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Space manipulators will play an increasingly significant role in future space operations. They will handle
payloadsof varying geometric or physical properties depending on their missions. In the ideal case, the manipulator
should approach the payload in such a manner that, at the time of capture, the relative velocity between the end-
effector and the payload grapple point is zero. Then the capture will be without impact and a smooth one. In
practice, however, this is not likely, and there will be a nonzero relative velocity between the end effector and
the payload grapple point, leading to an impact. In this paper we study the dynamics of the manipulator, the
mother spacecraft, and the payload after such a capture with an impact. The dynamic models of the spacecraft-
manipulator system before capture and spacecraft-manipulator-payloadsystem after capture are obtained using
the Lagrangian formulation. An impact model is developed to calculate the changes in the generalized velocities
caused by the impact. These are then used as initial conditions for simulation of the postimpact dynamics of the
combined spacecraft-manipulator-payloadsystem. Both rigid and flexible payloadsare considered. The simulations
show that the dynamics response can be significantly different depending on whether the capture is smooth or with
an impact and whether the payload is flexible or rigid. If the dynamics are uncontrolled, the response can be

undesirably large; a control scheme based on feedback linearization is proposed to avoid this.

Introduction

Nrecentyears therehas been an increasinginterestin the applica-

tion of space robotics. Space manipulators will play a significant
role in future space operations. They will be used for assembly and
fabrication of space structures required for the construction of the
proposed space station. Currently the shuttle-mounted manipulator
is used in conjunction with astronaut extra vehicular activity (EVA)
for the inspection, repair, and (if necessary) retrieval of malfunc-
tioning satellites. The future goal is to minimize the need for EVA,
which would greatly reduce both mission costs and hazards to the
astronauts involved. Berthing of two spacecraft (e.g., shuttle to the
space station) could also take place through a manipulator.

In all of the just-mentioned robotic operations, the manipulator
undergoes several phases of dynamics, namely, approach dynam-
ics, contact dynamics, and residual motion dynamics. The success
or failure of these robotic operations greatly depends on the physical
processes involved in the operation and the ability to control these
processes. Toward this end, several researchers have attempted to
understandthe space robotic operations through dynamic modeling
and simulation. Umetani and Yoshida'? used the momentum con-
servation laws and introduced the concept of the Generalized Jaco-
bian Matrix to control free-flying manipulators, taking into account
the effects of the dynamic coupling between a robot and its base
on the positioning of the end-effector and on the relative position
and orientation of the spacecraft. The effect of structural flexibility
inherent in the links has also been investigated quite extensively.
Longman® concluded that the induced vibrations resulting from the
elasticity could be so substantial that they might tumble the space-
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craft on which the manipulatoris mounted. The complexity arising
from incorporating the flexibility in the dynamic modeling has led
many researchers simply to ignore its effects. However, this can
lead to a substantial deterioration of the tracking accuracy. Baruh
and Tadikunda® treated the flexibility effectas a deterministicdistur-
bance on the rigid body motion. Consequently, the flexible motion
could be treated similarly to the way the gravitational, Coriolis, and
centrifugal effects are treated.

As aresultof the undesirable movements of the system’s compo-
nents resulting from performing a task, control is usually required
for space manipulators. Several researchers have investigated con-
trolissues, but most of them assumed that the base of the manipulator
is stationary. On the other hand, it was shown by Papadopoulosand
Dubowsky® that nearly any control algorithm that can be used for
fixed-base manipulators can also be implemented on free-floating
space robots, provided that the platform’s position and attitude are
estimated and taken into account in the design. Dubowsky et al.®
proposed the use of reaction wheels and/or jet thrusters to control
the spacecraft’s attitude and positionby compensating for the forces
and moments exerted on the robot base as a result of the motion.
This control scheme enables the designerto use the control schemes
designed for terrestrial robots. However, reaction jets may consume
large amounts of expensive fuel and hence limit the useful life of
the system as suggested by Torres and Dubowsky.” Longman et al.3
suggested the control of the spacecraft’s attitude only, which leaves
the spacecraft free to translate in response to the force disturbances
of the robotand the payload. This control scheme is far more compli-
cated than the one presented by Dubowsky et al.%; however, it could
be simplified by using the virtual manipulator technique presented
in Ref. 9. All of the just-mentioned researchers were mainly con-
cerned with the control of free-floating space robots in the process
of capturing a payload. Not much attention has been given toward
analyzing the effect of the impact after capture on the subsequent
behavior of the system.

