In this paper, we present a nonlinear adaptive controller for a two-vehicle automated overtaking maneuver. We consider the problem of an autonomous three-phase overtaking without the use of any roadway marking scheme or inter-vehicle communication. The developed feedback controller requires information for the current relative intervehicle position and orientation available from onboard sensors only. We apply standard robotic nomenclature for translational and rotational displacements and velocities and propose a general kinematic model of the vehicles during the overtaking maneuver including for the relative inter-vehicle kinematics. The overtaking maneuver is investigated as a tracking problem with respect to desired polynomial virtual trajectories for every phase, which are generated in real time. An update control law for the automated overtaking vehicle is designed that allows tracking the desired trajectories in the presence of unknown velocity of the overtaken vehicle. Simulation results illustrate the performance of the proposed controller.

I. INTRODUCTION

N recent years, there have been significant interest and research activity in the area of cooperative control of multiple automated vehicles. The ultimate goal in automating the driving process is to reduce accidents caused by human error and improve safety. In the same time, the full automation can greatly increase the roadway capacity and diminish air pollution by efficient use of fuel. The movement of the automated vehicles is realized through different maneuvers like lane following, lane change, merging, splitting, platooning, and overtaking. Fully automated vehicle operation has been investigated, prototyped and demonstrated in several projects during the last decades for different kinds of maneuvers. One of the earliest experiments was conducted in the framework of the French project ARAMIS [START_REF] Couplan | Le systeme de transport urbain ARAMIS[END_REF] with automatic platooning, insertions and exits. During the 1990s, vehicle platooning was investigated in several programs in Europe, US and Japan. Within the PRAXITELE project [START_REF] Daviet | Platooning technique for empty vehicles distribution in the PRAXITELE[END_REF], in 1994, INRIA demonstrated a vision-based control coupling of car-sharing electric vehicles with fully automatic driving capability so that they could automatically link up in a platoon and be redistributed across parking areas. In 1997, California's PATH (Partners for Advanced Transit Highways) team conducted a demonstration of close-headway platooning under fully automated control [START_REF] Shladover | The GM-PATH Platoon Scenario[END_REF]. At DEMO'97, the eight PATH The authors acknowledge the financial support from the FP7 EU project HAVEit. P. Petrov is with the Faculty of Mechanical Engineering, Technical University of Sofia, 1000 Sofia, Bulgaria, (phone: 3592-965-3271; email: ppetrov@ tu-sofia.bg).
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vehicle platoon demonstrated functions including lane keeping, lane change, platoon split and merge maneuvers. The system used inter-vehicle communications providing vehicle speed and acceleration combined with radar information to achieve tightly coordinate maneuvering. The roadway was instrumented with magnetic markers placed along the centerlane, which enabled the vehicle to measure its lateral position relative to the lane center. More recently, the IMTS (Intelligent Multimode Transit System) developed by Toyota and implemented as a parking shuttle at the 2005 World Exposition in Aichi, Japan, provided a new public transport system of automated buses running in platoons on dedicated lines using magnetic markers and high-frequency radars. [4]. In Europe, a series of EU-funded projects: Cybercars and CyberCars 2 [START_REF] Fraichard | CyberCar: L'alternative a la voiture particuliere[END_REF], STARDUST [6], CyberMove [START_REF] Alessandrini | Ex-ante evaluation of nine cybernetics transport systems[END_REF], CityMobil [START_REF] Citymobil | DG Research, 6 th Framework Programme[END_REF], HAVEit [9] were addressed the issue of automated driving like adaptive cruise control, lane keeping, lane change, stop&go and platooning. The main objective of these projects was to accelerate the development and implementation of cybernetic transportation systems for people and goods in urban environments.

