

  agriculture-12-01935




agriculture-12-01935







Agriculture 2022, 12(11), 1935; doi:10.3390/agriculture12111935




Review



Study on the Technologies of Loss Reduction in Wheat Mechanization Harvesting: A Review



Xu Chen, Xun He, Wanzhang Wang *, Zhe Qu and Yuan Liu





College of Mechanical and Electrical Engineering, Henan Agricultural University, Zhengzhou 450002, China









*



Correspondence: wangwz@henau.edu.cn







Academic Editors: Hongwen Li and Jin He



Received: 19 October 2022 / Accepted: 14 November 2022 / Published: 17 November 2022



Abstract

:

Wheat harvesting is one of the most important links in the whole wheat production process. In China, the wheat planting areas are wide, and the patterns are diversified. In addition, the problem of harvest losses caused by the numerous brands and low performance of domestic combine harvesters has always existed. Any losses during harvesting will result in less income for the farmers. Therefore, according to the actual situation of mechanized wheat harvesting and the losses occurring within different parts of the harvester, it is of great significance to select the appropriate loss reduction methods to effectively reduce wheat harvest losses. In accordance with the problems of loss during mechanized harvesting, this research first points out the main losses in the operation of a wheat combine harvester, then introduces sensor monitoring technology for grain harvesting loss and intelligent control technology for the combine harvester and analyzes their application to loss reduction in mechanized wheat harvesting. Finally, we put forward conclusions and suggestions on this loss reduction technology for wheat mechanization harvesting in order to provide a reference for reducing the losses and promoting the sustainable development of modern agriculture.
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1. Introduction


China is listed as the largest grain producer [1]. In 2021, the wheat planting areas were 23.568 million ha, with a total output of 136.946 million tons [2]. Wheat harvesting is one of the most important operations in the whole production process. Harvest loss refers to a decrease in the total grain output and quality during grain harvesting, and it also represents a direct loss of farmers’ income [3,4]. Mechanized wheat harvesting losses mainly include header losses, threshing and separation losses, and cleaning losses [5]. At different harvest stages, the overall loss rate of wheat production is about 6.58%. The maximum loss of grain occurred in the process of the mechanical harvest of the crops (2.18%), followed by the loss caused by bird feeding, rodents, insect pests, natural grain falling, etc. (1.92%), and nearly 0.38% of grain loss was caused in the process of transportation [6]. In recent years, more and more relevant studies and reports have confirmed that the loss of wheat during harvest is becoming more and more serious, which needs to be solved urgently [7,8,9]. Therefore, we should attach importance to the problem of grain harvest loss and take positive actions to reduce it, and increase the research on loss detection devices so as to lay a foundation for better reducing grain harvest loss.



The total annual loss of wheat in China is about 9.011 million tons, which is equivalent to the harvest of 1.2 million ha of land. The wheat loss mainly comes from the loss during the growth period and mechanized harvest; the mechanized harvest loss accounts for the main part of the total loss. How to effectively reduce the loss rate of grain during the harvest process is an urgent problem to be solved. Starting from the main losses that occur from the operation of a wheat combine harvester, this paper expounds the causes of such losses considering each working part of the combine harvester and focuses on the application status of sensor monitoring technology and intelligent control technology for the combine harvester regarding grain harvest loss, which provides a reference and basis for effectively reducing the loss of mechanized wheat harvesting.




2. Major Losses in Wheat Combine Harvester Operation


A combine harvester can complete multiple processes such as cutting, threshing, cleaning, and separation all at one time, which greatly improves grain harvesting efficiency. Before making any changes or adjustments in order to reduce losses, it is helpful to understand the working principle of a combine harvester. The operation of a combine harvester is highlighted in Figure 1 and begins at the header unit, where the cutting and gathering of the grains takes place. Then, the material is fed to the threshing cylinder through the inclined conveyor for threshing and separation, and then the straw is discharged from the end of the cylinder. The mixture of the remaining grains, short stalks, and impurities fall into the shaking plate through the concave screen and then enter the cleaning system for cleaning. The clean grains are transported to a storage tank through the grain conveying device, and the grain is unloaded when the grain tank is filled.



The losses caused by the combine harvester during field operation can be divided into header losses (losses at the front of a harvester) and comprehensive losses (losses during threshing, separation, and cleaning). The following are the different types of losses that occur during harvesting operations.



