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RELATIVE MOTION CONTROL SYSTEM
OF SPACECRAFT FOR CONTACTLESS
SPACE DEBRIS REMOVAL

Introduction. The research deals with the development of a spacecraft control system for contactless space debris
removal using the “ion beam shepherd” technology. Such a system is necessary to provide conditions for effective transfer
of decelerating impulse to a space debris object by ion beam in the deorbiting phase.

Problem Statement. The design and analysis of the system has to be carried out taking into account the ion beam
effects, a wide range of orbital disturbances, inaccuracies in determining the relative position and implementing the control
actions, time-varying and parametric uncertainty, and limitations on the control actions.

Purpose. The purpose is to design a system to control spacecraft relative motion for contactless space debris removal.

Materials and Methods. The mixed sensitivity approach is applied to the system design. The requirements for the
controller are specified in the frequency domain using the selected weight functions. The structured singular values
methodology is used to analyze the system robustness.

Results. The system robustness and compliance with specified requirements have been confirmed both by a formal
criterion and by computer simulation. A rational softening of the requirements for the control accuracy enables reducing
significantly the propellant mass needed to maintain the relative position keeping an acceptable rate of space debris
removal.

Conclusion. The designed control system provides a compromise between robust stability, performance, and costs of
control under the impact of a wide range of disturbances.

Keywords: control system, relative motion, space debris, ion beam shepherd, and robust stability.

Today, the near-Earth pollution with space de- The IBS concept presupposes the installation
bris (useless artificially created objects in space, | of primary and secondary propulsion systems on
such as spent rocket stages, defunct spacecraft, | a spacecraft (SC) that is called «ion-beam shep-
etc.) has reached a critical level [1]. In this re- | herd> (IBS SC). The ion beam from the ion
gard, the space community is actively studying | thruster of primary propulsion system (PPS) is
ways of direct removal of orbiting bodies from | targeted to an orbiting body (OB) and is used to
near-Earth orbits to solve the problem of space | transmit to it a braking force impulse. The sec-
debris. The concept of contactless deorbiting | ondary propulsion system (SPS) i.e. another ion
known as «Ion Beam Shepherd» (IBS) [2] has se- | thruster is directed in such a way as to compen-
veral advantages (such as efficiency, low risk, reu- | sate the reaction force of the primary propulsion
sability, and technological readiness) over other | system (Fig. 1).

well-known approaches. In order to ensure effective deorbiting, it is ne-
cessary to keep a certain constant distance bet-
© KHHOROSHYLOV, S.V,, 2018 ween the shepherd spacecraft and the target body,
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Fig. 1. IBS conception scheme

which should not exceed several diameters of de-

orbited body. It should be noted that only to

compensate the reaction force of the PPS is not
enough, insofar as uncontrolled relative motion
of the formation is unstable. Therefore, the IBS

SC must have a system for controlling its center-

of-mass motion with respect to OB [2]. The de-

velopment of this control system is complicated
by many factors. The most important of them are
as follows:

+ space debris is bodies that do not cooperate with
IBS SC. As a result, usually, OB weight and
the vector of state cannot be measured with a
high accuracy;

+ in the general case, the mathematical model of
relative dynamics is unstable;

+ while designing the system it is important to
reach a compromise between robust stability,
performance, and propellant consumption for
keeping the required relative position.

For the IBS technology being a rather new one,
today, there have been a limited number of publi-
cations on various aspects of its development and
only afew studies of the control system. Therefore,
for designing the IBS SC control system it is ad-
visable to use results of studying other similar
problems. The most similar to the given problem
is control of spacecraft for approaching the target
body and further docking. For example, the re-
search [3] has presented results of designing a
control system for berthing to orbital station.
The authors [4] have used p-synthesis to design a

system for approaching and docking to the ob-
jects that are not equipped with special means for
these missions.

In addition to these studies, there have been se-
veral publications on control engineering, which
can be useful for solving the abovementioned
problem. The research [5] contains practical re-
sults for multivariable feedback control design in
conditions of uncertainty. The authors [6] have
made H,-synthesis with parametrical uncertainty
of plant taken into consideration. The problem of
robust performance for the plant with time-vari-
able uncertainties has been studied in [7]. In the
research [8], an extended state observer has been
used to control a plant.

