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Inside the Fuel Cell, the magnetic field distribution can indicate normal or abnormal operation and therefore provides an effective diagnosis approach. The magnetotomography is the only noninvasive current density mapping method and is based on the measurement of the external magnetic field of the fuel cell stack. The present work addresses the development of a new magnetic field analyzer device devoted to assess the current density distribution inside the Fuel Cell, within the surrounding external magnetic field. The proposed magnetic field analyzer associates magnetic sensors with a ferromagnetic circuit, which is essentially different in comparison with other methodologies proposed until now. Providing a higher magnetic field variation at the level of magnetic sensors, this new approach enables a more accurate analysis of the current distribution inside the Fuel Cell. This study considers the Proton Exchange Membrane Fuel Cell case.

Introduction

Increasing environmental warnings motivate the development and commercialization of Fuel Cell (FC) technologies and especially Proton Exchange Membrane Fuel Cells (PEMFC), which are well adapted for different vehicular applications [START_REF] Gurz | The meeting of hydrogen and automotive: a review[END_REF]- [START_REF] Wilberforce | Advances in stationary and portable fuel cell applications[END_REF] especially when hydrogen is produced with non-fossil energy resources [START_REF] Larminie | Fuel cell systems explained[END_REF], [START_REF] Andrews | Re-envisioning the role of hydrogen in a sustainable energy economy[END_REF]. For the FC system itself, cost and lifetime are always two key barriers. To overcome these barriers, [START_REF] Yue | Review on health-conscious energy management strategies for fuel cell hybrid electric vehicles: degradation models and strategies[END_REF] highlight the importance of understanding multiphysics phenomena involving heat transfer, species and charge transport, flows, and electrochemical reactions during FC operation. Early diagnostic of FC degradation can increase the lifetime of the FC, as a commercial product [START_REF] Pei | Main factors affecting the lifetime of proton exchange membrane fuel cells in vehicle applications: a review[END_REF]. Diagnosis information can be useful in the development of new technologies and reduce the repair time [START_REF] Veziroglu | Fuel cell vehicles: state of the art with economic and environmental concerns[END_REF]. Early and recent works proposed several diagnostic methods using physical models [START_REF] Buchholz | Dynamic modelling of a polymer electrolyte membrane fuel cell stack by nonlinear system identification[END_REF]- [START_REF] Petrone | A review on model-based diagnosis methodologies for PEMFCs[END_REF], or experimental data information [START_REF] Hua | Proton exchange membrane fuel cell system diagnosis based on the multivariate statistical method[END_REF]- [START_REF] Giurgea | An analysis of fluidic voltage statistical correlation for a diagnosis of PEM fuel cell flooding[END_REF]. Therefore, nondestructive control at reasonable costs will help FCs deployment.

For each single cell, inside the FC stack, the current density distribution gives important information about the stack electrochemical process state. In electrolyte regions, the current conduction is realized by an ionic flow. In the case of PEMFC at Membrane Electrode Assembly level, the current density represents the hydrogen protons flow travelling through the electrolyte membrane and therefore can indicate an abnormal operation of the FC. At the cell level, the conduction fault position can give a physical information on the fault origin. For example, drying fault occurs frequently close to the air input manifold area whereas gas starvation occurs in the downstream zone of the flow field [START_REF] Chen | An evaluation method of gas distribution quality in dynamic process of proton exchange membrane fuel cell[END_REF]. Therefore, current distribution mapping allows to accurately detecting drying or flooding faults as well as permanent membrane degradation. Other faults and degradation are homogenous and we suppose that they will not create specific magnetic signatures (for example, CO poisoning affects the anode catalyst homogenously [START_REF] Baschuk | Carbon monoxide poisoning of proton exchange membrane fuel cells[END_REF]). As the FC stack voltage and current are implicitly measured in the FC system, information about the current density distribution can isolate homogenous and non-homogenous defaults as well as identify the non-homogenous faults. In [START_REF] Robin | Development and experimental validation of a PEM fuel cell 2D-model to study heterogeneities effects along large-area cell surface[END_REF] the influences of operating conditions, such as stoichiometry, temperature and humidity, on the current density distribution are analyzed.

