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ABSTRACT
A new method of a large space debris de-orbit using tethered space tug is presented. It is proposed to use the rotation
of the tethered tug-debris system to provide the necessary tension of the tether that allows applying the tug’s thrust
along the line of the tether in the direction of space debris. Due to the rotation of the tethered tug-debris system the
orientation of the tug’s thrust vector changes with the time. To de-orbit the system the space tug applies its thrust
force when the orientation of the tether relative to the orbital velocity vector of the system ensures application of the
tug’s thrust impulse in the required direction. The angular rate of the tethered tug-debris system has to ensure that
during the transient events associated with the turning on and off the tug’s thruster the tether tension force does not
fall below zero. A spatial mathematical model of the tethered tug-debris system is presented and control law for the
space tug’s thrust to reduce tether oscillations is proposed. The presented method is verified by means of numerical
simulations.
1

INTRODUCTION

Large objects such as orbital stages and non-functioning satellites are potential sources of space debris, which poses
a serious danger to active spacecraft. To reduce the risk of uncontrolled growth of debris, large objects must be
removed from orbits [1, 2]. In the past few years, various methods have been proposed for removing space debris
from protected areas [3–14]. Space tethers have been proposed by many researchers as a means of towing large
space debris objects using space tugs [9]. It is assumed that the space tug captures debris objects using a net [13],
harpoon [14] or another capture device and then transports the debris to a graveyard orbit. During the orbital transfer
process, the space tug pulls the debris object by the tether [9]. This technique imposes restrictions on the
configuration of the space tug. The tug’s thrusters and the tether equipment (it’s a payload for the space tug) should
be installed on the same side of the space tug. This configuration of the space tug is not typical for conventional
uppers stages of the rockets that can be considered as the basis for the development of the space tug (Fig. 1).

Fig. 1. Tethered towing using pull scheme
In this paper, we propose an alternative solution that allows to use pushing towing scheme. The solution is based on
rotation of the tethered tug-debris system that stretch the tether. The tension of the tether allows applying the push
force of the tug’s thruster along the line of the tether in the direction of space debris object (Fig. 2).

Fig. 2. Tethered towing using push scheme
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ROTATING TETHER FOR ACTIVE DEBRIS REMOVAL

The proposed technique allows using existing orbital stages as space tugs for active debris removal (ADR) after the
end of the main mission, so the ADR mission can be designed as a piggyback mission. In this case, it would be
sound practice to delegate all specific ADR tasks from the upper stage (space tug) to an autonomous docking
module (ADM) [15–17]. ADM is a small spacecraft that carries all specific equipment for active debris removal
missions including a capture device [18], tether control system and 6 degrees of freedom propulsion system for
proximity operations. ADM is delivered by the orbital stage in the proximity of the selected debris object. The ADM
separates from the upper stage with the tether and captures the debris. Using of ADM allows reducing demands to
the space tug in terms of accuracy of the proximity operations near the space tug.
Figure 3 shows the main idea of the proposed technique and stages of ADR mission using ADM. On the first stage,
the space tug is transferred to the intercept orbit with apogee height lower than the debris orbit height by the length
of the tether 𝐿" . The space tug carries ADM as a piggyback payload with a gripping device like a net, probe-cone
mechanism [30], harpoon. On the second stage, ADM separates from the space tug for short-range proximity and
capturing operations. On the third stage, ADM captures the debris object. The tethered tug-debris system is formed
on this stage.

Fig. 3. Rotating tethered tug-debris system for active debris removal
The required initial angular rate of the tethered system can be achieved by the relative orbital motion of the space
tug and debris at the final approach point (stage 3) when the distance between the space tug and debris is equal to
𝐿" . The space tug and debris have different orbital velocities, so the initial angular rate of the system is
𝑉& − 𝑉(
(1)
𝜔" =
𝐿"
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The rotation of the tether with two masses induces the tension force T in the tether that depends on the angular rate
of the system 𝜔" , tether length 𝐿" and the masses of the debris 𝑚+ and space tug 𝑚,
𝑚+ 𝑚,
(2)
𝑇 = 𝜔"& 𝐿"
= 𝜔"& 𝐿" 𝑚+,
𝑚+ + 𝑚,
Due to the rotation of the tethered tug-debris system the orientation of the tug’s thrust vector changes with the time.
At the stage 3 to decrease the orbital height of the system for de-orbiting the tethered debris the tug’s thrust should
be fired when the cosine of the angle ψ is positive.
3

