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Abstract

:

Active suspension control and direct yaw-moment control (DYC) are widely used in the vehicle control field. To solve the coupling between those two controllers, a coordinated control of active suspension and DYC is proposed to further improve the vehicle roll and yaw stability. To enhance the adaptive ability of the active suspension, a proportional integral control optimized by the genetic fuzzy algorithm is introduced. DYC is proposed based on the sliding mode control. To restrain the chattering, the parameters of the sliding mode control is optimized by a genetic algorithm. Finally, a coordinated controller is presented based on the adaptive distribution of the anti-roll torque in the front and rear suspension. The simulation results show that the proposed active suspension and DYC can greatly improve the roll and yaw stability, respectively. The expected vehicle status can be well tracked. In addition, the coordinated control is compared by simply using two independent controllers under a different tire–road friction coefficient and different steering maneuver. The results show that the coordinated control has an even better performance under each working condition.
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1. Introduction


In the era of the electrification of vehicles, multiple researches based on vehicle dynamics continuously emerge, particularly controls that use electrical drive units [1]. Among numerous control methods, active suspension is an effective way to restrain the body roll by generating an anti-roll torque from suspensions. Direct yaw-moment control (DYC) is able to improve the lateral stability by creating an additional yaw moment from each wheel. However, the active suspension control and DYC are not mutually independent but coupled with each other. When the active suspension controls the body roll, it also leads to a lateral transfer of the vertical load, which is an increase in the outer wheels and a decrease in the inner wheels. As a result, the average lateral force of the inner and outer wheels decreases. Accordingly, the lateral stability is affected. Traditional chassis controls usually focus on each subsystem separately, without considering the coupling between them. Consequently, it is hard to achieve the optimal overall performance of the vehicle.



At present, the studies on the active suspension control are mainly focused on driving comfort, while the studies on the vehicle roll control under a steering condition are relatively scarce. To meet the different requirements of driving comfort and safety under different road conditions, Han et al. proposed a road estimating algorithm based on the fuzzy proportional integral derivative (PID) control which can deal with the uncertainty of vehicle suspension parameters and road disturbance [2]. Fuzzy logic control (FLC) is widely used in the vehicle control field due to its excellent robustness. Kumar et al. took the velocity and acceleration of the front and rear wheels as the input and the active forces of suspension as the output of the FLC, which improves the driving comfort, safety, and handling [3]. Mrazgua et al. proposed a fuzzy fault-tolerant H-infinity control of active suspension based on the Takagi Sugeno model, which can solve actuator failures while effectively controlling the driving comfort and handling [4]. Considering the uncertainty of the adaptive backstepping for the nonlinear active suspension and the input delay of the actuator, Pang et al. proposed a novel adaptive backstepping controller, which can deal with the input delay of the actuator and achieve a better dynamic performance [5]. The mu-synthesis is used to optimize the active suspension vibration controller in the literature [6]. Compared with the H-infinity controller and passive suspension, it can further restrain the negative vibration of the active suspension system.



The DYC is a relatively mature technology which has been studied by many scholars. Park et al. presented a DYC controller composed of three control levels with the desired yaw moment as the intermediate value, which can improve the lateral stability and agility even at sharp steering [7]. Wang et al. added additional control items to the feedback of the traditional linear quadratic regulator (LQR) to reduce the model uncertainty and improve the interference immunity of the traditional LQR [8]. Yin et al. proposed a new torque distribution method based on the tire state and the yaw moment generating efficiency [9]. Through the method, the lateral force can be fully utilized and a better vehicle stability can be achieved. Zhang et al. proposed an adaptive DYC controller with fuzzy sliding mode control (SMC) and designed a continuous discrete sign function through fuzzy control so that the sign function can self-adjust adaptively [10]. Compared with the ordinary sliding mode control without optimization, chattering is effectively suppressed.



