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Abstract

:

As people further develop space with advanced technology, space robots have played a significant role in on-orbit servicing missions. Space robots can carry out more risky and complicated missions with less cost than astronauts. Dual-arm space robots can perform complex on-orbit space missions more effectively than single-arm space robots. Since the coupled dynamics between the free-floating base and the arms exist in space robots, accurate coordinate control of the base and the arms is essential. Spacecraft release missions have been proposed to berth/deberth a spacecraft to a space station. Based on the existing release missions, a tangent release strategy is introduced in this paper, which can release a space object in the tangent direction of the final link of a space manipulator. This strategy can control a dual-arm space robot to deploy cargo/spacecraft in variable directions in 3D space without thrusters and the associated fuel consumption. For instance, this tangent release operation can transport cargo or modules of large-scale spacecraft needing on-orbit assembly. Considering model uncertainties, robust controllers again model uncertainties that are used to control the dual-arm space robot with high accuracy. Hence, a robust sliding mode controller (SMC) is utilized to accurately control the space robot to carry out the proposed tangent release strategy. For comparison, we select a conventional computed torque control (CTC) implemented by a PD-type controller. In the simulations, the SMC performs better in tracking accuracy and robustness against the model uncertainties than the PD controller. Numerical simulations indicate the feasibility and effectiveness of the tangent release manipulation of a space object by a dual-arm space robot.
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1. Introduction


On-orbit space robots with robotic manipulators play a critical role in assembling, repairing, refueling, and transporting operations in space [1,2]. A space robot system for on-orbit servicing operations consists of three major components: the base, one or multiple space manipulators, and the object to be serviced [2]. A typical capture process of a space object by a space robot incorporates four phases: observation, approach, capture, and postcapture [2]. Due to the microgravity environment of space, the coupled dynamics between the free-floating base and the arms exist. In other words, the base will simultaneously move when its attached space manipulator moves for an on-orbit servicing mission. Thus, researchers investigate the strategies to simultaneously control the base and the manipulators to carry out the complex space missions [3,4,5,6,7].



Space manipulators can also be used to deploy, release, and retrieve spacecraft [2]. For instance, operations to redock modules on the MIR orbital station were developed in [8]. This operation could effectively transfer a module of the MIR orbital station from one side to another side port, which included a release operation and a redocking operation [8]. Hence, release operations in three-dimensional (3D) space can help transfer space objects like modules or cargo for spacecraft. Unlike just radially pushing the object away along the directions of the final link, the tangent release can flexibly transfer the object in variable directions to locations in the neighborhood of the space robot without using thrusters. However, a strategy to release the object at a desired velocity tangent to the final link (in a direction perpendicular to the final link) of the space robot is worthy of being investigated. Additionally, dual-arm space robots can perform complex on-orbit space missions more effectively than single-arm space robots [9], which may be suitable for complex tangent release manipulation.



Typically, on-orbit capture operations carried out by free-floating space robots can only grasp and move the space object in the workspace of the space robot [10,11]. Moreover, the trajectories of the end-effectors need to be carefully designed to avoid singularity configurations during the on-orbit operations by the dual-arm space robots [12]. Thus, the workspace of the space robot needs to be extended for easier on-orbit assembly or short transportation of cargo between spacecraft. A tangent release strategy of a space object by a free-floating space robot can fulfil the requirements of transporting a space object at a desired tangent velocity without the need for the fuel of thrusters. Compared with single-arm space robots, dual-arm space robots can carry out more complicated tasks like capturing tumbling targets with a higher probability of success [13,14]. Compared with the mission to grasp an object and move it by a space robot, the tangent release strategy may transfer the object to more variable directions. Therefore, research on dual-arm space robots has great significance in on-orbit serving missions.



Since complex on-orbit missions need to be accurately carried out, controllers with good robustness and high accuracy need to be developed for dual-arm space robots [15,16,17]. Jia and Misra [18] presented a robust adaptive sliding mode controller to make a dual-arm space robot follow the desired trajectories. As model uncertainties of the inertial parameters of dual-arm space robots may exist in the complex space environment, a dynamic-based adaptive control method was proposed to be applied to a dual-arm space robot [19]. Moreover, optimal control was developed for dual-arm space robots to reduce the energy consumption of an on-orbit mission [20]. Therefore, control methods should be compared and carefully selected for complex space operations carried out by dual-arm space robots.



Considering the complex environment in space, model uncertainties in mass or inertial parameters may exist in a space robot system, which can influence the robustness performance of controllers. Conventional feedback PID controllers have been utilized to control space manipulators [21]. However, PID controllers cannot stabilize nonlinear systems with model uncertainties [22]. Therefore, control methods with better robust performance will be developed to control the dual-arm space robot. Many control methods, such as sliding mode control [15], neural network control [23], optimal control [7,24,25], and adaptive control [26,27], were utilized to control space robots and spacecraft. Considering the robustness against model uncertainties, sliding mode control (SMC) with good robustness is selected to control the dual-arm space robot. Even though references [15,26] used SMC to control spacecraft with uncertainties, they only applied one set of uncertain parameters to the space robot in their numerical simulations. To analyze the robust performance of a controller for practical applications, a range of the uncertain physical parameters of a space robot should be compared in the simulations. Due to frequent switches of the signum function in the control law generated by the conventional SMC, there will be fluctuations in the control torques, which can be found in [15]. Thus, we develop a boundary layer method [28] to reduce the fluctuations in the control torques caused by the SMC.



