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This paper deals with the force control of a
space manipulator for a sample-return mis-
sion. There are two difficulties in a force con-
trol of this class of space manipulator: One is
that a space robot has no fixed point in the
space and moves when its manipulator ex-
erts a force on the environment. The other is
that physical properties of the environment
on which the manipulator exerts a force are
not well known. In order to overcome these
difficulties, a hierarchical controller is pro-
posed in this paper. The controller manages
attitude control of the main body and force
control of the manipulator. The end effector
is attached to the manipulator by a passive
compliance mechanism. The performance of
the proposed controller is verified by numer-
ical simulations and hardware experiments.

Keywords: Space manipulator, force control

1 Introduction

There are two basic subjects for control of a ma-
nipulator; trajectory control and force control. For
a space manipulator force control can be used at
the construction of a space structure. Recently,
sample-return missions are receiving attention from
space scientists. In such missions, a space robot is
sent to an asteroid to sample material and bring it
back to the earth. Force control is one of the key
technologies of this mission.

So far, a considerable amount of research has

been done on force /position controlI™~4l. However,

most of them have dealt with manipulators that
are fixed to the ground. Researche that has been
done on the force control of space manipulators is
not not extensive. This paper deals with the force
control of a space manipulator for a sample-return
mission. There are two difficulties in a force control
of this class of space manipulators. One is that the
main body of a spacecraft moves when the manip-
ulator exerts a force on the environment. There-
fore, motion control of the main body must be also
performed when force control is applied to a space
manipulator. The other difficulty is that physical
properties of the environment on which the manip-
ulator acts a force are not well known. For this rea-
son, force control of a space manipulator must be
robust against variations of the physical properties
of the environment. In order to overcome the first
difficulty, we propose a hierarchical control system
which is composed of an attitude controller and a
force controller. The attitude controller regulates
the attitude of the main body and force controller
controls the force acting on the end effector. In
general, the motion of the main body of a space-
craft is very slow compared to that of the manipu-
lator. In addition, the motion of the manipulator is
also very slow compared to that of the force sensor.
Therefore, a control system which has hierarchical
architecture that takes each of these time scales into
consideration is effective. To overcome the second
difficulty, the end effector is attached to the ma-
nipulator by a passive compliance mechanism. The
passive compliance mechanism can absorb an im-
pulsive force acting on the end effector and align
the end effector along an inclined surface.

The performance of the proposed control system
is verified by hardware experiments as well as soft-



ware simulations.

2 Mathematical model

A space robot composed of a main body and a
manipulator with an end effector is considered(Fig.
1). The manipulator is composed of two links, the
upper link is connected to the main body through
a rotary joint and the lower link is connected to the
upper one through a linear joint. The end effector
is attached to the lower link by a passive compli-
ance mechanism. An inertial space, the main body,
upper and lower links and the end effector are la-
beled as bodies -1,0,1, 2 and 3. For body 7, a unit
vector system [a;] is defined.

The following vectors are also defined.

wi;j = [a;]Twi;j : Angular velocity vector of [a;]

with respect to [a;].

r; = [a;]Tr; : Position vector from the ori-
gin of [a;_1] to the origin of
[ai].

R; = [a;]T R; : Position vector from the ori-

gin of [a;] to center of mass

of link z.

A;;: Rotational matrix from [a;]

to [al]

]T

The cross product of a vector & = [a]” = is ex-

pressed as Z in [a].

Main Body
(Body 0)

End Effector
(Body 3)

Body -1 [a_i]

Fig. 1 Schematic model of a space robot

The state variables are defined as
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Generalized momenta L concerning to state vari-
able z are given as follows;
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where Jy and J; are the inertia matrix of the
main body about the center of mass and that of
each link about the center of mass, respectively.
My and M; are the mass matrices of the main body
and each link, respectively.

Equations of motion of generalized momenta p;,/;
are derived by Euler-Lagrange formulation as fol-

lows;
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where 7;, (i = 0,1), fo and 73 are input torque,
force and passive compliance torque, respectively.
A and Ay are reaction force and torque of the kine-
matical constraints of the end-effector.
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The above relations are included in the equations

of motion with Lagrange multipliers A.

3 Design of a control system

Sample-Return sequence of the space robot is
planned to be composed of three stages; The first
stage is 'Landing Stage’ in which the space robot
executes landing maneuver onto the asteroid at very
low velocity. The second stage is ’Sampling Stage’
in which the end effector touches on the surface of
the asteroid and collects material from the surface
of the asteroid. In this stage, the end effector needs
to be controlled so as to push the surface without

any shock force nor slips. The third stage is "Take
Off Stage.’

In this paper, control system used during the
Sampling Stage is considered. The motion of the
main body of a space robot, is very slow compared
to that of the manipulator. In addition, the mo-
tion of the manipulator is also very slow compared
to that of the force sensor. In this case, a control
system which has a hierarchical architecture that
takes each time scale into consideration is effective.
Therefore, we propose a hierarchical control sys-
tem which is composed of an attitude controller
and a force controller. The attitude controller reg-
ulates the attitude of the main body, and the force
controller controls the pushing force acting on the
surface of the asteroid to desired value.

The end effector is attached to the manipulator
by a passive compliance mechanism which can ab-
sorb an impulsive force acting on the end effector
and align the end effector along an inclined surface.

