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Tethered Robot Casting Using a Spacecraft-Mounted Manipulator
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A space robot attached to the far end of a tether deployed from a spacecraft is considered. Such a robot can
be made to translate freely in space without the need of jet thrust, using tether tension. The tethered robot can
be applied to perform a variety of tasks such as grappling a remote object, transporting supplies, servicing a
satellite, and so on. A casting strategy is described that is accomplished by means of a manipulator mounted on
the spacecraft. The tether is attached to the endpoint of this manipulator. The spacecraft-mounted manipulator
generates the necessary initial momentum for the tethered robot and adjusts its trajectory by controlling tether
tension. The desired � nal state of the tethered robot includes accurate positioning at the destination point with
zero momenta. To achieve such a state, a cooperative control scheme for translation and link motion of the tethered
robot is proposed. The effectiveness of the proposed control approach is con� rmed by computer simulations.

I. Introduction

T ETHERED satellite systems (TSS) offer various attractive po-
tential applications in space, and therefore, they have been

an object of study for over two decades.1¡3 In these studies, the
tether extension strategy utilizes the gravity force and/or the cen-
trifugal force associated with the orbital motion. Typically, it is
assumed that the tether is to be extended for about 20–100 km
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along the local vertical. Mass, elasticity, and de� ection of the tether
cannot be neglected in such a case. The TSS is then characterized
by various dynamic effects including three-dimensionalrigid-body
dynamics, swinging and vibrational in-plane and out-of-planemo-
tions of the tether, transversevibrationsof the main satellite, and so
on.2 Because of these diverse dynamic effects, the TSS can become
unstable. Therefore, at an early stage, active tether tension control
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hasbeenrecognizedto be indispensable.4 Since then,variouscontrol
approaches have been proposed, including both linear regulators5

and nonlinear control methods.6 Also, control strategies employing
thrusters, tension in the tether line, or motion of the offset of the
tether attachment point have been investigated.2

In this paper we propose a new type of TSS. It differs signi� -
cantly from the TSS studied so far, mainly in three aspects. First,
we assume that the tether is to be extended for a relatively short
distance, a few hundred meters or so. Second, we do not envision
gravity force and/or centrifugal force in� uencing tether extension.
Rather, we will employ a momentum-assistedtether extensionstrat-
egy. That is, the initial momentum for the tethered subsystem is
generated by means of a manipulator arm mounted on the main
satellite (spacecraft). The tether itself is attached to the endpoint
of this manipulator. In addition, the manipulator arm is also used
to control the tension in the tether. Third, we envision the tethered
subsatellite to be a multibody system, representinga tethered space
robot.

A major consequenceof the described momentum-assistedstrat-
egy is that the tether can be extended in any direction,not just along
the local vertical. We will refer to such a TSS as a tethered space
robot, and the momentum-assisted strategy will be referred to as a
casting strategy. Expected applications of the tethered space robot
includesupportof space structureconstruction,servicinga satellite,
and others.

Another major consequence of the multibody nature of the sub-
satellite is that its attitude can be controlled during translation by
its own link motion. This can be done by employing methods bor-
rowed from free-� ying space robots studies, for example, the virtual
manipulator approach7 or the generalized Jacobian-matrix-based
approach.8;9

The aim of this paper is to describe a casting strategy for the
tethered robot and to propose an appropriate control approach.The
following three basic control subtasks are envisioned: 1) trajectory
adjustmentcontrolsubtaskvia themanipulatorarm on the spacecraft
(to control the translation to the destination point), 2) tether attach-
ment point control subtask via the tethered robot (subsatellite) link
motion (to control the angular momentum), and 3) tethered robot
end-effector control subtask (to control the end effector of the teth-
ered robot when performingvarious activities,such as construction,
servicing, etc.).

The paper is organized as follows. Section II introduces the cast-
ing strategy and a proper analytical model. Trajectory adjustment
controlis describedin Sec. III. A tether attachmentpoint controlfor-
malism is proposedin Sec. IV, which considerstheend-effectorcon-
trol. Finally, in Sec. V, we examine the motion of the tethered robot
under the proposed control approach via computer simulations.

