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Abstract

:

Aiming at the problems of control stability of the intelligent vehicle lateral control method, single test conditions, etc., a lateral control method with feedforward + predictive LQR is proposed, which can better adapt to the problem of intelligent vehicle lateral tracking control under complex working conditions. Firstly, the vehicle dynamics tracking error model is built by using the two degree of freedom vehicle dynamics model, then the feedforward controller, predictive controller and LQR controller are designed separately based on the path tracking error model, and the lateral control system is built. Secondly, based on the YOLO-v3 algorithm, the environment perception system under the urban roads is established, and the road information is collected, the path equation is fitted and sent to the control system. Finally, the joint simulation is carried out based on CarSim software and a Matlab/Simulink control model, and tested combined with hardware in the loop test platform. The results of simulation and hardware-in-loop test show that the transverse controller with feedforward + predictive LQR can effectively improve the accuracy of distance error control and course error control compared with the transverse controller with feedforward + LQR control, LQR controller and MPC controller on the premise that the vehicle can track the path in real time.
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1. Introduction


Intelligent driving vehicles are not only a research hotspot in the field of vehicle engineering but are also a new direction in the development of automobile industry for the future [1,2]. Vehicle motion control is the core to realize intelligent driving and lateral motion control is an important factor in ensuring vehicle driving safety, handling stability and other performance [3,4]. Its research has strong theoretical research significance and engineering application value [5].



In recent years, many scholars have combined intelligent driving vehicle system design and vehicle dynamics models to conduct research into lateral motion control methods, and have achieved fruitful results. Woo Young Choi et al. designed a lateral control method for autonomous vehicles based on efficient model predictive control (MPC), and verified the effectiveness of the method through simulation experiments [6]. Ningyuan Guo et al. designed a vehicle tracking control strategy with yaw motion stability. The nonlinear model predictive control (NMPC) method is used to establish an error model through the vehicle motion state, and the stability of the vehicle is improved through experiments and the amount of calculation is reduced [7]. Fen Lin, Yaowen Zhang et al. designed a lateral control method based on a linear time-varying model prediction, combined with the vehicle dynamics system to design the yaw moment control parameters to reasonably distribute the tire driving force, so as to ensure that the vehicle has good yaw stability during path tracking [8]. Anh-Tu Nguyen et al. designed a fuzzy static output feedback control vehicle path tracking control method. The controller is designed as an optimization problem under linear matrix inequality, and it can be effectively solved through simulation [9]. Aiming at the nonlinear and time-varying characteristics of vehicle systems, Chen C, Lv J and others proposed an improved control method combining an input–output linear algorithm and an adaptive fuzzy sliding mode control algorithm to improve the robustness of the system [10]. Matthew Brown proposed a lateral control method combining local path planning and path tracking based on model predictive control. Taking the real-time position and speed state output in the vehicle dynamics model as the control quantity, the first-order hold discrete method is used to ensure safe obstacle avoidance and to realize motion stability and obstacle avoidance ability by using environmental information and a vehicle model [11]. Zhang W first analyzed the vehicle dynamic tracking error model and studied a robust steering torque control strategy for the automatic driving vehicle lateral tracking function. Hardware loop environment built by ETAS labcar and Matlab/Simulink and test analysis under various conditions [12]. Chunjiang Bao proposed a steering torque control method based on a model predictive control algorithm. Combining a steering system model and a steering resistance torque model in vehicle dynamics, a model predictive controller model with vehicle state parameters as feedback variables was used to simulate Lane holding based on Carsim and Simulink control models, and a hardware in-loop test is performed on the ring test platform based on CarSim/LabVIEV-RT hardware [13]. The literature [14,15,16,17,18,19,20,21,22] concerning linear quadratic regulators respectively designs and tests the lateral controller of intelligent vehicles based on Linear quadratic regulator (LQR), MPC, NMPC, LPV control methods, LMI robust control method, sliding film variable structure, PID and other control methods, and achieves good control effect in a specific test scenario. In conclusion, the design of a control method is the core of the whole control system for the lateral control of intelligent vehicles. At present, research into control methods mainly focuses on a single factor and achieves certain results.



The LQR control method is a classical control method, which has been applied in many fields [23,24]. Snider proposed the application of the LQR control method in intelligent vehicle path tracking in 2009, took the vehicle centroid as the control point, established the system model with road curvature disturbance, and designed an LQR controller [25]. Although the control method can make the system tend to be stable, it does not consider the disturbance term and has a systematic error. Therefore, NR kapania proposed a feedforward + feedback steering controller. The design first considered the establishment of a nonlinear vehicle dynamics model and the construction of a feedforward control method controller. At the same time, it showed a trend of significant increase in steady-state path deviation at high speed [26]. Xu et al. proposed adding a road curvature feedforward link on the basis of an LQR feedback control to eliminate the steady-state error of lateral displacement [27]. To sum up, the advantage of LQR in the lateral control of intelligent driving is that when the vehicle yaws during the driving process, it can ensure that the intelligent vehicle tracking control system can be close to a balanced state without consuming too much energy. The research based on the LQR control method has been widely used in intelligent vehicles, but there is still a need to improve control stability.



