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Résumé — Identification fréquentielle et temporelle d’un modéle de batterie Li-polymere utilisant
une impédance fractionnaire — La modélisation des batteries lithium de fortes puissances est un
moyen performant de dimensionner le pack de batterie des véhicules hybrides. De plus, cet outil peut &tre
utilisé pour évaluer précisément les caractéristiques d’une batterie a chaque étape de sa vie. Jusqu’a
maintenant, les structures de modeles different selon 1’utilisation du modele et les limitations de la
simulation. Il apparait au travers des mesures de spectroscopie d’impédance que le modele doit
comprendre une impédance d’ordre non entier. Or, ce type d’impédance ne peut pas étre simulé par les
logiciels dédiés aux véhicules hybrides et nécessite donc une approximation. Par ailleurs, les mesures
d’impédance sont réalisées a faibles courants par rapport aux intensités observées en usage normal, ce qui
peut induire des erreurs de modélisation dans le cas ot I'impédance varie avec le courant. Ce papier
présente un modele qui utilise une impédance d’ordre non entier de gamme de fréquence bornée et qui
prend en compte le phénomene de non linéarité. Les parametres sont identifiés partiellement par
spectroscopie d’impédance pour la partie haute fréquence et par chronopotentiométrie pour la partie
basse fréquence dans une large gamme d’intensité. Le modele est validé avec des échelons de courant de
fortes intensités et un profil de courant simulé sur un logiciel de simulation de véhicule hybride.
L’hypothese de non linéarité est vérifiée.

Abstract — Frequency and Temporal Identification of a Li-ion Polymer Battery Model Using
Fractional Impedance — The modelling of high power Lithium batteries may work as a powerful tool in
the sizing of batteries pack in hybrid vehicles. Moreover, this tool can be used to evaluate accurately the
battery characteristics at each level of its lifetime. Until now, the model structure differs according to its
end-use due to simulation limitation. Indeed, impedance measurements obtained by electrochemical
impedance spectroscopy needs non-integer order impedance in order to correctly model diffusive
phenomenon. However, this impedance cannot be simulated easily in software dedicated to hybrid
vehicles and needs approximations. Furthermore, impedance measurements are realised with low
currents comparing to currents that are forecast in normal uses of high power batteries and can induce
errors if the impedance is varying with the current. This paper deals with non linear dynamic models that
use band-limited frequency impedance with non-integer order. The parameters are identified partly by
impedance measurements for high frequencies and partly by chronopotentiometry measurements for low
frequencies. Validation tests are made with staircase of high intensity and current profile simulated on a
hybrid vehicle software. The hypothesis of non-linearity is verified.
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INTRODUCTION

The battery is one of the essential parts in a Hybrid Electric
Vehicle (HEV) and probably the most critical one with
respect to reliability and life expectation. It is a primordial
element in the concept of hybridation because it enables to
reversibly store energy. The energy stored is picked up dur-
ing deceleration of the vehicle and used for starting the ther-
mal engine and giving a boost during acceleration. The bat-
tery can be used in a sustaining mode, i.e. in a small window
of State Of Charge (SOC), or in a depleting mode, i.e. in a
large window of SOC. The second case enables a succession
of high power discharges which permits the vehicle to reduce
much more its consumption or even to stop completely the
thermal engine. The power supplied and received by the bat-
tery is variable and could be very important depending
notably on the sizing of the pack of batteries and its manage-
ment. In order to optimize its sizing and to maintain a correct
lifetime, the knowledge of the model of the electric storage
components and their dynamic response is necessary.

The modelling of batteries is not an easy task. The reasons
are [1]:

— batteries are not stationary due to the SOC variation and
diffusion phenomenon;

— they are systems highly non-linear regarding to the current,
temperature, etc.

Two families of identification of the model parameters,
temporal and frequency, are currently used but not necessar-
ily for the same purpose.

