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Increasing the energy efficiency of cooling in buildings is an important component of the management of global energy consumption. A super-efficient cooling system based on the evaporation concept has been developed, and initial simulation results using the MATLAB/Simulink software tool have already been published by our team. In this paper, we present the results of hardware-in-the-loop (HIL) testing of the real-time controller for the cooler. HIL testing is an engineering process in which the actual controller hardware and software are implemented and interfaced with a real-time simulated model of the controlled system. Using HIL testing, many real-world problems can be fixed before testing on the actual prototype. The controller design is implemented on a small-footprint industrial PC with CODESYS RTE and application code, while control software is implemented using IEC 61131-3 programming languages. Similarly, a real-time thermodynamic and input–output variable-based model of the room, environment, and cooler and its mechanical components (sensors and actuators) are modeled using another industrial PC with the same software tools. HIL test results show very good agreement with the offline simulations.
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1 INTRODUCTION
Due to the increase in the population and the technological achievements in recent years causing the increase in device usage, the topic of energy savings has been at the forefront of discussion. A large portion of energy used all over the world is attributed to buildings for the purpose of cooling (35% of building energy) (International Energy Agency Report, 2021). Therefore, finding ways to reduce the energy consumed by buildings is very important for energy efficiency and resulting environmental protection (Asim et al., 2019; Zhang et al., 2022). There are multiple ways and methods to achieve this goal. An example would be to use desiccant cooling methods along with evaporative coolers (ECs). A desiccant cooling system is a heat-operated cooling unit. This cooling system functions on the operation of the desiccant wheel dehumidifier that dehumidifies the air inside the cooler; when combined with ECs and their efficient performance, it is possible to increase efficiency even further in humid climates (Dincer and Rosen, 2007; Pandelidis et al., 2017; Pacak and Worek, 2021). The performance of the desiccant evaporative cooling system is investigated in many studies in the literature. Narayanan et al. (2018) studied the solid desiccant EC for humid and warm climates. The performance of this cooler was investigated for residential applications in Brisbane, Queensland, Australia, and the findings revealed that the humidity level of the place is one of the most critical factors, which has a significant effect on the system performance. Caliskan et al. (2020) investigated the effects of regenerative ECs on the dry desiccant cooling system. The results showed that the energy efficiency of the cooler changed depending on the modification of the cooler and the effectiveness of the cooler increased from 0.95 to 2.16, while the exergy efficiency increased up to 42%. Pandelidis et al. (2016) investigated the effects of the different indirect ECs on the cooling performance of the desiccant wheel cooling system. The cross-flow Maisotsenko cycle heat and mass exchanger (HMX), the regenerative counter-flow Maisotsenko cycle heat and mass exchanger, and the standard cross-flow evaporative air cooler were considered to analyze the system performance using the NTU model. The systems showed different sensitivities to different operational factors. The system with the regenerative counter-flow Maisotsenko cycle heat and mass exchanger showed very sensitive performance depending on intake air flow, while the system with the cross-flow Maisotsenko cycle HMX is very sensitive to ambient humidity, and the system with the traditional cross-flow EC is very sensitive to latent heat load in the cooling space. In the other work, Gao et al. (2015) developed a simplified desiccant wheel, and the indirect parameters of the system were optimized for determining the optimal operation points for different outdoor conditions. The results show that increasing NTUHE (number of transfer units of heat exchanger) or NTUIEC (number of transfer units of indirect EC) can both improve the coefficient of performance (COP) of the system. Similarly, Goldsworthy and White (2011) analyzed the performance of the system, which involves the solid desiccant wheel system and indirect EC. Following the heat and mass transfer modeling of all components of the system, attempts were made to identify the optimized parameters that would yield the best performance. The results indicated that a 0.67 supply/regeneration flow ratio for the desiccant wheel and a 0.3 flow ratio for indirect EC gave the COP of the system higher than 20 for 70 regeneration temperature ambient conditions. Moreover, Peng et al. (2017) studied the modeling of the liquid desiccant wheel EC and investigated the effects of the system parameters (hot water temperature, air flow ratio, etc.) on the thermodynamic performance of the system. In addition, the optimal range of these system parameters was determined. The simulations on the model showed that increasing the hot water temperature, mass flow of hot water, and ambient air relative humidity led to an increase in the efficiency of the system.
