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V wiit cTaTTi npeacTaBieHo orisia pobit, BukoHaHux y 2021-2025 pokax Buenumu HarionansHoi akagemii
HayK YKpaiHH, [0 NPEACTaBISIOThH JOCHIAHUIBKY KONy «J[nHaMika 00’ €KTiB KOCMiYHOT TeXHIKWY». YacTHHA IIUX
POOIT CTOCYETHCSI CHCTEMHOTO aHaNi3y KOCMiYHOI ramy3i Ykpainu. JlociipKeHHsT AMHAMIKA KOCMIYHHUX amapariB
Ta CHCTEM IPOBOJIIIMCS 32 KillbKOMa HanpsiMKaMmH. J[0 HUX HaJexaTh: po3poOKa METOJIB MAIIMHHOTO HaBUYaHHS
B 33/1aUax KepyBaHHs KOCMiYHHUMH amapaTtaMi, ONTHMI3allis KEPOBAHOTO PyXy 00’ €KTiB KOCMIYHOI TEXHIKH, CHC-
TeMH JUCTAHLIITHOTO 30HIyBaHHS ITOBEPXHI 3eMJIi, yTHIi3amii KOCMiYHOTO CMITTS, METOIOJIOTISI KOHI[ENTYaJIbHO-
rO MPOEKTYBAHHS MPOMHUCIOBOI KOCMIUHOI miaThopmu, mpobiieMa 06CIyroByBaHHsI KOCMIYHOI TEXHIKHA B YMOBax
KOCMIYHOI'O [IPOCTOPY, a TAaKOXK (JOPMyBaHHS MapaaurMu ctadiiizauii kiimMary 3emii Ha OCHOBI KOCMiYHHX CHC-
TeM 3aTiHeHHsI il MOBEPXHi.

V3aranpHeHa OaraTomaciTabHa MoZeNb Oy/b SKOTO CHTHAIY/3MIHHOI Ha 3acajax MyJlbTH(OpMai3My, 10-
CBily Ta KOHCEHCYCHOTrO ympaBiiHHSI. Moaens [03BONsiE AUBepCcH(IiKyBaTH HULIXH O0YHCICHb Ta 3ac00U OTpH-
MaHHS IepBUHHOI iHpopMamii. Po3pobiieHo cxeMy 3acTocyBaHHS MOP(OIOTIYHUX 00YHCIeHb I iHTerpamii ta
y3araibHeHHs] HEPBUHHOI iH(opMmamii. Po3risHyTo 3acTocyBaHHS CydacHHX iHGOOPMAILIHHHX TEXHOJOTIH st
BUpIIIEHHS 3aJa4 ANHAMIKHA KOCMIYHUX amapartiB. [TokazaHo, o BiIbHE IporpaMHe 3a0€3IeUeHHs 3 BIAKPHTHM
Buxinaum kogoMm (GMAT, Basilisk, OreKit Ta iH.) € eeKTHBHOIO abTEPHATUBOIO MPOMPIETAPHAM MAKETaM IS
MOJISIIIOBaHHS OpOITAIBHOTO PyXy KOCMIYHOTO arapara, ONTHMI3aLlil TpaekTopii i Bizyasizarii.

CTBOpEHHIi aIrOPUTM IOMEPEIHBOr0 BHIUICHHS HA0OpY O3HAK 300pa)KEHHs, IO BUKOPUCTOBYIOTBCS SIK
BXigHa iH(opMmallis HelipoHHUX Mepex. Takuii miaxia 103BOJISE 3HAYHO 3MEHIIUTH PO3MIPHICTh BXIJHUX JaHHUX,
THM CaMHM 3HU3UBIIN 004HCIIOBANIbHI BuMoOru. IlokasaHo mepeBarn BUKOPHCTAHHS METO/IIB IITY4HOTO iHTEJIEK-
Ty JUISI KOCMI9HHX 3aCTOCYHKIiB. CaMe BOHM HaJalOTh MOXJIMBICTh 3HH3UTH BHMOTHU IO €IEMEHTIB CHCTEM Kepy-
BaHHS, TAKHUX SK CEHCOPH, BUKOHABYI OPraHu, BiJIMOBUTHUCH BiJl BAKOPUCTAHHS CIELiabHUX CTEHJIIB JUIi BiAIpa-
LIOBAHHS CHCTEM, 3MEHIIIUTH TEPMiHH Ta BapTiCTh PO3POOKH.

Po3pobneno meron GOpTOBOro BHU3HAYEHHS MapaMeTpiB 3MiHM BiJIHOCHOTO MPOCTOPOBOrO MOJIOKEHHS He-
KOOIIepoBaHOTo 06'ekTa 0pOiTaTFHOTO CEpBicCy 3 HEBIJOMOIO (POPMOFO HAa OCHOBI OTPHMAHHMX JIiJAPOM XMap TOUOK
MOBEPXHI Lii. AITOPUTM METOJy OIepye 31 CKOPOUEHUM 0OcsaroM xmapu. [lapaMerpu nepeMirieHHs il BU3Ha-
YalThCs SIK apryMeHTH IiiboBoi (yHKIHIi. 3amporoHoBaHMi BapiaHT ii ()OpMyBaHHS BiAIOBiNae NPaBHIBHO
BU3HAYEHOMY TPOCTOPOBOMY IOJIOKEHHIO IIiJIi.

Po3riasiHyTO HU3KY aKTyalbHHX 3aad, sIKi IIOB’S3aHi 3 PO3BUTKOM HOBHX TEXHOJIOTiH, III0 BHKOPHCTOBY-
I0ThCS NIPU CTBOPEHHI CYMYTHUKOBUX cUcTeM. Lle fae 3Mory cyTTeBO MiBUIIMTH €()EKTUBHICTh CYIyTHHUKIB JTUC-
TaHIIfHOTO 30HTyBaHHS 3eMii Ta iX yrpynosans. [linBuineHHs X eeKTHBHOCTI MOB'A3aHe 3 BUPIIIEHHIM 3a1a4
MIPOEKTYBaHHS POOOYHMX OPOIT CYIMyTHHKIB, YIPABIIHHS PyXOM CYMYTHHKIB B3JOBX LUX OpOIT Ta ()OpMYyBaHHS
yrpynoBaHb. 3alpONOHOBAHO HOBHH Ii/IXiJl I[0/I0 BUPIIIEHHS MPOOIEMH 3pOCTaHHS KOCMIYHOTO CMITTS Ha op0i-
Tax 3emii. B Horo ocHOBy mokiasieHO 30epiraHHsi KOCMIYHOTO CMITTS SK CHPOBHHM Ha CHELIaJbHUX OpOiTax
30epiraHHs Ul HOJANBIIOT TTIepepOOKH.