In one hand, it is possible to use the temporal chronopoten-
tiometry. This technique consists of applying a pulse of cur-
rent and measuring the voltage of the elements. It’s the
method used by the Patnership of the New Generation of
Vehicle [2] who names it High Power Pulse Characterization.
The aim is to evaluate the resistance of batteries after a certain
time of applied current. It can also be used to identify much
more complex model as it was proposed in the study with
ADVISOR models [3]. It’s also possible to use profile of cur-
rent to model dynamic behaviour. This profile can be a
pseudo random binary sequence [4] or simply represent a pro-
file of current which could be measured on a HEV [5]. In the
other hand, a well-known technique for impedance characteri-
zation is impedance spectroscopy [6]. This technique can be
used to identify relationship between material properties and
battery performance if just one interface is studied [7, 8]. It is
risky to do the same with a complete cell because it’s not pos-
sible to dissociate the effect of the cathode from the one of the
anode. However, it is possible to associate the impedance
measured by spectroscopy to the state of charge, or even state
of health [9, 10]. Moreover, the impedance of a battery cell
has been identified with this technique [11]. Currently, in
electrochemical studies, the voltage oscillation is imposed
around the Open Circuit Voltage (OCV) but in case of
commercial cell, it is possible to impose current oscillation

and to control state of charge during the operations. The
measurement of impedance can be done with or without
current polarization. When the spectrometer can supply
sufficient continuous current, it is possible to highlight non
linearity of the battery impedance with the current level
[1,9,10, 12, 13, 14]. Another frequency method to identify
battery impedance consists of using Laplace transform of
temporal solicitations [15, 16].

The advantage of chrono-potentiometry is to allow discharge
and charge of high current level as in normal use. However,
the acquisition frequency may be limited by the equipment
and prevents from identifying correctly the impedance at
high frequencies. On the contrary, impedance spectroscopy
gives a precise impedance measurement in a wide band of
frequencies but only for low current values. In order to conju-
gate the advantage of each technique, the method used in this
study consists of a partial identification of the model by spec-
troscopy impedance and the rest by chronopotentiometry. It
enables a gain of time due to the less time spent in impedance
spectroscopy at low frequencies and a more complete model
with the non-linearity of impedance with current.
Furthermore the equipment is standard unlike some other
works [13, 14].

1 IMPEDANCE-BASED BATTERY MODEL

1.1 Full Model for Identification

The model used in this study is an equivalent electric circuit
with lumped parameters. In such a model, parameters could
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Figure 1

Simplified electric circuit model and its representation in
Nyquist plan.
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be tabulated according to SOC, current, temperature, etc.
[13, 17]. A representation of our model depending on SOC
and current is given in Figure 1. It consists of an open circuit
voltage OCV in series with a complex impedance. The tabu-
lation of the OCV according to SOC could be a very difficult
task if hysteresis phenomenon occurs as observed with
NiMH batteries [13], but it is not the case in our study since
hysteresis is very small in this type of Li-ion battery. The
complex impedance is composed of 3 elements in series: a
resistance R; for modelling the ohmic behaviour, a resistance
R, in parallel with a Constant Phase Element CPE, for mod-
elling the charge transfer and double layer processes and
another Constant Phase Element CPE; associated to the dif-
fusion behaviour. This impedance model is adapted to fit
well with impedance spectrum (cf. Fig. 1). In many studies,
the diffusive impedance is represented by a Warburg imped-
ance which expression, in frequency domain, is:

1
tanh(y/ jTw)
0\jo

[14, 17]. However, in our model, we used a simplified
expression of the Warburg impedance obtained with a con-
stant phase element CPE;. The difference between these two
expressions occurs at very low frequencies not reached in
this study.

