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The design of a battery-powered system ideally requires the simultaneous sizing of all its components. To contribute to this purpose, we propose a physical approach to couple the electrical parameters of a battery equivalent-circuit-model (ECM) to the electrodes dimensions of the battery. Because it only requires non-invasive measurements, it can be easily used by system integrators. To test the proposed approach, we choose three commercial coin cells with different sizes and nominal capacities (25 mA h, 60 mA h and 120 mA h). Only the electrodes length of these cells varies, and this study is therefore focused on creating dependency-models that predict the ECM parameters values with respect to this specific dimension. The proposed ECM brings accurate voltage simulations and the dependency-models predictions are satisfactory for the three cells, with a mean accuracy of 6.3%. Thanks to the proposed approach, the parameters of any cell size and capacity can be predicted in the characterization range (between 25 mA h and 120 mA h here). It is thus a promising tool for developing custom-made cells.

Introduction

The persons designing a battery-powered microsystem are often forced to choose among several commercial batteries that are already existing. They have fixed mechanical and electrical properties and choosing one often requires to make some trade-offs at the system scale. To address this problem, Chen et al. [START_REF] Chen | Microbattery Development for Juvenile Salmon Acoustic Telemetry System Applications[END_REF] have, for example, fabricated a cell featuring a custom form factor more adapted to their device than the two commercial coin cells previously used. Solutions of this type are even proposed commercially [2].

These techniques are mainly aimed at increasing the volume of active material in a small available volume. However, they rarely take into account the effects of dimensional changes on the electrical behavior of the cells. For instance, Humble and Harb [START_REF] Humble | Optimization of nickel-zinc microbatteries for hybrid powered microsensor systems[END_REF] have determined a maximum operating power for a certain electrode thickness and width. Changing the dimensions of a battery thus changes its electrical performance, which may then become unsuitable for the system to be powered. In order to get a proper sizing of a cell for its integration into a system, it is therefore important to consider the coupled dimensional, mechanical and electrical constraints.

The possibility to get custom-made batteries from some manufacturers and the progress in the fabrication of printed thin-film batteries [START_REF] Lyu | Design and manufacture of 3D-printed batteries[END_REF] suggest that cell-size customization will become more common. Optimally sized batteries could be lighter and use less material while still guaranteeing sufficient electrical and thermal performance.

The optimization of the cell design can be done by trial and error, but a model-based optimization algorithm can lead to better -and sometimes faster -results, given that the model is well-adapted to a system-design situation. Mei et al. [START_REF] Mei | The effect of electrode design parameters on battery performance and optimization of electrode thickness based on the electrochemical-thermal coupling model[END_REF] used an electrochemical model coupled with a thermal model to compute the effects of a variable electrode thickness on the electrochemical and thermal behaviors of a 18.5 Ah prismatic cell. This approach is meant to improve the design of a cell, but the knowledge of the cell electrochemical parameters is mandatory to calibrate the model. It is hence hard to use by a system integrator, unless they have a good collaboration with the cell manufacturer.

Merla et al. [START_REF] Merla | An easy-to-parameterise physics-informed battery model and its application towards lithium-ion battery cell design, diagnosis, and degradation[END_REF] proposed a physic-based equivalent circuit model (ECM) created thanks to a pseudo-2D electrochemical model [START_REF] Von Srbik | Offer, A physically meaningful equivalent circuit network model of a lithium-ion battery accounting for local electrochemical and thermal behaviour, variable double layer capacitance and degradation[END_REF]. This model contains numerous parameters and their determination requires a few non-invasive tests, along with a substantial knowledge of the studied cell internal characteristics. Hence, less knowledge of the cell electrochemical parameters is required, but a good understanding of electrochemical phenomena is mandatory. Besides, there are no evidence that this model can easily predict the performance of a cell with different dimensions. Therefore, it appears to be more adapted for cell manufacturers than for system integrators.

Li et al. [START_REF] Li | Optimal cell tab design and cooling strategy for cylindrical lithium-ion batteries[END_REF] developed an 3D electro-thermal model based on two coupled equivalent circuit networks to model the electrical and thermal behaviors. The electrical model is non-physical and is aimed at modeling the electrical behavior at a local scale. It only requires non-invasive measurements and it is interesting for studying and improving the design of an existing cell, but this model also cannot predict the behavior of a cell with different dimensions.

To help design a battery-powered system, a model that can predict a cell performance as a function of its dimensions would be very useful. It has to be simple enough to be integrated in the calculation of the whole system behavior. It also has to be accurate enough to study the interactions between the battery and other components. A valuable feature is to use a model that can be built with very little knowledge of the studied cell, as it is often the case for system integrators.

This study contributes to the creation of such a model, with an approach that links each parameter of an ECM to the dimensions of the cell electrodes. We have chosen to model the electrical behavior of the batteries with an ECM because it is adapted to a user with no access to electrochemical parameters and because its parameters can be related to the electrochemical phenomena [START_REF] Von Srbik | Offer, A physically meaningful equivalent circuit network model of a lithium-ion battery accounting for local electrochemical and thermal behaviour, variable double layer capacitance and degradation[END_REF][START_REF] Damay | Separation of the charge transfers and solid electrolyte interphase contributions to a battery voltage by modeling their non-linearities regarding current and temperature[END_REF]. By nature, this approach can be applied to any insertion battery in which the same phenomena occur (lithium-ion, sodium-ion...).

In line with the context of integrating a battery into a microsystem, we chose to study three commercial lithiumion coin cells of the same design and chemistry (NMCgraphite, 3.7 V for nominal voltage, but of different dimensions and nominal capacities (25, 60 and 120 mAh). They have already been studied by Nehru Bandla [START_REF] Bandla | Modeling the internal inhomogeneous aging behavior in large-format commercial Li-ion batteries[END_REF] with an electrochemical modeling approach. They are cylindrical cells with coiled electrodes (Figure 1). Their height is the same, but their diameter changes. Their electrodes therefore have the same characteristics, except for their lengths. Thus, the proposed study is focused only on modeling and validating the effects of electrodes length on the parameters of an ECM. Nevertheless, the fact that the proposed approach is based on physics makes it relevant for modeling the dependencies of the parameters to other electrodes dimensions.

In the following section, we describe the detailed ECM that we used to model the cells. For each of its parameters, we then propose a dependency-model which predicts the evolution of the parameter with respect to the electrodes length. Because the detailed ECM parameters cannot be determined experimentally in a non-invasive way, we explain in section 3 how the detailed ECM is reduced into a simplified ECM that can be used at a system scale. We then develop the dependencies of the simplified-ECM parameters on the electrodes length. In section 4, the determination of the simplified ECM parameters is detailed and is validated for operating conditions that are typical of a micro-system. In section 5, we evaluate our dependencymodel on the electrodes length thanks to the previously determined ECM parameters. 

