analyze mathematically, therefore it is hard to guarantee a precise formation control.

In the leader following approach [START_REF] Sanchez | Sliding mode control for robot formations[END_REF], [START_REF] Li | Backstepping based multiple mobile robots formation control[END_REF], one of the robots is designated as the leader, with the rest being followers. The follower robots need to position themselves relative to the leader and to maintain a desired relative position with respect to the leader. In order, to prescribe a formation maneuver, we need only to specify the leader's motion and the desired relative positions between the leader and the followers.

When the motion of the leader is known, the desired positions (desired distance and orientation) of the followers relative to the leader can be achieved by local control law on each follower. Therefore, in a certain sense, the formation control problem can be seen as a natural extension of the traditional trajectory-tracking problem.

Among all the approaches to formation control reported in the literature, the leader-following method has been adopted by many researchers [START_REF] Ren | A Decentralized scheme for spacecraft formation flying via the virtual structure approach[END_REF], [START_REF] Egerstedt | Formation constrained multi-agent control[END_REF], [START_REF] Sugihara | Distributed algorithms for formation of geometric patterns with many mobile robots[END_REF], [START_REF] Li | Backstepping based multiple mobile robots formation control[END_REF], [START_REF] Luca | Control of wheeled mobile robots: An experimental overview[END_REF]. In this method, each robot takes another neighboring robot as a reference point to determine its motion. The referenced robot is called a leader, and the robot following it called a follower. Thus, there are many pairs of leaders and followers and complex formations can be achieved by controlling relative positions of these pairs of robots respectively. This approach is characterized by simplicity, reliability and no need for global knowledge and computation.

In this paper, we will develop a method based on the leaderfollowing approach to investigate formation control problem in a group of nonholonomic mobile robots. For this purpose, we design a new controller based on fuzzy logic to drive a fleet of mobile robots in a leader-follower configuration.

The rest of this paper is organized as follows. First motion modeling is revealed. Then, the method of path following used by the leader robot is exposed. After that, the architecture of the fuzzy controller is described. We conclude the paper by some simulation and results.

II. MOBILE ROBOT MODELING

The mobile robots considered in this study are the popular wheeled mobile robots of unicycle type, shown in Fig. 1. The configuration of the robot denoted by 

π θ π ≺ ) (t ≤ -
its orientation relatively to the x-axis. The linear and angular velocities are respectively Abstract-In this article we address the problem of mobile robot formation control. Indeed, the most work, in this domain, have studied extensively classical control for keeping a formation of mobile robots. In this work, we design an FLC (Fuzzy logic Controller) controller for separation and bearing control (SBC). Indeed, the leader mobile robot is controlled to follow an arbitrary reference path, and the follower mobile robot use the FSBC (Fuzzy Separation and Bearing Control) to keep constant relative distance and constant angle to the leader robot. The efficiency and simplicity of this control law has been proven by simulation on different situation.

Keywords-Autonomous mobile robot, Formation control, Fuzzy logic control, Multiple robots, Leader-Follower.

I. INTRODUCTION

FORMATION control of multiple autonomous mobile robots and vehicles has been studied extensively over the last decade for both theoretic research and practical applications. Various approaches and strategies have been proposed for the formation control of multiple robots. Multi-robot coordination methods can be partitioned into three classes approaches: virtual structure approach, behavioral approach and leader follower approach. Each of them has several advantages and weaknesses.

The virtual structure approach treats the entire formation as a single virtual rigid structure [START_REF] Kar-Han Tan | Virtual structures for high precision cooperative control[END_REF]- [START_REF] Egerstedt | Formation constrained multi-agent control[END_REF]. Desired motion is assigned to the virtual structure as a whole, as a result which will trace out trajectories for each robot in the formation to follow. It is easy to prescribe the behavior of the whole group, and maintain the formation very well during the maneuvers. The main disadvantage of the current virtual structure implementation is the centralization, which leads a single point of failure for the whole system.

By behavior based approach, several desired behaviors are prescribed for each robot, and the final action of each robot is derived by weighting the relative importance of each behavior.

Possible behaviors include obstacle avoidance, collision avoidance, goal seeking and formation keeping [START_REF] Egerstedt | Formation constrained multi-agent control[END_REF]- [START_REF] Yamgachi | A Cooperative Hunting Behavior by Mobile Robot Troops[END_REF]. The limitation of behavior-based approach is that it is difficult to Abdelouahab Bazoula is with Military Polytechnic School. P.O. Box 17 EMP M1 Bordj-El-Bahri 16111 Algiers, Algeria (e-mail: abdelouaha.bazoula@gmail.com).
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A. Bazoula, and H. Maaref ) (t v and ) (t ω . The equation of motion of the mobile robot is given by: 1), the mobile robot behavior is subject to an additional nonholonomic constraint:
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This constraint means that the robot can not move in the direction of the wheel axis (i.e. y). )

) ( ), ( t y t x r r defined in a time interval [ ] T t , 0 ∈
, we can derive a control law. From the inverse kinematics the robot inputs are calculated which drive the robot on a desired path. The needed robot inputs, tangential velocity r v and angular velocity r ω are calculated from the reference path. The tangential velocity reads:
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Where "+" for the forward direction and "-" for inverse direction. The tangent angle of each point on the path can be determined as:

