59

UDC 621.391

FEASIBILITY REASONING OF CREATING ULTRA-LOW ORBIT
COMMUNICATION SYSTEMS BASED ON SMALL SATELLITES AND
METHOD OF THEIR ORBITS DESIGNING

'Olexandr I. Lysenko, *Miroslav K. Sparavalo, *Olena M. Tachinina,
Walerii S. Yavisya, *Sergiy O. Ponomarenko

Hnstitute of Telecommunication Systems

Igor Sikorsky Kyiv Polytechnic Institute, Kyiv, Ukraine
’Institute of Telecommunication Systems

Igor Sikorsky Kyiv Polytechnic Institute, New York, USA
3Institute of Aerospace Technologies
Igor Sikorsky Kyiv Polytechnic Institute, Kyiv, Ukraine
4Aerospace faculty
National Aviation University, Kyiv, Ukraine

Background. The article is devoted to the substantiation of the approach to solving the global problem for mankind: the
creation of satellite communications technology that does not pollute space with debris. Ultra-low-orbit satellite communica-
tion systems (ULO SCS) are communication systems with cluster (distributed) satellites that form a grouping (armada) of
small, ultra-small, nano-, pico-satellites that move in orbits close to the dense layers of the Earth’s atmosphere (sliding on the
upper edge of the dense layer of the Earth’s atmosphere - a sliding orbit). The motion in such orbit of a small-sized apparatus
(provided that the engine is not started) leads to its rapid deceleration and complete combustion in the Earth’s atmosphere, i.e.
complete orbit purification from space debris.

Objective. To justify the feasibility and the possibility of creating and maintaining the functioning of an economical, non-
polluting space, global satellite communications system built using small (mini-, nano-, pico-) satellites.

Methods. The theoretical approach is proposed that allows constructing the orbits of mini-nano- and picosatellites based on
the use of the national design groundwork.

Results. The article developed a method for constructing ultra-low orbit clusters of nano-satellites (small satellites) to in-
crease the efficiency of using aerospace systems when creating and maintaining the life cycle of ULO SCS.

Conclusions. The method of orbits arrangement by distributed satellites is described. The technological capabilities of
Ukraine to implement the method using national aerospace systems are quantified. There is scientific, technical and technolog-
ical groundwork in the field of AS in Ukraine - these are the “flying cosmodromes” of An-124-100 and An-225 airplanes.

Keywords: satellite; micro-satellite; nano-satellite; satellite communications; cluster satellite of navigation and communica-

tions; orbit arrangement.

I. INTRODUCTION

One of the main features by which modern satellite
communication systems (SCS) are classified is the
height of the orbit on which the spacecraft are located.
Low orbital (altitude 700-2000 km) (LEO - Low Earth
Orbit), medium orbital (altitude 10 000 km) (MEO -
Medium Earth Orbit), high orbital or geostationary (al-
titude 36000 km) (GEO - Geostatic Earth Orbit) sys-
tems have circular orbits. This circumstance determines
a certain stability of the characteristics of the radio
lines, what we cannot say about highly elliptical orbits
(HEO - Hilly Elliptical Orbit) SCS, in which the dis-
tance between the satellite and the Earth’s surface var-

ies from almost a thousand to several tens of thousands
of kilometers. Therefore, to create SCS, systems with
circular orbits are predominantly used.

If geostationary SCS has a higher stability of the
signal level in the radio link, then with decreasing or-
bital height, this indicator deteriorates due to the in-
creased influence of the Doppler effect. However, a
significant distance to the geostationary orbit causes a
large attenuation and signal delay. In addition, the geo-
stationary orbit is already oversaturated and unable to
provide coverage of the polar regions, therefore in the
long term preference is given to low and medium or-
bital SCS. Today we are aware of several projects to
build SCS. The most ambitious is the creation of the
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Starlink system by SpaceX. It is planned to launch
11927 satellites into orbits at 340, 550 and 1150 km
high by March 2027. The main purpose of the Starlink
system is to provide access to the Internet. It is assumed
that the user receiving terminals for fast switching be-
tween satellites will be equipped with a phased antenna
grate. The overall dimensions and appearance of such
devices is similar to a regular laptop, so using such a
system to provide a telephone service to mobile sub-
scribers is quite problematic [1].

However, the very idea of using a low-orbit group-
ing of small spacecraft to create SCS with the provision
of telephony services to mobile users is very attractive,
since it simplifies the procedure for updating the space
segment, and also solves the problem of space debris.

II. ANALYSIS OF THE RESEARCH AND PUBLICATIONS

A striking example of a low-orbit SCS is the Iridium
system, which consists of 75 satellites in six orbits, 20
base stations and 2 control and monitoring stations.
This year Iridium Communications Inc has completed
the upgrade of the orbital component of the Iridium
system [2]. The Iridium NEXT satellites launched by
the Falcon 9 launch vehicle have a weight of 860 kg
and are located at an altitude of 780 km. Their service
life is in the range of 7 to 10 years, and the cost is
31000000 dollars [3]. The earth's surface is covered by
the formation of 48 beams by each satellite, each beam
providing maintenance for a territory with a diameter of
700 km. At the current time, to prevent the mutual in-
fluence of the signals of adjacent beams, each Iridium
NEXT on average uses only 32 beams, which in general
ensures the simultaneous creation of 3,840 telephone
channels [2, 4].

