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Abstract

The modeling of a battery by an equivalent circuit model requires the determination of its parameters. This determi-
nation can be done by exploiting the transient response of a battery to a current pulse (often called GITT: galvanostatic
intermittent titration technique). A classical approach is to first separate the open circuit voltage (OCV) and the
overvoltage, and then to extract the model parameters from the latter. However, the estimation of the OCV can be
difficult, which can lead to errors on the overvoltage, especially for slow dynamics such as diffusion. We propose here
a method to estimate the OCV during GITT and a method to estimate the overvoltage which allow the extraction
of parameters associated with slow dynamics. The results brought by the proposed method are compared with more
classical approaches.
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1. Introduction

Modelling a battery using an equivalent circuit model
requires the determination of parameters that represent
the physical phenomena taking place [1, 2]. The most
classical method for determining the parameters is the use
of current pulses, also called GITT (galvanostatic inter-
mittent titration technique) [3, 4]. This method uses the
transient response of the battery to characterize the model.
However, this method faces two difficulties which are the
estimation of an OCV during the test, and the exploitation
of the resulting overvoltage which may not correspond to
the theory. To estimate the OCV, the classical approaches
are to use a linear interpolation along the current pulses or
to use a so-called “pseudo-OCV” curve that is measured
independently by applying a very low current. While the
pseudo-OCV gives an estimate with an accurate shape, it
requires more tests than a linear estimate. Several tests
may be needed to consider the shape modification of the
OCV due to: a different electrode balancing [5, 6, 7]; an
heterogeneous operation inside the cell [8] and the hystere-
sis phenomenon between charge and discharge [9, 10, 11].
Determining pseudo-OCV curves for all these conditions
can be long and may not be suited for certain applica-
tions.

In the case of a battery with a non-linear OCV, the use
of simple methods such as linear interpolation does not al-
low satisfactory overvoltage estimates. Figure 1 illustrates
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Figure 1: a) Simulation of the voltage response of a battery to a
current pulse. b) Real and estimated overvoltage in the case of a

linear estimation of the OCV.

this by presenting a voltage simulation and the overvoltage
estimated by using a linear estimation of the OCV. The
estimated OCV differs from the real overvoltage in shape,
and cannot be used to determine electrical parameters.

The difficulty of the overvoltage estimation lies initially
in the estimation of the open circuit voltage of the battery.
A small error in proportion, a few mV, on the OCV esti-
mate can lead to a large error on the overvoltage, which
has an order of magnitude of the mV. Especially, the shape
modification of the overvoltage can greatly impact the ex-
tracted parameters, as illustrated in figure 1. Several phe-
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nomena make it complex to estimate precisely the OCV.
It has been proved by experiments that the following pa-
rameters vary the open circuit voltage of a battery [12]:

• the temperature;

• the immediately preceding operations of the battery,
by hysteresis effect;

• age and state of health of the battery;

• history of the battery (all the operations of the bat-
tery during its life).

The estimation of the OCV during GITT is thus a dif-
ficult but important step toward a correct overvoltage and
a correct model.

In this paper we present a new method to precisely es-
timate the OCV during a GITT. We also present a new
method to estimate the overvoltage that allows the deter-
mination of the parameters of an electrical circuit model
(ECM). The main interest is the modelling of the diffusion
phenomena, which have the largest time constant among
all the phenomena taking place in an operating battery,
and which are particularly sensitive to the estimated over-
voltage shape.

In section 2 we will present the proposed method for
separating the OCV and the overvoltage during GITT
tests. In section 3 we will present the application of the
proposed method to two lithium-ion batteries, compare
it to the linear OCV estimation and to the pseudo-OCV
measurement and then discuss the results. In section 4 we
compare the parameters obtained for our model based on
the three OCV estimation methods and discuss the valid-
ity and consistency of those results.