Among the limited list of studies dealing directly
with IBS it is necessary to point out the research
[2], where the problem of IBS SC relative motion
control has been formulated and its complexity and
importance has been emphasized. In the research
[9], an original method for determination of the for-
ce transmitted by the ion beam, which can be imple-
mented directly on the board of IBS SC with the
use of photo camera has been proposed [10]. In the
research [ 11] the results of validation of this method
have been given. The study [12] deals with dynam-
ics and control of IBS SC. Its results are based on
assumptions that the relative motion parameters
are measured error-free, and OB weight is precisely
known. However, the mentioned assumptions put
essential limitations on the use of these results.

Below, the results of synthesis and analysis of a
system for controlling IBS SC motion with respect
to OB. The task has been solved with necessary
compromise between robust stability, performan-
ce, and control costs and specific features of ef-
fects transmitted by the ion beam, external per-
turbations, inaccuracy of relative position determi-
nation, and flaws of propulsion system bodies.

The main role of the control system is to keep
given position of IBS SC with respect to OB dur-
ing its deorbiting from quasi-circular low near-
Earth orbit.

To measure the coordinates of vector that deter-
mines the IBS SC position with respect to OB, the
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system contains sensors based on LIDAR (Light Iden-
tification Detection and Ranging) technology.

The actuators of control system are hydra-
zine thrusters (HT) with pulse width modulator
(PWM) of the thrust. The pulse duration is cal-
culated as follows:

F

F

th

where F is output value of the controller; F, is
nominal thrust of HT; T'is discretization period of
the controller.

Despite the fact that PWM is a discrete device,
it does not have any adverse effect on bandwidth
and stability margins of the system, only adds ad-
ditional damping [13]. In this regard, the PWM
should be excluded from the system at the stage
of synthesis of the controller limiting to consider-
ation of the given accuracy of control actions
implementation. At the same time, at the final
stage, the synthesized controller will be validated
using the nonlinear dynamics model of the IBS
SC — OB system with PWM taken into account.

The system synthesis and analysis of dynamics
are made for input data given in Table 1.

t = T,t <T,

on

Table 1
Input Data
Parameters Value

Initial orbit altitude, km 640
Final orbit altitude, km 340
Orbit inclination, degree 90
Eccentricity 0..0.05
IBS SC weight, kg 500 + 50
OB weight, kg 1575 + 315
Accuracy of determination of space debris

position in orbital system of coordinates for

each axis, m <0.5
Nominal thrust of PPS, N 0.031
Discretization period of control system, s 1
Nominal thrust of reactive actuators, N 2
Minimal impulse of reactive thrust of

actuators, Ns 0.01
ISSN 2409-9066. Sci. innov. 2018, 14(4)
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MATHEMATICAL MODEL OF RELATIVE DYNAMICS

For mathematical description of IBS SC — OB
motion, an orbital Oxyz coordinate system is
used. The origin of the orbital coordinate system
(OCS) is placed in the center of mass of IBS SC.
The Ox axis coincides with the direction of the
radius vector that determines the center of mass
of IBS SC with respect to the Earth center of
mass. The Oz axis coincides with the normal to
the plane passing through the axis and the vector
of IBS SC orbital velocity and is directed towards
the positive values of orbital kinetic moment. The
Oy axis complements the system to the right co-
ordinate system.

The OB position with respect to OCS is deter-
mined by radius vector L. The relative dynamics
of IBS SC — OB system can be described using
the following linearized system of equations [ 14]:

I
X— X =20y — ay —kx =2 — =X,
m m
. 2 2 . . k _ fyd fys
y_a) y+ X + WX + y—W_E, (1)
d S
'z'+kz=f—zd—f—zs,
m

where x, y, z are L projections on OCS axes; , m,
m?are weights of IBS SC and OB, respectively;
fl, £, f are projections of resulting vector F? of
forces acting on OB on the OCS; f;, f; f; are
projections of resulting vector F* of forces acting
on IBS SC on the OCS axes; ®, ® and % from (1)
are defined as:

a):\/z(1+gcosz)), p:a(1—£2),
p

w=-2¢ }ls sinv(1+&cosv)m,
p

o dt-¢?)
R? “A+ecosv

where n is gravity constant of Earth; v is true

anomaly; € is eccentricity; a is major semi-axis.
The forces F? and F* may include disturbances

due to the noncentral part of the Earth’s gravita-
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tional field, the attraction of the Sun and the
Moon, atmospheric drag, solar pressure, in ad-
dition, the forces of PPS and SPS act on the
IBS SC, and ion beam transmitted force acts on
the OB.

The first and second equations of system (1)
describe dynamics of the system in the orbit
plane, while the third one determines its motion
out of the orbit plane.

