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Abstract

:

To address the problem in which wheel longitudinal slip rate directly affects the dynamics and handling stability of a vehicle under driving conditions, front and rear dual-motor four-wheel drive electric vehicles (4WD EVs) were selected as the research object in this study. An acceleration slip regulation (ASR) control strategy based on nonlinear model predictive control (NMPC) is proposed. First, the vehicle dynamics model and the Simulink/CarSim co-simulation platform were built. Second, an ASR controller with intervention and exit mechanisms was designed with the control objective of tracking reference speed or optimal slip rate. Then, considering the problem that the left and right wheels could not freely distribute torque under the condition of a split road surface, the motor output torque was determined in accordance with the wheel with the larger slip rate to enhance passibility. Finally, on the basis of the built Simulink/CarSim co-simulation platform, slip rate control simulation experiments were performed on a snow-covered road, a wet asphalt road, a docking road, and a split road. The designed controller can better track target slip rate and it exhibits better dynamic performance and stability than the method with PID control under different road conditions, especially under low speed and low adhesion road conditions, and its robustness can also meet the requirements.
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1. Introduction


Pure electric vehicles (EVs) are new energy vehicles driven by motors with batteries as a power source. Compared with traditional vehicles, they exhibit the advantages of not consuming fossil fuels and producing zero emissions during operation; thus, EVs are highly valued by society as an important tool for future development of the automotive industry [1]. EVs, with four-wheel drive (4WD EVs), will provide a higher degree of initiative and electrification to the chassis, improving the performance of the entire vehicle, making the overall structure more compact, and achieving higher transmission efficiency and freer control of the vehicle [2]. In contrast with centralized-drive EVs, front-and-rear axle independent-drive EVs can control the front and rear motors independently, and thus, they exhibit unique advantages in vehicle stability control, vehicle maneuverability enhancement, and motor efficiency improvement [3,4,5]. Front-and-rear axle dual-motor pure EVs have become a popular research topic [6,7,8,9].



The acceleration slip regulation (ASR) system has been widely used in vehicles driven by an internal combustion engine (ICE). Compared with torque output by ICE, torque output via motor presents the characteristics of quick response and large quantity, making EVs more prone to slipping [10,11,12]. This phenomenon will result in the speed of 4WD EVs being uncontrollable, whereafter stability and dynamics cannot be guaranteed. Therefore, the ASR control strategy of 4WD EVs is important.



To solve the aforementioned problems, scholars have conducted numerous related studies. MPC has received wide attention due to its advantages in solving constrained, nonlinear problems [13]. Yuan et al. [14] presented a nonlinear model predictive control (NMPC) for an antilock braking system (ABS) and a traction control system (TCS). Reference tracking was not used because slip rate was solely controlled through the constraints of NMPC formulation. Davide et al. [15] presented a TCS for EVs with in-wheel motors; this TCS is based on explicit NMPC. The proposed controller achieved good results in the simulation and real vehicle verification. Chen et al. [16] proposed an ASR strategy by using fuzzy control. The results of their study indicated that the proposed strategy is an effective technique for improving the dynamic performance and stability of EVs. They focused on controlling the slip rate to remain below the optimal slip rate. In this manner, vehicle stability is guaranteed, but dynamic performance is sacrificed to a certain extent. Guo et al. [17] presented an ASR control strategy based on the classification of road conditions and the calculation of the optimal slip rate for road conditions. In accordance with the real-time slip rate, an appropriate motor torque can be calculated by the control algorithm to track the reference value. These researchers focused on tracking the optimal slip rate, which can maximize the power of a vehicle. However, when driver acceleration demand is small, the actual slip rate is less than the optimal slip rate, and the vehicle is in a stable state. At this moment, turning on the controller will increase computational burden. Therefore, the problem of a controller’s intervention and exit must be solved.



In the current study, an ASR control strategy for EVs based on NMPC with intervention and exit mechanisms is proposed. The algorithm is divided into three modules: the speed control module based on a proportional–integral–derivative (PID) controller, the slip rate control module based on an NMPC controller, and the torque selection module. The PID controller outputs the corresponding torque in accordance with the difference between actual and target vehicle speeds. The NMPC controller outputs the corresponding torque in accordance with the relationship between the actual and optimal slip rates. The torque selection module is responsible for coordinating the torque output of the two controllers, ensuring that the vehicle obtains the most suitable torque input in a certain state. The overall control block diagram is shown in Figure 1. In order to highlight the advantages of the proposed algorithm, we compared it with ASR-PID (contains PID speed controller, PID slip rate controller, intervention and exit mechanisms) and WASR (without acceleration slip regulation). The simulation results show that the proposed algorithm can achieve better results, especially under low speed and low adhesion road conditions.



