of a non-invasive tool for an optimal prediction of the battery operating limits during fast recharging.

Keywords: Electrode balancing, electrode capacities, electrode equilibrium potential, lithiation rate, battery voltage,
battery overvoltage, low current.

1. Introduction

The lithium-ion batteries (LIBs) are among the best
energy storage systems offering high power and energy
density (at element scale, the energy density can reach
260 Wh.kg−1), with a very low rate of self-discharge
[1]. Thanks to these features, the LIBs are ubiquitous
in various areas of use, from electronic devices to trans-
port (electric vehicles, etc.).
The use of LIBs requires the monitoring of their state
(temperature, state of charge, state of health, etc.) with
a battery management system (BMS) to ensure safety,
better performances and lifespan. Classically, the mon-
itoring of LIBs is made by considering them as a “black
box”, i.e. without any information about their internal
states [2]. However, a Li-ion cell is made up of different
internal elements, including positive and negative elec-
trodes with their respective active-materials, electrolyte,
current collectors and separator (Figure 1).
The decrease in autonomy (capacity loss) and power
fading (impedance rise) of a LIB during its lifespan are
mainly consequences of unwanted reactions that occur
at the electrodes [3]. We can cite, for instance, lithium

Figure 1: Main internal elements of a lithium-ion cell.

plating reaction, growth of SEI layer (Solid Electrolyte
Interface) and cracking particles at the graphite nega-
tive electrode and structure change in active-material of
positive electrode. Therefore, it seems appropriate to
monitor the electrode states individually. This will lead
to a meaningful diagnosis of the battery and an optimal
prediction of its operating limits.
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An electrode state can be defined by many quantities.
Here we focus on the determination of the capacity
of each electrode and the curve of equilibrium poten-
tial, (also called OCP, Open Circuit Potential), as a
function of the battery state of charge (S oC) for each
electrode. These quantities are related to the electrode
active-material properties and allow to characterize the
electrode states of health.

The electrode capacity and OCP curve are equilib-
rium properties, (at zero current), of an electrode. In
order to get these quantities, non-invasive approaches
combine the active material properties of the electrodes,
(OCP curves from half cells), with cell voltage mea-
surements at low and steady current. Authors in [4, 6, 8]
used measured cell voltage in charge and other authors
in [5, 7] used cell voltage measured in discharge. Even
measured at a very low and constant current, the cell
voltage always show a significant rise or drop, (over-
voltage), with respect to equilibrium voltage, depending
whether the cell is charged or discharged respectively
(Figure 2.b) [9]. By using measured cell voltage either
in charge or discharge, the overvoltage cannot be prop-
erly taken into account. As a consequence, the overvolt-
age contribution brings a bias on the estimation of the
aformentiened electrode quantities. This bias could be
acceptable for online application. In this study, we pro-
pose to use both the charge and discharge curves at a low
and constant current. It is expected that the proposed
method leads to a better compensation of the overvolt-
age, resulting in a more accurate determination of these
electrode properties. Since discharging battery at a con-
stant current is difficult to achieve in online application,
the proposed method is for off-line application. It can be
used in industrial or academic labs to study the ageing
processes of the cells. For example, the method can be
used in the diagnosis of the cells at the end of the first
life for a second life use.

Note that other methods, categorized as invasive ap-
proach, are also used in the literature for determining
the electrode OCP curves or the electrode capacities.
For instance, authors in [10, 11, 12] used a reference
electrode, (with the so-called 3-electrodes cell), to mea-
sure the electrode OCP of batteries. Authors in [13, 15]
analytically calculated the electrode capacities from the
electrode design parameters, such as the porosity, the
thickness and the active area. In [14], Bennett et al.
used the mass of active-materials to calculate the elec-
trode capacities.

The remainder of this document is structured as fol-
lows: in section 2, we describe the composition of LIB
voltage curve for a low constant-current and we also

establish the equations which relate the electrode state
quantities with the battery voltage. In section 3, we de-
scribe the proposed method used to separate these quan-
tities from the battery voltage. In section 4, we discuss
the results. And, in section 5 we discuss the robustness
of the method.

