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Abstract

:

In this paper, a planar air-bearing test bed with unmanned aerial vehicles (UAV) was used to test a microsatellite motion control system. The UAV mock-ups were controlled by four ventilator actuators that imitated the satellite thrusters and provided the required acceleration vector in the horizontal plane, and torque along the vertical direction. The mock-ups moved almost without friction along the planar air-bearing test bed due to the air cushion between the test bed surface and the flat mock-up base. The motion of the mock-ups motion imitated the motion of satellites in the orbital plane. The problem of space debris can be solved using special microsatellite missions able to dock to space debris objects and change their orbit. In this paper, two control algorithms based on the virtual potentials approach and the State Dependent Ricatti Equation (SDRE) controller, were proposed for docking to a non-cooperative space debris object. The algorithms were tested in a laboratory facility, and the results are presented and analyzed, including their main features demonstrated during the laboratory study. It was shown that the SDRE-based control was faster, although the virtual potential-based control required less characteristic velocity.
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1. Introduction


Before the launch of any spacecraft mission, all of its systems go through a series of laboratory tests to confirm their performance. In particular, motion control systems are tested in a laboratory facility using aerodynamic suspensions, which makes it possible to simulate the conditions of orbital flight in some ways. There are two common types of aerodynamic test bed: a three-axis motion simulation for attitude, and a translational motion simulation for planar movement. A planar air-bearing test bed allows the performance of a number of tests regarding relative motion control algorithms in satellite formation flying missions [1], and is also used to study the docking performance of different capturing systems including robotic manipulators [2]. Some mock-ups are able to move in five degrees of freedom as in [3], but most provide imitation of only three degrees of freedom relative to attitude and translational motion. Nevertheless, the simplified planar translational and single-axis attitude motion of satellite mock-ups helps developers to reveal the main algorithm features of implementation in hardware that are not evident during the numerical simulation of the controlled motion [4,5,6].



Cold-gas thrusters can be utilized for satellite relative motion control in orbit. During laboratory experiments on the planar air-bearing test bed, such a control system can be used as it is (as in [5,7,8]), although the magnitude of the thrust in the condition of the Earth’s atmosphere condition is different. Moreover, the onboard tanks with compressed gas require safety conditions in the laboratory that could be difficult to organize in some cases, especially if the laboratory facility is intended for educational purposes. Another approach is to imitate the thrusters by actuators based on the ventilators of an unmanned aerial vehicle, as in [9]. It is quite clear that the ventilator cannot work in orbit, but it provides the corresponding value thrust to the cold-gas thrusters. Simplified versions of the control algorithm for the planar motion case can be tested by using UAV mock-ups with such thruster imitators.



The important problem of space debris in near-Earth orbits requires the development of special missions for active space debris object removal. The current state-of-the art developments in this field are presented in reviews [10,11]. One of the approaches implies the use of microsatellites capable of capturing a space debris object and changing its orbit by using onboard propulsion. There are a number of such missions, such as RemoveDEBRIS that used a net and a harpoon to capture an object [12], ESA CleanSpace mission also considered a harpoon to catch a debris object [13], and e.Deorbit mission used a robotic arm to grasp the launch adapter ring of the ENVISAT, which was considered debris [14]. Some elements of close proximity operations for an active space debris removal mission can be tested in the laboratory environment. A docking control algorithm for a satellite with flexible appendages was tested in [6]. In [4], a path planning method of a robotic arm was verified at an air-bearing test bed. Visual relative navigation algorithms were experimentally studied in [15,16].



This paper is devoted to the experimental study of two control algorithms for close-range approach to the defined point of a non-cooperative space debris object. The algorithms were based on the State Dependent Riccati Equation (SDRE) and a method based on virtual potentials. The equations of relative motion were nonlinear. The equations of motion were linearized near the current state vector to implement SDRE control [17,18,19]. Papers [20,21] presented a comparative study between SDRE and LQR based algorithms, and the SDRE based algorithm showed its advantages in terms of fuel consumption, approach time and trajectory accuracy. Algorithms based on SDRE have been used to solve various problems such as position and attitude control of a single spacecraft [22], or the relative motion control for formation flying of satellites [20]. For the problem of capturing a space debris object, it is necessary to take into account the effect of kinematic coupling, when the relative motion is considered not only as the motion of centers of mass of two bodies, but as the motion between two specific points fixed in the body reference frames, as considered in [23]. In [24], the application of control, based on SDRE for this type of relative motion equations, was investigated. In [1], the influence of the parameters of the control system on the execution of the control algorithm based on SDRE of the relative motion during capturing was studied, taking into account the saturation of the reaction wheels and the deviation of the thrust vector from the center of mass of the satellite.



The method of virtual potentials is effective in solving the problems of nonlinear control. To control a dynamical system using this method, it is necessary to construct a virtual potential field. The control actions are based on the vector fields obtained as a gradient of an artificial potential function. Such a field can be selected using various mathematical functions. For example, one of the types of potential functions was proposed in [25] in the form of an inverse-square function, which was applied to control the motion of a mobile robot. The virtual potential field can be constructed using harmonic functions and Laplace equations [26,27], artificial gyroscopic forces [28], flow functions from hydrodynamics [29], or using exponential series [30,31,32]. The method of virtual potential fields is used in physics, chemistry and biology [30], and in other areas. This method has been effectively applied for robotic control, for example, for traffic control problems for vehicles [32], cylindrical robots [33], unmanned aerial vehicles [34,35,36,37], and unmanned ground vehicles. Thus, artificial potential fields are widely used to control various dynamical systems.



The structure of this paper is as follows. In Section 2, a laboratory facility description is provided and its architecture is described. In Section 3, a short problem statement and the motion equations are presented. In Section 4, the description of the control algorithms and their simplification for laboratory testing is provided. In Section 5, the results of the experiments and algorithms comparison are presented.




2. Laboratory Facility Description


The laboratory facility COSMOS was developed by SputniX Ltd. for the Keldysh Institute of Applied Mathematics (KIAM), of the Russian Academy of Sciences. Its main parts are presented in Figure 1. An air duct was located under the table surface, and excessive atmospheric air pressure was created using the industrial ventilator. The air flowed through the holes on the table surface, thus, creating an air cushion under the flat base of the mock-ups. The table surface consisted of two aluminum plates. The size of the table was 1.5 by 2 m. The mass of the test bed was about 200 kg.



The main advantage of such an aerodynamic test bed is that it provides the air cushion by itself. It is more convenient compared with other types of test beds with solid flat surfaces, where the air cushion must be produced by satellite mock-ups. However, the “air hockey”-like test beds are characterized by additional disturbances due to non-uniform airflow through the holes in the surface.



Satellites mock-ups were placed on the aerodynamic table, and Figure 1 shows two types of mock-ups. The mock-up control system was constructed using the hardware of the OrbiCraft constructor, developed by the SputniX company [38]. The satellite mock-up mass was 6 kg. The mock-ups consisted of the following systems:




	
On-board computer Raspberry PI B+;



	
Power system including the battery and PCU;



	
Command transmitting system;



	
A set of sensors for motion determination;



	
Control actuators: one-axis reaction wheel, and four ventilators for thruster imitation;



	
Passive magnetic docking system;



	
Wi-Fi module.








