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Analysis of the requirements for satellite constellation control

K.S. Baktybekov 2 A E. Ashurov ®, B.R. Zhumazhanov 2

a Ghalam LLP, Astana, Kazakhstan
b L.N. GumilevEurasian National University, Astana, Kazakhstan
= Corresponding author

Abstract. Currently, Kazakhstan has started to develop, design and build micro- and nanosatellites that can be
used for remote sensing, communications and the Internet of Things. These tasks involve the use of a
constellation of up to 20 or more satellites. In this regard, the task of constellation control arises to fulfill the
set goals. In this article we review open sources on the issues of satellite constellation control to identify the
main tasks and problems arising in the fulfillment of flight missions. It is shown that constellation control is
reduced not only to the preservation of the geometry of their location, which is set to perform a particular task,
but is associated with the prevention of collisions between satellites during various maneuvers, due to space
debris or other satellite. During maneuvers it is also necessary to minimize propellant consumption, i.e.
optimize the routes of the satellites relative to each other. All these problems require their solution when
creating a software product for satellite constellation control. Based on the analysis of literature sources, the
requirements for satellite constellation control are formulated taking into account reliability, system flexibility,
optimization of propellant consumption and compliance with international rules and guidelines for space

operations.

Keywords. Satellite, motion control, flight task, space debris, satellite constellation.

Introduction

Over the past decades, aerospace
technologies have had an increasing impact on
the economic and social development of the
state and society, finding wide application in
various fields of the national economy and the
defense industry of the republic. In accordance
with the Strategic Development Plans[1-3]
implemented in the country, competitive space
technologies, products and services are currently
being actively introduced in the republic in the
interests of Kazakhstan. High-tech, dynamically
developing enterprises of the space industry
have been created, which are capable of
independently designing, creating and operating
competitive space systems, as well as providing
high-quality services in demand on regional and
global markets.

Currently, the capabilities of small satellites
and miniature payloads have greatly increased,
as well as new business models based on large-
scale low-orbit constellations consisting of
inexpensive, mass-produced satellites. Small

satellites usually require lower development and
launch costs, which makes them more
affordable for most organizations and countries.
This accessibility attracted the attention of both
commercial companies and  academic
institutions, as it allowed them to contribute to
space research.

The potential of CubeSats or nanosatellites is
widely used to accelerate scientific and
technological progress in emerging and
developing countries. Analytical studies and
forecasting show that at least 2,000 nanoclass
satellite will be launched into space during the
period from 2023 to 2027 [4,5].

The commercial availability of nanosatellite
elements (Earth remote sensing (ERS) imagers
and communication tools for control and
downlink of information from low-orbit
CubeSats in the S and VHF bands) and the
absence of restrictions on their acquisition make
it possible to develop this area in Kazakhstan as
an independent space industry. The large
territory of Kazakhstan with a diverse relief,

International Sciences Reviews: Natural Sciences and Technologies, Vol. 6, No. 4, 2024
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including mountainous terrain, which occupies
10%, as well as deserts and semi—deserts - 25%
of the total area, where a significant part of the
population lives and the state border passes,
requires constant monitoring and continuous
communication (including special one), in
accordance with the solution of strategic
development tasks of the Republic of Kazakhstan
[3]. The Aerospace Committee of the Ministry of
Digital Development, Innovation and Aerospace
Industry of the Republic of Kazakhstan and
Ghalam LLP signed an agreement to carry out
work on the creation of a constellation of
medium-resolution remote sensing satellites
KazEOSat-MR. The project is aimed at replacing
the current medium-resolution remote sensing
satellite "KazEOSat-2" and developing products
and services provided on the basis of reliable and
operational remote sensing data. This will meet
the needs of government agencies and
organizations, as well as small and medium
businesses in geospatial data built on their basis
[6].

Creation of remote sensing satellite
constellations involves real-time flight control, in
accordance with the tasks set. Satellite
constellation ~ control is a  complex
multiparametric mathematical problem that takes
into account changes in satellite orbits under the
influence of external disturbing factors,
propellant reserves for orbit correction,
maneuvers for flight missions, etc. To date,
software products for managing satellite
constellations have not been developed, although
work has been carried out on orbital calculations

[7].

