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This paper presents a new non invasive technique for fuel cell diagnosis. The method relies on the measurements of the magnetic field
signature generated by a working fuel cell. Knowing the relationship between currents and magnetic field, it is possible to estimate the
current density by solving an inverse problem. This problem being ill-posed, original current and sensors basis are proposed to improve
the reconstruction process. The experimental set-up remains simple, based on few fixed sensors and shows a good efficiency.

Index Terms—Current density identification, fuel cell, inverse problems, magnetostatics.

I. INTRODUCTION

T HIS paper proposes an innovative non-intrusive di-
agnostic method for fuel cell stacks that provides a

significant improvement in terms of estimation quality in
comparison with existing non-invasive tools. The technique
proposed here is to measure the magnetic field around a fuel
cell in operation. Knowing the relationship between currents
and this field, it becomes possible to evaluate the internal cur-
rent density by solving an inverse problem. This technique is
already well known and has provided many interesting results
in different research fields. For instance, let us mention the
reconstruction of currents density in circuit breakers [1], in
bus-bars [2] and even in the human heart [3].
In this work, we focus on the application of this technique

to fuel cell stack. Fuel cells are energy conversion devices that
produce electricity directly from hydrogen and oxygen. A stack
is an assembly of elementary cells that allows the creation of
devices with high power. Currently, in spite of recent undeni-
able progresses, these devices present certain drawbacks and
improvements must be made in order to use them in real in-
dustrial application.
Fuel cells are prone to chemical, mechanical, or thermal hard

constraints that inevitably lead to their degradation. These phe-
nomenons are still not very well understood but non-uniform
fuel/air flows, hot spots and non uniformity of materials within
the stack can be the reasons of such degradations. In order to
better understand the real behavior of stacks, the knowledge of
local current density flowing within the system is fundamental.
If the global value of the current is obvious to measure (with
a simple ammeter), getting its local densities is not so easy. If
some intrusive technique exist [4], their drawback is that the
internal presence of sensors in the stack disturbs its operation
mode. Then it is hard to discriminate if the faulty mode is due
to the stack itself or to the diagnosis set-up.

Non-intrusive approaches based on the measurement of the
external magnetic field and the resolution of an inverse problem
in order to identify internal current density has already been pro-
posed in [5], [6]. In these works, a tri-axial magnetic sensor is
moved in the 3D space around the stack with a robot in order to
characterize the magnetic signature. Several hundred of mea-
surements are made and the acquisition time is about fifteen
minutes. Such system is extremely complex to develop and can
only be used in a laboratory context.
The originality of the approach presented here is that it re-

quires a very small number of magnetic field measurements
(thirty against several hundred for what has been done so far).
The instrumentation is facilitated and the use of a robot moving
a sensor is no longer necessary. Thirty sensors are fixed around
the stack and enable an instantaneous measurement (against at
least fifteen minutes with a robot). The major advantage is that
the internal state of the stack does not vary during the measure-
ment time. This low number of sensors is possible thanks to as-
sumptions on the current distribution and to an adequate choice
of positioning and orientation. These choices and assumptions
are explained in the second part of this article. The third part
will present the validation of the method on a stack simulator.
Then, experimental results on a real stack are presented.

II. METHODOLOGY

A. Forward Modeling

Before solving an inverse problem, we have to carefully study
the forward one, i.e., from a given current distribution, how
to compute the magnetic field outside. We consider that the
stack and its environment are free of any ferromagnetic pieces
and that no disturbing sources create additional magnetic field.
Therefore, the relation between currents and field can be simply
expressed by the Biot-Savart operator.

(1)

(2)



where is the induction at point is the current density at
the integration point is the permeability of free space and

is the volume of the stack where current flows.
The (1) cannot be solved analytically and we have to dis-

cretize it in order to get the solution. Let us consider a parame-
tization of current density thanks to N basis function .

(3)

For instance, if the space is meshed by several cells, each
cell carries a single function (0-order shape functions that
are uniform on one cell and null elsewhere). This kind of the
problem discretization seems maybe the most natural and is the
most found in the literature [5]. We will see later that it is not
the approach chosen in this work.
Let us now consider that the magnetic field is measured on a

sensor number k associated to a projection function .

(4)

is the projection of the induction on a sensor function, i.e., a
measured value and is the whole 3D domain. For instance, if
we consider a punctual directional sensor, is a Dirac function
associated to a vector oriented in the same direction than the
sensor.
Merging (1), (3) and (4), we get the discretized forward ex-

pression of our problem for N current basis and for the sensor
number k.

