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Abstract—The present paper deals with real time monitoring of
flooding and drying out of a proton exchange membrane (PEM)
fuel cell using a model-based approach coupled with voltage and
current dynamic measurements. The model used in this study
is inspired by the Randles equivalent electrical circuit. 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 of the fuel cell stack. Fitting
of the model parameters to experimental data is investigated
both in the time domain, using a linear recursive least square
algorithm, and in the frequency domain, using a non-linear least
square Levenberg-Marquardt algorithm. A study of the voltage
response of a 220cm2, 6-cell, air/H2 PEM fuel cell to a square
current signal is carried out, in order to assess the performances
of the different methods.

I. INTRODUCTION

From an automotive manufacturer point of view, fuel cells
have evolved, over the past decade, from a laboratory ex-
periment to one of the potential successors to the internal
combustion 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 importance to the day.

FDI procedures consist of comparison between the actual
process behavior and the theoretical reference process behavior
given by a model. The detection and isolation of the plant
faults mainly consists of two steps. The first step provides
the possible inconsistencies between the process model and
its actual behavior. The second step is the decision procedure
for diagnosis which allows locating or isolating the fault
and possibly identifying its origin. Robust detection schemes
aim at minimising false alarm and non-detection. According
to the knowledge and the quality of data available for the
process under diagnostic, the monitoring methods used are
mainly based on two approaches: model-based and non-model-
based. Further subclassifications and detailed reviews on each
approach are given in [1]. On one hand the main drawback of
the non-model based methods consist in the fact they need a
recognition pattern step which is very difficult, as it requires
exactly identical operating conditions and exact reproduction
of faults: Failure scenarios for training are needed. On the
other hand, concerning the model based method, the FDI
performances depend on the accuracy of the model. The Fuel

cell system is a complex non stationary process. Obtaining
the analytical dynamic model is a difficult task. In the present
paper an approach based on the Randles model structure is
used.

One of the major challenges in proton exchange membrane
fuel cell FDI and control reconfiguration lies in the state
of hydration of the membrane electrode assembly [2]. In a
PEM fuel cell, the electrolyte is a polymer membrane that
ensures proton conductivity between anode and cathode while
being electronically 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 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 :

1) relative humidity sensors only measure the inlet/outlet
water content of the gases, which are not straightfor-
wardly linked to the state of hydration of the membrane
electrode assembly [3].

2) 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 [4].

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 [5], gas
chromatography [6], or even neutron imaging [7]. However
efficient they might be, it is very unlikely that these methods
will ever find their way into mass production.

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 [8], [9], as well as current/voltage
characteristics [10] were for instance studied. These methods
make use of sensors already available on the fuel cell system,
and rely on signal processing to monitor the state-of-health
(SOH). Voltage measurement is one of the most interesting
method as it appears to be the only variable allowing a
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measurement at the cell level while still being non intrusive. In
[10], 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 indetermination
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
flooding and drying out.

The study presented in this article focuses on the problem
of real-time monitoring of the water content of PEM fuel
cells through voltage and current measurements under dynamic
conditions. In [3], we showed how a model-based approach
coupled with electrochemical impedance spectroscopy (EIS)
measurements could help identify a set of parameters exhibit-
ing a much greater sensitivity and selectivity to flooding and
drying than the voltage does. As a first step toward on-board
integration, we will show here that this approach remains fully
functional when real-time imperatives are considered. This
article is organized as follows : section II briefly presents
the fuel cell impedance model developed in [3]. So as to
achieve real time fault detection and isolation, a time domain
recursive least square scheme is first investigated in section
III, in conjunction with a linear discrete model of the fuel
cell, derived from the non-linear one presented in section II.
Although theoretically sound, this approach raises practical
shortcomings which led us on to considering a fitting scheme
operating in the frequency domain, developed in section IV.
Experimental results are then given in section V.

