Available online at www.sciencedirect.com

ScienceDirect

Journal of Power Sources 159 (2006) 905-913

JOURNAL OF

www.elsevier.com /locate /jpowsour

Model based PEM fuel cell state-of-health monitoring via
ac impedance measurements

N. Fouquet®?* C. Doulet®", C. Nouillant?, G. Dauphin-Tanguy °, B. Ould-BouamamaP

2 PSA Peugeot-Citroén, Centre Technique de Vélizy, 2, Route de Gisy, Bat. 91 VVI141, 78943 Vélizy-Villacoublay, France
b T AGIS UMR CNRS 8146, Ecole Centrale de Lille, 59651 Villeneuve d "Ascq, France

Received 11 September 2005; received in revised form 17 October 2005; accepted 9 November 2005
Available online 15 December 2005

Abstract

The present paper deals with monitoring of flooding and drying out of a proton exchange membrane (PEM) fuel cell using a model-based
approach coupled with ac impedance measurements. A study of the impedance response of a 150 cm? six-cell air/H, PEM fuel cell as a function
of inlet gas relative humidity was carried out. Parameters of a Randles-like equivalent circuit were then fitted to the data. In order to improve the
quality of the fit, the classical Randles cell was extended by changing the standard plane capacitor into a constant phase element (CPE). It was
found that monitoring the evolution of the three resistances of this modified Randles model was an efficient and robust way of monitoring the
state-of-health (SOH) of the fuel cell with respect to the water content of the membrane electrode assembly. Moreover, the non-integer power of
the CPE was found to be statistically constant over a wide range of operating conditions, thus comforting the assumption that it has a physical
meaning. Qualitative interpretation of the variation of the parameters as a function of the SOH is proposed in both flooded and dry conditions.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
1.1. Motivation and background

From an automotive manufacturer point of view, fuel cells
have evolved, over the past decade, from a laboratory experiment
to one of the most probable successors to the internal combus-
tion engine. Now that vehicle integration has been demonstrated
and performances are ramping up, command and control issues
as well as fault detection and isolation (FDI) gather more im-
portance to the day.

One of the major challenges in proton exchange membrane
fuel cell FDI and control reconfiguration lies in the state of hy-
dration of the membrane electrode assembly [1]. In a PEM fuel
cell, the electrolyte is a polymer membrane that ensures proton
conductivity between anode and cathode while being electron-
ically insulated. Protons are able to cross the membrane only
if attached to water molecules. Thus, it is of prime importance
to ensure at all time a steady minimum water content in the
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electrolyte. To do so, water vapor is usually added to the feed
stream, which can be quite a tricky task to achieve properly, for
the following reasons:

e relative humidity sensors only measure the inlet/outlet water
content of the gases, which are not straightforwardly linked
to the state of hydration of the membrane electrode assembly,
as we shall see later in this article,

® actuators, among which we can cite enthalpy wheels, gas/gas
or water/gas membrane humidificator are often slow and/or
inaccurate.

These technical shortcomings can lead to too much or too
few water being injected in the fuel cell, which in turn causes
flooding or drying out. Prolonged operation in either of these
two states can be very harmful, or even fatal, to the stack [2].

The challenge of monitoring water distribution within a PEM
fuel cell has been taken up by many research teams around the
world over the past couple of years. Good results were obtained
by using transparent bipolar plates [3], gas chromatography [4],
or even neutron imaging [5]. However efficient they might be, it
is very unlikely that these methods will ever find their way into
mass production.
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Nomenclature

C oxygen concentration in cathode active layer
(mol m—3)

Ca double layer capacity (F)

D diffusion coefficient (m?s—')

F Faraday constant (A smol™ 1y

Jj imaginary number

n number of electrons

(0] parameter of the CPE (S s%)

R perfect gas constant (J mol~ ! K1)

Ry diffusion related resistance (£2)

Rn membrane resistance (£2)

Ry polarisation resistance (£2)

S active area (m?)