When contact occurs, impact dynamics can be a significant fac-
tor. If impact forces are not modeled, and if the resulting move-
ments of the manipulator are not controlled to preventinappropriate
forces, the robotic operationmay fail. Wang and Mason'? considered
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the impact of two objects in planar motion and presented a simple
graphical method for predicting the mode of contact and the resul-
tant motion of the objects. The use of extended generalized inertia
tensor and the virtual mass concepts to formulate the collision prob-
lem was demonstrated by Yoshida et al.!! This work focuses on the
velocity relationship before and after the collision of two rigid sys-
tems. Yoshida'? has also presented the dynamics simulation results
that reveal the effects of impact on the rigid body system. How-
ever, none of the just-mentioned researchers have considered the
collision of a flexible manipulator with a flexible payload, although
dynamics modeling of a flexible arm holding a flexible payload has
been presented by Carton et al.!* Cyril et al.'* studied the dynamics
and control associated with capture of a spinning satellite; however,
the assumption was made that at the time of capture there is zero
relative velocity between the payload and the end-effector of the
manipulator—in other words, there is no impact. In this paper the dy-
namics of a spacecraft-mounted manipulator (modeled as flexible)
capturing a flexible payload (e.g., satellite with an appendage) with
an impact is studied, and their postcapture dynamics is simulated.

Spacecraft-Manipulator Dynamics Model
The dynamic equations of a spacecraft-manipulata system have
been derived by several investigatorsand will not be discussed fur-
ther. The model used in this paper is developed in Cyril et al."> and
can be expressed in the form

My =cV, ¥, ¥)) +f 1)

In the preceding equation M is the generalized mass matrix of the
system, which is symmetric and positive definite. Vector f repre-
sents the generalized external forces, the vector ¢ contains the Cori-
olis, damping, and centrifugal terms, ¥ is the vector of generalized
coordinates, ¥ is the generalized velocity vector, and ¥, is the
vector containing the orbital rate of the system.

Impact Dynamics Model
To determine the initial conditions for the postimpact simulation,
let us suppose that an M-body payload impacts the end effector
of an N-body spacecraft-mountedmanipulator. During this impact,
the equations of motion of the spacecraft manipulator and payload
respectively can be written as follows:

MY =c+f+Jf. 2)
MY, =c,+f, _J,ffc (3)

where \P,,, J.J,, and f, are respectively the generalized velocity
vector of the payload, the Jacobian of the spacecraft manipulator,
the Jacobian of the payload, and the generalized force vector due
to the impact force arising during the capture of the payload by the
spacecraft-manipulabr system.

The (6 X N') Jacobian J of the elastic multibody system can be

written as
Ji
J= “)
where
aph aph
Ji=|l=- " —__ 5)
‘ [awl aw]
Jo=[y-eeee vyl (6)
in which
Yy =ej, if jth body is rigid
o¢; 0 o0& e . .
y; = [ej Z a_j:x" ; a—:];yi Z a—izl], if jth body is flexible
J s
(7

Here N' is the total number of degrees of freedom in the elastic
multibody system, p,, respresents the position vector of the point
of impact of the multibody system with respect to body-1 frame,
e; represents the unit vector along the axis of the jth rigid degree

of freedom, whereas Ej, n,, and & are the shape functions used to
describe the in-plane bending, out-of-plane bending, and torsional
deformations, respectively.
The expression for J, can be written in an analogous manner.
By combining the two equationsof motion (2) and (3), the impact
force vector f. can be eliminated to yield the following equation:

TP UMY, + MY =c+f+ TP Uy, +f,) )
where
P=J,J ©)

Note thatJ, in general can be a rectangular matrix, which does not
have an inverse, but P does.

