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ORBITAL STRUCTURE OPTIMIZATION TECHNIQUE
OF THE LOW-ORBIT COMPLEX OF ON-ORBIT SERVICE

Most of the currently planned on-orbit servicing (O0S) missions involve the use of disposable OOS spacecraft. The use of disposable
0O0S spacecraft may be profitable in the near future. But it is not a reliable solution for OOS in the long term. As an alternative, a more
useful concept is the use of reusable OOS complexes, which allow responding to scheduled and random requests from OOS clients. This
concept can ensure the timeliness and efficiency of OOS implementation during planned services and random requests of OOS clients.
However, despite the potential advantage of a reusable OOS, the design of its orbital structure and operational maintenance is much
more complicated in comparison with the traditional concept of the organization of OOS. This is because when planning the response
of reusable OOS complexes to requests, it is necessary to distribute OOS client service operations between space vehicles of the reusable
00S complex. Now the space industry is switching its attention to the area of low Earth orbits. This causes an increase in deployed
and planned low-orbit satellite groups, the number of satellites in them, the difference in structural schemes of satellite groups, and the
significant influence of the environment on orbital parameters. As you know, the orbital parameters of low orbits of space vehicles can
differ significantly, and the difference between them can reach tens or even hundreds of degrees in the longitude of the ascending node.
This leads to unacceptably high energy costs for modern OOS spacecraft for active rotation of the planes of their original orbits to the
planes of the destination orbits. In some works, the possibility of reducing these energy costs due to the use of the difference in the speed
of the nodal precession of the parking and destination orbits of the OOS spacecraft due to the non-centrality of the Earth’s gravitational
field is considered. However, due to the long wait of the OOS spacecraft in the parking orbit, the flight time with the wait between the
parking and destination orbits increases significantly. Its reduction can be achieved by increasing the number and rational selection
of the semi-major axis and inclination of the parking orbits of the OOS spacecraft. The purpose of the article is to develop a technique
for the optimal synthesis of the orbital structure and optimal operational planning of the low-orbit OOS complex in near- Earth orbits
with a small eccentricity. Methods for solving the problem are the averaging method, the branch-and-bound method, and the multi-
objective optimization method. The novelty of the obtained results lies in the development of a technique for optimal synthesis of the
orbital structure and optimal operational planning of the low-orbit space OOS complex in near-Earth orbits with low eccentricity. The
developed technique can be used in the previous planning and design of space OOS complexes in low near- Earth orbits with a small
eccentricity.
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1. INTRODUCTION

At the current stage of the development of space ac-
tivities, the world’s leading space states are actively
developing promising on-orbit services (OOS). OOS
is turning into a viable space industry, the develop-
ment of which is determined by the development of
new space technologies, which include OOS indus-
trialization and the development of modular space-
craft. It is expected that OOS industrialization and
modular satellites will be revolutionary technologies
for the satellite industry [7, 11, 12].

Most of the OOS missions that are planned and ex-
ecuted at this time use disposable OOS spacecraft. The
use of disposable OOS spacecraft may be profitable in
the near future. But it is not a reliable solution for OOS
in the long term. As an alternative, a more useful con-
cept is the concept of industrialization of OOS due to
the deployment of reusable and sustainable OOS com-
plexes [11, 12].This concept can ensure the timeliness
and efficiency of OOS implementation for scheduled
and random requests of OOS clients for service. How-
ever, despite the potential advantage of using reusable
OOS complexes, the design of their orbital structure
and operational service planning is much more com-
plex and difficult compared to the traditional concept
of OOS organization. This is because when planning
the response of the OOS complex to the requests of
OOS clients, it is necessary to carry out the distribu-
tion of OOS client service operations between space-
crafts of the OOS complex. According to experts, for
the effective functioning of the OOS complex, the
number of OOS spacecrafts in their structure can vary
from several units to tens.