Aiming at the stability problem of intelligent driving lateral motion control, considering the interference factors of the actual environment, this paper proposes a lateral control method with feedforward + predictive LQR. Through simulation and experimental comparison, it is verified that the accuracy of the control method proposed in this paper is better than the existing control methods.



The main contributions of this paper are:



1. Based on the vehicle dynamics tracking error model, a lateral control method based on feedforward + predictive LQR is proposed.



2. This paper introduces the consideration of the actual environment’s influence and interference factors, and combines the designed control method with the actual road environment.



3. A hardware-in-the-loop test platform was established on the basis of software simulation, and test verification was carried out. The hardware-in-the-loop test results show that the control method proposed in the paper improves the accuracy of vehicle path tracking control.



4. This method provides a new idea for studying the lateral control stability control of intelligent driving vehicles.




2. Establishment of a Vehicle Dynamics Model


Vehicle Dynamics Tracking Error Model


Because the vehicle system is a complex system with uncertainties of non-linearity, time delay and time-varying parameters [28], in a vehicle lateral control, the main research is focused on vehicle lateral dynamic characteristics. In this paper, vehicle dynamic model is simplified into a two-degree-of-freedom lateral dynamic model [29,30], as shown in Figure 1. A simplified approximation is made on the basis of the established model. It is assumed that the lateral force and the lateral angle of the tyre is approximately proportional to the small lateral acceleration. It is assumed that the front and rear axle wheel corners are equal to the lateral stiffness.



By analyzing the two degree of freedom vehicle model, assuming that the vehicle speed remains the same and the wheel angle is small, it can be launched as follows:


  m  a y  =  F  y f   +  F  y r   =  C f   (     l f      φ ˙   +  V y     V x    −  δ f   )  +  C r   (     V y  −     φ ˙    l r     V x     )   



(1)






   I z   φ ¨  =  l f   F  y f   −  l r   F  y r   =  l f   C f   (     l f      φ ˙   +  V y     V x    −  δ f   )  −  l r   C r   (     V y  −     φ ˙    l r     V x     )   



(2)




where:   m   is the mass of the whole vehicle;    F  y f     and    F  y r     are the lateral forces of the front and rear axles of the vehicle respectively;    I z    is the moment of inertia of the vehicle around the Z axis;    φ ˙    is the yaw rate of the vehicle;     l f    and    l r    is the distance from the vehicle centroid to the front and rear axles respectively;    V x    is the vehicle longitudinal speed;    V y    is the vehicle lateral speed.     δ f    is the front wheel corner of the vehicle.



Set    V y  =  y ˙   , and the state space equation form of vehicle dynamics during steering can be obtained:


   (       y ¨         φ ¨       )  =  (        2  C f  + 2  C r    m  V x          2  l f   C f  − 2  l r   C r    m  V x    −  V x          2  l f   C f  − 2  l r   C r     I z   V x          2  l f    2   C f  + 2  l r    2   C r     I z   V x         )   (      y ˙       φ ˙      )  +  (      −   2  C f   m        −   2  l f   C r     I z         )   δ f   



(3)







When an intelligent vehicle tracks its path in real time, distance error and course error will occur when planning the path and current position of the vehicle. In actual control, the design controller is required to eliminate these two errors in real time, so that the vehicle can track the planned path in real time. Define the distance between the center of mass of the vehicle and the projection point of the road centerline as the distance error ed, and the deviation between the vehicle and the road direction as the heading error    e θ   .



According to the distance error    e d   , you can calculate      e d   ˙    as:


     e d   ˙  =  | V |  s i n  (  θ −  θ r   )   



(4)




where: V is the center of mass of the vehicle speed;  θ  is the heading angle of the vehicle;    θ r    is the theoretical heading angle at the current time.



According to the derivation of vehicle dynamics model, it can be deduced that:     V y  = V s i n  ( β )  ,    V x  = V c o s  ( β )  , θ = φ + β  ,    β   is the sideslip angle of the center of mass.



