IAC-16-B3.7.11

SOFT AND MINIMUM REACTIONS ROBOTIC CAPTURE OF
NON-COOPERATIVE SPACECRAFTS

Silvio Cocuzza
University of Strathclyde, United Kingdom
silvio.cocuzza@strath.ac.uk

Mutian Li
University of Strathclyde, United Kingdom
mutian.li@strath.ac.uk

Xiu-Tian Yan
University of Strathclyde, United Kingdom
X.yan@strath.ac.uk

ABSTRACT

The capture of non-cooperative targets is a key priority for future space robotics missions. Typical
operative scenarios are the maintenance and refuelling of malfunctioning satellites or the capture of space
debris. In these operative scenarios, one of the key issues to be addressed is the impact force
minimization: a null relative velocity of the robot end-effector with respect to the target is required at the
time of capture, otherwise either the target or the robotic system could be damaged, the target could be
pushed away, or the chaser spacecraft attitude could be destabilized. On the other hand, it is always
desirable that the reaction torques transferred by the manipulator to the base spacecraft are minimized, so
that a small amount of fuel is used for the attitude recovery, which is required to maintain the
communication link with the ground after the robotic manoeuvre, thus increasing the system operating
life. In this paper, two novel methods are proposed and compared for capturing a non-cooperative target
with a redundant robot and in the meantime transferring a null reaction torque to the base spacecraft. This
is a great advantage with respect to the state of the art capture methods, in which the problem of capture
and of reactions minimization are handled separately and their integration is not straightforward. In the
first method, the robot end-effector follows a parametric trajectory, which parameters are computed in
order to have the same direction and speed of the target at the time of capture. On the other hand, in the
second method the end-effector trajectory is computed by making the position and velocity error
converge to zero inside the inverse kinematics control loop. The proposed methods have been
demonstrated and compared by means of dynamic simulations of a 3-degrees-of-freedom planar
manipulator. Both of them have shown a good performance and in particular in both cases the
manipulator is able to reach the target with the desired end-effector velocity and with a null reaction
torque transferred to the base spacecraft.

INTRODUCTION solar panels. Reduced reactions result in reduced
energy consumption and longer operating life of
Transferring minimum reactions to the the Attitude Control System (ACS) [1-3].

spacecraft during a manipulator manoeuvre is an Several solutions to the redundant Inverse

important issue in order to maintain the antennas
communication link, keep the orientation of
pointing instrumentation, scanning devices, and

Kinematics (IK) problem have been proposed in
literature according to a kinematic approach, for
the local minimization of the spacecraft attitude
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disturbance exploiting the momentum and
angular momentum conservation laws [4-8], and
according to a dynamic approach [9-24], whose
aim is to minimize the reaction forces and
torques transferred to the base spacecraft.

In the operating scenario of a target approach
manoeuvre, the free-floating mode, i.e.
manipulation with the ACS and the propulsion
system turned off, is more adequate than the
free-flying mode (ACS and propulsion system
on) in the final approach phase both because it
leads to more accurate end-effector positioning
[3] and for safety reasons. Moreover,
undesirable robot and ACS controller interaction
may arise when they work simultaneously [25].

Recently one of the authors proposed an
original Least Squares (LS) based IK solution
for the local minimization of the reactions
transferred to the base spacecraft by redundant
manipulators [15]. This solution, which is
applicable with generality to any 3D free-
floating robot, has been experimentally validated
for a 2D fixed-based robot. The robot used for
the validation, which has three Degrees of
Freedom (DOF) and one degree of redundancy,
has been suspended by means of air bearings in
order to perform simulated microgravity tests
and fixed to ground by means of a dynamometer
for the measure of the forces and torques
tranferred to ground [26-28].

Two characteristics make the proposed IK
solution very appealing. The first is that the
solution can be extended in order to take into
account the robot  physical/mechanical
constraints in the form of joint angle, velocity,
and acceleration limits directly inside the
solution algorithm [15,29,30], and this may be
also useful for avoiding algorithmic instabilities
[31,32]. The second one is that the presented
solution, and its extension which takes into
account the joint limits, results to be suitable for
real-time implementation by means of recursive
algorithms [33], by means of solution techniques
used for the more general constrained Quadratic
Programming problem [34-38], or by means of
neural networks algorithms [29,39-41].