Po3pobneno MaTemMaTHyHi MOJIEN, 0 JO3BOJISIOTH MPOBOAUTH KOMILJIEKCHY OL[IHKY e€()eKTHMBHOCTI KOCMiy-
HOI CHCTEMH 3aTEeMHEHHS MOBEPXHi 3eMJIi Bil COHIYHOIO BUIIPOMIHIOBaHHS. BOHU TO3BOJSIOTH JTOCIHIIUTH JOB-
TOCTPOKOBY CTaOUIBHICTh OKpEeMUX OpOITaJbHUX KIACTEPIB 1 CTPYKTYPHY Y3TOUKEHICTh TJI00aNBbHOT XMapu CHC-
TEeMH 3aTeMHEHHSI.

Kniwouogi cnosa: ounamixu Kocmiunux anapamie, kepyeanHs KOCMIYHUMU anapamamu, KOCMiune cMimms,
KOCMIUHA MeXHIKA, Memoou MAUWUHHO20 HABYAHHS, NPOMUCI08A KOCMIYHA niam@opma.

This article presents a review of the work carried out from 2021 to 2025 by scientists from the National
Academy of Sciences of Ukraine (NAS) representing the "Dynamics of Space Technology Objects" research
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school. Some of this work concerns a systems analysis of Ukraine's space industry. Research of spacecraft dynam-
ics and systems was conducted in several areas. These areas are: the development of machine learning methods in
spacecraft control, optimization of spacecraft controlled motion, systems for remote sensing of the Earth's surface,
deorbiting of space debris, a methodology for conceptual design of an industrial space platform, the problem of
space service technology and the formation of a paradigm for stabilizing the Earth's climate based on space sys-
tems for shading its surface.

A multiscale model of any signal/variable based on multiformalism, experience, and consensus manage-
ment was generalized. The model allows for diversification of computational methods and means of obtaining
primary information. A scheme for applying morphological calculations to integrate and generalize primary in-
formation was developed. The application of modern information technologies to solve problems of spacecraft
(SC) dynamics was considered. It was shown that free open-source software (GMAT, Basilisk, OreKit, etc.) is an
effective alternative to proprietary packages for modeling the orbital motion of SC, trajectory optimization, and
visualization.

An algorithm for preliminary selection of a set of image features used as input information for neural net-
works was created. This approach allows one to significantly reduce the dimensionality of input data, thereby
reducing computational requirements. The advantages of using artificial intelligence methods for space applica-
tions were shown. They make it possible to reduce the requirements for control system elements, such as sensors,
actuators, to abandon the use of special benches for testing systems, and to reduce development time and cost.

A method was developed for onboard estimation of the relative spatial motion parameters of a non-
cooperative orbital servicing target with unknown geometry, based on LiDAR-derived point clouds of the target
surface. The algorithm operates on a reduced subset of the point cloud data. The target’s motion parameters are
determined as the arguments of an objective function. A formulation of this objective function was proposed such
that its extremum corresponds to the correctly identified spatial pose of the target.

A number of current problems related to the development of new technologies used in the creation of satel-
lite systems were considered. This makes it possible to significantly increase the efficiency of Earth remote sens-
ing satellites and their constellations. Increasing their efficiency is associated with solving the problems of design-
ing satellite working orbits, controlling the motion of satellites along these orbits, and forming constellations. A
new approach was proposed to solving the problem of the growth of space debris in Earth orbits. It is based on the
storage of space debris as raw material in special storage orbits for further processing.

A number of mathematical models were developed to provide a comprehensive assessment framework for a
space-based solar radiation mitigation system. The framework enables investigation of the long-term dynamical
stability of individual orbital clusters and the structural coherence of the global distributed shading configuration.

Keywords: spacecraft dynamics, spacecraft control, space debris, space technology, machine learning
methods, industrial space platform.

The school ""'Dynamics of Space Technology Objects™ was founded by Cor-
responding Member of the National Academy of Sciences of Ukraine Mykola Fe-
dorovich Gerasyuta, one of M.K. Yangel's deputies, in 1987. The initial team con-
sisted of researchers from scientific institutions in Dnipro (formerly Dniprope-
trovsk). A significant number of scientists came from the Institute of Technical
Mechanics of the National Academy of Sciences of Ukraine and the State Space
Agency of Ukraine (the institute's current name). The research tradition of this
school was further advanced at the Institute of Technical Mechanics of the Nation-
al Academy of Sciences of Ukraine and the State Space Agency of Ukraine. Cur-
rently, the scientific leadership is provided by Corresponding Member of the Na-
tional Academy of Sciences of Ukraine, professor Anatolii Alpatov.

Research focus: systems analysis of challenges in the space industry; investi-
gation of free and controlled dynamic modes of space systems operating as space-
based mechanical structures across a wide range of environmental conditions;
analysis of near-Earth space debris pollution; development of a near-space debris
recycling paradigm based on orbital platforms; and conceptual design of distribut-
ed LEO sunshade systems for solar radiation mitigation and albedo-based climate
stabilization.

The main research areas of the scientific school include:

— systems analysis of challenges in the space industry;



— investigation of free and controlled dynamic regimes of deployable and spa-
tially distributed mechanical systems for space and terrestrial applications under a
broad range of external disturbances.

Over 40 researchers and 30 engineers have participated in the development of
these areas at various stages of the school's existence. The main customers of the
research are the National Academy of Sciences of Ukraine, the State Space Agen-
cy of Ukraine, and Ukrainian industrial enterprises.

The scientific work is grounded in fundamental research carried out within the
framework of planned programs of the National Academy of Sciences of Ukraine
at the Institute of Technical Mechanics of the National Academy of Sciences of
Ukraine and the State Space Agency of Ukraine. The results of this research pro-
vide the scientific and methodological foundation for space technology develop-
ment. These methodological developments are also used to assess the effectiveness
of national space program projects and to prepare analytical materials for govern-
ment agencies.

