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Abstract 

Tethered Space Robot (TSR), which is connected to 
a mother spacecraft through a peace of tether, is a new 
space system proposed in the previous work. Expected 
applications are satellite servicing, retrieval of debris, 
inspection of space structure, soft landing, and so on. 
TSR differs from the existing tethered systems. We 
envision the tethered subsatellite to be a multi-body 
system, whose attitude can be controlled under tether 
tension by its own link motion. Also, the tether is to be 
extended for a relatively short distance. For the 
purpose of a practical use, we perform a microgravity 
experiment. This paper especially focuses on the 
verification for the attitude control using a drop shaft. 
The attitude control of TSR, which had been confirmed 
by computer simulations, was verified by microgravity 
experiment. 
 
1. Introduction 

Tethered Space Robot (TSR), which is connected to 
a mother spacecraft through a tether, is a new type of 
space robot system proposed in the previous work [1]. 
Expected applications are satellite servicing (figure 1), 
attitude control of a damaged satellite by impact thrust 
(figure 2), external inspection of a mother space 
structure (figure 3), soft landing on the moon or a 
planet (figure 4), and so on. Tethered satellite systems 
(TSS) offer various attractive potential applications in 
space, and therefore, they have been an object of study 
for over two decades [2]. In these studies, the tether 
extension strategy utilizes the gravity force and/or the 
centrifugal force associated with the orbital motion. 

 

Figure 1: Satellite servicing 

 

 
Figure 2: Attitude control by impact thrust 

 

 
Figure 3: Inspection for space structure 
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Typically, it is assumed that the tether is to be extended 
for about 20 - 100 km along the local vertical. Mass, 
elasticity, and deflection of the tether cannot be 
neglected in such a case. The TSS is then characterized 
by various dynamical effects including three 
dimensional rigid body dynamics, swinging and 
vibrational, in-plane and out-of-plane motions of the 
tether, transverse vibrations of the main satellite, and 
so on. Due to these diverse dynamical effects, the TSS 
can become unstable. Therefore, at an early stage, 
active tether tension control has been recognized to be 
indispensable [3]. Since then, various control 
approaches have been proposed, including both linear 
regulators [4] and nonlinear control methods [5]. Also, 
control strategies employing thrusters, tension in the 
tether line or motion of the offset of the tether 
attachment point have been investigated [6]. 

TSR differs significantly 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 influencing tether 
extension. Rather, we will employ tether extension 
strategy assisted by an initial translation momentum. 
Third, we envision the tethered subsatellite to be a 
multi-body system. Major consequence of the 
multi-body nature of the subsatellite is that its attitude 

can be controlled under tether tension by its own link 
motion. This can be done by employing methods 
borrowed from free-flying space robots studies, e.g. 
the virtual manipulator approach [7] or the generalized 
Jacobian matrix [8] based approach. 

Hence, TSR has following problems different from 
TSS: tether motion analysis under extremely small 
tension; and interaction between a robot and a piece of 
tether due to link motion of the robot. In order to 
discuss the above problems, experimental analysis 
under microgravity is essential. This paper especially 
focuses on verification for the attitude control of a 
tethered space robot under microgravity experiment. 
Because the attitude control by manipulation of tether 
attachment point of TSR utilizes tether tension, the 
following points are focused on: (i) enough control 
torque can be obtained under small tension due to 
microgravity; (ii) manipulation of tether attachment 
point, which is one boundary condition of tether, 
influences on tether motion. 

 
2. Attitude Control Technique for TSR 
2.1 Attitude control algorithm 

Here, the attitude control of a tethered space robot is 
explained. An external torque due to tether tension acts 
on the robot attached at the end of the tether. This 
external torque can be determined by tether attachment 
point position. Then, attitude of the robot around a 
vertical axis with respect to the direction along the 
tether can be controlled by link motion of the robot. 
However, attitude around the axis along the tether 
cannot be controlled by link motion, since tether 
tension cannot apply torque around this axis. Therefore, 
in order to control attitude around the tether, a reaction 
wheel, jet or thrust must be needed. 

