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Abstract

:

Tractors are the most important agricultural power machinery. With the development of tractors toward large-scale and electrification, the design of modern tractor transmission systems increasingly relies on computer simulation technology. However, tractor transmission systems, especially power-shift transmissions and CVTs, are highly complex industrial products that involve specialized knowledge from multiple disciplines. Engineers and researchers find it difficult to choose the correct mathematical model and grasp the trend of technological development when applying simulation technology. To address this issue, we conducted a systematic review of the field and carried out the following work: First, the types and basic principles of tractor transmission systems were introduced; Second, the modeling methods and applications of computer simulation technology in the structural optimization, power-shift control, and energy saving of tractor transmission systems were reviewed; Finally, the method of obtaining simulation parameters through system identification was introduced. Although computer simulation technology has been applied in the development of all tractor transmission systems, there are still some issues that need attention, such as the lack of established shift quality evaluation indicators and driving cycles suitable for tractors, which are crucial for the reliability of simulation results but are rarely studied. These issues need to be addressed in future work.
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1. Introduction


Tractors are the most important agricultural power machinery, providing power for the vast majority of agricultural production activities such as plowing, seeding, spraying, harvesting, and transportation [1,2]. With the continuous growth of the global population, the demand for increased food production is escalating, thereby driving the development of tractors toward larger scale to achieve higher agricultural production efficiency. Taking China as an example [3], the country’s production of large- and medium-power tractors reached 400,000 units in 2022, with ownership exceeding 5.25 million units, gradually replacing smaller-powered tractors. The key components of the tractor are the engine and the transmission. The engine provides power for the tractor but is limited by its own universal characteristics [4]; its power, fuel consumption, and emissions are different at different speeds and torques. The function of the transmission is to adjust the engine torque by changing its own gear ratio so that the engine operates near the high-power or high fuel-efficiency area of the engine fuel consumption map [5,6]. Considering the mature engine technology, modern tractors are usually classified based on the transmission they are equipped with, such as mechanical-shift tractors, power-shift tractors [7,8], and continuously variable transmission (CVT) tractors [9,10]. However, as tractor power increases, the complexity of its transmission system rises, leading to high research and manufacturing costs. Furthermore, with intensifying competition in the high-power tractor market, the product update cycle has been significantly compressed. To address these challenges, an increasing number of researchers and engineers are exploring the application of advanced computer simulation technology in the development of tractor transmission systems.



Currently, simulation technologies related to tractor transmissions can be divided into three categories: fully digital simulation, fully physical simulation, and semi-physical simulation. Full-digital simulation relies entirely on programming or software implementation, with its core task being the construction of mathematical models for the problem under study. Transmission problems, such as the speed characteristics and efficiency characteristics of the powertrain, can usually be solved directly by deducing explicit mathematical equations [11]. For dynamic problems, differential equations must be constructed and solved using numerical methods [12]. In recent years, commercial simulation software has been widely used, such as Matlab/Simulink (the latest version is R2024a), OpenModelica (the latest version is 1.9.0 RC1), SimulationX (the latest version is 2024), AMESim (the latest version is 2404), Easy5 (the latest version is 2024.1), etc. These platforms encapsulate commonly used mathematical models into library components, facilitating the rapid construction of complex mathematical models. Of course, this is not absolute. Software like ADAMS (the latest version is 2024.1) is based on virtual prototyping to solve dynamic problems and does not require library components as support. For complex structural analysis and load simulation problems, it can only be solved by finite element method (FEM) [13] or discrete element method (DEM) [14]. The corresponding commercial simulation software includes Ansys (the latest version is 2024 R2), EDEM (the latest version is 2024), and so on. Full-physical simulation simulates the operating conditions of transmissions or tractors through test benches to obtain the required research results, such as scientific research based on driving simulators [15], loading test benches [16], and power wagons [17]. Semi-physical simulation is a simulation method that falls between fully digital simulation and fully physical simulation. It replaces some physical entities with mathematical models and forms a real-time simulation loop with the remaining physical entities. Common semi-physical simulation systems include Rapid Control Prototypes (RCP) [18] with digitized controllers and Hardware-in-the-Loop (HIL) [19] with digitized controlled objects.



This review primarily discusses the application of computer simulation technology in the development of tractor transmission systems, with a focus on the discussion of modeling methods. The manuscript is structured as follows: Section 1 introduces the background and method of tractor transmission simulation; Section 2 introduces the typical tractor transmission and its working principle; Section 3 introduces the application of simulation technology in transmission structure optimization, power-shift control, and energy saving; Section 4 introduces the system identification method for determining simulation parameters; Section 5 summarizes this review and provides research suggestions for future work.




2. Tractor Transmission System


The transmission system of tractors is significantly different from that of road vehicles. Firstly, the main purpose of road vehicles is to carry people and goods, so they only need a few gears to meet the needs of road driving. By contrast, tractors have complex operating conditions, as depicted in Figure 1 [20]. Different operating conditions correspond to different speeds, requiring tractors to have many more working gears than cars to meet their operational requirements. Secondly, the load of the transmission system of road vehicles mainly includes slop resistance, rolling resistance, and air resistance, while the transmission system of tractors usually has to withstand additional traction resistance generated by the interaction between agricultural machinery and soil [21,22,23]. Taking plowing as an example, the traction resistance is large and complex, and its value is related to soil conditions, plowing depth, and operating speed, as shown in Figure 2 [24]. For the same reason, modern tractor transmissions need to maintain power transmission when shifting under heavy loads, but road vehicles typically do not have this requirement. Thirdly, the principle of tractor transmission is usually different from that of road vehicles. For example, road vehicle CVTs rely on mechanical friction to transmit power, while tractor CVTs use hydraulic systems to transmit power. Moreover, the efficiency fluctuation of tractor CVT is usually more severe than that of road vehicle CVT, making it difficult to directly apply the control strategy of road vehicle CVT to tractor CVT. Due to the above characteristics of tractor transmission systems, their modeling methods differ from those of road vehicles. Therefore, before introducing the simulation of tractor transmission systems, we need to first understand their transmission principles and characteristics.



As mentioned above, tractor transmissions can be divided into three categories based on the shift method: mechanical-shift transmissions, power-shift transmissions, and CVTs. Tractor mechanical-shift transmission requires manual control of the gear lever to shift gears. Although synchronizers [25,26] were later introduced to assist in shifting, the master clutch still needs to be released to cut off the engine’s power transmission during shifting. When the tractor is engaged in heavy load operation, the power interruption during the shift means that the tractor will be quickly braked and stopped by the load, so the driver has to shift by active parking. Frequent start–stop operations not only compromise driving comfort but also diminish tractor operational efficiency.



The tractor power-shift transmission equipped with a wet clutch [27,28] can shift without interrupting power. A typical full power-shift system is the e23 transmission developed by John Deere (Moline, IL, USA), which has been equipped on its 7R series tractors, as shown in Figure 3. This transmission has 23 gears for tractor-forward travel, all of which are controlled by wet clutches. To reduce manufacturing costs and improve its operational reliability, semi-power-shift transmissions with only a portion of gears switched by wet clutches have also been widely used [29,30]. For example, the transmission of the LZ2604 tractor developed by YTO (Luoyang, China) is composed of a four-speed power-shift system and a six-range automated mechanical transmission (AMT) system connected in series.



As the core component of the power-shift transmission, the wet clutch not only has two states of engagement and separation but also has a sliding friction state, so it can transmit a part of the torque under the control of oil pressure. The working principle of the wet clutch is illustrated in Figure 4. When the oil pressure in the clutch cylinder increases, it overcomes the spring force to move the piston to the right, pressing the driving and driven friction plates together, thereby connecting the driving shaft to the driven shaft. On the contrary, when the oil pressure in the clutch cylinder decreases, the spring pushes the piston back to its original position, causing the driving and driven friction plates to release and separate the driving shaft from the driven shaft. Specifically, when the oil pressure is insufficient to fully press the driving and driven friction plates, the clutch will enter a sliding state, and the torque it can transmit depends entirely on the oil pressure. During the shift process, the oil pressure is accurately controlled by the computer, and the torque transfer path can be smoothly switched from the off-going clutch to the on-coming clutch, thereby avoiding power interruption.