II. Casting Model
A. Casting Strategy

The casting strategy proposed here comprises three phases (see
Fig. 1): In phase I the initial momentum of the tethered robot is
generated using the spacecraft-mounted manipulator, in phase II
the tethered robot takes off from the spacecraft,and in phase III the
tethered robot translates to the destination point.

During casting phases I and II, the tethered robot is rigidly
attached to the endpoint of the spacecraft-mounted manipula-
tor. Therefore, the system is controlled according to well-known
spacecraft-mounted manipulator control techniques. On the other
hand, the control during phase III is quite speci� c. The tethered
robot can be translated to the destinationpoint due to the initial mo-
mentum attained in phase I, and it can be stopped at the destination
point by tether tension control that is accomplished via endpoint
position control of the spacecraft-mountedmanipulator.

B. Analytical Model
The main assumptions are as follows.
1)Externalforces,includingthe forceof gravity,canbeneglected.
2) The effect of the orbital motion of the spacecraft is negligible,

and the motion of the tethered robot can be described assuming the
spacecraft-�xed frame to be inertial.

3) The tether can be modeled as a rigid link.

Fig. 1 Casting phases.

4) The tethered robot can be regarded as a system of n C 1 rigid
bodies connected through rotational joints.

The motivation behind the assumptions is as follows. First, we
emphasize that the length of the tether is relativelyshort. Hence, the
duration of the casting mission will be small. In other words, the
in� uence of gravity, centrifugal forces due to orbital motion, and
other external forces during the relatively short time intervalwill be
small comparedto the main forces (tether tension and that due to the
tethered robot link motion). For example, let us consider a tethered
robot system with an orbital radius of 1 £ 104 km, a destination
point of 100 m away from the spacecraft (in the tangential direction
to the orbit), and a desired mission time for casting of about 100 s.
With thesedata, the positioningerror of the tethered robot due to the
neglect of gravity gradient, and so on, is estimated to be just about
0.12 m. This error can be easily compensated for.

Second, because the tether is relatively short, and because it is
extended due to an initial momentum, the system dynamics are
not so complex as in the case of a conventional TSS. The initial
momentum ensures that tension is always present during casting,
and hence, the tether can be modeled as a rigid link of negligible
mass.

The system model is shown in Fig. 2. The inertial frame 6I is cho-
sen such that the x axis is parallel to the desired trajectory.The posi-
tion vectors of the endpointof the spacecraft-mountedmanipulator,
of the tether attachmentpoint of the tethered robot, and of the desti-
nation point are se, s0, and d, respectively.The tether tension vector
is F. Body 0 is attached to the tether and will be called the tethered
body. Joint i connects body i ¡ 1 to body i (i D 1; : : : ; n). Body n
is the end effector. The position vector of the mass center and the
angular velocity of body i are si and !i , respectively and m i and Ii

are the mass and the inertia tensor of body i , respectively.Also, the
total mass of the tethered robot and its mass center position vector
are, respectively,

w D
nX

i D 0

m i ; sg D
nX

i D 0

m i si

w

Here Á is the joint variable vector. All 3-vectors are expressed in
the 6I frame, and their components are denoted by subscripts x , y,
and z.
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Fig. 2 Casting model of the tethered robot.

Fig. 3 Condition of the
tether attachment point
on the connection line.

III. Control for Translation
A. Trajectory Adjustment Control

Trajectory adjustment control has been designed under the as-
sumption that tether tension acts approximately at the mass center
of the tethered robot. To satisfy such an assumption, the tether at-
tachment point has to be located on the connection line (Fig. 3),
which is along vector seg (´ sg ¡ se ). Then the motion of the mass
center by the tether tension is expressed as

wRsg D F (1)

Deviation of the tether attachment point from the connection line
is discussed in Sec. IV.C. Because the x axis of the 6I frame is
parallel to the desired trajectory, the tethered robot can be stopped
at thedestinationpoint only with propercontrolof Fx when the mass
center translatesalong the desiredpath.On the other hand, Fy and Fz

are neededfor path adjustment,when the mass centerof the tethered
robot deviates from the desired path due to disturbances. Because
of this choice of the 6I frame orientation, a decoupled control law
can be designed: Fx is used to control the rate of approach to the
destination point; Fy and Fz are used to adjust the deviation from
the desired path.

