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Baaropapuoctun

AHHoTanus. [IpeoxxeH MeTol MPOEKTUPOBAHUS HU3KOIHEPreTUUECKUX
nepeneroB K JlyHe ¢ BbIBEIEHHEM KOCMHUYECKOIO arapara Ha HU3KYIO OKOJO-
JyHHYIO OpOHTY. AHAIIN3 TPAeKTOPHH HU3KOPHEPIeTUUECKOTO JIyHHOTO Iepe-
JieTa OCHOBBIBAETCS Ha PELICHUM KpaeBOU 3a/1auul Ul cucTeMbl quddepes-
MAaJbHBIX ypaBHEHU OTpaHMYEHHOW 3a/Jaddl YeThIpeX Tel. TpaexTopus
HU3KOIHEPreTUUECKOro IepeneTa IPOXOoauT Yepe3 001acTh IPOCTPAHCTBA,
IJie TPaBUTALIMOHHOE TpHUTsHKeHne 3emin, JIyHsl 1 ConHIIa OYeHb OJIM3KH.
[TosToMy TpaekTOpHsl OKa3bIBaeTCs KpaiiHe YyBCTBHTEIBHONW K HAa4aJIbHBIM
YCIOBHSIM JBIKEHHSI KOCMUYECKOTO ammapara i BO3HUKaeT mpodieMa npu
peleHny KpaeBoil 3amgayu. JonogHUTeNbHAs TPYIHOCTh NMPOEKTUPOBAHUS
TPAaeKTOPHM HHU3KOIHEPreTHUYECKOTro JYHHOTO IepesieTa CBs3aHa C MHOTO-
JKCTPEMAIILHOCTBIO paccMaTpUBAEMOM ONTHMH3AIIMOHHOW TpoOseMbl. B wc-
CJICIOBAHUN BBIJBUIACTCS MPEAIOJIOKEHNE, YTO MEpeJIeTHast TPAeKTOpHUs TIpo-
XOIUT B OKPECTHOCTH TOUkHM juOpanuu L1 mim L2 cuctemsr 3emist — JIyna
U BBOJATCS HEKOTOPHIC OIpPAaHMYEHHS Ha BEKTOP CKOPOCTH KOCMHYECKOTO
afrapara B MOMCHT HNPOXOXIACHHUA HM OKPECTHOCTH TOYKH Jm6paum/1.
JlaHHOE TpPEANOoNIOKEHHE C HCIOJIb30BaHUEM Iepedopa B IPOCTPAHCTBE
JIByX OCHOBHBIX I1apaMETPOB CXEMBI [IepeeTa 03B0JIsIeT HAUTH HadalbHOE
pUOJIMIKEHUE JUISl TPACKTOPUH HU3KORHEPreTUYECKOTO IIeperieTa.
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Introduction

transfer trajectory. In literature, weak stability

The aim of the paper is to develop the method
for designing low-energy trajectories for the flight to
the Moon with the spacecraft (SC) insertion into the
low Moon orbit (LMO, low circumlunar orbit). Tra-
ditional two impulses pattern for flights to the LMO
require a relatively large braking impulse while
the transition from the trajectory approaching the Moon
to the circumlunar orbit takes place. This velocity
impulse turns out to be greater than 800 m/s if
the height of the LMO is 100 km. There is a possibi-
lity (primarily due to the use of solar gravitational
perturbations) to reduce this velocity impulse. That is
why; this type of trajectory is called as low-energy

8

boundary (WSB-trajectories) is often used for low-
energy trajectories of lunar flights. In this paper,
a method for designing low-energy flight trajectories
is proposed.

Finding low-energy lunar flights can be consi-
dered as an important part of the theory of lunar
flights. The development of this theory, the deve-
lopment of methods for designing low-energy tra-
jectories of lunar flights, and finding the flight pat-
terns and trajectories of such flights are the subject
of research by many teams and many researchers.

It is supposed that on low-energy flight trajec-
tories:
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— there must be a section where the perturbing
action of the Sun provides the approach of the SC to
the vicinity of the Moon with a small value of the
selenocentric velocity,

—on the trajectory of the SC approach to the
circumlunar orbit, gravitational perturbations from
the Earth should provide the decrease in the energy
of the selenocentric motion of the SC and the “tem-
porary capture” of the SC by the Moon (the energy
constant of the selenocentric osculating orbit be-
comes negative over a long time interval).

At present, low-energy lunar trajectories are reali-
ties and they have been proven not only theoretically,
but also practically. These projects were successfully
implemented using the considered flight trajectories:
the Hiten project (MUSES-A), the ARTEMIS project
and the GRAIL project. The problem of analyzing
low-energy trajectories to the Moon is considered in
many works [1-11]. Some of these (in particular, in [1])
propose methods for finding low-energy lunar trajec-
tories. However, despite the fact that some of the
methodological ideas used in these works are very
interesting, the problem cannot be considered that it
had been solved. In the present work, first of all,
due to the narrowing of the area of the analyzed
flight trajectories, it is possible to propose an al-
gorithm for designing the trajectories of low-energy
lunar trajectories.

1. Statement of the problem for designing
the low-energy lunar transfer trajectory

The problem of finding a rational pattern for
the flight from the low Earth’s orbit (LEO) to
the LMO is considered. The propulsion system of
the SC is supposed to be chemical. In order not to
tie the study to the characteristics of the used chem-
ical propulsion system, the impulse approximation
of active sites is used.

Many characteristics of LEO are considered
to be known and it is considered as low circular.
The orbital inclination is considered to be given.
The longitude of the ascending node of the orbit (Q)
is a chosen parameter of the flight pattern. The start-
ing point from the described orbit is also considered
as a chosen parameter. It is determined by the lati-
tude argument of the starting point (u,) from LEO.

The target orbit of the artificial satellite of
the Moon is assumed to be low circular orbit.
The height of this orbit is assumed to be given. Note
that the developed technique makes it possible to
design launch trajectories to high circular circumlu-

nar orbits, but the energy gain from the analyzed
lunar flight pattern may turn out to be less signifi-
cant than for flights to a low orbit. The fact is that
when launching the SC into high circumlunar orbits,
it is possible to use a three-impulse-maneuvering
pattern in the vicinity of the Moon. Such a flight
pattern may turn out to be more profitable than
the traditional single-pulse pattern when launching
the SC into high circumlunar orbits.

1.1. The flight pattern of low-energy flight
to the circumlunar orbit

There is no strict definition of the concept of low-
energy lunar flight. These flights are based on the
fundamental possibility of using a ballistic flight to
the Moon, when the SC is temporarily captured by the
Moon without any rocket-dynamic maneuver (without
turning on the SC engine). Temporal capture is cha-
racterized by the negative energy of the osculating
selenocentric orbit of the SC. That is, the eccentricity
of the osculating selenocentric trajectory of the SC
becomes less than one. The selenocentric osculating
orbit of the SC is a highly elongated elliptical orbit.

From the point of view of the practice of lunar
flight, the temporary capture trajectory itself is to be
unlikely interested. For practice, the SC must be
inserted into some given target orbit. It is impossi-
ble using of the SC propulsion system. Therefore,
it is supposed to use a chemical propulsion system
when approaching the Moon, ensures the transfer of
the SC to the given circumlunar orbit. To do this,
it is necessary that the height of the circumlunar
orbit of the mentioned selenocentric trajectory be no
more than the height of the final circumlunar orbit.
Then there is a possibility to realize the deceleration
impulse of the speed, which ensures the flight to
the final circumlunar orbit.

The following pattern of the flight to the Moon
is analyzed. The SC on the LEO is given the veloci-
ty impulse that increases the velocity of the SC
without changing the direction of the velocity vec-
tor. This velocity impulse provides a transition to
the highly elongated osculating geocentric orbit,
the apogee radius of which is greater than the radius
of the Earth's gravity sphere. Three celestial bodies
actively influence the formation of the further flight
trajectory: the Earth, the Sun and the Moon. Due to
the strong solar gravitational perturbation, the SC
enters the vicinity of the Moon with a relatively low
selenocentric velocity. Subsequently, the SC ap-
proaches the Moon and its height above the lunar
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surface becomes equal to the given height of the
circumlunar orbit. At this moment, the SC is given
by velocity impulse, which ensures the movement
of the SC along the target circumlunar orbit.

1.2. Statement of the problem for designing
the flight trajectory to the circumlunar orbit

In the general case, the problem of finding a ra-
tional trajectory for the flight to the circumlunar
orbit can be formulated as follows. Find the following
parameters of the flight pattern: the date of start (Ts)
at the analyzed given epoch, the longitude of the
ascending node of the LEO (Q), the latitude argu-
ment of the starting point (u,), the magnitude of the
accelerating velocity impulse at the start (AVa),
the flight time to the target orbit of the artificial sa-
tellite of the moon (t,), the magnitude and direction
of the braking velocity impulse at the end point of
the flight trajectory to the moon (AVy) in order to:

a) the SC perform the transport task (the SC
ended up on a circumlunar trajectory of a given
height) and

b) the flight required minimal energy input.

Instead of the magnitude of the accelerated ve-
locity impulse AVi1, we will consider the apogee
radius of the osculating orbit, to which the SC is
transferred by this velocity impulse ra. We will call
this orbit the intermediate one. The entire flight tra-
jectory in the formulation under consideration is
completely determined by the initial conditions of
the SC motion when starting from LEO, that is,
by the values of four characteristics: Ts, Q, Uo, ra.
The conditions of motion at the end-point of the
known flight trajectory depend on the flight time tp.
With this formulation of the problem, the execution
of the transport task can be reduced to satisfying
the following two conditions of the equality type.

1. At the end point of the flight trajectory, the SC
distance from the Moon's surface must be equal to
the height of the LMO H;. That is, the magnitude of
the radius vector of the SC relative to the Moon was
equal to the sum of the radius of the Moon (Rmoon)
and the height of the orbit (Hy)

I'sc_moon = Rmoon + H. 1)

2. The radius vector of the SC relatively to the
Moon and its velocity vector to the Moon must pro-
vide a given inclination of the target circumlunar
orbit. The condition can be written using the ex-
pression for the unit vector of the angular momen-
tum vector of the selenocentric orbit in the form:

10

r V.
[ SC_Moon SC_Moon]z _ COS(i). (2)

‘[rSC_Moon VSC_M oon

In the last equality, the expression in square
brackets is the cross product of the selenocentric
radius of the SC and its selenocentric velocity (an-
gular momentum vector). The subscript z denotes
the projection of the angular momentum vector onto
the z-axis of the selenocentric equatorial coordinate
system (the Moon's axis of rotation). The denomi-
nator of the left side of the equality uses the modu-
lus of the angular momentum vector. i on the right
side of the equation is the given inclination of the
plane of the target circumlunar orbit. For the often-
analyzed case of a polar circumlunar orbit, the last

condition takes the form [ry: yo0n Vsc woon ] =0

The listed two conditions must be satisfied by
the choice of five parameters of the flight pattern:
Ts, Q, Uo, ra, and t,. Thus, the execution of the
transport task is reduced to finding the flight pattern
parameters that satisfy satisfy the two listed condi-
tions of the equality type. It is clear that there are
many solutions to a problem in which the number of
unknowns is greater than the number of conditions
of the equality type in the general case. We may be
interested only in those solutions that require mini-
mal energy for the flight. Two variants of the flight
pattern optimization criterion are considered. In one
of them, the summary velocity impulse (AVs,
the sum of the magnitudes of the velocity impulse
departing from the Earth AV; and the breaking im-
pulse of velocity carried out in the vicinity of the
Moon when the SC is inserted into the LMO AVy):
AVs = AV1 + AVy is considered as the optimization
criterion. In the second variant, only the velocity
impulse, which is carried out in the vicinity of the
Moon during the insertion of the SC into the LMO
(AVr) is considered as optimization criterion.

From the point of view of the practical imple-
mentation of the considered maneuver, the second
criterion is interesting because of practical imple-
mentation of the considered maneuver better per-
fom. The fact is that the first impulse of velocity is
imparted to the SC in the LEO by the upper stage,
and the margin of the characteristic velocity is quite
large. In this case, a relatively small increase in the
fueling of this block during the considered maneu-
ver (a small increase in the magnitude of the first
velocity impulse) leads to a strong increase in the
apogee of the geocentric trajectory of the SC, which
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is required to implement the trajectory of a low-
energy flight to the Moon. The braking impulse of
velocity in the vicinity of the Moon is performed
using the SC engine itself, using the fuel of the pro-
pulsion system of the SC. That is why the expedien-
cy of using a low-energy lunar flight pattern is
often proved by analyzing the possibility of reducing
the decelerated impulse of velocity in the vicinity of
the Moon, without paying attention to the magnitude
of the velocity impulse departing from the Earth.

From the point of view of the developed metho-
dology for designing low-energy lunar trajectories,
the choice of one of the two listed criteria is unprinci-
pled. In the process of numerical analysis, the authors
used both the first and second performance indicators.
For practice — example, apparently, it is natural to
formulate the problem in the following way: consider
the magnitude of the decelerated velocity impulse as
an optimization criterion, but introduce an upper lim-
it on the magnitude of the velocity impulse of depart-
ing from the Earth. When analyzing a specific lunar
mission, it is necessary to move from the impulsive
formulation to the formulation of the problem with
finite thrust, while the optimization criterion is to use
the inserted mass into the circumlunar orbit.

Thus, the mathematical formulation of the prob-
lem of finding patterns of low-energy flight trajecto-
ries when launching the SC into circumlunar orbits
can be as follows.

Find such five parameters of the flight pattern:
Ts, Q, Uo, ra, tp, Which ensure the satisfaction of
the two conditions listed above (1), (2) and provide
a minimum indicator of energy costs or in the form

AVZ = AVE (TS’[, Q, Uo, Ia, tp) — min, (3)
or in the form
AVbr = AVbr (Tst, Q, Uo, ra, tp) — mln (4)

The mathematical formulation of the problem
involves finding the minimum of a function of five
variables when two conditions of the equality type
are satisfied (constrained optimization problem).

It is possible to reformulate the problem so that
the number of equality-type conditions is reduced to
one condition. This is due to the possibility of
choosing the velocity impulse during the transition
to a LMO not as purely braking, but in an arbitrary
direction. In this case, the only condition of the
equality type will be the condition for the SC to

reach a point in the vicinity of the Moon with a given
height (condition (1)). By choosing the velocity im-
pulse vector AVyy, it is always possible to ensure
the subsequent movement of the SC along a circular
orbit with a given inclination, if the declination
of the SC selenocentric radius vector relative to
the lunar equator at the end point of the flight trajec-
tory is less than the given inclination of the circum-
lunar orbit. For a typical variant of a polar circum-
lunar orbit, this constraint is always satisfied.
Fundamentally, a decrease in the number of
satisfied equality constraints can have a favorable
effect on the convergence of the iterative process of
searching for a rational flight pattern and is consi-
dered as an important methodological technique.

2. Mathematical model describing
the trajectory of the lunar flight

To describe the motion of the SC during its flight
to the Moon, the system of differential equations of
the restricted four-body problem is used. On the en-
tire flight trajectory, the gravitational effects of the
Earth, the Moon and the Sun are taken into account
as material points. The position of celestial bodies is
determined using the DE-406 ephemeris software.
The entire trajectory is divided into geocentric and
selenocentric sections. Since all gravitational forces
are taken into account in both sections, the choice of
the trajectory split point has practically no effect on
the accuracy of the calculation. This choice is related
to the technique used for finding the low-energy
flight trajectory and will be explained below.

The analysis of the trajectory sections was car-
ried out in geocentric and selenocentric coordinate
systems, the main plane of which was chosen to be
the plane of the ecliptic of the J2000 epoch. The axes
of these coordinate systems are parallel. The trajecto-
ry sections used their own dimensionless variables.

The following system of differential equations was
used to analyze the geocentric section of SC trajectory:

dv 1
dtx z_r_3X+q)Moonx + Dgyn
dv 1
d_ty:_r_3y+cDMoony +®Suny;
®)
dv, 1

dt __r_32+q)Moonz+(DSunz;
dx V- dy V- dz

_— = , —— = ,—:V
dt X dt Y dt

7"

11
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The above differential equations use dimen-
sionless characteristics: X, y, z are the components
of the geocentric radius-vector of the spacecraft in

the ecliptic coordinate system; r = \/xz + y2 +2% s

the value of this radius vector; Vy, Vy, V; are the
components of the spacecraft geocentric inertial
velocity; ®wmoonx, Pmoony, Pmoon are the components
of the perturbing acceleration caused by Moon;
Dsunx, Dsuny, Psun; are the components of the per-
turbing acceleration caused by the Sun; t is the time.

The components of the perturbing acceleration
from the Moon are:

Xmoon — X _ XMoon
r3 r3 5
SC_Moon Moon
Ymoon — Y . YMoon }

3
rMoon

Dproonx = HMoonb

2

D pro0n y = UMoonb r3
SC_Moon

(DMoon z = MMoonb

ZMoon 2 _ ZMoon
r3 r3 5
SC_Moon Moon (6)

where pmoonb 1S the dimensionless gravitational con-
stant of the Moon (ratio of the gravitational constant
of the Moon to the gravitational constant of the

M Moon

Earth) MEarthh = ; XMoon, YMoon, ZMoon al€ COM-

HEarth
ponents of the radius-vector of the Moon relative to

_ 2 2 2 :
the Earth;  Nyeon = \/XMoon + YMoon T ZMoon IS

the wvalue of this radius vector;

fsc_moon =

= \/(X - XMoon)2 + (y - yMoon)2 + (Z - ZMoon)2 — the
value of the radius-vector of the spacecraft relative
to the Moon.

The components of the perturbing acceleration
from the Sun are:

b

Xsun — X _ Xsun
Dgynx = Hsunb

3 3
r'SC_Sun Isun

2

Ysun — Y _ Ysun
Dgyp y = Hsunb J

3 3
r'SC_Sun Isun

Dgynz = Hsunb

()

Zsyn —Z _ Zsun
3 3 5
rSC_Sun rSun
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where usuny is the dimensionless gravitational con-
stant of the Sun (ratio of the gravitational constant
of the Sun to the gravitational constant of the Earth

Hsun

Heunb ™ ); Xsun, Ysun, Zsun are the components of

HEarth
the radius-vector of the Sun relative to the Earth;

Foun = \/xszun +y2, +122,, isthe value of this radius

Vector; fc gy = \/(X— Xsun)” + (Y = Ysun)” + (2= Zyn)?
is the value of the SC radius-vector relative to the Sun.
The motion on the selenocentric section of the
trajectory is analyzed using a system similar to the
shown system of differential equations (5). In this
case, the Moon is considered as the central body,
and the Earth and the Sun are the perturbing ones.

3. Methodical ideas of the developed method
for designing low-energy lunar flights

The general idea of reducing the energy costs
for the flight is associated with the possibility of
using gravitational disturbances in the limited four-
body problem (Earth-Moon-Sun-SC) during the flight
to the Moon. First of all, the flight trajectory must
be chosen so that solar gravitational perturbations
ensure the SC approach to the vicinity of the Moon
with a small value of selenocentric velocity. There-
fore, like many researchers, the authors of this arti-
cle tried to estimate gravitational solar perturbations
as a function of the relative position of the Sun at
the time of launch of the SC and the elements of
the geocentric osculating orbit, to which the SC is
transferred when starting from the LEO. Unfortu-
nately, our attempts did not give a positive result.
We believe there are two reasons for this:

— the fact is that the solar perturbations are very
large. Therefore, the use of a technique that allows
estimating perturbations as quadrature of functions
depending on the elements of the unperturbed orbit
turns out to be incorrect;

— simultaneously with the gravitational solar per-
turbations, the geocentric trajectory is also strongly
perturbed by the Moon. There is a superposition (inter-
ference) of solar and lunar disturbances. This makes
it difficult to estimate solar disturbances.

An attempt to consider the formulated problem
as a mathematical programming problem and use local
methods to find its solution is doomed to failure.
The reason is a very large number of local extre-
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mums. The number of local extremums is so large
that it is difficult to expect that search methods fo-
cused on finding a global extremum (for example,
genetic algorithms) will cope with solving the prob-
lem without choosing a good initial approximation.
In addition, the main idea of the proposed method is
to find this initial approximation, significantly nar-
rowing the range of possible solutions.

3.1. Constriction the class

of considered transfer trajectories.

Introduction of the conditions for the SC

to fly a vicinity of the libration point
of the Earth-Moon system

The paper proposes to consider only such pat-
terns of flight to the Moon, the trajectories of which
pass through the vicinity of the libration points L1
or L2 of the Earth-Moon system. More precisely,
we analyze such flight trajectories that can be ob-
tained using as an initial approximation the trajecto-
ries passing through the vicinity of these libration
points. The authors do not claim that low-energy
trajectories necessarily pass through the neighbor-
hood of libration points, but it is precisely such
flights that are unsearcning in the present work.

In this paper, it is assumed that the trajectory of
the SC does not just pass in the vicinity of the libra-
tion point, but some restrictions are introduced on
the magnitude and direction of the SC velocity vector
at this moment of time. It is considered that the SC
geocentric velocity vector at the moment of passage
of the libration point is such that the following two
conditions are satisfied: the perigee radius and the
apogee radius of the osculating geocentric orbit of
the SC are close to the perigee and apogee radius of
the geocentric osculating orbit of the libration point.

The introduction of such restrictions can be ex-
plained as follows. It follows from the Jacobi integral
of the restricted three-body problem (Earth — Moon —
SC) that, within the framework of this problem,
the SC can “penetrate” into the vicinity of the Moon
through the vicinity of the libration point. In this case,
the SC geocentric velocity vector should be close to
the geocentric velocity vector of the libration point.
In principle, it was possible to choose another
an variant when restrictions were introduced both
on the distance of the SC to the libration point and
on the components of the velocity vector. The authors
of the article were stopped by the fact that then

(with the approach used by the authors) it would be
necessary to compare values of different dimensions
(distance and speed). Therefore, the described option
was chosen. It analyzes (minimizes) the sum of three
positive values of the same dimension (three distances):

J :ArL+‘rscp—er‘+|rSCa—rLa|, (8)

where the first term Ar_ is the SC distance from the
libration point (it is found as the difference between
the geocentric vectors of the SC and the libration

point); Ise, and Iy, —radius of perigee and apogee
of the osculating geocentric orbit of the SC; r,; and

I, — perigee and apogee radius of the osculating

geocentric orbit of the libration point.

Note that in some cases it may be appropriate
not to use modules in the expression of the intro-
duced functional J. To do this, we can change
the functional using the squares of each of the terms.

The terms of the functional J depend on the four
parameters of the flight pattern Ts, Q, Uo, ra, Which
determine the conditions for the motion of the SC
after its launch from LEO, and the current time of
motion of the SC t: J(Ts, Q, Uo, I, t). On each flight
trajectory, there is a time t; when J is minimal. Let
us denote this minimum value as | and call it the
total miss of the libration point:

I(TSI’Q’u07ra):min‘](Tst’quo,rait)y (9)
t

The total miss | is a function of four arguments.
Finding the initial approximation for these arguments
is proposed to be performed as follows. In order to
minimize the angle between the plane of the inter-
mediate orbit and the plane of the Moon's orbit,
the longitude of the ascending angle of the LEO is
assumed to be equal to the longitude of the ascending
angle of the Moon's orbit. The analysis shows that
the longitude of the ascending node of the Moon's
orbit (relative to the Earth's equator) varies in a rela-
tively small range from —13.4° to +13.4° with a pe-
riod of 18.6 years. For 2024, the longitude of the
ascending node of the Moon's orbit changes from
3.77° to 0.137°. Therefore, it is acceptable to con-
sider the initial approximation for the chosen pa-
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rameter of the lunar flight pattern Q for the launch
dates in 2024 as zero. Let us also pay attention to
the fact that with such a choice of the longitude of
the ascending node of the LEO, the angle between
the ecliptic plane and the plane of the intermediate
orbit turns out to be minimal. This leads to an increase
in the perturbation of the intermediate geocentric
orbit of the SC by solar gravitational acceleration.
We suppose that the gravitational solar accelera-
tion should deform the trajectory of the SC when it
moves as far as possible from the Earth (at the apo-
gee of the intermediate orbit). In order for this de-
formation to be significant, we considered it expedi-
ent to choose the initial approximation for the argu-
ment of the latitude of the starting point from LEO u,
so that the starting point is located near the ecliptic
plane. Therefore, the argument of the latitude of the
starting point from the LEO, counted from the line of
nodes of the LEO relative to the plane of the ecliptic,
must be equal to either zero or 180°. It is these values
that are considered as initial approximations for this
latitude argument. In this case, if the longitude of
the ascending node of the intermediate orbit is zero,
then the arguments of the latitude of the starting
point, counted relative to the plane of the earth's
equator, will be the same (0° and 180°). If the longi-
tude of the ascending node of the intermediate orbit
is chosen equal to 3.77°, then the value of the latitude
argument will be greater than these values by 3.168°.
3.2. Use of direct enumeration of two parameters
of the flight pattern to find the areas of their values

that ensure the satisfaction of the conditions
for passing the libration point

A serious problem in the design of lunar flight
patterns is multi-extremality. Therefore, an attempt to
use an approach that uses the methods of finding
a local extremum, as a rule, is not successful. The solu-
tion does not provide a zero residual value of the
boundary conditions. The search process in a local
minimum that is significantly different from zero.

To overcome these difficulties, it is ideal to enu-
merate all the parameters of the flight pattern in space
(with a small step for each parameter), to find such
sets of parameters in which the transport problem is
solved with relatively good accuracy (there will be
a finite small number of such sets). Then refine
the values of the parameters of each received set using
local methods. A modern computer is not able to im-
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plement such an approach. To overcome the described
difficulty, it is proposed to use following approach.

Of the four parameters that determine the transfer
trajectory (start date Ty, radius of the intermediate
orbit apogee ra, longitude of the ascending node of
the LEO Q, argument of the latitude of the launch
point u,), two are selected, the rational values of which
are difficult to foresee. These parameters are T and ra.
For these parameters, a complete enumeration of their
values from the possible range is carried out. The start
date T varies throughout the analyzed range of dates
(for example, the annual range) with a fairly small step
(for example, one hour). The apogee radius of the inter-
mediate orbit r, varies in the range of 1-1.5 million km
with a step of 5 thousand km. For each point of
the parameter plane Ts — ra with fixed values of
the other two parameters chosen from rational consi-
derations, the SC trajectory is analyzed and the value
of the total miss of the libration point | is calculated:
At the same time, the time t; of the maximum ap-
proach of the SC to the libration point is also found.

An analysis of the level lines of the total miss
of the libration point on the plane Ts — ra makes
it possible to find such launch dates and radii of
the apogee of the intermediate geocentric orbit,
at which the SC can reach the vicinity of the con-
sidered libration point and, at the same time, the SC
velocity vector has such a magnitude and direction
that the shape and size of the osculating geocentric
orbit of the SC are close to the shape and size of
the osculating geocentric orbit of the libration point.
It is these trajectories that are considered as the initial
approximation for low-energy transfer trajectories.

The date of reaching the minimum total miss of
the libration point t; is considered as the boundary
point of the geocentric and selenocentric sections of
the trajectory.

At further stages of the analysis, a transition is
made to the formulation, where the total miss of the
libration point is not analyzed, the achieved height
above the lunar surface is considered as an indicator of
the solution of the transport problem. The required-
height is ensured with the use of local search methods.

At the final stage of the analysis, when it is
possible to achieve a given height of the SC above
the lunar surface, the gradient projection method is
used, which makes it possible to iteratively improve
the parameters of the flight pattern (according to
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the criterion of fuel consumption), while remaining
on the trajectory that transfers the SC to a LMO of
a given height.

3.3. Introduction to the consideration

of the intermediate velocity impulse —

a methodological technique in the design
of low-energy lunar trajectories

When designing low-energy lunar flights,
a methodological technique was used related to
the introduction of an intermediate velocity impulse
on the flight trajectory (AVc) into the flight pattern.
The idea was to make it easier to solve the boundary
value problem (satisfying the conditions of the trans-
port problem). With the introduction of an intermedi-
ate velocity impulse, the dimension of the vector of
the selected parameters of the flight pattern is in-
creased by four units at once: (date of the velocity
impulse, its magnitude and direction, characterized
by two angles). In this case, the class of possible
flight trajectories is greatly expanded, and the solu-
tion of the boundary value problem is simplified.
When introducing an intermediate velocity impulse,
it was assumed that in the final solution, its value
would be reduced to very small (infinitely small) values,
and this introduction was considered as a methodo-
logical technigue. In the course of the analysis, it is
possible to consider as a low-energy flight such
flights on which the intermediate impulse of velocity
is not infinitely small, but simply small (for example,
equal to 20-30 m/s), and the sum of this impulse AV,
and the braking impulse at the Moon is less velocity
impulse of traditional direct flights.

The initial approximation for the date of the in-
termediate velocity impulse is the date of reaching
the trajectory point with the minimum total miss of
the libration point.

Conclusion

The statement considered in this paper does not
analyze the problem of optimizing the number of ve-
locity pulses on the trajectory of a low-energy flight to
the Moon. This problem is expected to be analyzed in
the future. One of the possible research methods is to
use the necessary optimality conditions of the maxi-
mum principle for the impulse flight trajectory.

It can also be noted that in further studies,
we do not exclude the possibility of introducing
an additional term into the J-function (8), will en-

sure, at the time of the passage of the vicinity of
the libration point, the proximity of the plane of
the geocentric osculating orbit of the SC to the plane
of the geocentric orbit of the Moon.

In the second part of this work, the developed algo-
rithm for designing a low-energy trajectory for a flight
to the Moon will be described. The results of a numerical
analysis of the obtained trajectories will be presented.
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MeToaunyeckunii noaxopa K pewieHuio Nnpo6semMbl aBTOHOMHOIO NapupoBaHUs
HeLWITaTHbIX CUTyauuil Npun ynpassieHUN KOCMMUYECKUM annapaTom

J.A. Opaos? , C.A. Kynpees® ", O.E. Camycenko® >, B.M. Meabnuxos® ', U.B. Bypkosa®

8PoccHiCKUH YHUBEPCUTET IpYyxKOBI HapoaoB, Mockea, Poccuiickas @edepayus
bHMucTuTyT npobnem ynpasnenus umMenu B.A. Tpanesnukosa Poccuiickoit akagemun Hayk, Mockea, Poccuiickas ®edepayus
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HcTtopus cratbu AHHoOTanus. B paMkax OCHOBHBIX TEHAEHIIMN Pa3BUTHSI MUPOBOM KOCMHYE-
Tocrynmna B penakuuto: 17 HosiOpst 2022 1. CKOH JIESTENbHOCTH — PACIIMPEHHE COCTaBa OKOJIO3EMHBIX OpOHTAIBHBIX
Hopaborana: 27 ¢peppains 2023 r. TPYMITMPOBOK KOCMUYECKHX alIlapaToB, aKTHBHU3ALUS WCCIICAOBAHMS TUIAHET
IMpunsta k myOnukamuu: 2 mapra 2023 1. u tenn COJIHEYHON CHUCTEMBI, IOBBILIEHUE TPEOOBAHUM K KaueCTBY U HaJexk-

HOCTH OCYIIECTBJICHUsI KOCMUYECKUX SKCIIEIUILIUIA — HA NIEPBBI 1J1aH BBIABU-
Kurouessie ciioBa: raercs npobiaemMa pa3BUTHS U yCOBEPIICHCTBOBAHUS METOJUKH ONTUMAILHOIO
ABTOHOMHOE YIPaBIIEHUE, HICHTH(UKALHS VIpaBIEHUs], CHCTEMHOTO aHAIN3a, MTOICPKKH TPUHSATHS PEIICHUH B IEIIX
TIOJICTHBIX CHTYaLWii, HELUTATHBIC [IOJICTHBIC IIPOEKTUPOBAHUS BHICOKOA()(HEKTUBHBIX CUCTEM YIIPABJIECHUS KOCMUYECKHX
CUTYyalUH, IPUHATHE PELICHUI, OOpTOBast anmapatoB. K 3TUM HcceoBaHUSIM OTHOCUTCS (POPMHPOBAHHUE METOJHYE-
anmnaparypa CKHX IOAXO0JIOB K U3y4YCHHUIO ONTUMAJIbHOTO YIIPABJICHUS anmnapaTaMu IIpu Ux

JBWKCHHUH B aTMOC(epax MIaHeT, aBBTOHOMHOMY YIIPABICHHUIO KOCMHYECKAM
anmapaToM B YCJIOBHSAX HEOMPEASICHHOCTH MONETHBIX CHTyauuii u ap. IIpo-
GJIEMHBIM BOIIPOCOM IPOCKTUPOBAHMS SKCICAUIINIA JATBHET0 KOCMOCA SIBIISI-
ercst opranu3arys 3QQPEKTUBHOTO YIIPABICHUsS] KOCMHYECKHM alapaToM Tpu
3HAYUTENBHON €ro YIaJeHHOCTH OT Ha3eMHBIX cTaHiui. [Ipu aToM Ge3as-
TEPHATUBHOE YCJIOBHE YCIICHIHOTO OCYIIECTBICHHS MPOrPaMM MOJjeTa —
9TO pa3paboTKa M MPUMEHEHHE aBTOHOMHBIX CUCTEM YIIPABICHUS KOCMUYECKOTO
anmapara, OCHOBAaHHBIX Ha HUCIIOJIb30BaAaHUN BLICOKOB(I)(I)CKTI/IBHBIX TEXHOJIOTHI
cOopa u 00pabOTKM H3MEPUTENHHON HH(POPMALUK, YTO MPEHONpPEaCIIeT
HEOOXOIMMOCTh COBEPIIIEHCTBOBAHUS METOJIOB U AITOPUTMOB aBTOHOMHOTO
MIPUHATHUS PEILCHUH MO YIPaBICHUI0 KOCMUYECKUM amnmaparoM. Paspaboran
HOBBI METOJMUYECKUI MOAXOA K CTPYKTYPHOMY NOCTPOEHHMIO aBTOHOMHBIX
CHCTEM YMpaBJeHHs KOCMHYECKOTO arrapara, OCHOBaHHBIN Ha CO3MAHHBIX
TEXHOJIOTUSX MICHTH(UKAINA HOJETHBIX CHTYyaLHil: 00paboTKa MPOBOJUMBIX
n3MepeHuit; GOpMUPOBAHKE JIOTHYECKUX PEIIAFONINX MPAaBUIT; TPOTHO3HPO-
BaHME TPACKTOPHiA MojieTa U paboTOCHOCOOHOCTH OOPTOBOW armaparypel.
IpuBenena (popMmabHas TOCTAHOBKA 3aa9y ABTOHOMHOTO TIPUHSTHS Pellie-
HHH [0 YIPABJICHUIO KOCMHYECKUM aIllIapaToM.
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Abstract. As part of the main trends in the development of world space
activities — expanding the composition of near-Earth orbital constellations
of spacecraft, intensifying the study of planets and bodies of the solar sys-
tem, increasing the requirements for the quality and reliability of space
expeditions — the problem of developing and improving the methodology of
optimal control, system analysis, decision support to design highly efficient
spacecraft control systems is brought to the fore. These studies include
the formation of methodological approaches to the study of the optimal
control of spacecraft during their movement in the atmospheres of planets,
the autonomous control of a spacecraft under conditions of uncertain flight
situations, etc. The problematic issues of designing deep space expeditions
include the organization of effective control of the spacecraft with its con-
siderable distance from ground stations. At the same time, an uncontested
condition for the successful implementation of flight programs is the deve-
lopment and application of autonomous spacecraft control systems based on
the use of highly efficient technologies for collecting and processing measurement
information. This determines the need to improve the methods and algo-
rithms of autonomous decision-making on the spacecraft control. The authors
develop a new methodological approach to the structural construction of
autonomous spacecraft control systems based on the created technologies
for identifying flight situations: processing measurements; forming logical
decision rules; forecasting flight trajectories and on-board equipment ope-
rability. A formal statement of the problem of autonomous decision-making
on spacecraft control is provided.

Orlov DA, Kupreev SA, Samusenko OE, Melnikov VM, Burkova IV. A methodical approach to solving the problem
of autonomous parrying of contingencies situations in spacecraft control. RUDN Journal of Engineering Research.
2023;24(1):17-29. (In Russ.) http://doi.org/10.22363/2312-8143-2023-24-1-17-29

BBepeHune

OCGHHO IpH JBW)KEHHH aInapaToB B aTtMocdepax
IUTAaHET, BO3PACTaeT BEPOSTHOCTH BO3HUKHOBEHHS

B akTmBHM3anmm wccieqoBaHUS JAbHETO KOC-
Moca [1-4] cyImecTBEeHHO IOBHITIAIOTCS TpeOoBa-
HUS K TIPOEKTUPOBAHUIO KOCMUYECKUX IKCIICTUITHIA.
[Ipuo6peraer OoNbLIYI0O 3HAYMMOCTH MpoOieMa
obecriedueHus] BBHICOKOTO YPOBHS HAJEKHOCTU JKC-
IUTyaTalluyd CO3AaBa€MbIX JOPOTOCTOSIINX H3JIEITHN
KOCMHUYECKON TEXHUKH, TaK KaK CpBLIB IMPOrpamMm
IoJIeTa BENIET K OTPOMHBIM MOTEpSM (PMHAHCOBBIX
Y TEXHIYECKUX pecypcoB. Kpome Toro, B cBsi3u ¢ Tpo-
THO3UPYEMOM BBICOKOM MHTEHCUBHOCTBIO M3MEHEHUS
JMHAMUKU TIoJieTa KocMudeckoro ammapara (KA) mpu
peaM3anny SKCIEANINN JallbHEro KOcMoca, 0Co-
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HEUITATHBIX CUTYallMi ¥ MOBBIIIAIOTCS TPeOOBAHMUS
K OTIEPaTUBHOMY UX YCTPaHCHHIO.

XapakTepHOH O0COOEHHOCTBIO MPOCKTUPOBAHMS
KOCMUYECKHX SKCIEANIHIN SBIACTCS HEOOXOIMMOCTb
ydeTa BIHMSHUS Ha TPOLIECC YIPaBICHHsI MHOXKECTBA
Pa3sHOIUIAaHOBHIX (PaKTOPOB, CBA3aHHBIX KaK CO CIIe-
(UKON OCTPOCHHUS YIPABIISIEMBIX 00BEKTOB, TaK
U C yCIOBUSIMH HX Tojieta. Tak, Mpu BO3HUKHOBE-
HUHM TIPU3HAKOB HapylleHHs paboToCmocoOHOCTH
0OpTOBOIi ammapaTypsl HeoOXoaMMa pa3padoTKa U
NPUMEHEHHE aJrOPUTMOB MapHPOBAHUS HEHCIIPAB-
HocTei [5-7].
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AHanu3 CyIIecTBYIOLIEH JTUTEpaTyphbl MO3BOIMI
YCTAaHOBUTHh HAJIMYME 3HAYUTENBHOTO YHCIa paboT
[I0 BOIPOCaM NPUHSITHS PELIEHUH IO yNpaBlICHHUIO
KOCMHYECKHM amIapaTtom, mpodsieMe CO3IaHus U Mpu-
MEHEHHUS] aBTOHOMHBIX CHUCTEM B Pa3lMYHBIX cepax
Hay4YHO-TIPAKTHUUYECKON JEATENBHOCTH, B TOM UYHUCIIE
NpH yIpaBIeHUH KOCMHYECKMMH armapatamu [8—18].
Bwmecre ¢ TeM moka3aHO OTCYTCTBUE METOAMYECKO-
ro NOAX0Aa K PELICHHIO 33/1a4 aBTOHOMHOTO MapH-
pOBaHMS HEIITAaTHBIX cuTyauuid. Ha mepBbIil 1miaH
BBIJIBUTAETCs TIPOOJIeMa CO3/IaHNsI HOBBIX U Pa3BHUTHS
CYLIECTBYIOIIMX METOJOB U AJITrOPUTMOB YIIpaBlie-
HUSI IEPCIIEKTUBHBIMI KOCMHUYECKUMH armapaTaMu.
OTO JacT BO3MOXHOCTH IPOEKTHPOBATH BBICOKO-
3¢ PEeKTHBHBIE CUCTEMBI YIPABICHHUS, IIO3BOJIUT 3HA-
YUTEIBHO TOBBICUTH Ka4ECTBO U HAJIEXKHOCTb pea-
JAU3aLUU KOCMHUYECKHUX SKCIIEAULIIH.

OpnHako 34 paboThHl B OCHOBHOM HAlpaBJIeHbI HA
HCCIIEJOBAaHUE OTHENBHBIX BONPOCOB IPOEKTUPOBA-
HUA U (QyHKIIMOHUPOBAHUS CUCTEM yIpaBiieHus. Tak,
B [13] ommceiBaercst cucrtema, oOecriednBaromias Ia-
PUPOBaHMS HEIUTATHBIX CUTYallMid MPHU YIPaBICHUU
KocMuiecknM armaparoM Deep Spase One. B [8-10;
13] mccnemyroTcst BONPOCH! BBIPAOOTKH PEKOMEH Ta-
LUH [0 YCTPAaHEHUIO HEWITATHBIX CUTYyalUi Npy Jua-
THOCTHKE PaboTocnocoOHOCTH OOPTOBOIA armapaTypbl
KOCMHMUECKOro ammapara, B [11; 12] onmceiBarotcs
pa3iuuHbIe BapuaHThl 0a3bl 3HaHUI. BMmecTe ¢ TeM B
CYIIECTBYIOIIMX MaTepuaigax HEJAOCTaTOUHO OCBEIlle-
HBI BOIIPOCHI IIOCTPOEHUS CHCTEM YIIpaBJICHUs, obec-
TIEYMBAOIIIX OCHOBHBIE OIEpaIliy IMpoIiecca MPHHS-
THUSI pElLleHuil: OT aHaJM3a BIMSHHUA CUCTEMHBIX CBS-
3ell Ha IpoLecc yNpaBiIeHUs U MPOTHO3a BO3HUKHO-
BEHM HEITATHBIX CUTYalWi JI0 UCTIOTHEHHS KOppeK-
TUPYIOLIUX MPOTPaMM.

B Hacrosem uccnenoBaHuM OCHOBHOE BHUMa-
HUE yzaemseTcs pa3padoTKe METOANYECKOro MOAX01a
K CTPYKTYPHOMY TTOCTPOEHHIO CHCTEMBI aBTOHOMHOTO
yIpaBIeHUs KOCMUYECKMMHM allapaTtaMu, KOTopas
OyzeT B manbHEHIIEeM HCIIONB30BATHCS ISl TOCTPO-
€HMS ONTUMAJIBHOIO YIIPABICHUS U NPUHATUS aB-
TOHOMHBIX pELICHHH B 3aJadax NPOEKTHPOBAHUS
CHCTEM YTIpaBJIeHUsI KOCMUUYECKOTO armnapara.

1. AHann3 0coGeHHOCTEeN MeTOAMYEeCKOro noaxoaa
K peLueHUIo Npo6sieMbl aBBTOHOMHOTIO yrnpaBJieHUst
KOCMMUYECKMMMU annapataMmm

HckiounTenbHO BaXXHOW MpeACTaBIsETCA
mpo0JieMa OpraHU3alMd aBTOHOMHOTO YTIPaBJICHUS
KOCMHYECKUMH aIlliapaTaMi, HEOOXOIUMOCTh pe-
IICHUS] KOTOPOI MOXKET OBITh 00YCIIOBJICHA pa3Idy-

HBIMH OOCTOSITEIBCTBAMH, B MEPBYIO Ouepenb Ha-
pyleHneM paboTOCIIOCOOHOCTH OOPTOBOM ammapa-
TYpPHI, a TAK)KE€ BO3MOXXHBIMH HEOIIPEAEICHHOCTAMU
TEKYIUX IOJETHBIX CUTyanud. B 3THX ycroBHAx
TOJILKO OMNEpPAaTHBHOE NPHUHATHE NPABWIBHBIX pe-
LIEHUH M0 YHpaBICHHIO KOCMHYECKHM alIapaToM
MOXET MPeNOTBPATUTh Pa3BUTHE HETaTUBHBIX TEH-
JEHIWH TUHAMUKU JBW)KEHHS KOCMUYECKUX arlra-
patoB M obecneunTh HeOOXOAUMBIE YCIOBHUS Kade-
CTBEHHOTO BBIIIOJIHEHHSI HAyYHBIX 3KCIIEPUMEHTOB
U IIporpaMm nojueta. BrlcOkuil ypoBEHb OIlEpaTHB-
HOCTH NPUHATHS PEIICHUN 10 YIPaBICHHIO KOCMU-
YECKUM alllapaToM JOCTUTAETCs 3a CUET pa3pabOTKU
aJIalTHBHBIX aJTOPUTMOB WACHTH(OUKAIMH TIOJET-
HBIX CHTyalluii ¥ (OPMHUPOBaHHS JIOTHYECKHX pe-
LIAIOIINX MIPABUIL.