T temperature (K)

Z fuel cell’s impedance (£2)

Zs diffusion impedance (£2)

Greek letters

o power of the CPE

1) diffusion layer width (m)

T4 diffusion related time constant (s)

w pulsation (rad s~h

Softer methods were thus also developed, which focus on the
monitoring of data closely related to the state of hydration of the
membrane electrode assembly. Pressure drop across the cathode
compartment [6,7], as well as current/voltage characteristics [8]
were for instance studied. These methods make use of sensors
already available on the fuel cell system, and rely on signal pro-
cessing to monitor the SOH. Voltage measurement is one of the
most interesting method as it appears to be the only variable
allowing a measurement at the cell level while still being non-
intrusive. In [8], the diagnosis solely depends on the processing
of steady-state current/voltage data. This proves to be efficient
as far as fault detection is concerned, but leads to an indetermi-
nation when it comes to fault isolation since flooding and drying
out both cause a voltage drop. To overcome this problem, the
decision stage of the algorithm makes use of the first derivative
of a voltage related fault indicator, assuming that the dynamic
behavior of this indicator over the time period during which the
failure occurred is always sufficiently different between flood-
ing and drying out. Thus, when considering a fuel cell in a given
state with no available history, fault isolation is impossible.

Electrochemical impedance spectroscopy (EIS) has already
proved to be a powerful tool to study fuel cell’s anode poisoning
by CO [9], or to gain insight into the membrane thickness or
Nafion loading influence on the fuel cell’s performance [10].
Both flooding of the fuel cell and drying out of the membrane
were also previously studiedin [11]. In[11], a fuzzy logic model,
operating on the amplitude and phase of the impedance, is used
to monitor the SOH of the fuel cell. EIS measurements taken at
open circuit voltage and 10 mA dc current are used. Fault are
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Fig. 1. Measured polarisation curves for a fuel cell working under flooded, dry
and nominal conditions.

triggered off-line by either injecting liquid water inside the gas
channels or passing heated air through both anode and cathode
compartment.

The study presented in this article focuses on the problem
of on-line monitoring of the water content of PEM fuel cells
through voltage and current measurements under dynamic con-
ditions. We shall see that dynamic measurements are a way to
overcome the indetermination encountered in [8] when it comes
to isolating the fault from polarisation curves. As a first step to-
wards on-line fuel cell SOH monitoring, this article shows how a
model-based approach coupled with electrochemical impedance
spectroscopy measurements could help identify a set of parame-
ters exhibiting a much greater sensitivity and selectivity to flood-
ing and drying than the voltage does.

This article is organized as follows: Section 1.2 presents three
examples illustrating the challenges of isolation and early de-
tection of flooding and drying out, as well as the complex link
between the inlet gases relative humidity and the fuel cell’s state
of hydration. The experimental setup used in this study is then
briefly presented in Section 2. Section 3 deals with the selec-
tion and validation of a simple yet accurate model of the fuel
cell’s impedance. Finally, Section 4 presents a method to detect
and isolate flooding and drying out of the fuel cell based on the
monitoring of the model’s parameters.

1.2. Scope of the study

To illustrate the indetermination arising from the processing
of static measurements, polarisation curves were recorded while
the fuel cell was working under nominal, flooded and dried con-
ditions. Fig. 1 shows that for currents above 200 mA cm2, a
faulty fuel cell operates at a significantly lower voltage than a
healthy one. However, it seems almost impossible to tell which
of the two failures caused the voltage drop: for a given current,
excessive drying or flooding of the fuel cell can lead to the same
voltage, as seen in Fig. 1, where the “flooded” and “dry” polar-
isation curves are almost superimposed.
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Fig. 2. Flooding of a fuel cell at constant pressure, temperature and stoichiome-
tries, with fully humidified reactants and a slowly increasing current.