2.1. Header Losses


A study of harvest loss at North Dakota State University showed that most of the harvest losses occur before the grains entered the machine; the grain loss caused by the combine header accounts for more than 50% of the total harvest losses [10], which is mainly caused by low manual mechanical adjustment accuracy and header vibration. When the machine is harvesting, the height of the reel should be such that the reel plate acts at two-thirds of the height of the wheat plants; if the reel is too high, it easily hits the wheat ears, causing the grains to fall off. When the reel position is too low, the wheat grain is easily deflected to the forward direction of the machine. When wheat plants are cut, the wheat ears fall to the front of the header; when the speed of the reel is too high, it can easily break the wheat ears from the root, resulting in serious wheat ear losses. When wheat is harvested by a machine after it is fully mature, the vibration of the header will also cause some grains to fall down due to less adhesion between the grains and the wheat ears [11]. When harvesting to the end of a field, if the header is raised slowly, the wheat plants left on the header floor will be thrown out due to inertia [12]. The low intelligence level of the header and poor accuracy of manual mechanical adjustment are important reasons for wheat loss and provide a starting point for improving intelligence to reduce harvest loss. Domestic combine harvesters are usually purchased by farmers themselves, the operators generally start harvesting without formal training and understanding the functions of combine. Incorrect operation is also the cause of serious harvest losses. The position of reel action is shown in Figure 2.




2.2. Losses Due to Threshing and Separation


The threshing and separation system is one of the core working areas of a wheat combine harvester, which play a key role in grain loss and crushing during harvesting operation, directly affecting the operating performance of the whole machine [13,14]. In the process of grain threshing and separation, it is inevitable that there will be unclean threshing, broken grains, and incomplete separation, resulting in grain loss, which is closely related to the structure form of the threshing cylinder, concave clearance, the amount of material feeding, and other parameters.



According to the flow direction of the materials, the structures of the threshing cylinders on a combine harvester can be roughly divided into tangential flow type, transverse axial flow type, tangential flow + transverse axial flow type, longitudinal axial flow type, and tangential flow + longitudinal axial flow type. Figure 3 shows the five structural forms of the threshing cylinder. For the tangential flow threshing cylinder, the grain tangentially enters the concave (concave ‘wrap’ angle α was between 105° and 120°) part and is then discharged along the tangential direction of the cylinder, which leads to the unclean threshing of the grain ears due to the extremely short time taken. For the axial flow threshing cylinder, the grain tangentially enters the threshing chamber, spirals forward in the axial direction (while moving circularly with cylinder) and is then finally thrown out in the axial direction, which leads to unclean threshing due to the short length of time and low effectiveness of threshing. For the longitudinal axial flow cylinder, the grain axially enters and axially discharges, and the grain crushing rate is higher due to the long movement path of the materials along the cylinder axial direction, with a long threshing time [15]. For the tangential + longitudinal axial flow cylinder, the grain tangentially enters and axially discharges, which takes a long time to thresh, with straw crushing seriously increasing the difficulty of the separation, and there are certain grain-crushing and entrainment losses. The existing threshing cylinders have some degree of grain loss, so it is necessary to use intelligent sensor technology, such as a grain entrainment loss monitoring sensor and a speed sensor, to achieve grain loss monitoring and the real-time adjustment of the cylinder parameters to reduce threshing and separation losses. At the same time, when the concave clearance is too large, the material flow is better, but the amount of unthreshed material is high; if the clearance is too small, it is easy for blockages to affect the operational efficiency of the whole machine.