The automated vehicle overtaking is one of the most complex maneuvers for road automation. In contrast to lane keeping and lane change maneuvers, the overtaking is a composition of three consecutive maneuvers: lane change followed by traveling a specified path parallel to the overtaken vehicle in an adjacent line (lane keeping), and again a lane change, which have to be planned and coordinated. Lane keeping is a fundamental design challenge and a long-term field of extensive research and development of automated vehicles. The lane keeping system deals with the automatically controlling the steering to keep the automated vehicle to travel along a prescribed path. Often the automatic control of the longitudinal and lateral motion of the vehicle is separately undertaken, and each controller is designed as if the longitudinal and steering vehicle dynamics is decoupled [START_REF] Lim | Lateral and longitudinal vehicle control coupling for automated vehicle operation[END_REF]. Different lateral controllers have been proposed based on either linearized vehicle models as the "bicycle model" [START_REF] Li | Advanced motion control and sensing for intelligent vehicles[END_REF], or nonlinear vehicle models [START_REF] Li | Advanced motion control and sensing for intelligent vehicles[END_REF] in terms of longitudinal vehicle velocity and wheel sideslip angles. For low speed motion (for speeds less than 5m/s, [START_REF] Rajamani | Vehicle dynamics and control[END_REF]), which is often the case of automated vehicles, a reasonable assumption is that the slip angles of the wheels are zero. In this case, the velocity vectors of the wheels are in the direction of the orientation of the wheels and classical methods from analytic mechanics can be used to develop mathematical models of the vehicle as a nonholonomic system [START_REF] Balla | Dynamics of mounted automatic cannon on track vehicle[END_REF][START_REF] Petrov | Dynamic modeling and adaptive motion Control of a two-wheeled self-balancing vehicle for personal transport[END_REF]. A linear time-invariant lane keeping controller, based on the bicycle model was presented in [START_REF] Wu | The Automated Lane-keeping Design for an Intelligent Vehicle[END_REF], where the vehicle tracks a desired path with constant velocity. Since the
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Plamen Petrov and Fawzi Nashashibi I vehicle model depends on the vehicle speed, it was pointed out, that with increasing the longitudinal vehicle velocity, the poles of the closed-loop system move towards the imaginary axis, which reduces the stability of the system. An adaptive lane keeping controller was proposed in [START_REF] Oya | Adaptive lane keeping controller for four-wheel-steering vehicles[END_REF] to overcome this problem. In order to deal with the vehicle dynamics uncertainty and parameter variation, robust (H ∞ [START_REF] Mammar | Two-degree-of-freedom H ∞ optimization and scheduling for robust vehicle lateral control[END_REF], sliding mode [START_REF] Ferrara | Cruise control with collision avoidance for cars via sliding modes[END_REF]) and adaptive [START_REF] Yoshida | Adaptive longitudinal velocity and lane keeping control of fourwheel-steering vehicles[END_REF] lane keeping controllers were proposed. The coupling between the longitudinal and lateral dynamics can become appreciable, for example, during sever road conditions or inclement weather. A combined longitudinal and lateral controller which achieves asymptotically stable ideal trajectory without measurement of the lateral vehicle velocity and accurate knowledge of the vehicle parameters was reported in [START_REF] Pham | Integrated Maneuvering Control for Automated Highway Systems Based on a Magnetic Reference/Sensing system[END_REF]. Lane keeping systems are also under development by several automotive manufacturers [22]. The objective of the lane change maneuver is to transfer a vehicle which is under lane following control to lane following in an adjacent lane [START_REF] Hessburg | Fuzzy Logic Control For Lane Change Maneuvers In Lateral Vehicle Guidance[END_REF]. During the lane change maneuver, the vehicle should have predefine (desired) trajectory to track which needs to comply with several feasibility requirements as maximum lateral acceleration and maximum steering angle, arising from the characteristics of the vehicle [START_REF] Koopman | The development of a path planning strategy for obstacle avoidance and crash impact minimization for an automatic guided vehicle[END_REF]. The existing desired trajectories can be categorized based on the types of curves that