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A Disposal of the Space Debris with Special
Spacecraft Debris Collector using Low Trust

Sergey A. Ishkov and Gregory A. Filippov

Abstract—the aim of this work is to study the possibility of
the disposal of the space debris in the dense layers of the
Earth's atmosphere. We use information about the fragments
of the space debris location that stored in NORAD databases.
There two types of the orbits of the space debris are explored:
the high elliptical orbit and the circular orbits. The algorithm
of the operation of the utilization of the fragments of the space
debris in the dense layers of the Earth's atmosphere using the
special spacecraft debris collector is composed. The spacecraft
debris collector must be equipped with electro propulsion
engines with low-thrust. The mathematical model of the plane
motion of the spacecraft debris collector, in the form of the
system of osculating elements, is composed. Problem of the
descent of the fragments of the space debris reduced to the
problem of the reducing of the height of the perigee of elliptical
orbit. Obtained the locally - optimal control program of the
orientation of the thrust vector. Using the L.S. Pontryagin’s
maximum principle, we solved the boundary value problem of
the optimal control (decrease) of the perigee of the elliptical
orbit. The results of the parametric study of the problem in the
space of the initial orbits and the acceleration traction of the
electro propulsion engines is shown. Numerical simulation of
the space debris reduction from the low circular orbits is
performed. Determined the number of revolutions passed a
fragment of the space debris around the Earth during braking
due to aerodynamic drag. Calculated the estimates of the gains
of the characteristic velocity to perform the operation.

Index Terms—disposal of the space debris, descent space
debris, orientation of the vector of the jet thrust, optimum
control on the orb, reducing the height of perigee, the
trajectory in the atmosphere, characteristic velocity.

1. INTRODUCTION

HE problem of the disposal of the space debris (e.g.

SD) is coming more popular with the expansion of
human space activities. Fragments of the SD scattered in
almost all heights of the circumterrestrial space, which poses
a risk to an operational satellites and creates additional
difficulties for launch of new satellites.

Identification of the potentially dangerous objects of the
SD considered in [1, 2]. These articles are given
characteristics of the orbits of the SD. More information
about the orbits of the SD can be founded in the NORAD’s
catalog databases of space objects [3, 4].
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To solve the problem of the disposal of the SD offers an
active and a passive method. A passive method involve the
implementation of the preventive measures. It aimed a
preventing of the creation of a new space debris in the
process of the space activities: the forced reduction to the
atmosphere of a spacecraft, whose life is end [5,6].
Nowadays passive measures of the disposal of the SD is not
enough. In the orbits continue its existence the fragments of
the SD left over from the previous starts. The results in the
article [7] shown, that the population of the SD over time
will grow up as the result of collisions and damage already
retired uncontrol objects.

Active ways for solving of this problem include the
transition of the fragments of the SD to the low orbits for the
subsequent occurrences of the fragments of the SD to the
dense layers of the Earth atmosphere. For the transition of
the fragments of SD in the Earth's atmosphere will need the
special vehicle — the Spacecraft Debris Collector (e.g. SDC).
Most suitable for this purpose is a spacecraft equipped with
the electric propulsion engine with low — trust. This type of
spacecraft allows an active transport operations for a long
time [8 — 10].

For fixing of the fragments of the SD on board of the
SDC require special facilities and equipment. The articles
[11 — 12, 33] proposes to use for this purpose a space tether
systems. Explores in detail the movement of the system SD
— SDC around the mass center.

There are projects that use a high-power pulsed laser
system for braking space objects and placing them on a
descent trajectory [13, 14]. We suggest to using a special
manipulator «robotic army» [15, 30], which rigidly fixes the
fragment of the SD aboard the SDC. The problems of the
control of some of the «robotic arms» discussed in article
[34].

It is needed to note, that the large fragments of the SD are
the most dangerous. This type of the fragments of the SD
can not completely burn up in the Earth's atmosphere. It can
cause the destruction for the earthly objects [16]. For these
fragments of the SD we must provide descent to the
predetermined disposal area. If SDC contains pulse brake
motors, so operation is not a difficult technical problem. But
electric propulsion engine with low — trust can not provide
the traditional scheme of descent.

