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Abstract

:

This study designed a control system for the automatic unloading and replenishment of baskets based on the cooperative detection of photoelectric sensors and pressure sensors based on analyzing the structure of the 4UM-120D electric leafy vegetable harvester. The goal of this study was to increase the operation efficiency of leafy vegetable harvesters and decrease the work intensity of operators. A control system for the automatic unloading and replenishment of baskets based on the cooperative detection of a photoelectric sensor and pressure sensor was designed and constructed after an analysis of the operating principle and system components of automatic basket unloading and basket replenishment control at the rear of the harvester. The bench test results showed that the bottom photoelectric sensor and top photoelectric sensors 1 and 2 on the touch screen were not lit and the pressure sensor value was displayed as −0.00075531 kg, after pressing the system start button on the touch screen. On the touch screen, only the basket feeding motor was on: the transverse conveyor motor and the basket unloading motor were not, indicating that there was no collection basket on the unloading basket conveyor belt at this time and that the basket feeding motor was conveying an empty basket to the unloading basket conveyor belt. At 26 s, on the touch screen, only the top photoelectric sensor 2 was not on: the top photoelectric sensor 1 and the bottom photoelectric sensor were on and the pressure sensor value was shown as 1.38488 kg. Only the transverse conveyor motor lit up on the touch screen, the basket unloading motor and the basket feeding motor did not light up, indicating that the leafy vegetables temporarily stored in the transverse conveyor belt started to fall into the collection basket at this time and had not yet reached the expected capacity of the collection basket. At 43 s, the bottom photoelectric sensor and top photoelectric sensors 1 and 2 were lit on the touch screen and the pressure sensor value was shown as 2.37229 kg. On the touch screen, only the basket unloading motor lit up: the transverse conveyor motor and the basket feeding motor were not lit up, indicating that the collection basket capacity had reached the expected capacity at this time and the unloading was in progress. At 83 s, the bottom photoelectric sensor and top photoelectric sensors 1 and 2 were not lit on the touch screen and the pressure sensor value was displayed as −0.0040102 kg. On the touch screen, only the basket feeding motor lit up: the transverse conveyor motor and the basket unloading motor did not light up, indicating that the collection basket with the expected capacity had been unloaded to the ground, and the basket feeding motor was transporting empty baskets to the basket unloading conveyor belt. Through bench simulation tests, it was determined that the control system for the automatic unloading and replenishment of baskets based on the cooperative detection control strategy of the photoelectric sensor and pressure sensor reduced the probability of misjudgment and misoperation and improved system performance. This was conducted with the probability of system misjudgment and misoperation serving as the main evaluation index. The simulation results demonstrated that the control system for the automatic unloading and replenishment of baskets based on a photoelectric sensor and pressure sensor cooperative detection control strategy could be error-free judgment and avoid misoperation, effectively improving the stability, accuracy, and rapidity of the system. The study’s findings could suggest a strategy to lessen the workload of operators and increase the operational effectiveness of harvesters for leafy vegetables.
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1. Introduction


China is the nation where the greatest diversity and range of vegetables are grown and its output makes up nearly half of the global total. In 2021, the country’s national vegetable sowing area was over 21,744,300 hectares and it produced 782 million tons of vegetables, ranking first in the world with an average intake of nearly 500 kg per person [1,2,3]. Leafy vegetables are a collection of vegetables that typically feature fresh leaves, petioles, and stalks as the edible section. They are distinguished by a quick growth cycle and labor-intensive harvesting [4]. Due to the wide variety of leafy vegetables grown in China, as well as the noticeable variations in planting density, planting style, and growth characteristics of various leafy vegetables, leafy vegetable harvesting is primarily performed manually [5,6]. With the continuous reduction in the rural labor force and given that the leafy vegetable harvesting industry is a labor-intensive industry, speeding up the development of leafy vegetable harvesting machinery to realize mechanized and intelligent harvesting of leafy vegetables is therefore of great significance to reduce the cost of leafy vegetable production, reduce the labor intensity of manual labor, and promote the development of leafy vegetable harvesting industry [7,8,9].