2.3. Cleaning Losses


When the combine harvester is operating in the field, the cleaning system can inevitably produce grain loss; cleaning loss is an important parameter for measuring the operational performance of a combine harvester, and it is also one of the important links for causing harvest grain losses [16,17]. The cleaning loss rate is affected by the cleaning mode, feeding amount, the working parameters of the mechanism, etc. At present, the cleaning devices mainly include the airflow type and the air and screen type [18,19]. The airflow cleaning device is generally used on micro and small-sized harvesters in mountainous and hilly areas; it is difficult for the airflow-only system to remove long stalks and high humidity impurities due to the limitation of its structure and power, resulting in high impurity content. The air and screen cleaning device is widely used, with strong applicability; the impurity content is smaller after cleaning, and the cleaning loss is greatly affected by the feeding amount. When the feeding amount is too large, the broken straw stacked on the screen surface is too thick, and the cleaning burden becomes too heavy, resulting in grain loss [20]. Secondly, when the speed of the cleaning fan is too high, the wheat grains (after cleaning) are relatively clean, but most of the grains are blown out of the machine due to the higher fan speed; if the speed of the fan is too low, the impurities cannot be completely separated from the grain, resulting in high impurity content. If the vibration frequency of the vibrating screen is too high or the inclination angle is too small, some grains will be excluded from the machine before falling through the screen hole. In short, in order to achieve the best cleaning result, it is necessary to monitor cleaning loss with the help of sensor technology in real time, and then automatically adjust the relevant working parameters. Figure 4 shows two cleaning devices.





3. Sensing Technologies for Monitoring Grain Loss during Harvest


In recent years, sensor technology has been developed rapidly and is widely used in industry, national defense, medicine, and agriculture, yet the research of agricultural sensor technology is still in its infancy. Due to the harsh operating environment that combine harvesters endure, with the interference signal to the sensor being large, sensors with high sensitivity and stable performance are required for monitoring grain harvest loss. Grain loss sensing technology is automatic, remote, and forward-looking. It can help reduce grain loss by improving harvesting accuracy, reliability, and productivity. Monitoring and generating real-time sensor data can provide effective combine harvester performance and information, which is helpful for analyzing and optimizing the harvesting process.



3.1. Polyvinylidene Fluoride Piezoelectric Film Sensor


Polyvinylidene fluoride (PVDF) piezoelectric film is an important intelligent material, with strong piezoelectric performance and is the best choice for making sensors [21,22]. The thickness of piezoelectric film is only 50 μm. In order to prevent surface scratches, a PET plastic film with a thickness of 0.1 mm was pasted onto the upper and lower surfaces. The encapsulated PVDF piezoelectric film was pasted onto a support plate to form a detection unit, and the multiple detection units were arranged in parallel on the same base plate. Independent vibration dampers were installed between each detection unit and the base plate and between the base plates to form a double-layer vibration isolation structure. It can be seen from the piezoelectric effect that when the PVDF piezoelectric film is impacted by the grain, this generates charges. Then, the signal will be transmitted to a secondary instrument for display after being processed by multiple circuits, finally realizing the detection of the grain impact signal. The structure composition and loss monitoring processing flow of the PVDF piezoelectric film sensor is shown in Figure 5.



Due to the stable performance and low price of the PVDF piezoelectric film sensors, some scholars have applied them to the monitoring of grain loss. Li et al. designed a set of calibration test benches for a grain loss monitoring sensor; the laboratory test results showed that the measurement error of the sensor (for the grain loss monitoring of wheat samples with differing moisture content) could be limited to 4.8%. Based on the calibration results, the installation position of the sensor for monitoring entrainment loss was determined, and the field test results showed that the maximum monitoring error for entrainment loss was 3.40% [23]. Zhou et al. aimed at the problem of foreign grain loss monitoring sensors being limited to sensitive materials and cannot significantly increase the upper limit of measured impact frequency, which affects the accuracy, and adopted polyvinylidene fluoride (PVDF) piezoelectric films as sensor-sensitive material; they designed an array of PVDF sensors and the corresponding signal processing circuits, which could obtain the spatial distribution information for grain loss [24]. Tang et al. found the distribution rule for the grains and impurities under a longitudinal axial flow cylinder condition through experiments, and finally determined the optimal installation position of the PVDF piezoelectric film sensor array, and achieved a detection error of between 4.5 and 5.26% [25]. Figure 6 shows the different installation positions of sensors on the combine.



PVDF piezoelectric film sensors have a simple structure, a relatively low technical threshold and cost, and have been applied to the loss monitoring technology of combine harvesters. However, the structure of the piezoelectric film sensor is unstable and needs to be corrected after a period, which seriously affects the normal operation progress of the combine harvester.