Set    e φ    is the approximate heading error, let    e φ  = φ −  θ r   , Through calculation and simplification in combination with Equation (2), it can be obtained that:


     e d   ˙  =  V x   e φ  +  V y   



(5)







According to heading error    e θ   , you can get:


   e θ  = θ −  θ r  = φ + β −  θ r   



(6)







For the convenience of calculation, it is considered that   β = 0  , so the approximate heading error    e φ    is:


   e φ  =  e θ  = φ −  θ r   



(7)







Derivation of (7) can be launched:


     e φ   ˙  =     φ ˙   −    θ r   ˙   



(8)







Substituting Equation (3) into Equations (5) and (8), can be launched      e d   ¨   :


     e d   ¨  =  (    2  C f  + 2  C r    m  V x     )     e d   ˙  +  (  −   2  C f  + 2  C r   m   )   e φ  +  (    2  l f   C f  − 2  l r   C r    m  V x     )     e φ   ˙  +  (    2  l f   C f  − 2  l r   C r    m  V x    −  V x   )     θ r   ˙  +  (  −   2  C f   m   )   δ f   



(9)







Available after sorting      e φ   ¨   :


     e φ   ¨  =  (    2  l f   C f  − 2  l r   C r     I z   V x     )     e d   ˙  +  (  −   2  l f   C f  − 2  l r   C r   m   )   e φ  +  (    2  l f 2   C f  + 2  l r 2   C r     I z   V x     )     e φ   ˙  +  (    2  l f 2   C f  + 2  l r 2   C r     I z   V x     )     θ r   ˙  +  (  −   2  l f   C f    I z    )   δ f   



(10)







By further transforming the above formula, the state space equation of distance error and approximate heading error in the steering process of the intelligent vehicle can be obtained as follows:


           e ˙  d        e ¨  d       e φ        e ¨  φ      =     0   1   0   0     0     2  C f  + 2  C r    m  V x       −   2  C f  + 2  C r   m       2  l f   C f  − 2  l r   C r    m  V x        0   0   0   1     0     2  l f   C f  − 2  l r   C r     I z   V x       −   2  l f   C f  − 2  l r   C r    I z        2  l  f  2   C f  + 2  l  r  2   C r     I z   V x             e d        e ˙  d       e φ        e ˙  φ            +     0      −   2  C f   m       0      −   2  l f   C f    I z         δ f  +     0        2  l f   C f  − 2  l r   C r    m  V x    −  V x       0       2  l  f  2   C f  + 2  l  r  2   C r     I z   V x          θ ˙  r      



(11)







Therefore, gaining the state space equation concerning the tracking error of vehicle dynamics, we obtain the following:


   X ˙  = A X + BU + C    θ r   ˙   



(12)







Discretize the continuous state space equation of Equation (12), ignore the influence of   C    θ r   ˙   , and integrate the two sides of (12) to obtain the following:


    ∫  t  t + d t    X ˙  =   ∫  t  t + d t    (  A X + BU  )   



(13)







According to the integral median theorem, it can be launched:


  X  (  t + d t  )  − X  ( t )  = A X ( ε ) d t + BU ( ε ) d t  



(14)







Use the forward Euler method and the backward Euler method to Formula (10) and simplify and derive:


  X  (  t + d t  )  =    (  I −   A d t  2   )    − 1    (  I +   A d t  2   )  X t + B d t U ( t )  



(15)




where: I is the identity matrix;   d t   is the sampling period;   ε ∈  (  t , t + d t  )   ;



Ignoring the influence of   C    θ r   ˙   , the state space equation of the discretized vehicle model tracking error can be expressed as:


   X  k + 1   =  A ¯   X k  +  B ¯   U k   



(16)




where:     A ¯  =    (  I −   A d t  2   )    − 1    (  I +   A d t  2   )  ;  B ¯  = B d t  ;





3. Lateral Control System Design


Based on the intelligent vehicle tracking error model, a lateral controller is designed as shown in Figure 2, which restricts the distance error and the course error during the tracking process and eliminates the state error between the current position and the reference position of the intelligent vehicle.



Firstly, the LQR controller is designed by using the established vehicle dynamics tracking error model to output vehicle parameters and the predictive controller is designed by using real-time vehicle status information. Next, the state error is calculated according to the state quantity of the vehicle planning position obtained from the upper environment perception and path planning and the current position information output from the feedforward controller. Second, the feedforward controller calculates the input feedforward through the LQR controller and the state error. Finally, the output is calculated and fed back to the vehicle controller to control the front wheel angle of the vehicle in real time and to control the vehicle to travel according to the planned path.