2. Proposed method to separate OCV and over-
voltage

2.1. Definition of an equivalent OCV
By construction, the ECM are often made with several

components that represent the cell overvoltage and with
a voltage source that represents the OCV of the battery,
measured at the thermal and electrochemical equilibrium
[4, 13]. This definition of the OCV at equilibrium implies
that any voltage variations from it must be included into
the cell overvoltage.

We observed in our research team that this feature can
lead to inconsistencies. For instance, the OCV shape is
often less visible when current is getting higher, as if the
OCV curve was smoothed. We found that this is poten-
tially due to a heterogeneous operation of the cell [8]. We
will demonstrate in this paper that this smoothing of the
OCV shape should be modeled has a apparent change of
the OCV curve itself, instead of a change of the overvolt-
age (thus a change of the impedance for an ECM). This
apparent changes of the OCV curve lead to what we call
an “equivalent OCV” OCVeq.

2.2. Definitions of transient and quasi-steady states over-
voltages

The exploitation of current pulses to determine param-
eters aims at better understanding and characterizing the
transient operation of a cell from a relaxed state to an op-
erating state. Our measurements have shown that, given
enough time, the voltage curve from current pulses joins
the trace of a voltage curve from a constant current dis-
charge at the same regime, as presented in figure 2a. On
these figures are displayed the traces from a constant cur-
rent discharge and from a current pulse discharge. Each
pulse is 480 sec long at 1C, which is approximately 13%
DoD. It can be seen that after 480 seconds the traces are
the same.

The overvoltage is a quantity that is used on ECM to
represent various electrochemical effects such as the charge
transfer, the diffusion or the electrolyte concentration gra-
dient. Those phenomena depends on the current, the tem-
perature, the state of health and the state of charge [14].
The physical phenomena such as the double-layer capac-
ity or the solid and/or liquid diffusion are dynamic with
a time-constant that can be characterized by EIS. Thus
we believe that after a certain duration the diffusion gra-
dients are the same in the active particles and in the elec-
trolyte [15]. In this case, the overvoltages values of two
discharges curves should be the same under the same ex-
perimental conditions (current, temperature, SoC, SoH):
concentrations gradients are established.

Some time is required for all the phenomena to reach
this state, but if we consider a battery in this quasi-steady
state then we can remove time from the expression of the
overvoltage ηGIT T (t, I, T, SoC), such as in Eq. 1:

ηGIT T (t, I, T, SoC) →
t→+∞

ηGIT T,qss(I, T, SoC) (1)

This assumption is supported by the fact that the traces
of the constant current and pulse current discharges are
overlapping after a certain duration: the steady-state is
reached. Thus the overvoltage at the end of each pulse
ηGIT T,qss is at the same level than the overvoltage from
the constant current discharge (Eq. 2).

ηGIT T,qss(I, T, SoC) = ηCC(I, T, SoC) (2)

The value of this overvoltage is called here the quasi-
steady-state overvoltage. Let us note ηqss this value. Re-
cently, Chen et al. [16] also demonstrated that the concen-
tration gradients in the electrolyte may change with the
state of charge, leading to variations of the quasi-steady-
state overvoltage with SOC. Given this, a constant current
discharge is therefore a measure of the OCV and the quasi-
steady-state overvoltage generated by the application of a
current I as presented in the equation 3

UCC,I = OCV + ηqss,I (3)
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(a) Voltages measured during the discharge of a cell "A"
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(b) Voltages measured during the discharge of a cell "B"

Figure 2: Traces of voltages measurements for discharges at constant current (CC) and by GITT

Provided that the OCV is the same for a constant cur-
rent discharge and a discharge from a GITT over the same
SoC range, we can also write the equation 4 for each GITT.
They allow us to observe a transient regime towards the
overvoltage in quasi-steady-state. We note the overvoltage
during the GITT ηtransient,I . The transient overvoltage,
which is usually called "overvoltage", allows us to char-
acterize the behaviour of the cell from a relaxed state to
a polarized state. The quasi-steady-state overvoltage, on
the other hand, allows us to assess only the value of the
overvoltage in the polarized state.

