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Abstract

Contactless space debris removal systems are the promising direction for
solving the space debris problem. An ion beam transportation method is based on
blowing the space debris with a high-speed plasma flow generated by the engine of
an active spacecraft. The aim of the work is to evaluate the effect of controlling the
attitude motion of space debris on the amount of fuel consumption during the
contactless transportation of space debris. Four control strategies for an active
spacecraft are proposed and compared. The first strategy involves transporting the
object without considering its attitude motion. The second strategy involves
stabilizing the object in a stable angular equilibrium position. The third strategy
assumes transportation the space debris in the oscillation mode with the maximum
average force. The fourth strategy involves stabilizing the object in an angular
position corresponding to the maximum ion force. Laws were proposed to control
the thrust of the engines of an active spacecraft and the direction of the ion beam,
which implement the indicated strategies. The control laws for the spacecraft’s
thrusters and for the direction of the ion beam axis, implementing these strategies,
are proposed. The simulation of the transportation of the rocket stage is carried out
and the fuel costs for various strategies are calculated. The most preferable from
the point of view of minimizing fuel consumption is the second strategy. The
fourth strategy is ineffective. The results obtained in this work can be used in the

preparation of contactless space debris removal missions.
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1 Introduction

The space debris problem has attracted much attention in recent years. Old
non-functional satellites, spent rocket stages and their fragments pose a threat to
existing satellites and newly launched spacecraft. The scientific community is
discussing various ways to remove large space debris objects [1-3]. One of the
promising areas is the creation of contactless space debris removal systems. The
main advantage of such systems is the ability to transport objects without its
mechanical capture by a net [4], tether [5] or robotic manipulator [6]. Several ways
of contactless transportation are discussed in the literature. The deorbiting of a
passive object can be carried out using laser ablation. The idea is that a high-
energy laser pulse heats the surface of the object. Particles ejected from the surface
create a small thrust, which changes the orbit of the space debris object [7,8]. The
laser itself can be installed on a spacecraft [9,10], or it can be based on the ground
and use a space mirror for additional focusing [11,12]. Another way of contactless
impact on space debris is the use of an electrostatic field [13]. The spacecraft can
charge space debris and itself, for example, using an electron and ion guns [14].
Transportation can be carried out according to pull scheme, when the objects have
charges of different signs, or according to push scheme, when the signs are the
same [15]. To remove space debris from geostationary orbit, gravitational force
can be used. The concept of the heavy orbital collector implies placing a heavy
spacecraft in orbit, which gravitationally attracts space debris and transports it to a
disposal orbit [16,17]. A promising method is ion beam transportation, which is
based on blowing the space debris with a high-speed plasma flow generated by the
engine of an active spacecraft [18,19]. The latter method is considered in this
study.

According to the lon Beam Shepherd concept proposed by C. Bombardelli
and J. Pelaez [18], the active spacecraft, called the shepherd, is equipped with an



additional engine (impulse transfer thruster ) that creates a high-velocity quasi-
neutral plasma beam. The spacecraft flies up to space debris at a distance of about
10 m and directs an ion beam at it. The plasma ions impact against the space debris
surface and generate force, which we will call ion force below. This force is used
to carry out the required transportation. Studies show that this concept can solve
the problem of large space debris removal. Active spacecraft control laws and
mission parameters were developed to ensure the space debris object deorbit [20—
22]. It should be noted that the transfer thruster creates thrust, which must be
compensated by the opposite directed impulse compensation thruster to keep the
shepherd spacecraft near the space debris object. One of the ways to solve this
problem is to develop new economical bi-directional thrusters [23]. Another
complication of the considered concept is the dependence of the ion force on the
orientation of the space debris object in the ion beam [24]. Since the resultant ion
force is applied not at the center of mass of the object, but at some other point,
called below the center of ionic pressure, then there will be an ion torque tending
to change the orientation of the space debris. This effect was not taken into account
in the works mentioned above [20-22]. The calculations showed that despite the
fact that the force depends on the orientation of the object, the proposed contactless
transportation method is reliable, and it allows to perform the required transport
operation even without controlling the attitude motion of space debris [25]. The
article [26] simulates the mission of space debris removal by a spacecraft built on
the Express-1000NV satellite platform. Simulation of the controlled motion is
performed without control of the space debris attitude motion. However, our
previous studies have shown that the control of the space debris angular motion
can significantly reduce the time required to de-orbit an object [27].

The aim of the work is to evaluate the effect of controlling the attitude
motion of space debris on the amount of fuel consumption during the contactless
transportation of space debris. Several strategies for controlling space debris
angular motion will be suggested in this article. The fuel consumption of each

strategy will be calculated and compared.



2 Mathematical model

A number of assumptions must be made before proceeding to formulate the
equations of motion. The planar motion of the system is considered. An active
spacecraft is a rigid body which center of mass is located in the point A. The space
debris object is a rigid body of cylindrical shape, which center of mass is point B
(Fig. 1). This assumption is quite justified, since, according to various estimates,
the rocket stages, are the most promising targets for active space debris removal
missions [28-30]. The rocket’s body shape in a first approximation can be
considered as a cylinder. It is also assumed that orbits have no eclipses, and there is
no orbital area where thrusters cannot operate due to limited power availability.
The system moves under the influence of gravitational, ion and thrust forces only.
The effect of the atmosphere and solar pressure is not considered in this study. To
calculate the ion force and torque, the author’s implementation of the calculation

procedure described in [27,31] is used.