The gear-shifting process under computer control greatly reduces the driver’s labor intensity and improves driving comfort. Such transmissions typically feature multiple working gears to accommodate diverse operating conditions. For example, the PL2304 tractor produced by ZOOMLION (Changsha, China) has 80 working gears (40 F + 40 R), while the LF2204 tractor produced by YTO (Luoyang, China) has 89 working gears (48 F + 41 R). The increase in the number of gears greatly improves the power performance and fuel economy of tractors, but it also brings difficulties to the design and use of transmissions. Therefore, CVT without gears has become the ideal transmission system for tractors. Over the past century, agricultural engineers have attempted to develop at least six types of tractor CVTs [31]: metal belt (or chain) transmissions, hydrostatic transmissions (HST), electric transmissions, and their power-split versions. Due to performance or cost limitations, except for hydrostatic transmission and hydrostatic power-split transmission, which have been widely commercialized, other tractor CVTs mentioned above have been phased out or have not yet been mass-produced. Tractor HST is a closed system with a variable displacement pump and a hydraulic motor [32]. Although it consumes more energy, its structure is simple, and the cost is lower than its power-split version, thus filling the gap in the latter’s market for low-power tractors. The typical application of HST is the L2502 tractor produced by Kubota (Osaka, Japan). Due to space limitations, it will not be elaborated here. Currently, hydrostatic power-split transmission has become the de facto industrial standard for CVT in large and medium power tractors. The world’s first hydrostatic power-split tractor transmission was the Vario released by Fendt (Marktoberdorf, Germany) in 1996 [33], as shown in Figure 5. The working principle of Vario is as follows: the engine power enters the carrier of the planetary gear (PG) and is divided into two paths for transmission. One part enters the hydraulic path with swash plate axial piston units as the speed regulating element through the ring gear of PG, and the other part enters the mechanical path through the sun gear of PG. The two parts of power merge at the motor shaft and continue to be transmitted toward the rear axle. Because only a portion of the power flows through the hydraulic system with high energy consumption, this transmission has both the high efficiency of mechanical transmission and the high load driving capability of hydraulic transmission.



It is not difficult to find from the principle of Vario that the most distinctive mechanical component of tractor CVT is the planetary gear. According to the classification method proposed by B.H. Kyдpявцев [34], planetary gears can be divided into three basic types: 2Z-X, 3Z, and Z-X-V. Among them,   2 Z − X   A    ,   2 Z − X   B    , and   2 Z − X   D    , as well as advanced configurations derived or combined from them, are widely used in CVT tractors, as shown in Figure 6. The structure of   2 Z − X   A     is very compact, with a transmission efficiency of 97–99%, known as the standard planetary gear, which is used by Fendt Vario; The radial size of   2 Z − X   B     is small, but the gear ratio range is large, and its transmission efficiency can also reach 97–99%. However, its manufacturing and installation are relatively complex. The typical application of this planetary gear is the dual-clutch power-split transmission developed by CNH (London, UK) [35].   2 Z − X   D     has the most compact structure and is therefore adopted by some tractor manufacturers, but in fact, the transmission efficiency of this planetary gear is very low and not suitable for tractor transmission.



In addition to planetary gears, the configuration of the hydrostatic power-split transmission also depends on the structure of its closed transmission chain [36]. Vario is a typical planetary output coupled (OC) transmission, not the mainstream configuration of tractor CVT. To reduce the performance requirements for hydraulic systems, current tractor CVTs commonly use a planetary input coupled (IC) configuration, where the planetary gears are used to collect power rather than distribute it. Different configurations and parameters determine the specific flow pattern of transmission power. When power flows in the opposite direction along the hydraulic or mechanical path, parasitic power is formed, also known as cyclic power [37]. This part of the power does not output externally but only generates internal friction, which is a key consideration in the design of such transmissions.



In fact, there is a relationship between power-shift technology and hydrostatic power-split technology. Modern hydrostatic power-split tractor transmissions usually use multi-range technology [38] to improve transmission efficiency, which divides the speed range of the transmission into several ranges. Due to the limitation of the hydrostatic power portion in each range, the tractor always maintains a high transmission efficiency. For instance, the Class HM8 transmission with seven ranges has a transmission efficiency of up to 89–94% (excluding axles) [39]. Note that the switching of the range is completed by the wet clutch, which means that the hydrostatic power-split tractor transmission is still inseparable from the power-shift technology. However, most hydrostatic power-split tractor transmissions meet the equal-speed shift condition; that is, the gear ratio before and after the shift is constant, which greatly reduces the control difficulty of the power shift.



In recent years, electric tractors have developed rapidly, but they have not yet achieved widespread commercialization. The standard electric tractor is made up of batteries, motors, and transmission devices in series [40,41], which is the most promising tractor transmission system, such as the H2 Dual Power tractor produced by CNH (London, UK) (Figure 7). However, due to very high manufacturing costs and short operating time, this “direct with battery” (i.e., pure electric) tractor has had difficulty being accepted by the market in the short term. On the basis of the solution mentioned above, the “direct with engine” (i.e., series hybrid) solution that uses an engine-driven generator (i.e., range extender) to charge the battery can extend the tractor’s operating time, but its transmission efficiency is low, and its performance advantages are not obvious. The most likely to enter the market in the short term is the power-split version of electric tractors (i.e., electric CVT or eCVT). Replacing the variable displacement pump and hydraulic motor with a generator and an electric motor can roughly understand the working principle of this transmission, but its electrical energy can be recovered, which is a common advantage of all-electric tractors.



Finally, we summarized the types and application status of various tractor transmissions, as shown in Table 1, which details the advantages and disadvantages of each type of tractor transmission system. It is not difficult to see that mechanical-shift transmissions will gradually be phased out. Power-shift transmissions and hydrostatic power-split transmissions are the most advanced tractor transmission systems that have been commercially available in the world today. The electric transmission system directly connected to the battery has long-term potential, but before its technology matures, the electric transmission system connected to the engine through power splitting is expected to become a transitional tractor transmission technology.




3. Application of Simulation in Tractor Transmission Development


Simulation technology is usually used to solve complex transmission and dynamics problems in the development of tractor transmissions. This review focuses on three issues: structural optimization, power-shift control, and energy saving.



3.1. Structural Optimization


In the field of structural optimization, static analysis, modal analysis, acoustic analysis, thermal analysis, etc., are usually required for tractor transmissions, and the main method used is the Finite Element Method (FEM). These analyses typically have a similar methodological process: preparing geometric models, preprocessing, solving, and post-processing. In this type of research, commercial finite element software such as Ansys (the latest version is 2024 R2) is widely used, but for the analysis of simple structures, it can also be achieved through programming. There is a significant amount of research in this field. For example, Mujiburrahman et al. [42] developed a shell model of a tractor transmission based on Solidworks and conducted finite element analysis of stress and deformation using Ansys. In this study, the authors optimized the structural parameters of the transmission, such as web thickness, gear box housing depth, and gearbox housing thickness, and compared the stress of the shell based on E-Glass and gray cast iron. The results show that the latter has better mechanical properties. Dong et al. [43] conducted similar optimization work. The authors constructed a shell model of a tractor transmission under Creo and conducted finite element analysis on it using Ansys. However, in addition to verifying the structural strength, this study also analyzed the modal characteristics of the structure to ensure that the natural frequency of the transmission casing is far away from the engine frequency and the meshing frequency of the gears in the transmission system, thereby avoiding resonance. Hartmann et al. [44] constructed a vibration acoustic model, including the transmission casing and cab on finite element mesh, and proposed a hybrid method of Dynamic Energy Analysis (DEA)–Statistical Energy Analysis (SEA) for analyzing tractor acoustic response. Sergienko et al. [45,46] studied the frictional behavior of tractor oil-cooled friction multidisc clutches. The authors constructed dynamic differential equations describing the sliding process of the clutch driving and driven friction plates, as well as thermodynamic equations for the friction heating clutch process, and solved them using Runge Kutt method and finite element method, respectively, to obtain the formation law of the stationary temperature field of the clutch.



In the past, FEM methods only provided visual simulation results, and engineers needed to manually improve and optimize the structure and parameters of tractor transmission systems under the guidance of cloud maps. With the advancement of technology, most finite element software, such as Ansys, provide automatic optimization programs and can even perform topology optimization on structures. The optimization methods involved include Response Surface Methodology (RSM), Genetic Algorithm (GA), etc. Although these automated operations are not mentioned in the above literature, they can significantly improve work efficiency in the development of tractor transmissions. The general process of using FEM for the structural design and optimization of tractor transmission is shown in Figure 8.




3.2. Power-Shift Control


The primary task of tractor power-shift research is to determine the evaluation method for shift impacts. In road vehicles, peak acceleration     J   1     and jerk     J   2     are the most commonly used indicators for evaluating shift quality and are also widely used in tractor research. Their expressions are


    J   1   = M a x   d   V   t   / d t    



(1)






    J   2   = M a x     d   2     V   t   /   d t   2      



(2)




where,     V   t     represents the speed of the tractor, and its first and second derivatives with respect to time   d   V   t   / d t   and     d   2     V   t   /   d t   2     represent the rate of change in tractor speed and acceleration, respectively. Therefore, the peak acceleration     J   1     and jerk     J   2     reflect the impact of the shift process on the tractor’s movement, which directly affects driving comfort.



However, the validity of these two indicators is still widely debated today. For instance, Winkel et al. [48] conducted research on this issue based on a simulated driving test involving 23 drivers and redefined the driving comfort of road vehicles as a function of acceleration, jerk, and direction. In fact, Duncan and Wegscheid [49] from John Deere conducted similar research on tractors for field operations as early as the 1980s. This work was conducted on the Vehicle Operations Simulator (VOS) of the Deere & Company Technical Center’s human factors laboratory, where 18 experienced drivers rated the shift quality under different peak accelerations, jerks, and background vibrations, as shown in Figure 9. The findings indicate that the peak acceleration during shift can better reflect the driver’s subjective evaluation of the tractor shift quality, but jerk is not suitable for tractors used in field operations. The conclusion of this study is very important because it fully considers the impact of background vibration on tractor driving comfort. Unfortunately, this early work has not received sufficient attention in recent years.