Constructing an equivalent circuit model depending on electrodes dimensions

Defining a detailed ECM at electrodes scale

In order to define the relationships between electrodes dimensions and the parameters of an ECM, the cell is subdivided into its main active components, namely the conductive assemblies that can bring the electrons from the cell terminals to the interfaces between the active materials and the electrolyte (Figure 2). The solid electrolyte interphase (SEI) is represented as part of the negative electrode, between the active material and the electrolyte. The electrodes height and length are also represented on Figures 1 and 2 and the thickness corresponds to the third dimension (along the vertical axis). Please note that this cell diagram corresponds to the cell electrodes we used to experimentally validate the model, that is a long ribbon with only one tab at each end (Figure 1), and must therefore be adapted for cells with a different electrodes design.

On Figure 2, a detailed ECM of this cell is superimposed on the different cell elements. Because we chose a localized constant model, it is assumed that the composition and behavior of each element are homogeneous . Consequently, the current that is naturally spread out over the entire electrodes surfaces (Figure 1c) can be reduced to an equivalent mean current that corresponds to the average path of the electrical charges (ions and electrons). Along this path, and at the boundary between each of the cell elements, is placed a node (black dot on the figure). The electrical components between two nodes model the relationship between the flow of electrical charges and their potential difference. These components values are nonlinear and may vary with the current, the temperature, the state of charge, the state of health and the dimensions of the electrodes [START_REF] Eddahech | Ageing monitoring of lithium-ion cell during power cycling tests[END_REF]. Each node is at the potential of the interface between two elements of the cell. This interface is then assumed to be equipotential. A consequence of this assumption is that the voltage drop in the direction of the electrodes length L must be low, which will be verified in the experimental part (section 5). The resistors R connec,n and R connec,p model the electronic conduction phenomena in the electrical connection between each of the current collectors and the terminals of the cell. This electrical connection can contain soldered elements and include contact resistors.

Mean current 𝑰

The current collector and the active material of each electrode are grouped in a "conductive assembly". The two resistors in one assembly model the electronic conduction in the collector and the active material, the contact resistance between the collector and the active material, and the contact resistances between the particles of the active material [START_REF] Farkhondeh | Full-range simulation of a commercial LiFePO 4 electrode accounting for bulk and surface effects: A comparative analysis[END_REF][START_REF] Illig | Modeling graphite anodes with serial and transmission line models[END_REF]. The resistors R CA:L,n and R CA:L,p model the electronic transport in the "conductive assemblies" in the direction of electrodes length. The resistors R CA:T,n and R CA:T,p model the electronic transports in the conductive assembly along the thickness of the electrodes.

The interface model is an adaptation of the model proposed by Kuhn et al. [START_REF] Kuhn | Modeling diffusive phenomena using non integer derivatives[END_REF]. It models the relationship between the current and the potential difference between the electrode surface and the electrolyte. The voltage sources U n and U p correspond to the equilibrium potentials of the electrodes with respect to a reference potential (generally a lithium metal electrode). These equilibrium potentials depend on the lithium ion concentration of each of the electrodes. The equivalent resistances R ct,n and R ct,p model the potential drop caused by the charge transfer, a phenomenon linked to the insertion and deinsertion of ions in the active material. The capacitors C dl,n and C dl,p model the accumulation of charges on both sides of the electrolyte/active material interface called double layer. The components Z d,n and Z d,p model the overvoltage due to the effect of solid diffusion in the active material particles [START_REF] Huang | An analytical three-scale impedance model for porous electrode with agglomerates in lithium-ion batteries[END_REF]. This overvoltage does not rise instantaneously and its dynamics is characterized by a time constant τ d . When the current is constant, the overvoltage tends to a value that no longer depends on time and can therefore be considered as equal to the product R d I, where I represents the current and R d is a quantity that is homogeneous to a resistance and is dependent on the state of charge, the current, and the temperature [START_REF] Damay | Thermal modeling of large prismatic LiFePO 4 /graphite battery. Coupled thermal and heat generation models for characterization and simulation[END_REF].

The R SEI and C SEI components model the phenomena associated with ion transport in the SEI present on the negative electrode. This models the accumulation of charges on both sides of the SEI (capacitive phenomenon) and the migration of ions (resistive phenomenon) [START_REF] Meyers | The impedance response of a porous electrode composed of intercalation particles[END_REF][START_REF] Delacourt | Analysis of lithium deinsertion/insertion in LiyFePO 4 with a simple mathematical model[END_REF], or it would be both the diffusion and the migration of ions [START_REF] Dees | Alternating current impedance electrochemical modeling of lithiumion positive electrodes[END_REF][START_REF] Huang | An analytical three-scale impedance model for porous electrode with agglomerates in lithium-ion batteries[END_REF].

The resistance R e models the ionic conduction in the electrolyte. The impedance Z d,e models ion diffusion in the electrolyte [START_REF] Mauracher | Dynamic modelling of lead/acid batteries using impedance spectroscopy for parameter identification[END_REF].

Some models include an inductance in the electrical circuit modeling the inductive phenomena in the cell [START_REF] Esser | Electrochemical impedance spectroscopy setup based on standard measurement equipment[END_REF]. However, the inductive effects are often negligible, unless the cell is used at high frequencies. We will demonstrate in part 4.3 that the model without inductance describes satisfactorily the electrical behavior of the studied cells.

Dependencies of the detailed model parameters to the electrodes length

In this section, the relationships between the electrodes length and the detailed ECM parameters are justified and detailed. The summary of these relationships can be found in Table 1. Please note that we used the time constants τ of the RC circuits instead of the C parameters.

It is assumed that the electrode potentials U n and U p depend on the charge state only, expressed as a percentage. They are therefore independent of the electrodes length.

The time constants τ d,n , τ d,p , and τ d,e of the impedances modeling the diffusion effects are intensive quantities at electrodes scale if the electrodes have the same composition and thickness, which is the case here. Consequently, their values are assumed to be independent of electrodes length.