2.1 Equations of motion

Let us introduce several reference frames: inertial frame OX pr, orbital

frame BX Y, and body frame BX,Y,. The origin O of inertial frame OX Y is the
Earth center. The axis BX, is directed along the spacecraft’s position vector. The
axis BY, lies in the spacecraft’s local horizon plane, and it is directed toward the
orbital flight. The axes of the body frame BX,Y, are principal axes of the space
debris object. The axis BX, is the cylinder axis of symmetry. The origin of
spacecraft’s reference frame is point A. The axis BX, lies on the ion beam axis
beam, and it is directed towards space debris. The axis BY, lies in the plane of the

orbit. The state of the mechanical system is described by six generalized
coordinates (Fig. 1): the distance between the Earth center and the spacecraft r,

the spacecraft’s true anomaly angle v, the Cartesian coordinates x,, y, of the

spacecraft in the orbital coordinate system BX_ Y , and the deflection of the ion

oo’



beam axis from BY, axis /. Besides the generalized coordinates, Fig. 1 also
shows the forces acting on the system. In addition to the gravitational force G,,

the spacecraft is influenced by the resultant thrust force from the impulse transfer

thruster and the main propulsion system P and the control moment M,, which
ensures the rotation of the spacecraft and the change in the direction of the flow
axis. The thrust P is shown in Fig. 1 as tF, wo projections P, and P, on the axis
of the orbital coordinate system BX_ Y,. The ion force acting on the space debris

object is presented in the form of projections and F, on the axis of the body

coordinate system BX,Y,. The torque generated by the ion beam is denoted as L, .

The ion force and torque, in addition to the parameters of the impulse transfer
thruster, depend on the ion beam axis direction and the distance between the

spacecraft and the space debris object.

Space debris object

X,
Fig. 1. Contactless space debris removal scheme.
Lagrange's formalism can be used to develop a mathematical model. The

process of obtaining the equations of motion for the mechanical system shown in
Fig. 1 is described in detail in [24].
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where m, is the mass of the spacecraft, m, is the mass of the space debris object,

I, 1,, 1, are space debris moments of inertia, r, is the space debris center of

mass position vector length

I :\/(r +X,)° + Y2
The equation of the spacecraft attitude motion under the action of gravity gradient
torque and control torque has the form

(1 —1x)sinpcos g
- =
r-A

IAz(v+B)+31u Mz’ (6)

where I,,, 1,,, 1,, are the spacecraft moments of inertia. The system of equations

(1) - (6) describes the motion of the mechanical system, shown in Fig. 1.

For the purposes of further analysis, let us write the equation of the
unperturbed motion of a space debris object. Unperturbed motion is understood as
the motion of space debris in a circular orbit when the spacecraft retains its relative
position and angular orientation unchanged. In this case

r=const, v=w=const, x,=0, y, =d =const , S =const,
and the space debris object oscillations can be described by the equation

- 3u(l, —1,)sindcosd _L(@,a,x, )
r’l, I

: (7)
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where o =+ y is the angle between the ion beam axis and the line connecting

the centers of mass of the spacecraft and the space debris object (Fig. 1),

y =arctan(x, / y,). Equation (7) can be integrated and reduced to the form

) )2 L (e, X,,y,)d@ 3u(l, -1
E(H,@,a,xA,yA)z%—I z(a IA yA) _ IUE“,Y3I X)COSZQ, (8)
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where E is the space debris oscillation energy, which retains its value along each

phase trajectory. Equilibrium positions 6, of equation (7) are the roots of nonlinear
equation
3u(l, —1,)sind.cosd. - r’L,(6.,a,%,,Y,) =0. (9)

Since the orbital radius r is included in the equation, the equilibrium positions

change during the descent of the space debris.

2.2 Control strategy

Several control strategies for the shepherd spacecraft will be proposed and
analyzed below. The first strategy does not take into account the motion of the
space debris object relative its center of mass. The spacecraft’s control system

holds it at a point with coordinates x,,=0, y,,=d, and the ion flow axis is

directed to the object's center of mass. The distance d is mainly determined based
on the condition of minimizing the effect of backsputtering contamination due to
sputtering phenomenon [20]. This distance is of the order of tens meters. This
strategy will be called as the “transport without attitude control” (Fig. 2). All other
control methods will be compared with this strategy. This control strategy was
used in studies [21,22,32,33].

Strategy 1 - Transport without attitude control Strategy 2 - Transport in equilibrium state

Fig. 2. Control strategies for an active spacecraft.



In order to move the spacecraft to the required relative position and to
translate it into the required angular position, it is proposed to use the following
linear thrusters control laws

P =K, (Xpo = Xa) — Ky,
P, =Kyo + Ky (Yao = ¥a) =Ky Vs

Mz:kﬂ(ﬂo_ﬂ)_kdﬁﬂ.f (11)

where k; are gain coefficient, x,,, y,, are the coordinates corresponding to the

(10)

required relative position of the spacecraft, g, is the angle corresponding to the

required orientation of the spacecraft. Numerical calculations have shown that
reorienting the spacecraft to change the direction of the ion beam axis using control
(11) is an ineffective solution, since it is time consuming and significantly
increases fuel costs. It is proposed to mount the ion thruster on a movable platform
and change the ion beam direction using an electric motor. Further, it is assumed

that the electric motor turns the platform according to the following law

o, —« — .
122 | 120)7 +a, Iifa,>a;
2 2 t, —t,
o= (12)
o, —« —
R Y Y. +a,, if a, <ay,
2 2 £, —t,

where t, and t, are initial and final time corresponding to the moments when the
electric motor is turned on and turned off respectively, «, and «, are initial and

final ion beam axis angle.
Since the force created by an ion thruster is a limited value, it is proposed in

the simulation to smooth out the thrust force according to the law



P, if P<p;

Plimi = pzsm(uj"' P if P, < P| <p+ ”sz; (13)
P,

p+p,; fR> p1+”2pz:

where P, is the value of the thrust force calculated according to the equations (10),

P

limi

is the value of the thrust force bounded from above, p, and p, are

coefficients defining smoothing (Fig.3).
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Fig. 3. Limiting thrust force.