ION BEAM FORCE

Ton beam force is a specific disturbance typical
for the studied system. Insofar as results of stud-
ies of these disturbances have not been sufficient-
ly described in publications let us consider in de-
tail the specific features of accounting the ion be-
am effect for solving the control-related tasks.

Based on several assumptions, the elementary
force transmitted to OB can be calculated in the
following way [9]:

dF?=mnU(-V - U)ds, (2)

where m is weight of particle; U is particle veloc-
ity vector; ds is elementary area of OB surface; V
is normal unit vector to the elementary area.
Force F¢ transmitted by ion beam to OB can be
calculated by integrating the elementary forces

(2) over irradiated surface S,

' =[dF].
N

Using the dimensionless similarity function
h(Z), the plasma density in arbitrary point with
coordinates 7, z can be determined in the follow-
ing way [9]:

~2
2”0~ exp| —C 7; — |, 7=
h*(2) 2h°(2)

where 7 is plasma density at the beginning of far
region of the beam; C is coefficient that deter-

mines which part of plasma flux falls into the cir-

cle of radius R, (for instance, C = 3 corresponds to

95 % beam flux hit).
At M, > 40 and a distance to OB less than 10
meters the plasma distribution can be considered

n=

r/ Ry,

conical. In this case, the similarity function can
be determined as follows:

h=Ztane,,
where o, is divergence angle of the cone.
For this problem it can be assumed that the
axial component of plasma ion velocity is almost
constant:

u. = u_, = const,
z 20

where as the radial component of velocity is de-
termined by the formula [10]:

In [10] it has been shown that to calculate the
force one can consider the central projection of
OB instead of 3D surface, which enables simpli-
fying the understanding of effect of this factor on
the dynamics of relative motion.

In the cases when the whole beam falls in OB,
the force transmitted is approximately equal to:

Fi~[0-/.0[, (3)

where f, is SPP thrust.

The action of this force decreases in y-direction
and insignificantly increases in x- and (or) z-di-
rection, when the beam cone partially passes
through OB. Since the key task of controlling the
relative position of IBS SC is to ensure as com-
plete as possible beam hit on OB, one can con-
clude that disturbances caused by ion beam are
limited and slightly differ from (3).

CONTROLLER SYNTHESIS

To synthesize the controller, it is advisable to use
the H_methodology [15]. This approach enables to
synthesize a controller that minimizes the output of
closed-loop system in the worst case of input distur-
bances. To use this approach, the object (1) is pre-
sented in the following standard form:

X =AX +Bw+Byu,
z=CX+D,w+D,,u,
v=C,X+D,w+D,,u,
where w is disturbance; u is control; z is output to
be minimized; v is measured output.
ISSN 2409-9066. Sci. innov. 2018, 14(4)
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The following disturbances are considered as
input signals: w, is external disturbances, w, is
vector L values, w, is error of vector L measure-
ment, w, is error of control actions realization.

The vector of output to be minimized should
contain the error of keeping the given position of
IBS SC with respect to OB z, and the actuation
error 2,

Dependence between input w and output z is
as follows:

2= F,(P. Ky,

where P is transfer function of the controlled ob-
ject (CO), K is controller’s transfer function, and
F(P\K) is transfer function of the closed system.

The controller can be determined based on
the condition of minimization of ||H ||0o that is the
norm of transfer function of the closed-loop sys-
tem [15]:

1, (P, K)|,, — min.

In order to ensure the required performance
and to limit the controller effort, the initial sys-
tem should be added with weight functions W (s)
and W,(s) in such a way as it is shown in Fig. 2.

To weight the output z,, low-frequency filters
of the 1 order were used in the following form:

W 5)= S Mt e

X k=x1yz
S+ ALQy,

The parameters Q,, are chosen based on the re-
quired controller bandwidth. The required stea-
dy-state error can be ensured by choosing the pa-
rameters A,,, while the parameters M,, enable to
limit the overshoot.

The weight functions for control signal are
similar to those in (5):

()

W, (s)= S/My +Qy,
“ S+ AZKQZK

The filter parameters (6) are chosen in such a
way as to limit in a certain way the control at low
frequencies and to minimize it at high ones. Such
a choice of mentioned parameters enables limit-

Jk=x1, 2z (6)
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Fig. 2. Block diagram of augmented plant

ing consumption of PPS propellant and reducing
sensitivity to high-frequency noises.

