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Abstract: In this research, a predictive voltage neural controller and remote monitoring for the nonlinear proton 

exchange membrane fuel cell (PEMFC) system are implemented in real-time. This paper's major purpose is to precisely 

and rapidly determine the appropriate hydrogen partial pressure (PH2) control action to improve the fuel cell's nonlinear 

performance under varying load currents and to enable remote monitoring of the nonlinear PEMFC system based on 

the internet of things (IoT). The laboratory, virtual instrument engineering workbench (LabVIEW) package is used to 

demonstrate the real-time performance of the proposed predictive voltage controller applied to the 150-watt PROTIUM 

PEMFC, which will be used to generate the appropriate amount of hydrogen partial pressure control action that will 

enter the fuel cell for stabilizing the desired output voltage. The message queuing telemetry transport (MQTT) protocol 

and a Raspberry Pi 4 acting as a local server are the building blocks upon which the monitoring component of the 

proposed system is implemented in order to monitor the desired output voltage, the fuel cell output voltage, and PH2. 

The Raspberry Pi collects the necessary fuel cell data and sends it to the node-red dashboard for monitoring. According 

to the simulation and the experimental results obtained using the proposed predictive controller on PROTIUM PEMFC, 

the proposed controller can generate an accurate, prompt, and timely reaction to the hydrogen partial pressure control 

action to reduce the tracking voltage error and to get rid of the fuel cell output voltage oscillation. The proposed 

experimental work was compared to the simulation findings to confirm its effectiveness in terms of effectively tracking 

the desired output voltage, providing a fast response, and achieving the optimal partial pressure of hydrogen. However, 

in the simulation findings, a voltage error of 0.01 volts was observed without any oscillation. On the other hand, the 

experimental results indicate a slightly higher voltage error of approximately 0.1 volts, accompanied by oscillations of 

around ± 0.1 volts. 
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1. Introduction 

Due to the negative environmental effects of 

fossil fuels, the world is now investigating new 

energy generation methods. In particular, renewable 

energy is still the main focus and is seen as the best 

alternative to fossil fuels [1]. In this context, 

hydrogen fuel cells are attracting global interest that 

is only going to grow because of their high energy 

density, low construction costs, and low air pollution 

[2]. Specifically, the use of the fuel cell (FC) 

technology is considered a sustainable energy option, 

known for its eco-friendly characteristics and long 

lifespan. It is recognized as a green energy solution 

due to its minimal environmental impact and 

emission-free nature [3]. The fuel cell's basic 

operating principle is the production of 

straightforward electrical energy as a result of a 

chemical process. In particular, the PEMFC systems 

are the most popular hydrogen energy source because 

they offer the essential qualities of high efficiency, 

high reliability, low operating noise, and flexible 

modular design together with excellent performance, 

quick power response, high power density, low 

operating temperature, and low maintenance 

requirements. Consequently, they are widely utilized 

in military environments, cars, unmanned aerial 

vehicles, and mobile devices [4, 2]. Therefore, 

achieving optimum fuel cell efficiency in the 
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presence of multiple factors that impact the cell's 

performance is the main difficulty for many 

researchers. For instance, the fuel cell is affected by 

factors including fuel pressure, temperature, humidity, 

and applied current, which results in nonlinear 

dynamic behaviour in the system's generation [5]. 

Moreover, since the fuel cell’s output voltage varies 

with the step change, the load current is regarded as a 

critical problem in the nonlinear fuel cell behaviour. 

For this reason, a controller that generates the proper 

value of PH2 is required in order to supply the 

necessary voltage during variations in the load 

current [2].  

Moreover, monitoring and control of a PEMFC 

are essential to optimizing efficiency, safety, 

durability, and cost. They can help prevent safety 

hazards, identify and address issues that can reduce 

lifespan, and reduce operating costs [5, 6]. Typically, 

real-time monitoring gives users instant access to a 

variety of data sources, and this lowers the danger of 

acting too late when an unforeseen incident occurs by 

enabling users to make judgments and take action 

more quickly [7]. Thus, to ensure PEMFC safety and 

to improve system efficiency, performance 

monitoring is a crucial requirement. In this regard, 

scholars have suggested a variety of fuel cell control 

and monitoring methods. For example, to increase the 

efficiency of PEMFC, the authors in [8] presented a 

comprehensive study of the effect of temperature on 

proton exchange membrane (PEM) water electrolysis 

and PEM fuel cells. The study was carried out using 

a wireless LoRa node and the gateway network 

concept to monitor and control the temperature level 

of the fuel cell system. It is worth noting that the 

study's focus is on monitoring and operating the fuel 

cell system rather than its design or optimization. 

Generally, using LoRa for real-time monitoring of 

PEMFC has the disadvantage of a low data 

transmission rate compared to Wi-Fi, which limits the 

frequency and speed of data updates. Additionally, 

the long-range nature of LoRa can introduce latency 

in transmitting temperature data, making it unsuitable 

for real-time monitoring and applications requiring 

high-resolution data.  

To ensure high safety and reliability standards, 

the authors in [9] proposed a method for calculating 

the proton exchange membrane fuel cells' remaining 

usable life (RUL) based on monitoring data. Based 

on monitoring data, the research presented a 

stochastic degradation model for PEMFCs, and they 

applied it to forecast the RUL of the fuel cell. In 

particular, the research uses highly accurate 

simulation results to show that the suggested strategy 

is feasible. A hybrid PEM fuel cell system with Li-

ion batteries and an LPG (liquefied petroleum gas) 

reformer was suggested in [10] utilizing a 

supervisory control and monitoring system. The 

system was developed to assure both safe operation 

and fuel cell system performance optimization. To 

improve the effectiveness of fuel cells, the 

researchers in [11] described the application of 

differential evolution-based impedance spectroscopy 

for accurate fault monitoring and detection in 

PEMFC single cells and stacks. The suggested 

system uses DEIS (dynamic electrochemical 

impedance spectroscopy) to track the PEMFCs' 

impedance and find any possible faults. A fractional-

order PID (FOPID) controller was suggested in [12] 

to enhance the dynamic performance and 

effectiveness of the proton exchange membrane fuel 

cell. Specifically, the PEMFC output voltage was 

controlled using hydrogen pressure as a control 

variable. Additionally, a real-time virtual test system 

based on the LabVIEW simulation interface toolkit 

and MATLAB/Simulink was used to assess the 

PEMFC control system's functionality.  

