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I. INTRODUCTION

OST and reliability are two key aspects that still hinder

a massive-scale market diffusion of fuel cell (FC)
technology. For this reason, the development of low-cost
diagnostic tools and control systems able to guarantee a
reliable long-term FC operation appears as a primary objective
to be pursued in the next years.

In particular, for polymer electrolyte membrane (PEM)
FCs, a continuous monitoring of the cell water content would
be extremely important, as it deeply affects the FC efficiency,
voltage stability, and lifetime. Indeed, an excessively low
water content in the FC membrane causes an increase in
ohmic losses and possible membrane damage, while too much
water can lead to flooding of the gas channels, and of the
porous catalyst and gas diffusion layers, which in turn causes
again a reduction in power output [1], [2]. Electrochemical
impedance spectroscopy is well known to be a powerful
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technique to identify performance degradation induced by
different phenomena, among which membrane drying and
cell flooding [3]-[7], but its typical use in laboratory tests

envisages dedicated instrumentation, whose cost and
complexity make it not suitable for low-cost commercial
applications.

As a partial solution for this problem, for what concerns
the dehydration diagnosis, a few works [8]-[10] suggested
the use of the current ripple produced by switch-mode power
converters to measure the FC equivalent ohmic resistance,
which is a good indicator for the membrane water content.
Indeed, the converter switching acts as a perturbation allowing
one to acquire the FC frequency response at the ripple
frequencies, which are typically in the kilohertz range where
the cell impedance practically reduces to the ohmic resistance.

In [11], we tested this diagnostic approach with a dc/dc
boost converter connected to a single PEM FC, showing that
quite accurate measurements of the ohmic resistance can be
obtained if suitable model-based elaboration algorithms are
employed, considering the nonsinusoidal nature of the ripple
and the reactive behavior of the FC.

Starting from this result, this paper aims at showing how an
ad hoc switching control of the converter allows introducing
low-frequency components in the ripple waveform that can be
used to estimate the FC low-frequency impedance, suitable
for flooding diagnosis, so that both opposite failure modes
associated with water management can be detected from the
converter ripple alone. Similar techniques have been already
successfully employed in different applications, such as fault
detection in electrical machines [12]-[14], but to the best of
the authors’ knowledge, its application to FCs for flooding
diagnosis has not been investigated yet.

Low-frequency measurements on PEM FCs present
particular challenges that need to be addressed for a reliable
diagnosis, which is also discussed in this paper. First, the
complex electrochemical processes occurring within the cell
give rise to continuous oscillations in the output voltage,
preventing from obtaining accurate low-frequency impedance
measurements, particularly in flooded conditions. Second,
different FC operation modes (e.g., constant current, constant
voltage, or constant power) produce different responses to
performance degradations due to drying or flooding, which
may affect the sensitivity required to the diagnostic algorithm
to correctly recognize these two failure modes. To deal with
these issues, suitable measurement techniques and diagnostic
algorithms need to be developed.
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Fig. 1.
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Typical linearized equivalent circuit of a PEM FC.

II. FC DRYING AND FLOODING

The three main causes of voltage drop in a PEM FC are
associated with ohmic losses, activation polarization, and mass
transport limitation, respectively. Although these phenomena
are generally described by nonlinear models, the simple
linear equivalent circuit shown in Fig. 1 is often adequate
to describe the FC behavior around a stable operating point.
The three equivalent resistances are associated with the three
causes of voltage drop mentioned above, while the two
equivalent capacitances describe the dynamic response of
activation and transport phenomena. A frequency-dependent
capacitance Cyc(jw) [15] or a constant-phase element instead
of it [6] is usually required for a better fit of the actual
FC response. Finally, a series inductance has been added to
consider inductive phenomena that are likely to appear at
high frequencies, mainly due to the FC electrical connections.
It is worth noting that all the equivalent electrical parameters
associated with activation and transport processes are strongly
dependent on the FC working point, as better explained in
the following sections.

