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Abstract. The aim of this paper is to improve the scientific and methodological support of identification tasks when specifying
the parameters of spacecraft motion. The article examines a systematic approach to ensuring the specification of the ballistic
coeflicient in the mathematical model of the spacecraft motion. For emergency situations, an approach was used that takes into
account the object-system "task-solution tool", which allows taking into account the errors of all elements of the navigation
tool. The introduced structural property "generalized observability" makes it possible to solve the problem of Sb refinement in
traditional and non-traditional conditions in the practice of operational navigation and ballistic support of spacecraft flight.
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Introduction

Improving the accuracy of predicting the motion
of spacecraft (SC) requires matching the mathematical
model of motion and, in particular, the model of the
atmosphere or light pressure, with experimental data.
To solve this problem, the ballistic coefficient (S,) or the
coefficient(s) of the light pressure are often used, which in
this case act as the matching coefficients [1,4].

Further, the questions of clarifying the matching
coefficients (MC) used in mathematical models of
motion (MMM) of spacecraft will be carried out using the
example of refining the ballistic coefficient. In this case,
some inaccuracies in the knowledge of other parameters
of the SC MMM during the refinement of S; according to
the measurement data (identification of the SC MMM)
will flow into the refined ballistic coefficient.

A similar situation is, for example, when specifying
the coefficient of light pressure relative to ignorance of
the parameters of the atmospheric model. In this case,
the inaccuracies of the mathematical description of the
atmosphere flow into the adjusted coefficient of light
pressure, which at this stage serves as the matching
coefficient of the spacecraft SC MMM. A similar situation
arises with respect to other specified parameters, namely:
parameters of optimization of the corrective propulsion
system, taking into account various kinds of disturbing
forces, etc.

Ballistic coefficient refinement techniques
used in practice

The condition for the equality of the real and
simulated acceleration when refining the ballistic
coefficient is the expression:

P Ss=P,.S,.> (1)
where

p is the real density of the atmosphere,

S, is the ballistic coefficient,

p,, is the simulated density,

S, is the simulated ballistic (matching) coefficient.

This relationship is valid only for low-orbit objects,
the speed of which is determined relative to the
atmosphere and the unaccounted for disturbances are
mainly due to insufficiently accurate modeling of the
atmospheric density.

In most cases, the modeled deceleration acceleration
includes a part of the accelerations from other forces that
were not taken into account by the model of spacecraft
motion. At altitudes of more than 400 - 500 kilometers,
where the disturbances from atmospheric braking can be
comparable with other disturbing factors unaccounted
for in the mathematical model of motion (MMM),
methods for refining S, based on condition (I) often turn
out to be false.

The choice of the S, refinement method and interval
depends on many factors and, first of all, on the average
flight altitude, geoheliophysical parameters, and the
accuracy of determining the orbit. The issue of reducing
the influence of errors in determining the orbit of the
spacecraft is associated with the need to increase the
refinement interval S. An increase in the refinement
interval, in turn, leads to the leveling of new data on the
atmosphere, which increases the errors in predicting
the movement of objects. In addition, the value of the
refinement interval S; for each type of spacecraft is
associated with the adopted ballistic support scheme.

Thus, the method and interval of S refinement for
different types of spacecraft can vary within wide limits.
Intervals that are usually chosen: several revolutions
(3-8 hours), 1 day, 1 week, 4-5 weeks.

An interval of several revolutions is used when
introducing the ballistic coefficient into the number of
refined parameters of the problem of determining the
state vector of objects.

The daily refinement interval S is usually used for
ballistic support of a spacecraft with flight altitudes of
200-400 kilometers.

Weekly and monthly intervals of S; refinement are
used for objects with a minimum flight altitude of 500-
800 kilometers.

At altitudes of more than 400-500 kilometers,
depending on the geo-heliophysical conditions and
the adopted model of motion, along with the ballistic
coefficient, it is advisable to refine other matching
coefficients (for example, coefficients that take into
account the light pressure).

Consider the most common ways to refine
S, [1-3, 5].

Typical and special methods for specifying the
ballistic coefficient in the practice of operational
navigation and ballistic support (ONBS) are given in
Table 1.
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Table 1. Typical methods for refining the ballistic coefficient

Refining S

Typical and Special Methods for

Formal description

Note

I Choosing S as the mean of the
' observed values

The method has shown good
results in predicting spacecraft
motion in near-circular orbits
with flight altitudes of 200-300

km.

