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Abstract

:

This paper proposes a full-hybrid driveline based on an electric continuously variable transmission (e-CVT), which is inspired by the car industry’s most successful solution. The paper describes the operating principle, the system architecture, and the control scheme of the proposed driveline. An analysis of four possible operating modes shows that the e-CVT driveline leads to a performance similar to that of conventional tractors, as well as unusual features such as power boost, full-electric mode, optimized auxiliary drive and electric power delivery capability. The compact layout proposed for the e-CVT also makes it possible to simplify the overall layout of the tractor, particularly during the installation of both the thermal engine and the cooling system.
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1. Introduction


The electric continuously variable transmission (e-CVT) system is the most widely used full-hybrid–electric drive system configuration in automobiles. This solution, introduced in 1997 [1], has been largely demonstrated to have the functional requirements, performance, efficiency, and manufacturing complexity to be compatible with the automotive sector. In summary, the characteristics of a full-hybrid e-CVT transmission for cars are as follows:



	
It makes the ratio between engine speed and wheel speed continuously variable over a very wide range.



	
Enables pure electric driving for a reasonable range.



	
Reduces fuel consumption and polluting emissions by at least 40% compared with traditional vehicles (internal combustion engines (ICEs) and mechanical gearboxes in urban driving), based on the Worldwide Harmonized Light-Duty Vehicles Test Procedure (WLTP) [2].



	
It inherently implements several auxiliary functions that are normally accomplished through the combined use of the gearbox, clutch, and starter–generator [3,4].






With regard to industrial vehicles, particularly agricultural tractors, several operating conditions are noticeably similar to driving a car in urban traffic [5]. Moving at zero speed or very low speed for a long time (e.g., harvesting, driving tools at a standstill) or repeated accelerations and decelerations in the low-speed range (e.g., continuous maneuvering in limited space) are two of the possible examples.



Furthermore, in various agricultural applications, the full-electric operation (EV mode) of a tractor could be of great interest for the following reasons:



	
The use of zero-emission tractors in closed environments (e.g., greenhouses and stables) improves the air quality, making the workplace healthier for the farmers and increasing the quality of the food produced [6].



	
Electric energy can be obtained from renewable sources, especially from local renewable electric energy production sites; hence, a fully fuel-free food production chain can be achieved [7].






Compared to automobiles, a small- to medium-sized tractors must be characterized by very high tractive effort capabilities at low speeds for typical low-speed/high-load operations (e.g., plowing), while being able to provide high power at low–medium speeds for operating soil tillage implements that require both pulling and power supply (e.g., seeders), and at high vehicle speeds (e.g., for towing trailers on-road). These heavy-duty operating conditions are typically applied for many hours.



A significant difference between tractor and car powertrains lies in the need for the power take-off (PTO) additional shaft that is used for powering agricultural implements. The PTO requires speed control that is independent from the wheels’ speed, and it is considered a critical matter in the design of modern tractors [8].



By combining the characteristics mentioned above, the minimum list of functionalities a tractor must fulfill are as follows:




	
To enable continuously variable ratio between engine and wheel speed over a very wide range of ground speeds.



	
To enable PTO speed control, independent from the wheels’ speed control.



	
To allow adjustment of the ICE operating point for enhanced fuel economy and reduction of pollutant emissions.



	
To allow “combustion-only mode”, where the driveline is powered solely by the combustion engine, with one or more fixed ratios between engine and wheels; here, electric motors are deactivated.



	
To allow “electric-only mode”. The electrical system operates both the traction and the PTO using the energy stored in a battery pack; here, the combustion engine is off.



	
To power ancillaries and external hydraulic loads with optimum energy saved.



	
To supply external electric loads (e.g., electric implements and tools) that are connected to dedicated sockets on the tractor.








In addition to the above functionalities and requirements, the hybridization of the driveline of agricultural tractors should enable the downsizing of the thermal engine and enable them to meet the new non-road emissions (NRE) regulations (EU-STAGEV, EPA-TIER4, China IV) [9].



The requirements listed above can be satisfied with a plurality of configurations of full-hybrid powertrains, which can be classified as the series type, the parallel type, the power-split type, and their combinations [10]



The reference configuration of a series type transmission [11] is based on the combustion engine’s direct connection with a variable speed electrical generator. In this configuration, the power used for traction, PTO, and auxiliaries entirely comes from a double electro-mechanical conversion. Interesting features of the series driveline are the possibility of efficiently supplying tools via an electric socket (electric PTO) [10], the absence of mechanical coupling between the engine and the wheels [12], and the power splitting over multiple drives. The introduction of a battery pack allows peak shaving capability, opens to the possibility of downsizing the ICE, and allows a quicker power supply response, cutting the lag due to generator transients [13]. The complexity and large sizing of the electric generation unit and all the electric motors prevent the possibility of finding a transmission layout solution based on the series configuration that can be economically installed in a small- or medium-sized tractor.



Several manufacturers are presently relying on parallel hybrid powertrains. In the parallel type, one electrical machine—operating either as a motor or generator—is usually integrated into a traditional driveline between the engine and the mechanical gearbox, in the so-called positions P1 and P2 as described in [14,15]. With this configuration, the electrical machine assists the combustion engine during transients, boosting the maximum available power to the driveline. Using a single electrical machine in the parallel type represents a trade-off between system performance and complexity, while providing a moderate contribution to engine downsizing and fuel saving; however, it still requires the traditional drivetrain with a mechanical gearbox. This configuration opens to further upgrades of the hybrid system; for example, a considerable improvement of the engine performance can be obtained by integrating an electrical machine in the engine’s turbocharger shaft [16]. More generally, improvements of parallel hybrid configurations are represented by combinations of the main motor/generator with more electrical machines coupled to wheels, auxiliary drives, and the PTO [17]. The power fractioning, utilizing several electric drives, leads to better use of the electrical energy, improves the fuel efficiency, and opens to the possibility of having tractors that are capable of operating in the full-electric mode for some types of mission. As a drawback, this approach increases system complexity and system cost.