As far as water management is concerned, membrane
dehydration produces a decrease of the membrane ionic
conductivity and therefore an increase of the equivalent ohmic
resistance Ronhm, while cell flooding due to water accumulation
in the gas channels and/or in the gas diffusion layer hinders
the gas transport, and therefore, it produces an increase of the
equivalent transport resistance Rirans, as well as of the equiva-
lent capacitance Cians. For this reason, a combined monitoring
of the ohmic resistance and the low-frequency impedance
(sensitive to the transport resistance), by acquiring either the
whole spectrum [4]-[6] or single-frequency impedances [7],
is generally considered as an effective approach to detect both
drying and flooding occurrences and to distinguish between
them.

While it is known that ohmic resistance measurements can
be inexpensively obtained by exploiting the high-frequency
ripple of switch-mode converters, as mentioned in the previous
section, lower-frequency measurements are usually performed
by dedicated and more sophisticated instrumentation, such
as frequency response analyzers, that cannot be afforded in
commercial applications. The high complexity and cost of
such instrumentation arise not only from the need to generate
perturbation signals over a wide range of frequencies but
also from the requirement of accurate measurements with
low-amplitude signals because of the nonlinear FC response
appearing at low frequencies.

Alternative solutions for flooding diagnosis involving
nonelectrical quantities have been studied to overcome this
problem, among which the simplest one from the implementa-
tion point of view is based on gas pressure drop measurements
between inlet and outlet gas channels [16], [17]. However,
although pressure measurements are very useful to detect
flooding in its first stage, the relationship between pressure
drop and FC electrical performance is not straightforward [18].
Thus, the impedance should be always measured in addition
to pressure for a more reliable diagnosis.

The following sections will explain how both low-frequency
and high-frequency impedance measurements with satisfying
accuracy can be performed by exploiting the ripple produced
by a switch-mode power converter connected to the FC,
without need of additional expensive instrumentation.

III. INJECTION OF Low AND HIGH
FREQUENCY COMPONENTS

Switch-mode converters are usually employed to connect
FCs to their loads or to integrate them with other energy
sources in hybrid power systems. Since the applications are
extremely heterogeneous, a great variety of power electronics
architectures can be found in both industrial products and
literature (see [19]).

The power electronic converters have to be controlled to
ensure proper FC operation and, of course, deliver the required
power to the load. In stand-alone applications [20], [21],
neglecting the losses, FC power output should match the load
power. Since FC time constants are fairly slow, in the presence
of fast perturbations, the power converter should adjust the
operating point on the V—I curve to ensure power balance.
This architecture cannot be employed when the load profile
contains large and fast power variations. In this case, an hybrid
FC system is generally employed: other power sources or
energy storage systems are introduced, so that the dynamic
characteristics are greatly improved, the peak power output
is also enhanced while the FC operates in almost stationary
conditions. In general, the switch-mode power converter
connected to the FC controls its current [22]. However, in some
architectures, known as direct parallel structures, the auxiliary
power sources and the load are interfaced to a dc bus by means
of proper power converters, while the FC is directly connected
to the dc bus [23]. Since the dc bus voltage is controlled, in
this case, the FC operates at constant voltage.

The voltage or current controller can be employed to
introduce low-frequency perturbations in the FC current
or voltage waveforms, respectively, superimposed onto the
dc reference values. If properly chosen, such perturbations
permit to monitor the low-frequency impedance of the FC,
which can be used to detect flooding occurrence. Of course,
these additional perturbations increase power losses, and thus,
it is necessary to keep their amplitudes as low as possible,
also because the FC low-frequency response is not linear,
and therefore, impedance measurements require low-amplitude
signals.