While the cooling systems are operating, it is necessary to provide the desired conditions in the cooled environment and to consume energy at a minimum while this is provided. Keeping the ambient conditions at reference values is important for minimizing the effects of external and internal disturbing effects, uncertainties, and unknowns while increasing the comfort in the environment to be cooled. Thus, the operation of the system against these changes is regulated, and its robustness is increased. When the studies in the literature are examined, the most effective method for this is the application of a controller that will regulate the operation of the cooling system. With the designed control strategy, ambient conditions are kept at desired values, and maximum energy savings are achieved in the system by adjusting the operating times and internal parameters (fan and wheel speeds) of the cooler. As for the control of cooling systems, many studies that investigate the control of conventional cooling systems (Huang and Lam, 1997; Qi and Deng, 2009; Blasco et al., 2012; Li et al., 2015). Li et al. (2015) designed an artificial neural network (ANN)-based fuzzy logic controller (FLC) for controlling the temperature and humidity in a cooling space with a variable-speed direct expansion air conditioning system. The disturbance effects, such as the variations in air dry bulb and wet bulb temperature, on the system performance were investigated experimentally, and the designed controller showed very successful performance to minimize or eliminate these disturbance effects on the performance. Qi and Deng (2009) developed multi-input and multi-output control techniques for direct expansion air conditioning systems. This linear, quadratic Gaussian-based strategy controlled the indoor air temperature and humidity simultaneously by adjusting the speeds of the compressor and air supply fan. The results showed that the controller adjusts the speeds of the actuators effectively under disturbances such as unmeasured heat load disturbances and other system parameters. Huang and Lam (1997) presented an adaptive PID controller to determine the optimal performance for the heating, ventilating, and air conditioning (HVAC) system. The parameters of the adaptive PID controller were adjusted by a genetic algorithm (GA), and an attempt was made to increase the robustness of the system using this controller. The results show that the GA-based PID controller has successful performance for HVAC systems by minimizing overshoot and settling time by tuning the PID controller’s parameters according to system conditions. Blasco et al. (2012) modeled the HVAC system and designed a PID controller for improving the energy efficiency of the HVAC system under different conditions. The HVAC control system has manual and automatic modes, and it adjusts the electro valves inside the building by using an ON/OFF control strategy to maintain comfort and minimize consumption. These studies, in which the control of temperature and relative humidity was focused on the building and environment, show that energy saving is also very important for these systems in addition to temperature and humidity control. Because the systems provide comfort in the room by performing the cooling process, they need to do this with minimum energy consumption, both in terms of costs and protection of the environment. When looking at these few studies, the best energy-saving method for dew-point evaporative cooler (DPEC) systems is the control of the speed of the actuators. In addition to the aforementioned studies, there are a few studies on the control and energy efficiency of evaporative systems. This speed control to be applied to the actuators is generally applied in two types in the literature. The first of these is ON/OFF control, which is based on the fact that the actuators stop completely at certain time intervals and operate at a determined speed at certain time intervals. The second type of control operates the actuators at variable speeds with the control inputs sent to the actuators according to the ambient conditions. The second type of technique requires the development of application-specific control strategies, but it has been confirmed by studies in the literature that it saves more energy than conventional ON/OFF control. Yan et al. (2017) studied a multi-evaporator air-conditioning (MEAC) system, and a capacity controller and improved capacity were designed to control the temperature and humidity of the indoor area. The results show that the capacity controller directly controls the temperature within their preset dead-bands in the three ECs. However, the improved controller was capable of simultaneously controlling both temperature and humidity. Both controllers improve the energy efficiency of the cooling system. Lin and Yeh (2009) developed a controller for the MEAC system, and a linear model of the system was obtained by using experimental data. The control strategy is based on the principle that the compressor regulates the evaporator temperatures, and expansion valves are adjusted in cases