UGIT T,I = OCV + ηtransient,I (4)

2.3. Theoretical development
It is then possible to define the transient overvoltage

as a quantity that no longer requires the determination of
an OCV, but by a difference between the voltage UCC and
the voltage UGIT T thanks to the equation 5.

UGIT T − UCC = ηtransitory,I − ηqss,I (5)

This we can rewrite to obtain the equation 6.

ηtransitory,I = UGIT T − (UCC − ηqss,I) (6)

In order to exploit this relation, we need to determine
the quasi-steady-state overvoltage. Its value, ηqss, is indi-
rectly measured during the relaxation phase. Indeed, this
phase represents the transition from the polarized state to
a relaxed state. Independently of the dynamics of this re-
laxation, the voltage difference between these two phases
gives us a value of the quasi-steady-state overvoltage for
each of the GITT, noted ηqss,meas. The dynamic of the
relaxation was not studied because it is different from the

polarization and requires a specific modeling [17]. By in-
terpolating these overvoltages measurements with respect
to the SOC during the GITT, we can obtain an estimate
of the overvoltage for any intermediate state of charge
ηqss,est. This interpolation is made with a polynomial
of order 3 between each measured point to ensure a con-
sistency between each measure. It is therefore possible
to define the transient overvoltage thanks to these three
quantities which are UCC , UGIT T and ηqss,meas the quasi-
steady-state overvoltage measured during the relaxation
phases.

In order to return to a more classical definition of the
overvoltage, we propose to define an equivalent OCV as in
eq. 7.

OCVeq,I = UCC − ηqss,I (7)

which allows to rewrite the equation 6 into the equa-
tion 8. This term of equivalent OCV makes it possible to
specify that what we estimate is not what we could de-
fine as a OCV, i.e. a measurement of the voltage in a
relaxed and homogeneous state. This OCV is measured
for a current regime, of value I, and corresponds to the
voltage which allows us to find the values of UCC when
we add the measured overvoltage ηqss,mes. This equiva-
lent OCV has a form that depends on the current, and the
current regime is also indicated as a subscript to show the
conditions for determining this OCV.

ηtransient,I = UGIT T −OCVeq,I (8)

In contrast to a linear estimation of the OCV, the use
of the voltage UCC to estimate an equivalent OCV allows
to keep an acceptable form of OCV. This method is also
faster than a measurement of a pseudo OCV since the
equivalent OCV estimation does not require to tend to a
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relaxed state at each instant. Thus, this method seems to
be a good compromise between the use of a linear interpo-
lation, which is fast but not very accurate, and the use of
a pseudo-OCV which is long and is bound to be outdated
when the OCV changes.

3. Application to a Li-ion cell

In order to test and compare the results of parameter
extraction according to the OCV estimation method, we
performed CC and GITT discharges on 2 types of bat-
teries. Battery A is a power battery and battery B is
more of an energy battery. These batteries have different
chemistries, and therefore different OCV shapes. Battery
A has a smooth OCV with little variation in slope, while
battery B has an OCV with highly non-linear areas.

3.1. Experiments performed and experimental protocol
The experimental protocol consists of a charge at con-

stant current and then at constant voltage (CC-CV) up to
the maximum voltage given by the manufacturer, followed
by a 2h relaxation period. A discharge at constant current
until the minimum voltage given by the manufacturer is
then carried out. After 2h of relaxation, the battery is
recharged according to the same protocol as before. 2h
of relaxation are again observed before carrying out par-
tial discharges at constant current (GITT) for a time of
8 minutes, i.e., 480 seconds. This time was chosen to be
able to observe overvoltage whose time constant is of the
hundreds of seconds. It also makes it possible to highlight
the phenomenon of variations of the steady-state overvolt-
age value. When the battery reaches its minimum voltage
during a GITT, a period of relaxation of 2h is observed
and the test is stopped. Figure 2 show the measurement
from this protocol.