JaHnHas mpobieMa Hanbolee TPy IHOPA3PEIITH -
Ma TMpH YMpaBJIEHUH anmnapaTam JajbHEro KOC-
MOca, MpeAHAa3HAYEHHBIMH Ul W3y4YeHHS IUIaHET
CoJIHEYHON CUCTEMBI W MPUILIAHETHOTO MPOCTpaH-
ctBa. OCHOBHBIE OTJIIMYHUS (QYHKIIMOHUPOBAHHUS
KOCMHUYECKHX JalbHEr0 KOCMoca amnmapaToB OT all-
napaToB OJIMDKHEr0 KOcMoOca 3aKJ4aloTcs, BO-
MIEPBBIX, B UX OOJIBIION YJaICHHOCTH OT Ha3eMHBIX
MYHKTOB YIPABJICHHs, YTO CYIIECTBEHHO CHMXKAeT
ObicTpoaelicTBre MH()OPMAILIIOHHOTO 00OMEHa U IpH-
HATHS PElIeHUH, 1, BO-BTOPBIX, B CYLIECTBYIOLICH
B HACTOSILEM BPEMECHH HETOYHOCTH 3HAHUS Xapak-
TEPUCTHK OKOJIOIUIAHETHOTO MPOCTPAHCTBA, B EPBYIO
ouepenb IapamMeTpoB aTrMmochep HcclIeayeMbIX
TUTAHET.

Takum oOpa3om, mpobiiema obecrieueHus ore-
pPaTUBHOIO aBTOHOMHOI'O YINPABICHUS SBISECTCS
AKTyaJIbHOM IPU MPOEKTUPOBAHUM SKCIIEANULUN aib-
HEro KocMoca.

OueBuaHO, YTO st 3PPEKTHUBHOTO ABTOHOM-
HOT'O YHPAaBJICHUS] KOCMUYECKOT0 anmapara JoJKHa
ObITH OoOecrieueHa BO3MOKHOCTD PEIICHUS B3aUMO-
CBSI3aHHBIX MEXAY COOOH CIEeIyIOmMX OCHOBHBIX
3amay:

— IpPOBEIECHUE ONEPAaTUBHONW HAECHTH(UKAIUH
TEKYIMX MOJETHBIX CUTyalMii ¢ IOMOIIbI0 OOpTO-
BBIX CPEICTB W aJTOPUTMOB, YTO SIBISIETCS OCOOCH-
HO BaKHBIM IIPU YHPABICHUH KOCMHYECKUM arlra-
paToM C BBICOKOW NMHAMMKON U3MEHEHHUS MapaMeT-
POB IIBM>KEHHSI, HAIPUMEp IPHU IMOJIETe anmapara Ha
y4acTKax adpOIMHAMUYECKOTO0 TOPMOXKEHHS WU
IIpY TIPOBEJICHUH PAKeTOANHAMUYECKUX MaHEBPOB;

— aBTOMAaTH3WUPOBaHHAs BHIPAOOTKa pEKOMEH[a-
i 10 OPMHUPOBAHMIO IPOrPaMM YIIPABIICHUS C UC-
M0JIb30BAaHUEM IIPEIBAPUTEIBHO Pa3pabOTaHHON U
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coziepkalieiicss B 0a3e 3HaHUH OOpPTOBOW CHCTEMBI
YIIpaBJIeHUs] COBOKYITHOCTH B3aMMOCBSI3aHHBIX pella-
JOIIMX TIPaBWI C y4EeTOM IIOJIyYEHHBIX DPE3YJIbTaToB
MAEHTU(UKAINY TEKYIIUX TOJIETHBIX CUTYalllid U Tpa-
HUYHBIX YCJIOBUH 10JIeTa KOCMUYECKOTO ammnapara;

— OIIEHKa NMPaBUJIBHOCTH BBIPAOaTHIBAEMBIX pe-
KOMEH/IalUi MyTeM aHaji3a pe3yJbTaToB IPOTHO-
3UpOBaHUA TUHAMHUKN U3MEHEHHs apaMeTpoB JABH-
KEHUSI KOCMHUYECKOTO ammapaTa Ha MOCIEOYIOLUIHNX
y4acTKax I0JIeTa.

AHanu3upyst 0cOOEHHOCTH TIEPEUNCIEHHBIX 3a-
Jad, ciegyeT OTMETHTb, YTO HEOOXOOUMBIM yCIIO-
BHEM U BMECTE C TE€M OCHOBHOW TPYAHOCTBIO HX
pemieHuss B 00PTOBOM MCTIOJIHEHUH SIBIISETCS CO3/a-
HUE BBICOKOA((EKTHBHBIX JIOTHUECKUX PEHIAIOIINX
MPaBUJI, OXBATHIBAIOLINX MaKCUMAaJIbHO BO3MOKHBIE
Cllydau BO3HMKAIOIIUX IOJIETHBIX CUTYalLlUi, IpuMe-
HSIEMBIX Ul TApUPOBAHUS HETaTUBHBIX TCHICHLUH
U KOPPEKTUPOBKU TPAEKTOPHH IBMXKEHHSI KOCMHUYe-
CKOTO ammapara B IPaKTHYECKH JIIOObIX CKIafbIBa-
IOIUXCA TEKYIIUX YCIOBHSIX.

[NpuHumI, MO0 KOTOpoMy (OPMHUPYIOTCS Pellaro-
LIMe MPaBUIIA, COCTABIISIOIINE OCHOBY Oa3bl 3HAHWH,
3aKITI0YAeTCsl B MX CTPYKTYPHOM TTOCTPOEHHHU: KaXK-
JI0€ TIPaBUJIO M3 CYLIECTBYIOIIEr0 MHOXKECTBA OITH-
ceiBaeTcst B hopmare — «ecnu Sy, t0 Up», rie S —
YCTaHOBIICHHOE COCTOsiHUE 00bekTa, U; — ynpasis-
IolIee BO3/ICHCTBUE HA OOBEKT, COOTBETCTBYIOILEE CO-
CTOSTHHIO KOCMHYECKOTO armapaTa B TEKYyIIHHA MO-
MeHT Bpemenu [19—23]. B onpe/ieneHHbIX YCIOBHSX
[IPY TaKOM CTPYKTYPHOM MOCTPOEHHMH 0a3bl 3HAHUH
¥ OpraHU3alrH PAlMOHAJIBHOTO IpoIiecca BEIOOpa He-
00XOAMMBIX TPaBUII U3 OOIIEH COBOKYITHOCTH MOYKET
OBITH JOCTUTHYT JKEIaeMblii pe3yNbTaT yNpaBiIeHHs
obbexToM. IIpumMensiemblil npuHIMT HOPMUPOBAHUS
JIOTHYECKHX PEIIaroInX MPaBIJI SBJSIETCS Hanmboee
MPOCTHIM B pealu3alii U BMecTe ¢ TeM 3()(eKTHB-
HBIM JJIs1 IPOLIECCOB BOJIIOLMU OOBEKTOB C OTPaHHU-
YEHHBIM YHCJIOM BO3MOXKHBIX COCTOSIHUM M JIOCTa-
TOYHO XOPOUIO NMPOTHO3UPYEMBIMU TOJETHBIMH CH-
TyallUsIMH KOCMHYECKHX ammaparoB. B uacTHOCTH,
pa3paboTaHHBIE TaKUM 00pa3oM peIaroIIne MpaBH-
Jla YCHEIIHO WCIIOJNIb30BAJNCh TNPH MapUPOBAHUH
HEIITATHBIX CUTyalli B paboTe OOPTOBBIX CHCTEM,
JOCTATOYHO YacTO BO3HUKAIOLIMX NPH YHPABICHUU
OpOUTaNBHBIMM KOCMUYECKHMU ammaparamu. B atux
CllydasiX COCTaBJIEHHbIE KOMAaHIHBIE BO3[EHCTBUSA
HampasjeHbl B OCHOBHOM HE Ha KOPPEKLHUIO OpOu-
TaJIbHBIX IIAPAMETPOB IABWKEHUS allliapara, a Ha BbI-
00p palMOHANBHBIX PEXKUMOB YIPaBIEHHUS OOPTOBOM
anmaparypsl.

20

TeM He MeHee JUIsl IOCTATOYHO IIMPOKOTo Kilacca
3a/1a4 YIPaBIICHNS] KOCMUYECKHM aIlliapaToM C BBICO-
KOM JIMHaAMHKOM U3MEHEHHs MOJIETHBIX CUTYallui yKa-
3aHHBIN TIPUHOUIT TOCTPOCHHUA PEIIAOIUX IIPaBHUI HE
BCET/Ia MO3BOJISIET BHIOpaTh MpaBUIIbHBIE PELICHUS IO
YIpaBICHHIO KOCMUYECKUM ammaparoM. HambGosee
XapaKTCpHbBIM IMPUMEPOM TaKHUX 3aJad ABJIACTCA
YIpaBICHHE KOCMUYECKUM amapaToM B aTMocdepe
B YCJIOBUSIX HETOYHOCTH 3HAHHS €€ I1apaMeTpOB.
Hampumep, mpu perreHnn 3aiad MOCaaKHd KOCMHYe-
CKOT'O arnapara Ha MOBEPXHOCTH IUIAHET BO3MOJXKHBIC
HEONpPe/ITICHHOCTH B 3HAUYCHUSX IUIOTHOCTH aTMO-
cdep Sp MOTYT MPUBECTH K CYIIECTBEHHOMY H3MEHE-
HUIO Ka4yeCTBEHHOTO XapakTepa TPAeKTOpHH IojeTa
o0 CpaBHCHHIO C HOMUHAJIbHBIMU. TaK, Ipru BXOAC
KOCMHYECKOTO armapara B atMocgepy BOJIH3H BepX-
Hell TpaHWIBl (FBUYECKH DPEeAT3yeMOro KOphaopa
Jlaxke HeOOJbIIOE YMEHBIICHHUE TUIOTHOCTH P TIPUBO-
JIIT K BBUIETY amnmapara u3 atMoc(epsl, a IpH BXOJE
KOCMHYECKOTO arfapaTa B OKPECTHOCTH HIDKHEH Tpa-
HMIIBI YBCIIMYCHUC TUIOTHOCTU P ABJIACTCA HpH‘-IPIHOfI
TMPEBBINICHNUA MaKCUMAJIbHBIX BCJIMYUH TICPETPY3KU U
TEMIIEpaTypbl CBEPX JOMYCTUMBIX 3HaYeHWA. B 3THmx
CITy4asix BO3MO)KHBIE OTKJIIOHEHHWS! 3HAYEHWH IIOTHO-
ctu atMocdepbl §p OT 3apaHee POTHO3UPYEMBIX (UTO
MOXET MPUBECTU K CPBIBY BBIITOJHEHHS 33/1a4 KOCMHU-
YEeCKOW MHCCHH) CYIECTBEHHO BJIMSIOT Ha KOPPEKTHU-
pyromye mnporpaMMbl  YIIPaBiICHUS ad>pOJHHaMHYe-
CKHMH CHJIaMHU, OGGCHG‘II/IBa}OHII/IMI/I TNepeBOa KOCMMU-
YEeCKOT0 anmapara B HOMHHAJBHBIA PEXKHM IOJIETa.
CTOUT OTMETHTD, YTO JUISI OJMHAKOBBLIX OTKJIOHEHUM
Op Tpu pa3HBIX 3HAYCHUSX CKOPOCTU V, BBICOTHI h,
yIila HaKJIOHA BEKTOpa CKOPOCTU K MECTHOMY TOpH-
30HTY 0 M KypcoOBOTO € YIJIOB IoJieTa KOCMHUYECKOTO
anmapara KOPPEKTHUPYIOIIUE YIPaBJISIONINe BO3/ICH-
CTBHUS MOI'YT CUJIBHO pa3indyaThbCs, TaK KaK BapUallun
BO3MOJKHBIX TIOJICTHBIX CUTYalldii HOCST IIHPOKHIA
xapakrep. IToneTHble cuTyaly CBSA3bIBAIOTCS JIOTHYE-
CKMMH OTIEpAIMAMU TUMA «eciU Sy, T0 Uj», a TaKke

MPAKTHYECKON HEBO3MOXKHOCTBIO MX TIOJHOTO YYeTa B
Buie (hopMaTM30BaHHBIX PEMIAIOIINX MPABHUII IO yKa-
3aHHOMY MNpuHIMIY. [Ipy JMHAMHUYHO MEHSIOIUXCS
TMOJIETHBIX CHUTYallMSAX 33/1a4a OIpENIENICHNs] TPaBUIIb-
HBIX (DYHKIMI YIIPaBIECHHUS YCIOXKHSIETCS Ype3BbIdai-
HO BBICOKOI 4yBCTBHUTEIBHOCTBIO XapaKTepa TpaeKTo-
pUH IBHKEHHMS KOCMHUYECKOTO ammapara oT IojaBae-
MBbIX KOMaHJHBIX Bo3jedcTBuid. Hampumep, Hempa-
BUJIBHOE 110 BPEMEHH M3MeHEHHE (HECKOJIBKO CEKYHN)
a3pOANHAMHUUYECKOTO Ka4eCTBa C OJHOTO I'PaHUYHOIO
3HAUYEeHUS Ha JIPyroe MOXKET MPUBECTH K BBUIETY arllia-
para u3 atMocdepsl U CPhIBY HPOrPaMMBI TTOCAIKH
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KOCMHYECKOTO arapara B 3aJaHHyr O00JIlacTh TO-
BEPXHOCTH TLJIAHETHL

[ToaTroMy B YCJIOBHMSIX BBICOKOW WHTEHCHMBHOCTU
M3MEHEHHUs TTapaMeTpoB ABW)KEHHSI KOMHUYECKOTO arl-
napara TpeACTABISIETCS 11eNIeCOOOpa3HbIM  COCTABIIE-
HHUE JIOTHYECKHX PEIIAOIINX TMPABUI IO TPUHIIUITY
(PYyHKIMOHATBHBIX AHATUTHYECKUX (2 HE JIOTHYECKHX)
3aBUCUMOCTEN YIPaBJIAIOIIMX BO3AEUCTBUI OT Xapak-
TEPUCTUK TEKYILETO W IPOTHO3UPYEMOT0 COCTOSHUIA
yrpaBisieMoro oonekra. Ilpu 3ToM OBICTpoe M3MEHe-
HHUE TIOJIETHBIX CHUTYallid BBI3BIBAET HEOOXOIUMOCTD
MIPUMEHEHHS] PEIICHHUH 0 YIPABICHUI0 KOCMUYECKHUM
ammaparoM B Maciirabe BpeMeHH, OJIM3KOM K peaib-
HOMY, YTO BBI3BIBAET MOBBIIIEHHBIE TPEOOBAHMS K Pa3-
paboTKe pacyeTHBIX aHAJMTUYECKUX 3aBUCHMOCTEH
C Lenbi0 0OecredeHus: afeKBaTHOTO MOJIEIUPOBa-
HUS TUHAMUKH TI0JIETa KOCMHYIECKOTO armapara.

B ¢opmannzoBaHHOM BHJE pacyeTHBIE COOTHO-
IIEHHS JOJDKHEI BBITIISACTD CIEIYIOIUM 00pa3oM:

Uj = f (& Sks Sk+1)s €Y)

rae & — OTKIOHEHHS XapaKTEPHCTUK TEKYIIEro COCTO-
SIHUSI OOBEKTa OT HOMHHAJIBHOTO; Sy 4 — HOMHHAJIBHOE
COCTOSIHHIE OOBEKTA Ha CIIEYIOMINIA MHTEPBAJI BPEMEHH.

C momomipto BelpakeHus (1) ompenenstorcs
YIPABJAIOIIME BO3AEHCTBUs HA 00bekT U; B 3aBU-
CUMOCTH OT HJCHTH(PHKAIMOHHBIX BO3MYIIEHHBIX
TEKYyIX COCTOSHUM, a TaKke OT TpeOyeMBIX Ipo-
THO3HPYEMBIX COCTOSHUH.

2. MeTopaunyeckum noaxopn,

K CTPYKTYPHOMY NOCTPOEHUIo
CUCTeMbl aBTOHOMHOIO yripaBJieHUus
KOCMMYECKUMMU annaparaMmm

PazpaboranHasi CTpyKTypa IMOCTPOCHHUS aBTO-
HOMHOU cuctembl ympasienuss KA cogepxur 0mo-
KM, TIPE/ICTaBJICHHBIE Ha PUCYHKE.

Hcxons u3 prcyHKa BHIIHO, YTO B pa3padOTaH-
HOM CTPYKType€ MOCTPOCHUS aBTOHOMHOM CHCTEMBI
YIPaBICHUA BBOIATCS HOBBIE 3JIEMEHTHI — 0JI0K
uoenmuurayuu noaemHvlx cumyayuii u 010K
MOOenUposanus U NPOSHO3UPOBAHUS NAPAMEMPOs
0gudiceHUsi Kocmuyeckoeo annapama. B Tpamm-
LMOHHBIX aBTOHOMHBIX CTPYKTypax TakHue 3JeMEH-
Thl, KaKk 0a3bl 3HAHWI W MAIUHBI JOTHYECKUX 3a-
KIIIOUEHUH, yXe CylecTByoT. [lamum onucaHue
MPUHIUIOB (DYHKIIMOHUPOBAHUS KaK OTJCIIBHBIX
CTPYKTYPHBIX OJIOKOB CHUCTEMBI, TaK M UX B3aUMO-
EUCTBUA.

ba3a 3nanmii
Biok uaeHTHUKANN Biok MoaenpoBaHus U
’ MOJETHBIX CUT i
yauuu baza NMPOrHO3UPOBAHUS
HW3mepuTenbHas JAHHEIX IIpaBuna napamMeTpoB ABmkeHus KA
undopmanus
MamuHa JOrn4ecKux 3aKJII04eHuii
F———p
Moaynb AMarHOCTUKH Monyne pemenunit Pexomen nammu
JUTSL TIPHHATHS
peenus
CTpyKTYpHOE NOCTPOEHNE aBTOHOMHOM CUCTEMBI YPaBAeHUs
Flight situation Knowledge base The unit of modeling and
identification unit forecasting the parameters of
> the spacecraft motion
Measurement Data Base Rules
information

i v

The interface machine

—

Diagnostic module

Recommendations
for decision

Solution module

making

Structural construction of an autonomous control system
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bnox uoenmugurxayuu nonemmuwix cumyayuii
MO3BOJIIET PErYIMPOBaTh PabOTy H3MEPUTEIBHOM
00pTOBOIl ammapaTypbl B IPOLIECCE MOJIyYCHUS He-
o0xoanmoi nHpopmarmu. B 3aBUCHMOCTH OT 1ene-
BOTr0 Ha3HAYEHMs] KOCMHUYECKOTO arlmapara Mnpume-
HSIETCS Pa3INyHbIA COCTaB OOPTOBBIX H3MEPUTEIBHBIX
CPEICTB: JATYMKHU YTIIOBBIX CKOPOCTEH, 3BE3HBIE
JaTYUKH, OINTHYECKHE IaTYyhKu, HH(]pakpacHbIe
BEPTHKAJIM, THPOCKOIIMYECKUE CUCTEMBI, NaTUUKH
IUIOTHOCTH aTMocdepsl U T. 4. C moMouipio ammna-
paTypsl OJOoKa OMpenemnseTcss BEKTOP COCTOSHUS
KOCMHMYECKOTO ammnapaTa W ero OOpPTOBOH ammapa-
TYpHI 32 cdeT 00paboTKH W MpeoOpa3OBaHMs HU3Me-
putensHON MHpopMaruu. B pesynpraTe obecrneun-
BaeTCsl BO3MO)KHOCTh PEATH3aL[MM KaueCTBEHHO HOBBIX
TEXHOJIOTUH aBTOHOMHON HMIEHTHU(UKALWHU MOJET-
HbIX cuTyanui. Tak, Opu peanusalud MHUCCUN
JaJIbHEr0 KOCMOoca C MPUMEHEHHEM aIlapaTHo-
MPOrpaMMHBIX CPeACTB OJOKa ONpeAessIIoTCs CKO-
POCTHBIE MEPErpy3KH M MPOBOIJUTCS aHAIN3 POCTa
KaXyIIeics: CKOpOCTH KOCMHYECKOTO armapara B
atmocdepe V5. Ilo MHTEHCHBHOCTH HapacTaHHs Be-
JWYMHBI Vg OonpeaessioTcss OTKJIOHEHHE PacyeTHBIX
3HAYeHWH TIIJIOTHOCTH aTMOc(epbl OT HOMHHAIb-
HBIX, KPYTHU3HA TPACKTOPHI CITyCKa, BBICOTA TOJeTa
KOCMHMYECKOTO ammapara ¥ HeoOXOTUMOCTb KOp-
PEKTHPOBKH TPAaeKTOPHUH IBIKeHMs anmnapata. Ilo-
Jydaemasi ¢ MOMOIIBIO TaHHOTO OJI0Ka MH(pOpMAIH
SIBIISIETCS. MCXOJHOM Ut (hOPMHUPOBAaHUS TEXHOJO-
TMYECKHUX LIMKJIOB MPUHATHS aBTOHOMHBIX PELICHUH
[0 YIpaBJIEHUI0O KOCMHUYECKHM ammaparoM U I0o-
CTYMaeT Ha KOOPAWHHPYIOIIMK OJOK aBTOHOMHOM
CHCTEMBI — MallIMHY JIOTHYECKUX 3aKJIFOYEHHUH, Ha KO-
TOPOM BO B3aWMOJICHCTBHH ¢ 0a30il 3HaHWH oOec-
[EYMBACTCS BBIPAOOTKA HEOOXOIUMBIX JIOTMYSCKUX
pelaonuX MpaBuil.

Hns bopMHUpOBaHUS 6a3bl 3HAHUU CO3ACTCA
COBOKYITHOCTH JIOTHYECKHX pPEIIaloNIuX IpaBui,
OTIPE/IETISIFOIINX JIOTHYECKYIO CBA3b MEXIY HACH-
TU(QULIUPOBAHHBIMU TIONETHBIMH CUTYalUsSIMHU KOC-
MHYECKOrO ammapata M BbIPAaOOTKOW IporpaMm
yIpaBIiieHHs, 00ECTICUYMBAIOIINX ONEPATUBHYIO KOP-
PEKTUPOBKY MapaMeTpoB MBI)KEHHUS ammapara |
COCTOsIHMN OOpTOBOH ammapaTypsl. B 6a3y 3HaHuit
BXOIMT M 0a3a JaHHBIX — COBOKYNHOCTb JaHHBIX,
rae uMHpOpManus MOXKET OBITh NpencTaBleHa B
IBYX OCHOBHBIX IapaMeTpax, MNpPeACTaBISIOLINX
co0oii MHOecTBO coObITuil S B BuIe 00bekTOB O,
aTpubyToB A U ux 3HaueHuil. Hampumep: B kaue-
CTBE COOBITHSI MOXKET BBICTYNAaThb 3HAYCHHUS YIJIOB
PBICKaHMS, KPEHA WM TaHTaXka B CUCTEME YIIpaBe-
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HUS IBUKCHUEM KOCMUYECKOTO ammapara. ATpuoy-
TOM SIBJISIETCS YUPABISIONIMA Yroi, 3HaueHHEe —
OmpeielICHHOe 3HAUYCHHE B Tpamycax, a 00bEKTOM
MOJKET BBICTYNAaTh CHCTEMa YIPABICHUS IBUKCHU-
em U. B 0aze maHHbIX copepikarcs aHAIUTHUCCKUC
3aBHCHMOCTU MEXIY M3MEPSEMBbIMHU MapaMeTpaMu,
XapaKTEPU3YIOUUMH TEKYIIHE IMOJOKEHUS KOCMH-
YeCcKoro ammapara (Hampumep, Kaxymascs CKo-
pocTth V;), B BEKTOPHI COCTOSHHS YIPaBIIEMOTO
00BbEeKTA.

Jloruueckue pemaroline IpaBuja CBs3aHbI
MeXIy coboit B Buze «eciu S, To U» u dpopmupy-
FOTCS MCXOHS W3 aHajn3a HM3BECTHBIX HEIITATHBIX
CUTYyaIUil, KOTOPbIE OMHUCHIBAIOTCS B AKCILTyaTallH-
OHHOM TOKYMEHTAlUWU Ha OTIEIbHO B3SIThI KOCMU-
YecKuil ammapar. J{Mama3oH JIOTHYECKHX pelllaro-
IITUX TTPaBUJI 3aBHUCHUT:

— OT ()OPMHUPOBAHMS HOBBIX MPOrPaMM yIpaB-
JIeHHsI, KOTOPblE HE MPEAyCMOTPEHBI B JKCILTyaTa-
IHOHHOW JTOKYMECHTAIIWH;

— AMUTAIMK PA3JIMYHbIX HEIITATHBIX CUTYaIlUH
Y BBIPAOOTKY Pa3IUYHBIX POTPAMM YIIPaBJICHUS.

B a1Tux AByX ciydasx MpPOMCXOIUT paclInpe-
HHUe mormueckux pemraromux npasun S(U) B ycio-
BUSIX JCTCPMUHUPOBAHHOW MOJICIIM COCTOSHHN KOC-
MUYECKOTO ammapara.

CyIecTByIOT HEONpe/eiIeHHbIE TOJETHBIE CH-
TyaluH, Ui KOTOPBIX HENb3sI 3apaHee CKOPPEKTUPO-
BaTh MporpamMMmy ympasieHusi. Hanpumep, npu Bapu-
anM IUIOTHOCTH aTMOC(ephl M3-3a BCIBIIIEK Ha
CouiHIe YCIIOBHSI TOJIETa KOCMHYECKOro arapara
MOTYT OTJMYATHCS OT HOMHHANBHBIX 10 50 % 1o
3HAYHUTEIILHOMY YHCIy TapaMmeTpoB: KpyTHU3HE Tpa-
€KTOPHH, W3MEHEHHIO BBICOTHI IIOJIETa, CKOPOCTH
nojera u T. A. [y 3THX ciiydaeB JOrMYECKHUE pellia-
IOLIHE MPaBUJIa BHIPAXKAKOTCS B BHJIC KOHCYHBIX aHa-
JINTHYECKUX WIH JJOTMYECKUX 3aBUCUMOCTEMN, I103BO-
JISIFOIMX OMPENENIATh KOMaH/IHbIC BO3ICHCTBUS Ha
CHUCTEMY, COOTBETCTBYIOLIME TEKYIIUM IOJICTHBIM
CUTYyaIlHsIM, BBITIOJHSIEMBIE B OIPEICIICHHON IOCIIe-
nIoBatenbHOCTH. Ha pa3nmyHbIX dTamax mporpaMMbl
MoJieTa B MpoIecce HHPOPMAIIMOHHOTO B3aMMOICH-
CcTBUSL 0a3pl 3HAHMM C MAIIMHOW JIOTHYECKUX 3a-
KITIOYCHHUH peIIarolie MpaBuia MOTYT J0OaBISTh-
CAd U YCOBEPIICHCTBOBATHCS B 3aBHCHMOCTH OT
UICHTU(UKAIMYA BHOBb BO3HUKAIOIIUX MOJETHBIX
cutyaruii. Jns ocymiecTBieHus: 3PPEKTHBHOTO aB-
TOHOMHOTO YIIPaBJICHUS HEOOXOIMMO CTPEMUTHCS
K CO3JaHHI0 COBOKYITHOCTH PEIIAMOIINX TPABHUII,
OXBATHIBAOIEH MaKCHMAaJIbHO BO3MOXKHEIC IOJIET-
HBIC CHUTyaIllH, YTO JaeT BO3MOXKHOCTH Hambolree



Opnos [.A. nap. BectHuk PYOH. Cepus: ViHxeHepHble nccneaoBanms. 2023. T. 24. Ne 1. C. 17-29

palMOHATBHOTO BBIOJHEHUS LEJNEBBIX (DYHKIUN
KOCMHYECKHX MUCCHH.

Mawuna nozuueckux 3axa04enuti OCYIIECTB-
JISET PSAA BOXHBIX (PYHKUIMH IO B3aUMOJIEHCTBHIO C
JOpYyTUMH OJIOKAaMH CHUCTEMBI aBTOHOMHOT'O YIpPaB-
JIEHHsd KOCMHUYECKOro ammapara. MammHa jorude-
CKHX 3aKJIOYEHWH COCTOUT M3 MOXYJIS TUArHOCTH-
KM TEKYIIHUX COCTOSHUI KOCMHYECKOro ammnapara u
MOJYJIA TIOUCKA PEIIEHUH MO yNpPaBICHHUIO KOCMH-
YeckuM amnmaparoM. [Ipyn noMomy Moaynst JuarHo-
CTHKH TEKYIIUX COCTOSHUI Ha OCHOBE H3MEpHU-
TENFHON MH(OpMAIMU OCYLIECTBISAETCS CpaBHEHHUE
pEeaNbHBIX COCTOSHHI ammapaTa ¢ HOMHHAJIBHBIMH.
[locne cpaBHEHHS OMPENENSIOTCS OTKIOHEHHS Te-
KYIIMX KOOPJAWHAT JBHXKEHHSI KOCMHYECKOIo arma-
para u HemwTaTHO paloTaroliue 3BEHbS OOPTOBOMU
ammaparypsl. B pesynbTaTe BBIABIEHHON HH(pOpMa-
UM MOIYJb TUArHOCTHKH (POPMHUPYET JOTHYECKue
3aKIIIOUYEHUs] O HEOOXOIUMOCTH KOPPEKTHPYIOLIMX
BO3ICUCTBHIA JIA INTATHOTO (DYHKIIMOHUPOBAHUS
KOCMHYECKOTO ammapara. B ciydae mraTtHO# pado-
TBl OOPTOBOH ammapaTypbl QOPMHUPYIOTCS JIOTHYE-
CKH€ 3aKIIIOYEHMSI IPU OTCYTCTBHHU BBIIPABIIAIOLINX
BO3JICUCTBUM NIl KOPPEKTUPOBKU COCTOSIHUSI KOC-
MHMUYECKOTO annapara. MoayJib HOMCKa pEelIeHU 1o
YIPaBIEHUIO KOCMUYECKUM alaparoM Ha OCHOBa-
HUM MH(OpManMu, colepikamuiicss B 0a3e 3HaAHMH,
peayi3yeT MHOTOMTEPAllMOHHBIN TONCK HYKHBIX
KOMOMHAIMI pelIaonux MpaBuil, HalpaBICHHBIX
Ha BOCCTAHOBJICHHE IITATHOTO peXUMa IMOoJIeTa
KocMHuecKoro amnmapata. Ilocne atoro peanusyercs
WHPOPMAIMOHHBI 00MEH MEXIy MAallMHOW JIOTH-
YECKHUX 3aKJIIOYeHUH W OJOKOM MOJICIMPOBAHUS M
MIPOTHO3WPOBAHUS TApaMEeTPOB ABIKEHUS KOCMH-
yecKkoro ammaparta. B 010k MopenupoBaHus mepe-
naetcs uHpopMalHs O PEKOMEHIyEeMbIX Mporpam-
Max YNpaBIEHUs, COCTABJICHHBIX B BHJIE MOCIE-
JOBATEIbHOCTH JIOTHYECKHUX PEIIAfOMNX TPaBHII.
U3 sToro 610ka B MalIMHY JIOTHUECKHUX 3aKIIOUCHUI
MIOCTYNAlOT JaHHBIE O MPOTHO3MPOBAHUHU TPACKTO-
pUil IBWKEHUS KOCMHYECKOTO ammapara B ciaydae
0TpaboOTKH CPOPMHUPOBAHHBIX KOPPEKTHPYIOMIHX
MporpamMM, U IMpH YJOBIETBOPUTEIBHBIX pE3yJbTa-
Tax TMPOTHO3MPOBAHUS MPHHHMAETCS OKOHYATENb-
HO€ 3aKJI0YeHHe 00 HCIOJHEHMH pa3paboTaHHBIX
MIpOrpamMM yIpaBiIeHUS.

bnok moodenuposanus u npoenosupoganus odec-
[I€YMBAET BBINOJIHEHHE 3aKIOYUTEIBHON CTaguu
(hopMupOBaHUS pELICHUH MO YHMPaBICHHIO KOCMHU-
YECKUM amnapaTtoM. Pe3ynpTarsl Mporuosa napamer-
poB nBmwxeHua KA mocne peanuzaiiuu peKoMeHI0-

BaHHBIX KOMaHIHBIX BO3JEHCTBUI CpaBHUBAIOTCA
C 3TAJIOHHBIMHU, COOTBETCTBYIOLMMI HOMHUHAJIbHBIM
peKUMaM IOoJeTa M COAEpKAIUMUCI B OOPTOBOM
KoMmmbloTepe Onoka. [IpmMeHHTENnbHO K PaccMOT-
peHuro HamOojiee IUHAMUYHBIX 3TAloOB MHUCCUHN
JTAJIbHETO KOCMOCa — JBUYKEHUI0 KOCMHUYECKOTO afl-
mapara B atMocdepe, yUYUTBIBasi BHICOKHIM YPOBEHb
HEOMPEACIICHHOCTeH MOJETHBIX CHTyaluid, 00y-
CJIaBIMBAEMBIX KaK BO3MOXHBIMHU INOTPEIIHOCTAMU
paboTEI OOPTOBBIX CHCTEM, TaK W HETOYHOCTHIO
3HaHMH TapaMeTpoB aTMoc(epsl, MPeaCTaBIsIeTCs
MPAaKTUYECKH HEBO3MOXKHBIM 00€CIIedeHNE BBICOKO-
TOYHOT'O COBHAACHUS IPOTHOBHPYEMBIX U HOMH-
HaJNbHBIX TPAGKTOPHBIX MapameTpoB. B atux ycmo-
BUSIX TIPEANIOYTHTENBHBIM SIBISIETCS BBIOOpP peliie-
HUI TIO0 YNPaBICHHIO KOCMHUYECKUM allapaToM,
COOTBETCTBYIOIIMX HE CTOJBKO HAMMEHBIIUM OT-
KJIOHEHUSIM CpaBHHBAEMBIX IapaMETPOB, CKOJIBKO
peanu3anuy KauyeCTBEHHBIX TECHICHLUUN W3MEHEHUS
XapakTepa TPaeKTOpUH IOJeTa, HampuMmep H3Me-
HEHWE KPYTH3HBI TPACKTOPHUH MIBIKEHWS, WHTECH-
CHUBHOCTH TallleHUs] CKOPOCTH KOCMHUYECKOTO arma-
parta u ap.

brok BeImoNHAET Takke BaxHbIE HYHKIIUH TPH
MAapUPOBAHMN HEIITATHBIX CHUTyallMd, BBI3BAHHBIX
HapyleHneM paboTOCIOCOOHOCTH OOPTOBOH amma-
paTypel KOCMHYECKOTo ammnapara. TeXHOJorust ero
paboTBl U CTPYKTYpBI IOCTPOCHUS 3aKiItodyaeTcs B
crenyomeM. B oneparuBHO# namsaTi 60pTOBOH cu-
CTEMBl XpaHATCS AaHHBIE O MapamMerpax OOPTOBBIX
cucteM (coctaB M (PyHKIIHOHAIBHBIE PEKUMBI), Te-
JiemMeTpudeckass MH(OpMaIKsi O COCTOSIHUU OOpTO-
BOM ammapaTypbl KOCMHYECKOIo ammapara (HOMH-
HaJIbHBIE U JIOMYCTUMBIE 3HAYCHHUS TeJIeMETPHUECKIX
MapaMeTpoB) M IperoiaraeéMele K Bbljaue Ha GopT
KA mnporpammsl ympasiaeHusi (BKJIOYas OrpaHHYe-
HHSI HA MIOCJIEI0BAaTEIbHOCTD BBIIAYN KOMAaHJI U Bpe-
MEHHbIE HHTEPBAJIbl MKy KOMaHIaMH).

HomuHansHOe cocTosiHUE OOPTOBBIX CHCTEM
3aBUCUT OT PEKUMOB BBIJABAEMBIX KOMAaHIHBIX
BO3IICHCTBHN, KOTOPHIE OIpeaessaeT OJIOK MOIEITH-
poBaHusA M NPOrHo3upoBaHusd. IIpu 3TOM HaHHBIN
OJIOK BBINOJHACT MOJETUPOBaHUE (HYHKIHOHUPO-
BaHMsI OOPTOBBIX CHCTEM IPH OTCYTCTBHH OLIMOOK
B YIpaBJICHUH, CITyYaiHBIX BO3MYIIAOUINX (aKTO-
POB U HEWCIPaBHOCTEH B paboTe ammapaTypbl, Kak
OBl UIMUTHPYS UeabHOE (PYHKIMOHHUPOBaHHE OOp-
TOBBIX CHCTeM. B pesynpraTe 3TuX Ipoueayp npu
noMoIy OJoKa MOAETMPOBAaHUS M MPOTHO3HPOBA-
HUSI TIOJTy4aeTcs OCIeI0BAaTEIbHOCTD «ITATOHHBIX)
3HAUYEHHUH TeIeMEeTPUUECKUX [TapaMeTpOB B IIpoOIlec-
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CC UMUTAIIUU MOJaBaeMbIX Ha OOPT KOCMHUYECKOTO
ammapara KOMaHIHbIX Bo3aeicTBuit U(t).

C 1menpl0 AUMArHOCTHKHA padOTOCIIOCOOHOCTH
0OpTOBOI ammapaTypbl B Ipollecce IojeTa KOCMU-
YeCKOTO armmapara MpOBOAMUTCS JeTalbHbI CPaBHU-
TENBHBIA aHAJN3 ITAJOHHBIX BApUAHTOB TEIEMET-
PHYECKHUX MapaMeTPOB C PEATbHBIMH, MTOIYYaeMbIMU
B ceaHCax CBS3M C KOCMHUYECKHM ammaparoM H C
ITOMOIIBIO TIPOBOJIUMBIX M3MEPEHHUIA. DTO TO3BOIS-
€T ONpeNeNuTh T€ 3JIEMEHTHI, KOTOpPBIE SBISIOTCS
MPUYUHON HAPYILICHHS HOPMaJbHOTO (hYHKIIMOHH-
poBaHHs OOPTOBOM CHCTEMBI, TAKUM 00pa30oM MOXHO
MIPEeIOTBPATUTh HETaTWBHYIO TEHICHIHIO B pabote
0OpTOBOII ammaparyphl U 3apaHee MapupoBaTh He-
IITaTHYIO CUTyaluio (WM BOBCE €€ H30ekKarh).
Hanpumep, OBICTpBIN pa3psin XUMHYECKON OaTapeu
WIN YMEHBIIEHHE MOIIHOCTH BXOJHBIX CHUTHAJOB
npu nepeaaye nHGopManuu ¢ 60pTa KOCMUYECKOTO
anmapaTa Ha KOMaHIHO-U3MEPHUTEIbHYI0 CTAHIIHUIO.
IIpu omenke pabOTOCIIOCOOHOCTH OOPTOBOM armma-
paTyphl ONpPENEIISIOTCS HHTEPBAI BPEMEHH ee HOp-
MaJIbHOW PaboThl 0€3 WCHONBb30BaHHUS KOPPEKTHPY-
IOIUX YTPABJISAIOMIAX BO3JACHCTBUH ¥ TNPUYMHBI
HEraTUBHBIX TEHACHUMH. Takxe BBISBIIICTCS B3au-
MOCBSI3b IPOIIECCOB, TIPH KOTOPOH paboTa OAHOTO
mporecca Bie4eT 3a co0OW H3MEHEHHE JpYroro
poliecca, B TOM YHCJIe U B HETaTUBHYIO CTOPOHY.

B pesynbrare NmpoBENEHHBIX OICHOYHBIX MPO-
ueayp paborocnocoOHOCTH OOPTOBOH ammapaTypel
JaeTcs oObEKTHBHAS OIIEHKAa €€ paboThI C MPerto-
JlaraeMOU TWHAMHUKOW pa3BUTHS MPOIIECCOB HA OOp-
Ty KOCMHYECKOTO ammapata W IpOTHO3UPYETCs
BpeMsl HOPMaJbHOW pabOThI AJIEMEHTOB arapary-
PBI, BBISBIISIIOTCSI «IIPOOJIEMHBIE» 3BEHBS B OOpTO-
BBIX CHCTEMaX KOCMUYECKOTro ammapara.

[TogBoas uTOr, MOKHO 3aKITIOYUThH, YTO MpE-
JaraeMbIii METOIMYECKUH TIOXO/ U 00ecTieueH s
NPUHATHS PEIIeHUHd B Tpollecce aBTOHOMHOTO
YIPaBICHUS KOCMUYECKHMHU arlapaTaMu TO3BOJIHT
MIPOBECTH HICHTU(UKALINIO TPOTHO3UPYEMBIX CO-
CTOSIHMM pPaboTOCTIOCOOHOCTH OOPTOBEIX CHCTEM,
KOTOpasi BBIPAXKAETCs B BBISIBICHHN HITH OTCYTCTBUH
OTKIIOHCHUH KOHTPOJIUPYEMBIX MapaMeTPOB OT HO-
MUHAJbHBIX 3HaYeHuil. [IpoBeneH neranpHBIM aHa-
3 paboTOCTIOCOOHOCTH OTHEIBHBIX OJIOKOB, BXO-
ISIIUX B COCTaB OOPTOBOW CHCTEMBI, B pe3yJIbTaTe
Yero OMNpEIENSIOTCS Te 3JIEMEHTHI, KOTOPBIE SBIIS-
FOTCSl TPUYMHON OTKJIOHEHUM pealibHbIX COCTOSHUM
0OpTOBOIl ammapaTypsl OT HOMHUHAaJbHBIX. [IpuBe-
JIEHBl METOJINYECKHEe OOOCHOBAHHS CTPYKTYPHOTO
ITOCTPOCHUSI CHCTEMBI aBTOHOMHOTO YIIPABIIEHUS U
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MPUHIUITBI (OPMUPOBAHUS JTOTHUECKUX PEIIAFOIIUX
MPaBWJI, & TAK)KE BBHIPAOOTKH pEllIeHUH Mo yrpasiie-
HUIO KOCMHUYECKUM ammnapaToM. B pamkax mnpemno-
KCHHOH CTPYKTYphl NPHU PALUOHAIBLHOM B3aUMO-
JIEHCTBUH CTPYKTYPHBIX 3JICMEHTOB CHCTEMBI aBTO-
MaTHYECKOTO YIIPABJICHUS NMPUHIUIHAIBEHO MOXET
OBITh oOOecreueHa BBIPaOOTKAa PEKOMEHIAIUH 110
MPUHSATHUIO PEIICHUH B PA3JIMYHBIX TMOJETHBIX CUTY-
anusaxX: MPH BOCCTAaHOBJICHHH PabOTOCIOCOOHOCTH
OOpTOBOH ammaparypsl; BBIIBICHHH OIACHBIX COJH-
KEHUM KOCMHMYECKOI'0 ammapata ¢ (parMeHTaMu
TEXHOT€HHOT'O TPOUCXOXKIEHUS; TMOJIETe KOCMUYe-
CKOro ammapata B armoc(epax B YCIOBHIX Heompe-
JICJICHHOCTH MX MapaMeTPOB H JIp.

3. Cbopmaanaﬂ nocTaHOBKa 3aga4iu

Jlns 6e30macHOro 1eNIeBOro (hyHKIIMOHUPOBA-
HUSI KOCMHYECKOTO arapara ero 6oproBas cucremMa
JIOJKHA BBITIONIHATE CIIEAYIONINE (PYHKIHH:

— BOCCTaHaBJMBaTh PabOTOCIOCOOHOCTH OOp-
TOBOH ammapaTypbl MOcje MapupoOBaHUs HEHCIPAB-
HOCTH TIPM aBTOHOMHOM ()YHKIIMOHHPOBaHHH KOC-
MHYECKOTO arnmapara,

— Ha OCHOBE YMPAaBJISIOIINX BO3ACHCTBUN KOP-
PEKTHPOBaTh TPACKTOPHH TOJETAa KOCMHYECKOTO
ammapara py OTKIIOHEHHH TPA€KTOPHH €T0 JIBIKE-
HUSI OT HOMHHAJIBHOM, a TAKXKe OT/CIbHBIC Mapa-
METPHI,

— MOJICTIMPOBATH MPOTHO3 JIBMKCHUS C IEIIBIO
BBISIBJICHUSI TIPU3HAKOB BO3HUKHOBEHHS HETATHBHBIX
TEH/ICHIINI U BBIPAOATHIBATH PEUICHUS MO YITPaBie-
HUIO KOCMHYECKMM ariapaTroM IS MX YCTPaHEHHS
H JIp.

