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Abstract: We proposed applying low-frequency (flicker) noise in proton-exchange membrane fuel
cells under selected loads to assess their state of health. The measurement set-up comprised a precise
data acquisition board and was able to record the DC voltage and its random component at the
output. The set-up estimated the voltage noise power spectral density at frequencies up to a few
hundred mHz. We observed the evolution of the electrical parameters of selected cells of different
qualities. We confirmed that flicker noise intensity varied the most (more than 10 times) and preceded
changes in the impedance or a drop in the output DC voltage (less than 2 times). The data were
observed for current loads (from 0.5 to 32 A) far from the permissible load. We deduce that the
method can be utilised in industrial conditions to monitor the state of health of the selected cells by
noise analysis. The method can be used in real-time when the flicker noise is measured within the
range of a few Hz and requires a reasonable amount of averaging time to estimate its power spectral
density. The presented method of flicker noise measurement has considerable potential for use in
innovative ways of fuel cell quality monitoring.

Keywords: electrochemical noise; flicker noise; fuel cell; state of health; reliability

1. Introduction

The green energy revolution requires reliable and inexpensive energy sources. This
issue has attracted numerous researchers and encouraged governments to financially
support such technological development. Fuel cells are a promising candidate for such
an energy source, converting the fuel’s energy of chemical bonding into electrical energy
without greenhouse gas emissions. The cells utilise hydrogen to generate electrical power
without polluting the environment [1]. The electrical energy produced can meet the
demands of customers with various needs at all times. Proton-exchange membrane fuel
cell (PEMFC) technology meets such requirements. This technology enables modular
construction with easier sealing than competing designs, and rapid start-up even at low
operating temperatures [2,3]. Unfortunately, this technology still needs enhancement due
to numerous parameters affecting its reliability and durability [1,2].

The technology of fuel cells has recently seen several advancements [2]. Mostly,
new materials and progress in fuel cell design have improved their use. However, this
energy source’s harsh internal working conditions accelerate numerous deterioration mech-
anisms [4,5]. Consequently, accurate diagnostics of faults such as dry-out, cell flooding,
limited transport of reagents, disturbance of proton diffusion through the membrane,
contaminants, starvation, and carbon corrosion in the PEMFC are critical to prolonging the
proper operation of fuel cells. A few factors (e.g., overheating, undesirable electrochemical
reaction [6]) that require monitoring to protect the cell against accelerated workout should
be enumerated. Fuel cells work in a stack, and the failure of any single cell has a detrimental
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impact on the whole pile by inducing even total breakdown [7]. This issue is fundamental
when we consider the expected development of power grids into a network of renewable
energy sources of various characteristics, requiring continuous adaptation and varying
loads. Fuel cells can buffer other energy sources by multiple switching on and off of their
loads and are therefore exposed to accelerated deterioration.

Flicker noise levels can assess the quality and reliability of electronic components and
structures [8,9]. The corrosion rate or its type is detectable by electrochemical noise [10–16].
Batteries [17,18], supercapacitors [19], and fuel cells (FCs) [20–25] have also been inves-
tigated by utilising this phenomenon. Electrochemical energy sources are susceptible to
any, even fragile, transitions in the electrode–electrolyte interface. Flicker noise (1/f noise)
should potentially be very efficient in assessing the state of health of any changes within
this interface because these changes can generate redundant, low-frequency fluctuations.
This means that the evolution of noise intensity should manifest any tiny modifications
in the state of health of fuel cells. We assume that noise should be more sensitive to such
shifts than other electrochemical parameters (e.g., impedance, the temperature resulting
from the working conditions).

Furthermore, low-frequency noise is characterised by the level and dependence of
the power spectral density on the frequency, which can be particularly useful for the
identification of the state of health of the tested fuel cells [24,25]. Some experiments proved
this conclusion for their early degradation stage [25]. Unfortunately, low-frequency noise
requires a sensitive measurement set-up [26] and additional data processing as in the case
of other electrochemical noise data [27,28]. Moreover, electrochemical processes are slow or
very slow, often within the frequencies of a few mHz only. Therefore, electrochemical noise
requires a long recording time to estimate their statistical parameters with an acceptable
level of random error. Such processes can even be non-stationary and involve more
complicated methods of analysis.