(5)

(6)

Let us notice that this relation is linear (as of course the Biot-
Savart law).With several sensors, we get a linear system linking
the sources (characterized by N coefficients ) and the mea-
sured magnetic field (characterized by M coefficients ).

(7)

where is the measurements vector, is a M N matrix de-
fined by (6) and are the unknowns we want to determine.

B. Inverse Modeling

In order to reduce the number of degrees of freedom of the
inverse problem and to improve the reconstruction process, we
have to properly choose and functions. The originality
of this work is inherent to this choice. Once these functions are
properly chosen, the problem remains ill-posed, i.e., the solution
is not unique. We will have to regularize it in order to get the
final solution. Let us notice that better the projection functions
selection is, lighter the regularization process will be.
1) Choice of (Current Basis): Two kinds of anomaly

can arise in a fuel cell stack. A localized anomaly (flooding,
hot spot) on membrane electrode assembly modifies the current
only around the anomaly. More global faults (like wrong supply
of gas, for instance) can also occur. For local anomaly, we can
bet that it will not have an important influence on the external

Fig. 1. First components of cross-section current density distributions used in
order to generate functions.

magnetic signature (they are generated by small current loops).
So, we will not focus on the identification of such local inhomo-
geneous current densities. Global faults arising uniformly on all
the cells of a stack will be search. This assumption (or better
this reduction of the space search) reduces the potential number
of unknowns. We consider that the current density in the active
part of the stack is axial. This assumption does not suppose an
infinite length for the fuel cell, the axial current density being
limited to bipolar plates and membranes. We will see later that
both collecting plates located at each extremity of the stack and
in which flow non axial current will be properly taken into ac-
count.
Let us now define properly our functions. In a first step,

2D Fourier transform basis are used to describe current density
in fuel cell cross section. First components of this basis are rep-
resented below (see Fig. 1).
The functions enabling the full representation of currents

flows (including 3D effects due to current collection at each
stack extremity) are generated by solving a steady state current
conduction equation with a finite volume method. In this formu-
lation, previous 2D current densities (Fig. 1) are introduced as
a source term. Details of this formulation have been previously
given by authors in [7]. Several current loops flowing inside the
stack are generated and the associated field is computed thanks
to the numerical integration of Biot-Savart law. An example of
three functions is represented on Fig. 2.
These functions can be discriminated in two categories. The

first one is only composed of the function corresponding
to a homogenous current distribution flowing through the stack
(Fig. 2, left column). The second category is composed of all
remaining functions (Fig. 2, central and right columns) for
which current density is composed of internal loops flowing
not through but inside the stack (the integral of current density
on the cross-section being null by construction). Let us notice
that the function represents the operation mode of the
stack without any fault (maybe not exactly, but very nearby).
Moreover, this common mode can easily be determined by the
integral of the current flowing through the stack. This integral
can be easily obtained thanks to a simple ammeter.
Other functions of the basis represent inhomogeneities i.e.,

faulty operation modes. We will only focus on the determina-
tion of these functions with the magnetic field measurements.
Moreover, if we have a look to the function, we see that it
magnetically acts as a single current loop, i.e., not so far from



Fig. 2. Three examples of functions. To the left, common current mode
corresponding to the uniform current. Central column, the representation of
a dipolar term and to the right a quadruple one. Up, 2D current distribution.
Middle 3D representation and down schematic view.

a magnetic dipole. The function is composed of two loops
with opposite flowing directions, so it generates a magnetic field
similar to which created by a quadrupole. Thus, our functions
basis is not so different from a set of multipoles. This consid-
eration can be very useful because a well-known result is that
the field created by a multipole decreases with a law
where n is the order of the multipole ( for a dipole, for
a quadrupole and so on). Thus we can conclude that it is use-
less to try to determine distribution of important orders because
they are going to be naturally filtered by the distance between
the stack and the sensor. So the decomposition can be truncated.
In our application, we only keep the functions of low spatial
frequency. The number of unknowns for the inverse magnetic
problem is then fixed to 48.
2) Choice of (Sensors Basis): The magnetic field mea-

surements are performed by using punctual magnetic sensors.
Thus, we have to choose their locations and directions. In order
to optimize the ratio between signal and noise, sensors are lo-
cated as close as possible to the stack on a square path located
on the middle section of the device. Sensors are located on a
single plane.
Let us remember that the component associate to the first