In modern literature, the main attention is given
to certain aspects of OOS missions performed by
disposable OOS spacecraft. In [16], the problem of
refueling multi-purpose spacecraft in near-Earth or-
bit was studied. The effect of perturbing the orbit due
to the non-sphericity of the Earth is also considered.
Papers [1, 2, 13] studied the problem of space debris
removal. In work [14], using the discrete particle
swarm method, the planning of a mission to serve
several OOS clients was studied. Refueling strategies
using OOS spacecraft with low-thrust engines were
investigated in [5].

Only a relatively small number of works are devoted
to the development of methods for optimal planning
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of the orbital structure and operational planning of
low-orbit reusable OOS complexes [3, 4]. In this re-
gard, there is currently a need to improve the existing
and develop new methods for solving these problems.
The purpose of the article is to develop a technique
for the optimal synthesis of the orbital structure and
optimal operational planning of the low-orbit OOS
complex in near-Earth orbits with a small eccentric-
ity. Methods for solving the problem are the averag-
ing method, the branch-and-bound method, and the
multi-objective optimization method. The novelty of
the obtained results lies in the development of a tech-
nique for the optimal synthesis of the orbital struc-
ture and optimal operational planning of the low-
orbit OOS complex in near-Earth orbits with a small
eccentricity. The developed technique can be used in
the justification, planning, and design of OOS com-
plexes in low Earth orbits with a small eccentricity.

2. FORMULATION OF THE PROBLEM

It is assumed that the OOS complex, consisting of n
reusable OOS spacecrafts with engines of low con-
stant thrust, has been deployed. It is designed to
fulfill scheduled or random service requests from m
OOS clients. In the problem, it is assumed that the
base orbits of the OOS spacecraft have a small eccen-
tricity, and their orbital planes have the same speed of
nodal precession. To ensure synchronization of nod-
al precession, their orbits have the same semi-major
axes and inclinations. The planes of the base orbits
of the OOS spacecraft are evenly distributed along
the longitudes of the ascending nodes (LAN). One
OOS spacecraft is located in each orbital plane. It is
assumed that the orbits of OOS clients also have a
small eccentricity and differ little in inclination be-
tween themselves and the orbits of OOS spacecraft.
In the problem, a significant difference in the orbits
of the OOS clients along the major semi-axes and
LAN is allowed. The difference in the LAN preces-
sion speeds of the OOS spacecraft and OOS clients is
achieved due to the difference in the semi-major axes
of their orbits. It is assumed that interorbital flights
are the main factor affecting fuel consumption and
the time of execution of the OOS. Any of the OOS
spacecrafts can perform any of the OOS execution
requests. Each OOS spacecraft can be assigned to
perform only one OOS execution request, and each
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008, in turn, must be performed by only one OOS
spacecraft. The work does not take into account the
effect of gravitational disturbances of a higher order
than those associated with the influence of the sec-
ond zonal harmonic of the Earth’s geopotential. Dis-
turbances due to the influence of the Earth’s atmo-
sphere and the gravitation of the Moon and the Sun
are not taken into account.

As a result of solving the considered problem, it
is necessary to develop methods for the rational syn-
thesis of the orbital structure and optimal operational
planning for the low-orbit OOS complex in near-
Earth orbits with a small eccentricity. The technique
is designed to determine in an acceptable time: the
parameters of interorbital flight of OOS spacecrafts,
optimal waiting times of OOS spacecrafts on parking
orbits, determination of the appropriate distribution
of client service requests of OOS between the OOS
spacecraft, determination of the appropriate number
of OOS spacecrafts and optimal semi-major axis and
inclination of their parking orbits.

3. DETERMINATION OF FLIGHT PARAMETERS
OF THE OOS SPACECRAFT

According to the conditions of the problem, parking
and destination orbits of the OOS spacecraft have,
respectively, the following values of the semi-major
axis, inclination, and LAN:

at,i?, QF (Vi € {1, 2. n}) ;

a?, ij , Q;l (Vje{l,z,..,m}).
On the flight orbit of the i-th OOS spacecraft from the
parking orbit to the j-th destination orbit, the flight
control of the OOS spacecraft is performed by the en-
gine of low constant thrust at a zero pitch angle due to
a change in the magnitude and direction of the thrust

yaw angle 3 i The yaw control angle changes its sign
every half-turn of the orbit at values of the latitude

argument u equal to g and %n [6, 8, 15]. The yaw

control angle [31.]. is determined by the expression (1):

~ m 3

—B. ue|—,—m|,

~ T 3
ouel0,—|u|l —m2n |,

where f%ij el-m, n].

