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ABSTRACT
Text part of the work: 56 p., 25 fig., 1 tables., 7 literature sources.

Object of research — the process of initial stabilization of the satellite.

Purpose of the work — satellite control system. Initial stabilization.

Purpose of the work — researching the principles and methods of initial satellite

stabilization. Creating a simulation of initial stabilization.

Research methods - Theory of automatic control of moving objects,
mathematical modeling of objects, mathematical modeling of control systems for
aircraft and moving objects; models of the dynamics of control of aircraft and moving

objects; models of aircraft and moving object control dynamics.

This paper investigates the system of initial stabilization of the satellite after
separation from the launch vehicle. The speed of stabilization depends on the satellite’s
power supply scheme and its dimensions. Stabilization can take from several minutes to

several days. In this work, experimental studies of initial stabilization were conducted.
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Introduction
Artificial satellites play a crucial role in modern space exploration and various
scientific endeavors. These man-made objects orbit the Earth or other celestial bodies,
performing a wide range of tasks and missions. Let's explore some of the common tasks
and missions of artificial satellites:

1. Communication: Communication satellites are among the most widely used
artificial satellites. They facilitate global telecommunications by transmitting and
relaying signals for television, telephone, internet, and other forms of
communication. These satellites are strategically positioned in geostationary
orbits, ensuring they remain stationary relative to Earth, enabling consistent
coverage over specific regions.

2. Earth Observation: Satellites designed for Earth observation gather valuable data
about our planet’'s atmosphere, land surface, oceans, and climate patterns. They
capture high-resolution images, monitor weather systems, track environmental
changes, and study various phenomena such as deforestation, urban growth, and
natural disasters. This data is crucial for weather forecasting, disaster
management, agriculture, and environmental monitoring.

3. Navigation: Navigation satellites provide positioning, timing, and navigation
services to users on the ground or in other vehicles. Systems like the Global
Positioning System (GPS) rely on a constellation of satellites to accurately
determine the location of receivers worldwide. These satellites continuously
broadcast signals, allowing devices to calculate precise position coordinates,
enabling applications in navigation, mapping, surveying, and timing
synchronization.

4. Scientific Research: Satellites are deployed to conduct scientific experiments and
gather data about space, celestial bodies, and the universe. They are equipped
with instruments and sensors to observe distant stars, galaxies, and cosmic

phenomena, helping astronomers and scientists deepen their understanding of the
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cosmos. Satellites like the Hubble Space Telescope and the James Webb Space
Telescope have revolutionized our knowledge of the universe.

5. Remote Sensing: Satellites equipped with remote sensing capabilities monitor and
analyze the Earth’s surface from space. They detect and measure electromagnetic
radiation reflected or emitted by the planet, allowing us to study vegetation
health, soil moisture, ocean currents, pollution levels, and other environmental
factors. This information aids in agriculture, land-use planning, resource
management, and disaster response.

6. Technology Demonstration: Some satellites are dedicated to testing and
demonstrating new technologies or concepts in space. These missions often serve
as precursors to more ambitious projects. They allow engineers and scientists to
assess the feasibility, performance, and reliability of novel equipment and
techniques in the harsh conditions of space.

7. Space Exploration: Satellites are instrumental in space exploration missions.
They provide critical support for robotic probes and landers sent to other planets,
moons, or asteroids. Communication satellites relay data and signals between
these deep space missions and Earth, enabling real-time monitoring and control.
Satellites also assist in mapping and surveying extraterrestrial bodies, studying
their atmospheres, geology, and potential for human exploration.

8. Military and Defense: Satellites play a vital role in military and defense
operations. They provide intelligence, surveillance, and reconnaissance
capabilities, allowing military forces to monitor and gather information about
potential threats, terrain, and enemy activities. These satellites enable secure
communication networks for military personnel deployed in remote areas.

The tasks and missions of artificial satellites are diverse and continue to evolve
with technological advancements. They have transformed numerous aspects of our
lives, from global communications and weather forecasting to environmental

monitoring and space exploration. As our understanding of the universe expands,
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satellites will undoubtedly play an even more critical role in furthering scientific
research and exploration beyond our planet.