Existing current distribution mapping methodologies can be classified in two groups:

invasive and non-invasive methods [START_REF] Stumper | In situ methods for the determination of current distributions in PEM fuel cells[END_REF], [START_REF] Yoon | Current distribution in a single cell of PEMFC[END_REF]. In this work, the proposed methodology focuses on noninvasive methods, more flexible, fast and cost-effective as that doesn't imply any physical sensor inside the stack.

The magnetotomography is a current density mapping method based on the measurement of the external magnetic flux density produced by the internal current distribution in the stack.

This approach represents the unique method for non-invasive current density mapping [START_REF] Geske | Current density distribution mapping in PEM fuel cells as an instrument for operational measurements[END_REF] and gives a direct information on electrochemical reactions in the FC. Other non-invasive methods such as neutron and X-rays imaging [START_REF] Lamanna | Isolation of transport mechanisms in PEFCs using high resolution neutron imaging[END_REF], [START_REF] Manke | Investigation of water evolution and transport in fuel cells with high resolution synchrotron X-ray radiography[END_REF] can be used to investigate other phenomena in the FC such as water distribution inside the FC and can give an indirect information on current density [START_REF] Polverino | Advancements on scaling-up simulation of Proton Exchange Membrane Fuel Cells impedance through Buckingham Pi theorem[END_REF].

During the last decade, many research activities have been carried out in order to estimate the internal current density distribution, by solving an inverse magneto static problem where, input values of the magnetic field are provided by tri-axial magnetic sensors. Earlier studies have proposed a methodology method of magnetic field measurement inside the volume of the FC stack by the bias of vertical and horizontal holes disposed in a measurement plate integrated inside the FC [START_REF] Candusso | Determination of current density distribution in proton exchange membrane fuel cells[END_REF], [START_REF] Gerard | Oxygen starvation analysis during air feeding faults in PEMFC[END_REF]. In [START_REF] Hauer | Magnetotomography-a new method for analysing fuel cell performance and quality[END_REF], a four axis positioning robot has been used to move a tri-axial magnetic sensor. In the PhD thesis [START_REF] Ny | Diagnostic non invasif de piles à combustible par mesure du champ magnétique proche[END_REF] as well as in the article [START_REF] Ny | Current distribution identification in fuel cell stacks from external magnetic field measurements[END_REF] of Le Ny, and more recently in [START_REF] Ny | PEMFC stack diagnosis based on external magnetic field measurements[END_REF][START_REF] Ifrek | 2D and 3D fault basis for fuel cell diagnosis by external magnetic field measurements[END_REF][START_REF] Ifrek | Fault Identification on a Fuel Cell by 3-D Current Density Reconstruction From External Magnetic Field Measurements[END_REF], a fast method has been used permitting a simultaneous measurement of the FC magnetic field with fifty sensors around the stack. This approach mentions that values of the magnetic field density in ideal operation and those measured in fault operation mode presents a low difference. Indeed, 30-40 μT have been measured for a 2D current distribution fault. In this specific test, the current has been kept constant in faulty and in normal operation while in faulty operation, the conducting surface has been reduced by 25%. In consequence, this approach requires accurate and high sensitivity sensors implying high cost components.

External magnetic fields (produced by other conductors in the proximity of the stack) as well as the earth magnetic field (50 μT) can disturb the measurement results, especially in a test bench. In all these precedent works, the magnetic sensors are used directly, without any additional magnetic circuit dedicated to concentrate the magnetic field.

We can note that magnetotomography applications are not limited to FCs diagnosis. For example, in [START_REF] Green | Spatially Resolved Measurements of Magnetic Fields Applied to Current Distribution Problems in Batteries[END_REF] another recent similar research on current distribution analysis in lead acid batteries and ultra-capacitors, using a single plane of 256 sensors arranged in 32 rows of 8 magnetic pixels.