Furthermore, in [13], a researcher proposed the 

utilization of a voltage-tracking controller to enhance 

the dynamic response of the output voltage in 

PEMFC systems. This was achieved through the 

application of an inverse neural controller and an 

HFF-CPSO (hybrid firefly chaotic particulate swarm 

optimization) algorithm, which aimed to provide a 

smoother control action for PH2 and reduce output 

voltage oscillation. However, due to the reliance on a 

conventional identifier and the limited effectiveness 

of the inverse neural controller, acceptable responses 

were only generated in steady-state conditions, while 

errors persisted in transient states. As a result, 

complete elimination of output voltage oscillation 

was not achieved, and a small error value remained 

in the output voltage. In addition, the authors in [14] 

outlined a methodology for improving the PEM fuel 

cell performance by employing controlled short-

circuiting. Particularly, they designed and fabricated 

an Arduino shield-like module to read individual 

voltages and intervene when a cell's performance 

shifts outside the expected range. However, it is 

important to note that the proposed method is still in 

the prototype stage and requires further testing and 

integration with an electric energy generator to 

improve the supervision and actuation algorithms. 

Further, there is no real-time remote monitoring for 

the PEMFC. A mathematical model for real-time 

monitoring of automotive PEM fuel cells was 

presented in [6] in order to increase the fuel cell's 

efficiency and lengthen its useful lifespan. This 

model achieves computational efficiency through the 

spatio-temporal decoupling of the problem, creating 

a new variable for cathode catalyst use and a new 
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reduced-order model for water balance across the 

membrane electrode assembly (MEA). The authors in 

[15] described the creation of a fault detection 

method and an online condition monitoring system 

for PEMFCs based on electrochemical impedance 

spectroscopy readings. The research suggested a 

condition monitoring method for PEMFCs that uses 

the stack impedance at a certain frequency for 

problem detection and reports the systems' overall 

health using an EIS (electrochemical impedance 

spectroscopy)-based fault diagnostic method 

employing fuzzy logic. The proposed approach is 

found to have the ability to diagnose faults in 

PEMFCs, but there is a degree of inaccurate 

monitoring and diagnostic accuracy, as well as a lack 

of remote monitoring for the PEMFC. The research 

presented in [16] proposes the utilization of a neural 

predictive controller with CPSO to determine the 

appropriate PH2 action in response to changes in the 

load current, aiming to achieve the desired output 

voltage of the PEMFC system. While the actual 

output voltage of the PEMFC system could track the 

desired output with a one-step-ahead prediction, 

certain issues were observed. These included a small 

output oscillation, a non-zero voltage error in steady-

state, an overshoot response in the initial sample, and 

an unsteady response from the control action PH2. In 

order to address these limitations and enhance system 

performance, the authors extended the prediction 

horizon to 10 steps to obtain the optimal response. 

However, this approach resulted in increased 

processing time and slower overall action. In [17], an 

active fault-tolerant control method-based health 

management strategy for PEM fuel cells was 

explained. For condition monitoring and error 

diagnosis, the method employs a stack voltage model 

and quick electrochemical impedance spectroscopy. 

Then, they stated that there are three common fuel 

cell problems that can be identified and corrected 

using the suggested method. In order to detect the 

performance heterogeneity of a PEMFC during 

operation and to monitor PEMFC performance 

heterogeneity to ensure its safety and enhance system 

efficiency, the researchers in [18] used magnetic field 

imaging as an online and non-destructive method 

upon the establishment of the association between 

PEMFC performance and magnetic field variation. In 

addition, computational models and experimental 

validation in various PEMFC failure scenarios were 

conducted and the fluctuation in the output voltage of 

the fuel cell increases with small values. The IoT has 

received close attention from researchers, and it is 

anticipated that the IoT will link billions of 

consumers with trillions of pieces of networked 

equipment that will interact in real-time [19]. In 

particular, IoT has emerged as a key technology that 

enables communication between humans and all 

kinds of items, machines, and other things. The 

Internet of Things is a system made up of physical 

objects and sensors attached to or coupled with those 

objects that are connected to the Internet via wired 

and wireless network architectures. The connected 

devices require a protocol so that they can only 

communicate when necessary [20].  

In this work, the problem definition is that the 

output voltage of the fuel cell varies with varying 

load current and is regarded as a critical problem in 

nonlinear fuel cell behaviour. As a consequence, a 

controller that generates the proper value of PH2 is 

required in order to supply the necessary voltage 

during variations in the load current. 

This study's specific objective is to identify the 

best control action value for the PH2 in order to 

prolong the life of the fuel cell, improve the dynamic 

performance of the nonlinear fuel cell output voltage, 

and significantly reduce hydrogen consumption. This 

can be accomplished by putting into practice the 

suggested predictive neural controller that was 

presented in [2]. In addition, real-time remote 

monitoring of the PEMFC's performance via the IoT 

technique is implemented in this work. 

The primary contribution of this study is to: 

 

• Investigate and assess how changes in the input 

value of the PH2, the fuel cell's output current, 

and temperature affect the nonlinear PEMFC 

model's output voltage to study and analyse the 

characteristic of the PEM fuel cell model of type 

PROTIUM. 

• Experimentally implement the one-step-ahead 

predictive controller that was suggested in [2] 

based on the LabVIEW simulation interface 

toolkit (front panel and block diagram), to 

generate a suitable value of PH2 and to track and 

stabilize the desired output voltage of the fuel cell. 

• Develop a real-time monitoring system based on 

the IoT utilizing the MQTT communication 

protocol and a node-red monitoring dashboard to 

send the value of PH2, the desired voltage, and 

the fuel cell output voltage, and monitor them. 