of overheating. Experimental results show that the designed controller can successfully regulate indoor temperatures despite changing environmental and system conditions. Chen et al. (2019) designed a proportional-integral (PI) controller for an indirect EC to control the temperature accurately. The PI-based variable technique was used for more accurate control with more energy saving. The performances of the PI controller and traditional controller were compared, and the results show that the PI controller has a faster response speed, a smaller overshoot, higher precision, and enhanced robustness compared to the traditional controller. Under the control of the PI controller, the fans consumed 50% less energy than the ON/OFF controller. Similarly, Chen et al. (2019) developed a novel high–low controller for regenerative indirect EC, and the performance of this controller was investigated under different conditions. In this control strategy, fans can work at high and low speeds rather than completely on or off depending on the reference and actual values of temperature. The results show that the newly developed controller provides more accurate control performance and 11.3% energy saving than the classical ON/OFF controller. Yan et al. (2019) improved the previous high–low control technique by determining the optimal low-speed to high-speed ratio using the optimization method, which used some system parameters for input such as energy consumption, predicted mean vote, temperature fluctuation, and switching frequency of fans. The regenerative indirect EC was controlled by this control strategy, and the effects of the low speed and this speed ratio on the system performance were investigated. The optimal low-speed/high-speed ratio was determined to be 0.2–0.3, and the control strategy with this critical value leads to lower temperature fluctuations. Elahi and Farhani (2021) worked on the control of other actuators in the EC for increasing energy efficiency. The operation times of the actuator and water pump were controlled depending on the outdoor and indoor air parameters. The results show that the designed water pump control strategy provides 16.5% operation efficiency, approximately 29% better performance, 7.2% energy savings, and 20.9% water savings. Demir et al. (2022a) developed a variable-speed proportional controller for precooled desiccant cooling systems, which was developed by Pandelidis et al. (2020) to control the temperature and humidity of the indoor environment under the effects of some disturbances and system uncertainties. The control strategy is based on the change in the speed of the desiccant wheel and fans and the change in the operation modes (off or on) of these actuators. The results show that the designed controller has accurate control performance for both control variables, and more than 40% energy savings is provided compared to the classical ON/OFF control strategy. This controller was improved by Demir et al. (2022b) by designing a more adaptive control strategy. The fuzzy logic-based P controller was developed for increasing the robustness, accuracy, and energy efficiency of the same system. The results show that the robustness of the system against disturbances, unknowns, and uncertainties has increased. Moreover, the performances of the P control, Fuzzy + P control, and ON/OFF control techniques are compared with different systems and ambient conditions, and P and Fuzzy + P control strategies provide more than 20% energy savings than the ON/OFF controller.
In this paper, a hardware-in-the-loop (HIL) testing system is developed for controlling the temperature and humidity in the cooled room simultaneously by using variable-speed proportional (P) controllers. This controller was applied to the precooled desiccant system (Pandelidis et al., 2020). The previous papers were extended by adding HIL testing to the system. Before applying the designed control strategy to a real system, HIL testing is necessary for the simulation of the technique, in which the cooling system is replaced by a simulation of the system. Instead of the traditional ON/OFF control method used in most coolers, an alternative variable-speed P control method is implemented and tested using HIL testing in this paper. In HIL testing, compared to simulation testing, the control algorithm runs in real time on an actual electronic control unit (ECU), and the plant model also runs in real time on another ECU (or HIL plant simulation computer), and the two communicate with each other. In order to be able to run the system model in real time, however, the model often needs to be simplified further compared to the plant model that would be used in simulations. The system model simulated in real time sends signals that would come from sensors and actuators in actual implementation. As far as the controller ECU is concerned, it is communicating with the actual system since it is reading the input sensor signals and actuator signals from the plant model. The controller ECU then sends control signals, which are processed by the HIL plant model again in real time.