This paper is a contribution to the FC diagnostic, by using the measurement of its external magnetic field. In comparison with other FC magnetic field measurement methodologies presented in the available literature, the main contribution of this approach is the design of a special ferromagnetic circuit able to amplify the magnetic field in a set of magnetic sensors. A preliminary 3D magnetostatic analysis of this device has been used to optimize its geometric, structural and physical parameters to extract the maximum information about the inhomogeneity of the current distribution.

Then the magnetic field analyzer has been experimentally validated on an emulator of the current distribution inside the FC. The experimental results confirm important differences between the magnitude of the magnetic field in normal and fault operation at the level of each sensor. These differences appear to be much higher than those presented in literature (magnetic field measured without a ferromagnetic circuit). A high potential of this new magnetic analyzer is expected, as high differences between magnitudes of magnetic field measurements in normal and fault operation implies more accurate measurements as well as costless sensors.

The new measurement methodology can also feed existent algorithms like those already developed in our laboratory for FC diagnostic [START_REF] Li | Data-driven diagnosis of PEM fuel cell: a comparative study[END_REF]- [START_REF] Li | Fault diagnosis for fuel cell systems: a data-driven approach using high-precise voltage sensors[END_REF].

The paper is organized as follows. The first part explores the magnetic field distribution generated by the FC according to a magnetostatic formulation. Then, the proposed measurement device is described and modelled together with the FC stack in normal and faulty operation conditions. Finally, experimental results realized on a FC current distribution emulator will be considered to evaluate the impact of conduction faults on the magnetic field measurements.

Magnetic field generated by FC operation

Magnetostatic study of the FC

The active zone of the FC is flowed by a current density J approximately homogeneous distributed in the case of the healthy operation of the FC.

Modelling the magnetic field generated by the FC operation, in steady state corresponds to a magnetostatic formulation. The magnetic field computation in a magnetostatic problem is based on Maxwell equations in which the temporary derivative terms related to electric and magnetic fields, E and B, are neglected [START_REF] Jmd Coey | Magnetism and Magnetic Materials[END_REF] :

× = (1) 
• = 0 (2) 
For non-ferromagnetic regions (dia or paramagnetic), the influence of the material magnetization is neglected, by considering the flux density proportional to the magnetic field intensity: =

For the ferromagnetic regions, in this particular problem, the remnant flux is neglected, as no permanent magnet are included in the system. We have neglected also anisotropy in ferromagnetic materials:

= ( ) (4) 
To ensure the unicity of the magnetic field computation in the domain, a normal flux density condition is considered on the external boundary of the domain (an external box Γ , on which no magnetic flux line is passing through):

• = 0 on Γ (5) 
As a unique magnetic field distribution corresponds to a given current density distribution, the generated magnetic field can offer a consistent information on the current distribution.

Regarding the FC stack, we make the assumption that non-magnetic materials substitute steel and iron components in order to avoid disturbing the generated magnetic field. In practice, only electrode plates, endplates, metallic support of gaskets and several mechanical parts are susceptible to be ferromagnetic. Many industrial FC stacks are using graphite bipolar plates and non-magnetic stainless steels for roods and other mechanical parts. Thus, the magnetic permeability of all components used in the FC stack is very close the vacuum magnetic permeability μ0.

Considered FC stack geometry

This study considers an usual PEMFC stack, having a related current of 70 A, for a cell active surface of 100 cm². The simplified geometry of the transversal section of the stack is presented in Fig. 1 FC stack (with an active surface of 10 × 10 cm²), value often considered as a nearly nominal one in the domain. However, the approach can be generalized to other FC (different sizes, shapes, and power levels). An inhomogeneous distribution of the current density J reflecting a malfunction of the FC may be a consequence for different operating problems like hot spots, degradation of the membrane, obstruction of the gas distribution channels, non-homogeneity of the hydration of the electrolyte membrane, etc.

