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A B S T R A C T   

Most of the equivalent circuit battery models available in the literature have been developed specifically for one 
cell and require extensive measurements to calibrate cell electrical parameters in different operating conditions. 
In this work, a generalized equivalent circuit model for lithium-iron phosphate batteries is proposed, which only 
relies on the nominal capacity, available in the cell datasheet. Using data from cells previously characterized, a 
generalized zeroth-order model is developed. This novel approach allows to avoid time-consuming and expensive 
experiments and reduces the test matrix. In spite of not relying on detailed data on the dependence of the 
electrical parameters with respect to state of charge, c-rate and temperature, the model provides an excellent 
description of the electrical behavior for both low-energy and high-energy cells, the error being always kept 
below 2 %. The internal resistance of the cell is expressed as a function of a new characteristic coefficient, which 
is typical of this lithium-ion battery chemistry. This coefficient is fitted to an exponential function of the tem
perature, which is physically meaningful, as the internal resistance has an Arrhenius-like behavior with respect to 
temperature. This model, due to its simplicity and flexibility, is particularly useful for control-oriented appli
cations, and for off-line analyses.   

1. Introduction 

Lithium-ion batteries are increasingly becoming more important in 
the energy transition currently faced by the automotive industry [1]. 
This electrochemical storage system is preferable over all the other 
batteries because of its better power and energy density, its longer 
lifespan, and the almost complete absence of self-discharge effect [2]. 
Nonetheless lithium-ion batteries still require a lot of development and 
study due to some criticalities. In fact, they can work properly only in a 
limited range of temperatures: both for higher and lower temperatures, 
some issues can occur [3]. For higher temperatures, thermal runaway 
can lead the battery to catch fire and, in the most catastrophic cases, to 
explode [4]. Very low temperatures can lead to the formation of den
drites which can cause short-circuit and other problems [5]. On top of 
that, lithium-ion batteries can work properly only in a limited range of 
voltages [6]. Usually, manufacturers indicate a cut-off voltage both for 
charge and discharge and these limits are usually defined as minimum 
operating voltage (Vmin) and maximum operating voltage (Vmax). For 
voltages lower than the minimum operating voltage, some issues related 
to over-discharge can occur. For instance, over-discharge can lead to an 
increase in the gas pressure of the battery and dissolution of the elec
trolyte, and these phenomena can in turn lead to an increase in the 

battery internal resistance [7]. The over-charge, on the other hand, can 
lead to an uncontrollable temperature increase which can lead to ther
mal runaway and finally to the battery destruction [8]. All these situa
tions are potentially dangerous for the operators. For all these reasons, it 
is fundamental to develop battery management systems that can 
opportunely control battery temperature and voltage, thus preventing 
the battery from working outside of the safe operation range. Battery 
management strategies are usually based upon control-oriented models 
or algorithms which can precisely and quickly provide a description of 
the electro-thermal behavior of the battery [9]. Models characterized by 
high computational cost and long computational time (electrochemical 
models) may not be the best choice for this kind of applications. Usually, 
control-oriented algorithms are based on lumped models which can 
describe the battery behavior by determining a few calibration param
eters and providing a sufficiently precise prediction of the terminal 
voltage and battery temperature [10]. 

Equivalent circuit models are usually employed for describing the 
behavior of a cell [11]: a model of an entire pack can be implemented by 
connecting cells in series and in parallel. The literature provides 
numerous equivalent circuit models of lithium-ion cells, as shown by 
Thakkar et al. [32]. Tran et al. [12] presented a comparison of equiva
lent circuit models for four different chemistries (LFP, NMC, LMO, NCA). 
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They found that the most suitable model for LFP and NCA chemistries 
was a first order ECM with hysteresis, whereas the best for NMC and 
LMO chemistries was a first order ECM without hysteresis. Yamanaka 
et al. [31] proposed a multi-physics equivalent circuit model for an 
entire battery pack. Starting from the ECM of a single cell, and suitably 
connecting the cells in series and in parallel, they obtained the ECM of 
the entire battery pack. Lai et al. [13] introduced a parameter sensitivity 
analysis in order to improve the accuracy of equivalent circuit models. 

