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Abstract

:

Aiming at the force position control problem of the on-orbit insertion and extraction operation of the free-floating space robot, the system dynamics model is established. According to the interaction between the end of manipulator and the environment, the second-order impedance model is established. In order to improves the calculation efficiency, the above models are reconstructed to avoid the use of acceleration signal by introducing filtering operation. This is also conducive to the application of robot actual control. Then, an estimator requiring only the system inertia matrix is designed to compensate the modeling uncertainty, external bounded disturbance and impact effect in the process of inserting and extracting. Its structure is simple and reliable. Only one control parameter needs to be adjusted, which greatly reduces the amount of calculation. Considering that the on-orbit operation of insertion and extraction is a kind of precision operation, its control system needs to have a high-quality control performance. By introducing the prescribed performance method, the tracking error is constrained within the given range and to ensure the transient performance and steady-state performance of the control system is ensured. Finally, three simulation conditions are designed, and the results are presented to verify that the proposed algorithm has a faster convergence speed compared with traditional sliding mode controller. It can achieve vertically inserting and accurate force tracking of the manipulator end.






Keywords:


free-floating space robot; impedance control; on-orbit insertion and extraction; prescribed performance method; second order impedance model












1. Introduction


In recent years, with the increasingly expansion of space exploration activities by major aerospace countries in the world, the role of space robots has become increasingly prominent. Therefore, the research on task planning and operational control of space robot has very important engineering significance and scientific value [1,2,3,4,5]. The on-orbit service content of space robot is mainly the execution of a series of space tasks, such as docking, parking, refueling, repairing, upgrading and so on [6]. As a representative operation, the operation of insertion and insertion plays a key link function and occurs in all kinds of space tasks. Its quality of inserting and extracting would directly influence the success rate of space missions. Due to the contact and impact between space robot and targets, and the following task planning including, accurate position tracking and force tracking, it has a direct effect on the completion rate of space missions and important application value, for which worthy in-depth research [7,8,9,10,11]. So far, as a challenging subject, the theoretical research in this field is not perfect, and there is still a lot of work to be completed.



Various theories and tools are put forward to solve the problem of contact and impact. Cheng et al. [12] Analyzed the dynamic evolution process of dual arm space robot capturing non cooperative satellites, and proposed a motion stabilization control scheme based on Fuzzy   H ∞  . Ai et al. [13] designed a stabilizing motion force/position fuzzy sliding mode control scheme for strong impact effects in the capture process, which effectively reduced the interference caused by impact effects. Considering the influence of base, joint and arm flexibility, Fu et al. [14] carried out the dynamic analysis on a space robot capturing non-cooperative spacecraft, and designed a motion stabilization control scheme based on repetitive learning for the combination after capture. Zhu et al. [15] introduced spring compliant mechanisms at the joints of space robots to absorb impact energy, and designed a buffer compliant control scheme based on reinforcement learning which can effectively limit the impact moment at the joints within a safe range. Liu et al. [16] used the principle of dissipating energy to reduce the angular velocity of space debris before capture, which effectively protects robots from space and other physical installations. Han et al. [17] designed an elastic hemispheric gripper and a compliant control scheme in sensorless condition to reduce the impact effect during the capture process. In addition, Dai et al. [18] designed a new bionic impact resistant manipulator from the perspective of bionics, and verified its impact resistance performance through simulation and ground tests. Yan et al. [19] proposed a novel low-chattering and global-nonsingular fixed-time terminal sliding mode control strategy for fixed-time trajectory tracking for a dual-arm free-floating space robot, and its tracking accuracy of end-effector was improved to the nanoscale.



It can be found above that the researchers mainly focused on the impact effect produced by the capture of space robot to target and alleviated the impact by designing stabilization control and compliance control schemes or adding flexible parts. Nevertheless, the above research results also show that some points have not been considered, especially the issue of on-orbit operation of insertion and extraction of free-floating space robot. As a kind of precise space mission operation, on-orbit operation of insertion and extraction requires high precision of attitude control system of space robot. Due the strong nonlinear dynamic coupling of system, the relationship between force and position affects and interacts with each other. A smaller output force will not execute the operation of insertion and extraction while a bigger output force may shut down these processes. In addition, the accuracy of the position input will in turn affect the value of output force. Then, the impedance control [20,21,22,23,24] has become an effective means to solve this problem. Based on admittance control, Polverini et al. [25] proposed a control scheme for the problem of fast and sensorless peg in hole insertion of double arm robot, and completed the experimental verification on an ABB double arm robot. However, there are still considerable technical difficulties in the on-orbit operation of insertion and extraction of space robots.



In the process of inserting and extracting of space robot, there must be uncertainty caused by unmodeled error, external disturbance and violent impact, which undoubtedly improves the design difficulty of the control system. In view of the above uncertain effects, not only the traditional classical nonlinear methods such as robust control [26], sliding mode control [27], and adaptive control based on neural network [28], some new control methods and theories such as LQR method [29], MPC method [30], and reinforcement learning method [31] have been fully studied and achieved good control results in the field of aerospace. However, these controllers generally have complex design and a large calculation. Limited by the computer performance of space robot, it is worth mentioning that computational efficiency also has an important impact on the success or failure of space task. Furthermore although these controllers have achieved a high control accuracy in terms of steady-state performance (control accuracy), it fails to take into account the transient performance (error range, approaching rate, overshoot, etc.) at the same time. In addition, some of them can only ensure one or two transient performances, such as error range, convergence rate, etc. Moreover, the controlled system is expected to converge in limited task time and limited operation space according to the on-orbit task requirements. Thus, a high-quality attitude control system can largely ensure that the space manipulator and its end replaceable instruments enter the hole vertically, and reduce the adverse impact effect as much as possible. This would directly determine the success or failure of the space robot on-orbit insertion and extraction operation. The prescribed performance control method (PPC), which was jointly proposed by Greek scholars Bechlioulis and Rovithakis [32] in 2008, has attracted researchers’ extensive attention. Its core idea is to artificially set the performance envelope for the state of the controlled system, and describe the transient and steady-state performance of the controlled system through the convergence characteristics of the performance envelope function. Based on these advantages, the PPC method is widely used in the spacecraft attitude control [33,34,35].