It is well known that when power electronic converters
are employed, currents and voltages include high-frequency
ripple; assuming constant switching frequency operation, such



load | v

Fig. 2. Schematic of a dc/dc boost converter connected to the FC on one
side and to an electrical load on the other side.

as in pulse width modulation (PWM) controlled converters, the
frequencies of these components are approximately multiples
of the switching frequency. Having chosen a typical switching
frequency of some kilohertz, the ripple inherently produced
by the converter is also contained in the FC current and
voltage, superimposed onto their dc values. Therefore, it can
be exploited to measure the high-frequency part of the cell
impedance spectrum. Considering the equivalent circuit of
Fig. 1, the transport dynamics as well as the frequency depen-
dence of the activation capacitance Cy¢(jw) can be neglected,
so that either a first-order RC or RL circuit adequately
describes the FC response at the main ripple frequencies,
depending on the converter switching frequency and on the
cutoff frequencies of the equivalent circuit. In both cases,
fitting the available impedance data with the proper first-order
model provides accurate estimates of the ohmic resistance
Ronm that can be used for membrane drying diagnosis [11],
as shown in Section VII.

IV. DESIGN OF THE FC CONVERTER

To test the proposed diagnostic method based on the
injection of low- and high-frequency components, a case study
has been chosen. In particular, the FC is connected to the load
by means of a PWM-controlled boost dc/dc converter. Besides
its simplicity, it is frequently employed in FC applications, and
its architecture is shown in Fig. 2.

Let us introduce the duty cycle J as the fraction of the
switching period when the switch T is turned on. Assuming
that the duty cycle changes slowly, the power converter
introduces spectral components in the cell current and
voltage whose frequencies are multiples of the switching
frequency fsw. When considering the continuous conduction
mode and neglecting the losses, the relationship between the
input and output voltages (V; and V,,, respectively) is given by

Vi
T 1-4

The choice of the reactive components (input inductor and
output capacitor) depends on the FC working point (input
current and voltage), the desired ripple amplitudes of the
input current (Al;) and output voltage (AV,), respectively,
and the converter switching frequency fs and duty cycle .
In particular, the peak-to-peak amplitude of the input current
ripple is given by the well-known formula for the boost
converter

Vo ey
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while the peak-to-peak amplitude of the output voltage can be
computed as

AV, = ————I 3)

assuming that the entire ripple in the output current flows
through the capacitor.

Limiting the amplitude of the current ripple is vital for
FC applications. Several papers [15], [24]-[27] have investi-
gated the negative effects that current ripple might produce
on a FC, such as loss increase, possible damages, and
durability decrease, but a complete understanding of all these
phenomena has not been achieved yet, and therefore, a
generally-accepted indication of the maximum allowed ripple
is presently not available. Nevertheless, a reasonable ripple
amplitude that can be considered to have a negligible effect
on both the FC operation and lifetime is 5% peak-to-peak of
the rated current.

With these assumptions, considering the 20-A rated current
of the cell employed for the experimental tests (corresponding
to a cell voltage of about 0.5 V in nominal conditions) and
a switching frequency of 10 kHz, the input inductance results
in the value L; = 50 xH, in the most conservative condition
that occurs for 0 = 1. On the other hand, accepting a peak-to-
peak ripple not greater than 0.1 V in the output voltage, the
required output capacitance C, is found to be 5 mF calculated
in the most conservative condition, now 6 = 0.5.

V. SWITCHING CONTROL STRATEGY

As previously explained in Section III, switch-mode
converters can be controlled so as to inject a low-frequency
perturbation in the FC current or voltage. This perturbation
signal can be properly designed to allow an effective flooding
detection. It is known that flooding affects the transport
dynamics and therefore it causes an increase of the equivalent
transport resistance Ryans. The highest sensitivity of the
FC impedance with respect to this parameter is achieved
at the limit low frequency of the impedance spectrum,
where the impedance equals the sum of all resistances
(Rohm + Ract + Rirans). Unfortunately, this limit frequency is
quite low, typically below 1 Hz, and in flooded conditions,
it becomes even lower because of the increase of both
Rirans and Cians. Thus, a frequency lower than 100 mHz
would be required for this measurement, while it is known that
it is practically impossible to perform accurate measurements
at such frequencies, particularly in flooded conditions,
because of instabilities in the FC internal state.