Now before integrating the precedingequation over the period 7',
one canrecall the assumption that all of the generalized coordinates
of the system remain fixed during this period, although their rates
may change. Because J, J,, M,,, and M depend only on the former
and not on the latter, these matrices can be taken out of the integral.
Also, the impact force is usually very large and acts for a very short
time 7. Thus one can say that

T = O(e), ex1
Y, ‘I’,,,\P, ‘P,, =0O(1)
v, ‘I’,, = 0O(1/€) (10)

Now, integration of Eq. (8) yields:
JTP_IJp Mp(\pr - \IIpi) + M(\IIj - \III)

T
=j [c+f+J"P'J,(c, +f,)]de (11)
0

where the subscripts f and i stand for values after and before the
impact, respectively. Clearly, the left-hand side of Eq. (11) is O(1).
The integrand on the right-hand side is also O(1); however, the
interval of the integrationis of O(€) and, hence, the right-hand side
is of O(€) and can be ignored compared to the left-hand side. Thus
Eq. (11) becomes

JPIM,Yy - + MY, -¥) =0 (12)

Equation (12) represents conservation of generalized momenta and
is applicable to all collisions ranging from plastic to perfectly elas-
tic. In the case of plastic impact, the two systems become rigidly
attached to each other after impact at the contact points, whereas in
the case of elastic impact, the systems rebound with no loss of en-
ergy. The former case correspondsto successfulcapture or berthing.

In plastic impact the velocity of the contact point of each system
is the same immediately after the impact. Thus, one obtains

J, Yy =J¥, (13)

One can then solve the generalized velocities of the target in terms
of those of the chaser to obtain

Y, =07, (14)

where
0=1JJ, (15)

Substitution of Eq. (14) into Eq. (12) yields

¥, =G 'H (16)

where

G=J"PJMQ I+ M

H=JP'JM,¥, + MY, (17)

Once \Pf for the spacecraft-manipulabr system has been de-
termined, one can use Eq. (14) to evaluate \Pp,- for the payload.
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Equations (14) and (16) hold good for any two flexible multibody
systems undergoing a plastic impact and can be used as long as P
and @ are nonsingular.

A special case of interestis when one of the systemsis arigid body.
This situation occurs when the shuttle/manipulator system cap-
tures a disabled, basically rigid satellite or when the space station/
manipulator system docks with the shuttle. From the postimpactdy-
namics simulation point of view, it is immaterial as to which system
has an active trajectory control. For our analysis the rigid body is
termed the target payload.

If the payload is a single rigid body, Eq. (3) can be written as

M,w, =f, _Agc (18)

where w, is the six-dimensional extended velocity vector consist-
ing of the velocity of the center of mass and the angular velocity
componentsand M, is the extended mass matrix that can be written

as
my 0
M,=|"" 1
,,[0 1,,] (19)

where m,, is the mass of the payload, I is the 3 X3 unit matrix,
and I, is the centroidal inertia matrix, while &, is a 6 X 1 vector
consistingof f, appearingin Eqs. (2) and (3) and a3 X 1 zero vector.
Furthermore, A can be expressed as

I 0
A=[pr I] 20

where I is the 3 X 3 unit matrix and Ry, is the cross-producttensor
of rp,, which is the position vector of the payload’s contact point
with respect to its center of mass.