The results of research conducted by the "Dynamics of Space Technology Ob-
jects" scientific school over the past five years are summarized in the following areas:

1. Systems analysis of space industry problems.

2. Development and use of machine learning methods in spacecraft dynamics
problems.

3. Comprehensive optimization of design parameters and rocket motion con-
trol programs.

4. Remote sensing systems for the Earth's surface.

5. Disposal of space debris

6. Methodology for conceptual design of a space industrial platform

7. The problem of service maintenance in space.

8. Deorbiting of space debris.

9. Space systems for shading the Earth from solar radiation for climate stabili-
zation.

Global trends in the development and operation of space technology are aimed
at increasing its efficiency in various areas of human activity. In many cases, the
increasing commercialization of space activities and the expected economic impact
are decisive. Another powerful set of factors determining the development trends
of space technology is its strategic and military significance. The rapid advance-
ment of microelectronics, electric power systems, novel materials, and theoretical
foundations for cognitive system modeling provides the basis for introducing new
approaches to the development of component and technological platforms.

The emergence of new technological trends drives the modernization of engi-
neering equipment and the revision of design standards. This creates the need for
updated concepts of space sector development, including in Ukraine. A systems-
based approach to evaluating new projects and assessing industry performance in
key areas remains essential. Forecasting the sector’s development requires com-
prehensive efficiency criteria and multifactor analysis in order to assess new tech-
nologies in light of existing capabilities and national priorities.

1. Systems analysis of space industry problems. Technological break-
throughs, which of cause shape the industrial structure of the future, are fundamen-



tal to the development of modern society for the near future. Information technolo-
gy, with its wide range of industrial applications, is becoming increasingly im-
portant. One of the key trends is a significant reduction in human physical in-
volvement in technological processes. This also applies to the intellectual compo-
nent of human activity. The National Academy of Sciences of Ukraine places great
emphasis on the development of intelligent technologies. This is reflected in scien-
tific research areas that are focused on the needs of current industrial production.
The Information and Analytical System 'I'TM-KOSMOS' was developed for bene-
fits of Ukraine's space industry, and it contains the extensive database for the de-
velopment of modern space-rocket technology and as well the set of engineering
methodologies. These methodologies within the automatic mode are able to deter-
mine key design characteristics for new products. This significantly expands the
capabilities of design organizations and identifies optimal technical solutions in a
short time. This reduces a design time for complex systems and improves their
quality. In this regard, a development of methodological aspects of artificial intel-
ligence technologies is of particular interest.

One of the challenges in developing these artificial intelligence technologies is
the need to develop transformations of complex information representations into
ones more suitable for rapid decision-making. One such transformation is a tech-
nology based on the proposed limit generalization paradigm [1]. It has been signif-
icantly further developed as a basis for modeling and designing cognitive technical
systems, particularly autonomous (intelligent) space applications [2]-[4]. A meth-
odology for analyzing the functioning, development, and management of complex
dynamic intelligent systems based on the limit generalization paradigm has been
developed [5]-[8].

A fundamental general scheme of an information model of a distributed multi-
agent computational intelligence of an autonomous space system based on the par-
adigm of limit generalizations has been developed [1].

The developed concept of autonomization of space technologies correlates
with the NASA approach, but requires further development in the direction of cre-
ating tools for modeling digital twins of individual subsystems using a library of
"smart" gadgets and processes. The flexibility promised by next-generation space
systems necessitates a profound redesign of the very core of control systems [7].
Connectivity and data management capabilities enable the creation of more flexi-
ble and responsive control systems based on the collaboration of autonomous and
connected objects in decision-making [9]. A stochastic fault-tolerant control
scheme has been developed, specifically a sensor fault management scheme and a
"task continuum" distinction model [8]. This scheme forms the basis of "agentive
intelligence."

A generalized multiscale model of any signal/variable is based on multifor-
malism, experience, and consensus management, enabling complete diversification
of computational paths and means of obtaining primary information [8]. A frame-
work for applying morphological computations for the integration and generaliza-
tion of primary information is developed. The model enables a comprehensive au-
dit of information flows and embodied forecasting or deep intuition. A method for
determining the optimal scale of input data for solving distinction problems has
been developed.
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A mathematical model of a distributed autonomous space system is proposed,
in which individual satellites and devices are treated as software/smart agents [9].
This model allows for the satellite swarm to be viewed as a network of opportunity
agents and need agents, self-organizing to solve any problem. The architecture of
the autonomous space system takes the form of a "system of systems" with fractal
properties of structure and information, enabling automatic scaling of any control
processes and the identification and neutralization of threats. Recommendations
for the implementation of the proposed approach, which can be used to create a
"Platform for Autonomous Space-Based Systems," are developed [7].

One of the pressing issues remains the need of systems analysis of complex
space system projects. The technical level and cost of developing space-rocket
technology are the determining factors in assessing the competitiveness of such
technology.

A significant drawback of existing methods for determining the technical level
of complex civil and military technical systems is the significant influence of sub-
jective factors. The process of calculating the technical level and cost indicators in
Ukraine remains insufficiently streamlined and formalized, there is a significant
level of uncertainty in the required initial data.

A methodological framework was developed for calculating the performance
indicators of scientific and technical projects for advanced space systems, and this
allows for quantitative analysis of the projects being developed:

— the mathematical model for calculating the technical level of promising
models of space-rocket technology, which is based on the method of hierarchical
analysis of T. Saaty being added formalized procedures, which made it possible to
automatically have control over judgments of experts for errors checking and logi-
cal contradictions;

— the mathematical model for calculating the cost of R&D work on a space-
craft creation, which allows for determining the expected cost at the initial stages
of experimental design work in the absence of the necessary statistical infor-
mation, in contrast to the standardized calculation method and parametric methods.

A methodological framework was developed for quantitatively assessing the
level of competence of experts in assessing the technical level of promising models
of space-rocket technology.

Database projects has been developed for tasks of calculating the technical
level of spacecraft using the Delphi programming system and for tasks of calculat-
ing the cost of experimental design work on a spacecraft creation of using the MS
Access database management system.