The structure of this paper is as follows. In Section 2, we establish the vehicle dynamics model, the motion model of a single wheel, the tire longitudinal force calculation model, and the longitudinal slip model. In Section 3, the speed control strategy is first introduced; then, the NMPC and torque selection mechanism are described. Finally, the overall control block diagram is provided. In Section 4, the control strategy is verified through the co-simulation of Simulink/CarSim.




2. System Model Establishment


2.1. Vehicle Longitudinal Movement


In accordance with Newton’s law, the motion equations of a vehicle are shown as follows [18]. Figure 2 illustrates the longitudinal dynamic model of a vehicle.


  m  v ˙  =  F  x f l   +  F  x f r   +  F  x r l   +  F  x r r   −  F w  −  F f   



(1)
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Figure 2. The longitudinal dynamic model of a vehicle. 






Figure 2. The longitudinal dynamic model of a vehicle.
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where  m  is the mass of the vehicle;   v ˙   is the acceleration of the vehicle;    F  x f l    ,    F  x f r    ,    F  x r l    , and    F  x r r     are the longitudinal forces of the front left, front right, rear left, and rear right tires, respectively; and    F w    and    F f    are the air resistance and rolling resistance, respectively.




2.2. Four Wheels’ Rotation Movement


The wheels’ rotation movement describes the relationship between the applied torque and the longitudinal force generated, which is shown in Figure 3.


   J i    ω ˙  i  =  T  d i   −  F  x i   R ,   i = f l , f r , r l , r r  



(2)
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Figure 3. The wheel dynamics model. 






Figure 3. The wheel dynamics model.
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where    J i    is the wheel moment of inertia,     ω ˙  l    is the wheel angular acceleration,    T  d i     is the torque acting on the wheel, and  R  is wheel rolling radius.




2.3. Tire Longitudinal Force Calculation Model


The calculation of the longitudinal force of the tire is crucial for the longitudinal dynamics of a vehicle. Researchers typically establish a tire model to obtain the longitudinal force of a tire. Here, the μ–s curve of the standard road proposed by Burckhardt is used to replace the tire model [19], which is shown in Figure 4.


  μ ( λ ) =  C 1   (  1 −  e  −  C 2  λ    )  −  C 3  λ  



(3)
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Figure 4. Adhesion coefficient vs. slip. 
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where    C 1   ,    C 2   , and    C 3    are the coefficients related to the road surface. Their values are provided in Table 1.  λ  is the slip rate.



In accordance with Formula (3), the following conclusion can be drawn:


    d μ ( λ )   d λ   =  C 1   C 2   e  −  C 2  λ   −  C 3   



(4)







Let     d μ ( λ )   d λ   = 0  . We obtain


   {     λ  o p t   =  1   C 2    ln    C 1   C 2     C 3         μ  max   =  C 1  −    C 3     C 2    ( 1 + ln    C 1   C 2     C 3    )      



(5)




where    λ  o p t     is the optimum slip rate, and    μ  max     is the maximum road adhesion coefficient.



The calculation method for tire longitudinal force is


   F  x i   = μ ( λ )  F  z i   ,   i = f l , f r , r l , r r  



(6)







The vertical force of each tire can be calculated using the following formula:


   {       F  z f l   = m  (   b  a + b   g −    h g    a + b    a x   )   (   1 2  −    h g   a y     t f  g    )         F  z f r   = m  (   b  a + b   g −    h g    a + b    a x   )   (   1 2  +    h g   a y     t f  g    )         F  z r l   = m  (   a  a + b   g +    h g    a + b    a x   )   (   1 2  −    h g   a y     t f  g    )         F  z r r   = m  (   a  a + b   g +    h g    a + b    a x   )   (   1 2  +    h g   a y     t f  g    )         



(7)







In the current study, the longitudinal motion of a vehicle is considered, and the influence of lateral acceleration is disregarded. The above formula can be simplified as


   {       F  z f l   =  1 2  m  (   b  a + b   g −    h g    a + b    a x   )         F  z f r   =  1 2  m  (   b  a + b   g −    h g    a + b    a x   )         F  z r l   =  1 2  m  (   a  a + b   g +    h g    a + b    a x   )         F  z r r   =  1 2  m  (   a  a + b   g +    h g    a + b    a x   )         



(8)




where    F  z f l    ,    F  z f l    ,    F  z f l    , and    F  z f l     are the vertical loads of the four wheels; a and b are the distance from the center of mass to the front and rear axles, respectively; g is the gravitational acceleration;    h g    is the height from the center of mass to the ground; and    a x    is the longitudinal acceleration of a vehicle.