3.1. LQR Controller Design


The research object of the linear quadratic regulator is the linear system given in the form of a state space equation in modern control theory, and the objective function is the quadratic function of object state and control input [31,32]. The advantage of LQR in intelligent driving lateral control is that when the system state deviates from the equilibrium state due to obstacles or emergencies during vehicle driving, it ensures that the intelligent vehicle tracking control system can approach the equilibrium state without consuming too much energy. Therefore, in intelligent driving, LQR control can realize closed-loop optimal control through state feedback [33]. According to the discretized vehicle dynamics state–space equation built by Equation (16) in the previous section, the LQR controller system performance function is constructed:


  J =   ∑  0 ∞   [   X k T  Q  X k  +  U k T  R  U k   ]   



(17)




where    X k    is the state variable of the system;    U k    is the control variable of the system; Q is the weighting matrix of state error; and R is the weighting matrix of the control quantity.



The Lagrangian control problem with multiplicative constraints is constructed as follows:


  J =   ∑   k = 0   n − 1    [   X k T  Q  X k  +  U k T  R  U k  +  λ  k + 1  T   (   A ¯   X k  +  B ¯   U k   )  −  λ  k + 1  T   X  k + 1    ]  +  X n T  Q  X n   



(18)







Construct Hamiltonian function so that


   H k  =  X k T  Q  X k  +  U k T  R  U k  +  λ  k + 1  T   (   A ¯   X k  +  B ¯   U k   )   



(19)







Simplify and merge to get:


  J =   ∑   k = 0   n − 1    (   H k  −  λ k T   X k   )  +  X n T  Q  X n  −  λ n T   X n  +  λ 0 T   X 0   



(20)







By deriving Equation (20) and solving the extreme value, it can be obtained as follows:


   U k  = −    (  R +   B ¯  T   P  k + 1    B ¯   )    − 1     B ¯  T   P  k + 1    A ¯   X k   



(21)




where, let    λ k  = 2  P k   X k    and    P  k + 1     be the solution of Riccati equation   P = Q +   A ¯  T  P  A ¯  −   A ¯  T  P  B ¯     (  R +   B ¯  T  P  B ¯   )    − 1     B ¯  T  P  A ¯   .



The optimal sequence of feedback control is obtained through iteration, and the control quantity of intelligent driving vehicle LQR controller is obtained as follows:


   U k  = − K  X k   



(22)




where   K =  [   k 1  ,  k 2  ,  k 3  ,  k 4   ]    is the gain of the LQR controller.



Among them, the weighted matrix parameter Q and parameter R of the LQR controller will have an important impact on the performance of the entire controller. Generally, the values of Q and R are determined according to the test results. According to the lateral controller designed in the paper, the weighting matrices Q and R can be described as:


  Q = d i a g  [   q 1  ,  q 2  ,  q 3  ,  q 4   ]  ,   R =  [ r ]   



(23)




where: each element in the matrix Q represents the degree of importance attached to the corresponding control target, and    q 1  ,  q 2  ,  q 3  ,  q 4    correspond to the degree of importance the control system attaches to distance error, distance error change rate, heading error, and heading error change rate respectively. The larger the value, the stronger the control degree of the system. According to trial and error, it is set to   Q = d i a g  [  27 , 1 , 6 , 1  ]   , the elements in the matrix R indicate the degree of restriction of the control system to the control quantity, because there is only one control quantity in the text, which is the front wheel of the vehicle Rotation angle, so the element r in the formula is a fixed constant, which is set to 8 in the text according to trial and error.




3.2. Feedforward Controller Design


Incorporating Equation (22) into Equation (12) and discretizing, it can be launched thus:


     X k   ˙  =  A ¯  −  B ¯  K  X k  +     C ¯      θ r   ˙   



(24)







According to the above formula, if only LQR control is used, the system cannot eliminate the steady-state error no matter what value k is taken in the state space equation; that is, it cannot ensure that the distance error and the heading error of the intelligent vehicle in the process of lateral control are 0. In this paper, the output of the front wheel angle controller is set as the steady-state delta controller to eliminate the front wheel angle    δ k   . The output    U k    of the system is:


   U k  =  δ f  +  δ k  = − K  X k  +  δ k   



(25)







When the system reaches the optimal control, that is, the steady-state error needs to be 0, and then bring Equation (25) into Equation (12) and discretizing, it can be launched thus:


   X k  = −    (   A ¯  −  B ¯  K  )    − 1    A ¯   (   B ¯   δ k  +     C ¯      θ r   ˙   )   



(26)







It can be concluded from Equation (25) that it is necessary to calculate the appropriate    δ k   , which makes the steady-state error of the system 0, so as to achieve the optimal control state. Inverse and simplify the calculation of Equation (26) to obtain the equation about the steady-state error of the system:


       e   d −  s         e ˙    d −  s        e   φ −  s         e ˙    φ −  s       =       1  k 1     δ k  −    θ ˙  r   v x     l f  +  l r  −  l r   k 3  −   m  v  x  2     l f  +  l r       l r   2  C f    +   l f   2  C r     k 3  −   l f   2  C r            0      −     θ ˙   r   v x     l r  +   l f    l f  +  l r      m  v  x  2    2  C f          0      



(27)




where:    e  d _ s     is the steady-state error of distance error;    e  φ _ s     is the steady-state error of approximate heading error.