To improve the coordination performance between different control systems, controllers are usually integrated to get a better effect. For example, active front-wheel steering (AFS) and the DYC are generally integrated to improve the vehicle stability. The two-layer control structure is widely used in this field. The desired front-wheel steering angle and yaw moment are calculated in the upper layer while the real front-wheel steering angle and yaw moment are realized by actuators in the lower layer. Adaptive laws are used in the upper layer while the steering and braking system are controlled by a constraint optimization algorithm in the lower layer which leads to a better tracking performance and lower control efforts [11]. Meng et al. solved the additional steering angle and correction torque with a non-smooth control, which greatly improves the anti-interference capability of the controller [12]. In addition, a dual sliding mode control is used to calculate the additional steering angle and yaw moment while the Lagrange optimization algorithm is used in the distribution of the tire forces which effectively improves the handling of the vehicle [13]. In the literature [14], a multi-agent system (MAS) is introduced where AFS and the DYC act as agents that work together to improve the vehicle’s lateral stability and reduce the workloads of the drivers. At the same time, the Pareto-optimality theory is used to ensure the optimal performance of both AFS and the DYC. However, the vehicle uncertainties and time-varying parameters could affect the stability control performance. Accordingly, Cheng et al. proposed a robust linear matrix inequality (LMI)-based H-infinite feedback algorithm for the integration of AFS and the DYC [15]. Based on the active disturbance rejection control and SMC, Feng et al. proposed a coordinated controller of the DYC and AFS where an improved particle swarm optimization algorithm is used to obtain the coordination work weight [16]. As well as integrating AFS and the DYC, Liang et al. used a multi-constrained distributed model predictive control (MDMPC) to integrate the AFS and active suspension [17]. Hu et al. proposed a rule-based coordinated control of DYC and active suspension [18]. Tan et al. used the active suspension force and electronic stability program (ESP) brake torque to improve the yaw and roll stability [19]. The active suspension is also directly used to control the yaw stability [20,21]. Cho et al. proposed an improved electronic control suspension system consisting of multiple sensors and controllers that can improve the yaw–roll–pitch motion at the same time [22]. The AFS, DYC, active roll control (ARC) and AFS, DYC, and active suspension are, respectively, integrated in the literature [23,24]. In the literature [25], Zhao et al., integrated and optimized a differential steering system, differential braking system, and active suspension system by using an adaptive weight particle swarm optimization algorithm, which significantly improved the driving comfort and steering stability at the same time.



However, there are still some problems in this field such as the control chattering and overshoot, an insufficient control accuracy, an excessive control duration, tremendous computation, coupling effects between the controllers, and so on.



In this paper, we intend to explore a coordinated control that can combine active suspension and the DYC to further improve both the roll and yaw stability. The detailed contributions are summarized as: with the genetic and fuzzy algorithm optimized proportional integral (PI) active suspension, the body roll angle can be reduced up to 88% less than the passive suspension. With the genetic algorithm optimized sliding mode DYC, the yaw’s stability performance is good. More importantly, the chattering is greatly suppressed compared with the traditional SMC. Additionally, the proposed adaptive distribution strategy enables the active suspension and DYC to work in coordination. The roll and yaw stability performance are both further improved.



The rest of this article is organized as follows. Section 2 gives the modeling of a ten degree of freedom (10-DOF) vehicle model. In Section 3, the active suspension roll controller, genetic sliding mode DYC, and the coordinated control are developed. The simulation results are provided in Section 4 followed by the conclusions in Section 5.




2. 10-DOF Vehicle Dynamics Model


In this section, a 10-DOF vehicle model is established considering the lateral, longitudinal, yaw, vertical, roll, pitch, and vertical runout of four wheels. The modeling process makes the following assumptions: ignore the influence of the road slope, cross wind, and the impact of a suspension deformation and wheel alignment on the steering performance and assume that the front wheels are the only steering wheels, and the angles of the left and right front wheel are basically the same. The vehicle parameters are as Table 1.



The expressions of lateral, longitudinal, and yaw motion of the whole vehicle are:


        m (    V ˙  y  + r  V x   ) −  m s   h r   ϕ ¨  =  F y         F y  =  F  y 3   +  F  y 4   +    F  y 1   +  F  y 2     cos δ +    F  x 1   +  F  x 2     sin δ        



(1)






        m (    V ˙  x  − r  V y   ) +  m s   h p   θ ¨  =  F x         F x  =  F  x 3   +  F  x 4   +    F  x 1   +  F  x 2     cos δ −    F  y 1   +  F  y 2     sin δ − m g f −    C D  A  V x 2    21.15   − ξ m   V ˙  x         



(2)






   I z   r ˙  =    F  y 1   +  F  y 2      l f  cos δ +    F  x 1   +  F  x 2      l f  sin δ −    F  y 3   +  F  y 4      l r  +    F  y 1   −  F  y 2      d 2  sin δ −    F  x 1   −  F  x 2      d 2  cos δ +    F  x 3   −  F  x 4      d 2  .  



(3)




where  m  is the total mass,    m s    is the sprung mass,  r  is the yaw rate,  ϕ  is the body roll angle,    V x    and    V y    are the longitudinal and lateral speed of the CG,    h r    is the altitude difference between the roll center and sprung mass CG,    h p    is the altitude difference between the pitch center and sprung mass CG,    F  x i     and    F  y i     are the longitudinal and lateral force of the  i th wheel,  i  = 1, 2, 3, 4, representing the left front, the right front, the right rear, and the left rear wheel,  δ  is the front wheel steering angle,  f  is the rolling resistance coefficient,  A  is the frontal area,    C D    is the air resistance coefficient,  ξ  is the rotating mass conversion factor,  g  is the acceleration of gravity,    l f    and    l r    are the distance between the front, rear axles, and vehicle CG,    I z    is the yaw moment of inertia, and  d  is the wheel track.



