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Abstract

:

Vehicle platoon is one of the innovations in the automated highway systems, which has the potential to reduce fuel consumption, alleviate traffic congestion and lighten the driver’s burden. How to control the vehicle effectively to ensure the stability of the queue is a challenge. Aiming to overcome the shortcomings of the platoon control method based on traditional sliding mode control, a non-singular terminal sliding mode control method optimized by the extreme learning machine is proposed in this paper. Firstly, the vehicle longitudinal dynamics are derived from the analysis of the forces acting on the vehicle in the longitudinal direction. A constant time headway policy is taken as the spacing policy. The modified non-singular terminal sliding mode control method has outstanding performance, simulation results demonstrate that the following vehicles can rapidly track the trajectory of the leading vehicle in the platoon with less spacing error and guarantee string stability. In this study, several experiments are set up to consider the disturbance and other uncertain practical factors. The performance of the proposed method is superior to the traditional sliding mode control method. Experimental results show that the proposed method can significantly reduce chattering and has good robustness under the circumstances of the disturbance.
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1. Introduction


For the past few decades, traffic congestion has become a worldwide problem. The ever-growing traffic demand has overburdened the highway system, and the capacity of the bottleneck sections of the highway is even lower than that of ordinary roads [1,2]. In 1992, the automated highway system (AHS) program was launched, aiming to link the road and the vehicle to maximize driving performance, alleviate traffic congestion, and enhance safety. However, due to the limitation of information and communication technology (ICT), the AHS project has made slow progress since about 2000 [3]. The improvement of wireless communication technology, roadside facilities, various sensors, computer power, and advanced onboard information processing units, brings the hope of solving existing technology bottlenecks [4].



Along with the development of intelligent transportation systems(ITS), vehicle platoon has received a wide range of attention from academia and industry [5,6]. Platoon behavior exists widely in nature. For example, geese on seasonal migration form formations, and ants form formations to carry food. Why do they exhibit such behavior? This is because there are two key skills that animals unconsciously use, namely “information transfer” and “energy-saving” [7]. Does the behavior of these creatures inspire humans? The answer is yes [1,8].



Vehicle platoon is the linking of two or more vehicles in a convoy with tight spacing using wireless communications and sensor technology. The benefits of autonomous platoon control of vehicles are obvious [9]:




	
It reduces the number of drivers and reduces the cost of labor.



	
No driving hazards caused by fatigue driving, which improves safety;



	
Automatic control allows more precise control of output power, thus reducing energy consumption and being more environmentally friendly.



	
Automatic control makes the ability to adjust the spacing more accurate, and reducing the distance can increase the efficiency of the road.



	
For vehicles with the large windward areas, such as trucks, intensive workshop distance control can effectively reduce the power loss caused by wind resistance.








The main contribution of this paper is to design a new multi-vehicle platoon control method, which uses the non-singular fast terminal sliding surface instead of the traditional terminal sliding surface to solve the singularity problem and make the system quickly approach to the steady state. On this basis, the system parameters can be estimated by extreme learning machine neural network, which solves the problem of uncertain or unknown vehicle system parameters and significantly reduces the error. The remainder of this paper is organized as follows: Section 2 primarily analyses the current research status in this field of platoon through the literature in recent years. Section 3 gives mathematical derivation of the vehicle dynamics model. Section 4 is devoted to the vehicle platoon model description and problem formulation. Section 5 contains the analysis of the performances of the verification experiments and the effectiveness of the control method. Section 6 presents a brief conclusion.




2. Related Work/Literature Review


Intelligent vehicle has the characteristics of parameter uncertainty, time delay and highly nonlinear, so its motion control method is the key to realize the autonomous driving of the vehicle. In order to realize longitudinal platoon control, a suitable spacing control model should be established [2].



The core of the vehicle platoon is the vehicle driving controller, which adjusts the speed of the vehicle to maintain a safe distance from the vehicle in front and to keep the fleet at a safe speed for efficient driving. The establishment of the system mathematical model and the design of the controller algorithm are the two most critical parts. Numerous scholars and researchers have made critical contributions to these studies.



In 1953, Pipes from the University of California studied the dynamic characteristics of multi-vehicle formation in a single lane, speculated a “law of separation” to maintain the distance between the front and rear vehicles, and carried out a theoretical study on the dynamic characteristics of the vehicle following action [10]. In the 1960s, some scholars proposed that multiple vehicles could be combined into a string system [11]. They used the optimal control law to design a linear feedback system on which the position and speed of the vehicle could be adjusted. In 1996, Swaroop et al. [12] proposed the evaluation standard of string stability, which became an important theoretical basis for the design of vehicle platoon controller. This theory was a landmark advance. However, due to the limitations of wireless devices, central servers, and various sensor technologies, the formation measurement and information transmission capabilities of early designs are limited. In the past 20 years, the rapid development of vehicle-to-vehicle (V2V), vehicle-to-roadside-units (V2I), vehicle-to-everything (V2X), Internet of Vehicles (IoV) technologies and the progress of communication technology have broadened the design ideas of vehicle formation controller [13,14,15]. More advanced vehicle control strategies are springing up [16,17,18,19,20].