Besides the main two families of hybrid driveline (the series type and the parallel type) the power-split solution is an alternative approach that tries to merge the advantages of the other approaches. A power-split hybrid configuration was introduced in 1935 [18] as an electric variable transmission (EVT), but the most important configuration—which has had the most significant diffusion in the automotive field—is the one called electric continuously variable transmission (e-CVT) [19]. Several configurations of hybrid drivelines based on the power-split e-CVT have been presented, and two main categories can be recognized, encompassing most of the proposed solutions: the input split and the compound split [20]. Compound power-split transmissions [21,22,23,24,25,26] require two or more epicyclical gear sets and allow a substantial variation in the engine–wheel speed ratio. This solution, that was developed for high-performance cars, appears to be too complex and expensive to be used on small agricultural tractors.



The input power-split e-CVT driveline is considered of interest for tractor application due to its undisputed success in the hybrid car sector. The expected functionalities and performance are achieved, despite the reduced sizing of the electro-mechanical conversion systems [27]. The most promising solution for tractor application is the most straightforward e-CVT power-split transmission configuration, which comprises a planetary gear set and two electric machines, installed between the thermal engine and the differential gearbox. tab 1 represents the basic configuration of this e-CVT in the configuration adopted by a full-hybrid driveline for passenger cars. In this configuration, the planetary gear set divides the power entering from the thermal engine, connected to the carrier gear, between the “direct path” and the “converted path”. The “direct path” transfers power from the engine to the ring, and then to the final drive and the wheels, using mechanical gearings. The “converted path” transfers power through two electric machines: MG/1 connected to the sun gear and MG/2 connected to the ring. Both machines transfer electric power to the same DC bus through their power electronics, where a battery pack stores a limited amount of electric energy [1,20,27,28].



In this paper, the solution presented for the tractor powertrain is founded on the consolidated e-CVT power-split architecture given in Figure 1, and this solution is adapted to tractor application, as proposed for the first time in [29]. This paper extends the description of the basic principles of applying the e-CVT to the tractor, proposes a design criterion that provides detailed data of all the subsystems, describes a reference control scheme for hybrid mode, and analyzes the behavior of the driveline in the hybrid mode under the various typical operating conditions that can occur for an agricultural tractor. In order to numerically validate the performance of the proposed solution, a model of the main components of the powertrain was created. A basic control system was developed, and the most severe operating conditions for a vehicle of this type were simulated. The numerical tests include the combined control of wheel speed and PTO speed under different transient conditions. The results show that the proposed powertrain architecture can perform all the functions of a tractor driveline and reach performances comparable to those of fully thermal vehicles equipped with modern automatic transmission (either a hydraulic torque converter or CVT). A full-scale tractor prototype, based on the proposed layout solution, was also realized. From this layout, it is clear that the proposed transmission provides the possibility of introducing important changes to the layout of a small multipurpose tractor, that could improve the use of space on board. Furthermore, it is shown in this paper that the power-split e-CVT transmission proposed for the tractor driveline takes advantage of some inherent features of the e-CVT that are not currently used in car applications, such as the potential for powering external electrical loads and the optimal speed control of auxiliary loads in EV mode. The prototype will allow, in the future, experimental validation of the numerical results covered by this manuscript, as well as offering a solid base for developing advanced control algorithms and energy management systems.



This paper is organized as follows. Section 2 recalls the fundamental equations of the epicyclical gear set, giving the fundamental relations that guide either the sizing of the driveline, or the setting up and tuning of the control strategy. Section 3 presents the vehicle data and introduces the transmission scheme with all the related data. This section also describes all four possible operating modes of the transmission. Section 4 focuses on the e-CVT control scheme with particular attention on the full-hybrid mode. Section 5 presents all the simulation results to demonstrate the functionality and performance of the proposed hybrid mode. Section 6 shows the experimental vehicle resulting from this work. Section 7 concludes the manuscript and opens the way to subsequent analyses that are only hinted at in this article, such as the evaluation of the energy performance of the entire vehicle, the optimal sizing of the battery, and the design of the individual parts of the electro-mechanical conversion system.




2. Epicyclical Gear Set


In the following subsection, the relevant epicyclical gear set kinematic, static, and dynamic equations are recalled.



2.1. Kinematic and Static Equations


In Figure 1, the epicyclical (planetary) gear set scheme, at the base of the e-CVT, is displayed.



The planetary gear set’s quasi-static behavior can be evaluated through fundamental Equation (1), known as the Willis equation, which describes the speed relationship of the three main components. In this assessment, the epicyclical gear set is considered as an ordinary gear train, mounted on a rotating frame, being the latter integral with the carrier. Therefore, the ring–sun relative speed ratio can be written as follows:


   τ 0  =    ω S  −  ω C     ω R  −  ω C     



(1)




where    ω R   ,    ω S   , and    ω C   , are the speed of the ring (R), the sun (S), and the carrier (C), respectively, while    τ 0    represents the epicyclical gear ratio, which is defined as follows:


   τ 0  = −    N R     N S     



(2)




where    N S    and    N R    are the sun and ring teeth numbers, respectively.



According to the Willis equation (Equation (1)), the speed ratio between two gear set elements is defined by the third element’s speed.



The following notation is defined and used in the paper. Electrical machines’ power is defined to be positive if they operate as motors. In contrast, the power of CVT elements is positive if power is delivered to the epicyclical gear set (power entering in the gear set). Ring and MG/2 speeds are defined as positive if they cause the vehicle to move in a forward direction. MG/1 positive speed corresponds to the rotating direction of MG/1 if the vehicle is stopped (   ω R  = 0  ) and the ICE is running.



By applying the power balance equation to the gear from the Willis formula, the two following fundamental equations of the torque are obtained:


   T C  +  T R  +  T S  = 0  



(3)






     T R     T S    = −  τ 0   



(4)




where    T R   ,    T S   , and    T C   , are the torques applied to the ring (R), the sun (S), and the carrier (C), respectively.