The governing geometrical relation

F=kFk D se0=kse0k (2)

can be written as

1
se0x

µ
se0y

se0z

¶
D 1

Fx

µ
Fy

Fz

¶
(3)

where se0 ´ s0 ¡ se. To compensate a deviation of the tethered robot
from the desired path, we introduce the following proportional and
derivative control:

w

µ
Rsgy

Rsgz

¶
D ¡Kv

µ
Psgy

Psgz

¶
¡ Kp

µ
sgy ¡ dy

sgz ¡ dz

¶
(4)

where Kv and Kp are control gains.
Note that Fy and Fz dependmainly on sey and sez and that sex does

not in� uence the direction of tether extension signi� cantly. Then,

fromEqs. (1–4), theendpointof the spacecraftmountedmanipulator
should be located at

µ
sc

ey

sc
ez

¶
D

µ
s0y

s0z

¶
¡

s0x ¡ sc
ex

Fd
x

»
Kv

µ
Psgy

Psgz

¶
C Kp

µ
sgy ¡ dy

sgz ¡ dz

¶¼
(5)

under the condition that F d
x and sc

ex are known, where . /d and . /c

are the desired and a commanded value of . /, respectively. Note
that the tether tension vector cannot be commanded because F will
be determined by kFk and se .

B. Translation Control Ef� ciency
Because the trajectoryadjustmentcontrolcan be decoupledin the

y and z directions, we select the control gains in Eq. (4) as

Kv D diag[kv; kv]; Kp D diag[kp; kp ]

In the presence of disturbances along the y and z axes, Eq. (4) is
rewritten as

w

µ
Rsgy

Rsez

¶
C kv

µ
Psgy

Psgz

¶
C k p

µ
sgy ¡ dy

sgz ¡ dz

¶
D

µ
±y

±z

¶
(6)

where ±y and ±z are the disturbances.For the purpose of examining
the characteristicsof Eq. (6), it is assumed that ±y and ±z are impul-
sive disturbancesoccurring at time t± D 0. To satisfy Eq. (6), tether
tension must be

µ
F d

y

F d
z

¶
D ¡

2

¿

³
1 ¡

t±

2¿

´
e¡t± =¿

µ
±y

±z

¶
(7)

where ¿ D kv=2kp .
On the other hand, any Fx for trajectory control is admissible be-

cause the directionof the tether extension is almost along the x axis.
However, Fy and Fz are limited geometrically by the workspace of
the spacecraft-mounted manipulator. From Eq. (3), it becomes ap-
parent that the admissible tether tension decreases with a growing
distance from the spacecraft to the tethered robot. Also, sex should
be selected such that smax

ey and smax
ez become large because those val-

ues determine the geometrical limitations on Fy and Fz . Note, . /max

is the admissible maximum value of . /.
Sample numerical results for the y direction, the maximum ten-

sion Fmax
y determined from Eq. (3), and the required tension Fd

y
obtained from Eq. (7) are shown in Fig. 4. For Eq. (3), the parame-
ters are set as Fx D 2 N, w D 100 kg, sex D 0 m, and smax

ey D 2 m,
and Rsgx D Fx =w, sgy D 0, sg D s0 are assumed. To solve Eq. (7),
kv D 2!; kp D !2 , and ±y D 1=! Ns (at t± D 0).