As a possible solution, multiple impedance measurements
at higher frequencies are suggested instead of a single
low-frequency measurement. The limit impedance value at
low frequency would be then calculated by fitting the available
measurements with a first-order RC model. In this case,
reasonably accurate measurements can be performed even
in flooded conditions. Therefore, a multisine signal having
a 0.5-Hz fundamental frequency, containing the harmonics of
order 2, 3, 5, and 8, has been chosen as voltage or current
perturbation; the spacing of the frequency components is
quasi-logarithmic, and all of them have the same magnitude.
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Photograph of the experimental setup.
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Fig. 4. Block diagram of the experimental setup.

The behavior of the FC may become nonlinear if the amplitude
of the perturbation is excessive; furthermore, large pertur-
bations may also jeopardize the life expectancy of the FC.
For this reason, the phases of the harmonics in the signal
have been optimized to minimize the peak-to-rms ratio, often
known as crest factor. In this way, the power of the signal (and
therefore the accuracy of the measurements) is enhanced for
a given peak-to-peak amplitude of the perturbation. A 0.2-A
peak-to-peak amplitude of the current oscillation was chosen,
so that it is about 40% of the high-frequency ripple amplitude.
The corresponding amplitude of the voltage oscillation in
controlled voltage operation was then calculated based on the
expected low-frequency impedance in nominal conditions.

The boost converter can impose either the FC voltage or
current. A simple integral controller is employed, and it has
been tuned so that the cutoff frequency of the loop is 400 Hz
when operating with a duty cycle of 0.7. Therefore, the
waveforms of both the current and voltage perturbations can
be accurately applied to the FC.

VI. EXPERIMENTAL SETUP

The FC employed for the experimental tests is a single
PEM cell composed of commercial materials, in particular,
a Nafion 212 membrane as electrolyte (23-cm? active area
and 50-xm thickness) and a gas diffusion electrode reference
sample (E-TEK LT140). The cell is fed with pure hydrogen
and air at the anode and cathode, respectively, whose flow rates
are measured and controlled by calibrated flow meters. Both
inlet gases are humidified through saturators, whose temper-
atures are controlled to achieve the desired relative humidity.
Finally, the cell temperature is kept constant at 60 °C.

A photograph and a block diagram of the whole
experimental setup are shown in Figs. 3 and 4, respectively.

The cell is directly connected to the dc/dc converter, whose
output is in turn connected to a resistive load. The inductor
visible in Fig. 3 is the 50-yH input inductance designed
for a 10-kHz switching frequency, while if the converter
is operated with a lower switching frequency, a larger
inductance value is required to maintain the input current
ripple within the design specifications. The control of
the electronic switch, according to the strategy described
in the previous section, is provided by a reconfigurable
input/output system (National Instrument Compact-RIO 9014),
where the control algorithm is implemented in the internal
Xilinx Virtex-II 3-million-gate FPGA to guarantee real-time
operation. The cell current measurement is provided by
a Hall effect current probe with a 100-kHz bandwidth
(Fluke 130s), whose voltage output is acquired by the
Compact-RIO 16-bit analog input module (NI 9215) together
with the cell voltage, with 103 samples-per-second sampling
frequency (a four-terminal measurement is performed to avoid
the effects of contact resistances). These two signals are also
acquired by a 16-bit data acquisition (DAQ) system (NI 6251)
synchronized with the Compact-RIO, with a higher sampling
frequency (2.5 - 10° samples-per-second), more suitable for
the signal processing required for diagnostics.

It is worth noting that for the implementation in a commer-
cial application, most of the above-mentioned hardware would
be replaced by the devices already present in the original
application design, including the dc/dc converter, its controller,
and in some cases also a suitable current transducer and a
DAQ system, thus dramatically reducing the implementation
costs of the proposed technique. Even when a current
transducer, a DAQ system, and a proper processing unit have
to be specifically added, the cost of this system is likely to be at
least one order of magnitude lower than laboratory impedance
measurement systems based on frequency response analyzers.

