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Abstract- This paper scope is centered in the PEM fuel cell stack
health diagnosis. For this purpose, authors present fault
detection and identification methods using simple and non-
intrusive on-line monitoring techniques. The approach is
gradual based on detection and identification methods applied to
a single cell up to multi-cells stacks used for power applications
like transportation. A very low number of sensors are needed for
the monitoring and the technique can be implemented on-line.
Numerical simulation results illustrate the advantages of the
different techniques.
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L INTRODUCTION

Environmental issues have increased the demand for less
polluting  energy  generation technologies.  Recent
development of Proton Exchange Membrane Fuel Cell
(PEMFC) makes them almost commercially available for
stationary and transport application and offers significant
advantages like high efficiency, low emissions, noiseless and
makes them attractive. For transport application, the need of a
high power and reliable generator (>100kW) suggests the use
of multi-stack fuel cell generator which allows high power
combined with multiple single “low power” stacks and allows
system redundancy [1].

To obtain its best performance, PEM fuel cell stack has to
operate at a very precise but difficult to maintain operating
point. Due to complex phenomena occurring in the heart of
the PEM fuel cell, the dynamic behavior is not well
understood resulting in the appearance of faults which has to
be avoided. Consequently, the reliability and operability of
the PEM Fuel Cell are affected and should be strengthened.
Most common faults are cell flooding, membrane drying and
poisoning of the catalysts areas. PEM fuel cells use a solid
polymer electrolyte membrane (based on Nafion®™). This
membrane, in order to be a performing ionic conductor, needs
to be permanently wet. Flooding, due to an excess of water in
the cells inhibits gas transport to the reaction sites and
reduces the surface area of the catalysts, resulting in
significant and sometimes catastrophic decrease of the cell
performance [2]. On the contrary, a drying situation results in
an increase of the membrane resistivity [3-5]. Poisoning is
owing to the quality of gaseous hydrogen (H,) or air. If
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contaminants are present in the gas then they cause
performance degradation of the fuel cell. For example, carbon
monoxide (CO) binds strongly to platinum catalyst and
reduces the active surface available for H, adsorption. CO
adsorption is a reversible phenomenon but most of the others
contaminants are irreversibly adsorbed on the catalyst and
block the reaction sites or penetrate the polymer membrane
and reduce the proton conduction activity [6]. Other types of
faults may appear, due to the balance of plants (BoP)
components (auxiliaries of the fuel cell system) and can
impact the operating conditions of the fuel cell stack.

In order to have a continuity of service, particularly for
vehicle applications, it is crucial to detect an early fault.
Sometimes, the operating conditions, dynamic load
variations, but also possible defective auxiliaries can induce a
fault in the stack. The best and easiest failure indicator is the
cell voltage; indeed a fault when appears in a fuel cell will
almost all the time cause a voltage drop. Thus it is quite easy
to detect a fault using a voltage monitoring but hard to
precisely identify its signature. Moreover it is important to
proceed to the fault detection and identification on-line when
the fuel cell is working. Such indicators on the state-of-health
of the PEM fuel cell can be returned in real time to the
supervisor [7].

Other techniques already exist for fault detection and
identification like the online humidification diagnosis through
the DC-DC power converter by calculating the internal
resistance from high frequency current and voltage ripples on
the fuel cell [8] or diagnosis methodologies which can be
implemented using the power electronic converter and its
PWM control strategy [9]. Electrochemical techniques like
electrochemical impedance spectroscopy (EIS) analysis and
cyclic voltammetry (CV) [10] can be also used to study the
behavior of the PEM fuel cell to different external operating
conditions and diagnostic possible malfunctions. For example
the CV method can detect faults of H, desorption or
adsorption by sweeping the fuel cell potential back and forth
between two set voltage limits while the current is recorded.
All these techniques, cited above, have been rather tested on
low power stacks in laboratory environment. It should be
noted that certain techniques involve expensive and
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sometimes voluminous devices to perform the identification,
and for EIS in particular the stabilization around a working
point is necessary and doesn’t exist in real operation.

The paper presents a fault detection and identification
involving simple and non-intrusive on-line monitoring
techniques applied for PEM Fuel Cells. The approach is
based on a graduated analysis: from the single cell to a multi-
cell power stack. The paper is organized as follow: first a
dynamic modeling for the fuel cell is presented which allows
performing the simulations and studying the behavior of the
PEM fuel cell when a fault occurs. Then, the paper focuses on
the fault and identification for a single cell and extends
gradually to the multi-cell stack. The approach for power
stacks consists in monitoring localized cells (Groups of cells
at stack inlet, center-stack or stack outlet) and the
identification using the differential measurement method. In
that case, a low number of voltage sensors and non-intrusive
are used. Finally a synthesis and perspectives end the paper.