3.2. Piezoelectric Ceramic Sensor


The piezoelectric ceramic sensor is mainly composed of an upper metal plate protective layer and two layers of copper electrodes wrapped with piezoelectric ceramics and pasted on the base. It mainly relies on the piezoelectric effect of the piezoelectric ceramic sheets (a piezoelectric ceramic sheet is equivalent to a charge generator). According to the impact force of the different materials hitting the sensitive plate surface and the duration of the signal, this results in a difference between the signal frequencies and voltage amplitudes, and this is then amplified by charge amplifier, filtered by a band-pass filter, and the output signals are passed by a voltage comparator [26,27]. The structure of piezoelectric ceramic sensor is shown in Figure 7.



Due to the grain mass being small and causing a relatively weak particle collision signal, the piezoelectric ceramics with a high electromechanical coupling coefficient and large piezoelectric constant represent better sensing elements for grain loss monitoring. Li et al. used piezoelectric ceramics as a sensing element for the design of a monitoring device for combine harvester cleaning loss, and the field test results showed that the monitoring error of the device was 3.57%. At the same time, a matched secondary instrument can provide the cleaning loss rate in real time, and inform the operators of the current cleaning loss through an indicator light and alarm [28]. Zhang et al. developed an online monitoring system for loss rate based on piezoelectric ceramic sensors for realizing the real-time monitoring of grain loss rate during the operation process of a combine harvester, and the experiment showed that the sensor has a good ability to distinguish the full grains from the impurities; the measurement error was less than 4.1% [16].



Piezoelectric ceramic sensors have good vibration transmission ability, which makes it easy to collect the grain impact signal, and this has been applied to monitor grain loss. However, piezoelectric ceramic sensors cannot eliminate the influence of mechanical vibration, have a surface sensitivity distribution that is uneven, and have a measurement accuracy that is unstable, meaning the spatial distribution characteristics of grain loss cannot be obtained.





4. Related Studies on the Intelligent Control and Loss Monitoring Technology of Combine Harvesters


In the wheat production process, the harvest loss of a combine harvester accounts for the main part of the total loss, and machine harvest loss rate is closely related to factors, such as crop variety, harvest time, operation speed, operators’ level, and the intelligence level of the combine harvesters [29]. With the development of sensors, electronics, and computing processing capabilities, automation and intelligent technology for combine harvesters has become possible. At the same time, when using a series of sensors to accurately monitor grain harvest loss in real-time [30,31], it is of great significance to reduce the rate of machine harvest loss and achieve precision agriculture. Figure 8 shows the intelligent technologies of a combine harvester.



4.1. Header Intelligent Adjustment


As an important part of the wheat combine harvester, the header is the first part to make contact with the crop, and the reasonable adjustment of its working parameters has an important impact on harvest quality and machine performance. At the same time as developing high-quality agricultural machinery, it is of great significance to carry out low-loss and high-efficiency intelligence research on the header to improve the operational performance and quality of the combine and reduce harvest loss [32].



In view of these problems, such as the poor stability of the header mechanical adjustment, low adjustment accuracy, and complex adjustment processes resulting in grain loss, the 4LZ series models (developed by the Kubota Company in Japan) use advanced electronic control technology to integrate height adjustment functions (of the header and reel) into a multi-functional handle so that operators can easily and conveniently control the position of header [33]. The CR series models (of New Holland) adopted a profiling header to realize the automatic control of stubble height and feeding amount so as to prevent overload blockage. The machine is equipped with an advanced control system, which can realize control of all parts of the header using a touch screen and a control handle, meaning that the machine has a good working state [34]. Chen et al. designed a button adjustment device for the parameters of the combine header, which replaced multilever manual operation with button operation; it was not only simple and fast to control but also greatly improved the adjustment accuracy [35]. Wei et al. designed a ground profiling control system of the combine header, which could obtain the floating conditions of a ground-profiling mechanism with the help of angle sensors, and the floating condition was fed back to the control system so as to realize the automatic adjustment of the header height, which can better harvest wheat over complex terrain [36]. Lin et al. developed a new type of mechanical connection, hydraulic drive, and computer-controlled wheat harvester header profiling technology, which realized the longitudinal and horizontal profiling of the header, and developed an intelligent control system for the header based on the microcontroller, which realized intelligent header height control [37]. Li et al. designed a sensor type for an electrohydraulic control header profiling device, which had the advantages of fast system response, reliable stability, and high profiling accuracy [38]. Zhuang et al. proposed a header height control strategy based on robust feedback linearization, which enabled the automatic adjustment of the pitch angle of the header following ground fluctuation [39]. Zhang adopted the header height measurement scheme, combining ultrasonic array sensors and a mechanical profiling mechanism. The system software design was based on STM32, and functions such as CAN bus communication, PWM drive solenoid valve, automatic/manual control switching, and header height closed-loop control were realized [40]. During the actual operation, the profiling plate contacts the ground and is connected with the limit hinge. When the header height changes, the ground profiling plate will rotate around the fixed axis. At the same time, the ground profiling plate drives the connecting rod to rotate, and the connecting rod is connected to the angle sensor. Therefore, the rotation degree of the ground profiling plate can be obtained by measuring the output voltage of the angle sensor, and then the header height can be calculated according to the calibration relationship. Figure 9 shows the principle of a mechanical profiling mechanism for headers.