Unlike the conventional method of mixed sen-
sitivity, the augmented plant (Fig. 2) does not
contain weight functions that approximate the
CO uncertainty. This enables to reduce dimen-
sionality of the controller. The specificity of pro-
posed approach is that to ensure the required am-
plitude and frequency characteristics of functions
of sensitivity S, input sensitivity KS, and comple-
mentary sensitivity T, i.e. required indices of sys-
tem quality and robustness, only two weight ma-
trixes W (s) and W,(s) are used. The robust sta-
bility and robust quality are confirmed below, af-
ter the controller synthesis using an additional
formal criterion.

In the case of control synthesis in the orbit pla-
ne the matrixes (3) are presented as follows:

X Lryagls 0= 1, %0,

Ax,Ay,Aux,Auy]T, U= [ux,uy]T,

0 0 1 0

1o 0 0 1

o +2k 6 0 20l
-0 o'-k 20 0
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0 0 0000 0 0
0 0 0000 0 0
B fm 00 0 0 0 —Fm/Tm 0
0 /™ 0000 0 — Eyton [T’
1.0 00
0 0 0 -100
B,- 0 0 C 0 0 00 ’CQ:F 0 0 o]
-1/m* 0 0 0 00 0 -100
0 —t/m 1 0 00
0 1 00
0010 -A&™ 0 00 00
0001 0 —A™ 00 00
p -0 000 0 0 ooyD12_1o’
0000 0 0 00 0 1
0000 0 0 00 00
0000 0 0 00 00
Dﬂ{o 010 -a™ 0 0 0}022{0 o]
0001 0 —A™ 00 00

where Ax™ Ay™> are maximum errors of relative
position in the channels x and y, respectively.

Based on maximum difference in accelerations
caused by the action of external disturbances and
ion beam on the studied system, the following
values of B, matrix elements were chosen:

f~xmax =3.107 N/kg, f~xmax =4.722 -10- N/kg.

Elements of matrixes D,, and D, are deter-
mined based on the condition of maximum error
of OB relative position:

Ax™> = (0.5 m, Ax™> = (0.5 m.

The parameters Q, = Q, 5 o/n Hz of weight
functions W,,(s) enable to ensure the required
bandwidth of the controller, and the values A, =
= A, = 0.1 make it possible to get in the steady-
state error not exceeding 10% of desired values of
vector L. The parameters M, =M, =2 limit the
overshoot to 30%.

For the weight functions of control signal the
following parameters are chosen:

M, =M, =0.1;4, = A, = 10;
QZx - Q2x - 20 Qix'

They enable to put certain limitations on the
control at low frequencies and to minimize it at
high frequencies in order not to track high-fre-
quency noises.

Relationship between the matrix transfer func-
tions G (s) and the object representation G(s) in
the state space (3) is determined by the expres-
sion:

G,(s) = C(sT ~ A" B+ D,i,j = 1,2.

The transfer function of the augmented plant

is defined by the expression:

P(s) = G(s) W(s), (7)

Where W(s) is diagonal matrix with the fol-
lowing diagonal elements:

W(8) = W, (), Wy(s) = W, (5),
Wis(s) = W, (5), W, (s) = W, (5).

To synthesize control over IBS motion in the
direction perpendicular to the orbit plane, the
matrixes of representation (4) are as follows:

X=[z2]", W=[fZ ,zT,Az,AuZ,]T, Uz[uz]r,

e 021,B1:~0 00 L I
—w 7m0 0 —Eem T —t/m*

-1
]1 sz[_1 0]1

C =

01 A 0
00 0 0| D,=
00 0 0

where Az" is maximum errors of OB relative po-
sition measurements in the channel z.

Based on the same considerations, like in the
case of motion in the orbit plane, the element f,™
of matrix B, is equal to:

f™ =15.107N/kg.
The elements of matrixes D, and D, are deter-
mined based on the condition of maximum error

of OB relative position measurement in the fol-
lowing way:

D11: ’D21:lo 1 —-Az"™ OJ’ DZZ:[O]’

(= A =l )

Az"> = ().5 m.
In this case, the matrix W(s) has the following
diagonal elements W, (s) = W, (s), W,,(s) = W,(5).
For the object (5), using the known algorithms

[16] based on solution of linear matrix inequalities,
a sub-optimal controller K(s) has been synthesized:

X = A Xy +Byv,
ISSN 2409-9066. Sci. innov. 2018, 14(4)
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u=CX,+D,o,
provided
1F, (P, Kl <y

To control the relative motion of IBS SC in the or-
bit plane, the matrixes A,, B,, C,, D, of sub-optimal
controller of the 8" order fory . = 0.727 have been
found. For the motion out of the plane, a 4™ order
controller fory = 0.695 has been synthesized.