 

The rest of the article is organized as follows: The 

PROTIUM PEMFC nonlinear model is provided in 

section 2. The proposed monitoring and control 

system design is explained in section 3. Section 4 

describes the experimental setup that has been 

implemented, and section 5 describes the simulation 

and experimental outcomes of this work. Finally, 

section 6 discusses the work's conclusions. 
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Figure. 1 The structure of the PEMFC chemical process 

[5] 

2. PEM fuel cell nonlinear model  

PEMFCs use chemical processes to produce 

electrical energy without releasing any unwanted by-

products. Fig. 1 depicts the PEMFC model's structure 

as seen from the perspective of the chemical reaction 

[5]. This specific kind of cell depends on a distinctive, 

unique polymer membrane covered in widely 

distributed catalyst particles. Hydrogen is injected 

into the membrane from the anode side, where the 

catalyst causes the hydrogen atoms to lose their 

electrons and change into protons (H+) ions. 

According to Eq. (1), the chemical process taking 

place at the anode is as follows [21]: 

 

        2𝐻2 → 4𝐻+ + 4𝑒−                        (1) 

 

The proton exchange membrane allows only H+ 

ions to pass through, and before they reach the 

cathode side, the electrons go to an external circuit to 

provide the output voltage. To make water, hydrogen 

ions and oxygen from the air are combined with 

electrons. Eq. (2) shows the chemical reaction taking 

place at the cathode [2]: 

 

                 4𝑒− + 4𝐻+ + 𝑂2 → 2𝐻2𝑂                  (2) 

 

In Eq. (3), the overall reaction is expressed as 

follows [2, 21]: 

 

    2𝐻2 + 𝑂2 → 2𝐻2𝑂 + electrical energy       (3) 

 

Under normal operating conditions, a single cell 

generates between 0.5 and 0.9 volts. Since more 

power is required, multiple cells are connected  
 

Table 1. The physical parameters of the fuel cell [2] 

Parameters Values Units 

Ncell 25 -- 

T 298 K 

A 21.3 𝑐𝑚2 

L 178 ∗ 10−6 𝑐𝑚 

PH2 0-1 Bar 

PO2 0.2 Bar 

Rc 0.0003 Ω 

Β 0.0169 Volt 

𝛼1 0.948 Volt 

𝛼2 0.00312 Volt/k 

𝛼3 7.6 ∗ 10−5 Volt.K-1. Mol-1/cm3 

𝛼4 -1.93 ∗ 10−4 Volt.K-1/A 

J 0.0073 𝑚𝐴/𝑐𝑚2 

Jmax 0.469 𝑚𝐴/𝑐𝑚2 

Ф 23 -- 

 

 

serially as necessary to form a "stack," and a stack 

arrangement can have a power output of hundreds of 

kilowatts. The output voltage of a single cell is 

described as follows [2, 5]: 

 

                    𝑉𝑐𝑒𝑙𝑙 = 𝑉𝑠𝑡𝑒𝑎𝑑𝑦 − 𝑉𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡         (4) 

 

𝑉𝑠𝑡𝑒𝑎𝑑𝑦 = 𝐸𝑁 − 𝑉𝑜ℎ𝑚                     (5) 

 

𝑉𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 = 𝑉𝑎𝑐𝑡 + 𝑉𝑐𝑜𝑛                  (6) 

 

Where 𝑉𝑐𝑒𝑙𝑙 is a fuel cell's output voltage, 𝑉𝑜ℎ𝑚 is 

the ohmic voltage drop brought on by the resistance 

to protons and electrons passing through the solid 

electrolyte, 𝑉𝑎𝑐𝑡  is the voltage drop brought on by 

anode and cathode activation, and 𝑉𝑐𝑜𝑛 is the voltage 

drop brought on by a decrease in the concentration of 

the reactants' gases or the passage of mass of oxygen 

and hydrogen. 𝐸𝑁  is also known as the cell's 

thermodynamic potential or the reversible voltage 

and may be calculated as follows [21]: 

 

𝐸𝑁 = 1.229 + 4.3085 × 10−5 × 𝑇 × (ln 𝑃𝐻2 +
 0.5 ln 𝑃𝑂2) − 0.85 × 10−3 × (𝑇 − 298)           (7) 

 

Where 𝑃𝐻2  and 𝑃𝑂2  are the respective partial 

pressures of hydrogen and oxygen, and T is the fuel 

cell temperature expressed in Kelvin (K) [2, 5]. The 

physical fuel cell characteristics shown in Table 1 can 

be used to determine each term in Eq.s (4-6). The 

stack's total output voltage can be calculated using Eq. 

(8) [2]: 
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Figure 2. The schematic diagram of the proposed PEMFC monitoring and control system for the proposed experimental 

work 
 

 
Figure. 3 The proposed predictive voltage control strategy structure [2] 

 

𝑉𝐹𝐶 = 𝑁𝑐𝑒𝑙𝑙 × 𝑉𝑐𝑒𝑙𝑙                        (8) 

 

Where 𝑁𝑐𝑒𝑙𝑙 is the number of cells in the stack. 

3. Monitoring and control system design 

Fig. 2 depicts the schematic diagram of the 

proposed PEMFC monitoring and control system 

used in the experimental work. It consists of multiple 

proposed components (hardware and software). 

Therefore, the LabVIEW program is used to create 

the control section for the proposed monitoring and 

control system, which is utilized to verify the 

performance of the proposed predictive neural 

controller in controlling the fuel cell output voltage 

in real time by generating the appropriate amount of 

hydrogen partial pressure control action that will 

enter the fuel cell.  

The monitoring portion of the suggested system 

is implemented based on the MQTT protocol and a 

Raspberry Pi 4 as a local server. In the short term, the 

Raspberry Pi gathers the required fuel cell data and 

transmits it to the dashboard for monitoring. The 
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monitoring dashboard uses Node-Red and the MQTT 

protocol for data exchange and communication 

between the MQTT clients, and it is used to receive 

and visualize the obtained FC data over the web and 

the Wi-Fi connection. 

The design of the controller and the monitoring 

system, as well as the methods utilized to implement 

them, will be described in depth in the following 

subsections. 

3.1 The predictive voltage controller 

Our proposed predictive voltage controller for the 

general form of the PEMFC is depicted in Fig. 3, 

which has been taken from our work in [2]. We have 

provided a detailed explanation of the proposed 

predictive neural controller design in reference [2]. 

