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Abstract

:

To further improve the fuel economy of hybrid tractors, an energy management strategy based on model predictive control (MPC) solved by dynamic programming (DP) is proposed, taking into account the various typical operating conditions of tractors. A coupled dynamics model was constructed for a series diesel–electric hybrid tractor under three typical working conditions: plowing, rotary tillage, and transportation. Using DP to solve for the globally optimal SOC change trajectory under each operating condition of the tractor as the SOC constraint for MPC, we designed an energy management strategy based on DP-MPC. Finally, a hardware-in-the-loop (HIL) test platform was built using components such as Matlab/Simulink, NI-Veristand, PowerCal, HIL test cabinet, and vehicle controller. The designed energy management strategy was then tested using the HIL test platform. The test results show that, compared with the energy management strategy based on power following, the DP-MPC-based energy management strategy reduces fuel consumption by approximately 7.97%, 13.06%, and 11.03%, respectively, under the three operating conditions of plowing, rotary tillage, and transportation. This achieves fuel-saving performances of approximately 91.34%, 94.87%, and 96.69% compared to global dynamic programming. The test results verify the effectiveness of the proposed strategy. This research can provide an important reference for the design of energy management strategies for hybrid tractors.
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1. Introduction


Agricultural mechanization is the foundation of modern agricultural development. As the main non-road mobile machinery in agricultural production activities, the number of tractors is increasing year by year [1,2]. However, traditional diesel tractors, which use diesel engines as the power source, consume a large amount of fossil energy during actual operation, causing severe emission pollution. Additionally, due to the complex working conditions in agricultural production, the engines cannot operate at their optimal state, resulting in low efficiency [3,4,5]. In the face of increasingly stringent vehicle emission standards around the world and the development trend of sustainable green agriculture, the research on new energy-saving agricultural tractors is of great significance [6,7,8]. Due to the limitation of endurance time and battery life, pure electric tractors are not suitable for high-load agricultural production [9,10]. As an emerging vehicle energy-saving technology, the hybrid power system adds an electric drive system to the fuel tractor. The motor coordinates and controls the operation status of the engine, improving the engine’s efficiency, reducing fuel consumption, and ensuring the tractor’s working performance [11,12,13]. Therefore, the research on hybrid tractors is an important direction for improving the fuel economy of tractors, reducing emissions in agricultural production, and developing new environmentally friendly agricultural machinery technologies [14,15,16].



The formulation of the energy management strategy has a significant impact on the overall performance and work efficiency of the tractor [17]. According to the literature research, energy management strategies are mainly divided into three categories: rule based, learning based, and optimization based [18,19]. Rule-based energy management strategies are easy to implement, have low requirements for controller computing power, and are widely used in various hybrid vehicles [20]. Zou et al. [21] proposed an energy management strategy that combines fuzzy control and power following for hydrogen fuel-cell vehicles, which reduces fuel consumption. Wang et al. [22] proposed an energy management strategy based on fuzzy control with minor variables, which effectively improved the overall economic performance of the vehicle. Ghobadpour et al. [23] designed a two-layer energy management strategy that combines operating-mode recognition with fuzzy control, effectively extending the endurance time of tractors. The design of rule-based energy management strategies relies heavily on the development experience of researchers and often struggles to achieve optimal fuel economy [24].



Learning-based energy management strategies can autonomously learn optimal control strategies in real-time, achieving control effects close to the optimal solution and exhibiting good adaptability and robustness [25]. Zhang et al. [26] proposed an energy management strategy based on deep reinforcement learning, which improved the overall fuel economy of the vehicle. Chen et al. [27] designed an energy management strategy based on the deep deterministic policy gradient algorithm, which demonstrates stronger adaptability to complex driving conditions. Qi et al. [28] proposed an energy management strategy based on inverse reinforcement learning, achieving significant fuel-saving effects. However, learning-based energy management strategies require a large amount of computation and need a significant amount of experimental data for training [29].



Optimized energy management strategies achieve global optimal control performance by minimizing cost functions using different optimization algorithms, and dynamic programming is the most representative algorithm among these optimized energy management strategies [30]. Du et al. [31] improved the rule-based energy management strategy with a dynamic programming algorithm, optimizing the power variation of the entire system and reducing fuel consumption. Wang et al. [32] designed an energy management strategy based on dynamic programming for fuel-cell vehicles, which effectively reduced hydrogen fuel consumption. Pan et al. [33] proposed a power split strategy based on dynamic programming, achieving lower fuel consumption.