II. FUEL CELL IMPEDANCE MODEL

The Randles cell, is a common and practical way of
modeling an electrochemical electrode as an equivalent circuit.
It consists of four elements : two resistors, 𝑅𝑚, standing
for the ohmic resistance of the electrolyte, here the proton
exchange membrane, and 𝑅𝑝 standing for the polarisation
resistance, due to the oxygen reduction reaction ; a plane
capacitor, 𝐶𝑑𝑙, representing 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, 𝑍𝛿 [11]
:

𝑍𝛿 = 𝑅𝑑
tanh

√
𝜏𝑑𝑗𝜔√

𝜏𝑑𝑗𝜔
(1)

where 𝜏𝑑 is dimensionally homogenous to a time [𝑠] and 𝑅𝑑 is
dimensionally homogenous to an electrical resistance [Ω] [3].

By further making the assumption that the rate limiting
reaction is the oxygen reduction at the cathode, we will neglect
the contribution of the anode impedance to the cell impedance.
The impedance of the Randles cell is thus :

𝑍𝑟𝑎𝑛𝑑𝑙𝑒𝑠(𝑗𝜔) = 𝑅𝑚 +
1

𝑗𝜔𝐶𝑑𝑙 +
1

𝑅𝑝+𝑍𝛿

(2)

𝑅𝑚

𝑅𝑝 𝑍𝛿

𝑄, 𝛼

Fig. 1. Randles cell with CPE.

Moreover, it was shown in [3], that replacing the standard
plane capacitor by a constant phase element (CPE) allowed
for a much better fit between experimental data and model.
Thus, the equivalent circuit selected to model our fuel cell is
that of figure 1, and the overall impedance is :

𝑍(𝑗𝜔) = 𝑅𝑚 +
1

(𝑗𝜔)𝑝𝑄+ 1
𝑅𝑝+𝑍𝛿

(3)

As reported in [3], 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. It was also showed that monitoring
the evolution of the three resistances (𝑅𝑚, 𝑅𝑝 and 𝑅𝑑) of this
modified Randles model was an efficient and robust way of
monitoring the state-of-health of the fuel cell stack.

III. FITTING IN THE TIME DOMAIN

Fitting in the time domain using a recursive algorithm is
well suited for real time operating mode since the parameters
estimation, and hence the diagnosis, can be updated with each
new measured sample. On the downside, these algorithms only
operate on linear models.

A. Model linearization and simplification

The model developed in section II is non linear due to the
Warburg impedance and exhibits a non integer order because
of the CPE. As a first approximation, we will abandon the
CPE and reverse to the traditional Randles cell. Considering
the diffusion process is mainly a low frequency phenomenon,
the non-linearity of the Warburg impedance can be dealt with
using a Taylor development. A first order development of
the concentration-diffusion impedance expression as given by
Eqn. 1 yields for low frequencies :

lim
𝜔→0

𝑍𝛿(𝑗𝜔) = 𝑅𝑑

1 + 𝜏𝑑𝑗𝜔
6

1 + 𝜏𝑑𝑗𝜔
2

(4)

The Warburg impedance can thus be approximated by a re-
sistance (𝑅𝑎) in series with a parallel RC (𝑅𝑤 and 𝐶𝑤) circuit.
On Fig. 2, 𝑅𝑝 and 𝑅𝑎 are combined into 𝑅𝑒𝑞. Relationships
between parameters of the model of Fig. 1 and parameters of
the linear model of Fig. 2, derived from Eq. 4, are as follows
: 𝜏𝑑 = 2𝑅𝑤𝐶𝑤 and 𝑅𝑑 = 𝑅𝑒𝑞 + 𝑅𝑤. Substituting the linear
expression of the Warburg impedance of Eq. 4 for the non-
linear one in Eq. 2 let us compute the following continuous
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Fig. 2. Linear approximation of the Randles cell.

time transfer function :

𝐹 (𝑠) = 𝑅𝑚 +
𝑅𝑒𝑞 +𝑅𝑤 +𝑅𝑒𝑞𝑅𝑤𝐶𝑤𝑠

1 + (𝑅𝑤𝐶𝑤 +𝑅𝑒𝑞𝐶𝑑𝑙 +𝑅𝑤𝐶𝑑𝑙)𝑠+𝑅𝑒𝑞𝑅𝑤𝐶𝑑𝑙𝐶𝑤𝑠2
(5)

in which the input is the current drawn from the fuel cell and
the output is the stack’s voltage.

