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In this paper, a decentralized controller for trajectory tracking of modular and reconfigurable robot manipulators is developed. The proposed control scheme uses joint-torque sensory feedback; also sliding mode control is employed to make both position and velocity tracking errors of robot manipulators globally converging to zero. Proposed scheme also guarantees that all signals in closed-loop systems will be bounded. In contrast to some of prior works in this scheme, each controller uses a smooth law to achieve its purposes. In this method, each controller uses only local information for producing control law hence separated controller can be used to control each module of manipulator and no information exchange between modules is required. Simulation results are provided for a reconfigurable robot with three modules to verify the performance of the proposed scheme. Results show that decentralized control of reconfigurable robots is feasible, in spite of strong dynamic coupling between modules.

INTRODUCTION

Reconfigurable modular robot is one of the most promising research areas in robotics. A modular robot manipulator consists of robot modules connected serially with standard electromechanical interfaces. Compared with the traditional robots, a reconfigurable modular robot has three major advantages, physical adaptability, robustness in the presence of failures, and economies of scale [START_REF] Yim | Modular self-reconfigurable robot systemschallenges and opportunities for future[END_REF]. Modules of a reconfigurable modular robot can be easily assembled into various configurations to fit different tasks or environments. This property which known as physical adaptability, make modular and reconfigurable robots suitable for exploring unstructured environments. For example, this ability is highly desirable in space exploration. Since robot parts of a modular robot are interchangeable, faulty parts of robot can be replaced autonomously which leading to self-repair robots. This property is necessary for hazardous environments where humans cannot go easily such as space. These benefits of modular and reconfigurable robots make them suitable for aerospace sector application [START_REF] Yim | Modular reconfigurable robots in space applications[END_REF].

There are three main method for controlling of reconfigurable robots: centralized, distributed, and decentralized control.

In centralized control, a central host dictate the action of each module. Disadvantage of this method is that when number of modules increase, computation cost, and complexity of host will be highly increase. Furthermore, system based on centralized control are not robust since they rely on a single host to function. Some centralized controller for reconfigurable robots can be found in [START_REF] Melek | Neurofuzzy control of modular and reconfigurable robots[END_REF][START_REF] Chen | Interactive-motion control of modular and reconfigurable manipulators[END_REF][START_REF] Li | Kinematics of reconfigurable flexible manipulator using a local product of exponentials formula[END_REF].

In order to simplify controller structure and reduce the computation cost, distributed control has been used. For example [START_REF] Zhu | Distributed adaptive sliding mode control of modular and reconfigurable robots[END_REF] use the sliding mode method for designing a distributed adaptive controller for modular and reconfigurable robots. In addition, distributed control was used for inverse kinematics for modular manipulator with using dynamic programming [START_REF] Casalino | Dynamic programming based, computationally distributed control of modular manipulator in the operational space[END_REF], self-reconfigurable robot control [START_REF] Lee | Dynamic analysis and distributed control of the tetrobot modular and reconfigurable robotic system[END_REF][START_REF] Butler | Distributed planning and control for modular robots with unitcompressible modules[END_REF], configuration design of modular robots [START_REF] Ramachandran | Distributed agent based design of modular and reconfigurable robots[END_REF], and trajectory planning of redundant manipulators [START_REF] Tsuji | Parallel and distributed trajectory generation of redundant manipulators through cooperation and competition among subsystems[END_REF].

Decentralized control has the benefits of distributed control while the communication between modules is not required. For example in [START_REF] Zhu | Decentralized adaptive neural network control for reconfigurable manipulators[END_REF], backstepping techniques and neural network are used for decentralized adaptive control of reconfigurable robots. In this paper, the dynamics model of reconfigurable robots is expressed as a set of interconnected subsystems, and then neural network adaptive algorithm is used to approximate the interconnections in each subsystem.