In steady state, the impedances Z d,e , Z d,n and Z d,p modeling each of the three diffusion phenomena are equal Parameter Relationship to the electrodes length L

Modified property Equation

U i none constant R CA:L,i length of the path ∝ L R CA:T,i cross section ∝ 1/L R e cross section ∝ 1/L R SEI cross section ∝ 1/L τ SEI none constant R connec,i connection configuration constant R ct,i exchange surface ∝ 1/L τ ct,i none constant R d,i exchange surface ∝ 1/L τ d,i
none constant to a resistance R d,i (i replacing any of the three indices n, p and e). From Ohm's relation we have Equation (1):

U d,i = R d,i Sj (1) 
with U d,i the voltage across the considered resistance R d,i , S the exchange surface, and j the current density normal to the surface S. In the case of the model shown in Figure 2, if we multiply the electrodes length by a factor α, the area of the electrodes is multiplied by the same factor. The voltage U d,i is assumed to be an intensive quantity that does not depend on the electrodes length L. Keeping the current density j unchanged, the voltage U d,i therefore does not change and the resistance R d,i must be divided by the factor α to maintain equality. This brings Equation (2):

U d,i = R d,i α (Sα)j (2) 
It can be seen here that a multiplication of the electrodes length by a factor α therefore results in a division of the resistance R d,i by the same factor. The resistances R d,n , R d,p and R d,e are therefore inversely proportional to the electrodes length L.

The reasoning presented above for the impedances modeling the diffusion effects can be used with the circuits R ct,n C dl,n , R ct,p C dl,p and R SEI C SEI because their impedances tend to the value of the corresponding resistance in steady state. Besides, the voltage at their terminals and their time constants are assumed to be intensive quantities. We concluded that these resistances are inversely proportional to the electrodes length L and that these time constants do not depend on L as presented in Table 1.

Assuming a linear behavior, the value of the resistances modeling the phenomena of electronic and ionic conduction can be calculated by the Equation (3) in which l is the length of material traversed by the charges flow (ions or electrons), S is the cross-section of the material traversed by this same flow, and ρ is the conductivity (electronic or ionic) of the traversed material.

R conduction = ρ l S (3) 
For the resistance R e , the cross-sectional area S is proportional to the electrodes length L and the dimension l corresponds to an equivalent distance of electrolyte between the two electrodes. This dimension and the conductivity ρ are constant with respect to the electrodes length L. The resistance R e is then assumed to be inversely proportional to the electrodes length L.

In addition to conduction phenomena, the resistances R CA:T and R CA:L also model contributions from contact resistances. The contact resistance is a conduction phenomenon located at the interface of two materials. It depends on the contact area S between the materials and a coefficient ρ * related to the contact characteristics (Equation ( 4)). This modeling assumes that the current through the contact surface is uniform, which is an assumption already made by using localized constant modeling (see section 2.1).

R contact = ρ * S ( 4 
)
For the resistances R CA:T,n and R CA:T,p , the area S of Equations ( 3) and ( 4) is proportionnal to the electrodes length L. The other quantities in these equations were assumed to be independent of L, so the resistances would be inversely proportional to the electrodes length L.

For the resistances R CA:L,n and R CA:L,p , the electrodes length L is proportional to the length l of Equation (3). The contact resistance also increases proportionally to the electrodes length L because the particles and the number of contacts between them increases linearly with the electrodes length. The other quantities in these equations were assumed to be independent of the electrodes length L, so these resistances would be proportional to it.

The dimensions of the elements modeled by the connection resistances R connec,n and R connec,p may not have a simple relationship with electrodes length because the cell manufacturer may change the electrodes tab from one cell version to another. For the sake of simplicity, we assumed that the sum of these resistances where constant according to the electrodes length. These resistances indeed include electronic conduction phenomena, which we supposed negligible, and contact resistance phenomena, which we considered constant regarding electrodes length. This is summed up by Equation ( 5): [START_REF] Mei | The effect of electrode design parameters on battery performance and optimization of electrode thickness based on the electrochemical-thermal coupling model[END_REF] with R cond an equivalent resistance grouping the resistances related to electronic conduction, and R cont an equiv-alent resistance grouping the contact resistances.

R connec,n (L) + R connec,p (L) = R cond (L) ≈ 0 + R cont (L) = constant
To estimate the value of R cond , we assumed that the conduction resistances were mainly due to the resistance of the electrical protection element of the cells, located between a collector and the case which is used as a terminal. The picture of this protection element can be found in the manufacturer's technical handbook [22, p. 42]. Based on its geometry and assuming it is made of aluminum, we estimated its resistance to be 2.2 mΩ. As this value is small compared to the value of R s (several hundred mΩ, see part 4.2.1), it can be neglected.

For the resistance R cont , we assumed that its value does not vary from one cell to another. The manufacturing process should indeed be the same for the three cells, and the dimensions of the cases do not change much. We therefore considered R cont to be constant with respect to the electrodes length (Equation 5).

Electrical circuit model simplifications for characterization and simulation

The detailed ECM described in section 2.1 contains parameters that cannot be determined using only the cell voltage and current measurements. Indeed, these are global parameters that make it difficult to distinguish the contributions of the different phenomena characterizing the electrical behavior of the cell. We therefore simplified the detailed ECM as explained in the following subsections.

Grouping resistances in series

Contact resistances and electronic and ionic conduction phenomena are modeled by resistances. Each each of these resistors causes an instantaneous voltage drop. However, it is not possible to distinguish their individual contribution by measuring the voltage across the cell. We have therefore grouped them into a single resistor noted R s (Equation ( 6)).

R s = R connec,n + R connec,p + R CA:L,n + R CA:L,p + R e + R CA:T,n + R CA:T,p (6) 

Circuit topology simplification

The phenomena modeled by the interface model do not have the same dynamics: the time constant of the R ct C dl circuits is generally lower than a second, the time constant of the diffusion is of the order of a minute, and the electrode potentials U n and U p are instantaneously deduced from the charge state. As the dynamics of these elements are significantly different, they can be put in series as shown in Figure 3a [START_REF] Kuhn | Modeling diffusive phenomena using non integer derivatives[END_REF].

Grouping electrodes equilibrium potentials

Due to the change in topology of the interface model, the voltage sources U n and U p are in series. They can therefore be grouped into a single voltage source that we will note U c . It represents the open circuit voltage of the cell. The voltage sources being defined in opposite directions (Figure 2), the voltage U c is equal to their difference (Equation ( 7)).

U c = U p -U n (7)

Grouping similar dynamics

The contributions of the three RC circuits modeling the transport of ions through the SEI and the electrode/electrolyte interface are difficult to identify individually by a non-invasive approach. Kuhn et al. [START_REF] Kuhn | Modeling diffusive phenomena using non integer derivatives[END_REF] showed that a single RC circuit can satisfactorily model these three RC circuits. We have therefore chosen to use only one RC circuit characterized by a time constant τ surf and a resistance R surf (Figure 3b), which is equal to the sum of the resistances of the three RC circuits (Equation ( 8)).