2 COOLING SYSTEM
While conventional DPECs are very efficient in dry climates, their performance in humid climates drastically decreases. However, the performance can increase by developing new designs for DPECs to allow a significant increase in cooling efficiency. An example of this would be a desiccant air-cooling system. The efficiency of such a system has already been proven in the study by Pandelidis et al. (2020), where a detailed investigation testing the cooling performance under various conditions is conducted. The readers can refer to this study for extra information about precooled desiccant cooling systems with a DPEC. The system can be improved, further increasing its efficiency, by implementing an independent temperature and relative humidity control strategy and its HIL testing on a digital model of the cooling system, which are discussed throughout this paper. The considered desiccant air-cooling system shown in Figure 1 consists of three fans, two DPECs, a desiccant wheel, and heaters. The fans are responsible for decreasing the temperature, while the desiccant wheel rotation adjusts the dehumidification process even more so than in traditional DPECs, and the two DPECs are responsible for pre-cooling and post-cooling (Pandelidis et al., 2020). It is assumed that the fans F1 and F3 work at the same speed because of the air circulation in the process and the speed these fans use for adjusting the temperature of the outlet air of the cooling system. This is crucial because the airflow speed in pre- and post-cooling DPECs is one of the most effective parameters for cooling performance. On the other hand, the speed of the desiccant wheel (DW) is responsible for adjusting the humidity level of the cooled air. So, we need to design a control strategy for adjusting the speeds of the actuators to obtain more comfortable indoor conditions with less energy consumption.
[image: Figure 1]FIGURE 1 | Cooler concept and its control system.
As shown in Figure 2, some sensors measure the temperature and relative humidity of the air in the room, atmosphere, and cooler. These values are sent to the controller along with a set of desired values input by the user/operator and evaluated. Consequentially, control signals are sent to the respective actuators, which run them at appropriate speeds. In the HIL testing of the designed control strategy, the Advantech AMAX is used as a controller and is programmed using CODESYS. CODESYS serves as an all-in-one development environment used to program controller applications based on the globally recognized industrial standard IEC 61131-3.
[image: Figure 2]FIGURE 2 | Control system components.
Its advantages lie in its compatibility with various controllers, support for multiple programming languages, user-friendly interface, extensive library support, multi-platform compatibility, remote access and monitoring capabilities, cost-effectiveness, rapid prototyping, strong community and support, and continuous development with regular updates. These features make CODESYS a versatile and efficient tool for industrial automation and control system projects. On the other hand, the IEC 61131-3 standard, established by the International Electrotechnical Commission (IEC), serves as a global framework for programming industrial control systems. It offers a comprehensive set of guidelines and rules for programming languages employed in the development of programmable logic controllers (PLCs) and other devices used in industrial automation.
HIL testing is a testing approach used for validating complex control systems. It involves creating mathematical models or simulations of components, developing hardware interfaces to connect real-time hardware with the simulation environment, defining test scenarios, and executing tests. During testing, real-time hardware interacts with the simulated environment, and data are collected and analyzed to assess system performance and compliance with requirements. Optional fault injection helps evaluate system robustness. The process includes debugging, issue resolution, and documentation. HIL testing allows developers to thoroughly validate control systems before deployment, ensuring functionality and reliability in a controlled environment. So, as the first step, it is necessary to start with the modeling of the cooling system. In this study, heat and mass transfer models for both the system and room developed by Demir et al. (2022a) and Demir et al. (2022b) were used. These models are summarized in the following section with their main equations.
2.1 Mathematical modeling
In this paper, the cooling system consists of three main parts: a cooler, a room, and actuators. By modeling both temperature and relative humidity changes in each section, the conditioning process under the influence of the atmospheric air taken into the cooler and the air fed from the cooler to the room is examined. The DC motor model is used for all actuators.
2.1.1 Model of the DPEC
2.1.1.1 Air temperature variation model in the cooler
The air fed through the fans [image: image] is given to the system with a certain flow rate depending on the fan speed. The flow rate is converted to the supply air using Eq. 1. The initial temperature of the air entering the cooler is the same as the atmospheric air temperature.
[image: image]
where [image: image] shows the speed of the fan, [image: image] is the coefficient of the rpm to temperature conversion, and [image: image] represents the atmospheric air temperature that is equal to [image: image]. The temperature of the incoming air is divided by the thermal resistance of the DPEC ([image: image]), and the rate of heat gained due to the incoming air is obtained.
[image: image]
The temperature of the air at the outlet of the cooler is calculated by considering the heat gained because of this incoming atmospheric air ([image: image]) and the deteriorating effects.
[image: image]
where [image: image], [image: image], c, and [image: image] denote the heat gain due to disturbance (convention and convection from the cooler walls), the mass of air inside the cooler, the heat capacity of the air, and the temperature of the cooler outlet air, respectively.