The system Iridium provides 66 devices that are in active
mode. One unit covers the territory with a diameter of 4000
km. In the event of a breakdown or damage, the specified
area cannot be fully serviced by adjacent devices. If there is a
backup satellite, it takes some time to regroup the devices in
orbit, so the standard quality of service will not be provided
during this period. Conventional reservation, which provides
for an increase in the number of satellites, may solve this
problem, but this method is very expensive. Therefore, the
idea arises of using a distributed apparatus in a certain sense,
the failure of elements of which will insignificantly affect on
functionality as a whole. Such an idea can be realized with
the use of super-small space vehicles - nanosatellites (NS).

[I1. STATEMENT

Feasibility Reasoning. It is assumed that tasks that
are performed by a single Iridium NEXT can be imple-
mented by creating a group consisting of a certain num-
ber of NSs that form a cluster (Fig. 1).
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Fig. 1. Nano-satellite cluster

To create a cluster, 32 NS will be needed, each of
which will form one beam to serve a zone with a diame-
ter of 700 km. 4 NS is enough for interaction with other
clusters in its own and adjacent orbits, 2 NS is enough
for transmitting signals in the direction of ground sta-
tions, another 1 NS is necessary to ensure interaction
and control of these NS, it is advisable to duplicate it.
Then the total number of NS clusters is 40 [5]. In gen-
eral, the formation of directional beams instead of the
usual phased antenna grate or parabolic antennas, which
have large dimensions and mass, can be carried out
using a helical conical antenna.

Width of directional patterns for forming the corre-
sponding maintenance zones 32 NS that performs this
function must be in the range 6 = 30-50°. For communi-
cation with subscriber terminals, the 1.6 GHz range is
allocated, so the antenna length will be / = 21-56 cm
with a spiral diameter d = 6 cm. Depending on the
width of the diagram, the antenna gain G = 11-15 dB
will be provided. The advantage of this design solution
is that when antenna is folded, it will take no more than
V=30 cm’, that is, 3% of the total NS of the CubeSat-1
format [6].

Providing a managed mutual location of NS, includ-
ing changing the direction of the beams that form the
service areas, is possible with the use of active methods
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of orientation and stabilization, namely: a system on
flywheel engines, a system with torque magnetic, and
using jet engines. It should be noted that in recent
times, conventional jet engines, due to significant fuel
consumption, are replaced by ionic engines. Despite
their relatively small thrust, there are prototypes with

Q. rad

dimensions of 10x10x2 mm, developed directly for NS
[7].

Provided that such systems have similar indicators
of energy consumption, weight and dimensions, their
ability to perform orientation and stabilization over a
short time interval virtually coincide (Fig. 2).
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Fig. 2. Changing the angle of rotation NS for the system: 1 - on flywheel engines, 2 - with torque magnetic,
3 - with an ion engine

Since only ion engines can provide a change in the
position of NS in orbit, their presence in the NS design
is considered mandatory.

Limited resource fuel ion engines can be extended
by the system on the engine-flywheel or a system with
torque magnetic.

Thus, the orientation and stabilization system should
be combined, that is, it should include ion engines and
another of the above-mentioned systems. On average,
such a system consumes about 4-8 Wt [8].

The maximum distance to the subscriber terminal,
which is located on the border of the cluster's service
area, can reach 1500 km, which corresponds to a signal
attenuation of almost 160 dB.

If we take into account the power losses caused by
circular polarization of the signal, which is formed by a
spiral antenna, and losses in the atmosphere, caused by
precipitation and various irregularities, to ensure a sta-
ble reception for a receiver with a sensitivity of 118 dB,
the signal level of the NS transmitter, which has an an-
tenna with amplification 15 dB, must be at least 36 dB.
Since the efficiency of the transmitter has an average
value of 30%, it is necessary to provide about 14 W of
power for it, and 5 W for the receiver to work.

When NS is in the shadow of the Earth, its operation
is provided by a battery that also needs power, there-
fore, the total power of the solar battery must be at least
45 W [9]. The conversion efficiency of solar radiation
with modern batteries is in the range of 20-35% [10],
therefore the surface area of the solar battery must be at
least 0.165 m2, that is, for standard CubeSat sizes, con-
sist of two symmetric surfaces with dimensions of
10x90 cm.

Obviously, to accommodate the elements of the ori-
entation and stabilization system, electrical equipment,
receiving and transmitting equipment and other func-
tional elements inside NS, the NS design should be in
CubeSat-2 format.

Mass production of the described NS format Cu-
beSat-2 can provide the cost of one unit with a weight
of about 9 kg to 150 thousand dollars. Then the cost of
the cluster will not exceed $ 6 million.

When NS clusters are placed into orbit by the Falcon
9 booster rocket, which provides the cost of one kg of
the payload of 11630 dollars [11], the proposed SCS
can be compared with the Iridium system in terms of
efficiency, which is determined by the ratio of the cost
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of the spacecraft (NS cluster) to the device (cluster NS).
The results of this comparison are presented in Table 1.