R surf = R ct,n + R ct,p + R SEI (8) 
As for the RC circuits, the contributions of the impedances Z d,n , Z d,p and Z d,e cannot be differentiated. We have therefore grouped them in a single impedance Z d , which can be represented by a limited diffusion impedance, noted Z d in Figure 3c [START_REF] Jossen | Fundamentals of battery dynamics[END_REF][START_REF] Damay | Modélisation des non-linéarités en courant et en température d'un circuit électrique équivalent de batterie en vue de sa caractérisation rapide[END_REF]. It is described in the Laplace domain by Equation ( 9) involving a so-called "diffusion time constant" τ d and a so-called "diffusion resistance" R d equal to the sum of the diffusion resistances

R d,n , R d,p and R d,e . Z d (s) = R d tanh √ τ d s √ τ d s ≈ Z d,n + Z d,p + Z d,e (9) 

Discretization of the diffusion impedance

Equation ( 9) can be approximated by a finite sum of RC circuit impedances described by equation [START_REF] Bandla | Modeling the internal inhomogeneous aging behavior in large-format commercial Li-ion batteries[END_REF] and shown in Figure 3d [START_REF] Damay | Modélisation des non-linéarités en courant et en température d'un circuit électrique équivalent de batterie en vue de sa caractérisation rapide[END_REF].

Z d (s) ≈ N ∈N * p=1 R d,p 1 + sτ d,p (10) 
In Equation [START_REF] Bandla | Modeling the internal inhomogeneous aging behavior in large-format commercial Li-ion batteries[END_REF], R d,p is calculated from R d using equation [START_REF] Eddahech | Ageing monitoring of lithium-ion cell during power cycling tests[END_REF], and τ d,p is calculated from τ d using [START_REF] Farkhondeh | Full-range simulation of a commercial LiFePO 4 electrode accounting for bulk and surface effects: A comparative analysis[END_REF].

R d,p = 8R d π 2 (2p -1) 2 (11) τ d,p = 4τ d π 2 (2p -1) 2 (12)
Please note that the diffusion resistance R d is also equal to the sum of the R d,p in Figure 3d, as stated by Equation [START_REF] Illig | Modeling graphite anodes with serial and transmission line models[END_REF].

R d = N ∈N * p R d,p (13) 

Result of the simplifications

The simplifications made to the detailed model reduce the number of parameters from 21 to 6: U c , R s , τ surf , R surf , τ d and R d . These parameters can be non-invasively determined as presented in section 4.2. The simplified ECM is shown in Figure 4. 

Dependency to electrodes length

Using Table 1 and the definition of R s in equation ( 6), the resistance R s would be the sum of terms whose values (i) are independent of the electrodes length (R connec,n and R connec,p ), (ii) are proportional to the electrodes length (R CA:L,n and R CA:L,p ), and (iii) are inversely proportional to the electrodes length (R e , R CA:T,n , R CA:T,p ). The resistance R s would thus be related to the length L of the electrodes by equation ( 14) in which k s1 , k s2 and k s3 are coefficients expressed in Ω m -1 , Ω m and Ω, respectively.

R s (L) = k s1 L + k s2 L + k s3 (14) 
We have defined the resistances R surf and R d as the sum of resistances whose values were supposed to be inversely proportional to the electrodes length L. They would then themselves be inversely proportional to L, as shown in Equations ( 15) and ( 16), in which k surf and k d are coefficients expressed in Ω m.

R surf (L) = k surf L (15) R d (L) = k d L ( 16 
)
The time constant τ surf represents the dynamic of the R surf C surf circuit modeling the R ct,n C dl,n , R ct,p C dl,p , and R SEI C SEI circuits (Figure 3b). We have made the assumption that the dynamics of these circuits are independent of the electrodes length, so the dynamics of the equivalent RC circuit should be independent of the electrodes length. The time constant τ surf would therefore be equal to a constant that we note τ * surf (Equation ( 17)).

τ surf (L) = τ * surf ( 17 
)
Using the same reasoning and remembering that the time constants τ d,n , τ d,p , and τ d,e were assumed to be independent of the length of the electrodes, the time constant τ d should be independent of the length of the electrodes. It would therefore be equal to a constant that we will note τ * d (Equation 18).

τ d (L) = τ * d ( 18 
)
The voltage source U c depends on the relative SOC (state of charge), expressed as a percentage of the cell capacity. Consequently, this term scales naturally with the electrodes length and can be considered to be constant regarding L.

In order to validate the proposed modeling of dependencies to the electrodes length described in this section, the simplified ECM parameters have to be determined for the three studied cells. This is described in the next section. Then, in section 5, the dependency-models are fitted to these ECM parameters to demonstrate the validity of Equations ( 14) to [START_REF] Delacourt | Analysis of lithium deinsertion/insertion in LiyFePO 4 with a simple mathematical model[END_REF].

Experimental determination of the ECM parameters

The experimental setup used for all the experimental work is presented in subsection 4.1. The experimental determination of the ECM parameters for the three studied cells is made thanks to EIS (electrochemical impedance spectroscopy) and GITT (galvanostatic intermittent titration technique) tests, as explained in subsection 4.2. These parameters are validated in subsection 4.3 by demonstrating that they accurately predict the cells electrical behaviors.

For this experimental work, we limited the influence of the SOC non-linearities affecting the electrical parameters by restraining the range of state of charge studied between 20 and 26.7 % of depth of discharge. In this range, we could consider that only the parameters U c and R d vary significantly with the state of charge, which is justified in subsection 4.2 below. In addition, even though the temperature influences the ECM parameters [START_REF] Tran | A comprehensive equivalent circuit model for lithium-ion batteries, incorporating the effects of state of health, state of charge, and temperature on model parameters[END_REF], discharges at 2 C in a climate chamber set at 20 °C showed that the cells temperature increased by at most 2 °C in these conditions. This temperature rise does not significantly change the electrical properties of the cells, so we considered their temperature to be constant during the tests. Furthermore, the studied cells had only had a few preliminary tests before their characterization, and we therefore considered them as new cells.