Over the past few years, a succession of leafy vegetable harvesters have been put to the test for promotional purposes but the level of intelligent technology is low, and various problems that develop in actual use are more frequent [10,11]. In the current domestic leafy vegetable harvesting operations, the majority of manual unloading collection baskets and replenishment collection baskets, as well as manual unloading and replenishment baskets, need to stop working. According to the actual harvesting situation, the average cycle of manual unloading and replenishment of baskets once is about 15 s, the machine needs to stop in the 15 s, seriously affecting the harvesting efficiency while increasing the work intensity. In the actual operation process, the operator’s professional level is relatively low, making it challenging to keep the leafy vegetable harvester in stable working condition for an extended time. Additionally, the manual unloading and replenishment of baskets is slow, and other situations arise, which not only increases the operator’s workload but also has a significant negative impact on the effectiveness of leafy vegetable harvesting.



Developed countries began research on leafy vegetable harvesting machinery earlier and the use of sensors, machine vision, automation control, and other technologies has considerably expanded harvesting operation mechanization; intelligent technology is reasonably mature [12,13,14]. Some countries and areas, such as the United States, Italy, Japan, and South Korea, have achieved mechanized and intelligent harvesting of leafy vegetables [15,16,17,18,19].



Ortomec Agricultural Equipment Company (USA) has developed a leafy vegetable harvester (In 2011), which mainly includes a cutting device, a conveying device, a cutting height automatic adjustment device, and a collection device. The machine adopted an automatic cutting height adjustment device based on photoelectric sensors, which measures the actual growth height of leafy vegetables and then converts it into a corresponding pulse signal output. The main controller received the output pulse signal and controlled the cutting device to automatically adjust the cutting height but the machine is powered by a diesel engine [20] which causes some pollution to the environment. Figure 1 depicts the SLIDE TW type leafy vegetable harvester created by HORTECH, Italy (In 2016). The machine has a type of corrugated clamping conveyor belt that clamps and moves cut leafy vegetables to the back end for secondary orderly manual bundling. This feature is ideal for leafy vegetables that need to be harvested in an orderly fashion, but it has the drawback that the development of the machine is challenging and difficult to promote to meet the needs of small farmers in terms of production [21]. The SLIDE VALERIANA leafy vegetable harvester (In 2016) is equipped with a soil removal shaker that efficiently removes the clay that adheres to leafy vegetables, resulting in cleaner leafy vegetables collected at the back end. The machine is suitable for harvesting young leafy vegetables [22]. Kawasaki, Japan, has created a wind-fed small leafy vegetable harvester (In 2015) that uses high-pressure airflow to transport cut leafy vegetables to the collection bag at the back end. The benefit of wind-fed conveying is that there is no contact or friction between the cut leafy vegetables and the conveyor belt, which can reduce leafy vegetable damage to some extent and lower the rate of leafy vegetable harvesting damage. The harvesting of small leafy vegetables like clover, chrysanthemum brain, marjoram head, etc., is appropriate for this machine [23]. Figure 2 depicts the TC110E self-propelled leafy vegetable harvester created by Japan Second Industries Co., Ltd. (In 2015). The self-propelled chassis, reciprocating double-action cutter, airflow conveying system, collection bag, etc., are the major components of the machine. Since the cutter and leafy vegetables do not make hard contact during the cutting process, it is possible to guarantee high harvest quality and the basic consistency of leafy vegetable stubble cutting. This machine’s benefits include its great adaptability; capacity to harvest a variety of stemmed leafy vegetables, including sweet potato stem tips; and wide range of cutter height adjustments [24,25].



At the moment, although China is a large country in terms of leafy vegetable production and consumption, leafy vegetable harvesting machinery research is still in its early stage and the development process is slow; the actual field harvesting operations are still dominated by human labor [26,27,28]. The majority of leafy vegetable harvesting machinery is still in the theoretical preliminary study, prototype test stage, focused on device design, structure simulation optimization, and so on, with a low degree of intelligent technology [29,30,31,32,33].