In the authors’ previous study, namely reference [34], a detailed investigation was conducted on the optimization effects of the dynamic programming algorithm. The energy management strategy based on DP can theoretically achieve the best fuel economy under the current operating conditions of the vehicle. However, the DP algorithm requires prior knowledge of the vehicle’s driving conditions and cannot achieve real-time control. The MPC algorithm, based on the principle of online rolling optimization, exhibits excellent online dynamic control performance and robustness compared to the DP algorithm [35]. Therefore, to address the current issue of incomplete research on the application of MPC in energy management strategies for hybrid tractors, this paper focuses on a series diesel–electric hybrid tractor as the research object by utilizing DP to solve for the globally optimal SOC trajectory under various typical operating conditions of the tractor as the SOC constraint for MPC and proposes an energy management strategy based on DP-MPC [36,37,38]. With the aim of improving the work efficiency and fuel economy of hybrid tractors, this study also seeks to provide a reference for the development of relevant energy management strategies.



The main research contents of this paper are as follows. Section 1 analyzes the topological structure of the series-connected hybrid tractor and determines the main parameters of the power system. Section 2 models each component and the working condition of the tractor. Section 3 designs three energy management strategies, namely, power following (PF), DP-based, and DP-MPC-based energy management strategies. Section 4 builds a hardware-in-the-loop test platform to test the proposed strategies and analyzes and discusses the test results. Section 5 summarizes the research content and test results of this paper.




2. Tractor Power System and Main Parameters


The simulation model of the power system topology of the series diesel–electric hybrid tractor built in this paper is shown in Figure 1. This tractor model is powered by a drive motor, with the other major components including a diesel engine, a generator, a power battery, a transmission system, and a power take-off (PTO) device. The power battery provides energy for the drive motor, which drives the tractor through the transmission system while also powering the PTO. When the remaining power of the power battery is insufficient, the engine drives the generator to work and charges the power battery. The main component parameters of the power system of the tractor simulation model are shown in Table 1, including the main performance parameters of the diesel engine and the drive motor, such as power, speed, and torque, as well as the main specification parameters of the power battery.




3. Hybrid Tractor Model Construction


3.1. Tractor Driver Model


Based on the principle of forward modeling, the PI driver model simulates the changes in the accelerator- and brake-pedal positions to control the vehicle speed of the tractor model during driving. The driver model takes the difference between the desired speed and the current speed as the input and the pedal opening as the output. The specific modeling principle is shown in the following equation [39]:


   {     k u  =  k p  e +  k i    ∫  e d t         k  a c   =  k u  ,  k u  ∈  (  0 , 1  )       k  b r   =  k u  ,  k u  ∈  (  − 1 , 0  )       



(1)






  e =  v  r e f   −  v  a c t    



(2)




where kp is the proportional coefficient, ki is the integral coefficient; e is the difference between the desired velocity of the tractor and the current velocity of the tractor, km/h; ku is the pedal opening, kac is the accelerator-pedal opening, and kbr is the brake-pedal opening; vref is the desired velocity of the tractor, km/h, and vact is the current velocity of the tractor, km/h.




3.2. Generator Set Model


The generator set model is composed of the engine and the generator. In the series hybrid power system structure, the engine does not directly drive the vehicle but charges the power battery by driving the generator, which is relatively independent of the entire power system of the vehicle. The energy management strategy focuses on the research of the vehicle’s fuel economy. Therefore, the numerical modeling method is adopted for the modeling of the generator set. The specific modeling principle is shown in the following formula [40]:


   P e  =     n e   T e    9549     



(3)






   P G  =  P e   η G   



(4)




where Pe is the engine power, kW; ne is the engine speed, r/min; Te is the engine torque, N·m; PG is the generator set power, kW; and ηG is the generator efficiency.



As shown in Figure 2, the engine’s universal characteristics are fitted based on the experimental data of the engine bench test. The figure includes the MAP of the engine’s fuel-consumption rate, the external characteristic curve of the engine, and the optimal operating line (OOL) of the engine.



The calculation of engine fuel consumption is shown in the following formula:


   b e  = f  (   n e  ,  T e   )   



(5)






  E =   ∫     P e   b e    3600  ρ f       d t  



(6)




where E is the total fuel consumption of the engine, L; be is the fuel-consumption rate of the engine, g/kWh; and ρf is the density of diesel fuel, g/L.




3.3. Drive Motor Model


As shown in Figure 3, the external characteristic curves of the drive motor and the motor efficiency MAP were fitted using data from drive motor bench tests. Based on the characteristic curve data of the driving motor, numerical modeling of the driving motor is carried out using data interpolation. The power output of the driving motor is controlled by the pedal opening signal output by the driver model. The specific modeling principle is shown in the following formula [41]:


   T  m _ max   = f  (   n m   )   



(7)






   T m  =  k  a c    T  m _ max    



(8)






   η m  = f  (   n m  ,  T m   )   



(9)






   P m  =     n m   T m    9549  η m      



(10)




where nm is the drive motor speed, r/min; Tm is the drive motor torque, N·m; Tm_max is the maximum torque at the current drive motor speed; kac is the accelerator-pedal opening; ηm is the drive motor efficiency; and Pm is the drive motor power, kW.