The System of Initial Angular Stabilization of a satellite plays a crucial role in
ensuring the successful operation and functionality of spaceborne missions. Satellites
are deployed in various orbits around the Earth for a wide range of purposes, such as
communication, weather monitoring, scientific research, and surveillance. To
accomplish their intended objectives, satellites must maintain a stable orientation and
control their angular motion.

The System of Initial Angular Stabilization (SIAS) is designed to address the
challenges associated with the initial phases of a satellite’s deployment and operation.
When a satellite is first launched into space, it experiences significant disturbances and
uncertainties that can affect its attitude and stability. Factors such as residual
atmospheric drag, release mechanisms, and launch vehicle-induced vibrations can cause
unwanted rotations and oscillations, jeopardizing the satellite’s mission objectives.

The primary objective of SIAS is to counteract these disturbances and establish a
controlled and stable attitude for the satellite. It involves a combination of hardware and
software components, including sensors, actuators, and control algorithms, to measure,
analyze, and correct the satellite’s angular motion. The system utilizes various
techniques to achieve angular stabilization, such as reaction wheels, magnetic torques,
thrusters, and momentum management.

One of the key components of SIAS is the attitude determination and control
system (ADCS), which provides real-time information about the satellite’s attitude and
helps in maintaining the desired orientation. ADCS utilizes sensors such as sun sensors,
star trackers, magnetometers, and gyroscopes to accurately measure the satellite’s
attitude with respect to Earth’s reference frame. This information is then processed by
onboard algorithms, which calculate the necessary corrections and commands to the
satellite’s actuators.

The SIAS also takes into account external factors such as solar radiation pressure,

gravity gradients, and magnetic field interactions that can affect the satellite’s stability.

12




These factors are continuously monitored, and appropriate control strategies are
implemented to counteract their effects and maintain the desired angular stability.

The successful implementation of SIAS ensures that the satellite remains pointed
toward its intended target, such as the Earth’s surface, specific celestial objects, or other
satellites, depending on its mission objectives. By achieving and maintaining the desired
attitude, the satellite can carry out its primary functions effectively, such as data
collection, communication, imaging, or scientific experiments.

In conclusion, the System of Initial Angular Stabilization (SIAS) is an essential
component of satellite technology. It provides the necessary means to counteract
disturbances and uncertainties during the initial phases of a satellite’s deployment and
operation, establishing a stable attitude and enabling the successful execution of the
satellite’s mission objectives. By incorporating advanced sensors, actuators, and control
algorithms, SIAS plays a crucial role in ensuring the functionality and longevity of

satellites in space.
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CHAPTER 1. Mathematical model of satellite movement
1.1 Coordinate systems

Coordinate systems are very important for satellites. These systems are used to
accurately determine and display the satellite’s position and motion relative to the Earth.

Firstly, accurately determining the location of a satellite relative to a reference
point on the Earth’'s surface is crucial for navigating our satellite, tracking it, and
communicating with it if needed.

Secondly, satellites move in specific orbits around the Earth. Coordinate systems
allow us to define orbital trajectories. It is thanks to coordinate systems that operators
can calculate and predict the future positions, velocities, and orbital parameters of a
satellite.

Thirdly, we can track the current location of the satellite in real-time. This
information is crucial for controlling the satellite, adjusting its trajectory and ensuring
that it stays on course.

Fourthly, we can use coordinate systems to locate ground stations relative to the
satellite. Thanks to this, we can establish communication lines, direct antennas to ensure
the most efficient data transmission between the satellite and the ground station.

Fifthly, coordinate systems help in coordination and cooperation between
different satellite operators, space agencies and international organizations to coordinate
their actions. This provides a common understanding of the position and movement of
satellites.

So, we have analyzed why coordinate systems are extremely important for
satellites, and we have analyzed the main points for which these systems are used.

Satellites typically use two main coordinate systems: the Earth-centered, Earth-
fixed (ECEF) coordinate system and the geocentric-equatorial coordinate system.

