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Abstract—Open cathode proton exchange membrane fuel
cells (OC-PEMFC) are devices that produce electrical energy
through an electrochemical reaction between hydrogen and
oxygen gas. Rapid load changes often lead to fluctuations in the
flow of hydrogen entering the OC-PEMFC system. Increased
load directly correlates with higher hydrogen gas consumption.
However, if there is a delay in adjusting the gas flow rate to
changes in load, it can trigger fluctuations in the amplitude and
frequency of the output voltage. This fluctuation ultimately
disrupts the stability of the power supply to the load, and
reducing efficiency. Therefore, this paper presents a novel
hybrid system that integrates wavelet and clipping techniques to
regulate a more stable hydrogen flow, enhancing efficiency and
accuracy under constant load conditions. A wavelet control
system is used to mitigate noise, coupled with amplitude
limitation through clipping techniques. This control system is
implemented in OC-PEMFC model that is validated with
experimental data. The performance analysis of this hybrid
system reveals a 1.95 % increase in efficiency and attains high
accuracy, as evidenced by a low ISE value of 0.028 during
interference.

Keywords—OC-PEMFC;  Efficiency; Hydrogen Flow
Control; Wavelet; Clipping.
L INTRODUCTION

Fuel cell system generally has the potential to serve as an
energy source for the future due to its environmentally-
friendly characteristics [1][2][3]. It generate electrical energy
by means of a chemical reaction between oxygen and
hydrogen gas [4][5]. Hydrogen, being a renewable energy
source with minimal environmental impact, demands
efficient utilization [6][7][8]. Achieving a higher fuel cell
system efficiency involves managing all sub-systems
optimally [9][10], including the flow of hydrogen gas
[11][12].

The electrical output of a PEM fuel cell relies on the
quantity of hydrogen and oxygen engaging at the electrodes,
generating electricity and water as byproducts [13][14]. The

adjustment of the hydrogen flow rate allows for the regulation
of the power output [15][16][17]. Augmenting the flow rate
will lead to increased power output, whereas reducing the
flow rate will yield a decrease in power output [18][19]. PEM
fuel cell commonly employ a control mechanism that
modulates hydrogen flow in response to power requirements,
ensuring consistent power output and maximizing efficiency
[20][21][22].

Open cathode PEM fuel cells (OC-PEMFC) exhibit the
feature of drawing oxygen into the cathode channel directly
from the air using fans [23][24]. The benefits encompass a
simple design, cost-effectiveness, and minimal parasitic loss
[25], rendering them widely applicable in electric vehicles,
residential, and stationary energy systems [26]. However,
challenges emerge during increased loads, potentially
leading to fluctuation issues [27]. Rapid load changes,
without corresponding adjustments to hydrogen flow, induce
amplitude and frequency variations in the output voltage [28].
Therefore, it is crucial to maintain the stability of the
hydrogen flow to ensure a stable power supply to the load
[29][30].

Numerous studies have investigated fuel cell
performance  through various methods, including
experimentation, theoretical analysis, modeling, and

simulation. These studies reveal that fuel cell efficiency is
significantly impacted by the stability of gas flow, crucial for
achieving optimal performance [31]. Performance
degradation often occurs under load due to a delay in gas flow
rate adjustment [32][33]. Effective management of gas
distribution promotes higher power density and output
voltage stability [34][35][36]. Instabilities in hydrogen gas
supply lead to fuel cell performance deterioration[37]. While
several methods, such as proportional-integral(PI) controller
[22], fuzzy control [38], Hybrid fuzzy PID [39][36], and PI
controller with PSO method [40] have been proposed to
enhance fuel cell performance by regulating hydrogen flow,
they exhibit limitations in highly dynamic systems like fuel
cell generators. The application of PID control faces
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challenges when dealing with non-linear systems RXT i

characterized by high dynamics [41]. Similarly, fuzzy Vaer = — (m) X log (l—L) 3)
0

controllers present difficulties as they can result in
suboptimal control performance, impacting both accuracy
and stability [42].