FEM magnetostatic modeling of the FC stack

The solution of the magnetostatic problem expressed in ( 1)-( 4) equations, considering [START_REF] Andrews | Re-envisioning the role of hydrogen in a sustainable energy economy[END_REF] boundary condition has been numerically solved by using the 3D FEM formulation, with the Flux© [START_REF] Cedrat | [END_REF] solver. The geometry of the magnetostatic problem considers the FC domain (Fig. virtual Hall effect sensors (S1 to SNs) disposed around the considered FC stack.

In this section, the study of the magnetic field is done in two situations: a normal FC operation, characterized by a homogenous distribution of current density J through the active zone of the FC stack and a FC operation presenting a conduction default, implying a nonhomogenous distribution of J. In both cases the total current in the FC is considered at the same magnitude IFC = 70 A.

Fig. 2(a) shows the modelling of the magnetic field for a healthy FC with a homogeneous distribution of the current density, 0.7 A cm -2 through all the active area. We observe a minimal magnetic field in the center of the FC (near 0 T) and a maximal magnitude near the extremities of the active part of the FC (about 250 µT). The Hall effect sensors, around the FC, are located at a given distance from this active part, which involves a lower value of the measured magnetic field (here around 150 µT).A damage of the FC has been simulated, by imposing a zero value of the current density, Jd = 0 A cm -2 in the sections P4-P8-P12-P16, which involves a redistribution of the current in all others conductive sections, tending to maintain the total current of the system at the given value IFC = 70 A. The magnitude of the magnetic field is measured with the same 16 magnetic sensors located around the FC stack. We observe a decrease of the magnetic field of the FC around the default zone, measured particularly by the sensors n°4 to n°9. Besides, an increase of the magnetic field can be observed near the remaining conducting sections of the FC stack. the sensors placed near the default zone, as well as a heterogeneous evolution of this difference related to the default position. As presented in [START_REF] Hauer | Magnetotomography-a new method for analysing fuel cell performance and quality[END_REF], [START_REF] Ny | Diagnostic non invasif de piles à combustible par mesure du champ magnétique proche[END_REF], [START_REF] Ny | Current distribution identification in fuel cell stacks from external magnetic field measurements[END_REF], this method could permit to localize the conduction default part within the FC stack. It is important to notice that the same order of magnitude is observed in the PhD thesis of Le Ny [START_REF] Ny | Diagnostic non invasif de piles à combustible par mesure du champ magnétique proche[END_REF] with a difference around 30 µT between healthy/faulty operation of the FC, for an equivalent 2D default (simulation of nonuniform distribution the current density inside the stack).

Even if the direct measured magnetic field, around the FC can be used for mapping the current distribution or to detect current distribution inhomogeneity, this approach presents several drawbacks. In fact, the low magnitude of the magnetic field as well as the low difference between homogenous/inhomogeneous current distributions requires accurate and high sensitivity sensors. Moreover, external magnetic fields (produced by other conductors closed to the stack) as well as the earth magnetic field (50 μT) can disturb the measurement results.

In this context, the objective of the present work was to improve the methodologies of the FC magnetic field analysis and, in particular, to limit the influence of external perturbing field.

New methodology to analyze the magnetic field of the FC

In order to improve the FC magnetic field analysis, a special magnetic circuit was designed to amplify the magnitude of the magnetic field, at the position of the magnetic sensors. The numerical simulation of the magneto static model of the FC together with the proposed ferromagnetic circuit shows remarkable results, especially concerning the differences between the magnetic field magnitudes in normal/default FC operation.

Ferromagnetic circuit associated to magnetic sensors: geometry and structure of the proposed magnetic field analyzer

To provide a more accurate analysis of the current distribution inside the FC through a new measurement device has been designed to investigate the magnetic field close to the FC stack.