Table 1. Satellite Performance Indicators

Orbit type of satellite sys- | Satellite | The cost of one | Number of channels | Conditional | The cost of the channel,
tem (type of apparatus) weight, | apparatus, thou- | (connections) per cost of the taking into account the
kg sand $ satellite channel, $ launch into orbit, $
Low orbital
(Iridium NEXT) 860 31000 3840 8073 10677
Low orbital
(CubeSat-2) 9 150 120 1563 2653

The cost of creating a national satellite communica-
tion system (SCS) can be reduced by: improving the
system of creating an ultra-low orbit group of small
satellites; support its reliable operation (replenishment
with redundant units, repair of failed satellites or re-
placement of equipment in orbit and removal from orbit
to restore operability under ground conditions); disposal
of used units after return to Earth or destruction (burn-
ing) in dense atmospheric layers (forced change of the
orbit or due to natural braking).

The most promising for creating and maintaining the
functioning of ultra-low orbit (with a flight height
above the Earth’s surface from 200 km to 300 km, i.e.
significantly lower than the flight altitude of near-Earth
inhabited space stations) communication systems that
use clusters of micro-, nano-, pico-satellites (distributed
satellites, i.e., built using small satellite groups) are
aerospace systems.

These are systems with so-called “air launch”, such
as the one that uses the Boeing 747-400 as a launching
platform and has been successfully tested by Virgin
Orbit [12].

In Ukraine, there are different design and develop-
ment plans for the aerospace systems, which are based
on the An-124-100 Ruslan and An-225 Mriya aircraft
[13, 14]. To increase the efficiency of using these aero-
space systems when creating and maintaining the life
cycle of ultra-low orbit SCS, it is necessary to develop a
method for constructing ultra-low orbit clusters of
nanosatellites (small satellites).

VI. THE METHOD OF DESIGNING ULTRA-LOW ORBIT
CLUSTERS OF NANOSATELLITES

Problem statement. The effective use of the ultra-
low orbit satellite communication system throughout
entire life cycle (building, maintaining functioning with
the required quality, disposal) is determined significant-
ly by the technological capabilities to form and main-
tain the hardware and structure of a cluster of small
satellites (distributed satellite), i.e. controlling the pro-
cess of its orbital packaging and rearrangement.

An aerospace systems with an arbitrary package of
stages (multi-used and single-used, of aircraft- and
rocket- type), transporting a carrier aircraft (“flying
platform”) to the launch point, are considered as a tech-
nical tool for assembling and rearrangement the distrib-
uted satellite’s orbit.

A method is proposed that makes it possible to op-
timally use the properties of the aerospace systems to
solve the problem of effective controlling the process of
orbital packaging and rearrangement of distributed sat-
ellites.

This method is based on the theory of optimal con-
trol of compound dynamic systems (CDS), which move
along branching paths [15-18].

The method of optimal packaging and rearrange-
ment of the distributed satellite’s orbit, proposed in the
article, makes it possible to find the optimal trajectories
of motion of all aerospace system stages in terms of
energy consumption and accuracy.

Consider, as an example, the problem of optimizing
the branching trajectory of the aerospace system of pre-
sumptive composition and packaging of stages. Sup-
pose that an aerospace system consists of a carrier air-
craft, two multi-used accelerators, and an aerospace
aircraft with a multi-used external fuel tank.

Two tasks are required: the first is to replace used
nanosatellites with new ones; the second task is to
transfer the nanosatellites taken from orbit onto a trajec-
tory that will ensure their disposal in dense atmospheric
layers as a result of combustion. We perform the opti-
mal design of the branching trajectory of the aerospace
system as a ranching path of the motion of a compound
dynamic system (CDS) [15]. The CDS motion scheme
is shown in Fig. 3.
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Fig. 3. An example of a branching path scheme for the CDS
consisting of an aerospace system and distributed satellite
(satellite + aerospace system)

Let us explain the notation used in Fig. 3: #; — the time
of the start of insertion (“zoom” maneuver - going out
to zero overload); [#; ;] — the time interval of the aero-
space system movement to the time t; — separation from
the accelerator carrier aircraft and the aerospace aircraft
(AA) with an external fuel tank; #) , 4 s — time mo-
ments of the accelerators and fuel tank finish; [z3;t6] ,
[t6;t7] —time intervals of the movement of AA together
with the external fuel tank and the AA after separation
from the external fuel tank; # — the time point from
which it is advisable to consider a distributed satellite as
an element of CDS — distributed satellite + aerospace
system; t10, #11— moments of time for completion of con-
sideration of the motion of AA and distributed satellite,
as elements of CDS — distributed satellite + aerospace
system; [t7;t0] — the time interval of AA movement cou-
pled with the distributed satellite (in this interval, the
used nanosatellites are replaced with new ones).

The CDS path shown in Fig. 3. is referred to the
class of branching trajectories [15-18]. The intention in
this chapter is to present the method of designing the
optimal branching trajectory of the aerospace system
and distributed satellite, which together constitute a
CDS. The method allows us to formulate in terms of the
Pontryagin maximum principle (Macshane’s minimum
principle) the optimality conditions for the branching
trajectory of CDS with an arbitrary branching scheme.