( ) π + = θ k t x t y t r r r ) ( ), ( 2 arctan ) ( (4) 
Where 1 , 0 = k defines the desired drive direction (0 for forward and 1 for reverse). The reference angular velocity can be obtained by deriving previous equation [START_REF] Luca | Control of wheeled mobile robots: An experimental overview[END_REF], [START_REF] Oriolo | WMR control via dynamic feedback linearization: design, implementation, and experimental v validation[END_REF]: 
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IV. CONTROL DESIGN FOR PATH FOLLOWING

For solving the tracking control problem, the following global change of co-ordinates was proposed by Kanayama et al. [START_REF] Kanayama | A stable tracking control scheme for an autonomous mobile robot[END_REF] (Fig. 2). In the frame of real robot, the error between controlled robot and reference path can be expressed as: Considering the robot kinematics (1), the error dynamics of the mobile robot can be derived from the time derivative of the above equation as [START_REF] Sanchez | Sliding mode control for robot formations[END_REF] where 1 r u is the feedforward tangential velocity and 2 r u is feedforward angular velocity. The robot inputs, regarding relation [START_REF] Sugihara | Distributed algorithms for formation of geometric patterns with many mobile robots[END_REF], can be expressed in the following form: By linearizing [START_REF] Luca | Control of wheeled mobile robots: An experimental overview[END_REF] around the operating point ( )
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we get the following linear system:
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This system can be written under space state form as: . The resulting control can be schematized as indicated in Fig. 3. The control law, according to [START_REF] Klančar | Mobile robot control on a reference path[END_REF], can be written as: 
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This control can be verified as stable, and can make convergence of errors [START_REF] Klančar | Mobile robot control on a reference path[END_REF].

V. MODELING OF LEADER-FOLLOWER FORMATION

Let us consider the situation shown in Fig. 4. A leader and a follower robot are denoted as l R and f R , respectively.

According to the notation defined in Section II, the states and the inputs of l R and f R are newly denoted as ) , , (

l l l y x θ , ) , , ( f f f y x θ ) , ( l l v ω and ) , ( f f
v ω , where the subscript "l" and "f" mean leader and follower, respectively. The equations of motion of both robots are given by [START_REF] Kar-Han Tan | Virtual structures for high precision cooperative control[END_REF]. The relative distance between the leader and the follower robot is denoted as

fl lf d d =
and the relative angles from their heading are denoted as lf θ , They are given by: ( ) ( ) For translation velocity and angular velocity controls, two two-input-single-output FSBC are adopted, respectively. Let the input variables of the FSBC be defined as:
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where des d is the desired distance between leader and the follower robot. We want to design the FSBC for the follower mobile robot such that it can pursue the target mobile robot within a constant distance. The fuzzy control rules can be represented as a mapping from input linguistic variables e , e Δ , θ and θ Δ to output linguistic variables v and ω as follows:

)

) ( ), ( ), ( ), ( ( FSBC ) 1 ( k k k e k e k u θ θ Δ Δ = + ( 19 
)
where u includes the translation and angular velocity.

Because translation and angular velocities of the mobile robot can be driven individually, thus we can decompose (19) as follows:
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) They all are decomposed into seven fuzzy partitions, such as: negative big (NB), negative medium (NM), negative small (NS), zero (ZE), positive small (PS), positive medium (PM), and positive big (PB).

Since each input is divided into seven fuzzy sets, 49 fuzzy rules for speed control and steering angle control must be determined, respectively. Following the FSMC concept [START_REF] Tzafestas | A simple robust sliding-mode fuzzy logic controller of the diagonal type[END_REF]- [START_REF] Li | Switching-type fuzzy sliding mode control of a cart-pole system[END_REF], a diagonal type rule table is adopted (see Table 1). The FSMC provides control action to drive state trajectories toward a sliding surface (in fact, the sliding line in this application) in the state-space, and to maintain the state trajectories sliding on the sliding surface until stable equilibrium state is reached. In this paper, we first have to choose the sliding surface that represents the control purpose. 
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  The sliding surfaces for angular velocity control and angular velocity control are defined as e is implemented by the weighted average method.
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 7 Fig. 7 Leader Robot goes on reference path that has initially its curvature equal to -0.05 and change the curvature to 0.05 at time equal to 50s

The simulation results for several different cases are listed as below in Fig. 6 to Fig. 7. In each figure, the three plots are the simulation results of the robot team evolution, translation velocity of the leader, the angular velocity of the interdistance error, and angular error form the top to bottom respectively.

Fig. 6 shows the case when the reference path is a straight line with a slope of 0.2. The leader goes along a straight line with a constant linear speed (2m/s) and constant angular speed (0rad/s). 

VIII. CONCLUSION

In this paper, we present a new controller based on fuzzy logic for the leader following formation of multiple nonholonomic mobile robots. For keeping the distance and bearing between two consecutive mobile robots in desired values, we design two controllers the first for translation velocity its inputs are distance and its derivative, the second one is for angular velocity its inputs are the difference between the mobile robots orientations and its derivative. Successful simulation have been conducted for various situations and showed the efficiency of the proposed approach.

Authors' future work will be focused on comparison with classical techniques, experimental verification of presented approach and the optimization of the fuzzy logic in real time.