This article discusses the problem of the control of the
SDC for disposal of the fragments of the SD to the
predetermined disposal area. We have considered variants of
descent of the fragments of the SD from the elliptical and
circular orbits. We assume that the SDC approached with
the fragment of the SD and fixed it. We pose the problem of
the synthesis of the control program for the SDC for descent
the fragment of the SD from elliptical orbit to the
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predetermined area of the Earth surface. We propose the
following scheme of descent:

(i)  The SDC with the fragment of the SD transferred to
the orbit elliptical with an extremely small margin of the
height of the perigee (about 200 km). The remaining orbital
parameters (esp. argument of perigee and the longitude of
the ascending node (see section III.E)) is chosen to ensure
the descent of the fragment of SD to the predetermined area
of the Earth surface.

(i) At a predetermined orb, at moment of passing of
perigee, the propulsion system of the SDC switched on with
the predetermined orientation of the thrust vector(see
sections II.B and II.C). In this case, the thrust vector is
aimed at the maximum reduction of the height of perigee.

(iii) Operation of the engine at this program will
continue until the SDC reaches the apocenter of the orbit
(see section III1.B). At this moment the fragment of the SD
disconnect from the SDC, propulsion system switches to the
control, which provide the maximum rate of increasing of
the height of the perigee [31].

(iv) The fragment of the SD performs the passive flight
and near pericentre of the orbit it enter to the dense layers of
the atmosphere and descent in the predetermined area of the
Earth surface (it is considered in the sections ILE, III.C,
[L.D and IIL.E).

(v)  SDC during the remaining part of the orb should
increase the height of the perigee to secure (about 200 km)
and make an orbital transfer to the target orbit in accordance
with its program.

As the fragment of the SD, we considered defective
and/or does not operating spacecraft, wreckage of boosters
and other man — made objects in Space.

II. MATHEMATICAL MODELS
Let us study the feasibility of this scheme of the disposal
of the SD from the elliptical orbit. We define the optimal
control program of the thrust vector orientation.
A. The Planar Motion of SDC
Planar motion of a spacecraft with electric propulsion

engine with low — thrust can be described by the system of
differential equations of the form:

@=2rwsin/1\/z
dt 7
de _ wcos/l\/zsinl9+{cosl9+(e+ cosS)L}wsin/l\/Z (1)
dt u p u

-1
Q: £ i+wcos/1cos'9—ws A1+L sind
dt u| 2 e p) e

where p — focal parameter of the orbit, » — geocentric
distance ;= p.(1+e-cos 9), $— true anomaly, 4 — Earth's

gravitational parameter 398600,4 km®/s?>, A— the angle

between the thrust of the jet and the radius vector in the
orbital plane (see fig. 1), w — thrust acceleration.

The angle A is the single control parameter, due to the
engine is not turn off and it engine is not regulated (see Fig.

1).

Fig. 1 The orientation of the angle A
We assume that the acceleration is small, compared to

Gravity, and w/ e<< ,u/ pz. On this basis, we will make the

transition to the new independent variable — the eccentric
anomaly E, using replacement:

(1-e-cosEY Ldt +do ©)

where o E —the variation of the rate of change of the

eccentric anomaly in the perturbed motion. It is determined

from the equation of the Kepler:
d 3
l-e-cosE 7C)

where t — the passage of the perigee. After transformation,
we have:

sink do—
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where
-1
_ 1 .dO'E
§= (1 e cosE) 0 (5)

Considering the assumption of the smallness of the thrust
acceleration, we neglect the terms containing w? in (3) and

(5). We obtain, that &=1.
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In (4) » - is the radius of perigee of the orbit. It may be
T

replaced by the altitude of the perigee H , according to the
formula r;

the Earth (6371 km).

=H_+R, where R —is the average radius of

B. The Locally - Optimal Control Program

We define the locally optimal control program of the
orientation of the trust angle A,,. It will provide the

greatest rate of the change of the radius of the perigee 7.

For that we find the solution of the equation i‘z_ﬂ =0
E

concerning to the control parameter A4 [17].

2(1—e-cosE)* —(1—e)(2cosE—e—ecos® E) 6)

tanA(E),, ==+
sinE(1— e)«/ 1-¢?