They considered a second order ECM with hysteresis and the sensitivity 
analysis results were used to reduce the look-up tables of the different 
model parameters. They found that not all the second order ECM pa
rameters needed to be updated with respect to the state of charge as the 
model precision is not significantly affected by this reduction in the 
look-up tables. Huang et al. [14] studied equivalent circuit models 
aimed at the prediction of the electric behavior of electric vehicle bat
teries. They compared four types of equivalent circuit models (Rint, 
Thevenin, second order ECM and PNGV) and they found that the PNGV 
model was the most suitable for this kind of application, with an average 
terminal voltage error of almost 5 mV. Tran et al. [15] proposed a 
comprehensive equivalent circuit model incorporating the effects of 
state of health, state of charge and temperature on the model parame
ters. In spite of providing a very detailed description of the electric 
behavior of the lithium-ion cells, this methodology needs an extensive 
experimental characterization and the look-up tables of the electrical 
parameters provided to the model are specific for the tested cell. 

A usual protocol for obtaining such look-up tables is the Hybrid 
Power Pulse Characterization Test (HPPC) which allows to determine 
electrical parameters by testing the cell with charge/discharge pulses at 
different state of charge and c-rates [16]. This means that the use of an 
ECM for a particular cell requires a certain amount of testing time. 

As a result, most of the equivalent circuit models available in the 
literature can be applied only to the particular cell for which they were 
developed. Considering instead a cell with the same chemistry but with 
different format, volume, or capacity, implies additional testing to 
identify its specific electrical parameters. Therefore, a model that could 
be applied to a family of cells without the need of further testing would 
be very desirable. 

In the literature, only a few authors have proposed models that might 
be applied to a family of cells, and not only to a specific cell experi
mentally characterized. Freudiger et al. [17] proposed a generalized 
equivalent circuit model based on a regression model. By using data 
depending on the chemistry (volumetric and gravimetric energy and 
power densities) the internal resistance and other electrical parameters 
were expressed in terms of the previously mentioned chemistry pa
rameters. This model was generalized to five different chemistries and 
only to cylindrical cells. The advantage is that a generalized model for 
all the chemistry was provided, but the drawback is that the regression 
model had no physical basis, as it was based only on the regression 
models provided by MATLAB’s Regression Learner Toolbox in order to 
extract the coefficient for each chemistry. Zhang et al. [18] proposed a 
generalized SOC-OCV model for lithium-ion batteries that allows to es
timate the open circuit voltage of different types of lithium-ion batteries. 
Nevertheless, the authors did not explore any generalized model for the 
internal resistance of lithium-ion cells. 

Table 1 
Climatic chamber characteristics.  

Characteristic Value 

Temperature range [-75 180] ◦C 
Temperature fluctuation in time < 0.3 K 
Temperature variation in space < 3.0 K 
Heat up rate 4.7 K/min 
Pull down rate 4.1 K/min  

Table 2 
Uncertainty of the variables.  

Variable Symbol Uncertainty σ [%]

Current I 0.33% 
Voltage v 0.1% 
Temperature T 1.68%  

Fig. 1. Test bench for battery cell characterization.  

Table 3 
LFP cells tested in-house.  

Cell number Capacity [Ah] Nominal Voltage [V] Minimum Voltage [V] Maximum Voltage [V] Format Dimensions [mm3] 

1 1.8 3.2 2.5 4.2 Cylindrical 18650 
2 3.8 3.2 2.5 4.2 Cylindrical 26650 
3 6 3.2 2.5 4.2 Cylindrical 32700 
4 70 3.2 2.5 4.2 Prismatic 173 × 97 × 40 
5 100 3.2 2.5 4.2 Prismatic 173 × 207 × 28  

Table 4 
LFP cells data found in the literature.  