The pseudo OCV used in this article was measured at
C/100 under constant current in a climatic chamber at
25 °C.

All the other tests are performed at 1C and 20 °C.
They take place in a climatic chamber regulated in tem-
perature, and the cell are tested one by one, to keep them
at the regulated temperature as much as possible. Under
the hypothesis of a low heating and a good thermal dissipa-
tion, which should be reasonable due to the experimental
protocol presented in the this section, the temperature can
be considered constant. The state of health will be consid-
ered identical because the tests (CC discharge and GITT
discharge) are done consecutively. Based on this we con-
sidered an overvoltage that depends on current and SoC
only in section 1.

3.2. Results
The estimate of the three different OCV estimations

for cell B are shown in the figure 3. The three methods
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Figure 3: a) Estimated OCV from a linear interpolation, a
pseudo-OCV and the equivalent OCV obtained using proposed

method. b) Zoom around 35% DoD.

show globally the same shape, there are differences in ar-
eas where the OCV is non-linear. The linear estimation
of the OCV can be very different in these areas. A zoom
on the OCV shapes around the depth of discharge (DoD)
35 % is shown on figure 3b. It can be seen that the equiv-
alent OCV - estimated thanks to the proposed method -
is smoothed compared to the pseudo-OCV (see section 2).
This smoothing is also visible at for higher DoD. We will
see now that overvoltages estimated thanks to these three
OCV can greatly differ.

Our estimates of overvoltages are presented in figures
4a and 4b for type A and B cells respectively. However,
the results are not satisfactory, especially in terms of the
shape of the overvoltages, which are different from what is
expected in theory, despite our observations on the volt-
ages measured. The overvoltages do not seem to converge
towards a limit value but increase without any significant
sign of a limit value. As the electrical model, presented
later, used in this work has been used in several publi-
cations [18, 19, 20], it is considered more robust than the
overvoltage estimate. Therefore, these results do not ques-
tion the model itself but our way of estimating the over-
voltages.

3.3. Discussion
In figures 4a and 4b, the overvoltages were simply de-

fined as in equation 8. However, as we saw when we
constructed the equivalent OCVs, the quasi-steady-state
overvoltage ηqss,I is a quantity that has variations with
the SoC. ηqss,I has been reproduced on figures 4a and 4b
to demonstrate that the transient overvoltage ηtransient,I

tends toward ηqss,I for cells A and B. This effect is particu-
larly strong for cell B, because its OCV is very non-linear.
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(a) Overvoltages estimated for cell A
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(b) Overvoltages estimated for cell B

Figure 4: Overvoltages estimated with the different OCV estimation methods & estimated quasi-steady-state overvoltage for both cells

From figure 4b, we can see some benefits of the pro-
posed method for estimating the equivalent OCV. The
overvoltage appears to tend smoothly towards the quasi-
steady-state, needing almost the same duration to reach
it for each of the GITT pulses. To the contrary, the over-
voltages estimated by the other methods (linear estimation
and pseudo-OCV), appear to be less robust: they are cor-
rect for linear parts of the OCV, but they are skewed for
cell B around DoD 35 %, 60 % and 80 % (see this cell
OCV on figure 3). Finally, the overvoltage estimations af-
ter DoD 80 % are all bad. This can be explained by the
complexity of the cell behavior in this operation range,
mixing several effects due to heterogeneity and diffusive
phenomena [8, 21].

To better observe the diffusion dynamic, we therefore
propose to divide the transient overvoltage obtained by
the estimated value of the quasi-steady-state overvoltage.
This gives a dimensionless signal, whose value is between 0
and 1, and which is defined by the equation 9. In this equa-
tion the OCV term represents the chosen estimate of the
OCV (linear, measured pseudo-OCV, equivalent OCV).