Earth-Centered, Earth-Fixed (ECEF) Coordinate System: The ECEF coordinate
system is a Cartesian coordinate system fixed to the Earth’s center. It serves as a
reference frame for satellite navigation and positioning. In this system, the X-axis points
towards
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the intersection of the prime meridian (0 degrees longitude) and the equator, the Y -axis
extends along the prime meridian, and the Z-axis is aligned with the Earth’s rotational
axis (North Pole). The ECEF coordinates of a satellite define its position relative to the
Earth’s center, typically measured in meters. This system allows for precise calculations
of satellite positions and is commonly used in navigation systems like GPS.

Geocentric-Equatorial Coordinate System: The geocentric-equatorial coordinate
system is based on the Earth’s equatorial plane and is used to describe the positions of
celestial objects and satellites relative to the Earth. It is an extension of the Earth's
latitude and longitude system. In this coordinate system, the origin (0, 0) is the Earth’s
center, the X-axis is aligned with the intersection of the prime meridian and the equator,
and the Z-axis is perpendicular to the equatorial plane, passing through the North Pole.
The Y-axis completes the right-handed coordinate system.

Satellites’ positions are specified using latitude (®), longitude (A), and altitude (h)
or radius (r) in this coordinate system. Latitude represents the angle from the equatorial
plane (ranging from -90° to +90°), longitude represents the angle around the Earth from
the prime meridian (ranging from -180° to +180°), and altitude or radius specifies the
distance from the Earth’s center.

These coordinate systems allow satellites to accurately determine their position,

navigate, communicate, and synchronize time. They provide a standardized framework

for satellite operations and enable interoperability across different satellite systems and

Figure 1.1 Orbital coordinate system 15




applications.

As the basic coordinate system, we will choose the orbital coordinate system, the
direction of the axes of which is shown in Figure 1.1. This figure also shows the
coordinate system , which characterizes the position of the satellite’s orbit relative to the
geocentric coordinate system, and the parameters and , which are called the inclination
of the orbit and the latitude argument, respectively, characterize the position of the
satellite in the orbit. To determine the angular deviations of the satellite of the basic
coordinate system, a coordinate system rigidly connected to the satellite is introduced.
Both systems have their origin in the center of mass of the apparatus. If the spacecraft
occupies the required position in space, the axes of the bound and orbital coordinate
systems coincide.

The deviation of the satellite from this position will be determined the position of
the axes of the related coordinate system relative to the axes of the base coordinate
system.

This position is described by three Euler-Krylov anglesJd,f and j, which are called
pitch, yaw (course) and roll angles (Table 1.1). From this figure, you can make a table

of guide cosines.

Table 1.1
Roll angles
X Y Z
X, cost cosJ sin j sinfcosJ —cosj sinJ cosj sinfcosJ +sinj sind
Y, cosfsind sin g sinfsinJ +cosj cosJ cosj sinfsinJ —sin j cosJ
Z, —sinf sinj cost cosj cost

1.2  Setting the position of the satellite in space

Satellite positioning refers to the use of satellites and associated systems to
determine the precise location of objects on Earth’'s surface or in space. It involves
utilizing signals from Global Navigation Satellite Systems (GNSS) like GPS (Global
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Positioning System), GLONASS, Galileo, and BeiDou. Satellite positioning serves
several important purposes and offers numerous applications. Let's analyze some
applications.

Firstly, navigation. Satellite positioning is widely used for navigational purposes
by people, vehicles, ships, aircraft, military purposes and civilian life. For example,

GPS provides accurate location information that helps vehicles, aircraft, and drones plan
their route. This revolutionized navigation and ensured the selection of the most
efficient routes.

Secondly, satellite positioning plays an equally important role in geodesy,
cartography and mapping. This system allows surveyors, geospatial specialists, and the
military to identify various objects on the earth’s surface, such as landmarks, property
boundaries, infrastructure, natural resources, various fields, military facilities, and
equipment. For example, civilians need this information for urban planning, resource
management, and infrastructure development. For the military, this is the definition of
the concentration of the enemy, enemy equipment, headquarters and warehouses with
ammunition for successful planning of their operations.