See the planner model consisting of a tether and two 
rigid bodies (those rigid bodies are called as “tethered 
body” and “end body,” respectively) as shown in figure 
5. Let’s consider an equilibrium condition, where the 
system is hanged along the local vertical, as shown by 
the solid line in figure 5-(a). When attitude of the end 
body changes as expressed by the dotted line, a joint 
torque τj should be applied in order to compensate the 

 

Figure 4: Soft landing on the moon 

 



deviation of the end body from the equilibrium. Then 
the tethered body changes its attitude, as shown in 
figure 5-(b), due to the reaction torque. However, τT 
caused by tether tension compensates the deviation of 
the tethered body. Here, note that joint torque τj and 
tether tension torque τT act on the tethered body in 
opposite direction. Therefore, the rigid bodies can be 
maintained in equilibrium by the above algorithm 
regardless of mass ratio of the tethered body and the 
end body. Though figure 5 shows the planer model, it 
is possible to control attitude of a spatial model by 
applying an arbitrary torque to a spherical joint around 
a vertical axis with respect to the direction along the 
tether. 

As a result the following simple PID control makes 
it possible to control attitude of the end body. 
 

( ) ( ) ( )cdcpcij dt
dkkdtk θθθθθθφ θθθ −+−+−= ∫  

(1) 
 
where θ and φ denote attitude of the base and arm 
angle with respect to the base, respectively. θc denotes 
the desired attitude of the end body, and kpθ, kiθ and kdθ 
denote control gains, respectively. 

2.2 Dynamics simulation 
In order to confirm the effectiveness of the attitude 

control of TSR, numerical simulation using the 
mechanical dynamics software ADAMS has been done. 
Figure 6 shows the ADAMS model of TSR. Tether is 
divided into rigid link elements, and those are 
connected by spherical joints each other. Also, those 
joints have spring and damper elements in order to 
describe the tether elasticity. The robot consists of a 
base and an arm, and both are connected at a spherical 
joint. Vertical two axes of the joint with respect to the 
arm link can be controlled, and the ADAMS control 
function is used. At the point where the tether lets out, 
each element of the tether is restricted by the force in 
the vertical direction along the tether extension. Tether 

 

 

 

Figure 5: Basic control algorithm 

 

 

 

 

Figure 6: ADAMS model for TSR 

 



tension is given by the force applied on the upper end 
of the tether. A tether expansion mechanism consists of 
three spherical rigid bodies and moves by instruction 
positions. The spherical rigid bodies contact with the 
robot base, and then push out the robot. As a result, 
translation of the robot extends the tether. Here, an 
initial disturbance can be given by adjusting the radius 
of a spherical rigid body. 

Figures 7 and 8 show ADAMS simulation results on 
the frame suggested in figure 6, the base angle (Base_x, 
z), the arm angle with respect to the base (Arm_x, z), 

and the tether middle point bending (w_x, z), 
respectively. Figure 7 compares TSR motions under 
three kinds of control gain settings: 

 
(a) P control: kpθ, = 1, kiθ = 0, and kdθ =0, 
(b) PD control: kpθ, = 1, kiθ = 0, and kdθ =1, 
(c) PID control: kpθ, = 1, kiθ = 1, and kdθ =1. 
 

It is noted that vibration motion due to the initial 
disturbance cannot be suppressed only by P control (a), 
and also that a constant deviation exists in case with 
PD control (b). Vibration motion is well suppressed to 
the desired configuration in case with PID control (c).  

Figures 8 shows the results with PID control (c), in 
cases of tether tension T = 1.2, 0.6, 0.3 [N]. From these 
results, the effectiveness of the attitude control is better 
when the tether tension is large, since large torque can 
be obtained by the tether attachment point control. 
Related to motion of the middle point of the tether, the 
deviation from vertical is the main movement, and the 
periodic change by the attitude control has also 
appeared in the arm motion and the base attitude. It is 
also noted that the high frequency vibration of the 
tether has appeared in all results. It is caused by 
modeling of tether, which consists of rigid link 
elements connected by elastic joints. 