C.  The Optimal Control Program

Let us estimate the maximal possibilities of the control of
the perigee on the orb. For that, we use the Pontryagin
maximum principle [18]. For the same assumptions, we
define the optimal control program of the orientation of the
trust angle 7,

In accordance with the general algorithm of the maximum
principle, we write the Hamiltonian of the system (4) with
the criterion r, — min:

d de
HZWp'd—g“//e'd—Eﬂ/fE—d—E (7

where ¥ = (t// pVWer¥ E) —is the vector of the Lagrange

multipliers. Factor y , takes into account the not

autonomous of the system (4). Substituting the right-hand
sides of equations (4) to (7), we obtain:

3
p
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Optimal control is determined from the condition of the
maximum of the Hamiltonian. It stationary condition has the
H
form a _ =0.
dA

Value of the angle 4, , satisfying the condition of the

stationarity, has the form:

2 P
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The equation for the conjugate multipliers takes the form:
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D.  The Boundary Value Problem

The values of the conjugate multipliers {/,, ,¥/, must be

equal to zero at the end point of the orbital transfer
E=7n-n,neN. Then the boundary conditions of the
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solved system (4), (10) and (11) subject to the control (9)
takes the form:

E=0:p=p0, e=¢,

E:Ef:l//pf:O,l//ef:O, (12)

where the index “f” is mean the end point of the orbital
transfer.

The boundary value problem reduces to the determine of
the initial values of the conjugate multipliers Y 0¥ e0 for

satisfy the boundary conditions (12). Boundary value
problem has a good convergence upon the integration from
the endpoint to the primary point with a negative step.

For that we use solutions, calculated using the locally —
optimal control program

E. The Resistance of the Atmosphere

After disconnection from the SDC the fragment of the SD
makes does not perturbed orbital motion. At the altitudes
below 1,500 km the fragment of the SD begins the
deceleration due to the atmospheric drag. Atmosphere
reports the acceleration to the fragment of the SD. By the
nature, the atmospheric acceleration directed against of the
velocity vector. It can described by the formula:

- X "~ m 2 ,0
Wa—_z_—‘P'V 4 (13)
where . - is the dimensionless atmospheric drag

coefficient, F;, — the area of the middle section of the

fragment of the SD,m — mass of the fragment of SD, 0 —

the density of the atmosphere,’” — the velocity of the

fragment of SD, VO — unit velocity vector.

The atmospheric density is determined in accordance with
the standard [17]. It depends from the level of the solar
activity F. Calculations will performed for the averaged

W
m?-Hz

Projections of the atmosphere disturbance acceleration on
the orbital coordinates frame will defined as:

values of the solar activity level: g =175 .10 22

2
l-e
W, =—W, . |——————— (14)
o “N1-e?cos?E
W = esin £ (15)

a Wa
y
V1- e? cos’ E

III. NUMERIC SIMULATIONS

A.  Numeric Simulation of the Optimal and the Locally
Optimal Control Programs for an Arbitrary Orbit

We consider an orbital transfer between an arbitrary
orbits with parameters: the radius of the perigee
r, =26371km, radius of apogee 7, =36371km, the focal

parameter p =305740km and the eccentricity e =0.159.

The fig. 2 display the optimal and the locally - optimal
control programs within the orb as a functions of the angle
of the eccentric anomaly E.

0,51
Vv 0,25n
al .
A — orbital transfer
ue opt
y) with optimal control
of
h \ opt program (9) — (12)
t 0 /lapt — orbital transfer
N with locally - optimal
an
1 control program (6)
g
€  -0,25n
A
loc
-lh.h__ __ﬂ.-n-
-0,57
0 0,5t T 1,51 2

Angle of the eccentric anomaly E, rad

Fig. 2. The optimal and the locally - optimal control program on the orbit as function of the angle of the eccentric anomaly £
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As follows from the obtained results (see fig. 2), the
optimal and the locally - optimal thrust vector control
programs for the selected optimality criterion similar despite
a significant mismatch programs at the perigee point.