By = (1)
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For short flights of the OOS spacecraft with en-
gines of low constant thrust, mass reduction due to
fuel outflow can usually be neglected. The accel-
eration g, of the i-th OOS spacecraft due to engine
thrust is constant and has the form (2):

g =—, )
m.

where T, and m;, are, respectively, the thrust of the
engine and the mass of the i-th OOS spacecraft.

On the assumption of zero eccentricity of the flight
orbit and using [6, 8, 15], we give the system (3)—(5)
averaged by the latitude argument flight equations
of the OOS spacecraft from the parking orbit to the
destination orbit. This system of equations takes into
account the influence of the second zonal harmonic
of the Earth’s geopotential.

da’ al) Q]
d_:zz\/ggicosﬁij, (3)
u
dif 2 |l -
d_zzz iaisinB,j ) )
T\ M
Q3 B j
it :_5]2\/%&25 s .
ij

where aj; , zg , Qf; are, respectively, the averaged
values of the semi-major axis, inclination, and LAN
of the flight orbit of the i-th OOS spacecraft from the
parking orbit (a”, i, QF) to the j-th destination
orbit ( a]‘.i , ij , Q? ), R, — the equatorial radius of the
Earth, p — the gravitational parameter of the Earth,
J, — the coefficient at the second zonal harmonic of
the Earth’s geopotential.

Equations (3) and (4) have analytical solutions (6)

and (7) [6, 8, 15]:

- -2
ag(t):al’ l—sicos[gij ’%t , (6)

- - fp
ig(t)ziP_%tanBijlog 1_8iCOSBij %t . (7)

The solution of equation (5) is determined by
numerical integration using (6) and (7) and has the
form (8):

/(=0 —% TR [ (@f(©) 7 cosif 1) dt. (®)

i
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Using (6), (7), we write down the boundary value
problem for determining the controlling yaw angle
B and the time of interorbital flight tf in the form
of a system of transcendental equatlons 9), (10):

d_ _p L )
a; =a’| 1-gcosP,, [—t; |
n
/ P
—EtanB log£1 scosB %ti} (10)

The system of transcendental equations (9), (10)
has an analytical solution (11):

B,

)

d _
3

B, = n+[3:j if a">af and i? <zj, (11)
_ p d PS4
Tc+Bij if a > aj and i >z],
where
4 -1
* Tf(ip—ij) ap
B, =arctan log| |—
if a’

J

The flight time tl?jf of the i-th OOS spacecraft from
the parking orbit to the j-th destination orbit is deter-
mined by the formula (12):

» o gp
ti;:[l—\/sj [sicossz\/f} , (12)
J

and the mass of fuel Amij required for this flight is
given by the expression (13):
T

1 tf

ij
i

(13)

Aml] =

where c,and T, , accordingly, the fuel flow rate and
engine thrust of the OOS spacecraft.

4. DETERMINATION OF WAITING TIME
FOR THE START OF FLIGHTS

The use of the waiting of the OOS spacecraft on the
parking orbits allows for eliminating the initial (at
the time of service start) differences in the LAN of
the parking orbit and the destination orbit due to
the different angular velocities of nodal precession
of these orbits. The duration of the wait depends
significantly on the initial difference in the LAN of

6

the parking orbits and the destination orbits of the
OOS spacecraft. If the initial differences in the LAN
of the parking and destination orbits of the OOS
spacecraft are greater than the change in the LAN
during the flight of the OOS spacecraft between
these orbits, then the OOS spacecraft are waiting
for the start of the flight. At the moments when the
differences in the LAN of the parking and destination
orbits of the OOS spacecraft are equal to the change
in the difference in LAN during the flight, the flight
between the parking and destination orbits of the
OO0S spacecraft begins.

