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ACHIEVEMENTS AND PROSPECTS OF CREATING SYSTEMS FOR
DETERMINING THE ORIENTATION OF SMALL SPACE SATELLITE

Ua JlocsirHeHHS Y cepi CTBOPEHHSI MallUX CYIYTHUKIB Pa3oM i3 JOCTYIHICTIO He-
JIOPOTHX 3aITYCKIB MPU3BEIH 10 30UIBIICHHS KUIBKOCTI KOCMIYHHMX MOJIbOTIB. OcCKi-
JBKU KOCMOC CTa€ OUTBII TOCTYIHUM, HiXK OYyIb-KOJH paHillle, BUHUKAIOTh HOBI Ta
HOBaTOPCHKI Micii.

[TokazaHo CYKYITHICTh JOCSATHEHB y Taly3i aBTOMATUYHUX CUCTEM, IIPUJIAIIB CH-
CTEM YIIPaBJIiHHS, OOYHCITIOBAILHUX CUCTEM, BUKOHABUUX OPraHiB CHCTEM YIIPaB-
JHHS, CIOCO0IB Ta METOJIB KOMIUICKCYBAaHHSI CUCTEM YITPABJIIHHS, IO J03BOJIUIH
CTBOPUTH 0araToIiyiboBi, OaraToOpeKMUMHI CUCTEMH 3 TPUBAIUM LIUKIOM aKTUBHOTO
KUTTSI, CACTEMH 3 MAaKCHMAJIBHOIO aBTOHOMHICTIO Ta aBTOMATH3AIlI€I0 MPOIECIB
yIpaBIiHHS.

VY miif craTTi mpencTaBiieHl MOCATHEHHS Ta IMEPCIEKTHBH CHUCTEM YIIPABIIIHHS
KOCMIYHHX amfapariB 3a OCTaHHI TPU JECATHIITTA. Po3risiHyTO mpobieMHi NUTaHHS
I IBUIIICHHS] TOYHOCTI Opi€HTAaIlii Ta cTadimi3arii.

En Advances in the development of small satellites, combined with the availability
of low-cost launches, have led to an increase in the number of space flights. As
space becomes more accessible than ever before, new and innovative missions are
emerging.

A set of achievements in the field of automatic systems, control system devices,
computer systems, control system executive bodies, methods and methods of con-
trol system integration, which made it possible to create multi-purpose, multi-mode
systems with a long active life cycle, systems with maximum autonomy and auto-
mation of control processes, is shown.

This article presents the achievements and prospects of spacecraft control sys-
tems over the past three decades. The problematic issues of increasing the accuracy
of orientation and stabilization are considered.

Introduction

Achievements of scientific and technological progress, first of all, modern
electronics and mathematics, computer technologies, which today have greatly
increased our ability to collect information, have allowed us to create adequate
means for storing, searching, processing, distributing and analyzing it. First of
all, this applies to the direction of creating small-sized spacecraft of micro- and
nano-classes, which can significantly reduce the cost of creation, as well as the
time spent on development while maintaining all the functionality of space in-

! Almaty University of Energy and Communications named after G. Daukeev
2 Almaty University of Energy and Communications named after G. Daukeev


https://doi.org/10.20535/0203-3771

6

Mexanika 2ipocKoniunux cucmeum

formation systems. A broad understanding of trends in satellite reliability can
lead these future missions to success. As a result, more and more space enter-
prises are paying special attention to reliability in the early stages of design. The
purpose of the study is to analyze the achievements and prospects of creating
systems for determining the orientation of small satellites in orbit, taking into
account the type of mission, the developer, the service life of the design and the
reliability conditions of satellite operation.

The state of development of orientation detection systems

Currently, the space industry is experiencing a growing demand for small
satellite platforms, ranging from microsatellites to nanosatellites. These small
space systems, despite their size, are currently technologically mature and are
entering the market for complex space missions with strict system requirements.

The orientation system interacts with the center of mass motion control
system and other onboard systems: energy supply, communications, navigation,
telemetry. The successful development of technical means (primarily on-board
computers) has led to a significant modernization of control systems and to a
significant expansion of their capabilities while improving the quality of these
systems.

The satellite industry is currently not designed to support explosive
growth. Space enterprises face three main problems — large initial costs, long
time to market due to specialized production of components and unusable assets
that are created for one-time use. Thus, it is necessary to find a compromise be-
tween developing your own satellite or grouping and sharing resources with lim-
ited capabilities in the case of a hosted payload.