Let us estimate the efficiency of the received control
programs. For that we integrate the system (4) with the
locally - optimal program (6), next with the optimal control
program (9) taking into account the conjugate multipliers
(10) — (11) and the boundary conditions (12). We considered
a single-turn and a multi-turn orbital transfers (30 orbs). The
calculation is performed for thrust acceleration

w=1 mm/ s?. The results (the final value of the radius of

the radius of the perigee) are shown in Table 1. In the third
column of the Table 1 we show the gains of using of the
optimal control program, such as a percentage of the final
values of the radius of perigee, obtained using the locally —
optimal control program.

B.  Determination of the Elliptical Orbits, which can
be Used for the Descent of the fragment of the SD (the
Release Orbits)

Let us consider the feasibility of the obtained control
programs for the proposed scheme of the descent of the
fragment of the SD from elliptical orbit. For that, we
integrate system (4) with control program (6) on the range
of the eccentric anomaly E €{0,7} for different values of
the thrust acceleration w. We pose the problem of the
reducing of the height of the perigee of 100 km such a way
that the fragment of the SD was guaranteed captured

atmosphere in the pericenter. At the same time SDC should
raise height of perigee to the required values (200 km).
We introduce into consideration parameter y :

mg

x= (16)

mspc

where m d - the mass of fragment of SD, m g~ — the mass

of the SDC.
Then the thrust acceleration of the SDC after separation
the fragment of the SD w, will calculated as follows:

Wy = wi(mg +mspc)
mspc

=wi(l+7) (17)

Thereby movement of the SDC will occur with different
acceleration: at the first part of the orb, it will less, at the
second part of the orb it will greater. The fragment
separation point can moved forward from the point of the
apocentre. It improve the conditions for the descent of the
fragment of the SD.

We define the values of the initial heights of the apogee
He" and the values of the eccentric anomaly E°,in which
we separate the fragment of the SD, providing care of the
SDC to the clearance height. The results of calculation Hea"
for different values of the acceleration w and y represent

at the figure 3.

TABLE I
THE COMPARISON OF THE CONTROL PROGRAMS

The height of the perigee at the end of the orbital The gains of using of the
The duration of the orbital transfer, km optimal control program
transfer The locally - optimal The optimal control (the gr.eater decreasipg of
control program program the height of the perigee)
One orb 25514 25511 about 0,1 %
Thirty orbs 17782 16929 greater to 5 — 7 %
16000
14000 \ 1 — the ideal case, the mass of
'E‘ the fragment of the SD is equal
* 5 12000 to zero (SDC have not extra
o . acceleration (17) to return to the
B,  (DE"=180deg.y=0 initial orbit)
2 10000 R 2 — the mass of the fragment of
; (2) E'=200deg, y=0.9 the SD greater of the mass of the
= 8000 SDC in 09 times, point of the
2 \\&\ disconnection is E = 220 deg
w, 6000 N 3 — the mass of the fragment of
= (3)E"=220deg, x=2 \\ the SD greater of the mass of the
é 4000 — SDC in 2 times, point of the
disconnection is £ = 220 deg
2000 r r r r T T

3 4 5 6 7

8 9 10

Acceleration of the trust w, nm/s?

Fig. 3. The results of calculation He'" for different values of the acceleration w and x
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to the Keplerian orbital motion
ey of the fragment of the SD
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perturbations (area to mass
ratio o; =0)

100

[eight, km

.
%\ point of the entry to the

atmosphere

2 — this line corresponded to
the motion of the fragment of
(3) the SD with atmospheric
perturbations. At the height
90— km (for this Release orbit)
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with
resistance

atmospheric
) surface

the fragment of the SD is
entrance to the Earth
atmosphere and landing to it's

3 — the point of the entrance

2x

Angle of the eccentric anomaly E, rad

of the fragment of the SD to
the Earth atmosphere (for
details. see section ITL.D)

Fig 4. Reducing of the fragment of the SD with the ballistic coefficient 0.004 m?/kg in the Earth's atmosphere

Examining the Fig. 3 we can conclude, that it is possible
to dispose the fragments of the SD having the following
numbers in the NORAD database: ID 16993, ID 23420, ID
22671, ID 15952 and other. The height of the apogee of this
fragments of the SD is 12 .. 16 thousands km.