Vehicle platoon control requirements are complex. When the platoon encounter special circumstances or the speed changes, how to maintain the stable spacing error is the key issue [21]. Wireless communication technology and other new technologies have brought many new ideas for formation realization, which can be roughly divided into the following four categories according to the choice of theoretical basis: behavior based method [22,23], artificial potential field method [24,25], model prediction control method [26,27] and leader-follower method. This following will analyze these representative literatures from four directions.



Behavior-based approaches require rational design of basic vehicle driving behavior. Roya et al. [28], based on the offline motion planner system and the online layered control system, proposed a multi-lane formation autonomous navigation architecture. Based on the behavior method, all vehicles in the formation can be constrained and optimized, with no collision trajectory and smooth movement. Chai et al. [29], based on the observation-based event trigger control strategy, proposed a formation time-varying control method for multi-agent systems. This control method allows each individual in the formation to use the current information to update the next action.



As a kind of virtual force method, the basic idea of artificial potential field is to establish different potential fields to control the movement of the vehicle. Li et al. [30] proposed a new formation optimization method. This method was derived from the combination of graph theory and safety potential field theory and was applicable to different vehicle distribution. Yang et al. [31] proposed a car-following model incorporating the artificial potential field theory. This method was used to analyze vehicle following behavior by treating the vehicle as an individual in the charge field. When solving the formation control problem, Nair et al. [32] adopted the artificial potential field to do path planning and proposed a control strategy designed by the improved non-singular terminal sliding mode method.



The core idea of model predictive control is rolling time domain control strategy. In order to deal with unknown disturbances and improve the anti-interference ability of formation system, an improved distributed model prediction method was designed by Liu et al. [33]. The Nash-optimization strategy is used to solve the optimization problem of the model prediction method, which can improve the convergence of the iterative algorithm. In order to overcome the communication delay, Lan et al. [34] proposed a new stability margin judgment method. This method can be used for model predictive control of nonlinear formation systems. The verification experiment showed that each vehicle in the formation only transmits its current acceleration to the adjacent following vehicle, so the information transmission efficiency was very high. Mao et al. [35] proposed an improved collision-free navigation method. The safety zone was taken as the decision constraint and transferred to the input of the model prediction controller after transformation.



Liang et al. [36] developed a position estimator that can provide online position estimates of followers relative to leaders, thus ensuring the stability of the entire formation system. Yang et al. [21] designed a fuzzy PI controller for vehicle safety following control, which can effectively eliminate the influence of information delay in the platoon. Defoort et al. [37] developed a coordinated control scheme based on the leader-following method, and proposed a sliding mode controller that can ensure the gradual adjustment of vehicles to the desired formation effect. Qian et al. [38] and Yuan et al. [39] have combined the observer with the sliding mode method. The difference is that the former uses a nonlinear perturbation observer, while the latter uses an extended state observer. From the experimental results, both of them have achieved good performance in specific experimental scenarios.



Although the existing theoretical research has provided many methods to solve the problem of platoon control, for the actual road traffic environment, the study of vehicle platoon is still difficult. At present, for the random disturbance factors and other external conditions, there are still more studies to be done on the application in various real scenarios, and many difficulties need to be overcome to improve the control strategy of vehicle platoon.




3. Mathematical Derivation of the Vehicle Dynamics Model


In this paper, a schematic diagram of the longitudinal movement of the platoon is shown in Figure 1. All vehicles in the platoon maintain stability through uniform constraint rules, which are comprehensively characterized by factors such as the spacing error and speed of the vehicles. Here,    x i   ( i = 0 , 1 , 2 , … , n )    denotes the position of the ith vehicle. The index number of the vehicle is equal to 0, indicating that the vehicle is the leader of the platoon, namely, the first vehicle in the platoon. Furthermore,   x 0   and   v 0   stand for the position and velocity of the leading vehicle, respectively. Similarly,   x n   and   v n   stand for the position and velocity of the following vehicle n, respectively.



3.1. Single Vehicle Dynamics


A vehicle platoon is composed of a large number of individuals along the driving direction. In order to solve the modeling and control problem of the vehicle platoon, the speed control system of single vehicle could be firstly modeled in straight lane. The beginning of the vehicle model in this paper can be obtained from some vehicle-related textbooks [40,41]. One of the contributions is the vehicle model that can be used for vehicle platoon control completely on the basis of vehicle force analysis, and this model largely reflects the actual situation of vehicles.