Basically, this controller's main task is to solve the 

problem of the fuel cell's output voltage variation 

while the load current varies by generating the best 

value of PH2, which is fed to the fuel cell to obtain 

the necessary voltage during variations in the load 

current. The suggested predictive voltage controller 

comprises three sub-controllers. The first sub-

controller, known as the numerical feed-forward 

controller (NFFC), determines the hydrogen partial 

pressure control action required for steady-state 

based on the desired voltage. The second sub-

controller, which is a feedback neural controller, uses 

a multi-layer perceptron (MLP) and a back-

propagation learning algorithm to generate the PH2 

feedback control action during transient conditions to 

follow the desired FC output voltage. The third sub-

controller is the predictive control law equation, 

which utilizes the modified Elman recurrent neural 

network (MERNN) as an identifier for the PEMFC 

model and the multi-objective performance index. 

Essentially, the proposed predictive control law 

equation of the nonlinear fuel cell model is provided 

the third sub-controller is the predictive control law 

equation, which utilizes the modified Elman 

recurrent neural network (MERNN) as an identifier 

for the PEMFC model and the multi-objective 

performance index. Essentially, the proposed 

predictive control law equation of the nonlinear fuel 

cell model is provided for the one-step ahead 

prediction, as represented in Eq. (9) in order to obtain 

the optimal or near-optimal value for the hydrogen 

partial pressure control effort. 

 

𝑃𝐻2𝑝𝑟𝑒𝑑(𝑘 + 1) =     𝑃𝐻2𝑝𝑟𝑒𝑑(𝑘) +

 𝜂 𝑄 𝑒𝑝𝑟𝑒𝑑 (𝑘 + 1) ×     [∑ 𝑤6𝑗 𝑓′(𝑛𝑒𝑡𝑗) 𝑉𝐻𝑗6
𝑛ℎ
𝑗=1 ] −

 𝜂 𝑅 [𝑃𝐻2𝑓𝑏(𝑘) + 𝑃𝐻2𝑝𝑟𝑒𝑑(𝑘)]                                (9) 

 

Where 𝑃𝐻2𝑝𝑟𝑒𝑑(𝑘 + 1)  is the hydrogen partial 

pressure control action for one step ahead prediction, 

𝜂  is the learning rate, 𝑃𝐻2𝑓𝑏  is the feedback 

hydrogen partial pressure control action,  𝑒𝑝𝑟𝑒𝑑  

represents the voltage error, Q and R represent the 

positive weight coefficients for the predictive control 

law equation [22], 𝑛ℎ denotes the number of nodes in 

the hidden layer, 𝑤6𝑗 is the weight of the input layer 

related to the PH2 input node, 𝑉𝐻𝑗6  describes the 

weight of the hidden layer node, 𝑛𝑒𝑡𝑗 is the weighted 

sum in the hidden layer   , and  𝑓′ is the first derivative 

function. As a results, this control effort will track and 

stabilize the fuel cell’s output voltage model at the 

desired output voltage in the two states: The transient 

and the steady-state operations.  

The predictive voltage controller program was 

created using the LabVIEW 2020 package, and it was 

specifically created to meet the needs of the 

experimental goal of managing the hydrogen partial 

pressure that enters the fuel cell. LabVIEW is the 

National Instruments' visual programming language 

for a system design platform and development 

environment.  

LabVIEW is frequently used for data gathering, 

instrument control, and industrial automation on a 

variety of operating systems (OSs), including 

Microsoft Windows, several versions of Unix, Linux, 

and MacOS. LabVIEW initially became available for 

the Apple Macintosh in 1986 [23]. Furthermore, it is 

recognized as the most popular software environment 

monitoring tool. The LabVIEW interface software 

diagram includes the primary program in the form of 

a Graphic User Interface (GUI), which runs all of the 

controls and indicators on the front panel [24]. In 

general terms, the performance of the proposed 

controller was tested and evaluated in real time based 

on the LabVIEW toolkit. The benefit of a real-time 

test system is that it allows us to examine the 

functioning state under various disturbances and 

monitor the performance of the PEMFC control 

system from a single panel [12]. 

Figs. 4 and 5 show the front panel and the block 

diagram, respectively, of the proposed predictive 

voltage controller, which has been constructed as 

described in those images based on the LabVIEW 

tool kit. 

3.2 Monitoring system design 

This section explains the remote monitoring 

system architecture that has been implemented in the 

experimental work, which is shown in Fig. 6. The 

MQTT communication protocol has been utilized to 

transmit the required fuel cell monitoring data. Fig. 7  
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Figure. 4 Front panel for the real-time PEMFC predictive controller in LabVIEW 

 

 
Figure. 5 Block diagram of the real-time PEMFC predictive controller in LabVIEW 

 

 
Figure. 6 MQTT protocol-based PEMFC monitoring system 

 

illustrates the fundamental architecture of the MQTT. 

Typically, MQTT is a publish-subscribe protocol. It 

is a straightforward and compact messaging solution 

designed for unreliable networks, constrained 

hardware, and limited bandwidth. It is a suitable 

option for this architecture since it provides simple 

communication between the server (an MQTT 

broker) and clients (a Raspberry Pi-single board 

computer, computers, and mobile devices) [25]. 

After establishing a connection with an MQTT 

broker, a message related to a topic is published by an 

MQTT client. The broker sends the message to clients 

who have subscribed to the relevant topic [26]. 

Consequentially, the primary purpose of the MQTT 

protocol in this work is to receive operational data 

from the fuel cell control system through the 

Raspberry Pi and transmit it to the MQTT client (a 

computer with a Node-RED monitoring dashboard).  

Eclipse Mosquitto is used as a broker on the 

Raspberry Pi 4. Briefly, Mosquitto is an open-source 

message broker, which is a lightweight MQTT broker 

that can be used on all devices, including full servers 

and low-power boards, to publish and subscribe for 

messages [27]. The board being utilized is a  
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Figure. 7 The MQTT architecture 

 

 
Figure. 8 Node-RED flow for PEMFC data publishing (in 

Raspberry Pi) 

 

Raspberry Pi 4 Model B with a 1.5 GHz 64-bit quad-

core ARM Cortex-A72 processor, full gigabit 

Ethernet, Bluetooth 5, two USB 2.0 ports, two USB 

3.0 ports, 2 GB of RAM, and dual-monitor 

compatibility through a pair of mini-HDMI 

connections. 