Equations (3) and (4) show that the third shaft torque defines the amount of torque that can be transferred between two planetary gear set shafts. Indicating the carrier shaft torque with    T C   , the sun and ring torques are set by the gear ratio    τ 0    as follows:


   T R  =  τ 0     T C    1 −  τ 0     



(5)






   T S  =    T C    1 −  τ 0     



(6)







Defining one of the gear set elements as the controller, the speed ratio analysis becomes straightforward. From Equation (1), the carrier (C) speed    ω C    is obtained from the ring (R) speed    ω R    as a function of the sun (S) speed    ω S   , which acts as the following regulation element:


   ω C  = −    τ 0    1 −  τ 0     ω R  +  1  1 −  τ 0     ω S   



(7)







According to Equation (7) and the scheme of Figure 1, the gear ratio regulation between the wheels (coupled to the ring) and the IC engine (coupled to the carrier) can be achieved by varying the sun speed (coupled to an electric machine). From Equation (7), for any ring speed    ω R   , it is possible to find a carrier speed, referred to as base carrier speed    ω  C 0     (Equation (8)) at which the sun is stationary (   ω S  = 0  ), as follows:


   ω  C 0   = −    τ 0    1 −  τ 0     ω R   



(8)







Introducing    ω  C 0     from kinematic Equation (8) in    P R  =  T R   ω R   , the ring and sun powers become proportional to the carrier power as follows:


   P R  =    ω  C 0      ω C     P C   



(9)






   P S  =      ω  C 0      ω C    − 1    P C   



(10)







By analyzing Equations (9) and (10), three operating modes of the gear set, depending on the sun speed    ω S   , are recognized as follows:



	
Mode 1:    ω C  =  ω  c 0    , in this condition, the sun speed    ω S    is zero. As stated in Equation (6), by applying reaction torque at the sun, torque transferring between the carrier and the ring can be achieved. In this condition, all the power provided by the ICE entering the carrier is transferred to the wheels through the ring,    P C  =  P R   , as the sun power is null.



	
Mode 2:    ω C  >  ω  c 0    , the sun rotates in a positive direction (positive sun speed    ω S   ), and power is supplied by the sun (   P S  < 0  ). In this mode, the carrier input power produced by the ICE is higher than the ring output power transferred to the wheels:    P R  <  P C   . In other words, a fraction of the power produced by the ICE is transferred to the electrical machine, which behaves as a generator.



	
Mode 3:    ω C  <  ω  c 0    , the sun speed    ω S    is negative, and power is entering in the sun: (   P S  > 0  ). Therefore, the carrier input power produced by the ICE is lower than the ring output power transferred to the wheels:    P R  >  P C   . The electric machine acts as a motor providing power.






Depending on whether    ω  C 0     is higher or lower than the engine (carrier) speed, the electrical machine (connected to the sun), which regulates the speed ratio to the wheels, may act as a generator or a motor, respectively.




2.2. Dynamic Equations


The planetary gearbox dynamic equations can be obtained by applying the torque balance equation    T  m o t   −  T  l o a d   = J  ω ˙    to torque Equations (5) and (6).



For instance, the counteraction—a product of torque transferring between carrier and ring—causes an acceleration of both carrier and ring.



Thus, the ring dynamic equation is as follows:


  −    τ 0    1 −  τ 0     T C  +  T R  =  J R    ω ˙  R  −    τ 0    1 −  τ 0     J C    ω ˙  C     



(11)




where    J R    and    J C    are the ring- and carrier-connected rotating masses’ moments of inertia, respectively.



Similarly for the sun as follows:


   1  1 −  τ 0     T C  +  T S  =  J S    ω ˙  S  +  1  1 −  τ 0     J C    ω ˙  C     



(12)




where    J S    is the sun-connected rotating mass’ moment of inertia.



By replacing Equation (7) into Equations (11) and (12), it can be obtained that:


  −    τ 0    1 −  τ 0     T C  +  T R  =    J R  +        τ 0    1 −  τ 0       2   J C      ω ˙  R  −    τ 0        1 −  τ 0     2     J C    ω ˙  S   



(13)






   1  1 −  τ 0     T C  +  T S  =    J S  +      1  1 −  τ 0       2   J C      ω ˙  S  −    τ 0        1 −  τ 0     2     J C    ω ˙  R   



(14)







Equations (7), (13) and (14), rearranged as follows:


   ω S  =  τ 0   ω R  +   1 −  τ 0     ω C  ,  



(15)




give a complete set of equations useful for the planetary gear set dynamic behavior description.



The transmission state–space model can be obtained from Equations (12)–(15) as follows:


        x ˙    t  =  A     x   t  +  B     u   t         Y   t  =  C     x   t  +  D     u   t       



(16)




where vectors    x   t   ,    u   t   , and    Y   t    are the state, the input, and the output, respectively. The latter set of vectors is defined as follows:


       x  =          ω R       ω S         T           Y  =          ω R       ω S       ω C         T         u  =          T R       T S       T C         T         



(17)







Equation (16) state–space matrices are as follows:


      A  = 0      B  =  1 h            1 −  τ 0     2   J S  +  J C       τ 0     J C        −   1 −  τ 0     τ 0    J S         τ 0     J C            1 −  τ 0     2   J A  +  τ 0 2     J C        1 −  τ 0     J S                C  =      1   0     0   1      −    τ 0    1 −  τ 0         1  1 −  τ 0                 D  = 0      



(18)




where:


  h =    J A  +  τ 0 2     J S     J C  +     1 −  τ 0     2   J A     J S   



(19)







This state–space model of the e-CVT constitutes the core of the transmission control scheme that is described in Section 3.





3. Transmission Layout


In order to correctly size the proposed driveline for the specific vehicle (tractor), with all the expected features described in Section 1, the design criteria given in [30] are applied. The inputs for this method are the torque–speed characteristics of the given combustion engine, the absolute maximum torque–speed characteristics requested at the wheels, and a primary control strategy of the combustion engine rotating speed. Using this method, the epicyclical gear ratio, driveline gear ratios, and the absolute torque–speed limit characteristic demanded at the two electrical machines are determined [31].