generate: circular [START_REF] Chee | Vehicle lane change maneuver in automated highway systems[END_REF], harmonic [START_REF] Mokhiamar | Active wheel steering and yaw moment control combination to maximize stability as well as vehicle responsiveness during quick lane change for active vehicle handling safety[END_REF], spline [START_REF] Piazzi | Quantic G2-splines for trajectory planning of autonomous vehicles[END_REF], polynomial [28 ,29, 30] line segments, which, in general, should be functions of time. Nonlinear control techniques as sliding mode [START_REF] Chee | Unified lateral motion Control of vehicles for lane change maneuvers in automated highway systems[END_REF][START_REF] Hatipoglu | Steering and lane change: A working system[END_REF] and robust switching control [START_REF] Hatipoglu | Automated Lane Change Controller Design[END_REF] have been used for designing lane change controllers. Compared to lane keeping and lane changing, overtaking is even more challenging problem, because it is a composition of consecutive maneuvers, which have to be coordinated. During the overtaking maneuver, the overtaking vehicle is transferred temporally from one lane in an adjacent lane (lane change), followed by lane tracking and again -returning in the same lane. In the automated vehicle overtaking, the control objective can be realized using infrastructure-supported approach or in autonomous fashion. The infrastructure-supported approach is based on trajectories, which can be physically or virtually marked, in combination with inter-vehicle communication. In this case, the system is not completely interconnected, since during the second phase (lane keeping) of the overtaking maneuver, each vehicle independently follows proper reference lane. In the autonomous overtaking approach, only on-board sensors are used to determine the relative position and orientation between vehicles without any roadway marking scheme or inter-vehicle communication. The steering commands for the controlled vehicle are set according to the relative position and orientation with respect to the overtaken car and, in that way, the overtaking vehicle accomplishes the maneuver with respect to the overtaken vehicle instead of the road [START_REF] Petrov | Planning and Nonlinear Adaptive Control for an AutomatedOvertaking Maneuver[END_REF]. An autonomous overtaking control system may constitute a backup system for the infrastructurebased control system when the letter is malfunctioning or due to the failure the inter-vehicle communication. While considerable research work has been reported on lane keeping and lane change maneuver, the problem of automated overtaking has attracted less attention. In [START_REF] Shamir | Overtaking a slower-moving vehicle by an autonomous vehicle[END_REF], an optimal trajectory for an overtaking maneuver was designed by formulating a nonlinear constrained optimization problem. The solution of the optimization problem determines the optimal time and distance for the lane change maneuver using 5-th degree polynomial functions. An on-line time-optimal trajectory planning algorithm for the guidance of a pursuer vehicle overtaking a slower vehicle which is based on Rendezvous-Guidance principle was proposed in [START_REF] Ghumman | Guidancebased on-line motion planning for autonomous highway overtaking[END_REF]. Two-layer controller architecture for overtaking maneuver is presented in [START_REF] Naranjo | Lanechange fuzzy control in autonomous vehicles for the overtaking maneuver[END_REF]. The lower level consists of two fuzzy steering controllers for path tracking and lane change, and the high-level is to evaluate the necessity and possibility of overtaking, and to switch between the low-level controllers. The route tracking system is based on the information supplied by the GPS, which digitally maps the driving zone for circulation and the vehicles know theirs positions on the road using wireless communication, (in the framework of Autopia program). An overtaking control method based on the estimation of the conflict probability as safe indicator was proposed in [START_REF] Wang | Conflict-probabilityestimation-based overtaking for intelligent vehicles[END_REF]. The proposed method uses model predictive control and integrates decision making and control of the overtaking maneuver into a tracking control problem. An on-road demonstration of cooperative driving solutions and, in particular, overtaking maneuver by autonomous road vehicles designed for the cities is reported in [START_REF] Baber | Cooperative autonomous driving: Intelligent vehicles sharing city roads[END_REF].