Therefore, it is necessary to set a feedforward controller to eliminate the steady-state error of system distance error and heading error.



According to the above, in order to facilitate the calculation of    e φ  =  e θ   , approximate heading    e φ    is not equal to the heading error. Through this calculation, it can be launched as:


   e φ  = −      θ r   ˙     v x     (   l r  +    l f     l f  +  l r      m  v x    2    2  C f     )  = − β  



(28)




and


   e φ  = φ −  θ r  ,  e φ  = − β  



(29)







According to Equation (29),    e θ  = φ + β −  θ r  = 0  , so the steady-state error of the heading error of the system does not need to design a feedforward controller and can be eliminated directly.



The steady-state error of the distance error is eliminated by Equation (27), so that      θ r   ˙  = ρ  v x   , when    e d  = 0  , the feedforward controller is designed according to the formula, and the feedforward control quantity    δ k    is:


   δ k  = ρ  [   l f  +  l r  −  l r   k 3  −   m  v x    2     l f  +  l r     (     l r    2  C f    +    l f    2  C r     k 3  −    l f    2  C r     )   ]   



(30)




where:  ρ  is the curvature of the road.




3.3. Predictive Controller Design


The LQR controller and feedforward controller are designed based on the intelligent driving tracking error model. When the intelligent driving vehicle is tracking and controlling, the vehicle uses the planned path and the road curvature to obtain the feedforward control value. When the system steady-state error is not 0 when using the LQR controller and the feedforward controller, the steady-state error between the current state of the intelligent driving vehicle and the reference path can be eliminated in real time. In order to enable the vehicle to predict the future vehicle trajectory, Amir Benloucif et al. established a shared control framework for the system based on a new type of cooperative trajectory planning algorithm and a fuzzy control method. The cooperative trajectory planning algorithm was used to adaptively update the predicted vehicle trajectory through driver actions to achieve an effective tracking path [34].



According to the test, it was found that if the intelligent driving vehicle runs at the position shown in Figure 3 and has a distance error from the planned path, and the planned path point    s  p e r     can still be tracked at a certain time in the future when driving along the current position, the system will not generate a steady-state error at this time, the system cannot track point    s  p e r − 1     at the current time, and the vehicle can continue to drive along in the current state.



If the current position of the intelligent driving vehicle is already traveling on the planned path, as shown in Figure 4, the vehicle will continue to drive in the current state at the next moment until the vehicle deviates from the planned path. After the system determines that the vehicle has a steady-state error, the controller controls the vehicle movement. At this time, we need the vehicle to be able to predict the planned point for a period of time in the future, so that the vehicle can keep driving at the planned route point    s  p e r _ t 2     in real time.



According to the above possible problems, the system adds a predictive controller to predict the trajectory points in the future for a period of time, and the system determines it to control the front wheel angle of the vehicle in real time to effectively track the path, which can eliminate the lag of the control system and reduce the control system function consumption, and increase the system stability and comfort. The schematic diagram is shown in Figure 5.



The prediction time is set as    t s   . The coordinate position information of the predicted time point is (   x  p r e   ,    y  p r e   ,    V   x  p r e     ,  V   y  p r e     ,    φ  p r e    ). Because   θ = φ + β  , there are:


   {       x  p r e   = x +  V x   t s  c o s  ( φ )  −  V y   t s  s i n  ( φ )         y  p r e   = y +  V y   t s  c o s  ( φ )  −  V x   t s  s i n  ( φ )             φ  p r e   = φ +  φ ˙   t s         V   x  p r e     =  V x         V   y  p r e     =  V y             



(31)








3.4. Establishment of Environmental Awareness System


Due to the diversity and complexity of the road environment and the weather environment, the intelligent driving vehicle tracking control will be greatly affected. In order to verify that the proposed control method is more in line with the actual road conditions, this paper takes into account the research on intelligent vehicle lateral control in the real road environment, collects road information in advance and processes data through an environment sensing system, and fits the path required for the tracking control below. Therefore, an environmental awareness system is established.