Figure 3 depicts the 4UM-100 leafy vegetable harvester created by Gongpu Wang et al. (2019) at the Nanjing Agricultural Mechanization Research Institute, Ministry of Agriculture and Rural Affairs. The machine has the following benefits: motor-driven, no pollution; reciprocating double-action cutter cutting, with a smooth cut; cutting, paddling, conveying, and traveling are controlled by independent motors, which is easy to use; and the machine is suitable for harvesting stalked leafy vegetables such as sweet potato stem tips, baby bok choy, and chickweed; the disadvantage is that the entire harvesting process is less orderly [34]. The 4UM-120D electric leafy vegetable harvester (In 2020) has a 48 V DC motor travel driving system and a 1.2 m canvas-type conveyor belt. Its cutter is also height-adjustable from the ground, making it possible to harvest both leafy vegetables with upright growth and those with fallen stems [35]. When the 4UM-120D electric leafy vegetable harvester was operating, a DC brushless motor drove the reciprocating double-action cutter to cut at a specific speed. The cut leafy vegetables were first delivered to the conveying mechanism using the paddle wheel, followed by the conveying mechanism’s sending them to the rear outlet. By using the collecting basket to cover the outlet, the collection operation was then finished. Figure 4 depicts a hand-held ordered leafy vegetable harvester that was created by Guangming Qin et al. (2016). The machine uses a reciprocating double-action cutter to cut the leafy vegetables, then pushes the cut vegetables to two vibrating rods that alternately vibrate up and down to clean the surface impurities off the vegetables and to ensure the orderly transport of the vegetables [36]. Yinyan Shi (In 2018) and colleagues from Nanjing Agricultural University created the self-propelled artemisia harvesting device. The machine moves the cut artemisia in an orderly fashion through the clamping and conveying mechanism to the steering mechanism, which then turns the artemisia from vertical to horizontal conveying. The artemisia is then moved in an orderly fashion to the collection basket at the back by the action of the secondary conveyor belt, realizing the orderliness of the entire cutting, conveying, and harvesting process of artemisia [37]. The working principle of the above machines is shown in Table 1.



In China, the development of leafy vegetable harvesting machinery has been rapid in recent years and the level of intelligent technology has also advanced to some extent. In China, research on the main control elements and systems of leafy vegetable harvesting machines focuses on the intelligent detection of the harvesting device’s height from the ground and the automatic adjustment control system, the automatic row-to-row intelligent regulation system, and the intelligent regulation system of the operating speed.



Jian Zhang et al. (2020) [38] created an automatic control system for their research into harvesting device height above ground detection and automatic adjustment control system. The control system uses ultrasonic sensors to measure the cutting device’s height above the ground. The detection signal is produced, input to the main controller, processed by the main controller, output of the corresponding number of pulse signals, control of the DC drive motor, electro-hydraulic cylinder, and other actuators to automatically regulate the height of the cutter from the ground, so that the height of the cutter from the ground has been maintained at the set value and the system can be based on the actual height of the planting of leafy vegetables. To further advance the level of harvesting machine intelligent science and technology, Yuanyuan Wu et al. (In 2018) developed a suitable machine vision-based scheme to gather data about the height of the cutting table off the ground and navigation parameters of the leafy vegetable harvester [24]. However, due to its time-consuming and expensive nature, it is unsuitable for widespread promotion and application. To automatically adjust the digging depth of the digging shovel while harvesting sweet potatoes, Tao Li et al. (2018) created a 4UGS2 towed two-row sweet potato harvester. This harvester is outfitted with an automatic rapid adjustment digging depth control system [30]. Using a fuzzy PID control strategy and a PLC as the main controller, Peng Miao et al. (2022) researched automatic row-to-row control of a leafy vegetable harvester. They developed a “ball-type” automatic row-to-row detection mechanism and automatic row-to-row control system [5], which is an automatic row-to-row stability, high precision, and fast response speed system.



Accelerating the development of leafy vegetable harvesting mechanization, as well as realizing leafy vegetable mechanization and intelligent harvesting, is critical to lowering leafy vegetable production costs, reducing the intensity of manual labor, and promoting the development of the leafy vegetable harvesting industry.



To address the aforementioned problems of slow manual unloading and replenishment of baskets and the requirement for downtime, that was, to improve the harvesting efficiency of the leafy vegetable harvester and to reduce the labor intensity of the operator, this paper used the developed 4UM-120D electric leafy vegetable harvester as the object of research and analyzed the working principle of automatic unloading and replenishment of baskets as well as the composition of the control system. A control system for the automatic unloading and replenishment of baskets based on the cooperative detection of photoelectric sensors and pressure sensor was designed and constructed. It was confirmed through the bench simulation test that the control system for the automatic unloading and replenishment of baskets based on the cooperative detection control strategy of the photoelectric sensor and pressure sensor could decrease the probability of misjudgment and misoperation and improve the performance of the system.