2.1.1.2 Air relative humidity variation model in the cooler
Like the temperature model, the relative humidity variation model in DPEC is obtained by using the desiccant wheel speed and mass transfer relationship. First, the desiccant wheel speed is converted to a change in the vapor mass in the air.
[image: image]
In this equation, [image: image] denotes the speed of the desiccant wheel and [image: image] is the used coefficient for converting speed to vapor mass variation in the air [image: image], desiccant wheel relative humidity is represented by [image: image], and atmospheric relative humidity is [image: image]. Then, the relative humidity variation in the outlet cooler air ([image: image]) after the dehumidification process is calculated depending on the disturbances.
[image: image]
where [image: image] is the coefficient, which is used by converting vapor mass variation to relative humidity variation in the air, and [image: image] denotes the mass gain due to disturbances.
2.1.2 DC motor model in the cooler
There are three actuators in these units: fans, a desiccant wheel, and a water pump. In the simulations, a simple DC motor model was used as the motor model for all actuators. The transfer function for this model, where the output is motor speed and the input is motor voltage, is given in the following equation (Pandelidis et al., 2020):
[image: image]
where [image: image] and V(s) represent the DC motor speed and motor supply voltage, respectively, and [image: image], [image: image], [image: image], [image: image], and [image: image] are the motor torque constant, the moment of inertia of the motor, the motor viscous friction constant, the electrical resistance, and the electrical inductance, respectively. In this study, the motor supply voltage is determined by the controller.
2.1.3 Model of the room
2.1.3.1 Air temperature variation model in the room
In this model, room temperature variations are calculated. Cold air from the cooler enters the room, cooling the room until it reaches equilibrium temperature. The heat loss due to cooling is calculated by using the air coming from the cooler and the actual air in the room.
[image: image]
where [image: image], [image: image], [image: image], and [image: image] represent the actual temperature of the room, the temperature of the air at the cooler outlet, the equivalent thermal resistance of the room, and heat losses in the room due to cooling, respectively. After that, the variation in the temperature of the room is determined as follows:
[image: image]
where [image: image] denotes the heat gain in the room due to heat transfer from windows, people, doors, and the roof.
2.1.3.2 Relative humidity variation model in the room
The relative humidity in the room is calculated similarly to the temperature variation model. The air at the outlet of the cooler is fed inside the room, and the relative humidity of the room is varied because of the introduction of air with lower relative humidity. The following equations are used for calculating the variation of the room’s relative humidity:
[image: image]
[image: image]
where [image: image] denotes the vapor mass in the air at the outlet of the cooler. After this stage, the mathematical models obtained were combined, and the general mathematical model of the whole process was obtained. Control strategies have been developed for temperature and relative humidity control using this model. It is worth noting that the same mathematical models were used in a previous paper for simulation results for accurate comparison (Demir et al., 2022a; Demir et al., 2022b).
3 CONTROL STRATEGY
The performances of the actuators, such as fans and the desiccant wheel (the speed of these actuators), depend on the reference (setting) values and actual values of indoor temperature and humidity and the atmospheric temperature and humidity. If the differences between the reference and actual values of the indoor conditions are higher, the controller sends high input voltages to actuators, subsequently increasing their speeds. This leads to an increase in cooling and dehumidification performance. When the differences start to decrease, the speeds of the actuators are changed by the control strategy. Furthermore, the atmospheric temperature affects the cooling performance. If the temperature and relative humidity of the atmosphere are higher than the indoor and setting temperature and relative humidity, the controller sends higher voltages to actuators and tries to increase the performance of the cooling system.
Temperature and relative humidity are the variables to be controlled. This is achieved through actuators for the required variable. Sensor values are sent to the controller and are then compared to the set values by the operator/user. An error signal is then produced using a proportional gain; this error signal is adjusted by the controller or used by the controller to produce the required control inputs for the actuators, in this case, a voltage. The produced voltage is sent to the actuators, changing the desired variables (temperature and relative humidity) accordingly. However, outside factors that may affect temperature and relative humidity, such as windows, humans, outdoor conditions, and actuator warmup, must be taken into consideration. By taking these factors into account, a more complete control strategy that would keep the room under desired conditions can be implemented. In addition, accounting for these factors would bring the control logic closer to being as fault-proof as possible for real-time hardware implementation.