The main physical specifications of the considered tractor are given in Table A1 (Appendix A). The key data of the proposed diesel ICE are gathered in Table A2 (Appendix A). The selected gear ratios and geometrical data of the proposed transmission are given in Table A3 (Appendix A). The main data of the two machines embedded in the power-split e-CVT assembly are contained in Table A4 (Appendix A).



Figure 2 shows the basic layout scheme of the proposed hybrid–electric driveline. This scheme represents the power-split e-CVT arrangement, based on the configuration of two coaxial and concentric electrical machines, strictly integrated with the epicyclical gear set.



In the scheme of Figure 2, the planetary gear set elements are coupled, following the solution described in Section 1. The following features emerge:








	
The carrier is connected to the combustion engine, auxiliary loads, and the PTO.



	
The MG/2 electric machine is keyed to the Ring gear, and these are connected to the final drive.



	
The sun ring is coupled with the MG/1 electric machine only.








For enabling the operation of the powertrain in all the possible modes, three electro-actuated clutches are required as follows (as it can be observed in Figure 2):








	
CL1: connects the ICE crankshaft to the carrier shaft.



	
CL2: can lock the sun in a stopped position, as its driven shaft is connected to the frame.



	
CL3: activates the PTO by coupling it to the carrier shaft.








The essential scheme of Figure 2 does not include the final drives, which include further gearboxes and clutches for managing the following:




	
Reverse gear.



	
All-wheel drive (AWD).



	
Parking braking system.



	
Neutral gear.








This design is based on a final drive, which is the standard used on commercially available tractors and will not be discussed throughout this paper.



Figure 3 gives the torque and power characteristics of the chosen diesel combustion engine. As can be seen in the figure, the output characteristics are unusual for industrial engines used on tractors, as the maximum torque region is quite narrow and is provided at relatively high speeds, if compared with typical industrial engines. In fact, the chosen diesel ICE was initially designed for car applications. This engine is characterized by higher rotating speeds, lower emissions, and lower costs than the diesel engines that are traditionally employed in tractors. The lack of a broad maximum torque region is not a concern, thanks to the hybrid transmission.



The possible operating modes of the transmission can be easily associated with the configuration of the clutches that are represented in Figure 2 and have been described. Five basic operating modes can be defined for this transmission. A basic description of all operating modes is given in the following paragraph, while a detailed description of full-hybrid mode is given in Section 4.



It is worth noting that additional electric loads can be added to the main DC-link, which is sustained by the battery pack, in any operating condition. In the case of the hybrid mode, the control system regulates the power flow from the engine to operate the electric load without discharging the battery, preserving the regulation of either the ground speed or the PTO speed.



3.1. EV Mode


The combustion engine (ICE) is switched off and decoupled from the transmission by opening CL1. MG/2 solely controls traction by using power from the battery pack. The operation of the vehicle is limited to the low–medium speed range. A high tractive effort can be produced, even if the maximum power output is mainly limited by the power capability of the battery pack.



If the PTO is not used then clutch CL3 is open, and the PTO is disconnected from the carrier driveline. The e-CVT is used to regulate the auxiliaries’ speed (hydraulic pumps) and is permanently connected to the carrier driveline. CL2 is always open and MG/1 is speed-regulated—according to the Willis equation—to maintain the carrier’s target speed, regardless of the wheel speed. In this way, it is possible to drive the auxiliaries at the optimum efficiency operating point for any required auxiliary power. This feature prevents unnecessary losses in the auxiliary hydraulic circuits, reducing power requests from the batteries and increasing the EV mode range.



If the PTO is used then clutch CL3 is closed, and PTO is connected to the carrier driveline. MG/1 speed is controlled to drive the PTO at the requested speed (typically 540 rpm or 1000 rpm), regardless of the wheels’ speed. Mechanical auxiliaries are driven at a constant speed; although, in this condition, the PTO speed has priority and, therefore, the maximum efficiency of the hydraulic circuit might not be reached.




3.2. Full-Hybrid Mode


In this operating condition, the ICE is running and connected to the driveline by closing the clutch CL1. CL2 is open. The main hybrid–electric functionality is obtained through the control of MG/1, MG/2, and ICE. The control of wheel and engine speed is combined with power flow management, following the principle described in Section 4. The speed of the auxiliary drives is determined by the engine (carrier) speed, provided that the reference speed of the engine is compliant with the pumps’ speed constraints from the hydraulic circuit. The PTO can be engaged with the same ICE–carrier shaft by closing CL3. Whist the PTO is operational, the master reference speed for the engine is determined by the constant PTO reference (540 rpm or 1000 rpm); consequently, the auxiliary pumps’ speed is fixed.




3.3. Combustion-Only Mode


Similarly to the full-hybrid mode, the ICE is operational and connected to the driveline by closing CL1; although, CL2 is closed, and hence, MG/1 is stopped. Therefore, the main hybrid electric functionalities are disabled. The sun reaction torque is produced directly by the CL2 clutch. As described in Section 2, in this condition, an element of the epicyclical gear set is locked (the sun), so the gear set performs as an ordinary gear, providing a defined gear ratio between the engine and wheels. In other words, the wheels’ speed is uniquely determined by the ICE rotating speed; consequently, the MG/2 driver can be switched off, as the ICE provides the full traction power. Still, MG/2 will be free-spinning, as it is built-in with the final drive. Auxiliary drives’ (and the PTO if CL3 is closed) speeds are directly driven by the engine speed. Speed decoupling between wheels and auxiliaries–PTO is not possible in this mode.



The full-combustion mode can be selected at the medium–high speed of the tractor.




3.4. Parallel-Hybrid Mode


Parallel-hybrid mode is based on the combustion-only mode configuration. The additional feature is given by the possibility of also powering MG/2. In this way, the electro-mechanical conversion on MG/2 can either add power to, or subtract power from, the final driveline. Two main goals of this operating mode are as follows:




	
Positive or negative high torque can be applied for a short time, either for enhancing vehicle acceleration performance or for regenerative braking.