2.4. Longitudinal Slip Calculation Model


The longitudinal slip of the tire is the key to calculating its longitudinal force. The relationship of longitudinal slip with vehicle speed and wheel angular speed can be described as


   λ i  =    ω i  R − v    ω i  R   ,   i = f l , f r , r l , r r  



(9)









3. Control Strategy


3.1. PID-Based Speed Controller Design


The speed control module is specifically established to simulate the driver’s expected torque output. It consists of a PID controller and an average torque distribution. The total control torque can be expressed by the following formula:


   {       T v  =  K p  e +  K i    ∫  e d t    +  K d    d e   d t         e =  v  r e f   − v        



(10)




where    T v    is the total control torque;  e  is the difference between reference and actual speeds; and    K p   ,    K i   , and    K d    are the proportional, integral, and differential parameters of the PID controller, respectively.



The torque adopts the principle of equal distribution, and the torque of each wheel can be expressed as


   T  v i   =  1 4   T v   



(11)




where    T  v i     is the torque of each wheel.




3.2. NMPC-Based Slip Controller Design


Wheel slip rate is set as the direct control variable by the general slip rate control. When the vehicle uses slip rate as the control variable in the low-speed starting stage, errors and disturbances in vehicle speed estimation will exert a relatively greater effect, and the lag of the motor torque will cause larger buffeting. The primary reason for this phenomenon is that disturbances and delays are passed directly to the control variable. Considering this deficiency, a slip rate control algorithm with wheel speed as the control variable is proposed to compensate for the defect of the controller at low vehicle speed. From the definition of slip rate, the tracking reference wheel slip rate signal is equivalent to the tracking reference wheel speed signal.


   ω o  =  v  r ( 1 −  λ o  )    



(12)







A minimum vehicle speed strategy is designed to prevent the effects of vehicle speed errors and disturbances on the controller when starting at a low speed. That is, when the estimated vehicle speed is less than a certain value, the fixed value vehicle speed    v  min     is used in calculating reference wheel speed.


   ω o  =   max ( v ,  v  min   )   r ( 1 −  λ o  )    



(13)







From Formula (2), the following can be determined:


    ω ˙  i  =    T  d i   −  F  x i   R    J i    ,   i = f , r  



(14)







From Formula (1),


   v ˙  =    F  x f l   +  F  x f r   +  F  x r l   +  F  x r r   −  F w  −  F f   m   



(15)







3.2.1. Model Discretization


The state-space equation of slip control can be described as


   {      ω ˙  f  =    T  d f   −  F  x f   R    J f          ω ˙  r  =    T  d r   −  F  x r   R    J r         v ˙  =    F  x f l   +  F  x f r   +  F  x r l   +  F  x r r   −  F w  −  F f   m       



(16)







The state-space equations of the system are discretized using Euler’s method. ∆t is defined as the sampling step size. By applying it to the state-space model at sampling time k, the preceding formula can be discretized as


   {      x ( k + 1 ) =  f k  ( x ( k ) , u ( k ) ) Δ t + x ( k )       y ( k ) =  C y  x ( k )        



(17)




where   x =    [   ω f  ,  ω r  , v  ]   T    is the state variable,   u =    [   T  d f   ,  T  d r    ]   T    is the input for system control,   y =    [   ω f  ,  ω r  , v  ]   T    is the output for system control,    f k    represents the gradient of the system state change at time k, and the output matrix is    C y  = diag ( 1 ; 1 ; 1 )  .