According to this work, the principle of the FC magnetic field measurement is essentially different in comparison with other methodologies proposed until now. In this approach, a magnetic circuit is associated to the magnetic sensors, in order to concentrate the magnetic flux density through the sensors. As previously said, the current distribution inside the FC stack is a feature to distinguish normal or abnormal state of health. The magnetic circuit network, disposed around the FC, alternates ferromagnetic material components (by a high permeability)

with nonmagnetic air gaps. Magnetic sensors are disposed in the air gaps, oriented in accordance with the magnetic circuit path direction. The surface plane closed by the magnetic circuit path is parallel to the cell membranes' surface (perpendicular to the current density direction in the FC stack).

The magnetic field analyzer device goal is to extract a maximum information about the current density distribution inside the FC, within the surrounding external magnetic field.

The geometry of the magnetic field analyzer, as shown in Fig. 4, comprises a magnetic circuit

(1) composed of alternating ferromagnetic material components (2) with nonmagnetic air gaps [START_REF] Wilberforce | Advances in stationary and portable fuel cell applications[END_REF]. A network of Ns magnetic sensors ( 5) is inserted in the nonmagnetic air gap. As explained further, the network of ferromagnetic materials (2) has been realized with high permeability material belonging to the Ni-Fe alloys family. The same number of magnetic sensors Ns = 16

has been considered as in the previous study without ferromagnetic circuit. The thickness of these ferromagnetic components is adapted to the thickness of the magnetic sensors (about 2 mm). The geometric, structural and physical parameters of this device were been optimally

designed to extract a maximum information about the inhomogeneity of the current distribution within the stack via the magnetic sensors measurements, by using the squared differences obtained for a homogenous and non-homogenous current distribution. These parameters concern the geometry of the magnetic circuit, the sensors position, the size of the air gap, the shape of the ferromagnetic components and the permeability of the ferromagnetic material. For the permeability of the ferromagnetic components, during this design it has been observed that a higher value of permeability generates bigger differences of the magnetic field. For low values of the intensity of the magnetic field, a better approximation of the B(H) dependence is given by the initial permeability of the ferromagnetic material. This maximum value of initial permeability corresponds to Mu-metal (Ni77Fe16.5Cu5Cr1.5), known for its remarkable soft magnetic properties: high initial and maximum permeability, very low coercive force and low remanence [START_REF] Jmd Coey | Magnetism and Magnetic Materials[END_REF], [START_REF]Technical Data" Catalog mU-2 ©2012[END_REF].

Magnetostatic modeling of the FC with the ferromagnetic circuit analyzer

In order to detect and localize a default of a FC with a relative accuracy and simplicity, it is necessary to increase the difference of the measured magnetic field distribution in comparison with a homogenous current distribution case.

The geometry of the studied domain includes the operating FC volume together with the magnetic circuit of the analyzer (Fig. 5 The proposed device permits to obtain a maximum amplitude of the global magnetic field measured by the magnetic sensors placed in air gaps 18 times greater than the sensors without The magnetostatic analysis shows that the ferromagnetic circuit network placed around the FC permits to obtain a highly improved analysis of the magnetic field distribution. The bigger difference between the magnitudes of the magnetic field in normal and fault operation implies less perturbed and more accurate measurements as well as costless magnetic sensors.

As the obtained theoretical results are consistent, experimental validation has been performed.

Experimental results

Fuel cell current distribution emulation

In order to reproduce the current distribution corresponding to the active zone of the FC volume, a specific experimental emulator of the FC current distribution has been developed and realized in our laboratory, including a controlled power source generating currents across 16 aluminum bars. Aluminum bars replicates the 16 conducting, non-ferromagnetic segments P1 to P16 considered in the FC magnetostatic model (2.2 section, Fig. 1(c)). The active zone of the real FC is considered with the same dimension as the emulated FC (100 × 100 mm²). The inactive part of the FC is taken into consideration by using an insulator material.

As presented in section 3, the magnetic analyzer prototype has been realized comprising a magnetic circuit alternating high permeability material components with nonmagnetic air gaps.

