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Abstract— In order to minimize fuel cell aging, it is
important to take into account the interactions of fuel cells with
the auxiliaries required for their operation. In particular, in
this study, we focus on the impact of current harmonics
generated by the static converter connected to a Low
Temperature Proton Exchange Membrane Fuel Cell (LT-
PEMFC) technology stack. Indeed, today, there are still
uncertainties about the influence of current harmonics on the
acceleration of fuel cell aging, especially following technological
developments tending to reduce the membrane thickness. In
this paper, two endurance tests are carried out simultaneously
on two test benches to compare the aging of an LT-PEMFC
stack operating in the presence of current harmonics emulating
the presence of a Boost DC-DC converter with a stack of the
same technology operating at the same constant average
current. The results obtained are analyzed and compared on
the basis of voltage degradation rates observed during
endurance and those recorded via polarization curves. The
work presented in this study was carried out as part of the
HEMOWHY (HEavy MObilities With HYdrogen) project.

Keywords— Hydrogen, Fuel cell, LT-PEMFC, Stack, Aging,
Current harmonics, Power converter.

I. INTRODUCTION

New electric mobility solutions based on fuel cells (FC)
are emerging against climate change. The lifetime of these
FCs is a critical issue for their commercialization, and the
challenges of durability and performance are crucial [1- 3]. In
order to increase their lifetime, it is essential to take into
account the interactions of FCs with all the auxiliaries that
ensure their operation, such as the air compressor, gas
humidifiers, hydrogen recirculator and static converter [4-9].

In fact, the electrical energy produced by the FC is
generally transmitted to the load via a static converter, which
imposes current ripples on the FC current, whose frequency
and amplitude are determined by converter’s topology and
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control strategy [10]. The most common topologies of
converters connected to a FC are Boost, Buck and inverter.
FCs are often connected to a DC-DC Boost converter at the
output to raise the voltage and/or a DC-AC inverter to
convert DC to AC. Both of these converters impose
high-frequency current harmonics (a few kHz to 100 kHz) on
the load, but the inverter also has a low-frequency component
at 100-120 Hz, and the impact of this component on FC aging
needs to be studied further. A study has shown that a current
ripple frequency of 100 Hz causes a greater and more visible
decrease in performance on a PEM-FC after 100 hours of
aging compared to frequencies of 1 kHz and 100 kHz [11].
But this paper will focus on the impact of high-frequency
current harmonics such as those generated by a Boost
converter on FC accelerated aging. Today, the impact of
these harmonics on accelerated aging has not been fully
confirmed in the literature. This needs to be further
investigated, especially in the light of recent technological
developments aimed at reducing the membrane thickness in
order to minimize ohmic losses.

Several studies carried out at the Laplace lab [9], [10]
have demonstrated the ability of the double-layer capacitor of
a Low Temperature Proton Exchange Membrane fuel cell
(LT-PEMFC) to filter HF current harmonics. The authors in
[9] thus have shown that a frequency of 10 kHz is completely
filtered out by the double-layer capacitor. Then the
connection between a LT-PEM stack and a Boost converter
was investigated and the results have highlighted the fact that
the resulting amplitude of the stack voltage was not very high
(1.2 %) whereas the impact on amplitude was greater in the
case of connection with a Buck converter (6 %). So the
authors have suggested adding a decoupling capacitor to limit
the impact on the amplitude but in the case of a connection
with a Boost converter, no current ripples filtering was
recommended. Other scientific studies have shown an
accentuation of FC aging under the effect of HF current
harmonics [12], [13], while the authors of [14] are mixed and
those of [15] have not noted any significant impact. New
experimental tests need to be carried out using several cells
or stacks in order to obtain a greater statistical effect, to
enable the investigation of several frequencies of current
ripples and to carry out longer aging campaigns. The results
obtained should enable the power electronics engineer to
design specifications for the design of a power converter that
minimizes FC degradation and/or provide filtering of current
ripples [16-18]. It is also important to take into account that



the switching frequency of power converters tends to be
increased in order to reduce the size of the associated filters.