In this study, the P controller is selected for the control strategy. It offers simple implementation, stability, fast response, and linear control action. It effectively reduces steady-state error and is not prone to integral windup issues, making it robust in some applications. The P controller can be combined with other control strategies to create more advanced control systems like PID controllers, which provide improved performance and can handle non-linear systems. However, it may not be suitable for all control tasks, particularly in systems with significant disturbances or complex control requirements.
[image: image]
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where [image: image] and [image: image] denote the control inputs of the fans and desiccant wheel, respectively. These control inputs change the speeds of the actuators, and the temperature and relative humidity at the outlet of the cooler are adjusted to align with the reference values. [image: image] and [image: image] represent the setting temperature and relative humidity, respectively, and they are given by using HMI. The actual temperature and relative humidity of the indoor place are denoted by [image: image] and [image: image], respectively. According to the control strategy used, errors are computed by calculating the differences between these instantaneous and reference values. These errors are multiplied by the [image: image] (controller coefficient) values determined by trial and error, and the necessary control inputs are calculated as voltage.
3.1 HIL testing concept
After designing the control strategy, the operation of the control system was tested by the HIL test. As previously stated, Advantech AMAX 5580 PLC and CODESYS software were used as controllers. In addition, the HMI is designed for the user to enter reference values. HIL testing is vital in the development and validation of complex control systems due to several key reasons. It provides a realistic testing environment by allowing real hardware to interact with simulated components, ensuring the system’s behavior aligns with expectations before real-world deployment. HIL testing enables early issue detection, reduces development time and costs, and validates safety-critical systems without posing risks to human lives or expensive equipment. It allows testing under extreme conditions, reusing test scenarios, and automating processes for faster development cycles. HIL testing also facilitates easier debugging, analysis, and compliance with industry standards, enhancing the reliability, performance, and safety of control systems. As shown in Figure 3, there are three phases to embedded control software development. Phase 1 is desktop engineering, where everything is conducted on a desktop PC or laptop, and the plant model and control logic are both developed in simulation software. Phase 2 is HIL testing, where control logic runs on a targeted ECU/PLC and the plant model runs on a HIL simulator on a different ECU/PLC in real time. Phase 3 is actual machine testing, where the control algorithm runs on a targeted ECU/PLC connected to actual machine working in real time, the targeted ECU is monitored, and controller parameters are tuned. This paper will focus on Phase 2, HIL testing.
[image: Figure 3]FIGURE 3 | Three phases of embedded control software development.
The method of communication used in HIL testing is “Modbus TCP/IP” using CODESYS. Using two ECUs/PLCs, a laptop/PC for development purposes and functioning as an HMI device and RJ-45 cables, communication can be set up. Modbus TCP is simply a variation of Modbus RTU; however, instead of the traditional serial RS-232 communication, a library/interface is utilized that runs on Ethernet. Modbus TCP is commonly used in automation for various applications, including, but not limited to, connecting to HMIs, PLCs, actuators, and sensors. In this communication protocol, a master and slave exist, with the master containing the control logic to control the required device and the slave containing the programs to simulate the required device. Master and slave programs are uploaded onto separate PLCs using a laptop/PC. After ensuring successful communication through Ethernet, one can now run the programs to obtain HIL test results. A total of eight variables are being sent and received in this HIL test, which are actual temperature, actual relative humidity, atmospheric temperature, atmospheric relative humidity, desired temperature, desired relative humidity, fan voltage, and desiccant wheel voltage. In Figure 4, a real-time HIL test can be observed. As previously mentioned, there is a master controller, which is the “ECU/PLC with the control logic,” and a slave HIL simulator, which is the “ECU/PLC with cooler and room model,” both of which are shown in Figure 4. Both ECUs/PLCs communicate through Modbus; the master controller is responsible for sending the fan voltage and the desiccant wheel voltage. These values are determined by the master controller, which receives both the desired temperature and relative humidity as well as both the actual room temperature and relative humidity. It should be noted that the desired values are set by the user/operator, which is achieved through “controller HMI,” as shown in Figure 4. The slave HIL simulator that contains the actual room temperature and relative humidity would then start to run the model. Since the master controller receives the desired temperature and relative humidity commands, it sends fan and desiccant wheel voltages to the slave HIL simulator. The temperature and relative humidity of the room in the slave HIL simulator decrease with time until they reach the desired conditions. The results and behavior of the manipulated variables can be observed on the “cooler and room model HMI,” as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Real-time HIL testing setup.