The Delphi programming system was used for a computer implementation of
the developed algorithmic support for previous mentioned calculations.

Based on space activity monitoring, there was conducted an analysis of trends
of global space activity, specifically: the current state and development prospects
of the service market providing space transportation systems, remote sensing sys-
tems for the Earth in space and space communication systems were determined;
the dynamics of changes in the cost indicators for launching payloads into space
were analyzed; the review and analysis of the satellite Internet of Things and sys-
tems of the satellite Internet of Things were conducted; the trends and the state of
development in the field of orbital spacecraft servicing were identified.



There were used statistical data from the information system "World Fleet of
Launch Vehicles and Spacecraft (MasterMarket)" by which was developed at the ITM.

The results of these studies are presented in research papers [10] — [16].

The results of this work will be able to provide a more informed selection of
projects for a creation of advanced space-rocket technology.

2. Development and use of machine learning methods in spacecraft dy-
namics problems. The application of modern information technologies for solving
spacecraft dynamics problems is considered. It is shown that free open source
software (GMAT, Basilisk, OreKit, etc.) is an effective alternative to proprietary
packages for modeling spacecraft orbital motion, trajectory optimization, and visu-
alization [17]. An analysis of approaches to integrating machine learning methods
and mathematical models based on differential equations has been carried out:
their combined use increases the accuracy and speed of calculations when solving
direct and inverse problems, generating data, and analyzing sensitivity [18]. The
possibilities of using large language models (LLM) in spacecraft dynamics model-
ing tasks have been investigated [19]. LLM are capable of generating spacecraft
motion equations based on text queries in natural language and converting them
into code for symbolic modeling systems, simplifying the researcher's interaction
with software tools. Although LLMs do not provide control over the correctness of
conversions, they can increase the flexibility and efficiency of spacecraft dynamics
modeling by offering the user a choice of coordinate systems and methods for sim-
plifying equations, and by generating executable code in a variety of programming
languages, taking into account specialized libraries.

Machine learning is promising for increasing the autonomy of spacecraft [19].
The development of appropriate dynamics models is relevant. Among the prob-
lematic issues that hinder the application of these methods to problems of space-
craft dynamics, it should be noted, first of all, that there are practically no analyti-
cal results that guarantee stability and control performance. The presence of such
results is important for space technology developers to use such methods more ac-
tively in practice. It should also be noted that many spacecraft control problems do
not allow for critical errors in the process of finding the optimal solution. In this
regard, ideas from such a direction as safe reinforcement learning [20] should be
more actively used for space missions. The relatively low learning efficiency in-
herent in deep learning methods is especially acutely manifested in space applica-
tions, which is due to limited capabilities for collecting and processing data on
board the spacecraft. However, the use of reinforcement learning methods has the
potential to reduce this problem. Despite the above problems, navigation, guidance
and control algorithms based on artificial intelligence (Al) can simplify the devel-
opment and increase the reliability of spacecraft control systems, since the same
algorithm can be used for a large number of different missions. Al makes it
pSDOible to develop control systems that can improve their characteristics as data
accumulates during the operation of a particular object, which allows reducing the
requirements for control system elements (sensors, actuators), eliminating special
bench equipment, and reducing development time and cost. Despite the wide varie-
ty of methods covered by the Al concept [21], most of the industrial-level results



have been obtained based on machine learning methods [19], which are used to de-
velop algorithms that can solve a problem based on finding patterns in various data.

When modeling the processes of removing space debris from working orbits,
neural network models were proposed that allow solving the problem of determin-
ing the force of the impact of the ion thruster plume on the space debris object
(SDO). For most of the cases considered, the values of the force determination er-
rors do not exceed 5 %. But even for cases where the value of the relative error is
higher than this value, the value of the absolute error remains insignificant. This
fact allows us to assume that such errors are insignificant in practice.

The results of the research demonstrate that the artificial neural network
(ANN) models can determine the force without prior information about the relative
location and orientation of the SDO. In addition, ANNs allow obtaining results
much faster compared to traditional methods that were used earlier. Thus, the
ANN models are an alternative method for solving the problem of determining the
force of the ion beam transmitted to the SDO for its removal from orbit, which has
satisfactory accuracy and requires less time to obtain the result compared to the
traditional methods.

The creation of an algorithm for preliminary selection of a set of features of
the SDO image, which are used as input information of the ANN [22], is consid-
ered. This approach allows to significantly reduce the dimensionality of the input
data, thereby reducing the computational requirements. To obtain such features,
computer vision methods were used, namely, determining the contour of the SDO
image and the moments of the contour of the SDO image. As a result, at the output
of the algorithm for preprocessing the SDO image, a tuple of 31 features has been
obtained, consisting of the following moment values: (1-10) — spatial moments,
(11-17) — central moments, (18-24) — normalized central moments, (25-31) — Hue
moments.

The proposed method is almost twice as fast as the traditional ones, but
somewhat slower than the convolutional neural network based method. The reason
is that the total time of the proposed method also includes preprocessing of imag-
es. However, the time spent on image processing is insignificant. But, despite this,
it must be said that image processing can still impose additional requirements on
the hardware of the active spacecraft (for example, memory bandwidth or proces-
sor instruction set), which computing system developers must keep in mind.

For ANNSs with fully connected layers, hidden layers play a key role in the ac-
curacy of calculations (the more layers and their dimensionality, the more accurate
the calculations). Therefore, the parameters of the dimension of the hidden layers
and the number of neurons in them were chosen as parameters affecting the accu-
racy. For ANNs, the accuracy of calculations depends on the number of feature
maps and neurons in the fully connected layer. The following were chosen as key
parameters: the dimensions of the convolutional and max-pooling layers, the num-
ber of feature maps, the dimension of the fully connected layer. For the analytical
method, the larger the size of the input vector, the more accurately the contour of
the automated control system is approximated. Recent studies have shown the ad-
vantages of using Al methods for space applications. They provide an opportunity
to reduce the requirements for control system elements, such as sensors, actuators,
to abandon the use of special stands for testing systems, and to reduce develop-
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ment time and cost. These results provide grounds for further research in this di-
rection, as much work needs to be done to make Al methods effective and reliable
for use in space.