2. Characteristics of LIBs pseudo-OCV

2.1. Pseudo-OCV definition and modeling

The pseudo-OCV (pOCV) is defined as the battery
voltage when its overvoltage (η) is about a few tens of
millivolts (i.e, at very low current) (Equation (1)) (Fig-
ure 2.a) [16].

pOCV = OCV + η (1)

OCV (Open Circuit Voltage) represents the battery
voltage at zero current. This quantity varies with the
battery state of charge (S oC), the temperature (T ) and
the operation history (see the hysteresis between charge
OCVcha and discharge OCVdis in Figure 2.b).
The battery OCV curve is full of information (see sub-

Figure 2: a) Battery electric circuit model. b) Discharge and charge
curves of pOCV (C/50) and OCV of a LiFePO4/graphite LIB, (The
data are issued from the ref. [20]). Color should be used for this
figure in print.

section 2.2), but is difficult to get. The OCV measure-
ments at different S oC requires long tests [17]. As a
consequence, pOCV measurements are often used to
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save time and to get information [18, 19]. However,
from Figure 2.b, it can be seen that the battery overvolt-
age η causes vertical and horizontal shifts in the pOCV
curve compared to the OCV curve. The battery over-
voltage η is due to various phenomena inside the bat-
tery. These phenomena are ohmic effects (conduction of
lithium ions and electrons, charge transfer process, etc.)
and dynamic effects (diffusions processes) [21, 22]. As
a consequence, the battery overvoltage can evolve with
parameters such as temperature (T ), current (I), state
of charge (S oC) and history of the battery (charge, dis-
charge, and state of health of the battery). Here we
are interested in the pOCV dependency on the battery
S oC. The latter can be calculated by Equation (2). The
other parameters aforementioned are considered to be
constant.

S oC = S oCini +
1

3600

∫ t0+∆t

t0
I(t)dt (2)

S oCini is the initial state of charge [Ah], I the applied
current [A], t0 the initial time [s] and ∆t the duration of
the charge/discharge.

2.2. Equilibrium voltage
2.2.1. Description

The battery OCV represents the difference between
the equilibrium potentials (OCP) of positive and nega-
tive electrodes (Equation (3)).

OCV(S oC) = OCPPE(y) − OCPNE(x) (3)

The subscripts PE and NE stand respectively for pos-
itive and negative electrodes. x and y are respectively
the lithiation rates of the electrodes, which are defined
as follows:

• For NE: x =
cavg

s,NE

cmax
s,NE

, where cavg
s,NE [mol/cm3] and

cmax
s,NE [mol/cm3] are respectively the average and

the maximal concentrations of lithium in the NE
active-material.

• For PE: y =
cavg

s,PE

cmax
s,PE

, where cavg
s,PE [mol/cm3] and

cmax
s,PE [mol/cm3] are respectively the average and

the maximal concentrations of lithium in the PE
active-material.

-Electrode equilibrium potential: the electrode
OCP is an electric potential measured at zero current
versus a reference electrode (electrode with a constant
electric potential at equilibrium), (see Figure 3.a). Metal
lithium electrode is mostly used as the reference elec-
trode [24]. At zero current, the electric potential value

of this reference electrode is 0 V compared to the cou-
ple Li+/Li.
The electrodes OCP of the LIBs vary with the lithiation
rate non-linearly and with the electrode operation his-
tory [25] (Figure 3.b). The shape of OCP curve is typ-
ically related to the active-material. As shown in Fig-
ure 3.b, for the graphite active-material, (which is the
most used active-material of the negative electrode in
the commercial LIBs), the shape of OCPNE curve has
at least three plateaus. These plateaus correspond to the
phase transitions of graphite. Each of these phase transi-
tions theoretically appears at a given range of lithiation
rate of graphite active-material [26]. For the LiFePO4
positive active-material, the shape of OCPPE curve typ-
ically exhibits a single plateau, which corresponds to its
unique phase transition [27].

In LIBs, design factors such as the crystallinity rate
or the purity level of the active-material can affect the
shape of electrode OCP curve, especially at the ends or
the slopes between plateaus [28, 29, 30, 31, 32].