The central idea of the YOLOv3 algorithm used in the establishment of environmental awareness in this paper is to divide the picture into grids in equal proportion, use the grid to predict the rectangular box and contain the location, confidence and other information of the target, and finally to obtain the final prediction box through non-maximum suppression filtering [35]. A YOLOv3 detection algorithm belongs to the one stage algorithm, which has the advantages of a small amount of calculation and a fast response. Therefore, it is often used to detect vehicles and pedestrians in urban roads and has achieved good research results [36]. Yolov3 uses the pyramid-like method for reference to predict on three scales of different sizes, and then the network outputs the detection results of three different scales. Each detection result includes the coordinate position, category and confidence of vehicles and the coordinate position and confidence of pedestrians. In the prediction process, different scale feature maps predict targets of different sizes, and finally combine the prediction results of the three scales for non-maximum suppression algorithm processing [37]. The network structure principle is shown in Figure 6.



The YOLOv3 algorithm meets the requirements of real-time detection in recognition accuracy and detection rates under different environments and working conditions, and the average recognition rate is 28.4 f/s. The establishment of an environmental perception system collects the image information of vehicles and pedestrians in an urban road environment under different working conditions, verifies the recognition accuracy and rate of vehicles and pedestrians based on the YOLOv3 algorithm in the real urban road environment, and records vehicle and pedestrian videos under different working conditions to realize the recognition and detection of vehicles and pedestrians in the offline state. The pedestrian outputs the position coordinate information and fits the path equation that can avoid obstacles, so as to provide a path for the following path tracking control. So as to ensure that the path tracked by the set controller during the test is true, the road environment is more in line with the actual situation. The main aim of this paper is to propose a lateral control method with a feedforward + predictive LQR, and so the environmental perception part is not discussed in detail.





4. Simulation and Hardware in the Loop Test


In order to verify the feasibility of the designed lateral motion controller with feedforward + predictive LQR, first, Matlab/Simulink and CarSim software are used for joint simulation, and the control effect of the controller is tested under the simulation. Then, the hardware in the loop test is carried out to verify the effectiveness of the path tracking control algorithm and its adaptability to different road test conditions on the premise that the road information under different working conditions is collected in advance and the obstacle avoidance path has been planned. This is to verify whether the communication between the control module and other functional modules in the algorithm program is in real time, and whether the control module can quickly, accurately and stably realize the path tracking function according to the planned path according to the vehicle position and attitude information provided by the navigation system in real time.



4.1. Simulation Test and Analysis under Different Working Conditions


In order to better verify the control performance of the designer, the path tracking simulation test will be carried out under two road conditions collected in advance. The road environment in this paper is collected in a real environment. The road environment can include cement pavement, asphalt pavement, rain and snow pavement, etc., which can meet the requirements of vehicle testing in different road environments. The test conditions are urban roads, and the tire-road friction factor is shown in Table 1. The two working conditions are Roundabout (the speed is set at 50 km/h) and complex steering (the speed is set at 30 km/h). The optimal control rate solved by the Matlab/Simulink control model is used as the control input of CarSim for joint simulation verification. In order to better compare the control effect of feedforward + predictive LQR, the simulation results are compared with a feedforward + LQR control method, LQR controller without feedforward control and an MPC control method. The simulation model of the lateral control system is built as shown in Figure 7.



In the simulation, CarSim selects the class C passenger car model, and the vehicle parameter settings are shown in Table 1.



4.1.1. Simulation Test of the Roundabout Working Condition


Figure 8a shows the path tracking comparison results of four control methods under the roundabout condition. It can be seen from the diagram that all four methods can effectively track the target path, and the vehicle with feedforward + predictive LQR control has the best overall path tracking effect. Figure 8b,c describe the distance error and course error of four controllers under this operating condition. It can be seen that all four control methods can track the straight line path well in the starting motion stage. The distance error between tracking and target path can be controlled within 0.1 m and the heading error within 0.01 rad. However, when the vehicle is steering, the adjustment of control quantity is obviously different between the four control methods, in which the maximum distance error and the maximum course error of the controller with feedforward + predictive LQR are 0.37 m and 0.08 rad, respectively. The control effect of the MPC controller is relatively poor, with the maximum distance error exceeding 0.5 m and the maximum course error exceeding 0.12 rad. The distance error of the LQR controller with feedforward is poor when tracking bends, and the maximum value exceeds 0.65 m and the maximum value of heading error exceeds 0.15 rad. The LQR controller has the worst control effect between the four, with the maximum distance error exceeding 1 m and the maximum course error exceeding 0.17 rad. Through a comparative analysis, the maximum distance error control accuracy of the controller with feedforward + predictive LQR is 43.1% higher than that with feedforward + LQR controller, 67.8% higher than that of LQR controller and 28.8% higher than that of MPC control method. The accuracy of the maximum course error control is 46.7% higher than that of the LQR controller with a feedforward + LQR controller, 52.9% higher than that of LQR controller and 21.2% higher than that of the MPC control method.