In the study of tractor power-shift, in addition to the subjective feelings of the driver, the energy loss of the wet clutch, the core component of the shift system, needs to be considered [50]. It can be evaluated by peak sliding friction power     J   3     and sliding friction work     J   4    :


    J   3   = M a x     T   c f     ω   d c      



(3)






    J   4   =   ∫    t   a       t   b        T   c f         ω   d c     d t  



(4)




where the product of the torque     T   c f     and slip speed     ω   d c     of the clutch     T   c f     ω   d c     is the power consumed by the clutch during the sliding process, and its integral over time     ∫    t   a       t   b        T   c f         ω   d c     d t   is the accumulated energy loss, which will be dissipated in the form of frictional heat. Therefore, the peak sliding friction power     J   3     and sliding friction work     J   4     reflect the impact of the shift process on the clutch. Note that these two indicators are important factors affecting the service life of the clutch. In extreme cases, the friction heat released by excessive energy loss may quickly burn the clutch.



Other common indicators for evaluating gear shift quality include speed fluctuation, torque fluctuation, and customized, comprehensive indicators, as detailed in the studies conducted by Chen et al. [51], Wang et al. [52], and Tanelli et al. [53], which will not be elaborated on here.



We have summarized the indicators commonly used in previous studies to evaluate the shift quality of tractors, as shown in Table 2. It is not difficult to find that the rationality of most indicators has not been confirmed, which poses difficulties for the scientific evaluation of simulation results. John Deere’s research clearly indicates that some evaluation indicators for the shift quality of road vehicles cannot be directly used in tractors. Therefore, research in this field needs to be strengthened. Currently, we recommend using peak acceleration and sliding friction work in simulations to evaluate the shift quality of tractors.



After determining the evaluation index, the core task of the power-shift control technology is to optimize the oil pressure curve of the wet clutch to reduce the shift impact. The simplest clutch pressure control method is to use a solenoid directional valve [54], which typically has a hydraulic circuit, as shown in Figure 10. When the solenoid valve is energized, the clutch cylinder connects to the main oil circuit, causing its pressure to rise from zero to the main line pressure to engage the clutch. On the contrary, when the solenoid valve is powered off, the clutch cylinder connects to the oil tank, causing its oil pressure to drop from the main line pressure to zero to separate the clutch. Whether the clutch is engaged or separated, its oil pressure curve varies in segments. When the clutch is engaged, its working oil pressure rises in two stages to the termination pressure:



Phase 1: As the oil pressure increases, when it is sufficient to overcome the spring force and static friction force, the piston begins to move, and its discriminant equation is as follows:


    p   c     A   c p   >   k   s p r     x   s 0   +   F   f s t    



(5)




where the left side of the equation represents the thrust of hydraulic oil acting on the piston, while the two terms on the right side of the equation, respectively, represent the reaction force of the spring and the static friction force that prevents the piston from moving.



Before the piston moves to the end stop, the clutch oil pressure is mainly used to overcome the spring force and sliding friction, the value of which is determined by the following equation:


    p   c     A   c p   =   k   s p r       x   s 0   +   x   s     +   F   f s l   +   m   c p     d   v   c p   / d t    



(6)




where the left side of the equation represents the thrust of hydraulic oil acting on the piston, while the three terms on the right side of the equation respectively represent the reaction force of the spring after compressing the displacement     x   s    , the sliding friction force that prevents the piston from moving, and the inertial force of the piston movement.



Wang et al. [55] confirmed through experiments that the movement speed of the piston is approximately constant, i.e.,   d   v   c p   / d t ≈ 0  . The sliding friction force is usually a constant value and satisfies     F   f r i   ≤   F   f s t    . Therefore, after experiencing the first rapid increase, the clutch pressure only increases slightly with the change of spring displacement.



Phase 2: When the piston moves to the end stop, it stops moving. At this point, except for the part used to overcome the spring force, the remaining part of the oil pressure is used to press the driving and driven friction plates to engage the clutch:


    F   c N   =   p   c     A   c p   −   k   s p r       x   s 0   +   x   s ,   M a x      



(7)




where the left side of the equation represents the normal force acting on friction plates, while the two terms on the right side of the equation respectively represent the thrust of hydraulic oil acting on the piston and the reaction force of the spring after compressing the stroke     x   s    .



The maximum torque that the clutch can transmit is [56,57]


    T   c f ,   m a x   =   F   c N   × 2   n   s f     μ   c       r   c o   3   −   r   c i   3     /   3     r   c o   2   −   r   c i   2        



(8)







Once the load torque of the clutch is higher than     T   c f ,   m a x    , its driving and driven friction plates enter a slipping state, and the torque transmitted by it no longer increases. The above equation is widely used in the modeling of power-shift systems, and the key to solving it is to obtain the value of clutch oil pressure     p   c     in advance. It can be obtained through experimental methods or simulation. Chen et al. [58] constructed a power-shift model based on solenoid directional valves and wet clutches under AMESim and obtained clutch pressure curves consistent with experimental results through simulation.



The separation process of the clutch can also be divided into two stages, which are the reverse of the clutch engagement process. Once the clutch pressure decreases, the driving and driven friction plates immediately enter a slipping state, and subsequent piston movement does not affect the shift quality.



Continuing to discuss the above equation, Kim et al. [59] pointed out in their study of power-shift tractors that the friction coefficient of the clutch     μ   c     is not a constant but a variable related to the slip speed between the driving and driven friction plates, as shown in Figure 11. Their tractor shift dynamics model constructed under EASY5 achieved high computational accuracy and was experimentally validated under multiple operating conditions.



The clutch model under SimulationX also fully considers this point and provides the following equation to describe the actual friction coefficient of the clutch [60]:


    μ   c       ω   d c     =   μ   c s t   −     μ   c s t   −   μ   c s l     M   1       tanh  ⁡      M   2     ω   d c       +   M   3     ω   d c    



(9)




where the reference values of the static friction coefficient     μ   c s t    , sliding friction coefficient     μ   c s l     and constant     M   1    ,     M   2     and     M   3     are shown in Table 3.



Baumann and Klittich [61] constructed a more detailed tractor shifting dynamics model under AMESim, which considered the effect of centrifugal force generated by the oil in the clutch cylinder during rotation on the normal force     F   c N     mentioned above, as shown in Figure 12.



For the above power-shift system with the solenoid directional valve as the core component, the most effective way to avoid the power interruption of the tractor and improve its shift quality is to control the action sequence of the two clutches, that is, the on-coming clutch should act before the off-going clutch. In addition, the clutch pressure and oil filling flow also have a great influence on the shift quality.



This control method has significant limitations and is mainly suitable for power-shift systems that meet equal-speed shift conditions or have small speed differences between adjacent gears. For instance, Chen et al. [62] analyzed the shift quality of a tractor equipped with a series hydrostatic power-split transmission based on SimulationX (Figure 13). By optimizing the flow, pressure, timing of the clutch, and pump displacement, the shift impact of the tractor is greatly reduced. Zhu et al. [63] discussed the shift quality issue of a CVT tractor involving six clutch switches. The authors also constructed the tractor shift dynamics model under SimulationX and improved the shift quality by optimizing the timing.



For most power-shift systems, the proportional reducing valve is more commonly used than the solenoid directional valve. The proportional valve can accurately adjust clutch pressure through input current, thereby significantly reducing shift impact. The shift process based on proportional pressure control typically consists of two phases: the torque phase and the inertia phase. The torque phase aims to increase the torque of the on-coming clutch and decrease the torque of the off-going clutch to zero without changing the gear ratio of the transmission, while the task of the inertia phase is to change the gear ratio of the transmission to the target gear value.



Goetz et al. [64] analyzed the tractor power-shift process involving two groups of clutch switching based on Matlab/Simulink. The operation sequence of upshift is the torque phase first and then the inertia stage. The control strategy and simulation results are shown in Figure 14.



In the torque phase: firstly, reduce the oil pressure of the off-going clutch C1 to make it close to the slipping state, and at the same time, increase the oil pressure of the on-coming clutch C2 to charge the oil cylinder and eliminate the piston clearance; secondly, while increasing the pressure of clutch C2 along the slope, the pressure of clutch C1 is reduced to zero by the clutch slip controller. In the inertia phase, the engine speed controller gradually reduces the engine speed to the target gear value. At the same time, the output torque controller adjusts the clutch oil pressure to make the output torque transition to the target gear value; finally, it increases the oil pressure of clutch C2 to the termination value.



The downshift sequence begins with the inertia phase, followed by the torque phase. The control strategy and simulation results are illustrated in Figure 15. In the inertia phase: firstly, reduce the oil pressure of the off-going clutch C1 to approach a slipping state; secondly, increase the engine speed to the target gear value through the engine speed controller; finally, increase the oil pressure of the on-coming clutch C2 to charge its cylinder and eliminate piston clearance. In the torque phase, while increasing the pressure of clutch C2 along the slope, the pressure of clutch C1 is reduced to zero through a clutch slip controller; finally, it increases the oil pressure of clutch C2 to the termination value.