For any vehicle in a platoon, without loss of generality, assume that the vehicle travels on a horizontal road surface, the tractive force of the vehicle   F t   is mainly composed of rolling resistance   F f  , air resistance   F c  , mechanical resistance   F m   and acceleration resistance   F a   (ignoring the influence of wind speed) [40]. A diagram of longitudinal force on the vehicle is shown in Figure 2.


   F t  =  F f  +  F c  +  F m  +  F a   



(1)







According to Newton’s second law, the parts on the right side of the equal sign can be further expanded and written as follows:


   F t  = G f cos α +    C D  A   21.15    v 2  +  K m  + δ m   d v   d t    



(2)




where   δ = 1 +  1 m    ∑  I w    r 2   +  1 m     I f   i g 2   i 0 2   η T    r 2     represents the conversion coefficient of automobile rotating mass.   I w  ,   I f  ,   i g  , and   i 0   denote vehicle inertia, flywheel inertia, main drive ratio, and transmission speed ratio, respectively [41]. For ease of calculation, the Equation (1) is converted to form as follows:


   F a  =  F t  −  F f  −  F c  −  F m   



(3)







The Equations (2) and (3) can lead to:


  δ  m i    x ¨  i  =  F  t , i   −  G i  f cos α −    C D  A   21.15     x ˙  i 2  −  K  m , i    



(4)







This study is an extension of research based on vehicle dynamics analysis. Based on the force analysis of the single vehicle, an important basis for vehicle platoon control can be established. According to the analysis of the force relation and its derived relation, the design method of the platoon controller can be available.




3.2. Description of Platoon Longitudinal Dynamics


Considering the external disturbance    d  1 , i    t    to the ith vehicle at time t, the Equation (4) can be further derived in the following form:


  δ  m i    x ¨  i  =  F  t , i   −  k f   m i  g −  k c    x ˙  i 2  −  K  m , i   +  d  1 , i    t   



(5)




where   k f   and   k c   denote coefficient of rolling resistance and coefficient of air resistance, respectively. The relationship of vehicle traction and control signal can be regarded as a first-order nonlinear differential equation:


    F ˙   t , i   =    u i  −  F  t , i      τ i     x ˙  i     +  d  2 , i    t   



(6)




where   u i   denotes the controller output of the ith vehicle.    τ i     x ˙  i     represents the instantaneous time constant at    x ˙  i  .    d  2 , i    t    stands for the internal disturbance of the ith vehicle at time t.



Considering the conversion coefficient of automobile rotating mass usually satisfies   1 < δ < 1.5  , while    i g   i 0    is very small,  δ  is a number that goes very close to 1. In order to facilitate calculation,  δ  is set as 1 in this paper. The simultaneous the Equations (5) and (6), after rearranging, give us:


   m i    x ⃛  i  + 2  k c    x ˙  i    x ¨  i  −   d ˙   1 , i    t  =  1   τ i     x ˙  i        u i  −  m i    x ¨  i  −  k c    x ˙  i 2  −  K  m , i   −  k f   m i  g +  d  1 , i    t    +  d  2 , i    t   



(7)







Tidy up the parts on both sides of the equal sign. We get:


      m i    x ⃛  i  =  1   τ i     x ˙  i        u i  −  m i    x ¨  i  −  k c    x ˙  i 2  −  K  m , i   −  k f   m i  g +  d  1 , i    t    − 2  k c    x ˙  i    x ¨  i  +   d ˙   1 , i    t  +  d  2 , i    t        = −  1   τ i     x ˙  i        m i    x ¨  i  +  k c    x ˙  i 2  +  K  m , i   +  k f   m i  g   − 2  k c    x ˙  i    x ¨  i  +   u i    τ i     x ˙  i     +    d  1 , i    t     τ i     x ˙  i     +   d ˙   1 , i    t  +  d  2 , i    t      



(8)







The Equation (8) can be rewritten as follows:


       x ⃛  i  =  1   m i   τ i     x ˙  i     ·  u i  + f     x ˙  i  ,   x ¨  i    +  1  m i        d  1 , i    t     τ i     x ˙  i     +   d ˙   1 , i    t  +  d  2 , i    t        



(9)




where


  f     x ˙  i  ,   x ¨  i    = −  1   τ i     x ˙  i         x ¨  i  +  k f  g +    k c    x ˙  i 2  +  K  m , i             k c    x ˙  i 2  +  K  m , i      m i         m i    −   2  k c     m i      x ˙  i    x ¨  i   



(10)







   x ⃛  i   is actually the same thing as    v ¨  i  . Based on the Equation (9), we can get


       v ¨  i  =  1   m i   τ i    v i     ·  u i  + f    v i  ,   v ˙  i    +  1  m i        d  1 , i    t     τ i    v i     +   d ˙   1 , i    t  +  d  2 , i    t        



(11)




and


  f    v i  ,   v ˙  i    = −  1   τ i    v i         v ˙  i  +  k f  g +    k c   v i 2  +  K  m , i             k c   v i 2  +  K  m , i      m i         m i    −   2  k c     m i     v i    v ˙  i   



(12)







The final form of the equation of state can be simplified to


       v ¨  i  = g   v i   ·  u i  + f    v i  ,   v ˙  i    +   d ˜  i      



(13)




where


       d ˜  i  =  1  m i        d  1 , i    t     τ i    v i     +   d ˙   1 , i    t  +  d  2 , i    t        



(14)






     g   v i   =  1   m i   τ i    v i         



(15)







The vehicle model used for platoon control is completely on the basis of vehicle force analysis. This model largely reflects the actual situation of vehicles. The control effect of each vehicle and its physical characteristics are related. In this paper, the model of the vehicle is as much as possible in accordance with the actual situation.





