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Open Circuit Voltage of a Lithium ion Battery Model adjusted by data
fitting

Hanane Hemi!?3, Nacer K M’Sirdi2 and Aziz Naamane

Abstract— This paper study the Lithium-ion battery dynamic
behaviour and proposes a function to describe the relationship
between its Open Circuit Voltage (OCV) and the State Of
charge (SOC). The effects of environment parameters on the
battery behaviour are analyzed. The proposed OCV equa-
tion (model) is implemented using MATLAB/Simulink and
SimPowerSystems software packages and it is compared with
experimental measurements provided by the CALCE group [1].
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I. INTRODUCTION

Lithium ion (Li-ion) batteries are nowadays, the favorite
energy storage system due to several advantages compared
to other technologies. Li-ion battery is an electro-chemical
cell that transforms chemical energy into electrical energy.
In fact, Li-ion batteries have a high power/energy density,
with high cell voltage. They have a high life span, and a low
self discharge rate [2], [3]. This type of battery is more and
more used in hybrid and electrical vehicle (HEV) systems
due to several advantages. It has been compared favourably
to other batteries.
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A. The Context

In Hybrid and Electrical Vehicles (HEV), a Li-ion battery
is considered as a secondary source of power used to
optimize energy consumption. During a driving cycle, Li-
ion battery can assist a primary source during acceleration
and can be charged either per it or by recovering braking
energy during deceleration. Then, it plays a significant role
in the overall system efficiency. It allows also to reduce the
consumption of the primary power source (as for example,
the consumption of a hydrogen for a fuel cell vehicle).

However, ambient and storage system temperatures have
an negative effect on battery behavior (on current, voltages
and State of Charge) and also on its life span.

Studying influence of environmental conditions on the
battery performance is essential to minimize its possible
degradation and avoid thermal runaway. Then, a good knowl-
edge of the system’s heating and heat transfer by the battery,
becomes of a crucial importance.

Modeling the behaviour of a Li-ion battery becomes then
paramount to study a battery performance, depending on
several external or internal conditions. In another hand, a
behaviour model is useful to estimate and predict the current
and future battery state variables. Its use is also interesting
to manage the control for a safe battery operation modes.
In another hand we will be able to manage the batteries use
such to keep them always in ideal conditions to avoid their
aging an faults.

In fact, the ambient temperature has a significant impact on
the battery State Of Charge (SOC). Then estimation and / or
prediction of the battery SOC will be harder and then it will
be harder too to know the optimal charge/discharge current
range to control the use of the batteries. However, knowing
that OC'V and SOC' are dependent on ambient temperature,
it is important to model this dependence by studying data.

B. Literature models

The Electrical Equivalent Circuit Models (ECM) are in-
tuitive and easy to handle and are composed by electrical
components such as voltage sources, resistors, and capacitors
[4], [5]. These models have been used most in electrical
engineering simulation, and especially for HEV applications.
Indeed, due to their electrical nature which makes them
possible to be connected directly to the electrical network
(61, [7].

The electrical Equivalent Circuit Models (ECM) can be
classified to three categories [8]. The first one is the Thevenin
based Electrical Model (TEM) [9]. This model is basic
and uses series resistor R, an RC' parallel network and in



addition, a voltage source OC'V [10]. The second one is
the Impedance based Electrical Model (IEM). This model
kind is an AC equivalent impedance model, describing the
behaviour in the frequency domain. It has been obtained by
an electrochemical impedance spectroscopy [9], [11]. The
last one is the Runtime Based Electrical Model (REM). This
model simulates battery runtime and DC voltage response
for a constant discharge current [9].

C. Contribution

In this part of our work, we focus our study on the
influence of ambient temperature on battery performance as
a representation model parameters. In particular, we analyze
the impact of the temperature on the battery Open Circuit
Voltage (OCV).

This paper is structured in three sections and a con-
clusion.The Section II describes the experimental data and
Test Analysis. Section III presents the Lithium Ion battery
Proposed Model. Section IV presents the conclusions on our
results.