3.4. Transmission System Model


In the series hybrid power system structure, the driving motor provides power to the tractor and then transmits the power to the driving wheels and PTO through the transmission system. The specific modeling process is shown in the following equation:


   F  t r   =     T m   i g   i 0   η T     R w     −  F  b r    



(11)






   F  b r   =  k  b r    F  b r _ max    



(12)






   n m  =     v  a c t    i g   i 0    0.377  R w      



(13)




where Ftr is the forward traction force acting on the tractor through the transmission system by the drive motor torque, N; ig is the gear ratio of the transmission; i0 is the gear ratio of the final drive; ηT is the efficiency of the transmission system; Rw is the radius of the drive wheel, m; Fbr is the braking force of the brake, N; and Fbr_max is the maximum braking force of the brake, N.




3.5. Power Battery Model


In the research on energy management strategies, the modeling of the power battery mainly considers the changes in battery power and battery SOC. Therefore, the Rint model is adopted to model the power battery. The specific model is shown in the following equation [42]:


    SOC  •  = −     U  o c   −    U  o c  2  − 4  R  int    P B      2  Q B   R  int       



(14)






   P B  =  {     (   P m  +  P e   )   η B  ,  (   P m  +  P e   )  < 0         (   P m  +  P e   )     η B     ,  (   P m  +  P e   )  > 0      



(15)




where Uoc is the open-circuit voltage of the power battery, V; Rint is the internal resistance of the power battery, Ω; PB is the battery power, kW; QB is the rated capacity of the battery, A·h; and ηB is the charge and discharge efficiency of the power battery. When (Pm + Pe) is less than zero, the power battery is charging; when (Pm + Pe) is greater than zero, the power battery is discharging.




3.6. Tractor Plowing Condition Dynamics Model


When a tractor performs plowing operations, the driving resistance it experiences is mainly determined by the rolling resistance and the plowing resistance. The relationship of the balance of driving resistances for the tractor under plowing conditions is given by the following equation:


   F t  =  F  t r   −  (   F L  +  F f   )   



(16)






   F L  = Z b h k  



(17)






   F f  = m g f cos α  



(18)






   v  a c t   =   ∫     F t    3.6 m      d t  



(19)




where Ft is the driving force, N; FL is the plowing resistance, N; Ff is the rolling resistance, N; Z is the number of plowshares; b is the width of a single plowshare, cm; h is the plowing depth, cm; k is the specific resistance of the soil, N/cm2; m is the operating mass of the tractor, kg; g is the acceleration of gravity, m/s2; f is the rolling resistance coefficient; and α is the slope angle, (°).




3.7. Tractor Rotary Tillage Condition Dynamics Model


When a tractor performs rotary tillage operations, its load power is mainly determined by the tractor’s driving power and the rotary tiller’s power. In the research on energy management strategies, the theoretical calculation for rotary tillage conditions is overly complex. Therefore, this article uses empirical formulas for calculation, and the power balance is shown in the following formula [43]:


   P m  =  P  d r i v e   +  P r   



(20)






   P  d r i v e   =     v  a c t    (   F f  +  F i   )    3600  η T      



(21)






   F i  = m g sin α  



(22)






   P r  =    3.6 k B h  v  a c t      η r      



(23)




where Pdrive is the tractor’s driving power, kW; Fi is the slope resistance, N; Pr is the power of the rotary tiller, kW; B is the width of the rotary tillage area, m; and ηr is the transmission efficiency of the rotary tiller unit.




3.8. Tractor Transportation Condition Dynamics Model


For the transportation operations of the tractor, the acceleration resistance and the air resistance need to be considered. The specific relationship of the balance of driving resistances is given by the following equation:


   F t  =  F  t r   −  (   F f  +  F i  +  F  a c   +  F  a r    )   



(24)






   F  a c   = m δ a  



(25)






   F  a r   =     C D  A  v  a c t  2    21.15     



(26)




where Fac is the acceleration resistance, N; Far is the air resistance, N; δ is the tractor mass-conversion coefficient; a is the tractor acceleration, m/s2; CD is the wind-resistance coefficient of the tractor; and A is the windward area of the tractor, m2.




3.9. Tractor Simulation Model


The specific structure of the tractor simulation model is shown in Figure 4, which can be divided into three parts according to the function of the model: the generator set control, the tractor speed control, and the tractor dynamics calculation. The generator set control includes the generator set model and the energy management strategy model. The speed control includes the driver model. The tractor dynamics calculations include the transmission system model, driving motor model, dynamics models for various working conditions of the tractor, and power battery model. The main simulation parameters of the tractor under different working conditions are shown in Table 2. The specific simulation principle of the tractor model is that the energy management strategy model controls the start/stop and output power PG of the generator set based on the current battery SOC and driving motor power Pm to achieve generator set control. The driver model outputs the accelerator-pedal opening kac and the brake-pedal opening kbr based on the difference e between the current speed and the desired speed to achieve speed control. The driving motor model, transmission system model, and tractor dynamics model calculate the current driving motor power Pm based on the pedal opening and, finally, calculate the current working state of the power battery through the driving motor power Pm and generator set power PG to complete the relevant calculations of tractor dynamics.





