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Abstract

:

A tractor electro-hydraulic hitch system is considered one of the most important systems that play a strategic role in the power transmission and operation depth control of a tractor’s field operation. Its performance directly affects the operation quality of the whole work unit of the tractor. Furthermore, a tractor electro-hydraulic hitch system has gained the interest of many in the agricultural machinery sector because of its stable performance, high production efficiency, good operation quality and its low energy consumption. To fully benefit from the potential of the tractor electro-hydraulic hitch system, it is significant to understand and address the problems and challenges associated with it. This study, therefore, aims to contribute to the development of the tractor electro-hydraulic hitch system by investigating the research methods, technical characteristics and emerging trends in three key aspects that include the tillage depth adjustment method, the tillage depth control algorithm and the core components of the electro-hydraulic hitch system. The characteristics and applicable conditions of the different tillage depth adjustment methods of the electro-hydraulic hitch system were summarized. The realization methods and the control characteristics of the different algorithms were elaborated and discussed for both the PID control algorithm and the intelligent control algorithm. The working characteristics of the core components of the electro-hydraulic hitch system were analyzed based on the hydraulic control valves and sensing elements. The results have shown that the multi-parameter tillage depth adjustment method met the operation quality standard while taking the engine load stability and traction efficiency into account, and it has a greater research significance and value. The working quality can be improved effectively by introducing the intelligent algorithm. In addition, the study of smart valves with built-in sensing elements and how to improve the anti-interference ability of sensing elements, are the aspects that requires further consideration. Aiming to improve the working quality and reduce energy consumption, further research into the tractor electro-hydraulic hitch system is necessary. The results of this comprehensive review provide a reference for the intelligent operation of tractors under the precision agriculture.
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1. Introduction


Precision agriculture is a modern agricultural management concept developed in the 1990s, based on a series of high-tech technologies, such as modern information technology, biotechnology and engineering equipment technology. It has great advantages in improving the agricultural output, making efficient use of agricultural resources, promoting agricultural sustainable development and protecting the ecological environment [1,2]. Among these, engineering equipment technology plays an important role as the premise and basis for realizing the whole system of precision agriculture [3,4]. A tractor hitch system is the core component to complete the connection between the tractor and the agricultural machinery. On the one hand, it transmits the power of the tractors, and on the other hand, it performs the lifting and attitude control of the agricultural machinery. The tractor completes different field operations and uses different machinery to complete different field operations through the use of the hitch system. The plough unit, combined with the suspension plough, is a typical example. With the development of electromechanical integration technology, electro-hydraulic proportional control technology, sensing technology, CAN bus technology and microcomputer technology, these technologies are gradually being applied to the tractor hydraulic hitch system, which promotes the transformation of the traditional mechanical hydraulic hitch system into a more intelligent system. However, due to the complexity of the field environment and the diversity of operation types, the tractor causes large disturbances and has a strong nonlinearity in its working process [5,6]. Therefore, there are still many problems in introducing intelligent technology into agricultural production [7,8].



As an indispensable operation in agricultural production, tillage is one of the main reasons for energy consumption [9,10,11]. Plowing takes up more traction energy than the other operations involved in tilling [12]. Compared with the traditional mechanical hydraulic hitch system, the tractor electro-hydraulic hitch system has more working adjustment modes, which can reduce the energy consumption of the tractor ploughing unit in operation, reduce the use of fuel and improve the operation efficiency [13,14,15]. In addition, due to the use of the automatic control method of the working depth, combined with the high precision sensor unit, the CAN bus technology and other information technologies eliminate the use of suspension operating handles on the original tractor and these are removed. Therefore, it greatly reduces the labor intensity of drivers, improves the level of intelligence and the automation of tractors, and makes tractors more suitable for the development requirements of fine agriculture, in the future [16,17].



Operation quality is an important index to evaluate the control performance of a tractor electro-hydraulic hitch system. At present, the method of improving the control performance of a tractor electro-hydraulic hitch system by optimizing the control method, has been widely criticized. Based on the analysis of the development status and research progress of the tractor electro-hydraulic hitch system in the world, this study aims to contribute to the development of the tractor electro-hydraulic hitch system by investigating the research methods, technical characteristics and emerging trends in three key aspects, including the tillage depth adjustment method, the tillage depth control algorithm and the core components of the electro-hydraulic hitch system. Different adjustment methods can meet the complex the constraints of the working terrain and soil conditions in different regions. Using modern control theory and technology to control the operation depth, is conducive to improving the response performance of the control system. In addition, the continuous development of modern sensor detection technology and valve control technology are important means to accomplish the real-time feedback and precise control. The integration of the abovementioned technologies contributes greatly to the improvement of the operation quality and the reduction of energy consumption.



The goal of this study was to comprehensively review the existing literature related to the tractor electro-hydraulic hitch system and its key technologies. This article was based on the following aspects and organized as follows. Section 2 states the research status of the tractor electro-hydraulic hitch system at home and abroad, commenting on different types of tractor electro-hydraulic hitch systems. Then, Section 3 and Section 4 discuss the development status of the different tillage depth adjustment methods and the tillage depth control algorithms. Section 5 provides a review of the key components of the tractor electro-hydraulic hitch system. Finally, in Section 6, the future development trends are given for the tractor electro-hydraulic hitch system.