The flowchart of all hardware component interactions is presented in Figure 2.



On the top of the mock-ups, ArUco markers [39] were placed for motion determination. Images from the observation camera above the table were processed for the mock-ups’ centers of mass and attitude angle estimation. A desktop computer provided general experiment management, processed the observing camera images, transmitted the position measurements to the mock-ups, and logged the experiment data. Those data were transmitted to the mock-ups’ onboard computers via Wi-Fi, and the measurements were processed by Kalman filter for the estimation of linear and angular velocity. Current state vectors were used for the reference trajectory calculation for each mock-up. The control commands for actuators were calculated according to the goal of the current task, taking into account the disturbances acting on the mock-ups. The common control block-scheme is presented in Figure 3.



A special software was developed to run the required experiments in the laboratory facility. Its architecture allowed the addition of new blocks in the available experiment library, which met the testing experiment requirements. The software system consisted of a desktop program “Station”, and “Sat” programs which were executed by the mock-ups’ onboard computers. The experiment and test bed configurations were set by the input parameters from the config-file, the Station program connected to the Sat programs via Wi-Fi, and the Sat programs were initialized by the parameters from the experiment configuration. The Sat programs were launched by the bash-script from the desktop PC which then waited for connection to the Station program. The Station program was able to start and finish the experiment on the Sat program after successful connection. A general block-scheme of the Station–Sat interaction is presented in Figure 4.



In the next section, we consider the mock-up motion model used in the control algorithms for the problem of docking to the space-debris object.




3. Motion Model and Problem Statement


3.1. Mock-up Motion Equations


A planar air-bearing test bed only allows a partial imitation of the orbital flight conditions. Clohessy–Wiltchire equations [40] are often used as a relative motion model for satellite formation flying in near-circular orbits:


     x ¨  = − 2  z ˙  ω ,      y ¨  = − y  ω 2  ,      z ¨  = 2  x ˙  ω + 3 z  ω 2  .    



(1)







Here    r  =   r  2  −   r  1  = ( x , y , z )   is a radius vector of one of the satellites relative to the second written in the local-vertical-local-horizontal (LVLH) reference frame   O X Y Z  , and  ω  is the orbital angular velocity. The origin  O  of the LVLH is moving along the reference circular orbit,   O Z   axis is aligned with the radius vector     R  O    of point  O  from Earth center,   O Y   is aligned with the orbital angular momentum, and the   O X   axis completes the right-handed triad (see Figure 5). These equations have the following solution:


    x ( t ) = − 3  C 1  ω t + 2  C 2  cos ω t − 2  C 3  sin ω t +  C 4  ,     y ( t ) =  C 5  sin ω t +  C 6  cos ω t ,     z ( t ) = 2  C 1  +  C 2  sin ω t +  C 3  cos ω t    



(2)




where    C 1  −  C 6    are the constants dependent on the initial conditions. From (2) it can be noted that the motion along the   O Y   axis is independent and finite. In many formation flying control tasks, bounded relative trajectories are required to be achieved. Since the motion along the   O Y   axis is already bound, it may be omitted. Motion in the   O X Z   plane corresponds to the motion in the orbital plane. Therefore, it is possible to imitate the orbital plane motion at the surface of the laboratory facility table.



The controlled motion equations in the orbital plane are as follows:


     x ¨  = − 2  z ˙  ω +  u x  ,      z ¨  = 2  x ˙  ω + 3 z  ω 2  +  u z  ,    



(3)




where    u  =    [   u x  ,  u z   ]   T    is the vector of the control acceleration of the center of mass. For the tasks of docking with space debris, when the relative trajectory is close enough, the terms of non-inertial forces are negligible and can be compensated by the control algorithm, such as:


     u x  = 2  z ˙  ω +   u ˜  x  ,      u z  = − 2  x ˙  ω − 3 z  ω 2  +   u ˜  z  ,    



(4)




where     u ˜  x  ,   u ˜  z    are the control accelerations calculated according to the control algorithm.



This results in the following mock-up motion control equations:


     x ¨  =   u ˜  x  ,      z ¨  =   u ˜  z  .    



(5)







Attitude motion cannot be completely modeled in the laboratory. General angular motion is described by the Euler equations:


   J  ω ˙   +  ω  ×  J ω  =  M  ,  



(6)




where   J   is the inertia tensor,   ω   is the angular velocity vector of the body reference frame relative to the inertial reference frame;   M   is the external torque. There are three degrees of freedom for the angular motion of a satellite in orbit. However, angular motion on the aerodynamic test bed has only one degree of freedom. Despite the limitations on orbital motion imitation, uniaxial angular motion makes it possible to test some simplified control algorithms.



Thereby, the motion equations of mock-ups on the test bed are:


    m   R ¨   =  F  +   F   d i s t   ,     J  α ¨  = M +  M  d i s t   ,    



(7)




where  m  is the mock-up mass;   R   is the radius vector of the center of mass in the reference frame fixed in the test bed;   F   is the control force acting upon the mock-up;     F   d i s t     is the disturbance force acting upon the mock-up;  J  is the moment of inertia relative to the axis perpendicular to the plane of the test bed (vertical axis);  α  is the mock-up angle of rotation relative to the vertical axis;  M  is the vertical component of the torque acting upon the mock-up; and    M  d i s t     is the vertical component of the disturbance torque. There are two translational degrees of freedom and one angular. There are two types of disturbances: gravitational force defined by the test bed surface curvature, and aerodynamic forces due to the local heterogeneity of an airflow. It was assumed that the disturbance force and torque were negligible enough to be compensated by the thrusters’ imitators.




3.2. Motion Equations for a Given Point of Satellite Relative to the Point of Space Debris


For the laboratory study of active debris-removal control algorithms, it was assumed that the satellite mock-up was equipped with a docking system capable of capturing the debris mock-up. Motion equations of the capturing system position relative to the capturing point of the space debris are required for the development of control algorithms. It was assumed that the capturing point was defined before the application of the docking algorithms.



Consider the relation between vectors of the j-th point at the surface of the space debris object with radius vector     r  D j    (capturing point), and the i-th point of satellite     r  C i    (capturing system position) (Figure 6):


    ρ   i j   =   ρ  0  +   r  C i  −   r  D j   



(8)




where     ρ   i j     is the radius vector between two points in a debris-fixed reference frame,     ρ  0  =    [  x ; y ; z  ]   T    is the radius vector from the center of mass of the debris object to the satellite center of mass. The dynamical equations can be obtained as a result of second derivative calculation assuming that     r  D j  = c o n s t   in the debris reference frame:


     ρ ¨    i j   =    ρ ¨   0  +   ω ˙   ×   r  C i  +  ω  × (  ω  ×   r  C i  )  



(9)




where    ω  =   ω  D  −   ω  C    is the vector of relative angular velocity. In the case of the mock-up motion along the table surface, vector   ω   has only one component    ω  =    [     0   0   ω     ]   T   , and the equations for      ρ ¨    i j     can be rewritten as follows:


     ρ ¨    i j   =    ρ ¨   0  +   ω ˙   ×   r  C i  −  ω 2    r  C i   



(10)







In this paper, it was assumed that the space debris mock-up motion was free, and the satellite mock-up was controlled. The center of mass translational motion relative to the mock-up center of mass can be obtained according to the equation      ρ ¨   0  =  u   , then the final relative motion equations between two points are as follows:


     ρ ¨    i j   =  u  +   ω ˙   ×   r  C i  −  ω 2    r  C i   



(11)







For the relative angular motion of two mock-ups, the equations are as follows:


   J D   ω ˙  =  J D   J C     − 1    T C   



(12)







For the attitude control algorithms, it is convenient to use the unit vectors directed to the capturing system position         e  C     and to the capture point of space debris       e  D    :


        e  C   =     r  C i     |    r  C i   |    ,       e  D   =     r  D j     |    r  D j   |          ,  



(13)




where each vector is correspondingly written in each body reference frame. The relative vector between these vectors can be calculated as follows:


   e  =  D    e  C   +   e  D     ,  



(14)




where   D   is the transition matrix from satellite to debris mock-up reference frame.



