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Abstract

:

The regulation process of gas distribution systems for atmosphere packaging has the characteristics of being nonlinear time varying and having hysteric delay. When the conventional proportional-integral-derivative (PID) control algorithm is applied to this kind of system, it is difficult to set the parameters as the process is time consuming and has poor reliability. For these reasons, this paper designs a gas distribution system for fresh food atmosphere packaging based on a fuzzy PID controller. The step response method is used to construct the system’s mathematical model under the given conditions and to optimize the gas distribution control flow. A simulation experimental platform to compare between the fuzzy PID controller and a conventional PID controller is designed, and the effectiveness of the fuzzy PID control strategy is verified, which proves that it can improve the performance of the monitoring system. The system can realize the remote monitoring of the gas distribution processes through the use of a mobile phone communication network. The data transmission is reliable, the operation is convenient, and, at the same time, the overall efficiency is improved. The results of the system simulation and the gas distribution for atmosphere packaging show that the fuzzy PID algorithm has a faster gas distribution speed and good environmental adaptability as the controller of the gas distribution system. The results show that the stability time of the fuzzy PID controller is about 38 s, while the stability time of the conventional PID controller is about 85 s. The concentration error of fresh gases is ±0.25% floating, the accuracy is increased by 12 times, and the gas distribution speed is increased by about 50% when the system is stable.
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1. Introduction


In recent years, consumer demand for fresh food has increased substantially, and research on fresh food preservation technology has become a popular issue in the field of food quality and safety. Modified atmosphere preservation (MAP) is a technique that has been utilized to extend the shelf life of fresh food by manipulating the ratio of gases present in storage, transportation, and packaging environments [1,2,3,4,5]. MAP could maintain specific temperature and pressure conditions. It primarily employs the use of three gases, CO2, N2, and O2, to inhibit the respiration of microorganisms by utilizing high concentrations of CO2 and controlling their reproduction [6,7,8,9,10]. N2 is employed to replace O2 as the filling gas to maintain an optimal gas environment. For processed fresh foods, oxygen-free packaging is utilized. Fresh-keeping gases are typically of high purity, with concentrations of 99.9% CO2 and N2. However, traditional manual gas distribution is easy to leak so that it may affect human health [6,7,8,9,10]. As such, the automatic monitoring of modified atmosphere preservation and distribution systems has become a crucial issue that must be addressed.



The automatic monitoring of gas distribution processes poses several challenges, including (1) the traditional open-loop controlled gas distribution process is unreliable and, thus, requires the implementation of an effective closed-loop control system. (2) Even with closed-loop control, the gas distribution process is susceptible to interference from various factors, which could negatively impact the system’s stability, resulting in an inability to reach the desired accuracy in mixing gases. Therefore, a reliable control algorithm is necessary. (3) The adjustment of each gas using a control algorithm during the gas distribution process could further degrade the system’s stability, and this presents a significant problem in decoupling mutually affected gases. (4) Conventional proportional-integral-derivative (PID) control algorithms are insufficient for nonlinear, time-varying, and hysteresis-delay systems, as they are time consuming, unreliable, and inefficient in setting the parameters [11,12,13,14,15,16,17,18,19,20,21]. To address these issues, it is essential to design more intelligent PID control algorithms for use in the actual control process.



At present, various intelligent PID algorithms are available for use, including expert PID control algorithms, fuzzy PID control algorithms, and neural network PID control algorithms. These algorithms are highly adaptable to time-varying, nonlinear, and hysteresis-delay systems [22,23,24,25]. Expert PID control algorithms have been applied to control simulation systems by modifying the control rules manually [26,27,28]. Neural network PID control algorithms have the advantages of fast adjustment and high accuracy, but most of the research is still in the simulation stage due to the complexity of these algorithms [29,30,31]. The fuzzy PID control technology has been found to be particularly well-suited for the system requirements of modified atmosphere preservation and automatic gas distribution in similar aquatic products. It not only improves the accuracy and rapid adjustment of such system, but its algorithm also has a high logic. At the same time, it could be embedded in a controller by looking up tables to achieve the development and implementation of the system [24,25,32]. For example, Azaza et al. [33] designed an intelligent greenhouse control system which utilized fuzzy logic control of temperature, humidity, and CO2 concentration, resulting in a 22% reduction in total energy consumption and a 33% reduction in water consumption during testing. Vasu [34] designed an industrial robot control system that adjusts the direction and joint angle of an end effector, and the performance was found to be superior than that of the traditional PID controller. In addition, various studies have been conducted using fuzzy PID control technology for other applications. For example, Priyanka et al. [35] designed an automatic oil flow adjustment system with a fuzzy PID controller, which achieved automatic adjustment of oil output flow and was found to perform better than a cascade PID controller.