This paper presents a nonlinear adaptive controller for a two-vehicle automated overtaking maneuver. We consider the problem of autonomous overtaking without the use of road infrastructure with only the current inter-vehicle position and orientation available for feedback control. Our approach consists in consecutive tracking of reference virtual points, which are positioned at desired a priory known distances from the overtaken vehicle with a virtual reference point attached to the overtaking vehicle. The reference trajectories for the desired motion of the overtaking vehicle during the overtaking maneuver are generated using polynomial functions. The overtaking maneuver is considered as a tracking problem. An adaptive nonlinear controller for the overtaking vehicle is designed that allows tracking desired trajectories in the presence of unknown velocity of the overtaken vehicle.

The organization of the paper is as follows: In Section II, the mathematical description of a three-phase overtaking maneuver suitable for feedback control is derived. The Problem formulation is given in Section III. In Section IV, a nonlinear adaptive control law is designed. Section V contains simulation results. Conclusions are presented in Section VI.

II. MATHEMATIC MODEL

A. Three-Phase Overtaking Maneuver

In this paper, the overtaking involving two vehicles is established as a three-phase maneuver, as illustrated in Fig. 1. During the overtaking maneuver, we assume that the following conditions are met:

--The overtaken vehicle is moving along a rectilinear route with a constant velocity.

--The linear velocity of the overtaken vehicle is unknown.

--The available information for feedback control is the relative inter-vehicle position and orientation.

A brief description of the three-phase overtaking scenario considered in this paper is provided below. Assume that the automated vehicle has to pass the preceding car, which is at distance d ahead. The first phase consists of "lane-change"-type maneuver. Starting with some initial conditions, the overtaking vehicle diverts from the lane and tracks a given reference trajectory for a given time period and has to reach a preselected position behind the overtaken vehicle, (Fig. 1). At the end of the first time period, the guidance program switches automatically from Phase 1 to Phase 2. The second phase consists of driving straight on along the overtaken vehicle at a prescribed lateral distance. The vehicle tracks again a given reference trajectory for a given time period until the overtaken vehicle has been passed and the overtaking vehicle reaches a pre-selected position on the left side of the overtaken vehicle, (Fig. 1). During the third phase, given a reference trajectory for the third phase, the overtaking vehicle returns to the lane and has to reach a pre-selected position in front of the overtaken vehicle. The desired position and linear velocity of the overtaking vehicle with respect to the overtaken vehicle at the end of every phase, as well the phase duration, are determined to satisfy the operational requirements imposed on such a maneuver. A reference trajectory for the overtaking vehicle is generated in real time for every phase. A specific feature of the proposed trajectory planning procedure is that at the beginning of each phase, the desired initial position and velocity of the overtaking vehicle coincides with its current position and velocity. In such way, there is no restriction for the initial position, orientation, linear and angular velocities of the overtaking vehicle in the beginning of every phase of the overtaking maneuver. Furthermore, smooth transition between the adjacent phases is assured. However, from a practical point of view, a minimal inter-vehicle distance d is introduced for the beginning of the maneuver, in order to meet some geometrical and dynamical limitations of the vehicles, (for example, limitations for the front-wheel steering angle).

B. Vehicle Kinematics 1) Coordinate System Assignments

In this section, we apply standard robotic nomenclature for translational and rotational displacements and velocities, and methodology [START_REF] Spong | Robot dynamics and control[END_REF] to model the kinematics of the vehicle during the overtaking maneuver. Fig. 2 depicts the schematic of the vehicles considered in this paper. From now on, the index i=1 and i=2 correspond to the overtaken vehicle, overtaking vehicle, respectively. The vehicles have four non-deformable wheels. The wheels are assumed to roll on a horizontal plane without slipping. The longitudinal base P i S i of the vehicle is denoted by l i , (i=1,2). To simplify the derivation of the vehicle control algorithms, we use a planar bicycle 2DOFs vehicle model where two virtual wheels are located at the midpoints of the front and rear wheel axles, (Fig. 2). Although these two wheels do not exist, it is assumed that they comply with the wheel rolling without slipping conditions. In order to describe the position and orientation of the vehicles in the plane during the overtaking maneuver, we assign the following coordinate frames (Fig. 2).

-Fxyinertial coordinate frame in the plane of motion; -P i x Pi y Pi , (i = 1,2)vehicle coordinate frame located at the center of the rear vehicle axis,where x i is along the longitudinal base of the vehicle. The coordinates of a reference point P i placed at the center of the rear vehicle axle, with respect to Fxy, are denoted by (x Pi ,y Pi ). -R j x Rj y Rj , (j = 1,2,3)virtual reference frames rigidly attached to the overtaken vehicle and located at prescribed places, as shown in Fig. 2.

The coordinates of the origins R j with respect to P 1 x P1 y P1 are (L tj, L nj ), (j = 1,2) and the corresponding axes are parallel to those of P 1 x P1 y P1 . -Lx L y Lcoordinate frame rigidly linked to the overtaking vehicle and located at the mid-point of the front bumper of the vehicle at a distance L 2 from point P 2 , where the x L axis is in direction of the longitudinal vehicle axle. -S i x Si y Si , (i = 1,2)wheel coordinate system with origin placed at the coordinate center of the virtual front steering wheel; the x si axis is in the direction of the wheel orientation. The angle  i , (i = 1,2), is the orientation angle of the vehicle with respect to the frame Fxy. The front wheel steering angle  i , (i = 1,2), is measured with respect to the vehicle body.