Using the second derivative of the vector   e  , the following dynamical equations can be obtained:


   (     d 2   e    d  t 2     )  =  (     ω ˙   ×  +   ω  ×    ω  ×   )  (  e  −   e  D   ) ,  



(15)




where     ω  ×    is a skew-symmetric matrix defined by the components of vector   ω  , and angular acceleration vector    ω ˙    is defined by Equation (12).




3.3. Problem Statement


In this paper, the following orbital situation was modelled using space debris and active satellite mock-ups. It was assumed that the satellite was initially in the vicinity of the space debris object, i.e., the problem of far-range maneuvering was already solved. An active satellite is equipped with thrusters providing continuous actuation for the relative translational and angular motion, and these thrusters were imitated by the ventilators on the satellite mock-up. The orbital motion of a space debris object is not controlled, although its free motion on the aerodynamic table was modelled using the debris mock-up thrusters. All parameters of the satellite and the debris object were considered as known, and the relative motion was estimated by the on-board algorithms using the observation system data.



The satellite mock-up was equipped with a magnetic capturing system able to catch the space debris mock-up at the capturing point. It was assumed that the capturing system could be placed with a certain precision at the capturing point for successful docking. Moreover, the unit directional vector to the point of capturing system     e  C    was required to be antiparallel to the unit directional vector to the capturing point     e  D   . The successful docking conditions can be written in terms of the center of mass position vector error   Δ  ρ  =   ρ  0  −   ρ  d   , where     ρ  0    is the current position vector between the centers of masses and     ρ  d    is the required vector, defined by the following:


    ρ  d T  = K ⋅   e  D T  ,         K >  |    r  C i   |  +  |    r  D j   |         



(16)







In this paper, the docking was considered successful when the following conditions were satisfied:


   |  Δ  ρ   |  <  ε ρ  ,      |  Δ   ρ ˙    |  <  ε v  ,        |  e  |  <  ε e  ,        |   e ˙   |  <  ε  e ˙    



(17)




where    ε ρ  ,  ε v  ,  ε e  ,  ε  e ˙     are parameters determining an acceptable approach error.



The problem was stated as establishing a control for translational and angular motion of a satellite to provide successful docking conditions (17). For the simplified version of the algorithms, tests were performed on the air-bearing test bed with mock-ups of a space debris and an active satellite.




3.4. The Ventilator Actuators Thrust Model


The ventilator actuators were used to imitate the thrusters in the laboratory conditions. The force in the horizontal plane was generated using the ventilators, which allowed the control translational acceleration of the mock-up center of mass to be established. Additionally, the actuators provided the control torque along the vertical axis. For simultaneous application of horizontal force vector and vertical torque, four ventilators were required. The selected mock-up ventilators’ configuration layout is presented in Figure 7. The rotational direction of the ventilators was fixed in the body reference frame.



In this paper, the following thrust model of the ventilator actuator was used:


  F =  1 2  S ρ (  V e 2  −  V 2  )  



(18)




where  V  is the air velocity before entering the ventilator,    V e    is the air velocity after leaving the ventilator,  ρ  is the air density, and  S  is the area of the ventilator disc. The mock-up motion model under the action of a single ventilator can be presented by the following equations:


     x ¨  =  (  B − A  V  2   )  cos  (  φ −  φ 0   )  / m ,      y ¨  =  (  B − A  V  2   )  sin  (  φ −  φ 0   )  / m ,      φ ¨  = C  (  B − A  V  2   )  ,    



(19)




where  x ,  y ,  φ  are the center of mass position coordinates and the attitude angle of the mock-up on the air-bearing test bed,    φ 0    is the thrust vector attitude angle in the mock-up body reference frame,   A = S ρ / 2  ,   B = S ρ  V e 2  / 2  ,   C = R / J  ,  R  is the moment–arm distance of the ventilator thrust, and  J  is the inertia moment relative to the vertical axis. For this ventilator model, air velocity after leaving the ventilator was a function of the control    V e  =  V e   ( u )   , where  u  is the control command. The calibration procedure was used to determine this dependency, and was implemented as a separate experiment.



When the mock-up was placed on the test bed at the initial state vector     q  0  =    [      x  (  t = 0  )      y  (  t = 0  )      φ  (  t = 0  )       ]   T    and one of the actuators was turned on with a given control command  u , the mock-up started to move according to the motion equations (19). Position and attitude of the mock-up on the test bed were monitored with the optical independent measurement system. The vector of the calibration parameters    ξ  =  [  A , B , C  ]    was different for every ventilator actuator. It was determined by the minimization of the following function:


  Φ (  ξ  ) =   ∑  i = 1  N      (    q  i   −    q ˜   i   )   2     



(20)




where     q  i    is the state vector obtained with the independent measurement system,      q ˜   i    is the state vector obtained with the motion equation integration, and  N  is the number of measurement samples. With the minimization of (20), the dependency function    V e  =  V e   ( u )    was estimated for a given value of  u . To determine the full dependency function, it was necessary to conduct a series of experiments with different values of the control command  u . In Figure 8, an example of the thrust value for every actuator of one of the mock-ups is shown as a dependency on a dimensionless control parameter, which was varied from 0.55 to 1 in dimensionless units (it is a ratio of the applied voltage to the maximum available control voltage). The control parameter was the input value for the ventilator’s control block, which was converted to voltage in the electrical thrusters’ engines. In the case of low voltage, the ventilators could not start rotation. It was experimentally obtained that the minimum value of the control input was 0.55, at which the ventilators provided rotation. This dependence was approximated by the quadratic functions for onboard implementation.



Using four ventilators, the required translational and angular control was implemented according to the conversion of the control vector  u  into the thrust of the ventilators. This conversion is described in [16].





4. Control algorithms for Mock-ups Rendezvous


The two control algorithms proposed in this paper aimed to achieve docking conditions (17). One of the algorithms was based on the SDRE control approach using the difference of the unit vectors from (14), and the other algorithm was based on the virtual potentials method for the control of the center of mass of the mock-ups. In this section, the basics of the control approaches are described and the application details of each algorithm are provided.