4.2. Monitoring the Feeding Amount


The feeding amount refers to the quality of materials passing through the combine body per unit of time [41,42], and if the feeding amount is too high or too low, it will lead to an increase in grain loss. Therefore, the real-time online monitoring of the feeding amount of wheat in a combine harvester can effectively reduce the harvest loss rate and improve the operating efficiency of the whole machine.



Relevant scholars from many universities and research institutes at home and abroad have carried out a lot of studies on monitoring the feeding amount in a combine harvester [43,44,45,46,47,48]. In order to obtain the feeding amount information online, some foreign agricultural machinery experts have conducted a lot of experimental research on a variety of feeding amount monitoring sensors, such as the header auger torque sensor, bridge chain harrow torque sensor, and the grain flowmeter, and have made certain achievements [49,50]. Domestic scholars have also done a lot of studies on feeding amount monitoring. Zhang et al. designed a feeding amount monitoring system based on the torque of the header power shaft and built a feeding amount prediction model with the help of software; the field experiments showed that the system was stable and had a good performance, which could basically meet the demand for the real-time online monitoring of feed amount in a combine harvester [51]. Liu et al. obtained the basic relationship between the power of the screw conveyor and the feeding amount through a large number of tests, and established a method to predict the feeding amount by monitoring the power consumption of the screw conveyor [52]. You et al. designed a fuzzy control system of feeding amount, and used PLC technology to control hydraulic oil flow to change the walking speed and adjust feeding amount, the field test results showed that the loss rate of combine was less than 1.2%, and the crushing rate was less than 1.0%, which meet the requirements of national standard [53].




4.3. Monitoring the Threshing and Separation Losses


The threshing and separation system is an important link for the combine harvester to obtain clean grain, which directly affects the grain loss rate and crushing rate during harvesting [13,14]. Its performance is an important parameter with which to measure the operation quality of the whole machine and grain crushing and loss, and the real-time online monitoring of grain loss during threshing and separation is of great significance in improving the total grain output.



During grain threshing and separation, grain losses are mainly caused by broken stalks entraining the grains and causing unclean threshing. In order to reduce entrainment loss and improve the threshing rate, operators need to constantly adjust the clearance of the threshing concave and cylinder speed, requiring rich technical experience during field harvest operation [54,55,56,57]. Although the traditional detection method of artificial grain loss is relatively accurate, it has high labor intensity and low efficiency, and is only applicable to the sampling collection of the experimental data, which cannot provide real-time loss information to the operators. Therefore, the real-time online monitoring of grain loss can be realized by using sensor technology.



In the 1960s, western developed countries began to develop grain loss sensors for combine harvesters, and, at present, some agricultural machinery companies have produced formed products for sale in the market. The combine harvesters produced by many foreign and famous agricultural machinery enterprises have been installed with grain loss monitoring sensors, which can monitor the grain loss of a combine harvester online and in real time, such as the Case 2366IH combine harvester produced by the Case Company (New Delhi, India), the Ferguson 860 combine harvester produced by the Ferguson Company (Newport News, VA, USA), and the JD9660STS combine harvester produced by the John Deere Company (Moline, IL, USA) [58,59,60,61,62,63,64]. Kotyk used a microwave emission sensor to monitor grain loss [65]. Xu et al. designed a multiparameter control system for the threshing device, which could detect the entrained grains in the material after threshing and separation, and automatically adjust the threshing clearance and cylinder speed (that affects the loss) to reduce entrainment loss and improve income [66]. Tang et al. determined the content and distribution rule of the grains and impurities by the threshing separation performance of the test cylinder and used PVDF piezoelectric film sensors to measure the amount of grain in the collector under the threshing cylinder of the combine harvester during field operation; the error between the detection result and the manually measured value was small [67]. The monitoring system for threshing and separation losses of a combine harvester is shown in Figure 10.