Therefore, based on the above discussion, the force position control of free-floating space robot with output constraints is an important research direction, not to mention the unmodeled error and improving computer efficiency. The issue is actually open due to few people pay attention to it. The main contributions of this manuscript are: (1). The system dynamics model and the end second-order impedance model are established for the force position control problem of the on-orbit insertion and extraction operation of the free-floating space robot. (2). The reconstruction avoids the use of acceleration signal by introducing filtering operation. It improves the calculation efficiency and is conducive to the application of robot actual control. (3). A simple and reliable estimator requiring only the system inertia matrix is designed to compensate the modeling uncertainty, external bounded disturbance and impact effect in the process of inserting and extracting. There are only one control parameter needs to be adjusted. This also greatly reduces the amount of calculation. (4). The tracking error is constrained within the given range and the transient performance and steady-state performance of the control system is ensured by introducing the prescribed performance method. In this paper, an impedance control method in the framework of prescribed performance method is proposed for the operation of on-orbit insertion and insertion. In Section 2, the dynamics of the floating space robot with controlled attitude and uncontrolled position is modeled, and the second-order expression of the end impedance model of the manipulator is deduced. In Section 3, the equation of the established dynamic model is reconstructed and the unknown system dynamics estimator is designed for the uncertainties items in the reconstructed equation. In Section 4, under the framework of PPC method, the transient performance of space robot system is quantified, and the sliding mode controller is designed. In Section 5 three simulation conditions are designed. The following simulation results and analysis prove the effectiveness of the proposed control method, and verify that its convergence rate and error range are better than sliding mode controller.




2. Dynamic Modeling of Space Robot and Analysis of Manipulator End Impedance


2.1. Three Links Free-Floating Rigid Space Robot Model


As shown in Figure 1, the free-floating three links rigid space robot consists of a carrier    B 0   , three rigid arm    B 1   ,    B 2    and    B 3   , and the end replaceable instrument    B t    as the insertion and extraction parts. The global inertial coordinate system   X O Y   and basic coordinate system    X ′   O ′   Y ′    are established. Taking the base centroid  O  and each joint center    O i    as the origin, the split contiguous coordinate system    X i   O i   Y i          ( i = 0 , 1 , 2 , 3 )   are established. In the global inertial coordinate system, the position vector of the system total centroid is defined as    r c    and the position vector of each split contiguous part centroid is defined as    r i     ( i = 0 , 1 , 2 , 3 )  . The position vector of the point ‘t’ on the end of    B t    in   X O Y   is defined as    r t    and in    X ′   O ′   Y ′    is defined as      r t   ′   . The mass of space robot carrier and each arm are defined as    m i     ( i = 0 , 1 , 2 , 3 )  . Their moments of inertia are defined as    I i      ( i = 0 , 1 , 2 , 3 )  , respectively. The length, mass and the moments of inertia of    B t    are defined as    L t   ,    m t    and    I t   .    L i      ( i = 1 , 2 , 3 )   are used to represent the length between    O i    and    O  i + 1     along the direction of    X i      ( i = 1 , 2 , 3 )  . The length between    O 0    and    O 1    is defined as    d 0    and    d i     ( i = 1 , 2 , 3 )   are used to represent the length between the joint center    O i    and the centroid of arm    O c    i   . The insertion and extraction hole which the position of the hole center axis coincides with    X 0    is located at the side of carrier and the depth is h.



The space robot generalized coordinates  q  is defined as   q =    [   q 0  ,  q 1  ,  q 2  ,  q 3   ]   T   , where    q 0    is the carrier attitude angle,    q 1   ,    q 2    and    q 3    are the joint angle, respectively. The attitude angle of end replaceable instrument    B t    is defined as    q t   . Its system dynamics equation is expressed in the following structure (the specific derivation process can be seen in the Appendix A):


  D  ( q )   q ¨    +   H  (  q ,  q ˙   )   q ˙    =   τ   +    τ d   



(1)




where   q ,  q ˙  ,  q ¨  ∈  ℜ  4 × 1     are the position, velocity and acceleration of the carrier and joint, respectively,   D  ( q )  ∈  ℜ  4 × 4     is the symmetric positive definite mass matrix,   H  (  q ,  q ˙   )   q ˙  ∈  ℜ  4 × 1     is the column vector of centrifugal and Koch forces,   τ ∈  ℜ  4 × 1     is the motor rotor control torque,    τ d  ∈  ℜ  4 × 1     is the system external bounded disturbance.




2.2. The Motion Jacobian Relation


The Jacobian relation of the relative motion of the end point of the end replaceable instrument can be expressed as (the specific derivation process also can be seen in the Appendix A):


    X ˙  t  =  J t    q ˙  t  ,  



(2)




where     X ˙  t  =    (    x ˙  t    ′  ,   y ˙  t    ′   )   T   ,     q ˙  t  =    (    q ˙  1  ,   q ˙  2  ,   q ˙  3   )   T   , and    J t  ∈  ℜ  2 × 3     is the Jacobian matrix.



Considering the dynamics equation of space robots is position uncontrolled and attitude controlled, and the mission design requirements, the Jacobian matrix should be augmented as follow:


    X ˙   t a   =  J  t a    q ˙  ,  



(3)




where     X ˙   t a   =    [    q ˙  0  ,   x ˙  t    ′  ,   y ˙  t    ′  ,   q ˙  t   ]   T   ,    q ˙  =    [    q ˙  0  ,   q ˙  1  ,   q ˙  2  ,   q ˙  3   ]   T   , and    J t    a  ∈  ℜ  4 × 4     is the motion Jacobian matrix after being augmented.




2.3. The Impedance Model of Manipulator End


In essence, the problem of on-orbit insertion and extraction of space robots is a kind of impact dynamic between the end of robot arm and unknown environment entity. In order to avoid equipment damage and mission failure caused by violent impact between the end of manipulators and the targets, it is necessary to make compliant control for the whole process. Impedance control has a good performance in dealing with this kind of problems. The control strategy is to maintain the ideal dynamic relationship between the end-effector and the environment by adjusting the impedance parameters of the manipulator.