In this paper, we introduce a hybrid wavelet-clipping
method designed to regulate hydrogen flow in OC-PEMFC.
The primary novelty of this paper resides in introducing a
novel method specifically designed for use in OC-PEMFC.
The proposed method strives to enhance fuel cell efficiency
by refining the accuracy and stability of both hydrogen flow
and voltage output. It achieves this goal through the
application of wavelet transform to reduce noise and clipping
techniques to limit high amplitudes. The control system
integrated into the fuel cell model has undergone validation
using experimental data to ensure model accuracy. The
structure of this paper is as follows: Section II elaborates on
the fuel cell mathematical equations, experimental setup, and
the proposed control system. Section III presents the
experimental results and discussion, while Section IV
concludes this paper.

1L RESEARCH METHODOLOGY

This section presents the mathematical equations relevant
to a fuel cell, as well as the experimental setup used to obtain
analytical results and details the proposed control system.

A. Mathematical Equations of Fuel Cell

Mathematical models for fuel cells encompass both static
and dynamic representations. Static models offer a depiction
of a fuel cell system in a steady state, describing its behavior
under constant operating conditions without accounting for
transient changes or variations over time. On the other hand,
dynamic models incorporate temporal aspects and simulate
changes in the system, such as fluctuations in hydrogen gas
flow and load.

Static model of fuel cell:

Typically, the output of a fuel cell system manifests as
voltage, with its output influenced by various factors that
contribute to voltage drops [43]. Equation (1) describes the
various voltage loss factors, such as activation loss (Vy.),
ohmic loss(Vppmic), and concentration loss(V,,,) [44][45],
that impact the voltage drop in the fuel cell output [46].

Vec = Neeu(Enernst — Vace — Vormic = Veon) (1)

In this case, N represents the total quantity of cells,
amounting to 73 and Ey.,s: represents the reversible electric
potential [47][48], determined using the equation (2).

RT
Enernst = E° + -7 [In(P,,) + 0.51n(R,)) 2)

Here, E° is the reference potential [49]set at 1.229 V, R
denotes the universal gas constant (8.314 J/mol K) [50], T
signifies the fuel cell operating temperature (333 K), and F
represents the Faraday constant (96485 C/mol) [51]. The
voltage drop (V,.;) attributed to activation in both the anode
and cathode [52][53] is computed using equation (3).

Where « is a transfer coefficient set at 0.5, i; represents the
limiting current density at 1.4 A/cm?, and an exchange current
density (iy) is specified as 107-6.912 A/cm?. The ohmic
overpotential represents the loss attributed to the resistance of
cell components [54][55]. The estimation of ohmic losses
(Vonmic) [56] is calculated using Ohm's law.

Vohmic = _(io X T') (4)

The internal resistance () is assigned a value of 0.19 Ohm-
cm?. The voltage drop arising from mass transport effects,
impacting the concentration of reacting gases, is represented
as V.one [571[58]and is calculated using equation (5).

i
Vcon=—a><ik><ln(1—i—o) 5)
l

Where k represents the constant utilization set at the value
1.1.

Dynamic model of fuel cell:

The dynamics of this model rely on the correlation
between the output voltage and the partial pressures of
hydrogen, oxygen, and current. The correlation between the
molar flow of hydrogen gas through the valve and its partial
pressure in the line can be represented as Ky, [59]. Equation
(6) can be employed to calculate K.

qHZ kan
Ku, = PH = (6)
2 ﬁMHZ

The molar constant for the hydrogen valve (Ky,) is
specified as 0.843 mol/s.atm. In this context, the symbol gH,
corresponds to the molar flow of hydrogen, and PH,
represents the partial pressure of hydrogen [60]. Additionally,
MH, stands for the molar mass of hydrogen [61], and K,
represents the anode valve constant. Equation (7) facilitates
the calculation of the reactive hydrogen flow, denoted as gy, .

Neen- Istack _

2K 7
oF r ™)

L —
qu, =

Here, K, represents the modeling constant [62] with a value
of 1.4251x10-6 kmol s A-!.

Ncell

K. =
T 4F

®)

The mathematical equation for the partial pressure of
hydrogen gas, represented by the symbol PH, [63][64] is as
follows:

1

2= 1+ 1tH,s

i 9
PH q}lr; - ZKrIstack) ( )
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Here, I 40 tepresents the stack current. The symbol q,‘};

signifies the input hydrogen flow rate, and TH,denotes the
hydrogen time constant [65] with a value of 3.37 seconds.
The calculation of 7, is determined by the equation (10)
[66][67].