IpuBeaeM GopManbHYIO TTOCTAHOBKY HCCIIEAY-
eMOM 3aJauu Ui MpeUlaraeMoro Mmojaxojaa K mpu-
HATHIO AaBTOHOMHBIX pEIIEHHH IO YIPaBIEHUIO
KOCMHYECKUM aIliapaToM W BBEIEM CICAYIOIIHEe
0003HaYEHUSI:

X, = {x1, %2, ... Xg, ... Xy} — BEKTOp TeKyIIETo
COCTOSIHUSI KOCMHYECKOTO armapara B TEKyIHi
MOMEHT BpEMEHH. 3HAYCHHUS X; TPEACTABISAIOT CO-
00if TpaeKTOPHBIC MapaMeTPhI ABUKECHUS KOCMHYE-
CKOTO armapara, mapameTpbl COCTOSTHHS OTIEIbHBIX
3JIEMEHTOB OOPTOBBIX CHUCTEM, MaHHBIE 00 OKOJIO-
36MHOM TIPOCTPAHCTBE U T. M., TO €CTh SBIISIOTCS
peaTbHBIMUA WM TEKYIIMMHU TapaMeTpaMH JBHKe-
HUSI KOCMHYECKOTO armapara;

Xy = {x1, %2, .. Xp, .. X} — BEKTOp 3HAYEHUIA
MapaMeTpoB X; MPH MITATHOW paboTe KOCMUYECKOTO
anmnapara Ha IPOrHO3UPYEMbI HHTEPBaJ BPEMEHH;
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Xkmin » Xkmax — MUHHMAIBHO M MaKCHUMAJIbHO
JOIyCTUMBIE 3HaYCeHUs K-To mapamerpa,

S, (u) — moruveckue pelaroiie mpaBuia, yc-
TaHABJIMBAIOIIME JIOTHYECKHE WIH (YHKIHOHANb-
HBIE COOTHOLICHHUSI MEXAY COOBITUSIMH S, XapaKTe-
pHU3YIOLIME COCTOSHHUS KOCMHYECKOIO ammapaTta U
ero OOpTOBOH ammapaTypbl, 3aBUCSINUE OT YIpaB-
JIAIOUIUX BO3JICUCTBUM U MOJIETHBIX CUTYalIUH;

J = Xh=1 ax (Xgp — Xgq)? — Kpurepuii onru-
MAQJIBHOCTH, XapakKTepU3YIOMIHUH pa3inuue MEXIy
pEIbHBIMA U MPOTHO3UPYEMBIMU (HOMHHAJIbHBI-
MH) BekTopamu Xp u X;

a, — BecoBble KO3()(UIMEHTHI, yCTaHABIMBA-
IOUIMe MPHOPUTETHOCTh KAXKAOTO W3 KOMIIOHEHT
BEKTOpa IIeJeH.

Jnsg GopMyIHpOBKHM 3a1aud MPUHATHS perie-
HUI M0 YIPaBJICHUIO KOCMUYECKUM amllapaToM Io-
JOXHMM, YTO TPH CPaBHEHHMH PEAJLHOI'O BEKTOpa
TEKYIIETO COCTOSHHS KOCMHYECKOTO armapara X,
WACHTUQHUIMPYEMOTO Ha OCHOBE MOJy4aeMOU Telre-
MeTpudeckoll nHpopManun u 0O6pabOTaHHBIX H3Me-
PEHHBIX OOPTOBOI anmapaTypol JaHHBIX, C COOTBET-
CTBYIOIIIIM BEKTOPOM ITPOTHO3UPYEMOTO (KeTaeMo-
r0) COCTOSIHUS X[, BBISABIISIFOTCSI OTKJIOHEHHSI KOMIIO-
HEHTOB Xy = Xgp — Xpy U YCTaHABIMBACTCS (akT
HaJIMYUsT WIA OTCYTCTBHSI HEIUTATHBIX CHUTYallMid U
[IPU3HAKOB BO3HHKHOBEHUS HETaTHBHBIX TEHACHIMH
(YHKIMOHUPOBAHUSI KOCMHUUYECKOTO arapara.

N3 oOmeil COBOKYNHOCTH HapaMeTpoOB
X, (i = 1,2,..n) OCyIECTBISIETCS BIOOPKA TEX 3Ha-
YEHUH TapaMeTpoB, JUIsl KOTOPBIX CIIPaBe]INBhI He-
paBeHCTBa X > 0,8Xpmax ¥ Xgp < 1,2Xpmin, ¥ € X
yueToM (popMHUpyeTCsl KpUTEPHA ONITUMAaIbHOCTH J .

W3 Bcell COBOKYIIHOCTH MAapaMETPOB X, JOTHU-
YecKue pemaromue npaBuiaa Sp(U) ONpenessor
TaKylo MporpaMMmy yIpaBlieHus, TIPH KOTopoil obecrie-
YUBaeTCs MUHUMYM (DyHKIMOHaNa | Ha MOCIEIyo-
IeM BpeMEeHHOM uHTepBalie At = tj,1 — t;. Ilpa-
BWJIBHOCTh BbIOOpa HPOrpaMM HOATBEPKIAETCS
MyTEeM OLIEHKH pe3yJIbTaTOB IPOTHO3UPOBAHMUS IIa-
paMeTpoB IBIKCHHS KOCMHUYECKOIO ammapara, Mmo-
JIy4EeHHBIX I10CJIe OJauy KOMaHIHbIX BO3/IEHCTBUI.

Hcxonst M3 TIOCTAHOBKH 3aJa4d CHCTEMa YIIpaB-
JeHWsT KOCMHYECKUM amnmapaTroM JOJKHa oOecrie-
YUBATh BBIIIOJIHEHHUE CICAYIOMHUX (DyHKINH:

— OIIPE/IEJICHUE TAKUX IOJIETHBIX CUTYaLUi, IIPU
KOTOPBIX BBISBISIFOTCS IMPU3HAKU OTKJIOHEHHS TEKY-
LIMX [TAPaMETPOB TPACKTOPHHA OT IPOTHO3UPYEMBIX;

— BBIPa0OTKA MPEIJIOKEHUH IO MPUHATHIO pe-
LICHUH 110 yIPaBIICHHIO KOCMHYECKHM armapaToM

nmonavya HEO0OXOJUMBIX KOPPEKTUPYIOUINX BO3ACH-
CTBUI IIJIsl YCTpaHEHUsI HEIITATHBIX CUTYAIlHi;

— WMHTAIUS TPASKTOPUH NBUKEHHUS KOCMHYe-
CKOT'0 ammapara ¢ LejIbl0 OTPAOOTKH MPaBHUIIBHOCTH
MPUHATUS PEUICHUN TI0 YNPABJICHUI0 KOCMHUYECKUM
anmnapaToM.

AHanm3 BO3MOKHBIX TOJIETHBIX CUTyalluil, BIU-
SIOIIUX HA COJEP)KAHUE W OINEPATHBHOCTH BBIpA-
OOTKM YHPaBISIONIMX PEIISHUH, MO3BOJISIET «TIPYII-
MUPOBAThY» COCTOSIHUE CHUCTEMBI HCXOJS M3 CTaTyca
COCTOSIHMSI CUCTEMBbI B TEKYIIM MOMEHT BPEMEHHU:

— (IITAaTHBIE  CUTYaIluW»: XapaKkTepusy-
e  paboToCroCOOHOCTh KOCMHYECKOTO —amra-
para mapameTpel X;, HaxXOIATCA B JOMYCTUMBIX
mpejenax u B JOMYyCTHMOM JUara3oHe 3HAYCHUIH
1,2kain < xkp < 0,8kaax;

— «OIacHBIE CHUTYaIlUM». XapaKTEepPHU3YIOIIue
paboTOCTIOCOOHOCTh KOCMHYECKOTO ammapara Ia-
PaMeTphl X;, HAXOMAATCS B JOIYCTUMBIX TIPEENax,
HO JIOCTaTOYHO OJIM3KO K TPaHUYHBIM 3HAYCHUSAM
Xkp < 1,2Xkmin - Xip > 0,8Xkmax;

— «aBapWliHBIC CUTYyallUW». YacTh HapaMeTPOB
Xkp, XapaKTEPHU3YIOIIMX PabOTOCIIOCOOHOCTh KOCMH-
YEeCKOIro armapara, BbIIUIA 3a HPEACNbl JOMYCTH-
MBIX 3HAYCHUHU Xjp < Xgmin » Xkp > Xkmax-

CoCTOsIHUE CHCTEMbl MOXHO CrpPYMIHUPOBAThH
M0 OTIEPATHBHOCTH TPHHATHS PEIICHUH W ompee-
JIUTh UCXOSl U3 IByX BAPHAHTOB!

— «0e3 pe3epBa BpeMEHH» — CUTYyalluH, TpeOy-
IOIIMEe BBIPAOOTKM M pealn3alluu PEHICHUH Mo
YIPaBICHAIO KOCMUYECKUM aIlapaToM ¢ TTOMOIII0
KOMAaHIHBIX BO3JIEHCTBUM HEMEIIECHHOTO HMCIIOIHE-
Husl. K TakuM citydasiM OTHOCSITCS MPAKTHYECKU BCE
asaputiible cumyayuu, a TaKXKe OnacHvle CUmyayuu
C BBICOKHM YPOBHEM JIMHAMUKHM HapacTaHHs Hera-
THUBHBIX TCHJICHIHIA;

— «C Pe3epPBOM BPEMEHI» — CUTYaIVH, [TPEATIoNa-
rajonye BBIPaOOTKYy HamIydlmied M3 JOMYyCTHMBIX
CTpaTeruii, HanpaBJICHHBIX Ha IEPEMEIICHUE Iapa-
METPOB X}, OT TPaHUI] JIOMyCTHUMBIX 3HaYeHU. K HUM
OTHOCSITCS IIPAKTHUYECKU BCE ONACHbLE CUMYAYULL.

Pemrenne ¢dopManm3oBaHHON ITOCTAHOBKH 3a-
Jlaud TperoaracT HeoOXoAMMOCTh B pa3paboTKe
HOBBIX METOIMYECKHUX TOIXOMOB K MOCTPOCHUIO
QITOPUTMOB aBTOHOMHOTO YITPaBIIEHUS] KOCMHUYE-
CKUM aInapaTtoM. B OCHOBY 3THX MOIXOJOB MOJIO-
JKEHBl OPUTHUHAIBHBIC TEXHOJOTHH PAalMOHAIBLHOTO
BEITIOJTHEHHUST OIEpaldid yIpaBleHHs, METObl aHa-
JUTHYECKOTO MOJISNMPOBAHUS TPACKTOPHHA TOJeTa
anmnapaToB OJIMYKHETO U JALHETO KOCMOCA.
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dopmanuzoBaHHas TOCTAHOBKA 3aJa4u 0azupy-
€TCcsd Ha METOAMYECKOM IOAXOAE K CTPYKTYpHOMY
MIOCTPOEHHUIO CHUCTEMBI aBTOHOMHOI'O YIPaBJICHUS
KOCMHYECKHM alllapaToM, OCHOBAHHOW Ha OpPHUTH-
HaJbHBIX MPHUHLHUIAX 3JIEMEHTHON JIEeKOMIO3ULIHNU
CTPYKTYpHOT'O COCTaBa, BBIBICHMH OOJacTed pa-
LMOHAJFHOTO MPUMEHEHHUS OTAEIBHBIX JJIEMEHTOB,
WHTETpallud WX B3aUMOJAEHCTBUS B obOecledeHue
npuHATHA 3 (HEKTUBHBIX PELICHUH MO YIPaBJICHHUIO
KOCMHMYECKHM amiapaToM.

3akno4yeHue

Pa3pabotansl Meromuueckue MpUHUUIBL (Hop-
MHUPOBaHHSI aBTOHOMHOTO YIPAaBJICHUS, 3aKII0Yal0-
mecs: 1) B oOecrieueHny HOeHTH(GHUKAIMH IIOIIET-
HBIX CHTyaluii OOPTOBBIMU CPEICTBAMU B YCIOBHSIX
OTpaHUYEHHBIX BO3MOXHOCTEH HAa3eMHOT0 KOHTYypa
ympasieHus; 2) (GOpMHPOBAHHMK JIOTHYECKUX pe-
MIAIONIMX TPABWII, HANPABICHHBIX Ha oOecrevyeHue
MaKCHUMaJbHOTO OXBaTa BO3MOXKHBIX TOJIETHBIX CHU-
Tyalluid B TIPOIECcCe peaTn3alud KOCMHUYECKUX
MHECCHIA; 3) OnepaTHBHOW BBIPAOOTKE PEIICHHH IO
yIpaBJICHHIO KOCMUYECKHM ammaparoM; 4) obs3a-
TEJILHOM NPOBEICHUH OLIEHKH KOPPEKTHOCTH BBIpa-
0OOTaHHBIX KOPPEKTHUPYIOIIUX MTPOTPaMM ITyTeM TIpo-
THO3UPOBAHUS TAPaMETPOB JBUIKEHHS KOCMHUYE-
CKOTO ammapara U pabdoToCHocOOHOCTH OOpPTOBOI
amnmapaTypbl TOCJEe HCIOJHEHHS YIPaBISIONINX
BO3JICHCTBUM.

[Ipennoxen 1 060CHOBaH METOAWYECKHM MOA-
XOJ K HOBOMY CTPYKTYPHOMY IOCTPOCHHIO CHCTEMBI
ABTOHOMHOTO YIIPABJICHUS] KOCMIYECKHUM aIllapaToM.
HoBu3HOM CTPYKTYpPHOIO OCTPOEHUS SIBIISIETCS TO,
YTO HAapsAy C HCIOJIb30BaHMEM TPaJUIMOHHBIX
6710k0B (0a3bl 3HAHWU W MAIUHBI JIOTHYECKUX 3a-
KJIFOYCHHUIT) BBOJSATCS HOBBIC JJIEMEHTBHI — OJIOK
WACHTU(QHUKALUHN MOJETHBIX CUTyaluid U OJIOK MO-
JENIMPOBaHUsl W TPOTHO3UPOBAHUS IapaMeTpoB
IBIKEHHST KOCMHUYECKOTO armapara. biok umeHTH-
(UKaMY TOJNETHBIX CHTYalUi BBITOMHSET (QYHKIUH
peryJIMpoBaHus pabOThl H3MEPUTENBHON anmapaTrypsl
C IETbI0 OINEPAaTUBHOTO IONyYeHUs W 00paboTKu
HeoOXoauMoN HMH(pOpPMaLUU 7S BBISABICHHUS MeEp-
BUYHBIX IPU3HAKOB OTKJIIOHEHUS COCTOSIHUH KOCMU-
YEeCKOTo arnmapara 1 QyHKIHOHHPOBAHHUS OOPTOBBIX
CUCTEM OT HOMHUHAJIBHBIX PEXHUMOB. ba3a 3HaHMI
BKJIIOYAET B ceOst 0a3y MAHHBIX U PEIIAOIINe Tpa-
BWJIA, OIPEIENSIOMNE JIOTHYECKUE COOTHOIICHHS
MEeXITy MACHTU(PHUIMPOBAHHBIMY TIOJIETHBIMHA CHTY-
alMsMU W JEHCTBUSMH, HANpaBJICHHBIMH Ha J0-
CTIKeHHEe 3(P(PEKTUBHOTO YMpPaBICHUS KOCMHUYE-
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CKUM ammapaTtoM. MalirHa JIOTHYECKUX 3aKItode-
HUHM BO B3aMMOJEHCTBHM C OPYTUMH OJIOKAMHU CHU-
CTEMBbI BbIpaOaThIBAaeT PEKOMEHJALINY 110 IPUHATHIO
pElIeHHH M0 YIpaBICHHI0 KOCMHYECKHM arapa-
ToM. Brok MopenupoBaHHMS M MPOTHO3UPOBAHUS
napaMeTpoB MABIKEHHS KOCMUYECKOIo arnmapara
SIBIISICTCS KOHTPOJHMPYIOLIMM 3JIEMEHTOM CHUCTEMBI,
OTPEIETISIONINM MPaBUIIBHOCTh PEKOMEHYEMBIX TPo-
rpamMM yTpaBJieHHUS.

IIpuBenena QopmanpHas MOCTAaHOBKA 3aladu
ABTOHOMHOT'O TIPUHSTHS PEIICHUH MO YIPaBICHUIO
KocMHUYecKuM anmaparoM. Ilyrem cpaBHeHust pe-
AIBHOIO BEKTOpa TEKYILIEro COCTOSHHUS KOCMHUYe-
CKOTO anmapara Xp,, HICHTU)UIMPYEMOTO Ha OCHO-
BE MOJy4aeMOW TelleMeTpUIecKord HHPOpMaluud U
00paboOTaHHBIX W3MEPEHHBIX IAaHHBIX, C COOTBET-
CTBYIOIIMM BEKTOPOM IIPOTHO3UPYEMOTO (HOMHU-
HAJILHOTO) COCTOSIHUS X|; BBISBIISIIOTCSI OTKIIOHEHHS
KOMIIOHEHTOB Xj = Xgp — Xjy M YCTAHABIMBAECTCA
(axT HaNW4YMA WIK OTCYTCTBHSI HEIUTATHBIX CUTYya-
UM ¥ TPU3HAKOB BO3HHUKHOBEHHS HETAaTHBHBIX
TEHJCHIMH (YHKIIMOHUPOBAHHSI KOCMHYECKOI'0
anmapara. M3 oOmeil mocienoBaTebHOCTH Iapa-
MeTpoB X (I = 1,2, ...n) ocymiecTBisieTcss BEIOOpKa
TEX COCTAaBJIAIOILMX, OTKJIOHEHHUsI KOTOPBIX IIPEBBIIIIA-
10T JIONYCTHMbIC 3HAYEHHS M C UX y4eTOM (OpMHU-
pyeTcst KpUTEepUi AOCTHKEHHUS LEeIeBbIX (GYHKIMH .
W3 Bcell COBOKYHMHOCTH JIOTHYECKHMX PELIAIOLINX
npaBunl S (u) cocraBnsieTcss Takas MNporpaMma
yIpaBJIeHHs, TIPH KOTOPOW oOecreynBaeTcsi MHUHU-
MyM (pyHKIMOHANA | HAa TOCIIEAYIOIEM BPEMEHHOM
nHTepBaie At = t;,q — t;. llpaBunpHOCTH BBIOOpA
MPOTPaMM TMOJATBEPKIACTCS IyTEM OLCHKH PEe3ylib-
TAaTOB NPOTHO3HPOBAHUS MapaMeTPOB ABUKCHHS
KOCMHUYECKOT0 amnmapara, MOJYYeHHBIX IOocje IOo-
a4l KOMaHIHBIX BO3JICHCTBHI.
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Annorauus. [IpencraBneHsl pe3ynbTaThl MOJCIMPOBAHNS TEMIIEPATypHOTO
Ipeiia mepuMeTpa pe3oHaTopa JIa3epHOro THPOCKOMNYECKOro JaTduKa Ha
0a3e KOJIBIIEBOTO TeMi-HEOHOBOI'O Jla3epa C KpyroBoil Mmoysipuzanuen u3-
JYYCHHUS] 1 MarHUTOONTHYECKON YaCTOTHOM MoJIcTaBKOW Ha 3dekre 3eemaHa
pu nomoIuu Matematudeckoro nakera MATLAB. PazpaGoranssliii u pea-
nu3oBaHHbIN B cpene MATLAB anroputm no3Bosiser MOAENIUPOBATh TEM-
repaTypHble 1edopMalui NepUMeTpa 3¢eMaHOBCKOTO JIa3ePHOT0 THPOCKO-
MUYECKOTO JAaTYUKA IIPU M3MEHEHNH KOH(UTYpaluy ero KOHCTPYKIIMOHHBIX
3JIEMEHTOB. B pe3ynbTare MOXKHO OLIEHUTH Ka4eCTBO ITOCTABJISIEMOr0 MaTe-
pHuana Ui U3TOTOBJICHHS PE30HATOPA KOJIBLIEBOTO Ja3epa, a TakkKe COBO-
KYIHBIH BKJIaJ] KOHCTPYKIIMOHHBIX 3JIEMEHTOB B PE3YJIbTUPYIOIIUI Jpeiid
HepUMeTpa 36eMaHOBCKOTO THPOCKONMYECKOro Aarduka. [lomydenHas Monens
ABJISAETCSA AHAJMTUYECKUM UHCTPYMEHTOM JOIOJIHUTEILHOTO KOHTPOJIS Ka-
yecTBa ontmueckoro cutammia CO-115M, U3 KOTOpOTO HM3TrOTaBIMBAETCS
PE30HATOpP, U ONTUMU3ALUKN KOHCTPYKIUU 36€MAaHOBCKOTO J1a36pHOrO THpO-
CKONUYECKOT0 JaTYMKa KaK JIOKAJIBHO, TAaK ¥ KOMIUIEKCHO. DTO HEOOXOANMO
Ui TIOBBIIEHHUS 3()()EKTUBHOCTH CTAOMIM3AaLMU NEPUMETPa KOJIbLIEBOTO
Ja3epa B quana3oHe pabounX TEMIlepaTyp ¢ MOMOIIBIO aKTUBHOM CHCTEMBI
PEryJIMPOBKU MEPUMETPa U NMACCUBHOI TEPMOKOMIIEHCALIUM IIyTeM Moadopa
KOHCTPYKLMOHHBIX 3JIEMEHTOB C NPOTHBOIOJIOKHBIMU II0 3HaKy TeMmIepa-
TYpHBIMH K03 duUIMeHTaMu JTuHeiHoro pacimmpeHus. Mcnonb3oBanue pas-
paboTaHHOI MOZENIM B MMPOU3BOJICTBE JIA3EPHBIX TUPOCKOIOB JIa€T BO3MOXK-
HOCTb OCYIIECTBJISITh IOA00P KOHCTPYKUMOHHBIX 3JIEMEHTOB 36€MaHOBCKOTO
THPOCKOIMYECKOTO JIaTYMKa, YTO CYIIECTBEHHO YBEINYMBAET BPEMS €ro He-
HpEepBIBHOI paboThl B OJHOMOJIOBOM PEKHME B IIMPOKOM TEMIIEPATypPHOM
JMana3oHe IPU COXPAHEHUH TPeOyeMOM TOYHOCTH Ul CUCTEM OPHUEHTAIHH,
CTa6I/IJ]I/ISaLlI/II/I U HaBUT'allUU Pa3INYIHBIX JICTATCIIbHBIX allllapaToB.
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Abstract. The authors present the results of modeling the temperature drift
of the resonator path length of a laser gyroscope based on a ring helium-neon
laser with circular polarization of radiation and a magneto-optical frequency
bias based on the Zeeman effect using the MATLAB mathematical package.
The algorithm developed and implemented in the MATLAB environment
makes it possible to simulate temperature deformations of the path length of
a Zeeman laser gyroscope when the configuration of its structural elements
changes. This allows to evaluate the quality of the supplied material for
the manufacture of the ring laser resonator, as well as to evaluate the total
contribution of structural elements to the resulting drift of the perimeter of
the Zeeman gyroscope. The model obtained in the work is an analytical tool
for additional quality control of the optical glass-ceramic SO-115M, from
which the resonator is made, and optimization of the design of the Zeeman
laser gyroscope, both locally and comprehensively. This is necessary to
increase the efficiency of ring laser perimeter stabilization in the operating
temperature range using an active perimeter adjustment system and passive
thermal compensation by selecting structural elements with opposite tem-
perature coefficients of linear expansion. The use of the developed model
in the production of laser gyroscopes permits to select the structural elements
of the Zeeman gyroscope, which significantly increases the time of its con-
tinuous operation in a single-mode in a wide temperature range while main-
taining the re-quired accuracy for the orientation, stabilization and naviga-
tion systems of various aircraft.

Zubarev YaA, Sinelnikov AO, Mnatsakanyan VU. Simulation of the temperature drift of the laser gyroscope path length.
RUDN Journal of Engineering Research. 2023;24(1):30-39. (In Russ.) http://doi.org/10.22363/2312-8143-2023-24-1-30-39

BBepeHune

l'upockonuueckue patuuku [1] Ha oOcHOBe

B HIMPOKOM AHUAIIA30HC TEMIICPATYP HUCIIOJIb3YIOTCA
METOAbI IMACCUBHOM W aKTHBHOH TEPMOKOMIICHCA-

KoubleBbIX J1azepoB (KJI) [2; 3] sBmatorcs 4yBCTBU-
TEJBHBIMH 3JIEMEHTAMU BBICOKOTOYHBIX CUCTEM OpHU-
eHTaruu [4], crabwiM3anuu ¥ HaBHUTAIlUW Pa3iiny-
HBIX JICTATeIbHBIX amnmaparoB [5; 6]. CTaOmIsHOCTD
AKCIDTyaTAIIHOHHBIX XaPAKTEPUCTHK JAHHBIX CHCTEM
o0ecreunBaeTCs yCTOWYMBOCTHIO JTaTYMKOB K BHEIII-
HUM TEMIIEpaTyPHBIM BO3ICHCTBUSM [7].

biarogapst 0TCyTCTBHIO TOABMKHBIX J€Taneil u
y3JI0B JIa3epHble TUPOCKOMTMYECKHE AATUNKHU C Mar-
HHUTOONTHYECKON YacToTHOW moxactaBkoi (UIT) [3]
SBIISTIOTCSL HANOOJIee YCTOWIMBBIMHU K )KECTKHM DKC-
IUTyaTallUOHHBIM ycioBUsAM. K maHHOMY Kiaccy
prOOPOB OTHOCSTCS 36€MaHOBCKUE Ja3epHBIC JaT-
guku [8]. s obecriedeHnss CTaOMILHOCTH TIEPH-
MeTpa KOJBIIEBOTO JIa3epa 36eMaHOBCKOTO JAaTINKa

mu [9; 10].

K maccuBHBIM MeTOZaM OTHOCHTCSI MCHOJIB30Ba-
HUE MaTEpHAJIOB C MUHUMAJIBHBIM TEMIEPATypHbIM
ko3 drrienToM JiHeHoro pacumpenws (TKJIP) [11].
B 3eeMaHOBCKMX MJaTyMKax TaKUM MaTepHalIoOM
apisgerca cutamn mapku CO-115M mpousBojcTBa
JIBITKapUHCKOTO 3aBOJa ONTHYECKHX cTekoa [12].
HenocratkoM cuTamia ABISETCS HEJIUMHEHHBLIA Xa-
pakrep TKJIP B amanasone pa0o4mx TemmepaTyp
natuuka [13; 14]. DTo CylIECTBEHHO OrpaHUYUBAET
Jrana3oH paboThl aKTUBHOW CHCTEMBI PETyITHPOBKH
nepumetpa (CPII) [15; 16].

B mporecce paboThl 3e€MaHOBCKOTO JaTYHKa
BO3HHKAET npeiid mepumerpa KJI, BeI3BaHHEIN pa-
30TPEBOM €0 pe30HaTopa U M3MEHEHHEM BHEIIHEen
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temmnepatypsl [17; 18]. IIpu 3ToM B KOHCTPYKUUU
3€EMaHOBCKOTO JaTYMKa MPUCYTCTBYIOT 3JICMEHTHI,
nMermue oTmuHble oT cutamta TKIIP [19], mo-
3TOMY 3a/ada MOJEIHPOBAHUS TEMIIEPATypPHOTO
Ipeiida nepumMeTpa AaTUNKa SBISETCS aKTyalbHOM.

B pasznuuHO#i cremeHu 3Ta mpoOneMa CBOM-
CTBEHHA BCEM JIa3€PHBIM T'MPOCKOTIMYECKUM JaT4H-
KaM | JJIs €€ pelleHHus aKTHBHO MPUMEHSIOTCS Me-
TOJABI MaTEeMAaTUYECKOro MoaeaupoBanus [20; 21] u
TeMIIepaTypHO KoppeKimu [22—24].

Lenv uccneoosanus — pa3zpaboTka airopurMa
B cpene MATLAB, ¢ moMoIipio KOTOPOro BO3MOXK-
HO MOJIETIPOBAaTh TEMIEpaTypHBIN npeid mepu-
METpa pe30HaTOpa 36eMaHOBCKHX JIA3€PHBIX JAATUH-
KOB YIJIOBOH CKOPOCTH.

Jis mocTrKeHusl MoCcTaBIEHHOH Lenu B pabote
peIIaoTCs CIEAYIONINe 3a1auHn:

1) monmy4yeHne UCXOTHBIX JAAHHBIX JUIS MOAEIH-
poBaHuUs;

2) pa3paboTKa MOJIENTN TeMIIepaTypHOTO apeiida
MeprUMeTpa Ja3epHOro THPOCKONITYECKOTO TaTIHKA;

3) peanuzanus mojnenu B cpene MATLAB.

1. NpuHUMN pa6oTbl " 0COOGEHHOCTHN
KOHCTPYKL UM 3€eMaHOBCKOro
r’MpoOCKONMYeCcKOro gatymka

Ha puc. 1 npeacraBneH pe3oHaTOp 3€€MaHOB-
CKOTO J1aT4nKa, 0Opa30BaHHBIM YETHIPbMS 3epKaa-
MU, 3aKpeIUIEHHBIMH Ha KOPITyce METOAOM OITHYe-
CKOT'0 KOHTAaKTa.

Ha aByx moaBMKHBIX 3epKajlax pe3oHaTopa ycTa-
HOBJICHBI TIHE30KOPPEKTOPHI, 00ECIICUNBAIOITHE PAaOOTy
CPIL Yepe3 nomynpo3padHoe 3epKajio HA CMECUTENb-
HBII y3el BBIBOAWTCS YacTh M3IydeHus st (hopMupo-
BAHUSI BBIXOIHBIX CHTHAJIOB U TIOMy4YEHHs HH(OPMAIH
0 BpaieHud. Pe3oHaTop 3akpernisieTcss HA OCHOBAaHHU
1 (PUKCHPYETCs C IIOMOILBIO CHELMATIBHOTO KpemexKa.

UyBCTBUTENBHBIM 3J€MEHTOM 3€eMaHOBCKOTO
rHpOCKonuYeckoro aarunka spisiercs He-Ne KII,
TeHEePUPYIOIIMH Jla3epHOE M3Iy4YeHHE C KPYroBOH
moJisipu3aleld Ha JUIMHe BOJHBI A = 632,8 HM.
CHexTp COOCTBEHHBIX YacTOT MPOJOJBHBIX MOJ
HETJIOCKOTO YeThIpeX3epKalbHOrO pe3oHaropa KJI
COCTaBJISIET TOJIOBUHY JUIMHBI BOJIHBI H3JIyYCHUS
M2, uato cootBeTcTByeT 316,4 HM [8].

Puc. 1. Pe3oHaTop 3eeMaHOBCKOrro garyvka:
1 — pe3oHaTtop; 2 - NOABMXHOE 3epkasno; 3 — Nbe30KOPPeKTOpP; 4 — MONYNpPo3payHoe 3epKaso;
5 - cMecuTenbHbIV y3en; 6 — OCHOBaHWE; 7 — KPENeXHblil aNeMeHT
Figure 1. Resonator of the Zeeman sensor:
1 - resonator; 2 — movable mirror; 3 — piezoelectric corrector; 4 — translucent mirror;
5 — mixing unit; 6 — base; 7 — fastening element

brnaronapst KpyroBoii mosisipuzanuu reHEPUPY-
€MOro H3JIy4YCHHUS NOpPU HANOXKEHUH IMPOAOIBHOTO
MarHUTHOTO TT0JIA Ha akThBHBIC KaHaiubel KJI B 3ee-
MaHOBCKOM THPOCKOITUYICCKOM JaTINKE pean3yeT-
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cs marautoonTuueckas YII. Ammnutyna YII sBns-
€TCsl SKBHBAJIEHTOM pPEalbHOIO BpAIIEHHA U COOT-
BETCTBYET Pa3HOCTH YacTOT BCTpeuHbIXx BOJH KJI
Af = fow — feow, K11
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Hacrpoiika nepumeTpa Ha IEHTP KOHTYpa YCH-
JICHHS JIa3epa COOTBETCTBYET MaKCHMAJIbHOMY 3Ha-
yeHuto aMrTuTy bl UI1 Afma = 70-90 I, a pac-
cTpoiika — MUHUMAIBHOMY Afmin < 20 k. Takum
00pazom, 1o u3MeHeHuro aMiuTy sl YI1 Bo Bpemst
padoter KJI MOXXHO OLEHHTH TeMmIepaTypHbIE He-
(dbopmanuu nepuMeTpa ero pe3oHaTopa.

2. BbIGOp UCXOAHBIX AaHHbIX
N NOCTPOEeHue Moaenm

[ns mocTpoeHHus MOAEIU TEeMIEpaTypHOTO
npeiida mepumerpa KJI mpoBeneHbI mccleqOBaHMS
3€€MaHOBCKOTO JaT4YMKa YTIOBOM CKOPOCTH THIIA
3JIK-16 [8] npu nAUTENBHBIX TEMIEPATYPHBIX BO3-
JNIEUCTBUAX COTJIACHO METOJWKe, MpeICTaBIECHHOU
B [9; 10], u momy4eHs HEOOXOIUMBIE WCXOIHBIC
JIaHHEBIEC.

TpeOyemass nHbOpMAIUs COINCPKHUTCI B TEK-
ctoBoM jgokymente WORK.ixt, Bug kotoporo
npencraBieH Ha puc. 2. B cromben 1 3ammcano
BpeMs CheMa JaHHEIX i, C, B cToynbel] 2 — aMIUIHTY-
na UIT Af, x['u, B cronOue 3 mokaszaHus TepMOJAT-
gruKa T B OTHOCUTEIbHBIX ¢IHHUIAX.

Freq. kHz Temp, cu.

92.160 69.57330452 360.51063830
152.190 60.28341922 448.080425532
212.220 27.95467088 508.97446809
272.250 21.8122¢0080 573.55744681
332.280 65.29396609 638.15319149
392.320 75.23782414 704.00212766
452.350 83.14398271 769.50212766
512.38@ 81.36060505 836.04680851
572.410 72.03960273 902.28723404
632.450 62.53284574 969.31914894
692.480 12.67738531 1037.15319149
752.510 31.21958112 1104.48085106
812.540 59.91528424 1172.91276596
872.58@ 67.70565160 1240.68085166

Time. s

Puc. 2. MaccuB gaHHbIX UccnegoBaHung gpeinda nepuMeTtpa
B TEKCTOBOM popmaTte
Figure 2. An array of perimeter drift research data
in text format

Bemnunna ammmmtyaslr UIT Af npu nuneitHo
HU3MEHSIoLIeics Temneparype T B [OUamna3oHe OT
=55 10 +75 °C co ckopocThio 1°/MUH BHYTPH KaMme-
pBI TEIJIa M XOJOoJa OTpa)kaeT IMOCJIeNI0BaTEIbHYIO
nepecTpoiiky cnekrpa udactoT KJI oTHocutenbHO
LEHTpa KOHTYpa YCHWICHHMSA, BBI3BaHHYIO Apeiidom
nepumMerpa garuuka AL, HM.

Tunuunas BenwuuHa nperida mepumerpa AL
JUTSE 36EMaHOBCKHX THPOCKONHMYECKUX TAaTYUKOB B
IrarnasoHe pabounux TeMITepaTyp COCTaBIAET 3A—4A
(o1 2000 mo 25000 um) [9; 10] 1 MOKeT 3aBHCETH OT
MHoxkecTBa (aktopos: TKIIP cutaia CO-115M u
JIPYTHX KOHCTPYKIMOHHBIX 3JIEMEHTOB, IUTHHEI pe-
3oHartopa KJI, cnocoba Hakadkw aKTUBHOW CpPEIHI,
pabouero Toka pa3psiia u T. 1.

Takum o0Opa3oM, UMesi B KaueCTBE HCXOHBIX
JTAHHBIX BPEMEHHbIE 3aBUCUMOCTH aMImuTyabl Yll
Af ot Temneparypbl T, CTAaHOBUTCS BO3MOKHBIM CO-
3/1aTh MOJENh TeMIIEPaTypHOTO npelida nepumeTpa
MIpH TIOMOIIH TIporpaMMHOro Metona. [ms moctpo-
€HMsI MOJIENT pa3paboTaH CIEeIUATBHBIN aIrOpUTM,
peanu3oBanublii B cpee MATLAB [25].

CrtpykTypHas cxema pabOThl alropuUTMa TMpej-
cTaBjicHa Ha puc. 3.

B maccuB A 3anicpIBarOTCS JaHHBIE U3 TEKCTOBO-
ro ¢aiina ¢, MoIy4eHHOTO B XOJe IKCIEPHUMEHTAITb-
HOTO HCCIIe/IOBAHMS M TIPE/ICTABIEHHOTO Ha PUC. 2:

A = dlmread("WORK. txt"). 1)

B maccus t 3anmceiBaeTcs 3-i cronber; MmaccuBa
A, conepxkamuii TIOKa3aHUsl TepMoaaTdrka. B mac-
CHB € 3alMChIBaeTCsA 2-M cronder; maccuBa A, co-
Jeprkaruii 3HaueHus aMrTuTyael UIT Af:

t = A(:,11) = (0.0003051804 * 44.444444) — 61.11111
e=A(,3). 2

IlepBbie MycThIE TPOMEKYTOYHBIE MacCHUBHI €1
158 tl 3AIIOJIHAKTCA 3HAUYCHUAMU U3 aJIFOpI/ITMa I10-
ucKa Touek meperuba. Jlamee ocymiecTBiseTcs Mo-
MCK TOYEK MaccuBa €, 3HaueHHs KOTOPBIX OOJIbIIe
JIM00 MEHBIIE 3HAUYEHUI UX MIPEapIAYyIINX U I10CIIe-
I[yIOHlI/IX TOYCK, KOTOpI)IG BHOCATCA B HpOMC)KYTO'-I-
HBII MaccuB, TaK)Ke IMpUIaBasi STUM TOUKaM 3Haue-
HUS MaccuBa t:

I
=

el
t1l
indx =1
fori = 2:size(e) — 1
if (el = 1) < e()&& (e(i +1) < e(D)) (i — 1)
> e() &&(e(i+1) > e(@)));
el(indx) = e(i);
t1(indx) = t(i);
indx = indx + 1;
end 3

I
=
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Figure 3. Block diagram of the algorithm (FS - frequency stand)
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ITocne 3Toro 3HaueHus MaccuBa €1 3aMEHSIOT-
Ciad Ha COOTBCTCTBYHOIIHMEC UM IMOPAAKOBLBIC HOMEpPA
" IEPEBOAATCA B HAHOMETPHI:

el = 1:size(el’);
el =633%0.25x*el

(4)

Ha puc. 4 npeacraBieH npoMeXyTOYHBIM Ipa-
(uk TemmepaTypHON 3aBUCUMOCTH aMIIuTyAs! UI1
Af ot Temmeparypbl 7, coaepKalluii KIHOYEBbIC
TOYKH «IHKOB» M «IIPOBAJIOB», HEOOXOAUMBIE IS
MIOCTPOEHUSI KOHEYHOW MOJENHU TEMIIEpaTypHOro
Ipeiida mepuMeTpa 3eeMaHOBCKOTO JIa3€pHOIO TH-
POCKOIIMYECKOIr0 JaT4ynka. B Todukax ¢ HEYETHBIMU
Homepamu KJI HaxomuTcs Ha cOOCTBEHHOM N-if pa-
Ooueit Moje, ToIagaroneil B MAaKCUMyM KOHTYpa
YCUJIEHUS], a C YETHBIMH — O0JIaCTH MaKCUMaJIbHOM

OTCTPOMKH OT KOHTypa YycuieHus. PaccrosHue
MEXIY ABYMSI COCEIHUMH TOYKAMH C HEUETHBIMH
HOMEepaMHM, Hampumep Mexay Toukamu 1 u 3, co-
orBercTByer M2 = 316,4 um. B cBoro ouepensp,
paccTosiHUEe MEXIy IBYMsS COCEIHMMH TOYKaMH
C IOCJEeN0BaTENbHBIME HOMEPAaMH, TO €CTh MEXIY
pPaccTpOHKONH M HAcCTPOWKOW (HAmpumep, MEexay
TOYKaMHU 2 U 3), COOTBETCTBYET YETBEPTH JUINHBI
BOJIHBI M3nydenust M4 = 158,2 um. B Touke 9 mpo-
UCXOIUT HM3MEHEHHE HampasieHus JehopMaluu
pesonatopa. C touku 1 mo Toukm 10 mHabmromaeTcs
cyxxenue nepumerpa KJI, ¢ Toukn 10 no toukn 18 —
paciidpeHyde. 9TO CBA3aHO C HEIMHEWMHBIM Xapak-
tepoM TKJIP cutamra CO-115M B pabodem nuamna-
30HE TeMIlepaTyp 3€€MaHOBCKOI'O Ja3epHOIo0 T'Mpo-
CKOMUYECKOr0 JaTYHKa.

|

40

20

Touka H3MeHEeHHs HANPaBJIeHHs JedopManuu\
9Chang(-‘ in the direction of deformation

13 15

17

18

12 14 16

-20

1
10 2

40 8

T,°C

Puc. 4. [IpoMexXyTO4HbIN rpadurk 3aBUCUMOCTY amnauTyasl Yl o1 Temnepartypbl
Figure 4. Intermediate graph of the dependence of the amplitude of the frequency stand on the temperature

Ha npomexyrounom rpaduke (puc. 4) BHIOH-
paeTcss HoMep TOYKH meperuba ind, a ©IMEHHO HO-
Mep 9. U3 3HaueHnii Toyek maccuBa €1 BBIYHUTAETCS
3HaUYEHUE BEJIMYMHBI U3MEHEHUs amMmmutyasl UII
B TOYKE MU3MEHEHUS HaIpaBJIeHUs nedopMalLuy, YTo
MO3BOJIIET TIEPEMECTHTh TpaQuK K HYNIIO KOOPIH-
HaT B TOUKe Mepernoa:

ind=9
el =el —el(ind) ()
Jlanee B MycCThIe MPOMEKYTOUYHBIE MACCHBBI €X
u te 3aHocsarcs 3HaueHus €l u tl w3 1uMKIa, KOTo-
pBIN OTpaxkaeT 3HaYSHUS U3MEHEHHsI 10 TOUYKH Tie-
perubda OTHOCHTEIHLHO OCH abCcInce:

ex
te

(]
(]

i1=1
for k = 1:size(el”)
if k <ind

ex(il) = —el(k)’
te(il) = t1(k)’
i1=il1+1
end
if k >=ind
ex(il) = el(k)’
te(il) = t1(k)’
i1l=i1+1
end

(6)

ITo 3HaueHHsIM U3 MAcCUBOB €X U teé CTpouTcs
KOHEYHBIA TpapuK 3aBUCHMOCTH aOCOIIOTHOTO W3-
MeHeHwus nepuMerpa AL ot Temmnepatypst t.
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Ha puc. 5 npencraBneHa Moznens TeMueparyp-
HOTO Ipeiida nepuMerpa 3¢eMaHOBCKOTO THPOCKO-
MUYECKOr0 JaTdhKa, OTpakarolas 3aBUCUMOCTH
a0COTIOTHOTO U3MEHEHHSI JTUHBI €r0 MepUMeTpa OT
BHEIIIHEH TEMIIEPATYPBI U CAMOPa30IPeBa.

ITo momy4yeHHON MOAENM BUAHO, YTO HAHOOJb-
myto nedopmarmio nepumerp KJI mmeer B 30HE

OTpHUILATENbHBIX TEMIIEpaTyp, UTO COOTBETCTBYET
xapakrepy TKJIP curanna CO-115M B naHHO# 00-
JacTH. DTy OCOOEHHOCTh HEOOXOIUMO YUHUTHIBATH
npu mnpeaBaputensHor perynupoBke CPII rupo-
CKOITMYECKOTO JaTyuKa, 4TO0bI o0ecneunTh 3¢ hek-
TUBHYI0 TEPMOKOMIICHCAIIMIO C IMOMOIIBIO AKTHB-
HBIX THE30KOPPEKTOPOB.

1800 T T T

AL, aM/nm
3
8
T

1400 [~

1200

1000

800

600

400

200

Puc. 5. Mogenb TemnepaTtypHoro apeiida nepmmeTpa 3€eMaHOBCKOro AgaTymka
Figure 5. Model of temperature drift of the perimeter of the Zeeman RLG

3. Peanusauus mogenupoBaHus Ansi OLLEHKN
BKJ1a,a KOHCTPYKLUNOHHbBIX 9J1IEMEHTOB

B COBOKYIHbINA TEeMNepaTypHbiii apeild
nepumeTpa

Nwmes mpencraBieHue O XapakTepe TemIiepa-
TypHOTO Ipeida nepumerpa AL, craHoBuTCst BO3-
MO>KHBIM OLIGHUTb BKJIaJ BCEX KOHCTPYKIIMOHHBIX
anemenToB KJI, MMeromux OTIMYHBIE OT CHTAIa
CO-115M TKIJIP, B COBOKYIHBIN yXOJ HepUMETpa
36€MaHOBCKOTO TMPOCKONNYECKOT0 AATUHKA.

Ha ocHOBe MCXOOHBIX JaHHBIX U Oyaromaps pe-
anm3oBanHoi B cpeae MATLAB monenn temriepa-
TYpPHBIX ApeiidoB meprMeTpa AaTinKa BO3MOXKHO
MIPOBECTH MOAEIMPOBAHHE U TOIYYUTHh 3aBHCHUMO-
CTH H3MEHEHHs IIepUMeTpa pe30HaTopa B [uara-
30He pabouMx TeMIepaTyp Ha JTamax pa3InyHOU
cOOpKH aTYMKa, KaK MMOKa3aHo Ha puc. 6.

[IpencraBnenHass MOAeab AEMOHCTPUPYET IIO-
BEICHUE TEeMIIEpaTypHOro apeida mepumerpa Tu-
POCKOIMMYECKOTO JaTYyhKa Ha pa3HBIX dTamax cOop-
KM — oT pe3onaropa KJI go roroBoro uznenus. [pu
N00aBICHNN HOBBIX KOHCTPYKIIMOHHBIX JIEMEHTOB

36

HAOJII0JIAeTCS CJIBUT TOYKH Tepernda u U3MEHEHHE
pesyabTupytomeii gepopmannu AL. 310 mo3Boser
OIICHWTH BKJIAJ] KaKIOTO KOHCTPYKIIMOHHOTO 3JIe-
MEHTa B U3MEHEHHE MepUMeTpa JJaTurKa.