Method of S, refinement by
2. | predicting changes in the orbital
period

The adjusted value of S; is
proportional to the ratio of the
real and predicted changes in the
circulation period

Method of S, refinement by error
3. | in predicting the time of exit to
the equatorial plane

S, is refined by the error in
predicting the time of entering the
equatorial plane

Method of S, refinement by
4. | temporal errors of measurement
sessions

TN_TN+n
8j="6j-1 -
TN _T]\1/7+n
_ ty+Tyn—t,,,
Sj §j-1 r
ty+Tyn—t.,
4 .q 3 5t(t —t,)*
AS, :___M

3a X (t,-t,)*

t, is the time of the specified initial
conditions of motion, a is the
major semi-axis of the orbit, a is
the rate of change of the major
semi-axis under the influence of
the atmosphere at S;=1,Nis the

Method for S refinement based
on major semi-axis prediction
error

pr pr pr ppr
Ae(2ayey +ayey., +ay,, ey +2ay., IV,,)

number of observation sessions
Saj= Ss j1*
Aa(a, —a, ay,, +ayy,)
Aanp (ajzv - aN aN+n + alz\/Jrn) ,
86 j= Ss j-1*

pr np
Ae” 2ayey +ayey,, +ay,, ey +2ay,, 17,

where
Aa=ay—ay,,

pro_ _ qPr
Aa _aN aN+n

Ae = €n ~€nin
pro__ pr
Ae™ = ey ~Cnun

Ay,€y,Ay,, €

N2EN2 BN TN gre the values of
the semi-major axis and eccentricity
at the beginning and end of the

refinement interval;
pr pr _ .
Ayons €Nn predicted at the end

of the interval of refinement of the
values of the semi-major axis and

eccentricity.

The formulas (like all of the above
methods) give an a posteriori
estimate of the value of the
ballistic coeflicient.
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Typical and Special Methods for

Formal description

Note

Refining S§
ot ot, At, —At, AS, AS, < & Foramore
A method for refining S; by Af; = g ﬁ ~ T accurate finding of the value AS,
statistical processing of the the solution of the OVS problem
6. | results of solving the problem of S AL ot i ) ot
determining the state vector on '8 and the calculation of —- can be
8 AS =—F—
3-6 consecutive revolutions 2 ( % )2 repeated several (k) times until the
oS condition is satisfied
S;=S,+ AS,
S, is an approximate value of the
ballistic coefficient, The method is applicable for
Method of S; refinement in the ot a spacecraft with a perigee of
7. . XAt :
interval of (4-5) weeks '8 up to 600-800 km in a calm
AS = W geoheliophysical environment
v
(see method 6).
The solution to the problem of
determining the state vector by
the least squares method is usually
reduced to minimizing a functional
of the form:
F(q$) =[h-h(g,S)I" P [h-h (g, S,)]
Where h is the vector of
measurement results, h (q, Sy) is
the vector of calculated values of
the measured parameters, q is the
calculated value of the vector of When predicting motion in the
8 A way to refine S, by minimizing | initial conditions, P is the diagonal interval of 12-14 orbits, the S

the functionality

weight matrix. Or
F(S)=[h-h (q* S)I P [h-h (*S)),
where q * is the estimate of the vector
of initial conditions. The change in
the functional is approximated by
a polynomial of the second degree.
Based on this, to find the minimum,
it suffices to calculate three values of
the functional F (S, ), F (S;), F(S,)
on condition of § =S +8S §,=S-0S.

