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Abstract

The Fuel Cell (FC) is an ideal electrical power
source. However, FC stacks and even more FC sys-
tems are vulnerable to faults (such as water flooding
and membrane drying) that can cause the disruption or
the permanent damage. To guarantee the safe opera-
tion of the FC systems, it is necessary to use systematic
techniques to detect and isolate faults for the purpose of
diagnosis. The problematic for the model-based Fault
Detection and Isolation (FDI) of fuel cell is that the
model is complex because of coupling multiple physical
domains (electrochemical, electrical, thermofluidic...).
This is why, we propose in this paper, the exploita-
tion of the behavioral and structural properties of the
Bond Graph (BG) as a multi-domain power exchange
and unified graphical modeling language for qualitative
analysis of monitoring ability (using Signed Directed
Graph properties). This is obtained after generation of
the fault indicators from one part, and by dealing with
an automatically built Signed Directed Graph (SDG) of
the system, from another part. By combining qualita-
tive method (based on Signed Graph) and quantitative
method (fault indicator generation) using only one rep-
resentation, an innovative approach to perform (single
and multiple faults) diagnosis is proposed. The pro-
posed contribution is illustrated by an application to a
Proton Exchange Membrane Fuel Cell (PEMFC).

1. INTRODUCTION

Much attention has been paid during this last
decade to fuel cells because they offer significant
advantages such as a high efficiency and an environ-
mentally friendly technology for energy conversion [1].
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Among many varieties of fuel cells, the PEMFC has
shown to be the most promise for various industries in-
cluding the transportation, residential and also portable
applications. It is the fuel cell that is the most likely
to be widely used in the near future. This issue leads
to the question: what is lacking in order to enable a
widespread use of fuel cells?

Indeed, PEM fuel cells are not without challenges
and several issues need to be resolved before fuel cells
can be commercially viable. To improve fuel cell life-
time and develop adequate mitigation strategies, differ-
ent working parameters should be measured and mon-
itored to minimize the risk of damaging the fuel cell.
However, PEM fuel cell fault diagnosis requires the
knowledge of a number of fundamental physical phe-
nomena and the description of their dynamic behaviors.
This is why, their modeling has become more and more
important over the years in order to simulate the be-
haviour of the fuel cell integrated in a power system.
The literature contains several research publications on
modeling, simulation and experimental validation of a
PEM fuel cell system [2]. For an overview of PEM fuel
cells diagnosis approaches, Wu et al. [3] review various
diagnostic tools in PEM fuel cell and electrochemical
techniques. They also outline the principle, experimen-
tal implementation, and data processing of each tech-
nique.

Roughly speaking, fuel cell systems are still badly
known, particularly when talking about fault diagnosis.
This is why, a diagnosis strategy to detect and classify
failures or faulty operation modes so as to prevent or
limit degradation, is required. In fact, we can distin-
guish between reversible and irreversible faults. Some
problems associated with the PEM fuel cell include
irreversible degradation such as membrane degradation
due to mechanical phenomena, corrosion or chemical
contamination. Other degradations are reversible such
as the membrane drying, the cathode flooding and the
anode catalyst poisoning by carbon monoxide [4][5].
Basically, in this paper we focus on the degradations
linked with water management (flooding and mem-



brane drying) which are of particular interest because
an unsuitable water balance (either too wet or too dry)
has a long term effect on cell degradation rates and it
is essential to not only detect such fault but to isolate
it in order to be able to overcome the exposure to
excess water or dryness which can lead to irreversible
degradations of the cell. Furthermore, from the Failure
Modes and Effects Analysis (FMEA), used off line
for analysis of potential failure modes within a FC
system, it was shown [6] that the state of hydration of
the membrane electrode assembly (water flooding and
drying) is one of the major challenges in PEMFCs di-
agnosis. There are many different approaches for fault
diagnosis. These approaches are based on experimental
data [7], signal processing [8] and analytical models [9].

In this paper, we propose an heterogeneous diag-
nosis approach for fuel cell, which combines between
a qualitative signed graph model-based method and a
quantitative bond graph model-based method. The in-
novative interest of the presented paper is the use of
only one representation for not only structural model-
ing but also for diagnosis of single and multiple faults
which may affect the fuel cell. The paper is organized as
follows. The fuel cell principle is described in section 2
and the corresponding Word Bond Graph is given is sec-
tion 3. The proposed diagnosis approach is presented in
section 4 and applied on the fuel cell is section 5. Sec-
tion 6 concludes the paper.