For the sake of simplicity, 𝐹 (𝑠) will be written as follows:

𝐹 (𝑠) = 𝑅𝑚 +
𝑅1 +𝑅2𝜏1𝑠

1 + 𝜏2𝑠+ 𝜏23 𝑠
2

(6)

with 𝑅1 = 𝑅𝑒𝑞 + 𝑅𝑤, 𝑅2𝜏1 = 𝑅𝑒𝑞𝑅𝑤𝐶𝑤, 𝜏2 = 𝑅𝑤𝐶𝑤 +
𝑅𝑒𝑞𝐶𝑑𝑙 +𝑅𝑤𝐶𝑑𝑙 and 𝜏23 = 𝑅𝑒𝑞𝑅𝑤𝐶𝑑𝑙𝐶𝑤.

The discrete time transfer function is given by the Z
transform of the inverse Laplace transform of 𝐵0(𝑠)𝐹 (𝑠),
where 𝐵0(𝑠) is a zero order hold :

𝐺(𝑧) = 𝒵 (ℒ−1 (𝐵0(𝑠)𝐹 (𝑠))
)

(7)

= (1− 𝑧−1) ∗ 𝒵
(
ℒ−1

(
𝐹 (𝑠)

𝑠

))
(8)

With 𝑎 and 𝑏 the denominator’s roots, the discrete time
transfer function is :

𝐺(𝑧) = 𝑋1 +𝑋2
𝑧 − 1

𝑧 − 𝑒−𝑎𝑇
+𝑋3

𝑧 − 1

𝑧 − 𝑒−𝑏𝑇
(9)

where 𝑇 is the sampling period and,

𝑋1 = 𝑅𝑚 +
𝑅1

𝜏23 𝑎𝑏
(10)

𝑋2 =
1

(𝑎− 𝑏)𝜏23
(𝑅1/𝑎−𝑅2𝜏1) (11)

𝑋3 =
1

(𝑏− 𝑎)𝜏23
(𝑅1/𝑏−𝑅2𝜏1) (12)

Writing Eqn. 9 in the traditional form of a transfer function,
we eventually get the discrete time model of the fuel cell
impedance :

𝐺(𝑧) =
𝑌 (𝑧)

𝑈(𝑧)
=
𝑎2𝑧

2 + 𝑎1𝑧 + 𝑎0
𝑧2 − 𝑏1𝑧 + 𝑏0

(13)

TABLE I
PARAMETERS OF THE CONTINUOUS AND DISCRETE MODELS AS A

FUNCTION OF THE FUEL CELL SOH.

Param. Nom. Flo. Δ𝑁𝑜𝑚/𝐹𝑙𝑜 Dry Δ𝑁𝑜𝑚/𝐷𝑟𝑦

𝑅𝑚 0.0042 0.0047 +11% 0.0097 +130%
𝑅𝑒𝑞 0.0063 0.0123 +95% 0.0111 +75%
𝑅𝑤 0.0044 0.0291 +566% 0.0104 +137%
𝑎0 0.0038 0.0042 +11% 0.0087 +130%
𝑎1 -0.008 -0.009 +11% -0.0184 +130%
𝑎2 0.0042 0.0047 +11% 0.0097 +130%
𝑏0 0.9524 0.9622 𝜖 0.947 𝜖
𝑏1 1.9523 1.9621 𝜖 1.947 𝜖

with,

𝑎2 = 𝑋1 +𝑋2 +𝑋3 (14)

𝑎1 = 𝑒−𝑎𝑇 (−𝑋1 −𝑋3) + 𝑒−𝑏𝑇 (−𝑋1 −𝑋2)−𝑋3 −𝑋2(15)

𝑎0 = 𝑋1𝑒
−(𝑏+𝑎)𝑇 +𝑋2𝑒

−𝑏𝑇 +𝑋3𝑒
−𝑎𝑇 (16)

𝑏1 = 𝑒−𝑎𝑇 + 𝑒−𝑏𝑇 (17)

