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Abstract- This paper studies the effect of the granularity of a 
cell model on the voltage accuracy. A multi-coupled cell model 
with varying parameters is compared with a simpler one 
(varying voltage source and equivalent series resistance). The 
first model implies a very long and complex characterization 
process. The second one is very simple. Experiments are 
performed at different temperatures by applying a current 
profile corresponding to a driving cycle of an electric vehicle. 
Experimental results show both models can be used for 25°C 
and 10 °C ambient temperatures with reasonable accuracy. 
Nevertheless, when the temperature is cold the multi-coupled 
model is more accurate. 
 

Index Terms— Multi-level Modelling; Li-ion Batteries; 
Electric Vehicle;  

I. INTRODUCTION 

Lithium-ion battery modelling is a key-point for 

simulation studies of recent Electric Vehicles (EVs). The 
uncertainty for driving range estimation is a frequent worry 
for the future EV owners [1]-[3]. Different battery models are 
proposed in literature. But when the battery is included in 
global simulation at the vehicle level, most of these models 
are very simple [4], [5]. 

For an accurate EV simulation, the battery model has to 
deliver the right voltage for a given current profile [6]. Many 
parameters influence the battery voltage. The most important 
is the State-of-Charge (SoC), then it is the temperature [7]-
[9]. Other factors of influence are the current rate [10],[11] 
and the direction of the current (charge-discharge hysteresis) 
[12]. 

Every publication on battery modelling in EV takes into 
account at least the SoC and sometimes other parameters 
(temperature, C-rate…). Nevertheless taking into account all 
of the listed dependencies results in a long and complex 
characterization process of the battery [13], [14].  

This paper compares two models of battery cells in the 
perceptive to be used for vehicle simulations. 

Section II presents the studied models. Section III 
presents the characterization results and experimental 
comparisons. 

II. PRESENTATION OF THE STUDIED MODELS 

A. Description of the two battery models 

The most complex model studied in this paper is a 
Thevenin model (Fig. 1) for the electrical part, and a single 
time constant model for the thermal part (Fig. 2). The 
differences with a classical Thevenin model are as follows. 

• The thermal part is coupled with the electrical part 
[8], [9]. The electrical part generates heating power 
by Joule effect. The thermal part reacts by 
modifying the cell temperature. That changes in 
return the value of the electrical parameters (Fig. 3). 

• All of the electrical parameters are impacted by the 
cell temperature and the (SoC) (as in [8]) but also by 
other parameters such as the current rate [11] and the 
direction of the current [12] (charge and discharge). 

The electrical part of the model is composed of 4 equivalent 
parameters. The open-circuit voltage (OCVCell) is an image of 
the available energy. The resistance R0Cell represents the 
voltage losses due to the connections and the transport of 
ions. R1Cell and C1Cell represent the diffusion of ions into the 
battery electrodes. The thermal part (Fig. 2) is composed of a 
thermal capacitance (CThCell (J/K)) and a thermal resistance 
(RThCell (W/K)). The thermal capacitance represents the ability 
of the cell to store thermal energy. The thermal resistance 
represents the thermal gradient at the interface between the 
cell and the ambient air. This model is called the multi-
coupled Thevenin model.  

The second model is simpler (Fig. 4). The OCV is only 
dependent on the SoC. A unique Equivalent Series Resistance 
(ESR) represents the voltage losses. As it can be often 
deduced from the cell datasheets (presenting some discharge 
curves and an equivalent resistance): it is called the datasheet 
model. 
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Fig. 1 Electrical part of the multi-coupled Thevenin model 
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Fig. 2 Thermal part of the multi-coupled Thevenin model 
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Fig. 4 Datasheet model  

B. EMR of the battery models. 

Energetic Macroscopic Representation (EMR) [15] is 
used to organize both models (Fig. 5, Fig. 6). EMR is a 

functional description based on the action-reaction principle. 
The functions are represented by pictograms (see Appendix). 
The power flows between the pictograms are obtained by 
multiplying the corresponding action and reaction variables 
[16]. EMR influences also the way of building equations. In 
EMR the physical causality (output delayed compared to 
input) is respected [17], [18]. Thus, the differential equations 
are re-organized with integrals. 