Let us consider the angle s AQ AQf and AQW
The angle AQO is equal to the 1n1t1a1 dlfference of the
LAN of the parklng orbit of the i-th OOS spacecraft
and the j-th destination orbit. The angles AQg and
AQ;.“ , respectively, are equal to the changes in the
differences in the LAN of the parking orbit of the i-th
OOS spacecraft and the j-th destination orbit during
the flight time tl{ from the parking orbit to the des-
tination orbit and during the waiting time t;.v of the
OOS spacecraft in the parking orbit. The angle AQE.
is measured in the direction of nodal precession of
the parking and the destination orbits from the orbit
with a higher angular velocity of nodal precession to
an orbit with a lower angular velocity of nodal preces-
sion. Its value depends on the ratio of the values of
Qr, Q?,and of, (o‘j,where Qr, Q?,and of, (of
are, respectively, the LAN and the angular velocity
of nodal precession of the parking orbit of the i-th
OOS spacecraft and the j-th destination orbit. Fig. 1
explams the calculation AQ° for the case Qd >QF
and o > o’ .

Formulas for calculation AQE
cases are given in (14):

in four possible

Q! -Qf), if Q>Qf and o >o’,
. 2n—(Qf’—Qj), if Qf<Qf’ and (D';>03P,
Tl@r-af),  if /=200 and o > o,

21— (Q-Qf), if Q<Q7 and o >’

(14)

As a result of the waiting flight from the parking

orbit of the OOS spacecraft to the destination or-

bit, the difference in the LAN of these orbits should

change due to AQ;’ and AQ{; from AQE. to the allow-
able value for short-range guidance Q2 .
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According to the problem statement, the angular
velocities of nodal precession of the parking orbits
o’ and angular velocities of nodal precession of the
destination orbits co‘; of the OOS spacecraft are con-
stant in magnitude and according to (5) are calcu-
lated using formulas (15) and (16):

———] R; cosi?, (15)
\J( )
oo".lz—i] B R cosi?. (16)
T2 @)y

The angle AQg is calculated by the formula (17):

AQg = —%]ZﬁREJ‘ If(t) 72 cos 1f(t) dt — o tf

(17)
where al , f , tf are calculated according to formulas
(6), (7), (12)

The values

+f

3 ij
_EjzﬁRi,J. aj}f(t)’”2 cos il{(t)dt

0

and (D‘jtif are changes in the LAN of the flight orbit
and the destination orbit during the flight of the OOS
spacecraft from the parking orbit to the destination
orbit accordingly.
The angle AQ;v is determined by the following for-
mula
0, it [AQ)-
AQY =121 —(AQ] - AQY), if (‘Ang 11> Q) AAQ] < AQY),
(AQY if (‘AQS, -AQ)/ \ >Q,) A(AQ) > AQY).

-A0),

The waiting time of the OOS spacecraft for the
flight t;.v is determined by the formula (18):

B =AQY /Ao, (18)

where A is calculated by formulas (19) or (20):
Acojzw”—mj, if co">03j, (19)
Aoajzoa‘j—(o", if co”<oa‘j. (20)

The duration of the flight with the waiting of the
i-th OOS spacecraft from the parking orbit to the j-th
destination orbit is determined by the formula (21):

W 4f
b=ty +t] . Q1)
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Vernal equinox

Figure 1. Scheme for
calculation AQg

5. DISTRIBUTION OF REQUESTS
FOR THE EXECUTION OF 00S

According to the problem statement, there are m
requests for the execution of OOS. Requests can be
performed by n spacecrafts of the OOS complex.
m and n are natural numbers. To fulfill requests for
0OO0S, each spacecraft of the OOS complex must
fly from the parking orbit to the destination orbit.
The waiting time for the i-th spacecraft of the OOS
complex to start the flight from the parking orbit to
the destination orbit to serve the j-th OOS client is
estimated by the matrix t;” . Matrix elements

ty (Vie{L2,,n} Vjie{l,2,.m})