4 RESULTS AND DISCUSSION
Recording the results obtained from MATLAB/Simulink simulation and CODESYS HIL testing, a comparison of the behavior of the system is conducted. Simulations are necessary in the early stages of control design. Simulations are used to predict the behavior of a system without physically building it. However, HIL testing is necessary to represent how the complex system will behave in an actual environment and validate the control logic, detecting any faults and allowing for control logic optimization. Traditionally, an HIL test can be expensive; however, using CODESYS allows for a more widely available HIL test. A total of four tests are conducted, two for each control variable (temperature and relative humidity). Each of the two tests is conducted under different initial conditions to validate the control logic implemented in the simulations. While the simulation results provide theoretical predictions of system behavior, HIL test results provide real-time results based on real hardware and its integration with the simulation environment, showing a more realistic result of system behavior.
The first test was conducted to observe the room temperature behavior when the atmospheric temperature was greater than the temperature inside the room; the test was conducted in both simulation and HIL to compare results. As shown in Figure 5, both results show very similar behavior with minor differences. Upon closer examination of the results, the operation modes of the cooler can be distinctly observed. The first 90 s show the cooler in the OFF mode (fans OFF), and the temperature can be seen increasing slightly due to outside factors. When the cooler turns ON (fans ON), the warmup mode can be observed for 60 s, where the fans directly push atmospheric air into the room. The room’s temperature increases due to the atmospheric temperature being higher than the temperature of the room. Once the warmup mode subsides, active cooling mode starts, actively cooling the room until desired conditions are met. Once the desired conditions are met, the fans continue to provide cool air to keep the room temperature in the desired range. The results show that the HIL room temperature decreases at the same rate as that of the simulation room temperature, showing similar overall behavior; this validates the model and ensures the accuracy of the control logic. The minor differences in the behavior can be attributed to multiple factors, such as different numerical solvers used and software limitations for the HIL test (CODESYS). It is also worth noting that in HIL, the plant model, in this case, the room and cooler, is simpler than in simulation, mainly due to the solver used in CODESYS, while MATLAB/Simulink provides a solver for the model. Stateflow implementation in Simulink for dynamic decision-making was also used, which explains the difference in the behavior of different modes. In CODESYS, the solver was coded into the program on the slave HIL simulator, leading to a difference in the rate of heat gain and loss throughout the simulation.
[image: Figure 5]FIGURE 5 | Test 1: room temperature. Simulation results vs. HIL test results. The atmospheric temperature is higher than the room temperature.
The second test was conducted to observe the room temperature when the atmospheric temperature is lower than the room temperature. In Figure 6, for the first 90 s, the cooler is in the OFF mode (fans OFF), and the temperature can be seen slightly increasing due to disturbances. The cooler then turns ON (fans ON), and the warmup mode can be seen for 60 s (90 s–150 s). Unlike the previous case in Figure 5, the room temperature decreases in the warmup mode; this is due to the atmospheric temperature being lower than the room temperature. It can also be observed that while the cooler is in the warmup mode, the fans are rotating at a constant speed (constant voltage being supplied) as the temperature decreases in an almost linear line in the HIL test (expected behavior). Active cooling is then turned on, and proportional control starts, supplying a varying voltage to the fans and decreasing the room temperature until the desired conditions are met. Once the desired conditions are met, the cooler works against any disturbances that may arise, keeping the room under those conditions. The results are similar in behavior, further confirming the validity and accuracy of the control logic even when dealing with different initial conditions, such as the atmospheric temperature being greater or less than the room temperature.
[image: Figure 6]FIGURE 6 | Test 2: room temperature. Simulation results vs. HIL results. The atmospheric temperature is less than the room temperature.