Fig. 2 compares the behavior of both a flooded and normal
cell as a function of time while current drawn from the stack
progressively rises. As can be seen, flooding a fuel cell is a two-
step process. The first stage of the process causes a slow voltage
drop, as if the current was limited by the diffusion of reactants.
This voltage drop is interpreted as being the result of an accu-
mulation of liquid water inside the cathode gas diffusion layer
(GDL). The water build-up inside the cathode GDL is a slow
process. It can take several minutes before the water actually
blocks gas channels. On the contrary, the second stage is a matter
of seconds. Once water droplets form inside gas channels, they
prevent oxygen from reaching the catalytic sites, thus rapidly
driving the cell potential to zero (Fig. 2). Prolonged operation
in reactants starved conditions being extremely harmful to the
fuel cell [2], the challenge is to detect the flooding while still
in stage one, so as to engage corrective action before the cell’s
voltage drops to zero. This task could be achieved by monitoring
each and every cell voltage, but since stacks for transportation
application usually count a few hundred cells, this solution is
not practical at all. Fig. 2 also demonstrates that flooding does
not necessarily occurs at high current density. At the end of the
experiment (¢ > 1000 s), when the current is the highest, both
the once flooded cell and the normal one perform equally well.

Fig. 3 shows the mean cell voltage of the stack during a five-
hour long experiment in which the stack was successively oper-
ated in flooded, nominal and dry conditions. The dc current was
kept constant for the whole duration of the test, so as to ensure
that the state of health of the fuel cell is solely responsible for
the voltage variation. Cathode inlet gas relative humidity was
kept below 50% at all time so as to avoid the flooding of gas
distribution channels. As can be seen, there is no obvious way
to diagnose the state of health of the stack from the knowledge
of its voltage. For a given current, Fig. 3 confirms what had
been anticipated from the reading of the polarisation curves of
Fig. 1: flooded and dry conditions can lead to the same voltage
drop. Moreover, it appears that there is no straightforward link
between the inlet gases relative humidity and the state of health
of the fuel cell. As the cathode inlet relative humidity gradually
decreases between 1500 and 9500 s, the fuel cell undergoes a
brutal transition from flooded to nominal state. This transition
has been shown to be easily triggered by small twitches in cath-
ode’s pressure or gas flow rate once a low enough inlet relative
humidity is reached. Thus, it appears that even at humidity level
as low as 30%, an unstable equilibrium exists between the GDL
and the distribution channels in which the GDL keeps the extra
amount of water that has accumulated at high relative humidity
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Fig. 3. Mean cell voltage of a fuel cell in flooded, normal and dry condition, as
a function of time and relative humidity of inlet gases, with constant pressure,
temperature, stoichiometries and current.

level, making it highly hazardous to rely on the inlet relative hu-
midity level to estimate the state of hydration of the membrane
electrode assembly.

2. Experimental setup

All measurements were carried out on a stack fed with air and
pure hydrogen. So as to ensure stability and homogeneity of the
fuel cell under test, active areas below 5 cm? [12,13], or single
cells [14] are usually chosen for ac impedance measurements.
To the knowledge of the authors, the largest active area inves-
tigated by means of electrochemical impedance spectroscopy
and published to date is 50 cm? [15]. In an attempt to come one
step closer to a full size stack, a six-cell assembly with an active
area of 150 cm? was selected for this study. Impedance spectra
were computed based on the stack voltage. It introduced a fair
amount of inhomogeneity and instability in the system, which,
in turn, showed the robustness of the approach. Both flooding
and drying out were triggered on-line, by changing the inlet gas
relative humidity.

Fuel cell’s operating conditions were monitored and con-
trolled through a Greenlight Power FCATS-L test station.
Impedance spectra were recorded with a Gamry FC350 con-
nected to a RBL232 50-400-2000 loadbox from TDI Dynaload.
The fuel cell was directly connected to the load. Therefore, the
anode acts as the reference electrode. ac perturbation was chosen
as a function of the direct current drawn, so as to ensure the linear
behavior of the fuel cell while compensating for measurement
noise and voltage instability of the stack. It ranges from 2 A root
mean square (r.m.s.) for a direct current of 80 t0 0.1 A r.m.s. for a
direct current of 2A. Frequencies ranging from 0.1 Hz to 1 kHz,
with 10 measurement points per decade, were used for all of the
spectra presented here. Inductive behavior from the wires was
predominant above 1 kHz, while instability of the system led to
highly unreproducible results below 0.1 Hz.