OS(F,~ I)
2, + F = 2F)

§* =8, +

S 0

refinement method shows the best
results.
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Typical and Special Methods f
No. ypicatand Sp e'c1a crods for Formal description Note
Refining S6
The mathematical model of motion,
built according to the averaging
i;:heme’ allqws folr the e}:lrrorli)r.l a' is the value of the derivative
S, refinement method based on [ P™® icting .motlon along t eorbItiof ofthe major semi-axis in the
9. [secular variation of the major semi- write the expression right parts of the system of
axis of the orbit Ste— i a'At* S s averaged DE, A¢is the motion
4 &5, prediction interval
From here, the correction to the
ballistic coeflicient is determined
AS;, = ﬂi‘5tyi‘
Refinement of the ballistic The first factor is:
coefficient for a given mathematical K . are the proportionality
. 1 !
10. model of motion (the more AN coefficients (i= 1,..,n), AS;,
accurate is the MMM, the higher is ‘ is the relative change in S
the efficiency of the method). ki, Ss.0 '
AS;, = - Ol
5 S )
g

From a theoretical point of view, the considered
methods of determining the ballistic coefficient in
the MMM of a spacecraft refer to various methods
(often techniques) for solving parametric identification
problems, one of the important approaches of which
is the use of the state vector of complex dynamical
systems. In particular, an identifiable parameter being
refined (for example, S,) can be introduced into the
estimated spacecraft state vector based on measurements
of the current navigation parameters (MCNP), and the
parameters of the initial conditions of spacecraft motion
and the required coeflicient are simultaneously refined
from the available volume of the measurement sample.
This approach has a significant drawback for a small fixed
sampling with various measurement errors (including
anomalous ones), since the estimation accuracy of each
of the determined parameters deteriorates with the
expansion of the state vector. In addition, the potential
errors in determining the elements introduced into
the state vector may turn out to be excessively large for
further use in the spacecraft MMM.

The description of the spacecraft MMM should use
the structure and parameters, the values of which are
obtained much more accurately than the data that are
calculated in the process of applying the mathematical

model. For example, the coeflicients of the Earth’s
gravitational field model must be determined in advance
with a high degree of accuracy to solve various problems
of predicting the parameters of the motion of the objects
under study.

The matter becomes more complicated if inaccurate
(or even rough) characteristics (parameters) are used in
MMM. For example, inaccurate knowledge of the ballistic
coefficient or the coefficient of light pressure in the model
of spacecraft motion with a sufficiently accurate setting
of the input refined parameters or initial conditions (IC
of motion) makes this MMM unproductive. It can only
be used to assess the characteristics of a certain class of
spacecraft with hypothetical initial data.

The methods for refining the ballistic coefficient
given in Table 1 do not use the principle of additional
expansion of the state vector for the simultaneous
refinement of the identified parameter S;

and the spacecraft state vector (for example, the
initial conditions of motion), and, as a rule, methods of a
repetitive (iterative) mode of sequential refinement of S;
are used with its further use to improve the accuracy of
the spacecraft state vector and the subsequent solution of
target problems with the greatest effect.
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The described sequential computational procedure
may not converge to the true (or acceptable value) when
refining the ballistic coeflicient for various types of
spacecraft orbits with individual requirements for the
accuracy of calculating the IC of the motion and various
MMMs used.

A fundamental problem arises - how to proceed in
this specific case: is it more efficient to calculate S; (or other
identification parameters) by expanding the spacecraft state
vector with simultaneous refinement of the IC of motion (or
other extended state vector), or apply the described iterative
procedure using, for example, the methods presented in the
table? In addition, an additional question arises: which of
the described options for solving the problem is advisable
to use?

The practice of operational navigation and ballistic
support of spacecraft flights shows that in some cases the
first of the considered identification approaches is quite
effective and reliable if the second is not used satisfactorily
and, conversely, in other cases only the second approach
turns out to achieve the goal of the calculations.

The use of generalized structural properties
of measurement problems when refining
the ballistic coefficient.

One of the options for solving the problem can
be an approach using the structural properties of
measurement problems, namely, using the original
concepts of generalized observability and (or) generalized
identification of the considered system of navigation-
ballistic support for spacecraft control at the stage of
flight tests and operation.

Before the general formulation of the problem,
which makes it possible to develop recommendations for
the determination (refinement) of S in each specific case,
note a number of factors affecting the magnitudes and
values of the ballistic coefficient. These factors include:

- the used mathematical models of the spacecraft
motion, the composition and accuracy of the description
of the disturbing factors described by the spacecraft
MMM;

- the nature of the change (osculation) of the orbit
(eccentricity, semi-major axis, etc.) and the spacecraft
flight altitude;

- the area of the midsection and the dynamics of its
change (design parameters and operating technologies);

- the state of solar activity and its variations in a
specific period;

- volume and measurement errors of current
navigation parameters (MCNP);

- intervals of refinement of the matching parameter-
ballistic coeflicient (several revolutions, daily, weekly,
monthly);

- mathematical methods of processing MCNP when
determining (refining) S; with the inherent calculation
errors in the adopted models;

- the required calculation accuracy, which depends,
first of all, on the specified accuracy of the calculation of
the initial conditions of the spacecraft motion, and some
other characteristics.