4.1. SDRE-based Control


SDRE control was applied to the nonlinear system in the following form:


    x ˙   =  f   (  x  )  +  g   (   x  ,  u   )   



(21)




where   x   is the system state vector,    f   (  x  )    is the nonlinear function of the system dynamics,    g   (   x  ,  u   )    is the nonlinear control function, and   u   is the control vector. In the vicinity of the current state, the system can be linearized in the following form:


    x ˙   =  A   (  x  )   x  +  B   (  x  )   u   



(22)




where    A   (  x  )    and    B   (  x  )    are the matrices of dynamics and control, respectively, which depend on the state vector. The control is formed as the closed-loop feedback control aiming for the following function minimization:


   J ˜  =  1 2     ∫ 0   t f      [   x    ( t )  T   Q     x  ( t ) +  u    ( t )  T   R     u  ( t )  ]  d t     



(23)




where    Q  ,      R    are the constant positive definite matrices, and    t f    is the fixed finite time. The control vector is calculated as follows:


   u   (  x  )  = −   R   − 1    (    B  T   (  x  )   P   (  x  )   )   x   



(24)




where matrix    P  (  x  )   is calculated as the solution of the following Riccati equation:


   P   (  x  )   A   (  x  )  +   A  T   (  x  )   P   (  x  )    −  P   (  x  )   B   (  x  )    R   − 1     B  T   (  x  )   P   (  x  )  +  Q  = 0  



(25)







For the problem of the mock-ups’ rendezvous, the state vector is defined as follows:


   x  =  [      e        e ˙        Δ   ρ   i j         Δ    ρ ˙    i j        ]   



(26)




where   Δ   ρ   i j   =   ρ   i j   −   ρ   i j  d   ,     ρ   i j     is the radius vector between the j-th point of the space debris mock-up (capturing point) and i-th point of the satellite mock-up (capturing system point), and     ρ   i j  d    is the required radius vector between these two points. In this paper, the vector     ρ   i j  d    was set to be constant in the debris mock-up reference frame, its value was determined by the acceptable error of the magnetic capturing system, and it was parallel to the unit vector of the capturing point:


    ρ   i j  d  = K ⋅   e  D   ,         K > 0  



(27)







Taking into account the mock-ups’ motion along the table surface, Equation (15) for vector   e   can be written in the following linearized form:


     [       e ˙         e ¨       ]    4 × 1   =    [     0      I   2 × 2          (    ω ˙      J ⌢    2 × 2   −  ω 2    I   2 × 2    )     0     ]    4 × 4      [      e        e ˙       ]    4 × 1   +    [       0  2 × 1         −    J ⌢    2 × 2     e  C D     (   J C    )     − 1        ]    4 × 1      [   T C   ]      1 × 1    



(28)




where     I   2  × 2      is identity matrix, and      J ⌢    2 × 2     is the symplectic matrix:


    J ⌢   =  [     0    − 1      1   0     ]   



(29)







Assuming that the mock-up center of mass free motion is affected by small value disturbances, the approximation of the relative free motion can be considered as translational motion with constant velocity. In this case, the dynamical matrix of the system is as follows:


   A  =  [       [       0  2 × 2         I    2 × 2           (    ω ˙      J ⌢    2 × 2   −  ω 2    I   2 × 2    )       0  2 × 2        ]       0  4 × 4          0  4 × 4        [       0  2 × 2         I   2 × 2          0  2 × 2        0  2 × 2        ]       ]  ,  



(30)







The control vector consists of the control torque  T  and the control force vector   F   written in the debris mock-up reference frame:


   u  =  [     T      F      ]   



(31)







The control matrix, in this case, is as follows:


   B  =  [       0  2 × 1        0  2 × 2         −    J ⌢    2 × 2     e  C D     (   J C    )     − 1        0  2 × 2          0  2 × 1        0  2 × 2          0  2 × 1         I   2 × 2   / m      ]  .  



(32)








4.2. Virtual Potentials-based Control


The other control approach proposed in the paper was based on the virtual potentials method application. Its main idea was that the control of the satellite mock-up center of mass aimed to approach the mock-up space debris at a defined relative distance, and the satellite mock-up would move along the circle around the debris mock-up. In other words, the satellite mock-up would achieve the radial equilibrium position. Due to the debris mock-up angular motion, at some time moment, the satellite mock-up center of mass would achieve an acceptable position for docking to the debris mock-up capturing point. The acceptable position was defined by the sectorial area in the debris-mock-up reference frame. In this sector, the parameters of the virtual potentials were replaced by a different set of parameters in order to achieve the docking conditions.



The virtual potentials for the problem of docking were defined by exponential functions corresponding to the attractive and repulsive fields of central forces,    V  att       and      V  rep    , of the following form:


     V  rep   =  C  rep    e  −    ρ 0     l  rep       ,      V  att   = −  C  att    e  −    ρ 0     l  att       ,     V =  V  rep   +  V  att   =  C  rep    e  −    ρ 0     l  rep       −  C  att    e  −    ρ 0     l  att       ,    



(33)




where    C  att     and    C  rep     are positive attractive and repulsive parameters of the virtual fields of the forces,    l  att     and    l  rep     are the influence radiuses of the virtual fields, and    ρ 0    is the distance between the mock-ups centers of masses. The center of mass motion equations under the application of the virtual potentials control were defined as follows:


     ρ ¨   0  = − grad  (  V (  ρ 0  )  )   



(34)







This dynamical system was conservative, and the equilibrium position was defined by the following equation:


  grad  ( V )  = 0  



(35)




which led to the following:


     C  att      l  att      e  −    ρ 0 ∗     l  att       −    C  rep      l  rep      e  −    ρ 0 ∗     l  rep       = 0  



(36)







The stability of the radial equilibrium position    ρ 0 ∗    is defined by the parameter values, which must satisfy the relation    l  att    >  l  rep     . For the asymptotic stability, a virtual radial friction     a   f r     should be applied to the system using the control actuators. The corresponding friction acceleration is defined by the formula:


    a    т p    = −  f r    ρ ˙  r    e  r   



(37)




where    f r    is the virtual friction in the radial direction,     ρ ˙  r    is the velocity radial component, and     e  r  =   ρ  0  /  ‖    ρ  0   ‖    is the unit vector along the radial direction.



The resulting satellite mock-up motion equations have the following form:


     x ¨  =  (    −  C  att      l  att      e  −    ρ 0     l  att       +    C  rep      l  rep      e  −    ρ 0     l  rep        )   x   ρ 0    −  f r    ρ ˙  r   x   |    ρ  0   |    ,      y ¨  =  (    −  C  att      l  att      e  −    ρ 0     l  att       +    C  rep      l  rep      e  −    ρ 0     l  rep        )   y   ρ 0    −  f r    ρ ˙  r   y   |    ρ  0   |    .    



(38)







For docking, the satellite mock-up capturing system must always be oriented to the debris mock-up center of mass. In order to achieve this orientation, the SDRE-based attitude control was applied in terms of vector       e  C    . After linearization, the dynamical motion equations were as follows:


   d  d t      [      Δ   e  C        Δ    e ˙   C       ]   O  =  [       0   2 × 2          I    2 × 2           (  −  ω C 2    I    2 × 2     )       0  2  × 2         ]     [      Δ   e  C        Δ    e ˙   C       ]   O  +  [       0   2 × 1             J ⌢    2 × 2     e  C D     (   J C    )    − 1        ]   T C   



(39)




where


      Δ   e  C  =   Θ   C O     e  C   +   e  r   



(40)




where     e  r    is a unit vector along the radius vector between the mock-ups’ centers of masses, defined by:


    e  r  = −     ρ  0     |    ρ  0   |     



(41)







Two proposed control algorithms were experimentally studied on the mock-ups moving along the air-bearing test bed.