For the high permeability material, a nickel-iron soft ferromagnetic alloy, Mu-metal has been used. A network of Ns = 16 linear magnetic sensors is inserted in the non-magnetic air gaps; Sensor number µr=300 µr=100000

the magnetic circuit network and the magnetic sensors are fixed with the help of two diamagnetic plates. The magnetic analyzer is placed around the FC emulator, as indicated in section 3.2, Fig. 5(a).

Measurements of magnetic field are realized in both normal and conduction fault operation mode of the FC stack. As in previous numerical analysis (sections 2.3 and 3.2), normal FC operation has been emulated by a homogenous current distribution while conduction defaults have been emulated by an inhomogeneous current distribution (emulated by a reduction of the conductive surface up to 25%).

Magnetic field measurements on FC current density emulator

For the 16 linear magnetic sensors included in our magnetic analyzer we have choose Honeywell SS94A1F, a high sensitivity ratiometric linear sensor; this Hall effect integrated circuit chip includes also auxiliary circuits such as current source and temperature compensation. With a measurement range of ±10 -2 (T) the SS94A1F sensor is well adapted to the magnetic field magnitude estimated in 3.2 paragraph. The output voltage of 4 (V) at zero magnetic flux density and a high sensitivity of 25 (mV/G) is adapted to be measured directly.

The NS output voltages proportional with the magnetic field magnitude, measured by the magnetic sensors, are collected by an 8 Mhz acquisition system provided by 2 National

Instrument USB-6000 data acquisition units and Labview© software (Fig. 8). Each data acquisition unit provides 8 analog inputs with an input resolution of 12 bits, for an input range Corresponding in the magnetostatic modelling (Sections 2.2 and 3.2), the same fault of the FC is emulated, with a zero current density in the aluminum bars equivalent to the sections P4-P8-P12-P16. Actually, this default emulates the reduction of the FC conduction surface with 25%. The current density distribution will increase in all the other conductive sections at J = 0.933 A cm -2 , to preserve the total current IFC = 70 A. For this considered conduction fault FC operation, the Ns values of the measured magnetic flux density for each sensor position are stored in the vector be,fault. The vector be,diff provides the experimental differences between the magnitude of the magnetic field in normal operation be,normal, and fault operation, be,fault, measured by each magnetic sensor.

Fig. 9 shows the values of the measured magnetic field distribution, the normal case and the faulty case, given by be,normal and be,fault. As for the FEM model the vector of differences, be,diff is important in the analysis of conduction faults, as it reveals how the measured magnetic field change when a conduction fault occurs in a FC. We can remark a maximum value of this difference in the range of 400 μT, that means approximately 14 times higher than the difference obtained with a direct magnetic field measurement (without the ferromagnetic circuit). This value is consistent with the simulations results provided in the preceding paragraph.

Fig. 10 presents the comparison between the results bn,diff obtained by numerical modelling of magnetic field (section 3.2) and the experimental results, be,diff. We observe a concordance between be,diff and bn,diff values. The sensors which are the nearest to the damaged part measures a decrease of the magnetic field B higher than 400 µT.

Since the global current value is conserved, the current density increases in the rest of the conductive part of the FC stack. When comparing experimental and numerical be,diff and bn,diff values, the relative error between them has been estimated to 10%.

Fault magnitude and position influence on magnetic measurement

Depending on the current density distribution, a modification of the magnetic field reflects the presence of a default inside the FC. The first two experiments in homogenous and inhomogeneous current density distribution were been followed by other nine different inhomogeneous current distribution experiments, in order to observe the influence of the fault magnitude and position on the be,diff vector values. In comparison with the previous default described in section 4.2, the surface and the position of the fault has been varied, while the FC emulated total current value has been kept at the same value, IFC = 70 A.

All these faults geometries have been reproduced on the FC current density emulator. We described here the 10 considered conduction faults examples {D1, D2, …, D10}, by imposing zero current on one or more conductive sections of {P1, P2, …P16} (the conductive sections have been presented previously in Fig. 1). Table 1 exposes conduction fault surface and position in the FC emulator domain for each fault emulation. For each fault, we compute the vector of differences be,diff based on the measurements of the magnetic field given by the 16 sensors. Fig. 11 shows the histograms of the correspondent vector of differences be,diff for each fault.