The postimpact generalized velocity vector \Pf of the
manipulator-carrying spacecraftis again given by Eq. (16), except
that G and H now have the following forms:

G=m,J’K'J+M 21
H=-m,J" [K‘l(—m,,RphI;lprvpi + Rppwpi) — v | + MY,
(22)
where
K=1I- m,,RphI;lpr (23)

The velocity of the center of mass of the rigid body and its angular
velocity just after the impact are given by

vor =K' (J¥s = m,Rind ' Ry vy + Rppyi) (24)
Wy = m,,I;IRph(fo — Vi) Ty (25)

Hence, from the preimpact conditions \Pf can be calculated using
Eqgs. (16) and (21-23), and subsequently v, and wy can be calcu-
lated, in that order, using Egs. (24) and (25).

Control Scheme

As will be seen in the next section, the postimpact motion can be
undesirably large. A control scheme is proposed here to avoid large
motion. The feedback linearization method is used. The torques
are applied by actuating motors in the manipulator joints, and jet-
thrusters or reaction wheels in the case of the mother spacecraft.

The dynamics of the combined spacecraft-manipulata-payload
system can be written by an equation having the same form as
Eq. (1); however, for control purposesit is rearranged as

My M T
00 b 9 _ Co + 26)
My M| | b ¢y 0
where 6 is the vector of attitude angles of the spacecraft and joint

angles of the manipulator and b is the vector of elastic generalized
coordinates. One can now eliminate b from Eq. (26) by solving for

it from the second set of equations and substitutingin the first set to
obtain

MO =¢V, VY, ¥y + T 27

where
M =My — Mg, M;} M, (28)
¢ =co—MyM,/'c, (29)

An appropriate feedback linearization control torque T is given by
T =-M[D,0+Dy(0 - 0] - ¢ (30)
where

D, =diag(2¢, 0,24 o, .. .), D, = diag(w}, @3, ...)

31

are diagonal matrices containing the desired frequency and damp-
ing characteristics. Note that the application of the torques given
by Eq. (30) reduces Eq. (27) to a set of linearized, uncoupled and
homogeneous equations:

0+D, 0+Dy0—-6,)=0 (32)

The control scheme just proposed is a fairly simple one that as-
sumes the availability of all of the states and neglects any noise. A
detailed analysis of various controlissues is beyond the scope of the
present paper.

Simulation Results and Discussion

The system shown in Fig. 1 is chosen as an example for simula-
tion. It is composed of the spacecraft that serves as a platform on
whicha three-linkrobotic manipulatoris mounted; the firsttwo links
are flexible, whereas the third one is a small rigid link containing the
end effector. When the satellite is captured successfully by the end
effector, it becomes a part of the third link. The orbital and system
frames are located at the center of mass C, of the spacecraft. At a
given instant the orientation of the body-fixed frame (X, Y, Z,)
relative to the orbital frame (X, Yo, Zy) defines the spacecraft’s
attitude, represented by the pitch, roll, and yaw angles. The angu-
lar velocity of the orbital frame with respect to the inertial frame
(X;, Y:, Z;) located at the Earth’s center is denoted by €2. The ma-
nipulator is in the process of capturing a malfunctioning satellite.
Although the model is three-dimensional,the examples considered
here are planar for ease of understanding of the effects of impact.

Three scenarios are considered in this paper. In the first sce-
nario the captured satellite is modeled as a rigid cylinder. For the
postimpactsimulation the satellite becomes part of body-four of the
spacecraft-manipulata system. In the second scenario the satellite
is modeled as a rigid cylinder with a flexible appendage. In this

Body 4
(Satellite)
+Link3

Orbit >

Body 5
(Appendage)

(Mother Spacecraft)

Y; E

Fig.1 Spacecraft-manipulator-payloadsystem.
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Table 1 Postimpact parameters for
the satellite-capture simulation

Body I,m m,kg ELN-m? J_,kg-m?
1 n/a 10,000 n/a 40,000
2 8.13 20 881 440.65
3 8.13 20 881 440.65
4 n/a 1,000 n/a 500

5 10 246 881 820

/<52 m/s

0.052 m/s

0.1 i;/s/
0.052 m/s

Soft Impact Hard Impact

First and Second Scenarios

Part of the
¢6 Space Station

0.1 m/s

Shuttle — =

1m

Third Scenario

Fig.2 Definition of the three scenarios.