IL. FUEL CELL MODELLING

Some work has already been reported in the literature, static
and dynamic modeling based on empirical equations was
given by [11-15].

The voltage drop across the fuel cell (FC) can be written as a
function of the activation, ohmic and concentration
polarizations given by:
Vcell =E- Nact — Hohm — Hcone (1)
With E the electromotive force given thanks to the Nernst
equation:
E=1.229-85%107 (T;~298.15)+ 4.3085x 107
XTy. (In(Pypz) + 0.5 In(Po2) ) @)

T, is the fuel cell stack temperature; Py, and P, are the
partial pressures of hydrogen and oxygen respectively.

The activation voltage losses represent the fact that some
energy is needed to generate a reaction product. They are
obtained by the Tafel equation:

Haee =A. In( (J+J)/y) 3

with A=RTy)/(20aF) 4)

J is the fuel cell current density, J, the leakage current
density, J, the exchange current density, R the perfect gas
constant, a the charge transfer coefficient and F the Faraday’s
constant.

The ohmic voltage losses are due to the resistance for both
electronic and ionic currents. They result in a slow and linear
voltage drop with increasing current. The main parameter of
this voltage drop is the membrane resistance Rem:
=Ryem- J 4)

Hohm

The concentration voltage losses are due to internal
inefficiencies at high levels of reactive consumption. They
occur at very high current density and are obtained
empirically:

(6)

m and n are constant depending of the construction of the
cell.

It is useful to formulate the real voltage of the cell when
there is no current; this voltage is named the open circuit
voltage. E,., is calculated by melting (2) with a part of (3):

Neone = M. exp(n J)

Epey = 1.229 - 8.5%107 (T;~298.15)+ 4.3085 <107

*Tje (In(Pyz) + 0.5 In(Po2) ) + A In(Jy) (7
Nact2 = A. ln(Jerl) (8)

More precisely the overall stack voltage becomes:
Vc‘ell = Eacv_ Nact2 = Hohm — Neone (9)

In dynamical operating mode, the response of the fuel cell is
affected by important phenomena during a short time: the
charge double layer. This layer can store electrical charge and
electric energy and acts like a capacitor. Consequently the
voltage changes do not happen instantly. This double layer
effect can be modeled by a capacitor [12, 16].

In the dynamical model, the capacitor is placed in parallel to
the sources representing voltage losses (M2 and Neone)- That is
the reason why we have to modify the model elements.

As a matter of fact, the fuel cell current density J is shared
between the double layer capacitor and Maez, Neone- Then the
current in the voltage loss branch (Jy) needs to be calculated.
For that purpose, we proceed as follows:

Nactz 18 replaced with a current source J; controlled by the
voltage M.z, Which is calculated with the Kirchhoff's voltage
law:

Nac2 + Neone = Vc‘dl (10)
Nacrz = VL'dl = Heone (1 1)

J¢is calculated thanks to (8)
Jf: exp(nath/A) 7Jn (12)

Neonc 1S @ Voltage source controlled by Ji. The ohmic loss is
modeled by a resistor. The model representation with the
double layer capacitor is given in Fig.1.

< nohm

nconc i

1.6

Fig. 1. Dynamic model: Representation of the double layer phenomena.
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I11. FAULT DETECTION FOR A SINGLE CELL

The best way to detect a fault is to monitor the cell voltage.
Indeed when a fault occurs, the cell voltage drops. In this
article we will focus on two kinds of fault: membrane drying
and cell flooding. A drying, because of insufficient water
concentration in the membrane will increase its resistance. In
case of a flooding [11] explains that during flooding, the
water forms a thin film blocking part of the active fuel cell
area, this results in a lower apparent active area and so a
higher current density.

A. Polarization signature

Fig. 2 shows a polarization curve of a cell during a normal
working (A), a membrane drying (B) and a flooding (C). It
shows, as already depicted in [17] that in the case of a drying
or a flooding the voltage is almost the same from open circuit
voltage down to the rated cell voltage. (The fuel cell should
not be used under this voltage [18].). For the flooding curve
(C), the active area was reduced to 80% by acting on the cell
current as described in [11] and for drying membrane
resistance was increase by 1.5.
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Fig. 2. Different polarization curves of a cell.