2.2.2. Electrode balancing in a real Li-ion cell
The concept of electrode balancing derives from the

design rules of Li-ion cells [33, 34, 35, 36]. Thanks to
these design rules, the three curves, (1) OCPPE curve,
(2) OCPNE curve and (3) OCV curve, can be positioned
relatively to each other.
The shape of the battery OCV curve is the combination
of the OCP curves of the two electrodes. From Figure
4, it can be seen that (i) the three plateaus of the battery
OCV curve are from the OCP curve of graphite active-
material, (ii) the OCV slope at high values belongs to
increasing OCP of LiFePO4 active-material and (iii)
the OCV slope at low values is for both OCPs active-
materials.

Note that when the battery S oC increases (during bat-
tery charging), the NE lithiation rate x also increases,
whereas the PE lithiation rate y decreases. This is be-
cause of the transfer of lithium ions from the positive
electrode to the negative electrode during battery charg-
ing. The reverse process occurs when the battery S oC
decreases during discharge. As a result, the curve of
OCPPE is reversed in Figure 2 compared to Figure 3.
The maximum number of exchanged lithium ions be-
tween both electrodes defines the battery capacity (Cbat

[Ah]). The latter is measured by fully discharging or
charging the battery at a reference constant-current and
a reference temperature (temperature of the battery en-
vironment). The fully discharged and charged states of
the battery correspond respectively to the minimum and
the maximum limits of the battery voltage. These limits
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Figure 3: a) Schematic of electrodes OCP measurement vs. lithium metal reference electrode. b) OCP curves of half-cell graphite electrode vs.
metal lithium electrode (at left) and half-cell LiFePO4 electrode vs. metal lithium electrode (at right). The data in these curves are issued from [23].

correspond respectively to 2.5 V and 3.6 V in Figure 4.
As it is represented in Figure 4, when the battery is

fully charged, the lithiation rate in PE is close to zero.
And, when the battery is fully discharged, the lithiation
rate in NE is also close to zero [18, 37]. Here we call
ybat,100% is the lithiation rate of PE when the battery is
fully charged, (S oC = Cbat) and xbat,0% is the lithia-
tion rate of the NE when the battery is fully discharged,
(S oC=0 Ah).

In Figure 4, the curve of OCPNE is larger than the
curve of OCPPE . This is because in a real LIB, the
graphite negative electrode is typically designed with a
larger capacity than the positive electrode [14, 33, 37].
The oversized capacity of the graphite electrode pre-
vents its lithiation rate x to reach 1. That avoids its OCP
to reach 0 V vs. Li+/Li, which is the equilibrium poten-
tial value of the unwanted reaction of the LIBs called
lithium plating [38, 39]. CPE [Ah] and CNE [Ah] rep-
resent respectively the capacities of the positive elec-
trode (LiFePO4) and the negative electrode (graphite).
The capacity of each electrode is related to the elec-

trode maximal concentration by the following equations
[23, 7]:

CNE = F.A.LNE .εNE .cmax
s,NE (4)

CPE = F.A.LPE .εPE .cmax
s,PE (5)

where F [C/mol] is the Faraday constant, A [cm2] is
the battery area, LPE [cm] and LNE [cm] are respec-
tively the thickness of PE and NE, εPE and εNE are
their respective porosities. From Equations (4) and
(5), it can be observed that the capacity of each elec-
trode includes its specific design and electrochemical
parameters. In addition, the theoretical specific capac-
ity of LiFePO4 active-material is 0.170 Ah/g [27]. For
graphite active-material, it is 0.372 Ah/g [40]. Con-
sequently, assuming that the electrode capacity can be
determined, the amount of active-material in grams for
LiFePO4 and graphite electrodes of a LIB can be re-
spectively estimated as follows: mPE = CPE/0.170 g
and mNE = CNE/0.372 g.
This shows that an electrode capacity can be a useful
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Figure 4: Positions of OCPPE , OCPNE and OCV curves in a real LIB: illustration with a LiFePO4/graphite LIB [18, 37]. Color should be used for
this figure in print.

and reliable parameter for the quantification of the elec-
trode state of health.

Relationships between battery SoC and electrode
lithiation rates: From Figure 4, the relationships be-
tween the battery S oC and individual electrode lithia-
tion rates, x and y, can be established (Equations (6)
and (7)).