Note that the research of Goetz et al. involves the control of engine speed, which needs to consider the speed governing characteristics of the engine in modeling. The engine speed is a function of throttle opening and engine torque:


    n   e   = f     α   e   ,     T   e      



(10)







In addition, the engine model also needs to consider the moment of inertia of its flywheel to accurately describe its dynamic behavior, which will not be elaborated on here.



On this basis, Li et al. [65] investigated a more complex shifting process for tractors involving coordinated control of four wet clutches. The authors developed a mathematical model of the tractor powertrain in Matlab/Simulink. They proposed an upshift control strategy consisting of three phases (torque phase–inertia phase–torque phase) and a downshift control strategy also comprising three phases (inertia phase–torque phase–inertia phase), as detailed in [65].



In some engineering applications, fixed proportional valve current curves or clutch pressure curves can be used to implement shift control, as shown in Figure 16. For this control mode, it is necessary to optimize the time and amplitude (i.e., control parameters) of each node point of the control curve.



There is a lot of research in this field. For example, Xia et al. [66] constructed a mathematical model of a tractor power-shift transmission based on differential equations under Matlab/Simulink. This study assumes that the tractor performs an upshift operation while working in the field at a speed of 6.02 km/h, and the corresponding engine throttle opening during the shift is 50%. For this specific working condition, the authors optimized the clutch control parameters using the Pattern Search Algorithm (PSA) with the weighted values of jerk, sliding friction work, and torque fluctuation as the objective function. In their subsequent study [67], the authors further optimized the clutch termination pressure of power-shift tractors based on the minimum optimal control theory.



Wang et al. [68] studied the power-shift problem of a tractor equipped with a CVT that does not meet the equal-speed shift conditions. Although only two clutches are involved in the shift process, the tractor needs to complete range switching at a speed of 4 km/h under heavy load, and at the same time, the hydraulic motor needs to quickly complete reverse rotation during a shift. The authors constructed the simulation model of the tractor transmission system under SimulationX, optimized the control parameters corresponding to the pressure curve of the clutch based on the proposed high-dimensional visualization method, and obtained satisfactory shift quality.



Xu [69] studied the shift quality of a CVT tractor involving four clutch switching. The authors constructed the dynamic model of the transmission system under AMESim, and proposed a shift control strategy based on range bridging. By adjusting the on-off state of the four clutches, the authors found a temporary intermediate range between the two adjacent ranges. For this shifting process, the transmission first shifts from the initial range to the intermediate range, followed by a rapid transition from the intermediate range to the final range, during which all node parameters on each clutch pressure curve are orthogonally optimized. Simulation results indicate that this approach improves shift quality by minimizing the difference in gear ratios before and after the direct shift.



In fact, to ensure the robustness of gear shift control, utilizing a fixed command current curve or voltage curve does not imply the abandonment of closed-loop control. The general practice in industry is to control the input current of the proportional valve through PID. In recent years, more researchers have proposed direct tracking control of the command oil pressure curve. Relevant simulation studies can be found in the works of Li et al. [70], Li et al. [71], and Li et al. [72]. In these studies, the research of Zhang et al. [73] deserves attention. The authors not only introduced the concept of digital twins in the pressure tracking control but also used Rapid Control Prototypes (RCP) to complete the semi-physical simulation task.



According to the above analysis, it is very difficult to establish a sufficiently accurate model of the tractor power-shift transmission system, but not all modeling details are necessary. We have summarized the model options that need to be considered in the study of tractor-shifting dynamics, which can serve as a reference for modeling, as shown in Table 4.




3.3. Energy Saving


The tractor transmission is accompanied by energy loss when transmitting power, which is commonly expressed as transmission efficiency. This performance indicator must be considered in transmission design; otherwise, it will significantly affect the tractor’s power performance and fuel economy. For traditional mechanical-shift tractors, power-shift tractors, and HST tractors, the direction of power flow in the transmission system is clear, making it easier to estimate their energy and fuel consumption. Relevant simulation studies can refer to the work of Kolator [74], Oyelade and Oni [75], Siddique et al. [76], and Li et al. [77]. For hydrostatic power-split transmissions, the presence of swash plate axial piston units, differential planetary gears, closed transmission chains, and parasitic power poses difficulties for its energy consumption calculation. In addition, the energy consumption modeling of the electric transmission system differs from the existing tractor transmission system and requires consideration of new components such as batteries and motors. Therefore, this study focuses on the simulation of energy consumption of tractor hydrostatic power-split transmission and tractor electric transmission systems.



One effective method to obtain the efficiency of the tractor hydrostatic power-split transmission is to separately calculate the speed and torque of all its transmission shafts. For swash plate axial piston units, the speed and torque equations for its variable displacement pump and fixed displacement motor are as follows [78]:


  ε   D   p , m a x     ω   p   =   D   m     ω   m   +   C   s   Δ p     D   p , m a x   +   D   m     / μ  



(11)






  Δ p   D   m   =   T   m   +   f   m     ω   m   +   C   f m   Δ p   D   m    



(12)







For standard planetary gears, the rotational speeds of its basic components (i.e., sun gear, ring gear, and carrier) meet the following requirements:


    n   a   +   k   p     n   b   −   1 + k     n   x   = 0  



(13)







According to the above equation, once the rotational speed of the two basic components is determined, the rotational speed of the remaining component can be calculated. In addition, considering energy loss, the torque between the three basic components satisfies the following relationship:


    T   a   +   T   b   +   T   x   = 0  



(14)







If the power flows from the sun gear of the PG conversion mechanism to the ring gear,


    T   a   = −   T   x   /   1 +   k   p     η   a b      



(15)







If the power flows from the ring gear of the PG conversion mechanism to the sun gear,


    T   a   = −   T   x   /   1 +   k   p   /   η   a b      



(16)







For ordinary gear transmission, the speed equation is


    n   B   = −   n   A   /   i   A B    



(17)







If power flows from gear A to gear B, the torque equation is


    T   A   =   T   B   /     i   A B     η   A B      



(18)







If power flows from gear B to gear A, the torque equation is


    T   A   =   T   B   /     i   A B   /   η   A B      



(19)







After obtaining the rotational speed and torque of the input shaft and output shaft, the transmission efficiency of the transmission can be expressed as


    η   C V T   =   n   o u t     T   o u t   /     n   i n     T   i n      



(20)







The difficulty of this analysis method is in determining the direction of the power flow because in the presence of parasitic power, the power may flow reversely along the mechanical path or hydraulic path of the transmission. Currently, the direction of power flow can be determined by symbolic analysis or formulaic methods, which can be referred to in the research of Zhang et al. [79], Wang et al. [80], and Xu [81].



The above efficiency calculation method requires separately calculating the speed and torque of each transmission shaft, and the flow of power follows a strict causal relationship, making it easy to connect as an independent transmission model with the engine model and axle model. Therefore, this modeling method is not only used for efficiency analysis but can also be extended to study the energy consumption and fuel economy of the entire tractor through model extension. If it is only used for analyzing and optimizing the energy consumption of the transmission, the efficiency formula of the transmission can also be directly derived.



For the closed transmission system shown in Figure 17, its transmission efficiency can be derived through the meshing power method [34]. If the input shaft is   γ  , its efficiency is


    η   γ δ   = 1 −   k   ψ   x 1       z   b 2   /   z   a 2   +     i   γ δ       + k   z   b 2     ψ   α δ   /   z   a 2   +   z   b 3     ψ   β δ   /   z   a 3     /     1 + k       i   γ δ        



(21)







If the input shaft is   δ  , its efficiency is


    η   δ γ   = 1 /   η   γ δ    



(22)
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Figure 17. Closed planetary gear transmission. 
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For this closed transmission system, replacing any one set of gear pairs in path   α − δ   or   β − δ   with swash plate axial piston units can use the above equation to calculate the transmission efficiency of a tractor CVT based on standard planetary gear. However, this method requires separately solving for the loss coefficient or efficiency of the swash plate axial piston units. Liu [82] provided the efficiency equation for this subsystem:


    η   H   =   η   p , v     η   p , m     η   m , v     η   m , m    



(23)




where


    η   p , v   = 1 − 60   C   s   Δ p /   ε μ   n   p      



(24)






    η   p , m   = 1 /   1 +   C   v   μ   n   p   /   60 ε Δ p   +   C   f   / ε + 2 π   T   l   /   Δ p   ε D   p , m a x        



(25)






    η   m , v   = 1 /   1 + 60   C   s   Δ p /   μ   n   m        



(26)






    η   m , m   = 1 −   C   f   −   C   v   μ   n   m   /   60 Δ p    



(27)







The meshing power method was widely used in the early research of CVT tractors, but it requires specifying the pressure difference between the inlet and outlet of the pump during calculation.   Δ p   is determined by the load of the transmission, which poses difficulties for the extended application of this mathematical model. Similar efficiency calculation methods include the М.А. Крейнес method, Sadako Tsung-Ching method, and their derivative methods, as detailed in the research of Rao [34], Zhang et al. [83], and Zhang et al. [84].