In general, we use the following equation to represent the terminal impedance model and the environment model:


     M t   (    X ¨  d  −  X ¨   )  +  B t   (    X ˙  d  −  X ˙   )  +  K t   (   X d  − X  )  =  F t       B e   (    X ˙  d  −  X ˙   )  +  K e   (   X d  − X  )  =  F e     



(4)




where    X d  =    [   q  0 d   ,  x  t d     ′  ,  y  t d     ′  ,  q  t d    ]   T    are the augmented desired trajectory vector of the carrier attitude, position and the attitude of the end of    B t   , and   X =    [   q t  ,  x t    ′  ,  y t    ′  ,  q t   ]   T    are the augmented vector of actual trajectory,    M t  ,  B t  ,  K t  ∈  ℜ  4 × 4    , respectively, are the inertia matrix, damping matrix and stiffness matrix of manipulator,    F t  ,  F e  ∈  ℜ  4 × 1     are the output force and torque, contact force and torque of end replacement instruments,    B e  ,  K e  ∈  ℜ  4 × 4     are the damping matrix and stiffness matrix of environment.



According to Equation (A8), the error between the manipulator end output force and torque and the manipulator end contact force and torque can be calculated, and which can be converted to joint torques from Cartesian moments by following:


   τ  t e   =  J t    a   (   F t  −  F e   )  ,  



(5)







Then, if the impedance control is turned on during the on-orbit operation of the space robot, Equation (1) can be expressed as:


  D  ( q )   q ¨  + H  (  q ,  q ˙   )   q ˙  = τ +  τ d  +  τ  t e   ,  



(6)









3. The Model Reconstruction and the Estimator of Unknown System Dynamic


In this section, the space robot system represented by Equation (1) is firstly reconstructed in which the acceleration signals are avoided being introduced to ensure transient control performance. Then based on the prescribed performance control method (PPC), the transient and steady state performance of the controlled system is quantitatively designed prior, the unknown dynamic terms are introduced to achieve precise compensation and the steady-state and transient control performance of the controller are guaranteed.



The estimator of unknown system dynamic is designed for the unknown dynamic term of reconstructed equation, that is   H  (  q ,  q ˙   )   q ˙    and    τ d   .



According to the space robot system represented by Equation (1), it is obviously that the acceleration signals are introduced by   D  ( q )   q ¨   . Reconstruct the Equation (1), then we have:


   {    M  (  q ,  q ˙   )  = D  ( q )   q ˙      C  (  q ,  q ˙   )  = −  D ˙   ( q )   q ˙      Δ =  τ d  − H  (  q ,  q ˙   )    q ˙      ,  



(7)




where   M  (  q ,  q ˙   )  , C  (  q ,  q ˙   )    is the vector without acceleration signals,  Δ  is the lumped unknown dynamic items that consists of centrifugal and Koch forces and external bounded disturbance.



The system represented by Equation (1) can be converted to Equation (7) by means of Equation (8):


   {     M ˙   (  q ,  q ˙   )  + C  (  q ,  q ˙   )  = τ + Δ      M ˙   (  q ,  q ˙   )  =   d  (  M  (  q ,  q ˙   )   )    d t       ,  



(8)




where    M ˙   (  q ,  q ˙   )    contains the acceleration signals   q ¨  .



To avoid using    M ˙   (  q ,  q ˙   )    directly and   q ¨   in the estimation of  Δ , filter operations are introduced, then we have:


   {     M f   (  q ,  q ˙   )  =  M f   (  q ,  q ˙   )  − k   M ˙  f   (  q ,  q ˙   )  ,      M ˙  f   (  q ,  q ˙   )   |   t = 0   = 0      C f   (  q ,  q ˙   )  =  C f   (  q ,  q ˙   )  − k   C ˙  f   (  q ,  q ˙   )  ,      C ˙  f   (  q ,  q ˙   )   |   t = 0   = 0      τ f  = τ − k   τ ˙  f  ,      τ ˙  f   |   t = 0   = 0      Δ f  = Δ − k  Δ f  ,     Δ f   |   t = 0   = 0     ,  



(9)




where     M ˙  f   (  q ,  q ˙   )   ,     C ˙  f   (  q ,  q ˙   )   ,     τ ˙  f    and    Δ f    are the filter variables of    M f   (  q ,  q ˙   )   ,    C f   (  q ,  q ˙   )   ,    τ f    and    Δ f   , respectively,   k > 0   is the scalar filtering constant.



Substituting Equation (9) into Equation (8), the space robot system can be rewritten as:


     (  M −  M f   )   k  +  C f  =  τ f  +  Δ f  ,  



(10)







Then, function G is defined as follows:


  G =    (  M −  M f   )   k  +  C f  −  τ f  −  Δ f  ,  



(11)







Lemma 1. 

Suppose V is any given continuous Lyapunov function, if it satisfies    V ˙  ≤ − λ V + ν  ( t )  , λ =  C 1  > 0 , ν  ( t )  > 0  , and    lim   t → ∞   ν  ( t )  =  C 2   , the system is uniformly global bounded, which means the system is stable.





Define the Lyapunov function,    V G  =  1 2   G T  G   and take derivative of    V G    as follows:


       V ˙  G      =  G T   G ˙        =  G T   (     (   M ˙  −   M ˙  f   )   / k  +   C ˙  f  −   τ ˙  f  −   Δ ˙  f   )       =    (   G T   (  −    (  M −  M f   )   / k  −   C ˙  f  +  τ f  + Δ + k  Δ ˙   )   )   / k       = −    G T  G  / k  +  G T   Δ ˙     



(12)







According to Assumption A1, we have:    ‖    τ ˙  d   ‖  ≤ Ψ , Ψ > 0  . Then based on Young’s inequality, the simplification results are obtained as follows:


      V ˙  G    = −  1 k   G T  G +  G T   Δ ˙       ≤ −  1 k   V G  −  1  2 k    V G  +  k 2    Δ ˙  T   Δ ˙       ≤ −  1 k   V G  +  k 2   Ψ 2     



(13)







Therefore, Lemma 1 is proved,    V G   ( t )  , G  ( t )    are bounded.    V G   ( t )    converges exponentially and its radius of convergence is obtained by solving Equation (21):