S oC = (x − xbat,0%)CNE (6)

Cbat − S oC = (y − ybat,100%)CPE (7)

By expressing x and y based on S oC and other parame-
ters, we obtain Equations (8) and (9).

x = xbat,0% +
S oC
CNE

(8)

y = ybat,100% +
Cbat − S oC

CPE
(9)

By introducing Equations (8) and (9) in Equation (3),
the electrode OCP of a LIB can be mathematically ex-
pressed as functions of the battery S oC (Equation (10)).

OCV(S oC) = OCPPE

(
ybat,100% +

Cbat − S oC
CPE

)
−

OCPNE

(
xbat,0% +

S oC
CNE

)
(10)

In addition, by mixing Equations (1) and (10), the bat-
tery pOCV can be expressed as follows:

pOCV(S oC) = OCPPE

(
ybat,100% +

Cbat − S oC
CPE

)
−

OCPNE

(
xbat,0% +

S oC
CNE

)
+ η(S oC)

(11)

With the two last equations, we have respectively the
battery OCV (Equation (10)) and pOCV (Equation
(11)) models, which contain the equilibrium potentials
of both electrodes, their capacities and their minimal
lithiation rates.

3. Method for electrode balancing identification

3.1. Method assumptions

In the previous section, it is clearly established that
the quantities related to the electrode properties that we
need to determine, (as a reminder, the positive and neg-
ative electrode capacities and the equilibrium potential
curve of each electrode as a function of the battery state
of charge), are all included in battery pOCV curve that
can be measured. For the determination of these pa-
rameters, Han et al. [4] combined the battery pOCV
measurements for charge with the corresponding refer-
ence curves of both electrodes OCP. Actually, since the
overvoltage included in the charge (or discharge) pOCV
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measurements is difficult to estimate properly, it is ex-
pected that this leads to a considerable bias on the re-
sults. Here we propose to associate the average curve
between the discharge pOCV and charge pOCV of the
battery with the average reference curves of the elec-
trodes OCP. It is assumed that the average curve of
the pOCV is equal to the average curve of OCV (Equa-
tion (12)). In other words, the contribution of the aver-
age overvoltage ηavg in the pOCVavg is expected to be
considerably reduced so that it can be neglected. This
is because the charge overvoltage ηcha and discharge
overvoltage ηdis are symmetrical, (ηcha ' −ηdis , with
ηcha > 0 and ηdis < 0).

pOCVavg =
pOCVcha + pOCVdis

2

=
OCVcha + OCVdis

2
+
ηcha + ηdis

2

=
OCVcha + OCVdis

2
+
ηcha + ηdis

2
= OCVavg + ηavg

' OCVavg

(12)

The low contribution of average overvoltage ηavg

can further be analyzed by observing the experimen-
tal data of the pOCV (C/50) and the OCV of a
LiFePO4/graphite LIB in Figure 5. From Figure 5.b,

Figure 5: a) Curves of pOCV (C/50) and OCV for discharge, charge
and the average between both of a real LiFePO4/graphite LIB. b) The
corresponding overvoltages. Color should be used for this figure in
print

it can be observed that ηdis tends to decrease towards
low S oC and ηcha tends to increase towards high S oCs.
As a consequence, ηavg tends also to increase from both
low and high battery S oC. Focusing only on the re-
gion including the three plateaus, where useful infor-
mation can be extracted, ηavg is at least three times
smaller than discharge overvoltage ηdis and charge over-
voltage ηcha. Furthermore, one can observe the appar-
ent shifts of plateaus between the pOCV and the OCV
curves for both discharge and charge curves in Figure
5.a. These shifts are considerably reduced by compar-
ing the pOCVavg and OCVavg curves. This confirms the
interest of using the average pOCV curve with the av-
erage reference curves of the electrodes OCP for better
accuracy.

3.2. Optimization problem and algorithm
Before presenting the optimization problem, we

would like first to define the input data of the proposed
method. These inputs are defined as follow:

• the pOCV measurements versus S oC of the battery
for discharge and charge, which allow getting the
average OCV curve: OCVmeas

avg = f (S oC).

• the reference OCP curves of both electrodes
(issued from the literature), for discharge and
charge, which allow having their respective aver-
age curves: OCPre f

PE,avg = f (yre f ) and OCPre f
NE,avg =

f (xre f ). The reference OCP curves of the graphite
and the LiFePO4 electrodes issued from the lit-
erature are considered to be the same with the
“true” OCP curve of each electrode in a real
LiFePO4/graphite LIB, because the OCP is an in-
trinsic property of an electrode active-material.