In this paper, the results of constant-current and ripple-
current aging tests carried out on LT-PEM technology stacks
will be analyzed and compared. Daily stop/start tests were
carried out on each stack to limit the effect of reversible
phenomena. Indeed, the aging of a FC can be made up of so-
called irreversible losses linked to the intrinsic degradation
mechanisms of its various components, and so-called
reversible losses, mainly linked to the accumulation of water
at the electrodes. To study the impact of HF current
harmonics on the stacks aging, it is necessary to be able to
distinguish between these two types of losses. Reversible
losses can be more or less eliminated by the implementation
of recovery processes (e.g. stop/start) [19]. This phenomenon
of reversible losses tends to be accentuated by current ripples
compared to a constant current. One hypothesis formulated in
the literature is that HF current harmonics could favor the
filling of activation layer nanopores with water [13], leading
to long and deep FC flooding and thus to mechanical stress
on the electrodes.

This study will focus on the aging generated by a constant
current compared to that generated by a sinusoidal current
ripple with a frequency of 10 kHz and a peak-to-peak
amplitude of 20 % of the average current. The sinusoidal
waveform was chosen because it is considered representative
of the first harmonic of a realistic signal (triangular) emitted
by a Boost converter. The sinusoidal waveform corresponds
to the most energetic frequency harmonic which has
potentially the greatest impact on FC aging.

The characterization tools used to monitor FC aging
must not only serve to detect a drop in performance, but also
to identify the underlying aging mechanisms and the
conditions leading to their appearance. A review of the
various diagnosis tools is given in [20]. These include
polarization curves (V(I)), Electrochemical Impedance
Spectroscopy (EIS) and Cyclic Voltammetry (CV). These
techniques are also used to identify the parameters of quasi-
static and dynamic models, providing a better understanding
of the distribution of electrochemical losses within the FC
[21]. By monitoring these parameters throughout the FC
lifetime, it is possible to detect and predict the signature of
certain degradation mechanisms. Prognosis methods have
also been developed to estimate the state of health (SOH) of
a FC and its remaining lifetime [22-32]. In this way, it
remains possible to control the FC operating conditions or
the dynamics and level of the supplied current in order to
preserve its SOH.

In this study, the section II presents a description of the
used experimental test benches and the tested LT-PEM
stacks. Next, the employed characterization tools will be
explained and the operating conditions for the aging tests
will be presented in section III. The results of the two aging

tests will then be presented and compared in section IV. For
reasons of confidentiality, the results are presented in per
unit. Finally, a comparison of the evolution of degradation
rates, obtained by two different methods during the aging
tests, is carried out. The modeling of the impact of aging
tests on stack performance is not covered in this paper and
will be studied in a future work.

II. DESCRIPTION OF TEST BENCHES AND TESTED STACKS

A. Test benches

Aging tests under current ripples were carried out on two
test benches at the Laplace laboratory's Hydrogen Platform
(Fig. 1). These test benches are enable to run autonomously
several sequences (start-up, stack characterization,
shutdown) via a human-machine interface (HMI). This HMI
is able to control all the fluidic and electrical components of
the test benches.

B. Tested stacks

The tested stacks during these aging tests are some
prototypes of a previous generation of LT-PEMFC
technology supplied by ALSTOM Hydrogéne. Theses
stacks are formed with 5 cells. They can deliver a
maximum electrical power of 1.5 kW. The membrane
thickness of the stacks is in the range of [10;50] pm.

Just before starting the aging tests, each stack was
activated for 24 h at a constant current recommended by
the manufacturer (0.8 A.cm?). At the end of activation
phase, the initial performance (¢ = 0) of the two stacks is
obtained by plotting the polarization curves (Fig. 2). These
represent the voltage evolution of the equivalent average
cell (stack voltage divided by the number of cells) as a
function of current density. Given the confidential aspect
of some parts of this study, stack voltages and current
densities are given in per unit.

In this work, the tested stack with a constant average
current is named Stack-I-Avg whereas the one tested with a
high-frequency current ripple is named Stack-1-HF.