   ‖    V ˙  G   ‖  ≤  V G   ( 0 )   e  −  t k    +  1 2   k 2   Ψ 2  ,  



(14)







In addition, the radius convergence of   G  ( t )    is obtained as follows:


   ‖  G  ( t )   ‖  =   2  V G   ( t )    ≤   G  ( 0 )   e  −  t k    +  k 2   Ψ 2    ,  



(15)







The unknown system dynamic estimator is designed as following:


   Δ ^  =  Δ f  =    (  M −  M f   )   k  +  C f  −  τ f  ,  



(16)







The   Δ ˜   is defined as estimated error by Equations (11) and (16):


   Δ ˜  = Δ −  Δ ^  ,  



(17)







When taking derivative of Equation (17), we have:


      Δ ˜  ˙    =  Δ ˙  −   Δ ^  ˙       =  Δ ˙  −  (     (   M ˙  −   M ˙  f   )   / k  +   C ˙  f  −   τ ˙  f   )       =  Δ ˙  −    (   (   M ˙  −   M ˙  f   )  −  (  C −  C f   )  −  (  τ −  τ f   )   )   / k       = −   Δ ˜  / k  +  Δ ˙     



(18)







Similarly, according to Lemma 1, Lyapunov function    V C    is defined as    V C  =  1 2    Δ ˜  T   Δ ˜   , when taking derivative of    V C   , we have:


      V ˙  C    =   Δ ˜  T    Δ ˜  ˙       = −     Δ ˜  T   Δ ˜   / k  +   Δ ˜  T   Δ ˙  = −    V C   / k  +    V C   /  2 k   +   k   Δ ˙  T   Δ ˙   / 2       ≤ −    V C   / k  +   k  Ψ 2   / 2     



(19)







Then the estimation error   Δ ˜   convergence boundary is:


   ‖  Δ ˜  ‖  =   2  V C   ( t )    ≤   Δ  ( 0 )   e  −  t k    +  k 2   Ψ 2    ,  



(20)







Therefore, when   k → 0 ,  V C  → 0  .




4. The Design of Controller


The PPC method can quantitatively describe the transient and steady-state performance of the controlled system. Under the framework of PPC, its controller design strictly follows three key steps: prescribed performance constraints, space equivalent mapping and Nonlinear controller design. This section mainly describes how the controller is designed. The above steps of controller design are mainly described in this section. The control block diagram of space robot system is as Figure 2 follows:



4.1. Prescribed Performance Constraints


Before formally designing the prescribed performance function constraints, we first analyze the insertion and extraction process of space robot represented by the following schematic diagram. We can find that the operation takes place in inertial space and the central axis of replaceable instruments coincides with the central axis of insertion hole. Therefore, we need to design the desired trajectory of the manipulator end in Cartesian space.



In order to avoid sudden change of friction during the task, and ensure the operation is successfully realized with smooth process. Then, according to Figure 3, combine the later part of the findings described in the previous paragraph and schematic diagram,    q  0 d     and    q  td     are designed as:


   {       q  0 d   = 0 rad        q  td   =  q  1 d   +  q  2 d   +  q  3 d   = π rad       ,  



(21)







Combined with Equations (21) and (A8), the manipulator end desired trajectory of insertion and extraction are obtained as:


   X d  =  {       q  0 d   = 0 rad        x  td     ′         y  td     ′         q  td   =  q  1 d   +  q  2 d   +  q  3 d   = π rad       ,  



(22)




where, the specific expressions of    x  td     ′    and    y  td     ′    will be given in Section 5.



Then, the tracking error in coordinates system    X ′   O ′   Y ′    is obtained as:


   {     e c  = X −  X d        e ˙  c  =  X ˙  −   X ˙  d      ,  



(23)







For the fully space robot Equation (23), the tracking error in joint space is defined as follow:


   {    e = q −  q d       e ˙  =  q ˙  −   q ˙  d      ,  



(24)




where    q d  ,   q ˙  d  ∈  ℜ  4 × 1     is desired trajectory and velocity.



Referring to Equation (11), we have the following:


   e ˙  =  J  t a   − 1     e ˙  c  ,  



(25)







In the first step of PPC method, it usually applies a performance function   ρ  ( t )    to limit the upper and lower bounds of the system state. The performance function   ρ  ( t )    needs to meet the following two properties:




	(1)

	
It is time dependent and monotonically decreasing.




	(2)

	
It is continuously differentiable.









The following exponential function is chosen as the performance function:


  ρ  ( t )  =  (   ρ 0  −  ρ ∞   )   e  − α t   +  ρ ∞  ,  



(26)




where    ρ 0  >  ρ ∞  , α > 0   are the default performance parameters.    ρ 0    is the default performance function initial value and    ρ ∞    is the stable value.  α  is related to the convergence rate of the   ρ  ( t )   .



After processing by default performance function, it usually applies a set of inequalities to limit the upper and lower bounds of the system state, which is quantified as:


  −  μ _  ρ  ( t )  < e  ( t )  <  μ ¯  ρ  ( t )  , ∀ t ≥ 0 ,  



(27)




where   μ > 0   is default boundary parameters.



Additional upper and lower bound constraints are introduced for the control system to ensure transient and steady state performance of the system. However, this also makes the design of the corresponding controller more difficult. For the convenience of controller design, the nonlinear system represented by Equation (33) needs to be unconstrained.




4.2. Space Equivalent Mapping


In this part, a homeomorphic mapping function needs to be found in being used to achieve peer conversion from performance constrained space to unconstrained space. First, the error function is normalized that can be written as:


  e  ( t )  = ρ  ( t )  z  ( t )  ,  



(28)




where   z  ( t )    is the equivalent tracking error and   −  μ _  < z  ( t )  <  μ ¯   .



A tangent function is chosen to use for homeomorphic mapping, which can be written as:


  T h  ( z )  =    μ ¯   e z  −  μ _   e  − z      e z  +  e  − z     ,  



(29)




where  z  is the equivalent tracking error.



Then, based on Equation (29), the switching error  ω  can be calculated as:


  ω =  1 2  ln  (     μ _  + z    μ ¯  + z    )  ,  



(30)








4.3. Nonlinear Controller Design


In the third step of PPC, sliding mode control was chose for its good advantage in dealing with nonlinear problems. Now we define the sliding mode surface as follows:


  s = Γ ω +  ω ˙  ,  



(31)




where   Γ > 0   is control constant.



