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Abstract—In this contribution a multi-physical lithium-ion
battery model is developed. The model, which is implemented
in the programming language Modelica, focuses on the electric
and thermal characteristics of the system. In order to obtain
the parameters which are required to configure the model,
measurements are performed directly on an electric vehicle
during certain driving cycles. Further cycles are used to validate
the calibrated model.

Both the electric and thermal behavior of the entire battery
system are modeled on cell level. The single cell instances are
then electrically and thermally connected in order to create
an entire battery system model. The electric model uses an
electric equivalent circuit to describe the operating behavior of the
battery. Thereby the open circuit voltage and three overpotentials
with different time constants are considered. In the thermal model
a heat capacity is used to model the ability to hold thermal energy
whereas thermal conductivities are used to model the heat flow
between the center and the surfaces of each cell.

The calibrated electro-thermal lithium-ion battery model
which is developed in this work can be integrated in an entire
vehicle model in order to perform simulations on system level. The
model can be used to investigate possible strategies for reducing
the energy consumption of the entire vehicle.

I. INTRODUCTION

In the automotive sector energy efficiency is one of the key
issues in todays research efforts due to the following reason:
the traction battery has a high impact on the size, weight,
maximum range and price of an electric vehicle (EV). The size
and weight of the battery (and hence of the entire vehicle) can
be reduced by using the battery more efficiently. By reducing
the weight an increase of the maximum driving range can
be achieved. This in turn helps to raise social acceptance of
electric vehicles. As the number of sold cars (and therefore
the number of produced batteries) rises with increasing social
acceptance of electric vehicles the price of the battery can be
decreased as well.

Before optimizing the energy consumption of an electric
vehicle the behavior must be observed under various condi-
tions. One common way to investigate the operating behavior
of physical systems in certain application scenarios is to use
simulation models. As they eliminate the need to analyze the
behavior of the system during protracted real-life tests, a lot
of time and money can be saved.

In this contribution a measurement-based modeling ap-
proach of the traction battery of an electric vehicle is pre-
sented. Thereby electric and thermal aspects are considered.

Fig. 1. Basic paper structure and workflow-overview

Fig. 1 shows a basic workflow overview. Electric and thermal
measurements are performed on one representative EV, the
Mitsubishi i-MiEV, in order to extract the open circuit voltage
(OCV) versus the state of charge (SOC). The developed
simulation model is initially parameterized based on the SOC-
OCV curve and further parameters which are gained from
the generated data set. By comparing the measurement data
with the simulation results an optimized parameter set for the
battery model can be obtained. Finally the model is calibrated
with the optimized parameter set and validated by analyzing
the measured and simulated transient battery voltage and
temperature trends.

This work contributes to state-of-the-art enhancement in
electro-thermal battery modeling by connecting and refining
other works from literature [1]–[6]. The developed electro-
thermal battery model enables to investigate the behavior of
a lithium-ion battery during cycles and conditions. Therefore
it helps to analyze new EV concepts and to optimize the
operating strategy on vehicle level.

II. MEASUREMENTS AND DATA ACQUISITION

For analyzing the operating behavior of the Mitsubishi i-
MiEV under different real-life conditions experimental tests
were performed. The vehicle is propelled by a permanent
magnet synchronous motor which has a power output of
49 kW. The power supply is assured by a 16 kWh traction
battery which consists of 88 serially connected “GS Yuasa
LEV50” cells, working at the nominal voltage of 330 V [7].

For the experimental tests two different driving cycles were



used: the synthetic “New European Driving Cycle” (NEDC)
and the “World-wide harmonized Light-duty Test Cycle”
(WLTC). The NEDC consists of two parts, one representing
urban driving conditions and the other representing extra-urban
driving conditions. The WLTC consists of four phases which
are low speed, medium speed, high speed and extra-high speed.

During both of the driving cycles mentioned above several
physical quantities were measured. The main quantities which
are relevant for the simulation are:

• Environmental temperature

• Current withdrawn from the battery

• Battery voltage

• Battery temperature

The environmental temperature and the battery current over
time are used as simulation input. The battery voltage and the
measured battery temperature are used for parameterization
and validation purposes. The NEDC driving cycle is used for
analyzing the electric behavior of the battery system.