A first way to detect a fault is to define a threshold below
which the cell is considered as faulty. But as shown by the
polarization curve in Fig. 2 the cell voltage is not constant
according to the current. We have to consider a dynamic
threshold that will evolve with the current. Thanks to the
identical fault signatures for drying and flooding, the
threshold will be the same.

B.  Threshold for fault detection

The threshold should be like a faulty cell polarization curve,
so it is calculated with the voltage equation of the cell as
follows:

Threshold = E,.,— A. n(Jr—J,) — Ryem - J7— m. exp(n Jy)

With:  Jr = measured current cell / (S..;*0.9)

In fact, the threshold will be a polarization curve with some
degree of flooding; a new current density is calculated with a
reduced active area (Here for example 90% of the real cell
active area). When the cell voltage drops below the threshold,

a fault is detected. Subsequently, the next step is to proceed to
the identification.

C. Fault identification

Monitoring the cell voltage allows to detect a fuel cell fault,
but it cannot identify it. That is the reason why we need to
perform another action to identify it after onset of the faulty
detection. The current interrupt method (CI) allows
identifying the fuel cell parameters. The cell transient
response is measured after a current interruption, or a high
instantaneous drop of current. This current step has a high
wide spectrum of frequencies which excite the fuel cell
fundamental phenomena [19]. Fig. 3 shows three current
interruptions: one for a healthy cell, one for a flooded cell and
one for a drying cell. Flooding modifies the double layer
effect while drying modifies only the membrane resistance.
During the CI, the resistance of the membrane creates an
abrupt step on the cell voltage and then the double layer
effect generates a curved shape for the voltage response. [19]
explains how to calculate FC parameters with a possible
online technique.
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Fig. 3. Current interruption for a normal cell, a flooded cell and a dried cell.

Depending of the identified fault, actions can be performed
on the fuel cell operating conditions in order to cancel the
fault. In case of a flooding, gas flow or temperature should be
increased. For a drying, temperature should be decreased or
the inlet gas humidity should be increased.

D. Sensitivity of the method
1. Load cycle profile for transportation use

Because of the double layer effect and the slow fluidics
dynamics, the polarization curve of the cell will present a
hysteresis after a current cycling. Fig. 4(B) shows, in the J-V
curve, the cell hysteresis with a current varying between 10
and 100A and following a cycle similar to a transport cycle
but on a very short time fig. 4(A). For the moment, our model
does not take into account the fluidics which is a slow
phenomenon because of the slow time constant of the
auxiliary devices. As a result, the hysteresis bandwidth
illustrated in our case is smaller than in a real cell. That is
why we have to take it in account. Therefore, the threshold
has to be set under this hysteresis so that transients are not
detected instead of a fault.
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2. Impact of external fluid conditioning

Operating conditions also have an important impact on the
cell performance. Temperature or gas pressure variations
modify the cell performance. Fig. 5 shows the cell voltage
variation for different operating conditions.

Normal operating conditions are: temperature of the stack
65°C, and pressure of gases (H, and air) 2 bars. A
temperature decrease from 65 to 5°C, increases the
electromotive force E (2) and reduces the Tafel slope (3), but
results in an exponentially lower exchange current density Jo
[18]. Hence cell voltage decreases. A gas pressure drop from
2 to 1 bar results in a lower electromotive force (2) which
reduces the cell voltage.

The last two figures highlight that operating conditions and
load variation have an important impact on fuel cell voltage.
This involves the fault detection J-V curve to be low enough
in order to detect only faults and not normal transient states of
the cell voltage. It results in a not enough relevant detection.

In reality, the application involves a power stack which
implies multiple cells in series to have a higher voltage
output. The next following study is carried out for a full
stack.

Cell voltage (V)

400 600 800
Cell current density (mA/cm2)

1000 1200

Fig. 5. Polarization curve with different operating conditions.
V. FAULT DETECTION FOR A POWER STACK
A. Monitoring for a power stack

Power FC stacks can easily be composed of hundreds of
cells in series. In that case, it becomes difficult to monitor
each cell. Besides [20] shows that flooding or drying never
occurs in the entire stack but only affects some localized cells
or group of cells.

Humidified air will quickly condense at the inlet of the
stack. Besides water produced by the electrochemical reaction
can easily accumulate at the outlet of the stack. Conversely
the center of the stack is hotter than both ends; the presence
of liquid water is lower. Hence a flooding may occur in the
inlet and outlet of the stack while a drying may occur in the
center of the stack. That is why, instead of monitoring all the
cells, it could be judicious to monitor only a group of
representative cells: a group of five cells in the inlet, five cells
in the outlet for a possible flooding, and a group of five cells
in the center of the stack for a possible drying.