For the mentioned controllers, Figs. 3, 4 show
sensitivity, complementary sensitivity, and input
sensitivity functions. As one can see, the synthe-
sized controllers meet the requirements stated
using weight functions.

At the final stage, the synthesized controllers
have been transformed into the discrete form us-

min®

ing bilinear transformations. The norm of H_ -con-
troller is kept for this transformation method.

SYSTEM ROBUSTNESS ANALYSIS

As shown above, the controller is synthesized
at nominal values of mathematical model param-
eters. At the same time, in real conditions, these
parameters might differ from the nominal ones.
For example, a precise weight of OB is unknown,
IBS SC weight decreases as PPS propellant is
consumed, and the mathematical model coeffi-
cients (1) vary as orbit altitude lowers. In addi-
tion, orbit eccentricity also can vary while deor-
biting. In this case, the mathematical model coef-
ficients depend exclusively on true anomaly. The-

S, T,dB
o == - - -~ U of == —— -~ e
N N h <

20} \ -7 20} N

-------------- \ \

T Y/W1 \
—40} . —40} .
\ \
*60 B \ —60 I \
\ \
-80} \ —80+ \
~100 , , 0 ~100 , , 0
104 102 100 104 102 100 o, rad/s
a b

Fig. 3. Sensitivity and complementary sensitivity functions of CO with controller: @ — motion in orbital plane; b — motion
out of orbital plane

KS,dB
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-20

-20

-80

60

1072 1I0U 10?
b o, rad/s

Fig. 4. Input sensitivity of CO with controller: @ — motion in orbital plane; 5 — motion out of orbital plane
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1

refore, it is necessary to analyze the effect of these
factors on stability and performance.

Given the fact that while deorbiting OB the
coefficients in the equations (1) change smoothly,
the analysis of stability of object with variable co-
efficients can be replaced by the study of robust
stability of the system with respect to uncertain
parameters m°, m?, ®, o, k.

Using the linear fractional transformation [15]
the uncertain parameters of the model ® = ®, +
tdo,0 =0 *do,k=*k *dk,m =m +tdm,m'=
= m? + dm? are presented as:

w=w,+doA =F,(M,,A,),
&=, +don, =F,(M,,A,),
k=k,+dkA, = F,(M,,A,),

3 Time, sx10*

12

m'=m, tdm'A, =E(M;,A4),
m’ =m! +dm’A; = F,(M?,A,),

where F,(M, A) is notation to indicate that the
lower loop of matrix transfer function M is closed
with matrix A;

M, - {a)n da)}
1 0
M, - {a)n da')}
1 0
{kn dk}
M, = :
1 0
M = [mj dms} ;
Tt 0
a_ m? dm |
"l1ro0 )

Ay Ay Ay AL A, € [-1,1]

The parameters m* and m? are included into the
mathematical model in the inverse form. In this
case, the linear fractional transformation is as fol-
lows:

() = (B2, 2, = F 0, 2,),
_ o [ Oy — a0}
where M;") = (Z;<d>;1 —dr:s<d)((;7;2“’)n))1 |

Using this representation of mathematical mo-
del parameters, the structural scheme of the sys-
tem as shown in Fig. 2 can be presented as system
consisting of block N (nominal plant and control-
ler) and disturbance A structured and having the
following block diagonal form:

A, 0 0

0 A, 0
A=

0 0 A,

In the case of structured uncertainty, it is ad-
visable to apply the robustness measure that uses
structural singular value [15]. The structured sin-
gular value for complex-valued matrix M is inverse

ISSN 2409-9066. Sci. innov. 2018, 14(4)
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Fig. 7. Change in force transmitted by ion beam to OB in the case of softened requirements for accuracy of control: a — at a
relative position error < 0.5 m; b — at a relative position error < 0.75 m

norm of the least disturbance from the considered
class D, which makes the matrix I + MA singular.
The structured singular value u(M) is determined
as follows:

L (A) .
,u(M) AeD,det(I+MA)=0

Let us assume that satisfactory performance is
ensured by the condition HN AH@ <1, where N is
transfer function from w to z.

It is known [15] that the system has robust sta-
bility and robust performance with respect to all
structured disturbances only if p(N) < 1.

