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This study addresses the need for intelligent management in integrated hydrogen energy systems by designing
and validating a cost-effective analog control system for a proton exchange membrane (PEM) fuel cell stack
powered by a PEM electrolyzer. The work first characterizes a commercial GL-200 electrolyzer, establishing a
baseline hydrogen production rate of 210 ml/min at 185 kPa with an efficiency of 33.7-42.7%. The evaluation of
its standard timer-based controller reveals critical limitations: a lack of real-time monitoring and a fixed exhaust
cycle that induces voltage fluctuations exceeding 7 V under dynamic load. To overcome these issues, a novel
analog controller was developed. The core optimization goal of this controller is to ensure stable and safe
operational control of the integrated PEM fuel cell stack under dynamic conditions, with a primary focus on
preventing voltage instability through adaptive purge cycle management. This system employs dedicated sensors
to continuously monitor stack voltage, temperature, and pressure. Its key innovation is a pressure-triggered
exhaust valve activation (at 200 kPa), which replaces the inflexible fixed-timer logic to achieve this goal. This
results in significantly more stable and safer operation, maintaining a consistent stack output voltage of 10.5 V. A
major advantage is the dramatic reduction in unit cost; the prototype controller is fabricated for under MYR 200,
representing an approximately 18-fold reduction compared to the commercial benchmark. While the current
prototype requires an external low-voltage power source, this work demonstrates a pivotal step towards viable,
intelligent control for small-scale, renewable hydrogen-based power systems.

1. Introduction membrane (PEM) electrolysis stands out due to its high efficiency, high-

purity output, compact design, and operational flexibility at high cur-

Electrolysis offers an efficient and sustainable pathway for green
hydrogen production, producing only oxygen as a by-product. Unlike
conventional steam methane reforming, which emits CO, [1], electrol-
ysis powered by renewables provides a cleaner alternative [2-4].
However, the widespread adoption and scalability of this technology
remain hindered by persistent economic and technical barriers, with
control systems for dynamic operation under variable power being a key
challenge [5,6]

Among available electrolysis technologies, proton exchange

rent densities [7,8]. The use of a solid proton-conducting membrane
allows high-pressure operation with low gas permeability, making it
ideal for integration with renewable energy sources. Continuous
research efforts aim to further enhance these characteristics, with recent
reviews highlighting advances in catalyst development, novel proton
exchange membranes, and improved gas diffusion layers aimed at
increasing efficiency, durability, and cost-effectiveness. However,
advanced control strategies are essential to address key operational
challenges such as thermal regulation, water management, membrane
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hydration, process safety and dynamic electrical response under fluc-
tuating power conditions [9]. Bakir and Agbulut [10] develops a novel
arctic puffin optimization based on quasi-opposition-based learning and
dynamic fitness-distance balance for more efficient design, operation,
and control of PEMFC systems. Qi et al. [11] study proposes a
multi-wavy channels flow field design with a stretch factor to achieve
progressive flow oscillation for synergistic optimization of mass transfer
and water management that integrates a 3D Multiphysics PEMFC model
with a neural network-NSGA-II (Non-dominated Sorting Genetic Algo-
rithm II) optimization framework. Similarly, recent work demonstrates
the application of advanced metaheuristic algorithms, such as the
Improved Coot Optimizer, for optimizing PEMFC operating parameters
to stabilize voltage output under varying load conditions, underscoring
the critical role of intelligent control.

To address these challenges, most research has focused on sophisti-
cated control and modelling strategies. For instance, advanced control-
oriented strategies like cascade internal model control have been
developed to manage thermal dynamics under varying loads [12,13].
Concurrently, novel modelling approaches utilizing functions like the
g-function combined with self-adaptive differential evolution algo-
rithms offer improved accuracy and numerical stability for control sys-
tem design. Furthermore, nonlinear control strategies, such as Feedback
Linearization-based Adaptive Sliding Mode Controllers, have been pro-
posed for the precise, coordinated management of anode and cathode
gas pressures [14].

However, these sophisticated digital and model-based strategies
often involve complexity and cost that are prohibitive for small-scale,
research-focused, or portable integrated energy systems. This creates a
clear and pertinent gap in the literature: a lack of validated, ultra-low-
cost, and hardware-reliant analog control solutions where simplicity,
reliability, and affordability are paramount. To address this gap, this
study aims to develop and validate a novel, low-cost analog control
framework for a small-scale, integrated PEM fuel cell system. The core
objective is to design, prototype, and test a new fuel cell (FC) controller
that prioritizes cost-effectiveness and hardware-based reliability. This
controller features integrated real-time monitoring of voltage, temper-
ature, and pressure via analog sensors, offering a significant functional
and economic advantage over typical commercial units.

To this end, a compact GL-200 Hydrogen Generator System (100W
input, 30W fuel cell) was selected as the experimental platform. Given
these control challenges, the scope of this study employs a compact GL-
200 Hydrogen Generator System (100W input, 30W fuel cell) to
experimentally characterize PEM electrolyzer performance and evaluate
control system functionality under realistic operational conditions. The
core optimization goal of the developed analog controller is to ensure
stable and safe operational control of the integrated PEM fuel cell stack
under dynamic conditions, with a primary focus on preventing voltage
instability through adaptive purge cycle management. This study aims
to fill the gap of establishing an accurate and simple methodology on
evaluating the performance of a procurable hydrogen generator in the
current market. The study further aims to develop an optimized new FC
control framework to address critical gaps in PEM-based electrolysis
systems for sustainable hydrogen production. The new FC controller
design, fabrication and experimental validation of a novel control sys-
tem for PEM fuel cells includes features with improved functionality in
integrated real-time system monitoring and diagnostics voltage, tem-
perature, and pressure monitoring via analog input, offers significant
advantages over typical commercial-supplied controllers. Another sig-
nificant advantage for the new FC controller compared against the
commercially-supply controller is its low-cost and can be customized for
any low powered FC.

Currently, the hydrogen generator industry features various range of
manufacturers that are competing in the global market. A few manu-
facturers currently operating in the hydrogen generator industry market
are Parker Hannifin, PEAK Scientific, Shandong Saikesaisi Hydrogen
Energy, LNI Swissgas, Tianjin Hyvoda Hydrogen Energy Technology.
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Manufacturers such as LNI Swissgas [15], PEAK Scientific [16], Parker
Hannifin [17] and Shandong Saikesaisi [18] provide compact
high-purity PEM electrolyzers suitable for laboratory and research ap-
plications. These hydrogen generators operate with volume flow rates
between 160 mL/min and 500 mL/min, depending on the model
selected. Additionally, these units produce ultra-high purity hydrogen,
exceeding 99.999% for sensitive applications. Tianjin Hyvoda Hydrogen
Energy [19] supplies hydrogen generators designed to meet demands of
the petroleum, electronics, medical and chemical energy sectors. This
focus on research and specialized industrial applications occurs along-
side a significant push for large-scale commercialization, with major
industry players like Bosch scaling up PEM electrolyzer production to
the gigawatt level, supported by strong global market growth forecasts.