VII. IMPEDANCE MEASUREMENTS

The first tests in stationary conditions were carried out to
illustrate the proposed procedure to estimate the FC ohmic
resistance and low-frequency limit resistance from the
high- and low-frequency ripple components, respectively, by
means of proper fitting of the available impedance data at
different frequencies. For these tests, the cell was operated
at a medium-level dc of 13 A, with fully humidified inlet
gases and nominal flow rates (0.2 Nl/min for hydrogen and
1.0 Nl/min for air). The load was adjusted to make the
converter operate with a duty cycle around 0.7.

A. Ohmic Resistance

The procedure for ohmic resistance identification was
tested with two different switching frequencies, namely,
1 and 10 kHz, properly chosen for the cell under test to show
the capacitive and inductive responses, respectively. Although
1 kHz is lower than typically employed switching frequencies,
this choice allows to illustrate how two different models can be
used to equally well estimate the ohmic resistance in different
cases, considering that for a different FC, the frequencies at
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Voltage waveform Voltage spectrum

L]

Current spectrum

0.646

2. 0.645
-

0.644

h. a‘mpl. / VDC [dB]
> & &
S S5 5

Current waveform

i[A]
(SR
oo w %)
h. ampl. / IDC [dB]
£ 4 4
S S S

]

0 20 40 60 80 100
flkHz]

(=}

0.1 02 03 04
t [ms]

Fig. 6. Measured high-frequency FC voltage and current ripple and
their Fourier spectra, obtained with a 10-kHz switching frequency and a
0.7 duty cycle.

which the capacitive and inductive responses are seen may be
slightly different.

The measured cell voltage and current waveforms with
the two switching frequencies are reported in Figs. 5 and 6,
respectively, together with their Fourier spectra. For the
impedance evaluation in both tests, the voltage and current
spectra were calculated on a time window corresponding to
50 switching periods and averaged over a time window of 1 s,
where the cell impedance is not expected to significantly
change. The impedance spectrum was then calculated as
complex ratio between these voltage and current spectra.
While the mean value of the measurements provides the
best estimate of the cell impedance, their standard deviation
provides an estimate of the associated uncertainty mainly due
to uncontrollable variations of the FC internal conditions that
can be used for a weighted least-squares fitting. This so-called
type-A uncertainty is typically greater than the type-B uncer-
tainty contribution arising from the instrumentation accuracy,
and therefore, it should be regarded as the best uncertainty
estimate, particularly, when it has to be employed to correctly
recognize impedance variations due to faults, as in this
application.
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Fig. 7. High-frequency impedance measurements (crosses) and their standard
deviations (circles) in a 1-s time interval, obtained with a 1-kHz switching
frequency, compared with the best fit according to (4) (dashed line and dots).
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Fig. 8. Real parts of the high-frequency impedance measurements (crosses)
and their standard deviations (bars) in a 1-s time interval, obtained with
a 10-kHz switching frequency, compared with the best estimate of Rohm
(dashed line).

As far as the operation with a 1-kHz switching frequency
is concerned, the impedances associated with the first
five harmonic components (which are the most significant
ones, according to Fig. 5), measured in a 1-s time interval, are
shown in Fig. 7 (mean values and standard deviation circles)
together with the best fit with a first-order RC model

Ract
1 + joRactCact .

The compatibility between model and experimental data at
all considered frequencies confirms the model validity for the
purposes of this paper, meaning that no significant defini-
tional uncertainty is added to the uncertainty estimate of the
equivalent ohmic resistance.