II. EXPERIMENTAL DATA AND TEST ANALYSIS

We consider, in our study, the experimental data provided
by the CALCE battery group of a A123 battery cell [1].

In this paper, we selected to study the A123 battery
cell which is a LiFePO4 battery. Tab.I shows the battery
characteristics given by battery manufacturer [12].

TABLE I: Battery characteristics given by battery manufac-
turer [12]

Type LiFePO4
Nominal capacity 1.1  Ah
Nominal voltage 33 v
Upper cut-off voltage 36 V
Lower cut-off voltage 2 \%
Maximum continuous discharge current 30 A

The database is proposed by the CALCE battery group [1],
[13]. They have used these data to define a battery description
using look u tables.

The main motivation of this choice is that this type of
battery is typically used in HEV applications.

Arbin BT 2000

Temperature Chamber

Thermocouple

Voltage,
Current,
Temperature

Test Profiles

e

Control Software and Interface
of Arbin BT 2000

Fig. 1: Test bench for battery tests experiments [14]

The objective of our work in this step is to study the
relationship between the OCV, SOC' and the ambient tem-
perature. In order to ensure this, a low-current OC'V' method
is used for this test.

The Low-current OCV test consists in using a small
current to charge and discharge the battery and then measure
the output voltage which is approximately equal to OCV.
This test have been performed, by the CALCE battery group,
for an ambient temperature varying from —10 °C to 50 °C
with interval of 10 °C.

Fig.1 presents the test bench for battery tests experiments
[14]. Test bench detail has been given by the CALCE battery
group in the References [1], [14].

Fig.2 presents OC'V vs time in discharge mode under
a Low constant current. As shown, battery takes a long
time to discharge because of the nature of this test (Low-
current OC'V test). We can also, compare the OC'V curves
at different ambient temperatures. Notice that the time taken
to discharge the battery and the OCV values depend on
temperature.
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Fig. 2: OCV vs time at discharge mode

Fig.3 presents the OC'V vs the Capacity in the discharge
mode. As shown in the previous figure, the ambient temper-
ature has an impact on battery behavior. In fact, the relation
between OCV and battery capacity in discharge mode, is
affected by the temperature.

Battery Discharge: OCV vs Capacity
T T T T T

===Voc -10 °C
===Voc 0°C
===Voc 10°C
Voc 20°C
Voc 25°C
—==Voc 30°C
Voc 40°C
—Voc 50°C

Voltage(V)

0.05 0.1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
Discharge Capacity (Ah)

Fig. 3: OCV vs Capacity at discharge mode

We can remark that, in Fig. 2 and 3, there are three main
regions: two region with a quasi exponential decrease (from
0 to 0.1Ah and from 0.9 to 1.1 Ah) and a middle region



which has a quasi linear decrease. The same temperature
effects are observed when the battery is in the charge mode.

III. LITHIUM ION BATTERY PROPOSED MODEL

Li-ion battery is considered as a part of the HEV system
model. Therefore, to predict a HEV behavior in real time.
The choice of the battery model is important for a real
time HEV operation, and especially, the battery SOC model
must be relevant to estimate and predict the BMS (Battery
Management System) calculation. For these reasons, a good
model is a key factor for control in real time operating. Thus,
fast battery models are preferred compared with complex
models. In fact, a battery used in HEV applications is a pack
composed by several battery cells organized in series and
parallel depending on the battery pack design. The electrical
equivalent circuit model has a simple design and also has a
fast computation time in both cells or pack battery models.
However, the electrochemical model describes a single cell
and is not suitable for real time applications, specially for
HEYV applications, due its complex equations which are hard
to implement and then required a long time of computation.