Experimental setup

The cells used for the experimental validation are commercial lithium-ion coin cells of the Varta brand. The materials of their negative and positive electrodes are graphite and LiNi 0.6 Mn 0.2 Co 0.2 O 2 respectively [START_REF] Bandla | Modeling the internal inhomogeneous aging behavior in large-format commercial Li-ion batteries[END_REF]. The names of the models used, their dimensions and their nominal capacities are given in Table 2. The nominal voltage of the cells is 3.7 V, and their operating voltage is between 3 and 4.2 V. We performed the electrical measurements and controls, including impedancemetry, with a Biologic system (VSP-300 with 2 A and 20 A boosters). A Biologic BH-1i battery holder allowed a 4-wire measurement of the cells voltages. For all tests, the current was defined as a current rate (in C), which is the measurement of the charge and discharge current with respect to its nominal capacity. The depths of discharge are expressed as a percentage and are also based on the nominal capacities because the measured capacities were close to them (difference of less than 3 %). Lastly, during all the experiments, the cells were placed in a climate chamber set at 20 °C.

ECM parameters determination

The EIS and GITT tests used to determine the ECM parameters are presented below.

EIS test: determination of R s

The series resistance R s is assumed not to depend on the current or on the depth of discharge. It is extracted from an impedance spectrum because it is difficult to distinguish its contribution from the one of R surf with the GITT tests (described in part 4.2.2). The impedance measurements used for the determination of R s were all performed with a sinusoidal signal of amplitude 0.1 C and a frequency between 0.01 Hz and 100 kHz with 5 points per decade in logarithmic spacing (Figure 5). The parameter R s is measured as the minimum value of the real part of the spectrum because the other parameters of the model can only increase the real part of the impedance [START_REF] Skoog | Parameterization of linear equivalent circuit models over wide temperature and SOC spans for automotive lithium-ion cells using electrochemical impedance spectroscopy[END_REF]. 

GITT test: experimental protocol

All ECM parameters except R s are determined using the pulsed discharge protocol below, called GITT. GITT tests are complementary to EIS tests because they can characterize a cell behavior at higher currents and because they are more efficient to characterize the slow dynamics [START_REF] Schmidt | Pulse-fitting -A novel method for the evaluation of pulse measurements, demonstrated for the low frequency behavior of lithium-ion cells[END_REF]. The test protocol is as follows:

1. CC/CV charge at 0.5 C to 4.2 V, 0.02 C; 2. open circuit for 3 h; 3. discharge at 0.5 C for 8 min (6.7 % of the nominal cell capacity); 4. open circuit for 3 h; 5. return to step 3 until the low voltage limit of the cell (3 V) is reached (13 complete pulses were completed).

For the purpose of the experimental validation presented in subsection 4.3 and because the parameters may vary with respect to the current, we have also realized GITT pulses of 4 min at 1 C in addition to the 8 min pulses at 0.5 C described above. The ECM parameters have hence been determined at 0.5 and 1 C. The test protocol was the same, except for the duration and intensity of the pulses. The variation in depth of discharge was the same in both cases.

The duration of the pulses was chosen so that the overvoltage reaches a quasi-steady state for each pulse [START_REF] Damay | Thermal modeling of large prismatic LiFePO 4 /graphite battery. Coupled thermal and heat generation models for characterization and simulation[END_REF]. This state is reached when the voltage response of a GITT test at a given current becomes equal to that of a steady state discharge at the same current, state of charge and temperature.

The GITT discharge was performed on all the capacity range of the battery, but we only used pulses 3 and 4 to extract the parameters at the studied depth of discharge (20-26.7 %). The parameters are extracted in two steps: U c is determined first, and then the others.

GITT test: determination of the OCV U c

The open circuit voltage U c depends on the depth of discharge and it is determined by measuring the cell voltage at the end of the 3-hour-long open circuit periods during the GITT tests [START_REF] Roscher | Dynamic electric behavior and open-circuit-voltage modeling of LiFePO 4 -based lithium-ion secondary batteries[END_REF]. These tests only allows the determination of OCV values at certain depths of discharge. To determine the value of U c between the measured values, we assumed that this parameter varied linearly with respect to the state of charge between two measured values. The validity of this assumption can be appreciated in Figure 6 in which the measured and interpolated OCV is compared to a pseudo-OCV measured at 0.02 C.

The discharge voltage at 0.02 C is close to the equilibrium voltage and highlights its variations, which are not always visible at higher current rates. The pseudo-OCV at 0.02 C is linear for pulses 3 and 4, so the linearity assumption is correct for these pulses. Concerning the other responses to GITT pulses, this assumption may not be true enough and the ECM parameters determination would be then less accurate. Because the scope of this study is to test the modeling of the parameters dependencies to electrodes length, we only used the pulses 3 and 4 to have the most accurate parameters values.

GITT test: determination

of R surf , τ surf , R d , τ d
With the exception of U c , the parameters of the ECM characterize the overvoltage η, which is the difference between the actual cell voltage and its equilibrium voltage U c . For a constant current I and an initial value of zero volts, the overvoltage η sim predicted by the ECM is given by Equation [START_REF] Dees | Alternating current impedance electrochemical modeling of lithiumion positive electrodes[END_REF]. The diffusion impedance Z d is described by N = 10 RC circuits (see Equation [START_REF] Bandla | Modeling the internal inhomogeneous aging behavior in large-format commercial Li-ion batteries[END_REF] and Figure 4). The overvoltage η sim was calculated using the MATLAB software.

η sim (t) = I R s +R surf exp -t τ surf + N =10 i=1 R d,i exp -t τ d,i (19) 
The parameters in Equation ( 19) can vary with the current and the depth of discharge. For the studied cell, we assumed that the parameters R surf , τ surf and τ d do not depend on the depth of discharge, but depend on the current I. Their value is thus different at 0.5 C and 1 C, but they are assumed to be the same for the two studied pulses (3 and 4). The semi-ellipse of the impedance spectra in Figure 5 are indeed characteristic of the R surf and τ surf parameters and are very close over the considered depth of discharge range [START_REF] Illig | Understanding the impedance spectrum of 18650 LiFePO 4 -cells[END_REF]. The value of the diffusion resistance R d is assumed to be dependent on the current and on the depth of discharge.

Because the value of R d can only be accurately determined at the end of the GITT pulses, we chose to fit three values that represent the value of this parameter at different depths of discharge [START_REF] Damay | Thermal modeling of large prismatic LiFePO 4 /graphite battery. Coupled thermal and heat generation models for characterization and simulation[END_REF]. Hence, R 0 d , R 1 d , R 2 d represent respectively the value of R d at 13.3 % (beginning of pulse 3), 20 % (end of pulse 3 and beginning of pulse 4), and 26.7 % (end of pulse 4). The value of R d is then calculated as a linear interpolation between R 0 d , R 1 d and R 2 d . In this context, the ECM parameters are obtained by fitting Equation [START_REF] Dees | Alternating current impedance electrochemical modeling of lithiumion positive electrodes[END_REF] to the measurements from GITT. More specifically, the optimal parameter set θ * is determined by adjusting the parameter set θ = (R surf , τ surf , R 0 d , R 1 d , R 2 d , τ d ) using the ordinary least squares method as described in Equation [START_REF] Mauracher | Dynamic modelling of lead/acid batteries using impedance spectroscopy for parameter identification[END_REF]. The adjustments were performed with the MATLAB software and the fmincon function.