The solid line stands for jFmax
y j. jFd

y j is displayed by a dotted
line when ! D 0:2 1/s, by a dashed line when ! D 0:3 1/s, and by
a chained line when ! D 0:4 1/s. From these results it is clear that
trajectoryadjustment is possible when ! D 0:3; 0:4 1/s. On the con-
trary, it will be impossible when ! D 0:2 1/s for a certain interval
of time 1t , as indicated in Fig. 4. As a consequence, we can con-
clude that small controlgains can compensatefor large disturbances
(±y D 1=!); however, when the gains become too small, trajectory
adjustment control becomes inef� cient.

Fig. 4 Required and maximum tether tension.
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IV. Control of Angular Momentum
A. Rotation of the Tethered Robot

It should be apparent that a rotationalmotionof the tethered robot
with respect to its mass center will be inevitable. This is because
tether tension does not act exactly at the mass center of the teth-
ered robot. Then, we can expect that the angular momentum of the
tethered robot with respect to its mass center will change due to
the torque generated by the tether tension. Therefore, in addition
to trajectory adjustment control, angular momentum control is also
required.

The torque N caused by tether tension can be written as

N D Qs0gF D .kFk=kse0k/Qs0gse0 D .kFk=kse0k/Qs0gseg (8)

where s0g ´ sg ¡ s0, seg ´ sg ¡ se , and .Q/ denotes the skew-
symmetric cross-productmatrix of . /. Equation (8) shows that the
torque caused by tether tensiondependson the positionof the tether
attachmentpoint. Therefore, the angularmomentum of the tethered
robot can be controlledvia positioncontrol of the tether attachment
point, which, in turn, is done via link motion control of the teth-
ered robot. Also note from Eq. (8) that N is located in the plane
normal to the connection line. This means that in the direction of
the connection line no torque will be generatedby tether tension; to
control angular momentum in this direction, a reaction wheel or a
jet thruster has to be employed. Then, under the desired condition
that se0 is parallel to the x axis, the respective angular momentum
components in the y and z axes will be controllable, by applying
torque components Ny and Nz .

B. Momenta of the Tethered Robot
In contrast to � xed-base robots, the linear and angular momenta

of a robot with a � oating base, such as a tethered robot, play an
important role. Total momenta, denoted by the summation of each
bodymomentaof the tetheredrobotwith respectto the6 I frame, are

µ
Ps

Ls

¶
D H0

µ
Ps0

!0

¶
C HÁ

PÁ C
µ

0
Qs0Ps

¶
(9)

where

H0 D

2

64

wE wQsT
0g

wQs0g

nX

i D 0

©
Ii C m i QsT

0i Qs0i

ª

3

75

HÁ D

2

6664

nX

i D 1

m i JLi

nX

i D 1

fIi JAi C m i Qs0i JLi g

3

7775

i D 0; 1; : : : ; n, E is the unit matrix of respective dimension, and
s0i ´ si ¡ s0 ,

JLi D
£Qk1.ri ¡ p1/ ¢ ¢ ¢ ¢ ¢ ¢ Qki .ri ¡ pi / 03 £ .n ¡ i/

¤
2 <3 £ n

JAi D
£
k1 ¢ ¢ ¢ ki 03 £ .n ¡ i/

¤
2 <3 £ n

where 0 j £ k 2 < j £ k , p j is the position vector from the tether at-
tachment point to joint j ( j; k D 1; 2; : : :), and ki is the unit vector
along the rotational axis of joint i . The mass center momenta of the
tethered robot with respect to the 6 I frame can be written as

µ
Pm

Lm

¶
D w

µ
E
Qsg

¶
Psg (10)

The difference between the momenta in Eqs. (9) and (10) is

Lr ´
µ

0

Lr

¶
D H0

µ
¡Ps0g

!0

¶
C HÁ

PÁ (11)

where Lr is angular momentum of the tethered robot, which is a
sum of each body’s angular momentum with respect to the tethered
robot mass center. From the last Eq. (11) we have

Pr ´ Ps D Pm (12)

where Pr is translationalmomentum of the tethered robot.