V. METHOD OF PATH DESIGNING

In solving the problems of designing the optimal or-
bits of distributed satellites, various types of aerospace
systems and distributed satellites can be used.

This means that the corresponding CDS will move
along various branching paths. These trajectories may
have a branching scheme, which differs from the
scheme shown in the example. At present, the optimali-
ty conditions have been formulated for particular
schemes of branching trajectories, which requires a
complete solution of the problem whenever a new
branching path does not coincide with known particular
cases [3, 4]. This article describes the method of design-
ing the branching trajectories for an arbitrary branching
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Fig. 4. The time diagrams of elementary branching paths: a —
scheme with separation of subsystems; b — scheme with
grouping of subsystems.

Before proceeding to generalized formulations, we
consider examples of the simplest branching trajecto-
ries, which allow us to substantiate the required gener-
alizations (Fig. 4).

The equations describing the CDS motion with sepa-
ration (Fig. 4, a) are as follows:

X = f0qw),  tE€[f,4], (1)
12 )

AT Gty xg,ug), EELL,],

X = ()
InGapuy),  tE€lly,h],

. 11 )

Xip = fia (st X0y, LE[GLG,], )

where x, () €R", u,€R™", u,€Q,, p— quantity of
subsystems (1,11,12).

The vector criterion for the quality of CDS function-
ing can be written in the additive form

63
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1= 8(x; (1), 203 % (1), 115 X5 (B2 ) B33y (0o 1) +
+1, + 1, + 1,5,
)
where

2
I :f

|

D@y (X)0, 5%, Uy )l

Y] i
12
I, :fq)ll(x129u12;x11’u11)dt+fq)11(xll’ull)dt'

h 2

The optimality criterion corresponds to Bolze’s
form, where the function S(*) physically reflects the
requirements for the values of coordinates of the CDS
elements motion at the moments of start and end, as
well as for the values of time moments. The integral
terms of criterion show the requirements for character
of the motion of CDS elements along corresponding
path branches. The mutual influence of elements within
the time interval [7,7,] is described as in the equations

of its motion (2), (3) as well in particular integral crite-
ria [, and 7, . The equations describing the motion of
elements and the criterion in the scheme with grouping
(Fig. 4, b) have the same form as ones for the scheme
with separation, differing only in the sign of the time
variation.

It is necessary to choose the controls

w (1) teftg.n ], uy (o) teln.nl up@Otely,n,],
vectors of phase coordinates x; (%), x; (%), X;;(#2),
X5 (t15),%,(¢,,) and time points ¢,,¢,4,,t, for both

branching schemes (Fig. 4, a, b), so that the functional
I takes the smallest possible value. We formulate the
necessary conditions for the optimality of branching
path along which the CDS moves (Fig. 4, a, b) [5].

Let x (), u ()t €[ty ;] x,(0), uy, (1), x5 (2);
up (1€l ]; X, (@), uy, () €[L,1,] — allowable
processes. For the optimality of processes, solutions
MOElL] RO, M)
telt, ], M) telt,,t,] for the adjoint vector
equations

must exist

12
3x] 8x” x|
. 9H? OH OH
)\‘12_,'_ 11 Widuind V3 12 O }\‘11_"_ 0 (6)
Oxi, 12 8x11

such that the conditions are valid:

1) transversality for complementary functions and
Hamiltonians

oS oS
=) =0, 2 (=P H]| =0,07
o), =DM = o), 0P H,|, =0,(7)
oS oS
DA ) =0 — (=) H,| =0,
By, T M) =054 —(=D uly

()
2) jump for complementary functions and Hamilto-
nians

0S| Ly
8x1(t])A+( b [Xl(t) K@) =i, )] )
- I)B[ iy _HIIIZ‘A_H12|A =0, (10)
Zn
8—S o2 S v 6=
8x11(l12)A+( DY 253 1) = a0, = 0. ()
SS —C I)B[Hlllz‘ +H12| 11|A =0,(12)
ha |,

3) minimum of the Hamiltonians at the time
t€[t,,t,] forcontrol u, ()€ Q,

H, \A =minH (13)

I3 At (1) ’
where p - quantity of subsystems, ¢ —indices of sections
of the branching path (p=1,¢=0;p=11, ¢=12),

4) minimum of the linear combination of Hamiltoni-

ans at time instants ¢t €[f,t,] for  control
u,eQ, (p=11,¢9=12)
HY}| -+ Hy| = min| i} Hyl, ol (14)
M A a0 (1) A0 |

Herein icon «A » notes the optimal variables and param-
eters; symbol | .z Mmeans that the expression should be

calculated for the optimal values of variables and pa-
rameters, except for & ; parameter B takes the value =1

or 2, for the related scheme with separation or group-
ing;  H,()=0,0)+N,f,() (p=11112),
H{{ () =10+ X AFO:

On the basis of stated above conditions (5) — (14)
and considering a complex branching path as a package
of simple ones, we formulate the following method for

modeling the optimal branching path of the CDS with
an arbitrary branching scheme.
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For the optimality of a branching path with an arbi-
trary branching scheme, existence of solutions of ad-
joint vector equations in the intervals of time between

ty -start of the motion, f,-separation, /- groupings,

tx -end of motion of compound elements, is required.