The analysis of the proposed IK solution in the
case of multi-DOF manipulators has been
presented in [42-47]. In particular, a preliminary
study of the main operational parameters that

can be used to maximize the Zero Reaction
Workspace (ZRW) [23] of a multi-DOF 3D
space manipulator has been presented in [47]. In
[48] a novel method has been presented for the
capture of a non-collaborative spacecraft with a
redundant space manipulator using (i) a
reactionless motion of the manipulator (based on
the proposed IK solution), (ii) an optimal control
of the end-effector path, and (iii) Kalman
filtering techniques in order to reduce the
measurement error on the position and velocity
of the target satellite. Moreover, some strategies
to increase the robustness of the proposed IK
solution have been presented in [49-51].

The optimization algorithms used for the
development of the proposed IK solution in the
case of space robots can be also applied to the
minimization of contact forces of climbing
robots [52] and to the kinematic control of
rolling rovers [53,54].

The robot geometrical and inertial properties
used in this work are the ones of the robotic arm
used for the experimental validation of the LS-
based IK solution in the 2D fixed base case [23].
This planar robot is derived from the 3D free-
floating robot used in the Parabolic Flight tests
performed by one of the authors [26,55-60], in
which the IK solution proposed by Caccavale
and Siciliano [5] was implemented and tested.
Similarly, the floating base geometrical and
inertial properties considered in this study are
the ones of the aforementioned free-floating
robot.

In this paper, two novel methods are proposed
and compared for capturing a non-cooperative
target with a redundant robot and in the
meantime transferring a null reaction torque to
the base spacecraft. This is a great advantage
with respect to the state of the art capture
methods, in which the problem of capture and of
reactions minimization are handled separately
and their integration is not straightforward. In
the first method, the end-effector follows a
parametric trajectory, which parameters are
computed in order to have the same direction
and speed of the target at the time of capture. On
the other hand, in the second method the end-
effector trajectory is computed by making the
position and velocity error converge to zero
inside the inverse kinematics control loop. The



proposed methods have been demonstrated and
compared by means of dynamic simulations of a
3-DOF planar manipulator. Both of them have
shown a good performance and in particular in
both cases the manipulator is able to reach the
target with the desired end-effector velocity and
with a null reaction torque transferred to the
base spacecraft.

LEAST-SQUARES-BASED REACTION
CONTROL SOLUTION

In this Section, some concepts are recalled on
the LS-based reaction control solution presented
in [15] and [19] which are useful for the
purposes of this work.

Consider a redundant n-DOF space
manipulator which has to track k components
of the end-effector pose. The degree of
redundancy of the manipulator is r=n-k>1
and, if r is equal to the number of reaction
torque components to be minimized, it is
possible to study the existence of a zero torque
IK solution. In order to minimize the base
reaction torque, the redundancy should be
solved at the acceleration level and, therefore,
the Forward Kinematics equation can be
expressed as:

JG+Jg—%X=0 1)

in which X represents the desired end-effector
acceleration, g, are the joint velocities and

accelerations, and J,J are the manipulator
Generalized Jacobian Matrix [61] and its time
derivative. For redundant manipulators Eq. (1) is
undetermined since k <n.

If a desired end-effector acceleration vector X
is given, and current g and ¢ are known, Eq.
(1) can be solved by means of the pseudoinverse
of the Generalized Jacobian Matrix:

G=3"(x-Ja)+(1-372)é (2)

The first term in the right-hand side of Eq. (2)
stands for the classical pseudoinverse solution,
which is the particular solution that minimizes

|6]l, whereas the second term represents the
general solution of the homogeneous system

JG=0. Different § can be generated for the

same X by varying the vector ¢ arbitrarily and
projecting it onto the null-space of J by means
of the projecting operator (1 —J'J), where | is
the identity matrix.

The pseudoinverse solution, which is also
called LS solution, can be used as a reference in
order to measure the performance of the solution
which minimizes the reaction torque, as
proposed in [24].

On the other hand, the reaction torque about
the spacecraft center of mass can be expressed
as [10]:

T=MG+n (3)

in which the mass matrix M depends on the
joint variables of the manipulator ¢, and the

centrifugal and Coriolis term n depends on q
and q.

A suitable measure for the base reaction torque
is represented by the quadratic cost function:

f(§)=T"T=|T|f (4)

which depends on ¢ only, since the current q
and g are considered as state variables.