2. Development Status of the Tractor Electro-Hydraulic Hitch System


In the early days, tractors completed operations through agricultural tools with traction units. Prior to 1933, the Irish scholar Harry Ferguson invented the three-point hitch device that has been widely recognized all over the world. The system is still being used and has become the standard in the industry [18]. The traditional mechanical hydraulic hitch system is a mechanical-hydraulic integrated product which makes full use of the characteristics and advantages of the hydraulic transmission. The driver adjusts the position of the distributor by operating the handle to control the direction and flow of the hydraulic oil to adjust the lifting and lowering of the agricultural machinery. It has the advantages of low design and manufacturing costs [19,20]. The structure principle is shown in Figure 1.



However, due to the complex structure of the system, it is not only difficult to assemble, but also difficult to maintain once damage occurs. Furthermore, because of the deformation of the mechanical mechanism and the hysteresis of the elastic element itself, it is unable to ensure a good quality of operation, and does not adapt to the developing trend of precision agriculture. With the development and maturity of electronic technology and microcomputer technology, scholars in China and abroad began to study the tractor based on the integrative technology of mechanics-electrics-hydraulics. The traditional mechanical hydraulic hitch system is gradually being replaced by the modern electro-hydraulic hitch system. Figure 2 shows the structural principle of the modern electro-hydraulic hitch system.



2.1. Basic Types of Hitch Systems


The tractor hitch system is mainly composed of an oil pump, a distributor (hydraulic control valve) and a hydraulic cylinder. According to the installation positions of the three main hydraulic components, they are divided into three types: split type, integral type and semi-split type [21]. Table 1 shows the comparison of the different hitch systems




2.2. Development Status of the Electro-Hydraulic Hitch System in Foreign Countries


Foreign scholars began to study the electro-hydraulic hitch system in the 1970s. In 1978, Germany’s Mercedes Benz first applied the electro-hydraulic hitch system to its agricultural tractor, marking the successful application of the electro-hydraulic control technology in the field of agriculture [22]. Subsequently, the Toshiba Corporation of Japan developed an IC electro-hydraulic hitch control system with the position regulation function. This system can not only adjust the depth of the rotary tillage operation, but also automatically adjusts the posture of the agricultural machinery in order to reduce the influence of the left and right tilts of the agricultural tools on the quality of its operation [23]. In 1986, Bosch developed the CAN bus technology and for the first time it was applied to the tractor control system by Scarlett in the early 1990s, which effectively improved the quality of the tillage depth and reduced the operating intensity of the tractor drivers [24,25]. Major foreign universities have also conducted in-depth research into the electro-hydraulic hitch system, they have designed electro-hydraulic hitch systems to meet different needs, and have verified the feasibility of their design scheme through experiments. For instance, Kyoto University in Japan, the University of the Witwatersrand in South Africa and The Technical University of Braunschweig in Germany [26,27,28].



The tractor electro-hydraulic hitch systems designed in foreign countries after years of development, have formed a more mature product. Major companies such as Bosch–Rexroth [29], Walvoil [30] and Danfoss [31] have launched similar electro-hydraulic hitch systems. At present, the leading position in the foreign market is the tractor electro-hydraulic hitch control system (EHC) introduced by Bosch–Rexroth. This system is mainly composed of a controller, operating panel, hydraulic pump, hydraulic cylinder and a solenoid valve. With a wheel speed sensor, force sensor, displacement sensor, pressure sensor, radar and other sensors. Each electronic control unit on the tractor transmits data through the CAN bus, which makes the tractor have a high operation efficiency and good operation coordination ability. This system meets various functions such as force control, position control, pressure control, slip rate control and force-position integrated control. Drivers only need to select the appropriate working mode through the operating panel according to the actual operating requirements. Experiments show that compared with the existing mechanical hydraulic control system, the slip rate achieved using the EHC system is reduced by 7–30%, the energy consumption of the whole machine is reduced by 2–3% and the work efficiency is improved by 3.4–3.8% [18]. Therefore, at present, most tractors in western countries have applied the system from companies such as John Deere, DEUTZ, New Holland, etc.




2.3. Development Status of the Electro-Hydraulic Hitch System in China


Due to the late start of the tractor industry in China, the tractor hitch technology is relatively backward. In the 1980s, foreign famous brands of tractors, such as John Deere, Fiat and so on, were introduced in China. The tractor hitch technology in China has since improved. Following the 1990s, with the rapid development of electronic technology, many universities in China began to study the electro-hydraulic hitch system of tractors.



Zhan et al. [32] used a single chip microcomputer for the control of the tractor hitch system. Taking the tractor ploughing unit as the research object, the mathematical model of each part was established, and the simulation operation was completed. In this study, several problems regarding the digital simulation of the tractor electro-hydraulic hitch system through the use of a microcomputer were discussed. Fang et al. [33] changed the valve core of the Jangsu-50 tractor (YTO, Luoyang, China) distributor into an electromagnetic drive and established a closed-loop feedback control system by installing angle sensors. The accuracy of the control system was proved using the comparison test with the traditional mechanical feedback system.



In the 21st century, more new technologies, such as electronic technology and computer control technology, have been applied to the tractor electro-hydraulic suspension system. China has achieved fruitful results in the study of the tractor electro-hydraulic suspension control system. Xie et al. [34] reformed the traditional mechanical hydraulic hitch system, replaced the distributor with electro-hydraulic proportional valve and achieved the digital control through a single chip microcomputer. The good performance of the improved suspension system was verified through an experiment. Later, Xie et al. [35] also carried out the research on the application of the CAN bus in the electro-hydraulic hitch system. At the same time, large tractor enterprises in China also carried out a series of studies for the tractor hitch system. For example, YTO, Lovol and Dongfeng et al. have launched intelligent tractor products with a variety of working modes. The technical characteristics of the hydraulic suspension type of some tractors are shown in Table 2.