𝑏0 = 𝑒−(𝑏+𝑎)𝑇 (18)

The study of the dependence of 𝑎0, 𝑎1, 𝑎2, 𝑏0 et 𝑏1 on
the original parameters 𝑅𝑚, 𝑅𝑒𝑞, 𝑅𝑤, 𝐶𝑑𝑙 and 𝐶𝑤 shows
that each parameter of Eqn. 13 discrete model is a func-
tion of every parameter of Eqn. 5 continuous model. This
mixing of parameters is an unavoidable side effect of the
discretization process. It is also a major drawback as far as
fault isolation is concerned. Table I shows that the parameters
of the continuous time model exhibit large variations when
failures occur. Moreover, each failure causes only two of
the three resistances to vary. Namely, membrane drying out
influences 𝑅𝑚 and 𝑅𝑤 while flooding influences 𝑅𝑒𝑞 and
𝑅𝑤. This guarantees that fault isolation is possible. On the
contrary, parameters of the discrete model appears to be more
robust to the occurrence of a fault : an 11% increase in the
case of flooding could easily go unnoticed, given the natural
uncertainty of experimental measurements [3]. Moreover, each
parameter is equally affected by the fuel cell SOH. If fault
isolation was to be implemented, it would only rely on the
magnitude of the variations, instead of the magnitude and the
subset of affected parameters.

B. Fitting algorithm

The first step is to write the discrete transfer function of
Eqn. 13 as a recursive equation in which the output of the
system at a given time step (𝑦𝑘) is given as a function of the
inputs (𝑢𝑘−𝑖) and outputs (𝑦𝑘−𝑖) at previous time steps :

𝑦𝑘 = 𝑏1𝑦𝑘−1 − 𝑏0𝑦𝑘−2 + 𝑎2𝑢𝑘 + 𝑎1𝑢𝑘−1 + 𝑎0𝑢𝑘−2 (19)

Let’s write 𝜃 the array holding parameters, and 𝜙 the array
holding the system’s inputs and outputs :

𝜃 =
(
𝑏1 𝑏0 𝑎2 𝑎1 𝑎0

)𝑇
(20)

𝜙 =
(
𝑦𝑘−1 𝑦𝑘−2 𝑢𝑘 𝑢𝑘−1 𝑢𝑘−2

)𝑇
(21)

In a recursive least square algorithm, the estimates 𝜃 are
updated at each step, based on the error between the model
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Fig. 3. Electrical circuit equivalent to Eqn. 30.

output and the predicted output 𝑦 :

𝜃𝑘 = 𝜃𝑘−1 + 𝐿𝑘 (𝑦𝑘 − 𝑦𝑘) (22)

The scheme can be viewed as a filter that averages the
data to come up with optimal estimates. Averaging is a good
strategy if model parameters are constant in nature. However,
in the case of state-of-health monitoring, the parameters we
are estimating are time varying and we want to keep track of
variations. That is the concept of forgetting in which older data
is gradually discarded in favor of more recent information.
In least square method, forgetting can be viewed as giving
less weight to older data and more weight to recent one. The
objective function to be minimized is thus defined as follows
:

𝐽 =
1

2

𝑘∑
𝑖=1

𝜆𝑘−𝑖
(
𝑦𝑖 − 𝜙𝑇𝑖 𝜃𝑘

)2
(23)

where 𝜆 is called the forgetting factor and 0 < 𝜆 ≤ 1. It
operates as a weight which diminishes for the more remote
data. The scheme is known as least-square with exponential
forgetting and 𝜃 can be calculated recursively using the update
equation 22. The update gain 𝐿𝑘 is derived as follows :

𝐿𝑘 = 𝑃𝑘−1𝜙𝑘
(
𝜆+ 𝜙𝑇𝑘 𝑃𝑘−1𝜙𝑘

)−1
(24)

where 𝑃𝑘 is commonly refered to as the covariance matrix
defined as :

𝑃𝑘 =
(
𝐼 − 𝐿𝑘𝜙

𝑇
𝑘

)
𝑃𝑘−1

1

𝜆
(25)

More detailed derivation can be found in books on parameter
estimation such as [12]. Proof of convergence is shown in [13].