Overview  of
constellation control

A remote sensing satellites formation flight is
defined as a coordinated flight of multiple
satellites in low Earth orbits to perform common
tasks. These satellite constellations are designed
to provide continuous and stable coverage of
certain areas or the entire Earth's surface. These
systems require high accuracy in maintaining
orbital parameters, reliable communication, and
the ability to quickly reorganize in the event of
failure of individual vehicles.

works on  satellites

Several schemes of group flight of satellites
and their evolution over time are considered in
the work [8]. The flight patterns of satellite
constellations are based on the equations of
relative motion in two-body dynamics, better
known as the Hill equations [9]. When
disturbances disrupt satellite constellations,
maneuvers are calculated to maintain the
constellation. The suitable concept of formation
flight of synthetic aperture radar (SAR) satellites
is discussed in [10]. This scheme is capable of
implementing complex basic conditions for SAR
interferometry, while minimizing the risk of
collision associated with rendezvous operations.
The orbit controlmethod is presented and the
corresponding strategyis confirmed, as well as an
effective implementation of the distributed
satellite concept is proposed.

The authors of [11] presented algorithms for
cluster flight of satellites in low Earth orbits. To
limit the relative movement distance,
requirements for the initial conditions of the
modules  have been  developed. The
accompanying analytical estimation of the
relative distance between the modules is proved
on the basis of a design model assuming the
immutability of environmental disturbances over
time. In addition, this article presents a detailed
pulse algorithm for creating and maintaining a
cluster to track a given nominal orbit, the
characteristics of which satisfy the previously
developed no-drift constraint. This algorithm
ensures  propellant  balancing  between
maneuvering modules, as well as minimizing
total propellant consumption, while ensuring
collision-free movement.

The results of a study of the possibility of
formation flight of nanosatellites in the QB50
project are presented [12]. This is a mission to
create an international network of 50
nanosatellites for multipoint measurements in
situ in the lower thermosphere and atmospheric
re-entry studies. The possibilities and problems
of formation flight of satellites are systematically
identified and analyzed. The work [13] is also
devoted to the analysis of the constellations of
small satellites. In particular, various missions
using CubeSats are considered, where formation
flight schemes will be applied. These missions
are classified according to the missiontype,

International Sciences Reviews: Natural Sciences and Technologies, Vol. 6, No. 4, 2024
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mission status, number of satellites, lead
organization, source of funding, and flight
requirements of the constellation.

The issue of designing the trajectory of the
constellation's satellites for collecting solar
energy in space and transmitting it to Earth using
a microwave beam is considered in [14]. To
perform the appropriate orbital maneuvers, an
optimization system is being developed using the
Hill-Clohessy-Wiltshire equations [15,16] to
achieve the dual purpose of maximizing the
transmitted power and minimizing the amount of
propellant needed to perform the desired orbital
maneuvers. It is shown that the use of periodic
relative orbits reduces propellant consumption 3
times.

One of the critical issues of satellite
constellation control is the calculation and
implementation of corrective maneuvers. Quite a
lot of work is devoted to this issue [17]. Here we
are talking about maneuvers to avoid collisions
with space debris. In this article, a method has
been developed for choosing the timing of
evasion maneuvers with minimal propellant
consumption without violating the limits of the
maximum inter-satellite  distance between
clusters. To assess the maneuverability, the
average difference in the large semi-axis between
the maneuvering satellite and other satellites is
monitored. Three methods of searching for
optimal maneuvers in conditions of cluster
content are proposed. The first is to perform an
additional maneuver to hold the cluster during
maximum approach to debris, the second is a
global maneuver for all clusters, and the third is
a maneuver with  optimal  propellant
consumption, which includes restrictions on
cluster retention in the calculation of the evasion
maneuver. The first method turns out to be the
most economical. The global maneuver
guarantees limited inter-satellite distances, as
well as a balance of propellant and mass. The
latter method proves useful at certain points in
time and represents a compromise between
propellant consumption and the number of
maneuvers.