3. Comprehensive optimization of design parameters and rocket motion
control programs. A complex problem of optimizing the design parameters and
motion control programs of guided rockets is formulated in the framework of the
optimal control theory. An approach is proposed to forming rocket motion control
programs in different trajectory segments and programs for the time variation of
the thrust and consumption characteristics of main solid rocket motors in the form
of polynomials, thus reducing the problem of the optimal control theory to a sim-
pler problem of nonlinear mathematical programming [23]. The proposed approach
to the construction of control programs can be used at the initial design phase for the
formation of a wide range of trajectories of guided rockets [24] — [26].

For the initial design phase, a package of mathematical modes is developed
for the estimation of the dimensions, mass, and energy, and aerodynamic, and bal-
listic characteristics, motion control programs and trajectory parameters in differ-
ent segments of ballistic and aeroballistic trajectories [23].

Algorithms of implementation of deterministic and random cooperative meth-
ods for the optimization of the design parameters and control programs of a guided
rocket have been developed [23]:

— Monte Carlo method;

— genetic random search algorithm;

— zero-order configuration method (Hook-Jeeves);

— zero-order deformed polyhedron method (Nelder-Mead);

— first- and second-order gradient descent methods.

The created package of applied programs for methodology implementation
makes it possible to perform the automatic optimization of a large number of opti-
mized parameters of a guided rocket, which allows one to obtain a better design
solution for the investigated variants of guided rockets [24] — [26].

Estimates of the accuracy and speed of algorithms for the cooperative optimi-
zation of design parameters and control programs of a guided rocket based on var-
ious approaches and methods for optimal solution search have been obtained [23].

The method of configurations (Hooke—Jeeves) is proposed for use, which
gives the optimization parameter vector closest to the global optimum of the objec-
tive function [23]. The method does not require the calculation of partial deriva-
tives of the objective function with respect to the optimization parameters, which
significantly reduces the optimal design solution search time. The deterministic
method of configurations was used to optimize of the typical composition-layout
schemes of the investigated guided rockets [23] — [25].

The developed package of applied programs for methodology implementation
makes it possible to study the dependence of the objective function of flight range
on variations of the trajectory parameters, design parameters and characteristics of
various composition-layout schemes of guided rockets.

4. Remote sensing systems for the Earth’s surface. A number of current is-
sues were considered which are caused by the emergence of new technologies used
in the creation of satellite systems and which make it possible to significantly in-
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crease the efficiency of Earth remote sensing (ERS) satellites and their constella-
tions. Improving the efficiency of ERS satellites is largely related to solving the
problems of designing working orbits of satellites, controlling the movement of
satellites along working orbits, forming ERS satellite constellations, and control-
ling their motion.

The solution to the listed problems is associated with the need to determine the
basic regularities of motion of satellites in low Earth near-circular orbits (LECO).
Using a special form of perturbed Keplerian motion equations allowed us to study
the influence of perturbations on satellite motion by integrating systems of linear
equations. An averaging method was used to determine the long-term and secular
motions of the satellite. The results obtained differ from classical theories of satellite
motion in that they describe the motion laws in a simpler and clearer form [27]-[31].

In [27], the parameters of orbits with minimal radius change (OMRC) were
determined and the properties of these orbits were studied. OMRCs are the closest
to Keplerian circular orbits. The practical interest in such orbits is determined by
their potential use for scientific research and Earth observation systems. The effec-
tiveness of applying a previously developed theory for describing the motion of
satellites in nearly circular orbits (NCO) to determine the OMRC parameters is
demonstrated. For this purpose, first-approximation solutions for the motion of
satellites in NCO under the influence of the second zonal harmonic of the geopo-
tential were refined. These solutions allow for the easy determination of OMRC
parameters. Second-approximation averaged equations for the influence of the se-
cond zonal harmonic on satellite motion were constructed, and their stability was
demonstrated. It was shown that the second approximation for small parameters
completely describes the fundamental patterns of long-period satellite motion un-
der the influence of the second zonal harmonic of the geopotential. Numerical
studies demonstrated the instability of OMRC when taking into account the influ-
ence of higher-order geopotential harmonics. An analysis of the potential applica-
tion of OMRC showed that such orbits could be of practical value for very low and
ultra-low orbits, where control action on satellite motion is performed at least once
every two days.

In [28], an analytical model of the influence of zonal harmonics on the motion
of satellites in LECO is constructed. This model consists of formulas describing
the change in osculating elements and averaged equations of motion. An algorithm
for constructing a second approximation of the influence of zonal harmonics of the
geopotential on the motion of satellites in NCO is presented. For the second and
third zonal harmonics, formulas are given for osculating and average elements,
describing the satellite motion in the second approximation with respect to small
parameters. The introduction of special variables for NCO made it possible to sig-
nificantly simplify the procedure for constructing the second approximation of the
influence of zonal harmonics. A justification for the accuracy of the analytical
model for the orbits under consideration is given. The constructed model of chang-
es in the average elements of the orbit describes the main patterns of motion. Pos-
sessing a sufficiently high accuracy, this model describes changes in the average el-
ements of the orbit using simple analytical formulas and is convenient for analyzing
the properties of orbits and pre-selecting a working orbit for a specific mission.

11



In [29], an algorithm for the preliminary selection of operational orbits for re-
mote sensing satellites is developed. A simple model of satellite motion in low-
Earth orbits (LEO) is proposed, taking into account the main regularities of this
motion. The features of choosing the inclination angle, shape, altitude, and orbital
period are considered. A simple model for calculating the coverage of the Earth's
surface by swaths and their visualization is proposed. In general, a simple algorithm
for the preliminary selection of operational orbits for remote sensing satellites in
LEO, which provide satisfactory coverage of the target Earth's surface, is proposed.

In [30], the influence of solar pressure on the motion of a satellite in LECO is
considered. Simple analytical expressions are constructed that describe the main
regularities of short-term (several days) changes in the orbital parameters. It is
shown that the change in the orientation of the orbital plane is determined by the
action of the gyroscopic moment, and that the main effect of solar pressure forces
is the excitation of forced oscillations of the orbital radius with amplitude that lin-
early increases with time. The maximum (apogee) of these oscillations is located at
the point where the forces of light pressure maximally decelerate the motion of the
satellite (directed against the velocity), and the minimum (perigee) is at the point
of maximum acceleration of the motion. It is shown that the annual motion of the
Sun can qualitatively change the pattern of the evolution of the orbital parameters.
For sun-synchronous "dawn-dusk" orbits, compact analytical solutions for the
change in orbital parameters are constructed, and it is shown that the annual
movement of the Sun's declination leads to a change in the direction of the evolu-
tion of the orbital shape to the opposite.