3. Research Progress into the Tillage Depth Adjustment Methods


Due to the complexity and diversity of the tractor field working environment, it is often necessary to adjust the tillage depth repeatedly to obtain a stable and uniform tillage depth. Therefore, the development of the tillage depth adjustment method is a necessary means to obtain an accurate and efficient adjustment. In the early stage, the mechanical hydraulic hitch system was generally adjusted manually by adjusting the operating handle, which was not only inefficient but also poor in quality. With the development of the electro-hydraulic hitch system, the tillage depth adjustment method has gradually changed from the manual adjustment to the automatic adjustment. Currently, there are three major ways to adjust a tractor’s tillage depth: by a single parameter adjustment, mixed draft-position adjustment and mixed draft-position-slip adjustment.



3.1. Method of the Single Parameter Adjustment


The single parameter adjustment method adjusts the position of the three-point hitch device with a single parameter as the main control index, so as to obtain the desired effect. This way can be well targeted for different terrain characteristics. At present, there are two kinds of single parameter adjustment methods: the position adjustment and the draft adjustment.



According to the position regulation principle of the tractor electro-hydraulic hitch system, Chen et al. [36] designed the position regulation controller based on a microcontroller and a displacement sensor and verified it on the simulation test bench. The experimental results showed that the system had an anti-disturbance ability and could achieve automatic control. However, this study only carried out the position adjustment control in the simulation state, and the control effect needs further experimental verification [36]. Based on the CAN bus technology, Zhang et al. [37] proposed an adjustment scheme with the PLC as the core, according to the technical requirements of the system. In order to verify the feasibility of the scheme, the lifting and lowering experiments were carried out by using Simulink. However, the simulation test condition in this study were too ideal to consider the interference problem in the actual operation process. In addition, Lee et al. [38,39] and Xia et al. [40], based on the displacement sensor feedback of the tillage depth for the position adjustment, also increased the inclination sensor to measure the attitude of the farm tool. In the study by Xia et al. [40], the test results showed that the maximum coefficient of variation of the tillage depth under each working condition was 4.28%. This method had a good correction effect on the tillage depth error caused by uneven road surfaces.



Hao et al. [41] built a tractor electro-hydraulic hitch system model based on AMESIM and ADAMS. The force regulation simulation was carried out under soil disturbance conditions. The simulation results showed that the adjustment error of the hitch system is within 1.7%. It provided a reference for the construction of the joint simulation platform. However, the accuracy of the simulation model still lacks verification. Chen et al. [42], Wang et al. [43] and Xu et al. [44] analyzed the advantages and disadvantages of the original mechanical hydraulic hitch system with the draft adjustment method, proposed the draft adjustment scheme of the electro-hydraulic hitch system based on a single chip microcomputer, and built the indoor bench to test and verify the feasibility of the scheme. However, due to the limited conditions, there was a certain deviation between the simulated loading and the actual working conditions of the loading system, which needs to be further improved, according to the field test. Zhang et al. [45] studied the prediction of the tillage resistance in the process of the draft adjustment. Aiming at the problem of a low prediction accuracy of the tillage resistance in the process of the draft adjustment, the nonlinear modeling method based on ANFIS was used to construct the prediction model of the tillage resistance in the process of operation, and the adaptive adjustment was realized. The accuracy of the method was verified by field experiments.




3.2. Method of the Mixed Draft-Position Adjustment


The mixed draft-position adjustment is a comprehensive adjustment method that combines the uniformity of the tillage depth of position adjustment and the stability of the engine traction load with the draft adjustment. At present, the mixed draft-position adjustment method generally adopts two forms, the switching method and the weighted coefficient method. The former allows to switch between the position adjustment and the draft adjustment, according to soil changes, and the latter adds the two adjustment methods according to a certain weight.



Shang et al. [46] applied the switching method and the weighted coefficient method to the comprehensive adjustment of the force and position. Through a simulation verification, it was concluded that the weighted coefficient method had more long-term research and application value. Zhao et al. [47], Xu et al. [48] and Guo et al. [49] studied the weight coefficient of the mixed draft-position adjustment method, but they were limited to the comparative analysis of the artificially set weight coefficient.



Li [50] proposed a mixed draft-position adjustment scheme with variable weights (Figure 3). In the adjustment process, the weight of the initial draft adjustment was preset by the driver, and then the weight was corrected according to the actual operation situation. In the areas with uniform soil change, the weight of the draft adjustment is reduced to ensure the tillage quality of tractors. Conversely, the weight is increased to ensure that the tractor can pass in the areas with large soil changes. The effectiveness of the scheme was verified by simulation and experiment. However, since the initial weight and weight adjustment of the scheme still need to be set manually by the driver, the adjustment efficiency is not high.



Based on the consideration of the influence of the soil specific resistance on the weight coefficient, Wang et al. [51] established the relationship model between the weight coefficient and the soil specific resistance. Then, a variable weight mixed draft-position adjustment method based on the soil specific resistance was designed. According to the simulation data and a large number of field operations, the approximate relationship between the weight coefficient and the soil specific resistance was obtained. This method can automatically adjust the weight coefficient according to the soil specific resistance, which improves the operation effect of the tractors in areas with large changes in soil specific resistance.




3.3. Method of the Mixed Draft-Position-Slip Adjustment


The three-parameter comprehensive adjustment of the draft-position-slip is a kind of adjustment method that introduces the sliding rate on the basis of the mixed draft-position adjustment. On the one hand, this method can obtain a stable power output on the basis of ensuring the tillage depth uniformity; on the other hand, because of the high traction efficiency of the tractor, it can obtain a good fuel economy [52]. At present, there are two forms of the method of the mixed draft-position-slip adjustment, the weighted coefficient method and the logic threshold method.