2. Materials and Methods


2.1. Machine Structure and Working Principle


2.1.1. Machine Structure and Technical Parameters


The developed 4UM-120D electric leafy vegetable harvester mainly included the following parts: a cutting mechanism, a grain paddling mechanism, a device for adjusting the height of the cutter, a conveying mechanism, a control box, a 48 V lithium battery, a differential speed mechanism, a reducer, a travel drive motor, a control panel, a gear switching handle, a brake handle, and wheels [39]. Its basic structure was shown in Figure 5. One of them, made of an electric push rod and sliding rail, was the cutter height adjustment tool. In Table 2, the machine’s primary structural and technical data were displayed.




2.1.2. Working Principle


When the electric leafy vegetable harvester was operating, a DC brushless motor drove the reciprocating double-action cutter to cut at a specific speed, and the cutter height adjusting mechanism adjusted the cutter height from the ground to within the acceptable leafy vegetable stubble height [40]. The cut leafy vegetables were first delivered to the conveying mechanism using the paddle wheel, followed by the conveying mechanism’s sending them to the rear outlet. By using the collecting basket to cover the outlet, the collection operation was then finished.





2.2. Components of the Control System for the Automatic Unloading and Replenishment of Baskets


The developed 4UM-120D electric leafy vegetable harvester served as the foundation for the automatic basket unloading and basket replenishment control system, which included a touch screen, PLC, transverse conveyor belt motor and its driver, unloading basket conveyor belt motor and its driver, feeding basket conveyor belt motor and its driver, Hall speed sensor, photoelectric sensor, pressure sensor, and other components, as shown in Figure 6.




2.3. Working Principle of Automatic Basket Unloading and Basket Replenishment Control


The transverse conveyor belt motor started to rotate and the leafy vegetables began to fall into the collection basket 1 after the collection baskets were discharged. The rotational speed of the transverse conveyor belt motor was adjustable and it lit up on the touch screen when the photoelectric sensor 3 lit up and the pressure sensor value was 1.5~4 kg (adjustable according to the weight of the collection basket). When photoelectric sensors 1, 2, and 3 were on and the pressure sensor value was greater than 4 kg (adjustable according to the type of harvested leafy vegetables), it indicated that the capacity of collection basket 1 had reached the expected capacity, the transverse conveyor belt motor stopped rotating and the unloading basket conveyor belt motor started rotating. When the pressure sensor value was less than 1 kg (adjustable depending on the weight of the collection basket) and none of the photoelectric sensors 1, 2, or 3 lit up, it meant that the collection basket 1 had been unloaded to the ground, the unloading basket conveyor belt motor stopped rotating and the feeding basket conveyor belt motor started rotating. When collection basket 2 (empty basket) was moved to the unloading conveyor belt and the photoelectric sensor 3 lit up once more and the pressure sensor value was 1.5~4 kg, the motor for the feeding basket conveyor belt stopped rotating and the motor for the transverse conveyor belt started rotating once more, realizing the function of automatic basket unloading and basket replenishment in this cycle. The diagram of the automatic basket unloading and basket replenishment control device is shown in Figure 7.



The system program control flow chart is shown in Figure 8, which mainly completed the judgment of whether there was a collection basket on the unloading basket conveyor belt, the judgment of whether the capacity of the collection basket had reached the expected capacity, the judgment of whether the collection basket that had reached the expected capacity and had been unloaded to the ground, the measurement and display of the pressure on the conveyor belt for unloading basket, the measurement and display of the rotational speed of the transverse conveyor belt motor, etc.




2.4. Control Strategy Establishment


The automatic basket unloading and basket replenishment control system used a control strategy based on photoelectric sensors and pressure sensor synergy detection.



Photoelectric sensors were used to detect whether the capacity of the collection basket on the basket unloading mechanism had reached the desired capacity, whether the collection basket that has reached the desired capacity had been unloaded to the ground, and whether the empty basket on the basket replenishment mechanism had been transported to the basket unloading mechanism.