On the other hand, with a 10-kHz switching frequency, the
cell response is better described by a first-order RL model

(5)

In this case, the ohmic resistance can be estimated considering
only the real parts of the impedances shown in Fig. 8 for the
most significant frequencies (those for this test are only the
first, second, fourth and fifth harmonic components, as shown
in Fig. 6). Again, the estimated ohmic resistance is compatible
with the measurement results at all considered frequencies.
The slightly different values of Ronn estimated
in Figs. 7 and 8 can be explained by the above-mentioned

Z(jw) = Rohm + 4

Z(jw) = Rohm + joLs.
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uncontrollable variations of the cell internal conditions [28]
and they are in agreement with the type-A uncertainty
estimated from repeated measurements, which is less than
0.2 mQ in both cases. This uncertainty level defines the
sensitivity of the proposed measurement method for drying
diagnosis, as only ohmic resistance variations greater than this
threshold can be considered as significant and thus associated
with nonproper FC operation. This level is low enough to
allow an effective detection of membrane dehydration in the
cell under test, which is likely to produce Ronm Vvariations
of 1 mQ or more [10].

Finally, it should be noted that the cell temperature here
is kept constant, while in some commercial applications, the
FC stack is self-heated, without any temperature controller.
When this occurs, the ohmic resistance may also vary as
a consequence of temperature variations and this must be
considered to correctly distinguish the resistance variations
associated with the membrane humidification. Usually, if the
cell temperature is measured, the effects of temperature can
be compensated by assuming a linear relationship between
temperature and membrane conductivity in the operating
temperature range. As an example, for the cell under test, the
increase in the ohmic conductance (i.e., the inverse of the
ohmic resistance) with temperature is about 1.5 S/°C, with a
nominal conductance value of about 200 S at 60 °C.

B. Low-Frequency Resistance

Similarly to what was done for the ohmic resistance, also
the low-frequency limit resistance is estimated by fitting
the four impedance measurements obtained by introducing
low-frequency perturbations in the ripple waveform, as
described in Section V. Again, a first-order RC model is
employed for data fitting

. Rtrans
Z(jw) = Rohm + Ract + - . 6)
o ot 1 + joRiansCirans
The measured voltage and current waveforms in a

one-period window, obtained with the converter operating in
current-control mode, are reported in Fig. 9 together with
their Fourier spectra, having filtered the high-frequency ripple.
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Fig. 10. Impedance measurements (crosses) and their standard deviations
(circles) in a 20-s time interval, obtained from the low-frequency ripple,
compared with the best fit according to (6) (dashed line and dots).

For the resistance identification, the spectra were averaged
over a time window of 20 s to calculate their mean value
and standard deviation. These values are reported in Fig. 10
together with the weighted least squares fit, showing also
in this case the compatibility between the model and exper-
imental data. The same considerations for the uncertainty
evaluation reported above apply also to the low-frequency
resistance, whose uncertainty is estimated to be about 1 mQ
in these experimental conditions, while the expected resistance
variations in the case of flooding are one order of magnitude
higher.

VIII. FAULT DETECTION

As already explained, the high- and low-frequency resis-
tance measurements described above are intended to be used
to detect FC performance degradation due to membrane
drying or cell flooding. The use of the ohmic resistance
measurement for drying diagnosis has been already widely
discussed in the literature, and results obtained on the cell
under test were already presented in [10]. On the other hand,
low-frequency measurements for flooding diagnosis require a
deeper discussion, because the low-frequency impedance not
only depends on the cell water content but also on the working
point (i.e., the cell dc). This means that the converter control
strategy defining the FC operation mode (e.g., constant current,
constant voltage, or constant power) affects the impedance
variations seen as a consequence of flooding events, and this
should be considered in the flooding diagnosis.

To better illustrate this phenomenon in reproducible
experimental conditions, mass transport was hindered by
decreasing the inlet gas flow rates instead of increasing the gas
relative humidity. This procedure is commonly employed in
literature (see [4], [5] and [7]) to emulate flooding transients,
being the effect on the mass transport dynamics very similar, as
in both cases, fuel and oxygen starvation arises. The advantage
of this choice is that the experimental conditions are better
controllable and results show a much higher reproducibility.