   N C    is defined as the control time domain,    N p    is the prediction time domain, and    N p  ≥  N c  ≥ 1  . At sampling time k, the control sequence    U k    and the output sequence of the system    Y k    are expressed as follows:


    U k  =  [      u ( k | k )       u ( k + 1 | k )      ⋮      u  (  k +  N c  − 1 | k  )       ]      and    Y k  =  [      y ( k + 1 | k )       y ( k + 2 | k )      ⋮      y  (  k +  N p  | k  )       ]    











Here,   R ( k )   is the output reference sequence that represents the optimal angular velocity sequence    ω 0   . At sampling time k,   r ( k ) =    [   ω  o 1   ( k ) ,  ω  o 2   ( k )  ]   T    is the sequence of changes in the control input. It is calculated such that   Δ u ( k ) = u ( k ) − u ( k − 1 )  , and its value is 0 when k exceeds the control time domain.


    R k  =  [      r ( k )       r ( k )      ⋮      r ( k )      ]    ,   Δ  U k  =  [      Δ u ( k | k )       Δ u ( k + 1 | k )      ⋮      Δ u  (  k +  N c  − 1 | k  )       ]    











At sampling time k, the predicted state and output are


   x ( k + 1 | k ) =  f k  ( x ( k | k ) , u ( k | k ) ) Δ t + x ( k | k )    x ( k + 2 | k ) =  f k  ( x ( k + 1 | k ) , u ( k + 1 | k ) ) Δ t + x ( k + 1 | k )   ⋮   x  (  k +  N c  | k  )  =  f k   (  x  (  k +  N c  − 1 | k  )  , u  (  k +  N c  − 1 | k  )   )  Δ t + x  (  k +  N c  − 1 | k  )    



(18)






   y ( k + 1 | k ) =  C y   (   f k  ( x ( k | k ) , u ( k | k ) )  )  Δ t + x ( k | k )    y ( k + 2 | k ) =  C y   (   f k  ( x ( k + 1 | k ) , u ( k + 1 | k ) )  )  Δ t + x ( k + 1 | k )   ⋮   y  (  k +  N p  ∣ k  )  =  C y   (   f k   (  x  (  k +  N p  − 1 | k  )  , u  (  k +  N p  − 1 | k  )   )   )  Δ t + x  (  k +  N p  − 1 | k  )    



(19)








3.2.2. Description of Optimization Problem


The primary objective of the control requirement is to track the optimal slip rate and ensure that the vehicle can obtain a large longitudinal force to fully utilize the road adhesion coefficient and improve possibility. Therefore, a cost function    J 1    is added to meet the requirements for tracking the optimal angular speed.


   J 1  =   ∑  i = 1    N p     ‖ (   y ( k + i | k ) − r ( k + i ) | k ) ‖  



(20)







To preserve driver comfort, the change rate of the control action should not be excessively large, because such a condition may lead to serious torque ripple. That is, the change rate of the control variable should be sufficiently small to ensure comfort during acceleration. Thus, a cost function    J 2    is added to limit the change rate of the control variable.


   J 2  =   ∑  j = 1    N  c − 1      ∥ Δ u ( k + j − 1 ) | k ∥    



(21)







By combining the aforementioned control objectives, the following cost function is proposed:


  min J =  J 1  +  J 2  =   ∑  i = 1    N p     ‖ (   y ( k + i | k ) − r ( k + i ) | k )  ‖ Q 2  +   ∑  j = 1    N  c − 1      ‖ Δ u ( k + j − 1 ) | k  ‖ R 2     



(22)






     s   . t   {    −  T   fmax      ≤  T  d f   ( k + j | k ) ≤  T   fmax      ,   j = 0 , 1 , … ,  N c  − 1     −  T  rmax   ≤  T  d r   ( k + j | k ) ≤  T  rmax   ,   j = 0 , 1 , … ,  N c  − 1     x ( k + 1 ) =  f k  ( x ( k ) , u ( k ) ) Δ t + x ( k )     y ( k ) =  C y  x ( k )        



(23)









3.3. Design of Intervention and Exit Mechanisms


In practical applications, being fully controlled by the controller is unnecessary, and driver’s demand torque must also be comprehensively considered. Therefore, for the selection of driver’s demand torque and controller’s control torque, the current study designs intervention and exit mechanisms for the control algorithm to ensure that the motor output torque conforms to the current state of the vehicle.



To avoid the failure of the intervention and exit mechanisms due to the chattering of the slip rate at low speed, the NMPC controller is always turned on when   v <  v  min    . The specific flowchart is shown in Figure 5:
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Figure 5. The process of the torque option. 
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where    λ  a c t     is the actual slip rate,    λ  o p t     is the optimal slip rate,    T  P I D     is driver’s demand torque, and    T  N M P C     is the output torque of the NMPC controller.