Thus, this paper proposes a new tangent release strategy for a space object in 3D space by a dual-arm space robot. Compared with some release operations to directly push an object away, the proposed tangent release operation can release along an arbitrary direction within the appropriate task space of the space robot to transport cargo or modules of large-scale spacecraft needing on-orbit assembly. For instance, the potential tangent release operation can effectively transfer a module of a space station from one side to another side port like the missions proposed in [8]. In addition, no thrusters will be ignited during the tangent release operation, which can save expensive fuel in space. This strategy improves the flexibility of the space robot carrying out on-orbit missions. In addition, we assume that the object will be released along a smooth and safe path at the planned velocity demonstrated in Section 3. Also, the releasing path should be in the neighborhood of the dual-arm space robot for safety. However, some limitations of the proposed tangent release strategy may exist and will be further studied. For instance, the object may not follow the proposed safe path for release because of some external disturbances. In the future, we will further investigate control methods against external disturbances like mechanical vibrations during physical contact. When the model uncertainties of the inertial parameters of a space robot are considered, robust controllers are designed to deal with the model uncertainties. A sliding mode controller (SMC) is developed to control the motion of the dual-arm space robot to carry out the tangent release strategy, which has better robust performance against model uncertainties in the numerical simulations than a conventional PD-type controller.



The main contributions of the paper are the following:




	
A tangent release strategy for a object in 3D space by a dual-arm space robot is addressed.



	
The model uncertainties of the space robot system are considered. A robust SMC against the model uncertainties is developed for the space robot.








This paper consists of six sections. Section 2 demonstrates a dynamic model of a dual-arm space robot. Section 3 introduces the proposed tangent release strategy of a space object by a dual-arm space robot. In Section 4, an SMC is applied to the dual-arm space robot to control the space robot to carry out the tangent release strategy. In Section 5, numerical simulation results demonstrate the feasibility of the tangent release operation presented in Section 4 and show better robustness against the model uncertainties by the SMC than by a conventional PD-type controller. Finally, Section 6 concludes the paper.




2. Model Description


The tangent release operation consists of the three following phases as shown in Figure 1. Particularly, colors in Figure 1 get darker with the progress of the mission.



The proposed tangent release strategy includes three phases: approach phase, pick-up phase, and postrelease phase. During the approach phase, the dual-arm space robot first approaches the initial rest space object (the cuboid in blue in Figure 1). Then, the end-effectors (EEs) grasp the handles of the space object (red and green squares in Figure 1) to make the space robot and the space object rigidly connected as a combined system during the pick-up phase. For instance, the space object can be considered the cargo picked up by the two manipulators in the cargo bay. During the pick-up phase, the combined system gradually rotates around its center of mass (CM) with respect to the inertial frame. When the desired angular velocity of the combined system is obtained, the space robot will release the space object and smoothly move to a stand-by configuration during the postrelease phase.



The advantage of the tangent release strategy is that the space object can obtain a desired velocity tangent to the final links of the space robot when the end-effectors release the object. Usually, space robots release a space object in a radial direction to push the space object away. To expand the releasing directions by space robot, the tangent release strategy is investigated. Moreover, the release strategy can release the space object in an arbitrary safe direction, which can be useful to carry out future space missions such as transporting cargo between spacecraft and redocking modules of a spacecraft for assembly and maintenance.



2.1. Assumptions


Figure 2 demonstrates the model of the space robot to tangentially release a space object in space.



Some assumptions are made as follows.



	
According to Figure 2, the dual-arm space robot incorporates a rigid base and two rigid symmetrical arms. Each manipulator has n links with n degrees of freedom.



	
The orbital mechanics are ignored during the tangent release operation.



	
An initial configuration is set up to keep from singular configurations of the manipulators during the tangent release manipulation.



	
The space object is assumed as a rigid cuboid with an initial stationary status. The dual-arm space robot can grasp the two symmetric grasp points (A and B) of the space object and subsequently release the space object at a desired velocity.



	
The thrusters will not be ignited during the operation due to the impulse caused by the ignition. Reaction wheels (RWs) can regulate the base attitude of the space robot by exchanging angular momentum with the base.



	
There are negligible external forces or torques applied to the combined system, incorporating the space robot and the space object during the operation.



	
Geometrical parameters and the motion of the space object can be observed and precisely estimated by sensors of the space robot before the operation.






An explanation to Assumption 2: the tangent release operation is carried out in a quite shorter time (about 80 s in the simulations) than the orbital period of the space robot (approximately 90 min for low Earth orbit). Thus, we assumed that orbital mechanics can be neglected during the tangent manipulation.




2.2. Coordinate Systems


According to Figure 2, the coordinate systems in this paper are defined as follows: the inertial frame   Σ I  , the base frame   Σ B  , the space robot frame   Σ G  , Link   i  ( k )    frame   Σ  L  i   ( k )    , the space object frame   Σ S O   fixed in the CM of the object, and frame   Σ C   of the combined system of the space robot and the space object. The superscripts     a   ·   ,     0   ·   ,      i  ( k )     ·   ,      s o    ·   , and     c   ·    represent the variables in   Σ I  ,   Σ B  ,   Σ  L  i   ( k )    ,   Σ S O  , and   Σ C  , respectively. When some variables do not show their superscripts, those variables will be denoted in the inertial frame.




2.3. Nomenclature


The symbols in Figure 2 are defined as follows:





	   L  i   ( k )    
	the i-th link of k-th arm,   i = 1 , 2 , … , n , k = 1 , 2  .