Furthermore, while commercial controllers are essential and effec-
tive for many applications, studies show that traditional control
methods can have limitations under highly dynamic operating condi-
tions, such as those involving variable renewable inputs [20]. These
limitations can relate to handling multiple, simultaneous parameter
fluctuations which are critical for efficiency and longevity. Our work
therefore focuses on developing a cost-effective analog control solution
tailored to address these specific challenges in small-scale, integrated
systems, filling a niche where advanced functionality is needed but
complex digital controllers may be cost-prohibitive.

The GL-200 employed in this study is positioned as a mid-range,
research-grade unit. The comparison focuses on key operational pa-
rameters relevant to integrated system design: hydrogen production
rate, output pressure, typical efficiency, and intended application scope
- the summary of which is provided below for the readers’ convenience.

e GL-200 (This Study): 210 ml/min, 185 kPa, 33.7-42.7% efficiency
(LHV), research & demonstration systems.

e Typical Lab Generators (e.g., PEAK Scientific): 160-500 ml/min,
100-200 kPa, >99.999% purity, analytical instrumentation.

e High-Pressure/High-Capacity Units (e.g., Nel, H-TEC): >1 L/min, up
to 30+ bar, >65% efficiency (LHV), energy storage, refuelling.

Consequently, this study aims to.

(1) Experimentally characterize the overall performance of the GL-
200 PEM electrolyzer system under varying operational
conditions.

(2) Evaluate the functionality and limitations of its existing timer-
based control system in managing dynamic operation.

(3) Design, prototype, and validate a novel analog FC controller.

The key innovation of this controller is the replacement of inflexible
timer-based purge logic with a sensor-driven, pressure-triggered valve
activation (at 200 kPa), enabling adaptive control based on actual sys-
tem state. This approach offers a blueprint for radically affordable,
intelligent control in small-scale renewable hydrogen systems.

2. Methodology

2.1. Operational principles of hydrogen generator 100 W GL -200 and the
incorporation of a new fuel cell controller

The Hydrogen Generator GL — 200 manufactured by Shandong Sai-
kesaisi Hydrogen Energy Co. operates like a typical electrolyzer. It uses
deionized water for electrolysis. The system can produce a 99.999% or
above purity of hydrogen gas [18]. The schematic diagram of the GL-200
Hydrogen Generator (without fuel cell) is given in Supplementary Ma-
terial, Fig. Al. Fig. A2 shows the full assembly of Hydrogen Generator
with a 30 W Fuel Cell. Fig. A3 is the close-up look of the Fuel Cell as-
sembly (before introducing new FC controller). The operation parame-
ters of the hydrogen generator and the fuel cell are given in
Supplementary Material, Table Al and Table A2, respectively. While the
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overall system exhibits good performance, however, the control sub-
system exhibits a limitation in temperature and pressure monitoring
functionality. Specifically, the FC controller is preset to activate the
exhaust valve at 5 s and terminate the output supply of the FC at 10 s.
Subsequently, the operational sequence repeats itself.

2.1.1. New fuel cell controller design

In the present study, a new FC controller assembly is thus designed
and built. Therefore, the new overall system can be drawn up sche-
matically as in Fig. 1(a). The new FC controller design specifically
identified as: (Automated Voltage-Temperature Monitoring and
Pressure-Based Valve Control System using Analog Voltage Input) con-
sists of an Arduino Uno, Liquid Crystal Display (LCD), voltage sensor,
temperature sensor, pressure transducer and an analog pressure gauge,
Fig. 1(b) and (c) respectively. Fig. 2 is the flowchart of the new FC
controller. It describes the process flow of the new FC controller. See
Table 1 for the detailed component list and specifications.

The schematic diagram, Fig. 1(b) represents a new smart hydrogen
FC management system integrated with voltage, temperature and
pressure monitoring, exhaust valve control-regulation and display
function. The system begins with hydrogen input into the FC. The
voltage sensor will monitor the voltage output of the FC. If the voltage
output is below 8.4 V, the Green Indicator will not be activated. The 8.4
V FC output is the minimum safe-operating voltage. If the output is
lower, the FC needs to be inspected for malfunction. The temperature
monitoring system will measure the current temperature of the FC. If the
temperature of the FC is above or equal to 40 °C which is approximately
80% of the optimal temperature, a Red LED will be activated to notify
the operator for the increase of temperature. The optimal commercial
temperature of the FC is below 55 °C. For pressure monitoring, if the
hydrogen pressure exceeds the set threshold of 200 kPa, which is 50% of
the system's operational pressure, the controller will send a signal to
activate the exhaust valve. The exhaust valve, once activated, will allow
the excess hydrogen to exit safely. This will ensure that pressure levels
within the system are safe and will prevent damage to the whole system.
The new FC controller also incorporates an LCD Display module that
provides operational data on all the monitored parameters. The display
provides voltage output and temperature of the FC, pressure inside the
system and the valve condition i.e whether the exhaust valve is open or
closed.

2.2. Mathematical governing equations

2.2.1. Hydrogen production water electrolysis

If voltage greater than 1.23V is applied to the cell, the necessary
Gibbs free energy (AG3q, = 237 kJ /mol) is supplied and the water is
split with the integration of thermal energy from the environment [8,
21]. The cathode (negative terminal) produces hydrogen, while the
anode (positive terminal) produces oxygen according to the following
reactions:

Anode : H20—>%Oz+2e’ + 2H" (D

Cathode : 2H" + 2e”—H, 2
1 kJ

Sum : H,O0 — -0, + H, | AH)g, =286 —— 3)
2 mol

The cell's efficiency, .y 5y EQ. (4), can be determined by [8],

1.23Vv
Neell LHV = B ; G
cel

where,
E_ .y is the cell voltage.
Overall reactions of the electrolysis cell (Eq. (3)) provided the
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required stoichiometric coefficients for the products and reactant used
in Eq. (5). The sign convention is positive for products and negative for
reactants with analogous definitions for AB, AC and AD. Data for the
constants A, B, C and D are thermodynamic properties and are repro-
duced in Table 2.

