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ABSTRACT

The anode hydrogen supply subsystem is one of the fuel cell subsystems responsible for hydrogen supply
and for the stability of the anode inlet pressure. This study focuses on the control of the anode hydrogen
subsystem in an Open Cathode PEM Fuel Cell (OCPEMFC). The proposed control strategy is PID
feedback control with compensation, where the compensation uses two different algorithms, namely
empirical equation-based and fuzzy logic. The two different algorithms will be compared to determine
which control system performs better. The manipulated variable is the hydrogen supply flow rate through
the control valve. Experiments were conducted at a laboratory scale where the OCPEMFC was operated
under dynamic load. Some performance indicators used in this paper include the tracking of the hydrogen
supply flow rate, as well as the accuracy and stability of the anode inlet pressure under dynamic load. The
experimental results prove that FF-PID performs slightly better than Fuzzy-PID, with a very small
difference. However, Fuzzy-PID is proven to be more suitable for dynamic load applications that require

smooth actuation and stack protection.
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I.  INTRODUCTION

A fuel cell is an electrochemical device that converts
chemical energy to electrical energy through electrolytic
reaction. The hydrogen supply is one of the subsystems of the
fuel cell system that is responsible for regulating the hydrogen
supply and its pressure at the anode, which affects the output
voltage [1] and hydrogen utilization rate [2]. Hydrogen
pressure stability is an important variable in fuel cell systems.
Excessive hydrogen anode pressure fluctuations can reduce the
hydrogen utilization rate [3] and affect the fuel cell stack's
working life [4]. For this reason, an appropriate control strategy
is needed to maintain the stability of the anode hydrogen
supply pressure or anode inlet pressure, and also ensure that the
hydrogen demand or consumption is met.

The hydrogen supply (fuel consumption) determines
hydrogen utilization [5] or Hydrogen Excess Ratio (HER).

Various system configurations and control strategies have been
proposed for the hydrogen supply subsystem. The primary
target of these strategies is to increase hydrogen utilization and
maintain the stability of the HER at a predetermined value. The
configurations for fuel cell system hydrogen supply can be
carried out in three modes: flow-through mode, dead-end
mode, and recirculation mode [6].

Authors in [7] implemented a feedback structure with a
fuzzy logic algorithm to regulate hydrogen pressure in flow-
through mode. Hydrogen pressure was regulated by
manipulating the hydrogen supply flow rate through the
common-rail injector. The results showed that fuzzy logic
resulted in smaller fluctuations than PID control. Authors in [8]
developed a control scheme for controlling hydrogen pressure
deploying the Fuzzy Logic PI Control and Feed-Forward
Compensation (FLPIF) method. The latter is used to maintain
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stability and prevent drops or overshoots in hydrogen pressure
caused by disturbance signals in the form of purge activation
and load current. The results showed that FLPIF had better
performance than PI control and fuzzy logic PI control.
However, the gain constant value used in feed-forward
compensation must be precisely tuned. Therefore, a testing
scheme under different conditions is required to obtain the
optimal gain constant value.

Authors in [9] investigated the nonlinear behavior of the
hydrogen delivery model. A MIMO Model Predictive Control
(MPC) scheme based on feedback linearization in recirculation
mode was introduced with the aim of improving control
accuracy in managing HER and anode pressure. A similar
approach was also employed in [10], regulating HER and
anode pressure, using a multivariable controller with nonlinear
MPC. The application of control schemes, such as MPC, in fuel
cells can show better performance but requires complex
mathematical modeling. Controlling the hydrogen supply in
fuel cells operating in recirculation mode has been the subject
of many previous studies. However, this strategy is generally
used in fuel cells with large capacities or above 1kW to
increase the efficiency of hydrogen supply consumption.
Nevertheless, hydrogen recirculation can lead to a decrease in
the purity of the hydrogen supply, which necessitates certain
strategies to overcome this issue.