	
A low value of generating torque can be applied for a longer time to recharge the battery.









3.5. Cranking


Cranking is a transient mode (lasting about 2 s) that allows switching from EV mode to hybrid mode without additional hardware coupled to the engine.



Starting from EV mode with a low carrier speed, CL1 is closed, and MG/1 is speed regulated to produce the proper speed ramp on the carrier for cranking the engine. MG/2 is demanded to integrate the torque, subtracted by the cranking during this transient, to keep the wheel speed undisturbed.





4. Design and Control of the e-CVT


This section presents a discussion of the control and regulation of the proposed e-CVT, as operated in full-hybrid mode.



4.1. Full-Hybrid Mode Basic Control Strategy


In this paragraph, the essential control strategy of the powertrain is described, concerning steady-state conditions. Following the simple strategy already introduced in [30] and [29], the basic reference speed    ω  I C E  *    for the ICE is directly imposed by the ground speed, following these criteria:



	
For backward speed, vehicle stopped, and very low forward speed, the engine is kept at its idling speed of 900 rpm.



	
At low speed (  4 <  v  G N D   < 7   km/h), ICE linearly accelerates from 900 rpm to 1400 rpm.



	
At medium–low speed (  7 <  v  G N D   < 12   km/h), engine speed is further increased up to 2000 rpm.



	
At medium–high speed (  12 <  v  G N D   < 20   km/h), the engine speed is kept constant at 2000 rpm, as this is the optimal operating condition in terms of fuel efficiency and emissions of the selected engine.



	
At full speed (   v  G N D   > 20   km/h), engine speed is further increased up to 4000 rpm because of the fixed gear ratio with the wheels.






The blue line in Figure 4 shows the reference ICE base speed (   ω  I C E 0  *   ) vs. ground speed (   v  G N D    ). This speed reference is not directly applied to the engine, but it is modified by the control system in order to satisfy the actual power request, as is described in Section 4.2.



Figure 4 also shows the speeds of the other elements of the gear set, which are the sun gear and the ring gear, which are related to the vehicle speed and the ICE speed, according to the Willis equation.



Based on the kinematic and static relationships, introduced in Section 2, this basic engine control strategy yields to select the epicyclical gear ratio    τ 0    and the other main gear ratios    τ 1   ,    τ 5   , and    τ 6   , which are shown in Table A3 (Appendix A). For the mapped reference ICE base speed, the resulting speeds of MG/1 (sun) and MG/2 (ring) are given in Figure 4 as a function of ground speed. This basic transmission control strategy allows the following:




	
Exploitation of the engine in the region of maximum engine torque, approximately in the speed range 1200–2500 rpm, for the tractor ground speed in the range 5–15 km/h.



	
Use of the MG/1 machine in generating mode. It can be verified by checking the maximum torque profile, requested to MG/1 and shown in Figure 5. Specifications of MG/1, shown in Table A4 (Appendix A), are obtained from this diagram.



	
Use of a fixed gear ratio between the engine and final drive, at high speed, which yields the possibility of shutting down the electric drives.








The specifications of the driveline are completed with the selection of the MG/2 machine. The two following criteria define the minimum mechanical output of this machine:




	
MG/2 adds torque at low speed, delivering the gap between total demanded torque and torque available at the ring coming from the transmission.



	
MG/2 utilizes (as a motor) the power that MG/1 generates.








The main specifications MG/2, resulting from these assumptions, are also given in Table A4 (Appendix A). The limit characteristics of both the machines, MG/1 and MG/2, are extracted from Figure 5 and represented in Figure 6.



The type-selection process and the design criteria for these two machines can be found in [30]. Using this approach, the characteristics demanded for MG/1 can be obtained by a surface permanent magnet synchronous motor (SMPM-SM) with an internal rotor. This choice is also justified by the higher rotation speed that keeps the torque rating low, leading to a small machine size that can fit easily in the innermost volume of the transmission. The characteristics demanded for MG/2 can be easily obtained by using different machine configurations based on either of the synchronous configurations—as internal permanent magnet synchronous motor (IPM-SM) or permanent magnet assisted reluctance synchronous motor (PMAR-SM)—or on an induction motor (IM) configuration. The induction motor was chosen for its greater simplicity of construction in the external rotor configuration and its lower manufacturing cost. For MG/2, using a synchronous-type motor could be an interesting option for increasing the conversion efficiency and then simplifying the cooling system.




4.2. Control Scheme


The high-level control scheme of the e-CVT power-split transmission in full-hybrid mode is represented in Figure 7.



The control scheme is based on the dynamic model of the planetary gear set given in Section 2, on the complete set of specifications and diagrams given in Section 2, and on the basic control principle proposed in Section 4.1. The control scheme inputs are the ground speed    V  G N D  *   , the electric power to be generated, and the requested power for PTO and hydraulic ancillaries; these provide, as outputs, the torque references for ICE, MG/1 and MG/2. For controlling the vehicle speed and the electric power in any operating condition, the control scheme can change the operating points from the pre-mapped base characteristics, given in Figure 4, for ICE, MG/1, and MG/2.



4.2.1. Ground Speed Regulation


The “ground speed regulator”, which is implemented at the finale drive (FD) section, regulates the vehicle ground speed (   V  G N D    ) using a standard PI regulator.



The torque (   T  F D  *   ), calculated by the ground speed regulator, is dynamically saturated in the block “   T  R I N G _ L I M     ” by the most restrictive and limiting torque between MG/1 (“    T  M A X _ M G 1     ”) and ICE (“    T  M A X _ I C E     ”), both of which are converted at the ring. The resulting limited output ring torque reference    T  R I N G  *    is transposed at the sun and then applied as reference    T  M G 1  *    to the MG/1 driver. The torque reference    T  M G 1  *    is applied to MG/1, taking into account the limitation characteristics and control dynamics of the SPM-SM drive that was used for MG/1. MG/1 output torque    T  M G 1     is then applied to the sun gear of the planetary gear set dynamic model.