function can be easily and certainly more accurately de-
termine by a direct measurement with an ammeter. Moreover,
the magnetic field created by this function is far more impor-
tant than the one created by the other functions . This field
is in fact rather a problem than a potential source of informa-
tion. Indeed, the useful information is the magnetic field cre-
ated by inhomogeneities and certainly not the one created by the
common mode that is much higher. This is a real difficulty for
our problem because this huge field leads to the need of a high
range ofmeasurements keeping a very high accuracy. These two
points are in contradiction. A good solution is to create a sensor
network in which the common mode does not have any mag-
netic signature. If we have a look to the field created by (see
Fig. 3, blue dotted arrows), we can see that this field is mainly or-
thoradial (exact directions can easily be computed). Our original
solution is to use only single-axis sensors (represented with red
solid arrow, Fig. 3) oriented in order to not measure themagnetic
field generated by a homogeneous current flowing in the stack
(quasi-radial orientation). So, the sensor array is sensitive only
to inhomogeneous current (meaning defaults). This technique

Fig. 3. Field created by the common current mode (blue dotted arrows) and
orientation of single-axis fluxgate magnetic sensors (red solid arrows).

Fig. 4. CAD representation of the final measurement set: stack (blue, red and
black) and sensors (yellow and green).

Fig. 5. Singular value decomposition of the forward model.

enables the use of accurate Fluxgate sensors with low range of
measurement but excellent accuracy.
Let us notice that the final sensors positions on the square is

obtained with an optimization procedure based on the Ds-opti-
mality criterion [8] but optimized positions do not really differ
from a regular distribution. This is why we do not focus on this
step here. 30 sensors will be used. The final measurement set is
presented in Fig. 4.
3) Final Resolution: Our inverse problem has been now

properly parameterized (adequate choice of currents and
magnetic bases). However, the singular value decomposition
shows that the inverse problem remains ill-posed (see Fig. 5).
Thus we have to regularize it. However, our previous choices
considerably reduce the complexity of this step, the number
of unknowns being considerably reduced. A truncated single
value decomposition is thus used to get a stable solution [1].
Experiences (mainly realized on the stack simulator presented
in next section) showed us that keeping the first fifteen singular
value leads to good results.

III. EXPERIMENTAL VALIDATION

The approach has been first validated on a stack simulator in
order to check the feasibility of the system (Fig. 6). This stack



Fig. 6. Sensors network on the stack simulator (left) and on a real fuel cell
stack (right).

Fig. 7. Results obtained with the stack simulator (to the left profile of the cur-
rent and to the right reconstructed distribution).

simulator is geometrically representative of a real stack and con-
sists in 25 independent conductors in which we can impose a
given current value. We can construct the basis quasi ex-
perimentally by feeding only one conductor; keeping the others
without any current and then by measuring fields. The problem
is solved and the obtained solution is compared to initial cur-
rents. Both distributions present a good agreement (see Fig. 7).
Our device has also been developed for a real stack. In this

configuration, we face a real difficulty. Even if the system has
been designed in theory to be not sensitive to current common
mode, it cannot be exactly the case because some geometrical
parameters are not precisely known, in particular the exact ge-
ometry of external currents feeds. Moreover, stacks environ-
ment is complex and leads to numerous mechanical constraints
(see Fig. 5, right). The accurate positioning of sensors is then
difficult and the current common mode creates on them a quite
important residual magnetic field. A goodway to proceed is then
to work keeping the total current constant meaning to work with
a differential approach. It is not always possible but both de-
faults proposed here lead to such configuration (oxygen starva-
tion and artificial ageing of the stack during 60 hours). In order
to compare obtained results with a reference, an internal cur-
rent density measurement system is introduced inside the stack.
Even if this intrusive tool disturbs certainly the operation mode,
it enables to validate our approach. Once again, results obtained
are satisfying (see Figs. 8–9), both distributions presenting a
good agreement.

IV. CONCLUSION

We have proposed a new and original magnetic tomography
approach in order to reconstruct default in fuel cell stacks. It lies

Fig. 8. Oxygen starvation of the stack: comparisons between currents density
obtained with internal measurements (left) and with magnetic inverse problem
(right).

Fig. 9. Ageing attempt: comparisons between currents density obtained with
internal measurements (left) and with magnetic inverse problem (right).

on the use of original current bases and of a sensors array con-
figuration developed in order to be only sensitive to current in-
homogeneity. Our approach is robust, enabling the use of accu-
rate magnetic fluxgate sensor with a low range of measurements
(less than 200 T). The method has been validated on several
test cases and has shown its potential.
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