C.  Descent from the Elliptical Orbit

Let us carry out checking calculations. We show that the
fragment of the SD after separation from the SDC reaches
the Earth's surface in the area of pericenter. We introduce
into consideration parameter of the height of the fragment of
the SD:
p-(l—e~cosE)2

h= >

-R 18
_ (18)

where R — the average radius of the Earth (6371 km).

We integrate the system (4) with the acceleration (13) for
the fragment of the SD with the area to mass ratio 0,004
m?*/kg (it mean as average). Consider the descent from the
orbit with parameters r, =90 km,r, =15599 km .The

trajectory of the fragment of SD on the second semi orb on
the area of the strong influence of the atmosphere is
represent at the fig. 4.

In the course of the simulation is set, that the capture of
fragment of the SD in the atmosphere take place at the
altitudes about 90..110 km.

Analyzing the motion trajectories of the fragment of the
SD in the upper atmosphere of the Earth, we can conclude
that the fragments of the SD guaranteed reach the Earth's
surface and does not continue existence in the near-Earth
space.

D.  Angle of Entry to the atmosphere

Let us calculate some extra parameters of the motion of
the SD at the moment of the entrance to the Earth
atmosphere.

In previous section we calculate, that the fragment of the
SD enters to the Earth’s atmosphere and reaches the Earth's
surface. In this section we will clarify parameters of the
entrance of the fragment of the SD to the atmosphere. One
of the most important parameter of the entrance to the
atmosphere is the angle of the entrance. For elliptical orbit
this angle can be determined as angle between vector of the
orbital velocity of the fragment of the SD and the line of the
local horizon (i.e. the normal to the moment radius — vector
in orbital frame r (see fig.1)).

For that purpose we use the velocity coordinate system
instead of the system of the osculating elements (1).

2
m%:—CmSmp r —mgsind,

t

d p? 2
mV_ez_ ) mp + 2 cosé—mgcosH,
i dt a 2 R+h
— =V'sind,
dt

where m — the mass of the SD, V' — the orbital velocity of the
SD, C,, — dimensionless coefficient of the aerodynamic

resistance of the SD, C,, — dimensionless coefficient of the

lifting force (for the spherical body is equal to zero), S, —

the area of the middle section of the fragment of the SD,
p— the density of the atmosphere, g—the acceleration of

the Gravity, 6— the angle of the inclination of the trajectory,
h — geocentric height, R — the average radius of the Earth.
The acceleration of the Gravity describes by formula:

)= 5" j

R+h
where g, —the acceleration of the Gravity at the Earth

surface (is equal to 9,806 m/s 2 ).
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After dividing the first two equations of the system (19)
to the mass, we obtain:

d—Vz—O'x~p-V2—g-sin6’,

dt 5

V~ﬁ: 4 -cosfd —g-cosb,
dhdt R+h

— =V -sind,

dt

where o, — the area to mass ratio of the fragment of the
SD. We use average value of this coefficient, equal to 0,004
mz/kg , as well as in section III.C.

We integrate system (21) from the moment where the
fragment of the SD passed the apocenter of the elliptical
orbit and we stop integration at moment ¢, corresponded to
the moment of the landing of the fragment of the SD to the
Earth’s surface.

The initial value of the height (the third equation of the
system (21)) assumed to be equal to the radius of the apogee
of the orbit of the fragment of the SD. The speed of the
fragment of the SD in the apocentre of the elliptical orbit
can be determinate by formula:

V:\/%(l—e).

In section III.C we calculate the heights of the apogee of
the elliptical Release orbits. In table 2 we show calculated
angle of the entrance to the Earth atmosphere for every
elliptical Release orbit.

30

TABLE II
THE ANGLE OF THE ENTRANCE OF THE FRAGMENT OF THE
SD TO THE EARTH ATMOSPHERE AT THE ALTITUDE 100 KM
FOR THE VARIOUS ELLIPTICAL RELEASE ORBITS

The height of the
No The angle of the entrance apoge o} the
- to the atmosphere, deg elliptical Release
orbit, km
1 -2,62 15599
2 -2,47 13888
3 -2,37 12309
4 -23 11317
5 -2,25 10314
6 -2,18 8677
7 —-2,06 7383
8 -1,92 6417
9 -1,83 5866
10 -1,72 5441
11 -1,62 5049
12 - 1,56 4755

From table 2 we can conclude, that the angle of the
entrance to the atmosphere increase (in absolutq32jue) with
increasing of the eccentricity of the elliptical Release orbit.