4.2.2. MG/2 Torque Regulation


The difference between the desired torque (   T  F D  *   ), produced by the ground speed regulation loop, and the torque potentially available at the ring (   T  R I N G  *   ), is defined as missing final drive torque (   T  F  D  m i s s i n g    *   ) for the vehicle dynamic control. The MG/2 machine, directly coupled to the ring, must generate    T  M G 2  *   , which is obtained as the sum of the dynamic torque    T  F  D  m i s s i n g    *    and the torque    T  P W  R  B L N C      , coming from the power    P  P W  R  B L N C      , calculated for the electric power system. With this principle, MG/2 contributes to achieving the power balance of the electric power system. The power    P  P W  R  B L N C         is obtained as the sum of power    P  M G 1      generated by MG/1 and the additional power    P  P S     requested by the power system (e.g., battery charge/discharge request and/or the connection of additional electric loads).



The torque reference    T  M G 2  *    is applied to the MG/2 driver, considering the limit characteristics and control dynamics of the induction machine drive used for MG/2. Algebraic sum    T  R I N G      of MG/2 output torque    T  M G 2     and final drive load torque    T  L O A D     is then applied to the ring gear of the planetary gear set.




4.2.3. Combustion Engine Speed Regulation


The ICE base reference speed    ω  I C  E 0   *    is directly calculated from the vehicle ground speed    V  G N D     using the map given in Section 4.1. Base reference    ω  I C  E 0   *    is modified by the ICE load regulator, which can increase the ICE base reference speed by the contribution   Δ  ω  I C E  *   , obtaining the final ICE speed reference    ω  I C E  *   . This speed reference variation ensures a predefined torque margin between the required torque and the maximum torque at the actual speed. In other words, the engine speed can deviate from the base mapped speed to produce the amount of power required by the dynamic transmission model in any operating condition. Final ICE speed reference    ω  I C E  *    is regulated by a speed loop, which calculates the torque reference    T  I C E  *     for the ICE engine control unit.    T  I C E  *    is computed according to the limit characteristics and control dynamics of the chosen engine. Output engine torque    T  I C E     is transferred to the carrier gear through a step-up gearbox with the gear ratio    τ 1   . The algebraic sum   (  T  C A R R I E R    ) of    T   C  I C E     ,       PTO, and auxiliary drive load torque    T  A U X    ,is then applied to the carrier gear of the planetary gear set dynamic model.



To enhance the control system stability, ICE controllers only are calibrated to vary the operating point if the condition requiring this persists for at least a few seconds. Fast transients (such as those caused by the presence of clods or bumps on the ground) are managed by varying the MG/2 torque reference, which eventually uses the battery to meet the power demand until the ICE changes its operating point, as shown in the examples in Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12.






5. Numerical Validation and Results


The control system described in Section 4 has been fully developed in the Matlab/Simulink (MathWorks) environment. The epicyclical gear set model and the vehicle dynamics model have been implemented using the state–space variable representation given in Section 2.2. Simplified standard dynamic models, the limit characteristics of the two electric drives MG/1 and MG/2 [32], and limit characteristics of the combustion engine are used.



Using the control algorithm schematized in Figure 7, several tests have been carried out in a wide variety of operating conditions. The three main tests reported are as follows: acceleration at medium speed while supplying electric power, low-speed operation with a very high pulling force applied to the tractor, and full power acceleration at high speed.



Figure 8 shows the dynamic driveline behavior for an acceleration test. It displays an acceleration from 0 to 30 km/h in 5 s (①–②–③), then a constant speed reference was applied (④–⑤–⑥). At 30 km/h (⑤), 10 kW of power were requested as an external electric load, and then this power request was removed (⑥). A variable pulling force, proportional to the ground speed, with a coefficient of 600 Ns/m was applied during the whole test. Figure 8 (top) shows that the control algorithm and the system can effectively follow the ground speed reference during acceleration and during travel at a constant speed. A step in electric power demand (from the external power system) can be satisfied without appreciable effects on the actual ground speed. Figure 8 (middle) shows the rotating speed of the main elements of the drivetrain. This behavior reflects the kinematic diagrams of Figure 4 for the engine base reference speed map. In particular, it can be observed that MG/1 can be stopped at high vehicle speed (④) if the driveline does not produce additional power for the electrical power system. Figure 8 (bottom) shows the power flow in the different sections of the driveline. This diagram helps to understand the contribution of the MG/2 drive. During acceleration, MG/2 contributed, starting from zero speed (①), then behaving as a motor, absorbing the power generated by MG/1 (②) with zero power exchanged with the battery. When requested from the vehicle dynamics control, MG/2 added power to the final drive, taking power from both MG/1 and the battery (③) (full-hybrid mode). In steady-state conditions at 30 km/h (④), if no power must be exchanged with the external power system, MG/2 does not operate (combustion-only mode). The electric power request between 15 s and 23 s (④–⑤–⑥) is satisfied by operating MG/2 as a generator, allowing constant output power. The role of MG/1 can also be analyzed in the diagram of Figure 8. During acceleration (①–②), MG/1 is controlled to increase the ICE load; thus, it operates as a generator. All the power produced by MG/1 can be depleted by MG/2, except during the initial transient when MG/2 speed is around zero (①). At medium–high speed (③–④), with MG/1 stopped in a steady-state condition, it does not exchange power.