The Pi 4 is powered using a USB-C connection, 

which also powers connected peripherals in the 

downstream direction [28]. In a local network, the 

Raspberry Pi serves as the local server and hosts the 

MQTT broker (Mosquitto), and the Node-RED 

application. In this study, the required fuel cell data 

was collected using the Raspberry Pi 4. Essentially, 

for representing and visualizing fuel cell data, Node-

RED dashboards have been used. Node-RED is a 

flow-based programming tool that IBM originally 

created for the IoT to connect physical components, 

APIs, and web services. An online flow editor for 

Node-RED is available for writing JavaScript 

functions. Applications' components can be shared or 

saved for later use. Node.js is used to build the 

runtime and JSON is used to store the Node-RED 

flows [20]. 

Since the Raspberry Pi 4 has no analog inputs, we 

have used the ADS 1115 analog-to-digital converter 

to tap analog inputs from the fuel cell control system 

and convert them to a digital output.  The ADS1115 

is a 16-bit analog-to-digital converter with four 

analog input channels. We connect the ADS1115’s 

SCL and SDA pins to the Raspberry Pi 4's digital 

GPIO (SCL and SDA) pins so that the Raspberry Pi 

4 can receive the data needed for monitoring the fuel 

cell. Fig. 8 shows the Node-RED flow for PEMFC 

data publishing on the Raspberry Pi 4, which presents 

the ADS1115 node and the MQTT output node that is 

used to send data needed to monitor the FC to the 

Mosquitto broker. 

On the other hand, Fig. 9 displays the Node-Red 

flow for PEMFC data subscription (on the laptop), 

which uses MQTT input nodes as subscribers to 

receive PEMFC monitoring data from the broker. In 

this regard, one of the most noticeable features of 

Node-Red is the dashboard module, which is a web-

based data monitoring tool [29]. Three different user 

interface types (gauge, text, and chart) are displayed 

by the Node-RED dashboard in the presented work, 

including the FC output voltage, the FC desired 

voltage, and the hydrogen partial pressure control 

action that are each depicted on the fuel cell 

monitoring dashboard in these three different forms 

of the user interface. 

 

 
Figure. 9 Node-RED flow for PEMFC data subscription (Laptop) 
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Figure. 10 Hardware setup for the experimental work 

 

4. Experimental setup 

The primary hardware component of the 

proposed experimental work is the PROTIUM's PEM 

fuel cell device, where the mechanism of a chemical 

reaction inside each cell is the operating principle of 

a PEMFC model. It is utilized to carry out the 

experimental work to investigate the relationship 

between the intended output voltage from the PEM 

fuel cell and the hydrogen partial pressure. The fuel 

cell requires a dry hydrogen gas that is 99.99% pure 

as fuel, and it requires a supply voltage between (12 

to 15) volts to begin operating. In order to deliver the 

oxygen partial pressure needed to complete the 

chemical reaction, two fans are linked within the fuel 

cell body. Fig. 10 depicts an illustration of the 

hardware architecture. To accomplish the objective of 

this experimental work, all of the hardware stage's 

components are linked firstly, as depicted in Fig. 10, 

and the schematic diagram is presented in Fig.2. 

Secondly, in accordance with PROTIUM's 

specifications, the pressure in the hydrogen gas tank 

is set to 1 bar using the pressure regulator, and it 

cannot be raised over 1 bar to prevent breaking of the 

membrane that resides between the two poles. 

The proposed predictive controller implemented 

in LabVIEW is used to determine the appropriate 

amount of PH2 control action based on the desired 

voltage in steady state using Eq. (9). Then, the power 

supply is turned on to start the work by powering both 

cards of the fuel cell and the PVQ31_5G_23_0IN 

proportional solenoid valve to carry on with this work. 

After that, the hydrogen gas enters the fuel cell from 

a hydrogen controlling the amount of PH2 control 

action that should be injected into the fuel cell is the 

major responsibility of this valve.  

The tank through a digitally modulated valve, 

which is controlled by an electric signal with a range 

of (0 to 12) volts. proposed predictive controller that 

runs on LabVIEW drives provides the PH2 control 

action for the valve through the NI USB 6009. The 

NI USB-6009 is a lightweight, multifunctional data 

acquisition (DAQ) device made by national 

instruments, which is compatible with LabVIEW. It 

is utilized in the experimental work for the interface 

between a personal computer and a fuel cell. The H2 

gas and O2 combine to produce electricity in a fuel 

cell stack. Then, the load receives the electricity 

produced. The load in this experimental study is a 

Rheostat, which is an electrical instrument that has a 

variable resistance and a resistivity range of up to 50 

ohms. It has a volume to increase the load delivered 

to the PROTIUM PEM fuel cell, and it is used to 

regulate the current to adjust the voltage of the fuel 

cell. Then, the fuel cell output voltage signal goes to 

LabVIEW through the Rheostat to the voltage divider 

circuit. Then, the analog signal is converted to a 

digital signal using the ADC of the NI 6009 USB to 

monitor and control the output voltage. At the same 

time, the fuel cell output voltage goes to the 

Raspberry Pi 4. The ADS1115 is used to pass the 

analog FC output voltage signal along with the PH2 

control action and the FC desired voltage to the 

Raspberry Pi 4, as seen in Fig. 2. Here, the Node-

RED application running on the Raspberry Pi 4 

serves as an MQTT client (publisher), gathering the 

necessary data about the fuel cell and publishing it to 

the MQTT broker on a particular topic.  
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Figure. 11 The stack output voltage and power against 

the current 

 

 
Figure. 12 Fuel cell voltage drop against the load current 

 

 
Figure. 13 The maximum power and the output voltage 

against the load current with variable hydrogen partial 

pressure 

 

The Raspberry Pi 4 then functions as a local 

server with the MQTT broker (Mosquitto Server) 

running on it. The gathered data is sent wirelessly 

through Wi-Fi from a nearby router to the subscriber. 

On the other hand, a personal computer (laptop) 

running the Node-Red web application subscribes to 

that subject in order to obtain the necessary fuel cell 

information and display and monitor it in the form of 

charts, text, and gauges on the Node-RED dashboard. 