The pressure sensor located under the basket unloading mechanism assumed the auxiliary detection function, which was mainly used to assist in detecting whether the three results, detected by the photoelectric sensors, namely if the collection basket reached the expected capacity, been unloaded to the ground, and transported to the unloading basket conveyor belt, had resulted in misjudgment and misoperation.



The leafy vegetables conveyed by the transverse conveyor belt made a downward slanting throwing motion before entering the collection basket, but due to the complex environment of field harvesting operation, the uneven height of the monopoly surface (bed surface), etc., might make the harvester bumpy, which might lead to a slanting upward throwing motion of the leafy vegetables before entering the collection basket, which might lead to the false light action of photoelectric sensors 1 and 2 in between; if only the photoelectric sensors were used to detect whether the collection basket had reached the expected capacity, it might increase the chance of system misjudgment and false action.



There was a certain time gap between the unloading of the collection basket that had reached the expected capacity to the ground and the delivery of the empty basket to the unloading basket conveyor belt, at this time the transverse conveyor mechanism was still working, which would lead to a small number of leafy vegetables for the oblique downward throwing movement to the unloading basket conveyor belt. Therefore, if the photoelectric sensors only detected whether the collection basket to reach the expected capacity had been unloaded to the ground and whether the empty basket on the replenishment basket conveyor belt had been delivered to the unloading basket conveyor belt, it might lead to the false light action of the photoelectric sensor 3, which increased the probability of system misjudgment and false action.



All of the above were the shortcomings of the automatic basket unloading and basket replenishment control system using only photoelectric sensor detection: using only photoelectric sensor detection might lead to the false light action of the photoelectric sensors, increasing the chance of system misjudgment and false action. Pressure sensors as real-time detection of the quality of the sensor [41,42,43,44,45], could real-time display the weight of the unloading basket conveyor belt to bear, with photoelectric sensor synergy detection, which could greatly reduce the probability of system misjudgment and false action. The adjustable rotational speed of the transverse conveyor belt motor, together with the set value of the travel speed of the harvesting operation in the travel speed automatic control system, improved the stability and accuracy of the automatic basket unloading and basket replenishment control system.




2.5. Control Strategy Bench Simulation Tests


The control system was constructed as shown in Figure 9 with the main components being a touch screen, PLC, photoelectric sensor, pressure sensor, basket unloading motor, basket feeding motor, transverse conveyor belt motor, etc. This was performed to test the stability and accuracy of the control system for the automatic unloading and replenishment of baskets based on the cooperative detection of the photoelectric sensor and pressure sensor. Table 3 displays the characteristics of each functional component.





3. Results


The touchscreen interface of the control system for the automatic unloading and replenishment of baskets was shown in Figure 10. The bottom photoelectric sensor and top photoelectric sensors 1 and 2 on the touch screen were not lit and the pressure sensor value was displayed as −0.00075531 kg, which was roughly similar to 0 kg, after pressing the system start button on the touch screen, as shown in Figure 11. On the touch screen, only the basket feeding motor was on, the transverse conveyor motor and the basket unloading motor were not on, indicating that there was no collection basket on the unloading basket conveyor belt at this time; the basket feeding motor was conveying empty baskets to the unloading basket conveyor belt, extending the basket feeding action for 26 s. At 26 s, on the touch screen only the top photoelectric sensor 2 was not on: the top photoelectric sensor 1 and the bottom photoelectric sensor were on and the pressure sensor value was shown as 1.38488 kg, as shown in Figure 11. Only the transverse conveyor motor lit up on the touch screen, the basket unloading motor and the basket feeding motor did not light up, indicating that the leafy vegetables temporarily stored in the transverse conveyor belt started to fall into the collection basket at this time and had not yet reached the expected capacity of the collection basket, which would continue to extend the leafy vegetable collection action for 17 s. At 43 s, the bottom photoelectric sensor and top photoelectric sensors 1 and 2 were lit on the touch screen and the pressure sensor value was shown as 2.37229 kg, as shown in Figure 11. On the touch screen, only the basket unloading motor lit up, the transverse conveyor motor and the basket feeding motor were not lit up, indicating that the collection basket capacity had reached the expected capacity at this time and the unloading was in progress, extending the unloading action by 40 s. At 83 s, the bottom photoelectric sensor and top photoelectric sensors 1 and 2 were not lit on the touch screen and the pressure sensor value was displayed as −0.0040102 kg, which was approximately equal to 0 kg, as shown in Figure 12. On the touch screen, only the basket feeding motor lit up, the transverse conveyor motor and the basket unloading motor did not light up, indicating that the collection basket with the expected capacity had been unloaded to the ground and the basket feeding motor was transporting empty baskets to the basket unloading conveyor belt to carry out three cycles, simulating the continuous automatic basket unloading and basket replenishment control process of the system. The results are shown in Figure 11, Figure 12 and Figure 13. The system runtime and the operational status or value of each functional component are shown in Table 4. As could be seen from Table 3, the bench simulation tests of the automatic basket unloading and basket replenishment control system based on the photoelectric sensor and pressure sensor cooperative detection control strategy were free of misjudgment and misoperation, which improved the stability, accuracy, and rapidity of the system.