2. Fuel Cell description

A fuel cell is a device that produces electricity
from a chemical reaction. This reaction generates
electrical current (which can be directed outside the
cell to power an electrical motor for example) and
requires a fuel (namely hydrogen) and oxygen. As
shown in Fig.1, the fuel cell consists of a membrane
sandwiched between two electrodes namely the anode
and the cathode. The hydrogen passes over the anode
and with help of a catalyst, is separated into hydrogen
protons and electrons. The chemical reaction in the
anode is:
2H, — 4H +4e™
Then, the membrane plays a key role because it permits
the protons H' to pass between the anode and the
cathode while filtering the electrons. This is why, the
protons flow to the cathode through the membrane
while the electrons flow through an external circuit,
thus creating electricity. On the other hand, oxygen
enters the fuel cell at the cathode and it combines
with electrons (returning from the external circuit) and
hydrogen protons (that flow through the membrane
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Figure 1. Fuel cell principle

from the anode), and produce water and heat. Thus, the
chemical reaction in the cathode is:

O, +4H™ +4e™ — 2H,0

The overall reaction of the fuel cell is therefore:

2H, + 0, — 2H,0

The PEM fuel cell is the heart of the fuel cell. How-
ever, as shown in Fig.1, other subsystems are interacting
within the fuel cell stack system and are as follows:

e The H, valve is used to control the flow rate of
hydrogen.

e From the anode side, the Humidifier is used to hu-
midify the hydrogen flow.

e From the cathode side, the Humidifier add vapor
into the air flow in order to prevent drying of the
membrane.

e The air Cooler is needed to reduce the air temper-
ature before it enters the stack.

e The air supply system has a compressor motor
command as the only control actuator.

e The return manifold represents the pipeline at the
fuel cell stack water exhaust.

3. Word Bond Graph

In this section, we present the fuel cell system’s
Word Bond Graph which represents the technological
level of the model where global system is decomposed
into different subsystems (see Fig.2). This representa-
tion is deduced from the analysis of the fuel cell op-
erating as described in the previous section. Compar-
ing to classical block diagram, the input and output of
each subsystem define power variables represented by



a conjugated pair of effort-flow labelled by a half ar-
row. Indeed, the Word Bond Graph provides a top-level
overview of the fuel cell system and is useful for initial
conception of the behavioral system model. Power vari-
ables used for the studied fuel cell system are: (Torque,
angular velocity) = (7, @), (Pressure, Mass Flow) = (P,
), (Temperature, Enthalpy Flow) = (T, H), (chemical
potential, molar flow) = (u, n) and (Voltage, Current) =
(U, i). These variables are associated respectively with
mechanical, hydraulic, thermal, chemical and electrical
domains. Because of the complexity of the overall sys-
tem and for the sake of clarity, we will focus within this
paper only on the heart of the fuel cell system model.
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e

Figure 2. Word Bond Graph of the PEM fuel cell
system

4. Proposed diagnosis approach

The diagnosis approach, we propose, rests on two
parts. In a first time, models and tools required for on
line diagnosis are designed. In a second time, models
and tools previously built are on-line exploited in order
to detect and isolate faults.

4.1. Design of the diagnosis module

The design of the diagnosis module rests on four
steps which are illustrated in Fig.3 and summarized
as follows. 1In a first step, the BG model is built
based on the physical system architecture and the power
exchanges between the different components. Back-
ground material on bond graphs modeling can be found
in [10]. An example of BG in given by Fig.6. It will be
detailed later. We just remind here basic notions.