4.1.2. Simulation Test of Complex Steering Conditions


In order to verify the stability of the controller under complex working conditions, the experiments of linear tracking and continuous lane changing under complex roads are carried out.



Figure 9a shows the path tracking comparison results of four control methods under complex road conditions. The test results show that the controller with feedforward + predictive LQR can track the target path well. Observe that Figure 9b,c, with feedforward + predictive LQR controller, still keep a good control effect when tracking a straight line with a target path under this operating condition. The maximum distance error is less than 0.1 m and the maximum course error is less than 0.01 rad. The maximum distance error of the tracking bend is controlled in the range of 0.45 m and the maximum course error is controlled in the range of 0.25 rad, which achieves a good path tracking accuracy and control effect. The control effect of the MPC controller is slightly lower than that of the former, with the maximum distance error within 0.55 m and the maximum course error within 0.32 rad. The control effect of the LQR controller, with feedforward is poor. The maximum distance error of the tracking bend is within 0.7 m and the maximum course error is within 0.36 rad. Although the LQR controller can control the distance error between straight line tracking and target path to a small value, the maximum distance error exceeds 1.2 m and the maximum course error exceeds 0.42 rad when tracking bends. Through a comparative analysis, the maximum distance error control accuracy of the controller with feedforward + predictive LQR is 35.7%, 62.5% and 21.2% higher than that with feedforward + LQR controller and an MPC control method. The accuracy of a maximum course error control is 30.5% higher than that of feedforward + LQR controller, 40.5% higher than that of LQR controller and 18.8% higher than that of the MPC control method.



Through a comparative analysis, it can be seen that the LQR controller has obvious hysteresis, certain steady-state errors and an obvious overshoot in the control of distance error and heading error under this working condition. The traditional MPC control method has a limited ability to deal with system uncertainty. When the system model is inaccurate, or there is an external disturbance in the external road environment, it is often difficult to achieve the established control objectives.





4.2. Hardware in the Loop Test and Analysis


4.2.1. Introduction of Hardware in the Loop Test Platform


The hardware-in-the-loop (HIL) test platform software module design for intelligent vehicles is mainly composed of three parts: an environment awareness module composed of sensors, a host computer interface display module, and a control module. The software function introduction is shown in Figure 10. The environment awareness module monitors the surrounding environment information of the vehicle through the environment perception sensor, realizes the information collection and data processing of the intelligent driving vehicle sensor, and fits the path equation; the display module realizes the real-time display and storage of relevant information; the control module performs path tracking control, which can realize the lateral and longitudinal control of the vehicle. This paper only studies the lateral control of intelligent driving, and the longitudinal vehicle speed defaults to a constant value.



The HIL test platform is shown in Figure 11. The designed lateral controller is embedded into the test platform, and the commercial vehicle software CarSim is used to replace the real vehicle control. The actuator and control mechanism are actual mechanisms. The test bench includes a computer embedded in a road environment model and a vehicle dynamics model, closed-loop automatic steering system, real-time controller Speedgoat equipment and an FPGA-IO397 board.



The environment perception module uses the yolov3 algorithm and takes the Linux system as the platform to collect the image information of vehicles and pedestrians in the urban road environment under different working conditions, and mixes it with the pictures of vehicles and pedestrians in the KITTI data set to form a self-made data set. The database model is trained by the YOLOv3 algorithm to verify the accuracy of YOLOv3 algorithm in vehicle and pedestrian recognition. In the real urban road environment, the accuracy and speed of YOLOv3’s recognition of vehicles and pedestrians are tested in real time, and the videos of vehicles and pedestrians under different working conditions are recorded to realize the recognition and detection of vehicles and pedestrians in an offline state, to output the position coordinate information, and to fit the path equation that can avoid obstacles [38]. Thus, the road environment running during the vehicle test can be sent to the control module in real time, ensuring that the vehicle is running in real road conditions in real time, and increasing the feasibility of the control method. The effect of real-time detection and recognition of vehicles and pedestrians on urban roads is shown in Figure 12.



After the control module receives the planning path equation, the vehicle jointly simulated by Matlab/Simulink and CarSim starts to move according to the planned path, and the Speedgoat is connected through the communication interface. The controller sends the motion control command to the FPGA-IO397 board, which sends a PWM pulse signal to the signal control port of the DM542 stepper motor driver, and the steering motor gradually controls the vehicle steering through the vehicle automatic steering system. At the same time, the angle sensor GTBA2209 installed on the front wheel of the vehicle transmits the real-time collected steering angle back to the fpag-io397 board for accurate steering. The control flow chart is shown in Figure 13.