Joint torque sensing in robot manipulators fields was widely used. For example adaptive control [START_REF] Aghili | Adaptive control of manipulators using uncalibrated joint-torque sensing[END_REF] and fault detection [START_REF] Namvar | Failure detection and isolation in robotic manipulators using joint torque sensors[END_REF] of robotic manipulators with using joint torque sensing was suggested. The use of joint torque sensory feedback (JTF) results in a simplified manipulator model that excludes phenomena such as flexibilities and backlash.

In this paper, we propose a decentralized controller for exact control of reconfigurable robot manipulators. First with using joint torque sensors dynamical model of robot was drew out, then sliding mode control will be used to ensure the exact tracking for each module.

II. PROBLEM STATEMENT

Consider a reconfigurable robot manipulator constructed with modules. From Lagrange-Euler equation, dynamic model of this system can be described by [START_REF] Yim | Modular self-reconfigurable robot systemschallenges and opportunities for future[END_REF] where is the joint angle vector; is the input torque vector; is the inertia matrix;

represents the centrifugal and coriolis forces, and is the gravity torque. Consider the following assumptions for each module. Assumption 1: Center of mass of rotor coincide with its rotation axis.

Assumption 2: The rotor is symmetric with respect to the rotation axis Assumption 3: Flexibility of joint is negligible. Similarly to conventional serial robot manipulators, the reconfigurable robot manipulator (1) has the following properties [START_REF] Spong | Robot Dynamics and Control[END_REF].

Property 1: The inertia matrix is positive-definite and symmetric such that [START_REF] Yim | Modular reconfigurable robots in space applications[END_REF] for some constants . Property 2: The matrix satisfies

for some constant . Property 3: The two norm of gravity vector is bounded, such that for some constants we have (4)

Property 4: The matrix is skew symmetric, i.e., [START_REF] Li | Kinematics of reconfigurable flexible manipulator using a local product of exponentials formula[END_REF] We want to design a decentralized controller where at each module a local controller with using only the local sensor information is constructed, so that the configuration of robot tracks its reference accurately. Consider the decomposing of the inertia matrix as [START_REF] Zhu | Distributed adaptive sliding mode control of modular and reconfigurable robots[END_REF] where represents link inertia matrix and is a diagonal matrix that its element is the polar inertia of rotor . Additionally, is a matrix with lower triangular structure as [START_REF] Casalino | Dynamic programming based, computationally distributed control of modular manipulator in the operational space[END_REF] Also, is a unit vector along the rotational axis of rotor . The rotation of joint has no effect on orientations of , hence is only a function of . Therefore, for , depends only on the configuration variables . It can be shown that, the joint torque signal can be expressed as [START_REF] Aghili | Adaptive control of manipulators using uncalibrated joint-torque sensing[END_REF] (8) From ( 7) and ( 8) the reconfigurable robot manipulator dynamics (1) can be expressed as [START_REF] Butler | Distributed planning and control for modular robots with unitcompressible modules[END_REF] The joint torque signal includes dynamics of the links because it is the torque sensed at the intersection of the harmonic drive with the motor. The equation of a reconfigurable robot manipulator with using joint torque sensing has two important properties, the matrix has a lower triangular structure, and its elements depend to particularly. These two key properties will be used later for designing of decentralized controller.

First, consider following definition [START_REF] Ramachandran | Distributed agent based design of modular and reconfigurable robots[END_REF] where d e q q represents the position-tracking error vector of manipulator and 1 2 ( , ,..., ) 0 n diag is a positivedefinite constant matrix. By using [START_REF] Ramachandran | Distributed agent based design of modular and reconfigurable robots[END_REF], we can rewrite (9) as [START_REF] Tsuji | Parallel and distributed trajectory generation of redundant manipulators through cooperation and competition among subsystems[END_REF] Remark 1: In comparison with (1) here the matrix is similar to the inertia matrix , but it is not a symmetric matrix.

III. CONTROLLER DESIGN

In this section, a new method is suggested for decentralized control of reconfigurable robot manipulators.