Figure 9 and Figure 10 show the dynamic behavior of the driveline for an acceleration test. It displays an acceleration from 0 to 5 km/h in 3.5 s under a heavy load (②–③). The load was a variable pulling force proportional to ground speed, with a rate of 7500 Ns/m, corresponding to about 10,000 N at 5 km/h. Constant ground speed reference is given in ③–④–⑤–⑥–⑦. At this speed, an additional pulling torque of 4000 N was applied (④), kept constant for a few seconds (④–⑤–⑥) and then removed (⑥). The scope of the test was to verify the capability of the driveline regulation system to change the combustion engine operating point from the base reference speed    ω  I C  E 0   *   , for satisfying the system’s overall power demand. Figure 9 (top) shows that the drivetrain effectively follows the ground speed reference during acceleration and constant speed traveling. The load step at ④ resulted in a minimal ground speed variation. Figure 9 (middle) shows the rotating speed of the main elements of the drivetrain. In particular, it can be observed that the MG/1 speed increased when the additional load was applied (④–⑤–⑥). This MG/1 acceleration was due to increased engine speed, from the pre-mapped base reference to the new point, with a higher power. Figure 9 (bottom) shows the power flow in the different sections of the driveline. During acceleration from zero speed to 5 km/h, the system’s behavior was similar to the previous case, with MG/1 loading the ICE, generating power that MG/2 uses (②–③). The load change (④) determined a sudden increase in MG/2 power for faster response to the load demand. The new power demand could not be satisfied by the ICE operating at the pre-mapped reference speed (   ω  I C  E 0   *    = 1080 rpm) but only at the new increased speed (   ω  I C E     = 1250 rpm). During the engine transient (④–⑤), the additional required power was supplied by the battery pack. As the new engine operating point was reached, MG/2 no longer drained power from the battery (⑤). The variation of the engine operating point from the pre-mapped base reference speed (   ω  I C  E 0   *   ) in ④, to the new point ⑤, is shown on the speed vs. torque diagram and the speed vs. power diagram of the engine, given in Figure 10.



Figure 11 shows the dynamic behavior of the driveline for an acceleration test. It displays an acceleration from 0 to 40 km/h in 20 s, under a heavy load (representing a trailer of 5 tons) pulled on a flat road. This acceleration test required very high power, which was higher than the engine’s maximum power.



By analyzing the diagram of Figure 11 (bottom), it can be seen that the first acceleration interval (②–③) was carried out without exchanging power with the batteries. Conversely, in the second interval (③–④), the battery delivered additional power for supplying MG/2. In this way, a peak power of 80 kW can be reached at the final tractor driveline during the acceleration transient. The variation of the engine’s operating point, from the pre-mapped speed during acceleration, is more clearly shown in Figure 12. This figure shows that the engine was fully loaded during the acceleration, reaching peak power of 58 kW at 4000 rpm.




6. Tractor Prototype


The proposed solution has been developed as a full-scale vehicle prototype. The transmission layout is based on the proposed coaxial and concentric arrangement of the MG/1 and MG/2 machines, which are fully integrated with the planetary gear set. All the data of the vehicle, engine transmission, and drives correspond to those given in Appendix A.



A picture of the experimental tractor is given in Figure 13. This figure shows the core of the transmission corresponding to the e-CVT layout from Figure 2, which is located at the center of the tractor, under the driver seat. Some important parts of the transmission are also shown in the picture; in particular, the combustion engine, the cooling box, the carrier shaft, one inverter, and additional mechanical loads constituted of hydraulic pumps. The e-CVT transmission is coupled, on the rear side of the tractor, with a standard tractor final driveline. The battery pack is safely installed in a box on the roof of the cabin.



Some additional features of the prototype can be appreciated from the picture: the flat cabin floor, the cooling box arrangement constituted by parallel radiators, and the advanced position of the engine with respect to the cabin. All these features—which are made possible by the reduced size and mechanical layout of the coaxial and concentric e-CVT solution—allow the engine to be moved away from the driver, with double advantages of improving comfort and improving the weight distribution of the front axle.



The control architecture of the vehicle’s prototype has been fully implemented on National Instruments’ Compact RIO (NI cRIO) real-time controller. This device is equipped with analog and digital inputs for managing operator controls, high power digital outputs to control relays and valves, and four CAN interfaces—which allow communication with the engine, the electric drives, the battery management system, and the HMI. The “low-level” control architecture (mainly the I/O management and a few signal-conditioning algorithms) are implemented on the cRIO-FPGA controller. Moreover, the whole power-split e-CTV driveline control architecture, described in Section 4, has been fully developed and tested in Matlab/Simulink (Mathworks) and then compiled and executed directly on the NI cRIO real-time processor that is installed on the prototype.



This experimental vehicle has the fundamental scope to prove the technical feasibility of a hybrid electric drivetrain for tractors; therefore, primarily demonstrating that the volume and weight distribution of the proposed power-split e-CVT complies with standard small-size tractor requirements. This prototype has the potential to demonstrate the functionality and the performance of such a transmission concept, in a plurality of operating conditions.



Future experimental verification will provide a more detailed comparison between standard agricultural tractors and the presented architecture, concerning specifics such as fuel economy capability, multimodal efficiency improvement, noise, vibrations, and harshness (NVH) reduction, while considering a multitude of energy management systems [33]. The type of battery pack (e.g., LiFePO4, Li-ion, or Supercapacitor aided) will play a vital role in determining whether the energy management strategy will be online, offline, learning-based, predictive, genetic, dynamic, or convex, etc. [34,35,36,37,38,39].




7. Conclusions


A solution for full-hybrid transmission is investigated in this paper for application in agricultural tractors. The main possible operating modes are hybrid mode, full-electric, combustion-only, and parallel-hybrid. The paper mainly focuses on selecting and designing electro-mechanical components and developing a streamlined transmission control strategy for the hybrid mode operation.



The full model of the vehicle, the transmission, and the control strategy have been developed to numerically demonstrate the capability of the proposed power-split e-CVT to drive the tractor under even the most severe conditions that can be present during the use of an agricultural tractor. The basic vehicle performances that are obtained by the e-CVT are comparable with those of standard agricultural tractors with combustion engines and mechanical transmissions. This paper also demonstrates the availability of additional, important features embedded in the proposed power-split e-CVT, such as power boost, independent PTO control, and the capability of supplying electric power. The study also led to the realization of a prototype agricultural tractor for use in orchards. This has made it possible to demonstrate the feasibility of accommodating all the hybrid powertrain components in a small-sized specialized tractor. It is also shown that new possibilities for the positioning of the main components could improve the weight distribution and the comfort of the driver. The prototype will allow future experimental verification, which will provide information on the actual performance of the proposed solution and make it possible to compare the performance of the presented architecture with conventional systems.