are determined by the formula (18). Let’s consider
integer variables x, that take the value 0 or 1. Assume
that x; =1 if the i-th spacecraft of the OOS complex
is assigned to fulfill the j-th request for execution of
OOS and x; =0 if the i-th spacecraft of the OOS
complex is not assigned to run the j-th request for
execution of OOS. In the problem, it is necessary to
distribute the requests for execution of OOS among
the spacecraft of the OOS complex in such a way
that the total waiting time for the start of flights for
the execution of all requests for execution of OOS
is minimal. Taking into account the positive waiting
times for the start of flights by spacecraft of the OOS
complex, the minimum total waiting time for the
start of flights by spacecraft of the OOS complex is
equivalent to the minimum waiting times for each of
the spacecraft of the OOS complex.
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The problem of distribution of requests for the
execution of OOS between spacecrafts of the OOS
complex allows a mathematical formulation in the
form of an integer linear programming problem with
linear constraints (22):

n m
- . w
X; —argmanZtij X

xije{O,l} i=1 j=1

(22)

where xU is the matrix of the optimal distribution of
requests for performing OOS between the spacecrafts
ofthe OOS complex. Depending on the ratio of values
m and n, in addition to the condition x; € {O, 1}, X;
must satisfy various systems of linear equalities and
inequalities. If m < n, it is assumed that all requests
for implementing the OOS must be fulfilled, and
some spacecrafts of the OOS complex may not
perform the OOS. The mathematical formulation of
these conditions has the form (23):

ixij =1L,Vie{l,2,., n},
= (23)

ixij <LVje{l,2,..m}.
i=1

If m > n, then all spacecrafts of the OOS complex
perform OOS, and some OOS requests may not be
fulfilled. The mathematical formulation of these
conditions has the form (24):

ix,. <l Vie {1, 2, e n},
= (24)

If m = n, then all spacecrafts of the OOS complex
perform OOS and all requests for OOS execution
must be fulfilled. The mathematical formulation of
these conditions has the form (25):

ixﬁ =1LVie{l,2,..n},
o (25)

;x,.j =1LVje{l,2,..m}.
To solve the considered problem of integer linear

programming with linear constraints, the method of
branches and bounds was used.

6. SYNTHESIS OF THE ORBITAL STRUCTURE

OF THE O0S COMPLEX

The synthesis of the orbital structure of the OOS
complex includes the determination of the rational
number of the OOS complex spacecrafts and the
parameters of their parking orbits. According to the
conditions of the problem, for the OOS complex
spacecrafts’ parking orbits, QF QVi € {1, 2. n})
are known. For the OOS complex spacecrafts’
destignation orbits, there are known aj , ij , Q?
(Vj € {1, 2,0 m}) . Itis necessary to find the optimal
values of the semi-major axis a;,, and the inclination
ifpt of the OOS complex spacecrafts’ parking orbits.
The parameters a” and i’ must satisfy the follow-
ing constraints: a?, <a’ <af and i’ <i’<il .
In constraintsa? , i’ and af i’ | respectively,
are the maximum and minimum allowable values of
the semi-major axis and the inclination of the OOS
complex spacecrafts’ parking orbits. The average du-
ration of the maneuver waiting for the start of the
flights ¢, and the average fuel consumption Am,
for the flights were taken as optimality criteria.

The problem of determining the optimal parame-
ters ( afpt , ij;t ) of the OOS complex spacecrafts park-
ing orbits allows a mathematical formulation in the
form of a bi-objective optimization problem (26):

(afpt, i(f;t)zargmin(tzid(ap, i"), Am,(a’,i")),
(af,if)e$

(26)
where the set of allowed values s is formulated by a

system of constraints (27):
al <af <agf |
min max 27)

il <P <if .

This problem consists in finding a vector of target

variables (a’ ,i? ) satisfying the constraint (27) and

opt? “opt
optimizing the vector objective function

(tri@?,i"), Am, . (a",i")),
the elements of which
t'(a’,i’)and Am, (a’,i")
are calculated according to formulas (28) and (29):
trg@l,if)=3"> tx. /min(n,m),  (28)
i=1 j=1

Am, ., (a,i?)= "> Am x; /min(n,m). (29)

i=1 j=1
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The objective functions
" (a’,i’) and Am,(a”,i?)