1
AA = Ay, + A0, — Aso 5)
The model uses the specific heat capacity of water and gases in the
ideal state to determine the standard Gibbs free energy of reaction, AG®,
i.e., Eq. (6),

AGS — AHS AH? 1 [TAC TACS dT
AG°=RT|—&—204—_ 0, _ | ““Pqr_ [ 2 __ 6
RT, +RT+T/T R /T R T} ©®

0 0

where AHj and AG] are the standard enthalpy and Gibbs energy of
formation of liquid water, respectively, at reference temperature Ty. The
integrals of Eq. (6) consider the temperature dependency of the heat
capacities of the products and reactants and are reduced to Eq. (7) and
Eq. (8),

T
/ ACSdT = (AA)To(z — 1) +%T§(12 -1) +%CTS (*-1)
To

AD (7-1
+T—O< . ) @
TACY dT ., AD)\ (t+1
ABT, + ACTO-&-W < 5 )

. R T AAlnz +

T - is reaction temperature (K),

Ty — reference temperature (298 K)

R — universal gas constant (8.314 J mol ! K’l)

tau, 7 — defined as 7 = T/Ty

The simplified version of Gibbs Energy Equation by Anwar et al. [22]
and Chisholm and Cronin [23] can be observed in Eq. (9). The minimum
requirement of water decomposition voltage as a function of tempera-
ture and pressure is defined by Gibbs free energy [22].

-1 @

AG=AH — TAS (C)]

AG = Gibbs free energy of water formation, kJ/mol

AH = Enthalpy charge of water formation,

TAS = Entropy changes of water formation (multiplied by temper-
ature, T).

The equilibrium cell voltage Eeq is determined by the Gibbs free
energy as shown in Eq. (10).

AG= — nFEeq (10)

Where,

n - number of moles of electron transferred,

F - Faraday's constant and

Eeq - the equilibrium voltage.

Considering water dissociation, n, the number of moles of electron
transfer in the reaction is 2e-, and the value of F is 96,485 C/mol. At the
standard temperature of (25°C) and pressure (1 atm) condition, AG =
274.2 kJ/mol and Eeq = 1.23V and the current efficiency is 100% [22].
At standard temperature and pressure (STP, 25 °C, latm) Gibbs free
energy of formation is defined as the point of zero energy and is used to
calculate the change in energy of a system. The reversible (i.e., the
minimum) voltage required to electrolyze water into hydrogen and ox-
ygen is determined can also be determined as, Eq. (11).

_AG°

0= oF an

E, — the theoretical minimum reversible voltage of a cell
z — the number of electrons (2) taking part in the reaction
Actual voltage (V) required to decompose water at any significant
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Fig. 2. Flowchart of an Automated Voltage-Temperature Monitoring and Pressure-Based Valve Control System using Analog Voltage Input.

Table 1
New fuel cell controller components of automated voltage-temperature moni-
toring and pressure-based valve control system using analog input.

Components Specifications
Controller Arduino Uno
Analog Pressure Unijin Pressure Gauge 150 psi
Gauge
LCD Soldered Serial 12C LCD 16x2 20x4 IIC Twi Spi for Arduino

Green/Blue 1602 2004
Pressure Sensor SPB DC5V 1/8NPT 6
Temperature Sensor ~ DS18B20
Voltage Sensor 25V

Table 2
Constants for heat capacities of gases in ideal state and liquid water. (Harrison
and Levene, 2008).

A B C D
H, 3.249 0.422x107° 0 0.083x10°
0, 3.639 0.506x102 0 —0.227x10°
H,0 8.712 1.25x107°2 —0.18x107° 0

rate will require V. be greater than E,. The difference between the
voltages is known as overpotential, polarization or simply losses [8].

Nernst potential (V) of Eq. (12).
P Hzp (13/22>

RT
V,,—Eo+2Fln< (12)

Py,0
Py,, Po, and Py, represent the partial pressures of hydrogen, oxygen
and water.
Partial pressure of water in Eq. (13).

T.
Py,0=610.78 exp {

T 3383 (17.2694)} (13)

T. — temperature into the stack in °C.
The partial pressure of hydrogen and oxygen, can be determined

using measurements from the stack cathode and anode, Eq. (14) and Eq.
(15).

Py, =P¢c — Py,o 14)

Po, =Ps — Py,0 (15)

Pc— experimental pressure (atm) of the cathode
P,- experimental pressure (atm) of the anode

2.2.2. Ohmic losses of electrolysis

Ohmic losses occur because of resistance to the flow of ions in the
solid electrolyte and resistance to flow of electrons through the electrode
materials. The ohmic overpotential, 7, of Eq. (16) [8],

Q.
Ny = - i (16)
where,
i - function of the stack current density,
¢ - the membrane thickness, and
o - the conductivity of the stake.

2.2.3. Electrolyzer efficiency

Electrolyzer efficiency 7, is the efficiency of the hydrolysis reaction
at constant temperature and pressure [24]. The electrolyzer efficiency
Eq. (17),

N = Nily (17)

where,
n, - voltage efficiency and
n; - current efficiency.
The current efficiency Eq. (18), also known as Faraday efficiency,
can be expressed as:
0.09 75.5

n;=965e 1 I 18

where I is the stack current of the electrolyzer.
Voltage efficiency Eq. (19), is the ratio between the theoretical
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decomposition voltage of water and the actual decomposition voltage,
which can be expressed as:

1y = (Un / Ua) ¥100% (19)

where,

Uy, - theoretical decomposition voltage, which is 1.482 V and

Uy - actual decomposition voltage.

The input power of the electrolyzer P, is related to the electrolyzer
current [ as follows

P el — UelI (20)
2.2.4. Fuel cell

2.2.4.1. Fuel cell Governing equation. Hydrogen can react with oxygen
to release electric energy and heat according to the inverse process of the
electrolysis of water. The FCs consist of two electrodes where the elec-
trochemical reactions take place, an electrolyte ensuring the transfer of
ions and a membrane separating the cathode portion of the anodic part
of the cell [25].

Anode : 2H, — 4e + 4H" 21D

Cathode : O, + 4e +4H"™ — 2H,0 + heat (22)

Yunez-Cano et al. [26] derived equations on proton exchange
membrane fuel cell (PEMFC) on stack efficiency (1), Eq. (23).

Npc = €FC / Enn, (23)

which egc is the produced energy by FC, Eq. (24).
erc =IrcVrct @4

where,

t operating time,

Irc current produced and

V¢ total potential produced of the stack.

The efficiency (1 and 5jppy) depends on the density power of the
monocell (W/cm?) and their respective extrapolation equations. The
size parameter (F;,.), Eq. (25).

Fiize = Ae.Nigqck (25)

where,
Ae geometric area of the electrode and
Nk number of cells in the stack.
The maximum power from the stack, P,,_gqk Eq. (26).