C. Further theoretically possible improvements

So as to enhance the fault isolation capabilities of the
model, it is tempting to try to improve the goodness of fit by
reinstating the CPE in some way. When it comes to finding
an integer order model equivalent to a CPE, R-C transmission
lines are usually considered [14]. This approximation can
either be seen as a purely mathematical trick, or as the true
physical representation of some physical phenomena’s spatial
distribution, like the double layer charging for instance. It is

out of the scope of this paper to discuss the physics behind the
non integer behavior of the fuel cell. Furthermore, adding the
R and C elements of the transmission line to the parameters
to be fitted would greatly increase the number of degrees of
freedom of the fitting algorithm and jeopardize any chance of
success in that matter. therefore, the CPE approximation will
be computed once and for all and no physical interpretation
of the result will be attempted. The optimal approximation of
the non-integer power of 𝑠 used in the CPE transfer function
is given by [15] :

𝑠𝑝 = 𝐺0

(
1 + 𝑠

𝜔𝑙

1 + 𝑠
𝜔𝑢

)𝑝

= 𝐺0

𝑛∏
𝑖=1

1 + 𝑠
𝜔𝑖

1 + 𝑠
𝜔

′
𝑖

(26)

where 𝑝 is the derivation order, 𝑛 the number of poles and
zeros used in the approximation, 𝐺0 a constant, 𝜔𝑙 and 𝜔𝑢 the
lower and upper frequencies in-between which the approxima-
tion is valid. The relationship between two consecutive zeros
or two consecutive poles in Eqn. 26 is given by :

𝜔′
𝑖+1

𝜔′
𝑖

=
𝜔𝑖+1

𝜔𝑖
= 𝛼𝜂 with 𝛼𝜂 =

(
𝜔𝑢

𝜔𝑙

) 1
𝑛

(27)

the ratio between a pole and a zero and between a zero and
the preceding pole are given by :

𝜔𝑖

𝜔′
𝑖

= 𝛼 and
𝜔′
𝑖+1

𝜔𝑖
= 𝜂 with 𝛼 = (𝛼𝜂)

𝑝 (28)

the first zero is given by 𝜔′
1 = 𝜔𝑙𝜂

1/2, the last pole by 𝜔𝑛 =
𝜔𝑢𝜂

−1/2. Lastly, the 𝐺0 constant is defined as :

𝐺0 =
(𝜔0

𝐴

)𝑝
with 𝜔0 =

√
𝜔𝑙𝜔𝑢 and 𝐴 =

∣∣∣∣∣ 1 + 𝑗 𝜔0

𝜔𝑙

1 + 𝑗 𝜔0

𝜔𝑢

∣∣∣∣∣
(29)

The fuel cell’s impedance thus becomes :

𝑍(𝑠) = 𝑅𝑚 +
1

𝑄𝐺0

∏𝑛
𝑖=1

1+ 𝑠
𝜔𝑖

1+ 𝑠

𝜔
′
𝑖

+ 1
𝑅𝑒𝑞+

1

𝐶𝑤𝑠+ 1
𝑅𝑤

(30)

So as not to increase the fuel cell model’s order, a devel-
opment using two poles and two zeros is first computed. As
shown in Fig. 4, the resulting model does not significantly
improve the goodness of fit. The simulated high frequency
resistance is closer to the measured one, but the model does
not follow the high frequency lobe in an acceptable manner,
and the transition between the two lobes is misplaced.

Figure 4 shows that in order to obtain a good agreement
between experimental data and a linear integer order model,
a tenth order approximation of the CPE is needed. Between
0.02Hz and 20kHz, the fractional derivative is approximated
by the following transfer function :

𝑠0,8 ≈ 2, 6.10−19𝑠10 + 1, 2.10−14𝑠9 + 1, 2.10−10𝑠8 + . . .

4, 1.10−24𝑠10 + 5, 9.10−19𝑠9 + 1, 7.10−14𝑠8 + . . .