C. Tether Attachment Point Control
Denote the y and z componentsof the vector cross product in the

right-hand side of Eq. (8) as
µ

¸y

¸z

¶
´ 1

kse0k

µ
s0gzsegx ¡ s0gx segz

s0gx segy ¡ s0gysegx

¶
(13)

Note that the limit values for the generated torque depend on both
tether tension and the workspace of the tether attachment point.
Tether tension is determined from the trajectory adjustment control
(see Sec. III.A). Therefore, we consider the desired value of ¸y and
¸z as

"
¸d

y

¸d
z

#
D ³¸

µ
Lr y

Lr z

¶
(14)

where ³¸ is a control gain.
We considera velocitycommandgenerator-typecontrollerfor the

link motion. First, de� ne the following extended task-space vector

º ´

2

4
ºe

P̧
x

P̧
y

3

5 D Jst

µ
¡Ps0g

!0

¶
C Jmt

PÁ (15)

where ºe is the end-effector motion velocity and

Js t ´
µ

Js

J¸

¶
; Jmt ´

µ
Jm

02 £ n

¶

Js and Jm are the tethered body motion and the � xed-base manipu-
lator Jacobian matrices for ºe , respectively, and

J¸ ´ 1
ks0k

µ
segz 0 ¡seg x

¡segy segz 0
02 £ 3

¶

Because the endpoint of the spacecraft-mounted manipulator and
the mass center position of the tethered robot cannot be controlled
by the link motion, in deriving Eq. (15) we assume that

seg=kse0k D const (16)

Substituting Eq. (11) into Eq. (15), we obtain

º D Jg
PÁ C Jst H¡1

s Lr (17)

where

Jg ´ Jmt ¡ Jst H¡1
s Hm

is the generalizedJacobian matrix (see Ref. 8). To this end, we can
brie� y summarize that the control objective is to obtain proper link
motion to ensuresimultaneousaccomplishmentof two tasks: a main
task for the end-effectormotion controland an auxiliary task,which
we identi� ed as a tether attachment point control task.

D. Cooperative Control
Note that there is a coupling between the trajectory adjustment

control subtask and the tether attachment point control subtask.
Indeed, Eq. (2) clearly shows that tether tension is related to the
position of the tether attachment point. Also note that tether at-
tachment point control implies that the tether attachment point will
necessarily deviate from the connection line, and hence, tether
tension will not act exactly at the mass center of the tethered
robot. As a consequence, trajectory adjustment control cannot be
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performed accurately. For the tether attachment point control, the
tether attachment point should be operated in the plane normal to
the angular momentum vector (Fig. 5). Then, the error of trajec-
tory adjustment control due to rotational motion of the tethered
robot is also in that plane. Therefore, it can be said that the tra-
jectory adjustment control and the tether attachment point con-
trol involve planar coupling. In other words, three-dimensional
momentum control is required for casting; however, transla-
tional and angular momentum are coupled in two-dimensional
space.

The control block diagramfor the cooperativecontrol is shown in
Fig. 6. For the trajectory adjustment control, position and velocity
of the tethered robot mass center sg and Psg and the endpoint posi-
tion for the spacecraft-mounted manipulator se are assumed to be
measured. Then, tether tension input kFd k and the endpoint posi-
tion input sc

e can be calculated, referring to the command sc
ex . On

the other hand, joint angles Á, position of the mass center sg , and
angularmomentum Lr are assumed to be measured, for the purpose
of the tether attachment point control. Then, referring to the end-
effectormotionvelocitycommandº e, jointanglevelocities PÁ canbe
calculated.

V. Simulation
A. Simulation Parameters

As described in Sec. I, tethered robot casting is feasible when
the distance of translation is short enough, so that gravity gradient
and orbital centrifugaleffect can be neglected. In the simulation, the
purpose of the proposed control is that the tethered robot translates
to the destinationpoint with the allowable margin of the mentioned
error; hence, gravity and orbital centrifugal force can be neglected.

Fig. 5 Controls coupling in plane.

Fig. 6 Control block diagram.