The experimental studies proposed in this manuscript are focussed on the issues
of noise measurements in a working fuel cell stack to monitor fuel cell state of health
in industrial conditions. The applied set-up required some severe practical problems to
be solved because low-level voltage signals must be recorded in the presence of intense
loading currents and the switching control unit, which induce severe interferences. A
noise-measurement methodology and a simplified method of noise analysis to assess the
state of health of the investigated cells are proposed, and are a novelty of the applied
approach. Our approach differs from the reported data, which consider experimental
studies in laboratory conditions only [24,25].

Fuel cells were prepared in the same way and set up in a single stack, but they were of
different quality due to the increasingly harsh working conditions as the stack deepened,
which induced some unavoidable differences due to technological tolerance. Most of
the published works present results of noise measurements in a single proton exchange
membrane with the required alimentation and control equipment only. We observed
fluctuations in the load current or potential of the fuel cells for defined conditions (e.g.,
temperature, humidity, pressure of the supplied gases, and loading resistances). The
presented studies consider a stack of fuel cells working under various loads. By using
simultaneous measurements, it is possible to compare the noise generated concurrently
in individual cells and under similar operating conditions. Thus, the condition of the
entire fuel cell stack is monitored by observing the states of the individual cells. This helps
to predict the eventual stack failure. Our experimental studies imply that noise is more
receptive to any slight changes within the cells than other electrical parameters, such as
impedance, or generated DC voltage. This conclusion is crucial for preventing accelerated
wear-out of FCs (e.g., induced by overheating). Real-time monitoring of the intensity of
flicker noise signals any disturbances in the FCs at an early stage as compared to the other
considered methods reporting on the state of wear.

The paper is organised as follows: the applied measurement set-up is presented in
detail in Section 2; the studies of the noise measurements are discussed in Section 3, and
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the conclusions are given in Section 4 to highlight the utility of the practical application of
noise measurements for the state-of-health monitoring of fuel cells.

2. Measurement Set-Up

The PEMFC stack was supplied by Zentrum für Sonnenenergie-und Wasserstoff
Forschung Baden-Württemberg ZSW (Ulm, Germany) [29]. It consisted of ten individual
cells with an active, geometrical surface area of 96 cm2 each. A commercially available
membrane electrode assembly with 0.5 mg/cm2 platinum loading was used. Flow channels
based on a cascaded flow field design with parallel-connected multiple serpentine groups
were located in bipolar plates. We switched the tested device about 10,000 times between
the loading currents of 5 A and 130 A.

A test stand controlled the stack operation (Fuel Cell Technologies Inc., Albuquerque,
NM, USA). An electronic load (Keysight Co., SantaRosa, FL, USA) was used. The experi-
mental studies were executed under the enumerated working circumstances:

• stack temperature: 75 ◦C;
• air and hydrogen backpressure: 150 kPa (abs);
• relative humidity of air and hydrogen: 50%;
• flow rate of hydrogen: 5 dm3·min−1 (99.999% purity);
• flow rate of air: 15 dm3·min−1.

Electrochemical impedance spectroscopy (EIS) was applied to pre-assess the state of
health. EIS is a commonly known and approved method to assess the state of health of
FCs [30,31]. The EIS was measured using a PXIe 6164 and a PXIe 4497 board (National
Instruments, USA Company, Austin, TX, USA) to generate a multi-sinusoidal excitation
signal and to acquire the response. An excitation had a sufficient amplitude of 5% of the
DC load. The signal was the sum of 21 harmonics of frequencies between 0.3 Hz and
2.84 kHz with the optimised amplitudes and phase shifts of each harmonic to limit the
resulting amplitude—the excitation signal—which was composed as presented. The lowest
frequency excitation signal limited the measurement time for each spectrum.