4. Discussion


The study is concerned with the design and experimental research of a sustainable agricultural machinery control system. In the current domestic leafy vegetable harvesting operations, the majority of manual unloading collection baskets and replenishment collection baskets, as well as manual unloading and replenishment baskets, need to stop working. According to the actual harvesting situation, the average cycle of manual unloading and the replenishment of baskets once is about 15 s; the machine needs to stop in the 15 s, seriously affecting the harvesting efficiency and the environment while increasing the work intensity. In the actual operation process, the operator’s professional level is relatively low, making it challenging to keep the leafy vegetable harvester in stable working condition for an extended time. Additionally, the manual unloading and replenishment of baskets is slow and other situations arise, which not only increase the operator’s workload but also have a significant negative impact on the effectiveness of leafy vegetable harvesting and the environment. The control system developed in this study allows for the automatic unloading of collection baskets and the replenishment of collection baskets without stopping the machine, which not only reduces the operator’s workload but also has a significant positive impact on the effectiveness of leafy vegetable harvesting and the environment. Although the TC110E leafy vegetable harvester’s use of airflow to convey the cut leafy vegetables to the rear collection bag for harvesting allowed the cut leafy vegetables to be conveyed without contact and improved the quality of the harvest, the cut leafy vegetables were prone to be blown to the ground, which reduced the efficiency of the harvest. Although the leafy vegetable harvester developed by Guangming Qin (2016) et al. could remove impurities on the surface of leafy vegetables as well as ensure the orderliness of leafy vegetable conveyance, it still manually unloaded the filled collection baskets and manually replenished the empty baskets, which made the harvesting efficiency low. The automatic unloading and replenishment control system based on the coordinated detection of photoelectric sensors and pressure sensors designed by this research could realize automatic unloading and replenishment of collection baskets without stopping the machine and without false judgment and false action, which greatly improved the harvesting efficiency and the environment. However, the control system for the automatic unloading and replenishment of baskets based on the cooperative detection control strategy of the photoelectric sensor and pressure sensor could be error-free and avoided misoperation only through bench simulation tests, without further field tests to verify the accuracy of the simulation test results.