Stack
i

T Vinlet
T Vcenter

T Voutlet

Cell

%H&HH

Fig. 6. Principle of monitored cells for a 5 cells FC stack.
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B.  Detection and identification strategy using the
differential method.

Even if only three voltages are sensored (Fig. 6), the
detection principle is based on the monitoring of a differential
between the voltage in the center of the stack (Vi ener) and the
inlet/outlet voltages (resp. Vinet, Voutler) @88 @ New and accurate
indicator of the state-of-health of the fuel stack. If all voltages
are constants (there is no fault) or all voltages drop (there is a
load variation): differential equal zero. If only V. drops
(there is a possible drying), the two differentials become
positive. If the inlet or the outlet voltage drops (there is a
possible flooding), one of two differentials becomes negative.

Fig. 6 shows the detection method in the case of a flooding.
Flooding occurs at 3 seconds in the outlet of the stack, water
is slowly accumulated in the cells until the active area is
reduced to 80%, while voltage of outlet monitored voltage
drops slowly. The entire stack voltage does not drop but by
monitoring group of cells, it is possible to detect the early
fault. One of the differential voltages (Vouget — Veenter) 1S
negative and is falling slowly as when the flooding increases.
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Fig. 6. Principle of monitored cells: flooding case.

Fig. 7 shows the case of a drying in the center cells. In this
case, because the center cells are drying, their resistances
increase up to a 1.5 factor, resulting in a voltage drop of
center cells only. In that case the two differential voltages are
positive and increase because V.. decreases. The stack
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Fig. 7. Principle of monitored cells: drying case.

voltage does not drop, but thanks to the differential voltages
fault can be detected.

A very small voltage drop can be detected thanks to the
differential voltage measure of a small group of cell. With
this method, it is possible to detect a fault before the stack
voltage drops in an obvious way.

Now it is important to control how the differential voltage
evolves during transient operating.

Fig. 8 shows the case of a load variation of a healthy stack in
order to validate the detection principle during transient. Here
none of the cells is failing and so they all have the same
voltage. During load variation, the entire stack is browsed by
the same current, same operating conditions, and for this
reason differential voltages do not evolve.
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Fig. 8. Principle of monitored cells: healthy stack with current variation.

Thanks to the measurement a three small groups of cells,
this fault detection method is very sensitive, it allows
detecting early fuel cell failure, even before its impact on the
stack voltage. With only three voltage measure, it requires a
very low number of sensors and is a non intrusive technique
for stack monitoring. It could be easily implanted in
embedded applications.

The particularity of this method is the use of differential
measure; it allows a good rejection of perturbation. For
instance it is insensible to the polarization hysteresis or to the
operational conditions of the stack. Drying and flooding can
be indentified with this method depending of the position of
the fail cells. Next a CI could be done in order to confirm the
failure.

V. CONCLUSION AND PERSPECTIVES

Common failures in the PEMFC were discussed. With the
objective of a continuity of service, it is important to detect
and precisely identify them. Some identification techniques
were presented (Electrochemical impedance spectroscopy
EIS, current interrupt CI, and cyclic voltammetry CV
methods) but some of them are not easy to implement. Only
voltage monitoring is simple and non-intrusive.
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Fault detection for one cell was presented, monitoring cell
voltage drop gives good information about the state of health
but its implementation in a power stack can be rather complex
because of the high number of cells. Subsequently a new
detection technique, using differential cell voltage of three
groups of judiciously chosen cells was presented. It can
differentiate between a flooding and a drying, is non intrusive
and easy to implement. It gives relatively fast fault detection,
provides simultaneously fault identification while requiring a
low number of sensors.

Finally fuel cell output voltage is too low for high power
applications; a power converter is needed to increase the
output voltage. Consequently specific fault detection methods
could be used with the power converter to detect, identify and
act on the fuel cell to correct the failure. Power converter can
perform a CI or an EIS to confirm the fail.

APPENDIX
Tg Fuel cell temperature 343,15 K
P Hydrogen pressure 2 bar
Pos Oxygen pressure 2 bar
I Leakage current density 0.3 A/m2
Jo Exchange current density 130x10™* A/m2
a Charge transfer coefficient 2
F Faraday’s constant 9.65x10* C/mol
R Perfect gas constant 8.314472 J/mol/K
Riem | Membrane resistance 245%10° kQ.cm2
m Concentration coefficient 2.11x107
n Concentration coefficient 8x107
Scell Cell surface 110 cm2
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