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Free-flying manipulator systems are envisioned to perform servicing, inspection
and assembling operations in orbit. The control of such systems is a challenging
task, since the equations that govern their motion are highly nonlinear.
Furthermore, unlike fixed-base manipulators a free-floating robot exhibits
nonholonomic behavior as a result of the nonintegrability of the angular
momentum conservation law.

Much effort has already been dedicated to free-flying and free-floating systems
from the viewpoint of inertia coupling effects between the manipulator and
base motion. In many cases such coupling effects are beneficial (base vibration
suppression control using the manipulator system), in others they impose great
difficulties for the control algorithms (applications related to reactionless motion
planning). Extensive analysis of this phenomenon is necessary since it can
"extend the capabilities of space manipulators. In this thesis, different problems
typically appearing as a result of the above mentioned dynamic coupling effects

are discussed.

The work is divided into six parts. Chapter 1 is introductory and outlines some
of the typically appearing difficulties during the utilization of free-flying and
free-floating systems. Its is organized as a short literature survey that makes an
overview of some of the dynamic modeling, planning and control strategies
introduced up to now.

Chapter Z'deve}ops the dynamic equations governing the motion of a general
manipulator system with open or closed-loop structure that is mounted on a
free-floating base. The formulation presented is used as a framework for the
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remaining chapters of this thesis.

Chapter 3 makes an outline of some of the fundamental concepts and
strategies used for the control of free-floating systems. It is intended to be a
review of some of the existing methods, closely related to the problems studied
in this thesis.

The main topic addressed in this study is the capture of a tumbling satellite
using a robotic manipulator. In resent years, such operation has been
recognized to be a priority task, since its solution is expected to be applied to a
variety of space missions, involving servicing, inspection, and repairing
operations. The approaching motion of a manipulator arm to a target satellite
and the resulting post-impact motion of the system are discussed in Chapters 4
and 5, respectively. The aims of the analysis made can be outlined as follows;

(1) to provide further insight into the problems occurring while capturing a
tumbling satellite;

(2) to propose a new method for planning a reactionless end-effector paths to a
desired point in Cartesian space;

(3) to propose a strategy using bias angular momentum that can facilitate the
| trajectory planning and post-impact control;

(4) to propose two control laws for the post-impact phase that can manage the
momentum in the system in a desired way.

Chapter 4 deals with the approaching phase of a satellite capturing operation.

The first three sections introduce the problems that need to be solved, the .
assumptions upon which the study is made, and a generalization of the

coupling angular momentum concept. This generalization is stated as a theorem,
referred to as the coupling wrench theorem. It establishes a clear condition

which if satisfied, the stationary state of the spacecraft base will be maintained

in the presence of external forces/torques. This condition proves to be useful

for. the formulation of “favorable angular momentum distributions”, which if

obtained during the manipulator approaching motion, lead to certain

advantages from the viewpoint of base attitude control during the post-impact

phase.

Section 4.4 deals with the problem of designing a reactionless path for a n DOF

manipulator to a point in Cartesian space. Although the discussion is made from
the viewpoint of stationary satellite capturing operation, the solution to such
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problem can have many practical applications. The concept of Holonomic
Distribution Control (HDC) is introduced. It is pointed out that if the manipulator
is controlled using HDC, simplifications to the path planning problem can be
achieved. The newly introduced control is partially based on a strategy
previously employed for solving the inverse kinematics problem for a redundant
manipulator arm by partitioning the Jacobian matrix into full rank minors. In
short, the main idea is to partition the manipulator joint variables into different
sets. Each of these sets, referred to as primitives, has a degree

of redundancy “one” with respect to the base attitude motion (one dimensional
distribution in joint space is used). It is pointed out that by choosing different
primitives to be used during different stages of the manipulator motion the
planning process can be simplified significantly. The planning problem that
needs to be solved when holonomic distribution control is employed is a typical
nonlinear mixed-variables optimization problem. In order to find solution, a
mesh adaptive direct search algorithm is used.

Up to now, utilization of manipulator pre-impact configuration for minimizing
the base reactions, as a result of a force impulse applied at the end-effector,
have been discussed by a number of researchers. In the case when a force
impulse (with known direction) is applied for an infinitesimally small time period,
the above approach can vyield satisfactory results. However, in the case of a
continuous contact with a tumbling target satellite, where the magnitude and
direction of the forces has to be assumed unknown, obtaining a pre-impact
manipulator configuration is not advantageous. Section 4.5 deals with a
tumbling target satellite capturing operation, where the idea of the bias
momentum approach (BMA) is introduced. It is based on obtaining a favorable
angular momentum distribution in the chaser satellite before the contact with
the target object. Advantages resuiting from the application of this new
approach are discussed. In addition, notes on its practical implementation are
made. The problem of trajectory planning for the end-effector to a grasping
point, positioned on the target satellite (when BMA is applied) is addressed. It
should be noted that, for a general 3D manipulator system, trajectory planning
for such case, is still a challenge for the research community. We utilize a two
step method based on the utilization of numerical optimization techniques,
which led us to satisfactory results in most of the cases studied. A discussion on
the influence of the state variables utilized for the optimization procedure, on
the algorithm convergence rate is made in Section 4.5.3. A numerical simulation
using a seven DOF manipulator is performed in order to verify the presented
control strategy.
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The main contributions of Chapter 4 are: (i) introduction of the Holonomic
Distribution Control, which can be utilized for reactionless path planning to a
stationary target satellite; (ii) the introduction of the Bias Momentum Approach,
methods for its application and discussion on its influence on the post-impact
motion of the system.

Chapter 5 is dedicated to the post-impact phase of a capturing operation.
Analysis of manipulator motions that result in maintaining the stationary state
of the spacecraft's base in the presence of external forces is made, for this
purpose we make use of the newly formulated coupling wrench theorem in
Chapter 4. The concept of distributed momentum control (DMC) is introduced
and compared with existing post-impact control strategies. A new form of the
reaction null space control (RNSC) (which is a well known post-impact control)
is presented. In Section 5.3.1 a comparison between a strategy that makes use
of manipulator post-impact control, and one that relies on gas/jet thrusters is
made. It is shown that the utilization of powerful attitude devices does not
necessarily lead to achieving best performance from the viewpoint of fuel
consumption. Furthermore, it is pointed out that the distributed momentum
control does not use information about the mass and inertia characteristics of
the target satellite. Hence, from practical point of view its implementation is
straightforward. The merit and validity of both distributed momentum control
and reaction null space control are verified by numerical simulations. It pointed
out that although joint velocity minimization in the case of DMC, is performed
only locally using the pseudoinverse solution, the resultant joint velocity rates
have smaller magnitude as compared to the case when RNSC is applied.

The final chapter consists of conclusions and remarks for possible future work.
The utilization of the three new concepts introduced in this thesis;

(1) Holonomic Distribution Control;

(2) Bias Momentum Approach;

(3) Distributed Momentum Control,

can be beneficial for the solution of variety of practical problems. In each
section, notes on the practical implementation of those concepts are made. In

addition, numerical simulations are performed in order to verify and
demonstrate their usefulness.
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