The cell polarization curves with nominal gas flow rates
(0.20 and 1.00 Nl/min for hydrogen and air, respectively) and
decreased flow rates (0.14 and 0.53 Nl/min), with 85% gas
relative humidity, are reported in Fig. 11. As expected, the



Fig. 11. FC polarization curves measured with nominal gas flow rates (upper
black curve) and decreased flow rates (lower red curve), with 85% gas relative
humidity; the selected working point (/gc = 16.1 A) is shown with a black dot
and the effects of constant-current and constant-voltage controls are illustrated.
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Fig. 12. Effects of a gas flow rate step variation from 0.20 and 1.00 N1/min
for hydrogen and air, respectively, to 0.14 and 0.53 NI/min, in constant-current
and constant-voltage operation modes; the cell voltage (top), current (middle),
and low-frequency-limit resistance (bottom) are reported in the two cases.

lower flow rates limit the cell performances at high currents,
where the fuel and oxygen consumption is higher. For the tests,
a dc of 16.1 A was chosen corresponding to 0.7 A/cm?. The
effects of constant-current and constant-voltage controls when
moving from the nominal curve to the lower curve are also
shown in Fig. 11. Clearly, the former enhances the effects of
gas starvation, while the latter has a stabilizing effect, making
the cell work at lower current, where the difference between
the two polarization curves is much smaller. If a constant-
power control were implemented, its effect would be to make
the cell operate at higher current, thus enhancing the effect
of gas starvation even more. This is not shown in Fig. 11
because the maximum power of the lower curve is smaller
than the power of the selected working point on the nominal
curve.

The cell response to a step variation of the gas flow rates
from the nominal ones (corresponding to the stoichiometric
ratios 4 = 1.8 and 3.7 at anode and cathode, respectively) to
the decreased values (corresponding to 4 = 1.2 and 2.0) is
reported in Fig. 12, for the two cases of constant-current and

constant-voltage operation modes. The flow rate variation is
produced at = 300 s, immediately followed by a voltage or
current variation according to Fig. 11. The ohmic resistance
does not show significant variations, and therefore, it is
not reported in Fig. 12. On the contrary, the low-frequency
resistance significantly increases as expected. It is worth noting
that the resistance increase in constant-current mode is more
than three times greater than in constant-voltage mode. This
has two important implications from the flooding diagnosis
point of view. First, the detection of impedance variations in
constant-voltage mode requires a higher sensitivity. Second,
the evaluation of the extent of flooding from impedance
measurements needs to consider the operation mode chosen
for the cell.

IX. CONCLUSION

A dc/dc boost converter for a single PEM FC was designed
and built to test the possibility to use the current ripple
produced by the converter for low-cost state-of-health
diagnosis, suitable for commercial applications. In particular,
the high-frequency ripple inherently produced by the
converter allows one to measure the equivalent ohmic
resistance, useful as an indicator for membrane dehydration,
while the introduction of ad hoc low-frequency perturbations
by properly acting on the switching control allows one to
measure also the low-frequency impedance, suitable to detect
cell flooding as well as other phenomena affecting the mass
transport dynamics.

Accurate estimates of both the ohmic resistance and the
low-frequency limit resistance were obtained using elaboration
algorithms based on simple equivalent circuits that consider
the nonsinusoidal nature of the ripple and the reactive behavior
of the FC. The sensitivity required for low-frequency resis-
tance measurements is discussed considering the effects of
different control strategies of the converter defining different
operation modes of the cell, such as constant-current and
constant-voltage operations.

Experimental tests performed on a single cell confirmed
the validity of the proposed approach and encourage further
developments toward its application to commercial devices,
involving stacks of several cells connected in series. In this
case, depending on the stack size and on the available
DAQ system, the voltages of single cells or small groups
of cells can be acquired using a multiplexed architecture
(thus without significantly increasing the acquisition system
complexity and cost), thanks to the slow cell dynamics with
respect to the injected perturbations.
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