Take the derivative of the sliding surface s with respect to time, we have:


     s ˙    = Γ  ω ˙  +  ω ¨       = Γ  (  η  (   e ˙  −   e  ρ ˙   ρ   )   )  +  η ˙   (   e ˙  −   e  ρ ˙   ρ   )  + η  (   e ¨  −    e ˙   ρ ˙   ρ  −   e  ρ ¨   ρ  +   e   ρ ˙  2     ρ 2     )       =  (  Γ η +  η ˙   )   (   e ˙  −   e  ρ ˙   ρ   )  + η  [   D  − 1    (  τ +  τ d  − H  q ˙   )  −   q ¨  d  −    e ˙   ρ ˙   ρ  −   e  ρ ¨   ρ  +   e   ρ ˙  2     ρ 2     ]     



(32)




where  η  is a bounded variable, which satisfies   0 < η <  η m   ,  η  and   η ˙   can be written as:


   {    η =  1  2 ρ    (   1  ω +  μ _    −  1  ω −  μ ¯     )       η ˙  = −   ρ ˙   2  ρ 2     (   1  ω +  μ _    −  1  ω −  μ ¯     )  −    e ˙  ρ − e  ρ ˙    2  ρ 3     [     (   1  ω +  μ _     )   2  −    (   1  ω −  μ ¯     )   2   ]      ,  



(33)







According to Equation (33), a sliding mode controller containing unknown dynamic terms can be designed as follows:


  τ = −  Δ ^  + D  (    q ¨  d  +    e ˙   ρ ˙   ρ  +   e  ρ ¨   ρ  −   e   ρ ˙  2     ρ 2    −  [   (   (  Γ η +  η ˙   )   (   e ˙  −   e  ρ ˙   ρ   )   )  + K s  ]   )  ,  



(34)




where   K > 0   is the control gain coefficient.



Substitute Equation (34) into Equation (32), we have:


   s ˙  = − K s + η  D  - 1    Δ ˜  ,  



(35)







Now, we have obtained the sliding mode controller which only includes the inertial matrix  D  of the space robot system represented by Equation (7). For this controller, the following is chosen as Lyapunov function    V S    and which can be written as:


   V S  =  1 2   s T  s +  1 2    Δ ˜  T   Δ ˜  ,  



(36)







The follow Equation (37) is obtained when taking the derivative of Equation (36):


      V ˙  S    =  s T   s ˙  +   Δ ˜  T    Δ ˜  ˙       =  s T   (  − K s + η  D  − 1    Δ ˜   )  +   Δ ˜  T   (  −  1 k   Δ ˜  +  Δ ˙   )       ≤ −  λ  min    ( K )   s T  s +  λ  max    ( D )   r m   ‖   s T   Δ ˜   ‖  +   Δ ˜  T   (  −  1 k   Δ ˜  +  Δ ˙   )       ≤ − λ  V S  + ν    



(37)




where    λ  min    ( K )    is the minimum eigenvalue of  K , and    λ  min    ( D )    is the maximum eigenvalue of  D ,   λ = min  (  2  λ  min    ( K )  −  λ  max    ( D )   r m  ,  1  2 k   −  λ  max    ( D )   r m   )   ,   ν =  k 2   Ψ 2   .



According to Lemma 1, when    λ  min    ( K )  >  1 2   λ  max    ( D )   r m    and   k <  1  2  λ  max    ( D )   r m     , there are   λ > 0 , ν > 0   and,     V ˙  S  < 0   which indicates that the system is stable.





5. Simulation Analysis


The three-link single-arm rigid space robot system shown in Figure 1 is used as an example for simulation and analysis. The model parameters of space robot and the end replaceable instrument are as follows:


     m 0  = 60   k g ,  m 1  = 5   k g ,  m 2  = 5   k g ,  m 3  = 1   k g ,  m t  = 0.2   k g ;      I 0  = 193.75   k g ⋅  m 2  ,  I 1  = 13.33   k g ⋅  m 2  ,  I 2  = 13.33   k g ⋅  m 2  ,      I 3  = 1   k g ⋅  m 2  ,  I t  = 0.1   k g ⋅  m 2  ;      L 0  = 0.5   m ,  L 1  = 2   m ,  L 2  = 2   m ,  L 3  = 0.5   m ,  L t  = 0.2   m ;      d 1  = 1   m ,  d 2  = 1   m ,  d 3  = 0.25   m ,  d t  = 0.1   m .    











Then, three simulation conditions are designed: the insertion on front side of carrier without a sudden change in friction, the insertion on front side of carrier with a sudden change in friction and the extraction on front side of carrier without a sudden change in friction. The details of these working conditions and simulation results are described in the following sections.



5.1. Details and Results of the First Simulation Condition


Suppose that the friction in insertion only exists along its direction and remain unchanged. Then, an ideal physical process of on-orbit insertion operation can be described as:



The end replaceable instrument is tightly held by the manipulator end that can be seen as a rigid body overall (hereinafter referred to as space robot end). Switching off the impedance controller, the space robot end is controlled to move directly above the insertion position, and its attitude is adjusted to make it perpendicular to the hole plane. The next, switching on the impedance controller, the output force of the space robot end are gradually increased to expected value before the impact happens. Then, the space robot begins to execute the on-orbit insertion operation.



The settings of the condition are: the insertion position on front side of carrier in the base-coordinate system    X ′   O ′   Y ′    are      [      2.604   m ,     0.1   m      ]   T   ; the initial attitude of the carrier, the initial position and attitude of space robot end, respectively, are      [      0   rad ,     3.350   m ,     1.126   m ,      5 6  π rad      ]   T   ; the friction are      [      0   N ⋅ m ,     0   N ,     18   N ,     0   N     ⋅ m  ]   T   ; the simulation step is set to 0.001 s and the total time is 13 s.