A full frequency sweep in accuracy mode takes around 5 min
to complete. Often, the state of the fuel cell changes between
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Fig. 4. Randles cell.

the beginning and the end of the impedance measurement, as
we shall see in Section 4.1.1, and thus, the assumption of stabil-
ity, which is essential to the very definition of an impedance, is
violated. However, no system fulfills the stability requirement
in the theoretical sense, and the challenge is thus to keep the
amount of inconsistency introduced by the unavoidable instabil-
ity to a “reasonable” level. The approaches for ascertaining the
degree of consistency include direct integration of the Kramers—
Kronig relations, experimental replication of data and regression
of electrical circuit analogues to the data [16]. The last two were
used in this study. Over 150 impedance spectra were recorded
in the course of this study, some experiments being duplicated
as many as 10 times. Electrical models made of linear, causal
and passive elements were then fitted to the data. These mod-
els, which satisfy the Kramers—Kronig relations were found a
posteriori to be good and robust fit to the recorded spectra. For
instance, regression of our model to a set of spectra recorded
at constant time intervals on a fuel cell running in steady state
over a period of a few hours led to parameters exhibiting less
than 8% of relative variation, much of which aroused in the
low frequency part of the spectra. In the high frequency part of
the spectra, measurements were found to be reproducible with
less than 3% of relative variation. Experimental data were thus
deemed consistent. As a corollary, a change in any of the model
parameters will be deemed meaningful above a 10% relative
variation. Below that threshold, measurement noise and system
instability are probably predominant.

3. Fuel cell’s impedance model

3.1. Randles cell with Warburg finite-length diffusion
element

3.1.1. Theoretical expression

The Randles cell (Fig. 4), is a common and practical way
of modeling an electrochemical cell as an equivalent circuit. It
consists of four elements: two resistors, Ry, standing for the
ohmic resistance of the electrolyte, here the proton exchange
membrane, and R, standing for the polarisation resistance, due
to the oxygen reduction reaction; a plane capacitor, Cqj, repre-
senting the double layer capacitance at the electrode/electrolyte
interface; and a Warburg diffusion element.

From the Butler—Volmer equation and Fick’s second law of
diffusion, it is possible to derive the general expression of the
diffusion impedance for a finite length diffusion layer, Zs [17]:
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Fig.5. Comparison between experimental impedance data, a Randles cell model
and a Randles cell model with a CPE.

Relation (1) can be re-written as:

_ RT 1 1 tanh
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which leads to the definition of two parameters, a time constant
Td,

Z

@

52
=5 (3)
and a resistance, Ry,
Ri= ol )
n2F2SCD

One can check that if all parameters in Eqgs. (3) and (4) are
expressed in terms of standard units (see Nomenclature), tq is
dimensionally homogenous to a time (s) and Rq is dimensionally
homogenous to an electrical resistance (£2). This leads to the final
expression of the concentration—diffusion impedance:

tanh /74 jo
JTajw

Eq. (5) will be used to fit the low frequency part of the impedance
spectrum. Relations (3) and (4) will be used to interpret the
effects of flooding and drying out at the membrane electrode
assembly level, based on the deviation of the parameters with
respect to their nominal values.