One application of energy consumption calculation is the analysis and optimization of parameters in transmissions. For instance, Wang et al. [80] constructed an energy consumption model for a tractor CVT based on Simpson planetary gear set according to Equations (11)–(20). By using a global visualization method to match the gear ratio of the gear pair on the pump shaft and the standing ratios of the planetary gears, the transmission efficiency of the CVT was improved under all operating conditions. Xia et al. [85] calculated the transmission efficiency of the swash plate axial piston units based on Equations (23)–(27) and constructed the simplest energy consumption model for a tractor CVT while ignoring mechanical energy loss. Based on this model, the authors used the NSGA-II multi-objective genetic algorithm to match the standing ratios of Simpson planetary gears, thereby optimizing multiple tractor performance indicators, including transmission efficiency.



Zhang et al. [86] also used the NSGA-II algorithm to optimize the CVT, but the power confluence mechanism of the transmission is a standard planetary gear. Liu et al. [38] constructed an energy consumption model for a CVT tractor in two steps: firstly, the authors obtained the efficiency values of the transmission under different operating conditions based on the efficiency equation and stored them in a 2D table; secondly, the authors constructed a tractor model based on AMESim and inserted the table data storing the efficiency map as a transmission model into the tractor model, thereby obtaining a complete simulation model for analyzing the tractor’s transmission performance. İnce et al. [87] conducted a similar study, revealing the impact of power flow and the Willis gear ratio (i.e., the reciprocal of standing ratio) of planetary gears on CVT transmission efficiency.



In recent years, the relationship between the transmission configuration and energy consumption has gradually attracted attention and has been considered in related transmission optimization research. For instance, Rossetti et al. [88] developed a Multi-objective Particle Swarm Optimizer (MOPSO) algorithm in Matlab and constructed an energy consumption model for a hydrostatic power-split CVT in AMESim. Through the co-simulation of these two software platforms (Figure 18), transmission parameters were optimized for both planetary input-coupled and planetary output-coupled configurations, resulting in an efficient and compact transmission design. In subsequent studies, the authors conducted more extensive research based on the Direct Search algorithm [89]. They explored all possible configurations of a single standard planetary gear and systematically optimized the transmission efficiency of tractor CVTs based on this approach. Zhao [90] also considered the influence of configuration when optimizing the energy consumption of tractor CVTs. In addition to the CVT configuration based on standard planetary gear, the author also compared and analyzed the configuration based on Simpson planetary gear.



Another application of energy consumption calculation is to analyze the fuel economy and emissions of CVT tractors. İnce and Güler [91] constructed energy consumption models for hydrostatic power-split CVT tractor and mechanical-shift tractor in Matlab and compared the fuel economy of the two tractors in 8 different scenarios through simulation. The results showed that tractors equipped with CVTs saved 8.2% of fuel compared to traditional tractors. Rossetti et al. [92] constructed energy consumption models for hydrostatic power-split transmission and power-shift transmission under AMESim, and they obtained further research conclusions than those of İnce et al., that CVT can not only save fuel but also effectively reduce emissions. The above studies were conducted under specific operating conditions. Wang et al. [80] simulated the efficiency and fuel consumption of the tractor under all field operating conditions (4–20 km/h) based on the constructed energy consumption model. They found that the fuel economy of the CVT tractor varies under different operating conditions, but the highest fuel consumption can be saved by about 20% compared to mechanical-shift tractors. This study also considered the issue of emissions, and with appropriate control strategies, the fuel efficiency and emissions problems of tractors can be solved simultaneously. Note that the following equation was used to represent fuel consumption in this study:


    g   t   =   g   e   /   η   C V T    



(28)




where,     g   e     is the fuel consumption of the engine, which can be obtained by querying the engine fuel consumption map through engine speed and torque. In simulation, interpolation or fitting can also be performed on the raw data in the engine fuel consumption map to obtain the mathematical expression of     g   e    :


    g   e   = f     n   e   ,     T   e      



(29)







On this basis,     g   t     in Equation (28) is defined as the fuel consumption of the “engine-transmission” system, which physically means the mass of fuel consumed by the engine per unit of work output of the transmission. Considering that the efficiency of a hydrostatic power-split transmission varies within a relatively large range and that tractors are power machines designed for output power, this indicator better reflects the energy consumption level of tractors than engine fuel consumption. Currently, this indicator has been widely accepted and used in this field, as detailed in the studies of Rossetti and Macor [93], Liang et al. [94], and Zhang et al. [95].



Next, we will review the modeling issues of tractor electric transmission systems. Note that electric tractors still require a transmission system, and their modeling method is consistent with traditional tractors, but additional consideration needs to be given to the modeling of batteries and motors.



For fuel cells, the stack voltage is determined by the following equation [96]:


    U   s t a c k   =   n   c e l l       U   n e r   −   U   a c t   −   U   o h m   −   U   c o n      



(30)




where


    U   n e r   =   U   s c e l l   − 0.5   R   g     T   s t a c k   /   C   F     ln  ⁡      p     H   2   O   /   p     O   2     0.5     p     H   2          



(31)






    U   a c t   =   0.5 R   g     T   s t a c k     log  ⁡      I   d e n s   /   I   0       /     C   F     τ   c      



(32)






    U   o h m   =   R   o h m     I   d e n s    



(33)






    U   c o n   =   0.5 R   g     T   s t a c k     log  ⁡    1 −   I   d e n s   /   I   l i m       /   C   F    



(34)







For lithium-ion batteries, their open circuit voltage     U   O C V     is a function of their state of charge (SOC) [97]:


    U   O C V   = f   S O C    



(35)







The relationship between     U   O C V     and SOC can be determined through experiments, and the value of SOC can be estimated using the Ampere-hour counting method [98,99]:


    S O C   k   =   S O C   0   −     ∫  0   k          η   c   I   k   −   S   d     d t       T   s p   /   C   n    



(36)




where


    I   k   = 0.5     U   O C V   −    U   O C V   2   − 4   R   b a t     P   b a t      /   R   b a t    



(37)






    P   b a t   =          n   m o t   T   m o t     η   m o t   / 9550   C h a r g e         n   m o t   T   m o t     9550   η   m o t       D r i v e       



(38)







Note that the relationship between battery resistance     R   b a t     and SOC can also be obtained through experiments.



The battery voltage at this time is


    U   b a t   =   U   O C V   −   R   b a t     I   k    



(39)







Correspondingly, the power of the motor depends on its operating state [100]:


    P   m o t   =        n   m o t     T   m o t   /   9550   η   m o t     ,   D r i v i n g       n   m o t     T   m o t     η   m o t   / 9550 ,   G e n e r a t i n g       



(40)







In the above equations, the efficiency of the motor can be obtained by querying the motor efficiency map through its speed and torque. In addition, it can also be represented as a function by interpolating or fitting the raw data of the motor efficiency map:


    η   m o t   = f     n   m o t   ,     T   m o t      



(41)







As mentioned above, the modeling method for the mechanical transmission system of electric tractors can refer to power-shift transmissions and hydrostatic power-split transmissions. For example, the principle of the coupler of eCVT is similar to that of hydrostatic power-split transmission, and the efficiency calculation method of the differential planetary gear set for both is the same. Therefore, the modeling problem of the mechanical transmission system of electric tractors will not be elaborated here.



Based on the above equations, combined with the modeling method of the mechanical transmission system, a complete energy consumption model of the electric tractor can be constructed. As an example, Figure 19 shows an electric tractor model constructed under SimulationX (Version 4.0) [101].



Currently, researchers have analyzed the energy consumption and energy management strategies for various electric tractors based on constructed simulation models. For the “direct with engine” electric tractor (i.e., series hybrid tractor), Medževeprytė et al. [102] constructed mathematical models for a series hybrid tractor and a CVT tractor equipped with a hydrostatic power-split transmission (ZF ECCOM 3.5) in Matlab (Version R2021b) and AVL Cruise (Version 2016), respectively. The authors compared the performance of two tractors under field operation and road transportation conditions, demonstrating that electric tractors have higher fuel efficiency. The authors also proposed a series hybrid tractor based on a Compressed Natural Gas (CNG) engine and constructed its energy consumption model during soil cultivation in Matlab/Simscape. The simulation found that the transmission energy consumption of the tractor is highly dependent on the efficiency of the engine operating point, and the tractor requires a larger capacity of energy storage to extend its working time under heavy load conditions [103]. For the “direct with battery” electric tractor (i.e., pure electric tractor), Mao et al. [104] constructed a transmission system model of a 36.8 kW pure electric tractor under OpenModelica, analyzed its traction performance and speed range, and obtained simulation results consistent with experiments. Li et al. [105] proposed an energy management strategy based on optimal system efficiency for a pure electric tractor with dual-motor power coupling. The authors constructed a mathematical model of the tractor in Matlab/Simulink (Version R2018a) and analyzed its energy consumption under two working conditions: plowing and rotary tillage. This study reveals the influence of transmission system parameters on the efficiency of electric tractors. Based on similar operating conditions, Wang et al. [106] conducted a similar study on the efficiency of dual-motor power-coupled electric tractors under HIL. For the “power-split” electric tractor (i.e., eCVT tractor), Mocera et al. [107] constructed energy consumption models for an eCVT tractor and a traditional tractor separately in Matlab/Simulink. The simulation results showed that the peak power capability of eCVT tractor under the given energy management strategy was comparable to that of a traditional tractor, but it had better fuel economy than the latter. Rossi et al. [108] conducted similar comparative studies on eCVT tractors of different configurations on the same simulation platform, further confirming the potential application of eCVT transmission systems in tractors.