Given the adaptability of fuzzy PID algorithms to time-varying control systems and mathematical models, this paper proposes an atmosphere packaging gas distribution system for fresh food based on a fuzzy PID control algorithm for specific application scenarios. The system’s mathematical model was constructed using the step response method under a given set of conditions, and the gas distribution control process was optimized. The control strategy’s effectiveness in improving the performance of the gas distribution monitoring system was verified through comparative simulation experiments of the fuzzy PID control and traditional PID control algorithms. The gas distribution process could be remotely monitored by using mobile devices with a fourth-generation mobile communication technology standard (4G) network.




2. Materials and Methods


The gas distribution process, the gas distribution flow control model, the system data transmission and architecture, the fuzzy PID algorithm, and the system implementation are presented in this section.



2.1. Gas Distribution Process Analysis


The gas preservation processes for different kinds of fresh food are different, but all of them need to perform some processing before gas preservation packaging and then sale. Through a review of research on the workflow of fresh food gas preservation, it could be seen that the whole production line includes raw material preparation, gas distribution control, and then aeration and packaging. The workflow chart is described in Figure 1. The research work of this paper focuses on the second stage, gas distribution and control process, including the realization of fresh gas preparation and flow control, the construction of data management and the transmission system, the optimization of the control model and fuzzy PID control mechanism, and finally the automatic monitoring and system integration of fresh gas distribution and mixing.




2.2. Gas Distribution Flow Control Model


According to the requirements and control objectives of a fresh food gasification system, the gas distribution process must be dynamic, relying on mass flow controllers to adjust the flow of raw gas, so that the gas mixture reaches the set concentration ratio as soon as possible. A dynamic gas distribution method is able to continuously output a fixed concentration of gas by mixing the different gases according to the flow ratio, which better meets the requirements of gas distribution as it is used and does not require a large volume of storage tanks.



For oxygen-free preservation, the gas distribution process consists of only two raw gases, CO2 and N2; the formula for calculating the gas mixture concentration is shown in Equation (1) [1].


  α =   Q 1    Q 1  +  Q 2     α 1  +    Q 2     Q 1  +  Q 2     α 2   



(1)




where  α  is the gas concentration after mixing;    α 1    is the first raw gas concentration;    α 2    is the second raw gas concentration;    Q 1    is the first raw gas flow of material; and    Q 2    is the second raw gas flow.



The gas distribution starts at the same time for both gases, as demonstrated in Equations (2)–(6).


   t 2  =  t 1  = t  



(2)






   Q 1  =  v 1  ⋅  t 1   



(3)






   Q 2  =  v 2  ⋅  t 2   



(4)






   v 1  =   α −  α 1     α 1  −  α 2    v  



(5)






   v 2  =    α 1  − α    α 1  −  α 2    v  



(6)




where    v 1    is the flow rate of CO2, and    v 2    is the flow rate of N2.



From the above equations, it is clear that the gas distribution times for the two gases are equal, so the required gas concentration can be obtained by directly regulating the gas flow rate. In this study, the N2 flow rate is fixed to a certain value, and only the CO2 flow rate is regulated, which simplifies the gas distribution process. Figure 2 shows the control flow of gas conditioning and preservation.