4. Energy Management Strategy Design


4.1. Energy Management Strategy Based on Power Following


The energy management strategy based on power following is a rule-based energy management strategy, which is widely used and often serves as a comparison strategy to evaluate the control effect of the energy management strategy. In the structure of a series hybrid power system, the PF strategy controls the operation state of the engine based on the SOC of the power battery and the power demand of the driving motor. This paper improves the PF strategy, making it select the engine working point from the OOL curve in Figure 2, ensuring that the engine works in the best state and further reducing fuel consumption. In previous research, the basic principles of the PF strategy have been described in detail. The control principle of the PF strategy is illustrated in Figure 5. For a specific process, please refer to reference [34], which will not be repeated here.




4.2. Energy Management Strategy Based on Dynamic Programming


4.2.1. Dynamic Programming Algorithm Model Building


Dynamic programming is a global optimization algorithm whose basic principle is to divide the overall optimization process into multiple single-step optimization stages. By defining appropriate control variables and state variables, it utilizes a backward solution to obtain the optimal solution of the objective function, thus achieving the optimal control parameters [44].



In the structure of a series hybrid power system, the change trend of the SOC can reflect the operating state of the tractor, while the change of the SOC is mainly affected by the engine power. Therefore, SOC is selected as the state variable, engine power as the control variable, and tractor fuel consumption as the objective function to build a dynamic programming-based energy management strategy model.



With an interval of 1 s, the entire tractor simulation condition is decomposed into N stages, discretizing the control variables and state variables, as shown in the following equation:


   {    x  ( k )  =   [  SOC  ( k )   ]  T      SOC  ( k )  ∈  {    SOC  1  ,     SOC  2  ,   ⋅ ⋅ ⋅ ,     SOC  N   }      u  ( k )  =   [   P e   ( k )   ]  T       u N   ( k )  ∈  {   u  N 1   ,    u  N 2   ,   ⋅ ⋅ ⋅ ,    u  N M    }       



(27)




where N is the dimension of the discrete space and M is the number of discrete points.



According to Equations (6) and (14), the state transition equation and optimization objective function of the battery SOC are as follows:


  SOC  (  k + 1  )  = SOC  ( k )  +     U  o c    ( t )  −    U  o c  2   ( t )  − 4  R  int    ( t )   P B   ( t )      2  Q B   R  int    ( t )      



(28)






  J = min   ∑  k = 0   N − 1   E   [  SOC  ( k )  ,    P e   ( k )   ]   



(29)







To ensure that the tractor model can perform reasonable simulation calculations during the optimization process, the following constraints are added:


   {     SOC  min   ≤ SOC  ( k )  ≤  SOC  max        P  B _ min   ≤  P B   ( k )  ≤  P  B _ max        P  e _ min   ≤  P e   ( k )  ≤  P  e _ max        n  e _ min   ≤  n e   ( k )  ≤  n  e _ max        T  e _ min   ≤  T e   ( k )  ≤  T  e _ max        



(30)




where PB_min and PB_max are the minimum and maximum power of the power battery during operation; and Pe_min, Pe_max, ne_min, ne_max, Te_min, and Te_max are the minimum and maximum power, minimum and maximum speed, and minimum and maximum torque of the engine during operation, respectively.




4.2.2. The Solution Process of Dynamic Programming Algorithm


Based on the current working condition of the tractor, the DP strategy uses the dynamic programming algorithm to solve for the minimum objective function, thereby obtaining the optimal control parameters. In previous research, the solution process of the DP strategy has been described in detail. The flowchart of the dynamic programming algorithm is shown in Figure 6 [45]. For a specific process, please refer to reference [34], which will not be repeated here. To further optimize the control effect of the DP strategy, the DP strategy will also select engine control parameters from the fitted OOL curve in Figure 2, enabling the tractor to achieve better fuel economy.





4.3. Energy Management Strategy Based on Model Predictive Control Solved by Dynamic Programming


4.3.1. Model Predictive Control-Based Energy Management Strategy Model


The research focus of the energy management strategy for series hybrid tractors lies in how to reasonably allocate the power balance between the power battery and the engine based on the working conditions, thereby improving the fuel economy of the tractor. The energy management strategy based on model predictive control divides the energy management problem under the entire working condition into local optimal problems within a limited prediction horizon. Through rolling optimization, the control effect of approximate global optimization is achieved through local optimization [46].