The controller is turned on when flag = 1, and the driver takes over when flag = 0.





4. Simulation and Analysis


MATLAB/CarSim co-simulation was conducted to verify the effectiveness of the proposed algorithm. The optimization toolbox fmincon in MATLAB is suitable for solving constrained and nonlinear problems; therefore, it could be used to solve the optimization problem in this study.



The simulations were performed under four different conditions: low adhesion road, high adhesion road, docking road, and split road. In addition, every condition included two aspects: vehicle starting and vehicle acceleration, the former initial velocity was 0 km/h, the latter initial velocity was 30 km/h. The road surface is assumed to be flat and smooth, and the vehicle will drive straight on these roads except on the split road. These test maneuvers are typical maneuvers developed for evaluating the performance characteristics of a vehicle [20].



In order to ensure that the controller can adapt to various single road surfaces, the simulation tests of low adhesion and high adhesion road surfaces are carried out. When the vehicle enters the low adhesion road from the high adhesion road, the wheels will rotate violently if the driving torque cannot be reduced rapidly, which will greatly reduce the stability; from the low adhesion road to the high adhesion road, the vehicle’s dynamic performance will be limited to a large extent if the torque cannot increase rapidly. In order to ensure that the controller can respond quickly to this, the simulation test of the docking road is carried out.



Driving on a split road is a very critical test maneuver, since the vehicle will experience severe instability if the driver does not react immediately to correct the course of the vehicle. During this test, due to the asymmetric driving forces generated on the left and right tires, the vehicle will be pushed to the side of the road that has a lower coefficient of friction. Therefore, it is necessary to a conduct simulation test on a split road.



The major parameters of the class A 4WD EV are listed in Table 2. To improve the realism of the simulation and the validity of the results, the white noise is added to the simulation process. Finally, the robustness of the whole control system is analyzed. The simulation results are as follows:



4.1. Low Adhesion Road


The simulation condition is a snow-covered road. The road adhesion coefficient is 0.19. The optimal slip rate is 0.06. The reference speed is 0–15 km/h and 30–45 km/h. The target speed is reached within 2 s, and this speed is maintained until the end of the simulation The simulation results are shown in Figure 6 and Figure 7.



As shown in the figure, the designed controller achieves ideal results compared with the WASR (without acceleration slip regulation), which only contains the PID speed controller. ASR-MPC is the simulation result of the designed algorithm, ASR-PID contains PID speed and a PID slip rate controller, which also contains intervention and exit mechanisms. “Ref” and “Opt” are the reference vehicle speed and the optimal wheel slip rate, respectively. In order to clearly show the role of the intervention and exit mechanisms, only the simulation results of ASR-MPC are shown in the second and fourth lines of the above simulation figures. In vehicle starts condition of ASR-MPC, at 0–2.2 s, the slip rate controller is always on. At 0–0.8 s, vehicle velocity is less than 5 km/h, the actual slip rate cannot track the optimal slip rate because of the reference angular speed is a fixed value and the motor output torque is limited. An actual slip rate of 0.8–2.2 s can track the optimal slip rate well, and acceleration remains at 1.83 m/s2. After 2.2 s, the NMPC is turned off, and acceleration rapidly drops close to 0, because the reference speed has been tracked at this time, and thus, continuing to accelerate becomes unnecessary. The simulation results of ASR-PID are similar to those of ASR-MPC. The difference is that the first arrival reference speed of ASR-PID is slightly slower than that of ASR-MPC, because the latter has better slip rate control. In contrast with WASR, acceleration is maintained at 1.65 m/s2 most of the time, and the slip rate is close to 1. After reaching the reference speed, acceleration cannot be reduced in time, and the simulation reports an error at 4.6 s. This working condition is extremely dangerous and should be avoided. In the torque diagram, MPC and PID are the slip rate control output torque and driver output torque, respectively, in ASR control. ASR is the final output torque of the front and rear axle motors. Under the action of the intervention and exit mechanisms, the front and rear axle motors can always select a more suitable torque as the output.



During vehicle acceleration, the simulation results are similar to those of a vehicle starting. The difference is that the former slip rate changes smoothly and the NMPC is closed in the beginning of the simulation, while the latter fluctuates evidently and the NMPC is turned on. The reason for this phenomenon is that the latter starts at a speed of 0, and a small fluctuation in wheel angle can cause a considerable change in slip rate. To suppress this phenomenon, the NMPC is turned on when the vehicle speed is less than the minimum vehicle speed vmin.