The gas concentration ratio is regulated by the mass flow controller according to the gas distribution requirements [1]. During operation, the raw material gas comes out of the storage tank. The shunted gas enters a capillary tube. The gas flow is measured by a mass flow controller with temperature variation. The gas flow is controlled by real-time detection and comparison with a predetermined value. The opening size of the control valve is adjusted once the gas flow achieves the predetermined value [36]. The gas flow rate is monitored by the current or voltage from mass the flow controller in real time.



In practice, the CO2 ratio is calculated according to a pre-set CO2 target concentration. The signal is then sent to the corresponding gas line. The required mixture gas is obtained by controlling the flow in the line with a closed-loop control. The gas concentration detection module detects the CO2 concentration in the gas mixture in real time and sends a feedback signal to the controller. The control signal is sent to form a closed-loop negative feedback in the mass flow controller. The operating system of the gas distribution process is composed of a control module and a human–machine interaction module, which guides the operator through data monitoring and transmission for on-site operation or remote automatic control.




2.3. System Data Transmission and Architecture


The complete automatic gas distribution line consists of four sub-systems: the operation terminal system, the data transmission and management system, the feedback control system, and the gas distribution execution system. Based on the analysis of the demand for automatic gas distribution for fresh food preservation, this paper designs a 4G network-based automatic gas distribution data transmission, monitoring, and storage system. Its main functions are shown below. Figure 3 illustrates the data transmission architecture of the gas distribution system.



	(1)

	
Real-time data transmission: the gas concentration and flow rate are monitored in real time by the gas conditioning and preservation gas distribution system, and the data are transmitted to the working terminal and return control system.




	(2)

	
Data recording and storage: the historical data are stored so that it would be convenient to check them.




	(3)

	
Data maintenance management: the on-site gas concentration and flow rate data could be transmitted to the cloud server.




	(4)

	
Completion of on-site equipment correlation, adjustment, corresponding data storage, etc.







The remote data transmission and monitoring of the gas distribution system is realized by using a 4G DTU with the recommended standard 485 (RS485) communication. The sensor data could then be stored in a cloud platform or at the work terminal, and the set control data or command could be sent to the programmable logic controller (PLC) in turn. This enables the remote control of the gas distribution system.



With the data transmission and conversion protocols, a conventional 4G network can be used to enable the gas distribution system to send commands from the working terminal to the PLC to complete the acquisition and distribution of various types of data. In this paper, 4G is chosen as the communication network for two reasons: (1) the communication modules supporting the 5th-generation mobile communication technology (5G) are not mature yet, while 4G-based products are inexpensive and widely available, and (2) a 4G network can already achieve data transmission in millisecond, which can fully meet the requirements for reliability and efficiency. Therefore, it is more economical and reliable to choose communication modules based on 4G technology, and the system is designed with future communication network upgrades in mind, leaving space for 5G and more efficient communication technologies in the future.




2.4. Fuzzy PID Algorithm


In the entire line of the packaging gas distribution system, the key problem is to meet the precise requirements to optimize the control model and regulation mechanism. Achieving this goal depends on the establishment of reliable and efficient control models and algorithms. A fuzzy PID controller, which aims to achieve the adjustment of PID parameters through fuzzy logic control, is applied to improve the control feedback accuracy and efficiency of the system.



2.4.1. Principle of Fuzzy PID


As is well known, conventional PID is mainly composed of three links: proportional, integral, and differential. Additionally, the regulation of the system is all based around the error between the feedback value and the set value of the system. The formula is as follows:


  u ( t ) = K p ⋅ e ( t ) +    K P     T i      ∫  e ( t ) d t +  K P  ⋅  T d    d e ( t )   d t       



(7)




where    K p    is the coefficient of the proportional link;    K i  =    K p     T i      is the coefficient of the integration link; and    K d  =  K p  ⋅  T d    is the coefficient of the differential link. The effect of    K p    is that    K p    causes the error to change in the direction of reduction when the system is in error. When    K p    is too small, the system approaches the step value more slowly and takes longer to stabilize. Excessive    K p   , although faster to regulate, can result in excessive overshoot, making the system less stable. Only by choosing the right    K p    can the overshoot and the steady-state error be reduced and the speed of regulation be improved.



