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Abstract

This paper deals with the modelling of a nickel-based battery. The objective is to design a model usable in an
electrical engineering laboratory. This study provides a State of Charge (SoC), current and temperature dependant
experience-based model. The parameterization is really fast and simple; it does not require electrochemical knowl-
edge. In this paper, the parameterization tests and their analyses are detailed. This model is experimentally

validated.
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1. INTRODUCTION

Considering environmental protection issue, the devel-
opment of Hybrid Electric Vehicles (HEV) is a major
important preoccupation. Today, the battery perfor-
mances allow their integration in such a vehicle [Chan,
2007). Nevertheless, the research and development costs
are very high and the virtual prototyping is a mandatory
step to reduce them. One of the difficulties of the HEV
modelling is to work in many physical fields. Actually,
an overall HEV model has to take into account the inter-
actions between electrical, mechanical, thermodynamic
or electrochemical parts. Usually, this work is realized
in electrical engineering laboratories. However, the re-
searchers are not specialized in every required physical
field and don’t have each experimental equipment at
one’s disposal.

This paper deals with the modelling of the voltage
behaviour of a battery [Boulon et al., 2008]. The objec-
tive is to propose a model that doesn’t require electro-
chemical knowledge or specific scientific devices. The
model developed in this study can be simply used and
parameterized in an electrical engineering laboratory.
The literature already proposes many battery models.
However, it is quite difficult to find a good compromise
between the model complexity and the model accuracy.
On the one hand, electrochemical specialists propose
very accurate model but they are difficult to apprehend
and they involve complex parameterization algorithms
[Thele et al. 2008]. Moreover, most of the time, they
require costly experimental devices like impedance spec-
trometers [Nelatury and Singh, 2007]. On the other hand,

electrical engineers proposed good models for the old
battery technologies like lead-acid batteries [ Van Mierlo
et al., 2004; Cereaolo, 2000]. However, they are too
basic to represent some important phenomena. For ex-
ample, the nickel batteries present a hysteretic behaviour
of the Open Circuit Voltage (OCV).

This work describes a simple multi-physics modelling
process, including temperature dependency.

2. MODELLING PRINCIPLES

As explained, the main idea is here to design an experi-
mental protocol to parameterize the battery model. The
first step presented in this part is to identify a model
structure able to represent the voltage behavior of a single
cell.

2.1 Model structure

The chosen model is based on an equilibrium open cir-
cuit potential £, and an internal resistor R, (Figure 1)
[Eshani et al., 2005]. E, is measured at the cell termi-
nals with 1¢~e1/=0 and after stabilization. R, is defined

i bant
as (1).

Fig. 1 Electric scheme of the battery model
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As a consequence, the model is composed by two pa-

rameters. Nevertheless, these parameters are not fixed.

These values can be influenced by the solicitations on

the batteries like the current, the temperature or the SoC.

The effective influence will be studied in the next part.

(1) Current
I, is the current inside one battery element. Its
sign is positive on a discharge phase (source con-
vention).

(2) Temperature
T, ,represents the electrolyte temperature (and not
the ambient temperature). The temperature results
from the environment of the battery but also from
the electrical solicitations. Basically, the presence
of a current through the internal resistance leads to
losses dissipated in form of heat. As a consequence,
for a test at a given temperature, the heating of the
battery has to be controlled.

3) SoC
The SoC estimation is a recurrent problem consid-
ering electrochemical devices [Verbrugge and Tate,
2004]. Here, the model doesn’t aim to provide a
very accurate description of the battery. This model
will be integrated in a complete power system simu-
lation (for example in an EV or HEV simulation).
Each component of the system has then to be repre-
sented at the same level of details. As a consequence,
the chosen SoC estimator is a simple coulometric
counter as given by (2)

100
SoC = SoC,,, + o j 1,4t @)

init

with C, (in Ah.) the rated capacity of the battery.

2.2 Experimental tests

All tests are performed on a nickel-cadmium STH 600
Saft battery (C_,=60Ah, V_=1.3V)[Boulon et al. 2008].
All the tests are performed in a thermal room and the

evolution of the electrolyte temperature is controlled.
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Fig. 2 Current profile of the [30A-20°C] test
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This control is performed by a thermocouple located in
the liquid electrolyte. The variation is under 2 °C dur-
ing a cycle and here considered as negligible. The bat-
tery cell is charged and discharged with an alternating
current profile (Figure 2).

When a current is applied, the SoC changes and V_, can
be measured. Without any current, the open-circuit po-
tential £ is measured. The OCV measurement has to
be performed after stabilization (which occurs after ap-
proximately 1000 seconds) [Srinivasan et al. 2001].
The SoC is calculated from the current evolution and
the voltage behavior can be plotted versus the SoC (Fig-
ure 3). The OCV E, and the cell voltage V_, are ex-
tracted from this plot. With these two voltages, the in-
ternal resistor is calculable. Each experimental result
shown in this study is extracted from this plot. This test
is carried out for three current levels and three tempera-
tures. The extreme current and temperature tests de-
limit the validity range of the model.

Vosli [8)
@

Fig. 3 Evolution of the cell voltage versus the SoC for
the [30A-20°C] test

After each test, the battery is fully recharged according
to the manufacturer protocol. The / , current is fixed to
12A (0.2C; A) until ¥, reaches 1.55V. After that, a
current of 3A (0.05C; A) is imposed for 4 hours.

3. EXPERIMENTAL RESULTS

3.1 Constant temperature study

Firstly, a constant temperature (20°C) study has been
performed. Figures 4 and Figure 5 show respectively
the evolution of E and of R, with a variable SoC. Tests
are performed at three different currents in charging and
discharging phases.