The review [18] examines developments in
the control architecture of various satellite
constellations, as well as ways to control the
movement and orientation of satellite

constellations. In [19], various flight control
scenarios of the satelliteconstellation are
discussed. These scenarios can be divided into
two categories: the leadersatellite with advanced
sensors and the follower satellite with common
sensors. In order for all the leader satellite to
maintain the desired relative configuration and
simultaneously fly at a constant speed, an
algorithm for jointly controlling the formation of
the constellation geometry isproposed for each
leader satellite. To control the follower satellite,
a distributed trajectory retention control
algorithm is proposed. One of the main
advantages of the proposed algorithms is the
ability to avoid collisions among all satellite by
equipping it with an omnidirectional short-range
relative distance sensor and using the
methodology of potential functions. The work
[20] provides a detailed overview of various
missions, the mathematical foundations of
control, guidance requirements, an overview of
the on-board control systems used, and relative
control technologies.

The issue of planning the survey of areal
objects by constellation satellite is considered in
[21]. The authors cited the main limitations and
criteria for evaluating the effectiveness of the
work schedule of the satelliteconstellation and
proposed a methodology for drawing up a work
plan for the target equipment of the remote
sensing satelliteconstellation for the effective use
of resources to optimize the process of shooting
an area observation object.

The problem of limited flight control and
collision avoidance for satellite clusters using
inter-satellite flight boundaries is considered in
[22]. The authors of this work proposed a new
method for managing a cluster of satellites using
a set of artificial potential functions. The
proposed cluster control method is based on the
boundaries of inter-satellite flight so that
satellites can autonomously converge to a given
boundary range, rather than on a set of precise
orbit configurations. The analysis of the model
shows that the method has great potential in
managing clusters of microsatellites. On the
other hand, this article also focuses on collision
avoidance as a key requirement for a satellite
cluster. The satellites of the constellation can
adjust their real-time control efforts according to

International Sciences Reviews: Natural Sciences and Technologies, Vol. 6, No. 4, 2024
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data on nearby satellites, reflecting the
characteristics of swarm intelligence.

An interesting approach to the reconfiguration
of a satellite constellation based on convex
optimization and a genetic algorithm is
considered in [23]. This article presents a new
approach to the autonomous reconfiguration of
distributed space systems, which ensures the safe
guidance of satelliteconstellations according to
specified schemes while optimizing total
propellant consumption. The orbital transition is
reduced to the form of a convex optimization
problem to ensure fast calculation of control
laws. Two methods are proposed, depending on
the organizational architecture of the formation
of the satellite. In the first, the maneuver is fully
planned by the reference satellite, which defines
the final tasks and control actions for the entire
cluster. As a second method, a distributed version
of the algorithm is proposed: tasks are sorted by
reference satellite, and transition orbits are
calculated by using the computing resources of
the entire cluster. Both methods ensure a safe
transition of the constellation to the target
geometry. The simulation results show that when
relative distances are on the order of hundreds of
meters, the reconfiguration of LEO -clusters
during one orbital period requires an average
value of Av per satellite of the order of 0.1 m/s.

Interestingly, the question of autonomous
reconfiguration of the flight of a constellation of
SAR satellites with continuous monitoring in
operation has been raised [24]. Satellite
constellations can use different observation
modes associated with different relative orbit
configurations, as well as switch between these
modes in accordance with flight control
requirements.  This article discusses a
hypothetical constellation of SAR satellites
providing interferometry, tomography, or mirror
detection. The main task for this constellation is
formulated, which consists in performing a
reference maneuver relative to the orbit of the
main satellite. This problem is solved using a
feedback control law based on the newly
introduced relative orbits elements and suitable
for continuous-action engines with limited thrust.
The asymptotic stability of the maneuverable
orbit tracking problem for near-Earth, non-
equatorial and near-circular main orbits is

proved. It is also proposed to distribute the
control along the orbit to reduce propellant
consumption and transition time between SAR
modes. The theoretical results are confirmed by
modeling  controlled transitions  between
different data collection modes.

