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Abstract

:

In recent years, the use of hydrogen for various applications, such as energy storage in microgrids, vehicle fuel or other industrial processes, has led to the proliferation of PEM electrolysers based on water electrolysis (PEM WE) as hydrogen generators. On the other hand, a digital twin (DT) serves as a replica of the physical device within a virtual environment, whose aim is to mimic the behaviour of the physical device. By means of this digital replica, it is possible to study the behaviour of the PEM WE within the intended system or application in a controlled and safe way, without involving the other components of the system. Typically, the monitoring and control processes of a physical system are supported by graphical user interfaces (GUI). These graphical tools serve as an interactive bridge between the user and the system, facilitating the monitoring of the system as well as the acquisition and presentation of information resulting from its operation. MATLAB is a programming and computing platform that provides users with a variety of applications and toolboxes with very specific functions. Among them is App Designer, an application focused on GUI design and development. This paper describes the design and implementation of a MATLAB-based application that embeds a digital replica of a PEM WE and a GUI dedicated to its control, all framed in the operation of a smart microgrid powered by photovoltaic energy and supported by hydrogen generation and storage.
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1. Introduction


The global energy paradigm currently in use is shifting in favour of the use of renewable energies, such as solar photovoltaic, wind or hydraulic, reducing dependence on fossil fuel consumption, as well as reducing the environmental impact. At the same time, new alternative energy sources such as biofuels or the use of non-polluting and easily obtainable gases such as hydrogen are being researched. The applications associated with this gas are diverse and extend across a multitude of sectors, such as healthcare [1], automotive [2] and energy [3].



This product is obtained by means of devices called electrolysers, capable of generating hydrogen through the electrochemical process of electrolysis applied to a compound. The architecture of these devices is very varied, with the Proton Exchange Membrane (PEM) type being one of the most widely used. These electrolysers are commonly used for the production of hydrogen from water, because the products resulting from electrolysis are non-polluting. In particular, if during this process the electrolyser is powered by a renewable energy source, the resulting product is called green hydrogen [4], highlighting the non-polluting quality of the process in all its parts.



In the context of the energy sector, electrolysers have gained relevance in the design and implementation of microgrids, playing a supporting role to the primary generation system through hydrogen generation and storage. This secondary system makes it possible to cope with short- and long-term energy variations in the system [5].



Due to their complex nature, the implementation of electrolysers in a system or process is not immediate and a study of their behaviour must be carried out to evaluate their interaction with the rest of the components. Digital twins are often used in this study. A digital twin (DT) or digital replica refers to the virtualization of a physical process or system with the aim of reproducing its operation in real time. The DT is composed of a model that describes the behaviour of the device and a set of real-time measurements taken from the system. The model uses these real-time input measurements to simulate the output values. As a result, the DT replicates the real-time operation of the device virtually. The model used in a DT can be of different types, such as based on equations of physical laws [6] or black box type, such as neural networks [7]. The implementation of a DT allows the study of the electrolyser independently of the inherent physical limitations of the equipment and the interaction with other elements [8]. On the other hand, the monitoring and control of a physical process is usually implemented through a graphical user interface (GUI) that provides the operator with a better understanding of the state of the system through a visual platform that presents the information necessary for its operation in a clear and orderly manner [9].



This paper presents a MATLAB-based application for the study of a PEM WE installed on a smart microgrid powered by photovoltaic energy and with a secondary hydrogen generation and storage system. The application integrates a DT of the electrolyser running on experimental measurements captured from the system in real time and a GUI to visualise and monitor the values of the system and the virtual counterpart.



The structure of the rest of the document is as follows. Section 2 describes the design and operation of the developed application. The implementation of the application and the results obtained are presented in Section 3. Finally, the main conclusions of the work are presented.




2. Materials and Methods


This section is responsible for describing the designed application, the programming environment used, its operating principle and the model on which the DT used is based.



2.1. Programming Environment


MATLAB software has a specific toolbox for application and GUI design called App Designer, which has been used for this work. The tools provided by this environment give it a versatility that allows the creation of applications and interfaces dedicated to multiple situations [10,11]. The handling of this environment is based on two tabs that separate the design of the application in its graphical aspect and its programming. The first tab, called design view, provides the user with a library of graphical components such as buttons, LEDs or graphics to determine the appearance of the interface. Secondly, the code view window allows the user to program the functions performed by the components in the first window using the MATLAB programming language, as well as to modify their internal characteristics. The diagram in Figure 1 shows the functions performed by each tab and their interaction.