The second strategy involves the stabilization of the space debris object in an

equilibrium position 6., and its subsequent transportation with small angular

oscillations. Stabilization can be carried out both by changing the thrust of the
impulse transfer thruster and by changing the direction of the ion beam axis. The
second method is much more efficient in terms of speed of the stabilization [34].
The relative position of the shepherd spacecraft is chosen so that the ion force lies

on the BY, axis. This strategy will be referred to below as the "transport in

equilibrium state" (Fig. 2). Fig. 4 shows a schematic representation of the phase
trajectory, which ensures the transfer of the system from a certain initial trajectory
to the equilibrium position &, .

To control the ion beam axis direction, it is proposed to use the following
approach based on calculating the energy of the unperturbed system (8). A change

in the « angle, which is responsible for the direction of the ion beam axis, leads to



a change in the ion torque acting on the space debris. Let us denote by ¢« .. and
a . the values of the angles corresponding to the minimum and maximum

max

averaged ion torque ion torques.
1 2 l 2
A =Min| — [ L(6,a+)d0 |,  a,, =max| — [L(8,a+y)d6|. (14)
a \ 21 a \ 21

A change in the direction of the ion beam axis leads to a change in the dependence

L,(@) and in phase portrait, but in the unperturbed case, each phase trajectory is

still characterized by some constant energy value (8). In the case a=¢,,, a

trajectory characterized by the energy ES™ =(6,,,0,@,,, Xar Y,) Phases through

the point 4, and in the case a=¢,, a trajectory characterized by the energy
ES™ =(0,,0,a,., X, Ya) Phases through this point (Fig. 4). The idea of control is
as follows: moving along a certain phase trajectory at a =0, the energy values
E“"=E(,0,a,,.,%,,Y,) and E“™ =E(6,0,a,.X.Y,) is constantly
calculated. If E“™ =E“™* and 6 <0 ( point A; in Fig. 4), then the angle changes
on a =a,,, and the phase trajectory approaches the point 6,,. If E“™ = E*™ and

0>0 (point A; in Fig. 4), then the angle changes on a=«a,. and the phase
trajectory approaches the point 6. Since the switching of the o does not occur

instantly, and also the real motion does not occur in a circular orbit, the phase

trajectory will not get exactly to the point 6_,. Therefore, the movement occurs to

the point where =0 (point A; in Fig. 4), and then the angle changes again on
a =0 and the process is repeated (segment A, Asz in Fig. 4).

The third strategy proposes the transportation of a space debris object in an
oscillation mode. In this case, the space debris is transferred to the oscillation mode
for which the ion force averaged over the period of angular oscillations is
maximum. As in the previous case, the relative position of the spacecraft is chosen

so that the averaged force lies on the axis BY, (Fig. 5). This strategy will be called

as the "transport with the maximum average ion force."



Fig. 4. Phase portrait of the unperturbed equation (7) for first and second control

strategies. Thick lines indicate sections of trajectories where control is used.

Strategy 3 - Transport with the maximum Strategy 4 - Transport with the maximum ion force
average ion force

Fig. 5. Control strategies for an active spacecraft taking into account the angular

motion of the transported object.

The third strategy involves calculating the force averaged over the
oscillation period. The average value of the ion force can be assigned to each phase
trajectory of the unperturbed equation (7). For each initial point on the phase
portrait, a phase trajectory can be constructed by numerical integrating the
equation of unperturbed motion. As a result of integration, the dependence &(t)
can be obtained, and the oscillation period T for a given phase trajectory can be
calculated. This dependence can be used to calculate the projections of average ion

forces on orbital reference frame axes

= 1 _ 17 _
Fo=7Fa(0®)t,  Fo=1]Fo@00),  F

— 2 — 2
JFo+ Fro
(15)
where F =F cos@—F sing, F =Fssind+F cosé. In order for the average

ion force vector to lie on the axis BY,, it is necessary to move the shepherd



spacecraft to point with coordinates x, =dsiny, y, =dcosy, where

— yo i _ I:xo
cos;/—ﬁ, smy_ﬁ.

As in the previous case, the energy of the unperturbed system is used to
build a control strategy. We determine the target trajectory with maximum average
ion force F by performing a series of calculations with different initial conditions.

This trajectory crosses the axis 8 =0 at points 6, and 6,. If the energy calculated
on the target trajectory E. =E(6,0,0,x,,y,) greater is than the current energy
E= E(@,é,O,xA, y,), the angle 6 <[6,6,] and 0 >0, then we need to change the

angle to @« =¢,,, and hold it until the energy E(e,é,O,XA,yA) becomes equal to

X

E.. 6,. If the energy calculated on the target trajectory E. greater is than the
current energy E, the angle 6€<[6,,6,] and 0 <0, then we need to change the

angle to a =« . If the energy calculated on the target trajectory E. is less than
the current energy E then regardless of the value of & angle the angle « should be
when 0 >0. Fig. 6 schematically shows

changed to &, when 6<0, or to a_,

X n

the phase portrait. Let the motion begin at point A;. The energy at point A; is
greater than the energy on the target trajectory E., so the ion beam axis is
deflected by an angle a=¢,,. At point A, the trajectory leaves the zone
0 €[6,,0,], and the angle « changes by 0. At point Az, the trajectory returns to the

zone, and the angle changes to « = ¢, . At point A4, the Energy reaches the value

E. and the angle changes to & =0.

Fig. 6. Phase portrait of the unperturbed equation (7) for third control strategies.