Since the vehicle is assumed to move on a planar surface, in what follows, we use 3x3 rather than 4x4 homogeneous transformation matrices A T B to transform the coordinates of a point G from coordinate system B denoted by B p G to its corresponding coordinates A p G in the coordinate frame A.

Using the above notations, the assignment of the coordinate frames results in the following transformation matrices between the coordinate systems

            1 0 0 0 cos sin sin cos i i i i i S P l T i i     (1)             1 0 0 cos sin sin cos Pi F i i Pi F i i P F y x T i     . (2) 
The transformation matrices (1) and ( 2) are applied to determine the position kinematics of the vehicle.

Using (1) and ( 2), the position of point S i in the inertial frame F is 

                                                 i i P i i P i i i i i A F i i A F i i S S S P P F S F l y l x l y x p T T p i i i i i i i i i i           (3)
Using (2), the homogeneous coordinates of the reference point R j associated with the overtaken vehicle in frame Fxy are 

2) Nonholonomic constraints

If the rotation of the wheels with respect to their proper axes is ignored, the vehicle configuration can be described by four generalized coordinates

  4 , , ,    T i i P F P F i i i y x q   . ( 8 
)
Differentiating (3), the components of the velocity of point S i with respect to the inertial frame Fxy and expressed in Fxy are

                            0 cos sin 0 i i i P F i i i P F S F S F S F l y l x y x p i i i i i            . (9) 
In order to derive the nonholonomic constraints of the front virtual wheel, the velocity of point S i relative to frame Fxy is expressed in frame S i x Si y Si as follows Si . From the second line of equality [START_REF] Lim | Lateral and longitudinal vehicle control coupling for automated vehicle operation[END_REF] and by using expressions (9) for i S F p  , the nonholonomic constraint for the front virtual wheel can be written in the form

  . 0 1 0 0 * ) cos( ) sin( * ) sin( ) cos( 0 1                                            i i i i i i i i i i i i S F S F i i i i i i i i S F
i i i i i P F i i P F l y x i i       cos ) cos( ) sin( 0         . (11) 
Likewise, using (2), the nonholonomic constraint imposed on the rear virtual wheel can be derived from the second line of the following expression Taking into account the fact that the wheel cannot move in lateral direction ( 0

 y P P i i v
), the nonholonomic constraint is derived from second line of (12) as follows

i P F i P F i i y x   cos sin 0     . ( 13 
)
Combining equations ( 11) and ( 13), the vehicle nonholonomic constraints can be written in the form 0 ) (

 i i q q C  (14) 
where C i (q i ) is a 2x4 full rank matrix of the form

           0 cos ) cos( ) sin( 0 0 cos sin ) ( i i i i i i i i i l q C        (15) and   T i i P F P F i i i y x q         (16)
is the vector of generalized velocities. The constraint equation ( 14) can be converted into an affine driftless control system

i i i i q D q  ) (   (17)
where the columns of the 4x2 matrix D

i (q i )                1 0 0 tan 0 sin 0 cos ) ( i i i i i i l q D    (18)
form a basis of the null space of C i (q i ). The control input

  T i x P P i i i v    , 
is a vector of independent quasivelocities, which parameterizes the degree of freedom of the system, where

x P P i i v is the velocity of point P i , (the midpoint of the rear virtual wheel), and  αi is the steering angular velocity of the front wheel. In this paper, the vehicle angular velocity (the front wheel steering angle α 2 , respectively) is considered as a control input instead of the steering angle velocity. From the third equation of ( 18), the front wheel steering angle can be expressed in terms of the vehicle angular velocity as follows

         x P P i i i i i v l a    tan . ( 19 
)
Let us denote by

  3 1    T R F R F R F j j j y x z  (20)
the posture of the overtaken vehicle in the inertial frame Fxy expressed in terms of the coordinates of reference point R j . Differentiating (4) and using the first two equations of (18) for i=1, a kinematic model of the overtaken vehicle based on the j th the reference point R j , (j=1,2,3), can be written in the form 

C. Relative Kinematics

A schematic plan view of an overtaking maneuver involving two vehicles is shown in Fig. 3. .