CornacHO MoTy4eHHON MOJIEH, YBEIUYEHUE UHC-
JIa KOHCTPYKIMOHHKIX 3meMeHToB KJI BHavane cOopku
JIATIUKA TPUBOIUT K POCTY aOCOIFOTHOTO YJUTHHEHWS
nepumerpa AL mpuM YaCTUYHOM 3aKpEIUICHUH IIbe-
300JI0KOB Ha TIOJIBIKHBIX 3epkaiax. [laimee coBokyt-
Hag pedopManisi epuMeTpa JaT9uKa CHIDKAeTcS Ha
400 HM U ee Pe3yIBTUPYIONIAs] BETMINHA CTAHOBUTCS
paBaoit AL = 2000 HM, YTO COOTBETCTBYET THIIOBBIM
3HaueHnsM [9; 10]. Ilpu stom Ha 20 °C cmemaercs
TOYKa U3MEHEHHS HaIpapJieHUs AeOpMAaIIH ONTHYE-
CKOTO KOHTypa JaTdrKa W3 oOJIaCTH OTpULATENBHBIX
TEMITEPATyp B 00JACTH MOJIOKUTEIBHBIX TEMITEPATY].

Taxkum oOpazom, Omaromaps HaHHOH MOIEITH
MOYKHO TIOJIyYUTHh JOCTOBEPHYIO WHQOPMAIHIO O
BIIMSIHAUM BCEX COCTABHBIX IJIEMEHTOB Ha COBOKYTI-
HOE W3MEHEHHE IMepUMeTpa 3eeMaHOBCKOTO THPO-
CKOIMYECKOTO JaTYMKa C LENbI0 ONTHMH3AINU €ro
KOHCTPYKIHH U pexkuma padoTsl aktuBHOM CPII.
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Puc. 6. Moaenbs TemnepaTypHoro apeiida nepMmeTpa Ha pasHbix aTanax coopKM gatymnka:
1 — NONHOCTbIO CO6paHHbII7] AaTynik; 2- AaT4ynk 6e3 MarHUTHbIX 3KpaHoB; 3- pe3oHaTop C NOJHOCTbLIO NpUNasgHHbIMA ﬂbeaOGﬂOKaMM;
4 - pe3oHaTop ¢ Nbe3obrokaMu, oTnasiHHbIMK Mo obpasyioLeil; 5 — Tonbko pe3oHaTop KJ1
Figure 6. A model of the temperature drift of the perimeter at different stages of sensor assembly:
1 - full sensor; 2 - sensor without magnetic shield; 3 — resonator with fixed piezoelements; 4 - resonator with loose piezoelements; 5 - only resonator

3aksiloueHue

Pa3paborannbplii M peamn30BaHHBIA B Cpene
MATLAB anropuTM MO03BOJIIET MOJCITHUPOBATH
TeMIlepaTypHble aedopmaruu mepuMerpa 3eema-
HOBCKOTO JIa3€pHOTO THUPOCKOTIMYECKOTO MATIMKA
MpU WU3MEHEHUM KOH(MUTYpalMU €ro KOHCTPYKIIH-
OHHBIX JIEMEHTOB. JTO J1ae€T BO3MOXHOCTb OICHU-
BaTh KayecTBa IMOCTABISIEMOT0 MaTepwaia s W3-
rotoieHusi KJI, a Takke — COBOKYIHBIN BKJIaj
KOHCTPYKIIMOHHBIX 3JIEMEHTOB B PE3YIbTUPYIOLIUI
nperi mepuMeTpa 3eeMaHOBCKOTO JIaTYHKA.

Takum 00pa3om, MpeAcTaBIICHHAS MOJCHb SIB-
JIAETCS AHAIUTUYECKUM HWHCTPYMEHTOM KOHTPOJIS
kauecTBa onTtudeckoro curamia CO-115M, u3 xo-
TOporo usroraenupaetcs pesonarop KJI, u ontumu-
3aIii KOHCTPYKITUHA 36EMAaHOBCKOTO J1a3€PHOTO THPO-
CKOITMYECKOTO JTaTYMKa KakK JOKAJIbHO, TaK U KOM-
IDIEKCHO. DTO HEOOXOMUMO [UISl TOBBIMICHUS 3(¢-
(hexTuBHOCTH cTabwin3anun nepumeTpa KJI B qua-
ma3oHe pabodmx TEeMIEpaTyp METOAaMH aKTUBHOM
Y IAaCCUBHOM TEPMOKOMIIEHCAIINH.

Hcnonp3oBanme pa3paboTaHHONH MOIETH B IIPO-
W3BOJICTBE JIa3€PHBIX THMPOCKOIIOB IMO3BOJISIET OCY-
IIECTBIATh MON00P KOHCTPYKIIMOHHBIX 3JIEMEHTOB
TUPOCKOIIMYECKOTO JaTdyhKa, YTO CYIIECTBEHHO

YBEIMYMBAET BpPEMS €r0 HEMpPEepBIBHON pabOTHI B
OJIHOMOJIOBOM PE€XXHME B IITMPOKOM TeMIIepaTypHOM
JMana3oHe NpU COXPaHEHHH TpeOyeMoW TOUYHOCTH
IUIS CUCTEM OPHEHTalUM, CTa0MIN3alluyd U HaBUIa-
MU Pa3TIMYHBIX JIETATEIFHBIX allapaToB.
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Uepapxuuyeckun noaxon K AokKka3aTeNbCTBY CyLLeCTBOBaHUS
00600LLEHHbIX MIOCKUX FTHEe3A0BUAHbIX LLeHTPaNbHbIX KOHDUrypaunin
B HEKOTOPbIX BapuaHTax oowen sapaym (pn+1)-ten

10.B. IlepeneaxknHa® , A.H. 3agupanos®

@PoCCHICKIIA TOCYIapCTBCHHBIN YHHBEPCUTET TYpU3Ma U cepBHca, Yepkuszoso, Poccuiickas Dedepayus
P AkajieMus rocyIapcTBEHHOI MpoTHUBONOskapHOi ciyk6s1 MUC Poccuu, Mockea, Poccuiickas ®edepayus
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HcTtopus craTbu AnHotanusi. [IporeMoHCTpHpOBaH MEpPapXUUECKUH MMOAXOJ K MPOLEType
Tocrynmna B penakuuto: 20 HosiOpst 2022 T JIOKa3aTeNIbCTBA CYNIECTBOBaHUSA B 00ImIed 3amade (PN+1)-Tem TOYHBIX
Jopaborana: 26 suBaps 2023 r. YaCTHBIX PEIICHUH, TaK Ha3bIBAEMbIX OOOOIIEHHBIX INIOCKUX LIEHTPATIbHBIX
Ipunsra x myomuxanyu: 5 gespais 2022 T. KoHGHUTyparuii HeOeCHBIX Tel B (opMe MOCIEA0BATENBHO BIOKCHHBIX OJMH

B JPYroil BBITYKJIBIX N-yrOJBHUKOB, B BEPIIMHAX KOTOPBIX PACHONOMKECHBI
Kurouessle cioBa: Tella HepaBHBIX MaccC, a B LIEHTPE KOHPUTYpaIUU HaXOIUTCSl HeChepHIecKoe
HebecHas MeXaHuka, 3a1aya N-rer, Teno. PaccMarpuBaroTes IIOCKHE THE3M0BUAHBIE IIEHTPaAlIbHbIE KOH(DUTYypa-
H1aCTHBIC pEIICHUA mud B (opMe BIIOXKEHHBIX OJMH B JPYrOW BBIMYKIBIX YETHIPEXYTONBHUKOB

CMEIIaHHBIX (OpM THIa KBajpaT + poMO + NenbTOMA + Tpameuus + IeH-
TpaJIbHOE TEJI0 B paMKax oOmiei 3amaun (4n+1)-ten HeGeCcHOU MEXaHHKH.
[puBenenHble 00IIME yCIOBHS CYIISCTBOBAHMS CIIPAaBEUINBEI JUIS JTIOOBIX
THE3I0BHIHBIX IUIOCKUX LEHTPATBHBIX KOHQHUIYpalMid B paMKax 3ajaqyn
(4n+1)-ten. Jlmst perreHuil CHCTEMBI YPaBHEHHH HCIIOIB3YIOTCS CHMBOJIb-
HBle BBIUMCIECHHsS MaTeMaTHueckoro makera Maple. [lomydennas cucrema
anreOpanvecKux ypaBHEHUH NMEET HePapXUIECKyI0 CTPYKTYPY, IOJ00HYIO
TOW, KOTOpasi MOJYYaeTcs MpU peain3allid B CHCTEME alreOpandyecKux
ypaBHEHMH MIPSIMOro Xoja NpeoOpa3oBaHU B MPOLECCE PEIICHUS! CUCTEM
JMHENHBIX ypaBHeHHUH MmeronoM ['aycca. PaccmarpuBaroTcs ciy4au LEH-
TPAJIHOTO Tella B BUJE chepuueckoi (map) u Hechepudeckon (3UIUICOUN
BpAIllEHUs WM TPEXOCHBIH IUIMIICOUI) CTPYKTYp. B kakmom w3 cimydaes
IIPUBEIEHbl COOTBETCTBYIOIIUE HEOOXOJUMBIE U JOCTATOUYHbIE YCIOBHS CY-
LIECTBOBAHUS LIEHTPAJIbHBIX KOH(PUTYpaLlUil pa3InuHOro BU/A.
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Abstract. A hierarchical approach to proving of existence in the general
(pn+1)-body exact partial solutions is presented, the so called generalized
planar nested central configurations in a form of consequently nested in
each other convex n-gons with nonequal in general masses in the vertices
and a nonspherical body in the centre. Flat nest-shaped central configura-
tions in the form of convex quadrilaterals of mixed shapes nested one into
another of the type square + rhombus + deltoid + trapezoid + central body
within the frame-work of the general problem of (4n+1)-bodies of celestial
mechanics were measured. The given general conditions of existence are valid
for any nest-shaped planar central configurations within the framework of
the (4n+1)-bodies problem. Symbolic calculations of the Maple mathemati-
cal package are used to solve the system of equations. The system of alge-
braic equations has a hierarchical structure similar to the obtained direct
transformations to the system of algebraic equations within the process
of solving systems of linear equations by the Gauss method. The cases of
a central body in the form of a spherical (a ball) and a non-spherical (an ellip-
soid of rotation or a triaxial ellipsoid) structures are considered. In each of
the cases, the corresponding necessary and sufficient conditions for the exis-
tence of central configurations of various types are given.

Perepelkina YuV, Zadiranov AN. The hierarchical approach to proving the existence of generalized planar nested central
configurations on some versions of the general (pn+1)-body problem. RUDN Journal of Engineering Research.
2023;24(1):40-49. (In Russ.) http://doi.org/10.22363/2312-8143-2023-24-1-40-49

BBepeHune

B mocnennue necsatuieTrus mnpoOiema cCyliie-

B KOH(Urypanuu Tell, B YaCTHOCTH IICHTPAJIbHBIC
Tesna KoHburypaiuu [3; 4], oTnyhbie 0T chepude-

CTBOBAHMS OOOOIIEHHBIX KJIACCHUYECKUX, I'IaBHBIM
00pa3oM IUIOCKHX IEHTPAIBHBIX KOH(PHUTYpAIIHA
(I.x.) HeOeCHOM MEXaHHMKH W 3BE3THONW TUHAMHUKH
pa3BHUBaeTCsl B HECKOJIBKUX HampaBleHHusx. [lepBoe
COCTOMT B PaCCMOTPCHHU JEHCTBYIOUIMX MEXIY
TENaMU CUJI, OTIIMYHBIX OT CHJ T'PaBUTAIIMOHHOTO
npuTskeHus (poTorpaBUTAIMOHHBIX, paJUAIlUOH-
HBIX, JNEKTpHYecKnX, MarHuTHeIX u ap.)* [1; 2].
Bropoe paccmarpuBaeT ¢UTYpHI, y4acTBYIOIIUE

! Emenvanoe H.B. OCHOBBI TeOpHH BO3MYIIEHHUH B Hebec-
HOH MexaHHKe: yaeOHoe nocobue. M.: Ousnueckuii pakynbrer
MI'V, 2015. 126 c.

CKHX (RJUIMIICOM]] BPALICHUS CXKATHIH WIN BBITSIHY-
THIH, TpexocHbIN 3uuticonn) [5-8]. Tperbe uzy-
YaeT THE3IOBHIHBIC (TO €CTh «HAapalluBaCMbIC)
TUIOCKHE II.K., & YETBEPTOe — THE3JOBUIHBIC IMPO-
CTpaHCTBEHHBIE I.K. Kak mokaszanu ucclieoBaHus,
CTPYKTypa ypaBHEHUI IBIKCHUS H, KaK CICICTBHUE,
HEOOXOIUMBIX U JOCTATOYHBIX YCIIOBHUII CYIIECTBO-
Banus [9; 10] m.kx. 3aBucuT ot Buma (popmser) pac-
CMaTpuBaeMbIX I.K. B pasnuuHbIX Tpygax emie
Hayana XX B. [11; 12] paccMaTpuBaIrch 3JI€MEHTHI
0000IIEHHBIX KBAJIPATHBIX U TPareneBUIHbIX TLIOC-
KUX ILK. ¢ Hec(epHudecKHUMH TelaMH B IIEHTpE,
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a To3Hee — 0000ICHHBIE TUIOCKHE II.K. CMEIIaHHO-
ro Buga [5; 6; 13]. CoBpeMeHHOE MPHUKIIATHOE TPO-
rpaMMHOE OOEcCIIeYeHUE MO3BOJISET C JOCTATOYHO
BBICOKOW TOYHOCTBIO MOJEIMPOBAThH MOJOOHBIE CHU-
cremsr [14; 15].

B nmaHHOM HccnenoBaHHWU paccMaTPHUBAIOTCS
IUIOCKHE THE3AOBUIHBIE LK. B (JOPME BIIOKEHHBIX
OOWH B JpPYro BBIMYKIBIX YETHIPEXYTOJIbHUKOB
CMeIIaHHbIX ()OpM, a8 IMEHHO THIIA KBagpaT — poMO —
JeTBTOU]T — Tparenus — MEHTPAILHOE TEI0, TO €CTh
B paMKax oOmieit 3amaun (4n+1)-ten HebecHOM Me-
xaHuku (puc.). Jas TakMxX ILK. OPEIJIOKEH Tak
Ha3bIBaEMBIN Uepapxuueckutl MOAXOHA IS MOUCKA
COBOKYITHOCTEW 3HAYEHUM TE€OMETPUUECKUX U AU-
HAMHYECKHX MapaMeTPOB, ONPENENSIONINX UX CY-
[IeCTBOBaHHE.

MHe3noBMaHas Nnockas LeHTpanbHasa KoHbUrypaums
Tvna kBagpaT — pom6 — AenbTous — Tpaneuns
Nest-shaped flat central configuration
of the square - rhombus - deltoid — trapezoid type

1. MocTtaHoBKa 3apgauun:
o6wunii BUA, ypaBHeHui gBuxxeHus (pn+1)-ten

ypaBHeHI/DI IMPOCTPAaHCTBEHHOT'O ABMKCHHUSA TCJI
P ¢ maccoii my, | =1, ...,p; k=1, ..., n (I — ancio
BIIOKEHHBIX OJWH B APYTOH BBIMYKIBIX MHOTO-
YrOJIBHUKOB, K — YHCIIO BEPIIUH MHOTOYTOJILHUKOR)
B OTHOCHUTEIBHON TeIUOLCHTPUUECKON CcucreMme
KoopauHAT PoXyz, Bpamaromeicss ¢ MOCTOSHHOMN
YIIIOBOM CKOPOCTHIO ® BOKPYT Tena Po ¢ maccoit
Mo, umerot B [13]
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[pu 3amucu cucteMsl ypaBHenutt (1) npezmona-
rajock, 4yTo Bce Tena Py, Po mpursrusarorcs mo 3a-
KoHy HbBIOTOHA, HO B TO K€ BpeMsi B3aUMOJICUCTBY-
IOIIIUE OJIMH C APYTUM Teja P He OKa3bIBaOT BIIHA-
HUS Ha JIBWKCHUE IEHTpalbHOrO Tena Po BBHIY
Mik << Mo, TO eCTh paccMaTpHUBAETCS OTPAHUICHHBII
BapHuaHT 3a71aun N-Tel, Wiy MIaHeTHBIN CTyJaii.

IlepBast cymma B mpaBoii YacTH CUCTEMBI YpaBHE-
i (1) oTpakaeT rpaBHTAIMIOHHOE B3aWMOJIEHCTBHUE
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Tena Py ¢ TenaMu BHYTpPH «II€pBOT0» MHOTOYTOJIbHHKA
(I = 1), a BTOpasg cymMMa y4YHTHIBACT rPABUTAIIMOHHOE
B3aHMO/ICHCTBUE ITOrO Ke Tena Py ¢ Tenamu, pacro-
JIOKEHHBIME B BepinuHax «BToporoy» (I = 2) u mocie-
ayrouux (1 =3, ..., p) MHOrOyrOJIbHHKOB.

2. O6wWmit BUO Heo6XO0ANMBIX U A,OCTATOYHbIX
YCJI0OBUI CyLLLEeCTBOBAHUSA THE34,0BUAHDbIX
MJIOCKMUX LLleHTPaJsibHbIX KOHUrypaumm

B 3apgaue (pn+1)-Tten

YHOMSHYTBIE YCIIOBUS JIETKO TIOTyYarOTCs U3 TIPH-
BEZICHHOH BBIIIe cUCTeMbI AU (hepeHIINATBHBIX YPaB-
HeHui (1), ONMUCHIBAIOIIECH IBIKEHUE TEI B paMKax
MPUBEACHHON OCTAaHOBKM 3a/1aud. [[elicTBUTENBHO,
OyJeM UCKaTh IIOCKKE II.K. J{J1s 3TOro J0CcTaTto4Ho
B ypaBHeHHUAX (1) TOIOXHTH Xk = Xk = CONSt,
Yik = Vik = const, zi = zik = const = 0, KoOpAMHATHI
TeJ, KOTOPBIE BMECTE ¢ MaccaMi (KOTOpBIE MO3THEE
OynyT Hadimensl) My, | =1, ..., p; k=1, ..., n, cob-
CTBEHHO, W OIPENCISAIOT IUIOCKUE IICHTPAIbHBIC
koH(urypanuu. [10CKOJIBKY B 3TOM Cllydae UMEET

=Y =0, 7,=7,=0,
TO HEOOXOAWMBIMH M JOCTATOYHBIMH YCJIOBUSIMH
CYIIECTBOBaHHMS II.K. OyayT (ipr My > 0, Mgs > 0):
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1. Heobxooumocme. IlycTh yHNOMSHYTBIC II.K
CYILIECTBYIOT, TO €CTh JUIS H3BECTHOM KOH(PHUTYypaIiu
H3BECTHBI €€ pa3sMepHI (Xik, .., Zik, 7k, Alk), BETAITHBI
Macc Mk, Mo B ee BepuIiHax M B IIEHTPE M KBAApar
YIIIOBOH CKOPOCTH (0 BpAIIEHHS KOH(HUIYpaIrun

OTHOCHTENIFHO LEeHTpanbHOro tena My, Toraa ycio-
BUS (2) BBITIONHSIFOTCS, TaK KaK IOJICTAHOBKA 3Haue-
HUI TIEPEYUCIIEHHBIX TIEPEMEHHBIX W TapaMeTpOB
MpeBpaliaer ycioBus (2) B YUCIOBBIE TOXKIECTBA.

2. Jlocmamounocmy. Ilyctb ycnoBus (2) BbINOI-
HeHbl. Torzma mocie MCKIIOYEHUs KBajipara yTIIOBOM
CKOPOCTH ®° M3 9THX ypaBHEHMIH, KOTOPOE JIOCTUTaeT-
Cs1 JIeNIeHUEM 3THX ypaBHeHu# Ha Xik £ 0, ..., Yk # 0 1
MOCIIEAYIONIEM X BBIYMTAHWUM TIOTAPHO, TIOIyYaeTCs
cucTeMa JIMHEHHBIX alreOpanvyecKuX ypaBHEHUH OT-
HOCHUTENBFHO HEM3BECTHRIX M. Macca Mo moxer pac-
CMaTpUBaThCS B KaYeCTBE OCHOBHOTO BaphbHPYEMOTO
rapameTpa, a COBOKYMMHOCTH 3HAYE€HUHU Xi, ..., Zik, 7k
BBIOMPAIOTCSl B COOTBETCTBHHU ¢ (hOPMOI paccMmarpu-
BaeMoOM IL.K. U 3HaueHueM mapamerpa Mo, KOTOpBIi
4acTo BEIOMpaeTcsi paBHbIM enuHumIle. [Ipu 3ToM oka-
3BIBACTCS, YTO MEPEKT MATPHIILI CHCTEMBI ajreOpan-
yeckux ypaBHeHuit d > 1, u, Takum 00pazom, cucrema
MMEeT MHOKECTBO PEIICHU OTHOCHTEIHHO Mik,

Hcnonb3yst BOSMOKHOCTH CHMBOJIBHBIX BBIUHC-
neHuit mMaremaTmueckoro makera Maple [15; 16],
3anuiieM OOLINI BUJI OTHOCUTENBHO YIJIOBBIX CKO-
pocreii BpameHus Ok Ten P HE0OOXOIUMBIX H JI0-
CTaTOYHBIX YCJIIOBHH CYyIIECTBOBAHUS IUIOCKHX II.K.
B pamMKkax 3amaun (4n+1)-ten. [lis 3Toro mocnenosa-
TENBHO IS CIy4aeB OJHOI'0 MHOT'OYTOJbHUKA, TMO-
noxuB B ycioBusix (1) | = 1, 3arem st IByX BIIO-
JKEHHBIX OJIUH B Ipyroil MuoroyroisHukoB (I =1, 2)
W, HaKOHEL, JUIS p BJIOKEHHBIX OJUH B JPYroid MHO-

royrossHukoB (1 =1 ..p-1p):
=1 k=1..,4
2 _ X11 Xp =X Xp
o X, = (Mg +m,)—=- X

11 1211 lo

-m Xg =Xy X3 | m Xia =% Xy

13 A3 3 14 A3 3 1
1311 3 1411 M4

2
0, X, =(M o+ My) 3 My A 3 |
My 1114 N1
_ X2 — Xy & m X3 ~ Xy &
) 3 3 13 3 3 |
Ay P Az, I3
(X <>y), €))
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(p-1)2 A3 rs
x X, X x (p-1)2p1 (p-1)2
2 21 1~ M 11
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ar N ”[ AL, j My s X(p—31)3 X1 X(3 13 |
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(p-1)4 3 3
m Xig =X Xy -m Xoo = X5 - A(pfl)4 pl r(971)4
1| T AR 3 22| T A3 3
1421 I’Z|.4 2221 r22
Xo2 = Xp1 Xp2
| S T
Xp3 —Xo1  Xp3 Xos — Xn 24 P
—Myg [ A2 ——3 | T My A2 PEE Ao o2
2321 r23 2421 l’24
.............................................................. -m Xp3 = Xp1 _ Mp3 |
3
2 24 X=X X p Asps Pt rss
034 %py = (Mg +my, ) —5-—my, AZ T3 |
24 1124 £} X 4 X 1 4
| Zee T Mo Tee
p4 A3 r3 !
-m Xp = Xon  Xpp B Xi3 — X5 _& _ p4pl p4
12| T AR 3 13 T A3 3
1224 I 1324 I3
. X~ Xor X m, Ky Koy Mgy | T
e 2 A2 3 X X —
1424 14 2124 21 2 _ p4 1" Apa Xy |
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-m Xoo = Xoq X | m Xos = Xo  Xp3 |, pa 11p4 11
22 3 3 23| T 3 EE
A% Py A%soa 3 —X _
-m Xo = Xps Xy m Xg=Xps X |
X< Y), 4 12 3 3 13 3 3
( y) (4) A12p4 I, A13p4 I3
mpu l=1,2,...,(p—1), p; k=1, ..., 4 k cuctemam _x X —X
ypaBHenwuii (3), (4) nobaBnstoTCH —-m M T m,, | =% _ Xou |_
5 14 3 3 21 3 3
Ay p4 M A21p4 0
X X=Xy X
2 — o a1t e A
wplxpl - (M ot mpl) 3 my, A3 r.3 Xy — Xp4 X5, Xo3 — Xp4 Xo3
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14pL 14 21pl 21 ((r-Dp| A3 r3
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X2 "X X Xos ~ X Xo
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P B TS
pl A3 r3
pipa 1
[ Xe X | Xos = Xos  Xp3
p2 3 3 p3 3 3 |
Aops T Asps  Tos
(Xx<>y) (5)

CuMBOI (X <> Y) O3HAYAET, YTO aHAJIOTHIHBIEC CH-
CTEMbI ypaBHEHUI NMEIOT MECTO U JUIS IEPEMEHHBIX ).
OTtMeTnM, YTO TPUBEICHHBIC OOIIUE YCIOBHS CYIIE-
CTBOBaHUS CIIPABEIJIMBHI IS JIFOOBIX THE3TOBUIHBIX
IUIOCKHX ILK. B paMKax 3aaaqu (4n+1)-ten, Hampumep
JUTSL IeTITO00pasHbIX, TpareneoOpasHbIX U Jp.

3. HeoOxopauMble U AO0CTaTO4YHbIE YCIIOBUS
CyL,eCTBOBaHUSA FHE3[,0BUAHbIX MJIOCKNX
LeHTpanbHbIX KOHUrypaumii cmeLlaHHbixX hpopm
npu nepapxmyeckom nocrsiefoBaTesibHOCTU

PaccMoTprM rHE3IOBHIHBIE IUIOCKUE IL.K. B BUJIE
MOCIIEJIOBATENIbHO BJIOKEHHBIX OJMH B JIPYrod P
MHOTOYTOJIbHUKOB pa3Hoi (OpMBI (pHC.), YTO MO3-
BOJISIET TOBOPHTH O II.K. CMEIMIAHHBIX ()OPM B KJlac-
CHYECKOM BapuaHTe. [l yMeHbIIeHHWs oObeMa
anreOpanueckux MpeoOpa3oBaHUN M YaCTHYHOTO
YOPOILEHHUS W3JIOKEHHUsSI aNrOPUTMa BBIYMCIICHUN
orpaHugIuMcs ciryqaeMm p =4, n =4,

Hnst ynoOcTBa BeIMUIIEM (DaKTHUECKHE 3HAue-
HHUA KoopauHat (Xik, Yik) Ten Pu B cooTBeTCcTBHM
C PHCYHKOM B BH/I€ TaOJIHIIBI.

KoopauHatbl Ten rHe3poBuaHoN KOHbUrypauum ong pasnuyHbiX TUMOB YeTbIPEXYroibHUKOB
Coordinates of nest-shaped bodies for different types of quadrilaterals

Kk | 1 | 2 | 3 4
/=1 (kBagpat/square)

X Ay 0 -y 0

Vik 0 ooy 0 —0y

Ik Oly1 Olyq Olyq (e &7
I=2 (pom6/rhombus)

Xox o 0 —0ly 0

Yok 0 B2 0 —Ba

ok Oy B2 O B2
I= 3 (nenbTona/deltoid)

Xak s 0 — 0y 0

Yk 0 Bz 0 —Bas

Fa a Bas 0Ly Baa
I= 4 (Tpaneuus/trapezoid)

X o 0 — Qs 0

Vak 0 Oy 0 —0lys

Tk Olyq Olaq Olag Olys

[loncranoBka 3HAYECHUA KOOPAMHAT U3 TaOJHUIIBI
MOCTIeIOBATENbHO B cUcTeMbl ypaBHeHuit (3)—(5) [15]
maer (=1 k=1, ..., 4):

) nepewvill yposeHs uepapxuu — KBaIpaT, LEH-
TpaJbHOE TEJIO IIap ¢ Maccoi Mo:

2

_ 2
0y =

2 2 2
W, =03 =0 =0

@211
4 o

=| M, (6)

Takum oOpa3om, IIpH MOCIIETOBATEIILHON 3aITH-
CH YCJIOBHI CYIIECTBOBAHUS CHAayalla KBaJpPaTHOM
I.K. M11 = M2 = M13 = M14 = M € OCHTPAIbHBIM TE-
aomM Mg I =1; k=1, ..., 4 nosy4aeTcs OJHO ypaB-
HeHue (6) ¢ TpeMs HeW3BecTHBIMH ©’, M, m, ecin
CYUTATh FEOMETPHUCCKHE Pa3Mephl I1.K. 3a1aHHBIMU
(o — pa3mep monyauaroHanu kBaapata). Jlanee yuu-
THIBAEM CJICIYIOIICE «KOJIBI[O» U 3aIUCHIBAEM YCIIO-
BUS CYIIECTBOBaHMS IL.K. THIA KBaapaT — poMO —
[EHTPATbHOE TEJIO — IIap;

0) emopotl ypogensb uepapxuu — sl IByX BIIO-
JKCHHBIX OJIUH B IPYToi 4eThipexyronbHukoB (I = 1,
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2; k=1, ..., 4) x ypaBHeHuto (6) 10OaBISIOTCS /B
ypaBHEHHUS

) ) 1 1
01 = Mg :(M0+Zmzlja_3+
21

+2m

+m,;, —X

22 y
2 2\/2 o
(0(21 +PBy ) 2

1 1 2P _
X — 2 _ . @)
(o, +Bzz)2 (all_BZZ)z i ((1121"‘5;2 )A

B) mpemuii ypogenv uepapxuu — sl TpeX BIIO-
JKCHHBIX OJIMH B PYTo# 4eThipexyronbHukos (1 = 1,
2,3, k=1, ..., 4) x ypaBuenusim (6), (7) mobaBJs-
FOTCS €I1Ie TPY YPaBHCHHMS

2 2 1 1
031 = W3 Z(Mo +Zm31)(x_3+
a1

om,——m,

2 2% Ma
(0'31 +B, ) -

1 1 2014,
(0, +0y)° (0, —0 )2+ . 5|
11T 0y 11~ gy (0‘11 + (121)
. 1( 1 1 J+
21 2 2
O3y (0‘21 + a31) (0‘21 - 0‘31)
1 1
+Mm,, +Mm,,

(Bgz + 0‘51 )% )% |

2, .2
(Bs4 + 0y
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1

2

03 =(Mg+mg,)—+
32

N S
)% "B,

+2m,, ) )
(a21 +PBs,

1 1 2B,
2 _ 2t % *
(o, +PB)" (o —By) (alzl +B§2> 2
1 1 1
+m22— >~ > +2m31><
P (Bzz +Bsz) (Bzz _Bsz)

X 1 +m ! ! L
- 3/ 35 | T~ - 2 n2z |
(Bgz + 0‘51)4 oo \ (Baz +Baa)” Pas

) 1
03 =(Mg+my)—+
34
+2m +m ! X
21 a3/ 11 5
(0‘212 + Bl )A Pas
1 1 2B, n

2+ 2+ 3
(ot B Bumen™ (a1 p3,)

1 1 1
+m,, — 2 2 +2m31><
[334 {(Bzz +Bs4) (BZZ _334) ]

N S i£—1 _L]' 8)
(Biﬁ-agl)% ¥ Bs4 (Bsz+ﬁs4)2 Bgz ’

T) uemeepmolil ypo6eHsb uepapxuu — Jjsk 9eThl-
pex BIIOXEHHBIX OJMH B JAPYTO# YETHIPEXYTOJIbHH-
koB (=1, ...,4; k=1, ..., 4) x ypaBueuusm (6)—(8)
JO0ABIIAIOTCS €IIIE YETHIPE YPABHEHHSL:

1 1
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1
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20,

- +
2 2 3
(0 +040)" (04 —0tyy) (afl +al, )A

m 1 1 1 N
T 2 2
gy (0‘21 + 0‘41) (a21 - OL41)
+m ! +m X
32 3 31
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1 1 om 1
o 2 34 3
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m 1 1 1 1 .
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1 1
2
Wy, (M0+—m41) 5+
8 4
1
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—1 1 +Mm
2 n2 11
(Bsz - 0L41) 32 Oy
1 1 20,
2 2 3
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1 1 1 1
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1 1
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2

2
2 2 o 2 2
((X4l+(143) 43 ((1414-(143

1 1
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1

43

1 1

(Bsz 0‘41)2 _g
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+

1 B 1 N 2015

2 2 3
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1 +m i X
(Bsz + 0tz )% : da
1 1
(O +0)° (0 — )

1 1 1 m 1 y
31 2 2 4
Oys ((131 + (143) (031 — yg) Oy
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+m.

1 1 Olyg

X| ———— -+ —2— |+

2 2
2 2 a 2 2\h
(0‘41"'0‘43) 4 (a41+a43)
1 .
34
2 2 )% ’

(Bs4 + 0y

+m

1 1 1
0)44 My +=my, |—+m,; —X
8 Oys Oy
1 1 20,

— X
2 2 3
(Otll + (1.43) (all - (143) (0“121 + (xfm )A

1 1

2 2)% +2m31 2 )%

x2Mm,,
2
(azl‘ T 0Oy3 ((131 T 0y3

+

1 1 1 1
+m, —| ———————|+m,, —x

(Bsz + 0‘43)2 BgZ Oy

{i_;_}m N
B§4 (534_0‘43)2 “ 0y3
1 1 a
Ny & e ¥
(a41+a43) a (a41+a43)

4. Anroputm nocniegoBaTesibHbiX BbIYUC/IEHUN

Uucno BBHIMUCAHHBIX YpaBHEHUHN HA MOCIEAHEM
YETBEPTOM ypOBHE uepapxuu paBHo 10, omHako
OHU 00pasyioT cucremy u3 42 ypaBHEHUH, eCIH
3amucarh UX B BHUAC MOMApHBIX PAa3HOCTEW BUIA

2 2 _ 2 2 2 2 _
O — 0y =0, o -0, =0,., 05;-0,=0, coor-

BCTCTBYIOIIUX HCKIIIOUCHUIO U3 CHCTCMbI YpaBHC-
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HHUil KBajpaTa yIJIOBOH CKOPOCTH ®° M OTpaaro-
LIMX TOT (haKT, 4yTO Bce 16 Tem, pacrojOKEHHBIX B
BEpIIMHAX YETBIPEX MHOTOYTOJBbHHUKOB T'HE3IOBUJ-
HOH IUIOCKOH IL.K., JOJDKHBI BpPALATBCS OTHOCH-
TeNbHO HMX obmiero 1eHTpa Mo (KoTOpsId, cTporo
TOBODS, HE SBIISETCS IIGHTPOM MacC CUCTEMBI Tell) C
OJIHOM M TOW K€ YIJIOBOW CKOPOCTBIO, B TO BPEMs
Kak caMmo Teno ¢ Maccoi My, KoTopoe Ha pUCYHKe
HE OTPaKEHO, KAKUM-TO O0pa3oM IBHIKETCS OTHO-
CUTEJIBHO 00IIEero IIeHTpa Macc.

OTmeuaem, 9YTO IOJyYEHHAS BBIIIE CHCTEMA all-
re0OpanvyecKkux ypaBHEHUH HMEET HepapXuuecKyro
CTPYKTYpY, NOJOOHYIO HOIy4aeMOH Ipu peannsa-
MU B CHUCTeMe anreOpanyecKuX ypaBHEHHH Mps-
MOTO X0Ja MpeoOpa3oBaHUil B MPOLECCE PeIICHHs
CHCTEM JINHEHHBIX anre0pandyecKux ypaBHEHHH Me-
TOJIOM MCKJIIOUeHUsI Heu3BecTHhIX ['aycca. IIpaBna,
MOJIyYeHHass TakuM O00pa3oM «TpamnereBUIHas»
¢dopma paclIMpEeHHOW MaTPHLBI CHUCTEMBI ypaB-
HEHHH HMEET «IEPEBEPHYTHIN» BHUJ, MOCKOJBKY
CTPOKHM C HANMEHBIIINM YHCIIOM HEM3BECTHBIX C HE-
HYJIEBBIMH KOX(QQHIMEHTAMH OKa3bIBAIOTCS BBEP-
Xy, a HE BHHU3Y, KaK 3TO ObIBaeT B KJIACCHYECKOM
meTtojie ['aycca.

JIeCTBUTENBHO, NIEPBOE YPABHEHUE CONEPHKUT
JMIb Maccy M 1 HEU3BECTHBIE ™11, 011, M11 U 0Opa-
3yeT nepewiii yposens uepapxuu. [lanee nodasiser-
Csl 8mopotl ypogensb U3 TPeX ypaBHEHHH, copepka-
LIMX Maccy M M HEU3BECTHBIE 01, 022, M21, M2, TAK
KaK HEM3BECTHBIE ¢ HHAEKCOM 11 yke okas3bIBaroTCs
HaWJCHHBIMH W3 PEIICHHs YPaBHEHUS TpPEIbIayIIe-
ro ypoBHs. Crenyroumii mpemuii ypogens uepap-
xuu oOpasyercss HMOACHCTEMOW u3 12 ypaBHEHWI,
cozepkalux Maccy M ¥ HEU3BECTHBIC 031, 0132, 034,
M31, M3z, M34, TAK KaK HEU3BECTHBIE C MHJEKCAMHU
11, 21, 22 yxe HaliieHBl U3 pELICHUS YpaBHEHUN
npenpiaymero (Broporo) yposHs. Hakonen, wem-
8epmblil ypogens uepapxuu odpazyercs MOJCUCTe-
MOH u3 26 ypaBHEHHi, coiepxamux Maccy M u
HEU3BECTHBIC 041, 0143, M41, M43, TaK KaK HEU3BECT-
Hble ¢ uHuaekcamu 11, 21, 22, 31, 32 u 34 yxe
HaWJIeHbl W3 PEIICHMS YpPaBHEHUW MPEIbIAyLIErO
YPOBHSL.

Cunrtas TeOMeTpUYECKUE pa3Mephl ik paccMat-
pUBaeMbIX B II.K. MHOTOYTOJIBHHKOB 3aJJaHHBIMH,
MIOJIyYUM TIEPEOIPENICIEHHYI0 CUCTEMY JMHEMHBIX
areOpandyecKux ypaBHEHMH OTHOCHUTENIBHO HEH3-
BECTHBIX MacC My, KOTOPBIX H3-3a HAIUYHA CHM-
METpUi OKa3bIBaeTcs Bcero 8 (Mi1 — It KBajapara,
M21, M2 — AJ1d pOM6a; M31, M3z, M34 — IJIA ACIBTOUA,
M31, M3 — 71 Tpanenuu). Mcnonb3yst BO3MOKHOCTH
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Maple, BeimucaB mocienoBaTeNbHO 42 YIOMSHYTHIE
2 2 22
HomapHele pasHOCTH O, — 0y =0, o -0, =0,...,
2 2 _ .
0y — 0y, =0, TOIYyYnM CHCTEMY JIMHEHHBIX ajred-

panvecKuX ypaBHEHHUH BHUAA, KOTOpas UMEET MHO-
’KECTBO PEIICHUN OTHOCUTEIHHO MacC MpPU yCIOBUU
HAJIMYUS TEPEMEHHBIX 3HAUYCHUU LEHTPaJIbHOU
MacChl U Pa3MEPOB MHOTOYTOJIbHUKOB.

42
Z (ailmll + a‘i2le + ai3m22 + ai4m3l +
i=1
+ai5m32 + ai6m33 + ai7m41 + ai8m42) = ai9'v|0' (10)

3aknoyeHue

[IpenyoxxeH U onucaH HOBBIM MOJAXOMA K JOKa-
3aTeNbCTBY CYIIECTBOBAHUS OOOOIICHHBIX TUIOCKUX
LUEHTPaJbHBIX KOHQHUTYypaluii B pamkax oOmiei 3a-
nmauu (pn+1)-Tern, B KOTOPOH p BIOKECHHBIX OAWH B
JIPYTOM BBITYKJIBIX N-YIOJBHUKOB, B BEPIIMHAX KO-
TOPBIX, B CBOIO OYEpEeb, PACIOJOXKEHBI N TOYCH-
HBIX, CTPOTO TOBOPS, Pa3HBIX Macc My, BPaIIalOTCs
C TIOCTOSIHHOH YTJIOBOH CKOPOCTBEO BOKPYT IIEHTpaITh-
Horo Tema Mo. LleHTpanapHOE TEIO MOXKET UMETh
chepuieckyro (1ap) wiv HechepruyecKyro CTPYKTY-
py (3mimmicony BpalleHUsl WU TPEXOCHBIN AIITUII-
coma). B kaxmoM W3 CIlydaeB COOTBETCTBYIOIIHE
HEOOXOUMEBIC U JIOCTATOYHBIC YCIOBHSI CYIIECTBO-
BaHMUS 1I.K. UMEIOT Pa3IUYHBINA BU]I.
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The energy source for such vehicles is both an internal combustion engine
and an electric motor. The results of a study of fuel consumption by a hy-
brid vehicle with various control algorithms are presented. The methods of
mathematical and simulation modeling were used. Fuel consumption data is
given when using various algorithms for turning on the gasoline internal
combustion engine, depending on the vehicle speed. As a result of simula-
tion modeling, it was found that in order to ensure the greatest fuel economy,
it is necessary that the gasoline engine starts when the car reaches a speed
of at least 60 km/h, then fuel consumption in the urban driving cycle is
reduced by 50% compared to the gasoline engine start mode at a speed of
30 km/h.
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BBepeHune

ABTOMOOWIIb CTaJd HEOTHEMIIEMOM YacThIO CO-
BpeMeHHOro obmiectsa. B Poccuu, coriacHo aHa-
JUTUYECKOMY areHTCTBY «ABTOCTAT», 3apETUCTPU-
poBaHo Ooiyiee 45 MIIH JIETKOBBIX aBTOMOOHIICH?,
TO €CThb IOYTH KAXK/bIM TPETUH POCCUSHUH BJIAJIEET
aBTOMOOMIeM. B KpymHbBIX ropogax aBTOMOOHIIH
sisitoTes npuunHon 80—90 % BBIOPOCOB, KOTOpHIE
3arps3HAIOT OKPYKAIOIIYI0 CPEdy, YTO B HECKOIBKO
pa3 TpeBBIMIAET OO BHIOPOCOB MPOMBINUICHHBIX
npeanpusTuil. B cBsi3M ¢ 3TUM yKecToyaroTcs 3KOo-
JIOTUYECKHE HOPMBI, TMPEABABISIEMbIE K aBTOMOOH-
asm [1]. Emie omHo#t mpoOsieMoii siBIsieTcst orpa-
HUYEHHOCTH 3aracoB HeTenpoaykToB. I1o onenkam
9KCIIEPTOB, YTIIEBOAOPOAACOAEPIKAIINX TPOTYKTOB
B MUpPE XBaTUT He Oojee yeM Ha 60—70 jer no0bI-
gy [2]. Takum 00pazoMm, nepes; OTpaciiblo aBTOMO-
OusecTpoeHUsl CTOUT 3aJada B YMEHBIICHUN KOJIH-
YecTBa MOTPEOIIIEMOTO TOIUIHBA, a TAKXKE TEePexo/ie
Ha JIpyTHE BUJIbI SHEPTHH.

OnuH U3 myTeil pemeHus TaHHON MpoOIeMbl —
repexoj Ha THOpuAHBIe aBToMOOMIH. [IpnMeneHne
THOPHIIHBIX ABTOMOOWIICH MO3BOJISET MOBBICUTH TOI-
JMBHYIO 3KOHOMHYHOCTH aBTOMOOHJISI B YCIIOBHSX
TOPOJICKOTO €3]I0BOTO LHMKJIA MYyTEM ONTHMHU3ALUH
COBMECTHOW paboTHl ABHTraTeNss BHYTPEHHETO Cro-
panus (JIBC) u anekrpocuinoBoii ycranoBku [3—4].
JABC B OCHOBHOM HCIIOJIB3Y€TCSI MPHU YCTAHOBUB-
LIEHCS] CKOPOCTH JBIDKEHMS, A IIPU TPOTaHUU U pa3-
roue paboraer snexTpoasuratensd [5]. Ilpu Topmo-
KEHUH 32 CUET PEKyIepalii KHHETHIECKOH SHEPIruu
IIPOUCXOIUT 3apsiiKa aKKyMYJSITOPHBIX OaTapeif,

! CrarucTuKa KOIMYECTBA JIETKOBBIX aBToMoOmIel. URL:
https:/AMww.autostat.ru/news/49197/ (nata obparenus: 12.10.2022).

9HEPTusi KOTOPBIX HCIOJNB3YETCsl JJIEKTPOJBHUraTe-
JIeM TIpY TPOTaHUM U pa3roHe aBTOMOOHIIs [6].

Lenv uccredosarnus — oNieHKa pacxo/ia TOITHBA
rHOpUIHEIM aBTOMOOMIEM B /100 KM TyTH TIpH
Pa3IYHbIX aJTOPUTMAaX YIpaBIeHUS THOPUIHON CH-
JIOBOM YCTAaHOBKOW B YCIIOBHSIX TOPOJICKOTO IHKJIA.