5. Conclusions


This paper took the developed 4UM-120D electric leafy vegetable harvester as the research object, conducted an in-depth study on the control system for the automatic unloading and replenishment of baskets at the back end of the electric leafy vegetable harvester and proposed the automatic basket unloading and basket replenishment control method based on the cooperative detection of a photoelectric sensor and pressure sensor. This paper first studied and analyzed the working principle and system composition of automatic basket unloading and basket replenishment control and then designed and built a control system for the automatic unloading and replenishment of baskets based on the cooperative detection of photoelectric sensors and pressure sensors. This aimed to verify the probability of misjudgment and misoperation of the control system for the automatic unloading and replenishment of baskets through the bench simulation test and to improve the system performance. The simulation results showed that the automatic basket unloading and basket replenishment control system based on the cooperative detection control strategy of the photoelectric sensor and pressure sensor could be error-free and avoid misoperation, which effectively improved the stability, accuracy, and rapidity of the system. Subsequent field tests of automatic basket unloading and basket replenishment control, as well as field tests of the harvester travel speed and the transverse conveyor belt conveying speed in the control system for the automatic unloading and replenishment of baskets at low, medium, and high speed, would be carried out to analyze the working effect of the system to further verify the accuracy, reliability, and stability of its functions.
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Figure 1. SLIDE TW leafy vegetable harvester. 
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Figure 2. TC110E self-propelled leafy vegetable harvester. 
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Figure 3. Nanjing Agricultural Mechanization Research Institute 4UM-100 leafy vegetable harvester. 
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Figure 4. Hand-held ordered leafy vegetable harvester 1. Safety bar 2. Shear knife assembly 3. Vibrating screen mechanism 4. Conveying mechanism 5. Profiling wheel 6. Traveling wheel 7. Handrail 8. Collecting device. 
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Figure 5. Structural sketch of 4UM-120D electric leafy vegetable harvester 1. Reciprocating double-action cutter 2. Paddle mechanism 3. Slide rail 4. Electric pusher 5. Conveyor 6. Control box 7. 48 V lithium battery 8. Differential speed mechanism 9. Reducer 10. Travel drive motor 11. Collection basket 12. Control panel 13. Gear switching handles 14. Brake handle 15. Wheel. 
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Figure 6. Automatic basket unloading and basket replenishment control system. 
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Figure 7. Diagram of the device for the automatic basket unloading and basket replenishment control 1. Transverse conveyor belt 2. Photoelectric sensor 1 (top photoelectric sensor 1) 3. Photoelectric sensor 2 (top photoelectric sensor 2) 4. Unloading basket conveyor belt motor 5. Photoelectric sensor 3 (bottom photoelectric sensor) 6. Collection basket 1 7. Pressure sensor 8. Unloading basket conveyor belt 9. Feeding basket conveyor belt 10. Transverse conveyor belt motor 11. Collection basket 2 (empty basket) 12. Feeding basket conveyor belt motor. 
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Figure 8. Flowchart for automatic basket unloading and basket replenishment control. 
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Figure 9. Test rig for the automatic basket unloading and basket replenishment control system based on the cooperative detection of a photoelectric sensor and pressure sensor 1. Touch screen 2. PLC 3. Bottom photoelectric sensor (photoelectric sensor 3) 4. Top photoelectric sensor 1 (photoelectric sensor 1) 5. Top photoelectric sensor 2 (photoelectric sensor 2) 6. Pressure sensor 7. Transverse conveyor belt motor 8. Basket unloading motor 9. Basket feeding motor. 
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Figure 10. Touch screen interface of the control system for the automatic unloading and replenishment of baskets. 
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Figure 11. Touch screen interface for basket feeding action, leafy vegetable collection action, and basket unloading action during the first round of the automatic basket unloading and basket replenishment control process. 
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Figure 12. Touch screen interface for basket feeding action, leafy vegetable collection action, and basket unloading action during the second round of the automatic basket unloading and basket replenishment control process. 
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Figure 13. Touch screen interface for basket feeding action, leafy vegetable collection action, and basket unloading action during the third round of the automatic basket unloading and basket replenishment control process. 
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Table 1. The working principle of various leafy vegetable harvesters.
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	Name of the Machine
	Principle of Operation





	SLIDE TW leafy vegetable harvester (HORTECH, Agna, Italy)
	The machine has a type of corrugated clamping conveyor belt that clamps and moves cut leafy vegetables to the back end for secondary orderly manual bundling.



	SLIDE VALERIANA leafy vegetable harvester (HORTECH, Agna, Italy)
	The machine is equipped with a soil removal shaker that efficiently removes the clay that adheres to leafy vegetables, resulting in cleaner leafy vegetables collected at the back end.



	TC110E self-propelled leafy vegetable harvester (Second Industries Co., Ltd., Tokyo, Japan)
	The self-propelled chassis, reciprocating double-action cutter, airflow conveying system, collection bag, etc., are the major components of the machine. After the leafy vegetables have been cut by the cutter, they are blown by the front airflow unit into the rear collection bag.



	4UM-100 leafy vegetable harvester (Nanjing Agricultural Mechanization Research Institute, Ministry of Agriculture and Rural Affairs, Nanjing, China)
	The cut leafy vegetables were first delivered to the conveying mechanism using the paddle wheel, followed by the conveying mechanism’s sending them to the rear outlet. By using the collecting basket to cover the outlet, the collection operation was then finished.