5. Results of the Laboratory Experiments


Due to the difference between the motion of the mock-ups along the surface and the satellite orbital motion, and due to the difference in the characteristics of the actuators, it is almost impossible to study real satellite control algorithm performance such as accuracy and time of docking. Nevertheless, the laboratory experiments revealed some features of the proposed algorithm scheme, and estimations on the range of algorithm parameters which provide successful docking.



During the experiments, the space debris mock-up tracked the defined trajectory along the test bed surface imitating free orbital motion on a circular orbit. The trajectory is described by the following:


    x =  x 0  + A cos  (  ω t +  ψ 0   )  ,     y =  y 0  + A sin  (  ω t +  ψ 0   )  ,     φ =  φ 0  + Ω t ,    



(42)




where   (  x 0  ,  y 0  )   are coordinates of the center of the orbit circle,  A  is the radius of the orbit,  ω  is the angular velocity,    ψ 0    is the initial phase angle,  Ω  is the constant angular velocity of the debris mock-up rotation around vertical, and    φ 0    is the initial attitude angle of the mock-up. During the experiments, the following parameters were used:


  (  x 0  ,  y 0  ) = ( 0.8 , 0 )    m ,    A   =   0  . 05     m ,     φ 0  =  ψ 0  = 0 ,     ω = Ω = 6     deg  / s   



(43)







The initial conditions for the translational and angular motion of the mock-ups were determined randomly, although the initial distance between the mock-ups was about 1 m. The algorithm control parameters are presented in Table 1.



For safety reasons, when the satellite mock-up approached the debris mock-up in a manner not acceptable for docking conditions, the collision avoidance control was applied to the satellite mock-up. The dangerous distance was set in the experiments as 0.5 m. The collision avoidance control was applied in the direction along the radius vector from the debris mock-up center of mass to the satellite mock-up center of mass, with the aim of increasing the relative distance and avoiding dangerous proximity.



5.1. Virtual Potentials-based Control


Virtual potentials-based control provided the satellite mock-up trajectory with constant distance relative to the space debris mock-up, and the magnetic capturing mechanism of the satellite mock-up was oriented towards the debris mock-up center of mass. When the satellite mock-up entered the acceptable area for capturing, the parameters of the virtual potentials were replaced by another set, allowing the capturing system to approach the capturing point at the debris mock-up. The scheme of the experiment with algorithm implementation is shown in Figure 9.



Before the execution of the main part of the algorithm, all the parameters were initialized according to the experiment configuration obtained from the Station software. This included initialization of the motion equations parameters, Kalman filter parameters, and virtual potentials parameters; and all the initially obtained measurements were linked to the corresponding mock-ups. In the case that the initialization was performed and a new set of measurements was obtained, the algorithm main loop began to execute. Relative motion parameters were estimated by the onboard Kalman filter, and the current trajectory was calculated. The control was calculated according to the virtual potentials. If the docking conditions were not satisfied, the calculated control was implemented by the actuators. Otherwise, the experiment was over, as the docking was successful. If the algorithm failed to provide the docking, the mail loop was interrupted manually.



An example of the experiment results may be considered, and the video of the conducted experiment can be accessed in [41]. Figure 10 presents the satellite and debris mock-ups’ center of masses trajectories in the table-fixed reference frame. The initial position of the satellite mock-up, equilibrium distance and docking point are shown. The relative distance time–history plot is presented in Figure 11. The equilibrium distance in this experiment was set at 0.81 m. At about 53 s after the start of the experiment, the satellite mock-up entered the acceptable capturing area, and the virtual potentials was replaced by another set to provide the mock-up approaching the capturing point. The control provided the tracking of the unit vector of the capturing system direction     e  C    and the radius vector from the satellite mock-up center of mass to the debris center of mass, and the angle between these two vectors is presented in Figure 12. This angle was inside the acceptable area during the time of the whole experiment due to the control implementation.



The calculated translational control acceleration according to the virtual potentials in (38) is presented in Figure 13. After the convergence to the equilibrium distance, the values of the control were low, and it compensated the disturbance forces acting on the satellite mock-up center of mass. At the point of entering the acceptable area, the values of the control became higher to provide the approach to the capturing point of the debris mock-up. In Figure 14, the angular control acceleration is presented, which is aimed at tracking the debris mock-up’s center of mass by the direction of the capturing system. Note that the values of the angular control exhibited similar behavior as the deviation angle in Figure 12. This was due to the fact that the control aim was to set the angle to zero, while the disturbance torque caused some oscillations in this vicinity. The calculated translational and angular control was converted into the control commands of the thrusters; its values are provided in Figure 15. Note that according to the ventilators control implementation algorithm [16], at each instant, only three of the four ventilators were controlled.



Figure 16 presents the angle of deviation between two unit vectors directed to the capturing system position         e  C     and the opposite vector of the capturing point of the space debris     −   e  D    . This angle represents the capturing conditions for the relative vector        e  = D   e  C   +   e  D    explained in (17). It can be seen that due to the debris rotation, the value of this angle crossed the boundaries of acceptable error for docking. The acceptable area for docking capture is also defined by the angle between the unit vector       e  D     and the satellite mock-up radius vector in the debris body reference frame, as presented in Figure 17.



Thus, this experiment example demonstrated the proposed control scheme application for the mock-ups’ rendezvous problem.




5.2. SDRE-based Control


A further experiment demonstrated the application of the proposed SDRE-based control. The video of the experiment is presented in [42]. The main difference of the control scheme was that the satellite mock-up aimed to achieve the center of mass and angular position required for docking, instead of waiting for the acceptable conditions at the equilibrium distance as in the case of virtual potentials-based control. The scheme of the experiment with SDRE-based algorithm implementation is shown in Figure 18.



Before the execution of the main part of the algorithm, all the parameters were initialized according to experiment configuration obtained from the Station software. This procedure was similar to the one from the virtual potentials control algorithm. If the initialization was performed, and a new set of measurements was obtained, the algorithm main loop began to execute. Relative motion parameters were estimated by the onboard Kalman filter. If the mock-up docking conditions were not satisfied, and there was no dangerous proximity between the satellite and debris mock-ups, the SDRE-based control was calculated and implemented by the thrusters’ imitators. If the required relative position according to the SDRE algorithm was achieved, the satellite mock-up slowly approached the debris mock-up until the docking was successful. If the satellite mock-up was closer to the debris mock-up than the dangerous distance, and it was out of the docking sector, the collision avoidance control was applied in order to increase the relative distance. If the docking conditions were satisfied, the algorithm was switched to the joint trajectory motion mode, and it jointly stabilized the current position and attitude of both mock-ups. In the case that the algorithm failed to achieve docking, the main loop was interrupted manually.