The authors of [25] have compiled a fairly
detailed review of the work on the use of artificial
intelligence (Al), including machine learning, in
solving satellite communication problems, in
particular, in resource management, network
control, network security, spectrum management
and energy use in satellite networks. This work is
a general overview of Al, including the basic
concepts of Al, machine learning, the use of Al
in satellite communications, obtaining telemetry,
accounting for signal reflection in the
ionosphere, satellite energy control, etc.

Perhaps one of the most detailed reviews of
recent years on satellite constellation modeling
and control is the work [26]. Three types of
constellation architectures are considered:
«Multiple input — multiple output» (MIMO), in
which the constellation is considered as a single
object with several inputs and several outputs;
«Leader-Follower»(LF)constellation, in which
individual satellites are hierarchically connected,;
and virtual structure is as the formation of a
virtual structure (VS) or cyclic architecture, in
which satelliteare considered as solids embedded
in a common virtual solid. The «Multiple input -
multiple output» architecture differs from others
in its optimality and stability. However, the use
of all states of the system leads to the need to
place high demands on the exchange of
information, so such algorithms are usually
unstable to local failures. The Leader-Follower
architecture uses information only about the
leaders, which makes it easier to navigate
through the constellation. The cyclic architecture
is an intermediate link between the LF and
MIMO architectures.

The method is proposed for the operational
assessment of the effectiveness of the
constellation of remote sensing satellites in [27].
In this article, the architecture of a real-time
estimation model for remote sensing satellite
clusters is proposed. First, a simulation model of
the interaction of the metaphysical fields of a
satellite cluster is being created to monitor
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moving targets. In addition to considering the
effects of on-board resource limitations, it also
examines the effects of image uncertainty on
observational results. Secondly, a system of
indicators for observing moving targets is being
developed, reflecting the actual effectiveness of
a cluster of satellites in orbit. At the same time,
in order to increase the independence of the
indicator system, a method of screening
indicators using correlation analysis is proposed.
Third, the neural network is designed and trained
for stakeholders to provide a quick assessment.
Various network structures and parameters are
comprehensively studied to determine an
optimized neural network model. Finally, based
on the experiments conducted, the proposed
neural network evaluation model can generate
high-quality evaluation results in real time. Thus,
the validity of our proposed approach is justified.

The analysis of reliability, fault tolerance and
energy efficiency of satellite cluster control is
discussed in the book [28]. The issues of on-
board data processing in satellite
communications using artificial intelligence
accelerators are considered in [29].

Finally, we can point out another new review
on modeling the dynamics of a formation flight
of satellites [30]. This study is aimed at
developing a model for representing the relative
dynamics of satellites in circular and elliptical
orbits and establishing the relative motion of
satellites based on orbital elements. In the study,
the authors consider the distance between the
leader and follower satellites to be insignificant.
A linear, time-varying approach was adopted for
the study. The equation of motion of satellites in
circular and elliptical orbits is derived and
solved. Numerical simulations were carried out
to determine the relative trajectory of the satellite
in all three planes and the reliability of the
developed model was thoroughly tested.

Conclusion

Creating and control of a remote sensing
satellites constellation is a rather difficult
engineering and mathematical task. Orbit control
in the context of a formation flight of
satellitesrequires precise coordination and
continuous correction. Effective orbit control is
necessary to ensure stable operation of the

constellation, mission fulfillment and avoidance
of satellite collisions.

The analysis of literary sources allows us to
formulate the following requirements for satellite
constellation control, which will be used when
creating a software product for controlling
satellite constellations.

* The satellite system must be designed in
such a way as to minimize the risks of failure and
guarantee a high level of reliability of operation.
The distribution of satellites in the constellation

should be optimal to ensure constant
communication between the satellites and the
ground control complex. The energy

consumption of satellites should be optimized to
increase their lifetime. In addition, a high level of
protection of the transmitted data and high speed
of data processing and transmission must be
ensured.

* Planning the trajectories of individual
satellites in a constellation to ensure a
predetermined position relative to each other in
order to achieve the overall objectives of the
mission.  Trajectory  planning  includes
consideration of orbital mechanics, propellant
consumption, and avoiding collisions with other
satellites or space debris.