Z(jw) =

1.2 Modelling the Constant Phase Element CPE;

A CPE consists of non integer order impedance which is
expressed in the frequency domain as:

1
CPE(jo)=——— 1

(jo) 0oy )
with w the pulsation in rad.s!, o a real number comprised
between 0 and 1 and Q a constant expressed in F.s*!. In the
case of o = 1, CPE is equivalent to a capacitance. In the case
of a = 0, CPE is equivalent to a resistance. A CPE is repre-
sented as a straight line in Nyquist plan (Fig. /) and in Bode
diagram (Fig. 2). Simulation in temporal mode necessitates
finding an equivalent circuit of CPE. Several authors pro-
posed to use a mathematical series of R//C circuits as an
equivalent of the diffusive Warburg impedance [14, 17].
Based on the same principle, a CPE could be approximated
by a fractional impedance in a limited frequency band [4,
18]. It consists of several R//C circuits which frequency char-
acteristics are judiciously chosen in order to approximate a
straight line only in a limited frequency band [, 0] as
shown in Figure 2. In this work, we used five R//C as a good
compromise between accuracy and duration of computation.
The expression of the impedance is given by:

Jjo Jo

' v 1+(D|1 1+(D'4 (2)
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Figure 2
Bode diagram of the approximation of the diffusive
impedance by 5 circuits R//C.

The pulsations w; and w’; of each R//C circuits are depending
on the others by these relations:

logB; =logw,,, —logw; 3)
logB, =logw,,; —logw; 4

The slope of the approximated impedance in Bode diagram
is given by:

log 3,
=]1-—"1 (&)
logB,

Then, as one can see on a Bode diagram (Fig. 2), the gain
of the approached line is fixed by y when the pulsation tends
to zero, i.e. Z(w—0) =v.

In summary, a CPE which is defined by Q and a is
approximated in the frequency band [w,,;,, W] by an
impedance defined by four parameters (w;, ws, Y, p).

1.3 Modelling R,//CPE,

The impedance of the circuit R,/CPE,, also named ZARC
[6], is expressed by:

Z,(jw) = with T, = R,0, (0)

2

1+1,(jom)*

It is possible to extract the value of these parameters
from an impedance spectrum (cf. Fig. 3). Firstly, the inter-
section of the impedance spectrum with the abscissa line
enables to detect R;. Secondly, the spot at top of the semi-
circle is characterized by its real part, its imaginary part
and its pulsation w,_,. Their values can be obtained by
measurement. The real part is equal to R; + 0.5xR, and
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Figure 3
Representation of Z, in the Nyquist plan.
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Representation of the fitting function of R,.

enables to evaluate R,. The characteristic pulsation w,, is
linked to the other parameters [6]:

1
0, =—— )
s
a, is obtained from the following expression of the imaginary
part of the top of the semi-circle deduced from Equations
(6) and (7):

sin ((12 )
3, (2 (0.)) = R ———— 2 ®)

o]

Then, the parameter t, and consequently Q,, is deduced
from Equation (6) of the pulsation of the top of the semi-circle.

1.4 Non-linearity of R,

The phenomenon of non-linearity is taken into account for
the resistance R,. The formalism of Butler-Volmer is consid-
ered for this purpose [13]:

i =4 (e - M) with n = u — OCV ©)

A hypothesis of symmetry is made concerning the non-
linearity between the charge and the discharge (a =0.5). So:
i = A sinh(Bn) (10)
It is possible to deduce an expression of the equivalent
resistance:
1 di

— =— = ABcosh(B (11)
R dn (Bn)

Then, an expression of R,(i) can be derived:

Rz(i)=;+c

AB /1+(i')2 (o
A

For the need of fitting, it appears that it is necessary to add a
constant C to R,. The representation of this function is given
at Figure 4.

1.5 Simplified Model

It appears when identifications of these parameters are made
that T, is comprised between 20 and 30 ms. Considering that
this time constant is very small compared to acquisition
period of the solicitation profile (100 ms), the model Z, can
be simplified. A pure resistance R, replaces the R,//CPE,
which results on a simplified model (cf. Fig. 5) to be used for
simulation.

To conclude, at each SOC, the battery model used in
temporal simulation is defined by:

— the OCV;

— the resistance R ;

— the parameters of the non linear model of R,: A, B, C;

— the parameters of the diffusive impedance CPE;: w,, ws,

Y. P-

So, 9 parameters are needed to be identified in order to
simulate correctly the model. Moreover, the evaluation of
each of them could give great information on battery behav-
iour according to state of charge, temperature and state of
health.
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Figure 5

Simplified model of li-ion battery used in temporal
simulation.