A. Lithium Ion battery standard model

Fig.4 shows the ideal battery curve during a constant
current discharge [15]. The Shepherd model describes by a
mathematical equation, the relationship between the voltage
(VBatt(t)), current (i(t)) for a constant current discharge.
Eq.1 represents this relationship [15], [16]. In fact, the battery
cell voltage is composed of an internal resistance R and the
open-circuit voltage (OCV') given in Eq.2.
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Fig. 4: Ideal battery curve during discharge [17]

VBatt(t) = Vo — Q[(_'C’Zg,'t.i(t) — R.i(t) (1)
Vielt) = Vo — i) @

where V} is the constant voltage (V'), @ is the maximum
capacity (Ah), i.t is the discharged capacity (Ah), K is the
polarization constant (Ah)~! and R is internal resistance.
To improve a battery mathematical model to fit to battery
charge and discharge curves, the Shepherd model is modified
by adding some terms. Eq.3 and Eq.4 show expression of

the OC'V at discharge and charge modes respectively [15],
[17], [16]. If the current is positive, then the battery is in
discharge mode, OC'V = V¢ Discharges as shown in Eq.3.
If the current is negative, then the battery is in the charge
mode, OCV = Vi .charge, as presented in Eq.4.
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where A is the exponential voltage coefficient (in V'), B
is the exponential capacity (in (Ah)~! and i* is the filtered
current (in A).

This model is quite adequate but it can be enhanced to be
more precise and take into account the non linearity.

B. Lithium Ion battery proposed Model

In Li-ion battery, the relationship between OCV and SOC
is a non linear function. Therefore, the battery chosen must
have a NonLinear Equivalent RC Circuits to Model (NL-
ECM) to describe this non linear relationship function. The
NL-ECM model proposed here for the battery is composed
by an OCV, a capacitance to model polarization effect
(Cp), a propagation resistor to model propagation resistance
(Rp), a diffusion resistor as a function of current (/24), an
ohmic resistance ([,), and battery voltage (Vp4¢+). The Fig.5
presents the proposed battery Li-ion NL Equivalent Circuit
Model (NL-ECM).

R

Voc(SOC) Cd

Fig. 5: Proposed NL-ECM battery Li-ion model

Based on the measurement presented in section II, we have
shown the impact of temperature on battery behavior. In fact,
the V,. measured during discharge mode, is different for
each temperature. This difference is emphasized in OC'V and
the capacity maximum and the exponential and the nominal
zones (in the Fig.2 and Fig.3). These curves fitting has been
deployed to fit data to a function. In this paper, we have
chosen a rational polynomials function to find a relationship
between OC'V and SOC. This function has a numerator
polynomial with a second degree and a denominator poly-
nomial of a third degree. The degrees of the numerator and
the denominator polynomial have been chosen to get the best
curve fitting and minimum number of coefficients.



The Eq.5 represents the OC'V function which produces packages, for validation tests. As mentioned in section II,
the best fit. In addition, this function has been tested for the test used in this simulation is the Low-current OCV
several ambient temperatures. test. In fact, it consist by using a small current to charge and

discharge the battery.
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In this case, the current used to discharge a battery is equal
to 0.05 A as shown in Fig.6a. Therefore, the output voltage
measured is approximately equal to Vg, = V, as presented
in Fig.6b. The OCV equation (Eq.5) is implemented as
shown in the Fig.6c.

Fig.7 shows the OC'V measured and simulated compar-
ison for ambient temperature —10 °C 10 °C 20 °C and
50 °C. The simulation results shows a small error between
simulations and measurements for each temperature.

We remark in all the validations tests that the simulated
curves using our model are in excellent concordance with
the real data ones. The modeling errors are very small.

IV. CONCLUSIONS

The paper presented a data curve fitting used to find a
relationship between OC'V and SOC for different temper-
atures. This equation had been implemented and simulated
using MATLAB/Simulink and SimPower Systems software
packages. The comparison between simulation and measure-
ment shows a small error due to a complex dynamic of
battery. In The next step of this study, the function of OC'V
will be improved to minimize the error and then the battery
model behavior at different temperatures will be developed
and completed.
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