Vertical motion of sprung mass:


         m s   z ¨  =   ∑   i = 1  4   F  s i          F  s i   =  k i     z  u i   −  z i    +  c i      z ˙   u i   −   z ˙  i    +  u i         



(4)







Vertical motion of unsprung mass:


   m  u i      z ¨    u i   =  k  t i      z  r i   −  z  u i     −  F  s i   .  



(5)







Roll and pitch motion:


   I x   ϕ ¨  =  d 2     F  s 1   +  F  s 4   −  F  s 2   −  F  s 3     +   r  V x  +   V ˙  y     m s   h r  +  m s  g  h r  sin ϕ .  



(6)






   I y   θ ¨  =  m s  g  h p  θ +  l f     F  s 1   +  F  s 2     −  l r     F  s 3   +  F  s 4     .  



(7)




where  z  is the vehicle vertical displacement,    F  s i     is the suspension force,  i  =1, 2, 3, 4, representing the left front, the right front, the right rear, and the left rear suspension,    k i    and    c i    are the stiffness and damping coefficients of the  i th suspension,    u i    is the active force of the  i th suspension,    z  u i     is the vertical displacement of the unsprung mass at the  i th suspension,    z i    is the vertical displacement of the sprung mass at the  i th suspension,    z  r i     is the vertical displacement of the  i th wheel,    m  u i     is the unsprung mass at the  i th suspension,    k  t i     is the stiffness coefficient of the  i th wheel,    I x    and    I y    are the roll and pitch moment of inertia, and  θ  is the pitch angle.



The magic formula model is used for the tire state parameters computing. Additionally, its expressions are:


  y  x  = D sin   C arctan   B x − E   B x − arctan B x       ,  



(8)






  Y  X  = y  x  +  S V  ,  



(9)






  x = X +  S H  .  



(10)




where   Y  X    is the longitudinal or lateral force,  X  is the slip ratio or tire slip angle, and    S H    and    S V    are the horizontal and vertical drift of the formula curve. In this paper, it is assumed that the drift is zero.  B ,  C ,  D , and  E  are the stiffness factor, shape factor, peak factor, and curvature factor.



The equations of the wheel torque and slip ratio are:


  J   ω ˙  i  =  T  d i   −  T  b i   −  R w   F  x i   ,  



(11)






   λ i  =    R w   ω i  −  V  w x i     max    R w   ω i  ,  V  w x i       .  



(12)




where  J  is the wheel moment of inertia,    T  d i    ,    T  b i    ,    λ i   ,    ω i   , and    V  w x i     are the driving torque, braking torque, slip ratio, rotational speed, and wheel center speed of the  i th wheel, and    R w    is the rolling radius of the wheel. The expressions of the center speed of each wheel are:


   V  w x 1   =    V x  −  1 2  r d   cos δ +    V y  + r  l f    sin δ ,  



(13)






   V  w x 2   =    V x  +  1 2  r d   cos δ +    V y  + r  l f    sin δ ,  



(14)






   V  w x 3   =  V x  +  1 2  r d ,  



(15)






   V  w x 4   =  V x  −  1 2  r d .  



(16)







The tire slip angle expression is:


   α f  = β +    l f  r    V x    − δ ,  



(17)






   α r  = β −    l r  r    V x    .  



(18)




where    α f    and    α r    are the slip angles of the front and rear wheels and  β  is the sideslip angle.



The vertical load of the wheel consists of a static and dynamic load. The static load is determined by the weight distribution of the whole vehicle in a static state. The dynamic load is caused by the load transfer when there is an acceleration. Since the longitudinal speed is assumed to be constant in this paper, the lateral and vertical acceleration are the only factors to affect dynamic load. The expression of the vertical load is as:


