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Abstract: In this study, some measurements like the cur-
rent, voltage and hydrogen flow based on the fuel cell
are investigated in spectral-domain as well as their time-
domain representations and then, their spectral proper-
ties are extracted. Besides this, taking the simplified trans-
fer function approach into account, which is defined be-
tween the hydrogen flow and current of the cell as an input-
output pair, more detailed results are obtained. Therefore,
the spectral parts of the fuel cell are put into categories un-
der the impacts coming from the process, measurement cir-
cuits and digitizers. The process noise to be defined at very
small frequencies (<15 Hz) can be explained as the effects
of the various physical and chemical interactions emerg-
ing in the fuel cell. Moreover, this study analysed the spec-
tral characteristics of fuel cells for current, voltage and hy-
drogen flow in detail.

Keywords: hydrogen energy, fuel cell, time-frequency anal-
ysis, spectral analysis, transfer function, noise

1 Introduction

Fuel cells are predicated on electrochemical energy conver-
sion which is a direct conversion from the chemical energy
of the fuel to DC electricity [3]. In this manner, we can op-
erationally describe fuel cells as a DC source [2, 5, 8, 11]. In
many applications, like automotive, the fuel type is hydro-
gen [7, 13]. Here, the basic electrochemical reaction is rep-
resented by the combination of the hydrogen and oxygen
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[4, 10, 12, 22]. According to this description, the fuel cell
generates DC electricity, waste heat and water. Its use in
technological applications is quite significant even though
it is based on a very simple electrochemical reaction. One
of the most important aspects of energy conversion is ef-
ficiency and the cost of generated energy. Today, the fuel
cells are a very promising energy technology when they
are compared with the existing, conventional energy con-
version technologies. Their superiorities over the conven-
tional ones can be listed as:

— High efficiency

— Very low or zero emissions

Simplicity and low cost

No moving parts and relatively long life
Modular structure, Size and weight

— Quiet

In this manner, fuel cells are compact, economical and
very reliable sources to provide clean energy [14].

A Polymer Electrolyte Membrane (PEM) fuel cell con-
sists of flow collectors, water management subsystem, an
anode and a cathode, which is separated by a very thin
membrane. Hydrogen and oxygen gases are respectively
catered to anode and cathode sides through gas flow chan-
nels. Hydrogen molecules are oxidized at the anode to pro-
tons and electrons. Here, the protons pass through the
membrane while the electrons are transferred to the cath-
ode by an external circuit system. Following this process,
the protons and electrons are combined with supplied oxy-
gen to form water as waste [6, 15, 16, 24].

Performance of the PEM fuel cell systems is correlated
with the local water content in the membrane [1, 17]. High
humidity leads to the rise in fuel cell efficiency, and thus,
it precludes cell degradation [9, 20]. Whereas, excessive
damp causes condensed droplets in the flow channels,
and then, it can block the reaction [21]. Also, water formed
at the cathode must quickly leave the cathode to allow oxy-
gen to reach the cathode catalyst layer. Without sufficient
humidification of the membranes, the proton conduction
will not work. To design more stable and efficient systems,
it is desired to identify water content changes during the
operation of the fuel cell [15, 18].
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Table 1: Subsystems of the hydrogen fuel cell system and their components.

Auxiliary subsystems of the hydrogen fuel cell

Subsystems

Components

I. Air supply and control subsystem

Air compressor and expander; Supply manifold; Cathode side of the fuel

cell stack; Return manifold and back pressure control valve.

Il. Fuel supply and control subsystem

Ill. Water management subsystem
IV. Thermal management subsystem

High-pressure fuel tank; Pressure regulator; Supply manifold; Anode side
of the fuel cell stack and purge control valve.
Air/fuel humidifiers or vapor injector and vapor condenser.
Cooling loop for the stack and temperature control for humidifiers and a

radiator.