Gao [53] designed a three-parameter comprehensive adjustment scheme based on the weight coefficient method. The adjustment logic is shown in the Figure 4. In his research, the output of the draft-position adjustment and the slip adjustment were weighted according to a certain proportion to form a total output. Adjusting the weight of the two ratios can change the ratio of resistance, position and slip in the adjustment process. The proportion of the draft, the position and the slip involved in the adjustment process can be changed by adjusting the weight of the two proportions. The principle of this method is simple, but the weights of the two proportions are subjectively set by the driver, and the adjustment has a certain randomness.



Ma et al. [52], Mu et al. [54] and Bai et al. [55], designed a three-parameter comprehensive adjustment scheme based on the logic threshold method. The adjustment logic is shown in the Figure 5. The principle of this scheme is that in the tillage process, the system will calculate the slip rate in real time, and when the slip rate is within the set threshold range, the system enters the mixed draft-position adjustment; When the slip ratio exceeds the set threshold range, the system enters the slip adjustment until the slip ratio is adjusted to the optimal range and then enters the mixed draft-position adjustment again, so the different adjustment modes are switched in this cycle. The results showed that this scheme not only ensured the traction efficiency of the tractor, but also obtained good uniformity of the tillage depth [52]. However, in the actual operation process, it is difficult to achieve a real-time accurate measurement of the slip rate due to the complex force of the tire and the sensitive change of the slip rate.



In summary, the method of the single parameter adjustment is simple and convenient, but it is difficult to ensure the quality of the operation for the complex and changeable field working conditions. For example, in the uneven terrain area, the position adjustment does not have a profiling function; the draft adjustment causes a poor stability of the tillage depth in areas with large soil changes. Compared with the method of the single parameter adjustment, the method of the mixed draft-position adjustment can adapt to a variety of working environments and improve the working quality. Among them, the weighted coefficient method has more long-term research and practical value. However, there are still some problems, on the one hand, the weighting coefficient is affected by human factors, on the other hand, the adhesion conditions in the process of the tractor operation are not considered. In addition, although the method of the mixed draft-position-slip adjustment combines the advantages of the different methods, due to the difficulty in the real-time measurement and the calculation of the slip rate of the driving wheel in complex working environments, and whether the method of the mixed draft-position-slip adjustment can achieve seamless coupling, remains to be verified. This method needs further research [56]. Different adjustment methods have their own advantages and scopes for use, but they also have their own shortcomings. In order to understand the characteristics of the different adjustment methods more intuitively, the comparison table of the different adjustment methods is shown in Table 3.





4. Research Progress of the Tillage Depth Control Algorithm


In order to improve the stability and accuracy of the tillage depth control of the tractor electro-hydraulic hitch system, researchers also tried to start from the control algorithm and achieved certain results. The current research is mainly divided into the classical control algorithm represented by the PID control and the intelligent control algorithms.



4.1. PID Control Algorithm of the Tillage Depth


The PID control is one of the earliest developed control algorithms. It is widely used in the industrial controls because of its simple structure and strong adaptability [57]. The key to the creation of the PID control algorithm lies in the establishment of the mathematical model of the control system and the tuning of the PID parameters.



The essence of the tractor electro-hydraulic hitch control system is to control the spool displacement of the hydraulic valve so as to achieve the lifting and lowering of the agricultural tools. So, the mathematical model of the hydraulic system can be used to analyze the characteristics of the PID controller. Relevant scholars established the general transfer function of the tractor electro-hydraulic hitch system, as shown in Equations (1) and (2) [34,58,59,60].
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Among it:  Y  is the displacement of the hydraulic cylinder, m;  X  is the displacement of the spool, m;    F L    is the external load;    K q    is the valve flow co-efficient;  A  is the area of the hydraulic cylinder,    m 2   ;  M  is the inertia mass, kg;    V t    is the fluid volume,    m 3   ;    K  c e     is the total leakage co-efficient;    β e    is the bulk modulus of the oil, Pa;    B p    is the viscous co-efficient of the fluid, N·s/m.



Zhang [37] took the hydraulic hitch system of a DF354 tractor (DFAM, Changzhou, China) as the research object and established the mathematical model. Then, the step response characteristics were simulated and analyzed (1) without the use of a PID control, (2) with a proportional controller, (3) with a proportional-integral controller and (4) with a PID controller. Finally, the response rise time of the system was 0.0298 s, and the adjustment time to reach the set value was 0.179 s. This study provides a theoretical basis for the design of the actual system. However, the system only performs a simulation verification under the position adjustment, thus lacking any field test verification and the interference problem in the actual operation process was not considered.



Li et al. [61] and Li et al. [57] took the tillage depth control system of the rotary cultivator as the research object, and the simulation model of the electro-hydraulic hitch system was built using the SIMHYDRAULIC module in MATLAB. Aimed at solving the problem concerning the system’s overshoots and oscillation, an integral separation PID control system was proposed and simulated. The simulation results showed that the amount of time to achieve the stability using the integral separation PID control algorithm, was 3.6 s less than that without the PID control. Zhou et al. [62] introduced a neural network algorithm to design the variable-gain single-neuron PID controller for the conventional PID controller that has no self-learning and adaptive abilities. In the face of the strong time-varying field conditions, the PID parameters can be adjusted according to the environmental changes. The robustness and adaptability of the tillage depth control system were greatly enhanced.