The focus was on the new opportunity provided by the emerging technol-
ogy of reusable satellite systems, which will facilitate access to space and the as-
sociated prospects for the commercialization of space will become a reality over
the next decade, including new efficient technologies such as in-orbit mainte-
nance and repair. The paper [1] presents the architecture of the orientation and
orbit determination system (AODS) with built-in fault detection and isolation
functions, as well as autonomous management of redundant components and re-
configuration for basic recovery after a failure. The development and implemen-
tation of the system were designed for small satellite platforms characterized by
limited computing power and a reduced level of autonomy.

In [2], the authors used the Kaplan-Meyer estimate to calculate nonpara-
metric reliability functions.

A new semi-analytical algorithm specially developed for the rapid design
and optimization of turning maneuvers in accordance with a flexible set of oper-
ational constraints (for example, forbidden guidance directions, maximum angu-
lar velocities, maximum viewing angle of the Sun, etc.) is presented in [3]. The
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authors also discuss the results of the entire verification campaign, SIL tests
with a high-precision GNC orbital simulator in the contour.

The paper [4] describes the design, testing and implementation. Radio Au-
rora Explorer (RAX) satellite, including discussion of orientation determination
requirements, specific sensors used, equipment configuration, methods and re-
sults of pre-flight calibration of sensors, as well as planned orientation determi-
nation algorithms. The RAX orientation detection subsystem uses magnetome-
ters, solar sensors and high-speed gyroscopes.

Employees of the University of Wuerzburg investigated the details of the
ADS implementation (Attitude Determination System) [5, 7, 9, 10]. The results
of performance evaluations in modeling and tests are presented. Specific aspects
of orientation determination are considered on the example of a standardized
microsatellite platform related to technology demonstration and space research.
The UWE-1, USE-2, and UWE-3 picosatellites have been in orbit since October
2005 and have successfully completed their telecommunications experiment
missions. The paper [6] presents a detailed discussion of the dynamics of the
HokieSat position and the orientation control system (ADCS). An overview of
the entire Orientation Detection and control system (ADCYS) is given. This sys-
tem provides accurate and reliable information about the position of the
nanosatellite and control during ionospheric observations. Methods of normali-
zation of the orientation quaternion in two extended Kalman filters — multiplica-
tive and additive — are presented in [8].

In [11], two different methods for determining the Sun's vector to the so-
lar panel flow are compared and the triad method is used to determine the posi-
tion along three axes. The problems of stabilization and orientation determina-
tion are investigated, as well as solutions for achieving partial flight capability
with a magnetometer as the only sensor.

Over the past two decades, many antenna designs have been proposed and
implemented for CubeSat missions. Recently, there has been a tendency to use
antenna arrays that provide a higher gain and reconfigurable and controllable di-
rectional patterns. [12] provides an overview of the antennas used in 120 Cu-
beSat missions from 2003 to 2022, as well as a set of single-element antennas
and antenna arrays. A graphical method for selecting antennas is proposed.

[13] presents the results of the creation of a picosatellite DPS-1 A,
Zhejiang University with a triaxial stabilization system and guidance to the nadir
by magnetic coils. The orientation system includes two three-axis magnetome-
ters, a three-axis gyroscope and two sun sensors.

An improved observation mode for determining the field of view (FOV)
of a satellite in a sun-synchronous orbit is considered in [14]. An increase in sat-
ellite coverage up to 95% is shown. The COMPASS-1 picosatellite of the Aa-
chen University of Applied Sciences performed the task of verifying the opera-
bility of the magnetic orientation system in orbit [15].
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The Tien Tuo 1 nanosatellite (TT-1) [16] uses three magnetic coils as con-
trol drives to control triaxial stabilization. Solar sensors, magnetometers and a
three-axis gyroscope are used as measuring sensors. To determine the orienta-
tion, the quaternion estimation method (QUEST) and the Kalman filter were
used. Declared good test results. By 2009, more than 60 university micro- and
nano-satellites had been launched. Their main tasks were technology demonstra-
tion, scientific measurements and radio communication.

The developments of the Orientation and Control Determination System
(ADCS) of student CubeSat satellites of Tallinn University of Technology are
shown in [17]. Satellites use magnetic sensors and flywheels on three axes as ac-
tuators to control rotation speed and position.