The equation of the datasheet model are: 
(%)ܥܵ  = −ூ௧ܥܵ 1003600. ܥ . න ݅ ௧/ವݐ݀  

(1) 

ܥܱ ܸ = ܥܱ (2) (ܥܵ)݂ ܸ − ܴܵܧ . ݅ = ݑ (3) 

Where SoCCell is the cell state of charge (in %), CAhCell is the 
cell capacity (in Ah), ESRCell is the cell equivalent series 
resistance (in Ω). The open circuit voltage of the cell 
(OCVCell) is dependent of SoCCell with a table of values. uCell 
(in V) is the voltage at the cell output. 
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Fig. 5 EMR of the datasheet model 
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Fig. 6 EMR of the multi-coupled Thevenin model

  



The equations of the multi-coupled Thevenin model, 
organized in EMR (Fig. 6, Appendix), are presented below. 
Eq (1-2) are still valid. The next Equations (4-8) represent the 
electrical part of the cell model (Fig. 1). The voltage loss due 
to R0Cell, is described by a conversion element in EMR. 

ܥܱ  ܸ − ܴ . ݅ = ݑ 	 (4) 
 
The series connection is a power coupling element: ݑ′ − ோଵଵݑ = ݑ  (5) 
The parallel connection (current node) is also a coupling 

element: ݅ − ݅ோଵ = ݅ଵ  (6) 

C1Cell is an accumulation element because there is a delay 
between the input (iC1Cell) and the output (uR1C1). It is 
represented with integral causality for EMR: ݑோଵଵ = ଵܥ1 න ݅ଵ ௧ݐ݀	

  (7) 

R1Cell is a conversion element as there is no delay between 
inputs and outputs: ݅ோଵ = ோଵଵܴଵݑ  (8) 

The thermal part of the model (Fig. 2) is organized by 
EMR. The effort variable is the temperature (K). The flow 
variable is the entropy flow qS (in W/K). The thermal power 
P is calculated by multiplying those two variables: ܲ = .ௌݍ ܶ (9) 

The entropy flows generated by the joule effect in RSCell 
(10) and RDiffCell (11) are coupled (12): ݍௌோ = ܴ . ݅ଶ

ܶ ௌோଵݍ (10)  = ܴଵ . ݅ோଵଶ
ܶ 	 ௌ்௧ݍ (11) = ௌோݍ + ோଵݍ 	 (12) 

 
In EMR, the thermal capacitance is an accumulation 

element, because of the differential equation (implying a 
delay between inputs and outputs) (13). This equation is re-
organized in an integral formalism for EMR use (15). TCellInit 
is the initial internal temperature of the cell. 

 ݀ ܶ݀ݐ = ூܲ௧்ܥ 	 (13) ⇔ ݀ ܶ݀ݐ = ௌ்௧ݍ) − .(ௌଷݍ ்ܶܥ 	 (14) ⇔ ூܶ௧ = ܶூ௧ . ݁	 ଵ  (ೄିೄయబ )ௗ௧	 (15) 

The surrounding air is imposing the ambient temperature 
(TAmb). The thermal resistance is a conversion element (16), 
ௌଷݍ .(17) = ூܶ௧ − ܶ(்ܴ). ூܶ௧ (16) ݍௌସ = ூܶ௧ − ܶ(்ܴ). ܶ	 (17) 

As R0Cell and R1Cell are linked with both thermal and 
electrical parts, they are represented as multi-physical 
(electro-thermal) converters. 

All of the electrical parameters (OCVCell, RsCell, RDiffCell, 
CDiffCell) are dependent on the internal temperature, the current 
and the SoC of the cell (Fig. 6). The thermal parameters are 
constant, as they are related to geometry and mass of the cell. 

 

III. EXPERIMENTAL SETUP AND RESULTS 

A. Experimental characterization of the cells 

The chosen cell is a NMC pouch cell (Fig. 7). This 
technology is widespread in EVs and HEVs. The nominal 
capacitance is 40 Ah. It is able to perform high current 
discharge (12 C = 960 A) during a few seconds. 

A complete electrical characterization of the cell has been 
performed in [19]. Fig. 8 to Fig. 12 present the evolution of 
the parameters as a function of the SoC and the temperature 
in discharge for a C-rate of 0.2 C (8 A). The same 
characterizations are also performed: 

• with higher C-rates (from 0.2 to 2C (Fig. 9)), 
• in charging mode. 

The goal is to obtain the evolution of the electrical 
parameters for all the inputs of the multi-coupled Thevenin 
model (see Fig. 1). 

Fig. 8 presents the OCVCell evolution for different 
temperatures (from 10 °C to 45 °C). It appears to be few 
influenced by the temperature. The R0Cell value increases 
significantly at 10°C (Fig. 10). Indeed, the cold temperature 
makes the ionic circulation more difficult. Thus, the 
resistance value is higher. ESRCell (for the datasheet model) is 
extracted at 50% SoC and 25°C as usual. It is a fixed value. 
Fig. 11 and Fig. 12 show that R1Cell and C1Cell are few affected 
by SoC and more by the temperature. 