4.4. Intelligent Control of the Cleaning System


The cleaning system is an important part of the combine harvester; the purpose of cleaning is to obtain the cleanest grain with the minimal loss [68]. The development of grain cleaning devices with intelligent control systems can effectively reduce the cleaning loss rate and improve the working performance of the whole machine. The research on cleaning loss technology abroad is relatively mature and has been applied to some models. The TUCANO 550 combine harvester produced by the CLAAS company (Harsewinkel, Germany) has functions of 3D cleaning and continuous dynamic leveling, which can achieve complete stability on a slope of up to 20%, even crop distribution, better cleaning effects, and greatly reduces the cleaning loss rate. Figure 11 shows the slope operation of the TUCANO 550 combine harvester.



In accordance with the problems of a low cleaning rate and high loss rate from the cleaning system, scholars at home and abroad have carried out a lot of research on cleaning loss. Berner et al. were the first to apply a control system to the cleaning system. Based on the measurement of static pressure in the cleaning section, the grain yield was estimated. When using a database model for estimating grain yields, the best fan speed is selected to minimize screen loss [69]. Geert et al. developed a fuzzy control system to make the cleaning section reach an acceptable level of grain loss and impurity content [70,71,72]. Li et al. developed a set of intelligent controls and an optimization system for the cleaning device of grain combine harvesters, which can realize intelligent adjustments to the grain-cleaning system and effectively reduce grain loss [73]. The grain loss rate sensor proposed by Wu et al. provides feedback parameters to control and adjust the opening degree of the cleaning screen, fan speed, and other actuators, which makes the intelligent cleaning of a combine possible [74]. Gao et al. used a chaos algorithm to detect the impact signal of grain cleaning loss in a combine harvester so as to achieve a low cost and high detection accuracy regarding the cleaning loss detection system [75].





5. Application of Grain Loss Monitoring System in a Harvester


If we want to make better use of the loss monitoring equipment, we must first find out the sources of loss during the operation of a combine harvester. The sources of grain harvest loss introduced in this paper are shown in Table 1.



Grain harvest loss is an important index to measure the performance of a combine harvester. Due to low manufacturing levels and a lack of advanced technology guidance for domestic combine harvesters, the total loss rate of grain in field harvesting operations may be as high as 10% [76,77]. Grain loss during combine harvester operation not only causes economic losses to farmers but also damages the soil environment and affects the growth of the next crop [78].



5.1. Principle of Grain Loss Monitoring System


When the grain impacts the sensor sensitive plate, a charge will be generated, and the amount of charge is related to the impact strength and acceleration. Because charge cannot be measured directly, it can be converted into a voltage signal by a charge amplifier. The impact time mainly depends on the mass, stiffness, and impact speed of the object, and compared with the chaff and stalk, the stiffness of the plump grain is larger and the impact time is shorter, meaning it can be identified by a band-pass filter. The impact produces attenuated oscillation signals; in order to eliminate the interference of resonance waves, a detector diode and an envelope detector are added, and then the wave is rectified by a voltage comparator; finally, the secondary instrument is used for counting and displaying. The workflow of the grain loss monitoring sensor system is shown in Figure 12.



A summary of the various types of sensors, as well as their characteristics, as was found in previous studies, is presented in Table 2.




5.2. Monitoring Different Losses from the Harvester with Sensors


The intelligent technology for a wheat combine harvester is mainly reflected in the fact that it can monitor the grain loss of each part in real time and online and can reasonably adjust each working parameter in time so as to always maintain the optimal harvest level [97].



Table 3 shows the types of existing grain loss monitoring sensors and their installation positions on the combines and the measurement errors of grain loss rate.




5.3. Technical Guidance on Loss Reduction for Mechanized Wheat Harvesting


In order to reduce the losses of mechanized wheat harvesting and improve the quality and efficiency of the harvesting operations, the following technical guidelines are proposed.