2 METHODS & EXPERIMENTAL SETUP

The experimental data of this study concern a Li-ion Polymer
battery (KOKAM SLPB 702051300P — 12 Ah) tested at
20°C.

2.1 Existing Methods for Identification of the Model
of Battery

As previously said, the two main possibilities to obtain
experimental data for identification of the model of a battery
are impedance spectroscopy and chronopotentiometry:

— impedance spectroscopy is based on the measurement of
complex impedance of the battery at various frequencies
Z(f) = R(NH+iS,,(f). The advantage of this method is
the full signature obtained for the battery. Difficulties exist
to measure impedance at very low frequencies (below 1 mHz)
because of the duration of the operation, which could last
several hours in this case, and the eventual consequently
no-stability of the result. Another limitation of this method
is the difficulty for measurement of impedance when a
DC current is superposed on the AC measurement sig-
nal in order to characterize the impedance of the battery
during charge or discharge phases. With high values of
current, the SOC of the battery could be largely modi-
fied during the measurements; in this case the imped-
ance is not constant all along the test and compensation
drift procedures must be applied [1, 19];

— chronopotentiometry is based on the voltage response of
the battery when a current profile is imposed. The imped-
ance is obtained with the u(7)/i(¢) ratio. By using different
levels of signals, it could be easy to determine the imped-
ance of the battery for any value of charge or discharge
currents. The main limitation of this method is the need
for a high sampling rate if one wants to measure the
impedance at high frequencies. In practice, two sorts of
equipments can be used: either a battery tester with high
power capabilities but usually with a limited synchronous
sampling period (for example 100 ms) or an impedance
analyser with high frequencies capability but usually with

a limited current (for example 20 A). A compromise must
be found between frequency and power, with a large inci-
dence on the price of the equipment.

2.2 Proposed Method for Identification
of Power Batteries

We propose a two step identification process based on two
frequency domains. The identification of R,, R, and CPE, is
performed at “high frequencies”, in the 1 kHz — 500 mHz
band, using an impedance analyser. The identification of the
elements of the diffusive impedance is obtained by
chronopotentiometry with low frequency pulses supplied by
a battery test equipment.

2.2.1 First Step: Characterization of R;, R, and CPE,

The aim is to measure the values of these elements for different
values of the SOC of the battery and different values of
the charging/discharging current. This current is imposed
during a pulse of 20 s. An impedance spectroscopy in the
1 kHz-500 mHz band with 12 s duration, is performed 5 s
after the beginning of the pulse. A charging pulse is fol-
lowed by a discharging pulse to keep SOC constant. This
couple of pulse is repeated with several levels of current
(0, 6, 12 and 18 A). Measurements are made at different
value of SOC (80, 60, 40 and 20%). The duration of the
pulse is shorter enough to consider no variation in the
value of SOC (18 A x 20 s = 0.1 Ah is less than 1% of the
capacity of the battery). The equipment used for this mea-
surement is a VSP Biologic with a 20 A amplifier kit. An
example of the Nyquist graph of impedance for one SOC
value and one level of current is shown in Figure 6. The
values of R, R,, O, and a, are determined with the meth-
ods explained in the previous part. As shown in this figure,
one needs to interpolate the point which intercepts the
abscissa and the one which has the maximum imaginary
part. Figure 7 gives the spectroscopy results for different
levels of current. One can see that R, is constant and that
R, decreases when the current increases. These experimen-
tal data are used to identify the parameters of the theoreti-
cal relation R,(i) (cf. Eq. 12). As the maximum value of the
experimental current is 18 A, it is necessary to obtained at
least one data point for higher current in order to have bet-
ter fitting. This could be achieved by a complementary
measurement of chronopotentiometric response to a high
intensity pulse. We used a battery tester composed of a DC
source (Delta SM30200 — 30 V — 200 A) associated with an
electronic load (H&H 754206 — 60 V — 450 A) to generate
short pulses with an amplitude between 50 A and 200 A in
discharge and between 50 A and 100 A in charge. The
charging pulse duration is 2 s. One must calculate the dura-
tion of the discharging pulse to balance the SOC. An exam-
ple of the battery voltage during pulse is given by Figure 8.
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Techniques for identification of R; and R,//CPE,.
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Measured voltage of a Lithium battery on the battery tester
during a discharge at 150 A for SOC of 80%.
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Impedance spectra measured on a Lithium battery for
different polarization current levels at SOC = 80%.