Regardless of the type of tractor transmission system, the load model is crucial in its energy consumption simulation, as tractors have complex operating conditions. The load of a tractor includes slop resistance, rolling resistance, air resistance, and traction resistance, where the expressions for the first three are [35,109]:


    F   s l o p   =   M   t   g   sin  ⁡    ∝   s l o p e      



(42)






    F   r o l l   =   R   r o l l       M   t   g   cos  ⁡    ∝   s l o p e     − 0.5   ρ   a i r     S   x     C   z       V   t   +   V   w i n d         V   t   +   V   w i n d        



(43)






    F   a i r   = 0.5   ρ   a i r     S   x     C   x       V   t   +   V   w i n d         V   t   +   V   w i n d      



(44)







The traction resistance of tractors is usually large and difficult to calculate accurately, and in the past, it could only be obtained through experiments. Taking plowing operation as an example, the most classic study on plowing load is the resistance data published by Wicha in 1956 [24]. According to this study, plowing load is related to soil bulk density, soil moisture, and operating speed (Figure 2), and these data are given in the form of specific resistance, allowing it to be used as a universal load model for plowing simulation:


    F   t r a c t i o n   =   κ   s   g a b   n   p l    



(45)




where   a b   n   p l     represents the total cross-sectional area of the soil block cut by the plow, and     κ   s   g   represents the plowing traction resistance per unit cross-sectional area.



With the development of computer simulation technology, some of the publicly available load models in recent years have been obtained through the discrete element method. Specific references can be made to the research of Makange et al. [110], Tong et al. [111], Zhai et al. [112], and Kim et al. [113]. In addition, there are also some load data obtained through theoretical prediction models, which can be referred to in the studies of Čermák and Mitáš [114] and Kim et al. [115].



At the end of this section, we also summarized the model options that need to be considered in tractor energy consumption research, which can serve as a reference for modeling, as shown in Table 5.





4. Parameters in Modeling


Although we have provided many applications for simulating tractor transmission systems, we have not mentioned the methods for constructing mathematical models and determining their parameters. For most of the studies mentioned above, the simulation models are based on equations. The reality is that many parameters of these equations are unknown, and for some complex dynamic problems, we cannot even successfully derive their mathematical equations. For these issues, we need to minimize the number of unknown parameters as much as possible. For example, the structural parameters of the wet clutch can usually be directly provided by the manufacturer, while the moment of inertia of the shaft and gear can be automatically settled by virtual prototyping software such as Solidworks according to the material. If this still cannot solve the problem, the parameters can be obtained through system identification methods. We take the modeling of the swash plate axial piston units of a tractor CVT as an example to illustrate the general process of this method, as shown in Figure 20. The input of this system is the PWM duty cycle of the electromagnetic coil current of the variable displacement pump, and the output is the transmission ratio (i.e., the ratio of the motor speed to the pump speed). Its transfer function has the following form:


  G   s   =     b   m     s   m   +   b   m − 1     s   m − 1   + … +   b   1   s + 1   /     a   n     s   n   +   a   n − 1     s   n − 1   + …   a   1   s + 1   ,     n ≥ m    



(46)







The values of   m   and   n   can be determined based on prior knowledge. On this basis, an excitation experiment was designed: a PWM step signal was applied to the pump on the test bench, and the transmission ratio curve data of the system response     h   ∗     t     was measured through a speed sensor. In the identification calculation of this system, the area method is used to obtain the parameters to be estimated. Specifically, the     i   t h     area of the step response mentioned above is [116]


    A   i   =   ∫  0   ∞      1 −   h   ∗     t         − t     i − 1   /   i − 1   !   d t +   ∑  j = 0   i − 2      A   i − j − 1     ∫  0   ∞      1 −   h   ∗     t         − t     i   / j !   d t    



(47)







The parameters to be estimated can be calculated using the following equations:


         b   1         b   2       ⋮       b   m        =        A   n       A   n − 1     ⋯     A   n − m + 1         A   n + 1       A   n     ⋯     A   n − m + 2       ⋮   ⋮   ⋮   ⋮       A   n + m − 1       A   n + m − 2     ⋯     A   n               A   n + 1         A   n + 2       ⋮       A   n + m         



(48)






         a   1         a   2       ⋮       a   m        =      1   0   ⋯   0   0       A   1     1   ⋯   0   0     ⋮   ⋮   ⋮   ⋮   ⋮       A   n − 1       A   n − 2     ⋯     A   1     1             b   1         b   2       ⋮       b   m       0      +        A   1         A   2       ⋮       A   n         



(49)







This study was completed by one of the authors of this review, Wang et al., in 2013, as detailed in [117]. Note that the results of system identification usually require experimental verification, and the expression of mathematical models can be transfer functions and state space models, polynomial models, etc., which will not be described in detail here.
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Figure 20. The general process and case study of obtaining tractor transmission parameters through system identification. 
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In addition to the above example, there are numerous practical applications of system identification in obtaining tractor transmission parameters. Cheng and Lu [118] obtained unknown parameters of the tractor hydrostatic system model through an improved simulated annealing algorithm based on experimental data and theoretical models. On this basis, the authors [119] further proposed a system identification method based on a prior-model-heuristic-intelligent-optimization algorithm and obtained the response model of the tractor CVT accordingly. Musialek et al. [120] identified the transfer function of the clutch and designed a PI controller that meets the control requirements based on this model. Similar research can refer to the work of Tørdal et al. [121] and Cheng et al. [122].




5. Summary and Development Recommendations


With the advancement of tractor technology, modern tractor transmission systems are no longer the physical objects of “what you see is what you get”, which makes computer simulation technology play an important role in the development of their transmission systems. Simulation can help us optimize the structure of the tractor transmission system, analyze the influence and mechanism of various parameters on transmission performance, and guide us in proposing effective control strategies. However, tractor transmissions are highly complex electromechanical-hydraulic integrated systems involving numerous disciplines and diverse modeling methods. It is difficult for researchers to quickly construct the knowledge system required for simulation from limited literature, let alone grasp technological development trends. To address these issues, the work we have done is as follows:




	(1)

	
A systematic introduction was given to the types and working principles of tractor transmission systems. Tractor transmissions not only come in a wide variety of forms but also have different operating conditions and principles from road vehicles. Understanding this knowledge is the foundation for correctly constructing a tractor transmission system model.




	(2)

	
The modeling method of the tractor transmission system was introduced from three aspects: structural optimization, power-shift control, and energy saving. Specifically, key mathematical equations and modeling options were provided as references for correct modeling. On this basis, the applications of computer simulation technology in these key fields were reviewed separately.




	(3)

	
The method of obtaining simulation parameters through system identification was introduced, and the implementation process was explained through case studies. The practical application of this method in the development of tractor transmission systems was also listed.









This review also reveals some problems in the current simulation application of tractor transmission systems, as follows:




	(1)

	
In the simulation research of tractor power-shift transmission, the vast majority of evaluation indicators for shift quality lack an experimental basis. Some of the existing indicators come from the evaluation system of road vehicles, while others are customized by researchers. The experimental results from John Deere clearly indicate that some evaluation indicators for the shift quality of road vehicles are not applicable to tractors used in field operations, which seriously undermines the scientific foundation of research in this field.




	(2)

	
The vast majority of tractor simulation work relies on load models. However, tractors not only lack standard driving cycles but also systematic load datasets. This situation poses challenges to the performance evaluation of different tractor transmission systems and control strategies.









In future work, the problems encountered in the above simulations should be taken seriously and resolved. More evaluation indicators for tractor shift quality should be confirmed through experiments, and more tractor load datasets should be made public. These efforts will bring new opportunities for the application of computer simulation technology in the development of tractor transmission systems.
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Nomenclature




	CVT
	Continuously variable transmission.
	     k   p     
	Standing ratio of PG.



	AMT
	Automated mechanical transmission.
	    η   a b    ,     η   A B    ,     η   γ δ    ,     η   C V T    
	Transmission efficiency of PG, meshing gears, closed PG, and CVT.



	FEM
	Finite element method.
	    n   A    ,     n   B    
	Speed of input gear and output gear.



	DEM
	Discrete element method.
	    T   A    ,     T   B    
	Torque of input gear and output gear.



	RCP
	Rapid Control Prototypes.
	     i   A B     
	Gear ratio of meshing gears.



	HIL
	Hardware-in-the-Loop.
	    n   i n    ,     n   o u t    
	Input and output speeds of the transmission.



	HST
	Hydrostatic transmission.
	    T   i n    ,     T   o u t    
	Input and output torques of the transmission.



	PG
	Planetary gear.
	    ψ   x 1    ,     ψ   α δ    ,     ψ   β δ    
	Loss coefficients in closed PG.