4. Problem Formulation and Controller Design for Vehicle Platoon


The constant time headway (CTH) control strategy only needs to obtain the state information of the previous vehicle and the current vehicle, which is easy to implement, therefore it is widely used. Based on this control strategy, the complex dynamic characteristics of the platoon can be described by a linear model in this paper.



Time headway and speed act together to determine the workshop distance between two adjacent vehicles. Platoon control can be realized by the error constraint of workshop distance. The workshop distance error between adjacent vehicles in the platoon is defined as follow:


   e i  =  l  i − 1   + h   x ˙  i  +  x i  −  x  i − 1    



(16)







To reduce the computational burden, a simplified configuration of longitudinal movement vehicles in the platoon is necessary. The platoon control of vehicles can be assumed to be described by a second-order nonlinear system as follow:


      h   x ¨  i  +   x ˙  i  −   x ˙   i − 1   =   e ˙  i          e ¨  i  = h ·   f    v i  ,   v ˙  i    + g   v i   ·  u i  +  d ˜    +   x ¨  i  −   x ¨   i − 1        



(17)







4.1. The Principle of Non-Singular Fast Terminal Sliding Mode Control


Sliding mode control enables the system state trajectory to converge to the sliding mode surface in finite time under the action of the control law and then converge asymptotically to the equilibrium point along the sliding mode surface. However, the asymptotic convergence cannot meet the requirements of vehicle control. The non-singular fast terminal sliding mode control (NFT-SMC) method can improve the convergence speed and control precision by introducing nonlinear parts on this basis so that the system converges in a finite time.



NFT-SMC has relatively fast convergence speed and excellent tracking accuracy. The dynamic performance of NFT-SMC method is better than that of the traditional sliding mode control method, and the singularity problem is avoided. With this control method, the system can converge in a finite time. Sliding mode switching surface function is designed as follow:


  s =  e i  +  1 β      e ˙  i     p q     



(18)







NFT-SMC control law is designed as follow:


   u i  = −  1  g   v i     ·   f    v i  ,   v ˙  i    +  1 h  · β ·  q p  ·     e ˙  i    2 −   p q     +   D + η   · sgn  ( s )  +  1 h  ·     x ¨  i  −   x ¨   i − 1        



(19)







The Lyapunov function is chosen as:


  V =  1 2   s 2   



(20)







Consequently,


   V ˙  = s  s ˙   



(21)







Theorem 1.

Let   d ˜   satisfies the hypothesis of    d ˜  ≤ D  , and   1 <  p q  < 2 ,  p > q , β > 0 , η > 0  , where p and q are both positive odd numbers. Then, for nonlinear system model (17), the stability of the closed-loop system can be guaranteed by adopting the sliding mode surface function (18) and the control law (19), and the tracking error can converge to 0 asymptotically in a finite time.





Proof of Theorem 1. 

The proof of stability is based on Lyapunov’s theorem. We conclude from the Equation (18) that as follows:


   s ˙  =  e ˙  +  1 β  ·  p q     e ˙      p q   − 1   ·  e ¨   










  =  e ˙  +  1 β  ·  p q     e ˙      p q   − 1   ·   h ·   f    v i  ,   v ˙  i    + g   v i   ·  u i  +  d ˜    +   x ¨  i  −   x ¨   i − 1      










  =  e ˙  +  1 β  ·  p q     e ˙      p q   − 1   ·   h · f   v ,  v ˙    − g  v  ·  h  g  v    ·     f   v ,  v ˙       



(22)






     +  1 h  · β ·  q p  ·     e ˙  i    2 −   p q     +   D + η   · sgn  ( s )  +  1 h  ·     x ¨  i  −   x ¨   i − 1     +  d ˜    +   x ¨  i  −   x ¨   i − 1     










  =  h β  ·  p q     e ˙      p q   − 1     −   D + η   · sgn  ( s )  +  d ˜     











Hence that,


   V ˙  =  h β  ·  p q     e ˙      p q   − 1     s ·  d ˜  −   D + η   · sgn  ( s )     










  ≤ −  h β  ·  p q     e ˙      p q   − 1   · η ·  s   < 0  



(23)







The proof is going to be discussed in two cases. Because   1 <  p q  < 2 ,  p > q , β > 0  , when    e ˙  ≠ 0   is satisfied, this clearly forces    V ˙  ≤ 0  . According to LaSalle invariant principle, we have   t → ∞ , s → 0  , namely   t → ∞ , e → 0  . When    e ˙  = 0   is satisfied, the system can approach 0 in a finite time.