ηadim = UGIT T −OCV
ηRP,est

(9)

This method allows us to obtain the signals presented
in figure 5a for a cell of type A and in figure 5b for a cell of
type B. We observe a change in shape in both cases. The
overvoltages have more regular responses and are closer to
the expected overvoltage shape (see figure 1). The compar-
ison of the overvoltages shows that the proposed method
allows us to have overvoltages that can be modelled with
the chosen electrical circuit, presented in the next section.
In the case of a linear estimation of the open circuit volt-
age, the selected electrical circuit cannot model it, which
leads to important errors. Although the final values of the

overvoltages are comparable for the first overvoltages, the
shape of makes it difficult to automatically optimize the
circuit parameters. The direct consequence is either an
error on the value of the overvoltage or an error on the
dynamics of the battery response. For the type A cell,
the contribution of this method is lighter but still leads
to parameters without outliers, which is the case for the
estimation based on a linearly estimated OCV.

Regarding the first GITT pulse, the proposed method
cannot be applied because the GITT and CC discharge
curves have approximately the same trace, thus our theo-
retical development gives for this peculiar case:

ηadim = UGIT T − UCC + ηqss,I

ηRP,est
≈ 0 + ηqss,I

ηRP,est
= 1 (10)

4. Extraction of parameters

4.1. Electrical model of a battery
A battery is an imperfect source of voltage that varies

according to the current delivered. The simplest model
of a battery is therefore a voltage source coupled to an
impedance that models the effects of the current on the
voltage. This impedance must model the overvoltage that
will be seen at the terminals of the battery by the external
system. Physical considerations [22, 23, 24, 18, 19, 20]
have led to equivalent circuit models of the U-R-RC-nRC
type as shown in figure 6.

A voltage source UOCV represents the open-circuit volt-
age of the cell, as defined in section 2. The overvoltage of
the cell is modeled by several components. A first resis-
tor Rs represents an instantaneous overvoltage that comes
to model the contributions of the current collectors, the
tabs, the electronic flow in the active material as well as
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Figure 5: Normalized overvoltages for the three methods.

Figure 6: Equivalent circuit model of a battery that allows to
model the main phenomenon.

the various connections from the battery to the system in
which it operates. Then a surface resistance Rsurf asso-
ciated to a surface capacitance Csurf are linked to a fast
dynamic. The surface resistance models the reactions at
the electrode/electrolyte interfaces, as well as the possible
contribution of a SEI-type layer on the electrode surface.
Finally, on a slower dynamic, of the order of a hundred sec-
onds, the solid and liquid diffusion phenomena are mod-
elled by a number n of RdCd circuits, in theory infinite.
These RC circuits approximate a specific impedance Zd re-
lated to these phenomena, which is in general a Warburg
impedance [24]. In practice, to avoid large computation
times, this number is limited. In this paper, which focuses
on a new method of parameter extraction more than on
the accuracy of the modelling, we have chosen to use only
one RC circuit to model the effects of diffusion.

Such a model has a response to a current pulse that is
constituted of several, 2 here, RC charges until a steady-
state is reached. Studies [25, 14] have shown that all the
resistive phenomena of a cell depend on the state of charge.
The steady-state value that is normally reached is then
here a quasi-steady-state which vary with the SoC, as ob-
served in our measurement presented in section 2.

In this paper we used an algorithm that seeks, for each
overvoltage curve, the best set of parameters to minimize
an error function between the estimated (via measure-
ment) and simulated overvoltage. The simulated over-
voltage comes from the chosen equivalent circuit model.
Regarding the value of the series resistance, their values
are low, and the optimization was struggling to determine
them, or sometimes returned negatives values to have a
better fit. To avoid this, we used an EIS to determine the
values at different state of charges and fixed the value in
the optimization algorithm. It appeared that the serial re-
sistance value is almost invariant to a SoC change, which
leads to the same value being used for all optimizations.

4.2. Results of ECM fitting
The diffusion results are the most influenced by shape

variation, so we only present here the results for the re-
sistance diffusion on the figure 7 and the time-constant
diffusion on figure 8.

