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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 Ion Beam Shepherd concept proposed by C. Bombardelli 

and J. Peláez [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 p p
OX Y , orbital 

frame 
o o

BX Y  and body frame 
b b

BX Y . The origin O of inertial frame p p
OX Y  is the 

Earth center. The axis o
BX  is directed along the spacecraft’s position vector. The 

axis o
BY  lies in the spacecraft’s local horizon plane, and it is directed toward the 

orbital flight. The axes of the body frame b b
BX Y  are principal axes of the space 

debris object. The axis b
BX  is the cylinder axis of symmetry. The origin of 

spacecraft’s reference frame is point A.  The axis a
BX  lies on the ion beam axis 

beam, and it is directed towards space debris. The axis a
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  , the Cartesian coordinates A
x , A

y  of the 

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



beam axis from 
o

BY  axis  . Besides the generalized coordinates, Fig. 1 also 

shows the forces acting on the system. In addition to the gravitational force 
A

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 
z

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 t
x

F wo projections 
x

P  and 
y

P  on the axis 

of the orbital coordinate system 
o o

BX Y . The ion force acting on the space debris 

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

coordinate system 
b b

BX Y . The torque generated by the ion beam is denoted as 
z

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. 

 

 

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]. 



2 2

2

2 4

cos sin 3 (3 cos 3 sin )

2

x y x y x y z

B B

F F I I I I I
r rv

r m m r

         
     , (1) 

5

cos sin 3 ( )sin cos2 x y x y

B B

F F I Ir

r m r m r

    


 
    ,    (2) 

3

3 ( )sin cos
( )

y x

z z

I I
I v L

r

  



   ,     (3) 

2

3

( )
( ) 2 ,x A

A A A A

A A

P r x
x y r r x y

m r


  


           (4) 

2

3
( ) 2 ( ) ,

y A
A A A A

A A

P y
y y r x r x

m r


             (5) 

where 
A

m  is the mass of the spacecraft, 
B

m  is the mass of the space debris object, 

x
I , 

yI , 
z

I  are space debris moments of inertia, 
B

r  is the space debris center of 

mass position vector length 

2 2( )B A Ar r x y   . 

The equation of the spacecraft attitude motion under the action of gravity gradient 

torque and control torque has the form 

3

3 ( )sin cos
( )

Ay Ax

Az z

A

I I
I v M

r

  



   ,    (6) 

where Ax
I , Ay

I , Az
I  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 , const   , 0
A

x  , Ay d const   , const  , 

and the space debris object oscillations can be described by the equation  

3
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where      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), 

arctan( / )A Ax y  . Equation (7) can be integrated and reduced to the form 
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where E  is the space debris oscillation energy, which retains its value along each 

phase trajectory. Equilibrium positions 
*

  of equation (7) are the roots of nonlinear 

equation 

3

* * *
3 ( )sin cos ( , , , ) 0y x z A AI I r L x y       .    (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 
0

0
A

x  , 
0A

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]. 

 

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 
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where j
k  are gain coefficient, 

0A
x , 

0A
y  are the coordinates corresponding to the 

required relative position of the spacecraft, 
0

  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 
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where 
0

t  and ft  are initial and final time corresponding to the moments when the 

electric motor is turned on and turned off respectively, 0
  and f

  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 
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where 
i

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

lim i
P  is the value of the thrust force bounded from above, 

1
p  and 

1
p  are 

coefficients defining smoothing (Fig.3). 

 

 

Fig. 3. Limiting thrust force. 

 

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

equilibrium position 1c
  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 o
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 1c
 . 

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 
min

  and 

max
  the values of the angles corresponding to the minimum and maximum 

averaged ion torque ion torques. 
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A change in the direction of the ion beam axis leads to a change in the dependence 

( )
z

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 
min

   a 

trajectory characterized by the energy min

* 1 min
( ,0, , , )

c A A
E x y    phases through 

the point 
1c

 , and in the case 
max

   a trajectory characterized by the energy 

max

* 1 max
( ,0, , , )

c A A
E x y    phases through this point (Fig. 4). The idea of control is 

as follows: moving along a certain phase trajectory at 0  , the energy values 

min

min
( , , , , )

A A
E E x y     and max

max
( , , , , )

A A
E E x y     is constantly 

calculated. If max max

*
E E   and 0   ( point A1 in Fig. 4), then the angle changes 

on 
max

   and the phase trajectory approaches the point 
1c

 . If min min

*
E E   and 

0   (point A3 in Fig. 4), then the angle changes on min
   and the phase 

trajectory approaches the point 1c
 . Since the switching of the  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 
1c

 . Therefore, the movement occurs to 

the point where 0   (point A2 in Fig. 4), and then the angle changes again on 

0   and the process is repeated (segment A2 A3 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 o
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. 