III. AGING TEST PROCEDURE AND CHARACTERIZATIONS
Two aging tests are carried out in this study:

o Stack-I-Avg test: this is a constant-current cycling test
(0.8 A.cm?) during 710 h. More precisely, the stack was
only cycled for 655h (with a current density of
0.8 A.cm?), and the rest of the time was spent on
characterizations and shutdowns phases, during which
the stack was under nitrogen inert gas.

o Stack-I-HF test: it is a cycling test under sinusoidal
current ripples of 10 kHz frequency, with an average
value corresponding to 0.8 A.cm™ and a peak-to-peak
amplitude equal to 20% of this average current density.



The duration of this test was 680 h, including 601 h of
cycling (in the presence of current harmonics).

As mentioned in the introduction, daily stop/start operations
are carried out to limit the impact of reversible phenomena.
The various characterizations and operating conditions are
described below.

A. Characterization procedures

During stacks aging tests, V(I) polarization curves were
recorded on average once a week. These polarization curves
are obtained in decreasing current steps from a maximal
current density to OCV (Open Circuit Voltage). Each current
step lasts 90 seconds, and the voltage measurement used for
V(1) is the average of the voltages measured over the last 10
seconds of the step. After a stabilization time of 60 seconds
per step, an EIS is performed, except for current steps below
0.2 A.cm?,

Figure 1: Test bench used for aging tests at the Laplace Hydrogen Platform
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Figure 2: Initial polarization curves for both stacks with and without current
harmonics

EIS is a characterization method that imposes a constant
current on the FC, on which a sinusoidal excitation of
variable frequency and low amplitude is superimposed, so as
not to modify the FC behavior around this operating point.

Then for each excitation frequency, voltage and current are
measured, and the component impedance is calculated and
plotted in the Nyquist plane [33]. For the EIS performed
during these tests, the peak-to-peak value of the sinusoidal
excitation current is set at 2 A, and its frequency varies
between 1 Hz and 20 kHz. Realized EIS allows
measurement of the stack ohmic resistance and monitoring
its variation as a function of current density. Variation of the
ohmic resistance reflects the water state of the stack.

Some polarization curves are followed by cyclic
voltammetry to quantify the influence of aging, particularly
on the crossover current in the stack. This current reflects the
deterioration of the membrane, resulting in internal leakage
between the anode and cathode compartments. The cyclic
voltammetries obtained and the crossover current
measurements will be shown in the extended version of this

paper.

An internal leakage test under inert gas (nitrogen) is also
carried out after each polarization curve. This mechanical
test assesses gas leakage between the anode and cathode
compartments. An external leakage test is also carried out to
ensure that the stack is leak-tight.

B. Operating conditions for aging tests

The two aging tests were carried out on two identical test
benches under similar operating conditions. Operating
conditions such as average stack temperature (7swcr), Ho
(Panode) and air (Peamoge) pressures applied to the stack,
relative humidities of H, (HRm) and air (HR4g) and
overstoichiometry coefficients on the H» side (4x2) and on the
air side (A4r) are given in Table I.

IV. AGING TEST RESULTS
A. Comparison based on the instantaneous evolution of
the stack voltage

The instantaneous voltage evolution of the equivalent
average cell for the two aging tests is shown in Fig. 3. The
Stack-I-HF test was stopped after 680 h, as the internal
leakage rate threshold has been reached.

TABLE 1. OPERATING CONDITIONS FOR AGING TESTS

Operating condition Value
Totaex °C) 75
Papode (bara) 2
HRwm (%) 40
i) 1.5
Peathode (bara) 2
HR i (%) 40

Adir 2




The evolution of these internal leakage rates as a function
of test time is shown as a per unit in Fig. 4. Thus, from 450 h
of testing for the Stack-I-HF, internal leakage rates increased
significantly.

