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Abstract

We consider tethered tug-debris system with a low-thrust tug that is used for the active debris removal. The debris
is considered as a rigid body with fuel residuals. The chaotic motion of the system could be caused by the oscillations
of the debris object relative to the tether, oscillations of the fuel residuals in the fuel tanks of the debris, eccentricity of
the orbit and longitudinal oscillations of the tether. In this paper the chaotic motion induced by the oscillations of the
debris object with the fuel residuals relative to the tether is considered. Stable and unstable stationary solutions are
presented for the motion of the system in a circular orbit, which depend on the value of the tug’s thrust. It is shown
that the unstable solutions give rise to the chaotic motion of the system. Poincare sections and Lyapunov exponents
are used to detect the chaotic processes in the considered dynamical system.
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Nomenclature

my;— mass of the space tug;

m,— mass of the space debris;

ms— mass of the fuel residuals;

[ — tether length;

a— distance from the tether attachment point to
the debris center of mass;

b — distance from the tether attachment point to
the fuel pendulum attachment point;

¢ — distance from the fuel pendulum attachment
point to the center of mass of the fuel residuals

a — angle between the local vertical axis and the
tether

@ — angle between the tether and the debris axis

B — angle between the debris axis and the fuel
pendulum

R — distance from the Earth center to the
center of mass of the system

6 — true anomaly angle

J. — moment of inertia of the debris relative to the
longitudinal axis

J, — moment of inertia of the debris relative to the
transverse axis

1. Introduction

Space tethers is considered as one of the methods for
safe transportation of large space debris objects using
space tugs [1-4]. Understanding the dynamical behavior
of the tethered tug-debris system is essential for the
success of active debris removal missions.

If the space tug and debris connected by a tether move
around the Earth in elliptical or circular orbit, the
dynamic of the system is caused primarily by the tug’s

IAC-18,C1,1P,15,x42742

thrust and gravitational force and torque. The eccentricity
of the orbit, longitudinal oscillations of the tether cause
perturbations in the motion of the system. Tethered tug-
debris system can undergo chaotic behavior. The chaotic
motion of a tethered system was reported in a paper by
Misra et al. [5,6] and by Aslanov [7]. In [5] Misra show
that chaos could occur only for elliptic orbits or in the
presence of both pitch and roll motion of the system. In
[7], it is shown that a chaotic planar motion exists due to
the flexibility of the tether and the presence of the low
thrust.

Yet another source of the perturbations is the motion
of fuel residuals in the tanks of the debris and the motion
of the debris as a rigid body relative to the tether. In this
paper we investigate the chaotic motion of the system
induced by the oscillation of the debris body and the fuel
residuals relative to the tether.

In the part 2 the mathematical model of the system
described. In the part 3 the chaotic motions of the system
are investigated using Poincare sections and Lyapunov
exponents.

2. Mathematical model
2.1 Motion of the dug-debris system with fuel residuals
Considered tug-debris system is presented in Fig. 1.
The system consists of the space tug, tether, space debris
object and the fuel residuals. It is supposed that the space
tug has an attitude control system that maintains required
orientation of the tug, so the space tug is represented as a
point mass C;. The tether C; A is considered as a massless
rod. The debris is considered as a rigid body with a fuel
sloshing mass. C, is the center of mass of the debris
object. We use the simplest model where the sloshing

Page 1 of 6


mailto:aslanov_vs@mail.ru
mailto:yudintsev@classmech.ru

69" International Astronautical Congress (IAC), Bremen, Germany, 1-5 October 2018.
Copyright ©2018 by the International Astronautical Federation (IAF). All rights reserved.

liquid is modelled as an equivalent pendulum model.
This model can be used when the oscillations of liquid
are small [8,9]. The pendulum that represents the fuel
residuals in the debris fuel tank is represented as the point
mass C; with mass ms attached to the massless rod BCs
of length c¢. The rod BC; attached to the debris at the
point B on its longitudinal axis.

Fig. 1. Tug-debris system
The motion of the system is considered relative to
the local vertical local horizontal (LVVLH) orbital frame
Cx,y,. Frame’s origin C is in the center of mass of the

system. Axis Cx, lies on the orbital plane and is
aligned with the local vertical axis for the center of mass
of the system. Axis Cy, also lies on the orbital plane and
directed to the orbital velocity vector of the center of
mass.

The motion of the center of mass of the system in
Earth centered inertial frame OXY described by two
equations

R‘:—%+R19'2 1)

§ = —1[5+2R19] @)
Rlm

where m = m; + m, + m3 is the total mass of the
system, P is the thrust of the tug. Vector of the tug’s
thrust is directed into the opposite direction of the Cy,
axis.