4.2. High Adhesion Road


The simulation condition is a wet asphalt road. The road adhesion coefficient is 0.8, and the optimal slip rate is 0.13. The reference speed is 0–55 km/h and 30–85 km/h. The target speed is reached within 2 s, and this speed is maintained until the end of the simulation. The simulation results are shown in Figure 8 and Figure 9.



As shown by the results, ASR-MPC and ASR-PID are more dynamic than WASR and has a faster speed response. In ASR-MPC control, the NMPC is turned on when vehicle speed is greater than vmin, and the front wheel slip rate can effectively track the optimal slip rate. However, the rear wheel slip rate cannot track the optimal slip rate, because the load is transferred backward during the acceleration process, and the rear axle wheels require a larger motor torque to generate the same slip rate. The slip rate cannot continue increasing due to the limitation of the motor torque. The control effect of ASR-PID is basically consistent with that of ASR-MPC. In WASR control, the wheel slip rate is large at 0.2–3 s. The handling stability of the vehicle is considerably reduced at this time. This condition is more dangerous, and the rear wheel slip rate is always kept at a small value due to load transfer. When speed is greater than vmin, the slip rate can track the optimal slip rate if flag = 1, and the slip rate remains below the optimal slip rate if flag = 0. Therefore, the designed algorithm can also play an important role in a road surface with a high adhesion coefficient. The expected results can be achieved regardless of the starting and acceleration.




4.3. Docking Road


The road adhesion coefficient is 0.8 in the first 5 m, 0.19 in 5–15 m, and 0.8 after 15 m. The reference speed is 0–50 km/h and 30–80 km/h. The target speed is reached within 2 s, and this speed is maintained until the end of the simulation. The target slip rates are 0.13 and 0.06 when the adhesion coefficients are 0.8 and 0.19, respectively. The simulation results are shown in Figure 10 and Figure 11.



In accordance with the preceding simulation results, the vehicle starting process is as expected. However, the vehicle acceleration results have two unusual aspects. First, the slip rate of the rear wheel can keep up with the optimal slip rate immediately after entering the high adhesion road from the low adhesion road, because the reference slip rate is obtained on the basis of the front wheels. When the front wheels have just entered the high adhesion road from the low adhesion road, the rear wheels are still in the low adhesion road, and thus, their slip rate increases rapidly as the rear motor torque increases. Second, WASR acceleration is greater than ASR-MPC and ASR-PID acceleration in the second half of the acceleration process. The reason for this phenomenon is that wheel angular speed is excessively high, such that it can maintain a large slip rate after entering the high adhesion road from the low adhesion road in WASR. Meanwhile, in ASR-MPC and ASR-PID, the rear wheels’ slip rate decreases rapidly after the vehicle enters the high adhesion road. The adhesion–longitudinal slip curve can determine that the longitudinal force generated by the rear wheels of WASR is greater than that of ASR-MPC and ASR-PID, and the total longitudinal force is also related in this manner.




4.4. Split Road


The road adhesion coefficient of the left wheels is 0.8 in the first 5 m, 0.19 in 5–15 m, and 0.8 after 15 m. Meanwhile, that of the right wheels is 0.8. The reference speed is 0–50 km/h and 30–80 km/h. The target speed is reached within 2 s, and it is maintained until the end of the simulation. The simulation results are shown in Figure 12 and Figure 13.



When entering the split road, the output torque of the motor is determined by the wheel with the smaller optimum slip rate. At 5–15 m, the optimal slip rate of the left wheels is 0.06. The vehicle has dual motors on the front and rear axles; hence, the torque of the left and right wheels on the same axis should be equal. When the left wheels keep up with the optimal slip rate, the output torque of the motor makes the right wheels’ actual slip rate less than 0.06, while the optimal slip rate of the right wheels is 0.13. If the actual slip rate is less than the optimal slip rate, then the generated longitudinal force increases with an increase in slip rate. In the simulation process, the longitudinal force generated by the right wheels is smaller than that of the left wheels. When the vehicle is traveling, differential steering is generated due to the difference in longitudinal force of the left and right wheels, and the vehicle is slightly deflected to the right. Accordingly, the PID controller is added to ensure that the vehicle drives on the split road within the 5–15 m interval.