Let such that for all means the desired position trajectory of robot manipulators. It is assumed that is twice differentiable. First, consider defining a feedforward acceleration signal as [START_REF] Zhu | Decentralized adaptive neural network control for reconfigurable manipulators[END_REF] Now control law for th module is proposed as follow 582 [START_REF] Aghili | Adaptive control of manipulators using uncalibrated joint-torque sensing[END_REF] where is constant. Also is considered as desired value of Remark 3: Control law in ( 13) is a function of measured value of module , additionally it use desired value of acceleration, velocity, and position of other modules. Therefore, each module of robot only uses its own sensor's information and hence the control law in ( 13) is decentralized.

IV. PERFORMANCE ANALYSIS

Consider defining th module disturbance by as follows [START_REF] Namvar | Failure detection and isolation in robotic manipulators using joint torque sensors[END_REF] By substituting matrix in ( 7) into [START_REF] Tsuji | Parallel and distributed trajectory generation of redundant manipulators through cooperation and competition among subsystems[END_REF], after simplifying th equation will be [START_REF] Spong | Robot Dynamics and Control[END_REF] Substituting the control law (13) into the (15) yields the error dynamics described by [START_REF] Ioannou | Robust Adaptive Control[END_REF] where

. Additionally can be simplified as (17)

Now following lemma about the will be expressed. This lemma will be necessary in the proving of Theorem 1.

Lemma 1: If for then . Where and represent the space of bounded and square integrable signals, respectively.

Proof: see the Appendix. Theorem 1: For the reconfigurable robot (1) controlled by the decentralized controller [START_REF] Aghili | Adaptive control of manipulators using uncalibrated joint-torque sensing[END_REF], the position and velocity tracking errors of modules are globally asymptotically stable.

Proof: Asymptotic stability of auxiliary error can ensured by showing that and . For this purpose, we will show that for . This will be done in two steps. In the first step, we will show that . In the second step, we assume that for and then prove that Based on "strong mathematical induction" by these two steps, proof will be complete.

Consider the following Lyapunov function for th module (18)

Differentiating from above equation and substituting from [START_REF] Ioannou | Robust Adaptive Control[END_REF] result that (19) From ( 12) and ( 14) it can be seen that Therefore from [START_REF] Ioannou | Robust Adaptive Control[END_REF] we have (20) Also from ( 18) and ( 19), Lyapunov function and its derivative for the first module can be evaluated as (21) From this, a standard argument [START_REF] Ioannou | Robust Adaptive Control[END_REF] Therefore . From ( 16) and by knowing that , it can be resulted that and therefore . This complete the proof.

V. SIMULATION EXAMPLE

In this section, the performance of controller will be shown by a simulation example. The simulation results for tracking performance are shown in Fig. 1, it shows that tracking errors converge to zero. Also in Fig. 2 the input torques are shown. From Fig. 1 and Fig. 2 it can be seen that tracking errors converge to zero will input torques are smooth, which is a great benefit of proposed scheme against prior work in decentralized control of manipulators.

VI. CONCLUSION

In this paper, a decentralized strategy for control of reconfigurable robot manipulators with using joint torque feedback has been proposed. For manipulator tracking tasks, design of a decentralized controller is not straightforward since all of the modules are strongly interconnected. To tackle these interconnections, at each module, a joint torque sensor is used to give a lower-triangular structure then a sliding mode control term is employed to compensate the effect of other modules, which considered as uncertainties. The control system has the advantage of requiring no computation of dynamics of other modules due to the using of joint torque feedback. It is shown that with this method each module is input to state stable and therefore tracking error of position and velocity of each module globally converge to zero. Additionally a great benefit of this method is that in this method controllers use smooth control law. Therefore, in contrast to some of prior works for decentralized control of robotic systems, which used nonsmooth law, this method is more practical. The simulation results for a 3-DOF reconfigurable robot manipulator confirmed the theoretical claims. An interesting topic for further work is to consider the parametric uncertainties such as joint friction in reconfigurable manipulators and design an adaptive decentralized controller to deal with it. Now using (38), (39), and (17) result (33) and proof will be completed.

VII. APPENDIX
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 1 Fig. 1. Tracking performance for slow reference trajectories.

Fig. 2 .

 2 Fig. 2. Input torques for slow reference trajectories.
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