MODEL

A model of the in-plane motion of the considered system is presented in [19]. Here we present a new model that
takes into account the mass of the tether and spatial attitude motions of the tug and debris objects.
The motion of the system is considered in the Earth centered inertial frame 𝑂𝑋𝑌𝑍 under the action of the
Earth’s gravity field. The tether is represented as a system of point masses connected with massless springs. The
space tug and debris object with ADM are considered as rigid bodies (Fig. 4). A body frame 𝐶+ 𝑥+ 𝑦+ 𝑧+ is centered
in the center of mass of the debris object with docked ADM and a body frame 𝐶, 𝑥, 𝑦, 𝑧, is centered in the center of
mass of the space tug. The tether attachment point in 𝐶+ 𝑥+ 𝑦+ 𝑧+ frame is described by the column vector 𝝆G+ . The
tether attachment point in 𝐶, 𝑥, 𝑦, 𝑧, frame is described by the column vector 𝝆G, .

Fig. 4. Tethered tug-debris system
The motions of the debris and space tug are described by the following equations
𝑀, 𝒓̈ , = 𝑮, + 𝑷, + 𝑻(
𝑱 𝝎̇ + 𝝎, × 𝑱 , 𝝎, = 𝝆G, × ( 𝑨, 𝑻( ) + 𝑴W,
H , ,
𝑀+ 𝒓̈ + = 𝑮+ + 𝑻X
𝑱+ 𝝎̇+ + 𝝎+ × 𝑱+ 𝝎+ = 𝝆G+ × ( 𝑨+ 𝑻X ) + 𝑴W+

(3)

where 𝑚, , 𝑚+ are the masses of the space tug and debris with ADM; 𝑱 , , 𝑱+ are the inertia tensors of the tug and
debris with ADM; 𝒂, , 𝒂+ are the center of mass accelerations of the space tug and debris; 𝑮, and 𝑮+ are the
gravitational forces acting on the bodies
𝒓+
𝒓,
(4)
𝑮+ = −𝜇
,
𝑮, = −𝜇
|𝒓+ |\
|𝒓, |\

First Int'l. Orbital Debris Conf. (2019)

6167.pdf

The first and third equations are written in 𝑂𝑋𝑌𝑍 frame, and the second and forth equations are written in the tug’s
and debris frames respectively. 𝑷, is the tug’s thrust force that aligned with the 𝐶, 𝑥, axis of the space tug
𝑷, = 𝑨, 𝒆_ , 𝒆_ = [1, 0, 0],

(5)

𝑨, is the matrix that transforms coordinates from 𝐶, 𝑥, 𝑦, 𝑧, to 𝑂𝑋𝑌𝑍 frame; 𝑻( is the force acting on the space tug
from the tether and 𝑻X is the force acting on the space debris from the tether; 𝑴W, and 𝑴W+ are the torques of the
attitude control systems of the space tug and ADM docked with the debris object. The tether is considered as a system
of 𝑛 point masses (nodes) connected with the massless springs. The motion of each node is described by the equation
𝑚e 𝒓̈ f = 𝑮f − 𝑻fg( + 𝑻f ,

𝑖 = 1, … , 𝑛

(6)

where 𝑚e is the mass of the node, 𝒓f is the position vector of the node in 𝑂𝑋𝑌𝑍 frame, 𝑮f = −𝜇 𝒓f /|𝒓f |\ is the
gravity force acting on the i-th node of the tether, 𝑻fg( and 𝑻f are the forces acting on the node from the
neighborhoods nodes. These forces depend on the distance between nodes
𝑻f = k𝑐f ⋅ (𝑙f − 𝑙" ) + 𝑑 ⋅ 𝑙ḟ p𝒆f ,

(7)

𝑖 = 1, … , 𝑛

where 𝑐f is the stiffness of the tether segment
𝑐f =

𝐸𝐴 𝐸𝐴
(𝑛 + 1) = 𝑐(𝑛 + 1)
=
𝑙"
𝐿"

(8)

𝑙" is the free length of the tether segment which is 𝑙" = 𝐿" /(𝑛 + 1); 𝑐 is the stiffness of the tether; 𝐸 is the Young’s
modulus of the tether; A is the cross section area of the tether; 𝑙f is the length of the tether segment between two
nodes of the tether
|𝒓( − 𝒓G, |, 𝑖 = 0,
𝑙f = s|𝒓ft( − 𝒓f |, 𝑖 = 1, … , 𝑛 − 1,
|𝒓G+ − 𝒓X |, 𝑖 = 𝑛.