As shown in the figure, ASR-MPC and ASR-PID have a smaller steering wheel angle and a smaller lateral displacement than WASR. The former is kept near the centerline of the lane. The maximum steering wheel angle is around 25°, and the maximum deviation does not exceed 0.08 m. The simulation runs smoothly throughout the whole process. Meanwhile, the latter’s maximum steering wheel angle reaches the limit value of 360°, and the maximum deviation reaches 15 m. Safety is particularly important when driving on the split road; hence, power is sacrificed to a certain extent to ensure the smooth running of the vehicle.



A, B, C, D, and E in Table 3 represent the time taken to reach the reference speed for the first time, the time taken to stabilize at the reference speed, whether speed has an overshoot, the maximum steering wheel angle, and the maximum lateral displacement, respectively. “In” in B indicates that the steady speed is not reached at the end of the simulation. Different road surfaces and conditions have varying reference speeds. The difference between the maximum and minimum reference speeds of the same road surface under different conditions is the same.



Table 3 clearly shows that, except for the docking road, the acceleration time of the same road surface under different conditions tends to be the same. The reason for the difference in the docking road is that under acceleration condition, when the low adhesion road enters the high adhesion road, the angular speed of the rear wheels of WASR is excessively high, such that the slip rate can still be maintained at a large value immediately after entering the high adhesion road. Meanwhile, the angular speed of the rear wheels of ASR-MPC and ASR-PID is low, and the slip rate of the rear wheels decreases rapidly after entering the high adhesion road. The longitudinal adhesion coefficient–slip rate relationship curve can determine that the longitudinal force generated by WASR is greater than that generated by ASR-MPC and ASR-PID. Thus, the acceleration of WASR in the second half is greater than that of ASR-MPC and ASR-PID.



To keep the vehicle running on the split road, a PID controller is added to offset the differential steering caused by the difference in longitudinal force of the left and right wheels. ASR-MPC and ASR-PID always achieve a smaller lateral displacement with a smaller steering wheel angle. The control effect of ASR-MPC at low speed and low adhesion is obviously better than that of ASR-PID, the simulation results of the two at other working conditions are close. The effectiveness of the proposed algorithm is fully verified through the preceding simulation tests.




4.5. Robustness Analysis


In order to verify the robustness of the control system, the vehicle body mass in CarSim is set to 0.8, 1 and 1.2 times the original body mass, and working condition is set to vehicle starts under a low adhesion coefficient road. The simulation results are shown in Figure 14.
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Figure 14. The robustness verification. 






Figure 14. The robustness verification.
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where    m b    refers to the original body mass, 0.8   m b    and 1.2   m b    represent 0.8 times and 1.2 times the body mass, respectively.



From the above simulation results, it can be seen that the simulation result is the best when the body mass is    m b   , because the body mass in the control algorithm is the same; when the body mass is 0.8   m b   , the slip ratio decreases slowly from a large value. The reason for this is that the optimal wheel angular speed is a fixed value if the vehicle speed is less than    v  m i n    . It takes a short time to track the optimal wheel speed for the reason that the vehicle weight is small. With the increase of vehicle speed, the slip ratio decreases gradually; when the body mass is 1.2   m b   , the reference speed tracking time of the vehicle speed is greater than the 0.8   m b    and    m b   . This phenomenon occurs because the maximum output torque of the motor is limited when the vehicle speed is less than    v  m i n    , which results in the wheel slip rate being kept at a small value, and therefore the acceleration is small. In general, under these three body masses, the simulation can achieve the desired results, and the robustness of the controller has been verified.





5. Conclusions


This study proposes an ASR control system for 4WD EVs based on NMPC with intervention and exit mechanisms to solve the problem of wheel slipping and uncontrollable speed under acceleration conditions. Considering dynamic performance and comfort problems caused by severe torque fluctuation, a cost function for tracking the optimal slip rate and limiting torque change rate is established. An optimal solution is then found using the optimization toolbox fmincon in MATLAB. Intervention and exit mechanisms are designed for the controller to solve the problem of switching between slip rate tracking and speed tracking. The effectiveness of the proposed controller is evaluated on a low adhesion road, a high adhesion road, a docking road, and a split road. The simulation results show that the proposed controller can accurately control the longitudinal slip of the four wheels in accordance with the optimal slip rate and reference speed, and the robustness can also meet the requirements.
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Figure 1. ASR control block diagram. 
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Figure 6. Vehicle starts under a low adhesion coefficient road. 
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Figure 7. Vehicle accelerates under a low adhesion coefficient road. 
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Figure 8. Vehicle starts under a high adhesion coefficient road. 
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Figure 9. Vehicle accelerates under a high adhesion coefficient road. 