         F  z 1   =   m g  l r    2 l   +  k 1     z  u 1   −  z 1    +  c 1      z ˙   u 1   −   z ˙  1    +  u 1  +  k  t 1      z  u 1   −  z  r 1     −    m s   a y   l r   h r    l d          F  z 2   =   m g  l r    2 l   +  k 2     z  u 2   −  z 2    +  c 2      z ˙   u 2   −   z ˙  2    +  u 2  +  k  t 2      z  u 2   −  z  r 2     +    m s   a y   l r   h r    l d          F  z 3   =   m g  l f    2 l   +  k 3     z  u 3   −  z 3    +  c 3      z ˙   u 3   −   z ˙  3    +  u 3  +  k  t 3      z  u 3   −  z  r 3     +    m s   a y   l f   h r    l d          F  z 4   =   m g  l f    2 l   +  k 4     z  u 4   −  z 4    +  c 4      z ˙   u 4   −   z ˙  4    +  u 4  +  k  t 4      z  u 4   −  z  r 4     −    m s   a y   l f   h r    l d          



(19)








3. Stability Based Coordinated Control of Active Suspension and DYC


In this section, the active suspension roll controller is designed to improve the vehicle roll stability. A genetic sliding mode DYC controller is designed to improve the vehicle’ s  yaw stability. Finally, a coordinated controller is designed to solve the coupling between the active suspension and DYC to improve the stability of the vehicle.



3.1. Active Suspension Roll Controller


Active suspension can produce an anti-roll torque by adjusting the active forces of the four suspensions. It can modify the body posture to avoid rollover accidents. For example, when the vehicle turns to the left, there will be a rightward roll tendency. What the active suspension does is to generate a reverse torque to suppress this tendency. The left and right suspensions, respectively, produce an active force with the same magnitude but the opposite direction. In Section 3.1, the active forces generated by the front and rear suspensions are the same. Then, the genetic fuzzy PI algorithm is used to design the roll controller. The flow chart is shown in Figure 1.



The roll controller takes the error  e  between the body roll angle   y  t    and its ideal value   r  t    which is zero as the input and the suspension active forces as the output. The initial parameters of the PI controller are optimized by the genetic algorithm. Additionally, fuzzy control is used to deal with the changes in the working conditions. The inputs are the error  e  and its first derivative   e c  . So, the parameters are adaptively modified. The expression is:


         K p  =  K  G p   + Δ  K p         K i  =  K  G i   + Δ  K i         



(20)




where    K  G p     and    K  G i     are the initial proportional and integral coefficient optimized by the genetic algorithm and   Δ  K p    and   Δ  K i    are the correction value of    K  G p     and    K  G i     obtained by fuzzy control.



3.1.1. Initial Values Optimized by Genetic Algorithm


In order to further improve the roll stability, the body roll angle should be reduced as much as possible while ensuring that the dynamic displacement of the suspension and the tire are not too large. To achieve the maximum reduction in the energy consumption, the active force of the actuator is also considered. In addition, the overshoot and oscillation should be reduced as well. Therefore, the fitness function of the genetic algorithm is:


  F =   ∫  0 T  [  Q 1    e  t    +  Q 2  ⋅ Δ Z +  Q 3  ⋅ Δ  Z r  +  Q 4  ⋅ u ] d t +  Q 5  ⋅ max (   e  t    ) .  



(21)




where  T  is the simulation duration,    Q 1    to    Q 5    are the weight coefficient, and   Δ Z  ,   Δ  Z r   , and  u  are the average of the four suspension dynamic strokes, four tire dynamic displacements, and four suspension active forces, respectively.



The parameters of the genetic algorithm are shown in Table 2.



Additionally, the genetic optimization results are shown in Figure 2.




3.1.2. Universe and Membership Function of Fuzzy Control


The inputs of the fuzzy control are the error  e  between the body roll angle and zero, and its first derivative. The outputs are the correction value   Δ  K p    and   Δ  K i   . The input and output of the fuzzy controller proposed in this paper are expressed by five fuzzy quantities including NB, NS, ZE, PS, and PB representing negative large, negative small, zero, positive small, and positive large, respectively. The input takes the generalized bell shape membership function, and the output takes the triangular membership function. The variation range of the correction amount of the fuzzy control output is taken as above or below 10% of the initial parameter.





3.2. Genetic Sliding Mode DYC


The DYC is able to produce an extra yaw moment by adjusting the longitudinal force of each wheel to improve the yaw’s stability. The flow chart of the proposed DYC controller is shown in Figure 3.



First, according to the 2-DOF model, the ideal vehicle yaw rate    r d    is:


   r d  = min        V x    l ( 1 +  K u   V x 2  )   δ   ,     μ g    V x        ⋅ sgn  δ  .  



(22)




where  l  is the wheelbase and    K u    is the stability factor. The ideal value of the sideslip angle    β d    is 0.



The sliding mode control is used to track the ideal yaw rate and sideslip angle. The switching function is set as:


  s =  w      Δ r     m a x        r d  − r   +   1 − w       Δ β     m a x        β d  − β    



(23)




where       Δ r     m a x     and       Δ β     m a x     are the maximum allowable yaw rate error and the sideslip angle error, and  w  is the weight coefficient ranging from 0 to 1.