(9)

𝒓G+ is the position of the tether attachment point on the space tug in 𝑂𝑋𝑌𝑍 frame
𝒓G+ = 𝒓+ + 𝑨+ 𝝆G+

(10)

where 𝑨+ is the matrix that transforms coordinates from 𝐶+ 𝑥+ 𝑦+ 𝑧+ to 𝑂𝑋𝑌𝑍 frame; 𝒓G, is the position of the tether
attachment point on the debris object in 𝑂𝑋𝑌𝑍 frame
𝒓G, = 𝒓, + 𝑨, 𝝆G,
𝒆f is the unit vector directed from the node 𝑖 to the node 𝑖 + 1
𝒓( − 𝒓G,
, 𝑖 = 0,
⎧ 𝑙
⎪𝒓 f− 𝒓
ft(
f
, 𝑖 = 1, … , 𝑛 − 1,
𝒆f =
𝑙f
⎨
⎪𝒓G+ − 𝒓X , 𝑖 = 𝑛.
⎩
𝑙f

(11)

(12)

The equations (3) and (6) should be integrated with the kinematic equations for the space tug and debris objects
𝑑𝑨,
𝑑𝑨+
= 𝑨, 𝝎
{,,
= 𝑨+ 𝝎
{ +,
𝑑𝑡
𝑑𝑡

(13)

where 𝝎
{ , is the angular velocity matrix of the space tug
0
𝝎
{ , = | 𝜔,}
−𝜔,~

−𝜔,}
0
𝜔,_

𝜔,~
−𝜔,_ •
0

(14)
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𝜔,_ , 𝜔,~ , 𝜔,_ are the projections of the angular velocity vector of the space tug on the axes of 𝐶+ 𝑥+ 𝑦+ 𝑧+ frame.
Angular velocity matrix 𝝎
{ + for the space debris object has the same structure but filled with the projections of the
angular velocity vector of the debris on the 𝐶+ 𝑥+ 𝑦+ 𝑧+ frame.
4

TUG’S THRUST CONTROL

As noted in Section 2, due to the rotation of the tethered tug-debris system the orientation of the tug’s thrust vector
changes with the time, so the tug’s thruster should be fired periodically. For example, to de-orbit the system the
tug’s thruster should be fired when the tug’s thrust vector projection of the orbital velocity vector of the system is
negative or cos ψ > 0 (Fig. 5). For more efficient use of the tug’s fuel the last condition can be rewritten as
cos 𝜓 > cos 𝜓„

(15)

where 𝜓„ ≤ 𝜋/2. To decrease the perigee height only the de-orbit impulses can be applied when the condition (15)
is satisfied and when the system is near the apogee of the system’s osculating orbit
𝑅 > 𝑅„ − Δ𝑅„

(16)

Fig. 5. Active phase for de-orbit the space debris
Periodically turning on and off space tug’s thruster can induce undesired longitudinal oscillations of the tether. To
damp these oscillations after the turning off and on the tug’s thruster the following control law is proposed
𝑷, = 𝑨, 𝒆_ 𝑈‹ , where 𝑈‹ = •

𝑈e„Ž•f•‘
e„““f•‘
𝑈e

cos 𝜓 > cos 𝜓„ and 𝑅 > 𝑅„ − Δ𝑅
cos 𝜓 ≤ cos 𝜓„

(17)

for the passive phase
e„““f•‘

𝑈e

“
̇
= ” 1 𝐿 > 𝐿" + 𝛿𝐿 and 𝐿 > 𝛿𝑣
0
other cases

(18)

0 𝐿 < 𝐿“e − 𝛿𝐿 and 𝐿̇ < −𝛿𝑣
1
other cases

(19)

for the active phase
𝑈e„Ž•f•‘ = ”

where 𝐿“e and 𝐿“" are the stationary lengths of the tether [19], obtained from the equations
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˜𝐿“e ™ − ›𝐿" −

𝑃
𝜔"& š
“ \
ž
˜𝐿
™
−
𝐿 =0
e
𝑚( 𝑘 &
𝑘& "

(20)

and
(𝐿“" )š − 𝐿" (𝐿“" )\ −

𝜔"& š
𝐿 =0
𝑘& "

(21)

where 𝜔" is the initial angular velocity of the tether, 𝑘 = 𝑐 ⁄𝑚+, , 𝛿𝐿 and 𝛿𝑣 are threshold values for the tether
length and tether elongation velocity.
5

SIMULATION

The simulation results in this section illustrate the proposed method. Here we consider a de-orbit process of the
space debris object from the initial circular orbit with a height of 800 km to the Earth’s atmosphere with perigee
height ℎe < 100 km.
5.1