	4UM-120D electric leafy vegetable harvester (Nanjing Agricultural Mechanization Research Institute, Ministry of Agriculture and Rural Affairs, Nanjing, China)
	The cut leafy vegetables were first delivered to the conveying mechanism using the paddle wheel, followed by the conveying mechanism’s sending them to the rear outlet. By using the collecting basket to cover the outlet, the collection operation was then finished.



	Hand-held ordered leafy vegetable harvester (Nanjing Agricultural Mechanization Research Institute, Ministry of Agriculture and Rural Affairs, Nanjing, China)
	The machine uses a reciprocating double-action cutter to cut the leafy vegetables, then pushes the cut vegetables to two vibrating rods that alternately vibrate up and down to clean the surface impurities off the vegetables and to ensure the orderly transport of the vegetables.



	Self-propelled artemisia harvester (Nanjing Agricultural University, Nanjing, China)
	The machine moves the cut artemisia in an orderly fashion through the clamping and conveying mechanism to the steering mechanism, which then turns the artemisia from vertical to horizontal conveying. The artemisia is then moved in an orderly fashion to the collection basket at the back by the action of the secondary conveyor belt, realizing the orderliness of the entire cutting, conveying, and harvesting process of artemisia.










 





Table 2. Structural parameters and technical parameters of 4UM-120D electric leafy vegetable harvester.
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	Parameters
	Unit of Measure
	Values





	Dimensions of the whole machine (L × W × H)
	mm × mm × mm
	2180 × 1500 × 1200



	The capacity of battery
	Ah
	50



	Operating width
	mm
	1200



	The height adjustment range of cutter
	mm
	0~100



	Conveyor belt width
	mm
	1200



	Conveyor belt installation angle
	°
	30



	Wheelbase
	mm
	550



	Wheel radius
	mm
	175



	Minimum ground clearance
	mm
	70



	Productivity
	hm2/h
	0.04~0.08










 





Table 3. Technical parameters of the working parts of the automatic basket unloading and basket replenishment control system.
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	Working Parts
	Parameters
	Values





	Touch screen
	Model number
	KunlunTongtai-TPC1061TI (Kunlun Touch Tech Co., Ltd., Beijing, China)



	PLC
	Model number
	Siemens S7-200 SMART PLC-6ES72881ST400AA0 (Siemens, Berlin, Germany)



	Photoelectric sensor 3 (bottom photoelectric sensor)
	Measuring range (mm)
	0~60



	Photoelectric sensor 1 (top photoelectric sensor 1)
	Measuring range (mm)
	0~60



	Photoelectric sensor 2 (top photoelectric sensor 2)
	Measuring range (mm)
	0~60



	Pressure sensor
	Measuring range (kg)
	0~30



	Transverse conveyor belt motor
	Speed (rpm)/Torque (N•m)
	0~300/1.90



	Basket unloading motor
	Speed (rpm)/Torque (N•m)
	0~200/2.85



	Basket feeding motor
	Speed (rpm)/Torque (N•m)
	0~400/0.80










 





Table 4. The system runtime and the operational status or value of each functional component.
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	Is the Top Photoelectric Sensor 1 on the Touch Screen Lighting Up?
	Is the Top Photoelectric Sensor 2 on the Touch Screen Lighting Up?
	Is the Bottom Photoelectric Sensor on the Touch Screen Lighting Up?
	Is the Basket Feeding Motor on the Touch Screen Lighting Up?
	Is the Transverse Conveyor Motor on the Touch Screen Lighting Up?
	Is the Basket Unloading Motor on the Touch Screen Lighting Up?
	Runtime of the System/s
	Pressure Sensor Value/kg





	1
	No
	No
	No
	Yes
	No
	No
	3
	−0.00075531



	2
	Yes
	No
	Yes
	No
	Yes
	No
	26
	1.38488



	3
	Yes
	Yes
	Yes
	No
	No
	Yes
	43
	2.37229



	4
	No
	No
	No
	Yes
	No
	No
	83
	−0.0040102



	5
	Yes
	No
	Yes
	No
	Yes
	No
	113
	1.37837



	6
	Yes
	Yes
	Yes
	No
	No
	Yes
	133
	2.35276



	7
	No
	No
	No
	Yes
	No
	No
	176
	−0.00075531



	8
	Yes
	No
	Yes
	No
	Yes
	No
	206
	1.3762



	9
	Yes
	Yes
	Yes
	No
	No
	Yes
	223
	2.34191
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