In [31] the studies of the main regularities of controlled and uncontrolled mo-
tion of a satellite along the NCO under significant aerodynamic influence are pre-
sented. For a number of well-founded assumptions about the aerodynamic influ-
ence on the satellite, the main regularities of its influence are determined, taking
into account the variability of the atmospheric density along the orbit. It is shown
that the proximity of the solar-synchronous orbit to the atmospheric hump leads to
a change in the eccentricity and argument of perigee. Estimates are constructed for
the change in the kinetic momentum depending on the average atmospheric density
along the orbit. The main regularities of the change in the satellite motion parame-
ters under a small transversal control action are determined. Estimates of the dura-
tion of the thrusters switching on for compensation of the angular momentum are
constructed It is shown that only turning the thrusters on and off changes the am-
plitude and phase of the oscillations of the orbit radius. Formulas describing these
changes are constructed. Based on certain regularities of movement, recommenda-
tions are given for the creation of control algorithms. For an ultra-low initially cir-
cular orbit, calculations were made and the possibility of autonomous control to
maintain the height and shape of the orbit was shown.

In [32], [33], together with colleagues from the Oles Honchar Dnipro National
University, the possibilities of statistically processing satellite position and veloci-
ty measurements to improve their accuracy were examined.

In [34], the emergence of stochastic motion in deterministic systems was
demonstrated using a simple mechanical system.

An analysis has been conducted of the status and prospects for the application
of optical and microwave methods of Earth observation in small spacecraft con-

12



stellations [35] — [37]. Optical methods — multispectral, hyperspectral, and lidar
imaging, as well as chlorophyll fluorescence recording — are developing due to an
increase in the number of spectral channels, improved spatial resolution, and re-
peat imaging frequency, thanks to the use of numerous inexpensive small space-
craft. Hyperspectral and lidar data face the problem of large amounts of infor-
mation, a promising solution to which is on-board processing. Lidar clusters can
provide annual global land coverage. Microwave methods provide all-weather ob-
servations and independence from the illumination of the underlying surface. Ra-
dar imaging is developing particularly rapidly: single large satellites are being re-
placed by constellations of small satellites. In the coming years, hyperspectral mi-
crowave radiometers, which are in demand for national security tasks, are expected
to appear in orbit. Altimeters and scatterometers are not yet in demand on small
spacecraft, but may find application in military meteorology. The development of
small Earth observation satellite constellations is showing significant growth: by
the end of 2025, 81 constellations are expected to be in operation, almost 12 times
more than in 2015. The United States and China are the leaders in the development
of commercial Earth observation constellations.

Another area of research was devoted to determining the requirements for target
Earth observation payload for solving applied problems in agriculture and forestry,
as well as in the field of greenhouse gas monitoring [38] — [41]. High imaging re-
peatability and spatial resolution are particularly important for agriculture, as they
enable intra-field monitoring and the calculation of spectral and textural features.
Analysis of the requirements has shown that for the vast majority of agricultural and
forestry tasks, the following are sufficient optical data with a spatial resolution of (2—
3) m, a sampling period of 3 days, and a swath width of (20-30) km; thermal data
with a spatial resolution of 20 m, as well as radar data with a spatial resolution of (3—
5) m, a sampling frequency of 3-6 days, and a swath width of 100 km (in ScanSAR
mode). When monitoring greenhouse gases (CO, , CH, , N, O, etc.), a key require-
ment for the equipment is high spectral resolution. Spatial resolution is selected to
ensure quantitative assessment of gas concentrations at local, regional, and global
levels. Limitations of existing satellite products have been noted, including insuffi-
cient spatial detail and difficulties in validating measurements.

5. Space debris disposal. Currently, promising ways of space debris remov-
ing are considered: descent into the Earth’s atmosphere, relocation to an orbit with
a lifetime less than twenty-five years, relocation to an utilization orbit, and orbital
disposal. Orbital utilization considers space debris as a resource for the industry in
orbit. The article [42] analyses the prospects for the use of orbital utilization of
space debris and the assessment of the possibilities of using orbital storage and
subsequent reuse of dismantled space objects, instruments and materials. A hum-
ber of problems of planning and organizing the orbital utilization of space debris
are formulated and solved.

The active removal of space debris is associated with high energy costs of ser-
vice space vehicles for moving space debris objects. In this regard, the task of es-
timating the energy costs of service space vehicles for moving space debris objects
becomes important. The purpose of the article [43] is a comparative assessment of
the energy costs of moving space debris objects into disposal orbits using service
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spacecraft with electrojet propulsion systems. The methods of solving the problem
are methods of flight dynamics, averaging and mathematical modeling.

The number of spacecraft operating in Solar synchronous orbits is constantly
growing. When planning emergency orbital services, it is necessary to meet the fol-
lowing restrictions: not to exceed the allowable time of convergence of the service
spacecraft with any of the serviced spacecraft and at the same time not to exceed the
allowable energy costs of the service spacecraft. The paper [44] considers the prob-
lem of finding acceptable in time and energy constraints emergency orbital services.
The method of solving the problem is minimax optimization with constraints.

The paper [45] developed a technique for the optimal synthesis of the orbital
structure and optimal operational planning of the low-orbit OOS complex in near-
Earth orbits with a small eccentricity. Methods for solving the problem are the av-
eraging method, the branch-and-bound method, and the multi-objective optimiza-
tion method. The novelty of the obtained results lies in the development of a tech-
nique for optimal synthesis of the orbital structure and optimal operational plan-
ning of the low-orbit space OOS complex in near-Earth orbits with low eccentrici-
ty. The developed technigque can be used in the previous planning and design of
space OOS complexes in low near-Earth orbits with a small eccentricity. The re-
sults of studies on the problem of choosing orbits for storing space debris over the
past five years are presented in [42] — [50].