Figure 19 presents the trajectories of the satellite and debris mock-ups in the aerodynamic table-fixed reference frame. The initial position and the achieved acceptable position for docking are shown in the plot. After the achievement of the required relative center of mass position and attitude, the approaching phase followed. During the approach, the required relative radius vector     ρ  d    length was slowly reduced until docking was achieved. The relative distance between the centers of masses of the mock-ups is presented in Figure 20. Due to the disturbances acting on the mock-ups and control implementation errors, the relative distance during the approaching phase reduced with some oscillations, although with linear trend, that led to the docking point. Figure 21 demonstrates the angle between the unit vectors directed to the capturing system position         e  C     and to the capture point of the space debris     −   e  D     during SDRE-based control. It can be seen that the attitude acceptable for docking was almost achieved after 3 s, although the error periodically exceeded the limit value. The angle between the unit vector       e  D     and the satellite mock-up radius vector in the debris body reference frame is shown in Figure 22.




5.3. Control Algorithms Experimental Study


The performance of the proposed control algorithms depended on a set of parameters. One of the most influential parameters was the angular velocity of the debris mock-up. A set of experiments with almost the same initial conditions for the satellite mock-up but with a different value of angular velocity of the debris mock-up was carried out. The results of the experiments were analyzed, the required   Δ V   for docking was calculated as the integral of the control acceleration components, and the docking time between the experiment start and successful docking was estimated. The results of the experiments are presented in Table 2. It was concluded that at an angular velocity lower than 12 deg/s, both algorithms successfully achieved docking, although at a value of 18 deg/s both algorithms failed to dock with the debris mock-up for different reasons.



In the case of successful docking with the same debris mock-up angular velocity, the virtual potential-based control required a lower value of   Δ V  . The docking time was higher compared with the SDRE-based control because the virtual potential-based control simply waited for the acceptable relative position for docking, while the SDRE-based control sought to actively achieve this condition. The required   Δ V   for the virtual potential-based control was similar due to the low   Δ V   on the “waiting” distance, and differed for the SDRE-based control due to different active controlled motion time while achieving conditions acceptable for docking.



Examples of experiments with high angular velocity of the debris mock-up, when the algorithms failed to achieve docking, may be considered. Figure 23 shows the relative distance of the mock-ups’ centers of masses during a fast debris rotation experiment with virtual potentials-based control. The satellite mock-up tried to dock three times during the experiment, but the time interval during which the docking area sector faced the docking satellite was too small to accomplish docking, as can be seen from Figure 24 and Figure 25. This time interval was about 2 s, the satellite mock-up center of mass approached the debris mock-up during this time. However, as the debris rotated, the docking satellite left the acceptable area and the virtual potentials parameters were switched back to obtain the equilibrium distance of 0.8 m. The control acceleration components are shown in Figure 26, where the peaks at the moments of entering and leaving the area of conditions acceptable for docking can be observed.



The case of SDRE-based control during the fast debris mock-up rotation experiment is presented in Figure 27, Figure 28, Figure 29 and Figure 30. This experiment also did not achieve docking. As can be seen from Figure 27 and Figure 28, the satellite mock-up entered a dangerous distance twice, that resulted in a collision avoidance control application (see Figure 30). The experiment was stopped after 15 s due to the fact that the satellite mock-up failed to move to the area acceptable for docking because of the fast debris rotation.



Thus, the laboratory experiments showed the performance of the proposed algorithms and revealed their features using mock-up control systems. At high debris mock-up angular velocity, both algorithms were not able to achieve docking. At very low angular velocity, the virtual potential-based control waited for a considerable amount of time for the achievement of allowable docking conditions. In the case of orbital motion, the probability of entering the docking area may be low, depending on the debris angular velocity vector. The SDRE-based control required higher values of   Δ V  , and could have led to a dangerous proximity, that required collision avoidance application.





6. Conclusions


Two algorithms for active satellite motion control relative to space debris were proposed to achieve successful docking, and were experimentally studied in this paper. The performance of the controlled motion of a satellite mock-up on the aerodynamic test bed is not the same as the performance of an orbital controlled motion, although the laboratory study allowed testing of the whole control logic, and revealed control scheme features such as principal dependence of the required   Δ V   and docking time on the debris mock-up angular velocity. As a result of this study, the two control algorithms can be recommended for onboard implementation in real active space debris removal missions with restrictions on the acceptable angular velocity of a space debris object for successful docking.



This work demonstrates that the different control approaches in space debris removal can be experimentally tested using the considered laboratory facility. Other types of control algorithms such as optimal control, model-predictive control, or some others, can also be adapted for mock-up application, and their performance can be tested. One of the directions for algorithm improvement will be to take into account the particular docking system features in the laboratory. The authors are planning to implement an autonomous visual-based navigation, test its performance, and estimate its influence on features of mock-up-controlled motion.







Author Contributions


Experimentation and software development, F.K.; motion equation and control algorithms development, M.A.; problem statement and study management, D.I. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rybus, T.; Seweryn, K. Planar air-bearing microgravity simulators: Review of applications, existing solutions and design parameters. Acta Astronaut. 2016, 120, 239–259. [Google Scholar] [CrossRef]

	



Rybus, T.; Seweryn, K.; Oleś, J.; Basmadji, F.L.; Tarenko, K.; Moczydłowski, R.; Barciński, T.; Kindracki, J.; Mężyk, Ł.; Paszkiewicz, P.; et al. Application of a planar air-bearing microgravity simulator for demonstration of operations required for an orbital capture with a manipulator. Acta Astronaut. 2019, 155, 211–229. [Google Scholar] [CrossRef]

	



Tsiotras, P. ASTROS: A 5 DOF experimental facility for research in space proximity operations. In Proceedings of the 37th AAS Guidance and Control Conference, Breckenridge, CO, USA, 31 January–5 February 2014; p. 14. [Google Scholar]

	



Rybus, T.; Wojtunik, M.; Basmadji, F.L. Optimal collision-free path planning of a free-floating space robot using spline-based trajectories. Acta Astronaut. 2022, 190, 395–408. [Google Scholar] [CrossRef]

	



Sabatini, M.; Palmerini, G.B.; Monti, R.; Gasbarri, P. Image based control of the “PINOCCHIO” experimental free flying platform. Acta Astronaut. 2014, 94, 480–492. [Google Scholar] [CrossRef]

	



Ivanov, D.; Koptev, M.; Ovchinnikov, M.; Tkachev, S.; Proshunin, N.; Shachkov, M. Flexible microsatellite mock-up docking with non-cooperative target on planar air bearing test bed. Acta Astronaut. 2018, 153, 357–366. [Google Scholar] [CrossRef]

	



Bindel, D.; Zaramenskikh, I.E.; Ivanov, D.S.; Ovchinnikov, M.Y.; Proncheva, N.G. A Laboratory Facility for Verification Of Control Algorithms For a Group of Satellites. J. Comput. Syst. Sci. Int. 2009, 48, 779–787. [Google Scholar] [CrossRef]

	



Nieto-Peroy, C.; Sabatini, M.; Palmerini, G.; Jeronimo de Oliveira, É. A Concurrent Testing Facility Approach to Validate Small Satellite Combined Operations. Aerospace 2021, 8, 361. [Google Scholar] [CrossRef]

	



Distributed Space Systems Lab. Available online: http://dssl.catom.site/ (accessed on 28 September 2022).