Figure 9. Vehicle accelerates under a high adhesion coefficient road.



[image: Wevj 13 00200 g009]







[image: Wevj 13 00200 g010 550] 





Figure 10. Vehicle starts on a docking road. 






Figure 10. Vehicle starts on a docking road.
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Figure 11. Vehicle accelerates on a docking road. 
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Figure 12. Vehicle starts on a split road. 
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Figure 13. Vehicle accelerates on a split road. 
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Table 1. The relevant parameters of a standard road.
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	Road Surface
	     C 1     
	     C 2     
	     C 3     
	     λ  o p t      
	     μ  max      





	Snow
	0.1964
	94.129
	0.0646
	0.06
	0.19



	Wet asphalt
	0.8570
	33.822
	0.3470
	0.13
	0.80
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Table 2. Major parameters of the EV.






Table 2. Major parameters of the EV.





	Parameter
	Symbol
	Value





	Vehicle Mass
	  m  
	1710 kg



	Height of the vehicle c.g.
	    h g    
	0.552 m



	Distance from c.g. to front axle
	  a  
	1.216 m



	Distance from c.g. to Rear axle
	  b  
	1.613 m



	Rolling radius of the tyre
	  R  
	0.32 m



	Front area
	  A  
	2.3157 m2



	Front motor peak power
	    P  f max     
	130 kW



	Front motor peak torque
	    T  f max     
	225 Nm



	Rear motor peak power
	    P  r max     
	60 kW



	Rear motor peak torque
	    T  r max     
	170 Nm
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Table 3. A comparison of the simulation results.






Table 3. A comparison of the simulation results.





	
Road Surface

	
Condition

	
Algorithm

	
A

	
B

	
C

	
D

	
E






	
Low adhesion road

	
Starting

	
ASR-MPC

	
2.2 s

	
2.2 s

	
N

	
0

	
0




	
ASR-PID

	
2.3 s

	
2.3 s

	
N

	
0

	
0




	
WASR

	
2.6 s

	
In

	
Y

	
0

	
0




	
Acceleration

	
ASR-MPC

	
2.2 s

	
2.2 s

	
N

	
0

	
0




	
ASR-PID

	
2.4 s

	
2.4 s

	
N

	
0

	
0




	
WASR

	
2.6 s

	
In

	
Y

	
0

	
0




	
High adhesion road

	
Starting

	
ASR-MPC

	
2.3 s

	
2.3 s

	
N

	
0

	
0




	
ASR-PID

	
2.35 s

	
2.35 s

	
N

	
0

	
0




	
WASR

	
2.6 s

	
3.2 s

	
Y

	
0

	
0




	
Acceleration

	
ASR-MPC

	
2.3 s

	
2.3 s

	
N

	
0

	
0




	
ASR-PID

	
2.3 s

	
2.3 s

	
N

	
0

	
0




	
WASR

	
2.6 s

	
3.2 s

	
Y

	
0

	
0




	
Docking road

	
Starting

	
ASR-MPC

	
2.9 s

	
2.9 s

	
N

	
0

	
0




	
ASR-PID

	
2.9 s

	
2.9 s

	
N

	
0

	
0




	
WASR

	
3.1 s

	
4.2 s

	
Y

	
0

	
0




	
Acceleration

	
ASR-MPC

	
2.8 s

	
2.8 s

	
N

	
0

	
0




	
ASR-PID

	
2.8 s

	
2.8 s

	
N

	
0

	
0




	
WASR

	
2.8 s

	
3.6 s

	
Y

	
0

	
0




	
Split road

	
Starting

	
ASR-MPC

	
2.9 s

	
2.9 s

	
N

	
24.8°

	
0.08 m




	
ASR-PID

	
2.9 s

	
2.9 s

	
N

	
26.1°

	
0.08 m




	
WASR

	
2.7 s

	
In

	
Y

	
360°

	
7.3 m




	
Acceleration

	
ASR-MPC

	
2.8 s

	
2.8 s

	
N

	
25.2°

	
0.07 m




	
ASR-PID

	
2.8 s

	
2.8 s

	
N

	
26.2°

	
0.07 m




	
WASR

	
2.6 s

	
In

	
Y

	
360°

	
5.6 m
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