6HL M
8x I

=0, 15
3xL 35)

where L — index of section of the branching path; M-
quantity, ¢— indices of sections of the branching path
whose partial Hamiltonians depend on the phase coor-
dinates of L-section so that the following conditions are
valid:

A A
1) transversality at time instants ¢y =11 and
A A
k=12
08 T
—(=D)'r;(1,)=0,(i=1,2), (16
o), (=1Dhy(r;)=0,( ), (16)
oS
- I)HL‘ +Z(H |/\r 0 H|/\¢+0):0’
l/\ i— 1
a7

where p - quantity of subsystems whose motion is af-
fected by start or end of the motion of subsystem along
the L-section; »— indices of the sections of branching
path along which these subsystems move;

) ) A A A AA A
2)jump at instants 1g =11 and 16 =12 t6 =12,

related with division of the subsystem moving along the
L—section, by r—subsystems or grouping r—subsystems
into the subsystem moving along the L—section of the
branching path

oS
(’)ij ) N

. A S
(1 (1) = (D) A,
q

A}
anxL (Ti)

D)~ ()Y 0E A () =0, (18)
q

A

_— "
(j=Ln-Li=12)8,>0Y ¢ =1,
q

S| —CVHL| AN +

A q

—I_Z(H |/\ T

(19)
—0,

|/\r 0)

where ¢ — indices of sections of the branching path
along which the subsystems move after separation or
before grouping; p — quantity of subsystems, v— indices
of sections of the branching path, along which these
subsystems move, not participating in the points of time
tp and f; in division or grouping, but the motion of
which is affected by the separation or grouping of sub-
systems moving along sections with indices L and ¢ ;
,X; (t)— phase coordinate describing mass change;
jump condition on the u-section of branching path at

A

time ¢, coinciding with one of the instants associated

with structural changes in the CDS caused by start or
end of the motion, separation or grouping of subsystems
not related to y—section, but influencing it

oA
o, (1) N
3) minimum of the linear combination of Hamiltoni-

A
instants between the moments ¢,

A A
(=0 R, (1, +0)=0; Q0)

ans at the

AN A A
IR,IG,IK

A A
ZH = min ZHq 1)
p Uug€ Qq p

where A — number of subsystems with interacting con-
trols within specified time intervals; ¢ —indices of the
sections of branching path along which these subsys-
tems move.

The stated method is the methodological basis for
constructing computing algorithms that allow modeling
the optimal paths of the CDS motion. The method for
modeling optimal branching paths is a part of the soft-
ware of CDS computer-aided design system. Consider
an example illustrating use of the simulation method for
the optimal branching path. According to the specified
scheme of branching path (Fig. 3), its time diagram is
drawn up (Fig. 5), in which the time instants of struc-
tural transformations in the CDS motion pattern with
indication its membership to the corresponding types of

A A,uq

A
time moments are arranged chronologically: ¢,

AAA
tR,1G,IK.
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Fig. 5. Time diagram of the branching path

The path sections, moving along which the CDS el-
ements interact each with other, are marked with a line.
The optimality criterion is written in the form consist-
ing of the terminal part S(*), dependent on the coordi-

nates of elements at time instants ¢ (i= 1,11) and these

moments of time, as well as the sum of particular inte-
gral criteria

I =Zf<1>,~<~)dr (i=

f

L11), (a=b), (a= L11),

a

(b= 1,11), recorded for the each section of branching

path (Fig. 4), enclosed between neighboring points lo-
cated on it.

The motion of elements along the path is defined by
equations of x= f(-) type, where f{"}- function that de-

pends on the controls and coordinates of the subsystem,
as well as on the controls and coordinates of the inter-
acting subsystem, if the branch section is marked with a
line. Applying the procedure formulated below, we
obtain condition — for the optimality of path (Fig. 4) it

is necessary to have solutions of adjoint vector equa-
tions of type (15) such there conditions of type (16-21)
are valid.

To solve finally the task of modeling the optimal
branching path, it is necessary to add the listed differen-
tial equations and algebraic conditions with the differ-
ential equations of motion of the subsystems along the
path branches. Note that the sequence of time instants
4 <ty <..<tjy <ty in the task with free time is given

from physical considerations and is approximate. If it is
disturbed, as a result of solution of the task, and the
change in the sequence of branches of the path is per-
missible by the physical meaning of the task, then re-
peating all calculations for new refined sequence of
time instants is required. The information given in Ta-
bles 2 — 4 is initial data that allows using standard sub-
programs for solving ordinary differential and algebraic
equations, and thereby complete practically solution the
CDS optimal path modeling task.

Table 2. Conditions for formulation of equations for conjugate variables.

Type of Legend of branch, L
equation 1,2 2,3 2;3 34 3;6 35 3,5 557
(15) M=0 M=1 M=1 M=0 M=0 M=1 M=1 M=0
- | ¢23) | 253 - - 259 | ¢35 -
Table 2 contd.
Type of Legend of branch, L
equation 6,7 6,7 7:8 7:8 8:9 9;10 9;11
(15) M=0 M=0 M=1 M=1 M=0 M=0 M=0
- - 78) | ¢(78) - - -

Table 3. The solutions of differential equations for conjugate variables must meet the following conditions.