The fourth strategy involves the stabilization of space debris in an angular
position corresponding to the maximum module of the ion force. Since this
position is not the equilibrium position of the system, it will be necessary to
periodically return the space debris object into this angular position by changing
the direction of the ion beam axis. Again, the relative coordinates of the spacecraft

are chosen so that the maximum ion force is on the axis BY, (Fig. 5). This strategy

will be called as the "transport with the maximum ion force."

For the fourth strategy, the following approach to controlling the « angle is
proposed. Controlling the strategy described in the previous strategy allows to
transfer the representing point to the phase trajectory passing through the point
0=6,, 6=0 of the phase space (point 4 in Fig. 7). Since =46, is not an
equilibrium position, then after some time the representing point in the phase
portrait of the unperturbed equation (7) will leave the vicinity of this position and
the angle @ will change by A@. At this point in time, control should be turned on

again and the representing point should be transferred to the phase trajectory
passing through point 6 =40, 0 =0. This process is repeated to keep space debris
in A@ vicinity of angular position 6 =4, .

OA

Fig. 7. Phase portrait of the unperturbed equation (7) for fourth control strategies.

2.3 Fuel costs estimation
This section describes the calculation of the fuel mass required to the space
debris removal mission. To perform the shepherd spacecraft controlled motion it

must be equipped with additional thrusters, which can create thrust in mutually



perpendicular directions. Let us introduce a coordinate system AX,Y, , the origin
of which coincides with the center of mass of the shepherd spacecraft, and the axes
are directed along its principal axes (Fig. 8). The projections of the control forces

P., P, and the thrust force of the compensation thruster F. on the axis of this
coordinate system have the form
P =F cosa +P,sin f—P,cos 3,

| _ (16)
P =F sina + P, cos 5+ P,sin .

For simplicity of analysis, it is assumed that all thrusters installed on the spacecraft

have the same parameters.

Fig. 8. spacecraft’s engines thrust forces.

The methodology given in sections 2.3 and 2.4 of study [20] is used here as

a basis. To calculate the required total propellant mass m the dependence of the

prop !
thrusters flow rate on the thrust force is required

rhprop = mTT (FT) + n.’ltrx(pr) + n.’]try(PyA) + mrot (l M z / h |) ’ (17)
where m,, is the fuel mass of the transfer thruster, m,, the fuel mass of engines

directed along AX, axis, m, is the fuel mass of engines directed along AY, axis,
m,,. the fuel mass of the engines that ensure the rotation of the spacecraft relative
to its center of mass, F; is the thrust force of the transfer thruster, h is the distance

from the spacecraft center of mass to the line of thrust force action. If equation (17)



iIs a known function obtained experimentally or analytically, then the total mass

can be obtained as
ty ty ty
mprop = rhTTtk + Imtrx(PxA)dt + J‘rﬁtry(PyA)d.t + Imrot (| M z (t) / h |)dt, (18)
0 0 0

where t, is the mission duration time.

Consider a hypothetical ion engine. Its thrust force F and flow rate m are
controlled by the electrical power supplied to the thruster p. The paper [20]
proposes to use approximations

F(p)=a+bp, m(p)=a’+b’p +c'p?, (19)
where the parameters are determined by the characteristics of a particular ion
thruster. The paper indicates that the linear approximation (¢'=0) gives a fairly

small error. Using equations (10), the dependence of fuel flow rate on thrust can

be obtained as

m(F):a’+@ (20)
The effective exhaust velocity of the thruster can be found as [35]
V, =F/m (21)

Calculating the thruster parameters a, b, a', b’ on the basis of experimental data
and substituting equation (20) into (18), it is possible to determine the amount of

fuel required for the mission.

2.4 lon beam force and torque calculation

To calculate the ion force and torque using methodology described in
[27,31], it is necessary to have some
parameters of the ion beam, in particular the plasma density at the beginning of

the far region n,, the axial component of the ion velocity u,, the divergence angle
of the ion beam «,,, the ion particle mass m,, the radius of the beam at the
beginning of the far region R,. The flow behavior around the engine nozzle is

quite complex and depends on many factors. To describe the flow in this area



(near-field jet), advanced mathematical models that take into account the design
features of the engine, or empirical models are applied. In this study, rather rough
estimates are used, which nevertheless allows comparing the proposed control
strategies. Let's assume that the ion beam axial velocity is equal to the effective
exhaust velocity of the thruster

U, =Vy =F /m(F); (22)
and mean initial plasma density n, can be calculated as

m2
Ny=—3—, 23
" mzaR’F ()

where R; is the radius of the thruster nozzle.