At a first visual comparison, for the 10 histograms, we can observe that none of the magnetic field measurements distributions appears to be similar to any other. A basic method to quantify the differences between Ei and Ej a pair of two different multivariate experimental observations can be realized by using Euclidean distance d(Ei,Ej) [START_REF] Johnson | Applied Multivariate Statistical Analysis[END_REF]. In this study, the multivariate observations are given by the vector of the flux density values measured by the Ns magnetic sensors be and the Euclidean distance is exposed in equation [START_REF] Yue | Review on health-conscious energy management strategies for fuel cell hybrid electric vehicles: degradation models and strategies[END_REF]. A matrix of relative distances can be obtained (Table 1) by reporting each distance with the average magnitude of the magnetic field, measured by the Ns sensors in normal operation mode: D3 0,11 0,18 0,07 0 D4 0,2 0,24 0,09 0,13 0 D5 0,32 0,4 0,25 0,28 0,19 0 D6 0,15 0,26 0,13 0,11 0,13 0,24 0 D7 0,24 0,3 0,15 0,17 0,08 0,17 0,12 0 D8 0,38 0,49 0,34 0,36 0,29 0,13 0,29 0,24 0 D9 0,24 0,37 0,23 0,23 0,22 0,25 0,14 0,16 0,26 0 D10 0,52 0,65 0,51 0,51 0,47 0,37 0,42 0,4 0,26 0,33 0

, = - " - (6) 
∆ % = & 〈( ) 〉 # , $, with 〈+ , 〉 = 3 mT (7) 
The results in Table 2 confirm the initial visual observation on histograms. Indeed, the consistent distance between any pair of two different experiments proves that the measurements provided by the proposed magnetic field analyzer offers important information about the current density distribution inside the FC. We can note that the lowest relative difference between a pair of experiences corresponds to the faults D2 and D3, which have the same magnitude and close positions.

Conclusions

The paper presents the development of a new magnetic field analyser device and a new FC magnetic field measurement methodology dedicated to assess the current density distribution inside the FC, within the surrounding external magnetic field. In this approach, a magnetic circuit is associated with magnetic sensors in order to amplify the measured magnetic field.

A 3D FEM magnetostatic model of the magnetic circuit associated to the FC revealed a bigger difference between the magnitudes of the magnetic field in normal and fault operation of the FC, than those measured without magnetic circuit. The magnetostatic model has allowed
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 1 Fig. 1. FC stack geometry with (a) simplified transversal section, (b) FC stack domain, (c) global 2D FC section with magnetic sensors

  1(b)), surrounded by an external box verifying the boundary condition[START_REF] Andrews | Re-envisioning the role of hydrogen in a sustainable energy economy[END_REF].The FEM numerical resolution estimates the magnetic field (B and H values) for the whole domain. For a set of Ns = 16 positions around the FC, a vector of Ns values of the flux density magnitude will be recorded. Fig.1(c) shows these Ns positions, which could correspond to[START_REF] Giurgea | An analysis of fluidic voltage statistical correlation for a diagnosis of PEM fuel cell flooding[END_REF] 
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 2 Fig. 2(b) shows the magnetic field distribution corresponding to this new current distribution.

Fig. 2 .

 2 Fig. 2. 2D cut plan FC modelling (a) Homogeneous J distribution in FC (b) Inhomogeneous J distribution in FC (hatched default zone)
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 3 Fig. 3. Magnetic field simulated values around the FC stack
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 4 Fig. 4. Overall scheme of the magnetic analyzer embodiment

Fig. 5 .