We observed voltage fluctuations between the terminals of the anode and cathode for
each selected cell. The control unit automatically switched the selected loading currents
(0.5 A, 1 A, 2 A, 4 A, 8 A, 16 A, and 32 A). This induced electromagnetic interference, which
was present in the recorded voltage fluctuations between the electrodes of the selected
cells. A data acquisition card recorded voltage signals with a 24-bit analogue-to-digital
(A/D) converter (National Instruments, model NI-USB-4431). A block diagram showing
the measurement setup is presented in Figure 1. The diagram comprises a control unit
and a voltage acquisition board attached directly to the cell electrodes. The card has four
independent voltage inputs and a build-in anti-aliasing filter—the applied A/D converter
allowed voltage fluctuations between the cell electrodes to be observed without additional
amplification. We configured the inputs of the data acquisition device for differential
measurement with DC coupling. The sampling frequency was set to fS = 1024 Hz, and
the set-up recorded 500 records of 4096 samples each for the selected load current. The
observation time for each load was about 33 min. Some of the noise records from the
set of 500 were rejected because of visible interference, but at least 200 records were
used to evaluate each power spectral density (PSD). The number of averaged spectra
assured a random error of the estimated PSD below 8% (1/2000.5 ≈ 0.0707 [26]), which is
acceptable for noise measurements. We applied the simplest method of avoiding spike-like
interference by rejecting some of the time series. This prolonged the time of measurements
to obtain an acceptable level of random error. We should mention that other methods can
be applied in practical applications (e.g., saturation of the noise amplitude at the selected
level during the presence of a spike). Such a process reduces the measurement time and
should have a limited impact on the accuracy of the estimated noise power spectral density.
This modification can be used in practice after being thoroughly tested and approved for
industrial applications.
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Figure 1. Schematic diagram of the applied test stand.

Four cells (No. 2, 4, 6, and 8) were selected to record voltages between the electrodes
of the cells by using all of the available measurement channels. The recorded voltage
time series comprises DC (direct current) voltage, noise component, and interference. A
slow harmonic part of a frequency lower than 2 mHz and short, intense spike interference
induced by switching off the stack control unit were observed during switching on and off
a water distribution system and pump relays.

The cells were numbered starting from No. 1 at the anode side of the stack. We opted
to investigate two various sets of the cells in-depth: two sections with a high state of health
(No. 2, 4) manifested by high output voltages, and two sections (No. 6, 8) exhibiting lower
output voltage and therefore having a diminished state of health.

3. Experimental Results and Discussion
3.1. Impedance Spectra Measurements

Figure 2 shows the impedance spectra for cells No. 2 and No. 4 at the selected loading
currents. Each measured impedance spectrum has the shape of a flattened semi-circle. The
impedances decreased with an increase in the loading current, as expected for healthy
cells in the considered range of currents. Cell No. 4 was still operating in the ohmic
overpotential region in comparison to cell No. 2, in which we observed a concentration
polarisation region for the highest loading current. This behaviour is related to the limited
diffusion of oxygen into the catalyst layer [30–32].
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Figure 2. Impedance spectra of the power cells for different current loads I: (a) cell No. 2, (b) cell No. 4; the impedance (real
Re and imaginary Im parts) measurements were recorded at frequencies from 0.3 Hz to 2.84 kHz.

Figure 3 shows impedance spectra for the cells with lower states of health (No. 6 and
No. 8) than the samples reported earlier (No. 2 and No. 4) at the same loading currents.
The impedance of cell No. 6 (Figure 3a) changes abnormally when compared to the results
reported for the other tested cells at increasing loading currents. Moreover, some results
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show that the sample was non-stable during the measurements (e.g., at the loading current
I = 16 A—Figure 3a). These results indicate damage to this cell. The damage of this cell
suggests problems with gas transport to the catalyst. This can be caused by poor water
management or ageing of the gas diffusion layer (GDL).
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Figure 3. Impedance spectra of the power cells for different current loads I: (a) cell No. 6, (b) cell No. 8; the impedance (real
Re and imaginary Im parts) measurements were recorded at frequencies from 0.3 Hz to 2.84 kHz.

The impedance spectra recorded for cell No. 8 (Figure 3b) are similar to those recorded
for cells No. 2 and No. 4. We observed an increase of impedance for the highest loading
current I = 32 A. This suggests, analogously to the healthy cells No. 2 and No. 4, that cell
No. 8 was in a region of mass transfer losses for this loading current.