Each of the factors presented includes a whole
range of possible options for using models, methods,
conditions, data, and requirements in the NBS practice.
Specifically, the key factors noted above are transformed
into hundreds of options and elements of the software
and mathematical support of the automated NBS system,
which must be analyzed, calculated and justified for the
application in the conditions of operational navigation
and ballistic support of spacecraft control.

Part of such analysis and calculations is performed
in advance (a priori), and part directly during the work of
the NBS in an on-line mode.

Thelist of features of the solution of the problem shows
that it should be solved in a stochastic (probabilistic)
setting and (or) using fuzzy information about sets
with the assignment of membership functions. The rich
experience of practical solutions suggests the need to use
an intellectual (natural and (or) artificial) component
in calculations within the automated software package
(ASP) of the NBS.

Further, to solve the problem of generalized
identification of the ballistic coefficient, you can use several
techniques (which were mentioned above): identifying
the possibility of its determination by expanding the
vector of the estimated state of the spacecraft or choosing
a method for estimating S,, for example, one of the above
methods, which also needs to be justified sometimes in
an operational mode.

Studies show that to implement the first approach, it
is advisable to use the so-called information derivative
introduced in [8], from the physical point of view,
operating with the change in information before and after
the reference mapping, and the second - using singular
ultraoperators that also perform intellectual work.
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Let us consider in more detail a singular ultraoperator
(classifier-recognizer) called a general classifier, which
can, on the basis of an intelligent approach, prompt in
an automated mode which of the methods of specifying
the ballistic coeflicient is expedient to use in a particular
case. Calculations made in this way will provide a reliable
solution to the problem as a whole.

v The commutative diagram of a singular ultraoperator
E in general view is shown in Fig, 1.

<
o<
<

Fig. 1. General view classifier diagram

Amongsingular ultraoperators (classifiers), translators
are distinguished, as well as generalizing, refining and
general classifiers [8]. Based on the logic of the problem
being solved in the considered technological operation of
the NBS, it is advisable to apply, as noted, the classifier-
recognizer presented in the required notation in Fig. 2.

<
<

.V
Smp Sk

Fig. 2. Diagram of a singular ultraoperator (classifier) of
problem of the refinement of S

In fig. 2, the following notation is used:
4
SP

coefficient S ;
A

\4

/ . -
S - two ultrasets of one object - ballistic

E - ultramapping (ultraoperator) over the support
operator (in this case, singular);

\4
. r . .
o A projection operator who
assigns a point to a flattening. The operator 75 is defined
similarly.

For a compact recording of the ultraoperator (UO)
using the attributes of the tool task-tool solution (object-
system) and classes (formulas for calculating the ballistic
coefficient), we will use the following notation in the
equipments:

- a set of attributes of the object-system toolkit (Table
3.2) that have a fundamental impact on the accuracy of
calculations - a,b, ¢, d, e, f, g, h;

- a set of classes (methods) for assessing S, (table 3.3)
-1,2,3,4,5,6,7,8,9,10.

Table 2. Elements of equipping a set S’ with the use of
. . io
features task-solution tool (object-system) L.

Feature lattices (object-systems) Scales
Algorithms of the mathematical model of | ¢,
a | spacecraft motion (systems of differential
equations - SDE MMM SC spacecraft) a,
- . a,
Characteristics of changes (osculation) of
b . .
the spacecraft orbit and altitude .
&,
Xy
¢ | Midsection area and dynamics of its change
2!
a,
d Solar activity state
o,
s
e Measurement volume and errors
s
. . 2%
¢ Refinement intervals of the matching
parameter-ballistic coefficient .
X
&,
g | Mathematical methods for processing ITNP
o,
g
h | Required calculation accuracy (NU and S,)
a L]
8
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Let us write down two framings of the support set
S’ [6-9]. The first equipment is introduced with the
following features:

S =PxI"xS§,

here Pis an elementary (binary (0,1)) ER reliability lattice.

