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Abstract

Future robotic manipulator systems will be re-
quired to perform complex tasks in space. In
particular, the robotic manipulators will play
important roles in future space missions such as
retrieving, repairing, and servicing satellites in
earth orbit. The dynamics of space robotic sys-
terns can be written complex and hence their
control can be difficult. In this paper, par-
ticular attention is paid to free-floating space
robots and only attitude-controlled robotic sys-
tems. These manipulators will encounter a num-
ber of kinematic, dynamic problems caused by
the dynamic coupling between the manipulators
and its spacecraft. This dynamic coupling also
makes it difficult to analyze these systems. This
paper reviews an analytical modeling method
for space manipulators, called the Virtual Ma-
nipulator(VM) and presents a mass adaptation
method of the unknown payload using the Vir-
tual Manipulator concept.

1 Introduction

Space robotics is a special technological field. In
future space development, robotization and au-
tomation will be key technology and contribute
much to the success of space projects, reducing
the workload and danger of astronauts and in-
creasing operational efficiency. A major charac-
teristic of these robots which are clearly distin-
guished from ground-based robots is the lack of a
fixed base in space environment. There are a lot
of past work to control space robots. Aong them,
Vafa and Dubowsky proposed ” Virtual Manipu-
lator” concept in order to describe geometry of
free-floating mechanical links. They applied it to
analyze workspaces of space manipulators and to
solve the inverse kinematics through a full com-
prehension both of position and attitude change
of the satellite by the manipulator reaction([10],

(11], (12], [1] [5]). Space Robotic manipulator
systems are generally classified as three cate-
gories: free-flying manipulator system, the atti-
tude controlled spacecraft/manipulator systems,
a free-floating system. Once free-floating sys-
tem is constructed and is available, it is very
useful and attractive because it does not con-
sume control fuel. The control problem for these
kind of space/manipulator can be simplified us-
ing the VM concept ([11]). As mentioned above,
attitude-controlled and free-floating space robot
systems are very difficult in modeling and con-
troling because the spacecraft moves due to the
manipulator motions. If the VM method is ap-
plied to the attitude-controlled and free-floating
space robot systems, they are represented by
an ideal manipulator system, the VM, whose
base is fixed in inertial space at a fixed point
called the Virtual Ground(VG) ([12],[1]). How-
ever, the VM method is not always applied to
the space robot systems. It is needed as prereq-
uisite conditions for the VM to be applied to the
space robot systems that the geometry and mass
properties of space robot systems are exactly
known in advance. The knowledge of mass prop-
erty, is difficult to be satisfied when the space-
craft /manipulator system grasps some payloads
of unknown rass. Vafa, Dubowsky, Papadopou-
los, etc. dealt with the exactly known space
robot itself and assumed that the payload mass
property was exactly known when manipulator
grasped payload and excluded the case of grasp-
ing unknown mass payloads. However, in ac-
tual cases, it is difficult to know the mass of
payloads. Therefore, in this paper, we propose
the mass adaptation method of unknown pay-
loads using the VM method when the space-
craft/manipulator system grasps payloads.

2 Modeling

A space robot attached to a spacecraft in orbit
is considered to be a free-flying free-floating sys-
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Figure 1: The Real Space Manipulator System

tem in the nongravitational environment. The
system is modeled as a set of (n + 1) rigid bod-
ies connected by n joints. Fig.1. show a general
model of space robot system with a single ma-
nipulator arm, ,which is regarded as a free-flying
or free-floating serial (n + 1) link system con-
nected with n degrees of freedom active joints.

Let link 0 denote a satellite main body(base
frame), link 7({ = 1,2,---,n) the ;A link of
the manipulator and joint j a joint connecting
link (i — 1) and link i. The total kinetic energy
of the whole system is defined by summing up
the translational energy and rotational energy of
each body ([9}).

> QLB + mVTVy)
i=0

1
T=5 (1)
In case of free-floating, the linear and angular
momenta are conserved at zero. Substituting
momentum conservation equations into equation
(?7?), we obtain the reduced form

1ra
T'= 3¢ H{g)d, (2)
In above equations, concrete parameter mean-
ings are referred to ref([9}).