To calculate the ion force and torque, the surface of the space debris object
is divided into N triangles, and the effect of an ion beam on each of them is
approximately calculated. It is assumed that when a particle of an ion beam hits the
surface of an object, it completely transfers its momentum to the object. In this
case, the force generated as a result of this impact is directed along the particle
velocity vector. To calculate the force, it is necessary to know the density of
particles and their velocities at the considered point in space. A self-similar model
of ion propagation [27] gives the following expression for calculating the ion
density

n(xa,ya,za)=)%:§—§§2%exp(—%) (24)
where x_, y,, z, are coordinates of the considered point in space in the shepherd
spacecraft coordinate system AX.,Y,Z. (Fig. 1). It is also assumed that axial

component of the particle is constant u, =const. In this case, the same number of
particles passes through any cross-section perpendicular to the ion beam axis per
unit time, and for initial plasma density R, =R, can be taken in (23). It is supposed
that the triangles into which the surface of the object is divided are small, so the

density of particles on the surface of each triangle is the same, and the velocities of



all particles are parallel to the velocity of a particle hitting the triangle barycenter.
The force acting on the j-th triangle is
Fi=-n(Xy, Yo Z)Mi (V; -NV, (25)

where x,, Yy,, z, are the coordinates of j-th triangle barycenter, N;is the unit
normal vector to j-th triangle, V; is the particle velocity vector having coordinates

[U,, U, Yy 1 %y, U,2

oZs | X;] in the spacecraft’s reference frame AX,Y,Z.. Only non-
shaded triangles are included in the calculation. The resulting ion force acting on
the space debris object and the ion torque relative the object’s center of mass can

be found as

_—

N
F=YF,, L:lepijj. (26)
J:

Since the ion force and torque are 2z periodic functions of the angle 4, it is

convenient to represent them in the form of Fourier series

i1

F=F_ [aéx) + ia}x) cos j& +b!¥ sin jQJ,

F, Fmax(aéy) +ia§y) cos j&+b{"sin jej, (27)

-1
L=L_ (aé” + > ai" cos jo+b{"sin jej,
-1
The coefficients of the Fourier series al’and b{’ depend on the ion beam

parameters, the relative position of the spacecraft and the shape of the space debris
object. This fact makes it impossible to further analyze the considered mechanical
system in the general statement. For further analysis, specific numerical values of
the space debris object and ion beam parameters are selected in the next section.
For a given space debris shape and the ion beam parameters, the ion force and

torque are functions of four generalized coordinates: X,, Y,, f=a—y, 0. The

process of calculating the force and torque is quite laborious in terms of the cost of

computing resources. These costs can be reduced by making a preliminary



calculation for the case x, =0 and turning the system around the axis BZ_ (Fig.

9). In this case
L,(0,0,%,,¥,) =L, (6+y,,0,d),
F.(0,a,%,,Y,) =F (0 +7,4,0,d),
F (0,a,%,,Y,) =F,(0+7,2,0,d),

where d = /X2 + y%, y =arctan (ﬁ]
Ya

Fig. 9. lon force and torque recalculation.

3 Results of numerical simulations

As an example, consider the de-orbiting of Russian SL-8 Kosmos upper
stage (Table B.9 in [28]) having the parameters given in Table 1. Since there are no
detailed data on rocker stages of this class in the public domain, the mass-
geometric parameters given in the table are very approximate and are suitable only
for a rough estimate. The name SL-8 Kosmos means several modifications of
rocket stages produced in the USSR and Russia: Kosmos-1 (65C3), Kosmos-3
(11K65), Kosmos-3M (11K65M), Kosmos-3MU (11K65MU). The shepherd

spacecraft has mass m, =450kg and moments of inertia 1, =1000kg-m?,
| ., =2000kg - m?, 1, =2500kg-m?®. Spacecraft’s thrusters and plume have
following parameters [36]: thrust force F ., =0.0496N, F__ =0.209N, flow rate

m,.. =2.29-10°kg/s, m_ =5.21-10"°kg/s, electrical power p . =1080W,



P =6075W . Substitution of these values in (19) allows calculating the
coefficients
a=1.5135-10°N, b=3.1912-10°NW™, a’'=1.6586-10"°kg/s,
b'=5.8458-10""kg-s"W™,¢'=0.
The ion beam divergence angle is, =15°, the distance between the spacecraft and

the space debris is d =15m. It is assumed that the impulse transfer thruster creates

constant thrust F, =0.2N. Equation (22) gives for the axial velocity in this case
u, =39642m/s. lon beam density according to equation (23) for R, =0.2m and
ion mass m, =2.18-10kg is n, =4.6457-10*m. Control law (10) coefficients
are k, =k, =1000kg/s®, kg, =k, =100kg/s, k ,=-0.28m,/m;. Smoothing law

(13) coefficients are p, =0.03N, p, =0.01N.

Table 1. - SL-8 Kosmos upper stage parameters.

Parameter Value Parameter Value

USSTRATCOM catalog | 1575 Dry mass m, 1435 kg

number

Perigee altitude 1368200 m | Length 6m

Apogee altitude 1517000 m | Diameter 2.4 m

Eccentricity 0.009522 Center of mass 0.5m
displacement

Orbit’s parameter 7812892 m | Longitudinal moment of 1300 kg m?
inertia I,

Inclination 56.1° Transverse moment of 6800 kg m?
inertia 1,1,

The calculation of the ion force and torque for the case x, =0, y, =d was

carried out using the method described in Section 2.4. Fig. 10 shows graphs of the

dependences of the ion force projections on the axis of the body F , F, and orbital




F

ox?

F,, reference frames, as well as the magnitude of the ion force F =,/F?+F/ .

The Fig. 10 also shows curve 10F, in order to more clearly demonstrate the
dependence F,(0) at the selected scale. The maximum ion force is
F..« =0.0329N. This force corresponds to the angular position 6, =0.4363rad.
For the force to be directed along the axis BY,, the spacecraft must be at the point

X, =14.9971m, y,=0.2941m. In this case y=arctan(-F,/F,)=0.0196rad.

