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Abstract—This paper describes experimental results aiming at
analyzing lithium-ion batteries performances with aging, for
different state of charge and temperatures. The results are
provided from electrochemical impedance spectroscopy (EIS)
measurements on new and aged cells. A climatic test chamber is
used during experiments to simulate the conditions of the
temperature. Experimental data are plotted over a broad
spectrum of frequencies on Nyquist diagrams. We will also
inspect the impact of the presence of a DC current during the EIS
measurement. Finally, obtained results will be processed in a way
to be used in a fuzzy logic system (FLS), to assess either the state
of charge (SOC) or the state of health (SOH) of cells.

Keywords -- Lithium-ion batteries, Aging, EIS, State Of
Charge, State Of Health, Fuzzy Logic System.

L INTRODUCTION

Lithium ion secondary batteries are now being used in wide
applications especially for consumer electronics. However
they are growing up in popularity for defense, automotive, and
aerospace applications because they are light in weight, high
in power, and long in cycle life.

Since several years SAFT has developed a range of lithium
ion cells and batteries to cover the full spectrum of
applications [1].

Ageing of lithium ion cells is an important question in all the
applications that include this kind of batteries. It impacts on
the battery performance [2], and hence, it modifies
considerably the output parameters (such as the state of
health).

For secondary batteries, the ageing includes both the calendar
aging due to storage related to the time domain (in the range
of months to years), and cycling aging related to the operation
of charge/discharge of cells depending on the application
profile.

To follow such a characteristic, electrochemical impedance
spectroscopy (EIS) measurements on SAFT lithium ion
batteries are carried out. EIS measurements interest both
electrochemical and electrical researchers. The first ones,
because it gives them information about kinetics in the
electrodes (such as Li+ diffusion rate) [3]. And the second
ones, because it helps them to have an accurate equivalent
circuit of the battery. This common measurement technique
methodology has been studied for almost all battery
chemistries not only for SOC, but also for SOH determination
[4,5].

Fuzzy logic system is one of the used methodologies, which
combined with EIS measurement allows to assess the SOC
and the SOH of batteries. Singh et al. have published
noteworthy articles about using the EIS measurement with the
fuzzy logic methodology to determine the SOC and/or the

SOH of different battery chemistries from the VRLA batteries
[6], to lithium-ion batteries used in defibrillators [7, 8], and
other such as Nickel/metal hydride cells [9].

This paper shows experimental results obtained by EIS
measurements on 2 types of Lithium-ion batteries, which had
different aging processes and may differ at the electrochemical
level, and their utilization as input parameters of a fuzzy logic
system (FLS) to evaluate the SOC/SOH of batteries. Also, the
word ‘battery’ will refer to either one cell or several cells.

II.  OVERVIEW OF EXPERIMENT

A.  Used lithium-ion cells

The cells used are lithium-ion SAFT power cells: VL30P
which outputs a nominal capacity of 30 Ah and VL6P which
outputs a nominal capacity of 6Ah. They have both a full
charge voltage of 4V. And their chemistry is based on a
natural graphite negative, a LiNi,Co,Al,O, positive and 1M
LiPF6 electrolyte. We will compare results obtained by each
kind of cells.

For the VL30P, experimental tests were done for aged cells
under different temperatures (0°C, 25°C/77°F and 45°C). This
cells got accelerate ageing procedure during more than 6
months, in a climatic chamber at 60°C, in a fully state of
charge. Accelerate ageing is caused by the application of a
high temperature which contribute to degrade the age of
batteries [10].

The climatic chamber can have a temperature fluctuating
between -30°C and 60°C.

For the VL6P, depicted in Figure 1, experimental tests were
done for new and aged cells at room temperature 25°C.
Concerning the aged ones, they got different process of aging
that we will describe later.

Figure 1: Lithium-ion VL6P cell from SAFT with connecters
for EIS measurements.
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The climatic chamber and measurement devices, as
illustrated in Figure 2, are located at SAFT Bordeaux.

B. Application of EIS measurements

The electrochemical impedance (or AC impedance) of a
battery characterizes its dynamic behavior, Huet [11] made a
review of impedance measurements for the determination of
SOC or SOH for secondary batteries. EIS measurement
consists in applying a sinusoidal excitation on the input signal,
and to study the impedance response of the system. This
measurement is carried out over a wide range of frequencies.

For the EIS measurement, we used an Autolab®
PGSTAT20 measurement unit, comprising a combined
galvanostat/potentiostat and frequency response analyzer
(FRA) to measure both the cell voltage and its AC impedance.
A current booster, Autolab® BSTR10A, which increases the
maximum current of the instrument to 10 A was combined
with the Autolab® PGSTAT?20 (in Figure 2).

All EIS measurements were made in a galvanostatic mode,
in a four-terminal configuration with applied ac signal
amplitude of more or less 3A.

The Autolab® FRA version 2.4 software was used to drive
and set the EIS measurement, e.g. by choosing the frequency
range etc...

C. EIS measurements procedure

The overall measure procedure is described by the
following steps; we will notify that cells will be kept into the
climatic chamber at the desired temperature:

[1 Charge or discharge of the cell till it reaches the
wanted state of charge.

[J EIS measurement, by galvanostatic mode [12],
over frequency range of 0.1 Hz to 65 kHz for
VL30P, and 0.1 Hz to 10 kHz for VL6P. Data will
be collected on 31 points on a logarithmic scale.