O.LYSENKO,M.SPARAVALO, O.TACHININA, V.YAVISYA,S. PONOMARENKO.FEASIBILITY REASONING OF CREATING ULTRA-
LOW ORBIT COMMUNICATION SYSTEMS BASED ON SMALL SATELLITES AND METHOD OF THEIR ORBITS DESIGNING

Condition t b h 7 f5 f
type
16) | L=1;2), | IA2;3); - | H34); | LA35) -
1 =1 =2 )
a7 | A2y | HA23), - | LG4 | L35y -
=1; p=0 ==L 0 | 2 p=l;
v=(1;2'3) v=(3;5"7)
(13) - - 152;3), - [=3;6);
Fl; F2;r=2,
=3g=(3;1), q=6;7),
(3:5),(3:4) 6:7)
(19) - - 152;3); - L=(3;6);
=13 -1, =2;1=2;
q=(3:0), q=6;7),
(3:9),34); 6:7)
vH235)
(20) - = 123) | pH2:359) - | =GST) -
Table 3 contd.
Condition t I fy to hi
type
(16) - LH7;8); - [ LH%10) | LG 11);
=2 =2 )
17 - LH7;8); - [ A0 | LHG;11);
v=(7;8"9)
(1) LH7;8); - L~8;9); - -
=212, =2;r=2;
q=6;7),(5;7) q=(%10),
G 11)
19 L7 8); - L=8;9); - -
=2, =2, p=1; =2, 1=2;
q=6;7),(3; 7, v=(6,7°9) 70;
q=; 10),
G 11)
(20) 1=6:7°8) 1=(7:89) — - -
Table 4. Conditions for Hamiltonian minimizing,
Equation Time space
i) b Ly 15 s Is—ty
1) A=1 A=1 A=l A2 A=l A=1
F=1:2) | ¢=2:2).2:3) | =3:4) | ¢=(3:5).3:5) | =(3:6) | ¢(5:7)
Table 4 contd.
Equation Time space
tty It trg 5o oo ot
1) A=l A=l A=2 A=l A=l A=l
=67 | 6.7 | =7:8).(7:8) | ¢=8:9) [¢=%:10) | ¢=9:11)

The results of applying the above method for calcu-
lating the payload in the ultra-low orbit are presented in

Table 5 The initial data for the calculations and mathe-

matical models of motion of the aerospace system stag-
es are described in [14, 15].
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Table 5. Calculation results.

Type of aerospace system

Carrier aircraft

The results of calculating the total
mass of the cluster of small satel-
lites (payload) in a circular equato-
rial orbit at altitude of 200 km

Multi-use lightweight aero- | An-124-100 modified for mounting of unmanned 950 kg
space system aerospace aircraft on a pylon under wing
Multi-use lightweight aero- | An-124-100 modified for paradropping the carri- 1,050 kg
space system ORIL type er rocket located inside the fuselage
Multi-use middle aerospace | An-225 modified for dropping a carrier rocket 8,120 kg
system of SVITYAZ type placed on top of the fuselage, using the zoom

maneuver
Multi-use middle aerospace | An-225 modified for dropping an unmanned 6,500 kg
system of MAKS type aerospace aircraft with fuel tank placed on top of

the fuselage, using the zoom maneuver
Multi-use middle aerospace | An-225 modified for dropping the rocket with a 16,800 kg
system of MAKS-T type fuel tank placed on top of the fuselage, using the

Zoom maneuver
Multi-use middle aerospace | An-225 modified for dropping an unmanned 9,050 kg
system of Interim HOTOL | aerospace aircraft placed on top of the fuselage,
International Aerospace Sys- | using the zoom maneuver
tem type
Multi-use heavy aerospace | An-5XX two-fuselage biplane with ten engines, 29,000 kg

system

built specifically for carrying and dropping from
the interfuselage of unmanned aerospace aircraft

using the zoom maneuver

VI. CONCLUSION

Ultra-low-orbit SCS are communication systems
with cluster (distributed) satellites that form a group
(armada) of small, ultra-small, nano-, pico-satellites that
move in orbits close to the dense layers of the Earth’s
atmosphere (“sliding” on the upper edge of the dense
layer of the Earth’s atmosphere - a “sliding” orbit).

The movement in such orbit of a small-sized vehicle
(provided that the engine is not turned on) leads to its
rapid deceleration and complete combustion in the
Earth’s atmosphere, i.e. complete clearing of the orbit
without the formation of space debris.

The global problem for humanity is being solved:
the creation of satellite communications technology that
does not contaminate outer space.

The article substantiates the economic and technical
feasibility and advisability of creating an ultra-low-orbit
SCS: small satellites are much cheaper than large satel-
lites placed in high orbits; the use of aerospace systems
reduces the cost of insertion many small vehicles into
ultra-low orbits, inspection their condition, repairing in

orbit or removing from orbit, and returning to the Earth
(all operations can be performed by unmanned vehicles
and robots). Scientific, technical and technological
groundwork in the field of aerospace systems is availa-
ble in Ukraine: launching platforms based on An-124-
100 and An-225 aircraft.