Fig. 3 also shows the voltage degradation rates between
two consecutive characterizations. Degradation for the
Stack-I-HF 1is relatively high at the start of the test (103
uV/h) compared with the Stack-I-Avg operating at constant
current (77 pV/h). After this first week of testing, the
degradation rates recorded for the Stack-I-HF are less
pronounced than those observed for the Stack-I-Avg. It
should also be noted that the constant current test is marked
by a high recovery of reversible losses compared to the test
with current harmonics.
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Figure 3: Evolution of the equivalent average cell voltage during the aging
tests for the two stacks
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Figure 4: Internal leakage rates during aging tests

The characterization phases followed by cyclic
voltammetry (CV) appear to have enabled better
performance recovery for both stacks than a simple
characterization phase with polarization curve and EIS only
(Fig. 3).

B. Comparison based on the polarization curves

Fig. 5 shows the polarization curves at the beginning and
the end of the aging tests for both stacks. The degradation
rates obtained from polarization curves for two current
densities (0.2 and 0.8 A.cm™) are summarized in Table II
These degradation rates correspond to the voltage drop at a
given current density between the V(I) at time # and the initial
V() (¢ =0 h), divided by the cumulative time of the aging test
up to time ¢. This cumulative time takes into account only the
time spent by the stack in cycling, and does not include
characterization or shutdown phases. The results obtained
show that the current harmonics test (Stack-I-HF) is about
twice as degrading as the constant current test
(Stack-1-Avg). Indeed, degradation rates for the Stack-I-Avg at
0.2 and 0.8 A.cm™ are 11.98 and 21.77 uV/h respectively,
whereas those for the Stack-I-HF are 25.1 and 42.15 uV/h for
the same current densities and approximately the same test
duration.

TABLE II. VOLTAGE DEGRADATION RATES DURING CYCLING FOR BOTH
STACKS AT TWO CURRENT DENSITIES OBTAINED FROM POLARIZATION CURVES

Degradation Degradation
V(I) considered in rate at rate at
Stack calculating 0.2 A.cm 0.8 A.cm
degradation (uV/h) (uV/h)
Stack-1-Avg V(@) att=710h 11.98 21.77
Stack-I-HF V() atr=680h 25.1 42.15
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Fig. 5. Polarization curves for the two stacks at different times during current
cycling.
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Fig. 6: Voltage degradation rate of the two stacks as a function of
cycling time.

Fig. 6 shows the evolution of degradation rates calculated
from polarization curves for the two current densities 0.2 and
0.8 A.cm? as a function of cycling time (time actually spent
at constant current or with current harmonics). It also shows
the evolution of endurance degradation rates calculated from
the instantaneous stack voltage evolution. These rates
correspond to the difference between the initial stack voltage
and the voltage just before the shutdown preceding a given
characterization, divided by the cycling time up to that
characterization.

For both aging tests, the evolution of degradation rates
calculated by the two methods (endurance and
characterization) remains consistent. However, we note that
throughout the test with current harmonics, the degradation
rates are much higher than those obtained with the constant
current test. Fig. 6 also shows that the gains linked to the
recovery of reversible losses are greater for the Stack-I-Avg
than for the Stack-I-HF over the first 600 hours of cycling.
Indeed, the differences between endurance degradation rates
at 0.8 A.cm? and those obtained from polarization curves at
0.8 A.cm? are much greater for the Stack-I-Avg than for the
Stack-I-HF'.

V. CONCLUSION

Aging tests were carried out on two LT-PEMFC stacks,
under current ripples and at constant current. The results
show that current ripples have a less marked impact on
degradation rates calculated from the instantaneous voltage
drop between two successive characterizations, except for the
first 100 hours of testing. However, the degradation rates
calculated from the instantaneous voltage considered
throughout the aging test, and without taking into account the

characterization phases, are higher for the test with current
harmonics. This conclusion is also confirmed by the analysis
of degradation rates derived from polarization curves. Stack
aging is more pronounced under current harmonics. This
study also shows the strong impact of current harmonics on
the increase in internal leakage observed on the stack in
question. It should be remembered that this study was carried
out on prototypes from a previous generation of stacks. New
aging tests investigating new frequency values and current
ripple amplitudes are planned as part of this work with this
same generation of stacks, but also with new-generation
prototypes. Water management strategies could be tested in
future aging tests, such as pulsed H> purges with high flow
rates to facilitate water removal. Future results will play a
crucial role in confirming the above findings.
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