Pm_xtack = (Pm_cell) (inze) (26)

where,
P,,_cen monocell maximum power and
Fiize the size parameter.

2.2.4.2. Fuel cell hydrogen consumption. The hydrogen flow and oxygen
consumed by a FC is directly proportional to the current delivered.
Energy efficiency varies between 65% when the current density is zero
and 34% when the voltage limits at 0.5V [25].

_ NxI
“nxFxny

N x Ip

F, b
o nxFxng

and Fy, = 27)

Fy, is the hydrogen flow consumed by the fuel cell (mol/s),

Fo, is oxygen flow consumed by the FC (mol/s),

N is the number of cells in the FC,

ng is Faraday efficiency, this efficiency is generally very close to 1,
n is the number of electron exchange (n = 2 for Hy, n = 4 for Oy).
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2.3. Sensor calibration equations

Arduino Uno uses a 10-bit Analog to Digital Converter (ADC), which
converts analog input voltages into digital values in the range of 0 to
1023, with O representing OV and 1023 representing 5.0V. The infor-
mation from Table 3 for the pressure transducer will be applied for Eq.
(28).

Sensor voltage V;, can be estimated as in Eq. (28).

_ adcgy X 5

= (28)
: adcresulution

where,
adcresoiion Analog to Digital Converter resolution is 1023 and
adcrqy — raw data (ADC) read from pressure transducer.
The calibrated pressure (Eq. (29)) in psi, ppsi

Vs - Vmin

Dpsi = Vo X Dpsimax (29)

ax — Vmin
where,

Vmin minimum voltage of sensor reading,

Vmax maximum voltage of sensor reading and

Dpsine: Maximum sensor reading in psi.

To convert the pressure value from psi into kPa, pyq, Eq. (30).

Dipa = 6.89476 X ppgi (30)
2.4. Energy management

The energy balance system can be described as, Eq. (31).

Eyy —Eoue = AE (31D

where,
E;, energy in,
E,y energy out and
AE change of energy.
By applying Eq. (31) into our system, we can derive Eq. (32).

Ein=Eou + AE (32)
Convert energy into power and we can come up with Eq. (33).

Py =Poye + AP (33)

where,

P;;, power in,

P, power out and

AP change of power.

Derived Eq. (33) into our system, which (Py:+AP) can be
substituted into, power for electrolysis and power of the system to
activate the hydrogen generator, Eq. (34).

Py =Py + Phgen:operate (34)
where,

Prgen-operate minimum power needed for hydrogen generator to oper-
ate.

Table 3
Technical information of pressure transducer transmitter sensor.

Sensor SPB DC5V 1/8NPT 6

Specifications ~ Oil Air Water

Input 0 - 100 psi

Output 0.5V ~4.5V linear voltage output. 0 psi outputs, 0.5V, 50 psi

outputs 2.5V, 100 psi outputs 4.5V.

Accuracy Within 2% of reading (full scale)
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2.5. Mathematical equations derived from experimental results

To calculate the overall efficiency of hydrogen generator, the volume
flowrate V, is first determined by Eq. (35).
.V
V=— (35)
t
where,
V volume in L and t time.
Molar volume, can be determined from Eq. 36

Vm:V'"’1><ﬁ

(36)
where,

Standard conditions, temperature, T° (1 atm, 273.15K),

molar volume of an ideal gas is V3, = 22.414 1/mol and

T is lab temperature.

S

The molar flow rate, n, <’“—°l> Eq. (37).

Using Gibbs free energy of water electrolysis, which is 237 kJ/mol
for hydrogen production, P;4q can determined, Eq. (38).

Pigeat =1 X AG (38)

The actual power requirement of the electrolysis depends on the
efficiency (1,), Eq. (49) Eq. (39).

P ideal

= (39)
& P actual
P;

Pocryal = —dedl (40)

el

Using this value, we can determine the minimum power that can be
used to operate the hydrogen generator by taking account of the actual
power needed for electrolysis and energy losses [8] when the efficiency
is at the lowest, Eq. (41) and Eq. (42) can be derived.

Pin = Priin + Py—ss% (41)
Pmin :Pm - Pv:SS% (42)
where,

P.in power needed to activate the system,

P;, operating power input for the whole system and

Py, — s59%; power needed for electrolysis at 55% efficiency.

Using power at 84% efficiency, we can determine the minimum
power needed for the hydrogen generator to operate, Eq. (43).

Phgen:opemte :Pn:84% + Prin (43)

where,
P,_g4y, actual power at 84% efficiency.
Apply Eq. (43) for experimental data in .Section 3.1.

P=Vl (44)
where,

Vexp voltage from FC experimental data and
I = 3.6 A taken from Table A2.

2.6. Integrated system modeling framework

A detailed system-level mathematical model was developed to pro-
vide a rigorous foundation for this study. This model, comprising
interrelated equations for electrochemical kinetics, thermodynamics,
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mass transport, and energy balance, is not merely background theory
but serves as the cornerstone for analysis and design.
This framework fulfils three critical and distinct roles.

1. Establishing a Scientific Baseline for Diagnosis: The complete model
encapsulates the nominal, steady-state operation of the integrated
PEM electrolyzer and fuel cell system. By defining the expected re-
lationships between input power, hydrogen production, stack pres-
sure, and output voltage, it creates a performance benchmark. This
benchmark was essential for Objectives 1 & 2, allowing us to char-
acterize the GL-200 system's baseline efficiency and to diagnostically
identify the commercial controller's failure to maintain these
modeled relationships under dynamic loads, leading to voltage
instability.

2. Informing the Empirical Control Strategy: Analysis of the model re-
veals that stack pressure is a highly effective integrative state vari-
able. Pressure dynamics directly reflect the balance between the
electrolyzer's gas production and the fuel cell's consumption, inte-
grating effects of temperature and flow rates. This theoretical insight
directly justified the core innovation of our controller: selecting a
pressure threshold (200 kPa) as a simple, measurable, and cost-
effective proxy for overall system state. Therefore, the pressure-
triggered strategy is not an arbitrary choice but an empirical rule
logically extracted from and validated by the broader system un-
derstanding provided by the full model.

3. Enabling a "Digital Twin" for Future Advancement: The full equation
set constitutes a "digital twin" of the physical experimental platform.
While the current prototype implements a single-input, single-output
control for maximum reliability and minimal cost, this comprehen-
sive model provides the exact mathematical framework required for
future research. It enables the direct implementation and testing of
sophisticated control strategies—such as Model Predictive Control
(MPC) or neural network-based optimizers—on this hardware
without requiring new fundamental modeling. Thus, this work pro-
vides both an immediately deployable solution and a clear, ready-to-
use pathway for next-generation research on advanced control al-
gorithms for small-scale integrated energy systems.