θ * = arg min θ M3 i=1 η meas 3 (t i ) -η sim 3 (t i , θ) 2 error of pulse 3 + M4 i=1 η meas 4 (t i ) -η sim 4 (t i , θ) 2 error of pulse 4 subject to θ > 0 τ surf < τ d 0.95R 0 qs < R s + R surf + R 0 d < 1.05R 0 qs 0.95R 1 qs < R s + R surf + R 1 d < 1.05R 1 qs 0.95R 2 qs < R s + R surf + R 2 d < 1.05R 2 qs ( 20 
)
In Equation ( 20), η meas 3 (t i ) indicates the measured overvoltage value of pulse 3 at time t i , which is calculated by subtracting the estimated OCV U c at this time to the measured voltage ("GITT" in Figure 6). The term η meas the same, but for pulse 4. The adjustment was made on two pulses since the value of the parameter R d is not well estimated at the beginning of pulse 4 fitted alone. The fitting with both pulses 3 and 4 allows to obtain a correct value by imposing the continuity of the parameter R d with respect to the state of charge. It was then necessary to include pulse 3 in the fitting. Please note that the value of R 0 d (parameter R d at the beginning of pulse 3) is only here for mathematical consistency and that it is not meant to be used. It was thus discarded after the adjustment and only R 1 d and R 2 d are kept. To guide the optimization process represented by Equation [START_REF] Mauracher | Dynamic modelling of lead/acid batteries using impedance spectroscopy for parameter identification[END_REF], a constraint is added to the sum R s + R surf + R d which we call quasi-steady state resistance R qs . R qs represents the equivalent resistance of the cell when it reaches a quasi-steady state (see Equations ( 19) and ( 13)). The resistance R qs is measured by dividing the value of the overvoltage at the ends of the pulses by the current. As stated in Equation ( 20), the optimization algorithm only allowed a variation of 5 % around this value.

ECM parameters validation 4.3.1. Protocol

To validate the ECM and the values of its parameters, we used a discharge made of short pulses which is typical for microsystems powering [START_REF] Quelin | Experimental performance analysis of an electromagnetic impact-drive microrobot[END_REF][START_REF] Zhang | Characterization of battery behavior for battery-aware design of wireless sensing networks[END_REF][START_REF] Zhang | SolarPede: a stick-and-slip, light-powered, mobile micro-crawler[END_REF]. The discharge protocol is represented on Figure 7(a): a 40-ms-long current discharge at 1 C is followed by a 10-ms-long rest period, repeated 7200 times (6 min), which covers a depth of discharge range of 8 %. This protocol is also well adapted for the validation because it highlights the fast phenomena thanks to the short discharge pulses and the slow phenomena (diffusion) thanks to the prolonged repetition of the short discharges creating a significant mean discharge current. Before the cells were discharged with this protocol, they were charged according to the charging protocol specified in section 4.1 and then discharged for 24 min at 0.5 C to start with a depth of discharge of 20 %. A 3 h open circuit pause was performed at the beginning and at the end of the test to estimate the equilibrium voltage at those points using the method described in part 4.2.2. This protocol was used on the three studied cells.

Results and discussion

The equilibrium voltages determined with the GITT tests and those determined with the above-mentioned protocol are close, as their difference is 5 mV at most, which is small compared to the measured voltage (≈ 4 V, Figure 6). We can thus consider that the OCV U c is well estimated on this depth of discharge.

To validate the five remaining parameters (R s , R surf , τ surf , R d , τ d ), we compared the measured and simulated overvoltages (Figure 7(b) and (c)). The curves are similar for the three cells, so only the curves for the 60 mAh cell are presented. The simulations were stopped at the time corresponding to 26.7 % of depth of discharge, because the validation tests cover a depth of discharge range between 20 and 28 % and the parameters for the simulations were determined for the range between 20 and 26.7 % (pulse 4).

The overvoltages on Figure 7 has been simulated using the following parameters values. The value of the series resistance R s has been taken from the EIS test (see part 4.2.1). The values of the surface parameters τ surf and R surf are dependent on the current, which is 1 C during the discharge pulses. We have therefore taken for the simulation the values from the GITT test at 1 C (see part 4.2.4).

The parameters τ d and R d are also dependent on the current, but here we used the average discharge current which is 0.8 C. As we did not have a GITT test at 0.8 C, we assumed that the evolution of the parameters was linear between 0.5 and 1 C currents rates. The contribution of the diffusion effects to the overvoltage would indeed be related to the concentration gradients of lithium ions in the electrolyte and of lithium atoms in the solid phase [START_REF] Raël | Using electrical analogy to describe mass and charge transport in lithium-ion batteries[END_REF]. The settling time of these gradients is of the order of ten seconds in our case (related to the diffusion time constant τ d ). We therefore assumed that the gradients were not directly influenced by the short (tens of ms) current pulses and that they were related to the mean current value (0.8 C).

In Figure 7(b) are presented the sliding averages (SA) of the overvoltages estimated from the measurements and two simulations: (i) all parameters determined at 1 C (sim 1 C) and (ii) all parameters determined at 1 C except diffusion parameters determined at the mean current: 0.8 C (sim 0.8 C). The sliding averages, calculated over a 1 s window, make it easier to see the evolution of the overvoltage over long times (Figure 7(b)). This allows a better evaluation of the diffusion impedance Z d contribution. As expected, the "sim 0.8 C" curve correctly follows the average evolution of the measurements. The "sim 1 C" curve correctly follows the average evolution of the measurements until about 100 s; beyond that, it diverges. This validates our hypothesis on using the mean current for the determination of the diffusion parameters values, and also validates the determination of the diffusion resistance R d and time constant τ d .

The parameters R s , R surf and τ surf are also well determined because the simulations correctly follow the trend of the measurements on the short pulses (Figure 7(c)). The sum R s + R surf is indeed related to the voltage amplitude during these short times, and τ surf describes the fast dynamic seen for these pulses.