	   J  i   ( k )    
	the i-th joint of k-th arm,   i = 1 , 2 , … , n , k = 1 , 2  .



	     a   r g  ∈  R 3    
	position vector for the center of mass (CM) of the space robot in   Σ I  .



	     a   r 0  ∈  R 3    
	position vector for the CM of the base of the space robot.



	     a   r  i   ( k )   ∈  R 3    
	position vector for the CM of   L  i   ( k )   .



	     a   r  e   ( k )   ∈  R 3    
	position vector for the CM of the k-th end-effector.



	     a   r  s o   ∈  R 3    
	position vector for the CM of the space object (also set as the origin of   Σ S O  ).



	      s o    r  s o A   ∈  R 3    
	position vector for grasp point A of the space object in   Σ S O  .



	      s o    r  s o B   ∈  R 3    
	position vector for grasp point b of the space object in   Σ S O  .



	     a   r c  ∈  R 3    
	position vector for the CM of the combined system   Σ C  .



	    b  0   ( k )   ∈  R 3    
	position vector from CM of the base to Joint   J  1   ( k )   .



	    a  i   ( k )   ∈  R 1    
	length from   J  i   ( k )    to CM of   L  i   ( k )   .



	    b  i   ( k )   ∈  R 1    
	length and from CM of   L  i   ( k )    to   J  i + 1   ( k )   .



	    a  s o   ∈  R 1    
	length from CM of the space object to grasp point A.



	    b  s o   ∈  R 1    
	length from CM of the space object to grasp point B.



	   h ∈  R 1    
	height of the space object.



	    ϕ s  =   ( α , β , γ )  T  ∈  R 3    
	attitude vector of the base with respect to the inertial frame.



	    m 0  ,  m  i   ( k )   ,  m  s o   ∈  R 1    
	mass of the base, Joint   L  i   ( k )   , and the space object, respectively.



	     a   ω c  ∈  R 3    
	angular velocity of the combined system with respect to the inertial frame.



	     a   θ c  ∈  R 3    
	rotational angle vector of the combined system with respect to the inertial frame.



	   τ  i   ( k )    
	the control torque applied to the i-th joint of k-th arm,   i = 1 , 2 , … , n , k = 1 , 2  .



	    τ b  =   (  τ  b x   ,  τ  b y   ,  τ  b z   )  T    
	the control torques from the three RWs to regulate the base attitude.







2.4. Space Robot Model


Based our previous work [17,29,30,31], the Jacobian equation describing kinematics of a dual-arm space robot can be shown as


   X ˙  = J  ϕ ˙   



(1)




where the vector   X =   [ α , β , γ ,  r  e x   ( 1 )   ,  r  e y   ( 1 )   ,  r  e z   ( 1 )   ,  r  e x   ( 2 )   ,  r  e y   ( 2 )   ,  r  e z   ( 2 )   ]  T  ∈  R 9    represents the base attitude and the movement of the dual-arm space robot in the 3D task space. Vector   ϕ =   [ α , β , γ ,  ϕ  1   ( 1 )   ,  ϕ  2   ( 1 )   ,  ϕ  3   ( 1 )   ,  ϕ  1   ( 2 )   ,  ϕ  2   ( 2 )   ,  ϕ  3   ( 2 )   ]  T  ∈  R 9    describes the movement of the dual-arm space robot in the joint space. Matrix   J ∈  R  9 × 9     is the Jacobian matrix.



To describe the base attitude and motion of end-effectors in 3D space, we select those nine elements for the state vector  X . In addition, the size of the vector  ϕ  is selected as nine (same as  X ) to keep the possibility of the invertibility of the Jacobian matrix  J .



In detail,    ϕ s  =   [ α , β , γ ]  T    represents the base attitude around   x , y , z   axes for the inertial frame, respectively. Elements    r  e x   ( 1 )   ,  r  e y   ( 1 )   ,  r  e z   ( 1 )   ,  r  e x   ( 2 )   ,  r  e y   ( 2 )   ,  r  e z   ( 2 )     are the position elements along the x, y, and z axes of the two end-effectors, respectively. Additionally, angles    ϕ  1   ( 1 )   ,  ϕ  2   ( 1 )   ,  ϕ  3   ( 1 )   ,  ϕ  1   ( 2 )   ,  ϕ  2   ( 2 )   ,  ϕ  3   ( 2 )     represent the rotational angle of each joint of the dual-arm space robot.



According to our earlier work [30], the dynamics of the dual-arm space robot in 3D space can be inferred by the Lagrangian formula used in [32] as


   A 2   ϕ ¨  +  A 1   ϕ ˙  = τ  



(2)




where    A 2  ∈  R  9 × 9     is the coefficient matrix for the second-order term   ϕ ¨  ,    A 1  ∈  R  9 × 9     is the coefficient matrix for the first-order term   ϕ ˙  .



In addition, vector   τ =   [  τ  b x   ,  τ  b y   ,  τ  b z   ,  τ  1   ( 1 )   ,  τ  2   ( 1 )   ,  τ  3   ( 1 )   ,  τ  1   ( 2 )   ,  τ  2   ( 2 )   ,  τ  3   ( 2 )   ]  T    stands for the control torques for the base and each joint.



According to the Jacobian equation in (1) and the dynamics in (2), the dynamics of the space robot in the task space can be indicated as


    A 2  ¯   X ¨  +   A 1  ¯   X ˙  = τ  



(3)




where     A 2  ¯  =  A 2    J   − 1   ∈  R  9 × 9     is the coefficient matrix of the second-order term   X ¨  , and     A 1  ¯  =  A 1    J   − 1   −  A 2    J   − 1    J ˙    J   − 1   ∈  R  9 × 9     is the coefficient matrix of the first-order term   X ˙  . Additionally,   τ ∈  R 9    is the same control input torque in (2).