Although the hydrogen supply subsystem has been
extensively investigated and has shown much progress, the
control strategy of the hydrogen supply subsystem still requires
further research. Previous researchers have implemented
strategies for controlling hydrogen supply using a feedback
control structure, specifically by controlling the anode inlet
pressure or HER as the control variable. Feed-forward control
has also been implemented, but only as a compensation where
precision was required in determining the gain constant value
for this compensation.

Therefore, in this study, the proposed control strategy is
focused on the anode hydrogen supply subsystem. For the
control variable, the proposed control strategy is used to
maintain the stability of the anode inlet pressure by
manipulating the hydrogen flow rate through the control valve.
Specifically, this paper will present a feedback-feed-forward
control strategy. In the feedback control structure, PID control
is used to ensure the stability of the anode inlet pressure
relative to the reference pressure. Meanwhile, the feed-forward
control structure is used to handle disturbances, which in this
case are the stack current (load). To achieve this objective, the
developed feed-forward control algorithm is an estimator
algorithm is used to produce an estimation or prediction of the
required hydrogen flow rate.

Two different algorithms are proposed in this paper. The
first algorithm is an empirical equation obtained from curve
fitting the relationship between hydrogen consumption and
stack power. The second algorithm is fuzzy logic, which is
designed to generate an estimate of the hydrogen flow rate
demand based on stack voltage and current. Fuzzy logic was
utilized for its ability to process dynamic or nonlinear variables
[11], its relatively low computational complexity, and its
robustness [12]. Fuzzy logic has been widely used fuel cell

energy management systems [13]. This study experimentally
tests and compares the performance of two control strategies:
FF-PID (PID feedback with empirical equation feed-forward)
and Fuzzy-PID (PID feedback with fuzzy logic feed-forward),
based on several dynamic performance indicators. Its main
contributions are:

e It proposes two different feed-forward designs: (i) a curve-
fitting equation between stack power and hydrogen
consumption, and (ii) a fuzzy logic-based estimator that
utilizes stack voltage and current as an alternative approach
with low computational complexity.

e It provides the first experimental evidence comparing both
strategies' performance under dynamic load scenarios in a
hydrogen supply configuration that uses only a control
valve (without a recirculation pump).

e It offers insights into the trade-offs between algorithm
complexity, pressure stability, and hydrogen savings,
enabling researchers and practitioners to select the optimal
approach based on constraints of cost, space, and additional
power.

II. SYSTEM DESCRIPTION

In this experiment, the fuel cell used was a commercial
OCPEMEC stack from Horizon Fuel Cell Technologies (model
H-500) with a capacity of 5S00W. The manufacturer's system
included a controller, but its function was limited to managing
fan speed and the purge valve, leaving the hydrogen supply to
be regulated by a manual valve. Therefore, in this experiment,
a variable valve was installed to regulate the flow rate and
pressure of the hydrogen supply. The H-500 fuel cell model
specifications are shown in Table I and its characteristic curve
is depicted in Figures 1 and 2 [14]. From this characteristic
curve, the OCPEMFC operating range can be grouped into
three types: small (purple), medium (red), and large (green).
Furthermore, it is implied that the greater the load current, the
lower the voltage; so, the relationship between these two
variables is inversely proportional. Meanwhile, the relationship
between hydrogen flow rate and power is directly proportional.

One of the performance indicators investigated in this paper
is HER(AHZ), defined as [15]:

=22 (1)
’ Qrfact
NI

= 2

Qreart 2F ( )

where Qy, is the flow rate hydrogen supply (mol/s), Qyeac: 18
the hydrogen reaction (mol/s), N is the number of cells, [ is the
stack current, and F is the Faraday constant.

By referring to the characteristic curves in Figures 1 and 2,
and applying (1) and (2), the HER characteristics of the H-500
fuel cell are obtained, as presented in Figure 3, where it is
revealed that the HER value drops at a load of 300 W and 500
W. Additionally, some minor HER instability is observed,
though its magnitude is relatively small. Since the HER value
should ideally be stable at all load levels, the average HER
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value of the H-500 fuel cell is 1.1. This value will be adopted
as a reference for performance analysis in this experiment.