4.2. Intelligent Control Algorithm of the Tillage Depth


Zadeh first proposed the concept of the membership function in his ‘fuzzy sets’ and created the fuzzy set theory in 1965 [63]. The British scholar Ebrahim Mamdani applied the fuzzy set theory to the steam engine control, and built one of the first fuzzy control systems to control a steam engine together with a boiler, in 1974 [64]. It was a modern intelligent control algorithm with artificial thinking based on the fuzzy mathematics language. Pang [65] first introduced the fuzzy control into the tractor electro-hydraulic hitch control system. The integrated control simulation model, based on the engine load rate, driving wheel slip rate and operating resistance was established and the discontinuous variables and continuous variables of the fuzzy control algorithms were designed, respectively. It was verified by comparison that the automatic control was more accurate than the manual experience control.



In order to improve the accuracy of the tillage depth of the control system, Lu et al. [66] designed a tractor tillage depth fuzzy controller and developed a fuzzy control rule table of the electronically controlled hydraulic hitch system. Figure 6 shows the fuzzy control principle diagram of the tillage depth. The bench verification results showed that the response time of the tillage depth to the specified target was less than 1.7 s, and the maximum error of the tillage depth was ±1cm. This method reduces the influence of surface roughness disturbance and the parameter variation on the control effect. The feasibility of applying the fuzzy controller to the tractor electro-hydraulic hitch system was verified.



Serhat et al. [67] took the slip rate of the driving wheel as the system input, and designed a tractor slip rate controller based on the fuzzy control. Then, the adjustment of the tillage depth was determined based on the fuzzy rules, and the effectiveness of the control system was verified by field experiments. Han et al. [68] proposed a draft-position mixed control strategy for the electro-hydraulic hitch system and designed a fuzzy controller based on a Jinma 1204 tractor (Yueda, Yancheng, China). The experimental results showed that the ploughing depth error was less than ±2 cm, but the system response time was 4.8 s. However, the designed controller’s processing speed needs to be further improved. Tan et al. [69] and Gao et al. [70] compared the PID controller and the fuzzy controller. In the study by Tan [69], the PID control was more accurate than the fuzzy control, but the system was always within regulation and unstable. The fuzzy control did not adjust when the deviation was small, which was beneficial to the system energy saving. However, this conclusion lacks the verification of field experiments. Using a Dongfanghong-1604 tractor (YTO, Luoyang, China), an experiment verification was carried out by Gao et al. [70]. The results showed that the tillage depth error was controlled within 2 cm. Compared with the PID control, the fuzzy control had a shorter response time and a smaller response curve amplitude. However, they only studied the position control, and did not consider the influence of the road roughness and soil specific resistance.



Shafaei et al. [71] developed a tractor fuzzy draft-position control system and wrote a set of instructions containing four fuzzy rules. In order to verify the characteristics of the control system, the field experiments were designed at three tillage depth levels (10, 20, 30 cm), three forward speeds (2, 4, 6 km/h) and with three plow types (plow plate, disc plow, chisel plow) and compared their results with the original MF399 tractor control system. The test results showed that the application of the fuzzy control increases both the tractor traction efficiency and the overall energy efficiency by up to 20% and 73%, respectively, the tillage depth error, the driving wheel slip rate, and the fuel consumption were decreased by 53%, 34% and 34%, respectively. In addition, the study showed that the tillage depth and plow type have no effect on the control performance, and the forward speed had an effect on the control performance of the system (p ≤ 0.01). Therefore, in future studies of the electro-hydraulic hitch system, the working speed of the tractor needs to be considered.



In order to combine the advantages of the different algorithms, Li et al. [72] introduced the fuzzy control theory into the PID control and designed a fuzzy PID adaptive controller. As shown in Figure 7, the principle was to calculate the PID parameters by fuzzy inference, and then output the control signal by the PID. The simulation and experimental verifications were carried out under the position control and the draft control. The simulation results showed that the transition time of the fuzzy PID adaptive control was reduced by 15.5 s compared with the conventional PID under the position control, and the system had no overshoot. Under the draft control, the transition time of the fuzzy PID adaptive control was reduced by 2.8 s compared with the conventional PID, and the system changed smoothly without oscillation. The experimental results showed that the fuzzy PID adaptive control effect was basically consistent with the simulation in the position control, but it was worth noting that the overshoot of the system reached 25% in the position control mode.



Wang et al. [73] introduced the variable universe fuzzy PID control in the tillage depth control. The simulation platform of the draft-position mixed control was established based on MATLAB and the system characteristics when using a PID controller, a fuzzy PID controller and a variable universe fuzzy PID controller were simulated and compared. The results showed that the PID control results have 19.2% overshoot and the system response time was 1 s. The fuzzy PID control results had no overshoot, and the response time was reduced by 0.1 s compared with the PID control. There was no overshoot in the variable universe fuzzy PID control, and the response time was reduced by 0.44 s compared with the fuzzy PID control. This study provided a method for the selection of the initial domain in the fuzzy control. However, due to the constraints of the conditions, the experiments were carried out only under one single soil specific resistance, and there was a lack of verification of the simulation results.



In addition to the above algorithm, Zhang et al. [74] introduced a more advanced sliding mode variable structure controller algorithm. The dynamic model of the tractor ploughing unit was established, and a comprehensive control strategy of the slip rate, based on the tractor traction characteristics, was proposed. The comparison with the fuzzy PID control showed that the average absolute deviation of the tractor slip rate, the variation of the tillage depth adjustment and the variation of the draft adjustment were reduced by 27%, 27% and 42% when using the sliding mode variable structure controller algorithm. The control performance and superiority of this way were verified. There was a concern in this study. The derivation of this method involved many physical quantities, and most of them were difficult to obtain directly through measurement. However, it should be worth noting that this study was an exploration of the application of future intelligent algorithms in electro-hydraulic hitch systems.