The acquired measurement data during the driving cycles
are not suitable to analyze the thermal behavior of the system.
Hence, for characterizing the thermal behavior of the battery
and the cooling system, one further static test was performed.
Therefore the vehicle was put into a climate chamber to
guarantee a constant ambient temperature of 28

◦
C. During

the measurement the Heating Ventilation and Air Conditioning
(HVAC) system of the electric vehicle is used to cool down
the temperature of the battery cells. As the HVAC system is
designed to cool down the cabin during driving mode or the
battery during fast charging mode, this functionality can be
adopted and used to cool down the battery also in driving mode
in order to keep the battery temperature within a specific limit.
The air stream is conducted into the battery at the main inlet
tunnel in the front section and flows out into ambient at the
rear end of the system. The measurements showed that in this
case the air temperature at the inlet of the cooling system was
about 5 ◦

C.

III. BATTERY MODEL

The battery model is written in the programming language
Modelica. Modelica is an object-oriented language which
is specialized on modeling complex, multiphysical systems.
Therefore either algebraic or ordinary differential equations
are used. As the battery model follows a modular concept the
electric and thermal models can be developed independently
of each other.

The smallest unit which is modeled in the electric as
well as in the thermal battery model respectively is one cell.
The characteristics from the datasheet [8] of the “GS Yuasa
LEV50” cell are listed in Table I. Using the electric and
thermal cell models an entire stack model of the traction
battery is developed considering the electric and thermal stack
configuration.

A. Electric Model

The electric model of the traction battery developed in this
contribution is modeled in two levels of abstraction: cell and

TABLE I. CHARACTERISTICS OF THE “GS YUASA LEV50” CELL [8]

“GS Yuasa LEV50” characteristics

Nominal capacity [Ah] 50

Nominal voltage [V] 3.7

Dimensions (H x W x L) [mm] 113.5 x 43.8 x 171

Mass [kg] 1.7

Specific energy [Wh / kg] 109

Energy density [Wh / L] 218

Fig. 2. Implementation of the electric battery cell model in Modelica

stack models. The stack model consists of a serial connection
of 88 cells.

For modeling the transient electric operating behavior of
lithium-ion battery cells either chemical transport models [9]
or equivalent circuit models [1], [10] can be used. Chemical
transport models mathematically describe the dynamic chemi-
cal processes and ionic movement. Therefore these models can
be used to investigate for example the behavior of the battery
when using new cathode materials. In contrast, electric equiv-
alent circuit models map the dynamic material characteristics
on an electric equivalent circuit. This circuit usually consists of
an ideal voltage source representing the open circuit voltage, a
serial resistance representing the ohmic losses as well as two
serially connected RC-parallel circuits to consider the short
term double-layer effects and the long term diffusion effects
[10].

The focus of this contribution is put on the electro-
thermal aspects and the cooling circuit of the battery stack.
Hence an advanced electric equivalent circuit model is used
to achieve a realistic operating behavior in the simulation.
The implementation of the electric cell model in Modelica
is illustrated in Fig. 2. The electric connectors pin_p and
pin_n are used to connect the battery model to an external
electric load. The thermal connector heatPort is used to
forward the electric losses to the external thermal battery
model. Furthermore the model consists of an ideal voltage
source OCV which represents the open circuit voltage and a
cell impedance component cellImpedance, which includes
a serial resistance and two RC-parallel circuits, to consider
ohmic losses as well double-layer and diffusion effects during
operation [10]. The two sensors ICell and TCell measure



Fig. 3. Implementation of the thermal prismatic cell model in Modelica

the current which is withdrawn from the battery and the battery
temperature. The cellDiagnostics block is used to calcu-
late the state of charge and passes on the calculated value to the
parameterAdaption block. The parameterAdaption
block is used to calculate the values for the electric equivalent
circuit model with respect to the current SOC and the battery
temperature. For modeling the dependencies between the two
independent variables SOC and temperature and the respective
model value either lookup tables or polynomial functions can
be used. The calculated values are forwarded to the model
connectors (see Fig. 2).

B. Thermal Model

For simulating the thermal behavior of the “GS Yuasa
LEV50” cells prismatic cell models are used. The im-
plementation of the prismatic cell model in Modelica
is depicted in Fig. 3. The model consists of one heat
capacity heatCapacity and one thermal conductance
thermalConductance to each of the six cell surfaces
heatPort_surface. The heat capacity is used to con-
sider the ability of the cell to hold thermal energy whereas
the thermal conductors determine the heat flow between the
center of the cell and the surfaces. The internal heat port
heatPort_internal is the interface to the electric cell
model. Hence it is directly connected to the heat capacity. Via
the internal heat port the electric losses are forwarded to the
thermal cell model.