TABLE L. SPECIFICATIONS OF OCPEMFC H-500
Parameter Value
Number of cells 24
Rated power 500W
Performance 14.4V@35A
External temperature 5 to 300C
Max stack temperature 650C
Hydrogen pressure 0.45-0.55 bar
Flow rate max output 6.5 L/min
Efficiency of stack 40% @14.4V
Humidification Self-humidified
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Fig. 1. Characteristic curve for stack voltage of OCPEMF H-500.
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Fig. 2. Hydrogen consumption of OCPEMFC H-500.

12
1137 )
115 l_‘ 1:129 1110

—— M0
111 “N(iéo
105 1 1.100
g 1
0.95
09 1t
0.85
0.8 ' : ' ‘ " ‘ ‘ |
100 150 200 250 300 350 400 450 500
Stack Power (W)
Fig. 3. HER for OCPEMF H-500.

To support the proposed control strategy, this experiment
uses a variable valve device module called Mass Flow Control
(MFC). The module consists of a control valve and a hydrogen
gas flow rate sensor, which functions as a controller for the
hydrogen supply flow rate from the hydrogen tank to the fuel

cell inlet anode. The MFC module's control valve is controlled
by providing a 0-5 V analog signal input to the port,
representing the desired hydrogen gas flow rate set point. The
flow rate sensor then reads the actual gas flow rate, displayed
on the MFC's LCD, and outputs it to the output port as a 0-5 V
analog signal (Figure 4).

The schematic diagram and a photograph of the
experimental setup are shown in Figures 4 and 5, where the
installed sensors include pressure, temperature, current, and
voltage sensors. Current and voltage sensors are used to read
the load or stack power, while the pressure sensor is used to
read the anode inlet pressure. Hydrogen supply control is
achieved by regulating the flow rate and pressure from the
hydrogen tank to the anode inlet port via an MFC. The
Microcontroller (MCU) is responsible for sending the hydrogen
supply flow rate set point signal to the MFC module.
According to Figure 2, the required hydrogen consumption
(flow rate) depends on the stack power; thus, current and
voltage sensor readings are performed in real-time by the
MCU. As for the test load, several light bulbs were used via a
DC to AC inverter, which was controlled by a dimmer module
to generate dynamic multi-step loads.
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Fig. 4. A schematic of the experimental setup

To determine the performance of the proposed control
strategy, several dynamic tracking indicators are applied as
follows:

e Maximum tracking error (4E,.), Mean Absolute Error
(MAE), Root Mean Square Error (RMSE), Steady State
Error (STE):

E,,, =max|y(k) -y, (k)| 3)

MAE = %i\y(k) =, (K) @)
k=1

RSME == [3*(3(6)-3,, (b)) 5)
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Fig. 5. A photograph of the experimental setup.

1. METHOD

This section describes the implementation stages of the
feedback-feed-forward ~ control  strategy  carried  out
experimentally on a 500 W OCPEMEFC. The control variable is
the anode inlet pressure, and the manipulated variable is the
hydrogen supply flow rate through the control variable valve
(MFC).

A. Control Structure

In the feedback control structure, PID control is used to
ensure that the actual anode inlet pressure matches the
reference pressure (Figure 6). With only the feedback structure,
excessive fluctuation of hydrogen anode pressure occurs with a
ripple coefficient of 90.9% (Figure 7), so it is necessary to add
compensation techniques. In this study, there are two
compensation techniques that will be tested. The first is
compensation with an algorithm in the form of an empirical
equation that shows the relationship between hydrogen supply
consumption (flow rate) and stack power. The second is the
fuzzy logic algorithm. Fuzzy logic is used to generate an
estimate of the hydrogen supply flow rate demand based on
stack voltage and current.

The output signal from the feedback and feed-forward
controls UFL is the sum of UCOMP and UP (Figure 8).
Control signal UFL is a 0-5 V analog signal that represents the
value of the hydrogen supply reference flow rate.