scenario the satellite becomes part of body-four, whereas the ap-
pendage is modeled as body-five. In the last scenario manipulator-
assisted berthing of the shuttle with the space station in its early
phase is considered. The manipulator in the first two scenarios is
representativeof the Shuttle Remote Manipulator System (SRMS).
The parameters of the simulated system for the first two scenarios
are presented in Table 1. The two long booms of the SRMS and
the flexible appendage are modeled as elastic with one cantilevered
bending mode each; inclusion of additional modes was found to
have a small effect. The structural damping was assumed to be 2%
of critical damping. In the simulations presented here the objective
is to determine the effect of payload impact on the subsequent dy-
namics of the spacecraft-manipulata-payload system. Therefore,
the results presented here are from the postimpact dynamics simu-
lation whose initial conditionsare determined using the model given
in the impact dynamics model section. In the first scenario (Fig. 2)
the manipulator is attempting to capture the payload spinning at
the rate @, =0.5 rpm. We consider the two impact cases and com-
pare their results in Fig. 3. The soft-impact case is the one where
the velocity of the end effector and that of the point of contact on
the payload are the same in magnitude (0.052 m/s) and have the
same direction at the time of contact. In the hard-impact case the
spacecraftimpacts the payload with 0.1 m/s at 112.7 deg to the tan-
gential velocity (0.052 m/s) of the payload. For the hard-impactcase
two different simulations were conducted, one with the assumption
that the manipulator can be modeled as rigid during the short pe-
riod of impact (rigid impact) and the other where the manipulator
is modeled as flexible during impact (flexible impact). The initial
conditions for postimpact simulation, as obtained from the impact
model, were quite different for the rigid impact and flexible impact
cases. Hence, the manipulator should be modeled as flexible not
only during the postimpactsimulation, but also during the short im-
pact period; this was done for all of the simulations that followed.

3 - 140
1 =
w8 =
g 13
~ x
< 4
'10 20 40 60 80 100 0 20 40 60 80 100
Time (sec) Time (sec)
100 0
B ~1001 T 1
5
41 = -200+ 1
- <
=501+ ] 300 1
W20 w0 e 80 100 W20 40 e 80 100
Time (sec) Time {sec)
10
P ) = )
3" z
B8 5 4 = 4
-10
0 20 40 60 80 100 0 20 40 60 80 100
Time (sec) Time (sec)

Fig. 3 Uncontrolled postimpact dynamics in the first scenario: joint
rotations and tip deflections; ——, hard impact, and - - -, soft impact.

The accuracy of the simulations was ascertained by examining the
total energy vs time plot after capture. In the absence of structural
damping, the total energy should remain constant. In the presence
of structural damping, the total energy reduced, but eventually be-
comes constant after the oscillations have died out.

As can be observedin Fig. 3, the response for the hard- and soft-
impact cases is significantly different, especially the tip deflections.
When the relative velocity between the end effector and the grapple
point is zero (soft impact), elastic oscillationsare not excited. But if
there is even a small relative velocity between the two, there can be
significant link oscillations and slightly greater joint rotations. The
maximum bending moment at the rod is 230 Nm for the first link and
32 Nm for the second, which are tolerable. The response suddenly
changes course at about45 s because at that instant 6; goes through
zero degree, aligning the two arms and thus putting the manipulator
in a singular configuration. This singular configuration introduces
a jump in the elastic deflections as well as a significant drift in the
spacecraft attitude (6;).

The second scenario defined in Fig. 2 is exactly the same as
the first, except that now we have a 10-m long flexible appendage
hinged to the payload. The results obtained here for ;-6 are quite
similar to those in the first case and are not shown here; in addition,
the appendage rotation 6 has a tendency to grow after the singular
configuration at 45 s (Fig. 4).