The thermal part of the multi-coupled Thevenin model is 
extracted by applying a +/-80 A square current to the cell. The 
square period is short (10 s) to maintain the SoC of the cell 
constant (50% for this experiment). During the temperature 
rising phase, the thermal constant is extracted. During the 
steady-state the thermal resistance is extracted (Fig. 13). 
RThCell value is 0.414 K/W and CThCell is 940 J/K. 

Fig. 14 presents the validation of the thermal model at 
several ambient temperatures for a full cell discharge at 80 A. 
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Fig. 7 Characterized NiMH Cell [20] 



 
Fig. 8 Evolution of the cell OCV with SoC (discharge @ 0.2C) 
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Fig. 9 Impedance multi-impulsion protocol (discharge) 
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Fig. 10 Evolution of R0Cell with SoC and temperature (for 0.2 C 
impulsion, in discharge) 
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Fig. 11 Evolution of R1Cell with SoC and temperature (for 0.2 C 
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Fig. 12 Evolution of C1Cell with SoC and temperature (for 0.2 C 
impulsion, in discharge) 
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Fig. 13 Thermal characterization principle 
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Fig. 14 Validation of the Thevenin multi-coupled model thermal part 
for full discharge at 2C 

B. Comparison of the models 

A current profile, corresponding to several WLTC (urban 
and extra-urban normalized driving cycle), is applied to the 
tested cell (Fig. 15). The test is performed at 25°C and 10 °C 
as ambient temperatures. The cell is placed in a thermal 
chamber and is left at rest until the measured cell temperature 
is the same than the ambient one. The initial SoC of the cell 
is 90% and the final one is 40%.  

The experimental results corresponding to the cell voltage 
are compared to the both studied models with the same 
current profile as input (Fig. 16).  

At 25 °C, the both models give results close to the 
experimental ones. This is due to the contained self-heating 
of the cell during the test (Fig. 17).  

At 10 °C the parameters of the cells are different from the 
datasheet one (characterized at 25 °C). As a consequence, the 



multi-coupled Thevenin model is closer to the experimental 
cell. 

The average model errors can be deduced from (4). ߝ(%) = ∑ หݑௌ − ா௫หேೄଵݑ ௦ܰ  ே (18)ݑ100

Where NS is the number of samples and uCellNom is the nominal 
voltage of one cell. 

Fig. 19 confirms that using the both model is possible at 
25 °C with errors lower than 0.5 % for the cell voltage. At 
10°C the error of the datasheet model is multiplied by 3 (1.5 
%). But this level of error is acceptable at the systems level 
for a vehicle simulation. However, for lower temperatures the 
error would be even bigger. 
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Fig. 15 Experimental EV current profile  
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Fig. 16 Comparison of the voltage of the two models with the 

experimental one for a 25 °C ambient temperature.  
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Fig. 17 Evolution of the temperature for the current profile for a 

25°C ambient temperature 

3200 3300 3400 3500 3600

3.5

3.6

3.7

3.8

3.9

uCell (V)

0 1000 2000 3000 4000 5000
3.4

3.6

3.8

4

4.2

time (s)

 

Time (s) 

Exp 

Datasheet model 
Thevenin multi-coupled

uCell (V) TAmb= 10 °C 

 
Fig. 18 Comparison of the voltage of the two models with the 

experimental one for a 10 °C ambient temperature  
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Fig. 19 Error on cell voltage for the two models for 10 °C and 

25 °C temperatures 

IV. CONCLUSION 

This paper has presented two cells model that can be used 
in EV or HEV simulations.  

The first one is called the datasheet model. It is composed 
of a voltage source dependent on the SoC and a fixed 
resistance. It is easy to pick up the parameters in datasheets 
(characterization is optional) and to simulate. The second one 
is a multi-coupled Thevenin model with a thermal part. Every 
electrical parameter are dependent on the SoC, the 
temperature and the current. The characterization process is 
long and needs equipment.  

The characterization results are presented for one cell at 
several temperatures, SoC and current levels. The results are 
stored in tables.  

A comparison between the experimental results and the 
models is performed with a normalized driving cycle current 
(WLTC). It shows that the simplest model can be used at 
warm temperature (25 °C) and medium temperature (10°C) 
for EV simulation studies with reasonable accuracy. 
Nevertheless, the multi-coupled Thevenin model could be of 
interest at low temperature. 

As a perspective, several levels of complexity can be 
studied as a function of the simulation conditions. The impact 
of more constraining cycles (real cycles with higher current 
rates [9]) should be studied to specify the limits of the 
proposed models. Moreover lower temperature should be also 
studied. Finally, charging operation has also to be considered 
because the required higher current for a long time. 
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