The tractor simulation model remains unchanged. Therefore, the MPC strategy selects the same state variables and control variables as the DP strategy. Specifically, the state of charge (SOC) of the power battery is chosen as the state variable, the engine power as the control variable, and the optimization objective function is the fuel consumption of the tractor. However, the optimization objective is transformed from the global optimal problem under the tractor’s working conditions to a local optimal problem within the prediction horizon. The tractor model takes the first control variable of the optimal control sequence at a certain moment as the model control parameter, making the operation status of the tractor model change. It then re-predicts the operation status of the tractor model at the next moment and obtains the corresponding optimal control sequence in the new prediction horizon. Repeat this process until the optimal control parameters under the entire working condition are obtained. The optimization objective function and the constraints of the MPC strategy are as follows:


   J k  = min   ∑  t = k   k + p   L   [  x  ( t )  ,   u  ( t )   ]   



(31)






   {     x  min    ( t )  ≤ x  ( t )  ≤  x  max    ( t )       u  min    ( t )  ≤ u  ( t )  ≤  u  max    ( t )      k ≤ t ≤ k + p      



(32)




where L is the instantaneous cost function at time t, and p is the length of the prediction horizon.



By substituting the tractor model parameters into Equations (31) and (32), the optimized objective function and constraint conditions within the prediction horizon at time k can be obtained as follows:


   J k  = min   ∑  t = k   k + p   L   [  SOC  ( k )  ,    P e   ( k )   ]   



(33)






   {     SOC  min   ≤ SOC  ( k )  ≤  SOC  max        P  B _ min   ≤  P B   ( k )  ≤  P  B _ max        P  e _ min   ≤  P e   ( k )  ≤  P  e _ max        n  e _ min   ≤  n e   ( k )  ≤  n  e _ max        T  e _ min   ≤  T e   ( k )  ≤  T  e _ max        



(34)








4.3.2. The Solution Process of Model Predictive Control


To ensure that the minimum objective function, namely the lowest fuel consumption of the tractor, is obtained within the prediction horizon at any given time, the MPC strategy constrains the output of the control variable engine power during the solution process. This results in a too-fast decrease in the SOC of the battery, until the SOC drops to its lower limit. Therefore, it is necessary to constrain the change in the state variable, the SOC of the battery, at every moment during the MPC strategy solution process. In Section 4.2, the SOC variation curve of the tractor obtained through the DP strategy can be regarded as the globally optimal SOC variation trajectory under the current working conditions of the tractor. Therefore, the SOC variation curve of the DP strategy is used as the SOC constraint condition for solving the MPC strategy [47].



The solution process of the energy management strategy based on DP-MPC is shown in Figure 7. For each prediction horizon within the time domain from k + 1 to k + p, within the constraint range of the SOC variation trajectory of the DP strategy, the battery SOC is discretized to solve for the optimal control variables corresponding to all state variables and the optimal objective function at the end of each prediction horizon. The specific principle is shown in the following equation [48]:


   J k *   [  SOC  ( k )   ]  =   min   u  ( k )     {  L  [  SOC  ( k )  ,    P e   ( k )   ]  +  J  k + 1  *   [  SOC  (  k + 1  )   ]   }   



(35)




where    J k *    is the optimal objective function when reaching the end of the prediction horizon at k + p under the conditions of the current state variable SOC(k) at time k. The corresponding control variable u*(k) at this time is the optimal control variable at time k.






5. Analysis and Discussion of Hardware-in-the-Loop Test Results


5.1. Hardware-in-the-Loop Test Platform Setup


The HIL test platform built in this article is shown in Figure 8. The main hardware includes the HIL test cabinet and the vehicle controller. The test process of HIL is shown in Figure 9. Specifically, the tractor simulation model built in Figure 4 is divided into a controller model and a tractor model. The controller model consists of two parts, namely the generator set control and the tractor speed control. The tractor model comprises tractor dynamics calculations. The HIL test cabinet produced by National Instruments and the vehicle controller PowerECU-57A produced by Shandong Hydrogen Exploration New Energy Technology Co., Ltd. of China (Jinan, China) were used to add corresponding I/O modules for the controller model and the tractor model through the controller and the corresponding Simulink plug-ins of the NI real-time simulator, PowerECU-Toolbox and NI-VeriStand Blocks, add the corresponding I/O modules for the controller model and tractor model. The models are then compiled, and C code is generated using the target language compiler (TLC) files corresponding to the controller and the NI real-time simulation machine, as well as the Matlab/RTW code generator. Using software tools such as PowerBOOT V1.10, the compiled code files of the model are downloaded to the controller and the NI real-time simulation machine. The card configuration for the controller and the NI real-time simulation machine is conducted in NI-VeriStand. Analog quantity communication is used between the controller and the NI real-time simulation machine, and the HIL test process is monitored in real-time through PowerCAL V1.32 and NI-VeriStand 2020.




5.2. Result Analysis


5.2.1. Plowing Condition


The plowing working condition consists of six working cycles with the same duration, totaling 3000 s, as shown in Figure 10. Based on the desired velocity following effect of the hardware-in-the-loop test under the plowing working condition, the controller and the NI real-time simulation machine can accurately exchange data, and the test model can follow the desired velocity very well. The error between the current velocity and the desired velocity remains within −0.15 to 0.29 km/h.