From Figs. 3 and 4 itis clear that some form of controlis necessary
to eliminate the attitude drift of the mother spacecraft and damage
to overrotatedjoint actuators. The control scheme given by Eq. (30)
was now applied to the second scenario simulation, the results of
which are shownin Figs. 5 and 6. The jointangleshave been brought
back to their initial values within 20 s. The applied control torques
(Fig. 6) are quite reasonable, with the highest torque required after
the hard impact is about 40 Nm. However, the torques excite elastic
oscillations of the links (which are uncontrolled).

The last scenario corresponds to the docking of the shuttle with
the space station in its early phase assisted by the Space Station
Remote Manipulator Systems (SSRMS). The parameters used in
the simulation are given in Table 2. The motion is confined to the
orbital plane of the space station. The base of the SSRMS is at
a distance of 1 m from the center of mass of the space station,
whereas the grapple point of the shuttleis 5 m away from its center
of mass. Figure 7 shows the results for the case when the shuttle
has a rotational rate of 0.5 rpm and the grapple point has a relative
velocity of 0.1 m/s with respect to the SSRMS end effector. The
assumption is made that the capture is successful, i.e., the impact is
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Table 2 Parameters for the space station-shuttle
docking simulation

Body [, m

m, kg

EI, N-m?

J.. 2

22>

kg-m

n/a
7.5
7.5
n/a

Space station
Link 1
Link 2
Shuttle

150,000
200
200

60,000

n/a

38 X 10°
38 X 10°

n/a

60 X 10°
n/a
n/a

10 X 10°

8 L 1 L
0 20 40 60 80

Time (s)

0.1 0 T T

0.05- N

-0.05+

&
=
T

-0.15+F

Time (s)

Tip defl. 3 (cm)

Theta 5 (deg)

=]

a
=3
1=

g

&
S
=)

Time (s)

20

40 60 80 100
Time (s)

Fig. 4 Uncontrolled postimpact dynamics in the second scenario: Os

and tip deflections; ——, hard impact, and - - -, soft impact.
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Fig. 5 Controlled postimpact dynamics in the second scenario: joint
rotations; ——, hard impact, and - - -, soft impact.
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Fig.6 Control toruqges in the second scenario: ——, hard impact, and
- - -, soft impact.
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Fig.7 Uncontrolled space station—shuttle docking simulation: —,
hard impact, and - - -, soft impact.

a plastic one. After the impact the space station’s attitude drifts, the
pitch angle reaching approximately 6.6 deg after 100 s. This large
drift can be explained by the fact that the moment of inertia of the
shuttle is quite significant compared to that of the space station in
its early phase of construction. The SSRMS link-tip deflections are
very small and are not shown. The maximum bending moment is
about 15 Nm because of the relatively high flexural rigidity of the
links. The rotations of the links, on the other hand, are quite large and
may be unacceptable. Figure 8 presents the dynamic behavior for
the controlled case. Although the control is successful, the torques
required are of the order 10° Nm and are larger for the hard-impact
case.



100 CYRIL ET AL.

0.14 T T 25 T T T

Theta 1 (deg)
Theta 2 (deg)

1 1 1 32 I ! I I

y 1
0% 20 a0 e 80 100 0 20 40 60 80 100
Time (s) Time (s)
6 T T T
- <
s L}
p 3
£ =
58 1 1 1 1 1 1 1 | L
0 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)
Fig. 8 Controlled space station—shuttle docking simulation: —,
hard impact, and - - -, soft impact.
Conclusion

In this paper the postimpact dynamics of a space manipulator
capturing a satellite payload with a flexible appendage is modeled
and simulated. Both cases of a flexible and rigid manipulator im-
pacting the payload have been considered. A method was presented
to determine the initial conditions for postimpact simulation. The
simulation results show that consideration of impact loading in the
dynamics and control study of payload capture is important and
must be taken into consideration. The models developed here can
be easily adapted to two colliding multibody systems in orbit.
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