A desired variable    X d  ∈  R 9    is defined for vector  X  of the dual-arm space robot to plan the desired trajectories of the end-effectors. To control the space robot to follow the desired trajectories, an error vector   e =   [  e  1  T  ,  e  2  T  ]  T  ∈  R 18    is defined by


      e 1  = X −  X d  ,   e 2  =  X ˙  −   X ˙  d      



(4)




Substituting (3) to the tracking error vector  e  yields


      e ˙  1     =  e 2  ,    e ˙  2      = −   A ¯   2   − 1     A ¯  1   (  e 2  +   X ˙  d  )  −   X ¨  d  +   A ¯   2   − 1   τ     



(5)




Then, the control input torques  τ  can control the dual-arm space robot to track the desired trajectories    X d  ,   X ˙  d   . In other words, the error vector  e  converging to zero means the dual-arm space robot follows the desired trajectories to carry out the release operation. Moreover, (5) is used during the approach phase and the postrelease phase.



The space robot and the space object are rigidly connected as a combined system during the pick-up phase. Namely, the dynamics of the combined system can be obtained by the Lagrangian formula used in [32] as


    A ¯   2    ′    X ¨  +   A ¯   1    ′    X ˙  = τ  



(6)




where     A ¯   2    ′   ∈  R  9 × 9     and     A ¯   1    ′   ∈  R  9 × 9     are the updated coefficient matrices for the combined system.



During the pick-up phase, the updated tracking errors    e p  =   [  e  p 1  T  ,  e  p 2  T  ]  T  ∈  R 18    can be defined as


      e  p 1   = X −  X d  ,   e  p 2   =  X ˙  −   X ˙  d      



(7)







The tracking errors of the combined system can be controlled by the control input torques as


      e ˙   p 1      =  e  p 2   ,    e ˙   p 2       = −   A ¯   2    ′      − 1     A ¯   1    ′    (  e  p 2   +   X ˙  d  )  −   X ¨  d  +   A ¯   2    ′      − 1   τ     



(8)




The convergence of the   e p   to zero means that the combined system can follow the desired trajectories during the pick-up phase. Also, the desired trajectories will be planned to make the combined system smoothly rotate around the z-axis with respect to the inertial frame at a desired velocity trajectory.





3. Tangent Release Strategy


The attitude and the motion   X d  , the velocity    X ˙  d  , and the acceleration    X ¨  d   need to be planned together for the coordinated control of the base and the manipulators.



The m-th (m is a positive integer)-order Bezier curve [33] is widely used to plan smooth paths. According to the Bezier curve [33], when the order of the Bezier curve is no less than five, we can independently design the attitude and the motion   X d  , the velocity    X ˙  d  , and the acceleration    X ¨  d  . Therefore, we utilize the fifth-order Bezier curve to plan the desired trajectories by


      Y b   ( t )      =   ( 1 −    t −  t  b 0     t  b f     )  5   P  b 0   + 5  (    t  b 0    t  b f     )    ( 1 −    t  b 0    t f    )  4   P  b 1   +          10   (    t −  t  b 0     t  b f     )  2   ( 1 −    t −  t  b 0     t  b f       )  3   P  b 2   + 10   (    t −  t  b 0     t  b f     )  3    ( 1 −    t −  t  b 0     t  b f     )  2   P  b 3   +          5   (    t −  t  b 0     t  b f     )  4   ( 1 −    t −  t  b 0     t  b f     )   P  b 4   +   (    t −  t  b 0     t  b f     )  5   P  b 5    ,    t  b 0   ≤ t ≤  t  b f       



(9)




where    Y b   ( t )    represents the trajectory of the fifth-order Bezier curve, point   P  b 0    is the start point (  t =  t  b 0    ), and   P  b 5    is the end point (  t =  t  b f    ) of the 5-th Bezier curve. Points    P  b 1   −  P  b 4     are the control points.



Based on [30], the smooth desired trajectories   X d   during the approach phase (  t ∈ [  t 0  ,  t a  ]  ) can be desired by the fifth-order Bezier curve in (9) as,


      X d   ( t )      =   ( 1 −    t −  t 0    t a    )  5   P 0  + 5  (    t 0   t a    )    ( 1 −    t 0   t a    )  4   P 1  +           10   (    t −  t 0    t a    )  2   ( 1 −    t −  t 0    t a      )  3   P 2  + 10   (    t −  t 0    t a    )  3    ( 1 −    t −  t 0    t a    )  2   P 3  +           5   (    t −  t 0    t a    )  4   ( 1 −    t −  t 0    t a    )   P 4  +   (    t −  t 0    t a    )  5   P 5   ,    t 0  ≤ t ≤  t a      



(10)







When the end-effectors grasp the two handles of the space object, the space robot and the space object will be rigidly connected. Then, the combined system will be controlled to spin around the z-axis of the inertial frame. Since we assume that no external forces or torques to the combined system, the center of mass (CM) is the combine system should be unchanged.