Data

The space tug orbiting in the orbital plane of the debris object with perigee height of 550 km and apogee height of
798 km. This elliptical orbit of the space tug can be formed by single impulse maneuver from the base circular orbit
of the space tug. The debris is an upper stage type debris with mass of 1600 kg (including mass of the docked
ADM). The space tug has mass of 1500 kg. The tether length is 2000 m. The tether is made of 4-mm diameter
Kevlar wire. Parameters of the system are presented in Table 1.
A simple single axis control algorithm is used for the attitude motion control of the space tug and ADM docked with
the debris object. The control torque tries to align the longitudinal axis of the tug and debris with the tether line
𝑴W¡ = 𝒆Ž¡ (𝜂£ 𝜑Ž¡ + 𝜂¥ 𝜔Ž¡ )

(22)

where 𝜑¡ is the angle between the tether and the tug (𝑗 = 𝑇) and debris (𝑗 = 𝐷), 𝒆Ž¡ is the unit vector that is
perpendicular to the plane of the tether and the longitudinal axis of the tug (debris), 𝜔Ž¡ is the projection of the
angular velocity of the body relative to the tether to the 𝒆Ž¡ vector, 𝜂£ and 𝜂¥ are control coefficients.
Table 1. Parameters of the system
Parameter
Space tug mass

Value
1000 kg

Moments of inertia of
the space tug

diag(2000,6000,6000) kg·m2

Debris + ADM mass

1600 kg

Moments of inertia of
the space debris

diag(3000,8000,8000) kg·m2

Tug’s thrust

5.2

1000 N

Parameter
Tether length
Initial angular rate
of the tethered
system
Tether diameter

Value
2 km
1.85 deg/s
2 mm

Elastic modulus of
the tether

80 GPa

Tether mass

12.5 kg

𝝆G,

[1, 0, 0]T m

𝝆G¨

[0, 0, -3]T m

𝜂£

200 N⋅m

𝜂¥

2190 s⋅N⋅m

Simulation results

Figure 4 shows the time-history of the center of mass orbit height of the tethered tug debris system and timehistories of the perigee and apogee heights of the orbit. The figure shows that the periodic turning on of the tug’s
thruster leads to a decrease in the height of the perigee of the orbit. The tug’s thruster is fired near the apogee of the
orbit.
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Fig. 6. Time-history of the height of the tethered tug-debris system
The tether length time-history for the first 20 minutes of the de-orbit process can be seen in Fig. 7. Two horizontal
lines indicate the stationary tether lengths. Figure 7 illustrates the effective damping of tether’s longitude
oscillations.

Fig. 7. Tether length
Figure 8 shows the tug’s thrust diagram for the first 20 minutes of the de-orbit process. The tug’s thrust is fired
several times during the first minute to dump the oscillations of the tether. The figure also shows three impulses
applied to the tethered system. As a result of these three impulses, the height of the perigee of the orbit of the system
decreases by more than 200 km (Fig. 6).

Fig. 8. Tug’s thrust
Figure 9 shows the time-history of the angular velocity of tethered tug-debris system for the first 20 minutes of the
de-orbit process. The graph illustrates increasing in the angular rate of the tethered system when the tug’s thruster is
“on”.
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Fig. 9. Angular velocity of the tethered tug-debris system
Figure 10 shows the angular velocity of the space tug during the de-orbit process for the first five and the last five
minutes of the de-orbit process. From the graph we can see that the angular rate of the space tug during its attitude
motion is not increased.

Fig. 10. Angular velocity of the space tug
Figure 11 shows the angular velocity of the debris object during the de-orbit process for the first and the last five
minutes of the de-orbit process. From the graph we can see that the attitude motion of the debris object is stable.

Fig. 11. Angular velocity of the debris object
Figures 10 and 11 also show that during the first three minutes the angular velocity of the tug is decreased due to the
action of the control torque.
6

CONCLUSION

A new technique for the orbital transfer of tethered tug-debris system is proposed. The rotation of the tethered tugdebris system is used to “rigidise” the tether due to the action of the centrifugal forces on the debris and space tug
that allows to apply the tug’s thrust along the tether to push the debris object. The angular rate of the tethered tugdebris system has to ensure that the tether’s tension force does not fall below zero during transient events associated
with the turning on and off the tug’s thrust. To de-orbit the system the tug applies its thrust periodically when the
orientation of the tether relative to the orbital velocity vector of the system ensures application of the impulse in the
required direction. The rotation of the tethered tug-debris system can be achieved by the relative orbital motion of
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the debris object relative to the space tug during establishing the tethered connection between the bodies. We
suggest that the tethered connection between the tug and debris can be established by an autonomous module
separated from the space tug near the debris object. The feasibility of the proposed technique is demonstrated with
the simulation results. The advantage of the proposed technique in comparison with the existing method of de-orbit
space debris object using tethered space tug is that the proposed technique can be implemented by using
conventional design of the space tug with the payload space in front of the tug and the thruster at the rear side that
can be adapted for active debris removal as a piggyback mission.
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