Based on the presented impedance data, we can conclude that cell No. 4 is operating
correctly. Cell No. 6 is practically fully damaged, and cells No. 2 and No. 8 are of an
intermediate state of health—they are working correctly for low loading currents and show
some minor symptoms of dysfunctionality at higher loading currents.

3.2. Low-Frequency Noise Measurements

The recorded voltage time series were subjected to DC component removal by sub-
tracting the estimated mean value. In the next step, the PSD of a random component was
calculated by the fast Fourier transform (FFT) algorithm and averaging (Welch method).

The voltage records contain interference originating from the stack control system.
To avoid the influence of such components on the noise analysis results (high-frequency
components in the estimated PSD), the time series with those components (short voltage
pulses) were rejected from the analysis. Figure 4 shows typical time courses of the voltage
of a cell for a 4 A load with the intense pulses caused by a water distribution system and/or
pump relays. As can be seen, the pulses are identically distributed for different cells.
We rejected those parts of the signal from further analysis. Each record of 4096 samples
was checked for the presence of pulses whose amplitudes were too high by performing
a thresholding operation before the FFT calculation. If short pulses were present, the
record was rejected. The threshold level was selected arbitrarily for each time series and
equalled the standard deviation σ multiplied by a factor of four. We excluded any time
series exhibiting spikes of absolute value greater than 4σ from further processing and
PSD estimation. This operation was not challenging, but we can propose more efficient
variants without excluding the recorded time series from data processing and restraining
the measurement time necessary for noise analysis.
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Figure 4. Voltage time series U(t) observed between the cell’s electrodes at a loading current of 4 A: (a) cell No. 2, (b) cell
No. 8.

The DC values of the voltages across the cell were estimated for each recorded time
series. Figure 5 shows the DC voltages versus loading currents for the investigated cells.
It can be concluded that the voltages dropped similarly for cells No. 2, 4, and 8 when
the loading current increased. Cell No. 6 showed the most flawed behaviour. The initial
voltage, at the lowest loading current of 0.5 A, was about two times lower than for the
other studied cells. At the loading current of 16 A, the voltage reached about 0 V, and at
32 A, it was negative. Therefore, low voltage between the terminals of cell No. 6 at its load
indicates that this cell is of the most inferior quality within the set of studied cells. The
negative voltage at the highest applied load current, which is still far from the maximum
permissible nominal value for this fuel cell stack, is probably caused by damage to the
membrane electrode assembly (MEA) inducing a decrease in the state of health of cell No.
6. It should be noted that the DC voltages of cells No. 8 and 2 are somewhat less intense
than the values for No. 4. The apparent difference is rather subtle and cannot be related to
eventual deterioration within the investigated cells.
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Figure 5. DC voltages U of the studied cells for selected loading currents I.

The estimated PSDs of the voltage noise component show a 1/fα dependence with
the slope α ≈ 2.5 at frequencies below 10 Hz (e.g., Figure 6a,b). Such a shape is typical for
FCs, as reported elsewhere [23]. We observed a similar profile for all studied FCs (Figure 6).
The main difference between two healthy cells (No. 2 and No. 4) was observed at the
highest loading current I = 32 A. Cell No. 2 had about a two times more intense PSD at
the mentioned current than the PSD of cell No. 4. At the same time, lower DC voltages
were observed for cell No. 2 than for No. 4 (Figure 5), but the differences were of lower
intensities than for noise.
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When we compare the results of the noise PSD measurements for cells No. 2 and No.
4 (Figure 6a,b) with the EIS results for both cells (Figure 2) we see that cell No. 2, having
higher impedance (Figure 2a), exhibits a more intense PSD than cell No. 4 (about three
times more intense—Figure 6a,b) at the highest loading current only. The slopes of the PSD
spectra do not change. In addition, based on the impedance results, we can state that the
increase in the PSDs in both cells is related to the mass transfer limitations.

Individual differences between cells No. 2 and No. 4 are also visible by a lower drop of
the DC voltage observed when the loading current I increased for cell No. 4 (Figure 5), and
are related to the lower impedance of this cell (Figure 2b). The impedances decreased with
an increase in the loading current, as is expected for healthy cells in the considered range
of currents. These results correspond with the voltage drop measurements and differences
between both considered cells (Figure 5).