Cell 
number 

Capacity 
[Ah] 

Nominal 
Voltage 
[V] 

Minimum 
Voltage [V] 

Maximum 
Voltage [V] 

Format 

6 16 3.2 2.5 4.2 Cylindrical 
7 40 3.2 2.5 4.2 Pouch 
8 42 3.2 2.5 4.2 Pouch 
9 60 3.2 2.5 4.2 Prismatic  

A.J. Torregrosa et al.                                                                                                                                                                                                                           



Energy 284 (2023) 129316

3

This work is aimed at providing a generalized equivalent circuit 
model for LFP chemistry that, once developed and calibrated, should 
provide a description of the electrical behavior of any cell belonging to 
the LFP category. The model is based on a physical relationship between 
the nominal capacity available in the datasheet and the internal resis
tance of the lithium-ion cell. The proposed internal resistance model 
relies only on one tuning parameter, the chemistry characteristic coef
ficient, that is the same for all the cells belonging to the LFP category. 
This chemistry characteristic coefficient has an Arrhenius-like trend 
with respect to temperature, which is physically meaningful because the 
same kind of trend is typical of the dependence with respect to 

temperature of the internal resistance of lithium-ion cells. In order to 
calibrate this model, data collected from the testing of five LFP cells 
were considered. Other data from the literature were included in order 
to build a larger dataset and to confirm the results obtained with the 
cells tested in-house. This model generates two main advantages:  

• First, every lithium-iron phosphate cell could be described by 
knowing only its capacity (provided in the cell datasheet) and the 
operating temperature. This led to considerable savings of time (the 
characterization of a lithium-ion cell implies several HPPC tests 
repeated at different temperatures in order to build-up the look-up 
tables).  

• Secondly, by employing this model, the realization of a specific test 
bench for lithium-ion cells (which would comprise a battery tester, a 
climatic chamber, recording equipment and temperature sensors) 
might be avoided. This could be particularly useful for all the oper
ators who need a precise estimation of the electrical behavior and 
heat generation of an LFP cell, without having any specific test bench 
to test it. 

Of course, the methodology shown in this paper could be applied to 
other chemistries in the future, and in this way, generalized equivalent 
circuit models for each of the main LIBs technologies on the market 
would be available. The model proposed is validated by using an 
extremely dynamic real driving cycle both for a low-capacity cell (cy
lindrical cell) and for a high-capacity cell (prismatic cell) and finally the 
errors are compared to those obtained by using a specific first order ECM 
calibrated for the cells used in the validation process. 

The paper is structured into five sections: after this introduction, in 
section 2 the cell under analysis is described and the experimental test 
bench used for collecting the data is illustrated. In section 3, the results 
of the experimental characterization for the different cells are shown, 

Fig. 2. HPPC test profile (left); customizable pulse sequence (right).  

Fig. 3. 0th-order ECM (left), 1st-order ECM (right).  

Fig. 4. Step method visualization.  
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whereas in section 4 the model development and implementation are 
described. Finally, in section 5 the model validation is provided for low 
and high-capacity cells and in section 6 the conclusions are pointed out. 

2. Experimental test bench 

The data used for the implementation of this generalized model have 
been collected through a large experimental characterization campaign. 
The test bench used for lithium-ion cells testing relies on an Arbin bat
tery tester, which allows to charge/discharge cells with high voltage 
resolution (∼ 1 μV) and very good voltage and current accuracies (±
2 mV and ± 20 mA, respectively). The cells are tested inside a climatic 
chamber whose characteristics are listed in Table 1. The cells are 
equipped with K-type thermocouples in order to measure the tempera
ture evolution and all the data are recorded with a datalogger. The 
uncertainties in the measurement of electrical current, voltage and 
temperature are listed in Table 2. The thermal chamber and the battery 
tester can be observed in Fig. 1. 

3. Experimental characterization of the lithium-ion cells 

Five LFP cells were experimentally characterized and the data 
collected from the testing protocols were used both for implementing 
specific equivalent circuit models for each one of these cells, and for 
generating the generalized ECM for LFP cells. The characteristics of the 
cells used are listed in Table 3. 

Additionally to these cells, other cells whose data were available in 
the literature were considered in the analysis, in order to get a broader 
and more general view on the problem. The characteristics of these 
additional cells are listed in Table 4 [19,20]. 

In order to determine the electrical parameters specific to each of the 
tested cells (see Table 3), tests performed according to the HPPC pro
tocol were carried out at several temperatures. This protocol consists of 
a sequence of charge/discharge pulses which are customized for each 
tested cell according to their charge/discharge rate limits. As an 
example, the HPPC protocol is shown in Fig. 2 for cell #3 together with a 
zoom on the customizable pulse train which is usually designed for 
multi-rate analysis. 

In the HPPC test profile, the customizable pulse sequence is repeated 
9 times, and it is followed by a discharge of 10 % of the cell capacity. 