Using the protocol described in part 4.3.1 and inspired by the powering of a microsystem, the ECM parameters are validated for the three studied cells on a specific operating range: temperature of 20 °C, limited depth of discharge (between 20 and 26,7 %) and current rate. Other operating points were not studied because this work is focused on the electrodes length dependency only. The validation was then carried for the three cell sizes (three electrodes lengths), leading to root mean square errors of 3.98, 4.71 and 5.13 mV for the 25, 60 and 120 mAh cells respectively. These errors are at most 5 % of the quasi-steady state overvoltage (about -120 mV for the sliding average), which is reasonable. Based on all the above results, we consider that the characterization method brings accurate parameters values. The ECM parameters are then valid at 1 C, and we assume that they are also valid at 0.5 C because the characterization method is the same.

Validation of the dependency-models to the electrodes length

The parameters validated in the previous section are now used to test the dependency-models of the parameters on the electrodes length using. The dependency-models were validated with the ECM parameters determined at 0.5 C and 1 C, but only the results at 1 C are detailed for the sake of clarity.

Determination of the electrodes lengths

We determined an electrodes length of 320 mm for the 60 mAh cell by measuring with an image analysis software (ImageJ) the length of the winding visible on the microtomography in Figure 1. As we did not have microtomographies for the two other cells, we had to estimate their electrodes lengths. For the same electrode material, the capacity is proportional to the amount of active material. Since the electrodes of the three cells have the same height and thickness, their capacitance is therefore proportional to the length of their electrodes. Using the electrodes length of the 60 mAh cell and the measured cell capacities (Table 2), we calculated an electrodes length of 133 mm for the 25 mAh cell and 656 mm for the 120 mAh.

Determination of the dependency-models parameters

Using the ECM parameters determined for each of the three Varta coin cells, we could fit the proposed dependencymodels to these ECM parameters. Hence, the dependencymodel parameters of R surf (Equation ( 15)), R d (Equation ( 16)), τ * surf (Equation ( 17)), τ * d (Equation ( 18)) and R s (Equation ( 14)) were determined using the ordinary least squares method presented in Equation [START_REF] Esser | Electrochemical impedance spectroscopy setup based on standard measurement equipment[END_REF].

γ * = arg min γ M L i=1 y meas (L i ) -y sim (L i , γ) 2 subject to γ > 0 (21)
In Equation ( 21), γ * is the optimal parameter set, y meas (L i ) is the measured electrical parameter for a cell with electrodes length L i , y sim (L i , γ) is the simulated electrical parameter parameterized by γ for the same cell, and M L is the number of electrodes lengths (M L = 3 in this study). The parameters have all been constrained to be positive in order to comply with physics laws.

Results and discussion

The graphs in the Figure 8 show the measured ECMparameters and the fitted dependency-models as functions of the electrodes length L. As the values of the ECMparameters change with the current rate, and because we determined them at 0.5 and 1 C, we show the results at these two current rates. The parameter values of each of the dependency-models are indicated in the graphs. The parameters k 1 d and k 2 d correspond to the k d parameter for R 1 d and R 2 d respectively. The value of these two resistors are close, and the parameters k 1 d and k 2 d are therefore close. The MAPE (mean absolute percentage errors) is also indicated on the graphs. The MAPE is defined by Equation ( 22) which uses the same conventions as in Equation [START_REF] Esser | Electrochemical impedance spectroscopy setup based on standard measurement equipment[END_REF]. The factor 100 gives a MAPE in percent. The MAPE is used in this article to compare the errors of parameters which are not of the same order of magnitude.

MAPE = 100 M L M L j=i y meas (L i ) -y sim (L i , γ) y meas (L i ) (22) 
All dependency-models correctly describe the evolution of the ECM-parameters with respect to the electrodes length with only one parameter (except R s , three parameters). The R s dependency-model does not perfectly interpolate the measurements, although we have three measurements for three parameters to determine. The value of the parameter k s1 allowing a perfect interpolation would be slightly negative, which we have forbidden during optimization. However, the small value of k s1 found by fitting is in agreement with the assumption of equipotentiality of the surfaces implying that the voltage drop in the collectors is negligible. It would therefore be possible to remove the k s1 L term from Equation [START_REF] Kuhn | Modeling diffusive phenomena using non integer derivatives[END_REF]. Consequently, two cells would be sufficient to calibrate the dependency-models and use them to predict the electrical behavior of a cell with any electrodes length. Even though the evolution of the time constant τ surf is satisfactorily described, the value of this parameter slowly decreases linearly with the electrodes length for both current rates. This behavior is not predicted by the dependencymodel and is possibly due to modeling limitations. First, the R surf C surf circuit models the phenomena at the origin of the semi-ellipse visible on the impedance spectra (Figure 5), but this semi-ellipse is not perfect and presents a depression that is better modeled by one or more R-CPE circuits [START_REF] Illig | Physically based impedance modelling of lithium-ion cells[END_REF]. Second, the influence of electrodes curvature was neglected in the dependency-models. Wang et al. [START_REF] Wang | Fundamental understanding and rational design of high energy structural microbatteries[END_REF] showed that the curvature of the electrodes influenced the impedance of the cells they used. They attribute this to the mechanical constraints undergone by the electrodes due to their shaping. In our case, the radius of curvature at the periphery of the cells is not the same for the three cells, which could explain the different impedances and the evolution of τ surf .

Overall, the proposed approach allows for a satisfactory modeling of ECM parameters dependencies on the electrodes length. Even though the parameters may change with the current rate, they are well estimated with a mean error of 6.3 % (6.7 % at 0.5 C and 5.9 % at 1 C).

Conclusions and perspectives

The relationships between the equivalent circuit model (ECM) of a cell and its electrodes length have been detailed and a generic approach has been proposed to model these relationships. Because the proposed modeling approach is built from physics, it can theoretically be adapted to any insertion battery (lithium-ion, sodium-ion). Three coin cells with different electrodes lengths and capacities have been successfully modeled by an ECM. The latter brings accurate voltage simulation for fast and slow dynamics and its parameters have been made dependent on the electrodes length thanks to the proposed modeling approach. The error between the measured and estimated parameters equals 6.3 % on average, which is satisfactory.

We demonstrated that two cells would be sufficient to calibrate the parameters dependency-models and then use them to predict the electrical behavior of a cell with any electrodes length in the characterization range (between 25 mAh and 120 mAh here). Supplemented with dependencies on other dimensions (height and thickness of the electrodes), this model could be integrated into the simulation of a battery-powered system to determine the optimal sizing of the battery. For that purpose, the proposed approach should be extended to the operating range of the studied system (current, temperature, state of charge).
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Figure 1 :

 1 Figure 1: (a) Microtomography of a 60 mAh cell similar to the one studied here (top-view). (b) Diagram showing the unwinding of the electrodes. (c) Diagram of the unrolled electrodes with the average path of the electrical charges as a bold line.