Moreover, the signs are set by a scale showing which
elements of the instrument are suitable for a specific use
in calculating S;;:

L o8,
pr — °. .., 4
L o8 ={a,0 a0, ;. 00,04 },

L =L %L, *..* L,

On the right side of the last expression, the signs L
have a lattice with parameters (¥, , (; taking the values
“yes” - “no’ i.e. whether this element of the tool is suitable
for performing calculations for the required refinement
of S, or not. Similar grids have other features L2 yeens Ls

(i.e., other elements of the calculation tool).

The second ultra-equipment is filled with classes (i.e.
possible methods of calculating of S). Above, we used
well-known and original 10 calculation methods that
have proven themselves in practice of NBS. Of course,
other additional algorithms for calculating S; can be
added to the proposed methods.

Svcl _ PXLcl %S I > SEIO’ the index AT
- 9

means atomic [4], i.e. a specific method for calculating S;.
In our case

g >

Before proceeding directly to the formation of the

AR W W W W

cd
4o =uuuuuu

kernel-table of the classifier-recognizer, it is necessary to
pay attention to the canonical ICs introduced in [1,4],
for which the condition of homomorphism of lattices of
properties is satisfied. In this case, it is possible to spe‘?jgy
the reflection of properties not on the entire lattice

, but only on a limited basis. As such, this limited basis
is described above. For example, the algorithms of the
mathematical model of spacecraft motion fall into tens
to hundreds of variants associated with the possibilities
of using numerical, analytical, numerical-analytical
MMM of the spacecraft, using various kinds of variables
(Cartesian or Keplerian coordinates, non—singular

variables, etc.), taking into account the use in the right-
hand sides of systems of differential equations (SDEs) of
a diverse spectrum of disturbing forces in one form or
another (one-parameter or spatial in different coordinate
systems), using different reference epochs, etc. The
algorithmic description of the models of the same
disturbing forces can differ greatly from each other, just
as, for example, the methods of numerical integration
in unified numerical SC MMM can be different with
their specific calculation errors. These remarks can be
continued.

Table 3. Elements of set equipment S with the use of classes
(formulas for calculating the ballistic coeflicient) L .

Class lattices
1 [ Choosing S, as the mean of the observed values

Method of S; refinement by predicting changes in
the orbital period
Method of S; refinement by error in predicting the

3 time of exit to the equatorial plane

4 Method of S, refinement by temporal errors of
measurement sessions

5 Method for S; refinement based on major semi-

axis prediction error
A method for refining S; by statistical processing of

6 | the results of solving the problem of determining
the state vector on 3-6 consecutive revolutions
Method of S; refinement in the interval of (4-5)
weeks
8 | A way to refine S, by minimizing the functionality
S, refinement method based on secular variation of
the major semi-axis of the orbit

Refinement of the ballistic coeflicient for a given

10
mathematical model of motion

The morphological scheme of measuring tasks [1,4]
gives not only a classification of measuring tasks, but also
studies mathematical models of measurement processes
with consideration of: _

- systematic (singular) components hsys (¢) dueto
incompleteness of taking into account some important
factors in the measurement equations, which leads to a
smooth, monotonic nature of this error;_

- random (regular) components hmn d (t) caused
by not taking into account secondary factors (for example,
fluctuations in atmospheric parameters, thermal noise
and vibrations in measuring equipment, etc.), which are
usually represented by random processes and quantities;
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Table 4. An example of constructing a typical abbreviated version of the kernel-table of a singular ultraoperator for an ERS SC

The
elements Content of elements Note
Uo
A 1= 1
o, =2 Usu4UsuUusuyuouilo Analysis of an element of the object-system of the NBS for
solving the problem of refining S:
0(1. —~1Ue6U7 variants of algorithms of CS MMM
® ® ©o
B
a,—5U6U7 Analysis of an element of the object-system of the NBS for
solving the problem of refining S
0[7. —~1U2U3U4U8UoU10 methods of processing MCNP 1,2,3
® ® o
E SH—S

- abnormal (gross) errors /1, (¢) that appear as a
result of equipment malfunctions or incorrect operator
actions. Usually it is modeled by separate rare outliers. In
the practice of flight tests (FT), the content of abnormal
errors can range from 7 to 20%.