In this context, the following local constrained
optimization problem can be defined:

Min f(§) =TT
subject to Jg+Jg— X =0 (5)

in which ¢ represents the local optimization

variable.
The base reaction torque T depends linearly
on ¢, Eqg. (3), since the current g and ¢ are

considered as state variables. Equation (5) can
be therefore interpreted as the formulation of a
linear Least Squares problem with Equality
constraints (LSE) [23,62] in the ¢ unknown.

A closed-form solution can be found for the
LSE problem by combining Egs. (2) and (3)
[23,62]:

4=3"(x—Ja)+

M =I "D [MIT(X-Jg) +n] ©)



The solution presented in this section, and its
extension which takes into account the joint
acceleration limits, result to be suitable for real-
time implementation by means of recursive
algorithms [33], by means of solution techniques
used for the more general constrained Quadratic
Programming problem [34-38], or by means of
neural  networks algorithms  [29,39-41].
Moreover, if a LS routine is available on the
onboard computer, this can be used to solve the
LSE problem by implementing the weighting
method due to Van Loan [62-64].

A useful generalization of the constrained
optimization problem of Eg. (5) can be made by
introducing inequality constraints on joint
accelerations:

Min f(§)=T'T
J.. J . _ . :0
subject to {Tq +“ d :X (7)
g =g=gq,

in which ¢,¢, represent the lower and upper

acceleration limits, respectively. The inequalities
are interpreted componentwise, and the joint
acceleration limits may in general be different
for each robot joint. This formulation leads to
the minimization of the base reaction torque and
in the meantime to the limitation of joint
accelerations under physically acceptable
values. In particular, this formulation has the
advantage that the avoidance of algorithmic
instabilities [31,32] may be automatically
fulfilled.

Similarly to the LSE case, the constrained
optimization problem of Eg. (7) can be
interpreted as the formulation of a linear Least
Squares problem with Equality and Inequality
constraints (LSEI) [23,62] in the § unknown.

The presence of inequality constraints makes it
not possible to obtain a closed-form solution in
this case. Nevertheless, the algorithms for the
real-time solution of the LSE problem have been
developed (or modified) in order to be also
suitable for the solution of the LSEI problem
[29,33-41].

The theory presented in this section has been
written considering the base reaction torques
minimization.  Nevertheless, it can be
straightforwardly extended to the minimization

of the base reaction forces and of weighted
combinations of base reaction torques and
forces, such as presented in [15].

CAPTURE METHODS AND
SIMULATED RESULTS

Parametric-trajectory reactionless capture method

In the first capture method, which we will
refer to as “Parametric-trajectory reactionless
capture method”, the LSE method is used, with a
parametric half circle trajectory for the robot
end-effector.

The parametric information (radius, center,
curvilinear abscissa) are computed from the
target information (initial position, direction,
velocity), in such a way that:

- the target is captured in the point of its
trajectory with minimum distance with respect
to the end-effector initial position;

- the end-effector trajectory is tangent to the
target trajectory at the time of capture;

- the end-effector velocity is the same as the
target velocity at the time of capture;

- the curvilinear abscissa is derived (by
integration) from a curvilinear acceleration
profile which is a combination of cosine
functions (in order to have a sufficiently smooth
curvilinear abscissa, i.e. to be continuous with
continuous derivative up to its 2™ order
derivative, see for example Figs. 2-4).

Two target trajectories will be tested in order
to show the performance and reliability of the
capture method, which works for whatever
target trajectory, with the obvious exception of
the cases in which some kinematic or dynamic
singularities of the manipulator are encountered
(which anyway can be avoided by using
standard singularity avoidance methods):

- Target trajectory 1): target approaching with a
45° angle with respect to the Ox axis of the
manipulator (see Fig. 1).



- Target trajectory 2): target approaching with a
0° angle with respect to the Ox axis of the
manipulator.

The target velocity is set to 0.1 m/s in both
cases.

Target trajectory 1)

In Fig. 1 (top) a stroboscopic view of the
robotic capture is presented, together with the
plot of the reaction torque (bottom), which is
always null with some negligible numerical
noise.

In Figs. 2-4 the plot of the curvilinear abscissa
and its first and second derivatives are
presented.
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Figure 1. Stroboscopic view of robot motion (top),
and reaction torque (bottom) — Parametric trajectory,
trajectory 1).
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Figure 2. Curvilinear abscissa — Parametric
trajectory, trajectory 1).
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Figure 3. First derivative of curvilinear abscissa —
Parametric trajectory, trajectory 1).

In Figs. 5-7 the plot of joint angles, velocities,
and accelerations are presented.