To increase the efficiency of using these aerospace
systems when creating and maintaining the life cycle of
ultra-low orbit SCS, the method for constructing ultra-
low orbit clusters of nanosatellites (small satellites) was
developed and described in the article. The article sug-
gests the method for constructing a branching path of
the aerospace system motion that is a compound dy-
namic system.

The method allows formulating the procedure for
modeling the optimal branching path of the compound
dynamic system with an arbitrary branching scheme in
terms of the theory of optimal control.

The procedure is a part of the software of the aero-
space system computer-aided design system and can be
used to construct computing algorithms taking into ac-
count the specificity of information-telecommunication
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interaction of elements of specific compound dynamic
systems.

In order to implement the CDS motion configuration

along the obtained optimal branching path, we can use
the technique of wide-sense robust control design [19],
which is based on the general procedure of construction
of Lyapunov functions through first integrals of differ-
ential equations [20].
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Jucenko 0.1, Cnapasano M.K. Tayunina O.M., Agica B.C., Ilonomapenko C.O.
OOrpyHTYBaHHS J1OLIJBbHOCTI CTBOPEHHS] HU3bKOOPOITATBHUX CHCTEM 3B'SI3KY Ha 0a3i MaJIMX CyNyTHHUKIB i
MeTO/i KOHCTPYIOBaHHS iX opoiT

IIpo6aemaTuka. CTaTTs NpHUCBSIIEHA OOTPYHTYBAHHIO MiXOAY DO BUPIMICHHS TI00ANBHOI MPOOIEeMH A JIF0JCTBA: CTBO-
PEHHSI TEXHOJIOTii CYIMyTHHKOBOTO 3B'S3KY, sSKa HE 3aCMiuye KOCMOC CMITTSAM. HaTHM3BKOOPOiTambHI CYIyTHUKOBI CHCTEMH
3B'SI3KY - 1I€ CHCTEMH 3B'SI3KY 3 KJIaCTepPHUMH (PO3IO/IIJICHUMH) CYITyTHUKaMH, SIKi YTBOPIOIOTH YIPpyHOBaHHs (apMajly) Majnx,
TIOHA/I MaJNX, HAHO-, KO- CYIYTHHUKIB, SKi MEPEMIMIAIOThCS TI0 opOiTaX OJMM3BKUM [0 IIITHHUX HIapiB atMochepn 3emii (
«KOB3al04M» MO BEPXHill KpOMII LIIIEHOTO mapy arMochepu 3emi - «3MiHHa» opoOita). Pyx 1o Takiit op06iTi ManoradbapuTHo-
ro amapary (Tpy yMOBi HE BKJIIOUCHHS JABUTYHA) MIPU3BOJNTH A0 HOTO MIBHAKOTO TaIbMyBaHHS i HOBHOTO 3rOPSHHS B aTMOC-
¢epi 3emiti, TOOTO TOBHE OYMILEHHS OpOITH O3 CTBOPEHHS KOCMIYHOTO CMITTSI.

Merta pocaigkenb. OOrpyHTYBaTH JOIIIBHICTS | MOXKIIMBICTS CTBOPEHHS 1 MATPUMKH (DyHKIIOHYBaHHS €KOHOMIYHO BHTi-
JIHOT, He 3a0py/IHIOI0Y0] KOCMOC, TII00aJIBHOT CHCTEMHU CYITYTHHKOBOTO 3B'S3KY, TOOYZI0BaHOI 3 BUKOPHCTAHHAM Majnx (MiHi-,
HaHO-, TiKO-) CYITyTHHUKIB.

Mertoauka peanizamii. 3anpoONOHOBaHO TEOPETUYHMH TiJXi, IO TO3BOJSE KOHCTPYIOBaTH OpOITH MiHI HaHO- Ta IMIKO-
CYIYTHHKIB Ha OCHOBI BUKOPHCTAHHS HalllOHAJIbHOTO HAYKOBO-TEXHIYHOTO JIOPOOKY.

Pe3yabTaTu pociimkens. [y migBuiieHas eQeKTHBHOCTI BUKOPUCTAHHS aBiallifHO-KOCMIYHUX CHCTEM TIPU CTBOPEHHI i
HIATPUMIL )KUTTEBOTO LIMKITY HaJJHU3bKOOPOITAIBHUX CYITyTHUKOBHX CHCTEM 3B'SI3KY B CTAaTTi pO3POOJICHUI METO/I KOHCTPYIO-
BaHHS HAJHM3bKOOPOITATBHUX KIACTEPiB HAHOCYITYyTHUKIB (MAJIMX CYITyTHHKIB).

BucHoBkH. BukiageHo MeTol KOMIIOHYBaHHS OpOIT pO3HNOAUICHUMH CYyITyTHUKaMU. KiTbKICHO OI[IHEHO TEXHOIOTIYHI MO-
JKITMBOCTI YKpaiHu 1Mo peanizaliii MeToIy 3a JOMOMOTOI0 HAI[lOHATBHUX aBiallifHO-KOCMIUHKX cucTeM. B YkpaiHi € HaykoBoO-
TEXHIYHHUH 1 TEXHOJOTIYHHI TOPOOOK B 001aCTi aBialifHO-KOCMIYHHX CHCTEM — II¢ «IiTardi kocMoapomm» AH-124-100 i A
-225.