The thermal stack model considers the spatial arrangement
of the cells as well as the cooling circuit. Fig. 4 shows
the spatial cell configuration and the cooling concept of the
Mitsubishi i-MiEV traction battery. The cells are clustered in
two blocks consisting of 40 cells and two blocks consisting
of 4 cells respectively. Fig. 4 also depicts the flow direction of
the air cooling stream. In the real battery system the air flow
is much more sophisticated. In order to keep the simulation
model simple, a linear air flow from one side of the stack to
the other is assumed. As the cooling air heats up while floating
over the cell surfaces the cells at the back end of the traction
battery container will get warmer during operation than the
cells at the front end.

Fig. 4. Simplified cooling concept of the Mitsubishi i-MiEV traction battery

Fig. 5. Implementation of the thermal battery stack model including cooling
circuit

The implementation of the entire battery stack includ-
ing cooling circuit can be seen in Fig. 5. The components
amb_in and amb_out represent the ambient air at the inlet
and outlet of the cooling system respectively. The volume
flow of the cooling system can be specified via the compo-
nent volumeFlow. The models block40_1, block40_2,
block4_1 and block4_2 are the 40 cells blocks and the 4
cells blocks respectively. The thermal connectors (red squares
at the top of each cell block) are used as an interface to the
electric model. They are used to forward the electric losses of
each cell instance to the thermal model.

In the 40-cells and 4-cells blocks the spatial configuration
of the cells is modeled. Each of the models consists of multiple
interconnected battery cells including cooling system. The
cooling system considers the air flow above and between the
cells in flow direction and the convective heat transfer between
the air stream and the battery cells. The thermal battery cell
instances are implemented as shown in Fig. 3. In the model
of the cooling system laminar, transient and turbulent flow
characteristics are considered by dynamically computing the



Nusselt number based on the Prandtl number and the Reynolds
number. The convective thermal conductance Gc is calculated
based on (1), where Nu is the Nusselt number, λ = 0.026 W

m·K
is the constant thermal conductivity of air at 30 ◦C, l is the
length of the air pipe in flow direction, p is the perimeter of
the air pipe perpendicular to the flow direction and dh is the
hydraulic diameter of the pipe.

Gc =
Nu · λ · l · p

dh
(1)

IV. PARAMETER EXTRACTION

For analyzing and characterizing the battery system several
measurements on a test vehicle were performed. The generated
measurement data is used to estimate an initial parameter set
for both the electric equivalent circuit and the thermal battery
model. Based on one measurement profile and an estimated
initial parameter set, the parameters of the electro-thermal
model are tuned to fit the measurement data.

A. Electric Parameters

The NEDC driving cycle was used to analyze the electric
behavior of the battery system and to extract the electric
parameters for the simulation model. Therefore an analytic
approach which is based on the time constants of the electric
equivalent circuit is followed. The open circuit voltage over
the state of charge is extracted by analyzing the last voltage
value after each relaxation phase. Then the parameters for the
further components of the electric equivalent circuit, shown in
Fig. 2, are calculated.

For the mentioned parameter estimation approach first the
time constants of both RC-parallel circuits are estimated. Then
the steps in the current profile ∆I and the corresponding
voltage steps ∆U are detected. Based on the ohmic law, the
immediate voltage drop corresponding to each current step
is evaluated according to (2) in order to obtain the serial
resistance Rs.

Rs =
∆URs,i

∆Ii
(2)

The resistances Rp1 and Rp2 of the first and second RC-
parallel circuit are extracted by considering the time constant
(τ1 and τ2) of each circuit respectively. It is assumed that the
capacitors of both RC-parallel circuits are saturated after 5τ .
Then the voltage drops over the resistances Rp1 and Rp2 can
be analyzed. Again, based on the ohmic law the resistances of
the RC-parallel circuits are calculated based on (3) after 5τ1
and (4) after 5τ2.

Rp1 =
∆URp1,i

∆Ii
(3)

Rp2 =
∆URp2,i

∆Ii
(4)

The calculated parameters are then used for configuring
the battery model. The configured battery model is validated
by comparing the measured and simulated battery voltage

Fig. 6. Measured and simulated voltage of the battery stack during a WLTC
load cycle

during the WLTC load cycle. The measurement data and the
simulation results of the electric model with the final electric
parameters can be seen in Fig. 6.