The above finishes the proof. □





In NFT-SMC, the gain of the robust item is set to be slightly larger than the upper bound of the disturbance to compensate for the influence caused by the unknown disturbance, to ensure the stability and trajectory tracking performance of the system.




4.2. Extreme Learning Machine Optimized NFT-SMC


The quality of the control algorithm in the controller is directly related to the performance of the vehicle. In the field of vehicle control, low latency and high accuracy are required for autonomous vehicles. Generally, decimeter-level positioning and centimeter-level positioning are the requirements of self-driving vehicle for highway operation and residential streets operation, respectively [42,43]. In practice, it is difficult to establish an accurate platoon control model for the multi-vehicle systems due to uncertain parameters and external disturbance. Furthermore, due to the chattering phenomenon, the control performance of SMC is inhibited.



To reduce chattering and improve self-learning ability, an extreme learning machine (ELM) modified terminal sliding mode control for vehicular platoon is proposed in this paper.



As a kind of neural network, ELM can approximate the uncertain part of control parameters and has certain reasoning abilities. The most remarkable feature is the speed of calculation.



Since   f   v ,  v ˙      in the control law (19) is unknown, the precision of the control depends on the precision of parameter identification. Neural networks can realize the adaptive approximation of unknown parts. Motivated by this construction, the extreme learning machine method is introduced in this paper. Extreme learning machine can maintain fast learning ability while maintaining good generalization performance. For a deeper discussion of the ELM, we refer the reader to [44,45]. The schematic diagram of the ELM neural network is shown in Figure 3.



Concretely,


   o  j ′   =      o  1  j ′         o  2  j ′        ⋮      o  m  j ′        =        ∑  i = 1  l     φ  i 1   g    w i  ·  x  j ′   +  b i             ∑  i = 1  l     φ  i 2   g    w i  ·  x  j ′   +  b i          ⋮        ∑  i = 1  l     φ  i m   g    w i  ·  x  j ′   +  b i           



(24)




where    j ′  = 1 , 2 , ⋯ , N  ,    w i  =    w  i 1   ,  w  i 2   , ⋯ ,  w  i n      ,    x  j ′   =     x  1  j ′    ,  x  2  j ′    , ⋯ ,  x  n  j ′      T   .



We can arrange the Equation (24) to get:


   H φ  =   O  T   ⇔    φ  T    H  T  = O  



(25)




where  H  denotes hidden layer output matrix.


  H =      g    w 1  ·  x 1  +  b 1        g    w 2  ·  x 1  +  b 2       ⋯    g    w l  ·  x 1  +  b l          g    w 1  ·  x 2  +  b 1        g    w 2  ·  x 2  +  b 2       ⋯    g    w l  ·  x 2  +  b l         ⋮   ⋮   ⋮   ⋮      g    w 1  ·  x N  +  b 1        g    w 2  ·  x N  +  b 2       ⋯    g    w l  ·  x N  +  b l          



(26)







The process of training the neural network is the process of adjusting the connection coefficient weight  β . The ultimate goal is to get a parameter configuration that minimizes error.


   min φ     H φ  −   O  T     



(27)







The framework overview of extreme learning machine optimized NFT-SMC is shown in Figure 4. The combination of the error and the derivative of the error is taken as the input of the neural network:


  y = [ e ,   e ˙  ]  



(28)







  f ^   is an estimate of f, and it can be written as:


   f ^  =    φ ^   T    H  T   



(29)




where   φ ^   denotes the estimate of coefficient weight  φ . The actual value of f is:


  f =     φ  ∗   T    H  T  + ε  ( y )   



(30)




where    φ  ∗   denotes the best estimate of coefficient weight  φ .   ε ( y )   represents the approximation error of the neural network.   ε ( y ) ≤ ζ  .  ζ  is a positive value. By the above, we can obtain:


     f ˜     = f −  f ^           =     φ  ∗   T    H  T  −    φ ^   T    H  T  + ε  ( y )               =      φ  ∗  −  φ ^    T    H  T  + ε  ( y )               =    φ ˜   T    H  T  + ε  ( y )      



(31)




where    φ ^  −   φ  ∗  =  φ ˜  →   φ ^  ˙  =   φ ˜  ˙   .   f =    φ ˜   T    H  T  +    φ ^   T    H  T  + ε  ( y )   .



The modified control law is designed as follow:


   u  e l m   = −  1  g   v i     ·    f ^     v i  ,   v ˙  i    +  1 h  · β ·  q p  ·     e ˙  i    2 −   p q     +   D + η   · sgn  ( s )  +  1 h  ·     x ¨  i  −   x ¨   i − 1        



(32)







Theorem 2.