The objective cost function f for identification of the
electrodes balancing can be defined as follow:

min fθ = OCVest
avg(S oC) − OCVmeas

avg (S oC)

=
[
OCPre f

PE,avg(y) − OCPre f
NE,avg(x)

]︸                                   ︷︷                                   ︸
OCVest

avg(S oC)

−OCVmeas
avg (S oC)

(13)
with, θ = [xbat,0%, ybat,100%, CNE , CPE] subjects to

the following constraints:
x = xbat,0% + S oC/CNE

y = ybat,100% + (Cbat − S oC)/CPE

given Cbat

The different steps of the algorithm are illustrated in
Figure 6. The nonlinear least square optimization func-
tion lsqnonlin of Matlab software has been used.
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Figure 6: Algorithm flowchart of the electrodes balancing identification, (RMS E: Root Mean Square Error).

The parameters xbat,0% and, ybat,100% were bounded be-
tween 0 and 0.2. Both parameters were initialized to
0. CNE and CPE were respectively initialized to 1.4Cbat

and Cbat, and bounded as follow: Cbat < CPE < 1.1Cnom

and Cbat < CNE ≤ 1.4Cnom. Cnom is the battery nominal
capacity given by the manufacturer.

4. Method validation

4.1. pOCV measurement tests
In order to evaluate the proposed method, the

study was carried out on a cylindrical (size 22650)
A123Systems cell with a nominal capacity 2.3 Ah ac-
cording to the manufacturer (Cnom). The cell is made
of a graphite negative electrode and a LiFePO4 positive
electrode. The pOCV tests for charge at C/25 and dis-
charge at C/25 (92 mA) revealed a cell capacity Cbat

corresponding to 2.13 Ah. These tests were performed
with a Bio-Logic system VSP-300 with a 2 A booster.
The cut-off voltages of the cell were set to 2.5 V and 3.6
V. The cell was tested in a climatic chamber in which
the temperature was set at 25 ◦C.

4.2. Method results
Figure 7 shows the results of the method on the stud-

ied cell. The computational time to obtain the results
was 2 s. The measured average OCV (OCVmeas

avg ) cor-
responds to the region between the two discontinuous

vertical lines. The estimated average OCV (OCVest
avg)

represents the difference between the OCPavg,PE and
OCPavg,NE curves in this region. By comparing OCVest

avg
and OCVmeas

avg in the three-plateaus region, it can be ob-
served that OCVest

avg is overestimated towards low bat-
tery S oCs (see the dotted rectangle in Figure 7). The
maximal deviation to this region is 11 mV. Note that
in this area the hysteresis of graphite reaches its max-
imum value, (which is 30 mV see Figure 3.b). This
could explain the overestimation of OCVest

avg. Basically,
the OCVest

avg curve has the same shape as the OCVmeas
avg

curve. Both curves are close, with a root mean square
error (RMS E) of 6 mV in the three-plateaus region.
This RMS E is acceptable.

The estimated values of the four fitting parameters
with their initializations have been reported in Table 1.
It can be seen that the estimated values are different
from the initial values. The estimated minimal lithia-
tion rates xbat,0% and ybat,100% are very close to 0.
With the optimization algorithm, a weighting process
was added in order to achieve better accuracy of fitting
on the plateaus rather than at the filling rates xbat,0% and
ybat,100%. This is because the plateaus are linked to the
modification of the graphite active-material structure.
These plateaus provide relevant information about the
theoretical capacity of the graphite electrode. For ex-
ample, as it is shown in Figure 8, the transition between
Plateau 2 and Plateau 3 corresponds to the evolution of
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Figure 7: Method results on the studied cell with measured battery capacity Cbat=2.13 Ah. Color should be used for this figure in print.

LiC12 to LiC6. This transition corresponds to half the
theoretical capacity of the graphite electrode [41].

xbat,0% ybat,100% CNE [Ah] CPE [Ah]
Initial. 0 0 2.98 2.13

Estimat. 0.0083 0 2.75 2.34

Table 1: Estimated parameters with the proposed method for the
A123Systems cell with Cbat=2.13 Ah.