In Fig. 8 the plot of the error between the end-
effector and the target is presented.
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Figure 4. Second derivative of curvilinear abscissa —
Parametric trajectory, trajectory 1).
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Figure 5. Joint angles - Parametric trajectory,
trajectory 1).
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Figure 6. Joint velocities - Parametric trajectory,
trajectory 1).
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Figure 7. Joint accelerations - Parametric trajectory,
trajectory 1).



error [m]
o ° o
b= o 2 o o o
& > ) o & w
!
J

)

500 1000 1500 2000 2500 3000
time [ms]

o

Figure 8. Capture error - Parametric trajectory,
trajectory 1).

Target trajectory 2)

In Fig. 9 (top) a stroboscopic view of the
robotic capture is presented, together with the
plot of the reaction torque (bottom), which is
always null with some negligible numerical
noise.

In Figs. 10-12 the plot of the curvilinear
abscissa and its first and second derivatives are
presented.
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Figure 9. Stroboscopic view of robot motion (top),
and reaction torque (bottom) — Parametric trajectory,
trajectory 2).
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Figure 10. Curvilinear abscissa — Parametric
trajectory, trajectory 2).

In Figs. 13-15 the plot of joint angles,
velocities, and accelerations are presented.

In Fig. 16 the plot of the error between the
end-effector and the target is presented.
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Figure 11. First derivative of curvilinear abscissa —
Parametric trajectory, trajectory 2).
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Figure 12. Second derivative of curvilinear abscissa —
Parametric trajectory, trajectory 2).
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Figure 13. Joint angles - Parametric trajectory,
trajectory 2).
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Figure 14. Joint velocities - Parametric trajectory,
trajectory 2).
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Figure 15. Joint accelerations - Parametric trajectory,
trajectory 2).
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Figure 16. Capture error - Parametric trajectory,
trajectory 2).

Free-shape-trajectory reactionless capture method

In the second capture method, which we will
refer to as “Free-shape-trajectory reactionless
capture method”, the LSE method is used, and
the end-effector trajectory is computed by
double integration of the X, where the position
error (e) and velocity error (de/dt) are reduced to
zero by means of two gains k, and kg, such that:

K= X - ky*e- kg*de/dt ®)

where X4 is the desired end-effector
acceleration, and X is the current end-effector
acceleration.

In this case, both the end-effector trajectory
and the curvilinear abscissa are not fixed in
advance (such as it was in the Parametric-
trajectory reactionless capture method) but they
are computed by the kinematic inversion
algorithm.

Similarly to the previous capture method, the
same two target trajectories of the previous case
will be used (with also the same target initial
position and velocity) in order to demonstrate

the capture method and compare the results.
Also the robot model and initial configuration
are the same as used in the previous capture
method.

As it can be easily verified in the Figs. 17-32
below, using the gains k, = 7.7 and kg = 5
(which  work correctly in all the robot
workspace), the target is always reached (e > 0
and de/dt - 0), and in particular the speed and
direction of the end-effector are equal to the
ones of the target at the time of capture,
avoiding undesired impact forces.

Target trajectory 1)

In Fig. 17 (top) a stroboscopic view of the
robotic capture is presented, together with the
plot of the reaction torque (bottom), which is
always null with some negligible numerical
noise.

In Figs. 18-20 the plot of the curvilinear
abscissa and its first and second derivatives are
presented.
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Figure 17. Stroboscopic view of robot motion (top),
and reaction torque (bottom) — Free shape trajectory,
trajectory 1).
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Figure 18. Curvilinear abscissa — Free shape
trajectory, trajectory 1).



In Figs. 21-23 the plot of joint angles,
velocities, and accelerations are presented.
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Figure 19. First derivative of curvilinear abscissa —
Free shape trajectory, trajectory 1).
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Figure 20. Second derivative of curvilinear abscissa —
Free shape trajectory, trajectory 1).
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Figure 21. Joint angles - Free shape trajectory,
trajectory 1).
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Figure 22. Joint velocities - Free shape trajectory,
trajectory 1).
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Figure 23. Joint accelerations - Free shape trajectory,
trajectory 1).
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Figure 24. Capture error - Free shape trajectory,
trajectory 1).

In Fig. 24 the plot of the error between the
end-effector and the target is presented.