5. Simulation and experimental results 

The PEMFC nonlinear model was investigated 

and analysed, as was the proposed predictive 

controller, which was validated and built using the 

MATLAB R2020a package and Intel Core i5 

computer hardware, which has a RAM capacity of 

eight gigabytes and a clock speed of 1.50 GHz. The 

PROTIUM Company's PEM fuel cell was used in this 

study to conduct the experimental work and examine 

the link between the intended output voltage from the 

PEM fuel cells and the hydrogen partial pressure.    

The study and analysis of the PEMFC system's 

dynamic properties were performed in relation to its 

physical parameters, as shown in Table 1, which is 

necessary to demonstrate the nonlinear dynamic 

behaviour of the fuel cell model, and these are the 

first steps in the proposed system design. The first 

analysis is: The magnitude of the fuel cell's output 

voltage and the maximum output power response are 

depicted in Fig. 11, where the fuel cell model's 

normal operating conditions are: (1) The value of the 

hydrogen partial pressure is equal to 0.3 bar; (2) The 

value of the oxygen partial pressure is equal to 0.2 

bar; (3) The operating temperature of the fuel cell 

model is equal to 25 °C. Under load, the fuel cell's 

load current is variable between 0 and 10 A; this is 

the model's maximum power of 150 watts. The loss 

voltage response of the fuel cell system is shown in 

Fig. 12 when the variable load current, which is 

adjustable between 0 A and 10 A, is applied. In the 

second analysis, which is shown in Fig. 13, the fuel 

cell can be operated while the load current varies 

between 0 A and 10 A to show the effect of the 

hydrogen partial pressure varying between 0.3 bar 

and 1 bar on the output voltage as well as the 

maximum output power. However, at 25 °C, the fuel 

cell's operating temperature never changes. 

According to Fig. 13, the output voltage of the fuel 

cell rises as the hydrogen partial pressure does. The 

enhanced thermodynamic potential value of the 

PEMFC system, as given in Eq. (7), has improved the 

dynamic performance of the fuel cell system's output 

voltage.  

According to Fig. 14, which depicts the effect of 

temperature variations on a fuel cell system, the 

temperature varies from 25 °C to 80 °C while the fuel 

cell's load current fluctuates between 0 A and 10 A, 

while the partial pressures of hydrogen and oxygen 

remain constant at 1.0 bar and 0.2 bar, respectively. 

As the temperature rises, the FC's output voltage 

improves. The performance of the fuel cell system 

has been improved by enhancing the EN value of the 

PEMFC system to increase and lower the parameter 

impact values on the loss voltage. However, as the  
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Figure. 14 The stack output voltage and power against the 

load current with temperature 

 

 
Figure. 15 The response for the one-step-ahead prediction 

control action PH2 

 

 
Figure. 16 PEMFC system's actual output voltage for the 

one-step-ahead predictive voltage controller 

 

temperature rises, the fuel cell's lifetime will be 

shortened because it will operate with a fewer value 

of the necessary humidity for the membranes. 

Predictive neural voltage control, as seen in Fig. 

3, was used to improve the dynamical behaviour of 

the output voltage of the nonlinear PEMFC system. 

This can be accomplished by regulating the PEMFC 

output voltage in the presence of current variation and 

by forecasting the best PH2 values to protect the fuel 

cell membrane from damage in such a way that  
 

 
Figure. 17 The output load current for the PEMFC using  

the one-step-ahead predictive voltage controller 

 
Table 2. The study cases for the experimental work 

Case 

study 

FC 

output 

voltage 

Load 

current 

Rheostat 

Resistance 
FC Power 

1 17 V 7.5 A 2.2 Ω 123.7 W 

2 18 V 4.7 A 3.8 Ω 83.9 W 

3 19 V 2.6 A 7.3 Ω 49.3 W 

4 20 V 1.4 A 14.2 Ω 27.8 W 

 

 

extends the fuel cell lifetime without consuming a lot 

of PH2. 

Fig. 15 shows the one-step-ahead prediction 

response of the control action of the proposed 

predictive neural controller based on Eq. (9). The 

PEMFC system's target output voltage is followed 

quickly and smoothly in the optimal response of the 

PH2 control action, roughly minimizing both steady-

state and transient deviations from zero. The one-

step-ahead predictive neural controller's real output 

voltage for the PEMFC system is shown in Fig. 16, 

which also shows that the response is quick and 

smooth so as to follow the fuel cell model's desired 

output voltage.  

Fig. 17 displays the output load current response 

for the fuel cell according to the suggested predictive 

controller.  

Four study cases were selected, as shown in Table 

2, in order to test the effectiveness of the suggested 

predictive controller for the fuel cell system in real 

time. The LabVIEW 2020 package was then used to 

track and control the fuel cell output voltage and the 

control signal for 100 samples with a sampling 

interval of one second.  

Figs. 18 (a), (b), (c), and (d) show the first case. 

After reducing the output voltage from 17 volts to a 

suitable voltage range of (3 to 5) volts based on the 

voltage divider circuit and with 7.5 amps of the load 

current response when the resistance is applied at a 

value of 2.2 Ω on the rheostat, Fig. 18 (a) shows the 
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                                                      (a)                                                                                    (b)   

        
                                                       (c)                                                                                 (d)    

Figure. 18 Case study one for the desired voltage at 17 volts: (a) The actual output voltage response of the PEM fuel cell, 

(b) The hydrogen partial pressure control action, (c) The voltage-control action response, and (d) The PEM fuel cell 

voltage error for the proposed closed-loop controller 

 

real response of the fuel cell output voltage with the 

intended voltage of 17 volts and using the first 

channel ADC for the NI-DAQmx-USB6009 device 

to read this voltage signal. In the steady state, the 

response of the output voltage is rapid and stable, 

exhibiting minimal oscillation of approximately 

± 0.1 volts.  

This oscillation is caused by a number of factors 

that have an impact on the measurement process, 

including the noise effect, the fuel cell's uncertain 

system parameter fluctuations, and the impurity of 

the hydrogen gas. The proposed predictive neural 

controller's PH2 control action of a one-step-ahead 

prediction response is shown in Fig. 18 (b). The best 

value, quick, and smooth control action to follow the 

target output voltage of the PEMFC system is 

included in the optimal response of the PH2 control 

action, with small oscillation, which roughly 

minimizes the steady-state deviation from zero.  