3. Results and discussions

In this section, the results are presented into three main sections for
clarity and comprehensive interpretation. In Section 3.1 will focus on
the performance of the hydrogen generator. Section 3.2 examines the FC
performance with and without the commercial FC controller and Section
3.3 will describe the performance of the newly developed FC controller.

3.1. Hydrogen generator GL-200 performance

The first control experiment that was conducted on the hydrogen
generator was investigating the volume flowrate of an electrolyzer as a
function of time. The x-axis describes the time (minutes) ranging from 0
min to 60 min, while the y-axis represents the volume flowrate (ml/
min). Three experimental replicates are shown in Fig. 3: Test 1 (blue
line), Test 2 (orange line) and Test 3 (green line).

The results showed that the hydrogen generator has a stable volume
flowrate. The constant output of 210 ml/min was recorded for all three
experiments throughout the duration of 60 min. This consistency rep-
resents that the hydrogen generator maintains a steady-state operational
condition. There were no fluctuations or changes in the volume flowrate
over time.

It shows that the hydrogen generator can mitigate any external dis-
turbances such as temperature, pressure variations or power fluctua-
tions. The consistent volume flowrate is contributed by the inbuilt
control system [18].

From the result on Fig. 3, we can find the minimum amount of power
to operate the hydrogen generator. Lab temperature was T = 28 °C
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Fig. 3. Volume flowrate of hydrogen generator vs time.

(301.15K) and Pj4.q; can be determined as Pjgeq = 33.654 W.

From previous studies done by Dawood et al. [7] (efficiency range 67
— 84%) and Zainal et al. [27] (efficiency range 55-70%) the range of
efficiency can be stated from 55% to 84%. Using these values, for an
efficiency of # = 0.55, Py = 61.19 W and for an efficiency of n =
0.84, Poear = 40.06 W.

It is known that the power to operate the whole system is given by
the manufacturer, which is less than 100 W. Using this value, we can
determine the minimum value of power that can be used to operate the
hydrogen generator by taking account of the actual power needed for
electrolysis and energy losses [8] when the efficiency is at the lowest. It
describes that for worst-case scenario, the power exceeds the manufac-
turer's available power, the hydrogen generator will not be able to
operate at the desired output without an energy buffer for it to maintain
a safe-stable continuous operation.

At 55% efficiency, the power needed for electrolysis is 61.19 W. By
subtracting 61.19 W from the P;, =100W, we will get a value of 38.81 W.
This is the minimum power needed to operate the hydrogen generator
not including for the electrolysis and energy losses.

By using the value of P;, = 38.81 W, then we can determine the
minimum power to operate the whole system including the power
needed for electrolysis. By taking the power at 84% efficiency, which is
40.06 W, we can finally determine the minimum power needed for the
hydrogen generator to operate. Based on the calculations, we can esti-
mate that the range of power needed to operate the hydrogen generator
is between 78.87 W and 100W respectively. Using these values, we can
estimate the range of the overall hydrogen generator efficiency, which is
1}3"5% = 33.7% and 75_‘;8;% = 42.7%. Table 4 provides a performance
summary of Hydrogen Generator GL-200.

Fig. 4 presents the time taken to fully discharge hydrogen gas from

Table 4
Summary of hydrogen generator GL-200 performance.
Performance Value
Mean Volume Flowrate in 60 min 210 ml/min
Minimum power required to operate hydrogen generator 78.87 W
Maximum power required to operate hydrogen generator 100 W
Pigea 33.654 W
- - Pideal 33.7%
M hyd: tor effi , —
inimum hydrogen generator efficiency, 770,
p; )
Maximum hydrogen generator efficiency, 5 Blge;lw 42.7%

hydrogen generator immediately after the system is switched off. The x-
axis represents time (seconds) and the y-axis represents the output
voltage in DC. To establish this outcome, the hydrogen output from the
hydrogen generator was connected to a 30W FC and controller. Using
the output from the FC, three experimental runs are plotted, namely Test
1(blue line), Test 2 (orange line) and Test 3 (green line) respectively.

From a technical overview, the initial behaviour of all the three ex-
periments commenced at an output of approximately 12 V. This is
indicative of the hydrogen generator operating at a stable output
(Fig. 3). Across all three tests, sudden voltage drops are observed, which
showed the hydrogen discharge process. These voltage drops were
indicative of the reduction of hydrogen output since the hydrogen
generator was switched off. For Test 1, a full discharge of hydrogen from
the system was around 40 s. For Test 2 and Test 3, the full discharge was
59 s and 89 s, respectively. Comparing the outcome of all tests, Test 3
demonstrated prolonged stability while on contrary, Test 1 was the
shortest in sustaining discharge.

Overall, Fig. 4 demonstrates the comparative stability of hydrogen
discharge across three control experiments. The results indicate that
Test 3 sustained hydrogen release for the longest time, which is 89 s
whereas Test 1 showed the shortest. This showed significant variability
in the hydrogen generator hydrogen output even though the output is
constant at 210 ml/min. It may be attributed to change of pressure
within the system during the consumption of hydrogen in the FC.

3.2. Characteristics and performance of 30 watts fuel cell with
commercial controller

In this section we will discuss the control experiments that have been
conducted on a 30 W FC. The control experiments are divided into two
groups which are.

i. FC output with and without FC controller (commercial controller)
and
ii. FC connected with New-Analog-Designed FC controller

3.2.1. Fuel cell characterization and performance testing

Fig. 5(a) and (b) presents the results of control experiments exam-
ining the voltage output behaviour of a FC (Fig. 5(a) without and Fig. 5
(b) with commercial controller) over time. In Fig. 5(a) the x-axis rep-
resents time (minutes), while the y-axis indicates the output voltage (V
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Fig. 5. Voltage output of (a) fuel cell without controller vs time (b) fuel cell connected with controller (commercial) vs time.
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DC). In both control experiments of the FC output voltage (without and
with commercial controller), three different tests to determine the
voltage output were performed for comparative assessment: Test 1, Test
2 and Test 3.