Using [START_REF] Yoshida | Adaptive longitudinal velocity and lane keeping control of fourwheel-steering vehicles[END_REF] and ( 24), the posture error vector can be expressed as follows [START_REF] Petrov | Robust trajectory tracking algorithms for a wheeled mobile robot[END_REF] )

( j R F L F j z z R e   (29) where             1 0 0 0 cos sin 0 sin cos 1 1 1 1     R .
Differentiating [START_REF] Resende | Real-time dynamic trajectory planning for highly automated driving in highways[END_REF] with respect to time and taking into account equations ( 21) and ( 25), after some work the intervehicle kinematics in error coordinates is obtained as follows , (i = 1, 2), are the longitudinal components of the linear velocities of points P 1 and P 2 , respectively associated with the overtaken and overtaking vehicle, respectively. We note that based on the assumption of pure rolling without lateral sliding of the wheels, the nonholonomic constraints imply that in [START_REF] Laugier | Towards autonomous vehicles for future intelligent transportation systems[END_REF] the components of the velocities of points P 1 and P 2 in direction of the rear vehicle axles are equal to zero, i.e., 0 :

                                                                               j
 

y P P iy i i v v
, (i = 1, 2). In the following, we consider an overtaking maneuver during rectilinear motion of the overtaken vehicle. In this case, the angular velocity of the overtaking vehicle ω 1 = 0. Let us consider the following change of inputs in ( 30) where one easy verify that the transformation matrix is nonsingular when 0 2  L . Using [START_REF] Chee | Unified lateral motion Control of vehicles for lane change maneuvers in automated highway systems[END_REF], in case of rectilinear motion of the overtaken vehicle, the inter-vehicle kinematic equations (4) can be written in the form 

                   

III. PROBLEM FORMULATION

In this paper, we consider autonomous overtaking maneuver without information obtained from road infrastructure or communicated from the overtaken vehicle. The only information that the overtaking (automatic) vehicle can use for feedback control is the current relative position and orientation with respect to the overtaken vehicle given by [START_REF] Papadimitriou | Fast lane changing computations using polynomials[END_REF], which are obtained from onboard sensors.

For brevity, in the exposition which follows, we will derive in details the trajectory planning procedure with respect to the first phase of the overtaking maneuver (lane change maneuver). Similar relationships can be also derived for Phase 2 and Phase 3. The index 1 will be also omitted and we will denote the posture error x , e y ) with respect to the moving reference frame R 1 x R1 y R1 , which is rigidly linked to the overtaken vehicle. Assuming rectilinear motion at constant velocity of the overtaken vehicle, we are interested in overtaking scenario for the first phase, when the overtaking vehicle starts the maneuver from an arbitrary initial position and orientation behind the overtaken vehicle with given (arbitrary) velocity. In the end of the first phase, the two vehicles have to be parallel and in the same time, the desired position of the overtaking vehicle behind the overtaken vehicle has to be shifted at distances 1 t L and 1 n L in longitudinal and lateral direction, respectively, (Fig. 3). These distances are determined from considerations of safety driving and sensor requirements (in particular, 1 t L may be equal to zero). In addition, the relative intervehicle velocity in longitudinal direction must be equal to a prescribed non-zero value. For this end, we suppose that at time t 0 , the state variables satisfy 0 0 0 0 ) ( ) ( 

( ) ( 0 ) ( f Rx f d x f d x t v t e t e     (34) 0 ) ( 0 ) (   f d y f d y t e t e  where ) ( f Rx t v 
is the prescribed relative non-zero inter-vehicle velocity in x R1 -direction at t f, , i.e., the overtaking vehicle has to start the second phase of the overtaking maneuver at prescribed velocity which is higher compared to the velocity of the overtaken vehicle. A specific feature of the trajectory planning procedure is that the initial values of the program errors at t = t 0 , and in such way, smooth transition between the adjacent phases is assured. The time t f, is determined from considerations of vehicle's power and acceleration capabilities. However, from a practical point of view, the following conditions have to be satisfied:

y y y x x x b t e a b t e a     ) ( , ) ( 0 0
, where a

x , b x , a y , and b y are determined from considerations of safety driving, sensor requirements, and vehicle's power and acceleration capabilities. In this paper, we consider cubic polynomials for the desired trajectories of the form 