6. Methodology for conceptual design of a space industrial platform. As part
of the development of scientific and methodological support for the conceptual design
of space industrial platforms, the current state of development of key component mod-
ules of the orbital industrial platform was analyzed, and it was concluded that space
conditions make it possible to produce new materials and substances with improved
characteristics compared to their terrestrial counterparts [51].

To obtain the initial data for calculating the design parameters of the platform,
it is necessary to combine the characteristics of technological processes in an ap-
propriate manner [52]. To achieve this goal, [52] proposes clustering the character-
istics of technological processes and their further classification according to rele-
vant criteria.

The design of a space industrial platform (SIP) largely depends on the re-
quirements of the technological processes implemented on it: The formation of a
SIP design largely depends on a number of criteria arising from the functional fea-
tures of the platform. These criteria are [53]: modularity of the structure, type of
hull frame, method of hull formation, type of sealing, availability and need for a
special gas environment, availability of special technological compartments, type
of orientation and stabilization, type of power supply system, type of temperature
control, availability of microclimate, type of preliminary preparation of raw mate-
rials and their components. Using these criteria, a classification of the functional
features of the SIP shell has been proposed [53].

The tasks of optimizing the parameters of the SIP have been formulated. The
stages of optimization are as follows: analysis of technological processes imple-
mented on the SIP; formation of clusters of design parameters to be optimized,;
construction of a matrix of correspondence between the parameters of the SIP
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modules and the parameters of technological processes; determination of the opti-
mal vectors of the parameters of the platform modules [53].

A weighted model of the industrial platform and its modules has been devel-
oped, during which the platform and its components were broken down to the level
of system elements [54]. The design of the space industrial platform has been
completed. The model for determining the mass of the main and auxiliary modules
of the platform has been refined and expanded [55].

An analysis of the configurations of existing orbital stations as prototypes of
space industrial platforms was carried out, and the ranges of the main parameters of
their modules were determined [56]. A set of parameters for technological processes
in a vacuum and weightless conditions that can be implemented on a space industrial
platform was formed. The relationship between the technological and basic modules
of the industrial platform has been shown. The structure of a comprehensive mathe-
matical model of the functioning of a space industrial platform has been developed.
For successful work at the preliminary design stage, a general formulation of the task
of optimizing the mass of a space industrial platform has been formulated. The min-
imum mass and dimensions of the space platform obtained as a result of optimization
are used further to refine the optimal parameters of the platform and, therefore, influ-
ence the formation of conditions for the implementation of the technological process.
A general algorithm of the sequence of operations for solving the problem of optimal
design of a space industrial platform is shown.

A new paradigm for solving the problem of space debris growth in Earth's or-
bits is proposed. Within this paradigm, a method for processing space debris frag-
ments into raw materials for further use is proposed.

7. The problem of service maintenance in space. The problem of determin-
ing the pose of an orbital service object relative to a servicing spacecraft represents
both theoretical and technological challenges, which are related to finding the most
suitable algorithmic solution and sensor architecture, respectively. The degree of
complexity of pose determination tasks largely depends on the type of service ob-
jects, which can be cooperative or non-cooperative, but known or unknown space
objects. Although the cooperative case has successfully demonstrated pose deter-
mination in orbit, the uncooperative case is still under study by research centers,
space agencies, and private companies. Before performing a service operation, as a
rule, the relative motion of the orbital service object is slowed down, and during
the operation, its motion is controlled. This is due to the trend in conducting re-
search related to improving methods for on-board determination of the parameters
of the relative motion of an object.

Determining the relative pose of an uncooperative orbital object (target) based
on video systems is a classic approach due to the advantages of low weight and
low power consumption. Algorithms for pose estimates based on a video camera
usually require prior knowledge of the features of the target, require complex cal-
culations, and their performance is affected by lighting conditions. The main
methods for estimating relative pose remain traditional approaches based on the
extraction of image features and subsequent comparison of image features of con-
secutive frames or on the comparison of image features and features of the target
model. Another major approach to relative pose determination is LIDAR sensor-
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based navigation, where common methods are feature recognition and matching
based on a LIDAR-derived cloud of target surface points. Regarding the suitability
of the methods described in the publications for estimating the target pose for use
in the case of an unknown target, it should be noted that the implementation of the
obvious approach, which is based on the creation of a 3D model of the target in
orbit by processing a series of images and which precedes the process of estimat-
ing the spatial movement of the target, is time-consuming. This can be critical in
close proximity operations. It was noted that the 3D nature of LIDAR point cloud
data is conducive to pose estimation without the need for a target model.

An analysis of the applicability of methods for remotely determining the pose
and motion parameters of an uncooperative unknown object from aboard a servic-
ing spacecraft shows that they are currently under study [57], [58]. To validate the
methods proposed by researchers, their numerical simulations or data from ground
experiments or previous missions are used as input data.

The institute's department developed a method [59], [60] for onboard determi-
nation of the parameters of change in the relative pose of an uncooperative orbital
service object (target) with an unknown shape based on the target surface point
cloud obtained by a LIDAR. The algorithm of the method operates with a reduced
cloud volume. The parameters of changing the target pose are determined as argu-
ments of the objective function that give it the maximum possible value. A variant
of the objective function formulation is proposed, the maximum value of which
corresponds to the correct determination of the target pose. The effectiveness of
the developed method has been confirmed by the results of computational experi-
ments. The accuracy of determining the parameters of the target's pose change de-
pends on the accuracy of measuring the coordinates of the cloud points, i.e., on the
characteristics of the video camera sensor, for example, a camera based on time-
of-flight technology. Recommendations were provided on the application of the
developed method for constructing a procedure for estimating (filtering) the rela-
tive spatial motion of an orbital service object with an unknown shape. Models of
the dynamics of the relative motion of the spacecraft and target that can be used in
the prediction step of the estimation procedure were considered. A relationship
was obtained for constructing an observation model for the filtering procedure.