 

 

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 

0

1
( ( ))
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xo xoF F t dt
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where cos sin
xo x y

F F F   , sin cos
yo x y

F F F   . In order for the average 

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



spacecraft to point with coordinates sinAx d  , cosAy d  , where 

2 2
cos

yo

xo yo

F

F F






, 

2 2
sin xo

xo yo

F

F F
 


.  

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 0   at points 
1
  and 

2
 . If the energy calculated 

on the target trajectory * 1
( ,0,0, , )

A A
E E x y  greater is than the current energy 

( , ,0, , )
A A

E E x y  , the angle 
1 2

[ , ]    and 0  , then we need to change the 

angle to 
max

   and hold it until the energy ( , ,0, , )
A A

E x y   becomes equal to 

*
E . 

2
 . If the energy calculated on the target trajectory *

E  greater is than the 

current energy E , the angle 
1 2

[ , ]    and 0  , then we need to change the 

angle to 
min

  . 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  

changed to max
  when 0  , or to min

  when 0  . Fig. 6 schematically shows 

the phase portrait. Let the motion begin at point A1. The energy at point A1 is 

greater than the energy on the target trajectory *
E , so the ion beam axis is 

deflected by an angle 
min

  . At point A2, the trajectory leaves the zone 

1 2
[ , ]   , and the angle  changes by 0. At point A3, the trajectory returns to the 

zone, and the angle changes to max
  . 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 
o

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 

4
  , 0   of the phase space (point 4 in Fig. 7). Since 

4
   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  . 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 4
  , 0  . This process is repeated to keep space debris 

in   vicinity of angular position 4
  . 

 

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 
A Y

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 

x
P , y

P  and the thrust force of the compensation thruster 
T

F  on the axis of this 

coordinate system have the form 

cos sin cos ,

sin cos sin .

A

x T x y

A

y T x y

P F P P

P F P P

  

  

  
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    (16) 

 

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 prop
m , the dependence of the 

thrusters flow rate on the thrust force is required 

 ( ) ( ) ( ) | / |A A

prop TT T trx x try y rot zm m F m P m P m M h    ,   (17) 

where TT
m  is the fuel mass of the transfer thruster, trx

m  the fuel mass of engines 

directed along AAX  axis, try
m  is the fuel mass of engines directed along A

AY  axis, 

rot
m  the fuel mass of the engines that ensure the rotation of the spacecraft relative 

to its center of mass, T
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) 



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

can be obtained as 

 
0 0 0

( ) ( ) | ( ) / | ,
k k kt t t

A A

prop TT k trx x try y rot zm m t m P dt m P dt m M t h dt       (18) 

where 
k

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  ,  2( )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 ( 0c  )  gives a fairly 

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

be obtained as 

( )
( )

b F a
m F a

b

 
        (20) 

The effective exhaust velocity of the thruster can be found as [35] 

/
eff

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 Ion 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 0
n , the axial component of the ion velocity 0

u , the divergence angle 

of the ion beam 0
 , the ion particle mass i

m , the radius of the beam at the 

beginning of the far region 0
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 

0
/ ( )

eff T T
u V F m F  ;     (22) 

and mean initial plasma density 
0

n  can be calculated as 

2

0 2

i T T

m
n

m R F
 ,      (23) 

where 
T

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 

2 2 2

0 0

2 2 2

0 0

3( )
( , , ) exp

tan tan

a a
a a a

a a

n R y z
n x y z

x x 

 
  

 
.    (24) 

where a
x , a

y , a
z  are coordinates of the considered point in space in the shepherd 

spacecraft coordinate system a a a
AX Y Z  (Fig. 1). It is also assumed that axial 

component of the particle is constant 0
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 0T
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 

( , , ) ( )
j aj aj aj i j j j

n x y z m  F V N V ,     (25) 

where 
a

x , 
a

y , 
a

z  are the coordinates of j-th triangle barycenter, 
j

N is the unit 

normal vector to j-th triangle,  
jV  is the particle velocity vector having coordinates 

[ , / , / ]
o o aj aj o aj aj

u u y x u z x  in the spacecraft’s  reference frame 
a a a

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 

1

N

j
j

F


F ,  
1

N

j j
j

BP


 L F .     (26) 

Since the ion force and torque are 2  periodic functions of the angle  , it is 

convenient to represent them in the form of Fourier series 

( ) ( ) ( )

max 0
1

( ) ( ) ( )

max 0
1

( ) ( ) ( )

max 0
1

cos sin ,

cos sin ,

cos sin ,

x x x

x j j
j

y y y

y j j
j

L L L

z j j
j

F F a a j b j

F F a a j b j

L L a a j b j

 

 

 













 
   

 

 
   

 

 
   

 







    (27) 

The coefficients of the Fourier series 
( )

ja and 
( )

jb  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:  , , ,A Ax y      . 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 0
A

x   and turning the system around the axis 
o

BZ  (Fig. 