3 0 3 2 0 2 0 1 0 3 0 3 2 0 2 0 1 0 ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( t t
              . (35) 
Differentiating [START_REF] Shamir | Overtaking a slower-moving vehicle by an autonomous vehicle[END_REF] with respect to time, we obtain quadratic polynomials with respect to the derivatives 

) (t e d x  and ) (t e d y  : 2 0 3 0 2 1 2 0 3 0 2 1 ) ( 3 ) ( 2 ) ( ) ( 3 ) ( 2 ) 
            . (36) 
Using ( 33), ( 34), ( 35) and ( 36), we obtain eight equations for the eight unknown coefficients a ix and a iy , (i = 1,2,3,4). Similar expressions for the desired trajectories can be assigned for Phase 2 and Phase3.

B. Problem Statement

We assume that we are able to measure the posture coordinates

  3    T y x e e e e
 defined in [START_REF] Papadimitriou | Fast lane changing computations using polynomials[END_REF], but the linear velocity v 1x of the overtaken vehicle is unknown constant parameter.

Given the inter-vehicle kinematics in error coordinates [START_REF] Hatipoglu | Steering and lane change: A working system[END_REF], the control objective for Phase 1 is to asymptotically regulate to zero the coordinates (e

x , e y ) of the reference point L of the overtaking vehicle with respect to the coordinate frame R 1 (attached to the overtaken vehicle) in accordance with the desired trajectories [START_REF] Shamir | Overtaking a slower-moving vehicle by an autonomous vehicle[END_REF] with respect to the error coordinates (e

x , e y ) with initial and final conditions given by ( 33)- [START_REF] Petrov | Planning and Nonlinear Adaptive Control for an AutomatedOvertaking Maneuver[END_REF]. Similar objectives can be formulated for Phase 2 and Phase 3, where the virtual reference points associated with the overtaken vehicle are R 2 and R 3 , respectively.

IV. ADAPTIVE CONTROL DESIGN

In this paper, we consider the problem of controlling the motion of the overtaking vehicle during the overtaking maneuver, when the overtaken vehicle moves straight with constant velocity. Consider again in details the Phase 1 of the overtaking maneuver. We make the following change of coordinates where the posture error coordinates (e

x , e y ) are defined by [START_REF] Resende | Real-time dynamic trajectory planning for highly automated driving in highways[END_REF] [START_REF] Shamir | Overtaking a slower-moving vehicle by an autonomous vehicle[END_REF].

The model [START_REF] Hatipoglu | Steering and lane change: A working system[END_REF] describing inter-vehicle kinematics in error coordinates is redefined in terms of the new coordinates (37) as follows 

                . ( 38 
)
The adaptive control design is based on a reduced-order system composed of the first two equations of [START_REF] Wang | Conflict-probabilityestimation-based overtaking for intelligent vehicles[END_REF] rewritten below for clarity of exposition [START_REF] Khalil | Nonlinear Systems[END_REF] where

x x x v v v 1 1 1 ˆ  (43)
is the parameter error, and γ v = cte > 0 is the adaptation gain. Using [START_REF] Baber | Cooperative autonomous driving: Intelligent vehicles sharing city roads[END_REF], ( 41) and ( 43), the derivative of V is obtained in the form

) 1 ( ~1 1 2 2 x v e x e y e x v x v y k x k V           . ( 44 
)
Choosing the update law as 41) is applied to [START_REF] Baber | Cooperative autonomous driving: Intelligent vehicles sharing city roads[END_REF], where the velocity estimate Proof. The system (47) has an equilibrium point at the origin. The function [START_REF] Khalil | Nonlinear Systems[END_REF] is continuously differentiable and positive definite, and its derivative (46) along the trajectories of the system is negative semi-definite. From (46), it follows that ( 42) is non-increasing, (

) 0 ( ) ( V t V  ),
and this in turn implies that x e (t), y e (t) and ) ( ~1 t v x are uniformly bounded with respect to the initial conditions.