Kuiro4oBi cioBa: CymyTHHK; MIKPOCYIYTHUK; HAHOCYIYTHHK; CYNyTHUKOBMN 3B'SI30K; KJIAQCTEPHUM

CYILyTHHUK HaBiraiil 1 3B'a3Ky; KOMIIOHOBKa OpOIT.

Jvicenko A.U., Cnapasano M.K. Tauununa E.H., fsuca B.C., Ilonomapenko C.A.
O0ocHOBaHMeE 11€J1IECO0OPA3HOCTH CO3IaAHUSA CBEPXHU3KOOPOUTAILHBIX CHCTEM CBA3H HA 0a3e MaJIbIX
CIYTHAUKOB M MeTOJl KOHCTPYHPOBAHHS UX OPOUT

IIpodsemaTuka. Crarhs MocBsmeHa OOOCHOBAHMIO IOJIXOAA K PEIICHHIO TJIOOATBbHOW MPOOJIEMBI ISl YelOBEUECTBA!
CO3JIaHHIO TEXHOJIOTUH CITyTHHKOBOH CBSI3H, KOTOPasi HE 3aCOPSET KOCMOC MycopoM. CBepXHH3KOOPOUTAIbHBIE CITYTHHKOBBIC
CHCTEMBI CBSI3M — 3TO CHCTEMBI CBSI3U C KIACTEPHBIMH (pacCIpeaenEéHHBIMI) CITyTHUKaMH, KOTOpPBIE 00pa3yioT TPYIHAPOBKY
(apmajy) MajbIX, CBEpX MaJbIX, HAHO-, IINKO- CIlyTHUKOB , KOTOPBIC MEPEMEIIAIOTCs 110 OpOuTaM OJIM3KUM K TUIOTHBIM CIIOSIM
arMocdepsl 3eMii («CKOIb3s» MO0 BEpPXHEH KPOMKE IUIOTHOTO closi aTMocdepbl 3eMIIH — «CKOJIb3siash opouta). [Bmkenue
Mo Takod opOuTe MayorabapuTHOTO armmapara (TpH YCJIOBUM HE BKIIOUEHHS JBHUTATENS) TPHBOTUT K €r0 OBICTPOMY
TOPMOXKCHHUIO M TOJHOMY CrOpaHWio B atMocdepe 3emiiH, T.e. MONHOW Oo4YncTKe OpOMTHI 0e3 00pa3oBaHMSI KOCMHYECKOTO
Mycopa.

Heap nccaenoBanuii. OOOCHOBATH 11€7€COOOPA3HOCTH W BO3MOXKHOCTD CO3MAHHUS M MOJIEpKaHUsS (DYHKIIMOHUPOBAHHS
9KOHOMHYECKH BBITOJHOW, HE 3arpsi3HSIOMIEH KOCMOC, IJOOAIbHOW CHCTEMbI CITyTHHKOBOH CBSI3H, IIOCTPOCHHOH C
HCIIOJIB30BAaHUEM MaJIbIX (MHHHU-, HAHO-, THKO- ) CITyTHUKOB.

Metoauka peann3anuu. [IpeaoxkeH TeOpeTHYECKUH MOIXO0/, MO3BOJSIONINI KOHCTPYHPOBAaTh OPONTHl MUHHU- HAHO- 1
MUKOCIYTHHKOB Ha OCHOBE UCHOJIb30BaHUS HAILIMOHATIBHOTO HAYYHO-TEXHUUECKOr0 3a/1eM1a.

PesyabTaThl HcciaenoBanuii. [t noseimenus 3¢ (eKTHBHOCTH UCIIONB30BAaHUS aBHALIMOHHO-KOCMHYECKUX CHCTEM IIpH
CO3JIaHUH U TOJICP’KaHUH KU3HEHHOTO ILIMKJIA CBEPXHU3KOOPOUTAIBHBIX CITyTHHKOBBIX CHCTEM CBS3M B CTaThe pazpaboTaH
METO/] KOHCTPYUPOBAHHSI CBEPXHU3KOOPOUTAIBHBIX KIIACTEPOB HAHOCITYTHUKOB (MAJIBIX CITyTHHKOB).

BoiBoabl. V31m05xeH MeTO] KOMIIOHOBKH OPOHT pactpeaeeHHBIMI CITyTHHUKaMH. KONMYeCTBEHHO OLICHEHBI TEXHOJIOTHYe-
CKHE BO3MOKHOCTH YKpaWHBI 10 Peaju3alliil METOAA C MOMOIIbI0 HAIIMOHATBHBIX ABHAIIMOHHO-KOCMHUYECKHX cucteM. B
VYxpanHe IMeeTcsl HayqHO-TEeXHIMYECKHH U TeXHoJoTHdeckui 3aen B obmactu AKC - 310 «ieraromue KocMoapoMbDy AH-124-
100 u An -225.

KuroueBble cj10Ba: CIIyTHHUK; MUKPOCITYTHHK, HAHOCIYTHHK; CITyTHUKOBASI CBSI3b; KJIACTEPHBIH CITyTHUK HABUTAIIUH U CBSI-
31; KOMIIOHOBKA OpOUT.