It is easy to prove the reduced inertia ma-
trix H(q) to be symmetric and positive definite
(9]). Therefore, the equation of motion for the
reduced form can be derived in the same way as
conventional robotics. If the Lagrangian formu-
lation is applied, the general form of dynamics
equation can be obtained as follows:

A(Q)i+Bla.)g=r (3)

3 The Mass Adaptation of
unknown mass payloads

The attitude-controlled and free-floating space
manipulator systems are very difficult to control
because the base of the system is freely floating.
But the motion control of them can be simplified
by applying the VM method to those systems.
But we need the prerequisite conditions for the
Virtual Manipulator method to be applied to
space robot systems :the geometric parameters
and mass property are exactly known. In gen-
eral, the geometric parameters and mass prop-
erty are well known for the space robot system
itself. However, above prerequisite conditions
are not satisfied when the space robot system
grasps some payloads of unknown mass. This
problem is fatal to the application of the Vir-
tual Manipulator approach to the space robot
systerns. In the control of space robot systems
through the Virtual Manipulator approach. past
researchers considered above unknown payload
grasping cases as exceptional cases. But the
above case is very important for the wide appli-
cation of space robot systems using the Virtual
Manipulator approach. So, we need a new mass
adaptation methods that can be applied to the
space robot systems. First, consider the con-
struction of VM, that is, (N+1) link open chain
rigid bodies formed by a spatial manipulator
composed of N revolute joints and its support-
ing vehicle shown in Fig.2. The first VM link
represents the vehicle’s orientation. This link is
attached to the VG by a spherical joint which
permits the three vehicle rotations with respect
to inertial space.

When space manipulator grasps payload
whose mass is §m,, , the Virtual link lengths and
Virtual Ground(VG) are changed due to the ad-
dition of payload mass. The payload can be con-
sidered as a part of the last link., the length of
only the last link among vectors representing its
mass center at each link, R,.L,, are changed.
The Virtual link lengths for the new space ma-
nipulator system with unknown mass payload
are

Mo
Vi —_ 4
n RO Aftog + ()mp ( )
Mg (mo+my) .
Vi = L — + R -
rl ! M + omy, ! Mo + oy (3)
(6)
. m0+""-’"mn—l . -
‘/p(n) = Lnew(n)-_—‘_"‘"_’— + R'neu:(n()‘)

1\'[“” + Jmp

where we assume that the last link is straight. If
the last link is bended link. it can be divided into
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The Real Space Manipulator Symem

Figure 2: The Real and Virtual Manipulator
System

two straight links. Therefore, it is valid that the
last link is assumed to be straight. The new Vir-
tual Ground(VG) when the payload is grasped
is

(VG x Mot + P x dmy)

VG = Momt + 50y ®)
where
_ My, ln
Rnew(n) - Mo + Jmp 5 s
dm I,
Lewny = (1 + m)g (9)

and P is initia] payload position when payload
is grasped. When manipulator grasps a payload.
the lengths of only the last link vector, R,, L,
among vectors representing the center of mass
in each of link are changed . When space ma-
nipulator grasps a payload, Virtual link lengths
are different from those of Virtual links without
payload such that the position of the real manip-
ulator end-effector is not coincident to the po-
sition of Virtual manipulator end-effector with-
out payload. Now, consider the mass adaptation
method of unknown payload. First, we consider
payload mass adaptation method under a few
assumptions.

Assumptions when the manipulator end-effector
grasps a payload :

1. the position of unknown payloads can be mea-
sured or known.

2. payloads are assumed to be rigid and fixed to
the manipulator end-effector.

Procedure of the mass adaptation of payload
will be explained next. The Virtual Manipu-
lator without payload is constructed. And the

estimated Virtual Manipulator for the estimated
payload mass is constructed when manipulator
grasps payload. Real manipulator end-effector
is moved from initial payload position to gen-
erate position error between real manipulator
end-effector position and estimated Virtual Ma-
nipulator end-effector position when the payload
is grasped. Payload mass adaptation process
is performed using the Virtual Manipulator ap-
proach.

This process requires end-effector position er-
ror which is calculated or measured from exter-
nal sensor system only one times. In this pro-
cess, joint angles are fixed as joint angles when
manipulator is moved at one times after grasping
payload. Therefore, in the process of mass adap-
tation joint angles are time-invariant constant
values and only Virtual link lengths and esti-
mated payload mass are time-varying variables.
Now, consider concrete mathematical process.
When payload is grasped, actual Virtual Manip-
ulator with payload is as above and estimated
Virtual Manipulator with payload is

g

Vito = Roert
est0 1?0 J‘Jto! + 0Mggy
V. = I mo " (m() -+ ml)
estl . .1- A/[tgt -+ 6171”( ! A’ftot -+ (5mm
mop+my+ -+ My
V. = L -
est(n) est(n} A‘Itot - 3Men
*Rest(n) (10)
Virtual Ground(VG) is
(VG x A’[tot + P x 6me5¢)
VGet = - - 11
ot -"’[tot + omest ( )
where
my, {
R, I e
est(n) m5+ MMgsr % ’
Lest(n) = (1 + Thest . (12>

My + 0Mee 2

For fixed joint angles, time derivatives of es-
timated Virtual Ground and Virtual link length
are

: I
VG = = (VGegt = P) o
ot ( e:st. ) -'\Irot + Omest
Vv = Omest I
£5t0 (-"'{tat_’*' o—'m“” estQ
L‘r —_ - omest
estl ('.\"v I—to-t. —*-—Om c-;-) estl
. drin, .
est(n-1) = '———“"_cit'——'\"ut(n—l) (13)