In the simulation,we will employ the followingcomputed torque
method for the endpoint control of the large spacecraft mounted
manipulator:

¿ D h C MJ¡1
c [¡ PJc Pq C u] (18)

u D Cv

¡
Psc
e ¡ Pse

¢
C Cp

¡
sc

e ¡ se

¢
(19)

where h, M, Jc, and q are the Coriolis and centrifugal forces of
the manipulator motion, matrix of inertia, the Jacobian, and the
joint variable vector, respectively, and ¿ is a joint torque vector.
The control error due to the preceding control law is regarded as a
disturbance during casting. The control gains are set as

Cv D 2E 1/s; Cp D E 1/s2

then any deviation can be damped out by setting Psc
e D 0 in Eq. (19).

Here, se deviates from sc
e , especially when a force is applied at the

endpoint by inertia due to the mass of the tethered robot and tether
tension. Such a force is larger in phase I than that in phase III,
because the time for accelerating the tethered robot is shorter than
that for stopping it. Therefore, the endpoint error in phase I will be
an initial disturbance for casting of the tethered robot.

Because of the cooperativecontrol planar coupling, as described
in Sec. IV.C, the simulation model becomes a two-dimensionalone
(in the xz plane on the 6I frame). Given values are commanded
positionof the endpointof the spacecraft-mountedmanipulatorand
the commanded velocity of the tethered robot. The commanded
velocity PÁc is derived from Eq. (17), using the following task
vector:

ºc D
µ

ºe

P̧
y

¶
D

"
8c

n ¡ 8n

¸d
y ¡ ¸y

#
(20)

where 8n .´80 C Á1 C ¢ ¢ ¢ C Án ) denotes the attitude of the end-
effector, which is a scalar in the xz plane. 80 is the tethered body
attitude, which is also a scalar, and Ái , i D 1; 2; : : : ; n, is the i th
jointangle, respectively.The controlgain for theangularmomentum
control is set as ³¸ D 0:2; then, the tether attachment point motion
is always located in the tethered robot workspace of the simulation
model. When the numerical results in Sec. III.B are referredto, con-
trol gains in Eq. (4) are kv D 0:6 1/s and kp D 0:9 1/s2. To control
the approach of the tethered robot to the destination point, Fd

x is
given as

F d
x D w

Ps2
gx

2.sgx ¡ dx /
(21)

Fd
z is obtained from the right hand of Eq. (4) for path adjustment.

Then, tether tension is applied as

kFd k D
q¡

Fd
x

¢2 C
¡
Fd

z

¢2
(22)
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Each body of the spacecraft-mounted manipulator and the teth-
ered robot is assumed to be a thin rod with uniform inertia. The
spacecraft-mountedmanipulator system consists of two manipula-
tor links. The length, mass, and moment of inertia of the i th link are
lci , mci , and Ici , respectively,i D 1; 2. The tethered robot consists of
three links connected with two rotational joints (n D 2). Therefore,
the arm of the tethered robot has two degrees of freedom (DOF).
The number of DOF has been selected to guarantee the end-link
attitude control task and the tether attachment point control task.
The spacecraft-mountedmanipulator and the tethered robot param-
eters are lci D 2 m, mci D 10 kg, Ici D 20 kgm2 , l0 D l1 D l2 D 1 m,
m0 D m1 D 30kg,m2 D 40 kg, I0 D I1 D 30 kgm2 , and I2 D 40kgm2,
respectively.

B. Initial Conditions for Casting
The destination point is set as .dx ; dz/ D .100; 2/ m. A set of

initial conditions for phase I is given as .sex ; sez/ D .¡1; 2/ m,
80 D 0 rad, P80 D 0 rad/s, Ái D 0 rad, and PÁi D 0 rad/s, where i D 1; 2.
The initial conditions of the tethered robot 80, P80 and Ái , PÁi are
maintained by phase II. The desired condition for the spacecraft-
mounted manipulator at phase II is set as .sex ; sez/ D .0; 2/ m, and
.Psex ; Psez/ D .2; 0/ m/s, and the endpoint is controlled as constant
acceleration during phase I. A set of results in phase II is shown
on Table 1, where sex D s0x and sez D s0z . Under this condition in
phase II, the tethered robot will deviate from the desired trajectory
in phase III. On the other hand, the endpoint of the spacecraft-

Fig. 7 Endpoint state time history of the spacecraft mounted manipulator: - - - - for case 1, and —— for case 2.