According to the above description, the expected trajectory and output force are, respectively, designed as:


   X d  =  {         [      0   rad ,     2.604   m ,     0.1   m ,     π rad      ]   T      0 ≤ t < 3          [      0   rad ,     2.604   m ,     ( 0.16 − 0.02 t )   m ,     π rad      ]   T      3 ≤ t < 13       ,  



(38)






   F  td   =  {         [      0   N ⋅ m ,     0   N ,     0   N ,     0   N ⋅ m      ]   T      0 ≤ t < 3          [      0   N ⋅ m ,     0   N ,      (  5  (  t − 6  )   )    N ,     0   N ⋅ m      ]   T      3 ≤ t < 8          [      0   N ⋅ m ,     0   N ,     20   N ,     0   N     ⋅ m  ]   T      8 ≤ t < 13       ,  



(39)







The default performance function is   ρ  ( t )  =  (  2 − 0.01  )   e  − 5 t   + 0.01  ; the upper and lower bounds are set to    μ ¯  =    [  1 , 1 , 1 , 1  ]   T    and    μ _  =    [  1 , 1 , 1 , 1  ]   T   ; the control gains are   K = d i a g    { 2 }    4 × 4   , Γ = d i a g    { 5 }    4 × 4    ; the filter coefficient of the dynamic estimator of the unknown system is   k = 0.001  .



What’s more, a control group using sliding mode control (SMC) is set up to verify the effectiveness of the proposed prescribed performance control algorithm (PPC).



The simulation programs are executed on MATLAB R2020b and the simulation results are shown in the following figures.



Figure 4a–d, respectively, are the carrier attitude, the space robot end position and attitude trajectory tracking curve of on-orbit insertion operation. Figure 4a,d correspond to the description in Section 4.1. The trajectory where the three curves coincide in Figure 4b correspond to the vertical trajectory in Figure 5 which represents the X-direction position of the insertion hole. From these results, it can be seen that the space robot end is controlled to move to the insertion hole with less than 0.0001 rad control accuracy of carrier and manipulator end attitude and less than 0.0001 m control accuracy of the X-direction position of manipulator end. Figure 4c indicates the change process of an ideal insertion in the direction of inserting. The space robot end is controlled to move from its initial position to the directly above the insertion position in 0~3 s. In 3~8 s, the space robot end adjusts its attitude and move to the insertion hole position. Then, in 8~13 s, the insertion operation is executed.



Figure 5 shows the joint trajectory tracking curve.



Figure 6 shows the two-dimensional trajectory in basic coordinate system    X ′   O ′   Y ′   . The initial position of the space robot end and the insertion position are marked in the image.



The control condition illustrated in Figure 7 is in accordance with the description in the beginning of this subsection. The space robot end impedance control is switched off in 0~3 s and switched on in 3~13 s. In 3~8 s, the output forces of space robot end are increased to 20 N gradually and linearly. Then, in 8~13 s, the output forces remain the expected value and the space robot begin to perform the operation.



The joint tracking error curves of PPC method are given in Figure 8a, and which of SMC method are given in Figure 8b. For the convergence time, the error under the control of PPC method is stable convergence at 1.413 s and which is stable convergence under the control of SMC method at 3.554 s. For the error range, it is enveloped by the prescribed performance function under the control of PPC method while it is beyond the boundary of the same function under the control of SMC method. For the control accuracy, the PPC method is better than the SMC method. Analysis of the results shows that the PPC method can ensure that the tracking error is always within the predetermined boundaries. Therefore, the transient and steady state performance of space robot system has been improved.



Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8 show that both the PPC method and SMC method can complete the on-orbit insertion operation.



Figure 9 shows the output force of space robot end tracking error which is defined as    e f  =  F  output   −  F  desired   =  F  output   − (  F d  + 2 )  . It is obvious that the error of PPC method is more smaller fluctuating than that of SMC method in 3~4 s, which means the insertion process of PPC method is more flexible. From the perspective of engineering practice, it is not only conducive to improve the success rate of insertion operation, but also conducive to the protection of space robot and other hardware equipment.



Figure 10a–d shows the unknown system dynamic estimator errors of the carrier and joints. These figures illustrated that the estimator can precisely compensate the dynamic uncertainties which consists of   H  (  q ,  q ˙   )   q ˙    and    τ d   . It also indicates that the robustness of space robot system is enhanced.




5.2. Details and Results of the Second Simulation Condition


Suppose that there is a sudden change of the friction happened when the insertion operation proceeding to four fifths. Other conditions of the second simulation are same as the first. The friction of second condition can be expressed as:


   F e  =  {         [      0   N ⋅ m ,     0   N ,     18   N ,     0   N     ⋅ m  ]   T      0 ≤ t < 12          [      0   N ⋅ m ,     0   N ,     30   N ,     0   N     ⋅ m  ]   T      12 ≤ t < 19       ,  



(40)







The control strategy is to stop the insertion and gradually increase the output force until it exceeds the friction after the sudden change happened.



The expected trajectory and output force are, respectively, designed as:


   X d  =  {         [      0   rad ,     2.604   m ,     0.1   m ,     π rad      ]   T      0 ≤ t < 3          [      0   rad ,     2.604   m ,     ( 0.16 − 0.02 t )   m ,     π rad      ]   T      3 ≤ t < 12          [      0   rad ,     2.604   m ,     − 0.08   m ,     π rad      ]   T      12 ≤ t < 15          [      0   rad ,     2.604   m ,     ( − 0.005 − 0.005 t )   m ,     π rad      ]   T      15 ≤ t < 19       ,  



(41)






   F  td   =  {         [      0   N ⋅ m ,     0   N ,     0   N ,     0   N ⋅ m      ]   T      0 ≤ t < 3          [      0   N ⋅ m ,     0   N ,      (  5  (  t − 6  )   )    N ,     0   N ⋅ m      ]   T      3 ≤ t < 8          [      0   N ⋅ m ,     0   N ,     20   N ,     0   N     ⋅ m  ]   T      8 ≤ t < 12          [      0   N ⋅ m ,     0   N ,      (  4  (  t − 7  )   )    N ,     0   N ⋅ m      ]   T      12 ≤ t < 15          [      0   N ⋅ m ,     0   N ,     32   N ,     0   N     ⋅ m  ]   T      15 ≤ t < 19       ,  



(42)







The second simulation control parameters are the same as the first and the total simulation time is 19 s. Its simulation results are shown in the following figures.