Figure 2 :

 2 Figure 2: Detailed ECM of a cell superimposed on a cell diagram representing its main elements. The interface model shown at the top right is that of the negative electrode. The interface model of the positive electrode is identical (indices n being replaced by indices p). The shape used for the interface model identifies the direction in which the voltage sources in the cell are conventionally oriented.

Figure 3 :

 3 Figure 3: (a) Simplification of the interface-model topology for the negative electrode; the simplification for the positive electrode is the same, indices n being replaced by p. (b) and (c) Grouping of similar dynamics. (d) Approximation of the diffusion impedance with a series of N RC-circuits.

Figure 4 :

 4 Figure 4: Simplified ECM.

Figure 5 :

 5 Figure 5: Impedance spectra of the 60 mAh cell at different depths of discharge. Frequency between 0.01 Hz and 100 kHz with 5 points per decade in logarithmic spacing.

Figure 6 :

 6 Figure 6: Voltage responses of the 60 mAh cell to the GITT test presented in part 4.2.2, to a constant current at 0.5 C (CC 0.5 C) and to a constant current at 0.02 C (CC 0.02 C). The estimated OCV during the GITT test is also plotted (Uc estimated). The figure is a zoom on pulses 3, 4, 5 and 6.

Figure 7 :

 7 Figure 7: Overvoltage of the 60 mAh cell measured (meas) and simulated with diffusion parameters determined at 1 C (sim 1 C), and at 0.8 C (sim 0.8 (a): current profile. (b): evolution of the averaged overvoltage over all the simulated time, represented with sliding averages on a 1 s window noted SA(.). (c): zoom near 180 s.

kMAPEFigure 8 :

 8 Figure 8: Estimated and measured ECM-parameters as functions of the electrodes length (GITT 1 C 4 min and GITT 0.5 C 8 min).

C 1 d 2 d 1 d 2 d

 1212 capacitor C d,i capacitor of the i-th RC circuit modeling the discretization of the impedance Z d (i ∈ {1, 2, . . . , N }) C dl,n capacitor modeling the double layer effect at the negative electrode C dl,p capacitor modeling the double layer effect at the positive electrode C SEI capacitor of the RC circuit modeling the SEI H height of the electrodes I current flowing through the cell k d parameter of the dependency-model of R d k parameter of the dependency-model of R 1 d k parameter of the dependency-model of R 2 d ks1, ks2, ks3 parameters of the dependency-model of Rs k surf parameter of the dependency-model of R surf L length of the electrodes Mc number of measures used for pulse c ML number of electrodes lengths N number of RC circuits considered for the discretization of Z d R resistance R CA:L,n resistance modeling the electronic conduction in the conductive assembly along the length of the negative electrode R CA:L,p resistance modeling the electronic conduction in the conductive assembly along the length of the positive electrode R CA:T,n resistance modeling the electronic conduction in the conductive assembly along the thickness of the negative electrode R CA:T,p resistance modeling the electronic conduction in the conductive assembly along the thickness of the positive electrode Rconnec,n resistance modeling the electronic conduction in the electrical connection between the negative current collector and the terminal of the cell Rconnec,p resistance modeling the electronic conduction in the electrical connection between the positive current collector and the terminal of the cell Rct,n resistance modeling the charge transfer at the interface between the negative electrode and the electrolyte Rct,p resistance modeling the charge transfer at the interface between the positive electrode and the electrolyte R d equivalent resistance due to all diffusive phenomena in steady state R 0 d value of R d at 13.3 % of depth of discharge R value of R d at 20 % of depth of discharge R value of R d at 26.7 % of depth of discharge R d,i resistance of the i-th RC circuit modeling the discretization of the impedance Z d (i ∈ {1, 2, . . . , N }) R d,e equivalent resistance modeling the overvoltage across Z d,e in steady state R d,n equivalent resistance modeling the overvoltage across Z d,n in steady state R d,p equivalent resistance modeling the overvoltage across Z d,p in steady state Rqs quasi-steady state resistance Rs series resistance R SEI resistance of the RC circuit modeling the SEI R surf resistance of the RC circuit modeling the combined effects of the SEI, the charge transfer and the double layer at both electrodes t time ti time associated with the i-th measurement (i ∈ N * ) Un equilibrium potential of the negative electrode Up equilibrium potential of the positive electrode Uc equilibrium voltage of the cell (OCV) Z d impedance modeling the contributions of all diffusive phenomena in the cell Z d,e impedance modeling the diffusion effects in the electrolyte Z d,n impedance modeling the diffusion effects in the negative electrode Z d,p impedance modeling the diffusion effects in the positive electrode j current density S surface y any of the electrical parameters of the simplified ECM except Uc, that is: Rs, τ surf , R surf , τ d or R d Greek symbols γ parameter set used for the adjustment:γ = {(ks1, ks2, ks3), τ * surf , k surf , τ * d , k1 d , k 2 d } η meas measured overvoltage η sim simulated overvoltage ρ resistivity τct,n time constant modeling charge transfer associated with double layer effect at the negative electrode τct,p time constant modeling charge transfer associated with double layer effect at the positive electrode τ d time constant associated with Z d τ * d parameter of the dependency-model of τ d τ d,i time constant of the i-th RC circuit modeling the discretization of the impedance Z d (i ∈ {1, 2, . . . , N }) τ d,e time constant associated with the diffusion impedance in the electrolyte Z d,e τ d,n time constant associated with the diffusion impedance in the negative electrode Z d,n τ d,p time constant associated with the diffusion impedance in the positive electrode Z d,p τ SEI time constant associated with the R SEI C SEI circuit τ surf time constant associated with the surface phenomenon at the electrode/electrolyte interface τ * surf parameter of the dependency-model of τ surf θ electrical parameter set used for the adjustment: θ = (τ surf , R surf , τ d , R 0 d , R

Table 1 :

 1 Dependency of the parameters of the detailed model to the electrodes length. The subscripts n, p and e were not differentiated and were replaced by i. The operator ∝ indicates a proportional relationship.

Table 2 :

 2 Nominal dimensions and capacities of the cells tested.

	Model	CP0854 CP1254 CP1654
	Height (mm) Diameter (mm) Capacity (mAh)	5.4 8 25	5.4 12 60	5.4 16 120

(t i ) is