	(1)

	
The market for old combine harvesters in China is relatively high; the machine parts are seriously worn, and high grain loss occurs during harvesting operations. Therefore, the old harvesters should be eliminated in a timely fashion, and new machines should be introduced;




	(2)

	
Before the beginning of the harvest season, all operators should receive centralized formal training and be assessed afterward. This would be required to work with certification so as to improve their theoretical level, operational ability, and awareness of loss reduction;




	(3)

	
Ensuring that the linear speed of the reel is 1.1–1.2 times that of the forward speed of the combine; this should not be too high. Adjust the height position of the reel so that the pressure plate of the reel acts at two-thirds of the height of the crop. Under the premise of ensuring that the crushing rate does not exceed the standard, the threshing rate can be improved, and threshing loss can be reduced by properly increasing the speed of the threshing cylinder, reducing the gap between the cylinder and the concave, and correctly adjusting the ratio of the inlet-to-outlet gap (which should be 4:1). Under the premise of ensuring that the impurity content does not exceed the standard, the cleaning loss can be reduced by appropriately reducing the fan speed, increasing the opening of the sieve, and improving the position of the tail sieve;




	(4)

	
In order to improve the intelligence level of the equipment, wheat combine harvesters can be equipped with online monitoring devices for loss rate, impurity content rate, and crushing rate. According to the relevant indicators and curves prompted by the online monitoring devices, the operators can timely adjust the operating speed, feeding amount, stubble height, and other operating state parameters to obtain and maintain the ideal operating state for the loss rate, impurity content, and crushing rate.









6. Suggestions and Prospects


There are fewer studies on grain loss monitoring at the location of the combine header; therefore, it is recommended to conduct more research in this field. The disadvantage of the current grain loss sensor monitoring systems is that their output display bar graphs or numerical data are without a unit of measurement, which makes it difficult for combine operators to quantify the losses adequately. Therefore, it is necessary to convert the existing grain loss sensor readings into a meaningful quantity of absolute grain loss. Secondly, most of the grain loss monitoring systems developed at present have only been tested in the laboratory, and only a few of them have been implemented in the field, meaning that they lack certain practicality.



The monitoring speed and accuracy of the grain loss monitoring sensor system need to be further improved.



	(1)

	
At present, the resolution of the grain loss sensor is low. We need to increase the research and development of agricultural sensors to improve the performance and efficiency of these sensors to meet the requirements of wheat harvesting;




	(2)

	
Optimize the intelligence control algorithm. The organic combination of various algorithms can realize the rapid processing of loss monitoring data to obtain an accurate loss rate, which plays an important role in improving the intelligent loss monitoring efficiency of combine harvesters;




	(3)

	
Multisensor information fusion development. Through the integration of sensor monitoring technology, internet communication technology, intelligent control technology, and other technologies, the combine harvesters can realize real-time online monitoring of grain loss. Then, feed this back to other controllers through the central control hub to make adaptive adjustments to the key working components in a timely manner so that the grain loss rate of a combine harvester is at the lowest level.








7. Conclusions


This paper studies the main sources of grain loss in mechanized wheat harvesting, the research status of sensor technology for loss monitoring, and the intelligent control of combine harvesters to reduce grain loss. The real-time monitoring of grain loss through sensor technology and the intelligent adjustment of the key working parts of a combine can effectively reduce the grain loss rate in the harvesting process. Given the current situation of grain loss monitoring in combine harvesters at home and abroad, we should base our research on the relevant design theories and standards of combine harvesting, taking the grain loss mechanism of the combine harvester as the starting point, and deeply study the influencing laws of the relevant factors (such as feeding amount, threshing, separation, cleaning load, etc.) on the change in the grain loss rate. The real-time monitoring of the formation process of grain loss in combine harvesters not only tests such losses to obtain the result of “loss”, but also monitors the “loss” before it occurs so as to better reduce the loss. The purpose of loss monitoring is to ensure the best operation quality and higher production efficiency of combine harvesters.
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Figure 1. Working principle of a combine harvester, highlighting where losses typically occur. 
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Figure 2. Schematic diagram of the position of reel action. 
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Figure 3. Structure diagrams of the threshing cylinder: (a) tangential flow type; (b) transverse axial flow type; (c) tangential flow + transverse axial flow type; (d) longitudinal axial flow type; (e) tangential flow + longitudinal axial flow type. 
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Figure 4. Structure diagrams of the cleaning device: (a) air flow type; (b) windscreen type. 1—suction fan; 2—conveyor pipe; 3—sedimentation interceptor; 4—barrier plate; 5—windshield; 6—cleaning drum; 7—thrower; 8—strut; 9—jitter plate; 10—boom; 11—upper screen; 12—rear screen; 13—lower screen; 14—fan. 
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Figure 5. PVDF piezoelectric film sensor. (a) Sensor structure composition; (b) grain loss monitoring process. 
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Figure 6. Different installation positions of sensors on a combine. 
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Figure 7. Piezoelectric ceramic sensor structure composition. 
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Figure 8. Intelligent technologies of a combine harvester. 1—intelligent fault diagnosis; 2—unmanned driving and navigation system; 3—intelligent production measurement; 4—intelligent threshing separation and cleaning control; 5—online monitoring of loss rate; 6—header intelligent control; 7—feeding amount detection. 
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Figure 9. Schematic diagram and physical diagram of profiling mechanism. 
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Figure 10. Measurement and control sensor in a combine harvester. 1—entrainment loss detection sensor; 2—cleaning loss detection sensor; 3—detection sensor of grain ear rethreshing; 4—threshing and separation detection sensor. 
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Figure 11. Schematic diagram of slope operation of the TUCANO 550 combine harvester. 
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Figure 12. The workflow of the grain loss monitoring sensor system. 
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Table 1. Sources of grain harvest loss.
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	Sources
	Relevant Parameters That Affect Loss
	References