In Fig. 5(a), a black vertical line at the 5-min mark denotes the
activation of the FC cooling fan during Test 3, whereas the purple ver-
tical line at the 15-min marks the point at which Test 1(blue line) voltage
stabilization is achieved. Assessing the curves for Test 1, initially in the
early minutes of between 0-min to 15-min, Test 1 exhibits voltage
fluctuations between 7 V and 11 V. This excessive fluctuation was
caused by the initial start-up of the hydrogen generator. It could be the
product of increasing pressure from the output of the hydrogen gener-
ator. Another possible cause of the excessive fluctuations could be the
time taken for the FC reaching stability in consuming the hydrogen,
since for Test 1 the system was just activated for control-testing. In
reference to the operation manual, there was no information given by
the manufacturer on fluctuation of the FC output during startup or at the
early minutes of FC output. Subsequently, the voltage output slowly
recovers and stabilizes around 10.5 V after the 15-min mark. Test 2
(orange line) shows the most stable profile throughout the duration of
30 min, maintaining a constant voltage out of 10.5 V similarly to Test 1.
For Test 3(red line), the voltage outputs begin higher than Test 1 and
Test 2, which was reaching 13 V. The reason behind the high voltage
value was the FC cooling fan was not activated. An immediate decrease
was seen after 6 min, coinciding with the cooling fan being activated
during the 5-min and 6-min. Soon after, the voltage remained steady at
around 10.5 V like the outputs of Test 1 and Test 2.

Fig. 5(b) shows that the voltage output of three independent test
when FC is connected to the commercial FC controller: Test 1(blue line),
Test 2(orange line) and Test 3(green line). Analyzing all tests for the FC,
the data shows voltage fluctuations between 4.88 V and 12.08 V. The
fluctuations are caused by the activation of purging valve and inter-
mittent switching On-Off at the FC. The intervals repeat every 5 s and 10
s. Voltage drop can be observed every time the purging valve is activated
at the 5th seconds, and FC will switch off at 10 s intervals and imme-
diately switch back on again. This setting was already embedded inside
the FC controller. A small-time delay of approximately 0.3 s was
observed in the switching on and off the FC. Voltage drops of up to 7.2V
DC can be observed during the On-Off switching of the FC and another
similar voltage drop of up to 0.75 V at the activation of the purging valve
were recorded.

In comparison between FC with and without the FC controller, the
results showed that the commercial FC controller has a significant
impact on the output voltage. An increase of 1.25V can be achieved, if
we compare the difference output of FC without controller 10.83V
(highest value in between all tests Fig. 5(a)) against the 12.08V com-
mercial FC controller (maximum output in Fig. 5(b)). But on the other
hand, a constant fluctuation of voltage does give a negative on the in-
crease. The intermittent switching on and off at every 10 s does not give
any benefit to the FC at all. On the contrary, the persistent voltage
fluctuations can also accelerate degradation and shorten the lifespan of
small devices that are connected to the FC [28,29]. The significant
voltage fluctuations observed with the timer-based controller are
indicative of mass transport limitations due to ineffective water man-
agement. Similar to studies on PEMFC undershoot behavior, these
fluctuations likely stem from reactant starvation in the catalyst layer
caused by liquid water blockage. Our pressure-triggered purge directly
mitigates this by using stack pressure as an integrative variable; an in-
crease toward the 200 kPa threshold signals water/gas accumulation
and triggers an adaptive purge, thereby maintaining clear reactant
pathways.

3.2.2. Fuel cell efficiency

Using the data in Fig. 5(a) and Table A2, we can calculate the FC
efficiency through experimental value. Based on Table A2, the stack
efficiency for the FC is stated as 40% at full power. The current is 3.6 A.
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Using the highest voltage value of 12.08 V and the stable voltage value
from each independent tests: for evaluating consistency and stability
between Test 1, Test 2 or Test 3, which is 10.5 V, we can determine the
maximum power output and the stable power output of the fuel.

The maximum power output is 43.49 W and the stable power output
is 37.8 W respectively. The data shows that the difference between the
rated power output of 30 W against the experimental value is significant.
The reason behind the different values compared with the stated data in
the manufacturer operational manual is that the optimal and safest
power rating that the FC can generate was selected, even though in
Table A2 the manufacturer stated at full power. Furthermore, the
commercial FC controller will shut down the FC if it's drawing too much
power [18]. The maximum power when the commercial FC controller
shuts down the FC is not rated. Referring to a previous study by Valverde
et al. [30], the authors stated that manufacturers gave a power rating of
1.5 kW but experimental data showed that the tested power rating was
1813 W, 21% higher than the rated power. The reason was the rated
power was only limited to voltage [30] to safeguard the FC from cell
damage. The authors' result is related to our experimental data. For our
control test, comparing the manufacturer value against the experimental
value, the difference is 43.82%.

Using Lower Heating Value (LHV) = 120 MJ/kg and Higher Heating
Value (HHV) = 141.90 MJ/kg [31], molar volume of hydrogen at STP
(Standard Temperature Pressure) = 22.4 L/mol, molar mass of
hydrogen = 2.016 g/mol and flow rate of 210 ml/min we can calculate,
the energy input per minute which resulted to 2268 J/min for LHV and
2683.8 J/min for HHV. Employing the FC power rating (manufacturer
data) = 30 W. The energy output per minute will be 1800 J/min. Using
Equation (23), the efficiency of FC, 1y are 79.37% for HLV and 67.07%
for LLV. We can summarize the FC efficiency is between 67% and 79%, if
both HLV and LLV were implemented. The FC has better efficiency
value, if LHV is used. By comparing the efficiency between LHV and
HHYV value there is significant difference of around 12%.

3.2.3. Fuel cell voltage efficiency

Applying the result of FC output as 12.08 V when cooling fan is not
activated which are assembled into a 14-cells in series, the resultant
voltage per/cell is 0.8629V. The voltage efficiency can be calculated by
dividing the value with the 1.23 V, Gibbs free energy [8], the 7, is
70.15%. The result indicates that the voltage losses (ohmic losses) ac-
count for a significant reduction from the ideal efficiency. The low
per-cell voltage suggests that there is room for optimization in terms of
reducing losses.

3.2.4. Influence of temperature and pressure on Fuel Cell Performance

Fig. 6(1a) and (2b) illustrate the temporal variation of temperature
and pressure towards the FC performance without commercial FC
controller. Fig. 6(1a) and (2b) were concurrently tested. Fig. 6(1b)
shows the temperature for FC connected to the commercial FC controller
vs time.