Mathematical modelling is necessary for improve-
ments in fuel cell performance and operation to get better
design and optimization. In this sense, there are many pub-
lished models for PEM fuel cells in the literature. There are
several approaches to fuel cell modelling related to:

Equations or characteristics of fuel cell models;

Number of dimensions for the models (one or more);

Dynamic or Steady-State;

Anode/Cathode kinetics and phase (Gas, liquid or

their combinations);

Mass transport (such as electrolyte);

6. Membrane Swelling (Empirical or Thermodynamic
models);

7. Energy Balance.
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The main stages of the model-building process are:

— Model selection,
— Model fitting,
— Model validation.

These steps are iteratively used until an appropriate
model for the data has been obtained [14].

In this study, a linear transfer function defined be-
tween the DC electricity and hydrogen flow as a simpli-

fied model is suggested. This method is a rather differ-

ent approach from the given examples above because it

is connected with the signal-based approach. In this man-

ner, this different view-point to the fuel cell modelling may
create some new possibilities like the frequency response
characteristic and stability of the cell.

The organization of this study is based on “Data Acqui-
sition”; “Spectral Analysis” and “Simplified Transfer Func-

tion Approach” as follows.

2 Measurement system and data
acquisition

A hydrogen fuel cell system involves the following four aux-
iliary subsystems like.

Air supply and control subsystem,
Fuel supply and control subsystem,
Water management,

Thermal management subsystem.

These subsystems include some basic components as
shown in Table 1.

These four subsystems have a large effect on the per-
formance of the fuel cell stack as well as efficiency [25].
In the fuel cell stack, 10 single cells are connected in se-
ries. The current is tapped through the current collectors
at the two endplates. And also, a measurement system
connected with the fuel cell system can be represented as
shown in Figure 1.

The computer monitors all system parameters of the
fuel cell system through the RS485 data connections. Also,
the fuel cell parameters are demonstrated in Table 2. Using
this measurement and data acquisition system, the data
such as hydrogen flow, temperature, pressure and power
as well as cell current and voltage are collected and pro-
cessed.

3 Mathematical methods

Regarding the mathematical methods, the approaches
based on Fourier transform are considered as follows.
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Table 2: Fuel cell parameters

DE GRUYTER

Parameter of Fuel Cell

Rated power output

Maximum power output

Open circuit voltage

Current at rated power

Voltage at rated power

Maximum current

Hydrogen consumption during rated output
Hydrogen nominal pressure

Maximum permissible hydrogen pressure
Maximum permissible cell temperature

Supply voltage
Power consumption
Hydrogen connection

40W

Approx.50 W

Approx. 9V

8A

5V

10A

Approx. 580 NmL/min

0.6+0.1 bar gauge

0.4...0.8 bar gauge

Operation 50 C

Starting 45 C

12 VDC

No-load operation 5.2 W at 10 A load current 6.4 W
Swagelok ®quick coupler type

QMm2-s
Ambient operating temperature +5....435C
Dimensions 400x297x200 mm
Weight 3.5 kg
FUEL CELL SYSTEM Fourier Transform (DFT). For a block of data of length N

Ammeater 0 Hydrogen purge
Pressure
dro. regulator
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Air
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Figure 1: Measurement System.

3.1 Power Spectral Density (PSD)

A common approach to get information about the fre-
quency features of a random signal is to transform the sig-
nal to the frequency domain by computing the Discrete

samples, the transform at frequency mAf is given by,

N-1
X(mAf) = Zx(kAt) exp [-j2mkm/N]| 6]
k=0

Here, Af is the frequency resolution and At is the data-
sampling interval. The auto-power spectral density (APSD)
of x(t) is estimated as

Sulf) = + 2 f = maf @

N | X(mAf)

The cross power spectral density (CPSD) between x(t)
and y(t) is estimated in a similar way. The statistical accu-
racy of the prediction in Equation (2) increases as the num-
ber of data points or the number of blocks of data increases
[19, 23].