The estimated electrode capacities CPE and CNE are
respectively 10 % and 30 % larger than the measured
battery capacity Cbat, which means that the positive and
negative active-materials are respectively unused at 10
% and 30 % in this cell.
Based on the graphite active-material characteristics
and the cell OCVmeas

avg curve (Figure 8), the theoretical
capacity of the graphite electrode CNE,theo has been esti-
mated at 2.72 Ah, which is of the same order of magni-
tude of the graphite electrode capacity obtained by fit-
ting. For the LiFePO4 electrode, the error on the esti-
mated capacity is believed to be high, because the single
transition between its phases, (LiyFePO4 and FePO4),
does not provide information about its capacity. How-
ever, design rules applied to commercial cells limit the
ratio of LiFePO4 electrode capacity to graphite elec-
trode capacity. A low CNE/CPE ratio (close to 100 %)
could indeed lead to lithium plating on the graphite elec-
trode [42], while a very high one could promote a loss
of battery capacity [33]. According Berg [43], in com-

Figure 8: Estimation of the theoretical capacity of the graphite elec-
trode from the average OCV curve.

mercial cells, the CNE/CPE ratio is typically around 120
%. Based on the estimated electrode capacities, the
CNE/CPE ratio yields 117.5 %.
For positive active-materials with steeper OCP curves
than the one of the LiFePO4, a better estimation of the
positive electrode capacity is expected.

4.3. Comparison of the proposed method with existing
method

To assess the accuracy of the proposed approach, the
previous results are compared with the approach used
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Figure 9: Results obtained by using the existing method on A123Systems cell. Color should be used for this figure in print.

by authors in [4, 5, 6]. This existing method used the
measured battery pOCV in charge (pOCVmeas

cha ). By
adopting the existing approach, a pOCV model is used
and the cell overvoltage ηcha is defined as the product of
current I and cell internal resistance R. The overvoltage
contribution is determined by treating R as one of the 5
fitting parameters, which are presented in objective cost
function g in Equation (14).

min g[xbat,0%, ybat,100%,CNE ,CPE ,R] = pOCVest
cha − pOCVmeas

cha
(14)

with, pOCVest
cha =

[
OCPre f

PE,cha − OCPre f
NE,cha + IR

]
.

The results obtained by using the existing approach
are shown in Figure 9, in which the pOCVmeas

avg curve
is also represented. The estimated curve pOCVest

cha is
slightly shifted on both axes due to the overvoltage con-
tribution. Moreover, the estimated curve pOCVest

cha is un-
derestimated around the two extreme plateaus (see rect-
angles in Figure 9).
The estimated parameters obtained with the existing ap-
proach are reported in Table 2, in which the previous re-
sults obtained with the new approach are also presented.
For the existing approach, we found that by changing
different values of the internal resistance R (between
0 and 100 mΩ), the values of the four other parame-
ters (xbat,0%, ybat,100%, CNE , CPE) do not change and the
quality of fitting was also not improved. This is because
the overvoltage ηcha = RI is considered constant with

New method Existing method
xbat,0% 0.0083 0

ybat,100% 0 0.0173
CNE [Ah] 2.75 3.04
CPE [Ah] 2.34 2.32
R [mΩ] N/A 10

Table 2: Comparison between the parameters obtained with the exist-
ing approach and the new approach.

respect to the battery S oC.
Given the above, the overvoltage included in the mea-
sured battery pOCV is not well taken into account with
the existing approach. As a consequence, this overvolt-
age leads to a bias on the estimated parameters, espe-
cially the electrode capacities.
From Table 2, it can be observed that the electrode
capacities and lithiation rates obtained with the exist-
ing approach are different from those obtained with the
new approach. A significant difference is observed on
CNE , with a capacity 11 % greater than the one obtained
with the new method. The CPE obtained with both ap-
proaches are very close.

5. Robustness of the proposed method

The robustness of the proposed method was studied
on an aged A123Systems cell with a measured capacity
Cbat= 1.99 Ah vs. 2.13 Ah for the “new” cell. The
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Figure 10: Method results on the aged cell A123Systems with measured battery capacity Cbat=1.99 Ah.

experimental tests on the aged cell were performed in
the same conditions as described in the previous section.