Figure 6c,d present the detailed noise PSDs for cells No. 6 and 8, respectively. The
slope of the PSDs was lower (α ≈ 2.0) for these cells at the loading currents below a
few amperes. It can be supposed that the mechanisms of noise generation under these
conditions for cells No. 6 and 8 are different from the mechanisms responsible for noise
generation for cells No. 2 and 4. Moreover, the same cells (No. 6 and 8) exhibited a faster
increase in the estimated PSD under the same increase in loading currents than for cells
No. 2 and 4 (Figure 6a,b). The most intense flicker noise was observed in cell No. 8 at
the loading current I = 32 A. The PSD for cell No. 8 (Figure 6d) was up to two orders
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of magnitude more intense than for cells No. 2 and 4 (Figure 6a,b). This suggests that
low-frequency noise is susceptible to any changes within the cells’ structures. Moreover,
for cell No. 8, for the loading current I = 16 A, the slope α increased to 2.5. For the highest
loading current I = 32 A, the slope α varies in the consecutive frequency ranges: below
1.25 Hz, α = 2.0; from 1.25 Hz to 10 Hz, α = 3.3; and above 10 Hz, α = 2.0 (Figure 6d). PSDs
with different slopes are also reported in [22]. This phenomenon was related to incorrect
water balance within the PEMFC structure and was observed at higher loading currents
only [23].

The flicker noise observed in cell No. 6 began to increase at lower loading currents
than in cell No. 8. Moreover, the DC voltage between its terminals was significantly lower
and decreased much faster than in the case of cell No. 8 (Figure 5). Thus, cell No. 6 could
be assessed as the most depleted cell within the batch of studied samples. This conclusion
suggests that the intensity of the observed flicker noise is not the only factor that can be
used to determine the state of health of the studied cell. We know that the statistics of
electrochemical noise (e.g., amplitude probability distribution [12]) can determine corrosion
type and can be manifested by changes in the slope of noise PSDs.

It is difficult to unambiguously explain the primary process which determines the
intensity of the flicker noise made in the cell. Numerous experiments should be carried out
while controlling changes in the cells’ operating parameters to create a map of estimated
noise PSDs depending on the relative humidity, operating temperature, loading current,
mass flow, etc. These issues require intense future works. In a simplified approach, it can
be considered that noise is a general predictor of the state of health of power cells. This
approach is essential from a practical point of view because low-frequency noise can be
monitored within the selected frequency range and can provide decisive information about
the power cells. Moreover, the operation of flicker noise measurements at a fixed frequency
bandwidth, and estimation of the averaged PSD at this bandwidth, can be performed by
low-cost and commonly available electronic devices.

Similar results for PEMFCs have been reported elsewhere [23] and were related to
incorrect water management in the fuel cells. They observed the same local changes in
PSD slopes and a less intense increase in the estimated PSDs. The reported experiment [23]
controlled the working conditions of the studied PEMFC by selecting the relative humidity
of the supplied hydrogen and air for its work at given current densities. The mentioned
results showed less intense noise changes than in the presented case because they inves-
tigated the same cell but at different levels of controlled humidity. In the studied stack
and cells, it is not only the various features of water management that can vary. Primarily,
any modifications in the resistance of the cell can affect the intensity of the low-frequency
noise. Thus, noise measurements can be even more efficient for the evaluation of the state
of health of the power cells than in the mentioned literature [23].

Figure 7 gathers noise data for all of the studied cells versus the loading current I
(noise PSDs at the selected frequency of 1 Hz, where low-frequency noise prevails). The
noise in cells No. 6 and No. 8 was more intense than in cells No. 2 and No. 4 at loading
currents over I = 16 A. This effect started at even lower loading currents but was not as high
for cell No. 8. The differences are quite huge and can reach even two orders of magnitude
of the estimated PSDs. This result means that the relative changes in noise intensities are
much more significant than the changes in DC voltage. It implies that noise data have
potential for the early detection of deterioration processes within power cells even if the
measurements are performed during their exploitation. The same conclusions were found
to be true when the noise power spectral densities were selected for a higher frequency
(3 Hz) but still in the range where low-frequency noise dominates.
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Figure 7. Power spectral density Su(f0) of voltage fluctuations recorded between the terminals of the
cell at the given frequency f0 = 1 Hz versus loading current I.