Taking into consideration the parameters giv-
en in Table 1, for this system with controller, the
maximum structured singular values are equal to
0.745 and 0.649 for the motion in and from the
orbit plane, respectively. This enables to conclude
that the synthesized controller ensures robust
stability and robust performance, with the con-
sidered variations of parameters of the system
mathematical model taken into account.

IBS SC RELATIVE MOTION SIMULATION

To verify the synthesized system of control by
computer modelling, well-known nonlinear equa-
tions that describe motion of satellite in the cent-
ral gravitational field considering the disturban-
ces acting on it have been used. The disturbances
include non-central part of the Earth gravitatio-

ISSN 2409-9066. Sci. innov. 2018, 14(4)

Table 2
Total Impulse of PPS Thrust and OB Deorbiting Rate at
Different Accuracy of IBS SC Control

. Total impulse .
No. | M | oS, | O s
1 0.1 27 302 1031
2 0.25 4801 1031
3 0.5 2021 1023
4 0.75 1785 986

nal field, Sun and Moon gravitation, atmospher-
ic drag, solar pressure, PPS and SPS forces, and
the force transmitted by ion beam to OB. IBS
SC is assumed to be oriented in such a way as
the PPS thrust vector is directed tangentially to
the orbit. The simulation takes into consider-
ation PPS and SPS shutdown while IBS SC mo-
ves in the shadow area.

While calculating the force transmitted by ion
beam, OB was simulated as a sphere having a
radius of 1.32 m. The mass center is shifted by
35.5 cm along axis Qz with respect to the geomet-
rical center.

The forces and torques transmitted by ion be-
am to OB were calculated using algorithms gi-
ven in [17].

The OB motion around the mass center was si-
mulated using known equations describing angu-
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lar motion of solid absolutely rigid body under
the action of disturbances [18]. The disturbances
of angular motion include effects of gravitational
and aerodynamic torques, as well as moments of
solar pressure force and ion beam force.

Noises of measurements of relative position
and SPS error were simulated as random values
with Gaussian distribution.

Figs. 5-8 feature the results of simulation for
OB orbit with an initial eccentricity & = 0.002.
Weights of IBS SC and OB were estimated as
m* = 450 kg and m? = 1890 kg, respectively.

Fig. 5 shows that the control system enables to
ensure the required position of IBS SC with re-
spect to OB with an accuracy of up to 0.1 m. Also,
the simulation results show that in the lightened
areas of orbit, control effect is stably transferred
from PPS to OB (Fig. 6). The calculations for
various options of input data given in Table 1
show that the error of IBS SC relative motion
control does not exceed 0.2 m.

As the simulation results show, the synthesized
controller enables to ensure a precise IBS SC po-
sitioning with respect to OB, however for this a
material consumption of PPS propellant is re-
quired. Softening of requirements for accuracy of
control makes it possible to reduce propellant
consumption, however, this may lead to slowing
down the OB deorbiting rate as a result of the
fact that a large portion of PPS ions do not fall on
its surface (Fig. 7).

Table 2 contain values of total impulse of PPS
thrust and OB deorbiting rate obtained from com-
puter modelling of deorbiting within 3.8 days for
various errors of control of IBS SC relative po-
sition.

The results show that a reduction in accuracy
of control to 0.25 m enables to reduce propellant
consumption 5.7 times at almost same OB deor-

biting rate. At an accuracy less than 0.5 m the
propellant consumption decreases 13.5 times as
compared with the first case, whereas the deor-
biting rate slows down by 1% only. Softening of
requirements for accuracy of control to 0.75 m
leads to a 27.7 times decrease in propellant con-
sumption, while the deorbiting rate falls by 6% as
compared with the first case. Hence, for the men-
tioned input data, the rational accuracy of con-
trol ranges from 0.5 to 0.75 m, since further sof-
tening of the requirements entails a significant
decrease in the OB deorbiting rate.

CONCLUSIONS

The results of synthesis and analysis of system
for control over IBS SC motion with respect to
OB have been presented. The system has been
shown to ensure required accuracy of control
over relative motion of IBS SC considering spe-
cific effects transmitted by ion beam, external
disturbances, inaccuracy of relative position mea-
surement, and non-ideality of reactive actuators.
The proposed method for synthesis of controller
enables to ensure a compromise between robust
stability, performance, and control costs. Robust
stability and robust performance of the system
with respect to varying parameters of the plant
have been confirmed both by formal criterion and
by computer simulation with the use of nonlinear
mathematical model with a wide range of orbital
disturbances acting on the mentioned system ta-
ken into account. A rational softening of the requi-
rements for accuracy of control has been shown
to essentially reduce propellant consumption for
maintaining the IBS SC relative position while
keeping a sufficient OB deorbiting rate.