Fig. 5. Ohmic resistance at 20 ◦C for the tested cells.  

Fig. 6. Charge transfer resistance at 20 ◦C for the tested cells.  
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This is done to calibrate the electrical parameters at several stages of the 
state of charge from SOC = 0.9 to SOC = 0.1. Finally, the HPPC test is 
repeated at several temperatures (0, 10, 20 and 30 ◦C) to consider the 
impact of the temperature on the electrical parameters. 

Once all the tests were executed, in order to extract the electrical 
parameters for the implementation of equivalent circuit models, a step 
method is employed. Depending on whether it is a 0th-order or a 1st- 
order model (see Fig. 3), the parameters to be determined differ: for a 
0th-order model only the total resistance (Rtot) needs to be determined, 
whereas for a 1st-order model the ohmic resistance (R0) is determined 
through the drop in instantaneous voltage, while the resistance due to 
charge transfer (R1) and the double-layer capacitance (C1) are deter
mined by fitting the difference to an exponential curve as shown in Fig. 4 
[21]. 

In this way, maps of the electrical parameters can be obtained for 

each of the tested cells. The maps of the electrical parameters are pre
sented in Figs. 5–7 only for the case of room temperature (T = 20 ◦C). 

As explained by Broatch et al. [22], these maps are usually given as 
three-dimensional maps considering state of charge, c-rate and tem
perature dependencies. This huge amount of data is extracted by several 
tests which takes a long time, both for execution and post-processing. 
Furthermore, for each cell, a different and specific equivalent circuit 
model needs to be calibrated, which will give information only on that 
specific cell. 

Starting from this consideration, a generalized ECM model for LFP 
chemistries would be a novelty to the current literature, because it 
would provide a tool that could describe the behavior of all the cells 
belonging to this category, generating great savings of time and re
sources (operative time and work, test bench design and implementa
tion, post-processing software licenses, etc.). 

Fig. 7. Double-layer capacitance at 20 ◦C for the tested cells.  

Fig. 8. Steps for model development.  
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4. Model development and implementation 

The logical steps followed in the development of the generalized LFP 
model are shown in Fig. 8, in which two main steps can be found:  

- 1st step: order reduction. Going from the 1st-order model to the 0th- 
order model, the estimation of the terminal voltage will be less 
precise since a 0th-order model does not consider the dynamic 
behavior of the battery when an electric current is applied [23]. On 
the other hand, in a 0th-order model one only needs to calibrate a 
total resistive parameter, whereas the calibration process of a 1st-or
der model is more complicated because the charge-transfer resis
tance and the double-layer capacitance are obtained as a result of the 
fitting to the voltage drop during a pulse. Nevertheless, the test 
matrix is still the same for the two models and thus there is no 
reduction of the testing time because the parameters of the two 
models need to be calibrated in all the different charge/discharge 
rate, state of charge and temperature conditions within the safe 
operating area of each of the cells. Finally, one must test each cell to 
calibrate its specific electrical parameters: for instance, one would 
need to calibrate five ECMs for the five LFP cells considered here.  

- 2nd step: model generalization. Going from the specific ECM for each 
cell to the generalized LFP cell model, it is expected to lose some 
precision in the results since, in the generalized model, no look-up 
table is provided, and the resistance is not obtained from maps 
depending on the abovementioned stress factors (SOC, c-rate and 
temperature), but the generalized internal resistive parameter will be 
dependent only on the nominal capacity of the cell, which can be 
found in the datasheet. This second step, differently from the pre
vious one, leads to a considerable reduction in the test matrix needed 
for the model implementation and to a simplification of the cali
bration process. The generalized model, in fact, relies only on a 

Fig. 9. Internal resistance at 20 ◦C against the nominal capacity of the analyzed 
cells, measured and modeled data. 

Fig. 10. Internal resistance at 0, 10 and 30 ◦C against the nominal capacity of the analyzed cells: measured and modeled data.  
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correlation of the internal resistance with respect to the nominal 
capacity of the cell. 