	OC
	Planetary output coupled.
	    z   a 2    ,     z   b 2    ,     z   a 3    ,     z   b 3    
	Number of gear teeth in enclosed PG.



	IC
	Planetary input coupled.
	     n   c e l l     
	Number of cells in stack.



	PSA
	Pattern search algorithm.
	    U   s t a c k    ,     U   n e r    ,     U   a c t    ,     U   o h m    ,     U   c o n    ,     U   s c e l l    
	Stack voltage, nernst voltage, activation loss voltage, ohmic loss voltage, concentration loss voltage, and standard cell voltage.



	PSGA
	Particle swarm genetic algorithm.
	     R   g     
	Ideal gas constant.



	NSGA-II
	Non-dominated sorting genetic algorithm II.
	     T   s t a c k     
	Stack temperature.



	MOPSO
	Multi-objective Particle Swarm Optimizer.
	     C   F     
	Faraday constant.



	SOC
	State of charge.
	    p     H   2   O    ,     p     O   2      ,     p     H   2      
	Partial pressures of water, oxygen, and hydrogen.



	    J   1    ,     J   2    ,     J   3    ,     J   4    
	Peak acceleration, jerk, peak sliding friction power, and sliding friction work.
	    I   d e n s    ,     I   0    ,     I   l i m    
	Current density, reaction exchange current density, and maximum current density.



	     V   t     
	Tractor velocity.
	     τ   c     
	Charge transfer coefficient.



	  t  ,     t   a    ,     t   b    
	Time, shift start time, shift start time.
	     R   o h m     
	Membrane resistance.



	    T   c f    ,     T   c f ,   m a x    
	Actual torque and maximum torque transmitted by the clutch.
	     U   O C V     
	Open circuit voltage.



	     ω   d c     
	Slip speed of clutch.
	    S O C   k    ,     S O C   0    
	Current and initial values of SOC.



	     p   c     
	Clutch pressure.
	     η   c     
	Coulombic efficiency.



	     k   s p r     
	Spring stiffness.
	     I   k     
	Load current.



	    x   s 0    ,     x   s    ,     x   s ,   M a x    
	Initial displacement, displacement increment, and stroke of clutch piston.
	     S   d     
	Self-discharging rate.



	    F   f s t    ,     F   f s l    
	Static and sliding friction forces of clutch piston.
	   k   
	Current time.



	     A   c p     
	Effective area of clutch piston.
	     T   s p     
	Sampling period.



	     m   c p     
	Mass of clutch piston.
	     C   n     
	Nominal capacity of battery.



	     v   c p     
	Movement speed of clutch piston.
	     R   b a t     
	Battery resistance.



	     F   c N     
	Normal force acting on clutch friction plates.
	     P   b a t     
	Battery power.



	     n   s f     
	Number of clutch friction surfaces.
	     P   m o t     
	Motor power.



	    μ   c    ,     μ   c s t    ,     μ   c s l    
	Actual friction coefficient, static friction coefficient, and sliding friction coefficient of clutch friction plates.
	     n   m o t     
	Motor speed.



	    r   c i    ,     r   c o    
	Inner and outer radii of clutch friction plates.
	     T   m o t     
	Motor torque.



	    M   1    ,     M   2    ,     M   3    
	Constants related to materials.
	     η   m o t     
	Efficiency of motor.



	     n   e     
	Engine speed.
	    F   s l o p    ,     F   r o l l    ,     F   a i r    ,     F   t r a c t i o n    
	Slop resistance, rolling resistance, air resistance, and traction resistance.



	     T   e     
	Engine torque.
	     M   t     
	Mass of tractor unit.



	     α   e     
	Throttle opening.
	   g   
	Acceleration of gravity.



	     g   e     
	Fuel consumption of engine.
	     ∝   s l o p e     
	Slope angle.



	     g   t     
	Fuel consumption of “engine-transmission” system.
	     R   r o l l     
	Rolling friction coefficients.



	   ε   
	Displacement ratio of pump to motor.
	     ρ   a i r     
	Air density.



	    D   p , m a x    ,     D   m    
	Rated displacement of pump and motor.
	     S   x     
	Tractor active area for air resistance.



	    ω   p    ,     ω   m    
	Speed of pump and motor.
	    C   x    ,     C   z    
	Drag coefficient for translation on longitudinal axis and vertical axis.



	     C   s     
	Leakage coefficient.
	     V   w i n d     
	Wind velocity.



	   Δ p   
	Pressure difference between motor inlet and outlet.
	     κ   s     
	Plowing specific resistance.



	   μ   
	Dynamic viscosity of hydraulic oil.
	  a  ,   b  
	Plowing depth and width of a single plow bottom.



	     T   m     
	Torque of motor shaft.
	     n   p l     
	Number of plow bottoms.



	     f   m     
	Viscous damping coefficient of motor.
	   G   s     
	Transfer function.



	     C   f m     
	Friction loss coefficient of motor.
	     h   ∗     t     
	The step response of the system.



	    n   a    ,     n   b    ,     n   x    
	Speed of sun gear, ring gear and carrier of PG.
	    a   x ∈   1 ,   2 ,   … ,   m      ,     b   x ∈   1 ,   2 ,   … ,   m      
	Parameters to be estimated.



	    T   a    ,     T   b    ,     T   x    
	Torque of sun gear, ring gear and carrier of PG.
	     A   i     
	The     i   t h     area of the step response.
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Figure 1. Operating conditions of tractors. (Reproduced from [20]). 
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Figure 2. Specific resistance of plowing. 
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Figure 3. Principle of e23 full power-shift transmission designed for John Deere 7R series tractor. 
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Figure 4. Structure of wet clutch. 






Figure 4. Structure of wet clutch.



[image: Agriculture 14 01547 g004]







[image: Agriculture 14 01547 g005] 





Figure 5. Principle of Vario transmission designed for Fendt Favorit 926 tractor. 
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Figure 6. Planetary gears used in CVT tractors. (a)   2 Z − X   A    . (b)   2 Z − X   B    . (c)   2 Z − X   D    . Note: The letters a and b represent the central gear (such as the sun gear or ring gear), x represents the carrier, and c and d represent the planet gears. 
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Figure 7. Principle of electric transmission system designed for CNH H2 Dual Power tractor. 
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Figure 8. General process of using FEM for the structural optimization of tractor transmissions. (Reproduced from [35,47]). 
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Figure 9. Research on tractor shift quality based on vehicle operations simulator. (Reproduced from [49]). 
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Figure 10. Power-shift system based on solenoid reversing valve. 
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Figure 11. The friction coefficient of the wet clutch (Reproduced from [59]). 
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Figure 12. AMESim model of tractor power-shift system considering centrifugal force generated by the oil in the clutch cylinder (Reproduced from [61]). 
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Figure 13. SimulationX model of CVT tractor that meets equal-speed shift conditions. (Reproduced from [62]). 
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Figure 14. Control strategy for tractor upshift. (Reproduced from [64]). 
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Figure 15. Control strategy for tractor downshift. (Reproduced from [64]). 
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Figure 16. The control current curve of the proportional valve. 
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Figure 18. Co-simulation model of CVT based on Matlab and AMESim. (Reproduced from [88]). 
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Figure 19. Simulation model of electric tractor based on SimulationX. (Reproduced from [101]). 
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Table 1. Types and application status of tractor transmission systems.
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Type

	
Sub-Type

	
Principle of Speed Regulation

	
Comments

	
Application in Tractors






	
Mechanical

	
Mechanical

	
Shift with sliding gears, engagement sleeves, or synchronizers.

	
● Low manufacturing cost and high transmission efficiency.

● Low operational efficiency.

	
Suitable for tractors of various powers, such as the 5-754 tractor produced by John Deere (Moline, IL, USA) that uses engagement sleeves for shifting and the MH2204 tractor produced by Wuzheng (Rizhao, China) that uses synchronizers for shifting. Note that this type of tractor has gradually been phased out in many developed countries.




	
Power-shift

	
Full power-shift

	
Shift with wet clutches.

	
● High transmission efficiency and operational efficiency.

● High manufacturing cost and difficulty in controller design.

	
Suitable for large power tractors, such as the 9RT590 tractor produced by John Deere (Moline, IL, USA) and the Puma2304 tractor produced by CNH (London, UK).




	
Semi power-shift

	
Combination of power-shift and mechanical-shift.

	
● Medium manufacturing costs and high transmission efficiency.

● Medium operating efficiency.

	
Suitable for large and medium power tractors, such as the LZ2604 tractor produced by YTO (Luoyang, China) and the 8W2804 tractor produced by Deutz-Fahr (Treviglio, Italy).




	
CVT

	
Metal belt or chain

(direct)

	
Change the radius of the traction force.

	
● High transmission efficiency and operating efficiency, and low manufacturing cost.

● Low load driving capability.

	
Although engineers have developed a large number of tractor prototypes, such as the Munich Research Tractor released by TUM (München, Germany) in 1988, they have never been accepted by the market. However, this type of transmission is widely used in road vehicles.




	
Metal belt or chain

(power-split)

	
● High transmission efficiency but lower than its direct version; High operating efficiency and medium manufacturing cost.

● Low load driving capacity but higher than its direct version.