In summary, with the continuous development and maturity of the advanced control theory, in the study of the tractor tillage depth control algorithm, researchers have not only been limited to the simple PID control, but also transformed it into a control mode combining multiple control algorithms. With the introduction of intelligent algorithms, the response characteristics and control accuracy of the tillage depth control system are greatly improved.





5. Research Progress of Key Components of the Electro-Hydraulic Hitch System


Compared with the traditional mechanical hydraulic hitch system, in order to obtain a good working quality and to reduce energy consumption, the electro-hydraulic hitch system not only adopts advanced control methods, but also constantly updates and develops the composition hardware. Among them, the control valves and sensing elements, as the core components, have attracted wide attention from scholars in China and abroad.



5.1. Hydraulic Control Valve


The hydraulic control valve is the core component of the tractor electro-hydraulic hitch system. The early commonly used control valve is the mechanical control valve, generally of the slide rod type, through which the operation handle drives the slide rod movement, so as to realize the oil circuit connection and closure. With the development of the electro-hydraulic proportional control technology, the electro-hydraulic proportional valve is gradually used in the tractor electro-hydraulic hitch system. A large number of research results on the design of hydraulic control valve of tractor electro-hydraulic hitch system have been accumulated by relevant scholars. A comparison of several typical schemes is shown in Table 4.



The scheme 1 consists of a three-position four-way directional valve and a safety valve. The working oil port is connected with the hydraulic cylinder. The pressure relief valve is used to control the maximum working pressure of the whole system and improve the safety of the system. Three four-way directional valve to change the flow direction of oil, and the lifting and lowering of the agricultural machinery are controlled by the motion of the oil cylinder. The structure and principle of scheme 1 is simple, but the tractor electro-hydraulic hitch system using this scheme needs a separate oil supply, which cannot carry out the simultaneous operations of the multiple actuators. The scheme 2 chooses to realize the lifting and lowering of the agricultural machinery through two valves separately, and adds a pressure compensator and shuttle valve to the system. Pressure compensator is used to maintain the stability of the pressure difference in the process of operation, so that the flow of the control valve is only related to the opening of the valve port. Therefore, the operation depth of tractor electro-hydraulic hitch system can be controlled by controlling the displacement of spool. The shuttle valve can be matched with a load sensitive pump to achieve the function of the load sensitive. On the one hand, the flow can be adjusted on demand through the system pressure change fed back by the shuttle valve, so that the energy loss of the whole system is reduced. On the other hand, the load independent flow distribution can be realized, which can work with other actuators and does not require a separate oil supply. The scheme 3 is a hydraulic control valve based on pilot control, which can meet the demand of large flow control. At the same time, this scheme is equipped with a spool displacement sensor in addition to the load sensing function. The spool stroke is fed back to the control unit through the displacement sensor, and the control unit controls the spool position through the current of the pilot valve, which improves the control accuracy of the entire control valve.



Scholars have also invested a lot of theoretical research on hydraulic control valves. Li et al. [79] designed the proportional lift valve of the electro-hydraulic hitch system of the high-power tractor, and the flow characteristics of four different types of regulator orifices were analyzed. The results showed that the valve core with the half-round regulator orifice had a shorter travel and better low-flow rate characteristics. Zhao et al. [80] took the multi-way reversing valve as the research object. Then, the state equation of the multi-way reversing valve was establish based on the theoretical analysis and the performance of the multi-way reversing valve was verified by building a hydraulic system test platform, based on closed-center load sensing. Based on the state space method of the modern control theory, Hua et al. [81] established the nonlinear mathematical model of the proportional lift valve. The performance was verified by simulation and bench tests, which provided a reference for the theoretical research method of the control valve of the electro-hydraulic hitch system.




5.2. Sensor


The sensor is an essential detecting element for the tractor electro-hydraulic hitch system. As the key component of the control system, the sensors provide feedback signals for the control system, so as to realize the closed-loop control of the tillage depth. Therefore, the type and performance of the sensors directly affect the performance of the control system. For the different control modes, the types of sensors selected are also different. At present, there are two kinds of sensors most widely used in the tractor electro-hydraulic hitch system: the displacement sensor and the draft sensor. Figure 8 shows the schematic illustration of the installation of the sensors.



5.2.1. Displacement Sensors


The displacement sensors are mainly used to feedback the tillage depth in real time in the process of controlling the operation depth by the electro-hydraulic hitch system. Currently, there are mainly two different types according to the measurement method: contact and non-contact.



Adamchuk et al. [82] and Li et al. [83] used a non-contact ultrasonic displacement sensor to feedback the tillage depth. The sensor mainly uses the uniform transmission of sound waves to obtain the measured distance by calculating the time interval and sound velocity between the sound waves emitted and received. The study by Li [83], compared the resistance displacement sensor with the accuracy of the ultrasonic displacement sensor, which was higher than that of resistance displacement sensor.



A swinging arm type of frame height sensor was designed to measure the distance variation between the soil surface by Mouazen et al. [84]. The sensor was mainly composed of a metal wheel and a linear variable displacement sensor connected with the metal wheel shaft. An analytical–statistical hybrid model was developed based on the kinematics analysis and the tests were performed on four surfaces: asphalt road; rough dirt track; and agricultural silty clay loam soil (bare soil and soil with stubble present). The results showed that compared with the ultrasonic sensor, the sensor can reduce the influence of plant residues and stubble on the measurement results. However, due to the existence of a certain weight of the metal wheel, there would be subsidence in the wet and soft ground, which affects the accuracy of the measurement results.