In order to find out a generalized correlation of the internal resis
tance of a lithium-ion cell with respect of the nominal capacity, the 
following assumptions can be considered:  

- The internal electrical resistance of a lithium-ion cell can be 
expressed as in Equation (1): 

Rint =
ρelLcurrent

A
(1)  

where ρel is the electrical resistivity of the cell, A is the area through 

which the electrical current is flowing and Lcurrent represents the path 
followed by the current between the two electrodes, which is strongly 
affected by format, geometry and also the manufacturing characteristics 
of the cell, as shown by Lee et al. [24].  

- Additionally, the capacity of a cell, which is the energy that can be 
stored in a cell, can be expressed as in Equation (2): 

C=VcurrentEd = ALcurrentEd (2)  

where Ed stands for the energy density of the cell expressed in Ah. 
From Equations (1) and (2), it is readily obtained that: 

Rint =
1
C
[
ρelEd(Lcurrent)

2]
=

kLFP

C
(3) 

From Equation (3), an inverse proportionality between internal 
resistance of the cell and its capacity is found. Furthermore, the found 
correlation gives some insight on where this proportionality comes from. 
In this work, the coefficient kLFP is defined as a characteristic chemistry 
coefficient because, once it is determined, it is a constant and it can 
provide the values of internal resistance for each cell belonging to the 
LFP category, once its nominal capacity is known. Since a physical-based 
correlation of the internal resistance with respect of the capacity is 
theoretically found, it is reasonable to expect that the experimental data 
collected for the different LFP cells will confirm Equation (3). As well as 
for the maps of the first order model presented in Figs. 5–7, also for the 
zeroth order model, similar maps of the total internal resistance can be 
obtained with respect to the state of charge, c-rate and temperature. 
From the maps of the total internal resistance, it is possible to obtain the 
curve plotted in Fig. 9, which represents the internal resistance of the 
cell in the reference condition equal to SOC = 50 %, 1C and at 20 ◦C. 
From Fig. 9, it is possible to find out the relation between the internal 
resistance of the cell, obtained from the testing characterization and 
from the data of the cells selected in the literature, and the nominal 
capacity of the cell, available in the datasheet. It is confirmed that the 
internal resistance of the cell has an inverse relationship with respect to 
the nominal capacity. In fact, the model shows very good agreement 

Fig. 11. Characteristic chemistry coefficient vs temperature: values obtained 
from data evaluation and exponential fitting. 

Fig. 12. Validation profiles for a low-capacity and a high-capacity LFP cell.  
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with the experimental data at 20 ◦C and a characteristic chemistry co
efficient kLFP = 160 AhΩ is found. 

The model developed so far does not take into account the de
pendency on temperature, which actually cannot be neglected. In fact, it 
is well demonstrated in previous work that the resistive parameters of a 
lithium-ion cell exhibit an Arrhenius-like dependence on temperature: 
as it gets higher, the resistance of the cell decreases, following an inverse 

exponential curve. Therefore, in order to consider also this aspect, data 
were collected for the tested cells at other 3 temperatures (0, 10 and 
30 ◦C). These data are represented in Fig. 10. 

The results at different temperatures show good agreement with the 
experimental data as in the standard temperature case. The character
istic chemistry coefficient values obtained from the previous optimiza
tion for the four different testing temperatures is shown in Fig. 11. The 

Fig. 13. Validation of the generalized electrical model for the cylindrical 6 Ah cell compared to the specific 1st-order model.  

Fig. 14. Validation of the generalized electrical model for the prismatic 100 Ah cell compared to the specific 1st-order model.  
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tuned values obtained from the previous optimization clearly show an 
Arrhenius-like tendency, which can be expressed as in Equation (4): 

kLFP = k0 exp
(

−
Ea

RT

)

(4)  

In Equation (4), k0 is a pre-exponential factor and Ea is the activation 
energy, which are the typical tuning parameters of an Arrhenius-like 
dependency. The same functional dependency on the temperature is 
widely used in order to explain the change of internal cell resistance 
under a change in the temperature [25,26]. 

This physically plausible expression of the characteristic chemistry 
coefficient can thus be implemented in the final model, which is 
expressed in Equation (5): 

Rint = f (C, T)=
1
C

k0 exp
(

−
Ea

RT

)

(5) 

The model expressed in Equation (5) describes the electrical 
behavior of all the cells belonging to the LFP category and their change 
with respect to the temperature. In section 5, this model is validated for 
a low-capacity and a high-capacity LFP cell in order to test its quality 
and to compare its precision with that of a specific 1st-order ECM 

developed for the cells considered. 