Equation (23) uses variable normalization and absolute values for the two errors, solving the problem that the dimension of the weight coefficient is meaningless and falsely reaches the switching surface. The derivative of the above expression is:


   s ˙  =  w      Δ r     m a x         r ˙  d  −  r ˙    sgn    r d  − r   +   1 − w       Δ β     m a x      β ˙  sgn  β  .  



(24)







To avoid excessive chattering, the exponential approaching law is taken:


   s ˙  = − ε sgn  s  −  k d  s .  



(25)




where  ε  and    k d    are the approaching law parameters which are both greater than 0.



The total yaw moment is:


   M  r e q   =  I z   r ˙  .  



(26)







The total required yaw moment can be obtained from Equations (24)–(26):


   M  r e q   =  I z  {    r ˙  d  +       Δ r     m a x     w sgn    r d  − r     [    1 − w       Δ β     m a x      β ˙  sgn  β  + ε sgn  s  +  k d  s  ]  } .  



(27)







To avoid chattering caused by the sign function, the saturation function is used to replace it.


  sat  s  =        s τ                                   s  ≤ τ       sgn  s           s  > τ        



(28)




where  τ  is the thickness of the boundary layer.



In order to further suppress the chattering of the sliding mode control, the genetic algorithm is used to optimize the  ε  and    k d    of the approaching law. The fitness function is:


  F =   ∑   j = 1  n  (  A 1   s  +  A 2    d s   +  A 3     M  r e q     ) .  



(29)




where  n  is the amount of simulation sampling points, and   A 1   to   A 3   are the weight coefficients.



The required yaw moment can be achieved by the longitudinal forces of four wheels. Additionally, the longitudinal force of the front and rear wheels is distributed according to the proportion of the vertical load of the front and rear wheels. For the computing of the driving/braking torque of the four wheels, we take the slip ratio as the intermediate variable. The target slip ratio is computed by the target longitudinal force. Then, track the target value by controlling the slip ratio to obtain the wheel torque.



According to the magic formula, the tire longitudinal force    F  x i     is affected by the tire slip angle    α i   , vertical load    F  z i    , tire–road friction coefficient  μ , and slip ratio    λ i   . The relationship is:


   F  x i   = h    F  z i   ,  α i  ,  λ i  , μ   .  



(30)







If    F  z i    ,    α i    and  μ  are known, the relationship between    F  x i     and    λ i    can be expressed as a univariate function. Additionally, the target slip ratio is:


   λ  i t a r   =  h  − 1      F  x i t a r     .  



(31)







Sliding mode control is used to track the target slip ratio, and the sliding mode surface is taken as:


  s =  λ  i t a r   −  λ i  .  



(32)







The exponential approach law is taken:


   s ˙  = −  ε 1  sgn  s  −  k  d 1   s .  



(33)




where    ε 1    and    k  d 1     are the approaching law parameters which are both greater than 0.



The wheel torque can be obtained from Equations (11), (12), (32), and (33):


   T  i _ t a r   =    I w   V  w x i    R      1 +  λ i     V  w x i       V ˙   w x i   +    R 2   F  x i      I w   V  w x i     +   λ ˙   i t a r   +  ε 1  sgn  s  +  k  d 1   s   .  



(34)







Due to the constraint of the maximum value of the motor and braking torque, the wheel torque needs to meet:


   T  b _ m a x   <  T  i _ t a r   <  T  m _ m a x   .  



(35)




where    T  m _ m a x     is the peak output torque of the motor.    T  b _ m a x     is the maximum braking torque of the brake.




3.3. Coordinated Controller


The lateral force is affected by the tire cornering stiffness  K . While the tire cornering stiffness is not fixed, it will change with the tire pressure and vertical load. Among them, the vertical load is affected by the active suspension. So, the working of the active suspension will affect the lateral force by affecting the vertical load.



When the active suspension creates an anti-roll torque, it also causes a load transfer between the left and right wheels. Figure 4 shows the influence of the vertical load on the tire cornering stiffness [26]. With the increase in the vertical load, the tire cornering stiffness increases at a decreasing speed. When the vertical load exceeds a certain limit, it decreases. Here,    F  N 2     is the average of    F  N 1     and    F  N 3    . However, the cornering stiffness of B is greater than the average of A and C. It indicates that the vertical load transfer leads to a decrease in the average cornering stiffness. Additionally, the larger the difference between left and right is, the smaller the average lateral force is.