4.2.2. Analysis of Hardware in the Loop Test Results


Figure 14a shows the comparison between simulation test and hardware path tracking under the condition of loop island. It can be seen from the Figure that the lateral controller designed in this paper can control the vehicle to track the desired path under the working condition with a high precision, and the tracking deviation is within the allowable range. Figure 14b,c show the comparison of distance error and heading error between simulation test and hardware under the condition of loop test under the condition of an island. It can be seen from the Figure that the distance error between the linear tracking and the target path is less than 0.1 m under the condition of the island, and the distance error of the tracking curve is less than 0.45 m. The error, of course, is basically consistent. Because of the noise caused by the interference of sensor data, the distance error and heading error are fluctuating. However, the control system can still track according to the desired path, and achieved a better control effect, which proves the feasibility of the algorithm in the loop test.



Figure 15a shows the comparison effect of path tracking between the simulation test and hardware in the loop test under complex steering conditions. Figure 15b,c show the comparison of distance error and heading error between different simulation test and hardware in the loop test under complex steering conditions. It can be seen from the Figure that the vehicle can still track the target path well in a complex road environment. By observing Figure 15b,c, the distance error of the vehicle in the hardware in the loop test on the straight-line tracking section can be controlled within 0.1 m, and the heading error can be controlled within 0.01 rad. However, in the tracking curve section, the distance error and heading error of the vehicle will increase, and there will be an overshoot to a certain extent, so that the vehicle body will drive out of the predetermined reference path. The maximum distance error is 0.65 m and the maximum heading error is 0.28 rad. However, it can quickly return to the established path after completely leaving the curve and entering the straight section and can realize path tracking within the acceptable steady-state error range.






5. Conclusions


Research into the lateral motion control in the intelligent driving structure system was carried out. Firstly, based on the vehicle dynamic tracking error model, combined with three control methods, an intelligent vehicle path tracking transverse controller was designed and the environment perception system based on the YOLOv3 algorithm was designed. Then, the road information is collected and processed by the environmental awareness system, and the path required for tracking control is fitted. Combined with the hardware in the loop test platform of the intelligent vehicle automatic steering system, the actual control effect of feedforward + predictive LQR controller is verified under roundabout conditions and complex steering conditions. Finally, the simulation and hardware test results show that the designed control can effectively realize the real-time vehicle path tracking in the actual implementation, and improve the control effect and control accuracy of the vehicle. This paper considers the design of an intelligent driving vehicle lateral control system, but does not consider the influence of the change and interference of longitudinal control. The next step will consider the design of combining a longitudinal control to establish a more perfect intelligent driving tracking control system.
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Figure 1. Vehicle dynamics and tracking error model. 
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Figure 2. Lateral control system design. 
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Figure 3. The current position of the vehicle is not at the same point as the planned position. 
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Figure 4. The current position of the vehicle is at the same point as the planned position. 
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Figure 5. Schematic diagram of the predictive control model. 
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Figure 6. Schematic diagram of the yolov3 network structure. 
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Figure 7. Establishment of the MATLAB/CarSim simulation model. 
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Figure 8. Simulation test results of roundabout conditions. 
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Figure 9. Test results under complex steering conditions. 
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Figure 10. Functional module design of test platform. 
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Figure 11. Hardware in the loop test platform. 
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Figure 12. Schematic diagram of real-time detection results. 
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Figure 13. Vehicle automatic steering control process. 
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Figure 14. Hardware in the loop test results under roundabout conditions. 






Figure 14. Hardware in the loop test results under roundabout conditions.



[image: Actuators 10 00228 g014]







[image: Actuators 10 00228 g015a 550][image: Actuators 10 00228 g015b 550] 





Figure 15. Simulation test results of complex steering conditions. 
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Table 1. Main vehicle parameters.






Table 1. Main vehicle parameters.





	Definition
	Symbol
	Value (Unit)





	Vehicle weight
	m
	1412 (kg)



	Gravitational acceleration
	g
	9.8 (  m /  s 2   )



	wheelbase
	  l  
	2.91 (m)



	Distance from centroid to front axle
	    l f    
	1.01 (m)



	Centroid height
	    h g    
	0.52 (m)



	Front wheel turning stiffness
	    C f    
	43,664.21 (  N ·   rad   − 1    )



	Rear wheel turning stiffness
	    C r    
	80,384.32 (  N ·   rad   − 1    )



	Moment of inertia about X axis
	    I x    
	536.6 (kg   ·  m 2   )



	Moment of inertia about Y axis
	    I y    
	1536.7 (kg   ·  m 2   )



	Moment of inertia about Z axis
	    I z    
	1536.7 (kg   ·  m 2   )



	Rolling radius of the tire
	R
	0.304 (m)



	Tire-road friction factor
	  μ  
	0.65 (-)
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