4.2

* Measure

— Fitting

3.4% | | | | | | | | |
30 40 50 60 70 80 90 100

SOC (%)
Figure 9
Measured open circuit voltage with verification of hysteresis.

We propose to estimate the value of the resistance from the
voltage drop. The sampling frequency (10 Hz) is not high
enough to have numerous data points during the front voltage
and a linear extrapolation must be done.

2.2.2 Second Step: Characterization of the Parameters
of the CPE; by Chronopotentiometry

The aim is to measure the values of these parameters for
different SOC and with pulse profile capable of giving infor-
mation in the 1 Hz-1 mHz band. We have chosen to use two
5 min — 1C charging and discharging pulses preceded and

followed by a 1 hour rest. All these operations are made at
different values of SOC (80, 60, 40 and 20%). The equip-
ment used for this measurement is the same battery tester
previously cited. A preliminary test is necessary to determine
the evolution of the OCV of the battery versus its SOC. The
curve is given by Figure 9. A small hysteresis of 20 mV is
observed. We decided to neglect this phenomenon in this
work. An average value of this curve is used to compensate
the variation of the OCV during a 5 min pulse. An example of
the measured and compensated signals is shown in Figure 10.
A Matlab-Simulink program optimizes the diffusive impedance
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Voltage drop response measured on battery with and without
OCYV correction.

parameters to fit the simulated response with the experimen-
tal data by minimising a least square criterion. In order to not
limit the influence on the optimization of the long time
response, the experimental data used for this optimization is
selected at instants with a logarithmic distribution after each
change in the current. The selected experimental data instants
are also shown in Figure 10.

2.3 Validation of the Model

In order to validate the model of the battery, the voltage
response of the model to a “validation profile” is compared to
the real response of the battery. This “validation profile” is
composed of a suite of charging/discharging pulses defined
from experimental measurement on a real hybrid vehicle
adapted to the capabilities of the tested battery.

3 RESULTS

3.1 Identification of R, and R,//CPE,

As explained above, the resistance R, and the parameters of
R,//CPE, are determined from impedancemetry data for dif-
ferent SOC. The results are represented in Figure 11 where
each parameter is represented for different levels of current.
The values obtained at different SOC are superposed on the
same graph. We can see that R, is relatively constant and will
be set to 1.95 m<,. Concerning the parameters of R,/CPE,,
we can say that R, and Q, depend on the current level and
SOC. R, tends to decrease when the current increases. As O,

tends to have opposite variation, the time constant T, is
expected to be rather constant, which is effectively observed.
The limited variation of o, can be supposed of low impact on
the value of the impedance. For these reasons, we will keep
o, and T, equal to a value which will depend only on SOC.
The behaviour of R, as a function of the current level is mod-
elling by Equation (12). The data obtained for different SOC
can be fitted with the same parameter value of A and B. There
is only C which depends on SOC. The fitting are represented
with experimental data for different SOC in Figure 12.

The optimized values for the parameters are A = 35.87 A,
B =10.73 V-'. Figure 13 shows the variation of C which pre-
cise values are: C(80) = 1.05 mQ, C(60) = 1.06 mQ2, C(40) =
1.18 mL, C(20) = 1.57 mQ.

The results obtained with impedance spectroscopy at low
currents and the data obtained from the high current pulses
are in a good agreement (cf. Fig. 12).