By further making the assumption that the rate limiting re-
action is the oxygen reduction at the cathode, we will neglect
the contribution of the anode impedance to the cell impedance.
Thus, the equivalent circuit retained to model our fuel cell is that
of Fig. 4, and the overall impedance is:

1

Z =Ry - 6
T oCa T (1/(Ry + Z5) ©

Zs =Ry (5)

3.1.2. Fitting the original Randles circuit

As seen in Fig. 5, the fitting of a Randles cell to the exper-
imental data is good but not entirely satisfactory. The bulk of
the problem comes from the high-frequency part of the model,
for which the Randles cell predicts a semicircle centred on the
x-axis, while experimental data clearly show a depressed semi-
circle (i.e. centred below the x-axis). As a side-effect, the model
misplaces the transition between the two semicircles. This prob-
lem is dealt with in the next section.
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3.2. Adding a Constant Phase Element (CPE)

3.2.1. Theoretical expression

The problem of a high frequency depressed semicircle is com-
monly encountered when it comes to fitting a model to EIS spec-
tra. These depressed semicircles have been explained by a num-
ber of phenomena, depending on the nature of the system being
investigated, as for instance in-homogeneous electrode surface
[18] or distribution of activation or relaxation processes [19].
However, the common thread among these explanations is that
some property of the system is not homogeneous or that there is
a distribution of the value of some physical parameter.

These depressed semicircles are usually dealt with by chang-
ing the standard plane capacitor of the Randles circuit into a
constant phase element (CPE), as seen in Fig. 6. Whereas the
standard plane capacitor exhibits a first-order behavior, the CPE
impedance is defined by

1
ZCPE = ——— )

Q(jw)*

with a value of « usually ranging between 0.5 and 1. While
identifying precisely the physical reason behind this non-integer
behavior of the fuel cell is out of the scope of this study, it is
important to make sure that the use of a CPE is based on some
physical properties. Therefore, if the CPE behavior is indeed due
to some physical properties of the membrane electrode assembly,
the parameter o should remain somewhat constant for a wide
range of operating conditions. Otherwise, the introduction of the
o parameter would only serve as an extra degree-of-freedom,
used by the fitting algorithm to compensate for an inaccurate
model.

Over the course of the study presented in this article, some
164 impedance spectra were recorded, in various operating con-
ditions, as depicted in Table 1. For each spectrum, a model was
fitted to the data using the ZView software from Scribner As-
sociates Inc. Statistics of the parameter o of Eq. (7) were then
studied. The Kolmogorov—Smirnov test was first applied, and it
showed that the set of value of « falls within 5% of a normal
distribution. A normal probability distribution function was thus
fitted to the set, which led to the following parameters:

e mean value: o = 0.8027,
e 05% confidence interval: 0.7999 < o < 0.8055,
e standard deviation: o(«) = 0.0181.

Considering the compactness of the distribution of the value
of o with respect to the rather broad range of operating conditions
that were used (see Table 1), it seems reasonable to assume that
the value of o & 0.8 is a constant of our fuel cell and has a

physical meaning. As a consequence, the models presented in
Section 4 were fitted with a fixed value of « = 0.8.
Another problem arising from the use of a CPE instead of
a parallel plate condenser is that the parameter Q of Eq. (7)
does not have the dimension of a capacitance anymore. While
this might be a serious drawback in modeling or sizing studies,
it is of less importance here since we are more interested in
relative variations of parameters, as a function of the fuel cell’s
SOH, than in their absolute values. Thus, the impedance of the
equivalent circuit iS now:
1

7 = R 8
T G0 + (1/(Ry + Z) ®

3.2.2. Fitting the modified Randles circuit

The model of the fuel cell’s impedance given by Eq. (8),
which retains a strong physical meaning and yet a simple struc-
ture as well as a small number of parameters, was found to fit
very well to our experimental data. A graphical reading of Fig.
5 shows the good agreement between model and experiments.
The quality of the fit was estimated from relative errors on the
modulus and phase of the impedance. Errors for the spectra in
Fig. 5 were found to be below 2% in amplitude and 6% in phase
over the whole range of frequency. Both of these values fall be-
low the measurement uncertainty threshold that was defined in
Section 2, making it useless to try to further refine the model.