Methods combining measurement
(additive, multiplicative, combined) play a special role.

Similar remarks are related to other elements of
feature lattices. All of them must be carefully analyzed
and investigated, as a rule, before operational work at the
design stage of the considered intelligent NBS system.

Thus, when using canonical ultraoperators, not only
the dimensions of arrays for storage in a computer are
reduced, but also studies of the volumes of interaction
with variants of methods for determining matching
parameters are reduced.

Based on the remarks made, it is possible to form a
core-table of the classifier-recognizer. Table 4 shows an
example of constructing a typical abbreviated version
of the singular ultraoperator table-kernel for studying
spacecraft flight.

Legend to table 4:

Column-row A means the transition of true
information into true reliability of the UO.

Row B means displaying various property grids.

for errors

Row E means the transition of one object to another
(in this case - the identical operator - the ballistic
coeflicient). v

The classifier-recognizer /% gives recommendations
to the ballistic operator (or to the automated control
system of the NBS processes) on the choice of several (or
even only one specific method) options for specifying the
ballistic coefhicient.

At the same time, it may seem that this core-table
has the meaning of a table of simple correspondence:
there is an object-system, including, among other things,
elements of the tool of possible solutions and various
ways of finding matching parameters. However, the
found classifier-recognizer has a broader function and is
an intelligent means of matching and finding the required
solutions.

A detailed description of the classifier-recognizer
leads to the analysis of a huge number of options that
fundamentally allow solving the problem, but will not
be able to provide, for example, the specified accuracy
or the fulfillment of other conditions and requirements.
When searching for the best solution, the emergence
property of the system can fully work, when a simple
consideration of an additional factor, for example, in
the spectrum describing disturbances in the SC MMM,
will fundamentally improve the output result. The task

ROCKET-SPACE DEVICE ENGINEERING AND INFORMATION SYSTEMS Vol. 7, Iss. 4, 2020



REFINEMENT OF THE MATCHING COEFFICIENTS OF THE MATHEMATICAL MODEL 11
OF SPACECRAFT MOTION USING THE CONCEPT OF "GENERALIZED OBSERVABILITY"

becomes much more complicated when considering an
object-system of an extended composition, when this
concept includes external factors, such as, for example,
the requirements for the speed of calculations or changes
in the process of work associated with the final accuracy of
determining the calculated parameters. A similar situation
arises when determining anomalous measurement
sessions among the volume of received MCNP.

Conclusion

As a practical example, let us note an important
case that demonstrates
An important method for determining the ballistic
coeflicient for low-orbit spacecraft is the method for

the above circumstances.

specifying S, by the error in predicting the change in the
orbital period (option 2 of Table 1). Usually, for an ERS
spacecraft with flight altitudes in circular orbits about 200
- 250 km, the change in the semi-major axis of the orbit
due to atmospheric drag can be 800 - 1500 m per day
(about 17 flight orbits), and for spacecraft with heights
of 1000 - 1100 km about 5 m also due to the resistance
of the atmosphere per day of flight. Another fact: in the
first case, due to not taking into account the tesseral and
zonal (except for the compression of the Earth, harmonic
2.0) harmonic components in the model of the Earths
gravitational field (EGF), inaccuracies in the description
of the semi-major axis, affecting the inaccuracy of the
description of the draconian period, can amount to 150-
200 m. Therefore, the considered formula for specifying
the ballistic coefficient works quite well even under the
conditions of taking into account only disturbances from
the Earth>s compression and the static model of the
atmosphere in the case of non-obstructive equipment
of the first type of spacecraft under consideration with
flight altitudes of 150-200 km, since a significant effect on
the magnitude in the calculation The S of the draconic
period used is caused by the resistance of the atmosphere.

For the second type of the spacecraft under
consideration, not taking into account (or insufficiently
takinginto account the influence of harmonic components
in the EGF model in the spacecraft MMM) leads to an
uncertainty of hundreds of meters per day of flight in
determining the semi-major axis, which, in comparison
with the influence of the atmospheric drag of 5 meters,
makes the formula considered in Approach 2 to refine
S, completely untrue. This is a vivid example of the fact
that the estimate of the obtained ballistic coefficient as

a matching parameter will correspond to the considered

conditions of the problem, but is completely inapplicable,

for example, to predicting the process of spacecraft
motion, which is calculated using other values included
in the prediction of spacecraft motion by formulas.