For the active suspension, if more anti-roll torque is allocated to the front suspension, the vertical load difference between the two front wheels will increase. Then, the total lateral force of the front wheels will decrease, which tends to reduce the vehicle yaw rate. If more anti-roll torque is allocated to the rear axle, the vertical load difference between the two rear wheels will increase. The total lateral force of the rear wheels will decrease, which tends to increase the vehicle yaw rate. So, while tracking the expected yaw rate, in addition to the DYC, the active suspension can also play a role by adjusting the distribution of the anti-roll torque.



Based on this, a coordinated controller, as shown in Figure 5, is proposed to adjust the active forces distribution of the active suspension according to the state feedback of the vehicle yaw stability. For the coordinated controller, the deviation between the actual and expected value of the yaw rate is taken as the input. Additionally, the distribution of the anti-roll torque weight is the output. When the actual yaw rate is greater than the expected value, the yaw rate needs to be reduced. So, the anti-roll torque distribution weight of the front suspension should be increased. When the actual yaw rate is less than the expected value, the yaw rate needs to be increased. So, the anti-roll torque distribution weight of the rear suspension should be increased.



Based on the flow chart, Equation (36) is established for the coordinated controller as the distribution scheme of the anti-roll torque. Through the adaptive adjustment of the weight distribution coefficient, the active suspension can cooperate with the DYC controller which can further improve the yaw stability. The weight coefficients of the anti-roll torque distribution are defined as:


         W f  = 1 + k ⋅ r   r −  r d           W r  = 1 − k ⋅ r   r −  r d           



(36)




where    W f    and    W r    are the weight coefficient of the anti-roll torque in the front and rear suspension.  k  is the control parameter.



Different from the active suspension roll controller in Section 3.1, an anti-roll torque distribution is introduced. When the active suspension controller receives the    W f    and    W r    from the coordinated controller, the required anti-roll torque from the PI controller is distributed according to the weight coefficients.


         T f  =    W f   2   T  r e q          T r  =    W r   2   T  r e q          



(37)




where    T f    and    T r    are the required anti-roll torque from the front and rear suspensions.    T  r e q     is the total required anti-roll torque.





4. Simulation


This section describes the simulation results of the proposed active suspension roll controller, genetic sliding mode DYC, and coordinated control under different road and steering conditions in a MATLAB/Simulink environment. The MATLAB/Simulink version used in this paper is 2021a, and the computer processor is Intel (R) Core (TM) i5-8400 CPU @ 2.80 GHz. The relevant modeling and control parameters in Section 3 are shown in Table 3.



4.1. Active Suspension Roll Controller


To verify the effect of the fuzzy genetic PI roll controller proposed in Section 3.1, we compared it with a passive suspension under a ramp steering maneuver. The speed is set to 80 km/h, and the tire–road friction coefficient is 0.9. The steering wheel angel input is shown in Figure 6a, and the roll stability performance is shown in Figure 6b. Anti-roll torque is evenly distributed between the front and rear axles. So, the suspension force in the front and rear axles is the same, which is shown in Figure 6c.



As shown in Figure 6b, when the passive suspension is used, the body roll angle is large, which is 0.056 rad. After the active suspension is applied, the body roll angle finally remains at 0.006 rad, which is 88% less than the passive suspension. The active suspension can effectively suppress the vehicle body roll by adjusting the active forces of the left and right suspensions to generate an anti-roll torque. Compared with the passive suspension, the roll stability is greatly improved.




4.2. Genetic Sliding Mode DYC


To test the effect of the genetic sliding mode DYC in Section 3.2, the simulation tests were carried out on a high and low tire–road friction coefficient road and compared with the ordinary sliding mode DYC.



4.2.1. High Tire–Road Friction Coefficient Road


The vehicle drives at a constant speed of 80 km/h on a flat road with a tire–road friction coefficient of 0.9. The steering wheel input is shown in Figure 7a, the yaw’s stability performance is shown in Figure 7b,c, and the torque of each wheel is shown in Figure 7d–g, where a torque less than 0 means the braking toque.



On the high tire–road friction coefficient road, both the genetic sliding mode DYC and the ordinary sliding mode DYC can track the ideal yaw rate well and maintain a small sideslip angle. In comparison, the genetic sliding mode DYC has a higher tracking accuracy, as shown in Figure 7b, and a smaller sideslip angle, as shown in Figure 7c, which means that the optimization works. In terms of the wheel torque in Figure 7d–g, the ordinary sliding mode DYC has an obvious chattering, while the genetic algorithm greatly suppresses the chattering.




4.2.2. Low Tire–Road Friction Coefficient Road


The tire–road friction coefficient is set to 0.3. Such a road condition is a more severe test for vehicles. Other simulation conditions are the same as those in Section 4.2.1. The simulation results are shown in Figure 8.