The proportional solenoid valve voltage control 

action of the predictive neural controller is shown in 

Fig. 18 (c). It was sent from the first channel DAC of 

the NI-DAQmx-USB 6009 with a range of (0 to 5) 

volts using a diver circuit (operational amplifiers) to 

raise the value of the control signal to a range of (0 to 

12) volts to operate the proportional solenoid valve of 

type PVQ31_5G_23_0IN. The controller has a quick 

response time for reaching the desired voltage and 

stabilizing it with a minimum amount of oscillation 

in the steady state.  

The voltage error in steady states is depicted in 

Fig. 18 (d), which is about 0.1 volts.   

Figs. 19 (a), (b), (c), and (d) display the results of 

the second case study. Figure 19 (a) shows the real-

time output voltage of the fuel cell when the 

resistance of the load is applied at a value of 3.8 Ω on 

the rheostat, with the desired voltage at 18 volts and 

to make 4.7 amps of the load current response. The 

output voltage responds quickly and steadily in the 

steady state, with just a small oscillation of about 

± 0.1 volts.  

Fig. 19 (b) displays the PH2 control action of the 

proposed predictive neural controller, demonstrating 

a one-step-ahead prediction response. The controller 

exhibits an optimal response, ensuring a precise and 

smooth control action to track the target output 

voltage of the PEMFC system and minimizing 

steady-state deviation from zero. The proportional 

solenoid valve voltage control action of the predictive 

neural controller is depicted in Fig. 19 (c), which  
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                                                  (a)                                                                                       (b) 

            
                                                   (c)                                                                                          (d)  

Figure. 19 Case study one for the desired voltage at 18 volts (a) The actual output voltage response of the PEM fuel cell 

(b) The hydrogen partial pressure control action (c) The voltage-control action response (d) The PEM fuel cell voltage 

error for the proposed closed-loop controller 
 

shows a rapid time response to reach the desired 

voltage and stabilize it with minimal oscillation in the 

steady state. The voltage error in steady states is 

shown in Fig. 19 (d), which is around 0.1 volts. 

Figs. 20 (a), (b), (c), and (d) depict the third case 

study. Fig. 20 (a) shows the real output voltage 

response of the fuel cell model with the intended 

voltage at 19 volts, and to make the load current equal 

to 2.6 amps, the resistance of the rheostat is applied 

at a value of 7.3 Ω. The output voltage response is 

fast, and in the steady state, there is a small output 

oscillation of about ±0.1 volts. The proposed 

predictive neural controller's PH2 control action of 

the one-step-ahead prediction response is shown in 

Fig. 20 (b). The best value, quick, and smooth control 

action to follow the target output voltage of the 

PEMFC system is included in the optimal response of 

the PH2 control action with a small oscillation. The 

proportional solenoid valve voltage level control 

action of the predictive neural controller is shown in 

Fig. 20 (c). The controller has a quick response time 

for reaching the desired voltage and stabilizing it with 

a minimum amount of oscillation in the steady state 

of about ±  0.1 volts. The voltage error in steady 

states is depicted in Fig. 20 (d), which is about 0.1 

volts. 

Figs. 21 (a), (b), (c), and (d) depict the fourth case 

study. In particular, Fig. 21 (a) demonstrates the 

behavior response of the actual output voltage of the 

fuel cell in real-time with the intended voltage at 20 

volts and 1.4 amps of the load current response when 

the resistance is applied at a value of 14.2 Ω on the 

rheostat. The output voltage response is quick, and in 

the steady state, these is a small output oscillation of 

about ± 0.1 volts. The proposed predictive neural 

controller's PH2 control action of the one-step-ahead 

prediction response is shown in Fig. 21 (b). The 

proportional solenoid valve voltage level control 

action of the predictive neural controller is shown in 

Fig. 21 (c). The voltage error in steady states is 

depicted in Fig. 21 (d), which is about 0.1 volts.  

Upon conducting these four case studies, the 

efficacy of the proposed predictive neural controller 

has been validated. It has been established that the 

simulation results align with the experimental 

findings in terms of providing a rapid and accurate 

response as well as generating an optimal hydrogen 

partial pressure control action that regulates the fuel 

cell output voltage during current variations.  

Nevertheless, there is a minor voltage error and a  
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                                                       (a)                                                                                  (b)   

         
                                                     (c)                                                                                      (d)    

Figure. 20 Case study one for the desired voltage at 19 volts (a) The actual output voltage response of the PEM fuel cell 

(b) The hydrogen partial pressure control action (c) The voltage-control action response (d) The PEM fuel cell voltage 

error for the proposed closed-loop controller 

 

            
                                                       (a)                                                                                    (b)   

            
                                                      (c)                                                                                    (d)    

Figure. 21 Case study one for the desired voltage at 20 volts: (a) The actual output voltage response of the PEM fuel cell, 

(b) The hydrogen partial pressure control action, (c) The voltage-control action response, and (d) The PEM fuel cell 

voltage error for the proposed closed-loop controller 
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Figure. 22 The node-red dashboard for real-time PEMFC monitoring 

 

Table 3. Validation of the experimental results 

Result type Voltage error Oscillation  

Numerical 

simulation 
0.01 No oscillation 

Experimental 

work 
0.1 ± 0.1 

 

slight oscillation, which can be attributed to various 

factors affecting the measurement process. These 

factors include the influence of noise, fluctuations in 

uncertain system parameters of the fuel cell, and 

impurities in the hydrogen gas. The Node-RED 

dashboard for real-time PEMFC monitoring is 

displayed in Fig. 22, which displays gauges, text, and 

charts showing the actual fuel cell output voltage, the 

intended voltage, and the hydrogen partial pressure 

using Ch0, Ch1, and Ch2 of the ADC-1115, 

respectively for the case study with a desired voltage 

of 18 volts, where the value of the desired output 

voltage is taken from the second channel DAC of the 

NI 6009, while the value of the control voltage signal 

is taken from the first channel DAC of the NI 6009.  

In a local area network (LAN) network, this 

information is sent from the Raspberry Pi to a remote 

laptop based on the MQTT communication protocol 

and the local wi-fi router. By using a single panel, this 

dashboard allows us to track the operation of the 

PEMFC control system in real time. 