Van
Mz = Ky RT (19)

The symbol V,,, denotes the volume of the anode (m?) [68].
Equation (11) enables the calculation of the partial pressure
of oxygen gas at the cathode of the fuel cell (Py,) [66][67].

1
/Ko,

Py, = —=
02 1+,

ag: — K, I) an

The valve constant for oxygen (Kp,) is 2.52 mol/s.atm, and
the oxygen time constant (7,) has a value of 6.74 seconds.
Equation (12) facilitates the calculation of the molar flow of
hydrogen gas (qy,) [50].

NOI tack

The total fuel cell voltage (Vpc) is computed through the
following equation [69].

Vec = VeeuNcen (13)

Where V,; is the OC-PEMFC stack voltage.

B. Experimental Setup

The experimental setup utilized OC-PEMFC
specifications (Fig. 1 and Fig. 2), featuring cell dimensions
of 34 cm x 7 cm with a thickness of 4 mm and an active area
of 5.5 cm x 29 cm. Despite the fuel cell's maximum power
output capacity of 2.5 kW, the experiment imposed a
restriction, capping the maximum power at 300 W due to
device limitations.

valve valve
soldhoid  solénoid
g@ '[; ;]" _,[;a ne
valve  gas gas flow PEMFC load

regulator

regulator
—»  Measurement

H:O h
unit

Fig. 1. Block diagram of OC-PEMFC testing

Fig. 1 provides a schematic representation of the
experimental setup in this study. The experimental apparatus
included an open cathode type PEM fuel cell, a gas regulator,
a flowmeter, a fan, a DC power supply, a DC load, and
devices for measuring power, current, and voltage.

Hydrogen for the fuel cell was supplied from a
pressurized gas cylinder regulated by a pressure-reducing
regulator that controlled the gas flow rate. The fuel cell's
output was monitored using a DC voltage monitoring tool,
while current and power were measured using corresponding

monitoring tools. Tests were conducted at a minimum
operating temperature of 31°C.

| ocrmmc

PC for
‘:

%

DC power supply

"L

— =

DC Load
regulator

Pressure gas regulator

Fig. 2. Experimental set up of OC-PEMFC

In this experiment, a hydrogen flow of 8 L/min was used
as the input. The initial phase involved heating the OC-
PEMFC for 30 minutes without connecting it to a load. The
stable maximum voltage measured without a load was 76.446
volts. Subsequently, the OC-PEMFC was connected to a load
with a current ranging from 1 A to 10 A, and the results were
observed through a monitoring system. The measured voltage
and current data were utilized to generate a curve, which will
be employed for model validation and to analyze the power
produced by the OC-PEMFC.

C. Control System Structure

The proposed control system creatively combines
clipping and wavelet techniques to manage hydrogen flow in
fuel cells. In the control system, the set point represents a
current serving as both a feedforward input and a reference
for the desired or sustained target value. Feedforward,
integral to the control strategy, directly counteracts
disturbances or alterations impacting the system's output. Fig.
3 illustrates the feedback and feedforward control structures
utilized in this hybrid system. The experimental results
indicate that significant fluctuations emerge when the current
load reaches 6.9 A and beyond. Therefore, for the
implementation of this control system, a setpoint value of 6.9
A is recommended.

Static feedforward

104)
Open cathode  |_, DC
PEM fuel cell Load

= RGO

Current feedback (A) ‘

Wavelet

Clipping

Fig. 3. Control system structure

Matlab Simulink was utilized to create both static and
dynamic models based on the mathematical equations of fuel
cells. These models simulate OC-PEMFC, illustrating the
relationship between output voltage and the partial pressures
of hydrogen and oxygen. Following that, the control system
is implemented within the OC-PEMFC model, which was
constructed using Matlab software, illustrated in Fig. 4. The
simulation model, constructed using Matlab Simulink, is
derived from general fuel cell mathematical equations and
subsequently validated with experimental data to ensure its
accuracy.
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Fig. 4. Simulation model of OC-PEMFC