4. Fuel cell’s state-of-health monitoring

The three spectra in Fig. 7 were recorded at 70 A dc prior
to the recording of the polarisation curves shown in Fig. 1. As
opposed to the polarisation curves, each impedance spectrum
exhibits its very own set of features. For nominal conditions,
one recognises an almost full depressed semicircle in high fre-
quency followed by a smaller semicircle (in fact one fourth of a
lemniscate) in low frequency. In the case of a flooded fuel cell,
both real and imaginary parts of the impedance grow larger, and
the two semicircles are no longer visually resolvable. With a dry
fuel cell, the whole spectra is shifted toward the positive side of
the real axis. Both semicircles are of comparable size.

4.1. Fault detection

4.1.1. Flooded gas diffusion layer

During this experiment, the relative humidity of inlet gases
were held constant at a value of 50% on cathode side and 70% on
anode side. The temperature was maintained at 60 °C, a constant

Table 1

Range of operating conditions for which EIS spectra were recorded

Parameter Min. value Max. value
Current (A) 40 80

Fuel stoi. 1.2 2
Oxidant stoi. 3 5

Anode RH (%sat.) 10 100
Cathode RH (%sat.) 15 100

Anode pressure (bara) 1 1.5
Cathode pressure (bara) 1 1.5
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Table 2
Evolution of the model parameters and cell voltage during the flooding of the GDL

Rm 0 Ry R4 T4 U
Expl 0.00398 1.109 0.0080 0.0034 0.0872 4.18
Exp3 0.00406 1.080 0.0123 0.0094 0.0818 3.75
Exp5 0.00400 1.102 0.0147 0.0172 0.0784 3.55
Expl2 0.00416 0.936 0.0163 0.0312 0.0947 3.30
Aot (%) +4.6 —15.6 +104 +817 +8.07 —21
Table 3
Evolution of the model parameters and cell voltage while the membrane was getting dry

Rm Q Rp Rd Td U
Expl 0.00512 0.952 0.0099 0.0051 0.1155 4.06
Exp7 0.00685 0.684 0.0108 0.0056 0.1223 3.85
Expl2 0.00880 0.620 0.0130 0.0101 0.1835 3.35
Aot (%) +73 =35 +31 +98 +59 -17

direct current of 70 A was drawn, and the fuel cell stack was
operated at atmospheric pressure on both sides. A stoichiometry
of 4 was imposed at the cathode, so as to avoid the blocking of gas
channels by water droplets. Anode stoichiometry was 1.2. These
operating conditions were found to cause a slow flooding of
the GDL, steadying at a voltage approximately 20% lower than
the nominal voltage, as shown in Fig. 8. The average standard
deviation between cell voltages was below 0.05 V. The duration
of the experiment was 4000 s, during which impedance spectra
were recorded every 300 s using a 2 A r.m.s. ac ripple. They can
be seen on the time dependence plot of the mean cell voltage of
Fig. 8.

Out of the 13 spectra of Fig. 8, the first, third, fifth and twelfth
are plotted in the complex plane in Fig. 9, so as to show the
evolution of the impedance as water builds up inside the GDL.
The experimental data is represented by symbols and the solid
lines represent the simulated curves after fitting the parameters
of the equivalent circuit of Fig. 6 to experimental data. It ap-
pears clearly that the process of flooding is characterised by the
modification of the low frequency part of the fuel cell stack’s
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Fig. 7. Nyquist plot of the fuel cell impedance spectra prior to the recording of
the polarisation curves of Fig. 1.
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Fig. 8. Mean cell voltage evolution as a function of time while water builds up
inside the cathode GDL, at a constant current of 70 A.

impedance, which, in turn, is associated with the diffusion pro-
cess.

Parameters of the model of Fig. 6 fitted to Expl, 3, 5 and 12
are given in Table 2. Two parameters in particular are affected
by the flooding: R, and Ry. While the mean cell voltage drops
of only 21%, Ry, doubles and Rq is multiplied by more than
9, which is well above the 10% uncertainty threshold that was
chosen in Section 2. This is a very interesting feature when
it comes to the diagnosis of large stacks in which only a few
cells become faulty. It is almost impossible to detect a 20%
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Fig. 9. Nyquist plot of the flooded fuel cell impedance spectra.
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voltage drop among tens of healthy cells: the variation will most
probably be lost in measurement noise. On the other hand, an
almost 10-fold increase of Rq is more likely to be noticeable.