The driving motor power of the tractor under the plowing working condition, the battery power under three control strategies, and the changes in the engine operating state are shown in Figure 11 and Figure 12. In a series hybrid power system, all the power of the tractor comes from the driving motor, so the power change of the driving motor can reflect the load change of the tractor under the current working condition. As can be seen from Figure 11 and Figure 12, under the plowing working condition, the power of the driving motor is concentrated between 35 and 50 kW, with a peak power of approximately 50.86 kW. The total power consumption of the driving motor under the plowing working condition is approximately 33.97 kWh.



Under the PF strategy, during each plowing cycle, the battery power drops below zero, indicating that the engine starts to recharge the battery in every plowing cycle, with the engine power concentrated between 47 and 54 kW, resulting in frequent engine start-stop operations.



Under the DP strategy, around 1948 s, the battery power begins to decline, and around 1965 s, the battery power starts to be less than zero. The engine power is concentrated between 23 and 42 kW, and the engine’s working time is relatively concentrated, without frequent start–stop operations.



Under the DP-MPC strategy, in the first three working cycles, the battery power experienced a short-term drop, but it did not fall below zero. At around 1875 s, the battery power began to continuously decrease, and around 1964 s, the battery power started to be less than zero. The engine power was concentrated between 23 and 40 kW, and the engine’s working time was relatively concentrated after approximately 1875 s.



Under all three control strategies, the engine was operating within the OOL curve range.



As shown in Figure 13a, the remaining SOC under the PF strategy is approximately 46.79%, the remaining SOC under the DP strategy is approximately 43.65%, and the remaining SOC under the DP-MPC strategy is approximately 44.94%. Compared to the PF strategy, the DP-MPC strategy consumes approximately 3.95% more battery SOC. Compared to the DP strategy, the DP-MPC strategy reduces battery SOC consumption by approximately 2.87%.



As shown in Figure 13b, the fuel consumption of the PF strategy is 3.01 L, the fuel consumption of the DP strategy is 2.53 L, and the fuel consumption of the DP-MPC strategy is 2.77 L. Compared to the PF strategy, the fuel consumption of the DP-MPC strategy has decreased by approximately 7.97%, achieving approximately 91.34% of the fuel-saving performance of the DP strategy.




5.2.2. Rotary Tillage Condition


The rotary tillage working condition consists of six working cycles with the same duration, totaling 3000 s, as shown in Figure 14. Based on the expected vehicle speed following effect of the hardware-in-the-loop test under the rotary tillage working condition, the test model can effectively follow the desired vehicle speed, with the error between the current vehicle speed and the expected vehicle speed maintained within −0.17 to 0.36 km/h.



The driving motor power of the tractor under rotary tillage conditions, the battery power under three control strategies, and the changes in engine operating state are shown in Figure 15 and Figure 16. As can be seen from Figure 15 and Figure 16, under rotary tillage conditions, the driving motor power is concentrated between 40 and 50 kW, the peak power is about 53.51 kW, and the total power consumption of the driving motor under rotary tillage conditions is about 35.16 kWh.



Under the PF strategy, similar to the plowing condition, during each rotary tillage cycle, the battery power will drop below zero, resulting in frequent engine start–stop operations, and the engine power is concentrated between 49 and 58 kW.



Under the DP strategy, at around 1943 s, the battery power begins to decline, and at around 1967 s, the battery power starts to fall below zero. The engine power is concentrated between 23 and 39 kW, and the engine’s working hours are relatively concentrated without frequent start–stop operations.



Under the DP-MPC strategy, during the first three working cycles, the battery experienced short-term power reduction and a power level below zero. At around 1942 s, the battery power began to continuously decline, and around 1970 s, the battery power fell below zero. The engine power was concentrated between 23 and 38 kW, and the engine’s working hours were relatively concentrated after approximately 1942 s.



Under all three control strategies, the engine operated within the OOL curve range.



As can be seen from Figure 17a, the remaining SOC of the PF strategy is approximately 45.73%, the remaining SOC of the DP strategy is approximately 42.19%, and the remaining SOC of the DP-MPC strategy is approximately 42.93%. Compared to the PF strategy, the DP-MPC strategy consumed approximately 6.12% more battery SOC. In contrast to the DP strategy, the DP-MPC strategy reduced battery SOC consumption by approximately 1.72%.



As shown in Figure 17b, the fuel consumption of the PF strategy is 3.14 L, the fuel consumption of the DP strategy is 2.59 L, and the fuel consumption of the DP-MPC strategy is 2.73 L. Compared to the PF strategy, the fuel consumption of the DP-MPC strategy decreased by approximately 13.06%, achieving approximately 94.87% of the fuel-saving performance of the DP strategy.