1. MaTtepuansl u meToAabl

TTpUMEHSIFOTCS. METO/Tbl MATEMATHYECKOTO M UMH-
TAI[MOHHOTO MOJIETUPOBaHus. MoJens TPaHCIOPT-
HOro cpejacrBa paspaborana B cpeae MATLAB
Simulink? 1 cOCTOUT U3 HECKOJIBKUX MOICUCTEM:

— MOJCHCTEMA €3I0BOT0 LUKJA, BKIKOYAIOas
KOHTPOJIBHYIO CKOPOCTb, C KOTOPOH JOIDKHO CIIE0-
BaTh TPAHCIIOPTHOE CPECTBO. DTa MOACHUCTEMA SIB-
JISIETCST BXOIOM Mozenw [7];

— MOJIENTb TPAHCIIOPTHOTO CPEJICTBA U MOJCHCTE-
MBI MOJICITH KOJIeca IS pacueTa MPOTHBOACHCTBY-
OIIUX CHJI U OOHOBJICHUSI CKOPOCTH TPAHCIIOPTHOTO
CpeZCTBA Ha Ka)KIOM Ilare MOIEINPOBaHUS,

— MOJIeITh IBUTATEIS JJIS pacueTa MmoTephb SHep-
TUH,;

— MOJEIbh TPAHCMHUCCHH JJIS pacyera TATOBOM
CHJIBI C yYETOM IOTEPh DHEPTHUH IMPH Iepeiaye
KPYTSIIEr0 MOMEHTA OT JBWTaTeis K BEAYIIUM KO-
necam;

— MOJIETb DJIEKTPOABHUIATENS W WHBEPTOPA IS
pacuyera MOTEph JHEPIUH, YUHUTHIBarOIas 3¢ dek-
THBHOCTH JIBUTATEIISl U HHBEPTOPA,;

— TmojicucTeMa OaTapeu, KoTopas TpeqHa3HaueHa
JUTSI pacyera MoTpeOHOCTH B SHepriu ot Oatapeu [8];

2 MATLAB/Simulink. URL: http://matlab.exponenta.ru
(mara obpamenus: 12.10.2022); MATLAB for Atrtificial Intel-
ligence. URL: http://www.mathworks.com (mara oGparenust:
12.10.2022).
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— TOJICHCTEMAa SHEPronoTpedIeH s, peIHa3Ha-
YeHHas /I pacdeTa pacxoJa TOIUIMBA IBHIATEIEM
1 sHepromnotpediaenus snekrpoasuraress [9-10].

Puc. 1 nmmoctpupyeT Mozenb TPAHCIIOPTHOTO
CpeICTBa, BKJIIOYAs BCE BBILICYIOMSHYTHIC TOJCH-
CTeMbl M B3aUMOJCHCTBHs Mexay Humu [11-12].
Ha puc. 2 npencrasnen 00K BHEITHUX CHJI.

KacarenbHasi cuia TsTu, co3aaBacMasi Ha KoJie-
cax aBTOMOOWJIS 3a CUET JHEPruH, BhIpadaThIBac-
MO [JBHTaTelieM BHYTPEHHETO CTOPaHHsS M DIIeK-
TPOMOTOPOM, IEpelaBaeMOi 4epe3 TPaHCMHUCCHIO,
TPaTUTCS Ha MPEOJOJICHHE BCEX CHIJI CONPOTHBIIC-
HUS IBIDKEHUIO. K criam conmpoTHBIEHHS OTHOCAT-

Cd: CHJIa COIIPOTHUBJICHHSA KAa4YCHHIO, CHJIa COIIPO-
THUBJICHUA BO3AYIIHOMY IIOTOKY, CHUJIa COIIPOTUBJIIC-
HHUA IOABEMY U CUJIa UHEPILIMH.

Fi=F +F, +F, +F, (1)

rae Fy — xacarenbHas cuna tsird, H; Fr — cuma co-
npotuBieHus kauenuto, H; F, — cuna conportusie-
HUS BO3yIIHOMY NOTOKy, H; F, — cuna conpoTus-
nenus noabemy, H; Fj — cuna unepuuu, H.

Power ICE
(set here and in CE Ass.)

CE Assignment

{m's)

l" v M-w
v_veh |—{v_veh Tice =
o M e {iiter ¢ 100 km)
F_Trac | P Trac dw_ot_gearbax
Main Gear Box [ os5n]
T Baltery SoC (-) -
Second Gear Box
s EM Assignment T
Parallel Hybrid Control Unit Battery energy cons
[kW’nMDOTkm} )
CASE
|
Puc. 1. Moaenb aBToMobuns ¢ rubpuaHon CMNoBO yCTaHOBKOWN
Figure 1. Vehicle model with a hybrid power plant
.—F v v_a - F-
v I veh v_veh
Average speed -
’ @
- [ a_veh
, (i
F_roll . -
—Malfa
Rolling resistance I_’m
v F_aero . o+
Aerodynamic resistance . -r--
»{Fnet] [ FoTic
@ Pa_veh F_Net [—»{ 1+k_inertia/100 >
a Acceleration Force
@D+ ran F_grade >

gradient force

Required Traction force

Puc. 2. 10K BHELWHUX CUA
Figure 2. Block of external forces acting on the vehicle

brox momHOCTH ABuratens (puc. 3), UCHOIb-
3yeMBId B 3TOM HCCIIEIOBaHHUH, MPEICTABISAET CO-
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MaJbHOM U MUHHUMAJIBHOM Harpy3kax 1mo MOIIHOCTH
U KPYTALIEMY MOMEHTY, B 3aBHCHMOCTH OT YTJIOBOX
CKOPOCTH JBUTATEIIS.

MONIHOCTE BHUTATENSI OTPEEIsIeTCS Yepe3 Ja-
COBOM pacxoJ TOIUIMBA M HUBIIYIO TEIUIOTY €ro
CrOpaHusi:

Pcg = meHy, (2)
rae Pce — MomHoCTE aBuratens, kBt; m; — Macco-

BOM YacOBOHM pacxoj TOILIMBA, Kr/d; H, — Hu3mas
TEIJIOTa CTOpaHus TOIUTNBA, KJK/KT.

brox onpenenenus pacxona torumsa (puc. 4)
UCIIOJIB3YETCSl UL ONpEleNieHUs Pacxoaa TOIUIMBa
¢ pazmepHOCTRIO [11/100 KM] Uepe3 4acoBOi pacxon
TOIUTMBA, TJIOTHOCTD TOIUIMBA U TIPOIIEHHBINA My Th:

my 100 3)
L= 7" "¢

pr S
rJie Mf — MacCOBOM YacOBOM pacxoja TOIUTUBA, KI/d;

pf — IJIOTHOCTHb TOIUIMBA, KI/M; S — MpOHAEHHBIH
MYTh, KM.

- w CE
w_gear Lower it
(spead at idle)
T_gear
o /-
theta_CE - Lower mit L’E
fuel cutoff)
w_di_gear o f P_CE_fuel
Engine inertia Total torgue
ww CE  P_CE|—M P CE fuat
wT.CE P_CEp—m+
Datect idle
T_CE
Detect fuel cutoff P_CE

Puc. 3. bnok MOWHOCTK aABuraTens
Figure 3. Engine power block

.—> P fuel

P_fuel

m_fue ’

Integration

x_tot

liter/100 km

Factor for cold start

- EE

Puc. 4. bnok onpegeneHuns pacxoga Tonamea Ha 100 kKm nyTn
Figure 4. Block for determining fuel consumption in 100 km track

2. Pe3ynbTaTbl M 06CcyXaeHue

B xone mpoBeneHus UMUTAITMOHHOTO DKCIICPH-
MEHTa aBTOMOOWJIb Pa3TOHSIICS 33 CUET DIIEKTPOMO-
TOpa, a ABUTaTellb BHYTPEHHETO CrOPaHHs BKIIIO-

qaJIcl TPU JOCTHIKEHHUHM pPAa3JIMYHBIX CKOPOCTEHN
nBmkeHusa asromoomst: 30, 45 u 60 km/4. U3mene-
HUIO TOJBEPrayiCsl TOJBKO TMOPOT CKOPOCTH BKITIO-
YEHHS JBUTATENIs] BHYTPEHHETO CrOPaHHUs, APYTrHe

53



Lin Z.N. etal. RUDN Journal of Engineering Research. 2023;24(1):50-56

napameTpsl (KpyTSILMi MOMEHT U 3apsj Oarapen)
OCTaBaJIUCh OJMHAKOBBIMU JUISI KaXKIOTO OTIBITA.

Ha puc. 5 npencrasien rpaduk pacxoma Tom-
nuBa B 1/100 kM B pexuMe BKIIOUEHUS JBUTATEIT
BHYTpEHHero cropanust Ha ckopoctu 30 km/4. [Ipu
Takoi HauanbHOM ckopoctu BkiItoueHus JIBC Bpe-
M paboTBl [BUTATENsl B TpeAenaax TOPOICKOTO
nuKina obmel npotrsbkeHHocThI0 1800 ¢ coctaBmilo

okosio 1000 c. MakcuManbpHBIM pacxoi TOIJIMBA —
6 1/100KM.

Vi,
nf100 Km -

6|

o koM ow o

o 200 400 600 800 1000 1200 1400

1600 L

Puc. 5. N'paduk pacxoga Tonamea ans pexmnma sknioveHns ABC
Ha ckopocTy Boiwwe 30 Km/y
Figure 5. Fuel consumption graph for the mode of turning on ICE
at speeds above 30 km/h

I'padux n3MeHeHHs pacxona TOIUIMBA B PEKH-
M€ BKJIIOUEHHS JBHUTraTelii BHYTPEHHETrO CropaHus
npu ckopoctd 45 KM/4 mpeicTaBieH Ha puc. ©.
MOXHO OTMETHTh, YTO YBEIWYECHHE IOPOra BKIIIO-
gerus JIBC Ha 15 KM/9 TpHUBENIO K yMEHBIICHHUIO
paboThl ABHUTaTeNs B TOPOJICKOM LHKIIE NMPUMEPHO
Ha 20 % u cocraBuno 800 ¢ mpu TOM k€ MaKCH-
MaJbHOM Pacxoe TOTIINBA.

Va, \
Af100 km [

6 |
50 f !

e = oM ow o
— T

0 200 400 600 EOD 1000 1200 1400 1600 T

Puc. 6. paduk pacxopa Tonnmea B pexmme BraoyeHns 4BC
Ha cKOpocTn 45 Km/4

Figure 6. Fuel consumption graph for the mode of turning on ICE
at a speed of 45 km/h

Kak cnenyet u3 puc. 7 nanpHeiiiiee yBeIudeHue
nopora Brirouenue JIBC mo 60 kM/4 CHU3UIIO Bpe-
Ms pabotel asurarens eme Ha 30 % u cocTaBUIIO
Bcero 300 u3 1800 ¢ o01iero BpeMeH!u IBHKESHHSL.
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Puc. 7. I'paduk pacxoga Tonavea B pexume sknodeHus BC
Ha ckopocTm 60 KM/4

Figure 7. Fuel consumption graph for the mode of turning on ICE
at a speed of 60 km/h

CpenHsisi CKOPOCTh IBIDKEHUS B HEOOIBITHX TO-
ponaax cocrasisieT okoiio 35 km/a [10]. ITo pe3ymns-
TaTaM MOJICJIMPOBAHUS OYCBHUIHO, YTO MPH 3aIMyCKE
OCH3MHOBOTO JIBUTATENsd TpU Cckopoctd 30 KM/4
OOJBITYI0 YacTh BPEMEHH B MpeiAesiaX ropojaa OH
Oyzer paboTaTh ¢ HAMOOJBIIUM PACXOJIOM TOILTUBA
1, COOTBETCTBEHHO, IPOU3BOANTE BPEIOHOCHBIE BHI-
opocer COs.

Ecmm momaste mopor Brmouenus JIBC o
45 xkm/4, TO oOecreunBaeTCs SKOHOMHUS TOIUIMBA Ha
20 %. OmHako Mpu JBMKEHUU B TOPOJIE 4acTO OBI-
BalOT CUTYaIlMH, KOTJa HEOOXOIUMO YCKOPUTHCS 10
50-55 km/4, B pe3ynbTare 4ero OyJeT BKIFOUATHCS
JABC u yBenuuuBaTh 00liee YUCIO0 BEIOPOCOB B aT-
Mocdepy.

Jns obecneueHrst HauMOOJbIIEH SKOHOMHH TOTI-
JMBa ¥ MUHUMU3AIUH BeIOpocoB CO2 HEOOX0IUMO
nonHATH nopor BkiIroueHuss ABC no 60 km/4. Ilpu
TaKOM HCIIOJIb30BAaHUM CHJIOBOW YCTAaHOBKH KOJIH-
YEeCTBO TOIUIMBA, KOTOPOE PACXOyeT aBTOMOOMIIb,
ymenbaeTcst Ha 50 % B CpaBHEHHH C TIEPBBIM Ba-
puantoMm. Tarke 3a CYeT MHUHHMHU3ALUKA BPEMEHH
pabotsl JIBC mpu nBuxkeHun B ropoje oOecreuu-
BaeTCs MUHUMAIIbHOE KOJIM4ecTBO BbIOpocoB CO»

B atMoc(epy, YTO CIOCOOCTBYET YIYUIIEHHIO 3KO-
JIOTUYECKON CUTyalluu B ropoje. /[purarenb BHYT-
PEHHETO CropaHus LEeJIECO00Pa3HO UCTIOb30BaTh MPH
JIBUKEHUU 32 TOPOJIOM, YTO TO3BOJISIET YBEIUYUTH
JAITBHOCTE TIOC3IIKH, TTO3aPSIUTh OaTapero Uil dIIeK-
TPOMOTOpPA ¥ 00ECTICYNTh CPABHUTEIBLHO HU3KOE I10-
TpeOJICHHE TOILINBA.

3akniyeHue

IlomydeHs! 3HaueHWs pacxoja TOIUIMBA TPHU
WCIOJIb30BAaHUH B THOPUIHOM aBTOMOOHIIC pa3ind-
HBIX aJITOPUTMOB YIIPABIEHUS 3aIlyCKOM OEH3WHO-
BOTO JIBHWTAaTENsl BHyTpeHHero cropanwms. JIBC 3a-
ITyCKAC€TCA IPU Pa3IMYHBIX CKOPOCTAX IBHUKCHHUA
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asromobOums: 30, 45 u 60 xkm/u. V3MeHEeHHIO TTOA-
Beprajicsi TOJILKO IMOPOT CKOPOCTH BKJIFOUCHUS JIBH-
ratens BHYTPEHHETO CTOPaHUs, JAPYTHE IMapameTpsl
(kpyTsmuii MOMEHT U 3apsn Oaraper) OCTaBalUCh
OJMHAKOBBIMHU OJIA KaXXA0I'0 OIIbITA.

CpaBHeHHE pPe3yIbTaTOB MOKA3aJI0, YTO TIPH 3a-
mycke O€H3MHOBOTO JABUTATENS IpU cKopocTr 30 KM/9
6osnee 50 % BpeMeHHM TOpPOJICKOTO IMKJIA OH OynaeT
paboTath ¢ HaUOOJIBIINM PACXOI0M TOIUIMBA U TIPO-
M3BOINTH BpemoHoCcHBIe BRIOpockl CO2. s obec-
MeYEeHUsT MaKCUMAaJIbHOW DKOHOMHUM TOILIMBA HEOO-
XOAMMO, 4TOObI OCH3MHOBBIN JIBUTaTENb 3aIlyCKaNCs
TIPU CKOPOCTH He HIwke 60 KM/4, ToTaa pacxo. TOIl-
JIMBa aBTOMOOMJIEM B TOPOJICKOM IIUKJIA YMEHBIIIACTCS
Ha 50 % B cpaBHEHMH C NIEPBBIM PEKUMOM — 3aIyC-
Ke OCH3MHOBOTO JIBUTATENS MpU cKopocTH 30 KMm/d.
JBurarens BHYTPEHHETO CTOpaHUs IeJIecooOpa3sHo
HCIIOJIb30BAaTh IMPU ABUXKCHHHU 34 T'OPOJOM, UTO O3~
BOJISIET YBEJIUYHUTH JATBHOCTh IOE3JKH, MOI3apsi-
IUTH OaTapero sl DJIEKTPOMOTOpa W O00ECIICUHTh
CPaBHUTEJIILHO HH3KOE MOTpeOJeHHEe TOIUIMBA Ha
KpeicepcKoil CKOpoCcTH aBTOMOOWIIS.
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Kurouesnle ciioBa:

ctpanb! FOxxHON Adpuku, pUpoaHbIe
pecypchl, pecypcHOE «IPOKISATHEY,
Adpuka

Jlns uMTHPpOBAaHUA

AHHoTanmsi. PaccMaTprBaeTcs B3aMMOCBS3b MEKITy TOPHOIOOBIBAIOIIEH TIPO-
MBIIDIEHHOCTHIO U SKOHOMUYECKUM POCTOM B peruone HOxHo-AdpukaHCKuX
CTpaH, I'lie TOPHOAOOBIBAIOIIAS IPOMBIIIIEHHOCTh U3BJIEKAET U SKCIIOPTHPYET
HPUPOJHBIE PECYPCHl HEBBICOKOTO YPOBHS MPOMBIIUICHHON IepepaboTKH.
IIpuMeHsUTUCh METOJT HAaMMEHBIINX KBAJPaTOB M 0OOOLIEHHBIH METOJ MO-
MCHTOB. 3MHI/IpI/I‘{€CKI/IC PE3yIbTaThl OCHOBAHBI HAa JaHHBIX U3 JIBCHAALlATHU
crpan FOxHO-Adpukanckoro peruona 3a mepuon 2011-2020 rr. IIpoana-
JIMBUPOBAHO MNPAMOC U KOCBCHHOC BJIHAHUC FOpHOHO6bIBa}OHIeﬁ TIPOMBIII-
JeHHOCTH B pernoHe HOkHO-AdpHKaHCKHX CTpaH Ha MX SKOHOMHYECKHN
poct. B Mozienu 5KOHOMHYECKOTO POCTa MCIOIB30BATIMCH AaHHBIC MO Pealib-
HOMY POCTY FOpHOI0OBIBAIOIIEH TPOMBIIIIEHHOCTH, JI0JI€ 3KCTIOPTA MOJIE3HBIX
HCKOIIAeMBbIX B 001IeM 00beMe IKCIIOPTa, peallbHOMY POCTY MPOHM3BOICTBA,
Pa3BUTHIO YEJIOBEUECKOro KaIuTalla, pOCTY HACEJICHUsI, 3aracaM IMOJe3HbIX
HCKOIIAeMBIX, Pa3BUTHIO HHPPACTPYKTYPHI, peallbHOMY POCTY 00beMa OKa-
3BIBAEMBIX YCIYT, 00beMaM TOPTOBJIH, a TAKKE OTKPBITOCTH U POCTY Mps-
MBIX MHOCTPAHHBIX MHBECTHIMH. Pe3ylbTaTsl MOKa3aiy, YTO pealbHBI pocT
MIPOM3BOICTBA, JIOOBIYM IMOJNIE3HBIX MCKOMAEMBIX, Chepbl YCIyT, a Takke pas-
BUTHE YENIOBEYECKOTO KamuTasla, HHPPACTPYKTYPhI, OTKPHITOCTH TOPTOBIN
U POCT NPSIMBIX WHOCTPAHHBIX WHBECTUIMHU SBJISIOTCS (PAaKTOpaMH, OIpe/e-
JISFOIUMK SKOHOMHYECKHH pocT B perroHe FOxHO-AQpUKaHCKHX CTpaH
B IIEPUOJI HCCIeIoBaHMs. [ UIoTe3a 0 pecypCHOM «IPOKJIATHM» HE MOJITBEp-
mnack. ChnenaH BBIBOA, YTO B LEJISIX YCKOPEHUsSI SKOHOMHYECKOTO POCTa
ctpanaM FOxHO-AQpPUKAaHCKOTO peruoHa Lelleco00pasHO 3aHMMATBCS CO-
BEPLICHCTBOBAHHEM T'OCYIapPCTBEHHBIX HHCTUTYTOB M HOPMATHBHO-TIPaBOBOH
0a3pl 11 NPUBJICYEHHUsS WHBECTHUIMH B CTpaTerMUeCKuil rOpHOIOOBIBAIO-
muii cekrop. JaHbl peKOMeHIauuu 1Mo (GOpMHPOBAHUIO TOCYIAPCTBEHHOMN
HpOMbIHIJ'IeHHOf/i IIOJIMTUKH.
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Abstract. The authors investigate the relationship between the mining in-
dustry and economic growth in South African countries. The countries in
the Southern African region are rich in natural resources, and in most of
them, their mining industry extracts and exports natural resources with little
industrial processing. The empirical methodology involved the use of ordi-
nary least squares and generalized method of moments. The results are based
on a dataset of twelve countries in the Southern African region from 2011
to 2020. The direct and indirect impacts of the mining industry in Southern
African countries on their economic growth are analyzed. The economic
growth model used data on real growth in the mining industry, the share of
exports of minerals in total exports, real growth of manufacturing, human
capital development, population growth, mineral resource endowments, infra-
structure development, real growth in services, trade volumes, and open-
ness and growth of foreign direct investment. Findings showed that real
growth in the service sector, manufacturing, mining, human capital deve-
lopment, infrastructure development, trade openness, and growth in foreign
direct investment are important determinants of economic growth in eco-
nomies of the Southern African region during the study period. The resource
curse hypothesis has not been confirmed. Therefore, to improve economic
growth, it is advisable for countries in the Southern African region to im-
prove their government institutions and regulatory frameworks to attract
investment in the strategic mining sector. The recommendations are made
regarding the formation of state industrial policies.
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BBepeHune

JIOOBIYU M COBITA CHIPHS 0€3 KaKOW-IHOO0 MPOMBIIII-
JICHHOMW TIepepabOoTKH, YTO HE MPUBOJMUT K MOJI0XKHU-

Bce crpanbr FOxHO-AdprKaHCKOTO perHoHa B
1enoM 6oraTsl MPUPOIHBIMU pecypcamu. C MOMEH-
Ta eBpomneickol komoHm3anuu B XIX B. UX 3KOHO-
MHKa OblIa c(OpMHpOBaHA B KadeCTBE IOOBIBAIO-
e, HaIeNICHHOW Ha NOOBIYY 3THUX PECypCOB IS
obecrieyeHus] MPOMBILIIIEHHOCTH COOTBETCTBYIOLIHX
MErarnoyirucoB cblpbeM. [locie oOpereHus He3aBH-
CHUMOCTH ¥ II0 HACTOSIIEe BpeMs CTPYKTypa KOJO-
HUATBHOH SKOHOMHUKM HE MpeTreprena IIyOoKuX
npeoOpazoBanuii. CTpaHbI MO-TIPEKHEMY OIHAPAFOT-
csl Ha MOOBIBAIOIINE OTPACIH M IKCHOPT CHIPhS Ha
MEXAYHApOJHBIE PHIHKA 0€3 CO3IaHHs MPOAYKIUH
C BBICOKOH noOaBiieHHOH cromMocThio. CrnemoBa-
TeIBHO, MoX0abl cTpaH HOkHO-AdpHUKaHCKOTO pe-
THOHA OT TPUPOJHBIX PECYpCOB — 3TO JOXOIBI OT

58

TeNbHBIM 3()(heKTaM JUIsl IPYTUX MECTHBIX OTPACIIEH.

I'opHOmOOBIBaIOIIAST MPOMBIIIUIEHHOCTh — OT-
pacmp  cTpaterndeckoro 3HaueHwss B IOkHO-
AdpukanckoMm peruone. 3aech A0ObIBaeTcsS 0OJIb-
I1ast 9acTh MUPOBBIX 3aIllaCOB XpOMa, BaHAIUs, TUIa-
THHBI U aJIMa30B, a Takxke 36 % 3omota u 20 % Ko-
OanpTa [1]. OdunmanbHas 100bIYa MONE3HBIX UCKO-
MaecMbIX B PeruoHe obecreunBaeT okoyio 60 % Ba-
moTHEIX noctymieHuii, 10 % BBII u 5 % dop-
MaJbHOM 3aHATOCTU. brarojaps Haau4MIO B pEru-
OHE MECTOPOXKIECHUH YL, XPOMHUTOB, 30JI0Ta, all-
Ma3oB, TUTATUHBI U MEAH MHPOBOTO Kjacca TOpHO-
JIOOBIBAIOIINN CEKTOP CHITpall BAXKHYIO POJIb B pas-
BUTHH UH(PACTPYKTYPHI U CTall SIPOM POCTa MHO-
THX TOPOJIOB CyOperuoHa [2].
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B HacrosmeM paboTe aHATU3UPYyETCs MPSIMOE U
KOCBEHHOE BIUSHHE TOOBIBArOIICH MPOMBIILUICHHO-
CTH Ha YKOHOMHYECKHH pocT B peruoHe HOxHo-
AdpukaHckux cTpaH. [lens ucciedosanus — IpoBe-
PUTH TUIIOTE3Y O PECYPCHOM «IIPOKISATHHM» U IPHU-
YUHAX €r0 BOZHUKHOBEHUS MOCPEACTBOM IPOBEPKH
runote3sl KouBeprennun Conoy B pernone HOxHo-
Adpukanckux crpas. s aToro pazpaboTaHa 3Ko-
HOMETPHYECKasi MOJICNb, OCHOBaHHAs HA MaHEIbHBIX
JAHHBIX W3 JBEHAaANaTH  cTpaH FOxHO-AdpukaH-
ckoro peruoHa 3a nepuoz ¢ 2011 mo 2020 r.

1. MeToponorua uccnenosaHus

B uccrnenoBanuu ucnons3oBaicsd HaOOp MaHEeNb-
HbIX JaHHbIX 3a niepuoa ¢ 2011 mo 2020 r. mo aBe-
HaJLUATH W3 HIecTHaauatu crpan HOxHo-Adpukan-
cKoro peruona: AHroja, borcBana, Jlemokpatuye-
ckas Pecyonmka Konro, OcBarunu, Jlecoto, Ma-
nmarackap, Mo3zamoOuk, Hamubus, HOxuas Adpuka,
O0benunenHas PecniyOnuka Tanzanus, 3amOus u
3umbaoBe [3]. Coro3 Komopckux octpoBoB, Marna-
BH, MaBpukuii n CeHIenbckue 0OCTpoBa SBIISIOTCS
CTpaHaMH C MEHBIINM TOTEHIINAIOM MHUHEPAIbHBIX
pecypcoB 1 OBbUIM UCKITIOYEHBI U3-3a HEIOCTATOUYHO-
CTH AaHHBIX. Jl7I aHanM3a UCIOIh30BaIach HHOP-
Mallysl, TOJy4YEHHAasl U3 OHJIAalH-TI0Ka3aTesIed MUPO-
BOTO Pa3BUTHS, 0a3bl NaHHBIX BceMupHOIT TOproBoit
opraamzanuu (BTO), BcemupHoro 6aHka, mokasa-
tenelt pazsutus Apukn (ADI), 6a3p1 maHHBIX CTa-
TUCTUKK TOproBiu ToBapamu Oprannzaimun OO0b-
enuaenHbix Hammit (UNCTS), FOxHO-AdprkaHcko-
ro coobmectBa passutusi (SADC/CAJIK) u 6a3bl
JaHHBIX cTaTUCTHKU Opranumszanuu OObeIUHEHHBIX
Harmuit (UNdata).

2. NMNpamMmoe un KoCBEHHOEe BIusiHue
ropHoaoObiBaloLLel MPOMbILLJIEHHOCTU
Ha 9KOHOMU4YEeCKUN poCT

B pervoHe KOXxHo-AdpuKaHCKUX CTpaH

Cnenysi peKOHCTPYKTHBHBIM U HEKOHCTPYK-
TUBHBIM acCIeKTaM, a TaKXe 3KOHOMHUYECKOMY H
WHCTUTYIIMOHAIBHOMY aHaJN3y MPSIMOTO W KOCBEH-
HOTO BO3JCHCTBUS M300UIIUS IPUPOIHBIX PECYPCOB
Ha SKOHOMHUYECKHiA pocT, B [4] oOHapykeHO, 4TO
MIPUPOIHBIE PECYPCHl OKA3hIBAIOT HETaTHBHOE BIIH-
STHHE, €ClI paccMaTpHuBaTh MX M30JMpoBaHHO. Of-

! Anrona, Borcpana, JleMokpatuueckas Peciry6iuka Korro,
Ocatuny, Jlecoro, Manarackap, Mo3amOuk, Hamubwusi, FOxnas
Adpuxa, O6sequuennas PecrryOmuka Tansanust, 3ambust u 3uM-
0abse.

HAaKO OHM OKa3bIBAJIU MPAMOE MOJIOKUTEIBHOE BIIU-
SIHUE, KOTJ]a B MOJIENIb BKIIIOYAIIACH ApyTHUe 00BsiC-
HSIONINE MepEeMeHHBIe, TaKhe KaK KOPPYIIHWs, HH-
BECTHIIUH, KOHOMHYECKAs! OTKPBITOCTH, TOPTOBIIS
1 o0pa3zoBaHue. AHAU3UPYSI MIPSIMOE BIUSIHUAE ITHX
MEPEeMEHHBIX Ha POCT, OOHAPYKEHO, YTO KOPPYIILIHUS
OKa3bIBACT HETATHBHOE BIMsIHUE. VHBECTHUINH, JIU-
Oepanuzanysi TOProOBIM M LIKOJbHOE OOpa3zoBaHHE
OKa3alH 3HAYUTENBHOE TOJO0XKHUTEIbHOE BIHUSHUE,
B TO BpeMs KaK YCJIIOBHUSI TOPTOBIH — 3HAYUTEIHHOE
HEraTMBHOE BiIHUsSHUE. V3MEeHEeHHE COOTHOMIECHHUS
MEX]ly IIEHOH AKCIopTa U IIEHOH UMIIOpPTa IPUBEIO
K MAJCHUIO POCTA.

DKOHOMHKA, XapaKTePU3YIOIMIAsCs BEICOKOH JI0-
JIell MHBECTULUH, BBICOKUM YpPOBHEM JOXOAA Ha
JIyIITy HACEJICHUS, MEHBIIEH OTKPBITOCTHIO, YXY-
[IIEHHEM YCIIOBHA TOPTOBIM M 0Ooliee BHICOKUM
ypoBHEM 00pa30BaHHsA, MOKET UMETh OTHOCHUTEIb-
HO BBICOKHE TEMITbI pocTa. AHAlU3 KOCBEHHOTO
BO3JIEMCTBHSA TPHUPOJHBIX PECYPCOB IMOKa3al, YTO
MIPUPOTHBIE PECYPCHI OKA3alH 3HAYUTEIHHOE TMOJI0-
JKUTENIbHOE BIIUSHUE Ha KOPPYIIIHUIO, YCIOBUSA TOP-
TOBIIM ¥ WHBECTHIINW, HO OTPULATENEHO TOBIHSIIN
Ha IIKOJIbHOE 0Opa3oBanue [4].

Takum 00pa3om, B KaueCTBEe MPUUIHHBI Paclpo-
CTpaHEHUS] PECYPCHOTO «HPOKISTHS», KOPPYILHS
OKazaja KOCBEHHOE BIIHSHHE, B TO BpeMs KakK IMpH-
POJIHBIE PECypPChl OKazaay MPSMOE MOJOKUTENBHOE
BIMSHUE Ha OSKOHOMHYECKHH pocT. MHBecTHinu
OKa3aJM HEeTaTUBHOE KOCBEHHOE BiusHUE. K Mex-
JyHapOJIHBIM (haKTOpaMm, BIMSIONIAM Ha BO3[EH-
CTBUE MPHUPOJHBIX PECYPCOB, OTHOCSTCS CTENEHb
OTKPBITOCTH 3KOHOMHUKH U YCJIOBHUS TOPTOBIIH; BCE
OHU TIO/IBEPIIINCH KOCBEHHOMY HETaTUBHOMY BIIHSI-
HUIO TIPUPOJHBIX pecypcoB. M300mine ropHo100bI-
BaIOIINX PECYPCOB YMEHBIIMIO 3KOHOMHYECKHE
BO3MOXKHOCTH W TIOBJIHSJIO HA YCIOBUS TOPTOBJIH.
OOpa3oBaHue MPHUBEIO K IOYTH BIBOC OOJBIIEMY
3¢ exTy, 4eM KOppyHuus, B OTIMYHE OT BBIBOJIOB
0 TOM, YTO KOPPYIIIUS OKa3ana OoJbIIee HeraTuB-
HOE BJIIMSIHUEC Ha SKOHOMHUYECKHUH pocT [5].

B [6] onpenenens! Tpu anpTepHATUBHBIX MOKa-
3aTensi M300MIMSl PECYpPCoB (3amachl yIriieBOJOPOIOB
Ha Jyury HaceneHus B 1993 r., OLEHKH CTOMMOCTH
3amacoB Ha Aymry HaceneHus B 1970 r. u OCHOBHEIE
TOIJIMBHBIE M HE TOIUIMBHBIC TOJIE3HBIE HMCKOIae-
MbIe). BeceMupHbIil 6aHK pa3paboTall MHIUKATOPHI
m3obmmmst Ha 2000 r. Ha ocHOBe Tpex ypaBHEHHI
B3STHI Takue (akTOphl, KaK 3aBUCUMOCTh OT pecyp-
COB W pOCT Ha AYIIy HACEJICHHS B Ka4eCTBE JK30-
TeHHBIX MTEPEeMEHHBIX, U 00HApPy>KEHO, YTO peCcypc-
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HOE «IPOKJIATHE» HCU€3aeT, KOI/la BKIIIOYAeTCs 3a-
BHCHUMOCTB OT PECYPCOB M NU300MIIHE.

B [7] obHapyxeHo, 4TO 3amachkl HEPTU TOJIO-
JKUTENTFHO W CYIIECTBEHHO CBA3aHBI C PECYpPCHBIM
«TPOKIIATHEMY. YpaBHEHUE COOTHOIIEHUS CTOMMO-
ctu noOkrun Hetu 1 BBII Takke ObuTo cTaTUCTH-
YecKH 3HAuYMMbIM. BO BCeX WHCTpyMEHTalbHBIX
ypaBHEHUSX KOXQQHULIMEHTH HEPTSIHOTO OorarcTBa
3HaunMbl. [lpeamonaranocs, 9T0 UX pe3yIbTATHI C
MEHBIIIeH BEPOATHOCTHIO MTOKAXKYT, 4TO HE(PTH — 3TO
npokisitie. CTpaHbl ¢ HEPTSIHBIMU PECYpPCaMH, KaK
MPaBUJIO, MMEIOT OTHOCHTENBbHO Oo0Jiee BBICOKHUI
ypoBeHb BBII. Ouenka BIUSHUS MHPOBBIX MUHe-
panpHBIX OoraTcTB Ha ypoBeHb BBII nHa nymy
HaceJIeHUs BBISBWJIA, YTO 00€ MepeMEHHBIE MMEIOT
MTOJIOKUTEIbHBIE W 3HAYMMBbIe KO3()(UIIMEHTHI.
[IpoBepka rumoTe3sl 00 HHCTHTYIIMOHAIEHOM Kade-
CTBE IOKa3ajia, YTo CTpaHbl ¢ Ooyee cnaObIMU WH-
CTUTyTaMH OOJIbIlle BBIMTPHIBATH OT HPHUPOJHBIX
pecypcoB. Ha ocHOBe 3TuX pe3yJbTaToB CHAEIaH
BBIBOJI O TOM, YTO CTpPaHBI C XOPOIIMMH HHCTHUTY-
TaMH, KOTOpbIe OBLIM OOTaThl, KaK MPABUIIO, MEHb-
1€ BBIUTPBIBAIN OT TOJOXKHUTEIHHOTO BO3ICHCTBUS
MIPUPOJIHBIX PECYPCOB, B TO BpEMs KakK CTPaHBI CO
CabbIMH HHCTUTYTaMH, KOTOpBIE, KaK IPaBHIIO,
ObuT O€/IHBI, TIPH OTCYTCTBHH 3HAYUTEIBHBIX TPH-
POIHBIX PECYPCOB MOTYYaId OTHOCHUTEIBHO OOJIBIINE
BBITO/IBI M3 CBOMX NPUPOAHBIX pecypcoB. Takum
oOpa3zoMm, sxoHoMHKa HopBerun, Hanmpumep, HE TIO-
CTpasaeT npu OTCyTCTBUM HedTHu, a KyBeHT Moxer
CTOJIKHYTBCSl ¢ MpoOJIeMaMy MPH HCTOLICHUU TIpH-
pOAHBIX pecypcoB [7].

CormacHo [8], COBOKYITHBIN TOXOJ OT MPHUPO-
HBIX PECYpPCOB CHWKAJICS, KOTJa TOCYapCTBEHHBIC
YUPEXKICHHSI TTOOMIPSUIA BOPOBCTBO, U YBEITHMUUBAII-
Csl, €CJIM TOCY/apCTBEHHAsl MOJIUTHKA Obllia JpysKe-
CTBEHHA 10 OTHOIICHHUIO K MTPOU3BOAUTEISIM.

B [9] nmomuepkuBaercs, kak (hpUHAHCOBAs IOJ-
JIepXKa OPYTUX CTpaH BIHMSET Ha SKOHOMHUYECKOE
pazsutue. B [10] yTBepxkmaercsi, 4To BO3AEHCTBUE
MIPUPOIHBIX PECYPCOB OTPHIATENIFHOE W 3HAYUTEINb-
Hoe. Ilpm u3MepeHHH KOCBEHHOTO BO3JEHCTBUS
MIPUPOJIHBIX PECYpPCOB OTMEHYEHO, YTO yBEJIINYCHHE
JIOJIH TIPUPOJHBIX PECYpCOB B 00IIeM 00BeEME JKC-
[opTa MPHUBENIO K yXYAIICHUIO HHCTUTYIIHOHAIBEHO-
ro KauecTBa M CHIKEHHIO TEMIIOB pocTa. B memom
HEKOTOPbIE MPUPOIHBIE PECYPCHI OKA3aIH CHIBHOE,
HaJEe)KHOE M HEraTHBHOE BIUSHHE Ha POCT, TEM Ca-
MBIM TIOJIOPBaB WHCTUTYIIMOHAIbHOE KauecTBO. Kak
TOJIKO BJIMSIHUE WHCTUTYTOB OBUIO ITOCTABJICHO MO
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KOHTPOJIb, IPUPOJIHBIE PECYPCHl OKa3aly HE3HAUH-
TEIBHOE IOJOXKUTENBHOE BIUSHUE HA YKOHOMHYE-
CKHI1 poCT.

3. PecypcHoe «npoknartue»
B rJ1006a7lbHOM KOHTEKCTe

T'opHast IPOMBIIIICHHOCTE TPENCTABIISET COOOM
LIUPOKUNA CETMEHT 3KOHOMUKH, BKJIIOUAIOIIUN OKO-
70 6 ThIC. KOMIIAHUN U 2,5 MIJIH 3aHSTHIX MO BCEMY
mupy [11]. Paznuuusi B OTKPHITOCTH YBEIUYUBAIOT
pasuuy B BBII, a n300umnue pecypcoB oka3biBaeT
nonoxurenpHoe BiaugHue Ha BBII Bo MHoOrux
cTpaHax, 00TaThIX MUHEPAITBLHBEIMH pecypcamu [11].
KadecTBO MHCTUTYTOB OKa3bIBAET IMOJIOKHUTEIBHOE,
a B HEKOTOPBIX CIIy4asX W OTPUIATEIILHOE BIUSHUE.
Tak, B [8] oOHapyXWIH, YTO YETOBEUCCKUI KaITh-
TaJl OKa3BIBAET IMOJOXKHTENbHOE (XOTA W HE3HAUH-
TEJNbHOE) BIMSHHUE HA POCT B OTHUX CcTpaHax. MHBe-
CTULIMU OKa3aJM 3HAYUTEIbHOE BIUSHUE, B TO BpeMs
KaK THT KOJIOHM3AINX OKa3aJ HETaTUBHOE W CYyIIe-
CTBEHHOC BIIMSIHHE Ha pocT. JIBa JPyTrHX acrekTa,
oOcyxaembie B [8], CBsI3aHBI C UCEH O TOM, YTO
peCypcHOE «IPOKJIATHE» — YUCTO adpUKaHCKUN
¢dbenomen. OOHApPYKEHO, UYTO MPU HCKIIOUCHUU U3
BBIOOPKH apUKAaHCKUX CTpaH KO3 UIMEHTHI Iie-
PEMEHHBIX COXPAaHSJIM CBOM 3HAKHU, XOTS U C HEKO-
TOPBHIM CHIDKCHHEM WX 3HadeHui. ClemoBaTebHO,
JIAHHOE SIBJICHUE HE TOJHKO a(pUKAHCKOE, U HET
HUKAKUX JIOKA3aTeJbCTB CHUCTEMATHUYECKUX Ppa3iiu-
YHif, KOTOpbIe OTIMYal0T appuKaHCKHE M HeadpH-
KaHCKHUE CTPAaHEI.

B KOHTEKCTE MOPTYrajos3bldHbIX a(ppPUKAHCKUX
cTpaH, Takux kak Mo3amOuk u Anrona, B [12] npo-
aHAJIM3UPOBAHO BIMSHUE MPHUPOTHBIX PECypCcOB Ha
nHcTuTyTH B Kabo-Bepae, Can-Tome u [Tpuncumnu.
HccnenoBanne npoBeieHO B CBS3H ¢ OOBSBICHUSIMU
00 otkpeitnn Heptu B CeH-Tome u IlpuHcunu B
nepuoa ¢ 1997 mo 1999 r.

Korma peusr uper o0 SKOHOMHUYECKOW JIEKOH-
CTPYKIMH [5], MOXXHO Takxke cociatbcsa Ha [13].
Hcronp3ys Te ke JaHHBIC, 9TO U [5], HO BBOAS WH-
dbopMario o 3amacax KamuTajga JUis OLCHKH IpH-
pOAHOrO Kamurtaja B Mupe, B [13] oueHwnn Tpu
ypaBHEHUS Mojaeu. OOBSICHIEMON MepeMEHHOMN OBLT
BBII. O6HapysxeHO, 4T0 B UCXOJHON MOJenH obec-
MEYEHHOCTh pecypcaMy OKa3blBalla 3HAUUTEIBLHOE U
nosnoxuTenpHoe Bnusinue Ha BBII, B To Bpems kak
3aBHCHMOCTH OKasbIBaJla OTPHUIATEIHbHOE W 3HAYH-
TesbHOE BiIUssHUE. B Monenu Il u B ypaBHeHUH po-
CTa OHU TONTyYWIJIH T€ XK€ Pe3yJbTaThl, C TOH pa3HH-
e, 9T0 KO3 PHUIMEHT pecypCHOM 00eCTIeUeHHOCTH
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YBEIMYMWIICS, a 3aBUCUMOCTh CHU3WIIAach. B ypaBHe-
HUH 3aBHCUMOCTH 00€CIIEYeHHOCTh PecypcaMu OKa-
3ajJa 3HAYUTENBHOE W IOJIOXKUTEIbHOE BIMSHHE.
Mopgens Ill mokazana, 4To pocT 0OECTIEYEHHOCTH
pecypcaMu IpOAOIIKal OKa3bIBaTh MOJOKUTENBEHOE
W 3HAYUTENBHOE BIUSHHE, & 3aBUCUMOCTb — OTpPHU-
LaTeNIbHOE, HO HE3HAYUTEIHHOE BIIHSHUE.

Uccnenosanue [14], mpoBeaeHHOE C UCIIONB30-
BaHHEM IaHENbHBIX JaHHBIX U3 56 CTpaH B NEPHOA
¢ 1970 mo 2000 r. 1mokaszajo, 4YTO HMCTOYHHKHA U
i dy3HbIe UCTOYHUKU TMOBIHUSUIA OTPHUIIATENHHO,
HO HE3HAYUTEIBHO HA POCT, OOMEHHBIHM Kypc OKa3ai
HEOOJIBIIOE IOJIOKUTENBHOE BIMSHHUE, a YCIOBUS
TOPTOBIM — 3HAYMTEIIbHOE HEraTHBHOE BIHUSHHE.
OTu pe3ynbTaThl CBUAETEILCTBYIOT, UTO 3aBHCH-
MOCTH JII000TO POAa BpelnHa Ul pocTa B pa3BHBa-
IOLIMXCSI CTpaHaX, M HE COIJIacyloTcs C BBIBOJAA-
Mu [15], KoTOpBIE TakXke pa3nuyalud TOYEYHbIE U
Qg dy3HbIE HCTOYHHUKH.