3.2 Short-Time Fourier Transform

The Short-Time Fourier Transform (STFT) introduced by
Dennis Gabor 1946 has been useful in rendering the time
localization of frequency components of signals. The STFT
spectrum is gained by windowing the signal via a fixed
dimension window. The signal can be thought almost sta-
tionary in this window. The window dimension fixed both
time and frequency resolutions. So as to define the STFT,
we can take a signal x () with the assumption that it is
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stationary when it is windowed through a fixed dimension
window g (t), centred at time location 7. The Fourier trans-
form of the windowed signal yields the STFT [19, 23].

+oo

STFT {x(t)} = X(t,f) = /x(t)g(t - 1) exp[-j2nft]ldt (3)

—o0

The equation maps the signal into a two-dimensional
function in the time-frequency (¢, f) plane. The analysis de-
pends on the chosen window g (t). Once the window g (t)
has been selected, the STFT resolution is fixed over the en-
tire time-frequency plane. In a discrete case, it becomes,

+oco

STFT {x(n)} = X(m,f) = > x(n)gn-m) e7*" (4)
n=—-oco
The magnitude squared of the STFT yields the “spec-
trogram” of the function.

Spectrogram {x(t)} = |X(T,f)‘2 (5)

4 Application to data

In this study, the collected data are provided using the HY-
Expert Fuel Cell System hardware as indicated in Figure 1.
In this manner, the voltage and current variations can be
shown in Figure 2.

As seen in Figure 2, there are periodically some jump-
ing on the current and voltage variations. These are con-
nected with the over peaks in the hydrogen flow. This prop-
erty of the hydrogen flow can be easily observed from Fig-
ure 3.
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Figure 2: Current [A] and Voltage [V] variations of the Fuel Cell Sys-
tem.
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With respect to the ascertainment of frequency charac-
teristics of the fuel cell measurements, the Power Spectral
Density (PSD) calculations, as shown in section 3, can be
assessed for the voltage, current and hydrogen flow varia-
tions. In this sense, spectral changes related to the system
can be described between the 0 and 15 Hz as seen in Fig-
ures 3 and 4. However, noise like effect can be observed
after the 15 Hz for hydrogen flow. In this manner, some fre-
quency components of the spectra, which are greater than
the 15 Hz, can be interpreted as measurement noise.

This is the characteristic of hydrogen feeding pump
as shown in Figure 3. As shown in Figure 6, normal vari-
ation is between 0-15 Hz which is low-frequency region of
the spectrum, but after the frequency of 30 Hz it becomes
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Figure 3: Measurement of the Hydrogen flow.
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Figure 4: Semi-Logarithmic Power Spectral Density (PSD) variation
for voltage measurement.
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Figure 5: Semi-Logarithmic Power Spectral Density (PSD) variation
for current measurement.
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Figure 6: Semi-Logarithmic Power Spectral Density (PSD) variation
for hydrogen flow measurement.

white noise (it is constant) and it doesn’t include any phys-
ical information.

Semi-Logarithmic Power Spectral Density (PSD) vari-
ations for hydrogen flow measurement is provided in Fig-
ure 6, where the total frequency range is between 0-90 Hz
and its spectral band can be classified as below;

i) 0-15 Hz: System response
ii) 15-30 Hz: Transition range from system response to
the White noise region.
iii) 30-40 Hz: mixing with the hydrogen flow and pro-
cess noise.
iv) This is the pure white noise region.
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Figure 8: Spectrogram of the cell current.

It means that the part of (0-15 Hz) is an informative
band and it shows the information that comes from the
interaction between the hydrogen flow and system (fuel-
cell). Hence after roughly 30 Hz this interaction is increas-
ing with process noise, and then the total noise goes to the
white noise between 40 and 90 Hz.

If there is no fuel cell, then it cannot be said the inter-
action between the hydrogen flow and process-noise in the
fuel cell. Hence any information cannot be extracted.

Moreover, for more detailed spectral analysis, if it is
considered the spectrograms for each measurement like
hydrogen flow and current variations. They are shown by
Figure 7 and Figure 8.