In [18], the prototype model approach is presented, in which there are two
spacecraft models: the Engineering Qualification model (EQM) and the Flight
model (FM) to test functional tests for the creation, testing, launch and operation
of the first Irish satellite, as well as the demonstration of payloads in orbit. The
launch and deployment of picosatellites from the OPAL microsatellite of Stan-
ford University [19] in 2000 demonstrated the feasibility of a new era of space
experiments. CubeSat microsatellites weighing less than one kilogram with di-
mensions of 4x3x1 inches were built as test platforms for DARPA, designed and
delivered for launch in less than nine months expanded capabilities with small
platforms for space experiments with low cost of creation and launch.

It is emphasized in [20] that the multiplicative extended Kalman filter re-
mains the method of choice for the vast majority of applications. However, it
can fail in cases where the dynamics or measurement models are highly nonline-
ar, or when there is no good a priori assessment of the state.

[21] presents an approach to the design of a system for determining the
orientation and control of picosatellites, the results of preliminary operational
tests in orbit. The necessity of optimizing the orientation detection and control
system by improving the calibration of sensors, as well as adjusting the coeffi-
cients in the Kalman filter is shown.

An autonomous miniature nanosatellite orientation system, including
magnetoregulators, reaction wheels, sensors and control electronics, is shown
in [22]. The system works as a real-time maneuvering system, or as an autono-
mous orientation control system.

A passive magnetic orientation system developed for the Swedish
nanosatellite MUNIN with the results of mathematical modeling is described
in [23].

[24] shows the implementation of a control system for the orientation and
rotation of a mini satellite, the influence of the residual magnetic moment on it.
During the tests, the ESTCube-1 satellite achieved the highest known rotation
speed of 841°/s for small satellites.

In [25], an electromagnetic control system for the rotation speed and ori-
entation of the axis of rotation of ISIS ionospheric satellites is described. The
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satellite, whose rotation is stabilized at a nominal speed of 3 rpm, is character-
ized by flexible crossed dipole antennas in a plane perpendicular to the axis of
rotation, with one dipole 240 feet long and the other 61.5 feet. The design of the
control system uses a single coil with an air core along the periphery of the sat-
ellite, the axis of which is perpendicular to the axis of rotation. To control the
rotation, the magnetic moment of the coil is switched by signals coming from a
ferrosonde magnetometer. To control the orientation, the coil current is switched
by signals received from four solar sensors. An essential feature of this orienta-
tion control method is that the direction of precession of the axis of rotation does
not depend on the rotation or position of the Earth's magnetic field vector rela-
tive to the satellite and, therefore, does not depend on the position of the satellite
in orbit.

In [26], a classical orientation control scheme with full magnetic guidance
to the Sun is considered. Modeling has shown that the upgraded solar orientation
control scheme on a magnetic basis is able to meet the requirements of pointing
at the Sun.

The study of the possibility of a single-axis guidance maneuver of a
spacecraft with insufficient drive in the presence of a non-zero residual angular
momentum vector is devoted to the work [27].

Advances in the field of control systems for small spacecraft and satellites
have made it possible to solve several complex problems related to orientation
determination, reliable control, optimal maneuvers or precise guidance. It is as-
sumed that the number of actuators is equal to or exceeds the number of degrees
of freedom of the system in which the drives can use different physical princi-
ples. In an attempt to extend the service life or increase the stability of the mis-
sion in the recent past, the problems of orientation stabilization in the event of a
failure of the executive mechanism have attracted increasing attention. The
problem is especially relevant for small satellite platforms, for which a combina-
tion of restrictions on mass, volume and/or budget may lead to the adoption of a
non-redundant orientation system architecture, and possibly based on inexpen-
sive equipment.

Conclusions

Prospects for further development of orientation instruments and precision
guidance of spacecraft are becoming the norm for future space missions, mainly
due to the ever-growing demand for high-resolution images of various celestial
objects and phenomena required by the scientific objectives of the mission. In
this regard, the problems of stabilization and orientation determination, as well
as their solutions for achieving systems for determining the orientation of small
spacecraft, are investigated.

The achievements, prospects and creation of systems for determining the
orientation of small satellites over the past three decades and the conditions for
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the reliability of satellite operation are presented. The successful development of
technical means has led to a significant modernization of control systems and to
a significant expansion of their capabilities while improving the quality of these
systems.

Research is needed to create systems for determining the orientation of
small satellites with high-precision determination of their spatial position. High-
quality images of celestial objects are also needed to achieve high precision
guidance of the spacecraft.
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