 5 Fig.5(b) shows the magnetic flux distribution as result of the magnetostatic modelling for a normal operating FC with a homogeneous distribution of the current density 0.7 A cm -2 through all the active area, similarly with the homogenous current distribution presented in 2.3 paragraph. The 3D FEM simulation was realized using Flux© magnetostatic solver. We observe a concentration of the magnetic field in the air gaps of the ferromagnetic circuit (highest magnetic flux density in air gaps is around 2800 µT).
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 7 Fig. 7. Magnetic field computation bn,diff comparison for two ferromagnetic materials
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 10 ). After the magnetic field experimental measurement, a vector be = [B1, B2, …, BNs] T records the values of the flux density measured by the NS magnetic sensors placed in the air gaps of the ferromagnetic circuit network.
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 8 Fig. 8. Schematic diagram of the magnetic analyzer and data acquisition system
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 9 Fig. 9. Measured magnetic field distribution: experimental results
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 10 Fig. 10. Numerical and experimental difference vectors
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 11 Fig. 11. Experimental difference results We note that replacing be with be,diff doesn't change the Euclidean distances between experimental observations. Let us note with N1 the experiment, emulating the normal operation of the FC with homogenous current density distribution. A set of 11 different realized experiments {N1, D1, D2, …, D10} is obtained by regrouping N1 with the conduction faults
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Table 1 :

 1 conduction fault surface and reduction of the conductive surface in the FC emulator

	Fault	D1	D2	D3	D4	D5	D6	D7	D8	D9	D10
	Nonconductive sections	P1	P2	P7	P3, P7	P4, P8	P7, P11	P3,P7, P11	P4, P8, P12	P3, P7, P11, P15	P4, P8, P12, P16
	Conductive surface reduction (%)	6.25 6.25 6.25 12.5 12.5 12.5 18.75 18.75	25	25
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the magnetic circuit. In this normal operating FC case, the N values of the numerical computed magnetic flux density for each sensor position are stored in the vector bn,normal.

Like in the previous study without ferromagnetic circuit (Section 2.2), the same fault of the FC is simulated, with a zero current density in sections P4-P8-P12-P16, which implies a modification of the current density distribution in all the other parts, tending to preserve the total FC current IFC = 70 A. For this considered conduction fault FC operation, the Ns values of the numerical computed magnetic flux density for each sensor position are stored in the vector bn,fault.

To detect the presence of a default in a FC, we will focus our analysis on the vector defined by the difference between the magnetic field measurements, as it is necessary to compare the measurements that could be realized by the Hall effect sensors in normal and faulty FC operation. Fig. 6 shows the distributions of bn,normal and bn,fault, the computed magnetic field values in a normal mode and in a fault mode operation, as well as the difference between these measurements bn,diff. The global magnetic field measured by the 16 sensors is now around 2500 µT. The most important difference between normal and fault modes is measured by the sensors n°4 to n°9 which is about 400 µT (this sensor is the closest to the fault). Fig. 7 shows a comparison between the bn,diff distributions, for the chosen ferromagnetic material (Mu-metal) having a very high initial permeability (µr = 100000 µ0) and soft iron, with an initial permeability µr = 300 µ0. The computed bn,diff maximum value is with 29% bigger for the Mu-metal ferromagnetic circuit. also the optimal design of the magnetic circuit geometry as well as the ferromagnetic material choice.

A magnetic analyser prototype has been realized and tested on an emulator of the current distribution inside the FC. Experimental results show high differences between the magnitude of the magnetic field in normal and fault operation measured by each magnetic sensor. We have remarked a maximum value of this difference about 14 times higher than the difference obtained with a direct magnetic field measurement (without the ferromagnetic circuit). These big differences imply also less perturbed and more accurate measurements as well as costless magnetic sensors. Multivariate analysis on the set of 11 different current distributions for the same stack current value prove that the signals provided by the measurement system are strongly influenced by the magnitude and by the position of the fault in the conducting surface.

Therefore, these signals may allow the development of current mapping methods and diagnostic approaches based on this new magnetic field investigating methodology. Further works will analyze 3D faults and will employ this measurement device and methodology for current mapping and diagnostic of different FC faults.