D. Wavelet Controller

In control systems, signals often contain noise that can
affect the performance of the system. Generally, wavelet can
be employed for signal denoising by thresholding the detail
coefficients [70]. High-frequency noise is often concentrated
in the detail coefficients, and by setting small coefficients to
zero, the noise can be effectively removed [71]. In this study,
biorthogonal Cohen-Daubechies-Feauveau 5/3 (CDF 5/3)
wavelets were chosen for their advantageous characteristics,
which include the absence of overshoot, a well-balanced
frequency response, and minimal delay time [72]. These
wavelets are commonly applied in signal processing and
image compression [73][74]. Biorthogonal wavelets utilize
distinct functions for decomposition (analysis) and
reconstruction (synthesis) [75]. The 5 denotes the number of
coefficients utilized in both the analysis and synthesis filters,
while 3 signifies the number of vanishing moments,
influencing the wavelet's smoothness [63]. The analysis and
synthesis sequences for CDF 5/3 are provided below.
Analysis filters:

h(z) = —éz‘2+%z-1+2+%zl—%z2 (14)
g(z)=—%z'1+1—%z1 (15)

Synthesis filters:
h(z) =%Z_1+1+%Zl (16)

The following mathematical equation showcases the
assessment of repeatability for both the low-pass and high-
pass analysis filters within a 5/3 CDF, accounting for the
high-pass filter's shift by z™!.

1 1 3 1 1
_ _t o2, 1,2, 1 1.2
h(Z)_ 8Z +4Z +4+4Z 82 (18)
P = (g g kg =gt (19)
The predict step's coefficientis @ = —1/2, while for the

update step, it's f§ = —1/4. Both steps employ the floor
function to ensure an integer-to-integer transformation in
their equations. Fig. 5 visually depicts the application of the

forward CDF 5/3 Discrete Wavelet Transform (DWT) using
the lifting scheme.

Fig. 5. CDF 5/3 DWT structure using lifting scheme

E. Clipping Technique

The clipping technique functions by constraining
amplitude spikes and omitting signal amplitudes beyond a
specified threshold [76][77]. This becomes important
because using a filter might cause the return of high
amplitudes. In mathematical terms, the clipping operation
clip (x,a, b) for a given value x is expressed as:

a ifx<a
x ifas<x<bh
b ifx>b

clip(x,a,b) = (20)

Where, x is the input signal. a is the lower limit of the range.
b is the upper limit of the range.

I11. RESULTS AND DISCUSSION

A. Fluctuation Findings from Experiments

Fluctuations were noted when applying a 7A current load,
although, in reality, the maximum measured current is 6.9 A.
Fig. 6 illustrates fluctuations in the load current, ranging from
a lower limit of 6.7 A to an upper limit of 6.9 A.

7
<
= 6.9
o
268
35
© 67
0 50 100 150

Time(s)

Fig. 6. Fluctuations in load current

The fuel cell output voltage exhibits greater stability at
lower current loads, but as the load increases to 7 A,
fluctuations in the fuel cell output voltage become apparent
can be seen in Fig. 7.

34.08
34.06
34.04

34.02
0 50 100 150

Output voltage (V)

Time (s)

Fig. 7. Fluctuations in output voltage
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The variations in output voltage also induce instability in
output power, depicted in Fig. 8, with power fluctuating
between 229.3 W and 235.3 W.

236
234
232
230

228
0 50 100 150

Time(s)

Power (W)

Fig. 8. Fluctuations in output power

B. Validation Fuel Cell Model

Validation involves comparing averaged data from
experiments with simulation models. The fuel cell voltage
output is measured while gradually increasing the load
current from 1 A to 10 A, resulting in the curve depicted in
Fig. 9.

60

>
kot
&n 40
&
9 20 experimental data
= = Simulation data
&
5 0
0 15

5 10
Current load (A)

Fig. 9. Experimental and simulation comparison curve for current vs. voltage

In Fig. 9 and Fig. 10, showcasing curves derived from a
consistent hydrogen flow input of 8 L/min, the maximum
power achieved in experimentation reaches 2524 W,
whereas simulation records a maximum of 260.5 W.