For nonlinear system model (17), the stability of the closed-loop system can be guaranteed by adopting the sliding mode surface function 18, the adaptive control law (35) and the control law (32), and the tracking error (16) can converge to 0 asymptotically in a finite time.





Proof of Theorem 2. 

The proof of stability is similar to the above. The modified Lyapunov function is chosen as:


  V =  1 2   s 2  +  1  2 ς      φ ˜   T   φ ˜   ,  ς > 0  



(33)







Therefore,


   V ˙  = s  s ˙  +  1 ς     φ ˜   T    φ ˜  ˙   



(34)






     = s  s ˙  +  1 ς     φ ˜   T    φ ^  ˙           = s    e ˙  +  1 β  ·  p q     e ˙      p q   − 1   ·  e ¨    +  1 ς     φ ˜   T    φ ^  ˙           = s    e ˙  +  1 β  ·  p q     e ˙      p q   − 1   ·   h ·   f  ·  + g  v  ·  u  e l m   +  d ˜    +   x ¨  i  −   x ¨   i − 1       +  1 ς     φ ˜   T    φ ^  ˙           = s    e ˙  +  1 β  ·  p q     e ˙      p q   − 1   ·     h  f ˜   ·  + h  f ^   ·  − g  v  ·  h  g  v    ·      f ^   ·  +  1 h  · β ·  q p  ·     e ˙  i    2 −   p q                     +   D + η   · sgn  ( s )  +  1 h  ·     x ¨  i  −   x ¨   i − 1       +  d ˜  +   x ¨  i  −   x ¨   i − 1         φ ˜   T    φ ^  ˙           = s  h β  ·  p q     e ˙      p q   − 1        φ ˜   T    H  T  + ε  ( y )  −   D + η   · sgn  ( s )  +  d ˜       φ ˜   T    φ ^  ˙           =  h β  ·  p q     e ˙      p q   − 1     s ε  ( y )  + s  d ˜  −   D + η   ·  s    + s  h β  ·  p q     e ˙      p q   − 1      φ ˜   T    H  T  +  1 ς     φ ˜   T    φ ^  ˙           =  h β  ·  p q     e ˙      p q   − 1     s ε  ( y )  + s  d ˜  −   D + η   ·  s    +    φ ˜   T   ( s  h β  ·  p q     e ˙      p q   − 1     H  T  +  1 ς    φ ^  ˙  )         











Choose   ζ = η −  ε N   (  ε N  > 0 )   , the adaptive control law is adopted as follow


    φ ^  ˙  = − s   ς h  β  ·  p q     e ˙      p q   − 1     H  T   



(35)







Hence,


   V ˙  ≤  h β  ·  p q     e ˙      p q   − 1     s ε  ( y )  − η ·  s     



(36)






  ∵ ε  ( y )  ≤ ζ , ∴  V ˙  ≤ 0  











Similarly, we have   t → ∞ , s → 0  , namely   t → ∞ , e → 0  .



The above finishes the proof. □





The controller designed in this paper is deeply connected with ELM, and various external factors faced by the vehicle are considered more comprehensively during model establishment. In addition to the mathematical proof, the algorithm simulation also verifies the effectiveness of the proposed method.





5. Experiments


5.1. Experimental Parameter Configuration


To demonstrate the effectiveness of the proposed elm-based non-singular fast terminal sliding mode control method, this study used the Simulink in MATLAB (MathWorks, 2020a) to construct the simulation experiment environment of the vehicle platoon. The controller design method proposed in this paper mainly has two control objectives. The first objective is to guarantee the following vehicles to maintain the desired time headway with the preceding vehicle. The second goal is to ensure the string stability of the whole platoon.



Simulation experiments in the following are designed to verify the effectiveness of the proposed method. Gently controlling input can effectively avoid frequent acceleration and deceleration operation, extend the service life of the vehicle actuator, reduce energy consumption and improve ride comfort.



In this experiment, the platoon control system is built under a Simulink environment. Specifically, the vehicle dynamics simulation environment is configured and the vehicle mathematical model is established. Moreover, the controller of the following vehicles are also included in the Simulink environment.



Scenario A and Scenario B fully investigate the effectiveness and adaptability of the method proposed in this study. It is worth mentioning that several periods are set in the experiment, and the desired velocity of the platoon is different in each period. These speed control process include acceleration, deceleration, abrupt deceleration, cyclical acceleration and deceleration, and constant speed. Comparative experiments of different methods are placed at the end. The main parameters in the controller are set in Table 1.




5.2. Simulation Experiment and Result Analysis


5.2.1. Experiment with Different Types of Scenes


	
Scenario A:






Scenario A describes a typical driving scene: acceleration, steady speed, deceleration. The process can be divided into three stages, firstly accelerating for 20 s to a speed of 30 m/s, then holding speed for 15 s, and finally decelerating to a stop within 10 s. The speed of the lead vehicle is controlled according to the Equation (37).