	Header Losses
	Cutter impact, reel height and speed, operating speed,

cutting height
	[10,11,12,79,80]



	Threshing Losses
	Rotation speed of threshing cylinder, concave clearance,

crop feeding amount, crop moisture
	[13,14,15,81,82]



	Separation Losses
	Cylinder speed, type of concave sieve, crop moisture
	[83,84]



	Cleaning Losses
	Crop feeding amount, fan speed
	[18,19,20,85,86]
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Table 2. Comparison of several sensors for monitoring grain loss.
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	Type of Sensor
	Characteristics
	Photo
	References





	PVDF piezoelectric film sensor
	The sensor surface sensitivity is evenly distributed but the signal output sensitivity is not high;

the reliability is poor, and it is vulnerable to

vibration and noise interference.
	 [image: Agriculture 12 01935 i001]
	[23,24,25,87,88,89,90]



	Piezoelectric ceramic

sensor
	The metal plate has a good vibration transmission ability and easily collects the grain impact signals; the influence of mechanical vibration cannot be eliminated; the sensitivity distribution of the sensor surface is uneven; the measurement accuracy is unstable, and the spatial distribution characteristics of grain loss cannot be obtained.
	 [image: Agriculture 12 01935 i002]
	[26,27,28,29,91]



	Symmetrical structure

sensor
	Strong anti-interference ability; high reliability; strong grain signal recognition ability; the required machining accuracy is high, and the upper and lower elastic elements and structure must be

symmetrical.
	 [image: Agriculture 12 01935 i003]
	[92,93]



	Piezoelectric crystal sensor
	This sensor not only increases the signal of the grain cleaning loss but also provides consistent

sensitivity for the stable performance of the sensor, and the high signal-to-noise ratio is the key feature of the sensor.
	 [image: Agriculture 12 01935 i004]
	[94]



	Pressure sensor
	Small size, light weight, high accuracy and good temperature characteristics.
	 [image: Agriculture 12 01935 i005]
	[95]



	Acoustic electric sensor
	The monitoring accuracy of the sensor is greatly affected by mechanical vibration and strong noise.
	 [image: Agriculture 12 01935 i006]
	[96]
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Table 3. Grain loss monitoring sensors and measurement errors.
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	Type of Losses
	Sensor Used
	Sensor Position
	Measurement

Error (%)
	References





	Cleaning loss
	Piezoelectric ceramic
	Under the cleaning sieve
	3.57
	[28]



	Separation loss
	PVDF film sensor
	Under the threshing sieve
	3.4
	[98]



	Cleaning loss
	Piezoelectric crystal sensor
	Under the cleaning sieve
	3.3
	[99]



	Separation/cleaning
	Piezoelectric ceramic
	Under the sieve
	≤ 3.46
	[100]



	Cleaning loss
	Symmetrical structure sensor
	Under the cleaning sieve
	≤ 2.81
	[92]
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