300

=200

(e

5 Experimental data
2
o)
a

100

0 15

5 10
Current(A)

Fig. 10. Experimental and simulation comparison curve for current vs.
power

Subsequently, the model is validated using experimental
data through the application of equation (21). The equation
can compute the relative error (R) between simulation results
(V;) and experimental data (V,)[26].

A
v,

R @21

As per Equation (21), the relative error computed for Fig. 8
stands at 1.8%, and for Fig. 9, it's 1.9%. These findings
indicate the fuel cell model's suitability for application

C. Wavelet Clipping Performance Analysis Results

The simulation set point value is set at 6.9 A, aligning
with the experimental findings where notable fluctuations
commenced. This current is utilized as input in equation (12)
to convert it into the hydrogen flow. Subsequently, the fuel
cell model employed wavelet clipping. In Fig. 11, the
controlled signal contrasts with an uncontrolled signal,
demonstrating hydrogen flow fluctuations in the uncontrolled
signal, which are stabilized using the proposed method.

o
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{2}
]
S 76
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7.4 - L
Time (sec)
P or
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E
Ses ]
3
= 8
o
[5]
o
2 7.5
]
=
T
7 . \ \ . . . . \ \ .
10 20 30 40 50 60 70 80 90 100
Time (sec)

Fig. 11. Comparison of controlled and uncontrolled hydrogen flow

Fig. 11 illustrates the successful application of the
wavelet clipping method in stabilizing the hydrogen flow by
mitigating uncontrolled fluctuations. Consequently, the
hydrogen flow stabilizes at 8.02 L/min, closely approaching
the target value of 8 L/min. This indicates a minor deviation
between the target and actual values.

The stability of the hydrogen flow directly influences the
stability of the output voltage, as depicted in Fig. 12, where
the voltage remains stable at 34.704 V. Fuel cell efficiency
can be computed using the equation (22) [78].

34.82 f f

Voltage (V)

Time (8)

Fig. 12. Output voltage response

Vcell

Nstack = 1.482

x 100% (22)

By employing equation (22), the average fuel cell efficiency
is calculated as 31.5% before the implementation of the
wavelet clipping method, as indicated by the graphical data
in Fig. 5. Subsequently, after the application of the proposed
method, the efficiency shows improvement, reaching 32.1%.

Integral Square Error (ISE) is employed to gauge the
cumulative square error between the setpoint and the actual
current [79][80]. The Integral Square Error (ISE) serves as an
indicator of the accuracy of the control system, with a smaller
value signifying higher accuracy.
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ISE = f w(e(t))zdt (23)
0

Utilizing Equation (23), the calculated ISE value is 0.028.
This calculation involves comparing the setpoint value (6.9
A) with the actual current value (6.953 A) (the graph for the
current response output results can be seen in Fig. 13).

6.96 F T f T T

695
6.04
<ommh

T
Seomf

Ogorf

Fig. 13. Output current response

Iv. CONCLUSION

The combined wavelet clipping control aims to enhance
fuel cell efficiency by ensuring a consistent hydrogen flow
under a constant load. This approach is applied to a validated
fuel cell model using experimental data, intending to
minimize both noise and high amplitude. The key findings
from this study are summarized as; 1) The research findings
indicate that fluctuations prevent the hydrogen flow into the
fuel cell from reaching the target of 8 L/min. Nevertheless,
upon implementing the proposed control system, the
hydrogen flow stabilizes at 8.02 L/min, with a marginal 0.02
L/min error between the actual and target values. 2) Further
investigations reveal that fluctuations in hydrogen flow
significantly impact both fuel cell output voltage and
efficiency. By mitigating these fluctuations, the fuel cell's
efficiency improves from 31.5% to 32.1%, accompanied by a
1.95% increase in output voltage. 3) The evaluation of the
proposed control system demonstrates its high accuracy, as
evidenced by the low ISE value of 0.028.

In future work, we aim to enhance the performance of
Open Cathode PEM fuel cells by incorporating MIMO
control techniques to regulate the balance between oxygen
and hydrogen flows. The effectiveness of the control is
validated through experimental verification for robust
performance.
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