 
3. Experimental device for TSR 

Figure 9 shows the experimental device of the 
tethered space robot, and figure 10 shows design for 
the experimental device. The robot consists of one 
rigid link (arm) and one rigid base (base) connected 
through a joint mechanism. Tether is attached to the 
end of the arm. The arm has two degrees of freedom 
with respect to the base, and operated by two actuators. 
Then, tether attachment point can be operated by arm 
motion, and direction of tether tension can be 
controlled. All functional devices are equipped on the 
base without external cables. Two gyro sensors are 
attached to the base in order to measure attitude of the 
base around the vertical two axes along the tether. 
Gyro sensors display two types of signals, angle and 
angular velocity. The arm is controlled by feedback 

 

 

Figure 8: Simulation results by Tether tension 

 

 

 

Figure 7: Simulation results by control gains 

 



information from the gyro sensors. The base attitude 
from gyro sensors and the arm angle from rotation 
angles of the motors measured by potentiometers are 
recoded as experimental data. Total mass of the robot 
is 4.7 [kg], scale of the base is 261 x 261 x 82 [mm], 
and length of the arm is 100 [mm]. 

Figures 11 shows the experimental device for 
deployment of the robot. This is constructed for the 
ground microgravity experiment in a drop shaft. This 
device utilizes transition from gravitational field to 
condition under microgravity. By torque transmission 
device equipped between a driving motor and a tether 
reel, a constant tether tension can be applied during 
deployment and retrieval. Figure 11 shows initial 
condition, and the robot is set on the plate supported 

by springs. These springs are pressed by the robot due 
to gravity. When it becomes the microgravity condition, 
these springs are extended, and the robot is deployed. 
During deployment, the tether tension reduces 
deployable velocity of the robot, then the robot stops to 
be deployed, and begins to be retrieved. 

 
4. Experimental results and discussion 

Japan has two kinds of drop shafts: one is Micro 
Gravity Laboratory of Japan (MGLAB), and the other 
is Japan Microgravity Center (JAMIC). MGLAB 
makes microgravity condition during 4 seconds, and 
JAMIC makes it during 10 seconds, by dropping an 
experimental capsule. The experimental results in 
following three cases are shown in figures 12 – 13. 

 
(i) Ex. center: MGLAB 

T = 105 [gf], 
kpθ = 2, kiθ = 0, kdθ = 0 (P control), 
Gyro signal: angle 

 
(ii) Ex. center: MGLAB 

T = 63 [gf], 
kpθ = 2, kiθ = 0, kdθ = 3 (PD control), 
Gyro signal: angular velocity 

 
(iii) Ex. center: JAMIC 

T = 15 [gf], 
kpθ = 2, kiθ = 0, kdθ = 3 (PD control), 
Gyro signal: angular velocity 

 

 

Figure 9: Experimental device of TSR 

 

 

 
 

Figure 11: Experimental setting for deployment 

 

 

 
Figure 10: design of the experimental device 

 



 
where T denotes tether tension, kpθ, kiθ and kdθ denote 
control gains for PID control. The desired attitude of 
the base is set at the initial condition θc = 0. Figures 
show the base angle with respect to its initial angle 
(Base 0, 1), the arm angle with respect to the base 
(Arm 0, 1), respectively. It becomes microgravity 
condition at t = 0 [s]. In case (iii) at JAMIC, 
deployment and retrieval were achieved during 5 
seconds, though microgravity condition continues for 
10 seconds. 

The base attitude includes high frequency noise in 
case (i), however, does not in cases (ii) and (iii). The 
reason is that those in cases (ii) and (iii) are calculated 
by integration of angular velocities from gyro signals. 
On the other hand, the drift of base rotation can be 
observed in cases (ii) and (iii). It is considered that 
those are due to the integration errors. However, the 
following characteristics of the attitude control of the 
tethered space robot have been confirmed. It is noted 
that the arm motion follows attitude of the base in all 
cases. Vibration motion of the base attitude is not 
suppressed in case (i) because kdθ = 0. In cases (ii) and 
(iii) with PD control, the arm motion damped the 
vibration motion of the base attitude. 

 
5. Conclusion 

This paper describes microgravity experiment for 
the tethered space robot, especially focusing on 
verification for the attitude control. The proposed 
attitude control technique by robot motion, which had 
been confirmed by computer simulations, was verified 
by microgravity experiment using a drop shaft. 
Experimental results show that the arm motion follows 
attitude of the base, and that vibration motion it is well 
damped with PD control though it is not suppressed 
only with P control. 
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Figure 12: Experimental results in case (i) with P control at MGLAB 

 

 
Figure 13: Experimental results in case (ii) with PD control at MGLAB 

 

 
Figure 14: Experimental results in case (iii) with PD control at JAMIC 