	



Mark, C.P.; Kamath, S. Review of Active Space Debris Removal Methods. Space Policy 2019, 47, 194–206. [Google Scholar] [CrossRef]

	



Shan, M.; Guo, J.; Gill, E. Review and comparison of active space debris capturing and removal methods. Prog. Aerosp. Sci. 2016, 80, 18–32. [Google Scholar] [CrossRef]

	



Aglietti, G.S.; Taylor, B.; Fellowes, S.; Salmon, T.; Retat, I.; Hall, A.; Chabot, T.; Pisseloup, A.; Cox, C.; Zarkesh, A.; et al. The active space debris removal mission RemoveDebris. Part 2: In orbit operations. Acta Astronaut. 2020, 168, 310–322. [Google Scholar] [CrossRef]

	



Wormnes, K.; Le Letty, R.; Summerer, L.; Schonenborg, R.; Dubois-matra, O.; Luraschi, E.; Cropp, A.; Krag, H.; Delaval, J. ESA Technologies for Space Debris Remediation. In Proceedings of the 6th European Conference on Space Debris, Darmstadt, Germany, 22–25 April 2013. [Google Scholar]

	



Estable, S.; Telaar, J.; Lange, M.; Ahrns, I.; Theybers, M.; Dayers, L.; Bussche, S.V.; Ilsen, S.; Lampariello, R.; Wygachiewicz, M.; et al. Definition of an Automated Vehicle with Autonomous Fail-Safe Reaction Behavior to Capture and Deorbit Envisat. In Proceedings of the 7th European Conference on Space Debris, Darmstadt, Germany, 18–21 April 2017. [Google Scholar]

	



Sabatini, M.; Monti, R.; Gasbarri, P.; Palmerini, G.B. Adaptive and robust algorithms and tests for visual-based navigation of a space robotic manipulator. Acta Astronaut. 2013, 83, 65–84. [Google Scholar] [CrossRef]

	



Ivanov, D.S.; Koptev, M.D.; Mashtakov, Y.V.; Ovchinnikov, M.Y.; Proshunin, N.N.; Tkachev, S.S.; Fedoseev, A.I.; Shachkov, M.O. Laboratory Facility For Microsatellite Mock-Ups Motion Simulation. J. Comput. Syst. Sci. Int. 2018, 57, 115–130. [Google Scholar] [CrossRef]

	



Cloutier, J.R.; Stansbery, D.T. The capabilities and art of State-dependent Riccati equation-based design. In Proceedings of the American Control Conference, Anchorage, AK, USA, 8–10 May 2002; Volume 1. [Google Scholar]

	



Cloutier, J.R.; Cockburn, J.C. The state-dependent nonlinear regulator with state constraints. Proc. Am. Control. Conf. 2001, 1, 390–395. [Google Scholar] [CrossRef]

	



Çimen, T. Survey of State-Dependent Riccati Equation in Nonlinear Optimal Feedback Control Synthesis. J. Guid. Control. Dynamics 2012, 35, 1025–1047. [Google Scholar] [CrossRef]

	



Felicetti, L.; Palmerini, G.B. A comparison among classical and SDRE techniques in formation flying orbital control. In Proceedings of the IEEE Aerospace Conference Proceedings, Big Sky, MT, USA, 2–9 March 2013. [Google Scholar]

	



Navabi, M.; Akhloumadi, M.R. Nonlinear Optimal Control of Relative Rotational and Translational Motion of Spacecraft Rendezvous. J. Aerosp. Eng. 2017, 30, 04017038. [Google Scholar] [CrossRef]

	



Stansbery, D.T.; Cloutier, J.R. Position and attitude control of a spacecraft using the state-dependent Riccati equation technique. Proc. Am. Control. Conf. 2000, 3, 1867–1871. [Google Scholar] [CrossRef]

	



Segal, S.; Gurfil, P. Effect of Kinematic Rotation-Translation Coupling on Relative Spacecraft Translational Dynamics. J. Guid. Control. Dyn. 2009, 32, 1045–1050. [Google Scholar] [CrossRef]

	



Lee, D.; Bang, H.; Butcher, E.A.; Sanyal, A.K. Kinematically Coupled Relative Spacecraft Motion Control Using the State-Dependent Riccati Equation Method. J. Aerosp. Eng. 2015, 28, 04014099. [Google Scholar] [CrossRef]

	



Rimon, E.; Koditschek, D.E. Exact Robot Navigation using Artificial Potential Functions. IEEE Trans. Robot. Autom. 1992, 8, 501–518. [Google Scholar] [CrossRef]

	



Connolly, C.I.; Burns, J.B.; Weiss, R. Path planning using Laplace’s equation. In Proceedings of the IEEE International Conference on Robotics and Automation, Cincinnati, OH, USA, 13–18 May 1990; pp. 2102–2106. [Google Scholar] [CrossRef]

	



Connolly, C.I.; Grupen, R.A. The applications of harmonic functions to robotics. J. Robot. Syst. 1993, 10, 931–946. [Google Scholar] [CrossRef]

	



Chang, D.E.; Shadden, S.C.; Marsden, J.E.; Olfati-Saber, R. Collision Avoidance for Multiple Agent Systems. Proc. IEEE Conf. Decis. Control 2003, 1, 539–543. [Google Scholar] [CrossRef]

	



Waydo, S.; Murray, R.M. Vehicle motion planning using stream functions. Proc.—IEEE Int. Conf. Robot. Autom. 2003, 2, 2484–2491. [Google Scholar] [CrossRef]

	



Levine, H.; Rappel, W.J.; Cohen, I. Self-organization in systems of self-propelled particles. Phys. Rev. E 2000, 63, 017101. [Google Scholar] [CrossRef]

	



Bigelli, L.; Polenta, F.; Fiori, S. Virtual Attractive-Repulsive Potentials Control Theory: A Review and an Extension to Riemannian Manifolds. Symmetry 2022, 14, 257. [Google Scholar] [CrossRef]

	



Rasekhipour, Y.; Khajepour, A.; Chen, S.K.; Litkouhi, B. A Potential Field-Based Model Predictive Path-Planning Controller for Autonomous Road Vehicles. IEEE Trans. Intell. Transp. Syst. 2017, 18, 1255–1267. [Google Scholar] [CrossRef]

	



Leonard, N.E.; Fiorelli, E. Virtual leaders, artificial potentials and coordinated control of groups. Proc. IEEE Conf. Decis. Control 2001, 3, 2968–2973. [Google Scholar] [CrossRef]

	



Wang, C.; Wang, D.; Gu, M.; Huang, H.; Wang, Z.; Yuan, Y.; Zhu, X.; Wei, W.; Fan, Z. Bioinspired Environment Exploration Algorithm in Swarm Based on L&eacute;vy Flight and Improved Artificial Potential Field. Drones 2022, 6, 122. [Google Scholar] [CrossRef]

	



Jayaweera, H.M.P.C.; Hanoun, S. Path Planning of Unmanned Aerial Vehicles (UAVs) in Windy Environments. Drones 2022, 6, 101. [Google Scholar] [CrossRef]

	



Paul, T.; Krogstad, T.R.; Gravdahl, J.T. Modelling of UAV formation flight using 3D potential field. Simul. Model. Pract. Theory 2008, 16, 1453–1462. [Google Scholar] [CrossRef]

	



Shimoda, S.; Kuroda, Y.; Iagnemma, K. Potential field navigation of high speed unmanned ground vehicles on uneven terrain. Proc. IEEE Int. Conf. Robot. Autom. 2005, 2005, 2828–2833. [Google Scholar] [CrossRef]

	



SputniX—Orbicraft. Available online: http://sputnix.ru/ru/products/eduru/orbikraft-1-0 (accessed on 2 December 2016).