Let us study the dynamic of the angle of the inclination of
the trajectory of the fragment of the SD. We assume, that we
use Release orbit with number 6 (see table 2). At figure 5,
we show the graph of the angle of the INCLINATION of the
trajectory of the fragment of the SD on all orbit, at figure 5a
we show the angle of the ENTRANCE of the fragment of
the SD to the atmosphere.

1 — this line corresponded to
the motion of the fragment of the

W N
RVAEERN

SD with atmospheric
perturbations. The angle of the
ENTRANCE of the fragment of

N\

with atmospheric
resistance )]

the SD limit to —90 deg, that
mean the landing of the fragment
of the SD to the Earth surface

N\

2 — this line is corresponded to
the Keplerian orbital motion of
the fragment of the SD without

The angle of the entry to
the atmosphere 0, deg
[«

without atmospheric
resistance, 6= 0 (2)

atmospheric perturbations (area
to mass ratio o = 0). The

A

-20

S
N

function of the angle of the
INCLINATION of the trajectory
is periodic.

_/

-30
-7 -0,57 0

0,51 T

Angle of the eccentric anomaly E, rad

Fig. 5. The angle of the entrance to the atmosphere of the fragment of the SD at elliptical Release orbit number 6 (see table 2) at all orbit. The line, which
corresponded to atmospheric resistance aimed to the value 6 equal to — 90 deg (it mean landing to the Earth surface). The second line is corresponded to
motion without atmospheric perturbations (does not perturbation Keplerian motion)
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0 [

without atmospheric
resistance (1)

1 — this line corresponded to
the motion without
(2) atmospheric resistance. The
angle of the INCLINATION

/

of the trajectory is limit to 0
deg.

2 — the point of the entrance of
the fragment of the SD to the
Earth atmosphere. In this point

-10

L~

The anele of the entrv to the atmosphere 0. deg

the angle of the inclination of
the trajectory have start to
limit to the —90 deg

with atmospheric 3 — the graph of the angle of
resistance 3) the ENTRANCE of the
| | fragment of the SD to the

351 352 354 356

atmosphere

358 360 361

Angle of the eccentric anomaly E, deg

Fig. 5a. The angle of the entrance to the atmosphere of the fragment of the SD at elliptical Release orbit number 6 (see table 2) in area of the strong

influence of the Earth atmosphere

From figure 5a we can conclude, that the process of the
entrance of the fragment of the SD to the atmosphere is very
quickly. It’s duration is only 1 — 2 deg of the eccentric
anomaly. The point of the entrance of the fragment of the
SD to the atmosphere can be determined as point of the
inflection of the graph of the angle of the inclination of the
trajectory of the fragment of the SD.

Thus, the angle of the inclination of the trajectory
becomes to the angle of the entrance to the atmosphere (the
last is increase (in absolute value)).

We calculate the value of the angle of the entrance of the
fragment of the SD to the atmosphere for minimal fixed
value of the solar activity level, prescribed by the standard
[19]. Therefore, for the minimal value of the atmospheric
acceleration (13). With increasing of the solar activity level,
the atmospheric acceleration will increase as well as the
angle of the entrance to the atmosphere.

E. The track of the fragment of the SD

Another important aspect in the problem of disposal of
the SD is to provide the landing of the fragments of the SD
in the predetermined area of the Earth's surface. In
accordance with standard [6] all of the spacecraft, after the
end of life, must be disposal in the South of the Pacific
Ocean.

In previous sections, we calculate the characteristics of
the elliptical Release orbits. Now we simulate the track of
the fragment of the SD at the motion on the elliptical
Release orbit. Geographic latitude and longitude of each
point of the track of the fragment of the SD can be found by
the formulas:

a = arctan(tanu - cosi)— g (t — 1o )+ X2 : _Tto ’

o= arcsin(sinu -sini),

where & —the secular shift of the longitude of the
ascending node, u — the argument of the latitude, u =0+ 3,
o —the argument of the perigee, 3 — the angle of the true
anomaly, 7—the inclination of the orbit, @y — the angular

03 rad

velocity of the Earth [7,29-1 j, T —the period of

s
the revolution of the fragment of SD on the orbit, #—¢,—

time, in this case, calculated from the moment of the
passage of the perigee.