Target trajectory 2)

In Fig. 25 (top) a stroboscopic view of the
robotic capture is presented, together with the
plot of the reaction torque (bottom), which is
always null with some negligible numerical
noise.
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Figure 25. Stroboscopic view of robot motion (top),
and reaction torque (bottom) — Free shape trajectory,
trajectory 2).



In Figs. 26-28 the plot of the curvilinear
abscissa and its first and second derivatives are
presented.

In Figs. 29-31 the plot of joint angles,
velocities, and accelerations are presented.
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Figure 26. Curvilinear abscissa — Free shape
trajectory, trajectory 2).
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Figure 27. First derivative of curvilinear abscissa —
Free shape trajectory, trajectory 2).
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Figure 28. Second derivative of curvilinear abscissa —
Free shape trajectory, trajectory 2).
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Figure 29. Joint angles - Free shape trajectory,
trajectory 2).
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Figure 30. Joint velocities - Free shape trajectory,
trajectory 2).
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Figure 31. Joint accelerations - Free shape trajectory,
trajectory 2).
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Figure 32. Capture error - Free shape trajectory,
trajectory 2).

In Fig. 32 the plot of the error between the
end-effector and the target is presented.

Comparison of the two capture methods

In the dynamic simulations both the presented
methods have shown a good performance. In
particular, the end-effector reaches the target
with a zero relative velocity and with a tangent
trajectory to the one of the target (which assures
that no impact force is exchanged during the
capture) and, moreover, the reaction torque
transferred to the spacecraft base is always null
in both cases.



As it can be verified in Figs. 5-7, 13-15, 21-23,
29-31, the joint angle, velocity, and acceleration
profiles are feasible for both methods.

From the comparison of Figs. 8 and 24, and 16
and 32 it can be noticed that the position error
converges to zero much more quickly with the
Free-shape-trajectory reactionless capture, and
therefore the capture position is also anticipated,
such as it can be easily verified in the
stroboscopic views of robot motion (compare
Figs. 1 and 17, and 9 and 25). This is an
important advantage, since more time is
available to track the target and correct eventual
position errors.

On the other hand, the Free-shape-trajectory
reactionless capture:

a) has not null joint velocities and accelerations
at the starting point (see Figs. 22,23 and 30,31),
which can be easily solved with a blend with a
smoother solution at the beginning of the
trajectory;

b) needs a longer curvilinear abscissa to reach
the target (compare Figs. 2 and 18, and 10 and
26), which is related to slightly higher joint
velocities and accelerations with respect to the
Parametric-trajectory ~ reactionless  capture
method (compare Figs. (6,22), (7,23), (14,30),
and (15,31));

c) exhibits some overshoots in the derivatives of
the curvilinear abscissa (see Figs. 19,20 and
27,28), which are due to the nonlinearity of the
robot dynamic model, and a method to reduce
them could be part of future work.

It can be also noticed that c) most probably is
the cause of b).

Concluding, the Free-shape-trajectory
reactionless capture demonstrates to capture the
target quickly and with anticipated capture
positions. Nevertheless, considered its
drawbacks (even if of limited importance and
easily solvable, such as the overshoots and
slightlty ~ higher  joint  velocities  and
accelerations), one can choose the most suitable
capture method depending on the operations
requirements.

CONCLUSIONS

In this paper, two novel methods are proposed
and compared for capturing a non-cooperative
target with a redundant robot and in the
meantime transferring a null reaction torque to
the base spacecraft. This is a great advantage
with respect to the state of the art capture
methods, in which the problem of capture and of
reactions minimization are handled separately
and their integration is not straightforward. In
the first method, the robot end-effector follows a
parametric trajectory, which parameters are
computed in order to have the same direction
and speed of the target at the time of capture. On
the other hand, in the second method the end-
effector trajectory is computed by making the
position and velocity error converge to zero
inside the inverse kinematics control loop. In the
dynamic simulations both the presented methods
have shown a good performance: the end-
effector reaches the target with a zero relative
velocity and with a tangent trajectory to the one
of the target (which assures that no impact force
is exchanged during the capture) and, moreover,
the reaction torque transferred to the spacecraft
base is always null in both cases. Finally, the
Free-shape-trajectory  reactionless  capture
demonstrates to capture the target quickly and
with anticipated capture positions. Nevertheless,
it has some limited and easily solvable
drawbacks, such as some overshoots and slightly
higher joint velocities and accelerations, and
therefore one can choose the most suitable
capture method depending on the operations
requirements. The development, test, and
validation of a 3D robot prototype using the
proposed capture methods will be part of future
work.
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