- (Mot + dmg)

and for the last link
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. m
Vestn est V::stn (14)

B -"/[tot + O.mest

As we know from above time-derivatives, all es-
timated Virtual Manipulator link lengths are
shortened with estimated payload mass in-
creased. End-point of estimated Virtual Manip-
ulator with payload is

Test = VGestz + Vocos(qo) + .
+Vacos(go + - - + ¢a)
Yest VGc,ty + Vosin(qo) 4+

+Vasin(qo+ -+ qa) (15)

Theorem 1 Assume that real manipulator is
moved after payload grasped such that real ma-
nipulator end-point is not included to the line
between the VG without payload and the initial
payload position when the payload is grasped.

If adaptation law
Sriest = Kp % [ez(xest - Pz) + ey(yest - Py)]

where Kp is adaptation gain, e; = Tp—Test, €y =
Yp — Yest » Tp and yp are real manipulator end-
effector position with payload and z.u and y.q
are estimated VM end-effector position for the
estimated payload mass, is applied to the esti-
mated VM,

then it is guaranteed that estimated payload mass
converges to ezact payload mass and end-point
error between real manipulator with payload and
estimated Virtual Manipulator with payload con-
verges to zero.

Proof
Let Lyapunov function be
L
v=e'e

&

where P; and P, are the initial position of pay-
load when it is not grasped by the manipula-
tor. First, it is needed that only payload mass
is time-varying variable and that joint angles
are not time-varying variables during the process
of payload mass adaptation. Time-derivative of
Lyapunov function is

de ox
. T T [
v=e — = — ~ om 16
dt omegy (16)
where
dzest 5mest
—(T - P P e
dt ( est I) Ar[go[ -+ Omm

Figure 3: The Virtual Manipulator with Payload

dyest 6meat
= = —(Yest — P))————— (17
dt (y”t y) lwtot + 0Mest ( )
As a result
. T Ien -— P.’t 5mest
U= —e ~ 18
(yest - Py) Mot + 0Mest 18)

proposed adaptation law 41,y is substituted for
dmest of above time-derivative Lapunov equation

. 2. 2 1
U= —Kpx(ez(Test—Pr) +ey(Yest— Fy) )m
(19)

Therefore if (Test, Yest) 7 P, then error e =
{(Tp — Tests Yp — Yest) Will converge to zero. If real
manipulator end-effector z, is not included in
the line between the VG and the position of
real manipulator end-effector at the time that
payload is grasped, then the position of esti-
mated virtual manipulator end-effector is not
coincident with the position of real manipulator
end-effector at the time that payload is grasped.
Above fact can be easily proved by geometric
viewpoint, which will be shown in Fig.3 and
Fig.6 in simulation result. Therefore, it is guar-
anteed that estimated payload mass will con-
verge the exact payload mass and that end-
effector error in inertial space will be converge
to zero.

4 Simulation

Consider the simple planar space robot system.
The mass of spacecraft is 100(Kg) and for the
first and second link, 30(Kg),30(Kg). The length
of spacecraft is 10(m) and for the first and sec-
ond link. 10(m).8(m). AT first, payload mass is
assumed to be the mass of total system,160(Kg).

— 258 —
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Figure 5: The End Point during Payload Mass
Adaptation

m

Figure 6: The Snap Shot of VM configuration

Fig.4 shows the payload mass adaptation and
shows that the estimated payload mass con-
verges to exact payload. And Fig.5 shows that
the end-effector position of estimated virtual
manipulator converges that of real virtual ma-
nipulator when the manipulator grasps the un-
known payload. Fig.6 shows the configuration of
the estimated virtual manipulator during mass
adaptation process when payload is grasped.
Above simulation results show that the esti-
mated payload mass converges to exact payload
mass if the proposed mass adaptation method is
used.

5 Conclusion

In this paper, we considered the mass adap-
tation method of payload for the attitude-
controlled and free-floating space manipulator
systerns when the space manipulator grasped
some payloads. In general the conventional
adaptive control method cannot be used in the
free-floating space manipulator systems. So we
cannot adapt the payload mass using the con-
ventional adaptive control method. If we can-
not adapt the payload mass, the VM approach
which will solve many difficult and important
problems in attitude-controlled and free-floating
space manipulator systems such as workspace
analysis and inverse kinematics cannot be used.
So the motion control problem, which can be
simplified by the VM approach, will be re-
mained original difficult problem. However, if
the proposed mass adaptation method of pay-
load is used. the motion control problem will be
again solved simply because the VM can be con-
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structed for the new space manipulator system
with payload. As a result, we can apply the
VM approach the attitude-controlled and free-
floating space manipulator system whether the
manipulator grasps some payloads or not.
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