According to [34], we design smooth trajectories for the desired angular velocity    ω  c d    ( t )    and the rotational angle vector of the combined system    θ  c d    ( t )   . During the pick-up phase (  t ∈ (  t a  ,  t c  ]  ), the desired value of the rotational angle vector of the combined system   θ  c d    should follow


   θ  c d    ( t )  =  θ  c d    (  t a  )  +  ( t −  t a  )   ω c   (  t a  )  +  ( 3  t  n  5  −  t  n  6  − 2.5  t  n  4  )    ω c   (  t a  )  −  ω c   (  t c  )    (  t c  −  t a  )   



(11)




where   t ∈ (  t a  ,  t c  ]   is the current time, and    t n  =  ( t −  t a  )  /  (  t c  −  t a  )   . By differentiating the above equation,   ω  c d    can be obtained as


   ω  c d    ( t )  =  ω  c d    (  t a  )  +  ( 15  t  n  4  − 6  t  n  5  − 10  t  n  3  )    ω c   (  t a  )  −  ω c   (  t c  )    



(12)




Thus, the desired angular velocity of the combined system   ω  c d    can be obtained at the final moment of the capture phase to release the space object. Moreover, the desired trajectories   X d  ,    X ˙  d  , and    X ¨  d   can be calculated based on the kinematics of the space robot system.



Finally, the dual-arm space robot smoothly moves back to a stand-by configuration. After releasing by the space robot, the CM of the space object will keep moving at the final linear velocity (  t =  t c   ), which can be the tangent velocity of the end-effectors at the moment of   t c  . During the postrelease phase (  t ∈ (  t c  ,  t p  ]  ), the trajectories of the end-effectors need to be carefully designed to avoid collisions with the space object. Similarly, a smooth fifth high-order Bezier curve in (9) can be developed to plan the desired trajectories of the space robot.




4. Control of the Dual-Arm Space Robot


Sliding Mode Controller


There may be model uncertainties of the space robot and space object. Hence, we assume that there are model uncertainties in the mass and the inertia. A sliding mode controller (SMC) as a robust controller against model uncertainties is selected and developed to carry out the release operation. The control diagram is shown in Figure 3.



A sliding surface can be expressed as


  s  ( e )  =   e ˙  1  + Λ  e 1   



(13)




where   Λ ∈  R  9 × 9     is a diagonal matrix   Λ = d i a g (  [  λ 1  ,  λ 2  , ⋯ ,  λ 9  ]  )  , with positive entries   λ j  . When the error vector  e  converges to zero, the state vector X can track the desired trajectories.



By denoting the uncertain term with  Δ , the coefficient matrices in (5) with the model uncertainties are denoted as      A ¯  ^  2  =   A ¯  2  + Δ   A ¯  2   . The variables with a hat like    ·  ^   define the variables with the model uncertainties.



Unlike the multiple-input multiple-output (MIMO) system in (5), a decoupled system can more easily obtain the independent control gains of the SMC for each channel and tune the gains.



Based on a diagonalization method [35], we decouple the MIMO system in (5) into a set of single-input single-output (SISO) systems as


      e ˙  2     = −   A ¯   2   − 1     A ¯  1   (  e 2  +   X ˙  d  )  −   X ¨  d  +   A ¯   2   − 1   τ          = −   A ¯   2   − 1     A ¯  1   (  e 2  +   X ˙  d  )  −   X ¨  d  +   A ¯   2   − 1    (   A ¯  2  + Δ   A ¯  2  )    τ  *           = f  ( e , t )  +   τ  *  + g  ( e , t )      



(14)




where     τ  *  =    A ¯  ^   2   − 1   τ   is denoted as the virtual control input torque to the decoupled systems in (14). Also, we define the functions   f ( e , t )   and   g ( e , t )   in (14) as


     f ( e , t )     = −   A ¯   2   − 1     A ¯  1   (  e 2  +   X ˙  d  )  −   X ¨  d        g ( e , t )     =   A ¯   2   − 1   Δ   A ¯  2    τ  *      



(15)







By assuming the bounded uncertainties applied to the space robot and the object, the coefficient matrices of (14) with the model uncertainties have the following boundary conditions:


          ‖    A ¯  2  −    A ¯  ^  2   ‖ = ‖ Δ    A ¯  2   ‖ ≤   π ¯   ‖    A ¯  ^  2  ‖             a ¯  1   ‖     A ¯  ^  2   ‖ ≤ ‖    A ¯  2   ‖ ≤    a ¯  2   ‖    A ¯  ^  2  ‖             b ¯  1   ‖     A ¯  ^  1   ‖ ≤ ‖    A ¯  1   ‖ ≤    b ¯  2   ‖    A ¯  ^  1  ‖             c ¯  1   ‖     A ¯  ^   2   − 1    ‖ ≤ ‖    A ¯   2   − 1    ‖ ≤    c ¯  2   ‖    A ¯  ^   2   − 1   ‖       



(16)




where    π ¯  ,   a ¯  1  ,   a ¯  2  ,   b ¯  1  ,   b ¯  2  ,   c ¯  1  ,   c ¯  2    are positive scalars representing the magnitude of the model uncertainties. Moreover, the difference between the  f  without the model uncertainties and   f ^   with the model uncertainties can be obtained as


   ‖ f −   f ^   ‖ ≤   (   b ¯  2    c ¯  2  + 1 )   ‖     A ¯  ^   2   − 1    ‖ ‖     A ¯  ^  1   ‖ ‖   e 2  +   X ˙  d   ‖ =    f  *   



(17)




Similarly, the difference between  g  and   g ^   is


   ‖ g −   g ^   ‖ = ‖ g ‖ ≤    c ¯  2   π ¯   ‖     A ¯  ^   2   − 1    ‖ ‖     A ¯  ^  2   ‖ ‖     A ¯  ^   2   − 1    ‖   τ  m a x   =   g  *   



(18)




where    τ  m a x   ∈  R 9    stands for the maximum absolute value for the control efforts  τ  in (5).