The dependence of the ion torque on the angle @ for cases =0, a=«,, , and

min !

a =« 1S shown on Fig. 11. For the considered space debris object, the following

max

angles are obtained: «,, =11°, «,, =-11°. Graphs of the dependence of the

equilibrium position on the orbit height are shown in Fig. 12, where R; is the
Earth radius. The equilibrium positions are located symmetrically with respect to
37 /2. lon forces in this equilibrium positions are equal in magnitude and

symmetric about the BY, axis. The force at these points is approximately equal to

F =0.0323N.
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-0.02

-0.04
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Fig. 10. Dependence of ion force projections on the deflection angle 6.
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Fig. 11. Dependence of ion torque on the deflection angle 6.
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Fig. 12. Dependence of a stable equilibrium position &, of equation (7) on the

altitude.

The phase portrait of the unperturbed equation (7) for the case
r =7812900m is shown in Fig. 13. The corresponding averaged force is shown in
Fig. 14. To construct this graph, the initial point £(0) =46,, 0(0) =0 was taken and
the numerical integration of the unperturbed equation (7) was carried out until the
moment when the phase trajectory returned to the initial point. Then the averaged
force was calculated using the formulas (15). The results show that for the body
under consideration, the point corresponding to the maximum averaged force

F =0.0323N 6, =3.5966rad coincides to the center 6, . Thus, the third control

strategy for the considered object coincides with the second.
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Fig. 13. Phase portrait for r =7812900m .
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Fig. 14. The dependence of the average ion force F on initial angle 6, .

Let us simulate the descent of the stage using various control strategies given
in Section 2.2 using the system of equations (1)-(6). The orbital perigee altitude is
tracked during the simulation. We will restrict ourselves to considering the descent
of the perigee by 50 km. The choice of such a small decrease in height for analysis
is due to the high computational costs required for the calculations. The following
initial conditions are used

r(0)=7739199m, ¢(0) =0, v(0)=0, v(0)=9.229 -10*rad/s, 6(0)=3.8442rad
0(0)=0,
X,(0)=0, X,(0)=0, y,(0)=15m, §,(0)=15m, B(0)=0, B(0)=0.
In addition, consider the descent using the first control strategy, when the initial

deflection angle corresponds to the trajectory with the minimum average ion force

0(0)=37z/2. This is expected to be the worst case in terms of time and fuel

consumption.



Table 2. - Comparison of fuel costs for different control strategies to reduce of the

perigee by 50km.
Case Initial Descent Total
angle time, ty, propellant
6(0), rad | hours mass
M 0pr KY
Strategy 1 | 4.7124 332.5624 | 13.9339
Strategy 1 | 3.8442 293.6431 | 12.3247
Strategy 1 | 3.6442 292.1181 | 12.2605
Strategy 2 | 3.8442 293.1618 | 12.3044
Strategy 3 | 3.8442 293.1618 | 12.3044
Strategy 4 |3.8442 | 466.9007 | 20.0813

The simulation results show that the first strategy is most effective if the stage is
initially stabilized in the equilibrium position (row 3 in Table 2). However, as the
orbital radius gradually decreases, the phase trajectory will move away from the
equilibrium position (Fig. 12), which will lead to an increase in fuel consumption.
The second strategy, which implies the transportation of the rocket stage in an
equilibrium angular position, is effective when the stage is not initially stabilized in
the equilibrium position. Since the rotation of the ion beam axis is carried out by
electric motors, the necessary permanent correction of the angular position of the
stage does not lead to an increase in fuel consumption. Fuel consumption in the
case of the second and third control strategies, as expected, coincided, since the
phase trajectory on which the maximum averaged force is observed turned out to

be the equilibrium position 6,,. Active stabilization of the transported object in the

equilibrium position can significantly reduce fuel consumption compared to using
the first strategy (up to 11.7% according to data given in rows 1 and 4 in Table 2),
which does not imply control of the angular movement of the object. However, if

at the beginning of transportation the object is near the equilibrium position, the



gain is not so obvious. A comparison of rows 2 and 4 of the table shows that the
fuel economy is only 0.3%. Therefore, it is advisable to stabilize the rocket stage in
a stable equilibrium position before the start of transportation mission, and then
from time to time correct the angular oscillations of the stage, returning it to the
equilibrium position. Calculations have shown that the fourth strategy is

ineffective. Although the angle &, corresponds to the maximum ion force, for

about half of the transportation time the system moves in a mode when it returns to

the vicinity of the point 6,. In this case, the axis of the ion beam is deflected by an

angle of «,, or « which leads to significant decrease in the ion force

max !

generated on the object.

Fig. 15 shows the phase trajectory at the initial stage of motion in the case of
using different control strategies. It can be seen that the trajectories are not
periodic. This is due to the fact that the orbit of the center of mass is not circular,
but its radius changes during transportation. Fig. 16 demonstrates the change in the
orbital pericenter radius during the descent. The first and second strategies turn out

to be very close when the rocket stage is initially stabilized.

15
10 ~——

?2 5 @rategym IStrategyl]
oo S
: LY

-10 \
Strategy 4
-15
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Fig. 15. Phase trajectories at the initial stage of ion transport.
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Fig. 16. Perigee radius in case of using different control strategies.