5. Model validation for a low-capacity and a high-capacity cell 

For the validation of the generalized LFP cell model, multi-rate dy
namic profiles have been used. These profiles are generated in-house 
and scaled according to the rate limits and capacities of the cells to 
test. The low-capacity cell used for this validation is a 6 Ah cylindrical 
cell, whose charge/discharge limits are 3C: therefore, the current profile 
shows peaks up to 18 A. On the other hand, the high-capacity cell is a 
100 Ah prismatic cell, whose charge limit is equal to 1C (100 A) and the 
discharge limit is equal to 2C (200 A). 

These current profiles are implemented in the software that controls 
the battery tester as text files: the battery tester charges/discharges the 
cells according to the specific current profile with a time-step of 1 s (see 
Fig. 12). The voltage is measured by the battery tester and it is compared 
to the modeled terminal voltage obtained by simulating the cell with a 
previously validated and specific 1st-order model (best available model 
for those cells) and with the generalized LFP model. The results of the 
validation process are shown in Figs. 13 and 14 for both the cells 
analyzed. The root mean square errors are listed in Table 5. 

As expected, the specific 1st-order model provides better results for 
both cells as, in fact, it uses three-dimensional look-up tables of the 
electrical parameters which perfectly describe their changes with 
respect to the state of charge, c-rate and temperature. Nevertheless, the 
calibration of these parameters requires extensive experimental work. 
Conversely, the generalized LFP model, which relies only on the nominal 
capacity of the cell as found in the datasheet, and that considers the 
temperature variation through a simple Arrhenius function calibrated 
for the generalized model, also provides good results. In fact, the error 

Table 5 
Root mean square errors obtained with a specific 1st order and a generalized 0th 

order model for a low-capacity and a high-capacity cell.  

LFP cell Specific 1st-order ECM Generalized 0th-order ECM 

6 Ah cylindrical cell 1.07% 1.33% 
100 Ah prismatic cell 1.31% 1.59%  

Fig. 15. Internal resistance maps built with the generalized LFP model.  
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provided by the generalized model is lower than 2 % for both cells and it 
may be considered validated and thus useable for LFP cells analyses. 

From this model, a map representing the global behavior of LFP cells 
was constructed. Considering a usual temperature operating range from 
0 to 40 ◦C , and cells ranging from 1.5 Ah (very low capacity for a cy
lindrical cell) to 350 Ah (very large for a prismatic cell), the map shown 
in Fig. 15 was generated. Considering the change of several orders of 
magnitude between the internal resistance of low-capacity cells and very 
large prismatic cells, it was decided to produce 3 maps: for low-capacity 
cells [27] (up to 10 Ah), for medium-capacity cells [28] (up to 50 Ah) 
and for high-capacity cells [29] (up to 350 Ah), in order to gain some 
resolution in data representation. These maps may be used both for 
off-line studies, such as estimation of the electrical behavior, and 
calculation of the heat generation of the cells under different operating 
and environmental conditions, and for on-line applications as in 
on-board BMS control algorithms for state of charge and state of health 
estimation [30]. 

6. Conclusions 

A generalized LFP equivalent circuit model was proposed. The main 
conclusions can be summarized as follows: 

• The advantages of such a methodology consist in providing a nu
merical tool capable of describing the electrical behavior of all cells 
belonging to the LFP category, thus reducing significantly the testing 
matrix and the testing time.  

• The model only needs the nominal capacity and provides the values 
of internal resistance for the chosen cells. An inverse proportionality 
was found between the nominal capacity of the cells and their in
ternal resistance. The model is physically plausible and only one 
tuning parameter needs to be determined. 

• A characteristic chemistry coefficient was defined and its de
pendency on temperature was found to be Arrhenius-like. This ten
dency is physically plausible since cell resistance decreases 
exponentially with the temperature.  

• The model was validated both for a low-capacity cylindrical cell and 
for a high-capacity prismatic cell providing errors below 2 %.  

• Maps of the internal resistance can be produced and subsequently 
integrated into control strategies of battery management systems for 
state of charge and state of health estimation, or they can be used for 
off-line analyses. 
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