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1 Introduction
Space-stations and artificial-satellites floating in space are light and slender from an ability of the performance
of a rocket and cost of its shooting. Generally, space structures have a limitation of the solidity and safety in
comparison with arificial structures on the ground. Sun panel as seen on the space-station and artificial-satellite
needs large area for getting sun rays, effectively. The characteristics of the structures in space are having light-
weight, some flexibility for the solidity, and its shape is extremely slender, long and thin. Maintenance of struc-
tures having such a characteristics by human being outside the station is very risky job. That is why many re-
searchers have tried to realize such tasks accomplished by space-robots. Realization of handling of the space-
structure by the space-robot equipped on the space-station replacing human being is possible (e.g., a vibration
suppression of the sun-panel and a carrying of structures and so on).
Figure 1 shows the situation of the maintenance of the space-structure
by a tele-operated type robot in space. The robot is of free-flying type one
having the motor for handling the object and TV cameras for observing

the motion of the sun-panel, Furthermore, the robot can move by itself

(e.g., by jet engine and so on). The robot arm consists of links and two

end-effectors at its ends. One end-effector is meant for fixing the robot  Figure 1: Maintenance of the sun-
panel by a free-flying-

on the base such as a satellite bus and the other is for handling the object. .
robot in space.

Next, we explain about the historical background of handling strategy
for the object. Some researchers have started the study of control of the flexible object. The study of handling of
the flexible object using a single-arm robot has been done, The purpose of that research is to devise ‘the position
control strategy for insertion of one end of the flexible bar into a hole in concrete while holding the other end. On
the othe hand, also the study of coordinated control of the rigid object using the rigid dual-am robot has been al-
ready done. Some researchers have given theoretical derivation of workspace coordinates for the dual-arm robot

handling the rigid object. Recently, the study of coordinated control of the flexble object using the rigid dual-arm
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robot has started. Some researchers have applied the geometrical analysis to perform the position control and vi-
bration suppression of the flexible object. In these researches, the flexible object consists of lumped masses and
springs. While in this thesis, we consider the object to be a dynamic flexible beam.

The situation of this thesis has the two types of handling: one is a problem for handling an end of the flexible ob-
ject by a robot while another end is fixed in the wall, and the other is a problem of a cooperative handling of the

flexible object by robots.

2 Modeling of Robot and Object

In this chapter, discrimination of the equation of motion of the robot and the modeling of a flexible object have
been mentioned.

For the robot we deal with the equation of motion using Lagrange’s formulation. For the modeling of the object
we choose the object to be a flexible beam, and formulate the two kinds of
modeling: one is a very simple model in 1-D space given by the Galerkin's
method, and the other is a model in 2-D space given by using the Simo’s

method. The model in 2-D space covers a number of flexible objects, from

daily life: e.g., bean curds, cakes, as well as spiral wires as shown in Figure
Figure 2: Situation of handling

2. For the active handling technique of the flexible object, it is important to )
a wire by two robots.

constitute the dynamic model of the flexible object.

3 Identification of Flexible Object

In this chapter, a method of simultaneous observation, following and identification of a flexible object by a

robot before the robot handles the object has been proposed. )
First, we distinguish the task of the robot as observation, follow- Wé; H%’\/ %
7 7
ing, handling, and manipulation of the object (Figure3). Second, we 2

Y
constitute the control system to make achieve two performances: M M
7

observation and identification of the object using only one identifica- K

tion method. Figure 3: Observation, following,
handling, manipulation.

4 Interactive Handling System
In this chapter, an expression of the constrained force,/torque in the

handling position and a handling method satisfying under-contact and

non-contact conditions of the robots with the flexible object have been

proposed.

Overview of the proposed model is shown in Figure 4. As the first )
Figure 4: Summary of the combined

situation in this thesis, we regard the robot as rigid manipulator and system

the object as its one side being free and the other side fixed in the wall
The robot and object together have made up a unit system, so that whole system builds up a closed loop. Gener-
ally, the analysis of thus constrained dynamical system has been done with the unknown multiplier method. How-
ever, we apply a new method to calculate the interaction force in the handling points based on the numerical man-
agement which does not demand any consideration of the constraint condition,

For developing this method, we also propose a handling method satisfying under-contact and non-contact condi-
tions of the robot with the flexible object.
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5  Cooperative Handling System

In this chapter, we deal with the hédling of a free-flying flexible object
by robots. As the second situation in this thesis, a method of the consti-
tution of the full assembly system including robots and a flexible object

while satisfying the positional boundary conditions at the handling points

using the constraint forces, has been proposed. We consider the robots

and the object together as the entire system, and make a mathematical . . .
Figure b: Situation of handling a

flexible structure by two
structure by two space-robots is shown in Figure 5. If the parameters of space robots.

model for the combined system. The situation of handling a flexible

the object are larger than that of the robots, it is important to consider
the cooperactive control for the combined system and make it possible that the micro robots can manipulate the
macro object. In particular, in space, it seems that demands for manipulating a large-scale structure by a space
robot will be increasing. Therefore, it isimportant to constitute the cooperative control problem of several robots
handling a flexible object, and to analyze the proposed control system.

We also try to examine the stability of the robots when no control input at the reference equilibrium point, is

applied to the combined model of the robots and the flexible object.

6 Duality of Handling System

In this chapter, we have considered the relationship between the handling model in Chapter 4 and the model in
Chapter 5.

We have understood that the handling model based on the numerical management in Chapter 4 corresponds to the

model using the unknown multiplier method in Chapter 5.

7 Controllability of Flexible Object
In this chapter, we have examined the controllability of the flexible object.
We have concluded that each robot needs more than three links, and the controllability condition does not depend

on the existence of the end-effector.

8 Cooperative Handling Design
In this chapter, the control design of the handling model in Chapter 5 has been presented.

We have also proposed a discrimination criterion about the stability and the robustness of the control system.

9 Path Pianning
In this chapter, a path planning for minimizing the internal forces at the handling points not to vibrate the flexi-

ble object, has been observed.

10 Conclusions

In this thesis, handling methods of a flexible object by robots have been explored. We have tried to examine vari-
ous problems in handling the flexible object by robots.

To realize practical usage of the handling of various large scale structures by space-robots, a lot of researches
are to be done,

In future work, we would like to find a limitation of the handling tasks for the flexible object by robots.
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