For every channel (  j = 1 , 2 , … , 9  ), the virtual control effort   τ  j  *   is to stabilize the errors by


   τ  j  *  = −  λ j   e  2 j   −   f ^  j  −   g ^  j  −  (  f  j  *  +  h  j  *  +  α j  )  sign  (  s j  )   



(19)




where   α j   is a positive scalar to tune the control gain for the j-th channel of the SMC, and sign() represents a signum function.



Furthermore, the stability of the SMC can be proved by the Lyapunov method, which indicates that the sliding surface will reach   s ( e ) = 0  , and the tracking error will converge to zero.



Proof. 

A positive definite Lyapunov function is selected with   s ≠ 0   :


  V =   1 2     s  T  s  



(20)







Differentiating the Lyapunov function, we obtain the derivative of the Lyapunov function as,


     V ˙     =   s  T   s ˙  =  ∑  j = 1  9   s j    λ j   e  2 j   +   e ˙   2 j    =  ∑  j = 1  9   s j    λ j   e  2 j   +  f j  +  h j  +  τ  j  *       



(21)







Then, substituting (19) into   V ˙   yields


     V ˙     =  ∑  j = 1  9   s j    λ j   e  2 j   +  f j  +  g j  −  λ j   e  2 j   −   f ^  j  −   g ^  j  −  (  f  j  *  +  g  j  *  +  α j  )  sign  (  s j  )            =  ∑  j = 1  9    s j   (  f j  −   f ^  j  )  +  s j   (  g j  −   g ^  j  )  −  (  f  j  *  +  g  j  *  +  α j  )   |  s j  |            ≤  ∑  j = 1  9     |   f j  −   f ^  j   | −   f  j  *    |   s j   | +    |   g j  −   g ^  j   | −   g  j  *    |   s j   | −   α j   |  s j  |       



(22)







□





Since (17) and (18) have defined the inequalities, we have    |   f j  −   f ^  j   | −   f  j  *  ≤ 0   and    |   g j  −   g ^  j   | −   g  j  *  ≤ 0  . Moreover,   α j   has been defined as a positive scalar to tune the gain of the SMC. Hence,    V ˙  ≤ 0  . According to the Lyapunov method, the SMC can stabilize the errors in the sliding surface (13).



Since the signum function in (19) may lead to high-frequency switching actions in the SMC, the fluctuations, known as the chattering effect, may exist in the tracking errors and the control input torques. To reduce the fluctuations, we utilize the boundary layer method [28] by


   τ  j  *  = −  λ j   e  2 j   −   f ^  j  −   g ^  j  −  (  f  j  *  +  h  j  *  +  α j  )  sat  (  s j  )   



(23)




where function   sat (  s j  )   is a saturation function defined as


  sat  (  s j  )  =         sign  (  s j  )   ,   s j  > ε             s j  ε    ,   s j  ≤ ε       



(24)




where  ε  is a positive scalar to tune the boundary layer thickness. Based on     τ  *  =    A ¯  ^   2   − 1   τ  , the control input torque  τ  of (5) obtained by the SMC can be expressed as


  τ =    A ¯  ^  2    τ  *   



(25)




Therefore, the SMC is successfully developed to achieve robust control of a dual-arm space robot for a tangent release operation.





5. Numerical Simulation


5.1. Simulation Set-Up


According to the sketch of the tangent release operation plotted in Figure 1, the operation is simulated in three phases: approach phase (  t ∈ [ 0 , 10 ]   s), pick-up phase (  t ∈ ( 10 , 15 ]   s), and postrelease phase (  t ∈ ( 15 , 30 ]   s). The desired angular velocity of the combined system at the release moment when   t = 15   s is set as    ω  c d   =   [ 0 , 0 , 2 ]  T    deg/s. Moreover, we run the following 50 s’ simulation (  t ∈ ( 30 , 80 ]   s) to make sure the stable status of the space robot. Based on our earlier work [30], the physical data of the dual-arm space robot can be found in Table 1.



To avoid singularity configurations of the dual-arm space robot, the initial conditions are carefully set in Table 2.




5.2. Simulation Results


With the SMC for the coordinated base and motion control of the space robot, numerical simulation results are shown in the following figures. In detail, the control gains for the SMC were tuned as    λ j  = 24 ,  ( j = 1 , 2 , … , 9 )   ,    α j  = 0.01  ,    τ  m a x j   = 1   Nm, and   ε = 40  . The parameters for the bounded model uncertainties were set as    π ¯  = 0.3 ,   a ¯  1  =   b ¯  1  =   c ¯  1  = 0.7 ,   a ¯  2  =   b ¯  2  =   c ¯  2  = 1.3  .



For comparison, we select a widely-used computed torque control (CTC) method. Namely, a PD-type CTC was developed for the dual-arm space robot as follows:


  τ =    A ¯  ^  2   (   X ¨  d  −  k v    e ˙  1  −  k p   e 1  )  +    A ¯  ^  1   X ˙   



(26)




where    k v  = 1   and    k p  = 2   were the control gains for the PD controller with the same initial conditions in Table 2. Moreover, we consider the balanced performance of the track accuracy, the magnitude of the control torques, and the smoothness of the tracking errors to tune the control gains.