The output for determining the estimate of the
ballistic coeflicient for the considered error in predicting
the change in the period of revolution for the second type
of spacecraft is as follows. The MMM of the spacecraft
should take into account the corresponding zonal and
tesseral harmonic components in the model of the
Earthos field (for example, up to about 8.8). In this case,
the formula for calculating S, becomes inoperative.
To eliminate this fact, it is advisable to subtract from
the estimate of the value of the draconic period of its
perturbation due to changes in the semi-major axis by the
harmonic components of the Earths field.

These conclusions were made using detailed
descriptions of classifiers-recognizers for a variety of
mathematical models of spacecraft motion.
References
1. TyulinA .E, Betanov V.V, Kobzar AA.

Navigatsionno-ballisticheskogo obespecheniya poleta

raketno-kosmicheskikh sredstv. Kniga 1. Metody,

modeliialgoritmy otsenivaniya parametrov dvizheniya

[Navigational and ballistic support for the flight of

rocket and space vehicles. Book 1. Methods, models

and algorithms for estimating motion parameters.].

Moscow, Radiotekhnika, 2018, 479 p. (in Russian)

2. Tyulin A.E,, Betanov V.V, Yurasov V.S., Strel'nikov
S.V. Navigatsionno-ballisticheskoe obespechenie poleta
raketno-kosmicheskikh sredstv. Kniga 2. Sistemnyy
analiz NBO [Navigational and ballistic support for
the flight of rocket and space vehicles. Book 2. System
analysis of the NBS]. Moscow, Radiotekhnika, 2018,
487 p. (in Russian)

3. Tyulin A.E., Betanov V.V. Letnye ispytaniya
kosmicheskikh — ob’ektov.  Opredelenie i analiz
dvizheniya po eksperimental’nym dannym. Nauchnaya
seriya [Flight tests of space objects. Determination
and analysis of motion based on experimental
data. Scientific series]. Ed. by A.E. Tyulin. Moscow,
Radiotekhnika, 2016, 332 p. (in Russian)

ROCKET-SPACE DEVICE ENGINEERING AND INFORMATION SYSTEMS Vol. 7, Iss. 4, 2020



12

TYULIN A.E.,, KRUGLOV A.V,, BETANOV V.V.

Tyulin A.E., Betanov V.A., Yashin V.G. Orbitalnye
segmenty kosmicheskikh sistem prostranstvenno-
vremennogo obespecheniya. Chast’ 1. Orbitalnoe
dvizhenie, manevry i metody opredeleniya parametrov
orbit KA [Orbital segments of space systems of space-
time support. Part I. Orbital motion, maneuvers
and methods for determining the parameters of
spacecraft orbits]. Ed. by A.E. Tyulin. Moscow,
Innovatsionnoe mashinostroenie, 2020, 334 P (in
Russian)
Lysenko L.N.,
Teoreticheskie

Betanov V.V,
osnovy  ballistiko-navigatsionnogo
obespecheniya kosmicheskikh poletov [Theoretical
foundations of ballistic and navigation support for
space flights]. Moscow, MGTU, 2014, 518 p. (in
Russian)

Zvyagin EV.

Makarenko D.M., Potyupkin A.Yu.
analiz kosmicheskikh apparatov [System analysis of
spacecraft]. Textbook. Moscow, MO REF, 2007, 331 p.
(in Russian)

Potyupkin A.Yu., Chechkin A.V. Intellektualizatsiya
slozhnykh tekhnicheskikh system [Intellectualization

Sistemnyy

of complex technical systems]. Moscow, VA RVSN
im. P. Velikogo, 2013, 208 p. (in Russian)

Chechkin A. V. Matematicheskaya informatika
[Mathematical informatics]. Moscow, Nauka, 1991,
416 p. (in Russian)

SobolevaT.S., Chechkin A.V. Diskretnaya matematika
[Discrete mathematics]. Ed. by Chechkin A.V.
Textbook. Moscow, Akademiya, 2006, 256 p. (in
Russian)

ROCKET-SPACE DEVICE ENGINEERING AND INFORMATION SYSTEMS Vol. 7, Iss. 4, 2020