The Lagrange formalism is used to write the motion
equations of the system in non-inertial frame Cx,y,
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d oT odT _ _ 13 3)
dt aql aql - Qi: t1=1,..,

where T is the kinetic energy of the system, ¢, = «a, q, =
¢, q3 = B are the generalized coordinates of the system,
Q; is the generalized force for g;.

The positions of the debris p, = [x,,y,]7, its fuel
mass p; = [x3,y5]7 and the tug p; =[x, y,]7 are
described by the following expressions relative to the
origin C of the Cx,y, frame

P1=Ps—Agey ! (4)
P3=Pa+t AaAqo(ex b+ ABex C) (5)
P2 =patAzApe,a (6)

where [ = C;A is the tether length, e, = [1 0]7, A4, Ay, Ap
are rotation matrixes in OXY plane

A, = [ —sin x] @)

cosx
Point C is the center of mass of the system, so we can write

3
Zpimi =0 (8)
i=1

This equation allows us to express p 4 for the expressions

(1-3)

= A Ay examy + A::lq,(ex b+ Age, c) ©)
The kinetic energy of the relative motion of the tug

debris and the fuel is given by the expression

cosx
sin x

3
2T = Z mV? + J,wl (10)
i=1

where V, = [Vi, Vi, = dpy/dt, V, = [V, V| =

T
dp,/dt, Vs = [Vay, Vay| = dps/dt.
Generalized force Q; on coordinate g; (i = 1,2,3) can
be written as

apy 3 0py
=P +Z Gy 2LE 4, 11
@ 9q; k=1 < g l )
where
P=-[0 1]"P (12)
and M; is the gravitational torque
3u
MZ ~ _E(Iz _]x) sin2(a+(p) (13)

It is supposed in the expression (13) that the tether length
is much smaller than the OC distance, so R, could be
replaced by R.

Only the debris object is considered as a rigid body
than only the debris object can be affected by the
gravitational torque, so M; = M; = 0. G, (k = 1,2,3) is
the force column vector that includes the gravitational
force acting on the body k and fiction forces that should
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be appeared in the system equations due to the non-
inertial nature of the orbital frame Cx,y, [10]

xk . .. .2
F-i_ 20V + Oy + 9°x
Yo ..o |
—I.lF - 219ka - l9xk + ) yk
for k = 1,2,3. The expressions (14) obtained with the
assumptions that the tether length is much smaller than
the distance from the center of the Earth to the center of
mass of the system [ « R [10].

Using the expressions (4)-(14) one can builds the
differential equations (3) of the considered system.
Obtained equations are very cumbersome, so these
equations are not presented here.

We suppose that chaotic motion of the system can be
induced by the oscillations of the space debris object or
by the oscillations of the fuel residuals in the tank of the
debris object. The debris object is a rigid body that
oscillates relative to the tether attachment point “A”. The
fuel residuals are represented as the pendulum that
oscillates relative to the point “B” of the debris. Both
oscillatory motions can induce the chaotic motion of the
system. To clearly illustrate the chaotic behavior of the
system let us consider simplified model of the system
without fuel residuals. This model allows us to write here
the motion equations and show the influence of the
oscillation of the debris to the attitude motion of the
tethered system.

2.2 Motion of the system without fuel residuals

Suppose that the acceleration due to the low thrust tug

is small

2p
szmk

P Iz
aT=;l<<g=ﬁ (15)

Based on this simplification, the attitude motion of the
system can be studied assuming that the geometry of the
orbit is preserved. The chaotic motion of the considered
system induced by the orbital eccentricity is presented in
[11]. Here we focus on the influence of the debris object
to the motion of the tethered system, so we suppose that
the orbit is circular R = const.

In the expressions (3)-(14) we set =L =4 =0,
¢ = 0 and write non-dimensional form of the equations
using true anomaly angle as the independent variable

(1+2dcosp+J)a" +(,+dcosp)p’ =

cosa[——3sina] +

myl n?
~ P ~ 1
acos(a + (p)m —3dsin2a + @) + (16)

ap'(2+2a’ +¢"))sing —
3a?sin(a + @) cos(a + @)

(J,+dcosp)a’ +J,¢" =
Pd cos(a + ¢) (17)
n? myl
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—3[@cosa + J,, cos(a + ¢)] sin(a + ¢)
—2da'sing

where

_ 2
_ Jz = Jx + myza (18)

my, 12

- Jptmpa®
=

2 Jzx
my,l

my, = mym,/(m; +m,) is the reduced mass of the
tug-debris  system, a=afl , a'=0a/09,a" =
0%a/09%, @' = 0 /09, @' = 0%¢p/39?%, nis the mean
motion of the system, that for circular orbit with radius
R can be written as

u
n= ﬁ (19)

For @ =, =],, =0 the equation (16) describes the

motion of two masses connected by a tether under the

action of the force P
., P 3
a' = T —Esm 2a (20)

This equations was presented in [11].