Figure 4a,b show the errors of the base attitude to the desired attitude by the SMC and the PD controller, respectively. Figure 4c,d show the actual base attitude of the space robot by the SMC and the PD controller, respectively. According to Figure 4a,b, the accuracy of the tracking errors of the base attitude by the SMC (  10  − 5    degrees) was higher than by the PD controller (  10  − 4    degrees). Therefore, the actual base attitude in Figure 4b,c of the space robot could be controlled to be stable at or near zero during the tangent release operation by the two controllers.



Figure 5a,b show that the tracking accuracy of the EE 1’s position is about   10  − 6    m by the SMC and   10  − 5    m by the PD controller, respectively. Thus, the tracking accuracy of the EE1’s position by the SMC was higher than that by the PD controller. Figure 5c,d show the actual trajectories of the EE 1 by the two controllers, which describe the smooth motion of the EE 1 to approach, pick-up, release the space object, and finally return to the stable status.



Similarly, Figure 6a,b show the tracking accuracy of the EE 2’s position is about   10  − 6    m by the SMC and   10  − 5    m by the PD controller, respectively. Figure 6c,d shows the actual trajectories of the EE 2, which demonstrate good cooperation of the two end-effectors by the two controllers. Also, the SMC had better performance than the PD controller.



Figure 7 demonstrates the control input torques for the base attitude, Arm 1, and Arm 2, by the SMC and the PD controller, respectively. According to Figure 7, the SMC and the PD controller can deliver the similar control input torques with smoothness and feasibility for the tangent release operation.



Figure 8 shows the position vector and the velocity vector of the CM of the space object during the tangent release operation by the two controllers with similar results. The CM of the space object was stationary during the approach phase (  t ∈ [ 0 , 10 ]   s), captured and accelerated during the pick-up phase (  t ∈ ( 10 , 15 ]   s), and released at the moment (  t = 15   s). Then, the space object kept moving at the desired released velocity, and the space robot moved back to a safe stand-by configuration during the postrelease phase (  t ∈ ( 15 , 30 ]   s).



Figure 9 demonstrates the angular velocity of the combined system including the space robot and the object during the pick-up phase by the two controllers with similar results. According to Figure 9, the angular velocity of the combined system was smoothly accelerated to the desired value    ω  c d   =   [ 0 , 0 , 2 ]  T    deg/s at the releasing moment   t = 15   s.




5.3. Robustness against Model Uncertainties


To compare the robustness against the model uncertainties by the controllers, a set of uncertain parameters are applied to the space robot system. By introducing a scalar  κ , the magnitude of the model uncertainties for the mass and moment of inertia of the space robot and space object is shown by


   m  i   ( k )   = κ   m ^   i   ( k )     ( i = 1 , 2 , 3 , k = 1 , 2 )  ,   I  i   ( k )   = κ   I ^   i   ( k )   ,   m t  = κ   m ^   s o   ,   I t  = κ   I ^   s o    



(27)




where    m ^   i   ( k )    ,    I ^   i   ( k )   ,   m ^   s o   , and    I ^   s o    are the values of the mass and inertia with the model uncertainties, respectively. Different values of  κ  represent the different magnitudes of the model uncertainties. Additionally,   κ = 1   means no model uncertainties are applied to the space robot and the space object.



Figure 10a,b plot the box charts for the tracking errors of the base attitude by the SMC and the PD controller, respectively. Figure 10c,d show the box charts for the tracking errors of the position of the end-effectors by the SMC and the PD controller, respectively. The box charts can show the range and the distribution of the tracking errors. According to Figure 10, the errors can be larger when the magnitude of the uncertainties (  ± 10 % , ± 20 %  ) was more extensive. In addition, the SMC had better robustness against the model uncertainties than the PD controller because more minor tracking errors could be found while the model uncertainties were applied.





6. Conclusions


This paper addresses a new proposal to tangentially release a space object by a dual-arm space robot. This tangent release strategy can make a free-floating space robot transport a space object like cargo in space at a desired tangent velocity without the need for thrusters and the associated fuel consumption. Unlike pushing the space object away, the releasing directions can be variable to satisfy the requirements of complex on-orbit space missions. For an explanation of the strategy, the two end-effectors can approach and pick up a payload from the cargo bay for deployment, then release the object in a tangent direction to a desired destination. Then, the robot and the object are rigidly connected as a combined system. When the combined system reaches the desired velocity, the space robot will release the space object along its tangent direction. After the release maneuver, the space robot will follow a planned safe and smooth trajectory to a stationary configuration. Meanwhile, the space object will keep the tangent velocity at the releasing moment, which can be used for cargo transportation in the neighborhood. The base attitude can be controlled at or near zero when the coupled dynamics of the space robot exist. Considering uncertain inertial parameters applied to the space robot and the object, robust controllers help control the space robot. A robust sliding mode controller (SMC) is developed to control the space robot with good robustness and high tracking accuracy. Moreover, a conventional PD-type computed torque controller (CTC) is chosen for comparison. According to the simulation results, the SMC presented smaller tracking errors and better robustness against the model uncertainties than the PD controller.