Significant research should follow this proposal, to analyze all the functional modes not yet verified (full-electric, parallel-hybrid, and PTO-combined control, etc.) and evaluate fuel economy with respect to more traditional drivelines. A relevant aspect that should be investigated in upcoming research is the energy management system of this hybrid driveline, which could be addressed using either standard approaches as those given in [34] and [40], or online learning-based strategies [41]. These energy control algorithms will be optimized in terms of fuel consumption, depending on the considered battery pack and its storage technology. Besides, the proposed powertrain will also be tested on vehicle-specific working cycles such as the ISO 8178 non-road steady cycle and the non-road transient cycle [42,43]. Eventually, more detailed models of the vehicle’s components such as the battery [44,45], the driveline parts [46], and the ancillaries [47] will be introduced.



Considering the recent developments of battery technologies suitable for plug-in hybrid electric vehicles (PHEV) that are spreading in the automotive sector, this paper opens a new perspective for hybrid power-split e-CVT research, in the unexplored sector of agricultural tractors.
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Table A1. Vehicle main data and requirements. Data adapted from [29].






Table A1. Vehicle main data and requirements. Data adapted from [29].





	Data
	Value
	Unit





	Gross weight
	2500
	kg



	Size L × W × H
	3 × 2 × 2.5
	m



	Front wheel radius
	0.425
	m



	Rear wheel radius
	0.650
	m



	Max speed
	40
	km/h



	Max pull force at 0 km/h
	22,000
	N



	Power at max speed
	80
	kW



	Plowing speed
	10
	km/h



	Plowing power
	40
	kW



	Max auxiliary power
	6
	kW
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Table A2. Thermal engine data. Data adapted from [29].






Table A2. Thermal engine data. Data adapted from [29].





	
Data

	
Value

	
Unit






	
Type

	
Diesel engine for cars




	
Common rail injection

	
1600

	
bar




	
Displacement

	
1298

	
cm3




	
Max power

	
59

	
kW




	
Speed at max power

	
4000

	
rpm




	
Max torque

	
200

	
Nm




	
Speed at max torque

	
1500–2000

	
rpm
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Table A3. Driveline gear ratios. Data adapted from [29].






Table A3. Driveline gear ratios. Data adapted from [29].





	
Data

	
Value

	
Unit






	
Epicyclical gear ratio

	
    τ 0    

	
−2.1915

	
-




	
Engine to carrier gear ratio

	
    τ 1    

	
0.9500

	
-




	
Eng. to PTO gear ratio 540

	
    τ 2    

	
0.2224

	
-




	
Eng. to PTO gear ratio 1000

	
    τ 3    

	
0.3804

	
-




	
Engine to pumps gear ratio

	
    τ 4    

	
0.9500

	
-




	
Final drive gear ratio (rear)

	
    τ 5    

	
0.0270

	
-




	
Final drive gear ratio (front)

	
    τ 6    

	
0.0430

	
-




	
e-CVT main assembly weight

	
80

	
kg




	
e-CVT main assembly diameter

	
320

	
mm




	
e-CVT main assembly length

	
350

	
mm
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Table A4. Electric drives and storage. Data adapted from [29].






Table A4. Electric drives and storage. Data adapted from [29].





	
Element

	
Data

	
Value

	
Unit






	
MG/1

	
Machine type

	
PMSM-SM 1




	
MG/1 rated torque

	
70

	
Nm




	
MG/1 rated speed

	
3000

	
Rpm




	
MG/1 max. speed

	
5700

	
Rpm




	
MG/1 max. power

	
22

	
kW




	
MG/2

	
Machine type

	
IM 2




	
Maximum torque

	
250

	
Nm




	
Speed @ maximum torque

	
1500

	
rpm




	
Rated torque

	
100

	
Nm




	
Rated speed

	
2500

	
rpm




	
Maximum speed

	
7000

	
rpm




	
DC-link

	
Rated voltage

	
140

	
V




	
Battery

	
Rated energy

	
15

	
kWh




	
Type

	
Li-Po high-power








1 Surface Permanent Magnet-Synchronous Machine (SMPM-SM). 2 Induction Motor (IM).
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Figure 1. Basic configuration of a vehicular driveline based on the power-split e-CVT. 
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Figure 2. Layout of the concentric coaxial power-split e-CVT, integrated into a tractor’s transmission. 
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Figure 3. Internal combustion engine maximum torque and power characteristics. 
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Figure 4. Kinematic relationship of the main rotating elements of the transmission. 
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Figure 5. Maximum torque and power of the e-CVT elements. 
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Figure 6. Maximum torque and power of the selected MG1 and MG2 drives. 
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Figure 7. Control scheme of the e-CVT power-split transmission in full-hybrid mode. 
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Figure 8. Ground speed (top), drivetrain elements speed (middle), and drivetrain elements power (bottom) during vehicle acceleration, traveling at a constant speed and electric power request. 
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Figure 9. Ground speed (top), drivetrain elements speed (middle), and drivetrain elements power (bottom) during vehicle acceleration, traveling at low speed with the application of heavy load. 
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Figure 10. Torque–speed and power–speed operating point modifications of the ICE, due to a step change of the pulling load from 10,000 N to 14,000 N at 5 km/h. 
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Figure 11. Ground speed (top), drivetrain elements speed (middle), and drivetrain elements power (bottom) during vehicle acceleration, traveling at high speed with the application of heavy load. 
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Figure 12. Torque–speed and power–speed operating point modifications of the ICE during the acceleration test at high load. 
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Figure 13. CAD design (left) and actual picture (right) of the experimental setup. 1—e-CVT; 2—carrier shaft; 3—MG/2 driver; 4—ICE; 5—ancillaries (hydraulic pump); 6—cooling box. 
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