ABTOpBI HCIOJIB30BANIN TTaHEJIbHBIE JaHHbIE MO
28 KUTaWCKUM TMPOBUHIMAM, MPUMEHSS KaK 3aBH-
CHUMOCTB, TaK M U300MJIME PECypCcoB, XOTS Pa3IHyaiIn
n3o0mine pecypcoB U A0X0x OT pecypcos. JJoxoxn B
PECYPCHOM MOZENTH U3MEPSIICS ¢ TOUKH 3PEHHUS J0-
ObluM yriisi, HepTH W NPUPOAHOrO Traza. Mepa
n300MIINsT pecypcoB MOJIy4YeHa YMHOKEHHEM J100bI-
TBIX PECYPCOB Ha WX CpEIHHE PBIHOYHBIC LICHBI.
3aBHCHMOCTh OT PECypCOB H3MepsAIach OTHOLICHH-
€M HMHBECTHULIMH B OCHOBHBIE (POHIBI TOPHOIOOBI-
BaloOIIel MPOMBINIICHHOCTH K WHBECTULMSM BO BCE
OocHOBHBIC (poHEI. VcTonbp30BaHNe Pa3HBIX MOAECIICH
[T03BOJIMJIO OOHAPYXKUTH, YTO MPOBUHIIMM C HU3KUM
MIPOM3BOJCTBOM PECYPCOB IOKa3aau ciadylo 3aBHU-
CUMOCTh OT HUX. OJJHaKO HE BCE MPOBUHIINH C BBI-
COKOH CTENMEHBI0O PECYPCHOU 3aBHCHUMOCTH OBLIU
CBsI3aHBI C OOJBUIMM IPOMU3BOJICTBOM PECYpPCOB.
OddekT n300uaNs pecypcoB W 3aBHCHUMOCTH OT
pecypcoB OBLT MPOTHUBOIIOIONKHBIM. M300mime pe-
CYPCOB CIIOCOOCTBOBAJIO IKOHOMHUYECKOMY pa3BU-
THIO, HO 4Ype3MepHasl 3aBUCUMOCTb OT PECypPCOB
TopMo3mIIa poct [16].

Uro kacaeTcsi 3aBUCUMOCTH OT PECYpPCOB B KOH-
KPETHBIX CeKkTopax, B [17] oOHapyxkeHO, 4To Oym
B PECYPCHOM CEKTOpE MpPUBEN K IOJIOKUTEIbHBIM
9KOHOMHYECKHM BTOPUYHBIM dQQeKTaM, yBEIUYH-
Bag pOCT B CEKTOpax, KOTOPHIE HE 3aBHCEIH OT
NpUPOAHBIX pecypcoB. Korma u3 BeIOOpKH ObLIH
nckiroueHs! bpyneit, Kyseiit n Caynosckas ApaBws,
pe3yNbTaThl OCTAINCH IOJOXKHUTEIBHBIMU, HO He-
3HaunMbIMU. Tak, coriacuo [17], B cTpaHax, Oora-
TBIX MPUPOJAHBIMHU pecypcamMu, B nepuoj ¢ 1970 no

1990 r. Habmogancs OBICTPBIA POCT B HECHIPHEBBIX
cekropax. Ecnu paccmarpuBate nepuon ¢ 1980 mo
1990 r., majeHue 1eH Ha NPOAYKTHI B CEKTOPE UMe-
JI0O HE3HAYUTEIHHYIO KOPPENALHIO C PECYPCHOH 3a-
BHCHUMOCTBIO, CBSI3b MEXKIy 3aBHCHUMOCTBIO M PO-
CTOM PECYPCHOrO CeKTopa OblIa OTpPHLATENHHOH.
[TokazaTenn pecypcHOrO CEKTOpa B PECYpPCO3aBH-
CHUMBIX CTpaHaX ObUTH CIaObIMM, KOTIa LIeHBI Maja-
M, HO 3TOT 3PQEKT OTIMYaICs OT PECypCHOTO
CIPOKIATHS». PecypcHOE «IIPOKIATHE) CYIIECTBYET,
KOTJIa CeTONHSANIHSS 100bIYa MPUPOIHBIX PECYPCOB
oOecrieunBaeT Oonee HU3KUH YpOBEHb NOXOZOB B
OyZnyleM U MOXET CHEPKHBAaTh POCT B COOTBET-
CTBYIOIIIEM CEKTOPE MPHUPOIHBIX PECYPCOB.

[MpuanMas Bo BHUMaHuE [ 18], He0OX0AUMO Yuu-
TBIBaTh, YTO WCIIOJIB30BAHUE SIMIIUPUUECKUX JaHHBIX
IUId aHalIM3a BO3JEHCTBUS NPHUPOIHBIX PECYPCOB
MOJKET NPHUBECTH K JIOOOMY pe3yibTaTy, MOITOMY
crenyeT oOpamarb BHUMaHue Ha NMPOTHBOPEUYMBLIC
pe3ynbTaThl U paboTaTth ¢ (haKTOpaMH, TECHO CBS-
3aHHBIMH C POCTOM B pa3BHBAIOIIUXCSA CTpaHax,
MyTeM COBEpPUICHCTBOBAHMS MOJX0/1a K 3HIOTCHHOMN
3aBUCHMOCTH.

4. DKOHOMUYECKUe nocrieacrTeus
ropHoaoObiBaloLLeil NPOMbILLIEHHOCTU
B IOXHO-AdpukKkaHCKUX cTpaHax

Cornacno [19], sMnupuveckue ucCiIeI0BaHUS
POIH MIPUPOTHBIX PECYPCOB B IKOHOMUKE OBLITH CO-
CpeIoTOYeHBl Ha MpoOIeMe PecypcHOTO IPOKIIS-
TUSD» C HCIOJBb30BAaHUEM OOIIMX WM KOHKPETHBIX
MPUYUHHO-CIIEAICTBEHHBIX CBA3eil. MOXHO BBIjIe-
JIUTh TPU OCHOBHBIE IpymIbl. B nepBoil paccmarpu-
BAaIOTCSI Pa3NIMuHBIE CIIOCOOBI OMpEAeICHUsT U300u-
JMsl PECypCOB WIJIM 3aBHCUMOCTH OT Hux [20-22].
Bropas ¢doxycupyercs Ha SKOHOMHUYECKHX (HaKTO-
pax, CBA3aHHBIX C POCTOM, Ha KOTOpPbIE MOXKET IT0-
BIMATH OOTaTCTBO NPHUPOIHBIX pecypcoB. TpeTps
TpyTIia CTAaBUT I10JI COMHEHHUE CIIPaBEIIUBOCTh Pe-
CypCHOTO TIPOKJIISTHSL.

Cornacuo [19], pecypcHas 3aBUCUMOCTh OTHO-
CUTCS K CTENEeHH, B KOTOpPOH CTpaHa 3aBHCHUT OT
MPUPOAHBIX pecypcoB. Ho MpoIeHTHBIN YpPOBEHb
3TON 3aBHCHMOCTH aBTOPHI TOYHO HE OMPEIENIOT.
Crpana, obnazmaromiasi 0OraTeiIMH pecypcamu, MOMKET
HE 3aBUCETH OT PECypCOB, €CJIM OHA JUBEPCH(UIIN-
PYeT CTPYKTypy CBOETo MpOom3BOICTBa. M300mime
MIPUPOJHBIX PECYpPCOB H3MEPAETCS OLIEHKON MpH-
POIIHBIX PECYPCOB Ha IYIIy HaceleHHs, a 3aBUCH-
MOCTb OT MPHUPOJTHBIX PECYPCOB M3MEPSIETCS OTHO-
HIEHUEM SKCIOpTa NPUPOAHBIX pecypcoB Kk BBIL
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s cTpaH, KOTOpPBIE 3aBUCAT OT JOXOAOB OT IMpPH-
POIHBIX PECYPCOB, 3aBUCUMOCTh OT PECYPCOB Baph-
upyerca oT 4,9 no 86,0 %. 3aBUCHMOCTBH Takxke
MOXHO OIIPEJCINTh, H3YYHUB COCTAaB 3KCIIOPTa
CTpaHbl, TJ¢ MPUPOJHBIE PECYpPCHl COCTABISIOT
60,0-95,0 % ot obmero oobema sxcnopra. MBD
OepeT CpemHIOI JOJI0 JOXOJOB CTPaHBI OT IPH-
POJHBIX PECYpPCOB 3a HECKOIBKO JieT [19].
[lpuHMMas BO BHUMaHHE 3TH aCIEKTHI, OIpe-
JeJSUIOCh, ObUTH T cTpaHbl OxHO-AprkaHCcKoTo
pEervoHa 3aBHCHMBI OT PECYPCOB B IEPHOJ HCCIIe-
nosanust (20112020 rr.). YcTaHOBIIGHO, YTO B CPe/-
HEM CTpaHOH, KOTopas mpemiaraia 0ojiee BEICOKYIO
JIOXOAHOCTh B TporteHTax ot BBII, 6pu1 Manara-
ckap ¢ 21,6, 3a aum cnenyer Mozambuk — 15,01;
3umbabBe — 11,56; lemokpaTtudeckas PecmyOnuka
Konro — 10,28; Tauzauus — 7,2; Hamuobus — 3,83;
Manasu — 2,06; 3ambus — 2,19; Dcsatunu — 1,7 u
Jlecoto co cpeanum mokazarenem 1,285. Cnenosa-
TEITLHO, MOYKHO CIIENIaTh BBIBOJ, YTO B OIHHX CTpaHaX
SKOHOMHMKA 3HAYUTEILHO 3aBUCUT OT FOPHOI0OBIBAIO-
[UX PECYPCOB, a B JAPYTUX — HE TaK CHJIbHO, TaK KaK

X SKOHOMHMKa AuBepcu¢uiupoBaHa. B tabn. 1-3
NPUBEACHB! JaHHBIE O BKJIale TOPHOAOOBIBAIOLICH
IPOMBIIIJIEHHOCTH B 3KOHOMMKY TIOCYIapCTB
qwieHoB FOxHO-A(pPHUKAaHCKOTO pernoHa 3a MepHo.
2011-2020 rr.: BBII B Tekymux IieHaX, roJ0BbIe
peanbHble TeMnbl pocTa, %; BBII no Bugam 3koHO-
MUYECKOU JEATENIbHOCTH B TEKYIIMX II€HAaX, MIH
nmoiut. CIHIA; BBII ropHomoObIBaroIieil mpoMbIIII-
JICHHOCTH B TEKYIIUX I€HaX, T'OAOBBIC peasbHbIE
TeMITBI pocTa, %.

Bo MHOTHX HcCceqoBaHUAX 00OCHOBBIBAETCS BBI-
BOJl 0 HEOOXOOUMOCTH NPUBJICUECHHUS NPSMBIX WHO-
crpanablXx naBecTHmi ([IMN) mis pa3sutus u Mo-
JIEPHU3ALNN SKOHOMUKH a(ppUKAHCKHX TOCYNapCTB
U UX HHTETrpalud B MHPOBOE X03siicTBO [23].
Hanpumep, B 2019 r. 00beM BHYTpH appHUKaHCKOTO
skcriopta FOAP cocraBunm 26 mupn momt (27 %
Bcero akcnopta). [Ipu aTom 12 % BHYTpH adpukaH-
ckoro skcropra KOAP (3 % mmpoBoro skcmopra
IOxHO#t Adpukm) mpuxomurcs Ha adpUKaHCKHE
CTpaHbl, He sBmstonrecs wieHamu HOxxHO-Adpu-
KaHCKOTro peruoHa [24].

Tabnuya 1
BBI B Tekywunx LleHaXx, roa0Bble peasibHble TeMIbl pOCTa
B rocypapcrteax — yneHax KOxxHo-AppuKaHCKOro permoHa, %, 3a nepmop 2011-2020 rr. [3]

FocynapcTea 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
AHnrona 3,5 8,5 5,0 4,8 0.9 -2,6 -0,1 -2,0 -,06 -5,2
BoTceaHa 6,0 4,5 9,9 3,2 -1,7 7,0 4,0 4,0 3,0 -8,5
Komopbl 4,1 3,2 4,5 2,1 1,1 3,3 3,8 3,6 1,8 -0,1
ngn%'ﬁgﬁgﬁg 6,9 7,1 8,5 9,5 6,9 2.4 37 5,8 4,4 1,7
3cBatuHu 2,2 5,4 3,9 0,9 2,2 1,1 2,0 2,4 2,6 -1,9
Jlecoto 4,6 6,3 1,8 1,7 3,1 3,6 -3,2 -1,2 -0,4 -11,1
Magarackap 1,6 3,0 2,3 3,3 3,1 4,0 3,9 3,2 4.4 -7,1
Manasu 4,9 -0,6 6.3 6,2 3.3 2,7 5,2 3,9 5,2 0,9
MaBpukuii 4,1 3,5 3,4 3,7 3,6 3,8 3,8 3,8 3,0 -14,9
Mo3zam6uk 7.4 7,3 7,0 7,4 6,7 3,8 3,7 3,4 2,3 -1,2
Hamnbus 5,1 5,1 5,6 6,1 4,3 0,0 -1,0 1,1 -0,6 -8,0
Ceiiwensl 5,4 3,7 6,0 4,5 4,9 4,6 4,7 1,8 1,2 -10,8
IOxHaa Abpuka 3,2 2,4 2,5 1,4 1,3 0,7 1,2 1,5 0,1 -6,4
TaH3aHus 7,9 5,1 6,8 6,7 6,2 6,9 6,8 7,0 7,0 4,8
3ambus 5,6 7,6 5,1 4,7 2,9 3,8 3,5 4,0 1,4 -3,0
3umbabee 14,2 16,7 2,0 2,4 1,8 0,8 4,7 4,8 -8,4 5,3
Bcero 4,2 4,3 3,9 3,2 2,2 1,4 2,1 2,2 1,2 -4,5
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Table 1
GDP at current prices, annual real growth rates in the member states
of the Southern African region, %, for the period 2011-2020 [3]

States 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Angola 3.5 8.5 5.0 4.8 0.9 -2.6 -0.1 -2.0 -.06 -5.2
Botswana 6.0 4.5 9.9 3.2 -1.7 7.0 4.0 4.0 3.0 -8.5
Comoros 4.1 3.2 4.5 2.1 1.1 3.3 3.8 3.6 1.8 -0.1
Democratic Republic
of the Congo 6.9 7.1 8,5 9.5 6.9 2.4 3.7 5.8 4.4 1.7
Eswatini 2.2 5.4 3.9 0.9 2.2 1.1 2.0 2.4 2.6 -1.9
Lesotho 4.6 6.3 1.8 1.7 3.1 3.6 -3.2 -1.2 -0.4 -11.1
Madagascar 1.6 3.0 2.3 3.3 3.1 4.0 3.9 3.2 4.4 -7.1
Malawi 4.9 -0.6 6.3 6.2 3.3 2.7 5.2 3.9 5.2 0.9
Mauritius 4.1 3.5 3.4 3.7 3.6 3.8 3.8 3.8 3.0 -14.9
Mozambique 7.4 7.3 7.0 7.4 6.7 3.8 3.7 3.4 2.3 -1.2
Namibia 5.1 5.1 5.6 6.1 4.3 0.0 -1.0 1.1 -0.6 -8.0
Seychelles 5.4 3.7 6.0 4.5 4.9 4.6 4.7 1.8 1.2 -10.8
South Africa 3.2 2.4 25 1.4 1.3 0.7 1.2 1.5 0.1 -6.4
Tanzania 7.9 5.1 6.8 6.7 6.2 6.9 6.8 7.0 7.0 4.8
Zambia 5.6 7.6 5.1 4.7 2.9 3.8 3.5 4.0 1.4 -3.0
Zimbabwe 14.2 16.7 2.0 2.4 1.8 0.8 4.7 4.8 -8.4 5.3
Total 4.2 4.3 3.9 3.2 2.2 1.4 21 2.2 1.2 -4.5

Tabnuua 2
Aonga BBIN no BMuaam 3KOHOMUYECKON Ae9TEJIbHOCTU B OCHOBHbIX LleHaXx,
BCEro rocyaapcTtea — YneHsbl FOXxHo-AdppukaHckoro permoHa, %, 3a nepuos 2011-2020rr. [3]
OnucaHne ToBapa 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020

CenbcKkoe X039NCTBO, NECHOE X03ANCTBO
1 pbI6ONOBCTBO 6,7 6,9 7,2 7,8 8,3 8,8 8,7 8,3 8,4 9,4
Jo6bl4a NoNesHbIX NCKonaeMblX 13,6 13,7 13,4 12,1 10,1 9,9 9,9 11,1 10,5 11,4
Mpon3BOACTBO 11,9 11,6 11,3 11,4 11,8 12,2 1,2 12,1 12,5 11,9
ONeKTpU4ecTBO, rag, Nap U KOHAULMOHVUPOBAHNE
BO3AyXa, BOAOCHAOXEHME, KaHANN3aums, ynpae-
JIeH1e 0TX0AaMU 1 BOCCTaHOBUTESbHbIE paboThl 2,0 2,2 2,2 2,2 2,3 2,3 2,3 2,3 2,3 2,3
CTpounTenbLCcTBO 4,8 5,5 6,0 6,4 6,3 6,3 6,3 5,9 6,0 6,0
OnToBas 1 poO3HMYHAsA TOProBAs, TPAHCNOPTHO-
cKnaackas AesTenbHOCTb, YCIYr No pasMeLLeHnio
1 0BLWECTBEHHOMY NMUTAHNIO 19,4 19,9 20,6 21,4 21,3 2,1 21,2 20,6 20,5 19,6
MHdopmayma n KOMMyHUKaUUA 3,3 3,0 3,0 2,9 2,9 2,6 2,5 2,3 2,3 2,3
®urHaHcoBas 1 cTpaxoBasi AeATEebHOCTb 5,7 5,4 5,3 5,1 5,5 5,6 5,6 5,7 5,9 5,8
Onepauuin ¢ HeABMKUMOCTLIO, NPodeccroHanbHas,
Hay4yHas, TexXHM4YecKas, agMUHUCTPATUBHAsA
1 BCNomoraTesfibHasa AeaTe/IbHOCTb 12,9 12,3 11,7 11,4 11,6 11,6 11,9 12,0 12,1 12,0
[ocypapcTBEHHOE yrnpaBneHne n 06opoHa,
obpa3oBaHne, 3APaBOOXPaHEHNE 1 coLvasbHas
paboTa 18,6 18,4 | 18,2 18,3 18,9 18,5 | 18,5 18,6 18,3 18,1
Jpyraa nearensHOCTb N0 0OCNYXMBAHUIO 1,1 1,1 1,1 1,0 1,0 1,0 1,1 1,3 1,3 1,3
BBIM B 6a30BbIX LLeHaXx 100,0|100,0|100,0|100,0|100,0|100,0(100,0|100,0|100,0|100,0
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Table 2
Share of GDP by type of economic activity at basic prices, total member states
of the Southern African region, %, for the period 2011-2020 [3]

Item description 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020
Agriculture, forestry and fishing 6.7 6.9 7.2 7.8 8.3 8.8 8.7 8.3 8.4 9.4
Mining and quarrying 13.6 13.7 13.4 12.1 10.1 9.9 9.9 11.1 10.5 11.4
Manufacturing 119 | 116 | 11.3 | 114 11.8 12.2 1.2 12.1 12.5 11.9
Electricity, gas, steam and air conditioning supply,
water supply, sewerage, waste management
and remediation activities 2.0 2.2 2.2 2.2 2.3 2.3 2.3 2.3 2.3 2.3
Construction 4.8 55 6.0 6.4 6.3 6.3 6.3 5.9 6.0 6.0
Wholesale and retail trade, transportation
and storage, accommodation and food service
activities 194 | 19.9 | 206 | 21.4 | 21.3 2.1 21.2 | 20.6 | 20.5 19.6
Information and communication 3.3 3.0 3.0 2.9 2.9 2.6 2.5 2.3 2.3 2.3
Financial and insurance activities 5.7 5.4 5.3 5.1 5.5 5.6 5.6 5.7 5.9 5.8
Real estate activities, professional, scientific,
technical, administrative and support service
activities 129 | 123 | 11.7 | 114 11.6 116 | 11.9 12.0 12.1 12.0
Public administration and defence, education,
human health and social work activities 18.6 18.4 18.2 18.3 18.9 18.5 18.5 18.6 18.3 18.1
Other service activities 1.1 1.1 1.1 1.0 1.0 1.0 1.1 1.3 1.3 1.3
GDP at basic prices 100.0(100.0|100.0|100.0|100.0|100.0(100.0 | 100.0|100.0|100.0

Tabnnuya 3

BBl B TeKyLiMxX LeHax — A006bl4a NoJIe3HbIX UCKONAaeMbiX, FO40Bble peafibHble TEMIMbl pocTa

B rocygapcrBax — uieHax lOxHo-A¢ppukaHckoro peruoHa, %, 3a nepuog 2011-2020 rr. [3]

Focypapctea 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
AHrona -5,2 8,5 -0,9 -2,5 11,1 2,7 -5,3 -9,8 -6,5 -8,2
BotceaHa -6,5 -5,8 24,2 0,5 -15,3 0,3 6,3 8,4 -3,7 -26,5
Komopel 8,0 -5,0 -15,7 2,7 0,5 71 -10,0 -6,4 2,2 -1,0
Jemokpatnyeckas
Pecnybnuka KoHro 23,9 9,8 10,2 19,3 4,8 -0,7 7,9 16,9 0,9 9,8
3cBaTuHU 66,2 64,4 241 -49,3 -86,3 9,7 8,0 -26,5 -18,3 25,0
JNlecoTo 43,6 -0,7 -30,3 9,1 -14,3 0,0 14,1 -94 0,7 1,3
Maparackap 2,3 57,8 164,9 14,7 12,4 2,9 10,2 -1,8 9,8 -57,2
Managsu 1,4 5,3 6,9 -4,6 1,1 0,4 1,6 2,3 3,9 2,3
Magpuknin -18,9 -8,3 -4.6 -2,5 -3,4 0,4 1,5 2,1 3,3 -16,6
Mosambunk 31,2 28,5 11,9 19,6 19,3 13,9 32,1 11,3 -2,6 -15,1
Hamunbwns -5,6 24,6 3,2 -4.,5 4,0 10,7 14,2 16,1 -9,5 -14,9
Ceiwensl 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0
IOxHas Adppuka -0,7 -2,9 4,0 -1,5 4,8 -3,4 2,4 -0,8 -1,1 -11,9
TaH3aHuA 6,1 6,7 4.5 6,4 10,0 7.4 5,3 1,5 17,7 6,7
3ambus 0,1 0,8 3,6 -2,3 0,2 7,3 3,0 6,3 -5,1 8,0
3umbabee 24,4 8,0 11,7 -3,4 0,4 41 3,5 8,7 67,2 -9,0
Bcero -1,2 4,4 3,7 00 6,4 -1,6 0,2 -1,7 -1,2 -7,4
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Table 3
GDP at current prices — mining, annual real growth rates in the member states
of the Southern African region, %, for the period 2011-2020 [3]

States 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Angola -5.2 8.5 -0.9 -2.5 11.1 -2.7 -5.3 -9.8 -6.5 -8.2
Botswana -6.5 -5.8 24.2 0.5 -15.3 0.3 6.3 8.4 -3.7 -26.5
Comoros 8.0 -5.0 -15.7 2.7 0.5 71 -10.0 -6.4 2.2 -1.0
Democratic Republic
of the Congo 23.9 9.8 10.2 19.3 4.8 -0.7 7.9 16.9 0.9 9.8
Eswatini 66.2 64.4 241 -49.3 -86.3 9.7 8.0 -26.5 | -18.3 25.0
Lesotho 43.6 -0.7 -30.3 9.1 -14.3 0.0 14.1 -9.4 0.7 1.3
Madagascar 2.3 57.8 164.9 14.7 12.4 2.9 10.2 -1.8 9.8 -57.2
Malawi 1.4 5.3 6.9 -4.6 1.1 0.4 1.6 2.3 3.9 2.3
Mauritius -18.9 -8.3 -4.6 -2.5 -3.4 0.4 1.5 2.1 3.3 -16.6
Mozambique 31.2 28.5 11.9 19.6 19.3 13.9 32.1 11.3 -2.6 -15.1
Namibia -5.6 24.6 3.2 -4.5 4.0 10.7 14.2 16.1 -9.5 -14.9
Seychelles 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
South Africa -0.7 -2.9 4.0 -1.5 4.8 -3.4 24 -0.8 -1.1 -11.9
Tanzania 6.1 6.7 4.5 6.4 10.0 7.4 5.3 1.5 17.7 6.7
Zambia 0.1 0.8 3.6 -2.3 0.2 7.3 3.0 6.3 -5.1 8.0
Zimbabwe 24.4 8.0 1.7 -3.4 0.4 41 3.5 8.7 67.2 -9.0
Total -1.2 4.4 3.7 00 6.4 -1.6 0.2 -1.7 -1.2 -7.4

4.1. MeToab! n 3KOHOMeTpu4decKkasi MoseJsib Ke; | — eMHMIA aHanu3a; t — nepuoj BpeMeHu; [ —

Hns aHanM3a 3KOHOMHYECKOTO BO3ACHCTBHSA
JOOBIBAOIIEH TTPOMBIIINIEHHOCTH B pernone HOxHo-
AdpukaHCKUX CTpaH ObUIa pa3padoTaHa 3KOHOMETpPH-
YecKasi MOJIENb B TPEX YPaBHEHMSX C YUETOM 3HJIOTEH-
HoctH. YpaBaenue (1) olieHMBaeT NpsMOe BO3JCHCTBHE
ropHOZI00BIBatOIer ipomeiuieHHocTH Ha BBIL. Ypas-
HeHwe (2) oleHNBaeT KOCBEHHOE BO3/ICICTBHE TOPHO/IO-
OBIBAIOILECH POMBILITICHHOCTH Ha OCHOBHBIC SKOHOMH-
YecKre TepeMeHHbIe, BIMSIONE Ha SKOHOMHKY; OHH
TaKXKe HCTIONB3YIOTCSI B Ka9eCTBE YIPABILIONINX TIepe-
MeHHBIX B ypaBHeHHH (1). YpaBHeHue (3) oreHuBaer
CTETIeHb, B KOTOPOM Te JKE caMble IePEMEHHBIE MOTYT
00paTHO BO3IECHCTBOBATH HA CaMy TOPHOIOOBIBAOIITYIO
MPOMBIIIIEHHOCTh. CIIe0BaTeNbHO, ypaBHEHUs (2) H
(3) oreHMBAIOT BO3MOKHBIC KaHANIBI MIEpeavl pecypc-
HOT'O TIPOKJISITHS, KOTOPhIE HETaTHBHO BIMSIOT Ha TOp-
HOZIOOBIBAIOITYTO MTPOMBIILUIEHHOCTD. TpH ypaBHEHUS:

InGDP;, = BEXMIND;; + X B; Xjiett; + &, (1)

rae INGDP — nmorapudm BBII Ha mymry HaceneHus;,
EXMININD — roproz00bIBatoIast pOMBIIUICHHOCTb;
X — BEKTOp MEPEMEHHBIX, OOBACHSIIOMUX Koyieha-
uus BBII; B — ko3¢ dunmenTs, momjexanme oneH-

CTpaHOBBIE dPPEKTHI; € — YWICH CITYYaHON OMINOKH.
Bekrop X cocTouT M3 nepeMeHHBIX: 00padaThI-
Barouiasi mpombinuieHHocTs (MANIND), passutue ue-
noBeveckoro kanurtana (HCD), komornansHOE Mpo-
moe (COLON), rocymapersennbie pacxozpl (GOV),
akoHoMuueckasi oTkpbitocth (ECOPEN), oOMeHHbI#
kypc (EXRATE), yposens undusiian (INFRATE).

Xit = 6,InGDP;¢ + ¥ 6; Xjiel; + €5¢, 2

rae X — BEKTOp NEepPEeMEHHBIX, Ha KOTOPBIE MOXKET
MOBIHSATEH JOOBIBAIOINAS IPOMBINUICHHOCTD; Z — Ha-
00p TIepeMEHHBIX, KOTOPhIC BIHUSIOT HA POCT U MO-
TYT BIUATH HA TEpeMEHHbIE X; 0. — BEKTOp HEU3-
BECTHBIX KO3 (UIIMEHTOB, MOAJICKANUX OICHKE;
BEKTOPHI X U Z COCTOAT W3 MEePEeMEHHBIX X B ypaB-
Hennu (1) munyc nepemennas COLON.

EXMIND;; = 8,InGDP;; + ) 8; Xjicli + €, (3)

rme & — BEKTOp HEU3BECTHBIX KOA(PPHUINEHTOB,
MOJJIEKAIINX OLIEHKE; TEPMHUH € U HIDKHUE MHIEK-
Cbl | 1 t ompesieNieHsl, KaKk U paHee.
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Tabnuua 4
Mepa KOHCTPYKTOB (3aBUCUMAaZa U HE3aBUCMMAaa NepemMeHHas)
MepemeHHagq Mepa
GDP PeanbHbI ypoBeHb BBIM Ha aywy HaceneHus (BB no MNMC) [26]
RGM PeanbHbI pocT 0o6b14m [20]
SMEE Lonsa skcnopTa None3HbIX UCkonaembix B 06Lem oObemMe akcnopTa [27]
RGA PeanbHbI1 pOCT cenbckoro xosaincTea [20]
RGMAN PeanbHbln pocT npounasoacTea [20]
HCD Pa3BuTWe 4enoBEeYECKOro kanuTana, N3mMmepsemMoe COOTHOLLEHME CPEAHUX M BbICLUNX Y4eOHbIX 3aBEAEHWNIA
npunucka K Hacenexmio [26; 28]
PG PocT HaceneHus [28]
AR ABTOpErpeccumn
MRE 0O6ecneyeHHOCTb MMHEpPabHbIMY pecypcamMmn [26]
IDEV PasButne nHdpacTpykTypsbl [29]
RGS PeanbHbIii pOCT B chepe yenyr [26]
TOP OTKPBLITOCTL TOProB/N: OTHOLIEHWE TOProBnv ToBapamu Kk BB, % [30; 31]
GFDI PoCT NpsAMbIX NHOCTPaHHbIX MHBECTULNIA [26]
EXIND opHOAo6bIBAKOWASA NPOMBILLIEHHOCTb
GOV FocypapCTBEHHbIE pacxoapl
MANIND O6pabaTbiBaoLlas NPOMbILLNEHHOCTb
COLON KonoHwansHoe npownoe
ECOPEN OKOHOMMYECKas OTKPbLITOCTb
EXRATE OOBMEHHbIN KypC
INFRATE YpoBeHb MHpASUNN
VECM BEKTOpHas owmnbka ncnpaeneHue
ARDL ABTO PErpeCcCUOHHLIN pacnpeaeneHHblin nar
Table 4
The measure of constructs (dependent and explanatory variable)
Variable Measure
GDP Real level of GDP per capita (GDP_PPP) [26]
RGM Real growth of mining [20]
SMEE Share of mineral exports to total exports [27]
RGA Real growth of agriculture [20]
RGMAN Real growth of manufacturing [20]
HCD _Human capita_l deveI(?pment, measured by the ratio of secondary and tertiary institution enrolment
in the population [26; 28]
PG Population growth [28]
AR Autoregressive
MRE Mineral resources endowment [26]
IDEV Infrastructure development [29]
RGS Real growth in services [26]
TOP Trade openess: ratio of merchandise trade to GDP, % [30; 31]
GFDI Growth of foreign direct investment [26]
EXIND The extractive industry
GOV Government expenditure
MANIND Manufacturing industry
COLON Colonial past
ECOPEN Economic openness
EXRATE Exchange rate
INFRATE The inflation rate
VECM Vector error correction
ARDL Autoregressive distributed lag
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Jnst ypasuenwit (1, 2, 3) i = 1...N; t = 1..T.
N = 12 crpan, T = 11 ner. Takum oOpazom, oodiee Ko-
andecTBo HabmoneHuit B mozenn: 12x11 = 132, Ko-
¢ umueHTs! o, , 0 OIEHEHBI ¢ WCIIOJIB30BAaHUEM
MoJieneil ¢ (PUKCUPOBAHHBIMU M CIy4alHBIMH -
(bexkTamu, a TakKe BBIMOJIHEH TecT Xaycmana [25],
YTOOBI IPOBEPUTH, Kakasi U3 MOJAEJEH Jydlle COOT-
BETCTBYET JaHHBIM.

4.2. JanHble n onpegeneHue nepeMeHHbIX

JlaHHBIE MTOTYYEHBI U3 WHAUKATOPOB MHPOBOTO
paszeutus (WDI). Ilepemennsiit BBII nsmepsiercs B
pacdere Ha nymry HaceneHus. llepemeHHast TopHO-
no6siBaromas npomeiuieHHOCTs (EXIND) usmepsi-
€Tcs JI0OXOJOM OT IOJIE3HBIX HCKOMAeMbIX B IpO-
nenrax ot BBII. UuaukaTopsl MUPOBOTO pa3BUTHS
OTIpeaeNsieT JOXOA OT AOOBIUM MOJIE3HBIX HCKOIae-
MBIX KaK Pa3sHHLY MEXIYy CTOMMOCTBHIO IMPOU3BOJ-
CTBa M OOLIMMH 3aTpaTaMu Ha Mpou3BoacTBO. Cpenn
MHHEPAJIOB, BKIIOYEHHBIX B PAacyeT, 0JIOBO, 30J10-
TO, CBHHEII, INHK, KeJIe30, Meb, HUKEIb, cepedpo,
Ookcutel U ¢ocdatel U T. n. B uccnemoBanue
HE BKJIIOYEHBI JTOXOJHl OT MCKOTAeMOTO TOILIHNBA
(aedth, ra3 u yrosn). IlepeMeHHBIN YeOBEUSCKUI
karurtan (HCD) uzmepsiercs ¢ TOUYKU 3peHUs 3a4KC-
JIeHWs Ha TPETUH YpOBEHb B MPOIIEHTAX OT BAJIIOBO-
ro 3auncieHud. MccienoBanne BKIIOYaeT (PUKTHB-
nyo nepemennyo (COLON) s xonoHHanbHO-
r0 TPOILIOTO, ONMPENeIIeMOT0 KaK MOPTYTalbCKas
kosonus (0) wimm anrnuiickas konoHus (1). Drta me-
peMEeHHas OTpa’kaeT HJEI0 O TOM, YTO KOJIOHHWAJb-
HOE TMPONLIOE BIHMAET HA SKOHOMHUYECKUH POCT H
MIPOU3BOTUTEIHHOCTH TOPHOO0BIBAIOIIEH TPOMBIIII-
JICHHOCTH. YTBEp)KAAaeTcsl, YTO OBIBIIME KOJOHWUHU
CTpaH C JIEMOKPaTHYeCKUMHU MHCTUTYTaMH, TaKHX
Kak AHIIUs, MOTYT HMETh YCTOMYMBBIA poOCT,
a TOPHOMOOBIBAIONIAS TPOMBIIIIEHHOCTh MOYXET
paboTaTh XOpOoIIIo.

[Mepemennbie rocynapcrBeHHble pacxonsl (GOV)
M3MEPSIIOTCS B TEPMIHAX PACXO0B NPABUTENLCTBA Ha
KoHewuHoe ToTpedeHne. Crona BXOIUT 000poHa U Oe3-
OIMAaCHOCTh, HO HE BOEHHbBIE pacxofpl. llepemeHHas
sxoHommdeckast oTkpbitocts (ECOPEN) m3mepsiercs
OTHOILIEHMEM CyMMBI BHelHel Toproemu k BBII. Ile-
pemennass EXRATE mpencraBisier co00il peaTbHBIHM
0OMEeHHBI Kypc N0 OTHomeHuto k poiuapy CLLHA,
paccunTaHHbIli Kak cpemnerogoBoi. Wudmsms (IN-
FRATE) m3MmepsieTcsi ToOJOBBIM TEMITOM POCTa HESBHO-
ro neduekropa BBII, moka3pBaroOmero CKOpocTs M3-
MEHEHUS 1IeH B SKOHOMHUKE B IIEJIOM.

B Tabn. 5 mpexncraBiieHa cBoAHAsS CTaTHCTHKA
JAHHBIX. JTO TaKXKe MOKa3bIBAaET, YTO MaHeNb cOa-
JAHCUPOBaHA U COCTOUT U3 132 HaOMIOACHMUIA.
BonbmMHCTBO TIepeMEHHBIX JEMOHCTPUPYIOT OO0JIb-
mre pa3opockl 1Mo cTpaHaMm U BO BpeMeHH. C TOUKH
3peHHs] HOPMAJIBHOCTH BCE TIEPEMEHHBIE TPEACTaB-
NS0T HyneBoi skcrecc (0) 1 HEeHyIIeBYI0 aCHMMET-
puto (0), 9TO yKa3bIBaeT Ha OTCYTCTBHE HOPMAalTb-
HOro pacmpexaenenus. UTo Kacaercs JKciecca,
BCE MEpPEMEHHbIE JIENTOKYPTHYECKHE, 32 HCKII0Ye-
HueM BBII, koTopblil SBISETCA MIETUKYPTHBIM.
Uro kacaercss aCHMMETpPHH, 332 HCKIIOUYEHHEM Iie-
pemenHoit COLON, kotopasi UMeeT AJIMHHBIA XBOCT
ClIeBa, BCE OCTalbHBIC MEPEMEHHBIE UMEIOT XBOCT
crpaBa. C TOYKHM 3peHHUs TOKa3aTeled IEHTpaIb-
HOM TeHaeHUMU u aucnepcun BBII npencrasisier
co0OHi HauBBICIIEE CpelHee 3HAYCHHE, MOCKOJBbKY
BCE OCTaJIbHBIC IMEPEMEHHBIE BBIPAKAIOTCS B IIPO-
nenrax ot BBII, a nepemennas COLON sisiercst
(PUKTHBHOM.

B Tabn. 6 mpencraBieHa KOppeNsSHOHHAS
MaTpuIia, KOTOpasi MOKa3bIBaET, YTO PETPECCOPHI HE
MMEIOT UI€ATbHBIX OTHOIIEHUH. DTO MpeAIonaraer,
YTO HET NPU3HAKOB CEPbE3HOW KOJUIMHEAPHOCTH
MeXIy OOBSCHSIONIMMU TEPEMEHHBIMH W TIOCIIe-
ITYIOTITUMH PUCKaMH CMETIIaHHBIX () (PEKTOR.

Tabnnua 5
CBopgHasa cTaTUCTUKA AaHHbIX, N= 132
MepemeHHble CpenHee CraHpapTHOoe MuHUMyM Makcumym MokasaTtenb MokasaTenn
3HavYeHue OTKJIOHEHne acuMmMeTpumn aKcuecca

GDP 2382,143 2153,083 284,21 6432,30 0,432 1,450
EXIND 9,543 9,835 0,42 49,43 1,292 9,037
MANIND 10,453 8,673 3,24 29,32 1,432 5,032
HCD 6,534 5,785 0,34 26,33 1,210 2,843
COLON 0,783 0,348 0,00 1,00 -1,232 2,532
GOV 21,648 14,342 1,84 78,59 1,673 10,210
ECOPEN 0,741 0,231 0,05 1,87 0,301 2,942
EXRATE 266,000 863,362 1,58 8643,47 5,321 52,432
INFRATE 102,642 41,342 41,27 253,17 1,219 10,354
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Table 5
Summary statistics of the data, N= 132
Variable Mean ::3;::;:?5 Minimum Maximum Skewness Kurtosis
GDP 2382.143 2153.083 284.21 6432.30 0.432 1.450
EXIND 9.543 9.835 0.42 49.43 1.292 9.037
MANIND 10.453 8.673 3.24 29.32 1.432 5.032
HCD 6.534 5.785 0.34 26.33 1.210 2.843
COLON 0.783 0.348 0.00 1.00 -1.232 2.532
GOV 21.648 14.342 1.84 78.59 1.673 10.210
ECOPEN 0.741 0.231 0.05 1.87 0.301 2,942
EXRATE 266.000 863.362 1.58 8643.47 5.321 52.432
INFRATE 102.642 41.342 41.27 253.17 1.219 10.354
Tabm. 7 moKa3pIBaeT, 4YTO MEpPEMEHHbIE HOHM TOJNBKO BO BTOPOH Pa3HOCTH, J€JaeT HElpaK-

INGDP, EXIND u GOV sBASIOTCS CTalliOHAPHBI-
mu Ha ypoBHe. Ilepemennsie MANIND, HCD,
EXRATE u INFRATE umerotr yHUTapHBIH KOpEHb,
HO SIBJISIIOTCS CTAI[MOHAPHBIMH IO MEPBOH pa3HO-
ctu. [lepemennas ECOPEN — emuHcTBeHHas cra-
MOHapHas BO BTOpoil pasHocTu. CylllecTBOBaHHE
MePEMEHHON C CAMHUYHBIM KOpPHEM, CTalHOHap-

TUYHOH pa3paboOTKy AMHAMHYECKON MOJENH C TOY-
Ku 3peHus aBroperpeccun (AR), BEKTOpHOH KOp-
pekmuu ommbok (VECM) mmu aBTOperpeccuu ¢
pacnpeneneHasM 3ama3apiBanneM (ARDL). Utak,
IpeanojaraeTcsi, 4ro MOJAENb CTATHYECKUX Ia-
HEJIBHBIX AaHHBIX SBJIAETCS MOAXOAALUIMM METOJ0M
OIICHKH.

Tabnuuya 6 / Table 6
KoppenaunoHHaa maTpuua gaHHbiX, N= 132
Correlation matrix of the data, N= 132
Mepemennbie /| o\ | MANIND HCD COLON Gov ECOPEN EXRATE INFRATE
Variable
EXIND 1,000
MANIND -0,372 1,000
HCD -0,226 -0,116 1,000
COLON -0,399 0,217 0,117 1,000
GOV -0,112 0,002 -0,122 0,067 1,000
ECOPEN 0,012 0,123 0,042 -0,312 0,402 1,000
EXRATE 0,011 -0,101 -0,143 0,013 0,014 -0,072 1,000
INFRATE -0,012 -0,121 0,032 -0,013 0,321 0,217 0,216 1,000
Tabnnua 7
AHanus cTauMoOHaPHOCTU AaHHbIX
Mneil::e P(t) P(t)-3HauyeHune P(t)-1 P(t)-3sHauyeHune P(t)-2 P(t)-3HauyeHune nopun.oxsu;,Terauww,
InGDP 32,427 0,023 - - - - 1(0)
EXIND 46,038 0,001 - - - 1(0)
MANIND 21,431 0,324 52,243 0,001 - - I(1)
HCD 6,327 0,662 73,122 0,000 - - 1(1)
GOV 44,125 0,003 - - - - 1(0)
ECOPEN 19,232 0,144 27,231 0,132 72,06 0,00 1(2)
EXRATE 4,342 0,821 36,413 0,023 - - I(1)
INFRATE 2,634 1,000 42,132 0,006 - - I(1)
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Table 7
Stationarity analysis of the data
Variable | P(1) P(t)-value P(1)-1 P(t)-value P(1)-2 P(f)-value | Orderofinegration,
INGDP 32.427 0.023 - - - - 1(0)
EXIND 46.038 0.001 - - - 1(0)
MANIND | 21.431 0.324 52.243 0.001 - - I(1)
HCD 6.327 0.662 73.122 0.000 - - I(1)
GOV 44.125 0.003 - - - - 1(0)
ECOPEN | 19.232 0.144 27.231 0.132 72.06 0.00 1(2)
EXRATE 4.342 0.821 36.413 0.023 - - I(1)
INFRATE 2.634 1.000 42.132 0.006 - - I(1)

4.3. AHanus pe3ynbTaToB OL,€HKU

B Tabn. 8 mpuBeneHsl pe3yabTaThl OLEHKH MO-
nenu 1 ¢ wcmonb3oBaHUEM Mojenel (pUKCHpoBaH-
HBIX U CIIy4alHBIX 3()(EKTOB.

Tabu. 8 moka3sIBaeT, 4TO CYIIECTBYET OIMpere-
JIEHHasI 3aKOHOMEPHOCTh PE3yNIbTAaTOB MPH HUCIOIb-
30BaHMHU 000mXx MeTonoB. CraTuctuka F-kpurepus
IUIE MOJENH C (PUKCHPOBAHHBIMH dPdeKkTamMu U
Kputepust Babia s Mojem co cirydaiHbMu dddex-
TaMH CTaTUCTMYECKH 3HAYMMa Ha IISITHUIPOLIEHTHOM
YPOBHE 3HAYMMOCTH. DTO JEMOHCTPHPYET, HACKOIBKO
XOpOIIM XapaKTePUCTUKH IBYX Mogenei. UtoOsl
OTIpEe/IeTNTh, KaKasi MOJIENb JyYllle, MPOBEJCH TECT
Xaycmana [25]. Pesynbrarel npuBeaeHs! B a0, 9.

Tabmn. 9 mokaspIBaeT, 4TO CTATUCTUKA KPUTEPHS
Y2 CTATHCTHYECKH HE3HAYMMa TpPU ISTHIIPOICHT-

HOM YpOBHE 3HAYUMOCTU. TakuM 00pa3oM, MbI He
OTBEpracM HYJIEBYIO THUIIOTE3y O TOM, YTO METOJH
ciydailHbIX A(QQPEKTOB MOAXOOUT Ui OLEHKH MO-
nemn. MaauBuayansabie 3G GEKTH U 00BSICHSIIONINE
NepeMEeHHbBIE HE KOppelIupoBaHbl. Pesynbrarhl Te-
cTa Ui BbIOOpa MeXIy OOBEIWHEHHBIM METOAOM
HalMEHBIIUX KBaZpaToB M METOIOM CIy4alHBIX
a¢dexroB npuseacHsl B a0 10.