In this study, a platoon of one leader and   N = 5   following vehicles has been simulated to verify the effectiveness of the method presented. The time headway is set as 1 s.


   v 0  =      1.5 t    m / s  ,     0 ≤ t < 20  s       30   m / s  ,     20  s ≤ t < 35  s       30 − 3 ( t − 35 )    m / s  ,     35  s ≤ t < 45  s       0   m / s  ,     45  s ≤ t < 60  s       



(37)







Figure 5 is the response of the vehicle platoon based on the proposed method in Scenario A. This study uses six subgraphs to demonstrate the performance of the vehicle platoon in the total simulation period more comprehensively.



Figure 5a shows that each vehicle tracks the speed profile of the preceding vehicle very well, thus achieving good tracking of the lead vehicle. Namely, the following vehicle achieves the goal of keeping the speed of the following vehicle consistent with the speed of the leading vehicle, and the error is close to 0 when the vehicle speed reaches the steady-state. The adjustment time can be controlled within 10 s. Figure 5b describes the acceleration curve of each vehicle. Figure 5c shows the change of the sliding variable. Figure 5d is a schematic diagram of the position changes of each vehicle, which shows the good driving performance of the platoon, no collision occurred, and all vehicles are driving safely. Figure 5e reflects the distance between neighboring vehicles. This experiment uses the CTH strategy. It can be seen that as the speed of the vehicle increases, the distance between vehicles gradually increases. Figure 5f shows the spacing error of the vehicles in the platoon.



During the whole acceleration process, the position and the velocity of each vehicle are controlled stably. No collision occurred between any vehicles. In general, the method presented in this paper performs well in pure acceleration and deceleration, whether from the point of view of safety, stability, or comfort.



	
Scenario B:






To make the simulation scene close to reality, a cyclic acceleration and deceleration condition is designed in Scenario B. This scenario describes a typical vehicle platoon operation: cyclic acceleration and deceleration. The process can be broken down into three stages. Firstly, it takes five seconds to accelerate to a speed of 15 m/s. Then it cycles between acceleration and deceleration for 40 s. Finally, it takes 15 s to drive at a constant speed of 15 m/s. The speed of the leading vehicle is controlled according to the Equation (38). As in Scenario A, there are a total of 5 following vehicles in this experiment. The time headway is also be set to 1 s.


   v 0  =      3 t    m / s  ,     0 ≤ t < 5  s       15   +  10 sin ( 0   . 1  π ( t − 5  ) )    m / s  ,     5  s ≤ t < 45  s       15    m / s  ,     45  s ≤ t < 60  s       



(38)







Figure 6 is the response of the vehicle platoon control system in Scenario B. From the figure, we can observe the changing process of each car in different stages of time. Taking acceleration as an example, we can observe that the closer the position is to the leading vehicle, the faster the response of acceleration changes.



The cyclic acceleration and deceleration experiment requires the high continuous switching ability of the control system. From the Figure 6a, we can see that the velocity follows well and the adjustment process is very smooth. The transition time to stability is about 10 s. Figure 6b shows that there is no obvious abrupt change in the acceleration and braking stage, and the following car keeps a good tracking effect on the leading vehicle. Figure 6c,d visualizes the change of the sliding variable and the positions of the vehicles, respectively. The results reflect control law can maintain the intervehicle distance well. Figure 6e,f reveal spacing and the spacing error, respectively. Any vehicle in the platoon can follow at the desired speed guarantee the spacing error converges to 0, fastly.




5.2.2. Comparison Experiment


In this part, a group of comparative experiments is carried out for sliding mode control, non-singular fast terminal sliding mode control, and the method proposed in this paper. The speed of the leading vehicle is controlled according to the Equation (39). To be close to the actual speed curve of the leading vehicle, some degree of random disturbance   d = 0.1 ∗ sin ( 0.1 t ) + 0.2 ∗ cos ( 0.2 t )   and periodic disturbance   0.2 ∗ r a n d ( 1 )   are added, respectively.


      v 0  = 1.2 sin  ( 0.15 ∗ t )  + 0.25 sin  ( 0.2 ∗ t )  + 6 sin  ( 0.045 ∗ t )        + sin ( 0.3 ∗ t ) + 0.3 sin ( 1.5 ∗ t ) + 0.1 sin ( 3 ∗ t ) , 0  s ⩽ t ⩽ 60  s     



(39)







The vehicle platoon system driven by different control methods is validated at the same CTH h value. Comparative experimental results are shown in Figure 7.