3. Simulation results

In this section we illustrate that the considered system
experiences chaotic motion induced by the motion of the
debris object relative to the tether.
3.1 Parameters of the system

Parameters of the system are presented in Table 1.
The tether of length 500 m connects two bodies with
mass 4000 kg (debris) and 1000 kg (space tug). The
debris equipped with low thrust propulsion system with
thrust of 0.4 N. The system orbiting circular orbit with
height of 800 km.

Table 1. Parameters of the system

Parameter Value

Debris mass m,, kg 4000
Debris moment of inertia, J, kg-m? 10000
Debris moment of inertia, J, kg-m? 5000
Space tug mass m,, kg 1000
Fuel mass ms, kg 500
ACy=a, m

AB=b, m

BCi=c, m

Tether length [, m 500
Tug’s thrust P, N 0.4
Semimajor axis, km 7171
Eccentricity, e 0
Radius of the Earth. R, km 6371
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3.2 Stationary points

Considered  tug-tether-debris  system can be
represented as a two mass system connected with a
massless rod. In central gravitational field it has two
stationary points a =0 (stable) and a=m/2
(unstable). Tug's thrust P shifts stable stationary. This
stationary point depends on the tug's thrust, length of the
tether and masses of the tug and the debris. Due to small
distance from the tether attachment point A to the center
of mass of the debris the influence of the debris object as
a rigid body to the stationary position of the tether is
negligible.

To determine the stationary solutions of the equations
(16)-(17), the derivatives are set to zero. That leads to the
following equations

[cosa + d cos(a + @)] X
(21)

il 3(sina —dsin(a + ¢))|=0
Pa cos(a + ¢)
nzm,l (22)
3[dcosa + J,, cos(a + ¢)] sin(a + ¢) =0
for @ = J,, = 0 we get stationary solutions for two mass
system considered in [11]
p :
W—3sma] cosa =0 (23)

Fig. 2 and 3 show bifurcation diagrams for the angles
a and ¢ as a function of tether length.
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Fig. 2. Stationary solution for a angle as a function of

the tether length

50 100 150 200 250 300
I, m

Fig. 3. Stationary solution for ¢ angle as a function of

the tether length
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For the full system that includes fuel residuals we
should solve nonlinear equations (3) with all the
derivatives are set to zero. Solutions of these equations
for the angles ¢ and S are presented in Fig. 4.

4 ‘ . . . .

50 100 150 200 250 300
I, m
Fig. 4. Stationary solution for ¢ and f angles as a
function of the tether length
3.3 Chaotic motion

In this section we illustrate the chaotic motion of the
system that can induced by the oscillations of the debris
body relative to the tether attachment point “A”.

Fig. 5 shows the evolution of the angle a. The graph
illustrates that the motion of the system can be disturbed
by the attitude motion of the debris object. The attitude
motion of the debris object can induce the chaotic motion
of the system near the separatrix. The system starts to
oscillate around the stationary point a® <m/2 and
during the motion transits to oscillation around the
stationary point a® > /2 and vice versa.

0 2.0 46 Gb 8‘0 100
Orbits
Fig. 5. Chaotic motion of the system without fuel
residuals (ag = /2 — 0.02, @, = 0.5, ag = ¢’y = 0)

The system with fuel residuals undergoes the motion
of a like nature. Fig. 6 shows motion of the system with
the following initial conditions o, = /2 — 0.02, @, =
@0 =0y =0,By = 1. The oscillation of the fuel leads
to the oscillations of the debris body relative to the tether
with amplitude about 0.15 rad. Fig. 7 illustrates the
motion of the debris body relative to the tether in (o, @')
phase space during the first two orbits. The oscillations
of the angle ¢ also induce chaotic motion of the system
near the unstable point.
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Fig. 6. Chaotic motion of the system with fuel residuals

-0.10 -0.05 0.00 0.05 0.10

@
Fig. 7. Motion of the debris relative to the tether

Fig. 8 shows Poincaré maps for four trajectories with
the following initial conditions
a. ay=mn/2—-0.025 ¢,=1
b. ay=m/2+0.002,p,=1
C. ay=1m/6,¢,=1
d. a,=51/6,¢p,=1
We can see area of chaotic motion depicted by a
diffused set of points near the separatrix (for the first and
the second set of initial conditions), which divide the
phase space into two oscillation and two rotations areas.
e 2a b ¢« ¢ o d

0 2 bad

Fig. 8. Poincaré map for P=0.1 N and e=0.05

Fig. 9 plots the largest Lyapunov exponents for three
cases. In the first case ay = /2 — 0.025, @, = 0, ¢, =
1, ¢'=0 and for P = 0.4 N. In this case the largest
Lyapunov exponent tends to a positive value, about 0.2
which indicates the chaotic behavior of the system.