mutually conflict with each other because as the
difference between a”and a?of the OOS complex
spacecrafts increase, then ¢ decreases and Am,_,
increases. For the bi-objective optimization problem
(26), there is no single solution that would simultane-
ously optimize both objective functions. Therefore,
the Pareto principle was used for optimization. The
Pareto principle [9, 10] does not single out a single
solution; it only narrows the set of possible alterna-
tives to a representative set of Pareto-optimal solu-
tions (Pareto fronts). For solutions belonging to the
Pareto front, none of the objective functions can be
improved in value without worsening the other. The
Pareto-optimal solution (afpt, i(f;t) must be chosen
by the decision maker only from the Pareto front P,
(ab,,ir,)eP.

In the article, the computer approximation of the
Pareto front is carried out using the genetic algorithm
of global optimization. At each optimization step, the
distribution problem was solved, and the matrix x,] of
the optimal distribution of requests for the execution
of OOS between spacecrafts of the OOS complex was
determined. The advantage of the genetic algorithm
is that it generates a set of solutions that allow you
to calculate an approximation of the whole Pareto
front. In addition, it does not depend on the type of
objective functions, the definition area, and the types
of optimization variables do not require the setting
of initial approximation and have a large number of
control parameters.

The results of Pareto optimization are visualized
by graphs of Pareto fronts (compromise curves). The
compromise curves provide complete information
on how the improvement of one objective function is
related to the deterioration of another when moving
along the compromise curve. The decision maker can
take this information into account when determining
the Pareto-optimal objective point.

The analysis of the performed calculations showed
that an increasing number of spacecrafts of the OOS
complex usually leads to a decrease in the average
waiting time for the start of the interorbital flights by
spacecrafts of the OOS complex. To determine the
required number of OOS complex spacecrafts, the
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problem of determining the optimal parameters of the
OOS complex spacecrafts’ parking orbits is solved for
a different number of spacecrafts in the OOS com-
plex. Using the obtained graphs of the Pareto fronts,
the decision maker determines the required number
of the OOS complex spacecrafts.

7. CALCULATION EXAMPLE

Let us consider an example of the Pareto-optimal
synthesis of the orbital structure of the OOS com-
plex under acceptable restrictions on the average
fuel costs and the minimum average waiting time for
the start of flights. It is known that the average fuel
consumption should not exceed 26 kg. The orbits of
OOS clients have a small eccentricity and the follow-
ing orbital parameters:

a’ =6978 km, al =6878 km,
it =60.7°, il =59.6°,
Q¢ =330°,07 =350°.

It is known that the parking orbits of the OOS com-
plex spacecrafts have a small eccentricity, and their
LAN are evenly distributed between 0° and 360°
(QF = 0"). The semi-major axis and inclination of the
parking orbits a? and i must satisfy the constraints
7178 km<af <7578 km and 59°<if <61°. Two
objective functions are used to optimize the param-

Am
40

kg

‘mid>

1 © + 2 spacecrafts

O 3 spacecrafts

35
* 4 spacecrafts

30 Pareto-optimal solution

Pareto fronts
25

20

15

400 500 ¢",, days

200 300

Figure 2. Pareto fronts for different numbers of spacecraft in
the OOS complex



Yu. M. Goldshtein

eters of the OOS complex spacecrafts parking or-
bits: the average duration of waiting for the start of
flights " (a?,i") and the average fuel consumption
Am, . (a”,i?) for flights of the OOS complex space-
crafts from parking orbits to the destination orbits.
According to the problem statement, it is known that
the OOS complex spacecrafts have propulsion sys-
tems with four stationary plasma engines SPT-140
with a total thrustT =1.2N and fuel flow rate of
20000 m/s. OOS complex spacecrafts have an initial
mass of 1500 kg and a payload mass of 500 kg .

Calculations of the Pareto fronts computer ap-
proximations were carried out for cases 2, 3, and 4
spacecrafts in the OOS complex and are shown in the
graphs in Fig. 2.

As a Pareto-optimal solution to the problem, the
point of the Pareto front with the following values of
the objective functions was chosen:

tzid(afpt, i‘f;t) =153.63 days

and Am,,(a? il )=25.15 kg.