CornacHo pesyinbratamMm u3 Tadna. 10, MOXHO
OTKJIOHUTH HYJIEBYIO THIIOTE3Y O TOM, YTO OOBECANHEH-
Hasi MOJIENIb TTOJIXOJIHT, B TOJL3Y AJIbTEPHATHBHOM TH-
MOTE3bl O TOM, YTO MOJENb CiydaiHbIX 3(dekTos
aBisieTcs Haubonee noaxonsmeil. CienoBaTenbHO,
Halll aHalli3 OCHOBAaH HAa MOJEIH CIy4alHbIX (-
(dexToB B yiiep0 MojensiM O0ObEIUHCHHBIX U (DUK-
CHUPOBaHHBIX 3P PEKTOB.

Tabnuua 8

PesynbTaTbl OLeHKU PUKCUPOBAHHbLIX U Cly4YaliHbiXx 3¢ PEeKTOB, 3aBucumMmas nepemeHHaqa InGDP

JK30reHHas nepeMeHHas dukcupoBaHHble 3¢ PeKTbl CnyuyaiiHble 3P deKkTbl
EXIND 100021 100021
DMANIND [8:8821 [8:882]
DHCD [_00, 600132] [_00,600032]
COLON [oﬂ’you(ng] [?:3221
cov 6.00'] 6.001)
DECOPEN ‘[%,%gq*]* _[%”%g?*]*
DEXRATE [8;888] [8:8881
DINFRATE [_00,60001 1] [—Oc?,oooo1 1]

lMpumeyvanme. Undpbl B KBaApPaTHLIX CKOBKax SBASIOTCA CTaHAAPTHbIMUK owmnbkamn. Lndpbl B CKOOKax — 3TO p-3HAYEHUS.
* — 3HA4YMMO NMpPU NATUNPOLEHTHOM YPOBHE 3HAYUMOCTH; ** — 3HAYMMO NPU AECATUMNPOLEHTHOM YPOBHE 3HAYMMOCTU. D yKasblBatoT,

4YTO nepemMeHHas N3MepaeTcs Kak USMEeHEeHUs.
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Table 8

Fixed and random effects estimation results, dependent variable INnGDP

Exogenous variable

Fixed effects

Random effects

EXIND ‘[8;88;‘]* _[8.'883]*
DMANIND [8:882] [8:8821
DHCD [_0%00132] [_09600032]
COLON [I(?v;/?a?gd] [?fgig]
oo .00

DECOPEN _[%'_%622*]* _[%.%622?
DEXRATE [8:888] [8:8881
DINFRATE [_0%00011] [_00.600011]

Note. The numbers in square brackets are standard errors. The numbers in brackets are p-values. * — significant at 5% signifi-
cance level; ** — significant at 10% significance level. D indicate that the variable is measured as changes.

PeaynbtaTtbl TecTa XaycmaHa

Tabnuya 9

:eK::n;Z::t:; ¢"K2:|fq?::: Hem c’;‘g’;";:'(:'" (b-B) pasnnua | sqrt(diag(V_b-V_B)) S.E.
MANIND 0,004 0,003 0,00 0,00
DMANIND 0,003 0,003 0,00 0,01
DHCD 0,002 0,002 0,00 0,01
COLON _ N N N
GOV 0,041 0,041 0,00 0,00
DDECOPEN 0,060 0,060 0,00 0,06
DEXRATE 0,000 0,000 2.216"-07 1,04-03
DINFRATE 0,001 0,001 6,346"_04 0,00
- (1,00)

ﬂpmmewaHMe. B ckobkax yKasaHbl p-3HadeHus. D ykasblBaloT, YTO NEPEMEHHAs UBSMEPAETCH KakK U3MEHEHMS.

Table 9
The Hausman test’s results
Exogenos variable Fixed effect Random ffect (b-B) difference sqrt(diag(V_b-V_B)) S.E.
MANIND -0.004 -0.003 0.00 0.00
DMANIND 0.003 0.003 0.00 0.01
DHCD -0.002 -0.002 0.00 0.01
COLON - - - -

GOV 0.041 0.041 0.00 0.00
DDECOPEN -0.060 -0.060 0.00 0.06

DEXRATE 0.000 0.000 2.21e"-07 1.04"-03
DINFRATE -0.001 -0.001 -6.34e"-04 0.00

Yo (1.00)

Note. p-values are in brackets. D indicate that the variable is measured as changes.
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Tabnmuya 10
OGbeanHEHHbIe pe3ynbTaTbl UCNbITaHMil OLS [32]
DK30reHHble NnepeMeHHble NepemMeHHble SD = sqrt(Var)
INnGDP 1,002 1,03212
e 0,006 0,04321
u 1,623 1,23412
462,21
X (0,000)
Table 10

Consolidated OLS and random effects test results [32]

Exogeneous variable Variable SD = sqgrt(Var)
InGDP 1.002 1.03212
e 0.006 0.04321
u 1.623 1.23412
462.21
X (0.000)

[MoxTBepkaeHO, YTO peanbHBIH POCT HOOBIYU
TTOJIE3HBIX MCKOIMAEMBIX CIIOCOOCH YBEIWYHTH IKO-
HOMHYECKHH pOCT B JKOHOMHKE cTpaH IOxHo-
AQpHKaHCKOTO peruoHa. JTO 3HAYUT, YTO TOPHO-
JOOBIBAIOIINN CEKTOP OKa3bIBaeT MOJOXKHUTEIHHOE
BJIMSTHHE Ha POCT 3KOHOMUKH cTpaH HOxHo-Adprkan-
CKOTO PEerHOHa B TEUEHHE TEepHOJIa MCCIIECIOBAHUS.
Taxoke BbISIBIIEHA MOJOXHUTEIBHYIO CBSI3b MEXKIY
Pa3BHUTHEM YEJIOBEUECKOTO KaluTala U SKOHOMHYE-
cKuM pocTtoM. Ho 3TOT (akT ObUT MOATBEPKACH B
MpeabIAYIIMX HCCIEIOBAHUAX B aHAJIOTHYHBIX 00-
nactax [33; 34]. B 4acTHOCTH, MHOTHE HCCIIEI0BAHMS
MTOKAa3aJId, YTO Pa3BHTHE UYEJIOBEYECKOTO KaIrnTaa
OoJiee TECHO CBS3aHO C MHHEPAIBHBIMU PECYPCaMH
1 SKOHOMHYECKHM POCTOM, OCOOCHHO TPH HHU3KOM
ypoBHe Koppynuuu. Kpome Toro, oTMeueHa 3Ha4H-
TeNbHAsE B3aHMMOCBSI3b MEXAY O00ECIeYeHHOCTHIO
MUHEpaTbHBIMH PECYypcaMd U SKOHOMHYECKHUM PO-
cTtoM B crpaHax OxHo-AdpukaHckoro pernona B
MIEPHUOJ UCCIICAOBAHUSL. ITO MOKET OBITh PE3yJIbTa-
TOM MOJMTUYCCKUX U WHCTHTYIIMOHAILHBIX HEYJa4,
OTYACTH W3-32 MOBEICHUS PaHThE, a TaKKe IKOHO-
MHYECKHX MOTPSCEHUH, KOTOPhIE BEPUPHUIHPYIOTCS
B CTpaHax — WieHax peruoHa [35]. JaHHBIA BBIBOL
OBLT 0XKHMIaeMBIM, ITOCKOJIFKY MHOTHE CTpaHbl FOx-
HO-A(pPUKAHCKOTO pernmoHa YacTo IMONyYaloT 3Ha-
YUTENBHYI0 YacTh CBOMX MPSMBIX WHOCTPAHHBIX
VWHBECTHUIIMIA B TOPHOJIOOBIBaroIeM cekrope [27].
B mepuox obcnemoBaHusi Takke HaOIOAANach I0-
JIOXKHTENNbHAS B3aMMOCBS3b MEXKIY pa3sBUTHEM HH(]pa-
CTPYKTYPHl U SKOHOMHYECKHM DPOCTOM B CTpaHax
OxHo0-Adpukanckoro pernona. OIHAKO 3TO YCH-
JIAIIO 3HAYXATENBHYIO MOJOKUTENFHYI0 KOPPEISIIHIO

MEXIy pa3BUTHEM WHPPACTPYKTYpPhI U PealbHBIM
POCTOM TOPHOAOOBIBAIOIIEH MPOMBIIIICHHOCTH. JIpy-
raM (aKTOpPOM, NMPOBEPEHHBIM B XOJIE HCCIIEIOBa-
HUSl, CTaJIO IMOJIOKUTEIBHOE pPAa3BUTHE TOPrOBIU
Omaromapsi SKOHOMHYeCKOMYy pocTy. Kak mokasbi-
BalOT HEKOTOPHIE MICCIIEOBAHMS, CYIIECTBYIOT BO3-
MOXHOCTH JuIs yiayduieHus npuroka [IMU B cekrop
TOPHOJIOOBIBAIOIICH MPOMBIIIJIEHHOCTH B PETHOHE
HOxHO-AdpHUKaHCKUX CTpaH, €CIM MOJUTHKH CMO-
TYT TOJJIEPKUBATh DPA3JIUYHbIE CTPATETHH SKOHO-
MHUYECKOW nubepanu3auuy U pa3Mepbl peiHka [33].
Hakonen, monokuTenbpHasi B3aUMOCBSI3b MEXIY
pPOCTOM 3KOHOMHKH W POCTOM MPSIMBIX MHOCTPaH-
HBIX WHBECTHLIMN TaKXe COIJIACYeTCsl ¢ MpPEIbIay-
My uccaenoBanuamu 1IN kak neuratens pocra
BO MHOTHX cTpaHax AQpWKH, 3aHUMAIOIIUXCS J0-
ObIYeH MOJIE3HBIX HCKOMaeMbIX [36].

CBs13p MEXly J0JIEH SKCIOpTa TOJE3HBIX HC-
KOMaeMbIX B 00IIeM 00beMe KCIIOpTa M SKOHOMH-
YeCcKMM pPOCTOM HE3HAuWTEeNbHA, PAaBHO KaK U He-
CTaTHCTUYECKM 3HauMMasi KOppesslus MeXIy yda-
CTHEM DKCITOpTa TOJIE3HBIX MCKOMAEeMBIX B OOIIeM
o0beMe DKCIIOpPTa W pPeaTbHBIM POCTOM JOOBIUH.
Takum 00pazom, MOXKHO TPEATNOJIOKUTE, YTO KO-
HOMHYECKHUI POCT M POCT PEATbHON TOOBIYHN TOJIe3-
HBIX HCKOTAaeMBIX B JKOHOMHKE cTpaH HOxHO-
A(pHKaHCKOTO pEernoHa MOXKET He MOCTPajaTh OT
3HAYUTENIBHOTO BIIMSHUSA [JaXe MpHU YBEIUYCHUU
JKCIIOPTA TMOJIE3HBIX UCKOMaeMbIX. CienoBaTensHo,
pa3Nu4HbIE TOCYAapCTBEHHBIE MEPHI JIOJIKHBI JIOTION-
HUTEIbHO CTHUMYJHPOBATh HCIOJIb30BAaHUE MHHE-
PaAIBHBIX PECYpCcOB Ha MECTHOM YPOBHE JUIsl oOec-
medeHus: pocta B perrone [33]. Hakorer, B TeueHme
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nepuoa UccieloBaHusl OOHApYKEHO, YTO POCT Ha-
CeNICHUs OTPHLATENBHO KOPPEIUPYET C peabHbIM
pocTOoM IOOBIYM MOJIE3HBIX MCKOINAEMBIX U 3KOHO-
MHYECKHM pocToM B pernone HOxHo-AdprkaHCKuX
CTpaH, TO €CTh YBEJIHMYEHHE HACEICHHS B PErHOHE
OTPHUIIATEIBHO CKA3aJloCh HAa PEalbHOM pOCTE JO-
OBIYM TIOJE3HBIX HCKOMAEMbIX M AKOHOMHYECKOM
pocre.

3aksiloueHue

BonpmmacTBO cTpan FOxHO-AdprukaHCKOTo pe-
THOHA OTPAHWYHMBAIOTCS MOOBIYEH W OKCIOPTOM
MIPUPOJIHBIX PECYpPCOB NMPAKTUUYECKH 0€3 MpOMBIIII-
neHHoll mepepabotku. CrenoBareiabHO, JOXOJ OT
MOJIE3HBIX HCKONAEMBbIX BO3HHUKAET B PE3YJIbTaTE
Pa3HHIBI MEXIYy CTOMMOCTBIO JOOBITOTO MPOIYKTa
B MHpPOBBIX IICHaX U CEOECTOMMOCTHIO JOOBIYH.
[IpuHuMas BO BHUMaHHE SMIMPUYECKUE TaHHBIE
0 TOM, YTO IPHUPOTHBIE PECYPCHI ABISIOTCS «IIPO-
KIIATHEM», MPOAHATU3UPOBAHO MPSIMOE U KOCBEHHOE
BO3JIeiicTBHE TOOBIBarOIIel MPOMBINUICHHOCTH Ha
9KOHOMHUYECKHH pocT B peruone HOxHo-Adpukan-
CKHX CTpaH.

Hccnenosanne MpoBENEHO € HCIOIb30BaHHEM
Habopa MaHEeNbHBIX TAHHBIX 1O ABEHAANATH CTPpaHaM
OxH0-Adpukanckoro pernona ¢ 2011 mo 2020 .
BriBogbl, ocHOBaHHBIE Ha MeTonax omneHku OLS u
GMM, nokaszanu, 4TO, IOMUMO JOJH 3KCIOPTA IO-
JIE3HBIX WCKOTAeMbIX B OOIIeM oObeMe JKCIOopTa,
pocT HaceseHust U 00eCTIeYeHHOCTh MUHEPATbHBIMU
pecypcaMu — BCE NEpEMEHHBIE, IPOBEPEHHBIE B UC-
CIIEJIOBAaHMHW, B 3HAYUTEIHHONH CTENEeHH CI0C00-
CTBOBAJIM 3KOHOMHYECKOMY pOCTy B peruone FOxHo-
AdpukaHckux cTpaH B TeueHHE O0003HAYCHHOTO
nepuoaa. B dacTHOCTH, peanbHBIH pocT B cdepe
yCITyT, IPOU3BOJICTBA, JOOBIYH ITOJIE3HBIX MCKOTae-
MBIX, pa3BUTHE YEIIOBEYECKOTO KamuTaia, WHppa-
CTPYKTYPBI, OTKPBITOCTh TOPIOBJIM U POCT OPSAMBIX
MHOCTPAaHHBIX WHBECTULUNA CTAaTUCTHYECKH 3HAUYU-
MBI Ha pa3HBIX YpOBHIX. B wuccnemoBaHum pac-
cMOTpeHbl Tpu Mozenu. IlepBas uzMepsiia mpsmoe
BO3JIeiicTBHE TOOBIBArOIIEel MPOMBINIICHHOCTH Ha
SKOHOMMYECKUU pOCT ¢ ucnonb3oBaHueM BBII Ha
Iylly HaceneHus. Bropas — KocBeHHOE BO3ZEHCTBUE
JMOOBIBAfOIIEH MPOMBIIUIEHHOCTH Ha SKOHOMHYE-
CKMI pOCT C HMCIOJIb30BAaHUEM TOKa3aTesiel, Ccirya-
[UX HMCTOYHUKOM PECYpPCHOTO TPOKIATHS. TpeThs
OIICHUBAJIA BO3JCHCTBUE MEPEMEHHBIX, BIUSIOIIUX
Ha JOOBIBAIOIIYIO TPOMBIILUIEHHOCTH U pocT. [loimy-
YeHBI CJIEeNYIOUINe pe3yJbTaThl U JaHbl PEKOMEH-
JaIUu:

72

1. PeanpHBIi pOCT rOpHOAOOBIBAIOIIEH IMPO-
MBIIIJIEHHOCTH CMOCOOEH YBEIWYUTh SKOHOMUYE-
CKHI pOCT B DKOHOMHKE CTpaHbI FOkHO-AdprkaH-
CKoro pernoHa. M 3TO MOKa3bIBaeT, YTO CEKTOP
TOPHOJIOOBIBAIONICH MPOMBIIUIEHHOCTH OKa3bIBaeT
MpsIMO€ U TOJOXKUTEIbHOE BIMSHHE Ha POCT KO-
HOMHKH B pernone HOxHo-AdpukaHCKuX CTpaH B
TedeHue uccieayemoro nepuona. Ha ocHose mosny-
YEHHBIX B XOJI€ HCCJIENOBaHUA [aHHBIX TUIOTE3a
0 HETaTUBHOM BIIMSTHUM MUHEPAIBHBIX PECYPCOB Ha
9KOHOMHUYECKHH pOCT OblJla OTBEPTHYTAa W CIENIaH
BBIBO 00 OTCYTCTBUH PECYPCHOTO «IIPOKJIATHUS» B
ropHoaoOsIBaroreii orpaciu. CiaemoBaTensHO, Iee-
c000pa3HO yBENMYCHNE NHBECTUIINN B yCTONUNBYIO
9KCIUTyaTallll0 CTPATErHUeCKUX MHHEPAbHBIX pe-
CYpCOB B PETHUOHE.

2. PeanbHBI POCT TPOMBINIICHHOCTH HWMEET
3HAYUTEIBHYIO MOJOXHUTEIbHYIO CBA3b C DKOHOMHU-
yeckuM poctoM B peruoHe HOxHO-AdpuxaHckux
CTpaH. YBeNW4eHHe MPOMBIIUIEHHOTO IMPOU3BOJI-
CTBa, YPOBHA JIOXOJIOB M yPOBHS JKM3HH 32 CUET
YBEJIWYEHHS 3aTpaT rOPHOJOOBIBAIONIETO CEKTOpa
MOXET TOJIOXKHUTENBHO TMOBIHATH Ha POCT IKOHO-
Mukun B pernoHe IOxHO-A(dpuKaHCKHX CTpaH.
COOTBETCTBEHHO, €O CTOPOHBI TPABUTEILCTBA
HeoOxoauMa pa3paboTKa JbroT, HAIPaBJICHHBIX HA
CTUMYJIMPOBAHNE YBEIUYCHHS YPOBHS mepepadoT-
K MHUHEpAJIbHBIX PECYPCOB PErMOHAa MECTHBIMHU
KOMIaHHUAMH, a TaKke (OPMHPOBAHHE MPOMBIII-
JIEHHOW TOJUTHKHU IS TOJACPKKUA Pa3BHTHS OT-
pacneii, mepepadaTHIBAIONIUX CHIPhE TOPHOIOOKI-
BAaIOILIETO CEKTOpa.

3. Habmogaercst monoXuTenbHas CBsI3b MEXIY
pa3BHUTHEM YEIIOBEUECKOTO KarmuTajia U SKOHOMHYe-
CKHM pOCTOM, @ TakKXe IOJIOKUTEIbHas KOppens-
LUl MEXIY Pa3BUTHUEM UYEJIOBEYECKOIO KaluTana u
pealbHBIM POCTOM TOPHOOOBIBAIOIICH TPOMBIIII-
JIEHHOCTH W JIOJIel SKCIopTa MOJIE3HBIX HMCKOMae-
MBIX B 00I1IeM 00beMe dKcropTa B peruoHe HOxHO-
Adpukanckux crpan. Takum o0pazom, IOXOI OT
JIOOBIYM TIOJIE3HBIX MCKOMAeMBIX MOYKHO HCIOJIB30-
BaTh JUISI Pa3BUTHS YEJIOBEYECKOTO W (PU3HYECKOTO
KaluTala B 3TUX CTPaTETMUECKUX CEKTOpax.

4. BMmecTe C TeM TONOXHUTEIbHAS B3aHMOCBSI3b
MeXly pa3BUTHEM MH(PPACTPYKTYpHl U SKOHOMHUYE-
CKUM pocToM B peruoHe IOxxHO-AdpuraHcKux
CTpaH 3a 3TOT MEePHOJl YCUIIIIA 3HAYUTENBHYIO TI0-
JIOKUTENHFHYIO B3aUMOCBA3h MEXKAY Pa3BUTHEM HH-
(GpacTpyKTypsl U pEalbHBIM POCTOM TOPHOJOOBI-
BaIOIEl TPOMBINIIEHHOCTH B pernone. [loatomy
TOCY/IapCTBEHHBIE YUPEXKACHUS M YaCTHBIA CEKTOpP
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JIOJDKHBI BKJIA/IIBATh 3HAYUTENBHBIE CPEICTBA B CTpa-
TETHYECKYI0 MHPPACTPYKTYPY, TAKyIO KakK JJIEKTPO-
cHaOXeHHe, JOPOTH M MOCTBI, TPAHCIOPT U Teye-
KOMMYHUKaIMU. J{aHHBIA TMPOIECC OCYUIECTBIAIOT
MHOTHE CTpaHbl peruoHa, HampuMmep Aurona, Tas-
3aHus1, M03aMOUK U T. JI.

5. Toproens mokazama IONOXHUTEIBHBIN pe-
3yJbTaT Oyaronaps YJKOHOMUYECKOMY pocTy. UToOb!
MOBBICUTH MPUBJIEKATEIbHOCTh 3KOHOMHUK CTpPaH
I0xHO-Adpukanckoro pernoHa s nmputoka [T
B TOPHOOOBIBAIOIINN CEKTODP, TUPEKTHBHEBIE Opra-
HBI JTOJDKHBI MOANEPKUBATh Pa3UYHbIE CTPATETHU
9KOHOMHUYECKOH JInOepann3anuy U pa3Mepsl PhIHKA.

6. B cBs3M C MOJOKHUTEIBHOU B3aMMOCBS3bIO
Mexny poctoMm IIMM U 5KOHOMHYECKHUM POCTOM B
peruone HOxHO-APpPUKaHCKHX CTpaH CIeIyeT MpH-
JIOXKUTh YCUJIHS JJIs1 TIPUBJICUEHHS OONBIIETO KOJIH-
YecTBa CTPATETHYECKUX WHBECTUIMN B TOPHOIOObI-
BaOIIUIl CEKTOp, YTOOBI MOOYIUTH APYTUX HWHO-
CTPAHHBIX MHBECTOPOB BKIAbIBATh JOINOIHUTEIILHBIE
cpeacTBa. DTO OCHOBAaHO Ha TMPEANOCHUIIKE, HYTO
WHOCTpaHHbIE MHBECTOPHI MOTYT pacCcMaTpuBaTh
YBEJIMYECHUE HHBECTULIMOHHBIX pEUICHUN Apyrux
KaK XOpOIIWi MpHU3HAK OJarompusSTHBIX YCIOBHM.
Kpome Toro, /s yBenndeHus BHYTPUPETHOHANb-
HBIX MPSIMBIX WHOCTPAaHHBIX MHBECTULUUA rocyaap-
cTBa — wieHbl HOkHO-A(DPHUKAHCKOTO peruoHa JT0IK-
HBI COTJIacOBaTh CBOIO IMOJIUTHKY M TPOIEAYpPHI B
OTHOLICHUH NOOBIYM TIOJNE3HBIX MCKOIAEMBIX, TEX-
HUYECKOTO IIOTeHInala W oOOMeHa 3HAHHUSIMU.
Heo0xoamMo mpuItoXKnuTh YCHIIUS TSI TTOBBIIICHUS
OCBEZIOMIIEHHOCTH 00 M300MJIMHU TIOJIE3HBIX UCKOTIA-
E€MBbIX B PETHOHE U MPSMOT0 CTUMYJIUPOBAHUS WH-
BECTHUIIUNA B PETHOH.

7. HecMOTpst Ha TO 9TO OILIEHKA JJIsi OOJBIITIH-
CTBa OOBSCHSAIOIIMX NEPEMEHHBIX Obla ITOJIOKH-
TeabHOU M 3HauuMoi Jyst OLS, BTOphIE Jaru oxa-
3a;uch MeHee 3HaunTenbHBIMA B GMM, B TO BpeMs
KaKk HEMHOTHE MMEJU OTpULATEIbHBIC 3HAKU. JTO
YKa3blBa€T Ha TO, YTO 33 HCCIEIYyEMBId MEPUON
OOJBIITMHCTBO TIOKa3aTeNeil pocTa B pernone HxHo-
AdpHuKaHCKUX CTpaH UMEET TEeHIEHINIO K yXy/Ile-
HUIO co BpeMeHeM. [IpenoxeHHble pekoMeHaaluu
CIOCOOHBI TTOJIOKHUTEIBHO CKa3aThCsS HA BEHISBICH-
HOM HEraTUBHOU TEHIIEHIIUH.

PesynbraThl uccnenoBaHus MOTYT OBITh HCIOJb-
30BaHbl HAYYHBIMU, YICOHBIMU M CTATHCTUICCKUMU
YUPEXACHUSIMH, TOPHOJ0OBIBAIOIIMMI KOMIIAHUSMH,
0aHKOBCKMMHU CTpyKTypamu FOkHO-AQpHKaHCKHX
CTpaH.

Cnucok nutepatypsbl / References

1. Awolusi OD, Mbonigaba J, Tipoy CK. Mineral re-
sources endowment and economic growth in Southern African
countries. International Journal of Diplomacy and Economy.
2018;4(1):59-79. https://doi.org/10.1504/IJDIPE.2018.091418

2. Mining markets in Southern Africa. Virginia Eco-
nomic Development Partnership, Zurcom International;
2014.

3. SADC Macroeconomic Statistics Bulletin. Gaboroneg;
2021.

4. Papyrakis E, Gerlagh R. The resource
curse hypothesis and its transmission channels.
Journal of Comparative Economics. 2004;32(1):181-193.
https://doi.org/10.1016/j.jce.2003.11.002

5. Sachs J, Warner A. Natural resources abundance
and economic growth. Working Paper 5398. National
Bureau Research; 1995. https://doi.org/10.3386/w5398

6. Brunnschweiler C, Bulte E. The resource curse re-
visited and revised: a tale of paradoxes and red herrings.
Journal of Environmental Economics and Management.
2008;55:248-264. https://doi.org/10.1016/j.jeem.2007.08.004

7. Alexeev M, Conrad R. The elusive curse of oil.
The Review of Economics and Statistics. 2006;91(3):
586-598. http://doi.org/10.2139/ssrn.806224

8. Mehlum H, Moene K, Torvik R. Institutions and
the resource curse. Economic Journal. 2006;116:1-20.
https://doi.org/10.1111/j.1468-0297.2006.01045.x

9. Easterly W, Levine R. Tropics, germs, and
crops: how endowments influence economic develop-
ment. Journal of Monetary Economics. 2003;50(1):3-39.
https://doi.org/10.1016/s0304-3932(02)00200-3

10. Sala-i-Martin X, Subramanian A. Addressing
a natural resource curse: an illustration from Nigeria.
Journal of African Economies. 2012;22(4):570-615.
https://doi.org/10.1093/jae/ejs033

11. Kondratiev VB. Mining industry, industrial policy
and economic upgrade. Russian Mining Industry. 2022;
(3):61-68. https://doi.org/10.30686/1609-9192-2022-3-61-68

Konopamees B.h. TopHas NPOMBIILICHHOCTD,
NPOMBIIUICHHAS TOJUTHKA W anrpeia dxoHomuku [/
lopHas mnpombiunieHHocts. 2022. Ne 3. C. 61-68.
https://doi.org/10.30686/1609-9192-2022-3-61-68

12. Vicente P. Does oil corrupt? Evidence
from a natural experiment in West Africa.
Journal of Development Economics. 2010;92:28-38.
https://doi.org/10.1016/j.jdeveco.2009.01.005

13. Ding N, Field B. Natural resource abundance and
economic growth. Land Economics. 2004;81:496-502.
https://doi.org/10.3368/le.81.4.496

73


https://doi.org/10.1016/j.jce.2003.11.002
https://doi.org/10.3386/w5398
https://doi.org/10.1016/j.jeem.2007.08.004
http://doi.org/10.2139/ssrn.806224
https://doi.org/10.1111/j.1468-0297.2006.01045.x 
https://doi.org/10.1016/s0304-3932(02)00200-3
https://doi.org/10.1093/jae/ejs033
https://doi.org/10.1093/jae/ejs033
https://doi.org/10.30686/1609-9192-2022-3-61-68
https://doi.org/10.30686/1609-9192-2022-3-61-68
https://doi.org/10.1016/j.jdeveco.2009.01.005
https://doi.org/10.3368/le.81.4.496 

Silima P.P., Nazarova Yu.A. RUDN Journal of Engineering Research. 2023;24(1):57-75

14. Mavrotas G, Murshed S, Torres S. Natural resource
dependence and economic performance in the 1970-2000
period. Review of Development Economics. 2011;15(1):
124-138. https://doi.org/10.1111/j.1467-9361.2010.00597.x

15. Isham J, Woolcock M, Pritchett L, Busby G.
The variety of resource experience: how natural resource
export structures affect the political economy of economic
growth. Rothay Center for International Affairs Working
Paper Series 12. 2003. https://doi.org/10.2139/ssrn.410364

16. Magnus JR, Ji K, Wang W. Resource abundance and
resource dependence in China. Center Discussion Paper Series
No. 2010-109. 2010. http://doi.org/10.2139/ssrn.1691569

17. James A. The resource curse: a statistical mirage.
Journal of Development Economics. 2015;114:55-63.
https://doi.org/10.1016/j.jdeveco.2014.10.006

18. Van Der Ploeg F, Poelhekke S. The impact of
natural resources: survey of recent quantitative evidence.
Journal of Development Studies. 2017;53(2):205-216.
https://doi.org/10.1080/00220388.2016.1160069

19. Badeeb R, Lean H, Clark J. The evolution
of the natural resource curse thesis: a critical
literature survey. Resources Policy. 2016;51:123-134.
https://doi.org/10.1016/j.resourpol.2016.10.015

20. Sachs DJ, Warner AM. Natural resources and
economic development: the curse of natural resources.
European Economic Review. 2001;45(3):324-341.

21. Sachs J, Warner A. Sources of slow growth in Af-
rican economy. Journal of African Economies. 1997;6(3):
335-376. https://doi.org/10.1093/oxfordjournals.jae.a020932

22. Sachs J, Warner A. The big push, natural resource
booms and growth. Journal of Development Economics. 1999;
59:43-76. https://doi.org/10.1016/s0304-3878(99)00005-x

23. Rodionova I.A., Monge E.S. Economic deve-
lopment of Tanzania: features and trends (1970-2013).
RUDN Journal of Economics. 2015;(2):66-77. (In Russ.)

Poouonosa U.A., Monee 3.C. DkOHOMUYECKOE Pa3BUTHE
Tan3zanuu: ocodeHHoctd U TeHaeHiwr (1970—2013 rr.) /
Bectauk Poccuiickoro yHuBepcutera apyx0 HapoaoB.
Cepus: Dxonomuka. 2015. Ne 2. C. 66-77.

24. Obraztsova MG. South Africa’s mining compa-
nies in the Southern African Development Community
(SADC). Asia and Africa Today. 2021;(2):30-35. (In Russ.)
https://doi.org/10.31857/S032150750014001-3

Obpasyosa M.I". IHTepech TOPHOIOOBIBAIOIINX KOM-
nmaunit FOAP B ctpanax CoobmecTBa pazsutus FOra Ag-
puku // Asus n Adpuka ceromas. 2021. Ne 2. C. 30-35.
https://doi.org/10.31857/S032150750014001-3

25. Hausman JA. Specification tests in econometrics.
Applied Econometrics. 2015;(2):111-134. (In Russ.)

74

Xaycman [[oc.A. TecTsl Ha cienn(HUKAITIIO B 3KOHO-
metpuke // [lpuknagHas skonomerpuka. 2015, Ne 2 (38).
C.111-134.

26. Aregbesola AR. Foreign direct investment and
institutional adequacy: New Granger causality evidence
from African countries. South African Journal of Eco-
nomic and Management Sciences. 2014;17(5):557-568.
https://doi.org/10.5465/AMBPP.2012.13876abstract

27. Dupasquier C, Osakwe PN. Performance, pro-
motion, and prospects for foreign investment in Africa:
national, regional, and international responsibilities.
Paper prepared for the “Eminent Persons’ meeting on
promotion of investment in Africa. Tokyo; 2003.

28. Anyanwu JC. Why does foreign direct investment
go where it goes? New evidence from African countries.
Annals of Economics and Finance. 2012;13(2):433-470

29. Nnadozie E, Osili UO. U.S. Foreign direct invest-
ment in Africa and its determinants. UNECA workshop
of financial systems and mobilization in Africa. 2004.

30. Wheeler D, Mody A. International investment
locational decisions: the case of US firms. Journal of
International Economics. 1992;33:57-76

31. Asiedu E. On the determinant of foreign
direct investment to developing countries: is Africa
different? World Development. 2002;30(1):107-119.
https://doi.org/10.1016/s0305-750x(01)00100-0

32. Voloshenko KYu, Drok TE. Econometric ana-
lysis of the impact of the intensity of transhoundary ac-
tivities on the level of economic complexity: the case
study of European countries. Regionology. Russian Jour-
nal of Regional Studies. 2019;27(4):602-632. (In Russ.)
https://doi.org/10.15507/2413-1407.109.027.201904.602-632

Bonowenxo K.IO., /[pox T.E. DKOHOMETpHYIECCKHUN
aHaNM3 BIMSHHSA HWHTCHCUBHOCTH TPAHCIPaHUYHOH Ha
YPOBEHb 9KOHOMHYECKOH CIIO)KHOCTH Ha NPUMEpe CTpaH
Esporsi // Perrononorust. 2019. T. 27. Ne 4. C. 602-632.
https://doi.org/10.15507/2413-1407.109.027.201904.602-632

33. Mahonye N, Mandishara L. Mechanism between
mining sector and economic growth in Zimbabwe. Is it
a resource curse? Economic Research Southern Africa
(ERSA) working paper 499. 2012,

34. Atkinson G, Hamilton K. Savings, growth and the
resource curse hypothesis. World Development. 2015;31(11):
1793-1807. https://doi.org/10.1016/j.worlddev.2003.05.001

35. Boschini AD, Pettersson J, Roine J. Resource
curse or not: a question of appropriability. Scandi-
navian Journal of Economics. 2007;25(3):109-135.
https://doi.org/10.1111/j.1467-9442.2007.00509.x

36. Rodriguez X, Pallas J. Determinants of foreign

direct investment in Spain. Applied Economics. 2008;40:
2443-2450. https://doi.org/10.1080/00036840701367606


https://doi.org/10.1111/j.1467-9361.2010.00597.x
https://doi.org/10.2139/ssrn.410364
http://doi.org/10.2139/ssrn.1691569
https://doi.org/10.1016/j.jdeveco.2014.10.006
https://doi.org/10.1080/00220388.2016.1160069
https://doi.org/10.1016/j.resourpol.2016.10.015
https://doi.org/10.1093/oxfordjournals.jae.a020932
https://doi.org/10.1016/s0304-3878(99)00005-x
https://doi.org/10.31857/S032150750014001-3
https://www.elibrary.ru/contents.asp?id=34075949
https://www.elibrary.ru/contents.asp?id=34075949&selid=23592091
https://doi.org/10.5465/AMBPP.2012.13876abstract
https://doi.org/10.1016/s0305-750x(01)00100-0
https://doi.org/10.15507/2413-1407.109.027.201904.602-632
https://doi.org/10.15507/2413-%201407.109.027.201904.602-632
https://doi.org/10.1016/j.worlddev.2003.05.001
https://doi.org/10.1111/j.1467-9442.2007.00509.x
https://doi.org/10.1080/00036840701367606

Cunuma l.11., Hazaposa f0.A. BecTHuk PYH. Cepus: NHxeHepHble nccneposanus. 2023. T. 24. Ne 1. C. 57-75

Caenenns 00 aBTopax

Cunuma Iledpy Ilunmy, aciupaHT, AeNapTaMEHT WHHOBAIIMOHHOTO MEHEIPKMEHTa B OTPACIIAX IMPOMBIIIICHHOCTH, MHxke-
HepHas akajaemus, Poccuiickuit yHuBepcuteT aApyxObl HapoaoB, Poccuiickas ®enepanus, 117198, Mocksa, yin. Mukiyxo-
Maknas, 1. 6; ORCID: 0000-0001-6030-6544; silima2507 @gmail.com

Hazapoea IOnua Anexcandposéna, KaHIuJaT SdKOHOMUUYECKUX HAyK, JOLUEHT AENapTaMEHTa MHHOBALIMOHHOIO MEHEKMEHTA
B OTpacisX NMPOMBIIUICHHOCTH, MHxeHepHas akanemusi, Poccuiickuif yHuBepcUTET ApYyx0bl HapoaoB, Poccuiickas Dexnepa-
ust, 117198, Mocksa, yi. Mukiyxo-Maxias, a. 6; ORCID: 0000-0002-0015-8233; j.a.nazarova@mail.ru

About the authors
Pedro Pinto Silima, PhD student, Department of Innovation Management, Academy of Engineering, RUDN University,
6 Miklukho-Maklaya St, Moscow, 117198, Russian Federation; ORCID: 0000-0001-6030-6544; silima2507 @gmail.com

Yuliya A. Nazarova, Candidate of Economics, Associate Professor of the Department of Innovation Management, Academy
of Engineering, RUDN University, 6 Miklukho-Maklaya St, Moscow, 117198, Russian Federation; ORCID: 0000-0002-0015-
8233; j.a.nazarova@mail.ru

75



BectHuk PYOH. Cepusa: UHXXeHepHble nccnenoBaHusa
RUDN Journal of Engineering Research

2023;24(1):76-85

ISSN 2312-8143 (Print); ISSN 2312-8151 (Online) oG
journals.rudn.ru/engineering-researches 1

DOI: 10.22363/2312-8143-2023-24-1-76-85

EDN: DBDTZJ
UDC 551.8
Research article / HayyHasa cTatbs
Recognization and characterization of sources rocks
in well BX in the sedimentary basin of Cote d’lvoire
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Avrticle history Abstract. In order to recognize and characterize the sources rocks in the BX well,
Received: December 12, 2022 samples of this well have been selected and analysed using Rock-Eval pyrolysis
Revised: March 1, 2023 method and another set samples were prepared and observed through microscope
Accepted: March 10, 2023 for visual kerogen characterisation. The total organic carbon of BX well sediments
varies between 0.41 and 3.41 wt%, with 1.29 wt% on average. These high values
Keywords: indicate good organic matter content in this well. The hydrogen index (HI) of
offshore, geochemical, stratigraphy, the studied samples ranges from 49 to 292 mgHC/groc, With an average of
Rock-Eval analyze, petroleum potential 109 mgHClgroc, indicating mainly a type 111 kerogen. This kerogen is composed of
humic material (vitrinite and inertinite) and amorphous organic matter with marine
microfossils (dinoflagellate cysts and micro-foraminiferal linings). Thermal ma-
turity parameters show that, Maastrichtian, Campanian, Early Senonian and Turoni-
an are immature with Tmax Values below 435 °C. However, according to Tmax Values,
samples reach oil window in Albian at 9840 ft while spore colour index indicate
that this limit can be put at 9210 ft into Cenomanian age. The section from 7260 to
7590 ft in Campanian interval displays the best qualities of source rock. This sec-
tion is composed of good quantity of type 111 and type 11/111 kerogen with moderate
hydrocarbon potential, but this source rock is immature to generate hydrocarbons.
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Pacno3HaBaHue U xapakTepucTukKa UCXoaHbIX Nopoa,
B ckBaXuHe BX B ocapo4yHom O6acceliHe KoT-a’UByapa
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Hcropus ctaTtbn Annorauust. OToOpaHsl U IPOaHAIM3HPOBAHBI METOIOM Tposm3a Rock-Eval
Tlocrynmma B pemaxumro: 12 nexabpst 2023 T. 00pasiibl U3 CKBaKMHBI BX, 1711 TOro 4T00BI ONPENEUTh U OXapaKTepH30BaTh
Jopaborana: 1 mapra 2023 . UCXOJHbIE MOpoAbl B HeW. Jlpyroil Habop 0Opa3loB MOATOTOBJICH M IPO-
IIpunsTa k my6mukanum: 10 mapra 2023 1. CMOTpPEH C TOMOIIBI0O MUKPOCKOMA JIJIsl BU3YAIbHON XapaKTEPUCTUKA Kepo-
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Jlns uMTHPOBAHUSA

reHa. Obmiee comepkaHHe OPTaHUYECKOTO YIIEeponaa B OTJIOKEHHSIX CKBa-
xuHbl BX Bapsupyercs ot 0,41 1o 3,41 BecoBbix %, B cpennem 1,29 Beco-
BbIX %. Takue BBICOKME 3HA4YEHHUS YKas3bIBalOT Ha XOpOIlee CO/AepKaHHe
OPraHMYecKoro BEIeCTBa B 3TON ckBakune. Bonopoansiit nuaexc (HI) uccre-
JOBaHHBIX 00pa3noB konednercs ot 49 no 292 mrHC/rTOC, B cpeanem
109 MrHC/rTOC, uto yka3pIBaeT Ha HaJIM4YME B OCHOBHOM KeporeHa Tuma III.
OTOT KEeporeH COCTOMT M3 I'YMHHOBOI'O Marepuana (BUTPUHUTA U MHEPTH-
HUTa) U aMOpP(HOr0 OPTaHMYECKOr0 BEIIECTBA ¢ MOPCKMMHU MHKPO(OCCH-
JTHAME (QUCTBl THHOGDIIATEIUIAT U MUKPOGOPaMUHU(PEPOBBIE OTIOKECHUS).
[TapameTpsl TepMHUECKOH 3peNoOCTH IMOKA3bIBAIOT, 4TO MaacTpUXTCKUH,
Kamvmanckwii, pananii CeHoHCKMA ¥ TypOHCKHMIA TIEpHOJIBI SIBISIFOTCST HE3pe-
JIBIMA CO 3HAYCHUAMU Tmax HIDKE 435 °C. OmHaKo, COrTacHO 3HAYCHHUAM | max,
o0pasipl JocTHraroT HeTIHOro OkHa B AnbOe Ha BbIcOTe 9840 (hyTOB,
B TO BpEeMs KaK MHJEKC L[BETA CIOpP YKAa3bIBAET, YTO 3TOT INPEIEII MOXKET
OBITH yCTaHOBJICH Ha BbicoTe 9210 (hyTOB B CEHOMaHCKOM BO3pacte. Yua-
cToK oT 7260 mo 7590 ¢yToB B KaMIaHCKOM HHTEpBaje IEMOHCTPUPYET
JydIye KayecTBa UCXOJHOM mopoibl. JlaHHBIN pa3pe3 COCTOUT U3 XOpolie-
ro konuyecrBa keporeHa tuna III u tuna II/III ¢ ymepeHHBIM yrieBozo-
POIHBIM TOTEHIIMAJIOM, HO 3Ta UCXOJHAs IIOpOJa He3peias Ul TeHepaluu
YIJIEBOJIOPO/IOB.
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Introduction

Geologically, Cote d'lIvoire is characterized by
a Precambrian basement, which occupies 97.5% of
its total area, and a later sedimentary basin (Lower
Cretaceous BC), the incipient part of which occu-
pies 2.5% of the Cote d' Ivoire. The sedimentary
basin of the Ivory Coast consists of two main zones:
Onshore and Offshore.

This article is based on the results of analysis of
rock samples from the BX well, located on the shelf
of Cote d'Ivoire. It presents the results of qualitative
and quantitative geochemical analysis of 136 sam-
ples using Rock-Eval pyrolysis and visual analysis
of kerogen. The interpretation is based on published
geochemical data and comparative data from pre-
viously drilled wells in the Ivoirian Basin.

The purpose of this study is to recognize and
characterize source rocks by determining the quantity,
quality and maturity of organic matter as defined [1].

1. Results and interpretation

The geochemical log (Figure 1) shows the evo-
lution of each parameter with depth. Well BX
shows that:

— the organic matter content of this well is ge-
nerally good (1 < TOC < 2 wt%);

— samples contain mostly kerogen with poor
hydrocarbon potential (S2 < 2.5 mgHC/grock). Only
the interval from 7260 to 7590 feet, in Campana,
contains kerogen with good (2.5 < S2 < 5 mgHC/Qrock)
hydrocarbon potential;

— hydrogen index and oxygen index of the
studied samples indicate the predominance of mixed
type 111 kerogens capable of generating gas;

— thermal maturity increases with depth and
samples reach the Alba oil window.