8. Deorbiting of space debris. Methods and tools for passive deorbiting of
space debris from near-Earth orbits are also being developed [61] — [63]. In partic-
ular, works [61], [62] propose original structural concepts for aerodynamic deor-
biting systems intended for spacecraft and launch vehicle upper stages. A distinc-
tive feature of these systems is the use of compact deployable aerodynamic sails
on Earth observation spacecraft [61], as well as cellular storage structures and spa-
tial three-dimensional sails for upper stages [62]. These studies aim to minimize
system mass while maintaining deorbiting effectiveness within a time frame not
exceeding 25 years. Study [63] focuses on selecting optimal trajectories that max-
imize upper-stage burn-up in dense atmospheric layers.

Research is also devoted to attitude control of aerodynamically unstable
spacecraft using various magnetic actuators and control strategies [12] — [15]. The
proposed approaches include improved sliding-mode control [64] —[67], robust
control techniques [66], linear—quadratic regulators [67], and combined use of
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electromagnets and reaction wheels under off-nominal conditions [65]. The ob-
tained results significantly extend the operational limits of spacecraft attitude con-
trol using different actuator configurations.

Advances in mathematical and computational modeling also find application
in socio-economic analysis and systems studies [68], [69]. Using differential equa-
tions, Fourier series, stochastic processes, and correlation and regression analysis,
the methodology has been developed to forecast economic indicators of investment
projects and support informed managerial decision-making.

A combined system for contactless removal of space debris with a service
spacecraft is proposed, on board of which are installed electrojet engines and an
aerodynamic compensator in the form of plates. Such a combined space system
can be used for removing space debris from low Earth orbits into dense layers of
the atmosphere. The feasibility of using an aerodynamic compensator for contact-
less removal of space debris objects from low Earth orbits, taking into account
aerodynamic disturbance in the direction perpendicular to the plane of the orbit, is
investigated. The object of the study was a modified scheme of the "shepherd with
an ion beam" concept of diversion. The modification consisted in replacing the
aerodynamic compensator of the additional electrojet engine, which is designed to
compensate for the motion of the shepherd spacecraft caused by the reactive force
of the main electrojet engine, the ion flux of the flare of which causes a "braking"
effect on the space debris object. The relatively large area of the midsection of the
shepherd spacecraft when using an aerodynamic compensator necessitates the con-
trol of the relative motion caused by the aerodynamic disturbance in the direction
perpendicular to the orbital plane. This control requires additional costs of the
working fluid of the engine of the relative motion control system of the shepherd
spacecraft. The calculation of the working fluid costs is carried out using a number
of simplifying assumptions. The validity of these assumptions is checked by nu-
merical integration of the equations of relative motion. The feasibility of using an
aerodynamic compensator in the non-contact removal of space debris objects, tak-
ing into account the aerodynamic disturbance in the direction perpendicular to the
orbital plane [70] — [74].The study of the features of the operating modes of space
power devices was carried out in terms of synchronization with the cyclograms of
the operation of the space industrial platform. The synthesis of angular motion
control controllers of the space power device in the solar battery charging mode,
the mode of pointing at the apertures of the receiving spacecraft during contactless
energy transfer and standby mode was carried out. Methodological recommenda-
tions were developed for the synthesis of cyclograms of the operation of space
power devices of the distributed power supply system in terms of synchronization
with the cyclograms of the operation of the space industrial platform. The design
parameters that should be selected when designing spacecraft with contactless en-
ergy transfer to the space industrial platform were determined [75] — [77].

9. Space systems for shading the Earth from solar radiation for climate
stabilization. The steady increase in the average global temperature over the past
century has raised serious concern within the international scientific community.
This phenomenon, known as global warming, is recognized as a significant threat
to the global economy and human activity. Consequently, leading researchers
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worldwide are exploring various mitigation approaches. In this context, the Insti-
tute of Technical Mechanics of the NAS of Ukraine and the SSA of Ukraine con-
ducts research aimed at addressing global warming through the design of space-
based Earth surface shading systems [78] — [81]. Mathematical models are being
developed to provide a comprehensive assessment of shading system performance,
including long-term stability of individual orbital clusters and structural coherence
of the global shading cloud. These models describe orbital motion of elementary
shading modules, apply cluster analysis to distributed orbital formations, and use
wavelet techniques to study their temporal stability. The combined application of
these approaches enables stability analysis of distributed orbital shading clusters
over both short- and long-term intervals, as well as rational selection of deploy-
ment orbit parameters.

10. Conclusions. The research achievements of the scientific school "Dyna-
mics of Space Technology Objects” of the National Academy of Sciences of
Ukraine for the period 2021-2025 address a broad spectrum of key challenges in
the space sector. The work integrates both fundamental and applied aspects of
modern astronautics.

Fundamental studies focus on advanced approaches to control system synthe-
sis based on artificial intelligence methodologies. Among the applied directions,
particular attention is given to the urgent challenge of space debris mitigation. The
growing presence of debris in near-Earth orbits poses a serious obstacle to the sus-
tainable use of space. Accordingly, a significant part of the school’s research ef-
forts has been devoted to this issue.

Notable results include the development of a new paradigm for space debris
management based on in-orbit recycling concepts. This work addresses methodo-
logical aspects of creating space-based industrial platforms and provides substanti-
ated approaches for selecting orbital configurations suitable for debris collection
and storage as a recyclable resource.

Another important research direction concerns solar radiation mitigation using
dedicated space-based systems. Initial findings were presented and discussed at a
session of the UN Committee on the Peaceful Uses of Outer Space [81].

This review summarizes the scientific contributions of the members of the
"Dynamics of Space Technology Objects" school, including: A. V. Pirozhenko
(Dr. Sci., Phys. & Math.), Yu. A. Prokopchuk (Dr. Sci., Eng.), S. V. Khoroshilov
(Dr. Sci., Eng., Professor), O. L. Voloshenyuk (Ph.D., Eng.), Yu. M. Goldshteyn
(Ph.D., Eng.), E. O. Lapkhanov (Ph.D.), A. I. Maslova (Ph.D., Phys. & Math.),
A.V. Mishchenko (Ph.D., Eng.), A. S. Palii (Ph.D., Eng.), S. V. Siutkina-
Doronin (Ph.D., Eng.), O. A. Fokov (Ph.D., Eng.), D. A. Khramov (Ph.D., Eng.),
V. T. Marchenko (Researcher), V. V. Kostra (Junior Researcher), N. P. Sazina
(Junior Researcher), D. S. Svorobin (Junior Researcher).
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