2, 8.10−7𝑠7 + 1, 6.10−4𝑠6 + 2, 3.10−2𝑠5 + . . .

1, 2.10−10𝑠7 + 2, 1.10−7𝑠6 + 9, 3.10−5𝑠5 + . . .

8, 4.10−1𝑠4 + 7, 6𝑠3 + 17, 2𝑠2 + 9, 256𝑠+ 1

1, 0.10−2𝑠4 + 2, 8.10−1𝑠3 + 1, 9𝑠2 + 3, 1𝑠+ 1
(31)
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Fig. 4. Quality of the approximation as a function of the model order.

The coefficients of the transfer function of Eqn. 31 are
computed once and for all given a frequency range and a non
integer order. therefore, the fitting problem theoretically re-
mains the same, with five degree-of-freedom . However, using
Eqn. 31 in the expression of the fuel cell impedance raises
practical issues. The model is now tenth order, which requires
more computational power. Moreover, the five parameters we
are interested in are going to be scattered across the twenty
coefficients of the final transfer function without guarantee
that this will improve in any way the ability to perform the
diagnosis.

IV. FITTING IN THE FREQUENCY DOMAIN

Another approach consists in performing the data fitting in
the frequency domain. This would allow us to keep working
with the non linear form of the fuel cell impedance. Parameters
would thus retain their physical meaning and sensitivity to the
stack’s flooding or drying out. The main drawback is that a
time window has to be used for conversion from the time
domain to the frequency domain using the Fourier transform.
As a consequence, the fuel cell SOH estimation is not strictly
real-time anymore since it is now delayed by the size of
this window added to the time needed to process the data
contained in the window. However, one of the challenge in
Fault Detection and Isolation is to make sure that the diagnosis
is available in due time to avoid irreversible damage to the
system. In-house studies showed that both flooding and drying
out take a few to several minutes before driving the fuel cell
into a critical situation. therefore, being able to update the
diagnosis every few seconds will be deemed sufficiently close
to real time to allow for integration within the control loop,
and for counter measures to be ready in time.

In conventional frequency domain EIS, the system under
study is sequentially probed by pure sinusoidal waveforms
of various frequencies. A signal generator is thus needed,
which is hardly an on-board solution, and the cumulated
time required to record a full spectrum is usually somewhere
between five to ten minutes, depending on the frequency range
and accuracy level.

We will address both these issues by using Fourier transform
EIS [16] in order to use waveforms that can be found in
on-board applications and a model-based complex non-linear
least square fitting scheme so as to reconstruct the impedance
spectrum from as few data as possible.

A. Impedance spectrum reconstruction

The concept of time resolved EIS is to combined into a
single signal all the frequencies that we are interested in. It is
therefore theoretically possible to obtain, in much less time,
the same information on the system than with traditional EIS.
A discrete Fourier transform lets us compute the voltage signal
in the frequency domain, 𝑈𝑖, from the sampled time domain
signal 𝑈𝑘 :

𝑈𝑖 =
𝑁−1∑
𝑘=0

𝑈𝑘 exp

(
−2𝑗𝜋𝑖𝑘

𝑁

)
(32)

The current signal 𝐼𝑖 has a similar form. The real and
imaginary impedances of the fuel cell are then determined
from the voltage, current and phase data :

𝑍𝑟,𝑖 =

∣∣∣∣𝑈𝑖

𝐼𝑖

∣∣∣∣ cos (arg𝑈𝑖 − arg 𝐼𝑖) (33)

𝑍𝑗,𝑖 =

∣∣∣∣𝑈𝑖

𝐼𝑖

∣∣∣∣ sin (arg𝑈𝑖 − arg 𝐼𝑖) (34)

The overall performance of this method depends upon the
frequency content of the current waveform and the width of
the time window.