The function of the integral link coefficient    K i    is to eliminate the steady-state error of the system by adjusting the coefficient. When    K i    is too large, the output of the control system is unstable and produces oscillations; too small a    K i   , although stable, makes it take longer to eliminate the error, resulting in an increase in the regulation time of the system.



The function of the differential link coefficient    K d    is to increase the speed of regulation, reduce the amount of overshoot, and improve the stability of the system.



Compared to conventional PID, the fuzzy PID control algorithm is characterized by its higher efficiency and accuracy in the control of closed-loop systems with negative feedback. It obtains the system deviation  e  and deviation rate of change   e c   by comparing the real-time detection value with the preset value through the feedback loop. The deviation  e  and deviation rate of change   e c   are used as inputs to the fuzzy PID control algorithm, and then the proportional link coefficient    K p   , the integral link coefficient    K i   , and the differential link coefficient    K i    are updated in real time through fuzzy logic control methods (fuzzification, fuzzy inference, and defuzzification) to obtain the optimal parameters. The online self-tuning of the PID control parameters is achieved. The initial values of the fuzzy PID controller is also obtained according to the stable PID control parameters. Therefore, the fuzzy PID control algorithm not only shows a significant improvement in system control accuracy and efficiency compared to conventional PID, but it also shows a significant improvement in robustness [37,38,39,40]. The schematic diagram of the fuzzy PID controller structure is shown in Figure 4.




2.4.2. Fuzzy PID Controller Design for Gas Distribution Systems


To establish a fuzzy PID controller, the first step is to select the input parameters and establish the corresponding affiliation functions, that is, to construct independent rule sets for    K p   ,    K i   , and    K d   , respectively. With the corresponding rule sets, the controller can adapt to the changes of parameters in a regular manner [41,42,43].



	(1)

	
Fuzzy linguistic variables and fuzzy design







If the CO2 concentration in the aquatic product gas distribution system is set as  y , the detection value is  g , the deviation is  e , then   e = y − g  , the rate of change in error is   e c =   y − g  t   , and the flow output of the mass flow controller is  u .



The program for fuzzy logic reasoning consists of fuzzy control languages, each of which contains the input and output variables of the fuzzy controller and their states, such as ‘negative neutral’, ‘medium’, and ‘positive neutral’. The fuzzy design means that the deviation  e  of the input variable CO2 concentration value; the rate of change   e c   of the deviation; and the output variables, including the proportional coefficient correction   Δ  K p   , the integral coefficient correction   Δ  K i   , and the differential coefficient correction   Δ  K d   , are represented by the fuzzy vocabulary {negative large, negative medium, negative small, medium, positive small, positive medium, positive large}, briefly expressed as {NB, NM, NS, ZO, PS, PM, PB}.



According to the target aquatic product’s gas preservation requirements, the basic theoretical domain for the concentration error  e  of the gas distribution system chosen for this study is [−60%, 60%]. The fuzzy design is such that A = {−6,−5,−4,−3,−2,−1,0,1,2,3,4,5,6} as the domain of  E . Then, the quantization factor of the concentration error  e  of the gas distribution system is 0.1. The variable language of  E  corresponds to its theoretical domain: negative large NB, negative medium NM, negative small NS, medium ZO, positive small PS, positive medium PM, and positive large PB. Similarly, the basic theoretical domain [−6%, 6%] for the rate of change of the error  e  in the gas distribution system. If B = {−6,−5,−4,−3,−2,−1,0,1,2,3,4,5,6} is the theoretical domain of   e c  , then the quantization factor of  e  is 1. The change in  E  is similarly expressed in the variable language of NB, NM, NS, ZO, PS, PM, and PB.