A BG combines vertices and power bonds. Power
bonds are oriented to represent the direction of the
power transfer between vertices and are associated with
two variables: the effort (above the bond) and the
flow (below the bond). Moreover to be numerical pro-
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Figure 4. BG to SDG transformations.

cessed, the BG model is exploited to directly generated
a Signed Directed Graph (SGD) using the correspon-
dences given by the table represented on Fig.4. A SDG
is a digraph used to represent the causal relationships
between process variables. It was introduced by Iri et
al. [11] for fault diagnosis in the chemical process in-
dustries. Process variables are represented by nodes and
the cause/effect relationship between two variables is
represented by a directed arc between the correspond-
ing nodes. The source node of an arc is the cause and
the destination node is the effect. Each node is assigned
with a sign from the set {0, 4, — } respectively when the
deviation of a measured value of the variable from its
previous steady value is between the thresholds bound-
aries, bigger than the maximal threshold or smaller than
the minimal one. Positive or negative influence between
nodes is distinguished by the sign '+ or '’ of the arc,
shown as a solid or dotted arc respectively. This auto-
matically generation of the SDG from the BG is given
by Fig.4. This transformation overcomes the difficulty
of its elaboration and of its posteriori validation. An
example of SDG graph is given by Fig. 7. It will be
detailed later.



4.2. On-line exploitation of the diagnosis mod-
ule

The on-line diagnosis procedure is illustrated in
Fig.5 and is summarized as follows. In a first time, mea-
sured outputs and control inputs which represent the
known variables are used to calculate the value of the
coherence vector from the ARRs from one part, and to
determine the sign of the measured nodes of the SDG
from another part. In the normal operating mode, the
value of the coherence vector is equal to (0,0, ...0) and
all nodes of the SDG take the value of zero. When a
fault appears, the value of the coherence vector is dif-
ferent from (0,0, ...0) and is compared to the fault sig-
nature regrouped in the Fault Signature Matrix (FSM).
This leads to a list of potential faults and allows the ex-
traction of a subgraph from the entire SDG graph. This
last, is then analyzed to extract potential abnormal sit-
vations. Indeed, on the SGD graph, the fault node first
changes sign, then it will be propagated along directed
arcs throughout the whole graph. SDG diagnosis aims
to identify the fault origin node (component responsi-
ble of the fault) from the valid nodes and the consistent
paths of the graph. A valid node is a node which is af-
fected by a value different from '0’. It represents the
fault information. A consistent path is a path which can
propagate the fault information. It consists of consis-
tent arcs. An arc is said consistent if its value is equal
to the product of the values of the two linked nodes.
To extract the consistent paths a bidirectional inference
algorithm is used. Starting from the nodes which are
detected as faulty ones (the associated measured values
are not in the thresholds boundaries), adjacent arcs are
followed whatever their direction to determine the sign
of their destination nodes. The same procedure is ap-
plied until all nodes which correspond to a measured
output or an input control are reached with respect of
their corresponding signs. Two types of paths are ex-
tracted, paths which include hardware components and
paths which do not include hardware components. The
consistency analysis between these two types of paths
allows to reject or to isolate candidate potential faults.
If consistency there is, some faults may be isolated. In
the opposite case, a partial result is given (see Fig.5).

5. Diagnosis of the PEM fuel cell

The BGs have been successfully used for analysis
and synthesis of different kinds of systems involving
multiphysical phenomena. Hence an easier understand-
ing of the overall system. Fig. 6 presents the proposed
BG model of the PEM fuel cell system. The transform-
ers TFy,, TF.,, TF.; represent chemical transforma-
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Figure 5. On line exploitation

tions related respectively to the hydrogen flow through
the anode, the oxygen flow through the cathode and the
water flow through the cathode. On the other hand, TF,
represents the transformation of the variations of the en-
thalpies, or the Gibbs free energy, into electrical energy
and wherein »n is the number of free electrons and F is
the Faraday constant. The 1-junctions represent conser-
vation law energy. The multiport R : R, modulated by
mass flow is used to model the coupling of fluidic and
thermal energies. D, and D (sensors) represent respec-
tively the effort detector and flow detector. S, and Sy
represent respectively the effort source and flow source.
R, represents the inlet H, valve which is modeled hence
by hydraulic resistance. R; and R, represent the fric-
tion of the diffusion through the surface of the backing
layer respectively for the H> and O;. The thermal losses
are modeled by an active resistance element-RS such as
activation losses, diffusion losses, concentration losses,
ohmic losses ...
Let focus on Fig.6 in order to deduce the ARRs:

From the Junction(1,), the following equations can be
written:

ej—exy—e3=0 (1)
e1 =P (2)

e2 = f(f2,%) 3)
fr=fz=m )
e3=e4=D"h, (5)

From equations (1), (2), (3), (4) and (5), we can deduce
the first ARR as follows:

Py — f(f2,x) =P, =0 (6)