Choosing the size of the window results from a trade off
between the lowest frequency that one wishes to record and
the time that one is willing to wait before a diagnosis is
available. In order for the fitting algorithm to succeed, the set
of data which is passed to it has to contain a minimum amount
of information giving a good description of the impedance
spectrum. In our particular case, impedance spectra are made
of two imbricated semi-circles, with respective sizes varying
depending on the SOH [3]. An ideal data set would be one in
which points are evenly distributed over the two semi-circles.
Figure 4 shows an impedance spectrum recorded between
1kHz and 0.1Hz. The transition between the two lobes occurs
around 10Hz. The top of the second lobe is reached around
3Hz, and at 1Hz, the impedance is halfway back toward the
real axis. Knowing that it usually takes a few periods to gather
enough information for an accurate spectral analysis to be
performed, the 1Hz point is likely to take too much time to
be recorded given our quasi real time objective. 3Hz will thus
be the lowest frequency recorded.

Once the lowest frequency is set, higher frequency points
are computed based on the harmonics present in the signal.
Fortunately, the square signal, which is one of the richest
signals in term of frequency content happens to be one of
the most commonly encountered in an industrial environment.
It has thus been selected for this study. With a fundamental
frequency of 3Hz, the first harmonic will be at 9Hz, that is,
right at the transition between the two lobes. Only one point
on the low frequency semi-circle will therefore be available to
the fitting algorithm.

On Fig. 5, the reconstructed spectrum is compared to one
recorded with a Gamry R⃝ FC350 impedancemeter. As can be
seen, the accuracy of FT-EIS is well in range with traditional
EIS since both spectra are almost perfectly superimposed.
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Fig. 5. Reconstruction of the impedance spectrum from 10 periods of a 3Hz
square signal.

B. Fitting algorithm

A Levenberg-Marquardt non linear least square algorithm
is used to fit the parameters. In that scheme the steepest
descent method, which is used when far from the solution,
is continuously replaced by a Gauss-Newton method as the
estimation closes in on the objective function minimum [17].
This method has been proven to work in a wide array of real
world applications and is a de facto standard in non-linear
fitting. In our case, the choice of the objective function to
be minimized is of great importance. Proper balance must be
achieved between the high frequency part of the spectrum for
which several data points are available and the low frequency
part for which only one is. Dividing the impedance by the fre-
quency let the low frequency data contribute a greater amount
to the regression. Furthermore, it appears that the average ratio
between real and imaginary parts of the fuel cell impedance is
approximatively 3. Based on these considerations, we chose an
objective function to be minimized by the regression algorithm
of the following form :

𝐽 =
1

2

𝑁∑
𝑖=1

⎡
⎣
(
𝑍𝑟,𝑖 − 𝑍𝑟,𝑖

𝜔𝑖

)2

+ 9

(
𝑍𝑗,𝑖 − 𝑍𝑗,𝑖

𝜔𝑖

)2
⎤
⎦ (35)

Alternative weighting strategies can be found in [18].
On Fig. 5 results of the fitting procedure, superimposed in

solid lines on the bottom graph, show that the Levenberg-
Marquardt algorithm succeeds in reconstructing the impedance
spectrum, both in high and low frequencies. Results given in
Fig. 6 for flooded, dry and nominal conditions show equally
satisfying performance.

V. EXPERIMENTAL VALIDATION

A. 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 5cm2 [19], [20],
or single cells [21] are usually chosen for AC impedance
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Fig. 6. Measured impedances and reconstructed spectra in nominal, dry and
flooded conditions.

measurements. To the knowledge of the authors, the largest ac-
tive area investigated by means of electrochemical impedance
spectroscopy and published to date is 50cm2 [22]. In an
attempt to come one step closer to a full size stack, a 6-cell
assembly with an active area of 220cm2 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 R⃝ FCATS-L test station.
Signal generation and acquisition were done using a National
Instrument R⃝ PCI-6221 board connected to a RBL232 50-
400-2000 loadbox from TDI Dynaload R⃝. The fuel cell was
directly connected to the load. therefore, the anode acts as
the reference electrode. During the experiment, temperature
was maintained at 80C, stoichiometries at 1.5 on anode’s side
and 2 on cathode’s side and the fuel cell stack was operated
at 1.5 bara on both sides. The highest frequency of interest
to our study was set to 1kHz. Wires’ inductive behavior was
predominant above that frequency. The sampling rate was set
to 20kHz, and seventh order analog anti-aliasing filters with a
cut-off frequency of 2kHz were used. Such an oversampling
procedure ensures an attenuation of -96dB at the Nyquist
frequency of 10kHz, as well as a small anti-aliasing filter
induced phase shift at 1kHz.