	
Hydrostatic (direct)

	
Change the unit’s displacement.

	
● High load driving capability and operating efficiency.

● Medium manufacturing cost, low transmission efficiency, and high noise level.

	
Suitable for small power tractors, such as the L2502 HST tractor produced by Kubota (Osaka, Japan) and the Solis26 HST tractor produced by ITL (Hoshiarpur, India). Note that this transmission system can also be used for large and medium power tractors, but its performance is not as good as its power-split version.




	
Hydrostatic (power-split)

	
● High load driving capability, transmission efficiency, and operating efficiency.

● High manufacturing cost and noise level.

	
Suitable for large and medium power tractors, such as the P7000 tractor produced by Lovol (Weifang, China) and the 1000 Vario tractor produced by Fendt (Marktoberdorf, Germany).




	
Electrical

(direct with engine)

	
Change the frequency of current or electric flux.

	
● High operating efficiency.

● High manufacturing cost and low transmission efficiency.

	
Upcoming. Some tentative applications: Belarus 3023 tractor produced by Minsk Tractor Works (Minsk, Belarus), and HB2204 tractor produced by YTO (Luoyang, China).




	
Electrical

(direct with battery)

	
● High operating efficiency.

● Very high manufacturing cost and short operation time.

	
Upcoming, with long-term potential. Some tentative applications: SESAM tractor produced by John Deere (Moline, IIIinois, USA), and e100 Vario tractor produced by Fendt (Marktoberdorf, Germany).




	
Electrical

(power-split)

	
● High transmission efficiency and operating efficiency.

● High manufacturing cost.

	
Upcoming, the most promising next-generation tractor CVT. Some tentative applications: 8R 410 tractor produced by John Deere (Moline, IL, USA).











 





Table 2. Summary of evaluation indicators for tractor shifting dynamics simulation.
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	Evaluation Indicator
	Expression
	Type of Shift Quality Indicated
	Comments





	Speed fluctuation.
	     V   ∞   −   V   m i n     
	Impact on the driver.
	● The relationship between this indicator and tractor driving comfort needs to be confirmed.

● Power interruption (i.e.,     V   m i n   = 0  ) will affect the evaluation of shift quality.



	Peak acceleration.
	   M a x   d   V   t   / d t     
	Impact on the driver.
	● John Deere has confirmed the close relationship between this indicator and tractor driving comfort under field background vibration.

● Suitable for evaluating the shift quality of tractors during field operations.



	Jerk.
	   M a x     d   2     V   t   /   d t   2       
	Impact on the driver.
	● John Deere has already denied the validity of this indicator under field background vibration, but it is widely recognized in evaluating the shift quality of road vehicles.

● Suitable for evaluating the shift quality of tractors during road transportation.



	Torque fluctuation.
	    T   m a x   /   T   ∞     or     T   m a x   −   T   ∞    
	Impact on the entire transmission system.
	● The relationship between this indicator and clutch service life needs to be confirmed.

● Excessive     T   ∞     will affect the sensitivity of this evaluation indicator.



	Peak sliding friction power of clutch.
	   M a x     T   c f     ω   d c       
	Impact on the clutch.
	● The relationship between this indicator and clutch service life needs to be confirmed.



	Sliding friction work of clutch.
	     ∫    t   a       t   b        T   c f         ω   d c     d t   
	Impact on the clutch.
	● It directly reflects the clutch energy loss.



	Customized evaluation indicator.
	-
	-
	Not recommended for use without experimental support.










 





Table 3. Variable values related to clutch friction coefficient [60].
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	Friction Materials
	      μ   c s t      
	      μ   c s l      
	      M   1      
	      M   2      
	      M   3      





	steel–steel
	0.10 … 0.12
	0.05 … 0.07
	0.95
	0.3
	0.0003



	steel–sintered-bronze
	0.11 … 0.13
	0.07 … 0.09
	0.85
	0.08
	0.0004



	steel–organic
	0.30 … 0.40
	0.30 … 0.40
	0.85
	0.05
	0



	steel–paper
	0.10 … 0.12
	0.10 … 0.14
	0.85
	0.15
	−0.0003










 





Table 4. Summary of modeling options to be considered in tractor power-shift simulation.
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Model

	
Sub-Model

	
Modeling Options

	
Comments






	
Power

	
Engine

	
Speed control.

	
Three models are available for selection:

● Constant speed: It is suitable for simulating tractor CVTs that meet the equal-speed shift conditions.

● Speed regulation using a closed-loop controller: It is suitable for simulating general power-shift transmissions.

● Speed regulation using engine map: It is also suitable for simulating general power-shift transmissions. However, the accuracy of controlling engine speed through throttle is lower than that of closed-loop controllers.




	
Fuel consumption map.

	
● Not a mandatory option.




	
Crankshaft inertia.

	
● It must be considered when using variable engine speeds.




	
Transmission and axle

	
Wet clutch

	
Friction coefficient.

	
● The vast majority of models mentioned in previous studies use fixed friction coefficients, while those validated through multi-condition experiments use variable friction coefficients. Therefore, we recommend using variable friction coefficients in precise modeling. The calculation of the friction coefficient can refer to Equation (9) and Table 3.




	
Centrifugal force of oil.

	
● Although some studies have considered the influence of centrifugal force on the shape of clutch pressure curves, no further shift tests have been conducted. Since most fully validated models do not take this into account, it is not a mandatory choice.




	
Gear or PG

	
Meshing efficiency.

	
● In general, gears and PG have high efficiency, so energy loss can be ignored in simple transmission systems. Otherwise, meshing efficiency should be taken into account.




	
Shaft

	
Stiffness and damping.

	
● Only when observing torsional vibration is it necessary to consider stiffness and damping in the model.




	
Moment of inertia.

	
● It must be considered.




	
Pump or motor

	
Mechanical efficiency and volumetric efficiency.

	
● Hydraulic pumps and hydraulic motors are commonly used in CVTs. Due to the low efficiency of hydraulic systems, it is necessary to consider their efficiency, especially their volumetric efficiency.




	
Dynamics of the displacement control unit.

	
● It can be regarded as a second-order system and represented by a difference equation, as detailed in [60].




	
Load

	
Theoretical load

	
Constant load.

	
● A constant load can be used in qualitative analysis, such as comparing the effects of parameters on shift quality.




	
Load with noise.

	
● To analyze the robustness of the shift control strategy, noise can be added to the load model.




	
Dynamic load

	
Mass of tractor unit.

	
● It must be considered.











 





Table 5. Summary of modeling options to be considered in tractor energy consumption simulation.
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Model

	
Sub-Model

	
Modeling Options

	
Comments






	
Power and energy

	
Engine

	
Speed control.

	
Three models are available for selection:

● Constant speed: It is suitable for simulating transmission energy consumption—for example, simulating the CVT efficiency map at a specified input speed.

● Speed regulation using a closed-loop controller: It is suitable for simulating energy management strategies that require simultaneous control of engine speed and gear ratio.

● Speed regulation using engine map: It is suitable for simulating energy management strategies that only save fuel by adjusting the gear ratio.




	
Fuel consumption map.

	
● It must be considered when simulating fuel economy and used to query fuel consumption at a specified engine speed and torque.




	
Crankshaft inertia.

	
● It is not a mandatory option in simple energy consumption calculations, but the impact of dynamic processes on tractor fuel consumption should be considered in driving cycles.




	
Battery

	
-

	
● Its modeling method refers to Equations (30)–(39).




	
Motor or Generator

	
-

	
● Its modeling method refers to Equations (40) and (41).




	
Transmission and axle

	
Wet clutch

	
Frictional behavior.

	
Not a mandatory option.




	
Gear or PG

	
Meshing efficiency.

	
● It must be considered, and the meshing efficiency of gears and PG can usually be regarded as a constant.

● In power-split systems, meshing efficiency is used to accurately calculate the torque of each basic component of PG. Some studies did not consider the efficiency of PG to simplify calculations, but its rationality needs to be confirmed.

● In precise energy consumption simulation, it is usually necessary to consider the efficiency of bearings supporting gears or PG.




	
Shaft

	
Stiffness and damping.

	
Not a mandatory option.




	
Moment of inertia.

	
● It is not a mandatory option in simple energy consumption calculations, but the impact of dynamic processes on tractor fuel consumption should be considered in driving cycles.




	
Pump or motor

	
Mechanical efficiency and volumetric efficiency.

	
● It must be considered. In some literature, fixed efficiency values have been used, but we still recommend using measured data or accurate energy consumption models to run simulations.




	
Dynamics of the displacement control unit.

	
Not a mandatory option.




	
Load

	
Theoretical load

	
Slop resistance.

	
● It must be considered when the tractor is operating on sloping ground.




	
Rolling resistance.

	
● It must be considered.




	
Air resistance.

	
● It must be considered when the tractor has a cab with a large windward area and is driving at high speeds.




	
Traction resistance.

	
● It must be considered when the tractor is towing agricultural machinery for operation.




	
Dynamic load

	
Mass of tractor unit.

	
● It is not a mandatory option in simple energy consumption calculations, but the impact of dynamic processes on tractor fuel consumption should be considered in driving cycles.
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