It corresponds to the minimum waiting time for
the start of inter-orbital flights with acceptable fuel
consumption. The selected values of the objective
functions correspond to the following values of the
afpt =7335.7 km and the inclination ifpt =60.58° of
the OOS complex spacecrafts’ parking orbits.

Using the parameters of the parking orbits of the
OO0S complex spacecraft, we determined: the matrix
X, of the distribution of requests for the execution
of OOS between the OOS complex spacecrafts, the
matrix t;,“ of the waiting time of the OOS complex
spacecrafts for the start of flights, the matrix tt{ ofthe
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ning of the low-orbit OOS space complex in orbits
with low eccentricity has been developed. Several
ballistic and optimization problems that arose during
the development of the technique were formulated
and solved. Methods for solving the problems are the
averaging method, the branch-and-bound method,
and the multi-objective optimization method. The
use of the developed technique is illustrated by a cal-
culation example. The technique can be used in the
justification, planning, and design of OOS complex-
es in low Earth orbits with a small eccentricity.
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METOAVKA OTMITUMIBALIIT OPBITAJIbHOT CTPYKTYPU HU3bKOOPBITAJIbHOTO KOMILUIEKCY
OPBITAJIBHOI'O CEPBICHOI'O OBCJIYTOBYBAHHA

J171s1 BUKOHAHHS OiThIIOCTI Miciit opOiTasibHOTO cepBicHOTO 00cayroByBaHHs (OCO), sKi MIaHyI0ThCS Yy 1Iell Yac, BUKOPUCTOBYIOTh-
cs1 onHopasosi kocMiuHi anapati OCO. BukopucranHst onHopa3oBux kocMiuHux anapatiB OCO Moxe OyTH BUTIAHUM B HalOIMXK-
YoMy MailOyTHhOMY. AJie BOHA He € HamiitHuM po3B’si3koM 1st OCO B TOBroCcTpPOKOBIl TiepcrneKTrBi. B IkocTi allbTepHaTUBY OLTBII
KOPHMCHOIO KOHIIEIIII€I0 € BUKOPUCTaHHs 6aratopa3oBux KomiuiekciB OCO, sIKi J03BOJISIIOTh pearyBaT Ha IIJIaHOBI Ta BUITaIKOBI
zanuTu KiieHTiB OCO. Inaycrpianizaiis OCO € J0oriYyHMM KPOKOM PO3BUTKY KOCMOHABTUKU. L5 KOHIIETIIis MOXe 3a0e3meunuT
CBOEYACHICTD i orepatuBHicTb 3aificHeHHss OCO npu njaaHOBUX OOCIYroBYBaHHsIX i BumaakoBux 3anurtax KiieHTiB OCO. OnHaxk,
He3BaXkalouM Ha MOTeHIIHY TiepeBary 6aratopazoBoro OCO, MpoeKTyBaHHS OTO OpOITaTIbHOI CTPYKTYPH i OTepaliiitHoro oociry-
TOBYBaHHSI 3HAYHO CKJIa[HiIIIe i BakKue B IMOPIiBHSIHHI i3 TpaauiiliHoo KoHuenuieo opradizauii OCO. Lle moB’s13aHO 3 TUM, 11O TIPU