Although we utilize the boundary layer method to reduce the fluctuations caused by SMC, there are vibrations in the tracking errors for the desired trajectories of the space robot. In the future, we will develop advanced control methods to improve the smoothness of tracking errors. Moreover, limitations of our proposed tangent strategy are related to external disturbances like mechanical vibrations caused by physical contact with the space object, which will be further investigated in our future work.
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Figure 1. The sketch of the tangent release operation. 
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Figure 2. Dynamic model of a dual-arm space robot for a tangent release manipulation. 
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Figure 3. Control diagram for the SMC applied to a dual-arm space robot. 
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Figure 4. Base attitude performance: (a) tracking errors by SMC; (b) tracking errors by PD; (c) actual trajectories by SMC; (d) actual trajectories by PD. 
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Figure 5. Position of EE 1: (a) tracking errors by SMC; B) tracking errors by PD; (c) actual trajectories by SMC; (d) actual trajectories by PD. 
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Figure 6. Position of EE 2: (a) tracking errors by SMC; (b) tracking errors by PD; (c) actual trajectories by SMC; (d) actual trajectories by PD. 
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Figure 7. Control input torques: (a) control torques by SMC; (b) control torques by PD. 
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Figure 8. The CM of space object’s position and velocity: (a) by SMC; (b) by PD. 
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Figure 9. The angular velocity of the combined system: (a) by SMC; (b) by PD. 
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Figure 10. Robust performance against the model uncertainties: (a) errors’ range of base attitude by SMC; (b) errors’ range of base attitude by PD; (c) errors’ range of EEs’ position by SMC; (d) errors’ range of EEs’ position by PD. 






Figure 10. Robust performance against the model uncertainties: (a) errors’ range of base attitude by SMC; (b) errors’ range of base attitude by PD; (c) errors’ range of EEs’ position by SMC; (d) errors’ range of EEs’ position by PD.



[image: Actuators 12 00325 g010a][image: Actuators 12 00325 g010b]







[image: Table] 





Table 1. Physical data for the space robot and the object.
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Body

	
a (m)

	
b (m)

	
h (m)

	
Mass (kg)

	
Inertia




	
(    I x  ,  I y  ,  I z    ) (kg·m    2   )






	
Base

	
-

	
   0.5  

	
-

	
100

	
(30, 30, 30)




	
   L  1   ( 1 )   

	
0.25

	
0.25

	
-

	
8

	
(0.2, 0.0064, 0.2)




	
   L  2   ( 1 )   

	
0.5

	
0.5

	
-

	
10

	
(0.008, 0.8, 0.8)




	
   L  3   ( 1 )   

	
0.5

	
0.5

	
-

	
10

	
(0.008, 0.8, 0.8)




	
   L  1   ( 2 )   

	
0.25

	
0.25

	
-

	
8

	
(0.2, 0.0064, 0.2)




	
   L  2   ( 2 )   

	
0.5

	
0.5

	
-

	
10

	
(0.008, 0.8, 0.8)




	
   L  3   ( 2 )   

	
0.5

	
0.5

	
-

	
10

	
(0.008, 0.8, 0.8)




	
RWs

	
-

	
-

	
-

	
5

	
(0.3, 0.3, 0.3)




	
Space object

	
0.25

	
0.25

	
1

	
42.75

	
(20, 20, 15)
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Table 2. Initial conditions.
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	Body
	Variable
	Symbol
	Value
	Unit





	FFSR
	Position
	     a   r g   
	    [ 0 , 0 , 0 ]  ′  
	m



	 
	Linear velocity
	     a   v g   
	    [ 0 , 0 , 0 ]  ′  
	m/s



	 
	Angular velocity
	     a   ω g   
	    [ 0 , 0 , 0 ]  ′  
	rad/s



	Base
	Attitude
	   ϕ s  
	    [ 5 , 3 , 2 ]  ′  
	    ∘  



	 
	Linear velocity
	     a   v 0   
	    [ 0 , 0 , 0 ]  ′  
	m/s



	 
	Angular velocity
	     a   ω 0   
	    [ 0 , 0 , 0 ]  ′  
	rad/s



	Joint
	Angle
	   ϕ  m   ( 1 )   
	    [ − 10 , − 10 , − 20 ]  ′  
	    ∘  



	 
	Angle
	   ϕ  m   ( 2 )   
	    [ − 10 , − 60 , 125 ]  ′  
	    ∘  



	 
	Angular velocity
	    ϕ ˙   m   ( 1 )   
	    [ 0 , 0 , 0 ]  ′  
	rad/s



	 
	Angular velocity
	    ϕ ˙   m   ( 2 )   
	    [ 0 , 0 , 0 ]  ′  
	rad/s



	End-effectors
	Position
	     a   r  e   ( 1 )    
	    [ 1.6552 , 0.4436 , 0.2455 ]  ′  
	m



	 
	 
	     a   r  e   ( 2 )    
	    [ 0.7793 , 0.8586 , 0.0156 ]  ′  
	m



	Space object frame
	Position
	     a   r  s o    
	    [ 1.1 , 0 , 0 ]  ′  
	m



	 
	Angular velocity
	     t   ω  s o    
	    [ 0 , 0 , 0 ]  ′  
	degree/s



	 
	Linear velocity
	     a   v  s o    
	    [ 0 , 0 , 0 ]  ′  
	m/s



	 
	Attitude
	   θ  s o   
	    [ 0 , 0 , 0 ]  ′  
	    ∘  



	Grasp points
	Position
	     t   r  s o A    
	    [ − 0.25 , 0 , 0 ]  ′  
	m



	 
	 
	     t   r  s o B    
	    [ 0.25 , 0 , 0 ]  ′  
	m



	Combined system
	Attitude
	     a   θ c   
	    [ 0 , 0 , 0 ]  ′  
	    ∘  



	 
	Angular velocity
	     a   ω c   
	    [ 0 , 0 , 0 ]  ′  
	degree/s
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