As seen in Figure 7, the over peaks in the hydrogen
flows appear on the time-frequency plane. The average fre-
quency value of these peaks at around the 30 Hz and mea-
surement noise begins after the 15 Hz. Frequency region
between the 15 and 90 can be accounted for the noise re-
gion arising from the measurement circuits and digitizers.
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Considering Figure 8, the cell current as DC electric-
ity can be described at around 0 Hz overall time. And also,
there are additional spectral components between the 0-15
Hz as well as the DC component. These frequency compo-
nents can be easily identified from the current variation in
the time-domain. Here, these variations are seen as lobes.
Furthermore, the noise parts that come from the digitizers
are observed between 85 and 90 Hz.

5 Simplified transfer function of
the fuel cell

During this study, considered data are related to the hydro-
gen flow and current measurements. In this sense, spectral
analysis of these data can be used to extract the useful in-
formation regarding the frequency response of the fuel cell.
For this aim, the frequency response or transfer function of
the fuel cell can be described between the cell current and
hydrogen flow measurements under the assumption of lin-
earity. So, this situation can be shown in a most simplified
manner by the following block-diagram.

Noisy DC-Current:
——
Output

Hydrogen Flow:

—p H(jo)

Input

Figure 9: Linear transfer function model of the fuel cell.

Where the transfer function can be given with a ra-

tio defined between the input and output pair in the fre-
quency domain.
Y(jw)
X(jw)
Here X and Y are the Fourier transforms of the input and
output of the fuel cell respectively. However, the transfer
function H(jw) is a complex-valued function, accordingly,
its amplitude is believed to show the magnitude variation.
For this case, the magnitude variation can be defined as,

H(jw) = (6)

|Y(jw)| . PSD {Noisy DC - Current}

[HGw)| = |X(w)|  PSD{Hydrogen Flow}

@

Here symbol || and PSD {.} indicate the magnitude of
a complex-valued function and Power Spectral Density re-
spectively. Hence the plot of the Equation (7) can be shown
by Figure 10.

Where, the magnitude variation of the transfer func-
tion reflects physical, chemical and measurement related
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Figure 10: Magnitude variation of the fuel cell transfer function.

effects of the fuel cell in the frequency domain. These ef-
fects are very suitable with the individual properties of
each data. All detailed results about this matter are given
in the section of concluding remarks as follows.

6 Concluding remarks

This study is based upon spectral analysis of the data
which are collected from the fuel cell in a laboratory
medium. For this purpose, the related data like current,
voltage and hydrogen flow are examined for both of the
amplitude-frequency and time-frequency planes as well
as their time-domain variations. Also, joint information
about the spectral behaviour of the fuel cell is extracted un-
der the linear transfer function approach. In this sense, the
transfer function model of the fuel cell is defined by Equa-
tion (7). The amplitude variation of the transfer function
is used for noise identification on the overall frequency
range.

Here, the most interesting viewpoint is to study the var-
ious noise effects of the fuel cell although its output is in
the DC character. However, some frequency components
on the DC (Direct current) are considered as a noise part
and it is classified under several types.

Consequently, the magnitude variation of the fuel cell
transfer function looks like a high pass filter characteristic
as seen in Figure 10. If so, its corner frequency becomes
at around 15 Hz approximately. Also, spectral components
between 0-15 Hz as seen in Figures 7 and 8 can be inter-
preted as the process noise of the fuel cell. Between 0-15
Hz it is the interaction between H; flow and physical struc-
ture, for this reason, it carries some information about the
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physical system. So, it is accepted as process noise with
small fluctuations.

Finally, the spectral range for this application can be
categorized under three regions, these are listed below:

1. Process noise between 0-15 Hz.
2. Measurement noise between 15-90 Hz.
3. Digitization affects around 90 Hz.

Where, the process noise to have occurred at very
small frequencies ~0-8 Hz (<15 Hz) can be interpreted as
some effects which come from the various physical and
chemical interactions in the fuel cell. These effects can be
represented by fluctuation appeared as results of the mem-
brane swelling, proton exchange and anode/cathode ki-
netics.

As future work, this transfer function approach can be
expanded to the stability studies on the fuel cells.
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