£ (" "y Sensor Load
From Hydrogen | N
! —— MFC FUEL CELL |

Actual tamk
Pressure

PRef Pressure

~Er |
W }—n]' PID Control

Fig. 6. Diagram blok of feedback control.
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Fig. 7. Anode inlet pressure respon of PID feedback control.
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Fig. 8.

Diagram blok of feedback-feed-forward control.

B. Compensation Algorithm

As explained above, two compensation algorithms were
tested. The first used an empirical equation derived from the
characteristic curve in Figure 2. The experiment was conducted
in the operational region below 400 W, where Figure 2 shows a
linear relationship between the hydrogen flow rate and stack
power. So, the mathematical equation for feed-forward control
is formulated as:

0=0.0106P,,, —0.07 (®)

tack

where Q is the required hydrogen supply flow rate and Piack 1S
the stack power. Compared to the characteristic curve in Figure
2, the deviation (MAE) of the empirical equation in (8) is 5.7%.

The second compensation algorithm is fuzzy logic, which
uses an approach by dividing the OCPEMFC into three
operating areas, as displayed in Figures 1 and 2. For the
membership function, it is designed using three variables, two
inputs (stack voltage and current) and one output, namely the
hydrogen supply flow rate. Each membership function is
grouped into three sets, small (S), medium (M) and big (B), as
shown in Figures 9-11. The linguistic numeric for each
membership function set is determined based on the V-I
polarization curve (Figure 1) and the hydrogen supply flow rate
demand (Figure 2).

The formulation of fuzzy rules, as depicted in Table II, is
based on the characteristic curve. For example, if the current is
small and the voltage is small, then the hydrogen supply is
small. The impossible event, namely small current versus small
voltage or large current versus large voltage, will result in a
small hydrogen supply decision. When the current is medium
and the voltage is low, a large hydrogen supply is provided to
avoid voltage drops. Meanwhile, when the current is low and
the voltage is medium, a medium hydrogen supply is provided
to meet the demands of a small load.
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IV. RESULTS AND DISCUSSION

To evaluate the performance of the proposed control
strategy, the performance of two control algorithms, FF-PID
and Fuzzy-PID control, will be compared. The focus of the
testing is the ability to track the load and the stability of the
anode inlet pressure under a dynamic load. The test scenario
examined the response of the two compensation algorithms
when subjected to a multi-step dynamic load. The fan, which
functions as a coolant and oxygen supply, was operated at
maximum speed to avoid disrupting the OCPEMEC's
performance.

The gain parameters in the PID feedback control were
determined by trial and error, where the proportional gain was
0.1, the integral gain was 0.01, and the derivative gain was 0.5.
Monitoring and data collection were carried out by recording
data from sensors installed on the fuel cell via a computer, as
shown in Figure 12.

Regarding the results of the hydrogen supply flow rate test,
both control algorithms produced a response in which the
hydrogen flow rate successfully tracked the sudden load
changes (Figures 13 and 14). However, when the load was

below 10 A, both control algorithms had a similar response, in
that the actual hydrogen supply flow rate was often lower than
the reference flow rate. The dynamic performance indicators,
when compared to the reference flow rate, showed that FF-PID
control was better than Fuzzy-PID control, as displayed in the
flow rate tracking indicator (MAE = 0.12, RMSE = 0.01) in
Table III, and in its smaller flow rate fluctuation, as illustrated
in Figures 13 and 14. From these results, the actual HER value
is obtained, as shown in Figure 15. When the load is less than 5
A, the HER of the fuzzy-PID control is better than that of the
FF-PID. This result proves that the fuzzy-PID controller is
superior at maintaining the HER at low loads but is less
effective in accurately tracking the hydrogen flow rate. In
addition, fuzzy PID produces a less fluctuating HER response
(with a ripple coefficient of 41.56%) compared to FF-PID
(with a ripple coefficient of 71.37%).
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Fig. 12.  Graphical user interface for fuel cell analyzer.
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Fig. 13.  Flow rate H; response of the FF-PID controller.