5.2.3. Transportation Condition


The transportation condition refers to the EUDC_Man driving cycle, and based on the tractor power system parameters, the maximum speed is modified to 25.5 km/h. The transportation condition consists of two cycles with the same duration, totaling 800 s, as shown in Figure 18. According to the desired speed following effect of the hardware-in-the-loop test under the transportation condition, the test model can follow the expected speed very well, and the error between the current speed and the expected speed remains within −0.50 to 0.48 km/h.



The driving motor power of the tractor under transportation conditions, the battery power under three control strategies, and the change in engine operating status are shown in Figure 19 and Figure 20. As can be seen from Figure 19 and Figure 20, under transportation conditions, the driving motor power is concentrated between 50 and 105 kW, with a peak power of approximately 112.55 kW. The total power consumption of the driving motor under transportation conditions is approximately 14.56 kWh.



Under transportation conditions, the battery power trends of the three control strategies are basically the same. But, the DP strategy experiences short-term power of less than zero during each transportation cycle, while the PF strategy and DP-MPC strategy only exhibit short-term battery power of less than zero after approximately 770 s. The changes in engine power are also basically consistent. During the 270 s to 290 s and 670 s to 690 s of the transportation cycle, the engine power of the PF strategy and the DP strategy will increase significantly, while the change in engine power of the DP-MPC strategy is relatively small. Under the three control strategies, the engine has been operating within the OOL curve range.



As shown in Figure 21a, the remaining SOC under the PF strategy is approximately 65.96%, the remaining SOC under the DP strategy is approximately 64.56%, and the remaining SOC under the DP-MPC strategy is approximately 64.88%. Compared to the PF strategy, the DP-MPC strategy consumes approximately 1.64% more battery SOC. In contrast to the DP strategy, the DP-MPC strategy reduces the battery SOC consumption by approximately 0.49%.



As shown in Figure 21b, the fuel consumption under the PF strategy is 1.36 L; under the DP strategy, it is 1.17 L; and under the DP-MPC strategy, it is 1.21 L. Compared to the PF strategy, the fuel consumption of the DP-MPC strategy has decreased by approximately 11.03%, achieving approximately 96.69% of the fuel-saving performance of the DP strategy.





5.3. Comparative Discussion


The fuel consumption and remaining SOC of the three control strategies under different working conditions are shown in Figure 22. Under plowing, rotary tillage, and transportation conditions, compared to the PF strategy, the fuel consumption of the DP strategy is reduced by approximately 15.95%, 17.52%, and 13.97%, respectively. The fuel consumption of the DP-MPC strategy is reduced by approximately 7.97%, 13.06%, and 11.03%, respectively. The DP-MPC strategy achieves approximately 91.34%, 94.87%, and 96.69% of the fuel-saving performance of the DP strategy. Compared to the PF strategy, the DP-MPC strategy consumes approximately 3.95%, 6.12%, and 1.64% more battery SOC under plowing, rotary tillage, and transportation conditions, respectively. In comparison to the DP strategy, the DP-MPC strategy consumes approximately 2.87%, 1.72%, and 0.49% less battery SOC under plowing, rotary tillage, and transportation conditions, respectively.



The total power consumption and average instantaneous power of the drive motor under different working conditions are shown in Figure 23. As mentioned earlier, in a series hybrid power system, the load change of the drive motor can reflect the overall load of the tractor under the current working condition. As can be seen from Figure 23, the order of total power consumption of the tractor under the three working conditions is transportation < plowing < rotary tillage, and the order of average instantaneous load power of the tractor is plowing < rotary tillage < transportation.



Based on the data results in Figure 22 and Figure 23, it can be seen that different driving conditions have a significant impact on the fuel-saving performance of the three control strategies. Compared to the PF strategy, the DP strategy achieves the best fuel-saving effect under rotary tillage conditions, followed by plowing and transportation conditions. The optimization effect of the DP strategy corresponds to the order-of-magnitude changes in tractor load under different working conditions. Therefore, based on the data results, it can be analyzed that the greater the total load of the tractor’s driving conditions, the better the fuel-saving effect of the DP strategy. Compared to the DP strategy, the DP-MPC strategy achieves the closest fuel-saving effect to the DP strategy under transportation conditions, followed by rotary tillage and plowing conditions. The optimization effect of the DP-MPC strategy corresponds to the order of magnitude changes in the tractor’s instantaneous load under different working conditions. Therefore, based on the data results, it can be analyzed that the greater the instantaneous load of the tractor’s driving conditions, the closer the fuel-saving effect of the DP-MPC strategy is to the DP strategy.





6. Conclusions


To enhance the fuel economy of hybrid tractors, this paper proposes an energy management strategy based on DP-MPC for series diesel–electric hybrid tractors, which combines model predictive control with dynamic programming algorithms. First, a tractor simulation model was built based on the structural parameters of the tractor’s power system. Second, energy management strategies based on PF, DP, and DP-MPC were designed and implemented. Additionally, to validate the effectiveness of the proposed energy management strategies, a hardware-in-the-loop test platform was set up, and the proposed energy management strategies were tested on the HIL platform. Finally, an analysis of the test results verified the fuel-saving performance of the proposed energy management strategies. The research findings are as follows.