As shown in Figure 8a,b, on a low tire–road friction coefficient road, there is chattering in both the yaw rate and sideslip angle when the ordinary sliding mode control is applied, which is unsafe and uncomfortable, and the deviation from the ideal value is large. However, the genetic sliding mode DYC almost eliminates the chattering in the yaw rate and sideslip angle, and the tracking accuracy is also improved. As shown in Figure 8c–f, the ordinary sliding mode control has an excessive chattering in the wheel torque which is impossible to be applied in practice. However, even on the low tire–road friction coefficient road, the genetic sliding mode control can still suppress the chattering effectively, which makes it more practical.



To sum up, the proposed genetic sliding mode DYC is able to maintain the yaw stability effectively, even on the low tire–road friction coefficient road. Chattering is common in the sliding mode control. Different from other studies, the genetic algorithm is introduced to compute the two parameters of the approaching law in the sliding mode control. The simulation results show that the tracking effects have been further improved. More importantly, the chattering caused by the sliding mode control is effectively suppressed.





4.3. Coordinated Controller


To test the effect of the proposed coordinated controller of active suspension and DYC, the stability performance under no control, independent control, and coordinated control are compared and analyzed under a ramp and sinusoidal steering maneuver. First, no control refers to the use of passive suspension in the vertical direction and no DYC control in the horizontal direction. Second, an independent control means that the active suspension and the DYC controller works independently where the anti-roll torque is evenly distributed between the front and rear axles. Finally, a coordinated control refers to the integrated control of the active suspension and DYC with the coordinated controller.



4.3.1. Simulation of Ramp Steering Maneuver


The vehicle drives at a constant speed of 80 km/h on a flat road with a tire–road friction coefficient of 0.9. The ramp steering wheel angel input is shown in Figure 9a. Additionally, the simulation results are shown in Figure 9. The wheel torque of the coordinated control is shown in Figure 9f where the values less than 0 refer to the braking torque.



For the yaw’s stability performance, in Figure 9b, when no control is taken, the yaw rate changes at a large speed and eventually remains at a value that is much larger than the ideal value. However, when controls are taken, the yaw rate can track the ideal value well. Among them, the coordinated control has a smaller deviation. In Figure 9c, the ideal sideslip angle is zero. When no control is taken, the sideslip angle increases fast and end with a large deviation. However, when controls are taken, the sideslip angle is much smaller. Among them, the coordinated control has a smaller sideslip angle which means a better yaw stability performance.



For the roll stability performance in Figure 9d, it is obvious that the vehicle roll angle without a control is too large, indicating a bad and dangerous driving experience. When controls are taken, the roll angle remains at a value that is almost zero. However, the roll angle of the coordinated control is slightly smaller, which means a better roll stability than the independent control.



For the vehicle trajectory in Figure 9e, the turning radius is too small under the condition of no control, while both independent and coordinated control can achieve the expected trajectory.




4.3.2. Simulation of Sinusoidal Steering Maneuver


The sinusoidal steering wheel angle input is shown in Figure 10a. The other simulation parameters are the same as those in Section 4.3.1. The simulation results are shown in Figure 10.



For the yaw’s stability performance in Figure 10b, the yaw rate is much larger than the ideal value through the whole process when no control is taken. This is quite dangerous, given that the vehicle might be out of control. The tracking accuracy is good under an independent control, while the coordinated control has an even better tracking accuracy which is nearly the same as the ideal yaw rate. In Figure 10c, the sideslip angle is large when no control is taken. However, when controls are taken, the sideslip angle is much smaller. As before, the coordinated control has a slightly smaller sideslip angle.



For the roll stability performance in Figure 10d, the roll angle under no control is apparently too large compared with taking control, which may lead to a dangerous rollover. Once the control is taken, the roll angle is effectively reduced. The roll angle of the coordinated control is slightly smaller.



For the driving trajectory in Figure 10e, the real trajectory under no control is far from the ideal one, which is so dangerous that it needs to be avoided. Meanwhile, both an independent and coordinated control can track the expected trajectory. Figure 10f shows the required wheel torque of each wheel.



To sum up, when the coordinated controller is introduced. The active suspension can play a role in the control of the yaw’s stability. The active suspension and DYC can work in coordination. The yaw rate tracking is great, and the sideslip angle and vehicle roll angle are small. The yaw and roll stability are further improved compared with simply using two independent controllers.