Fig. 8 Mass center state time history of the tethered robot: - - - - for case 1, and —— for case 2.

mounted manipulatorwill deviate from the desiredposition as soon
as the tethered robot takes off, which is also the main error of the
desired mission.

C. Simulation Results
The following two cases during phase III have been simulated:

case 1, º c D 0, and case 2, ºc D [ºT
e

P̧
y]T , with sc

ex D 0 m in
both cases. The time at phase II is set at t D 0 s. Figures 7 and
8 show the time history of se (the endpoint of the spacecraft-
mounted manipulator) and sg (the mass centerof the tethered robot),
respectively. Figure 9 shows time histories of the translational
momentum Pr .DkPr k/, the angular momentum Lr .DkLr k/, and
the end-effector attitude 82 , respectively.

In Fig.7, it is seen that, initially, after the tethered robot has taken
off, the endpoint motion of the spacecraft-mountedmanipulator is
relatively large. The reason is that large disturbanceshave occurred
during the takeoff phase II. On the other hand, note that after a
while the endpointmotion is stabilized.This is in spite of an existing
disturbancedue to tether tension (tether tension is never zero during
the translationalmotion in phaseIII, as alreadyexplained). However,

Table 1 Condition in phase II

Value sex , m sez , m Psex , m/s Psez , m/s

Desired 0.00 2.00 2.00 ¡0.00
Calculated 0.054 2.00 2.02 ¡0.0057



NOHMI, NENCHEV, AND UCHIYAMA 833

Fig. 9 Momentum and end-effector attitude state time history during tethered robot casting: - - - - for case 1, and —— for case 2.

this disturbance is relatively small and can be easily compensated
via the computed torque control law with the small gain Cv and Cp

in the simulation.
From Fig. 9, note that the change of the angular momentum in

case 2 is smaller than that in case 1, although the changesof transla-
tional momentum are same. Also note that the angular momentum
of the tethered robot is not zero in case 1, when arriving at the
destination point. Therefore, in case 1, the tethered robot performs
rotational motion with respect to its mass center at the destination
point and cannot stop its motion.

On the other hand, trajectories of the mass center of the teth-
ered robot are slightly different in cases 1 and 2 (Fig. 8). Also, the
endpointmotion of the spacecraft-mountedmanipulator is different
(Fig. 7). The reason is that the tether tension vector deviates from
the command for trajectory adjustment due to the tether attachment
point control, although the endpoint of the spacecraft-mountedma-
nipulator is located at the commanded position. Such a deviation of
the tether attachmentpoint from the connectionline is necessaryfor
compensation control of the angular momentum.

VI. Conclusions
We discusseda casting strategy for a tethered space robot using a

spacecraft-mountedmanipulator.We proposeda cooperativecontrol
scheme with regard to the momenta of the tethered robot. Casting
strategy is that the spacecraft-mounted manipulator generates ini-
tial momentum for the tethered robot and adjusts its trajectory by
controlling the tether tension. To achieve the proposed strategy, the
trajectory adjustment control was described, and its ef� ciency was
examined. On the other hand, the tether attachment point control
of a tethered robot subsystem was proposed, to control the angu-
lar momentum, which changes with tether tension variation. Proper
control of the tether attachment point enables keeping zero angular
momentumwith respectto themasscenterof the tetheredrobot.Link

motion controlof the tetheredrobot is composedof two subtasks:the
tether attachment point motion subtask and the end-effectormotion
subtask. Computer simulations show the effectiveness of the pro-
posed control approach.Therefore, we can conclude that the tether
attachment point control of a tethered robot is effective, despite its
in� uence on trajectory adjustment control.
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