2.2. Principle of Operation


The application designed aims to facilitate the operator’s study and comprehension of the operation of the PEM WE installed in the smart microgrid by means of a user-friendly and intuitive GUI. For this purpose, the application uses a single embedded DT and represents in real time the measured values of the installed PEM WE and those resulting from the simulation of the model included in the DT. The comparison of these values allows us to determine the suitability of the model used in the DT and thus to relate its behaviour to the performance of the real PEM WE.



To obtain the experimental values, a PEM WE made up of 6 cells in series forming a stack is used. This stack is sensorised and connected to a programmable logic controller (PLC) to acquire the variables that characterise its operation, such as the consumed current, the voltage or the working temperature.



In order to use the DT of the electrolyser, it is necessary to have the experimental values measured by the PLC in MATLAB. Therefore, a communication between PLC-MATLAB is set up via the Modbus TCP/IP protocol. Modbus was created by Modicon in 1979 for data transmission between PLCs and quickly became a de facto standard due to its simplicity [12]. The TCP/IP version is a client/server protocol running on Ethernet.



Once the communication is established, the application simulates the model and presents the results on the interface. Figure 2 shows the described process and the interaction between the different components.



From the interface point of view, the application is controlled by two buttons called Start and Stop. The Start button executes a loop of actions comprising Modbus communication with the PLC, the execution of the DT model and the display of experimental and simulated values. This sequence of actions is executed uninterruptedly as long as the Stop button is not pressed. In this way, real-time operation of the model is achieved through a continuous reading of data. Figure 3 summarises the sequence of actions performed by the application by means of a flowchart.




2.3. Digital Twin


The DT implemented in the application uses a single model to simulate the operation of the PEM WE. It should be clarified that the aim of this article is not to develop an electrolyser model, so the application uses the model described in [13], due to its ease of compression and proven validity. This model is based on the equivalent electrical diagram shown in Figure 4, where each component is associated with a local effect of the electrolyser behaviour and its values are determined by a dynamic study of the device.



Derived from this electrical schematic, the following expressions are obtained. The electrolyser voltage V is determined in Equation (1) through the internal voltage Vint and the resistance Rtot, this resistance being the sum of R1 and R2.


  V =  R  t o t   I +  V  i n t    



(1)







The power consumed by the electrolyser is given by Equation (2):


  P = I V  



(2)







The hydrogen flow rate is calculated from Equation (3), where Ncell, F and R are the total number of cells in the electrolyser, Faraday’s constant and the ideal gas constant, respectively.


   Q   H 2    =    N  c e l l   × R × I × T   Z × F × p    



(3)







Finally, Equation (4) expresses the efficiency of the electrolyser through the ratio of Vint to V.


  η =    V  i n t    V   



(4)









3. Implementation and Results


The appearance of the designed application during its execution is shown in Figure 5. The interface is divided into four zones. In the first area, the experimental and model-calculated instantaneous values are grouped together, as well as the absolute and relative errors between these values. In ‘Operating conditions’, the variables with common values in the experimental and model part are displayed, such as current, temperature and working pressure. Next, the ‘App Control’ buttons are located together. Finally, the lower part is occupied by a chart and a set of selectors positioned in the ‘Graphical display’ area. This graph allows the time variation of the variable selected in the drop-down menu to be represented, whether it is the experimental value, the model or both. An example of this is the variation in the experimental voltage as the current consumed increases from 3 to 5 A.



By means of the GUI presented, the application allows the monitoring of the most significant magnitudes of the PEM WE operation, as well as simulating the DT model and comparing both values numerically and graphically thanks to the indicators and the chart located in the GUI, respectively, highlighting the real-time capability of the application to perform these functions through its Modbus communication with the PLC.




4. Conclusions


This paper has presented a MATLAB-based application for the study of a PEM WE through a combination of interface and digital twin. The GUI provides a user-friendly environment and visualises the evolution of the operation of an experimental electrolyser by the means of a Modbus TCP/IP communication that allows the real-time reading of the data. This information is used by the embedded DT to simulate the behaviour of the electrolyser and return a series of results based on an equivalent electrical model according to [13].



Further works will address the implementation of new features that will provide the application with useful functionalities for the study of the electrolyser, while maintaining a user-friendly handling and appearance. Another future guideline deals with the development of a model for the installed PEM WE and its application for a new embedded DT.
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Figure 1. Structure and functioning of App Designer. 
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Figure 2. Principle of operation. 
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Figure 3. Flowchart of application operation. 
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Figure 4. Equivalent electrical diagram of the PEM WE described in [13]. 
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Figure 5. Designed application in operation. 
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