The anode inlet pressure reference value was set at 0.45 bar.
Testing was conducted to determine the accuracy and stability
of the anode inlet pressure under dynamic load. As presented in
Figures 16 and 17, and Table III, the FF-PID and fuzzy-PID
control algorithms achieved SSEs below 5%, with values of
2.22% and 4.44%, respectively. The FF-PID was more precise
in tracking the reference value, as indicated by its smaller MAE
and RMSE, and a half fuzzy SSE. This is consistent with the
curve-fitting method's characteristic of rapidly converging to
the set-point after the disturbance subsides. However, Fuzzy-
PID successfully reduced pressure fluctuations (ripple
coefficient decreased by +16%).
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TABLE IIL. CONTROLLER PERFORMANCES UNDER
DYNAMIC LOAD
Indicator of dynamic performances FF-PID Fuzzy-PID
MAE of flow rate H, 0.12 0.14
MAE of anode pressure 0.037 0.038
RMSE of anode pressure 0.001 0.003
Ripple coeff1c1er(1(t% c;f anode pressure 31.49 26.54
SSE of anode pressure (%) 2.22 4.44

V. CONCLUSIONS

The anode hydrogen supply subsystem is an important part
of the Open Cathode PEM Fuel Cell (OCPEMFC) because it is
related to the demand for hydrogen supply consumption and
the stability of the anode pressure when the OCPEMEFC is
operated at dynamic load. This study presents the results of
experimental testing from a 500 W OCPEMFC, comparing the
performance of two control algorithms (FF-PID and fuzzy-
PID) on a feed-forward control structure with compensation.
Overall, FF-PID offers the best average accuracy, indicated by
slightly lower Mean Absolute Error (MAE) and Root Mean
Square Error (RMSE) of discharge and anode pressure—but
causes larger overshoot, undershoot, and pressure ripple
coefficients, resulting in rougher valve operation and a risk of
starvation during load surges. In contrast, Fuzzy-PID can
dampen fluctuations and shorten the settling time by almost
half, keeping the Hydrogen Excess Ratio (HER) and anode
pressure within safe limits, but leaving a steady-state bias of
+0.02 bar and a slightly higher discharge MAE, which impacts
hydrogen consumption. Thus, Fuzzy-PID is more suitable for
dynamic load applications that demand smooth actuation and
stack protection, while FF-PID remains a viable option for
stationary systems with relatively constant loads or when
computational limitations are a priority—provided that ripple
needs to be dampened using filtering or retuning.

ACKNOWLEDGMENT

The authors gratefully acknowledge the support of the
Physics Engineering and Materials Department for the
development, research, and innovation of fuel cell technology.
The authors would also like to thank the fuel cell team,
including supervisors and friends.

REFERENCES

[1] C.-W. Yang and Y.-S. Chen, "A mathematical model to study the
performance of a proton exchange membrane fuel cell in a dead-ended
anode mode," Applied Energy, vol. 130, pp. 113-121, Oct. 2014,
https://doi.org/10.1016/j.apenergy.2014.05.010.

[2] K.-Y. Shen, S. Park, and Y.-B. Kim, "Hydrogen utilization enhancement
of proton exchange membrane fuel cell with anode recirculation system
through a purge strategy," International Journal of Hydrogen Energy,
vol. 45, no. 33, pp- 16773-16786, Jun. 2020,
https://doi.org/10.1016/j.ijhydene.2020.04.147.

[3] M. Hu and G. Cao, "Research on the long-term stability of a PEMFC
stack: Analysis of pinhole evolution," International Journal of Hydrogen
Energy, vol. 39, mno. 15, pp. 7940-7954, May 2014,
https://doi.org/10.1016/j.ijhydene.2014.03.072.

[4] M. Dhimish, R. G. Vieira, and G. Badran, "Investigating the stability and
degradation of hydrogen PEM fuel cell," International Journal of
Hydrogen Energy, vol. 46, no. 74, pp. 37017-37028, Oct. 2021,
https://doi.org/10.1016/j.ijhydene.2021.08.183.

www.etasr.com Fahruzi et al.: A Comparative Study of FF-PID and Fuzzy-PID Control for Anode Pressure Stability in ...