The results have been obtained within the
project LEOSWEEP funded by the 7* European
framework program (grant No. N.607457).
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CUCTEMA KEPYBAHHS BIJTHOCHUM PYXOM
KOCMIYHOTO AITAPATY [IJIAA BESKOHTAKTHOTI'O
BUIAJIEHHA KOCMIYHOTI'O CMITTA

Beryn. PosriistHyTo THMTAHHS CTBOPEHHS CHCTEMHU KePyBaHHS KOCMIYHOTO amapary Uit 0€3KOHTAKTHOTO BHAAJIEHHS
KOCMIYHOIO CMITTsI 3 BUKOpHCTaHHsIM TexHouoril «Ilactyx 3 ionHuM mpomeHem». [ls cucrema HeoOXigHa st TOTO, 100
3abe3neunT YMOBU e(heKTUBHOI Tiepeadi I0HHUM MTPOMEHEM TaJibMyIOuoro iMIyabcy 00’'€KTy KOCMIYHOrO CMITTS B (hasi
BiJIBE/ICHHS.

IIpoGaemaTuka. [Ipu cunTesi Ta aHamisi cucTeMu HEOOXiHO BPaxOBYBaTH BILIMB IOHHOTO TIPOMEHSI, IMPOKUIT CIIEKTD
opbitanbHUX 30yPeHb, HETOUHOCTI BU3HAUYEHHS BIZIHOCHOTO MOJIOKEHHS Ta Peaslizallil KepyrounX BIUIUBIB, HECTAIllOHAPHICTh
i mapaMeTpuYHy HeBU3HAYEHICTb 00’€KTa KEPYBAHHSI, & TAKOK OOMEKEHHST Ha KePYBAHHSI.

Mera. CuHTe3 crCTeMU KepyBaHHsI BITHOCHUM PYyXOM KOCMIYHOTO arapary jijisi 6e3KOHTAKTHOTO BUAAJIEHHS] KOCMIYHOTO
CMITTS.
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Marepiam it Meroau. /[yt CUHTE3Y CUCTEMU BUKOPUCTAHO METO/[ 3MIIlIaHOT Yy TJMBOCTI. BuMorn /10 perysigropa 3ajlaHo
B 4aCTOTHIN 06J1acTi 32 I01IOMOTOK0 06paHUX BaroBux (pyHKIiil. AHasi3 po6ACTHOCTI CHCTEMY BUKOHAHO Ha 6a3i MeTo10J10Ti1
CTPYKTYPOBAHUX CUHTYJISIPHUX YHCEJL.

Pesyabratu. PobacTHicTh cucTeME Ta BiAIOBIIHICTD 3a[aHUM BIMOTaM THATBEPIKEHO K 3a J0MOMOTOI0 (hOPMaTbHOTO
KPUTEPIIo, TaK i MIJISIXOM KOMIT'I0TepHOro MojesoBants. [lokasano, mo paiionanabie 3HUKEHHST BUMOT JI0 TOYHOCTI Kepy-
BaHHSI JI03BOJISIE ICTOTHO 3HUBUTU BUTPATy POOOYOro Tijia HA MIATPUMKY BiZIHOCHOTO TIOJIOKEHHS 1IPU 30epesKeHH] TpHii-
HSATHOI IIBU/IKOCTI Bi/IBEJIEHHST KOCMIYHOTO CMITTS.

BucnoBku. CHHTE30BaHO CHCTEMY KePYBaHHs, sika 3a0e3euye HeoOXiIHIH KOMIPOMIC MizK poOAaCTHOO CTIHKICTIO, sIKiC-
TIO i BUTPATAMU HA KEPYBAHHSI 3 YPAXyBaHHSIM IIIMPOKOTO CIIEKTPA PO3IJISIHY TUX 30y PEHD.

Knwouoesi crnoea: cuctema KepyBaHHS, BITHOCHUH pyX, KOCMiuHe cMiTTs, KOHIeNisT «IlacTyx 3 ioHHUM TpomMeHneM»,
pobacTHa CTIlKICTB.