3.2 Identification of CPE;

Now, the parameters of the diffusive impedance CPE; (w,,
s, y and p) have to be evaluated from temporal data. In
order to assure convergent results from optimization, we
fixed the values of w; and ws:

=&=1mHzand =&=5HZ
1 5
2n 2n

Moreover, for this first study, we also imposed the value p of
the slope at 0.5. Consequently, only the value of y is adjusted
depending on the value of SOC. The values of y and C
obtained at different SOC are represented in Figure 13.

The result of the optimization can be seen on the voltage
chronograms represented for the different SOC in Figure 14.
The good agreement is attested by a relative error about + 1%.
As the model is identified in two parts, it is essential to verify
the coherence between the results. Figure 15 shows the
impedance spectra measured with the impedance analyser
and the spectra of the diffusive impedance simulated after
identification of CPE;.

3.3 Validation on Current Profile

The validation is realised at SOC = 40% with ASOC = 0.
The measured and simulated voltages are represented in
Figure 16. As in Figure 14, the quality of the result is
attested by a relative error smaller than + 2%.

4 DISCUSSION

The main advantage of this work is the possibility of rapidly
identifying a battery model which varies with the value of
current. The use of impedance spectroscopy at “high frequen-
cies” for different values of current is a good alternative to
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Variations of the values of C and y as function of SOC.

the chronopotentiometry on pulses. Indeed, the determination
of resistance from voltage profiles could be disturbed, as it
was already underlined, by the rate of data acquisition, but
also by the difficulty to separate the “fast” voltage response
of the R,//CPE, from the “slow” one of the CPE;. Even with
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a very fast data acquisition system, the choice of the right
value for the voltage used in the resistance calculus needs to
have an idea of the time constant of the R,//CPE,. Otherwise,
bad estimations are expected.

In this work, we had opportunity to check that the voltage
measured on the front of a pulse after a time equals to 5t,
gives values for the resistance in agreement with the values
obtained by spectroscopy (cf. Fig. 17). By this way, the volt-
age variation caused by R,//CPE, is finished and the one
caused by CPE; is minimum. In the present method only one
or two measurements on high current pulses are required to
complete the medium current measurements by spec-
troscopy. If one has a powerful analyser (with a 100 A ampli-
fier for instance), the spectroscopic measurements could be
sufficient to completely identify R,(7).

Some eventual improvements of the method must be
studied. The present work does not take into account the
experimental uncertainties in measurements and their
influence on the final result. The hysteresis had been
neglected. The results (c¢f. Fig. 9) show a 20 mV gap in
OCYV curve (for a voltage element of 3.7 V) which is far
less than hysteresis in NiMH battery for instance (about
60 mV for a 1.3 V element). This result is deduced from
measurements of the voltage at different values of SOC.
Each measurement occurs after one hour of rest which is

— — Measures
> SOC =80% ——+—— Simulations
240 T TR R ————
o))
8 i
©
>
ey
2
@ _ SOC = 20%
moy 1 1 1 1
0 200 400 600 800 1000 1200
Time (s)
< 10 =
2
£ 0¢
c
[0}
€-10f
1 1 h 1 1
0 200 400 600 800 1000 1200
Time (s)
® 2
s I i : P o
6 I I-.‘ * 314 T ='.:. il " l s b “I,-! 1 -
o Do . !
£ [ S <ji EARRLLER MR R 5 ¢ T+ H T
5 TR R AR ki
o 2 1 1 1
0 200 400 600
Time (s)
Figure 14

Simulated and measured voltages after the optimisation on the 5 min pulse at 1 C for different SOC.
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supposed to be long enough to reach thermodynamic equi-
librium. New experiments with longer rest time will enable
to verify if this apparent hysteresis is a real one.

Furthermore, the influence of the temperature will be a
part of a future work.

The good agreement between measured and simulated
voltage in Figure 16 tends to prove the validity of the
method, but it would be a good idea to go deeper into the
question of coherence between the spectrum measured and
the one simulated (cf. Fig. 15). Are the differences due to
inappropriate measurement conditions (low data acquisi-
tion rate during the pulse for example) or to physical rea-
sons (like influence of the level of current on the diffusive

impedance)?
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