5. Analysis

5.1. Signal shape
For the two batteries studied, and for all overvoltages,

the proposed method provides a signal shape can be mod-
elled by the selected electrical circuit. Compared to a
simple piecewise linear estimation of the OCV, we ob-
serve an improvement, especially in the case of non-linear
OCV, such as that of battery A, or that of battery B dur-
ing plateau transition. This phenomenon is particularly
marked on the figure 5b for overvoltages 3 and 5, 6 &
7. Before a plateau transition, we see an increase in the
equivalent resistance of the battery, and then a decrease
after the plateau transition. Where an overvoltage will
be poorly defined because of these variations in estimated
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Figure 7: Diffusion resistances fitted for normalized overvoltages with a pseudo OCV and the proposed method.
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Figure 8: Diffusion time constants fitted for normalized overvoltages with a pseudo OCV and the proposed method.

OCV, the signal we propose to study has a form that can
be used for parameter determination.

The applied shape correction requires to estimate the
steady-state overvoltage for the range of SoC covered dur-
ing the GITT. However, the variations obtained allow no-
table improvements, such as for example the slot n°7 of
battery A (figure 4a) which becomes exploitable on figure
5a.

5.2. Value of the model parameters
We also observe that an electrical model applied to

classical surges converges to inconsistent solutions, espe-
cially on the diffusion parameters with values several or-
ders of magnitude above the values found with the pro-

posed method or above a coherent value. The richness of
the chosen electrical circuit allows us to propose a model
even though it is physically incorrect. Although the RMS
errors are comparable for the three methods, and of the
order of percent, the value of the parameters allows us to
discard the linear estimation method of the OCV.

The extremely large time constant values found for the
battery A for a linear estimation of the OCV imply that
the curves of the voltages UCC and UGIT T should not have
the same trace after a few hundreds of seconds, which we
observe. For battery A, even the time constant values ob-
tained by using a pseudo-OCV are about 400 sec, which
would imply that the traces displayed on figure 2a should
not be the same after only 480 seconds. The proposed
method allows us to obtain lower values, of the order of
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two hundred seconds for the diffusion time constant, which
allow us to validate the concept of steady-state overvolt-
age and is coherent with the graphic observations.

The values of the parameters obtained for an estima-
tion of the OCV by a pseudo-OCV, and the proposed
method give results which are globally similar. However,
the use of a pseudo-OCV requires an accurate estimation
of the OCV and faces problems of sustainability in time
as said in the introduction. The open circuit voltage of
a cell is a quantity which evolves with the ageing of the
cell, and modifications of form can appear. This operation
of determination of the OCV is long [8] and has to be re-
peated in a regular way. The proposed method makes it
possible to avoid this operation by proposing an estima-
tion at an identical state of health thanks to a discharge
with constant current, while giving similar results.

Besides, we found that the diffusion time constant de-
termined thanks to our approach does not depend on the
SoC for the studied battery. It may be explained by the
fact that this time constant represents the dynamic of the
lithium concentration gradients creation inside the active
materials and the electrolyte during operation [15]. The
creation of this gradients would thus have the same speed
regardless of the SoC, but the effects of these gradients
would be depending on SoC (namely the diffusion resis-
tance whose shape varies in relation with the OCV shape).

6. Conclusions

We proposed a characterization method that allows the
extraction of the diffusion resistance and time constant of
a LIB battery. This method requires GITT and constant
current tests.

The proposed method is based on a more realistic sep-
aration of the battery OCV and overvoltage. It has been
tested on two different chemistries and gives reliable re-
sults, both on areas where the OCV is relatively linear
and on areas where it is strongly non-linear. It brings re-
sults that seem more consistent with the electrochemical
phenomena occurring inside a battery.

The benefits of the proposed approach are the charac-
terization of the diffusion resistance as a nearly continuous
function of the SoC and a more accurate determination of
the diffusion time constant compared to the classical ap-
proach (that is linear interpolation of the OCV between
GITT pulses).
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