Engineering, Technology & Applied Science Research Vol. 16, No. 1, 2026, 30801-30807 30807

[5S] M. Zhao et al., "Simulation and Control Strategy Study of the Hydrogen
Supply System of a Fuel Cell Engine," Energies, vol. 16, no. 13, 2023,
Art. no. 4931, https://doi.org/10.3390/en16134931.

[6] J.-J. Hwang, "Effect of hydrogen delivery schemes on fuel cell
efficiency," Journal of Power Sources, vol. 239, pp. 54-63, Oct. 2013,
https://doi.org/10.1016/j.jpowsour.2013.03.090.

[71 X. Ye, T. Zhang, H. Chen, J. Cao, and J. Chen, "Fuzzy control of
hydrogen pressure in fuel cell system," International Journal of
Hydrogen Energy, vol. 44, no. 16, pp. 8460-8466, Mar. 2019,
https://doi.org/10.1016/j.ijhydene.2019.02.020.

[8] H. Yuan, H. Dai, W. Wu, J. Xie, J. Shen, and X. Wei, "A fuzzy logic PI
control with feedforward compensation for hydrogen pressure in
vehicular fuel cell system," International Journal of Hydrogen Energy,
vol. 46, no. 7, pp- 5714-5728, Jan. 2021,
https://doi.org/10.1016/j.ijhydene.2020.11.089.

[9]1 S. Quan, Y.-X. Wang, X. Xiao, H. He, and F. Sun, "Feedback
linearization-based MIMO model predictive control with defined
pseudo-reference for hydrogen regulation of automotive fuel cells,"
Applied  Energy, vol. 293, Jul. 2021, Art. no. 116919,
https://doi.org/10.1016/j.apenergy.2021.116919.

[10] Y. Zhu, J. Zou, S. Li, C. Peng, and Y. Xie, "Nonlinear model predictive
control of PEMFC anode hydrogen circulation system based on dynamic
coupling analysis," International Journal of Hydrogen Energy, vol. 48,
no. 6, pp- 2385-2400, Jan. 2023,
https://doi.org/10.1016/j.ijhydene.2022.09.306.

[11] H. H. Tang and N. S. Ahmad, "Fuzzy logic approach for controlling
uncertain and nonlinear systems: a comprehensive review of applications
and advances," Systems Science & Control Engineering, vol. 12, no. 1,
Art. no. 2394429, 2024,
https://doi.org/10.1080/21642583.2024.2394429.

[12] R.-E. Precup, S. Preitl, and Z. Preitl, "Robustness Analysis of a Class of
Fuzzy Control Systems," IFAC Proceedings Volumes, vol. 34, pp. 249—
254, 2001, https://doi.org/10.1016/S1474-6670(17)40825-1.

[13] A. Khadhraoui, T. Selmi, and A. Cherif, "Energy Management of a
Hybrid Electric Vehicle," Engineering, Technology & Applied Science
Research, vol. 12, no. 4, pp. 8916-8921, Aug. 2022,
https://doi.org/10.48084/etasr.5058.

[14] Horizon Fuel Cell Technologies, "H-500 Fuel Cell Stack User Manual,"
2013, https://www.fuelcellstore.com/manuals/horizon-pem-fuel-cell-h-
500-manual.pdf.

[15] L. Hong, J. Chen, Z. Liu, L. Huang, and Z. Wu, "A nonlinear control
strategy for fuel delivery in PEM fuel cells considering nitrogen
permeation," International Journal of Hydrogen Energy, vol. 42, no. 2,
pp- 1565-1576, Jan. 2017,
https://doi.org/10.1016/j.ijhydene.2016.07.240.

www.etasr.com Fahruzi et al.: A Comparative Study of FF-PID and Fuzzy-PID Control for Anode Pressure Stability in ...