B. Thermal Parameters

The measured data TCell,M of the single battery cell
temperatures is shown in Fig. 7. The graphic shows the cooling
down process of multiple battery cells. During the measure-
ments a constant ambient temperature of 28 ◦C was assured by
the climate chamber. For cooling down the battery the HVAC
system of the vehicle is used. The HVAC system cools down
the air to about 5 ◦C. Hence for analyzing and simulating this
scenario an initial temperature of 28 ◦C of the battery cells
and a constant temperature of 5 ◦C at the inlet of the cooling
system is assumed.

Initially thermal capacity and conductivity values from
previous measurements are anticipated. Based on the transient
response of the battery cells during the cooling down process
the parameters of the thermal model are further characterized.
The results of the simulated cooling down process of seven
cells TCells,S which are aligned along the flow direction of the
cooling air can be seen in Fig. 7. The color of the simulation
graphs correlates with the cells marked in Fig. 4 from black
(cell at the front) to red (cell at the back). As the air enters
the battery system at the front side and heats up as it flows
above and between the cells, the cells at the front side of the
stack are colder than the cells at the back side.

V. VALIDATION

After estimating and tuning the parameter set a calibrated
electro-thermal model of the traction battery of the Mitsubishi
i-MiEV is achieved. To prove the validity of the developed
model a different driving cycle than the one which was used
to estimate and optimize the parameters is chosen (WLTC
driving cycle). The simulation is performed using the ambient
temperature and the load current as simulation inputs. The
results of the simulation which are relevant for validation
(battery voltage and battery temperature) are then compared
to the measured data.



Fig. 7. Measured and simulated cell temperatures while cooling the cells
down using the vehicle’s HVAC system at an ambient temperature of 28 ◦C

Fig. 6 shows the results of the electric measurements and
the electric simulation. Here one can see the good correlation
between the measured and the simulated results. As there is
no major offset between the two voltage trends, the SOC-OCV
curve has been extracted correctly. Also the dynamics, which
are affected by the parameters of the serial resistance and
both RC-circuits show a very good correlation. This proves
the validity of the parameter estimation approach and the
simulation model used in this contribution.

In the WLTC cycle data set only one temperature - the
air temperature at the first row of cells - was measured and
hence is available. As it was not possible to open the cooling
system and hence the temperature sensor was introduced into
the battery container via the air inlet of the cooling system,
the definite alignment of the sensor is uncertain. Nevertheless
in this contribution the thermal behavior during the driving
cycle can only be validated based on this temperature. Fig. 8
depicts the measured and simulated temperature trends. TM

is the measured air temperature and TS1,1, T1,2, T2,1 and
T3,1 are the air temperatures above two cells at the first row
of the battery system and two cells of the second and third
row (rows numbered in flow direction, see Fig. 4) respectively.
As T2,1 and T3,1 are aligned in the second and third row of
cells respectively, the air is warmer than at the first row (inlet
of the cooling system). Hence T2,1 and T3,1 indicate higher
temperatures than T2,1 and T3,1. The validation results show
that in this case a good correlation between the measured and
simulated values has been achieved.

VI. CONCLUSION AND OUTLOOK

In this contribution an electro-thermal model of the traction
battery of the Mitsubishi i-MiEV was developed. The model
was initially configured with estimated parameters which were
derived from measurement data. After tuning the parameters
the model was configured and a simulation was performed in
order to prove the validity of the calibrated model.

The validation showed that the developed model is capable
of simulating the electro-thermal operating behavior of the

Fig. 8. Measured and simulated air temperatures above the first three rows
of the cells during a WLTC load cycle

chosen traction battery system. Hence the model can for
example be used for optimizing the thermal management
of the chosen EV. One possible application example is to
use the model to determine the required minimum power
of the cooling fan to keep the battery temperature below a
certain limit during a specific load cycle and defined ambient
conditions.

Further work could deal with extending the existing electro-
thermal battery model by adding an appropriate aging model.
Hence not only electric and thermal characteristics but also
the aging behavior with respect to electric and thermal aspects
can be investigated under various application scenarios. For
achieving an even more accurate thermal behavior, a more
sophisticated thermal cell model can be added. Finally, to get
more data sets for parameterizing and validating the model,
further thermal measurements monitoring each single cell
temperature can be performed during real life driving cycles.
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