In the second case @ = 0 (a = 0). The center of mass
of the debris body coincides with the tether attachment
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point “A”. In this case the attitude motion of the debris
body does not affect the motion of the tether and can’t
induce chaotic motion of the tethered system. There is no
disturbance in the system and the largest Lyapunov
exponent tends to zero.

03 T T T T T
P=04N ——
025+ P=0.4 N, a=0 =ssuss
P=12N =—
02 % i
. ;
j 0.15 4
01 f e i
\ Y
0,05 FoonTamng - 4
~ . R
B ey T
0 I 1 —_— = = = T iiareie
50 100 150 200 250 300

orbits

Fig. 9. Largest Lyapunov exponents

The largest Lyapunov exponent also tends to zero if
P = 1.2 Nand d # 0. In this case the motion starts near
the stable point a® = /2, so the motion of the system in
this case is not chaotic.

4. Conclusion

The simulation results show that tethered towing
using low thrust space tug can lead to chaotic motion of
the system if there is an unstable equilibrium of the
undisturbed system. The chaotic motion of the system
can be induced by the oscillations of the space debris
object relative to it’s the tether attachment point and by
oscillations of fuel residuals.

Acknowledgements
This work is supported by the Russian Science
Foundation, Project No. 16-19-10158.

References

[1] V.S. Aslanov, V. V. Yudintsev, Dynamics of
Large Debris Connected to Space Tug by a
Tether, J. Guid. Control. Dyn. 36 (2013) 1654—
1660. doi:10.2514/1.60976.

[2] L. Jasper, H. Schaub, Input shaped large thrust
maneuver with a tethered debris object, Acta
Astronaut. 96 (2014) 128-137.
doi:10.1016/j.actaastro.2013.11.005.

[3] V.S. Aslanov, V. V. Yudintsev, Dynamics,
analytical solutions and choice of parameters for
towed space debris with flexible appendages,
Adv. Sp. Res. 55 (2015) 660-667.
doi:10.1016/j.asr.2014.10.034.

[4] E.J. Van der Heide, M. Kruijff, Tethers and
debris mitigation, Acta Astronaut. 48 (2001)
503-516. doi:10.1016/S0094-5765(01)00074-1.

[5] A.K. Misra, Dynamics and control of tethered

Page 5 of 6



[6]

[7]

[8]

[9]

69" International Astronautical Congress (IAC), Bremen, Germany, 1-5 October 2018.
Copyright ©2018 by the International Astronautical Federation (IAF). All rights reserved.

satellite systems, Acta Astronaut. 63 (2008)
1169-1177.
doi:10.1016/j.actaastro.2008.06.020.

M.S. Nixon, A.K. Misra, Nonlinear dynamics
and chaos of two-body tethered satellite systems,
in: Adv. Astronaut. Sci., 1993: pp. 775-794.
V.S. Aslanov, Chaos Behavior of Space Debris
During Tethered Tow, J. Guid. Control. Dyn. 39
(2015) 2399-2405. doi:10.2514/1.G001460.

S. Abramson, S. Silverman, The dynamic
behaviour of liquids in moving containers,
Washington, 1966.

Raouf A. Ibrahim, Liquid Sloshing Dynamics:
Theory and Applications, Cambridge University

IAC-18,C1,1P,15,x42742

[10]

[11]

Press, 2005.
doi:10.1017/CB09781107415324.004.

K.T. Alfriend, S.R. Vadali, P. Gurfil, J.P. How,
L.S. Breger, Spacecraft formation flying:
Dynamics, control and navigation, 2009.
doi:10.1016/C2009-0-17485-8.

V.S. Aslanov, A.K. Misra, V. V. Yudintsev,
Chaotic attitude motion of a low-thrust tug-
debris tethered system in a Keplerian orbit, Acta
Astronaut. 139 (2017) 419-427.
doi:10.1016/j.actaastro.2017.07.008.

Page 6 of 6