Empirically, the basic domain of the scale factor correction quantity   Δ  K p    can be set to [−0.6, 0.6], and if C = {−6,−5,−4,−3,−2,−1,0,1,2,3,4,5,6} is the domain of   Δ  K p   , then the scale factor of   Δ  K p    is 0.1. The basic domain of the integral factor correction   Δ  K i    is set to [−0.006, 0.006], and if D = {−6,−5,−4,−3,−2,−1,0,1,2,3,4,5,6} is the domain of   Δ  K i   , then the scale factor of   Δ  K i    is 0.01. The fundamental domain of the integral coefficient correction   Δ  K d    is set to [−0.6, 0.6], and if we let F = {−6,−5,−4,−3,−2,−1,0,1,2,3,4,5,6} be the domain of   Δ  K d   , then the scale factor of   Δ  K d    is 0.1. For   Δ  K p   ,   Δ  K i   , and   Δ  K d   , the fuzzy rules are also represented in the language of variables in the form of NB, NM, NS, ZO, PS, PM, and PB.



After the fuzzification process, the solution can be solved directly using the MATLAB software. The software comes with its own fuzzy logic editor, as shown in Figure 5.



The fuzzy PID controller is designed as a structure with two inputs and three outputs according to the gas mixture distribution system. The membership function of  E ,   E c  ,   Δ  K p   ,   Δ  K i   , and   Δ  K d    are obtained by using a trigonometric function as the membership function of all variables because a trigonometric function is simple and convenient to apply to an actual controller. The membership functions are shown in Figure 6 and Figure 7.



	(2)

	
Fuzzy rule design and defuzzification







With the CO2 concentration error  E , the rate of change in the error   E c  , and the affiliation functions of the proportional coefficient correction   Δ  K p   , the integral link coefficient correction   Δ  K i   , and the differential link coefficient correction   Δ  K d    available, a table of fuzzy rules for   Δ  K p   ,   Δ  K i   , and   Δ  K d    can be established based on the corresponding fuzzy subsets, as shown in Table 1, Table 2 and Table 3. The determination of the fuzzy rules is generally based on the system characteristics and the opinions of domain experts obtained from previous interviews. Appropriate fuzzy rules have a great role in improving the speed of regulation, reducing errors, and improving the robustness of the system.



The corresponding fuzzy sets can be obtained according to the fuzzy rules [32,33,34]. The fuzzy rule sets consist of fuzzy control language instructions based on the requirements of the control target, which are expressed as follows:




	1.

	
If (E is ZO) and (Ec is PS), then (∆Kp is NS), (∆Ki is PM), and (∆Kd is NS).




	2.

	
If (E is ZO) and (Ec is NS), then (∆Kp is PS), (∆Ki is NS), and (∆Kd is NS).




	3.

	
If (E is NS) and (Ec is PS), then (∆Kp is ZO), (∆Ki is ZO), and (∆Kd is NS).




	4.

	
If (E is NB) and (Ec is ZO), then (∆Kp is PS), (∆Ki is NS), and (∆Kd is NB).




	5.

	
If (E is NS) and (Ec is ZO), then (∆Kp is PS), (∆Ki is NS), and (∆Kd is NM).




	 

	
................................................




	 

	
................................................




	 

	
................................................




	49.

	
If (E is PM) and (EC is NS), then (∆Kp is NS), (∆Ki is PS), and (∆Kd is PS).









According to the fuzzy rule tables, each fuzzy control command corresponds to a fuzzy relationship, with 49 in total. For the actual operation, the fuzzy PID controller uses the Mamdani algorithm for fuzzy inference because of the simplified setting of the control parameters.



After determining the fuzzy set of PID parameter increments, the next step is to select the weighted averaging method for defuzzification through the MATLAB’s fuzzy logic editor (Mathorks Incorporated, Massachusetts Natick, MN, USA). The specific formula is as follows:


  Δ  K a  =     ∑  i = 1  n    μ  Δ  K n     (   z i   )  ⋅  z i        ∑  i = 1  n    μ  Δ  K a     (   z i   )       



(8)




where   Δ  K a    represents the exact amount after the defuzzification of   Δ  K p   ,   Δ  K i   , and   Δ  K d   ;    z i    is the weight, which is the value in the quantization domain; and    μ  Δ  k n    (  z i  )   is the affiliation value obtained from the affiliation function. The exact quantities of the three PID parameter increments are obtained and can be summed with the initially rectified proportional, integral, and differential coefficients to obtain the updated parameters.