Figure 7a,b is the spacing error curve and the position-velocity diagram based on the traditional sliding mode control method. It can be seen from the figure that the maximum spacing error reaches 2.2 m. The spacing error of this method is far from ideal. Compared with other control methods, the speed tracking profile depicts it has the largest delay and converges to the ideal speed curve at the latest. It can be seen that the control effect of the traditional SMC method has obvious defects in the face of harsh scenes such as rapid speed switching. The effect in the figure proves the above analysis.



Figure 7c,d reflect the spacing error of the platoon and the position-velocity relationship based on the non-singular fast terminal sliding mode control method. As shown in the figure, the tracking effect of the spacing is better than that of the traditional sliding mode control method. The convergence speed of spacing error is improved, and the tracking error of the spacing is controlled with the range of 0 to 0.84 m. The vehicle speed tracking delay decreases. Furthermore, the vehicle position tracking performance has been improved.



Figure 7e,f show the spacing error effect and the position-velocity diagram obtained by the ELM-based non-singular fast terminal sliding mode control strategy. It can be seen that compared with the above two methods, the control effect of the proposed method on the CTH strategy shows superiority, and the error is controlled between 0 and 0.6 m. In addition, the spacing error decreases successively from the pilot car to the last following car in the queue, indicating that the platoon shows good stability. The tracking effect of vehicle position track and speed track is very ideal. It is shown that the proposed strategy has a good implementation effect of robust control over system parameter uncertainty and external disturbance.



In summary, the control method proposed in this paper has fast convergence speed, high control accuracy, and strong robustness, and can well track the speed of the leading vehicle with large or continuous small changes. The proposed control strategy cannot only make the tracking error converge to the equilibrium point in ideal time but also has strong robustness.



Under the control of the method in this paper, the stability of the system is the best of the three strategies. Furthermore, there is no abnormal mutation in the acceleration of each vehicle. The amplitude decreases successively with the number of vehicles, and the transfer control strength decreases gradually. Based on ELM networks estimation, the platoon control system can effectively reduce the dependence on system dynamics, improve the anti-interference ability of the system, and significantly reduce the calculation time to improve the response speed of the system. Simulation results reflect the effectiveness and superiority of the proposed control scheme.






6. Conclusions


This study mainly focuses on platoon control. To overcome various problems encountered by vehicle platoon, a fast non-singular terminal sliding mode control method optimized by an extreme learning machine is designed in this paper. The vehicle longitudinal dynamics model is derived and the constant time headway policy is established. The control law of the following vehicle is derived, and the stability of the control system is proved based on the Lyapunov theory. Based on reasonable parameter configuration, two typical working conditions are constructed. The performance of the control system is analyzed by Simulink simulation, and good dynamic response and satisfactory tracking accuracy can be obtained. Finally, a comparative experiment between the proposed method and the traditional SMC and NFT-SMC is given. The control method solves the singular problem and makes the controller system approach to steady-state quickly. Meanwhile, it solves the problem of uncertain or unknown parameters and significantly reduces the error. By using our proposed control method, the following vehicles can quickly approach the ideal spacing and keep stable when the speed mutation occurs. Experimental results show that the proposed method has good robustness, which proves the effectiveness and superiority of the proposed method on vehicle platoon.
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Figure 1. The schematic diagram of longitudinal movement of the platoon. 
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Figure 2. Diagram of longitudinal force on the vehicle. 
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Figure 3. The schematic diagram of the ELM neural network. 
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Figure 4. The framework overview of extreme learning machine optimized NFT-SMC. 
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Figure 5. The response of vehicle platoon control system in Scenario A. (In (d), the curves from top to bottom represent the leading vehicle and the following vehicle from 1 to 5, respectively.) 
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Figure 6. The response of vehicle platoon control system in Scenario B. (In (d), the curves from top to bottom represent the leading vehicle and the following vehicle from 1 to 5, respectively.) 
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Figure 7. Comparative experimental results. (a,b): string platoon with SMC and CTH   h = 1  . (c,d): string platoon with NFT-SMC and CTH   h = 1  . (e,f): string platoon with our method and CTH   h = 1  . (In (b,d,f), the curves from top to bottom represent the leading vehicle and the following vehicle from 1 to 5, respectively.) 
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Table 1. Experimental parameter configuration scheme.






Table 1. Experimental parameter configuration scheme.





	
Parameter Name

	
Configuration




	
Value

	
Unit






	
Vehicle sprung mass

	
1200

	
kg




	
Length of vehicle

	
2200

	
mm




	
   k m   

	
160

	
N/m




	
   k c   

	
0.3

	
    Ns 2  /  m 2    




	
   k f   

	
0.02

	
-




	
g

	
10

	
    m / s  2   




	
  τ  

	
0.3

	
-




	
CTH h

	
1

	
s




	
   I n i t i a l V e l o c i t i e s   

	
    0 , 0 , 0 , 0 , 0 , 0    

	
m/s




	
   I n i t i a l P o s i t i o n s   

	
    18 , 15 , 12 , 9 , 6 , 3    

	
m
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