The algorithm was first ran by keeping the same
initialization values for the four fitting parameters as
for the “new” A123Systems cell. For the aged cell,
the OCVest

avg and the OCVmeas
avg curves are very close

(RMS E=2 mV), as it can be observed in Figure 10.
The estimated parameters reported in Table 3 are differ-
ent compared to the parameters of the “new” cell (Table
1). Actually, the aged cell has a lower xbat,0%, higher
ybat,100%, lower CNE and lower CPE than for the “new”
cell.

The algorithm was then ran with different initializa-
tions for each of four fitting parameters. For a given
parameter, the study was carried out by changing its ini-
tialization and by keeping the initialization of the other
parameters as previously. It was found that the initial-
ization of xbat,0% and ybat,100% to any value between 0
and 1 does not impact the convergence of the above re-
sults (Table 3). For the CPE and CNE , the convergence
to these results were respectively obtained with different
initialization values within the following ranges: Cbat ≤

CPE≤ 1.1Cnom and CNE ≥ Cbat. Ageing processes lead
to loss of cell capacity Cbat and changes of the shape
of the cell OCV curve. Derivative methods like differ-
ential voltage analysis (DVA) or incremental capacity
analysis (ICA) are widely used to study theses changes
[4, 6, 7, 16, 18]. By tracking the changes in OCVmeas

avg
curve at any state of health of the cell with these deriva-

xbat,0% ybat,100% CNE [Ah] CPE [Ah]
Initial. 0 0 2.98 2.13

Estimat. 0.0078 0.0076 2.68 2.15

Table 3: Estimated parameters for the aged A123Systems cell with
Cbat=1.99 Ah.

tive methods, it is possible to reproduce these changes
with the optimization algorithm. This could be achieved
(i) by ensuring the increase in the offset between the two
OCP curves (related to Cbat) (Figure 10) or (ii) by ensur-
ing that the capacity of one or both electrodes decreases.
The proposed method can then be used as a non-invasive
tool that quantifies the state of health of each electrode
of the battery.

The ageing processes inside batteries lead to three
main consequences called degradation modes [43].
Considering t0 as the initial state and t1 as the aged state,
the cells degradation modes and their links with the es-
timated parameters are as follows:

• The loss of lithium inventory LLI (or loss of
lithium exchanged). This degradation mode re-
sults in the increase of the offset between the OCP
curves of negative and positive electrodes (see Fig-
ure 10). This would lead to a decrease of the Cbat

parameter only.

LLI [Ah] = Cbat(t0) −Cbat(t1).

• The loss of active-material of the negative elec-
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trode LAMNE . LAMNE is related to the decrease
in capacity of the negative electrode.

LAMNE[Ah] = CNE(t0) −CNE(t1).

• The loss of active-material of positive electrode
LAMPE , which is related to the decrease in capac-
ity of the positive electrode.

LAMPE[Ah] = CPE(t0) −CPE(t1).

The application of the proposed method to the battery
diagnostic ends is beyond the present scope and will be
studied in the future.

6. Conclusions

A non-invasive method to determine the electrode
balancing, namely the state parameters of positive and
negative electrodes separately in commercial LIBs, has
been presented. These state quantities were defined by
(i) the electrode capacity and (ii) the electrode equilib-
rium potential curves as functions of battery state of
charge.
The proposed method has been applied to the character-
istics of the battery voltage curve for a low constant-
current. The mathematical relationships between the
battery voltage and these state quantities were estab-
lished. We propose to determine these quantities by fit-
ting the average curve of the battery voltage measure-
ments at low current with the average reference curves
of equilibrium potentials of the battery electrodes.
The proposed method was used on a commercial
LiFePO4/graphite cell. The reference curves of equilib-
rium potentials of the battery electrodes are taken from
the literature. The results obtained are satisfactory in
terms of fitting quality and the magnitude order of the
state quantities of the electrodes.

Furthermore, the access of the individual curves of
electrode equilibrium potentials as functions of the bat-
tery state of charge is the first step towards the imple-
mentation of a non-invasive tool for the Li-ion batter-
ies fast recharging optimization. The second step that
we are working on is the non-invasive separation of the
contributions of both electrodes on the battery overvolt-
age for high charging currents. This will help to get a
non-invasive tool for monitoring the electrical potential
of the graphite electrode during fast recharging to avoid
the unwanted reaction of lithium plating.
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