Under the conditions of plowing, rotary tillage, and transportation, compared to the PF strategy, the DP strategy reduced fuel consumption by approximately 15.95%, 17.52%, and 13.97% respectively, while the DP-MPC strategy reduced fuel consumption by approximately 7.97%, 13.06%, and 11.03% respectively. Under the same conditions of plowing, rotary tillage, and transportation, the DP-MPC strategy achieved approximately 91.34%, 94.87%, and 96.69% of the fuel-saving performance of the DP strategy. Compared to the PF strategy, the DP-MPC strategy consumed approximately 3.95%, 6.12%, and 1.64% more battery SOC under the conditions of plowing, rotary tillage, and transportation, respectively. In contrast to the DP strategy, the DP-MPC strategy consumed approximately 2.87%, 1.72%, and 0.49% less battery SOC under the same conditions of plowing, rotary tillage, and transportation, respectively.



Different driving conditions have a significant impact on the fuel-saving performance of the three control strategies. If the total load of the current operating condition of the tractor is greater, the fuel-saving effect of the DP-based energy management strategy is better. If the instantaneous load of the current operating condition of the tractor is greater, the fuel-saving effect of the DP-MPC-based energy management strategy is better.



At present, this paper only studies the impact of control strategies on the fuel-saving performance of tractors. However, in the research on energy management strategies, the impact of control strategies on battery consumption costs should also be considered. During the experimental process of this paper, it is difficult for different control strategies to achieve similar electricity consumption costs under different working conditions. In subsequent research, the impact of electricity consumption costs of tractors on different energy management strategies should be taken into account.
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Figure 1. Schematic diagram of the power system structure for a series hybrid tractor. 






Figure 1. Schematic diagram of the power system structure for a series hybrid tractor.



[image: Energies 17 03924 g001]







[image: Energies 17 03924 g002] 





Figure 2. Universal characteristics of diesel engines. 
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Figure 3. Motor efficiency MAP. 
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Figure 4. Simplified diagram of tractor simulation model. 
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Figure 5. Power following schematic diagram. Where SOCmin is the lower limit of SOC, SOCmax is the upper limit of SOC; Pm_req is the required power of the driving motor; Pm_req_min is the minimum required power of the driving motor; and Pm_req_max is the maximum required power of the driving motor. 
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Figure 6. The solution process of dynamic programming. 
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Figure 7. The solution process of the DP-MPC strategy. 
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Figure 8. HIL test platform. 
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Figure 9. HIL test process. 
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Figure 10. Vehicle speed tracking effect under plowing conditions. 
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Figure 11. (a) Drive motor power; (b) battery power. 
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Figure 12. (a) Engine power; (b) engine operating point. 
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Figure 13. (a) SOC change curve; (b) fuel-consumption change curve. 






Figure 13. (a) SOC change curve; (b) fuel-consumption change curve.



[image: Energies 17 03924 g013]







[image: Energies 17 03924 g014] 





Figure 14. Vehicle speed tracking effect under rotary tillage condition. 
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Figure 15. (a) Drive motor power; (b) battery power. 
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Figure 16. (a) Engine power; (b) engine operating point. 
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Figure 17. (a) SOC change curve; (b) fuel-consumption change curve. 
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Figure 18. Vehicle speed tracking effect under transportation conditions. 
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Figure 19. (a) Drive motor power; (b) battery power. 
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Figure 20. (a) Engine power; (b) engine operating point. 
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Figure 21. (a) SOC change curve; (b) fuel-consumption change curve. 
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Figure 22. (a) Fuel consumption; (b) remaining SOC. 
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Figure 23. (a) Total power consumption of the motor; (b) average instantaneous power of the motor. 
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Table 1. Main parameters of the tractor power system.
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Component

	
Parameter

	
Value (Unit)






	
Diesel engine

	
Rated power

	
85 (kW)




	
Rated speed

	
2300 (r/min)




	
Maximum torque speed

	
1500~1700 (r/min)




	
Drive motor

	
Rated power

	
63 (kW)




	
Peak power

	
125 (kW)




	
Rated speed

	
2000 (r/min)




	
Rated torque

	
300 (N·m)




	
Power battery

	
Rated capacity

	
70 (A·h)




	
Rated voltage

	
330 (V)




	
SOC

	
0.25~0.90











 





Table 2. Main simulation parameters of the tractor under different working conditions.
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	Parameter
	Value
	Unit
	Parameter
	Value
	Unit





	Z
	3
	-
	f
	0.12
	-



	b
	25
	cm
	B
	1.25
	m



	h
	20
	cm
	δ
	1.1
	-



	k
	5
	N/cm2
	CD
	0.32
	-



	m
	2145
	kg
	A
	2.95
	m2
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