According to the fuzzy rules, the defuzzification is performed and the fuzzy PID controller automatically generates the results, as shown in Figure 8. According to the above rules, the value of  E  and   E c   can be manually entered to verify the change in the magnitude of   Δ  K p   ,   Δ  K i   , and   Δ  K d   . It is also possible to view a 3D model plot of   Δ  K p   ,   Δ  K i   , and   Δ  K d   , as shown in Figure 9.



Defuzzifying the fuzzy sets of   Δ  K p   ,   Δ  K i   , and   Δ  K d    using the weighted average method obtains the exact values of the proportional, integral, and differential coefficient increments    K p   ,    K i   , and    K d   . A two-input, three-output fuzzy PID controller is obtained by using the fuzzy logic editor in MATLAB to fuzzify the variables, construct the fuzzy inference rules, and then defuzzify.





2.5. System Implementation


Upon the completion of the analysis of the modified atmosphere preservation gas distribution system, including the implementation of a feedback control system, the selection of an appropriate communication mode, and the design of the necessary software, the system can be integrated and undergo functional testing.



2.5.1. Gas Distribution System Implementation


The main component architecture of the modified atmosphere preservation gas distribution system is demonstrated in Figure 10.



The system depicted in the figure comprises various components, including a PLC controller (Siemens S7-200), a mass flow controller (LF 420-S), analog-to-digital and digital-to-analog conversion modules (EM AM06), a CO2 sensor, a touch screen, an intermediate relay, a solenoid valve, a 4G DTU module, and a power supply module. The physical configuration of the individual components is demonstrated in Figure 11.



In the system for distributing gas, the PLC transmits the signals to the various working modules to execute the entire control process. During routine operation, the desired mixed gas concentration and output flow are set by workers. The system then transmits the specified parameters to the PLC, uploads the data to the cloud server, and sends them to the PLC via the 4G DTU. The PLC calculates the flow rate for the N2 gas path and sends the data to the mass flow controller. The mass flow controller then controls the flow rate. To achieve efficient gas distribution, the flow rate of N2 is fixed, while the flow rate of CO2 is separately controlled to adjust the mixed gas concentration. The gas concentration is detected by the CO2 sensor and transmitted to the PLC. By comparing the detected gas concentration to the set value, the deviation of the CO2 concentration is calculated, and this deviation serves as the input for the PID controller. The CO2 flow rate is then adjusted by the PID. Once the PID adjustment reaches stability, the process of gas distribution is complete. Figure 12 illustrates the flow of the gas distribution process.




2.5.2. System Protocol


After the final assembly of the modified atmosphere preservation gas distribution system, it is necessary to conduct testing to evaluate the overall function, accuracy, and reliability of the system. This testing is performed by evaluating the local function and reliability of each sub-system, as well as by examining the status of the physical system’s gas distribution control interface and the parameter real-time monitoring interface of the gas distribution system, as shown in Figure 13 and Figure 14. The overall system test includes a variety of aspects, such as evaluating the effectiveness of the fuzzy PID controller; determining if the gas distribution accuracy of the system meets quality requirements in an actual working environment; assessing the stability and reliability of the system’s working process; and determining if the reliability and accuracy of data transmission and communication meet standards after system integration. The specific protocol for testing includes determining the system transfer function by using the measured method; obtaining the proportion, integral, and differential coefficients by using the system transfer function and the PID algorithm’s parameter-tuning empirical formula; and adjusting the tuning parameters to obtain appropriate PID parameters for the conventional PID controller. Furthermore, it includes a simulation comparison test of the conventional PID controller and the fuzzy PID controller, testing the gas distribution accuracy, system stability, and data transmission and communication reliability of the integrated system. Lastly, the controls and experimental groups are established according to working conditions and testing requirements for the test.