Figure 2 shows the architecture of the proposed
controller.
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Fig. 2 Architecture of the Controller

Design of the Force controller of the linear
joint

First, we design a command value of the force



acting on the end effector as follows;
fo ==Ky (F, = F) ~ K, [(F.~Fdat (9

where, K,,,K;s; are feedback gain matrices. Vari-
ables F and Fsd are the measured value and desired

value of the force acting on the surface, respectively.

Design of the Force Controller of the rota-
tional joint

The commanded torque 75 at the joint of the
manipulator is calculated as follows;

76 = I Ky, (B~ F) = K, [(F, = Fd)dt} (9)

where, J is the Jacobian matrix of the manipulator.

Feedback gains of the Force Controller

Using Egs.(3) and (5), and eliminating the reac-
tion force from the ground A, we can get the fol-
lowing equation.

Ko+ hy =7 — I po (10)

where, K44 is a part of the inertia matrix and hq is
a non-linear term.

Under the assumption that 71 is considered to
coincide with the commanded torque 75, and the
motion of the main body is considered to be very
slow and constant, we can linearize Eq.(10) and get

the following equation.

K, (Fs — F!) + K, /(FS —~FHat=0 (11

Feedback gains are determined based on Eq.(11)
under the condition that the manipulator can gen-
erate a pushing force at the desired value keeping
its stability.

Design of the Attitude Controller

The attitude controller is designed under the as-
sumption that the pushing force of the end effector
is controlled rapidly, and coincides with the desired
value well.

First, the required control torques 7 for control-
ling the attitude of the main body are calculated
as follows;

5 = Kpo(0f — 0y) + Kpo(8) — 0,)  (12)
where, 6, and 0, are attitude angle and angular
velocity of the main body, respectively. Similarly,
9{,1 and é,‘f are the desired values of attitude angle
and angular velocity of the main body. Kpy and
Ky are position and velocity feedback gains.

Feedback Gains of the Attitude Controller

Using Eq.(4), and considering that the reaction
force A is controlled to coincide with the constant
value F¢

¢ we can get the following equation.

Kssio_1 + ha = to + (7§ Ag_1 + AlgJ)FE (13)

where, K33 is a part of the inertia matrix and ho is
a non-linear term.

Linearizing Eq.(13) and considering that input
torque %o is controlled to be 7, we obtain the fol-
lowing equation.

Kasio_1 = Kpa(0f — 6,) + Kpo(6§ — 6,)  (14)

Based on Eq.(14), feedback gains are determined
under the condition that the main body keeps a
stable attitude.

4 Numerical simulation

Performance of the proposed controller is verified
by numerical simulations where the space robot ap-
proaches the inclined surface (10 [deg]) of the as-
teroid at a velocity of 1.0 [cm/s| and exerts a push-
ing force perpendicular to the surface for a certain
time period. Table 1. shows the physical param-
eters. Figure 3 shows the pushing force exerted on
the surface and Fig. 4 shows the position of the
main body and the end effector. These figures indi-
cate that the proposed control system established
a constant desired pushing force without any shock
forces nor slips of the end effector and from the
target point.



Table. 1. Parameters
| Space Robot ’

Main Body
Mass 3.28 x 102 [kg]
Inertia 138, 65.0, 134 [kg m?]
Link 1
Mass 1.70 [kg]
Inertia 0.00362, 0.00441, 0.00362 [kng]
Link 2
Mass 2.86 kg]
Inertia 0.0337,0.0337,0.00418 kgm?]
Asteroid
Inclination 10 | [deg]
8.0e+00 : ‘ ‘
Resist force (x) ——
Resist force (y) ——
6.0e+00 - Resist force (z) -~ |
4.0e+00 - NPT BSOSO i
z
< 2.0e+00
0.0e+00
-2.0e+00
o 2 4 6 8 10 12 14

Time [sec]

Fig. 3. Reaction Force Vertical to the Surface
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Fig. 4. Position of the Main Body and the End
Effector

5 Hardware simulation

The performance of the proposed controller is
The hard-
ware simulations are done using a ’simulator-table’
with 9 degrees of freedom(DOF) that can simulate
the motion of the main body of the robot in free
space. The space manipulator is mounted on the

also verified by hardware simulation.

‘'simulator-table’ and controlled by the force con-
troller using angle-sensor and force-sensor signals
On the other hand, the
simulator-table was programmed to simulate the

from the manipulator.

mathematical model of the robot with inputs from
the force-sensor signal. Figure 5 shows the archi-
tecture of the hardware equipment.

Controller Simulator W
Angle
= Controller Manipulator e
Position/
Angle

Force End Effector

Fig. 5. The Architecture of Hardware Equipment

Figures 6 and 7 show the results of the hardware
experiments where the space robot approaches the
inclined surface(10 [deg]) of the asteroid at a ve-
locity of 1.0 [cm/s] and exerts the pushing force
perpendicular to the surface for a certain time pe-
riod. The time history of the position of the main
body and the end effector are shown respectively.
It can be seen that the end effector can push the
inclined surface of the asteroid without slips.
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Fig. 7. Position of the end effector

6 Conclusions

In this paper, force control of a space robot is
treated. The control system proposed here is com-
posed of an attitude controller for the main body of
a space robot and a force controller for the end ef-
fector which has passive compliance. Performance
of the control system is verified through numerical
simulations and hardware simulations. The pro-
posed controller established a stable pushing force
at the end effector that was at the desired value.
The end effector was not exposed to shock forces

nor slips from the target point.
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