9). In this case  

( , , , ) ( , ,0, ),

( , , , ) ( , ,0, ),

( , , , ) ( , ,0, ),

z A A z

x A A x

y A A y

L x y L d

F x y F d

F x y F d

    

    

    

 

 

 

 

where 2 2

A Ad x y  , arctan A

A

x

y


 
  

 
. 

 

Fig. 9. Ion 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 450kgAm   and moments of inertia  
21000kg m

Ax
I   , 

22000kg mAyI   , 22500kg m
Az

I   . Spacecraft’s thrusters and plume have 

following parameters [36]: thrust force min
0.0496NF  , max

0.209NF  , flow rate

6

min
2.29 10 kg/sm   , 

6

max
5.21 10 kg/sm   , electrical power min

1080Wp  , 



max
6075Wp  . Substitution of these values in (19) allows calculating the 

coefficients 

31.5135 10 Na   , 5 13.1912 10 NWb    , 61.6586 10 kg/sa    , 

10 1 15.8458 10 kg sb W      , 0c  . 

The ion beam divergence angle is
0

15   , the distance between the spacecraft and 

the space debris is 15md  . It is assumed that the impulse transfer thruster creates 

constant thrust 0.2N
T

F  . Equation (22) gives for the axial velocity in this case 

0
39642m/su  . Ion beam density according to equation (23) for 0.2m

T
R   and 

ion mass 252.18 10 kg
i

m    is 15 3

0
4.6457 10n m  . Control law (10) coefficients 

are 
21000kg/sx yk k  , 100kg/s

dx dy
k k  , 0

0.28 /
y A B

k m m  . Smoothing law 

(13) coefficients are 
1

0.03Np  , 
2

0.01Np  . 

 

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

Parameter Value Parameter Value 

USSTRATCOM catalog 

number 

1575 Dry mass A
m  1435 kg 

Perigee altitude 1368200 m Length 6 m 

Apogee altitude 1517000 m Diameter 2.4 m 

Eccentricity 0.009522 Center of mass 

displacement 

0.5 m 

Orbit’s parameter 7812892 m Longitudinal moment of 

inertia x
I  

1300 kg m2 

Inclination 56.1 Transverse moment of 

inertia ,
y z

I I  

6800 kg m2 

 

The calculation of the ion force and torque for the case 0
A

x  , Ay 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 x
F , y

F  and orbital 



ox
F , 

oy
F  reference frames, as well as the magnitude of the ion force 2 2

x yF F F  . 

The Fig. 10 also shows curve 10
ox

F   in order to more clearly demonstrate the 

dependence ( )
ox

F   at the selected scale. The maximum ion force is 

max
0.0329NF  . This force corresponds to the angular position 

4
0.4363rad  . 

For the force to be directed along the axis 
o

BY , the spacecraft must be at the point 

14.9971m
A

x  , 0.2941m
A

y  . In this case arctan( / ) 0.0196rad
ox oy

F F    . 

The dependence of the ion torque on the angle   for cases 0  , 
min

  , and 

max
   is shown on Fig. 11. For the considered space debris object, the following 

angles are obtained: min
11   , 

max
11    . Graphs of the dependence of the 

equilibrium position on the orbit height are shown in Fig. 12, where 
ER  is the 

Earth radius. The equilibrium positions are located symmetrically with respect to 

3 / 2 . Ion forces in this equilibrium positions are equal in magnitude and 

symmetric about the 
o

BY  axis. The force at these points is approximately equal to 

0.0323NF  .  

 

 

Fig. 10. Dependence of ion force projections on the deflection angle  . 

 



 

Fig. 11. Dependence of ion torque on the deflection angle  . 

 

 

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 

7812900mr   is shown in Fig. 13. The corresponding averaged force is shown in 

Fig. 14. To construct this graph, the initial point 0
(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 

0.0323NF   3
3.5966rad   coincides to the center 1c

 . Thus, the third control 

strategy for the considered object coincides with the second. 

 



 

Fig. 13. Phase portrait for 7812900mr  . 

 

 

Fig. 14. The dependence of the average ion force F  on initial angle 
0

 . 

 

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 

(0) 7739199mr  , (0) 0r  , (0)=0 , 
-04(0)=9.229 10 rad/s  , (0)=3.8442rad , 

(0)=0 , 

(0)=0
A

x , (0)=0
A

x , (0)=15m
A

y , (0)=15m
A

y , (0)=0 , (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)=3 /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 

angle  

(0) , rad 

Descent 

time, tk, 

hours 

Total 

propellant 

mass 

,kg
prop

m  

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 1c
 . 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 
4

  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 
4

 . In this case, the axis of the ion beam is deflected by an 

angle of 
min

  or 
max

 , which leads to significant decrease in the ion force 

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. 

 

 

Fig. 15. Phase trajectories at the initial stage of ion transport. 

 



 

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. 

 

 

 

Fig. 17. Spacecraft’s thrusters force for strategy 2. 

 

Fig. 18. Ion 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. 
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