The parameter dependence of Ry is given by Eq. (4). In this
relation, some parameters are constants, as for example R, the
perfect gas constant, F, the Faraday’s constant, n, the number
of electrons involved in the reaction, and §, the width of the
diffusion layer. Others can be assumed constant since they are
carefully monitored and controlled. This is the case of 7, the
temperature, and C, the oxygen’s concentration, although that
last assumption needs a little discussion. The C in Eq. (1) refers
to the interfacial concentration of reactant where the reaction
takes place. Let us assume that this concentration is directly re-
lated to the oxygen partial pressure within the gas distribution
channels. Since total pressure, current and air stoichiometry are
held constant, there is no reason for the oxygen partial pres-
sure to change during the experiment. Consequently, a change
in C could only be explained by a modification of the diffusion
phenomena. For instance, several diffusion processes co-exist
within the membrane electrode assembly, among which diffu-
sion of oxygen through the GDL, then through the water film
and the electrolyte film covering the catalyst agglomerate. Dif-
fusion of protons through the membrane might also be worth
considering [20,21]. It is still unclear which one of these steps is
the limiting one, much less whether or not the limiting step de-
pends upon the fuel cell’s state of health. In the case of flooding,
74 barely changes during the experiment: +8.07% is not seen as
a significant variation with regard to what was said in Section
2, and especially as drying out of the fuel cell yielded a 59%
increase of that same parameter (see Table 3). According to Eq.
(3), the fact that tq4 did not change means that neither D nor §
did change. Thus, if D, the diffusion coefficient, did not change,
it seems safe to assume that the diffusion limiting step did not
change during flooding.

R,T,58,n, F,C and D being constant under the aforemen-
tioned assumption, the increase of Ry could be explain by a de-
crease of S, the active area of the cell. Since the fuel cell is oper-
ated in galvanostatic mode, the fraction of the active area which
is still available has to deliver a substantially higher current den-
sity than in the nominal conditions, which could explain the
voltage drop. This explanation is qualitative at best. Our model,
with five parameters, cannot possibly capture the complex be-
havior of water within the membrane electrode assembly. As a
hint for further studies, let’s remember that a complete blocking
of a portion of the active area seems more likely than an in-
crease of the diffusion resistance, which should have shown up
in 74.

4.1.2. Dried proton exchange membrane

As opposed to what we have seen in Section 4.1.1, a lack of
water in the inlet gas can lead to the drying out of the membrane.
This fault was triggered by progressively lowering the inlet gas
relative humidity to 10% on anode side and 15% on cathode
side. The temperature was maintained at 60 °C, a constant direct
current of 70 A was drawn, and the fuel cell stack was operated at
atmospheric pressure on both sides. Stoichiometries were kept at
1.2 on anode side and 4 on cathode side. As seen in Fig. 10, this

0.63 CUUURHZR0% ‘RH_=15%
=5 RH_220% RH_=10% :
c o
g2
= 2057
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Fig. 10. Mean cell voltage evolution as a function of time while membrane is
drying, at a constant current of 70 A.

causes a voltage drop very similar to the one caused by flooding,
steadying slightly below 0.57 V per cell.

Out of the 12 spectra of Fig. 10, the first, seventh and twelfth
are plotted in the complex plane in Fig. 11, so as to show the
evolution of the impedance as the proton exchange membrane
dries out. Again, the experimental data is represented by symbols
and the solid lines represent the modeled curves after fitting the
parameters of the equivalent circuit of Fig. 6 to experimental
data. In the case of a drying membrane, the impedance spectra
progressively shifts towards the positive part of the real axis,
while the low frequency loop grows to a comparable size as the
high frequency one.