Fig. 6(1a) demonstrates FC temperature vs time (without the inte-
gration of a commercial controller) across three independent tests: Test
1(blue line), Test 2(orange line) and Test 3(dark green line). Test 1, the
ambient temperature is stable at around 29.6 °C. The FC temperature
starts at around 30.3 °C and stabilizes at 30.0 °C after a sharp downward
trend within the first 2 min. It remains for most of the duration, apart
from a slight disturbance at minute 20. This indicates that existence of a
cooling fan helps maintain the FC thermal equilibrium slightly above the
ambient temperature. Test 2 and Test 3 record a slightly higher ambient
temperature at approximately 30.7 °C. Test 2, the temperature is
consistently higher (around 31 °C) compared to Test 1, with very small
fluctuations. A slight increase was observed at minute 27, in which it
approaches 31.4 °C. This suggests that accumulation of heat due to
continuous operation under similar conditions. Test 3, the temperature
begins around 31.2 °C and slowly decreases to 30.8 °C immediately after
the cooling fan is switched on at minute 6 (marked by the green line).
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Fig. 6. Fuel Cell Performance (1a) Temperature of Fuel Cell (Without commercial Controller) Vs Time (1b) Temperature of Fuel Cell Connected with Controller
(commercial) Vs Time (2a) Pressure Output (Without commercial FC Controller) Vs Time (2b) Fuel Cell Voltage Output (Without commercial FC Controller) Vs Time.

Thereafter, the temperature stabilizes and mirrors the same trend in Test
2, albeit with slightly lower values. This demonstrates the effect of
forced convection cooling in reducing the thermal build-up of the FC.

Fig. 6(1b) demonstrates FC temperature (with the integration of a
commercial controller) vs time across three independent tests: Test 1
(blue line), Test 2(orange line) and Test 3(dark green line). Across all
tests, the measured temperature for the FC is around 33.5 °C. These tests
were done concurrently with the results in Fig. 5(b) (refer Section 3.3.1).
The only logical explanation for this type of setting is that there might be
for controlling the temperature of the FC at an optimized level. Based on
previous studies by Abdullah and Gan [32], Lochner et al. [33] and Zhou
et al. [34], their findings do indicate that optimize temperature can
improve efficiency but the temperature range for the optimize value can
reach 120 °C [33] and up to 160 °C [34]. For the current study, the
optimal operating external temperature is 55 °C [18]. So, the intermit-
tent on-off settings are still something that needs to be studied. Fig. A4 is
the operational sequence of the current fuel cell controller.

Fig. 6(2b) demonstrates the effect of three independent tests on
pressure (Psi Test 1, Psi Test 2 and Psi Test 3) vs Time and Fig. 6(2a) FC
voltage output Test 1 (V Test 1), FC voltage output Test 2 (V Test 2) and
FC output Test 3 (V Test 3) vs Time. From the results of these three tests,
the data confirms that pressure variations do not compromise voltage
stability. Analyzing Fig. 6(2a) and (2b), the voltage for all tests is
identical remaining steady at around 10.4 V. In addition, the pressure
for Test 1, Test 2 and Test 3 stabilizes at around 27 psi (186.2 kPa).
There were no fluctuations in the trend. This indicates that the
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electrolyzer has an inbuilt pressure control mechanism [18].

In conclusion, the changes in pressure and temperature did not affect
the output of the FC. Based on the technical information of FC [18], the
external operational temperature could reach 55 °C and output will still
be constant.

3.3. New fuel cell controller

The FC controller is a critical component in ensuring stable and
efficient system performance. It regulates the dynamic interaction be-
tween hydrogen supply, pressure, temperature, and electrical load de-
mand [35,36]. In technical terms, the controller governs key operational
parameters. These parameters in Fig. 5(b) are the activation of exhaust
valve and stack voltage regulation, thereby preventing
over-pressurization and voltage fluctuations. In addition, advanced
controllers incorporate safety mechanisms and diagnostic algorithms
that detect anomalies [35]. This will enhance protection of stack and
downstream devices from accelerated degradation. On the contrary,
inadequate control strategies lead to voltage instability and reduced
stack lifetime, which ultimately compromise the reliability of the whole
system. Thus, the FC controller is indispensable not only for maintaining
operational stability but also ensuring safe integration with sensitive
electronic load.

Supplementary Material, Figure B1(a) and (b) describe the pressure
measured at the output of the hydrogen generator that is connected to
the FC and on the hydrogen generator after the calibration conducted on
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the pressure sensor. This comparison is essential to ensure the calibra-
tion readings from both pressure gauges and the pressure sensor are
consistent. The reading for all pressure gauges and the pressure sensor
peaked at around 26 psi or 185 kPa. The fixed reading can be concluded
by the existence of the hydrogen generator pressure control system,
which limits the system's pressure to not go above this predetermined
pressure [18].

Fig. 7 presents the control experiments conducted on the newly
implemented FC controller, comprising two independent tests, which
were Test 1 and Test 2. Fig. 7(a) is defined as FC voltage output for test 1
(FCVolt T1) and test 2 (FC Volt T2). Fig. 7(b) is defined as pressure in psi
for test 1 (Psi Test 1) and test 2 (Psi Test 2) and lastly Fig. 7(c) is defined
as temperature in degrees Celsius for test 1 (T Test 1) and test 2 (T Test 2)
respectively.

Test 1 measurements were taken during the initial startup of the
hydrogen generator. The pressure exhibited a gradual increase until it
stabilized at around 26.7 psi. During the pressure increase, the voltage
output was unstable until the 15th minute, until it reached a stable
voltage output of 10.5 V. The temperature of the FC was stable at around
31 °C throughout the test.

Test 2 was conducted under conditions where the electrolyzer was
already operating at a stable pressure of 26.7 psi. The resulting voltage
was stable at 10.5 V, which corresponds to the final stabilized data
observed in Test 1. The temperature in test 2 is slightly higher at 32.5 °C,
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since the test was conducted an hour after test 1. It was conducted in
such a way to observe the stability of readings from the new FC
controller. The two tests demonstrate that the new FC controller can be
employed for the current 30W FC or any other FC that would be utilized
for future applications.

Figure B2 displays the voltage, temperature and system pressure of
the new FC controller and exhaust valve conditions before the start-up of
the hydrogen generator. The display can assist operators in monitoring

Table 5
Comparison of commercial FC controller against new FC controller.

Parameter Commercial FC Controller New FC Controller
Temperature Detection X /

Temperature Monitor X /

Voltage Detection X /

Voltage Control / /

Voltage Monitor X /

Pressure Detection x /

Pressure Control / /

Pressure Display X /

Smart Exhaust Valve Control x /

Power Supply Fuel Cell External power
Price (Malaysian Ringgit) 3700 200

Effected by Noise Not tested Effected
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Fig. 7. Result of new fuel cell controller curve (a) FC voltage vs time (b) pressure vs time (c) temperature vs time.
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the fuel cell and hydrogen generator more effectively.

Table 5 is the comparison parameters between the commercial FC
controller and new FC controller. The table describes the advantages and
limitations of each individual FC controller.