* Effective communication and coordination
between satellites within the constellation is
necessary to perform maneuvers, exchange data
and maintain synchronization. This may include
inter-satellite communication channels, ground
control centers, or autonomous decision-making
algorithms implemented on board satellites.

* The creation of redundancy and fault
tolerance in formation is essential to ensure
mission continuity in the event of satellite
failures. Redundant systems, cross-support
capabilities, and distributed control architectures
can enhance the sustainability of the formation.

« Formation flight systems should be designed
with flexibility in mind to adapt to changing
mission requirements or operating conditions.
This may include the ability to reconfigure
formations, adjust trajectories, or deploy
additional satellites as needed.

* Ensuring time synchronization. Achieving
accurate time synchronization between satellites
within a constellation is necessary for
coordinated operations such as data aggregation,
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interferometry, or distributed sensing. Accurate
time storage systems and synchronization
protocols are used to ensure time
synchronization.

* Compliance with international rules and
guidelines for space operations, including space
debris  mitigation = measures,  frequency
coordination and orbital zone allocation, is
essential to ensure the safety, sustainability and
legality of formation flights.
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Fapblln annapaTTapbl TONTAMACHIH 0aCKAPYFa KOHbLIATHIH TAJANTAPALI TAJIAY
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b

Annoramus. Kaszipri yakpitra Ka3zakcranga JKepai KalllbIKTBIKTaH 30HATAY, OalIaHBIC YKOHE
3arTap UHTEpPHETI YIIIiH Naigananyra O0IaTeIH MUKPO - XKoHE HAHOCITyTHUKTEPII 331pieyre, xobanayra
JKOHE KypacThIpyFa KipicTi. bynm miagertep 20ra AeliiH HeMece OfaH /1a KOl CITyTHHKTEPACH TYPaThIH
TONTaMaapAbl KOJIaHyAbl KakeT eTei. OchiFaH OaillaHBICThI KOMBIIFAH MaKcaTTap bl OPhIHJAY YIIIIH
TomTaManapasl 0ackapy MiHAETI TybHIaiapl. by Makanmama ymry TamncelpMasapblH OpBIHAAY Ke3iHze
TYBIHJIAUTBIH HETi3Ti MIiHAETTep MEH mpoOliieManapAbl aHbIKTAay YIIiH CITyTHHUKTIK TONTaMaiap/bl
Oackapy Macenenepi OOMBIHINA alIbIK KO3/IeP/ICH abIHFaH MAJIiIMETTepre Moy Kacaa/sl. TonTamaHbl
Oackapy Oenriyi Oip TanchIpMaHbI OpPBIHJIAY YIIiH OEPUITeH amnmaparTapslH OpHAIACy TeOMEeTPHICHIH
cakTayJipl FaHa eMecC, COHBIMEH Karap FapbIIITHIK KOKBICTapFa HeMece 0acka Faphlll armnaparTapbiHa
0aiiIaHBICTHI OPTYPIIi MAHEBPIIEP Ke3iH/Ie CITyTHUKTEPAIH O0ip-0ipiMeH COKTHIFBICYBIH OOJIBIPMAyIbl J1a
KAMTHUTBIHBI ~KepceTiireH. MaHeBpiepai JKyprisy Ke3iHAe KaHapMail IIBIFBIHBIH — a3aifTy,
SIFHU.CITY THUKTEP/iH Oip-0ipiHe KaThICTBI KO3FallbIC MapIIpyTTapblH OHTaWIaHABIpY KaxeT. Fapsi
anmaparTap TONTaMachlH OacKapyra apHaiiFaH OarjapiamalblK jKacaKTaMaHbl jkacay KesiHae Oyt
MIHJCTTEPIiH OAPJIBIFBIH ISy KaXeT. O1e0u JepeKKe3aep/Ii Taaaay Heri3iH e )KYHEeHIH CeHIMILIITIH,
MKeMIUTITIH, JKaHapMall IIBIFBIHBIH OHTAIIaHABIPYbl JKOHE FapBIITHIK ONEpalMsIapFa KaTbICTHI
XaJbIKapalbIK epeXkenep MEH HYCKAyJIBbIKTap/Abl CaKTay[bl €CKepeTiH CIYTHUKTIK TONTaMaapbl
OackapyFa KOWBIIATHIH TaJanTap TYKbIPbIM/AIFaH.