It is worth emphasising that the recorded power spectral densities of noise are far
above the inherent noise of the measurement set-up at the low-frequency range, which is
typically 55 µVRMS in the 20 kHz frequency range. Moreover, its intensity changed in a
different way for the same loading currents for other power cells. These facts confirm that
the observed noise was generated by processes taking place within the power cells.

We can simplify the presented method of noise measurements to estimate the mean
square value of the voltage fluctuations within the selected bandwidth, as proposed in
another application of flicker noise measurements by a simplified set-up based on a low-
cost microcontroller [33]. The simplified measurements can also determine the slope of
the low-frequency noise by selecting only two or three bands and evaluating a quotient of
the estimated mean square values. This simplified method should be sufficient to assess
the slope of 1/f noise which can determine the reasons for the predicted failure of the
monitored fuel cells. It requires an operation of voltage sampling, squaring, and averaging.
A microcontroller can easily perform all of the enumerated functions with limited memory
resources for averaging. The low-frequency range of the observed fluctuations makes this
task easier because of the low sampling frequency. The presented, abridged method can
use the suggested set-up to monitor fuel cells in their operational state.

4. Conclusions

We measured the low-frequency noise generated within the individual cells of a
PEMFC stack at selected loading currents. The noise data were compared with the
impedance spectra and the DC voltages between the terminals of the studied samples
under the same operating conditions. In conclusion, we can assess the state of health
of cells by comparing noise levels between the exemplars and their eventual increase.
Evident diversity was observed between the cells when the loading current was above
8 A. The samples in a poor state of health or damaged were identified by low-frequency
noise at frequencies below only a few Hz. The DC voltage and electrochemical impedance
spectroscopy measurements proved the conclusions drawn from the noise measurements.
This means that noise measurements can assess the state of health of the tested fuel cell
within a minute or so.

PSD noise is more sensitive to any changes within the cell than DC voltage only. PSD
of electrochemical noise (Su(f0) at f0 = 1 Hz) was different between the cells more than
10 times with a sufficiently large current (above 20 A—Figure 7). In contrast, a voltage
between their terminals (Figure 5) or the real part (Re) of their impedance (Figures 2 and 3)
changed less than 2 times. Moreover, we can evaluate the slope of the estimated noise PSDs to
shed light on the deterioration mechanisms in the monitored fuel cells. It is worth mentioning
that the noise was measured directly as voltage fluctuations between the electrodes with no
additional external load or any voltage amplification, during regular operation of the fuel cell
stack. This shows that such measurements can be utilised to assess the state of health of an
individual cell by monitoring voltage fluctuations. A low-cost measurement set-up, based
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on commonly used microcontrollers, can be used to perform the necessary data recording
and processing without any additional equipment or any disturbance of the operation of the
stack. This is possible due to the low frequency of sampling and the ease of mathematical
computing to estimate the PSD in selected frequency bands.

Moreover, the high sensitivity of the generated noise to any disruptions in the state
of health of fuel cells can be very protective to them. Any dangers (e.g., during eventual
overheating) to their operation can be quickly identified and mitigated by adapting their
operating conditions. The proposed approach for fuel cells is novel and has not been
presented before to the best of our knowledge.

It is worth underlining that the selected loading currents are still far from the nominal
currents for the investigated type of PEMFC stack, which are about 100–120 A. When
the DC voltage changes were compared to the PSD changes between the terminals of the
studied fuel cells, it was found that the PSD noise may change by even more than 10 times
for low-quality cells whereas the DC voltage changes much less. This means that the flicker
noise level can be utilised as a perceptive test of the state of health of the power cell stack
when monitored under operating conditions.

We underline that the applied method of noise data processing, as presented in detail
elsewhere [12,34], can be further developed by considering the mechanisms of flicker noise
generation and the methods used for its analysis.
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