The probing signal is a 3Hz, 4A peak-to-peak square
waveform. In the case of temporal fitting, it is continuously
applied. In the case of frequency domain fitting, it is applied
for ten periods. This solicitation represents a little less than 3%
of the total power delivered by the fuel cell. Although being
small it clearly cannot be neglected. In the case of a hybrid
transmission, this solicitation could come from batteries or
super-capacitors for instance. Ideally, natural solicitations of
the fuel cell by the system’s ancillaries would be enough for
the fitting algorithm to operate.
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B. Temporal domain scheme

Performances of this fitting scheme were assessed offline, on
experimental data. Figure 7 shows the result of the parameter
𝑎2’s fitting during a two hour long test in which the fuel
cell was successively operated in nominal and dry conditions.
Adding the forgetting factor allows an efficient tracking of the
parameter’s variation, which is impossible with the regular
recursive least square scheme. Fitting of the other parameters
behave in the same way. In regard with the poor isolation
properties that can be expected from this scheme, it has not
been any further developed in this study.

C. Frequency domain scheme

Figure 8 shows the mean cell voltage of the stack during
a one hour and fifteen minutes long experiment in which the
stack was successively operated in dry, nominal and flooded
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. As
can be seen, the occurrence of a fault results in a voltage drop
representing 10% of the initial value. In the case of membrane
drying out, the six cells of the stack are affected in an identical
way. Cell voltages thus remain rather high and short to mid-
term integrity of the stack is not threatened. This information
is nonetheless interesting in view of stack durability and
performance optimization. On the other hand, flooding only
affects one cell, which drops to voltages as low as 0.2V. Such
a low voltage is beyond the range of safe operation, and can
lead to irreversible damage. Diagnosis should thus be reliable
and counter measures must be quickly devised.

On figure 9, symbols represent triplets (𝑅𝑚, 𝑅𝑝, 𝑅𝑑) fitted
to experimental data. Circles were drawn to indicate subspaces
in which the fuel cell will be considered in nominal, dry or
flooded condition. The fuel cell was probed once every minute
for the duration of the experiment.

Circles correspond to the first part of the experiment during
which the fuel cell is drying out, between 1 and 1300 seconds.
Asterisks correspond to the second part in which the fuel cell
comes back to nominal condition, between 1300 and 2000
seconds. Finally, plus signs correspond to the third part during
which the fuel cell gets flooded before going back again to
nominal condition, between 2000 and 4500 seconds. Letters
also indicate correspondence between the temporal graph and
3D graph. On this last graph, flooded and dry operation of the
fuel cell are easily distinguishable, each one having its own
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subspace sufficiently distant from each other to ensure that a
decision making algorithm will produce a reliable diagnosis.

VI. CONCLUSION

On the one hand, working in the time domain ensures true
real time performance through the use of a recursive fitting al-
gorithm. Unfortunately, linearization and discretization causes
the model to partially loose its ability to isolate failures. Trying
to improve the goodness of fit through the approximation of
the CPE yielded complex models.

On the other hand, working in the frequency domain al-
lowed for the use of the non-linear model, in which param-
eters have a strong physical meaning and great sensitivity to
flooding and drying out of the fuel cell. On the downside, a
time window has to be used, thus delaying the availability
of the diagnosis. It has been shown that 10 periods of a
3Hz square signal carried enough information in order for
the full impedance spectra to be accurately reconstructed by
a non-linear Levenberg-Marquardt algorithm. Reliable moni-
toring of flooding and drying out was experimentally demon-
strated using this method. Quasi real time performances were
achieved with the possibility to update the diagnosis every



three seconds. It is our belief that the improvement in isolation
capabilities is worth this delay.

Further investigation include the study of the influence of
fuel cell aging and cathode poisoning on the ability to detect
and isolate flooding and drying out.
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