Tyiiin ce3aep. Faprimn anmaparsl, Ko3FanbIcThl O0acKapy, YIIy TarlChpMachl, Fapbllll KOKBICHI,
CIYTHHKTEDP TONTAMACHI.
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AnHoTanus. B HacTosmee Bpems B Kazaxcrane npucTynm K pa3paboTke, KOHCTPYHPOBAHUIO
U TIOCTPOWKE MHKPO- M HAHOCIYTHUKOB KOTOPBIE MOTYT HWCIOJIB30BATHCSA IS TUCTAHIIMOHHOTO
30HIUPOBAHMST 3EMJIHM, CBA3M M HHTEpPHET BeElIeW. OTU 3aJaud MPEaAroyiaraloT HCHOJIb30BaHUE
rpynmupoBKU gocturatonmx 20 u 6onee CIyTHUKOB. B CBSI3M ¢ 3THM BO3HUKAET 3a/lada YIIpaBICHUS
IPYIIMPOBKOM JJIs BBIMOJHEHHS TOCTaBICHHBIX IIeNieil. B maHHOW craThe MPOBOAUTHCS 0030p W3
OTKPBHITBIX HCTOYHHKOB TIO0 BOIMPOCAaM YIPABICHHUS TPYHIHPOBKAME CITyTHHKOB JUIS BBISBICHHS
OCHOBHBIX 337a4 W Tpo0ieM, BOSHHUKAIOIIMX P BHINIOJHEHWH TONETHHIX 3amaHuii. [lokazaHo, 4TO
VIOPABICHUS TPYNIHUPOBKOW CBOJUTHCS HE TOJNBKO K COXPAHEHUIO TEOMETPUU MX PACIOJOXKEHUS,
KOTOpasi 3a7aeTcs IJIs BBHIIOJHEHUS OIPENEeIEHHOTO 3aJaHusd, HO CBSi3aHA C IPeIOTBpAIICHHUEM
CTOJIKHOBEHUH CITyTHUKOB MEXJy COOOM MPH Pa3INYHBIX MaHEBPAX, U3-32 KOCMHYECKOTO MyCOpa WU
JIPYTUX KOCMUYECKHUX ammnaparoB. [Ipu mpoBeeHUU MaHEBPOB TaKkKe HEOOXOAUMO MHUHHMHU3UPOBATh
pacxop TOIIINBA, T.€. ONTUMHU3UPOBATh MAPIIPYTHI JBM)KEHUSI CIIYTHUKOB OTHOCHTENFHO JIPYT IpyTa.
Bce aTu 3amaun TpeOyOT CBOETO PEICHUs MPU CO3JaHUK POTPAMMHOIO MPOAYKTA JJIsl YIIPABICHUSL
TPYNIIAPOBKOM KOCMHYECKHX ammapatoB. Ha OCHOBaHMM aHanmW3a JHUTEPAaTypHBIX HCTOYHUKOB
chopMynrpoBaHbl TpeOOBaHHA K YNPABICHUIO CIHYTHHKOBBIMH TPYNINUPOBKAMH YYHTBHIBAIOIINE
HaaACXKHOCTh, FI/I6KOCTI) CUCTCMbI, OIITUMHU3ALINIO pacxoja TOIJIMBa U COGJ]IOI[CHI/IG MCKAYHAPOAHBIX
TIPABHUII ¥ PYKOBOZSIINX IMPHHIIATIOB KOCMUYECKUX OTIEPAITHA.

KaroueBbie ciaoBa. Kocmuueckuil ammapar, ynpaBleHHE ABI)KEHHEM, IOJIETHOE 3aJaHue,
KOCMHYECKHIA MyCOp, TPYIIITUPOBKA CITy THHUKOB.
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