3. Results and Discussions


3.1. Parameter Identification and Analysis of the Control Model


There are several methods for obtaining the mathematical model of an actual control system, such as the step response method, the approximation method of empirical formula, the two-point method, the semi-logarithmic method, and the tangent method. The response curve of the modified atmosphere preservation gas distribution system for aquatic products is an S-shaped curve, which belongs to a first-order pure hysteresis system. Therefore, the step response method was chosen to obtain a mathematical model of the gas distribution system. By inputting a step signal and setting the CO2 concentration to 60% and the initial data to 0.2%, a system curve is obtained, as shown in Figure 15. The gas distribution system has a stable value of 57.2% and a delay time of 7 s. The model can be obtained using the step response method based on Equation (9):


    0.94 ⋅  e  − 7 s     25 S + 1    



(9)








3.2. Fuzzy PID Controller Simulation Analysis


The primary objective of this study is to implement a modified atmosphere preservation gas distribution system utilizing fuzzy PID control; thus, its actual performance is evaluated through simulation experiments. A simulation experimental platform is constructed in the Simulink function of the MATLAB software based on the transfer function of the gas distribution system, which allows for a comparison of the performance of the fuzzy PID controller with that of a traditional PID controller, as illustrated in Figure 16.



To evaluate the adaptability of the fuzzy PID controller and the traditional PID controller to the gas distribution system under different parameter conditions, four comparison groups with step values of 30, 40, 50, and 60 were established. The results, as shown in Figure 17, reveal that the stabilization time of the fuzzy PID controller (represented by the red curve) is around 38 s, while that of the traditional PID controller (represented by the blue curve) is around 85 s. It can be observed that the fuzzy PID controller reaches a steady state more quickly and is able to adjust faster than the traditional PID controller.



As illustrated by each graph, the traditional PID controller (represented by the blue curve) initially exceeds the setpoint and gradually returns to it, while the peak of the fuzzy PID controller (represented by the red curve) aligns with the setpoint. This demonstrates that the fuzzy PID controller is capable of achieving minimal overshoot during gas distribution. In general, the fuzzy PID controller demonstrates superiority over the traditional PID controller in terms of increasing the speed of gas distribution, enhancing the accuracy of gas distribution, reducing overshoot during gas distribution, and adapting to the different parameters of the gas distribution system.




3.3. Gas Distribution System Performance


The assessment of the performance of the gas distribution system includes evaluating three key metrics: the precision of gas distribution; the stability and dependability of the gas distribution system; and the reliability of data transmission and communication within the system.



The examination of the gas distribution system is divided into two groups, primarily to evaluate the efficacy of a PID controller in enhancing the precision of gas distribution. The test conditions and indicators of gas distribution include a flow output of 3000 sccm and concentrations of CO2 at 20%, 30%, and 40%, as well as a flow output of 4000 sccm and concentrations of CO2 at 50% and 60%. The results indicate that the average error of the gas distribution system without the utilization of a PID algorithm is 2.64%. However, the implementation of a PID algorithm results in an average error of 0.22%, representing a 12-fold improvement in the accuracy of the gas distribution system. Additionally, the utilization of a PID algorithm results in a 50% reduction in gas distribution time, resulting in a significant increase in work efficiency.



In order to evaluate the stability of the system under varying parameters, a series of gas distribution experiments were conducted using a fuzzy PID control mechanism. Four distinct sets of experiments were performed, each with a different gas concentration index and output flow. The concentration of CO2 in each set was 30%, 40%, 50%, and 60%, respectively, while the concentration of N2 was 70%, 60%, 50%, and 40%, respectively. The output flow for each set was fixed at 4000 sccm. The data acquisition cycle for the gas concentration was 1 s, and the data were continuously collected for 300 s, resulting in a total of 1200 data points. The results indicate that the gas concentration remains within a range of 30.0% ± 0.3%, 40% ± 0.3%, 50.0% ± 0.2%, and 60% ± 0.2% for each respective set, thus demonstrating the good stability of the gas distribution system under the fuzzy PID control mechanism.