The new FC controller use a DS18B20 sensor for measuring tem-
perature that has a range of —55 °C to +125 °C, providing a 9 to 12-bit
resolution and + 0.5 °C accuracy within a range of —10 °C to +85 °C.
The new FC controller is set to activate a Red LED when the FC tem-
perature is 40 °C. This is to alert the operator to inspect the FC for any
damage to the cooling fan or maybe an external heat being added to the
system.

For measuring voltage, a sensor with a 25V specification is used to
measure FC voltage. The voltage detection range of the sensor is
approximately 0.02445V to 25V. The FC output voltage needs to be 8.4V
and above for a normal operating condition. A green LED will be acti-
vated when the voltage is 8.4V and above. This is to indicate the FC is in
good condition.

Lastly, for pressure control and monitoring, a DC 5V 1/8 NPT pres-
sure sensor is used. The sensor features a 0.5V to 4.5V linear output with
a + 2% full-scale accuracy, that has a wide operating temperature of
—40 °C to +120 °C. The operating pressure of the commercial hydrogen
generator is 400 kPa. Therefore, to maintain an optimal pressure-setting,
an exhaust valve that activates when the pressure is 200 kPa will be
activated, to relief the system's pressure to an optimal level.

All the measured parameters, i.e. temperature, voltage and pressure,
are displayed using a 20x4 LCD for easy and efficient monitoring of the
FC operating conditions and overall performance.

In summary, the new FC controller gives more advantages on the
monitoring aspect of the dynamic changes in the voltage, temperature
and pressure of the FC.

e Stabilization of Voltage through Adaptive Pressure Control. The
transition from a commercial timer-based controller to our novel
analog controller yielded a critical outcome: the stabilization of the
PEM fuel cell's output voltage from fluctuations exceeding 7 V to a
consistent 10.5 V. This improvement is not merely a performance
metric but is indicative of resolving fundamental physicochemical
challenges within the stack. The severe voltage fluctuations observed
with the commercial controller are symptomatic of ineffective water
management leading to mass transport limitations. In PEMFCs,
particularly under conditions resembling dead-end operation, liquid
water accumulation blocks reactant pathways to the catalyst sites—a
condition known as reactant starvation, which directly causes
voltage drops and instability [37,38]. The fixed-time purge cycle of
the commercial unit fails to adapt to the dynamic rate of water
production, likely creating alternating states of cathode flooding
(causing voltage drops) and membrane dry-out. Our controller
directly targets this root cause by implementing a pressure-triggered
adaptive purge strategy. We utilize stack pressure as an integrative
state variable for the internal gas/water balance. An increase in
pressure toward our 200 kPa setpoint signals product accumulation.
Triggering the exhaust valve at this threshold provides a purge
responsive to the actual system state, thereby maintaining clear mass
transport pathways and preventing the reactant starvation that leads
to voltage undershoots [38].

Implementation of the Control System. To execute this strategy, the
controller integrates specific sensors for monitoring and control. A
DS18B20 sensor (+0.5 °C accuracy) monitors stack temperature,
with a visual alert at 40 °C to flag cooling issues. Voltage is tracked
via a 25V-range sensor, with a green LED indicating healthy opera-
tion above 8.4V. Crucially, a 5V pressure sensor (1/8 NPT, +2%
accuracy) provides the input for the core control logic: activating an
exhaust valve at 200 kPa to regulate system pressure. All parameters
are displayed on a 20x4 LCD for operational monitoring.
Implications for System Durability and Accessibility. The controller's
ability to maintain voltage stability has direct implications for
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system efficiency and durability. Conditions that cause voltage
instability, such as repeated reactant starvation, are known to pro-
mote catalyst layer corrosion and accelerate membrane degradation,
severely impacting the system's operational lifespan [39]. Therefore,
our controller contributes to prolonged operational reliability. A
significant ancillary outcome is the drastic cost reduction to under
MYR 200 (approximately 18 times less than the commercial unit),
making such responsive control accessible for research and
small-scale applications.

One obvious limitation the new FC controller can be observed is the
effect of noise on its reading. Shielding electronic components should
also be studied to reduce or even cancel noise indefinitely. Further im-
provements can be achieved for the new FC controller by incorporating
additional monitoring modules or implementing suitable control
methods, such as repetitive control [40] if deemed applicable for the
improvement of the controller's reliability and diagnostic capability.

4. Conclusions

This study successfully developed an affordable new FC controller
and established the following key findings:

The Hydrogen Generator GL200 exhibits a stable production output
of 210 ml/min with the system pressure maintained at 27 psi or 185 kPa
under the blocked-output conditions. The operational parameters are
regulated and monitored by the system pressure controller. The
hydrogen generator operates with a power of less than 100W, in which
the estimated efficiency of the hydrogen generator for hydrogen pro-
duction ranging between 33.7% and 42.7%.

The commercial FC controller have a few advantages. It is capable to
use the power produce from the 30W FC and regulating the voltage
output. Experimental results indicate an observable voltage increase of
approximately 1.2 V. The exhaust valve is activated at a preset-repeating
cycle, specifically at the 5th second, to maintain the system's pressure at
optimal range. At the 10th second, the FC output is cut off, in which at
certain occurrences, a voltage drop of 7 V can be observed. This oper-
ating condition can likely reduce the life cycle of electrical components
or devices in the long run. The other weaknesses that can be observed
from the investigations are the controller lacks integrated pressure,
temperature and voltage sensors which are essential for more optimal
monitoring. The most critical issue is the cost, as the controller is valued
at Malaysian Ringgit 3700 for a relatively simple functionality.

The new developed FC controller is identified as Automated Voltage-
Temperature Monitoring and Pressure-Based Valve Control System
using Analog Voltage Input. The new FC controller incorporates an LCD
display for effective and easy monitoring. In addition, it is also equipped
with voltage, pressure and temperature sensors to detect any dynamic
changes in the system's pressure, FC voltage output and FC temperature.
The exhaust valve is programmed to activate when the system's pressure
is at 200 kPa. This will protect the system from overpressure. Further-
more, the new FC controller has a stable output of around 10.5V to 10.7
V, slightly lower than the commercial FC controller. A key advantage of
our prototype is its significantly lower cost; at approximately RM 200,
the controller is around 18 times more affordable than existing solu-
tions. This cost-effective approach introduces inherent engineering
challenges, such as susceptibility to environmental noise; however,
these are well-understood and already have clear solutions in develop-
ment. Our immediate future work will prioritize implementing robust
filtering algorithms to mitigate noise and deliver higher measurement
precision. Next, we will integrate additional monitoring modules to
enhance diagnostic capabilities and overall reliability. Concurrently, we
will investigate advanced shielding techniques to permanently minimize
interference.
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