Similary, from the junction(13), we can write:
eg—ejp—enn—en—ez—ey—es=0  (7)
€10 = f10 X RSan; €11 = f11 X RSacr; €12 = f12 ¥ RSmZ}’él)
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Figure 6. Bond Graph model of the PEM fuel cell system

e13 = f13 X RSyirrie14 = f14 X RScqse15 =Vye  (9)
flo=/fm=f=fiz=fuu=I (10)
es = nkF X eg (11

€19 :f(P027T02);P02 = f(mOpP()ut);eS :f(Tvl 764)
(12)
es = esse18 = f(Pu0, THy0) (13)

From equations (7) to (13), the second ARR is
then deduced:

f(TV| aPV) +f[f(m027P0w)vT02] —nF[Ifc X
RSdiff +RSca +RSan +Rsmem) +Vfc] _f(PH207 THZO)
(14)

(RSacl +

From juntion(1;) and by following the same procedure,
the third ARR can be obtained as follows:

%[f(T\q aPV) +f(P027T02) 7f(PH207TH20)]7

Ifc X (RSact +RSdiff +RSca —I—RS,M +RSmem) —Vfc =0

as)

The fault signature matrix (FSM) is derived di-
rectly from these three ARRs namely (6), (14) and (15).
It is given in Table 1. The vector (R1, R2, R3) is the

=0
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signature of the fault. The only isolated faults are those
having the same signature, i.e. different from the signa-
tures of all other element (such as the signature V=(1,
1, 1) corresponding to the H, pressure sensor. How-
ever, due to the non presence of enough unique signa-
tures, faults affecting the other elements can not be iso-
lated. This is why, as previously explained, the SDG is
introduced. Let now focus, for instance, on the faults
corresponding to water management (flooding and dry-
ing). The signature V = (0,0, 1) corresponding to those
faults is not unique. However, the deduced signed graph
is used to improve the fault isolability performance. In-
deed, when the signature V = (0,0, 1) is observed, the
flooding of the cathode induces an increase of the value
related to the cathode pressure Py,o which becomes
Pr,0(+) because it exceeds a certain threshold. On the
other hand, the value of the current Iy, decreases and
becomes I¢.(—). As shown in Fig.7 which corresponds
to the deduced Signed Graph, the only consistent path
explaining those observations is as follows:

PH20(+) —re17(+) — eg(—) — e9(—) —

Vi(=) —en(+) — In.(=) (16)
This consistent path shows (from observations) that the
resistance Ry, is not involved in the fault origin. How-
ever, the resistance is sensitive to the drying of the mem-
brane. Hence, we can deduce that the fault concerns
flooding of the cathode despite the fact that we do not
have any sensor inside the membrane to measure the re-
sistance of the membrane. Let consider now the sce-
nario wherein the signature V = (0,0, 1) is observed
as well. The value of the current Iy, exceeds a cer-



Figure 7. Deduced Signed Directed Graph
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Table 1. PEM Fuel cell Fault signature matrix

tain threshold and hence becomes I, (+). The value of
the pressure in the cathode Py, increases as well and
exceeds a certain threshold. From the deduced Signed
Graph (Fig.7), the only consistent path explaining these
variations is as follows:

Pryo(4+) — e17(+) — eg(—) —> e9(—) —

Vi (=) — ena(+) — RSpem(+) —> I5.(+) (17)

Unlike the first case, we notice that the resistance of the
membrane is sensitive to the fault. This is why, we can
deduce from this qualitative propagation of the fault,
that the fault is the drying of the membrane and hence
we isolate the fault ( which is not possible when we rely
only on the FSM).

6. CONCLUSION

A new approach has been presented for fault diag-
nosis of the PEM fuel cell. This approach is based on
SDG and BG and allows to integrate two different types
of information namely quantitative knowledge acquired
from the behavioral, causal and structural features of the
BG and qualitative knowledge based on SDG. By asso-
ciating these two features, all built on the same model:
the BG, we contribute to the development of a global
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FDI procedure which allows to detect and isolate faults
within the PEM fuel cell. Indeed, the scenarii taken in
the example illustrate the complementary of the differ-
ent tools. The consistent path analysis performed on
the SDG allows to isolate faults which are not isolable
by the FSM analysis and the FSM analysis is required to
extract the part of the SDG wherein the path consistency
analysis has to be performed to give relevant results.
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