MacQueene et al. [85] used inductive linear displacement sensors to obtain the tillage depth. The inductive linear displacement sensor is an electromagnetic inductive displacement measuring element, its principle mainly uses the self-inductance or mutual inductance of the coil inside the sensor to convert the displacement signal of the measured object into an electrical signal for the output [86]. In this study, a cam disc was installed on the lifting arm to convert the rotation angle signal into a linear displacement signal, and then the inductive displacement sensor was used to measure the stroke of the cam. According to the kinematic relationship between the rods of the three-point suspension device, the rotation angle of the lifting arm was converted into the height of the farm tool. The principle of this method is simple, but the installation position of the cam and the adjustment convenience of the linear displacement sensor should be considered in the use process. Cai et al. [87] replaced the linear displacement sensor with the angular displacement sensor based on similar principles to measure the angle of the lifting arm directly. Due to its simple installation and accurate measurement, it is widely used in current research.




5.2.2. Draft Sensors


The draft sensors are designed to measure the draft exerted by farm implements on the tractor drawbar. According to the different measurement positions, these are grouped into two major categories: the drawbar dynamometers and the three-point hitch dynamometers [88].



Zhang et al. [89] and Bentaher et al. [90] used the upper link with a pull-pressure sensor and an angle sensor to replace the original upper link of the tractor and to it connect with agricultural machinery. Then, the horizontal and vertical drafts can be obtained by the force and angle of the upper link. Kumar et al. [91] and Roul et al. [92] installed an annular sensor based on the principle of strain gauge and a rotary potentiometer to achieve the draft measurements. However, the above studies need to reform the upper link, so it has not been widely applied. Bhondave et al. [93] directly used the sense implement load via the top link of the three-point linkages by the axial pin draft sensor. This method is more convenient because it does not need to modify the structure of the upper link. However, it should be worth noted that Gao et al. [94] studied the characteristics and the quality of the draft signals in two sensing methods of the upper links and lower links under different tillage conditions. The dynamic model of the three-point hitch mechanism was analyzed, and the results showed that the absolute error of the lower link measurement was smaller than that of the upper link measurement. Therefore, the lower links measurement method should be used to improve the measurement accuracy.



A draft sensing pin was used to attach the lower links to the implement by Singh et al. [95] The principle of the sensor is to use the deformation of the resistance strain gauge inside the sensor to generate the differential pressure signal, so as to convert the force signal of the measured object into an electrical signal for the output. Li et al. [96] proposed a special sensor to achieve the draft measurements for the electro-hydraulic hitch system of the high horsepower tractor. The sensor was based on the magneto-strictive effect. When the sensing element is subjected to force, the internal permeability changes to produce voltage. Compared with the strain gauge sensor, the sensor has a good anti-interference ability. However, the sensors can only withstand the shear force in one direction. Therefore, the accuracy of the measurement results may be affected by the direction offset when the three-point hitch mechanism moves. Based on Li’s study, Li [97] designed a new kind of structure which changed the excitation magnetic core from columnar to cruciform. For the design, the mechanical dimensions were changed from 2D to 3D which can be more adaptable for a bad working environment.



Kheiralla et al. [98] and Al-Jalil et al. [99] designed a three-point hitch dynamometer with a similar structure. The force sensor consists of three sliding arms, which can adjust the position by sliding. There is an inverted U-shaped cantilever beam at the end of each sliding arm, and the two strain gauges are installed on each cantilever to form a Wheatstone bridge. The dynamometer was used to connect the tractor to farm implements, so as to measure the horizontal and vertical drafts of the farm implements.



In the existing electro-hydraulic hitch control system, the angular displacement sensor and shaft pin force sensor are widely used because of their low cost, simple working principle and convenient installation. However, there are still some problems. The accuracy and stability of the force sensor will be affected by the harsh working conditions in the field, the vibration of the farm implements, the weight of the hitch system and the asymmetry of the force. In addition, the angular displacement sensor converts the angle of the lifting arm into the tillage depth, but there are still many connecting links of the three-point hitch system between the lifting arm and the farm implements. The driver may adjust the length of the connecting links in the actual operation process, so that the geometric parameters of the three-point hitch system are changed, resulting in inaccurate results of the tillage depth. Therefore, more exploration is needed to find more suitable methods.






6. Conclusions and Prospects


The tractor electro-hydraulic suspension system can reduce labor intensity and improve comfort. The tractor can work in the best conditions by automatically adjusting the tillage depth of the machine of the tractor electro-hydraulic hitch system according to the different land conditions. A large number of studies have been carried out to improve the working quality of the tractor electro-hydraulic suspension system and reduce energy consumption. A systematic literature review discussing the prevailing state of the tractor electro-hydraulic hitch system in the agriculture sector was presented in this study from three aspects: the tillage depth adjustment method, the tillage depth control algorithm and the key components of the tractor electro-hydraulic hitch system. Conclusions were drawn as follows:




	(1)

	
The single-parameter adjustment method does not conform with the high-standard tillage quality requirements of modern precision agriculture. the coupling mechanism between the different adjustment parameters should be paid attention to in further research.




	(2)

	
The integration of intelligent control algorithms can effectively improve the quality of work, but the impact of the different soil environments on the control system is not clear, and more field experiment tests will be required.




	(3)

	
In terms of hardware, it is necessary to put forward higher design requirements for the key components of the electro-hydraulic hitch system. It is necessary to develop more intelligent control valves and strong anti-interference ability sensing elements.









Therefore, aiming at the key technology of the tractor electro-hydraulic hitch system, the following subsections briefly highlight future emerging trends of the tractor electro-hydraulic hitch system.