We assume that the inclination of the orbit is constant and
equal to 51 deg. The initial value of the longitude of the
ascending node was chosen with ensure to provide the
landing of the fragment of the SD in the South of the Pacific
Ocean.

The value of the argument of the perigee @ can be
founded with joint integration of the system of equations (4)
with equation:

. 2
smE(Z—e —ecosEj
Z—? w7 | sin2
e;{l—ezj ’ \/1*82

The initial value of the argument of the perigee was
chosen as value of the Q) .

The angle of the true anomaly 4 is corresponded with the
angle of the eccentric anomaly £ by formula:

ﬁ_ x/l—e2

dE  1-ecosE

We simulate the track of the fragment of the SD for all
elliptical Release orbits. At figure 6, we show the track of
the fragment of the SD for the elliptical Release orbit
number 1 (see table 2). We simulate the dailbar)ack with
taking into account the rotation of the Earth.

7cosﬂ(cosE fe)
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Fig. 6. The track of the fragment of the SD for the elliptical Release orbit number 1 (see table 2)

At figure 6, we show in rectangular the South of the
Pacific Ocean. We chose the value of the longitude of the
ascending node Q =—-60deg and the value of the argument

of the perigee @ = —80deg.

We simulate the track for other elliptical Release orbits
(see table 2) and we have similar result for the initial values
of the longitude of the ascending node and for the argument
of the perigee.

During the day, the pericenter of the elliptical Release
orbit passes only once over the South of the Pacific Ocean.
From that we can conclude, that any mistake (such as
transfer of the SDC to an unplanned orbit) in control of the
SDC will have place, so the process of the disposal of the
fragment of the SD will be postponed for a day, which could
lead to a threat of collision with other spacecraft and other
undesirable consequences

F.  Descent from the Circular Orbit

Let us study descent of the fragments of the SD with the
SDC from the circular Release orbit. To increase the
accuracy of the forecast point of landing of the fragment of
the SD on the Earth's surface we can use a low-thrust
propulsion of the engines of the SDC. Thus, we can reduce
the number of the revolutions, which passed the fragment of
the SD, before it is entering to the Earth's atmosphere in the
uncontrolled mode (the mode of self-locking).

We simulated the descent of the fragment of the SD from
the circular Release orbits with different heights in the mode
of self-locking. After delivery of the fragments of the SD to
these orbits, SDC moves to the safe orbit and the fragment
of SD start descent.

To determine the number of revolutions, which passed the
fragments of the SD around the Earth, we integrate the
system (4) with acceleration (13), which project to axes of
orbital frame as (14) and (15). Result is shown at fig. 7.

140

The descent of the fragment of

120 \\
100

the SD from the initial circular
Release orbit in self-locking mode

o0\

due to the acceleration from the
atmospheric resistance (13) and it's

\

projections to the axis of the orbital
frame (14) and (15).

NN

1 — the height of the circular
Release orbit is 200 km

ol N~

2 — the height of the circular
(1) Release orbit is 180 km

\

) 3 — the height of the circular

3) Release orbit is 160 km

around the Earth in self - locking mode

Number of revolutions of the fragment of the SD

0,001 0,003 0,005

0,007

0,009

Area to mass ratio ¢, m¥/kg

Fig. 7. Number of revolutions, passed the fragment of the SD, in self-locking mode at descent from different circular orbits

(Advance online publication: 24 April 2015)



Engineering Letters, 23:2, EL._23 2 07

These results demonstrate, that reducing of the height of
the release circular orbit from 200 to 180 km, can
significantly (several times) reduce the number of the
revolutions around the Earth, passed the fragment of the SD
in the uncontrolled mode.

IV. CALCULATION OF THE CHARACTERISTIC VELOCITY,
REQUIRED TO DELIVE THE FRAGMENTS OF THE SD TO THE
RELEASE ORBITS

We have calculated the gains of the characteristic velocity
required to deliver the fragment of the SD to the Release
elliptical and circular orbits.