Figure 11c shows that the sudden change of friction happens at 12 s and the space robot end stop the insertion during 12–15 s. Then, the operation restart at a slower speed until the space robot end force output by impedance controller is greater the friction after sudden change. It also can be found that what expressed in Figures 13 and 14 is consistent with the above content.



Figure 12a–c and Figure 13 are extended descriptions of the second simulation condition. That is the space robot joint trajectories and end trajectory of XY two dimensional.



Figure 12a–c show that the convergence rate is about 2 s faster than that of SMC method. In addition, the control accuracy of PPC method is better at     10   − 4    . This is conducive to the rapid response of the space manipulator when executing the operation of inserting and extracting.



Figure 14 is the force tracking curve of space robot end. The sudden change of friction mentioned in working conditions happens at 12 s. It can be found that the vibration amplitude of end output force of PPC is much less than that of SMC in 3~5 s. This vibration is an adverse effect on the manipulator performing space tasks. The longer it lasts, the more difficult it is to adjust the attitude of the space robot in carrying out the space tasks. Thus, affecting the success rate of task execution.



The comprehensive comparison results in Section 5.1 are similar to those in Section 5.2, this shows that our proposed algorithm has faster convergence speed and smaller tracking error, and can quickly stabilize and track the output expected force in case of sudden change in the end environment.




5.3. Details and Results of the Third Simulation Condition


Suppose that the extraction operation is the inverse process of the insertion. Then, an extraction simulation condition is designed based on the first simulation condition.



The expected trajectory and output force are, respectively, designed as:


   X d  =  {         [      0   rad ,     2.604   m ,     0.1   m ,     π rad      ]   T      0 ≤ t < 3          [      0   rad ,     2.604   m ,     ( 0.16 − 0.02 t )   m ,     π rad      ]   T      3 ≤ t < 13       ,  



(43)






   F  td   =  {         [      0   N ⋅ m ,     0   N ,     0   N ,     0   N ⋅ m      ]   T      0 ≤ t < 3          [      0   N ⋅ m ,     0   N ,      (  5  (  t − 6  )   )    N ,     0   N ⋅ m      ]   T      3 ≤ t < 8          [      0   N ⋅ m ,     0   N ,     20   N ,     0   N     ⋅ m  ]   T      8 ≤ t < 13       ,  



(44)







The setting of simulation parameters is consistent with that in Section 5.1 The results of extraction condition are shown in Figure 15, Figure 16, Figure 17 and Figure 18. Different from the two previous working conditions, the trajectories shown in Figure 15b,c and Figure 17 belong to the manipulator end without the replaceable instrument.



In Figure 15c, the manipulator end effector clamps the target and executes the extraction mission at 8 s. In addition, completes the extraction mission at 13 s with a setup of constant friction.



Figure 16a–c are the joint tracking curve of space robot. The extracting operation is executed at 8 s. Taking t = 8 s as the central axis, it can be found that the joint trajectories at 3~8 s and 8~13 s are symmetrical. In addition, this is consistent with the setting in the extracting work condition.



Figure 17 shows the XY two-dimensional trajectory of manipulator end without replaceable instruments. Figure 18 is the tracking curve of output force of the end.



The same conclusions can be analyzed by the extraction comparison results in Section 5.3. These results of three simulating conditions consistently illustrate that the advantages of our proposed algorithm from multiple aspects. It is worth mentioning that the transient performance of PPC controller is much better than that of SMC controller.





6. Conclusions


In this paper, the dynamics model of free-floating space robot with carrier position uncontrolled and attitude controlled is firstly established to solve the problem of on-orbit insertion and extraction of space robot. To avoid the introduction of acceleration signal, the filter operation is introduced based on the reconstruction. By using PPC method, the sliding mode controller is designed to ensure the transient and steady state performance of the system and compared with the sliding mode controller. The simulation results indicate that:




	
The space robot successfully realized the operation of on-orbit insertion and extraction under the setting of simulation conditions. In addition, the vertical inserting and extracting and precise position tracking are ensured by the proposed algorithm. Therefore, the adverse effects brought out by the impact are also reduced.



	
The output force of the manipulator end is tracked precisely and stably, which is good for these operations. The controlled system is robust which can adjust its output force according to the actual change of friction.



	
Compared with sliding mode controller, the PPC controller has a better convergence performance and a higher control accuracy. The calculation amount of PPC controller is reduced due to the acceleration signal is avoided being introduced and its control parameters are easy to be adjusted. This would benefit to the popularization and application of this method in practical engineering scenarios.
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Appendix A. System Dynamic Modeling and Motion Jacobian


In the global inertial coordinates system   X O Y  , the geometric position relation of each part of the space robot system with respect to the origin can be expressed as the following:


   {     r 0  =   (   x 0  ,  y 0   )  T       r 1  =  r 0  +  d 0   e 0  +  d 1   e 1       r 2  =  r 0  +  d 0   e 0  +  L 1   e 1  +  d 2   e 2       r 3  =  r 0  +  d 0   e 0  +  L 1   e 1  +  L 2   e 2  +  d 3   e 3       r t  =  r 0  +  d 0   e 0  +  L 1   e 1  +  L 2   e 2  +  L 3   e 3      ,  



(A1)




where     (   x 0  ,  y 0   )  T    is the position of base centroid    O 0    in   X O Y   and    e i    are the unit vector in the direction of    X i      ( i = 0 , 1 , 2 , 3 )  , respectively.



The velocity vector can be obtained by taking the first derivative of Equation (A1) with respect to time, then we have:


   {      r ˙  0  =   (    x ˙  0  ,   y ˙  0   )  T        r ˙  1  =   r ˙  0  +  d 0    e ˙  0  +  d 1    e ˙  1        r ˙  2  =   r ˙  0  +  d 0    e ˙  0  +  L 1    e ˙  1  +  d 2    e ˙  2        r ˙  3  =   r ˙  0  +  d 0    e ˙  0  +  L 1    e ˙  1  +  L 2    e ˙  2  +  d 3    e ˙  3        r ˙  t  =   r ˙  0  +  d 0    e ˙  0  +  L 1    e ˙  1  +  L 2    e ˙  2  +  L 3    e ˙  3      ,  



(A2)




where     e ˙  i    are the unit velocity vector in the direction of    X i      ( i = 0 , 1 , 2 , 3 )  .