The mass content of TOC in this well is usually
less than 4% and fluctuates between 0.14 and 2.15%
of the mass. Samples with moderate energy source
(TOC < 1% mass) make up 44.67% of the total
number of samples from the well, while moderate
(1 < TOC < 1.5% mass) energy source is 23.33%
and good source rocks (TOC > 1.5% mass) make up
only 32% of the total samples from the well (Figure 2).
These percentages indicate good primary produc-
tivity and/or favorable organic matter retention.
In the Cote d'Ivoire Basin, studies have shown that
significant parent rocks typically have TOCs greater
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than 1.5% mass, which in this well is represented in ~ with an average value of 1.71% mass. Source rock
32% of the samples (Figures 2, 3). characterization is not limited to the amount of rec-

Samples from the studied well show a good orded organic matter, since TOC is not the only in-
content of organic carbon in the Turonian (average  dicator of oil potential, and many rocks with high
0.68 wt%), Cenomanian (average 0.59 wt%) and  TOC values may have low oil source potential due
Albian (average 0.88 wt%) periods. A slight increase ~ to the quality of the kerogen content. Thus, high
in organic matter with a good content of TOC  TOC values are a necessary but not a sufficient cri-
(1 < TOC < 1.5 % mass) is noted in the Early Seno-  terion for good source stone material (Table 1).
nian (average 1.03% mass), Campanian (average The type of organic matter and the potential for hy-
1.30% mass) and Tertiary (average 1.48% mass) pe-  drocarbon formation must also be taken into ac-
riods. The Maastrichtian interval is the richest in or-  count in order to more accurately characterize the
ganic matter. TOC values range from 1.42 to 2.15 source rocks [2].
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Figure 1. Geochemical log of well BX
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Table 1
Values of Rock-Eval 6 parameters for the stratigraphic horizons of well BX
Depth, m S$2, mgHC/gocx Toaxs 'C TOC, % weight HI, mgHC/goc
Min 0,46 413 1,42 32
Maastrichtian Max 2,17 433 2,15 126
(5310=7050) Moy 1,22 418,7 1,72 70
Nb 34
Min 0,68 409 0,64 91
Campanian Max 4,33 434 1,64 264
(7050"-7860) Moy 2,26 420 1,31 163
Nb 16
Min 0,5 425 0,66 49
Early Senonian Max 1,38 435 1,51 118
(7860"-8700") Moy 0,81 430 1 77,8
Nb 18
Min 0,3 439 0,27 63
Turonian Max 1,06 435 1,02 112
(8700'-91807) Moy 0,62 432 0,68 90,6
Nb 11
Min 0,23 432 0,37 61
Senomanian Max 0,68 440 0,82 102
(9180°-9690") Moy 0.49 433 06 80,67
Nb 12
Min 0,24 430 0,14 56
Albian Max 1,52 440 1,66 137
(9690°-12 000°) Moy 0,7 438 0,88 83
Nb 45

2. Type of organic matter

The type of organic matter and oil potential are
an important factor in the evaluation of potential
rocks and have a significant impact on the nature of
the hydrocarbons formed [1; 3; 4].

Hydrogen index (HI) values range from 32 to
264 mgHC/groc in the BX well, which is mainly
composed of type Il kerogen (Figure 4). The com-
position of organic matter in sediments and sedi-
mentary rocks reflects the vast number of variables
that affect the terrestrial or agquatic environment in
which it is formed, its transport to the site of deposi-
tion, and its change after deposition [5]. Thus, the
type of kerogen is classified on the basis of organic
geochemical and optical properties. Different types
of kerogen produce different types of hydrocarbons.
In general, type | kerogen (HI > 600 mg and type Il
(300 < HI < 600 mg), usually obtained from lacus-
trine and marine rocks, is the best kerogen and is
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capable of generating liquid hydrocarbons [6]. Type
111 kerogens (50 < HI <200 mg), which mainly con-
sist of woody materials, are gas-permeable [7; 8].

From a practical point of view, the IH-10 dia-
gram can locate different types of organic matter in
their characteristic areas of origin. Organic material
is usually in type I, which indicates the gas con-
tent of the source.

According to a petrographic study in transmit-
ted and ultraviolet light, kerogen contains mainly
amorphous organic matter, which is found in abun-
dance in the Maastrichtian, Campanian, Turonian
stages and in the upper part of the lower Senonian
stage. Wood organic matter consists mainly of ter-
restrial-derived structure in the form of degraded
phytoclasts (vitrinite) and was found in abundance
in the lower part of the Lower Senonian, Cenoma-
nian and Albian. Inertinitis is also present locally in
small amounts (0 to 15%). Fluorescence is the abi-
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lity of organic compounds to produce luminescence
(visible light) when irradiated with blue light and
UV excitation. Organic compounds that have good
fluorescent properties are interpreted as rich in hy-
drogen (high lipid content), rocks with a low hydro-
gen content are characterized by little or no fluores-
cence. The Fluorescence Preservation Index (FPI)

characterizes the fluorescence intensity of an amor-

100.04

10.04

S2 (kgt)

1.04

phous matrix compared to a palynomorphic matrix
and is important for both maturity and kerogen
composition. FPI [9] defines 5 categories that corre-
late with hydrogen pyrolysis indices of immature
samples. Under fluorescent light, the fluorescence
retention index (FPI) of this kerogen shows average
retention (FPI between 2 and 4) for hydrocarbon

generation (Figures 5, 6).
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Figure 4. Change in S2 Rock-Eval as a function of total organic carbon (TOC)
of well BX in logarithmic coordinates and in color
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Figure 5. HI-OI plot of well BX with stratigraphic coloured references
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A clearer idea of the type of kerogen is present-
ed in Figure 7, which takes into account the influ-
ence of kerogen maturity (y-axis = Tmax) depending
on the hydrogen index. This graph clearly shows
a cloud of points belonging to pure type kerogens
and mixed type Ill, prone to gas formation. Tmax
values usually indicate immature organic matter.

3. Oil potential

Oil potential measures the ability of kerogen
to generate hydrocarbons at maturity. In the BX
well, the oil potential (S2) ranges from 0.63 to
4.78 mgHC/groek in the studied samples. Such low

values (average S2 = 1.36 mgHC/gr.«) are indica-
tive of a weak or good oil potential of kerogen.
Figure 8 shows the change in S2 with depth.

Figure 6 shows that in the Tertiary, Maas-
trichtian, early Cenonian, Turonian, Cenomanian,
and Albian intervals, S2 values are less than
2.5 mgHC/gwck, indicating a low oil potential in
these ages, which cannot be considered as source
rocks. Only the 7260 to 7590 ft interval at Kamapan
has good oil potential with S2 values between 2.5
and 5 mgHC/greck. This interval contains parent rock
that can generate sufficient hydrocarbons when it
reaches maturity.
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Figure 8. Diagram of dependence of S2 on the depth of the well BX

4. Thermal maturation

The thermal maturation parameters used to as-
sess the degree of organic maturity in this study are
Tmax and SCI data [10; 11].

The Tmax value, which indicates the maturity of
the parent rock, increases with depth [5]. However,
faults, folding, dips, geothermal gradients, migrating
oil, sample quality, amount of organic matter, min-
eral matrix in the rock, and analysis errors can lead
to differences in obtaining accurate Tmax values [12;
13]. Maturity assessment based on Tmax Values ge-
nerally indicates Tertiary to Cenomanian immaturi-
ty of kerogen. The samples reach the oil window in
the Albian at a depth of 9840 feet (Figure 9) [14; 15].

The total organic carbon (TOC) in the BX well
sediments ranges from 0.41 to 3.41% mass, averaging
1.29% mass. Such high values indicate a good or-
ganic matter content in this well. The hydrogen in-
dex (HI) of the studied samples ranged from 49 to
292 mgHC/groc, with an average of 109 mgHC/groc,
indicating the presence of mainly type Ill kerogen.
This kerogen consists of humic material (vitrinite
and inertinite) and amorphous organic matter with
marine microfossils (dinoflagellate cysts and micro-
foraminiferal deposits). The thermal maturity pa-
rameters show that the Maastrichtian, Campanian,
early Senonian and Turonian periods are immature
with Tmax values below 435 °C. However, according
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to the Tmax values, the specimens reach the Albian
oil window at 9840 feet, while the spore color index
indicates that this limit can be set at 9210 feet, in
Cenomanian age. The section from 7260 to 7590
feet, in the Campanian interval, shows the best qua-

lities of the source rock. This section consists of
a good amount of Type Ill and Type 1I/I111 kerogen
with moderate hydrocarbon potential, but this
source rock is immature for hydrocarbon generation
(Table 2).
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Figure 9. Diagram of T, versus well depth BX with stratigraphic coloured references
Table 2
Summary of Rock-Eval 6 well BX parameters
Age Hydrocarbon Maturity Type of mother rock coT Note
potential
Maastrichtian 5310-7050 Low Immature Type lll Good No mother rock
7050-7260" Low Immature Type lll Good No mother rock
. . Average value.
Campanian 7260-7620 Average Immature Type lll/Type lI/1 Good Mother rocks for gas
7620-7860" Low Immature Type lll Average No mother rock
7860-8430" Low Immature Type llI Good No mother rock
Early Senonian
8430-8700" Low Immature Type lll Average No mother rock
Turonian 8700-9180" Low Immature Type lll Average No mother rock
Senomanian 9180-9690" Low Immature Type lll Average No mother rock
Albian 9690-12 000’ Low Early-mature Type lll Average No mother rock
Conclusion This source rock contains good amounts of Type Il and

Geochemical analysis of samples from well BX al-
lowed us to identify potential source rocks for this well.
The 7290-7620" interval in the Campanian demon-
strates the best qualities of the oil and gas bearing rock.
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Type /111 kerogen with good hydrocarbon potential,
but is not yet mature for hydrocarbon generation.
At a high degree of maturity, this potential source
rock can generate moderate amounts of oil and gas.
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Abstract. The goals of the research are the geochemistry and identification
of granite rocks. The granitic rocks are part of the Syrostan massive, which
is located in Southern Ural. Understanding the magma process and prob-
able mineralization deposition can be gained by classifying granite and
determining geochemical characteristics. X-ray spectral fluorescence analy-
sis was used to collect samples from outcrops for geochemical analysis.
The results indicate that the rocks belong to the high-K calc-alkaline to
calc-alkaline series. The granites are metaluminous to slightly peralumi-
nous and are classified as I-type granites, with A/CNK values ranging from
0.73 to 1.01. The majority of the rock samples are trondhjemite to slightly
tonalite in composition. The most observable samples in the normative
Na20-k20-CaO scheme have defined a continuous range, varying from
tonalite/trondhjemite to granodiorite. The findings provide valuable infor-
mation about the petrogenesis of the rocks and their composition.
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FeoxuMunuyeckas xapakrepucTuka v knaccudukaums rpaHUToB
C UCNOJNIb30BAHUEM PEHTIeHOBCKOMW cnekTpanbHoOu dnyopecueHuumn
Mwuacckoro pavioHa lOxHoro Ypana
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HcTopus craTbn AnHoTauus. OCHOBHBIC 3a]la4ul UCCJIEIOBAHUSI — FEOXUMUS U HJCHTU(DH-
Tocrymuna B penakimto: 14 nexabpst 2022 r. Kalwsi TPAaHUTHBIX TOPOJ. [ paHuTHBIE TOPOIBI BXOAAT B cocTaB ChrIpocTaH-
Jopaborana: 25 ¢espains 2023 r. CKOro MaccuBa, pacrioyioxeHHoro Ha IOxxHoMm Ypane. [Tonumanune marma-
TpunsTa k myonukanym: 28 despass 2023 T. TUYECKOTO MPOIECCa M BEPOSITHOTO OTIONKEHHS MUHEPATH3alH MOYKHO

TIOJIyYHTh ITyTEM KJIacCH(PUKALMM TPaHUTA U OIIPEeSICHUS F€OXUMUYECKUX
Karouesnle ciioBa: XapaKTEPUCTHK. PEHTreHOCTIEKTPaIbHBIA ()TyOpECIICHTHBIN aHAIU3 HUCIIOJb-
TCOXUMHUs, PCHTICHOCIICKTpaJIbHas 30BaH 11 0T60pa npo6 U3 OOHAKEHUH I FeOXUMHUYECKOro aHanu3a. Pe-
(yopecrieHII1s, MarMaTH4ecKuii mporecc, 3yJBTATHI IOKA3AJIH, YTO TIOPOIBI OTHOCATCS K H3BECTKOBO-IIIEIIOUHON CEPHU.
BBICOKOKJIMEBBIH, H3BECTKOBO-LIEIIOUHOH, I'paHUTEl — OT METAIyMHHO3HBIX 1O CIA0OITMHO3EMHUCTBIX — OTHOCSITCS
METaJUTypru4eCKAI k | Tuny co 3nauenusimu A/CNK ot 0,73 no 1,01. BonpuiaCcTBO 00pa3iion

HOPOA MMEIOT COCTaB OT TPOHIbEMHTA 1O ciaboro ToHanuTa. Hambonee
HabmogaeMble 00pasisl B HopMaTHBHON cxeme Na20-k20-CaO ompene-
JISIFOT HETIPEPBIBHBIN AMAana3oH OT TOHAJIUTA/TPOHIbEMHUTA JI0 TPAHOIUOPH-
ta. Haxonku maloT NeHHy0 WHQOPMALHIo O MeTporeHe3e TOPHBIX MOpOoJ
U UX COCTaBe.

Baaronapnoctu
PaGota BeinosiHeHa npu noaepxkke [IporpaMMel cTparernyeckoro akagemudeckoro aunepersa PYJTH.

3asBieHne 0 KOHGIUKTE HHTEPECOB
ABTOpBI 3asBIISIOT, YTO UM HEU3BECTHBI KOHKYPHpYHOIIHE (UHAHCOBBIE WHTEPECHl WIIM JIMYHBIC OTHOIICHUS, KOTOpHIC
MOTJIH ObI MOBJIUATH Ha MPEJCTABICHHOE B CTaThe UCCIIEIOBAHNE.

lI.]'lfl HUTHPOBAHUA

Ibrahim M.A.E., Kuleshov V.N., Kotelnikov A.E., Georgievskiy A.F., Ibrahim S.A. Geochemical features of granitic rocks
using x-ray spectral fluorescence in the Miass region, Southern Ural // Bectauk Poccuiickoro yHuepcurera ApyxkObI
naponoB. Cepust: Umkenepubie uccienosanus. 2023. T. 24. Ne 1. C. 86-94. http://doi.org/10.22363/2312-8143-2023-24-
1-86-94

Introduction Although, several research were conducted in the Sy-
rostan massive and intrusions in southern Ural looking
for potential mineralization [2-6]; however, the mas-
sive area was not covered with the investigation of the
petrogenesis and the geochemistry and conducted
them to the mineralization. The aim of this study is to
identify geochemical characteristic and type of the
granite in order to connect them with type of minerali-
zation and use the result for future researches.
Geology of the study area. The Syrostan mas-
sive locates in the southwest of the Miass city,
southern Ural in the zone of the main Ural deep
fault. The massive is among metabasites, shales of
several composition and fragment of metamor-

Different deposits and mineralization were dis-
covered associated with granite intrusions, such as
gold deposits, tin, tungsten and several deposits of
rare earth elements [1; 2]. Type, origin, and petro-
genesis of granite is significant key in formation of
specific deposits. Some studies revealed that, various
of rare earth elements deposits related to highly frac-
tionated granite intrusions. Also, the Syrostan mas-
sive in the southern Ural linked with many deposits
such as gold, rare earth elements, and skarn deposits.
Therefore, determine the type of granite, identifica-
tion the magma evolution process, and the geochem-
istry of granite could lead to a potential ore deposit.
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phosed oceanic crust and the crust of passive mar-
gin of the Ural paleocean. The massive is formed in
the lower carbonian and has three phases: the first is
granodiorite and quartz diorite, the second is double
feldspar and plagiogranite, and the third is vein
complex [6-8].

The location of the study area almost 15 km
northwest of the Miass city (Figure 1). The area of

the massive consists of metamorphic complex and
marble body lies in the form of lenses crossed by
several granite veins and the marble mainly in con-
tact with diorite. The magmatic complex includes
quartz diorite, granodiorite, biotite granite, and leu-
cogranite [6; 9; 10]. After intensive of petrographic
investigation, nine samples have been selected for
major oxides analysis.

i's
. Zlatoust { Chelyabinsk <

>
ey

® 16

Figure 1. The Syrostan granite massive's modified geological map, which includes the Dark Kingdom of Marble Deposit:
1 - gneiss; 2 - mica quartz schist; 3 — marble limestone; 4 — quartzite; 5 — shale; 6 — marble; 7 - carbonaceous shale;
8 - quaternary sediments; 9 — granodiorite, quartz diorite, diorite; 10 — porphyric biotite granites; 771 - pink porphyric biotite granites;
12 - veined granite and plagiogranite; 13 — pegmatites; 14 - serpentinites; 15 - tectonic faults; 16 — occurrence of niobium

1. Analytical methods

Determination of the concentration of major ox-
ides in the samples was executed by x-ray spectral
fluorescence analysis (XRF) on a sequential vacuum
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spectrometer (with wavelength dispersion), model
Axios mAX manufactured by PAN alytical (Nether-
lands). The analysis was performed at the Center for
Collective Use of the IGEM RAS (Moscow, Russia).
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2. Results and discussion

2.1. Petrography and mineral compositions

Microgranite is composed primarily of quartz
(15-25%), microcline (20-50%), plagioclase (20—
40%), and biotite (5-10%) and has a medium to
coarse grained texture (Figure 2, a). Recrystallized
guartz has two generations. This indicates that there

has been deformation. Sericite and muscovite are
discovered after plagioclase. Plagioclase exhibits
sericitization and epidotization as a result of hydro-
thermal activity [11; 12]. Plagioclase zoning shows
epidote and sericite from core to rim (Figure 2, b).
Furthermore, chlorite, epidote, and calcite are
secondary minerals. Accessory minerals include
opaque minerals such as zircon and apatite.

Figure 2. A microscopic examination of granitic and diorite rocks:
a — granitic rocks with quartz, plagioclase, and biotite (analyzer out);
b - plagioclase grain partially mixed with a sericite aggregate (analyzer in)

2.2. Geochemical properties
and granitic rocks types

Table 1 shows the major oxides and geochemi-
cal compositions of granitoids rocks. Classification
of granitoids rocks using TAS diagram [13] shows
that most rocks are granite and one sample is syeno-
diorite (Figure 3, a), similarly the classification
based on Middlemost diagram [14], total alkali vs.
silica demonstrate the rocks as granite, monzodio-
rite, and monzonite (Figure 3, b). The investigated
granite samples have a high SiO; contents ranging
from 76.15 to 59.55 wt.%.

Diorite shows and silica content about (52.9 wt.%).
Granite samples have high total alkalis KO + Na,O
ranging between (7-10 wt.%), moderate K,O/Na>O
ratios ranging from 0.35 to 0.85, and low to inter-
mediate CaO (0.5 to 6 wt.%), that followed by low
content of P,Os (0.01 to 0.5%). The LOI (loss on
ignition) values ranging from 0.6 to 2 wt.% which
is reflect low value. On the K;O with SiO; dia-
gram [15], the investigated samples fall into the

high-K calc-alkaline series to slightly calc alkaline
series (Figure 3, c).

Similarly, the AFM diagram (A = K0 + Na;0,
F = FeOt, and M = MgO) [16], demonstrates the
evolution of magma form tholeiite into calc alkaline
series (Figure 3, d).

Al saturation index A/CNK molar (Al,Os/
Ca0 + NaO + K;0) vs. A/NK molar (AlO4f
Na,O + K;0) diagram is plotted and shows
the samples plot within the metaluminous field to
slightly peraluminous (Figure 3, e) based on the
Si0O; vs. FeOt/(FeOt + MgO) diagram (Figure 3, f),
determine the samples are magnesian. Both dia-
grams indicate the type of granite as I-type granite
which is related to igneous origin and absence of
involving of sedimentary materials.

The result of CIPW norm present in Table 2,
norm of granite shows quartz ranging from 5
to 30 wt.%, that indicates the granite standard.
The investigated samples have a high albite with
values ranging from 37.5 to 50.5 wt.%, and mode-
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rate orthoclase content, with values ranging be- the normative result with more than 10% of Quartz,
tween, 14.5 to 21.5 wt.%. The norm of corundum in Ab-An-Or diagram has been plotted (Figure 4, a).
most sample shows 0 value and the rest of samples  the diagram shows the trondhjemite as dominant
shows values less than 1 in the average of 0.5 wt.%. plutonic rock type, granite and tonalite represent
These result implying, I-type granite [17; 18]. Using  the rest of the samples.

Table 1
Compositions of whole rock major oxides in granitoid rocks
Samples
Major oxides, wt.%

MG1 MG2 MG3 LG1 LG2 LG3 BG1 BG3 D1
SiO, 70.64 70.45 69.85 73.43 76.17 74.62 69.52 59.54 52.89
AlLO, 14.62 15.17 14.82 12.71 12.89 13.84 15.38 17.3 17.95
Na,O 5.29 4.89 4.94 5.98 5.84 5.63 4.42 5.33 5.34
MgO 0.53 0.46 0.75 0.19 0.1 0.08 0.82 1.65 3.95
K20 3.47 3.43 3.45 2.44 2.47 3.61 3.67 3.5 2
CaO 2.06 1.81 1.99 2.77 0.95 0.53 2.23 4.81 6.37
TiO, 0.23 0.22 0.21 0.02 0.03 0.02 0.39 0.66 1.18
MnO 0.043 0.037 0.038 0.015 0.022 0.007 0.033 0.093 0.096
Fe,O, 1.93 1.82 1.98 0.28 0.52 0.36 2.51 5.02 7.61
P,Os 0.09 0.07 0.07 0.01 0.02 0.02 0.14 0.28 0.53
LOI 0.81 1.19 1.58 2.13 0.83 1.13 0.64 1.34 1.08
SUM 99.71 99.55 99.68 99.98 99.84 99.85 99.75 99.52 98.99
A/NK 1.17 1.29 1.25 1.02 1.05 1.05 1.37 1.38 1.64
A/CNK 0.902 1.01 0.957 0.725 0.92 0.979 1.005 0.812 0.796
K,0/Na,0 0.655 0.701 0.698 0.408 0.422 0.641 0.83 0.656 0.374
Na,O/K,0 1.52 1.43 1.42 2.45 2.36 1.56 1.2 1.52 2.67

Table 2
CIWP norm for investigated samples
Mineral, wt.% Samples

MG1 MG2 MG3 LG1 LG2 LG3 BG1 BG3 D1
Quartz 22.45 24.5 23.05 25.95 31.25 27.01 24.15 5.15 0
Corundum 0 0.23 0 0 0 0 0.5 0 0
Orthoclase 20.5 20.3 20.5 14.5 14.5 21.5 21.5 20.6 11.8
Albite 44.7 41.5 41.8 50.5 49.5 47.6 37.4 451 45.2
Anorthite 5.8 8.5 8 0.63 1.66 1.83 10.15 12.94 19.10
Diopside 2.4 0 0.59 1.02 0.53 0.43 0 5.57 3.85
Wollastonite 0 0 0 4.89 0.92 0.03 0 0 0
Hypersthene 0.2 1.14 1.594 0 0 0 2.04 1.53 1.67
Olivine 0 0 0 0 0 0 0 0 4.47
lImenite 0.09 0.07 0.08 0.03 0.04 0.02 0.071 0.3 0
Hematite 1.9 1.82 1.98 0.28 0.52 0.36 2.51 5.02 7.6
Sphene 0.5 0 0.41 0.008 0.02 0.03 0 1.4 2.89
Rutile 0 0.17 0 0 0 0 0.35 0 0
Apatite 0.2 0.16 0.16 0.02 0.05 0.05 0.33 0.66 1.25
Pyrite 0 0 0 0 0 0 0 0 0.16
Sum 98.9 98.4 98.11 97.85 99.02 98.73 99.13 98.20 98.02
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Figure 3. Plots and classification of the Miass granitoid's major oxides:
a - total alkali silica of plutonic rocks [13]; b — TAS diagram for granitoid classification [14];
¢ - SiO, versus K,0 diagram [15], showing the presence of granitoid rocks among the high-K calc-alkaline series;
d - AFM diagram with A = (k,O + Na,O), F = FeOt, and M = MgO [16], showing rock samples from the calc-alkaline series with high kO + Na,O;
e — Al saturation index A/CNK molar [Al,O./(CaO+Na,0+K,0)] versus A/NK molar (Al,O,/(Na,0+K;0)] diagram, indicating metaluminous to peraluminous samples;
f— as a result of the SiO, vs FeOt/(FeOt + MgO) diagram, all of the samples are magnesian
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Figure 4. Classifying the igneous rocks using the norm and cations:
a - normative Ab-An-Or ternary plot and classification of rocks in the study area using Barker's scheme (1979) [20];
b — Na,0-K,0-Ca0 ternary plot for Southern Ural studied rocks,
Barker's (1979) [20], calc-alkaline (CA) and trondjhemitic (TR) differentiation trends are represented by dashed curves;
¢ - the classififcation of plutonic rocks using the parameter R1 & R2 after [19] caculated from millication proportions,

R1=48i - 11(Na + K) - 2(Fe + Ti), R2 = (Al + 2Mg + 6Ca)

On Na;0O-k,0-CaO diagram (Figure 4, b) de-
fine a continuous range from tonalite/trondhjemite
to granodiorite as the most observable samples.

Using the categorization diagram (Figure 4, c)
from [19], for plutonic igneous rocks based on their
millications or cation proportions, that widely use
and more accurate in classification of plutonic
rocks. The plotting parameters Rl and R2 are used
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to plot the data on an x-y bivariate graph. R1 is de-
fined as [4Si — 11(Na + K) — 2(Fe + Ti)] and is dis-
played on the r-axis. Fe stands for total iron. R2 is
shown as a plot along the y-axis and has the formula
R2 = (Al + 2Mg + 6Ca). The samples define
a continuous range from granite to alkali granite,
granodiorite, and syenodiorite, with granite being
the most common.
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Conclusion

Granite is silica-enriched with SiO; ranging
between (~76.14-59.54 wt.%) however, diorite
shows intermediate chemical composition of SiO;
(~52.89 wt.%). The studied samples show high
total alkalis KO + Na,O = (7.34-9.24 wt.%),
K20/Na,O display moderate ratios ranging from
(~0.83-0.37). Low CaO (0.53-6.37 wt.%), and
P,0s5 (0.01-0.53 wt.%) contents. The rocks belong
to the high-K calc-alkaline series to slightly calc
alkaline series, and they are metaluminous.

The results show that the majority of the rock
samples are classified as trondhjemite to slightly to-
nalite. The samples in the normative Na,O-k,O-CaO
have defined a continuous range as the most observ-
able samples, ranging from tonalite/trondhjemite to
granodiorite.

The petrography investigation of this study re-
vealed ore minerals and indications of hydrothermal
solution suggesting mineralization process. The mas-
sive associated with many deposits and mineraliza-
tion such as gold, skarn, and rare earth deposits.
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Abstract. Porphyry copper deposits are accompanied by extensive aureoles
of hydrothermally altered rocks which make it possible to detect them on
satellite images in the absence of vegetation. The study is devoted to using
the Earth’s remote sensing data, particularly, satellite images from the Ja-
panese sensor ASTER (Advanced Spaceborne Thermal Emission and Re-
flection Radiometer), which are used to identify areas that are promising
for the discovery of porphyry copper deposits and ore occurrences within
the copper belt of Kazakhstan. The analysis of numerous publications that
offer various methods for processing ASTER images for the interpretation
of hydrothermally altered rocks accompanying porphyry copper occurren-
ces showed that the most effective method for this region is the Crosta
technique. The Crosta technique, unlike other methods, does not use prima-
ry bands, but their combinations are obtained by the principal components
analysis method. Thus, the combination of the results of the principal com-
ponents analysis with the use of index images and analysis of the geological
map made it possible to identify areas of hydrothermally altered rocks in
the study area. The described technique helps to predict promising areas
for porphyry copper mineralization of varying degrees of reliability, associ-
ated with their hydrothermal processing.
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KaroueBble cjioBa:

kocMocHUMKH ASTER, MeTo 1 rimaBHBIX
KOMITOHEHT, TH/IPOTEPMAITbHO H3MEHEHHBIC
TIOPOJIBI, EIM(PPUPOBAHIE KOCMOCHHMKOB

AHHOTauus. MeaHO-TopGUPOBBIE MECTOPOXKICHUS COMPOBONKAAIOTCS 00-
LIIMPHBIMHE OpEOJIaMH TUAPOTEPMAIBHO M3MEHEHHBIX I1OpPOJI, 3HAYUTEILHO
MPEBOCXOAAIINX UX IO IJIOIIaAX, KOTOPBIC IMO3BOJIAIOT O6Hapy)KI/IBaTL ux
Ha KOCMHYECKMX CHUMKAaX B YCIIOBHAX OTCYTCTBHUS pacTUTeIbHOCTH. Mc-
CIIE/TyeTCs MCIOJIb30BaHUE JaHHBIX UCTAHIIMOHHOTO 30HIUPOBAHMS 3EMJIH,
B YAaCTHOCTH KOCMHUYECKUX CHHMKOB sirioHcKoro cencopa ASTER (Advanced
Spaceborne Thermal Emission and Reflection Radiometer), mst Boizenenust
YYacTKOB, IEPCIIEKTUBHBIX Ha OOHAapyXeHHE MEIHO-TIOP(UPOBBIX MECTO-
POXIOEHUH U PYIOIpPOSBIEHUH B mpeaenax menHoro mosica KazaxcraHna.

AHaIM3 MHOTOYHCIICHHBIX MyOIUKAINA, B KOTOPBIX NPEIIAraloTCs pa3ind-
Hble MeTobl 00paboTku cHuMKOB ASTER mis nemedpupoBaHus ruapo-
TEpMaJbHO HM3MEHEHHBIX MOPOJ, COMPOBOXKIAIOIINX MEIHO-MOP(HUPOBHIC
PYIOTIPOSIBIICHUS, TIOKa3al, 4To Hanbonee 3()(HEeKTHBHBIM W3 HHUX Ui JIaH-
HOro paiiona sBisiercst Meroq Crosta. B oTinuume OT APYrHX METOIOB OH
HCTIONIB3YeT He TepBUYHbIe Mmonockl (band), a X KOMOWHALIUH, TTOTYYCHHbIC
METO/IOM TJIaBHBIX KOMIIOHEHT. TakuMm 00pa3oM, COYCTAaHHE PEe3yJIbTATOB
MeTOoJa TJIaBHBIX KOMIIOHEHT C MPUMEHEHNEM MHAEKCHBIX H300pakeHuH n
aHAJIM3a TeOJOTMYECKOH KapThl TO3BOJIMIIO BBIICIUTH O0OJIACTH TMAPOTEp-
MaJbHO M3MEHEHHBIX TIOPOJ B paiioHe uccienoBannii. Ha ocHoBanum omm-
CaHHON METOJWKH OMPEICICHbI MPOrHO3HbIC YYACTKH, MEPCIICKTUBHBIC HA
MeIHO-IOPPHUPOBOE OPYICHEHHE PA3INIHOI CTENEeHH JOCTOBEPHOCTH, CBSI-
3aHHBIE C UX TUAPOTEPMATLHON HepepaboTKO.

Jlns uMTHpOBaHUSA

Mahmoud H.A., Karelina E.V., Markov V.E., Diakonov V.V., Vikentyev 1.V. Image processing for ASTER remote sensing
data to map hydrothermal alteration zones in East Kazakhstan // Bectauk Poccuiickoro yHuBepcutera Ipy»0bl HAPOIOB.
Cepusi: UmxeHepHsie uccnenoBanus. 2023. T. 24. Ne 1. C. 95-104. http://doi.org/10.22363/2312-8143-2023-24-1-95-104

Introduction

Remote sensing is a widely used tool in mineral
exploration, as it has replaced the physical approach
to discovering deposits. The physical approach re-
quired spending much time, effort, and money look-
ing for geological studies.

Since 1920, the use of aerial photographic in-
terpretation in the field of Earth sciences has be-
come a fast and effective tool for the exploration of
natural resources [1]. Therefore, the launch of
Landsat-1 in 1972 and the continued development
of new sensors have increased the spatial-temporal-
spectral resolution of Earth observation data [2].
This made the digital imagery of the electromagne-
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tic spectrum available for interpretation and use in
mineral explorations in a short time.

Remote sensing is a comprehensive method
that enables scientists to identify an object, by col-
lecting all needed information about it. The inter-
pretation of satellite images requires applying two
basic paradigms, namely, data-driven, and knowledge-
driven models. Both models are the dominant para-
digms for spatio-temporal modeling and spatio-
temporal decision-making [2].

The main idea behind this is that everything on
Earth has its unique spectral signature, which provides
the ability to identify features or abstract information
about what is displayed on Earth's surface. Spectral sig-
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nature is the energy reflected from features on earth and
stored as bands. Mostly, bands will capture the visible,
NIR, and SWIR regions which tend to contain more
useful information about the earth’s surface.

Minerals have distinctive spectral reflectance
patterns at visible wavelengths and especially at
reflected IR wavelengths [3]. Multispectral image
data has been used for mapping hydrothermal alter-
ation zones. Since 2000, and after the launch of Ad-
vanced Spaceborne Thermal Emission and Reflec-
tion Radiometer (ASTER) in 1999, it has become
more applicable for mineralogical and lithological
studies to be run using the multispectral images
provided by ASTER on a wide range of samples.
ASTER covers a wide spectral region of the electro-
magnetic spectrum, from visible near-infrared (VNIR)
to thermal infrared (TIR) [4].

The spectral range in ASTER consists of three
main subsystems with different spatial resolutions
and wavelengths. the subsystems are Visible near-
infrared (VNIR), shortwave infrared (SWIR), and
thermal infrared (TIR) [4].

SWIR spectral bands were designed to identify
reflected radiation to distinguish Al-OH, Fe, Mg-OH,
Si-O-H, and CO3 absorption features [5]. There-
fore, scientists could identify specific hydrothermal
alteration minerals like alunite, kaolinite, calcite,
dolomite, chlorite, talc, and muscovite, as well as

-
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mineral groups. Hence, the SWIR properties make
it suitable for mapping alteration zones in mineral
exploration [6].

Applying statistical methods to the produced
maps from remote sensing has been helping scien-
tists with different approaches to analyzing point
data but also filtering the data (removing missing
pixels or filling the voids). Also, combining statisti-
cal methods with GIS layers obtained from remote
sensing helps improve the generation of DEMs,
simulate them, and optimize spatial sampling, the
selection of spatial resolution for image data, and
the selection of support size for ground data. Geo-
statistics is a subset of statistical methods used to
analyze and interpret geographical data. Geostatis-
tics enables mapping environmental variables using
different techniques [7].

Advanced Spaceborne Thermal Emission and
Reflection Radiometer give us the potential to map
mineralogical alteration zones at low cost with high
accuracy. Mapping these zones is important to dis-
tinguish high-potential areas of economical minerali-
zation such as epithermal gold and hydrothermal por-
phyry copper deposits. Hydrothermal porphyry depo-
sits consist of alteration mineral zones (Figure 1) [8].
These zones (phyllic, argillic, and propylitic) con-
tain minerals that can be distinguished from each
other using SWIR from ASTER data [9-11].

~ Pyrite shell
N\, % Explanation:
2. py 10% Chi - Chlorite
Epi - Epidote
Carb - Carbonate
Q - Quartz
Ser - Sericite
Ore K-feld - Potassium
Feldspar
Bi - Biotite
Anh - Anhydrite
1 py - Pyrite
,' Kaol - Kaolinite
’l Alun - Alunite
1 cp - Copper
] gal - Galena
! sl - Sulfide
! Au - Gold
! Ag - Silver
mb - Molybdenite
mag - Magnetite

Figure 1. Hydrothermal alteration zones are associated with porphyry copper deposits:
a - a schematic cross-section of hydrothermal alteration mineral zones, which consist of propylitic, phyllic, argillic, and potassic alteration zone;
b — a schematic cross-section of ores associated with each alteration zone
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1. Geological settings

Hydrothermal deposits of porphyry copper are
usually formed in areas of magmatic rock develop-
ment. The deposits are usually associated with calc-
alkaline plutons. Each hydrothermal copper-porphyry
deposit is characterized by hydrothermal alteration
mineral zones.

The area under consideration is characterized
by low vegetation, which could mask part of the
data, causing problems in image processing. It is
located within the Zhilanda-Aygyz subzone of
the Predchingiz zone. The study is in the Eastern
Pribalkhash region and represents a fragment of
the Kazakhstan Copper Belt.

To locate areas with copper, molybdenum, lead,
and zinc anomalies, as well as to locate pink rhyolite
porphyry in the central zone, where contact changes
are apparent and suggest the presence of a copper-
molybdenum porphyry mineralization process,
Viktor V. Diakonov and Alexander E. Kotelnikov,
2016 conducted geological and geochemical analy-
sis in the study area in 2016. They also linked these
data to geophysical anomalies to further their un-
derstanding of the research area [12; 13].

2. Multispectral properties
of hydrothermal alteration zone
by ASTER data

The Advanced Spaceborne Thermal Emission
and Reflection Radiometer is a multispectral remote
sensing instrument that is a highly spatial, spectral,
and radiometric instrument. ASTER is a coopera-
tive effort between the Japanese Ministry of Eco-
nomic Trade and Industry (METI) and the National
Aeronautics and Space Administration (NASA).
It was launched in December 1999.

ASTER consists of three main subsystems with
a total of 14 bands that provide observation in these three
different spectral regions of the electromagnetic spec-
trum: visible near-infrared (VNIR), shortwave infrared
(SWIR), and thermal infrared (TIR), which contain 3, 6,
and 5 bands, respectively, with different ranges of
wavelength. In the VNIR subsystem, bands’ ranges
differ (from 0.52 to 0.86 wm) with a spatial resolution
of 15 m. While the SWIR subsystem's bands' ranges
differ (from 1.6 to 2.43 um) with a spatial resolution of
30 m, TIR, the last subsystem, has bands’ ranges (from
0.1.6 to 2.43 um) with a spatial resolution of 90 m [6].

ASTER provides data that can be useful in a wide
range of scientific investigations and applications,
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including (a) geology studies, (b) climatology stu-
dies, (c) volcano monitoring, (d) hydrothermal and
water resource applications, and in other different
fields of science [14]. It has significant properties
widely applied in geology: (1) it allows the dis-
crimination and identification of hydrothermal al-
teration minerals in the SWIR electromagnetic re-
gion; (2) it gives the ability to identify the vegeta-
tion and iron oxide minerals on the surface and map
carbonates and silicates [15; 16]. ASTER generates
two data products: Level-1A, which is raw image
data, and Level-1B, which is a data product gene-
rated from Level-1A by applying radiometric and
geometric correction coefficients [17].

3. Image analysis

Different image-processing techniques can be
used on ASTER data, such as principal component
analysis (PCA), band ratio, and minimum noise
fraction (MNF) [18; 19]. The alteration zone as de-
scribed previously is separated into three main
parts; each of these zones is distinguished by speci-
fic minerals that work as indicators as they all have
different spectra (Figure 2).
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Figure 2. Laboratory spectra
of common hydrothermal alteration minerals [18]
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ASTER minerals' spectra are important indicators
for different hydrothermal alteration zones, as summa-
rized in Figure 2, and can indicate the zone as follows:
(1) muscovite as an indicator for phyllic alteration
zones with a 2.20 pum absorption feature shown in the
6th ASTER band; (2) kaolinite and alunite as indica-
tors for argillic alteration zones with a 2.20 and 2.17
um, respectively, absorption feature shown in the 5th
ASTER band; (3) epidote, chlorite, and calcite are
associated with propylitic alteration zones with 2.31—
2.33 pm absorption features shown in the 8th ASTER
band. Therefore, these unique absorption features for
minerals led to many useful approaches for mapping
and discriminating hydrothermal alteration zones [3].

4. Principal component analysis

PCA used the principal component transfor-
mation technique to reduce the dimensionality of the
correlated multispectral data. The PCA method is
widely used to map alteration zones [18]. The PCA
technique aims to extract specific spectral responses,
as in the case of hydrothermal alteration minerals.

The likelihood of having a specific spectral contrast
increases as the number of input channels decreases.
In this study, the bands that have been used are those
that have the potential to show more common spec-
tral features of the alteration mineral.

To confirm the occurrence of minerals, a PCA
technique was applied to find the relationship be-
tween the spectral responses of target minerals or
rocks. The relationship is used to determine which
of the PCs contain the spectral information due to
the minerals and whether the pixels have high or
low values related to the presence of the target mi-
neral in that pixel or the absence of it [20].

Applying PCA to map hydrothermal alteration
zones has been widely used as an advanced tool for
statistical data reduction and satellite image proces-
sing. As it was recommended in the articles [21; 22]
to map alteration minerals to indicate different altera-
tion zones, for example, using a subset of ASTER
bands (1, 4, 6, and 7) to map Kaolinite Also, band
subsets (1, 3, 5, and 7) and (1, 3, 5, and 6) for map-
ping Alunite and Illite, respectively.

PS File: layerStacking

400
B

300 F \

200F

Eigenvalue
1

100 |

Eigenvalue Number

Figure 3. A curve showing that the first few bands contain most of the data,
and the signal decreases with increasing noise towards the the curve tail
(the graph is made using ENVI 5.3)

The eigenvalues of the 14 ASTER bands show
that PC1, PC2, and PC3 have over 97% of the spectral
information displayed in Figure 3; the rest of the low-
order PCs have less than 3%; they usually contain low
signal-to-noise ratios. PCs that contain more than 97%
are widely used for lithological mapping [20].

5. Results and discussion

By applying the principal component analysis
(PCA) to ASTER bands, we can highlight different
areas of the hydrothermal alteration zones, as each
zone has its rocks with specific minerals. Different
minerals can be identified, like kaolinite and alu-
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nite, which show an absorption behavior in band 6
due to Al-OH; these two also show a reflection be-
havior that corresponds with the argillic zone [23].

Ilite, smectite, and sericite minerals give an ab-
sorption behavior in band 6 and a reflection behavior
in band 5, which correspond with the phyllic zone.
The propylite zone is shown as a response to the re-
flecting of chlorite, epidote, and calcite, which shows
absorption behavior in the 8th band and reflecting
behavior in the 5th band [23].

PCA is a statistical tool used to extract specific
spectral features. In 1989, Crosta and Moore deve-
loped a PCA technique using Landsat TM to map
oxide/hydroxide iron minerals related to sulfide ore
bodies in the granite-greenstone belt. PCA is calcu-
lated by forming a relationship between the spectral
responses of minerals under consideration and va-
lues extracted from the eigenvector matrix.

Using a few selected bands to avoid mapping
certain materials like vegetation and applying PCA
to them helps extract information about targeted
materials (hydrothermal alteration). This procedure
is called the “Crosta technique” and has been wide-
ly used for mineral exploration due to its ease [24].

Choosing subsets of ASTER bands proposed by
Loughlin (1991) according to spectral features rela-
ted to hydrothermal alteration minerals in VNIR and
SWIR and applying PCA to each chosen subset gives
information about the target mineral. To identify which
PC has the target information, we choose the PC that
has the highest eigenvector value difference among
bands. In the application of PCA to ASTER bands,
subsets 1, 4, 6, and 7 were used to successfully map
the argillic alteration zone as bright pixels into the
PC-3 image shown in Figure 4, a. This is evident by
the low negative contribution of band 7 and the high
positive contribution of band 4 (Table 1).

To map the phyllic alteration zone, we used sub-
sets 1, 3, 5, and 6. The phyllic zone shows a dark
color pixel value in the PC-4 image (Figure 4, b),
due to the high positive contribution of band 5 and
the low negative contribution of band 6 (Table 2).

Implementation of PCA in ASTER bands 1, 3,
5, and 7 suggests information on the propylitic al-
teration zone. The spatial map shows the alteration
zone as bright pixels in PC-3 (Figure 4, c¢), due to
the high positive contribution of band 3 and the low
negative contribution of band 5 (Table 3).

Table 1
Eigenvectors values for PCbands 1,4, 6, and 7
Eigenvectors
Input layer
PC1 PC2 PC3 PC4
Band 1 0.69778 -0.7139 0.05644 0.01627
Band 4 0.35619 0.41171 0.83287 —-0.09976
Band 6 0.44468 0.42624 -0.31436 0.72233
Band 7 0.43416 0.37303 -0.45202 -0.68413
Table 2
Eigenvectors values for PCbands 1, 3,5, and 6
Eigenvectors
Input layer
PC1 PC2 PC3 PC4
Band 1 0.7678 -0.27059 -0.58071 -0.00636
Band 3 0.42198 -0.4684 0.77623 -0.00297
Band 5 0.3278 0.56166 0.16356 0.74184
Band 6 0.3535 0.62603 0.18303 —-0.67054
Table 3
Eigenvectors values for PCbands 1, 3,5and 7
Eigenvectors
Input Layer
PC1 PC2 PC3 PC4
band 1 0.77196 —-0.23351 -0.59107 0.01353
band 3 0.42365 -0.50435 0.7524 —-0.00656
band 5 0.32243 0.57527 0.21036 0.7217
band 7 0.34732 0.60014 0.20068 -0.69204
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Figure 4. Applying the Crosta technique indicates places that show the presence or absence
(the map is made using QGIS 3.18.3):
a — Kaolinite as an indicator of Argillic zone; b — lllite indicates Phyllic’s zone;
¢ - Alunite indicates Propylitic’s zone; d - false-color composite image of PC 3, PC 4, PC 3 image
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false color
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Figure 5. Predictions of hydrothermal alteration zones
assigned as Argillic, Phyllic, and Propylitic on a geological base map [1; 2]

Conclusion

Analysis of ASTER satellite images using PCA and
applying the Crosta technique gives promising findings
and an understanding of the area under consideration.
The satellite image interpretation and integration with

102

the geological map of the area show that PCA is an ap-
plicable technique to be used in our study area to map
hydrothermal alteration zones. Also, the result shows
that our study area is suitable for this kind of image pro-
cessing as it is characterized by a low vegetation mask.
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