Figure 4 shows the hysteretic behavior of the open cir-
cuit voltage. E is not directly SoC dependant [Thele et
al., 2008]. As a consequence, with a nickel based bat-
tery, the OCV is hardly usable to design a SoC estimator
[Verbrugge and Tate, 2004]. In a discharging phase, the
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Fig. 4 Evolution of E, versus the SoC for different cur-
rents (experimental results). C: Charging phase ; D: Dis-
charging phase
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Fig. 5 Evolution of R , versus the SoC for different

currents (experimental results)
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OCYV follows the lower bound of the shape; and in a
charging phase, the OCV follows the upper bound.
Moreover, the literature shows other hysteresis inside
the first one [Thele et al., 2008]. When the current sign
changes, the OCV does not jump between the two sides
of the hysteresis. There is a delay in the OCV between
the two boundaries.

Figure 5 shows that the SoC is not a significant param-
eter on the R, value. Nevertheless, for high SoC R is
decreasing in discharge phase and is increasing in the
charge phase. In this figure, it appears clearly that the R
parameter is highly current dependent.

3.2 Constant current study

Secondly, the influence of the temperature has been stud-
ied. Tests are performed for three different tempera-
tures in charging and discharging phases (/ ,=+60A).
Figure 6 shows the evolution of £, its value is globally
higher at 20°C (the rated temperature specified by the

manufacturer).

Figure 7 shows the evolution of R, its value is decreas-
ing with an increasing temperature. Consequently, the
energetic performances of the cell increases with the
temperature. It has to be noticed that the influence of
the SoC on the internal resistor is more sensitive at low
temperature.

The next section presents an empirical modelling of the
cell from the previous experimental results.
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Fig. 6 Evolution of E, versus the SoC for different
temperatures (experimental results)
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Fig. 7 Evolution of Ri,  versus the SoC for different
temperatures (experimental results)

4. MODELING OF THE CELL

In this part, the modelling of the cell will be presented.
For each influential factor (the SoC, the temperature and
the current), hypothesis and modelling choices will be
performed. One more time, the objective is here to pro-
vide a simple and fast-to-parameterize model. All the
parameters are fitted by a Newtonian optimisation algo-
rithm (for example, available in the Matlab ‘fmincon’
function). '
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4.1 Influence of the SoC
The SoC influence on R, is neglected. Actually, the
SoC modifies R,  in extreme conditions (very low tem-
perature). Nevertheless, these conditions are not often
reached during real cycles. The influence of the SoC on
the OCV is noticeable and the hysteresis must be taken
into account. Nevertheless, the transition between the
lower and the upper side of the hysteresis is not instan-
taneous when the sign of the /_, current is changing. In
this study, this effect is not represented. To summarize,
the SoC dependency of E, has been modelled as shown
in Figure 8. The two sides of the hysteresis are repre-
sented with linear functions (3):

E,=aSoC+b 3)

with a and b taking different values in the charging and
the discharging phases.

145 e ey [ETP s e .

—+—Discharging |:
== Charging :

SoC (%)
Fig. 8 Evolution of £, versus the Soc (model)
4.2 Influence of the current
The influence of I, on the open circuit potential is ne-

glected. The behavior of the internal resistance is fitted
with a second order polynomial function (Figure 9).
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Fig. 9 Evolution of R, versus the current and the tem-

perature (model)
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4.3 Influence of the temperature

Its influence on the open circuit voltage is neglected.
The temperature dependence of the internal resistance
can be approached with a linear or quadratic model (4).

R =aTemp® + bTemp +c 4)

5. MODEL EVALUATION

Figures 10, 11 and 12 show comparisons between the
experimental results and the simulation results obtained
from the proposed model. Firstly, the battery is dis-
charged with current step between 0 and 60 A. Sec-
ondly, the battery is recharged in the same way.

The results obtained from the model are pretty close to
the experiments. The dynamics of the system is only
represented with the SoC variation. Consequently, the
dynamic effects when the current level is changing are
not taking into account. The main divergences are ob-
tained when the requested current is null. However, at
this time, the battery is not used and the knowledge of a
closed estimation of the voltage level is not mandatory.
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Fig. 10 Comparison between experiment and simula-
tion (Temp=20°C)
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Fig. 11 Comparison between experiment and simula-
tion (Temp=-15°C)
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Fig. 12 Comparison between experiment and simula-
tion (Temp=45°C)

These results validate the general approach. With only
five easy-to-do experimental tests, the model is param-
eterized with simple functions (linear or quadratic).
Moreover, the hysteretic behavior of the device is man-
aged and the temperature range is really wide.

6. MODELING OF A CELLL MODULE

A model of a cell bank [Wong et al., 2006] is obtained
by parallel and series coupling of the electric scheme of
the model (5, 6).

The modelling of the battery module doesn’t take into
account any charge balance or aging issues. Moreover,
the temperature inside the battery pack is considered as
uniform.

I

I b= batt (5)
ce
ncell _para
v,
Vcell = — 6
ncellfsen’es ( )
With V, and I, , representing respectively the voltage

and the current of the battery module,n_, _ andn ,
cell series cell para

are respectively the number of cells with series coupling
and parallel coupling in the module.

7. DISCUSSION

As a conclusion, the proposed model does not require
electrochemical knowledge. Its parameterization is fast
(only 5 experiences) and easy (simple fitting algorithms).
Comparison between the experiment and the simulation
show the effectiveness of the methodology. The initial
objective of a good accuracy — simplicity ratio is
achieved in a satisfying way.
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