5. Conclusions


To improve the roll and yaw stability of a four-wheel independent drive electric vehicle, a genetic fuzzy PI control is used to design the active suspension roll controller. The genetic sliding mode control is used to design the DYC controller. With the two controllers, the roll and yaw stability are highly improved, and the chattering of the sliding mode control is effectively suppressed. To solve the coupling between the active suspension and DYC, a coordinated controller is proposed based on the adaptive distribution of an anti-roll torque in the front and rear suspension. The simulation results show that the proposed coordinated control has a better performance than simply using two independent controllers.



In a future work, the proposed model and controllers will be optimized and tested repeatedly, and real vehicle verification will be introduced. Additionally, estimators for the vehicle state and tire–road friction coefficient can be introduced. Economy can also be considered in addition to the driving comfort and stability to improve the comprehensive performance of the vehicle.
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Figure 1. Flow chart of genetic fuzzy PI algorithm. 
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Figure 2. Optimization results of fitness. 
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Figure 3. Flow chart of genetic sliding mode DYC. 
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Figure 4. The influence of vertical load on tire cornering stiffness. 
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Figure 5. Principle framework of active suspension and DYC coordinated control. 
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Figure 6. Simulation of active suspension roll controller. (a) steering wheel angle; (b) roll angle; and (c) suspension force. 
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Figure 7. DYC controller on high tire–road friction coefficient road. (a) steering wheel angle; (b) yaw rate; (c) sideslip angle; (d) front left driving torque; (e) front right driving torque; (f) rear left driving torque; and (g) rear right driving torque. 
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Figure 8. DYC controller on low tire–road friction coefficient road. (a) yaw rate; (b) sideslip angle; (c) front left driving torque; (d) front right driving torque; (e) rear left driving torque; and (f) rear right driving torque. 






Figure 8. DYC controller on low tire–road friction coefficient road. (a) yaw rate; (b) sideslip angle; (c) front left driving torque; (d) front right driving torque; (e) rear left driving torque; and (f) rear right driving torque.
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Figure 9. Stability performance under ramp steering. (a) steering wheel angle; (b) yaw rate; (c) sideslip angle; (d) row angle; (e) vehicle trajectory; and (f) wheel torque. 
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Figure 10. Stability performance under sinusoidal steering. (a) steering wheel angle; (b) yaw rate; (c) sideslip angle; (d) row angle; (e) vehicle trajectory; and (f) wheel torque. 
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Table 1. Vehicle parameters in this paper.
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	Description
	Parameter
	Unit
	Value





	Total mass
	  m  
	kg
	1395



	Sprung mass
	    m s    
	kg
	1245



	Distance between front axle and center of gravity (CG)
	    l f    
	m
	1.080



	Distance between rear axle and CG
	    l r    
	m
	1.620



	Wheel track
	  d  
	m
	1.535



	Rotating mass conversion factor
	  ξ  
	-
	1.06



	Frontal area
	  A  
	m2
	2.01



	Air resistance coefficient
	    C D    
	-
	0.29



	Roll moment of inertia
	    I x    
	Kgm2
	480



	Yaw moment of inertia
	    I z    
	Kgm2
	1356



	Pitch moment of inertia
	    I y    
	Kgm2
	1356



	Front suspension stiffness
	    k 1  ,  k 2    
	N/m
	27,358



	Front suspension damping
	    c 1  ,  c 2    
	Ns/m
	1695



	Rear suspension stiffness
	    k 3  ,  k 4    
	N/m
	19,600



	Rear suspension damping
	    c 3  ,  c 4    
	Ns/m
	1965



	Rolling resistance coefficient
	  f  
	-
	0.009



	Tire radius
	  R  
	m
	0.298



	Vertical stiffness of front tire
	    k  t 1   ,  k  t 2     
	N/m
	87,000



	Vertical stiffness of rear tire
	    k  t 3   ,  k  t 4     
	N/m
	92,000



	Wheel moment of inertia
	  J  
	Kgm2
	2.2



	Altitude difference between roll center and sprung mass CG
	    h r    
	m
	0.254



	Altitude difference between pitch center and sprung mass CG
	    h p    
	m
	0.104
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Table 2. Parameters of genetic algorithm.
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	Parameter
	Value





	Population size
	30



	Number of iterations
	20



	Crossover probability
	0.65



	Mutation probability
	0.08



	Initial population interval
	[1 1; 7000 7000]
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Table 3. Modeling and control parameters in Section 3.
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	Symbol
	Value
	Symbol
	Value





	    Q 1    
	0.02
	    A 1    
	5



	    Q 2    
	80
	    A 2    
	2



	    Q 3    
	0.00005
	    A 3    
	1



	    Q 4    
	0.00005
	    ε 1    
	0.02



	    Q 5    
	0.00001
	    k  d 1     
	50



	  w  
	0.56
	  k  
	1
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