Fig. 17 shows the change in the thrust force of the spacecraft thrusters at the initial
stage of transportation for strategy 2. Periodic bursts of force are caused by the
rotation of the ion flow axis (Fig. 18) to stabilize the stage in the equilibrium
position. It can be seen that the control strategy presupposes a fairly frequent

adjustment of the angular position of the transported object.
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(a) (b)
Fig. 17. Spacecraft’s thrusters force for strategy 2.
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Fig. 18. lon beam axis deflection angle for strategy 2.



5 Conclusion

The paper considers the transportation of a space debris object by an ion
beam. The equations describing the plane motion of a mechanical system
consisting of an active spacecraft and a space debris object are written. Four
control strategies for an active spacecraft are proposed. The first strategy involves
transporting the object without considering its attitude motion. The second strategy
involves stabilizing the object in a stable angular equilibrium position. The third
strategy ensures the transfer of the object to the mode of angular oscillations, for
which the force averaged over the oscillation period is maximum. The fourth
strategy involves stabilizing the object in an angular position corresponding to the
maximum ion force. Calculations have shown that the most preferable from the
point of view of minimizing fuel consumption is the second strategy. For the
considered numerical example, this strategy can save up to 12% fuel compared to
the first strategy. The fourth strategy turned out to be ineffective due to the fact
that it is necessary to constantly return the transported object to the angular
position corresponding to the maximum ion force. To return, it is necessary to
deflect the axis of the ion beam, which leads to a drop in the ion force. The results
obtained in this work can be used in the preparation of contactless space debris

removal missions.

Declaration of competing interest

No potential conflict of interest was reported by the authors.
Acknowledgments
This study was supported by the Russian Science Foundation (Project No.

19-19-00085).

References



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

H. Hakima, M.R. Emami, Assessment of active methods for removal of LEO
debris, Acta Astronaut. 144 (2018) 225-243.
https://doi.org/10.1016/j.actaastro.2017.12.036.

P. Zhao, J. Liu, C. Wu, Survey on research and development of on-orbit
active debris removal methods, Sci. China Technol. Sci. 63 (2020) 2188
2210. https://doi.org/10.1007/s11431-020-1661-7.

C. Bonnal, J.M. Ruault, M.C. Desjean, Active debris removal: Recent
progress and current trends, Acta Astronaut. 85 (2013) 51-60.
https://doi.org/10.1016/j.actaastro.2012.11.009.

M. Shan, J. Guo, E. Gill, Deployment dynamics of tethered-net for space
debris removal, Acta Astronaut. 132 (2017) 293-302.
https://doi.org/10.1016/j.actaastro.2017.01.001.

V.1. Trushlyakov, V. V. Yudintsev, Rotary space tether system for active
debris removal, J. Guid. Control. Dyn. 43 (2020) 354-364.
https://doi.org/10.2514/1.G004615.

A. Flores-Abad, O. Ma, K. Pham, S. Ulrich, A review of space robotics
technologies for on-orbit servicing, Prog. Aerosp. Sci. 68 (2014) 1-26.
https://doi.org/10.1016/j.paerosci.2014.03.002.

C.R. Phipps, K.L. Baker, S.B. Libby, D.A. Liedahl, S.S. Olivier, L.D.
Pleasance, A. Rubenchik, J.E. Trebes, E. Victor George, B. Marcovici, J.P.
Reilly, M.T. Valley, Removing orbital debris with lasers, Adv. Sp. Res. 49
(2012) 1283-1300. https://doi.org/10.1016/j.asr.2012.02.003.

R. Battiston, W.J. Burger, A. Cafagna, C. Manea, B. Spataro, A systematic
study of laser ablation for space debris mitigation, J. Sp. Saf. Eng. 4 (2017)
36-44. https://doi.org/10.1016/j.jsse.2017.02.003.

Y. Fang, J. Pan, Y. Luo, C. Li, Effects of deorbit evolution on space-based
pulse laser irradiating centimeter-scale space debris in LEO, Acta Astronaut.
165 (2019) 184-190. https://doi.org/10.1016/j.actaastro.2019.09.010.

[10] A. Avdeev, A. Boreysho, S. Ivakin, B. Katorgin, A. Metelnikov, Nuclear

powered spaceborne laser for orbital debris removal, in: P. Di Lazzaro (Ed.),



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

XXII Int. Symp. High Power Laser Syst. Appl., SPIE, 2019: pp. 199-204.
https://doi.org/10.1117/12.2522456.

C.R. Phipps, G. Albrecht, H. Friedman, D. Gavel, E. V. George, J. Murray,
C. Ho, W. Priedhorsky, M.M. Michaelis, J.P. Reilly, ORION: Clearing near-
Earth space debris using a 20-kW, 530-nm, Earth-based, repetitively pulsed
laser, Laser Part. Beams. 14 (1996) 1-44.
https://doi.org/10.1017/s0263034600009733.

H. Wang, X.L. Ji, Y. Deng, X.Q. Li, T. Wang, H. Yu, Q. Li, Effect of spatial
coherence on laser space-debris removal in the inhomogeneous atmosphere,
J. Quant. Spectrosc. Radiat. Transf. 235 (2019) 244-249.
https://doi.org/10.1016/j.jgsrt.2019.07.009.

H. Schaub, D.F. Moorer, Debris Reorbiter : Challenges and Prospects, 59
(2012) 165-180.

T. Shibata, T. Bennett, H. Schaub, Prospects of a Hybrid Magnetic /
Electrostatic Sample Container Retriever, 57 (2020).
https://doi.org/10.2514/1.A345009.