A.  Formation of the Elliptical Release Orbit

Let us study the problem of formation of the elliptical
Release orbit with the height of perigee of 200 km, which
used to implement the controlled descent of the fragment of
the SD using low-thrust.

We ranged the height of the perigee H . and the height

of the apogee H o of initial orbit (the fragment of the SD is

located on this orbit). We calculate the gains of the
characteristic velocity Vs which provide the orbital transfer

from the initial orbit to the Release orbit, using locally —
optimal program (6):

(19)

The results of some calculations are presented at fig. 8 in
the form of lines of the equal gains values of V. .The

calculation is performed for the thrust acceleration
w=0, mm/s> .
In this case the level lines is out to be close to a linear

functions.
B.  Formation of a Circular Release Orbit

We calculated the costs of the characteristic velocity,
necessary for controlled delivery of the fragment of the SD
from the circular initial orbit with height 200 km to the
Release orbit with height 180 and 160 km. Soon after that,
for return of the SDC to the initial orbit.

The calculation is performed for the thrust acceleration
w=2mm / 52,

Calculation results are presented at fig. 9a and 9b. Fig. 9a
shows the calculation of the characteristic velocity for
option to reduce the height of initial orbit 180 km and return
back, fig. 9b - to the height of initial orbit 160 km and return
back.

The height of the perigee of the orbit of SD H,,
km-103

V.=1,5km/s V.=13 km/s
/? V\' - 0’9 fem/s
5 // V.= 0,6 km/s
4 // Vx =0,3 km/s
0 T T
10 15 20 25 30

The height of the apogee of the orbit of SD H,, km-10°

Fig. 8. The gains of the characteristic velocity for transfer SDC and fixed the fragment of the SD from the initial to release orbit
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Fig. 9a. The gains of characteristic velocity for reduction circular release orbit of height of 180 km
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Fig. 9b. The gains of characteristic velocity for reduction circular release orbit of height of 160 km

At fig. 8a and 8b, the solid line corresponds to the gains
of characteristic velocity to the reduction the SDC and the
fragment of the SD from initial orbit to Release orbit. Dotted
line corresponds to return of the SDC from the Release orbit
to the initial orbit and the point line corresponds to the total
gains of the characteristic velocity to perform the operation.

As can be seen from the figures 8a and 8b, the return of
the SDC to the initial orbit is the most expensive part of
descent operation.

It should be note, that gains of the characteristic velocity
grow up slowly and with increasing of the area to mass ratio
it is quickly grow up. It explained by the fact, that the
acceleration of the atmospheric drag approaching to the
acceleration of the thrust propulsion of the SDC with
increasing of the ballistic coefficient.

Note, that in the case of descent from the circular orbit,
the gains of the characteristic velocity is in several times
less than the gains of the characteristic velocity during the
descent from a circular orbit. However, it should be
understood, that the descent from a circular orbit is a lengthy
process (tens of revolutions around Earth against 0.5 orbs in

the case of the descent from the elliptical orbit). Moreover,
in this case, it is impossible to accurately determine the
location of the landing of the fragment of the SD on the
surface of the Earth.

V. CONCLUSION

In this paper we examined the problem of descent of the
space debris using the special spacecraft — debris collector
with the low-trust. We composed the math model of the
plane motion of the spacecraft — debris collector, which
taking into account the resistance of the Earth's atmosphere.
We obtained the locally — optimal control program of the
orientation of the thrust vector. For the criterion of the
maximum rate of change of the radius of perigee and using
the Pontryagin maximum principle we formulate and solve
the problem of determine of the optimal orientation thrust
vector control program. Found that at the stage of delivery
of space debris in the Earth's atmosphere can be taken
locally — optimal control program of the orientation of the
thrust vector. The numerical simulation of the motion
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allowed to define the parameters of the elliptical Release
orbits and thrust acceleration values. From these orbits can
be carried out the operation of descent of the fragment of the
space debris within one orb. We simulated motion of the
fragment of the space debris on the area of the entrance to
the atmosphere. Established that for the considered initial
conditions capture of the fragment of the space debris in the
atmosphere at altitudes about 100 km.
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