In Table 3, to validate the effectiveness of the 

proposed experimental work, the simulation results 

were compared with those of the experimental work. 

The differences between the simulation findings 

and the experimental results can be attributed to few  
 

Table 4. Comparing the suggested controller numerically 

to other types of controllers 

Type of 

Controller 
Algorithm 

Voltage 

Error 
Oscillation 

Predictive 

neural 

controller 1-

10 step 

ahead [16] 

CPSO 

(Off-line) 
0.08 ±0.05 

NARMA-L2 

inverse 

neural 

controller 

[13] 

FF 0.09 ±0.17 

CPSO 0.083 ±0.12 

FFCPSO 

(On-line) 
0.055 ±0.1 

The 

proposed 

predictive 

control law 

equation 

BPA 

(On-line) 
0.01 No oscillation 

 

points that were not addressed in the simulation 

results, including the following: 

 

• The PH2 solenoid valve model was neglected. 

• The quantization error resulting from arithmetic 

operations of the ADC and DAC. 

• The hydrogen gas impurity. Since the PROTIUM 

PEMFC employed in the experimental study 

requires a dry hydrogen gas that is 99.99% pure 

as fuel. 

• The driver circuits of the operational amplifiers 

have some offset voltage value or a drift voltage 

in the output. 

• The errors in fuel cell modeling and the absence 
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of full comprehension of system components.  

 

We were able to compare the numerical 

simulation results of the proposed controller with 

those of other types of controllers based on improving 

system performance in terms of swiftly and precisely 

tracking the desired voltage and using less energy by 

analysing and contrasting the PEMFC system under 

random current fluctuations and a low voltage 

tracking error as shown in Table 4. 

The proposed controller was initially compared to 

the research in [16], which recommended using a 

neural predictive controller with CPSO to determine 

the action of the hydrogen partial pressure to maintain 

the target output voltage of the PEMFC system 

during variations in the load current. The actual 

output voltage of the PEMFC system for the input set 

used by our suggested controller and obtained from 

[16] is shown in Fig. 23. One step ahead, the ideal 

answer will be reached. The enhancement of the 

voltage tracking error was 87.5%, and the tracking 

voltage error was reduced from 0.08 to 0.01 volt. 

Even though the actual output voltage of the PEMFC 

system in [16] could follow the desired output for 

one-step-ahead prediction for five different load 

current step-changes with small output oscillation, 

the voltage error was not equal to zero at steady state, 

it caused overshoot response in the start sample, and 

it did not result in a smooth response to the control 

action (hydrogen partial pressure). 

Because it created the ideal or nearly optimal 

control action based on the predictive control law 

equation with the neural network identification as a 

guide, the suggested predictive neural controller 

produced superior control performance. The 

suggested predictive controller, however, relies on 

the MERNN identifier network, which has [8:8:8:1] 

nodes, including eight nodes for input, context, and 

hidden layers, an output layer, and one node for the 

output layer. The PH2 control action in [20] was 

produced using just the feedback neural controller 

that used the traditional MLP identification model, 

which has [5:7:1] nodes.  

The results from [13], which introduced the 

neural network NARMA-L2 structure model and the 

hybrid (FF-CPSO) firefly-chaotic particle swarm 

optimization algorithm that was used to build the 

model and control system for the nonlinear PEMFC 

model, were compared with those of the suggested 

predictive methodology as part of a second 

comparative study. The best response will be attained, 

where the voltage error is decreased from 0.055 volts 

to 0.01 volts and the tracking voltage error is boosted 

by 81.8%, if the identical input that has been obtained 

from [13] is applied to our suggested controller.  
 

 
Figure. 23 FC output voltage based on the data set [16] 

 

 
Figure. 24 FC output voltage based on data set [13] 

 

 

There is no longer any oscillation effect at all. The 

PEMFC system's actual output voltage for the input 

set chosen from [13] is shown in Fig. 24. 

The suggested predictive neural controller creates 

the control action based on both the feedback neural 

controller and the predictive control law equation, 

which is how this superiority was reached. In [13], 

the controller only relied on the inverse neural 

controller to provide the control action. This 

controller provides accurate responses in the steady 

state but produces mistakes in the transient state. 

6. Conclusion  

In this study, a real-time predictive voltage neural 

controller and remote monitoring are constructed for 

the nonlinear PEMFC system. In order to optimize 

the fuel cell's nonlinear performance under different 

load currents and to enable remote monitoring of the 

nonlinear PEMFC system, the main goal of this work 

is to precisely and quickly establish the best control 

action for the hydrogen partial pressure. The 
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proposed predictive voltage controller is applied to 

the 150-watt PROTIUM PEMFC in order to check 

the performance of the device in real time using the 

LabVIEW package. 

As shown by the MATLAB simulation results and 

the experimental work in real time based on the 

LabVIEW program and the Node-RED web 

application, the performance of the suggested 

monitoring and control system clearly demonstrates 

the following capabilities: 

 

• According to the simulation results using the 

MATLAB toolkit, applying the suggested one-

step-ahead predictive neural controller to the 

150-watt PROTIUM PEMFC results in smooth, 

quick, and precise control action without 

oscillation with fast tracking of the desired output 

voltage with roughly 0.01 voltage error during 

load current variation. 

• The proposed predictive controller's real-time 

experimental implementation, which is based on 

the LabVIEW toolkit, demonstrates that it can 

generate the best PH2 control action with little 

oscillation and can track the desired voltage with 

a minimum error of about 0.1 volts with 

± 0.1volts oscillation. 

• The difference between the simulation results 

and the experimental results is a consequence of 

certain factors that were not included in the 

simulation results, such as the fuel valve model 

being ignored, the impurity of the hydrogen gas, 

and the quantization error of the ADC and DAC. 

• The established remote monitoring system, based 

on the Node-RED web application and the 

MQTT communication protocol, has been 

successfully implemented. It enables quick and 

accurate wireless LAN monitoring of the 

PEMFC control system's performance. 

 

In future works, we advise using a real-time 

flying drone model with real-time power 

management as the experimental setting for the 

predictive control using IoT approach in further 

studies.  
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