[J  Repeat steps above for each SOC, and then for
each temperature.

For VL6P, an additional step consisting of applying a
current of charge 5A, or discharge: -5A and -20A, during the
EIS measurement will be performed. These EIS measurements
with a DC current are an uncommon characterization.

Acquired data are presented through the Nyquist diagram of
the complex impedance, in a single curve over the entire
frequency range, by the Autolab® FRA version 2.4 software
(Figure 3) and converted into a file text before saving on the
hard disk of the computer.

III. RESULTS AND DISCUSSION

A. EIS measurements on aged VL30P cells

As described in the measure procedure above, the aged
VL30P cells will be in a steady state, i.e. no current DC
(neither of charge nor discharge) will be applied during the
EIS measurement. Representative results for each of the
temperatures are shown below in function of three levels of
the SOC: at 100%, 60% and 20%. Figures 4-a, 4-b and 4-c,
illustrate EIS measurements for an aged VL30P for 0°C, 20°C,
and 45°C respectively.

Figure 2: The climatic chamber and used measurement
devices of battery impedance
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Figure 3: Front panel of Autolab FRA software

Figure 4-a shows that values of Z’0 (defined as the point
where Z’’ is equal to 0) at 20%, 60% and 100% of SOC
almost overlap each other. However, Figure 4-b and Figure 4-
¢ show that as the SOC decreases, the value of the resistance
Z’0 grows up.

This results show that for a temperature higher than 0°C, we
can perform a fuzzy logic system to assess the value of the
SOC. Inputs of the FLS will be based on previous data
extracted from EIS measurements.
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Figure 4-a: Results of EIS measurements at 0°C

Figure 4-b: Results of EIS measurements at 20°C

Figure 4-c: Results of EIS measurements at 45°C

B. EIS measurements on aged VLGP cells

This time a current, either of charge or discharge, was
applied during the EIS measurements, both on new and aged
VL6P cells. As mentioned above, all measurements were
conducted at room temperature, and the aged cells got
different process of aging, hereafter the difference between
cells:

0 Celll,2,3 and 4: new VL6P cells. For these new
cells, only analyses of EIS measurements of the
cell 1 are discussed here, because the other new
cells have the same features.

[J  Cell 5: aged cell, VL6P after 725 days of storage at
60°C, at 60% SOC.

[ Cell 6: aged cell, VL6P after 500 days of storage at
60°C, at 60% SOC.

Cell 7: aged cell, VL6P after 6200h of cycling

according to a particular HEV accelerated profile.
Analysis of the EIS measurement of the “Cell 17 at 80% of
SOC, at room temperature 25°C, without applied DC current,
under a current of charge of 5 A, and a current of discharge of
both -5A and -20A, are gathered on the Nyquist diagram
shown in Figure 5-a. Figure 5-b is a zoom of this Nyquist plot.

Figure 5-a: results of EIS measurement for VL6P Cell 1

Figure 5-b: zoom on the Nyquist plot of Figure 5-a

It appears that at Z”=0: as current DC decreases, the value
of resistance Z’o does alike.

Figure 5-a, Figure 5-b and Figure 5-c display EIS
measurement for the different cells at 80% of SOC,
respectively without DC current, under a current of discharge
of -5A and a current of charge of 5A.

From these experimental results, it emerges that not only
does the value of Z’0 rise up in aging cells, but it also changes
depending of the type of ageing. In addition, we can observe
that there is no difference between results obtained for EIS
measurements with a current of charge or discharge, either for
new or aged cells. Moreover, it is shown that having a current
of charge/discharge during the EIS measurement has an
influence on the AC impedance of lithium-ion batteries (see
Figure 5-a, Figure 6-a, b, c).

Finally, fuzzy logic systems can be deducted from both
results of EIS measurements without DC current and under a
DC current of charge or discharge. And as we saw differences
between impedance of new and aged cells, we can use EIS
measurements to evaluate the SOH of cells, taking into
account the used process of ageing, and the fact that we are
either under DC current or not.
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Figure 6-a: Results of EIS measurements on different VL6P
cells with no DC current

Figure 6-b: Results of EIS measurements on different VL6P
cells with a DC current of discharge

Figure 6-c: Results of EIS measurements on different VL6P
cells with a DC current of charge

The chart Figure 7 summarizes how this methodology was
used to evaluate the SOH of the Li-ion battery.

V. CONCLUSION

In this paper, we have presented EIS measurements for two
types of lithium-ion cells, and how we can use obtained results
to build a fuzzy logic system, by processing the correct input
parameters. In addition to the chemical composition of cells,
each condition of temperature and SOC has an impact on the
use of batteries, specifically here on the AC impedance. Also
the DC current during EIS measurement may have an
influence on the AC impedance. The interpretation of results

Sensors’ measures:

EIS measurements

Temperature SOC Value of the DC current |

yes

Input parameters :

Conditions of use as Frequency f
inputs of the FLS Impedance at Z'=0
Impedance at Z(f)

Fuzzy Logic System /
Inference

Determination of the SOH
of the battery

Figure 7: Chart of the determination of the SOH

can differ depending on the expert’s knowledge either in
electrochemical or electrical engineering.

Further studies are planned to be performed, showing how
more extreme conditions of temperatures may impact on the
cycle life of lithium-ion batteries, with more interest in other
cell configurations.
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