	



Garrido-Jurado, S.; Muñoz-Salinas, R.; Madrid-Cuevas, F.J.; Marín-Jiménez, M.J. Automatic generation and detection of highly reliable fiducial markers under occlusion. Pattern Recognit. 2014, 47, 2280–2292. [Google Scholar] [CrossRef]

	



Clohessy, W.H.; Wiltshire, R.S. Terminal Guidance System for Satellite Rendezvous. J. Astronaut. Sci. 1960, 27, 653–678. [Google Scholar] [CrossRef]

	



Kozin, F.; Akhloumadi, M.; Ivanov, D. Virtual Potentials-Based Control Test—YouTube. Available online: https://www.youtube.com/watch?v=kP6fxq677F0 (accessed on 2 December 2016).

	



Kozin, F.; Akhloumadi, M.; Ivanov, D. SDRE-Based Control Test—YouTube. Available online: https://www.youtube.com/watch?v=iFsGNm5hRuw (accessed on 2 December 2016).








[image: Drones 07 00007 g001 550] 





Figure 1. Planar air-bearing test bed located at KIAM. 
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Figure 2. Flowchart of the mock-up and station hardware component interactions. 
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Figure 3. General block-scheme of the mock-ups control. 
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Figure 4. General scheme of the Station–Sat interaction. 
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Figure 5. LVLH reference frame. 
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Figure 6. Reference frames for the space debris object removal task. 
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Figure 7. Mock-up ventilators layout in the mock-up reference frame. 
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Figure 8. Thrust value for four mock-ups’ ventilators depending on control command. 
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Figure 9. Scheme of the experiment with virtual potentials-based algorithm implementation. 
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Figure 10. Satellite and debris mock-ups’ center of mass trajectories in the table-fixed reference frame. 
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Figure 11. Relative distance of mock-ups’ centers of mass. 
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Figure 12. Angle between the capturing system direction and the radius vector from the satellite mock-up center of mass to the debris mock-up center of mass. 
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Figure 13. Virtual potentials-based control acceleration components. 
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Figure 14. Angular control acceleration. 
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Figure 15. Mock-up thruster imitators’ control values. 
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Figure 16. Angle between unit vectors directed to the capturing system position         e  C     and capture point of space debris     −   e  D    . 
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Figure 17. Angle between the unit vector       e  D     and the satellite mock-up radius vector in the debris body reference frame. 
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Figure 18. Scheme of the experiment with SDRE-based algorithm implementation. 
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Figure 19. Center of mass trajectories of satellite and debris mock-ups in the table-fixed reference frame during SDRE-based control. 






Figure 19. Center of mass trajectories of satellite and debris mock-ups in the table-fixed reference frame during SDRE-based control.
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Figure 20. Relative distance of centers of masses of mock-ups during SDRE-based control. 
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Figure 21. Angle between unit vectors directed to the capturing system position         e  C     and capture point of space debris     −   e  D     during SDRE-based control. 
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Figure 22. Angle between unit vector       e  D     and satellite mock-up radius vector in debris body reference frame during SDRE-based control. 






Figure 22. Angle between unit vector       e  D     and satellite mock-up radius vector in debris body reference frame during SDRE-based control.
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Figure 23. Relative distance of mock-ups’ centers of mass during the fast debris rotation experiment with virtual potentials-based control. 
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Figure 24. Angle between unit vector       e  D     and satellite mock-up radius vector in the debris body reference frame during the fast debris rotation experiment with virtual potentials-based control. 






Figure 24. Angle between unit vector       e  D     and satellite mock-up radius vector in the debris body reference frame during the fast debris rotation experiment with virtual potentials-based control.
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Figure 25. Angle between unit vectors directed to the capturing system position         e  C     and capture point of space debris     −   e  D     during the fast debris rotation experiment with virtual potentials-based control. 






Figure 25. Angle between unit vectors directed to the capturing system position         e  C     and capture point of space debris     −   e  D     during the fast debris rotation experiment with virtual potentials-based control.
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Figure 26. Virtual potentials-based control acceleration components during the fast debris rotation experiment with virtual potentials-based control. 
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Figure 27. Relative distance of the mock-ups’ centers of masses during the fast debris rotation experiment with SDRE-based control. 






Figure 27. Relative distance of the mock-ups’ centers of masses during the fast debris rotation experiment with SDRE-based control.
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Figure 28. Angle between unit vector       e  D     and satellite mock-up radius vector in the debris body reference frame during the fast debris rotation experiment with SDRE-based control. 






Figure 28. Angle between unit vector       e  D     and satellite mock-up radius vector in the debris body reference frame during the fast debris rotation experiment with SDRE-based control.
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Figure 29. Angle between unit vectors directed to the capturing system position         e  C     and capture point of space debris     −   e  D     during the fast debris rotation experiment with SDRE-based control. 






Figure 29. Angle between unit vectors directed to the capturing system position         e  C     and capture point of space debris     −   e  D     during the fast debris rotation experiment with SDRE-based control.
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Figure 30. Virtual potentials-based control acceleration components during the fast debris rotation experiment with SDRE-based control. 






Figure 30. Virtual potentials-based control acceleration components during the fast debris rotation experiment with SDRE-based control.
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Table 1. Control parameters.






Table 1. Control parameters.





	
Control Parameter

	
Value






	
Virtual potentials control




	
Virtual potentials parameters

	
      l  att   ,   = 5 ,      l  rep   = 2.755 ,      C  att   = 4.5 ,      C  rep   = 5 ,      f r  = 0.5     




	
Virtual potentials parameters in the docking sector

	
      l  att   ,   = 5 ,      l  rep   = 2.755 ,      C  att   = 12 ,      C  rep   = 1 ,      f r  = 0     




	
Matrix   Q   for the attitude control

	
     I    4 × 4      




	
Matrix   R   for the attitude control

	
   0.1   




	
Docking sector size, deg

	
20




	
SDRE-based control




	
Matrix   Q  

	
     I   8 × 8     




	
Matrix   R  

	
    [      0.1      0   1 × 2           0   2 × 1          10  4  ⋅   I    2 × 2         ]    




	
Docking conditions




	
Acceptable position error, m

	
0.05




	
Acceptable attitude angle error, deg

	
10
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Table 2. Results of the experiments with different debris mock-up angular velocities.






Table 2. Results of the experiments with different debris mock-up angular velocities.





	
Debris Angular Velocity, deg/s

	
Virtual Potentials

	
SDRE




	
     Δ V  ,   m / s    

	
Docking Time, s

	
     Δ V  ,   m / s    

	
Docking Time, s






	
3

	
6, 92

	
115

	
9, 07

	
20




	
6

	
6, 22

	
57

	
10, 35

	
20




	
12

	
6, 74

	
28

	
8, 77

	
23




	
18

	
17, 31 (fail)

	
62 (fail)

	
17, 69 (fail)

	
14 (fail)
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