To characterize the set prove asymptotic stability of the equilibrium point o Z = 0, we use the LaSalle invariance principle [START_REF] Khalil | Nonlinear Systems[END_REF]. Suppose that o Z (t) is a trajectory that belongs identically to S. From (46), we have 

  0 ) ( | 3     z V o S Z  , note that 0 0 ) (    e x z V
0 0 ) ( 0 0 ) ( 0 0 0 ) ( 1 1            x e

□

The designed control law ( 41)-( 45) constitutes the upper level controller of the overtaking vehicle and provides reference signals to the lower level controller for the steering and velocity dynamics, which have to be tracked. As mentioned above, at the end of the first time period, the guidance program switches automatically from Phase 1 to Phase 2. The same approach can be used to derive feedback controllers for the overtaking vehicle for Phase 2 and Phase 3.

V. SIMULATION RESULTS

To illustrate the effectiveness of the proposed controller, several simulations are carried out in order to evaluate the inter-vehicle behavior and tracking accuracy during the three-phase overtaking maneuver. In the simulation using MATLAB, a planar bicycle 2DOFs vehicle model is used. The speed of the overtaken vehicle during the three phases of the maneuver is constant and set to be v 1x = 4m/s. The duration of every phase of the maneuver is chosen to be t int = 5s. The coordinates of the reference frames R j x Rj y Rj , (j = 1,2,3) with respect to the coordinate frame P 1 x P1 y P1 attached to the mid-point of the rear vehicle axle of the overtaken vehicle for every phase of the three-phase overtaking maneuver is provided in Table I.

The longitudinal vehicle base of the overtaking vehicle was chosen to be l 2 = 2m. The initial position and orientation of the overtaking vehicle in the inertial frame Fxy are F x P2 (0) = 0; F y P2 (0) = 0; θ 2 (0) = 0. The initial position and orientation of the overtaken vehicle in Fxy are F x P1 (8) = 0; F y P1 (0) = 0; θ 1 (0) = 0. The desired intervehicle distance in the beginning of the maneuver is set to be 6m.

In the first simulation, from Fig. 4, we can see the planar path drown by the vehicle guide points P 2 and P 1 of the overtaking and overtaken vehicle, respectively. From Fig. 5, the evolution in time of the error coordinates x e (t), y e (t) is shown. The evolution in time of the error coordinate e θ (t) is presented in Fig. 6. As seen from Fig. 6, the relative orientation e θ (t) between the two vehicles remains bound during the three phases of the overtaking maneuver, which is consistent with the theoretical results in Section IV.

The evolution in time of the reference trajectory The evolution in time of the front-wheel steering angle α 2 of the overtaking vehicle is given in Fig. 8. The evolution in time of the inter-vehicle distance P 1 L is given in Fig. 9. The results of the simulation confirm the validity of the proposed controller.

VI. CONCLUSION

In this paper, a nonlinear adaptive controller for twovehicle automated overtaking maneuvers has been presented. We consider the problem of a three-phase overtaking without the use of information obtained from road infrastructure or inter-vehicle communication. Applying standard robotic nomenclature for translational and rotational displacements and velocities, a general kinematic model of the vehicles during the overtaking maneuver and the relative inter-vehicle kinematics has been developed. Reference trajectories for every phase using 3 rd order polynomial interpolation method have been generated in real-time and consecutively tracked. The developed feedback controller requires information only for the current relative inter-vehicle position and orientation. The unknown velocity of the overtaken vehicle has been estimated using adaptive update law. Simulation results illustrate the performance of the proposed controller. An autonomous overtaking control system may constitute a backup system for the infrastructure-based control system when the letter is malfunctioning or due to the failure the inter-vehicle communication.
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 9 Fig. 9. Time history of the inter-vehicle distance P1L

  Therefore, the only solution that can stay in S is the trivial solution o z (t) = 0 and the origin is asymptotically stable. □ Since the dynamics of e θ was not taken into account in the feedback control design, the next step in the stability analysis is to establish that e θ is bounded in the interval [t 0 , t f ]. From[START_REF] Wang | Conflict-probabilityestimation-based overtaking for intelligent vehicles[END_REF], using the control (41), the third equation for e θ takes the form of a perturbed system
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