IJIaHyBaHHI pearyBaHHs 6aratopa3oBux KoMruiekciB OCO Ha 3anmuTh HeOOXiTHO IMPOBOIUTH PO3IOILI orepalliii 00CIyroByBaHHS
kiieHTiB OCO Mix KocMiuHUMHU arapatamu 6araropazoBoro komruiekey OCO. 3apa3 KocMiuHa rajy3b epeMHKae CBOIO yBara Ha
00J1aCTh HU3bKMX HABKOJIO3eMHUX OpOiT. Lle 3yMOBITIO€ 30i/IbIIIEHHST PO3TOPHYTHUX i 3aIUIAaHOBAHUX 10 PO3TOPTAHHS HU3bKOOPOiTalb-
HUX CYITyTHUKOBUX yIPyNyBaHb, KUIBKOCTI CYITyTHUKIB Y HUX, BIIMIHHICTIO CTPYKTYPHUX CXEM CYMYTHUKOBUX YTPYIyBaHb i CYTTE-
BHMM BIJIMBOM HaBKOJIMUIHBOTO CepeloBUILIA Ha OpOiTalibHi MapameTpu. AK BioMo, opOiTaibHi mapaMeTpu HU3bKUX OpOiT KOCMiu-
HUX arnapaTiB MOXYTb CYTTEBO BiIpi3HITHUCS i Pi3HULIS MiXK HUMU MOXKe JOCSTaTH 3a JOBTOTOIO BUCXiMHOTO By3ja IECITKIB i HABIiTh
coTeHb rpanyciB. Lle mpu3BOaAUTH 10 HEMPUITYCTUMO BEIMKUX WJIsI cydacHUX KocMiuHux anapartiB OCO eHepreTHYHUX BUTpAT Ist
AKTUBHOTO MTOBOPOTY TUIOLIMH X BUXITHUX OPOIT 0 TUIONIMH OpOiT MpU3HAUYEHHSI. Y HU3LI pOOIT PO3IJISIHYTO MOXJTUBICTb 3MEHILIEH-
HSI IIUX €eHePreTUYHUX BUTPAT 32 paXyHOK BUKOPUCTAHHS Pi3HULII IIBUAKOCTEH Ipelecii TiHii By3J1iB opOiT 6a3yBaHHs i MpU3HAYECHHS
kocmiuHoro amapata OCO BHAC/IIOK HELEHTPAJIbHOCTI TpaBiTaliitHoro mojs 3emui. OgHaK 3a paxyHOK TPUBAJIOIrO OYiKyBaHHS
kocMiuHoro arnapata OCO Ha op0iTi 6a3yBaHHSI CYTTEBO 3pOCTA€ Yac BUKOHAHHS TEPesbOTy 3 OUiKyBaHHSIMMIX opOitamu 06azy-
BaHHS i MpU3HaueHHs1. FIoTo CKOpOYeHHS MOSKITMBO TOCSTTH 32 PAXYHOK 36iTbIIeHHS KiTbKOCTi Ta pallioHaTbHOTO BUOOPY BUCOTH
i HaxuJTy opOiT 6a3yBaHHs KocMmiuHux anapatiB OCO. MeToio cTaTTi € po3poOKa METOAMKU ISl ONITUMAIbHOTO CUHTE3y OpOiTalb-
HOI CTPYKTYPU Ta ONTUMAJILHOTO OMepaliifHOro TiiaHyBaHHS HU3bKoOpOiTaabHOro KoMriekcy OCO Ha HaBKOJO3eMHUX OpoiTax 3
MaJIIM €KCLIEHTPUCUTETOM. MeTomamMu po3B’si3Ky 3aJadi € MeTOH YCepeIHEHHS, METO/I TIOK i MeX Ta METOJ, OaraTOKpUTepiaIbHOL
ontumizauii. HoBu3Ha oTpuMaHUX pe3yJIbTaTiB MoJIsSITa€ po3po01i METOIMKY 7151 ONITUMAaIbHOTO CUHTE3y OpOiTaabHOI CTPYKTYPH Ta
ONTUMAJILHOTO ONepalliifHOTO MIaHyBaHHS HU3bKOOPOITaIbHOrO KocMiuHoro kKoMriekcy OCO Ha HaBKOJIO3EMHUX OpOiTax 3 MaIuM
eKcleHTpucuTeToM. Po3pobiieHa MeTonrKa Moke OyTH BUKOpPUCTaHa TIPU OOTPYHTYBaHHI, TUIAHYBaHHI i IPOEKTYBaHHI KOCMIYHUX
koMruiekciB OCO Ha HU3bKMX HABKOJO3eMHMX OpOiTax 3 MaJIMM €KCLIEHTPUCUTETOM.

Karouosi caoea: Gararo1iiboBa orTUMi3allist, opoiTa 6a3yBaHHs, TpaHulis [lapeTo, opbiTajibHe cepBicHe 00CITyrOBYBaHHSI, MaJia TsTa,
METOM YCEePETHEHHST.
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