According to the centroid velocity vector expression of each split body in Equation (A2), the kinetic energy expression of each split body of the space robot system can be solved as:


   {     T i  =  1 2   m i    r ˙  i 2  +  1 2   I i    (    ∑  i = 0  i     q ˙  i     )  2  , ( i = 0 , 1 , 2 , 3 )      T t  =  1 2   m t    r ˙  t 2  +  1 2   I t    (    ∑  i = 0  3     q ˙  i     )  2      ,  



(A3)




where    T i    indicates the kinetic energy of the base, kinetic energy of each arm, and    T t    indicates the kinetic energy of the end replaceable instrument    B t   .



The total kinetic energy of the system is the sum of the kinetic energy of each component, then we have:


  T =   ∑  i = 0  3    T i    +  T t  ,  



(A4)







Ignoring the influence of the weak gravity gradient in space, the gravitational potential energy can be simply written as:


  V = 0 ,  



(A5)







Then the Lagrange function can be expressed as:


  L = T − V = T ,  



(A6)







Combined with the second Lagrange modeling method and Equation (A6), the dynamics equation of a rigid space robot system with carrier position uncontrolled and attitude controlled can be derived as:


  D  ( q )   q ¨  + H  (  q ,  q ˙   )   q ˙  = τ +  τ d  ,  



(A7)







The kinetic equation satisfies the following:



Property A1. 

  D  ( q )   ,   H  (  q ,  q ˙   )   are uniformly ultimate boundedness.


   D m  ≤ D  ( q )  ≤  D M  ,  H m  ≤ H  (  q ,  q ˙   )  ≤  H M  ,  








where    D m  ,  D M  ,  H m  ,  H M   are positive constant.





Property A2. 

    D ˙   ( q )  − 2 H  (  q ,  q ˙   )    satisfies the skew symmetry.


    z T   (   D ˙   ( q )  − 2 H  (  q ,  q ˙   )   )  z = 0 , ∀ z ∈  ℜ  4 × 1   .   













Assumption A1. 

The external disturbances and their derivatives are bounded.


   ‖   τ d   ‖  ≤ Ψ ,  ‖    τ ˙  d   ‖  ≤ Ψ ,  








where  Ψ and  Ψ are positive constant.





Considering the mission design requirements, the motion Jacobian relation of the point ‘t’ on the end replaceable instrument relative to the origin    O ′    in    X ′   O ′   Y ′    needs to be studied. When the vector      r t   ′    is projected within the coordinate system    X ′   O ′   Y ′   , we have:


   {     x t    ′  =  L 1  cos  (   q 1   )  +  L 2  cos  (   q 1  +  q 2   )  +  L  3 t   cos  (   q 1  +  q 2  +  q 3   )       y t    ′  =  L 1  sin  (   q 1   )  +  L 2  sin  (   q 1  +  q 2   )  +  L  3 t   sin  (   q 1  +  q 2  +  q 3   )      ,  



(A8)




where    L  3 t   =  L 3  +  L t    indicates the length of space robot arm    B 3    when being attached with end replaceable instrument    B t   .



In coordinate system    X ′   O ′   Y ′   , the attitude of the end replaceable instrument is in line with    B 3   , then we have:


   {     q t  =  q 1  +  q 2  +  q 3        q ˙  t  =   q ˙  1  +   q ˙  2  +   q ˙  3      ,  



(A9)







The Jacobian relation of the relative motion of the end point of the end replaceable instrument is obtained by taking the time derivative of Equation (A8), then we have:


    X ˙  t  =  J t    q ˙  t  .  



(A10)
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Figure 1. Three-link single-arm rigid space robot structure diagram. 
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Figure 2. The control structure of space robot system. 
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Figure 3. The space robot operation of insertion and extraction diagram. 
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Figure 4. Space robot end trajectory tracking curve of on-orbit insertion operation. (a) The carrier attitude, (b) The X-direction position, (c) The Y-direction position, (d) The space robot end attitude. 
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Figure 5. Joint trajectory tracking curve of on-orbit insertion operation. (a) The joint    O 1   , (b) The joint    O 2   , (c) The joint    O 3   . 
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Figure 6. Space robot end X&Y-direction trajectory tracking curve of on-orbit insertion operation. 
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Figure 7. Output force of space robot end tracking curve of on-orbit insertion operation. 
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Figure 8. The joint tracking error curve of space robot end on-orbit insertion operation. (a) PPC. (b) SMC. 
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Figure 9. Force tracking error curve of space robot end on-orbit insertion operation. 
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Figure 10. The tracking error of unknown system dynamic estimator. (a) The carrier    O 0   . (b) The joint    O 1   . (c) The joint    O 2   . (d) The joint    O 3   . 
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Figure 11. Space robot end trajectory tracking curve of on-orbit insertion operation. (a) The carrier attitude. (b) The X-direction position. (c) The Y-direction position. (d) The space robot end attitude. 
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Figure 12. Joint trajectory tracking curve of on-orbit insertion operation. (a) The joint    O 1   . (b) The joint    O 2   . (c) The joint    O 3   . 
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Figure 13. Space robot end X&Y-direction trajectory tracking curve of on-orbit insertion operation with friction change. 
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Figure 14. Output force of space robot end tracking curve of on-orbit insertion operation with friction change. 
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Figure 15. Space robot end trajectory tracking curve of on-orbit extraction operation. (a) The carrier attitude. (b) The X-direction position. (c) The Y-direction position. (d) The space robot end attitude. 
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Figure 16. Joint trajectory tracking curve of on-orbit extraction operation. (a) The joint    O 1   . (b) The joint    O 2   . (c)The joint    O 3   . 
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Figure 17. Space robot end X&Y-direction trajectory tracking curve of on-orbit extraction operation. 






Figure 17. Space robot end X&Y-direction trajectory tracking curve of on-orbit extraction operation.



[image: Applsci 12 05147 g017]







[image: Applsci 12 05147 g018 550] 





Figure 18. Output force of space robot end tracking curve of on-orbit extraction operation. 
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