The third test was conducted to observe the room’s relative humidity when atmospheric relative humidity is greater than the room’s relative humidity. In Figure 7, for the first 90 s, the cooler is in the OFF mode (desiccant wheel OFF), and relative humidity can be observed slightly increasing due to outside disturbances. The cooler then turns ON (desiccant wheel ON), and the warmup mode starts for 60 s. During these 60 s, relative humidity can be observed to be significantly increasing; this is due to the desiccant wheel supplying the room with humidity directly from the atmosphere. After warmup, active cooling is turned on, and the room’s relative humidity can be observed steadily decreasing until desired conditions are met. Once desired conditions are met, the cooler works against any disturbances to keep the room under the desired relative humidity condition. The behaviors between the simulation and HIL results are similar, with the main difference being in the warmup mode. This can be explained due to the software limitations of CODESYS. Since itis mainly a development environment for PLCs, it does not have built-in features for solving differential equations. While this is the case in all tests, it stood out the most when handling mass transfer. Another limitation could also be due to the lack of a similar logic-based decision-making feature, such as Stateflow, that was used in the simulation results. The result of the HIL test in this case is promising; however, it verifies the control logic and ensures that the control logic would behave as expected under real-world conditions, which is the main goal behind these tests.
[image: Figure 7]FIGURE 7 | Test 3: room relative humidity. Simulation results vs. HIL test results. Atmospheric relative humidity is larger than room relative humidity.
The third test was conducted to observe the room’s relative humidity when the atmospheric relative humidity is less than the room’s relative humidity. In Figure 8, the first 90 s represent the cooler in the OFF mode, and the relative humidity of the room can be seen increasing slightly due to disturbances. The cooler then turns on, entering the warmup mode for 60 s. In the warmup mode, the room’s relative humidity can be observed to be decreasing steadily; this is due to the desiccant wheel supplying the room with the less humid outdoor relative humidity at a constant speed. Once the desiccant wheel has been warmed up, the cooler then enters the active cooling mode, decreasing the relative humidity until the desired room conditions are met. In this test, the HIL result behavior can be seen to be similar to the simulation result behavior, with minor differences. This verifies the control logic and validates system functionality.
[image: Figure 8]FIGURE 8 | Test 4: room relative humidity. Simulation results vs. HIL test results. Atmospheric relative humidity is less than room relative humidity.
All four HIL tests were conducted using two PLCs and the CODESYS development environment. Communication was established using Modbus TCP. The results validated the control logic designed for the DPEC and system functionality. Two use cases were considered for the test, atmospheric variables (temperatures and relative humidity) greater than and less than room variables. This allowed for further investigation into what the limitations of the HIL test may be. Furthermore, the tests verified the reliability of the communication method. Using Modbus TCP, the control algorithm responded to the inputs from the simulation environment instantly, and commands were constantly sent accordingly (voltage commands to fans and the desiccant wheel). The response of the system to the received commands matched the predictions derived from simulation results. While there are some discrepancies, these can mainly be due to CODESYS not being simulation software (different differential solver and lack of stateflow counterpart).
5 CONCLUSION
In this study, an independent temperature and relative humidity proportional control for a super-efficient air-cooling system is tested using HIL technology. The HIL test was conducted with real-time controllers using two industrial PCs and CODESYS and Modbus TCP communication. The objective is to validate the offline simulation results obtained using MATLAB/Simulink using the real-time implementation of the controller and plant model. The HIL tests were conducted by using one PLC as an HIL simulator and another PLC containing the control logic; information is exchanged between the two PLCs using standard communication protocols. Using proportional control, the fan and desiccant wheel speed are adjusted to control the air flow rate, thereby decreasing temperature and relative humidity, respectively. The results obtained through HIL were in line with the offline simulation results with minor differences, confirming the efficacy of the control logic and bringing it one step closer to final implementation on the actual cooling system. In this study, it is assumed that some parameters of the system do not change and remain constant throughout the tests. In addition, the temperature and humidity are the same everywhere in the room, and the effects of the disturbing effects added to the room on both the relative humidity and the temperature are taken as average. In future studies, using a more adaptive strategy as a control strategy can increase the robustness and precision of the system. In addition, control performance can be tested under varying conditions. Although the atmosphere and room and system conditions change at the time of the test, tests can be conducted on the control performance.
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