6.1. Tillage Depth Adjustment Methods


At present, the tillage depth adjustment methods of the tractor electro-hydraulic hitch system are mainly based on the position adjustment, draft adjustment and mixed draft-position adjustment. There are relatively few studies on slipping, and they are mainly concentrated in single soil conditions and in a single ploughing mode. In the future, the comprehensive adjustment method based on slipping should be explored, so as to improve the applicability under the different operating modes and operating environments.



In addition, in the current multi-parameter adjustment method, the slip rate is more frequently used as a threshold to achieve switch control. Therefore, carrying out research on the coupling mechanism between the multi-parameters based on position, force and slip rate to achieve seamless switching between multi-parameters is also an aspect that most of the current research needs to further consider.




6.2. Tillage Depth Control Algorithm


With the continuous development and maturity of the advanced control theory, in order to realize the optimal tillage depth control of the tractor electro-hydraulic hitch system, more advanced intelligent algorithms should be explored in combination with the characteristics of the tractor electro-hydraulic hitch system. Intelligent algorithms such as the neural network, sliding mode variable structure control can adapt well to the nonlinear tillage depth control system, so as to improve the robustness and accuracy of the control system.



In addition, in the study of the tractor tillage depth control algorithm, researchers have not only been limited to a single algorithmic control, but they also transformed a control mode into combining multiple control algorithms to adapt well to the different control needs.




6.3. Key Components of the Electro-Hydraulic Hitch System


While the tillage depth adjustment method and the tillage depth control algorithm are continuously studied, in order to achieve the required control effect, higher design requirements should be put forward for the key components of the electro-hydraulic hitch system. The intellectualization and digitization of the hydraulic control valves are the trend of future development. Through the built-in sensing elements and the application of the electro-hydraulic digital control, the hydraulic system and control technology can be better combined to improve the control performance of the hydraulic control valves.



For the sensing element, further exploration of new functional materials, such as magnetorheological fluid, magnetostriction material, piezoelectric material, etc., in order to achieve new characteristics and improve the reliability of the sensing element, so as to adapt well to the harsh working conditions, is necessary. In addition, with the development of high-tech, such as autonomous driving and positioning navigation, the research on the multi-sensor fusion technology should be committed and combine with intelligent control algorithms to achieve precision operations.
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Figure 1. The structure principle of the traditional mechanical hydraulic hitch system. 
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Figure 2. The structure principle of the modern electro-hydraulic hitch system. 
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Figure 3. Mixed draft−position adjustment scheme with variable weights. 
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Figure 4. Three−parameter comprehensive adjustment scheme based on the weight coefficient. a. Weight of position adjustment; b. Weight of slip adjustment. 
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Figure 5. Three−parameter comprehensive adjustment scheme based on the logic threshold. 
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Figure 6. Principle diagram of fuzzy control algorithm. 
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Figure 7. Principle Diagram of the Fuzzy−PID Control Algorithm. 
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Figure 8. Schematic illustration of the installation of the sensors. 
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Table 1. Comparison of different hitch systems.






Table 1. Comparison of different hitch systems.





	Type
	Layout Characteristics
	Advantages
	Disadvantages
	Application of the Tractor





	Split
	Pumps, distributors (hydraulic control valves) and cylinders are installed at different locations
	Flexible layout, Easier maintenance, Easy to be standardized
	Complex connection pipeline, Easy to leak
	Dongfanghong-75 (YTO, Luoyang, China)

TN-55 (TT, Tianjin, China)

M1304-R (LOVOL, Weifang, China)



	Semi-split
	Distributor (hydraulic control valve) and cylinder installed together, pump arranged separately
	Compact structure
	Inconvenient to fault check
	TM130 (New Holland, WI, USA)

800 (CF, Changzhou, China)



	Integral
	Oil pump, distributor (hydraulic control valve) and oil cylinder are installed together
	Compact structure, good sealing
	Complex structure, big volume, Difficult to standardize
	T8000 (New Holland, WI, USA)

35 (FS, Shanghai, China)
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Table 2. Types and Technical Characteristics of Hydraulic Suspension Systems in China.
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	Model
	Company
	Type
	Adjustment Mode
	Maximum Lifting Force (kN)





	M604-E
	LOVOL
	semi-split
	Position, Draft, Mixed draft-position adjustment
	≥10.1



	LF1504
	YTO
	semi-split
	Position, Draft, Height, Mixed draft-position adjustment
	≥28



	M2204-R
	LOVOL
	split
	Position, Height, adjustment
	≥39



	CFK1804
	Changfa
	split
	Position, Draft, Height, Mixed draft-position adjustment
	≥42
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Table 3. Comparison of the different tillage depth adjustment methods.
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	Item
	Position Adjustment
	Draft Adjustment
	Draft-Position Mixed Control
	Draft-Position-Slip Mixed Control





	Engine load stability
	Bad
	Best
	Good
	Best



	Traction efficiency
	Bad
	Good
	Good
	Best



	Operation quality on different soils
	Good
	Bad
	Good
	Best



	Operation quality on rough surface
	Bad
	Good
	Good
	Best



	Application
	Shallow tillage
	Deep tillage
	All operation
	All operation
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Table 4. Comparison of the hydraulic control valves with different principles.






Table 4. Comparison of the hydraulic control valves with different principles.





	Scheme
	Structure
	Control Mode
	Features





	1 [75]
	Rotary type
	Motor control
	Proportional valve, Single-acting



	2 [41,76,77]
	plate design
	Direct electromagnetic actuation
	Proportional valve, Single-acting,

With load sensitive



	3 [78]
	threaded cartridge
	Pilot control
	Proportional valve, Single-acting,

With load sensitive, With position feedback
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