V. Aslanov, V. Yudintsev, Motion Control of Space Tug During Debris
Removal by a Coulomb Force, J. Guid. Control. Dyn. 41 (2018) 1476-1484.
https://doi.org/10.2514/1.G003251.

V.S. Aslanov, Debris removal in GEO by heavy orbital collector, Acta
Astronaut. 164 (2019) 184-191.
https://doi.org/10.1016/j.actaastro.2019.07.021.

V.S. Aslanov, Gravitational trap for space debris in geosynchronous orbit, J.
Spacecr. Rockets. 56 (2019) 1277-1281. https://doi.org/10.2514/1.A34384.
C. Bombardelli, J. Pelaez, Ion beam shepherd for contactless space debris
removal, J. Guid. Control. Dyn. 34 (2011) 916-920.
https://doi.org/10.2514/1.51832.

S. Kitamura, Y. Hayakawa, S. Kawamoto, A reorbiter for large GEO debris
objects using ion beam irradiation, Acta Astronaut. 94 (2014) 725-735.
https://doi.org/10.1016/j.actaastro.2013.07.037.



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

H. Urrutxua, C. Bombardelli, J.M. Hedo, A preliminary design procedure for
an ion-beam shepherd mission, Aerosp. Sci. Technol. 88 (2019) 421-435.

S. Khoroshylov, Relative control of an ion beam shepherd satellite in
eccentric orbits, Acta Astronaut. 176 (2020) 89-98.
https://doi.org/10.1016/j.actaastro.2020.06.027.

A. Alpatov, S. Khoroshylov, C. Bombardelli, Relative control of an ion beam
shepherd satellite using the impulse compensation thruster, Acta Astronaut.
151 (2018) 543-554. https://doi.org/10.1016/j.actaastro.2018.06.056.

M. Dobkevicius, D. Feili, M. Smirnova, A.M. Perez, Design and testing of a
double-sided ion thruster for ion-beam shepherd, J. Propuls. Power. 36
(2020) 202-210. https://doi.org/10.2514/1.B37380.

V.S. Aslanov, A.S. Ledkov, M.S. Konstantinov, Attitude motion of a space
object during its contactless ion beam transportation, Acta Astronaut. 179
(2021) 359-370. https://doi.org/10.1016/j.actaastro.2020.11.017.

V. Aslanov, A. Ledkov, M. Konstantinov, Chaotic motion of a cylindrical
body during contactless transportation from MEO to LEO by ion beam,
Nonlinear Dyn. 101 (2020) 1221-1231. https://doi.org/10.1007/s11071-020-
05822-0.

V.A. Obukhov, V.A. Kirillov, V.G. Petukhov, G.A. Popov, V. V Svotina, A.
Testoyedov, 1. V Usovik, Acta Astronautica Problematic issues of spacecraft
development for contactless removal of space debris by ion beam, Acta
Astronaut. (2021) 1-10. https://doi.org/10.1016/j.actaastro.2021.01.043.
V.S. Aslanov, A.S. Ledkov, Attitude motion of cylindrical space debris
during its removal by ion beam, Math. Probl. Eng. 2017 (2017).
https://doi.org/10.1155/2017/1986374.

C. Pardini, L. Anselmo, Evaluating the environmental criticality of massive
objects in LEO for debris mitigation and remediation, Acta Astronaut. 145
(2018) 51-75. https://doi.org/10.1016/j.actaastro.2018.01.028.

L. Anselmo, C. Pardini, Ranking upper stages in low Earth orbit for active
removal, Acta Astronaut. 122 (2016) 19-27.



[30]

[31]

[32]

[33]

[34]

[35]

[36]

https://doi.org/10.1016/j.actaastro.2016.01.019.

A. Rossi, G.B. Valsecchi, E.M. Alessi, The criticality of spacecraft index,
Adv. Sp. Res. 56 (2015) 449-460. https://doi.org/10.1016/j.asr.2015.02.027.
A. Alpatov, F. Cichocki, A. Fokov, S. Khoroshylov, M. Merino, A.
Zakrzhevskii, Determination of the force transmitted by an ion thruster
plasma plume to an orbital object, Acta Astronaut. 119 (2016) 241-251.
https://doi.org/10.1016/j.actaastro.2015.11.020.

C. Bombardelli, H. Urrutxua, M. Merino, E. Ahedo, J. Pelaez, Relative
dynamics and control of an ion beam shepherd satellite, Adv. Astronaut. Sci.
143 (2012) 2145-2157.

V.M. Kulkov, N.N. Markin, Y.G. Egorov, Issues of controlling the motion of
a space object by the impact of the ion beam, IOP Conf. Ser. Mater. Sci. Eng.
927 (2020). https://doi.org/10.1088/1757-899X/927/1/012051.

V.S. Aslanov, A.S. Ledkov, Space debris attitude control during contactless
transportation in planar case, J. Guid. Control. Dyn. 43 (2020) 451-461.
https://doi.org/10.2514/1.G004686.

C.A. Kluever, Space flight dynamics, 2nd Editio, John Wiley and Sons Ltd,
Hoboken, United States, 2018.

M. Patterson, M. Domonkos, J. Foster, T. Haag, G. Soulas, S. Kovaleski,
NEXT: NASA’s Evolutionary Xenon Thruster Development Status, in: 39th
AIAA/ASME/SAE/ASEE Jt. Propuls. Conf. Exhib., American Institute of
Aeronautics and Astronautics, Reston, Virigina, 2003: pp. 1-10.
https://doi.org/10.2514/6.2003-4862.