The gas distribution remote monitoring system developed in this study employs a 4G DTU as the communication module. The reliability and accuracy of communication transmission, such as packet loss rate and accuracy rate, were evaluated and calibrated before deployment. The system was tested under the conditions of a communication distance of 1200m, a communication time of 20 min, a temperature range of 23–33 degrees Celsius, and a humidity range of 35~45%. The packet loss rate and accuracy rate of the system under the RS485 interface were found to be satisfactory, with no garbled characters and no packet loss. Furthermore, when the system was subjected to continuous transmission for 110 h, with a baud rate of 115,200, number of bytes sent of 1000, and transmission interval of 1000 microseconds, the packet loss rate of data transmission was found to be between 0.74 and 0.77%. These results demonstrate that the reliability of the system’s data transmission and communication can be fully guaranteed. The results show that by setting the data collection interval at seconds on the cloud server, the data transmission delay is approximately 15 ms, and the gas distribution system is able to accurately complete remote real-time monitoring with stable, normal, and accurate communication.





4. Conclusions


This paper addresses the technical challenges associated with the automation and remote monitoring of gas distribution by integrating modified atmosphere preservation technology, intelligent control, and network communication technology. The progress made in this work includes the design of a logical system structure that meets the requirements for modified atmosphere preservation and remote automation of gas distribution. It also provides a study on preparation and flow control, data management and communication, and gas distribution optimization control models and regulation mechanisms. The resulting system is capable of automatic monitoring and integration of fresh food’s modified atmosphere preservation in a gas distribution system. The gas distribution system utilizes a fuzzy PID control algorithm and a mass flow controller to control the air path flow. Remote data transmission is facilitated by utilizing a 4G network, and remote monitoring is achieved through a mobile phone application software. The system demonstrates a mixing gas concentration error of ±0.25% and an increased gas distribution speed of approximately 50%.



The system still has room for further optimization, such as improving the automatic gas distribution control process for modified atmosphere preservation, and enhancing the expert knowledge base of fuzzy rules in the design of the fuzzy PID controller. Additionally, the design of fuzzy rules, the acquisition of scale factors and quantization factors, and the consideration of more actual scene characteristics are areas that could be further explored. The proposed system has potential application in many kinds of food preservation using MAP gas distribution to improve the precision, quality, and safety of fresh food in storage or in supply chain.
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Figure 1. Aquatic product processing and modified atmosphere packaging flow chart. 
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Figure 2. Workflow chart of the gas distribution system. 
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Figure 3. Data transmission and architecture diagram of the gas distribution system. 
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Figure 4. Schematic diagram of the fuzzy PID controller structure. 
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Figure 5. Fuzzy logic toolbox. 
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Figure 6. E and Ec membership function. 
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Figure 7. ∆Kp, ∆Ki, and ∆Kd membership function. 
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Figure 8. Fuzzy rule editor. 
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Figure 9. Three-dimensional model diagram of ∆Kp, ∆Ki, and ∆Kd as the output results. 
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Figure 10. Hardware structure of the gas preservation and gas distribution system. 
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Figure 11. Physical implementation of the gas distribution system. 1. Solenoid valve; 2. CO2 sensor; 3. mass flow controller; 4. relay; 5. PLC; 6. power switch; 7. 4G DTU; 8. power supply socket; and 9. gas mixture. 
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Figure 12. Flow chart of the gas distribution process. 
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Figure 13. Actual drawing of the appearance of the gas distribution system. 
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Figure 14. Schematic diagram of the sub-interface. 
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Figure 15. First-order pure lag system curve of the gas distribution system. 
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Figure 16. The simulation experimental platform. 
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Figure 17. System simulation results. 
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Table 1.   Δ  K p    fuzzy rule table.
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Table 2.   Δ  K i    fuzzy rule table.






Table 2.   Δ  K i    fuzzy rule table.





	

	
E

	
NB

	
NM

	
NS

	
ZO

	
PS

	
PM

	
PB




	
EC

	




	
NB

	
NB

	
NB

	
NM

	
ZO




	
NM

	
NM

	
NS




	
NS

	
NM

	
NS

	
ZO

	
PS




	
ZO

	
NS

	
NS

	
ZO

	
PS

	
PM




	
PS

	
ZO

	
PM

	
PS

	
PM




	
PM

	
ZO

	
PS

	
PM

	
PB




	
PB

	
PM

	
PB











[image: Table] 





Table 3.   Δ  K d    fuzzy rule table.
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