As shown in Table 3, the variation of the model parameters
while the membrane is drying is less dramatic than in the case
of flooding. However, the model parameters’ sensitivity to the
failure is still much higher than the voltages’. At high frequen-
cies, the CPE short-circuits the polarisation resistance and the
Warburg impedance, leaving only the membrane resistance in
the equivalent circuit. Thus, Fig. 11 confirms that the less water
in the membrane, the higher the resistance. It is of interest to
note that 74 is affected by the lack of water, while it was shown
in Section 4.1.1 to be robust to its excess. As stated above, this
could be explained by either a change in §, the length of the
diffusion layer, or D, the diffusion coefficient. In other words,
the diffusion limiting step is likely to have changed, though it is
difficult to be more specific.
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Fig. 11. Nyquist plot of the drying fuel cell impedance spectra.
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Fig. 12. Evolution of the fuel cell state of health as a function of time.

4.2. Fault isolation

The above sections showed that both flooding of the cathode
GDL and drying of the membrane could be efficiently detected
via EIS measurements. From the fitting of a Randles circuit, aug-
mented with a CPE, to experimental data, it was found that three
parameters were particularly sensitive to the fuel cell stack’s
state of health. These parameters are the three resistances of
the equivalent circuit of Fig. 6: Ry, the membrane resistance,
Ry, the polarisation resistance, and Ry, the diffusion resistance.
They define a 3D space that can be used to estimate the state of
health of the stack.

In Fig. 12, symbols represent triplets (Rm, Ry, Rq) fitted to
experimental data. These sets of triplets were used to define
parameter subspaces in which the fuel cell state of health is
known. For instance, Expl of Fig. 10 and Expl of Fig. 8 were
used, among others, to define the “nominal” subspace of Fig.
12. Expl2 of Fig. 10 is part of the “dry” subspace, and Exp12
of Fig. 8 is part of the “flooded” subspace. Shaded volumes
were arbitrary drawn around the data points so as to form three
subspaces. It appears in Fig. 12 that each subspace is sufficiently
distant from the two others to easily build a decision making
algorithm that produces a reliable diagnosis of the fuel cell’s
SOH.

The results shown in Fig. 3 will now be used to evaluate
our method. During the course of this experiment, impedance
spectra were regularly recorded. Following the method proposed
in this article, parameters of the model of Fig. 6 were fitted to the
spectra. For each spectrum, the triplet (R, Rp, Rq) was plotted
as a solid line in Fig. 12. Thus, the solid line in Fig. 12 represents
the evolution of the fuel cell state of health. It can be used as a
much more efficient SOH indicator than the mean cell voltage.

At 1000 s, one can see that the fuel cell stack enters the top left
subspace, which, in turn, means it starts being flooded. The fuel
cell remains flooded for some 4000 s, at which point it quickly
returns to the bottom left subspace: normal operation. Low anode
inlet gas relative humidity causes the membrane to dry out. At
15000, the fuel cell leaves the “normal operation” subspace,

moving toward the bottom right one, which it reaches at 15 500 s.
The stack then remains in dry operation mode until the end of
the experiment.

5. Conclusion

The Randles model augmented with a CPE was found to be
an accurate model of the fuel cell’s electrical response over a
wide range of operating conditions. The model based approach
allowed us to identify a set of three parameters exhibiting high
sensitivity to either flooding or drying out of the membrane elec-
trode assembly. Robust and reliable PEM fuel cell’s state of hy-
dration monitoring was demonstrated using Ry,, the membrane
resistance, R, the polarisation resistance, and Ry, the diffusion
resistance.

Qualitative physical explanations of the variations of the
model parameters were proposed. Further and lower level stud-
ies and experiments are needed in order to confirm them.

Finally, as the use of an ac spectrometer is not a very con-
venient solution for on-board integration, work is under way
to assess the potential of the FT-EIS concept [22], which makes
use of random excitation signals, as possibly those readily avail-
able in the fuel cell power plant, for on-line identification of the
system’s impedance.
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