C.B. Xopowunos
WMuctutyT Texunueckoi Mexannku HannonanbHol akazieMnn HayK YKpauHbl
u TocyzapcTBEHHOTO KOCMUYECKOTO areHTCTBA YKPauHbI,
yai. Jlemko-Tlonens, 15, [{uenp, 49005, Ykpanna,
+380 56 372 0640, +380 56 372 0640, office.itm@nas.gov.ua

CHUCTEMA VYIIPABJIEHNA OTHOCUTEJIBHBIM ABVKEHWUEM
KOCMUMYECKOI'O AITITAPATA IJIA BECKOHTAKTHOI'O
YIAJEHUA KOCMNYECKOIO MYCOPA

Bsenenue. PaccMOTpeHbI BOITPOCHI CO3/[AHIST CHCTEMBI yITPABJIEHHsI KOCMUYECKOTO allliapaTa [yisi 0e3KOHTaKTHOTO y/ia-
JIEHUSI KOCMUYECKOTO MYCOpa ¢ UCIOJIb30BaHueM TexHosiorun «IlacTyx ¢ HOHHBIM JIydoM». DTa cucTeMa HeoOX0Ma J1Jist
TOrO, YT06BI 06€eCTeYnTh YCA0BHsE 3(DHeKTHBHON Tepeadit HOHHBIM JIy4OM TOPMOSSIIIETO UMITYJIbca 0OBEKTY KOCMUYECKOTO
Mycopa B ¢aze yBoja.

IIpoGaemaTuka. [Ipu cuHTese U aHaIM3e CUCTEMbI HEOOXOAUMO YUUTHIBATH BO3AEHCTBUS MOHHOTO JIyda, HIMPOKHM
CTIEKTP OPOUTAIBHBIX BO3MYIIEHUI, HETOUHOCTH OIPEENEHIsI OTHOCUTENHHOTO TIOJIOKEHNST U PEATTU3AINI YIIPABJISIONINX
BO3IEHCTBUIL, HEe CTAIMOHAPHOCTH U APAMETPUUYECKYIO HEOIPEIEEHHOCT OObEKTa YIIPABJICHUs, & TAKKE OrPAHUYECHUS HA
YIIPABJISIONINE BO3/E1ICTBUSL.

Iesxs. CunTE3 CUCTEMBI YIIPABJIEHSI OTHOCUTEIBHBIM JIBUKEHUEM KOCMITYECKOTO alliapara Jiuisi 0eCKOHTaKTHOTO y/ia-
JIEHNSI KOCMIYECKOTO MyCOpa.

Marepuaibl 1 MeTobl. [l CUHTe3a CHCTEMbI HCIOJIb30BaH METO/ CMEIIAHHOI 4yBCTBUTEIbHOCTH. TpeGoBaHus K
PEryJISTOPY 3a/IaHbl B YACTOTHOI 06JIACTU ¢ TIOMOIIbIO BHIOPAHHBIX BECOBBIX (DYHKIIMIT. AHAIM3 POOACTHOCTU CUCTEMbI BbI-
[OJIHEH Ha 6a3e METO0JIOTHY CTPYKTYPUPOBAHHBIX CHHIYJISIPHBIX YUCEL.

Pesyabrarpl. Po6acTHOCTD CHCTEMbBI U COOTBETCTBUE 3aIaHHBIM TPEOOBAHUSIM MOATBEPIKAEHBI KAK ¢ MOMOIIbIO (hop-
MaJIbHOTO KPUTEPHsl, TAK ¥ IyTeM KOMIIBIOTEPHOro Mojie/inpoBatust. [lokazaro, 4To paiMoHaIbHOE CHIKEHNE TPeOOBAHUI
110 TOYHOCTH YIIPABJIEHNUST TO3BOJISIET CYIIECTBEHHO CHU3UTD PACcXo/] pAb0Yero Tesia Ha mo/iepskaHnne OTHOCHTETBHOTO [OJI0-
JKEHUS TPU COXPaHEHUH ITPUEMJIEMOI CKOPOCTH YBO/Ia KOCMUUYECKOTO MyCOpa.

BsiBozapl. CuHTE3MpOBaHA CHCTEMA YIIPABJIEHHsI, KOTOpast odecreunBaeT HeoOXOAMMbBIIT KOMITPOMICC MEKIY pobact-
HOH yCTONYMBOCTBIO, KAYeCTBOM U 3aTpaTaMy Ha yIIPaBJIeHUe C y4eTOM IIHPOKOro CIIeKTPa PACCMOTPEHHBIX BO3MYIIEHHI.

Knwueevie crosa: cucremMa ynpas/ieHus], OTHOCUTeIbHOE JBUKEHIE, KOCMUYeCKUil Mycop, konuemnius «Ilactyx c
HOHHBIM JIy4OM», POOACTHAS YCTONYMBOCTb.
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