Thirdly, satellite positioning is fundamental to geodesy, the science of measuring
the shape, gravitational field, and rotation of the Earth. By accurately tracking the
position of satellites and analyzing their signals received on the ground, scientists can
obtain valuable information about the structure of the Earth, tectonic movements, sea
level changes and other geophysical phenomena. This helps to understand the Earth’s
dynamics and track changes in the environment.

Fourthly, these systems provide highly accurate timing signals that are critical for
timing purposes. Many sectors of our lives depend on satellite time synchronization,
namely telecommunications, power grids and scientific research, ordinary people, and
large IT companies. It is this system that ensures coordination and synchronization of
activities, data transmission and network operation.

Fifthly, thanks to these systems, special services can instantly respond to

emergency situations or natural disasters. Satellite positioning is extremely important
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for search and rescue operations, coordination of response to natural disasters and
assessment of the consequences of an event. This allows emergency services to locate
affected areas or cities, plan evacuation routes and deploy resources efficiently. This
system helps control the movement of hazardous materials and predict the spread of
polluting materials in the event of an environmental accident.

Sixthly, recently satellite positioning is increasingly used in agriculture. Thanks
to precise placement of agricultural equipment, monitoring of crop growth and analysis
of soil conditions, farmers can apply the most efficient farming methods. This leads to
efficient use and management of resources, reduced environmental impact, higher yields
and better farm productivity.

Seventhly, this system is gaining great popularity among the military. Thanks to
this, they can monitor the movement of enemy equipment, personnel and ammunition in
real-time. Thanks to that, they plan very thorough operations to eliminate the enemy,
using the most optimal weapon for a specific task. This leads to a reduction in losses on
their part and effective use of ammunition.

In general, satellite positioning is critical for navigation, surveying, mapping,
geophysics, time synchronization, emergency response, agriculture, and military
purposes. The system provides accurate location information, ensures efficient resource
management, facilitates coordination and supports a wide range of programs that
contribute to various sectors of the economy and society as a whole.

Orientation is the angular position of a solid or a system of solids relative to the
specified reference directions. It is customary to speak of the orientation of an aircraft,
structural elements of control objects, antennas, measuring devices, etc. In this case, the
basic directions can be taken as the magnetic and gravitational field lines, characteristic
directions associated with the Earth’s shape, etc.

In general, the concept of orientation is associated with the rotational motion of
solids. The most common way to determine the orientation in the theoretical description
of rotational motion is to set the body-related orthogonal coordinate system relative to

the base (calculated) coordinate system associated with the selected reference
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directions. Parameters that uniquely determine their relative orientation are called
orientation parameters.

The translation of the coordinate system associated with a solid from the initial
position to the final position (e.g., to the position at which the axes of the associated
trihedron coincide with the corresponding axes of the base trihedron) can be
accomplished by three or one rotation around appropriately selected axes. Accordingly,
three rotations can be made in a certain sequence around any three non-collinear axes.
The angles of these three rotations are called Eulerian angles and represent three
independent orientation parameters.

The position of a solid body in space (the position of the body-related coordinate
system OXYZ relative to the reference coordinate system 0 ,Y,Z,) is determined by
the Euler angles v, 6 ,¢ (Figure. 1.2). In the MATLAB environment, such a sequence
of rotations is denoted as "ZY X" (it can be omitted in standard MATLAB functions).

Figure 1.2 Euler angles

Matrix of direction cosines:

co Oco vy co Osiny —sin0
R = |sin@sinBco y — co osit y sinesinBco y + co ecosy  sii ¢cosH
co @sinfco y + sinesi1 y  co @sinBsit y — sinpcosy  cosp co 0

Establishes a connection E = R bases

-l

where ig, o, kg ar 1, ], k - unit vector of coordinate systems 0 ,Y,Z, write as:

To = Xglg + Yoo + 2oko = [xgyozc]l = "’]:Tfa
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where 1y = [xgVe2o]”.
r=x+y +z =[x |I=r1
where r = [x y z]7.
there is a relationship
T = Ry (1.1)
Formula 1.1 establishes a relationship between the projections of a constant
vector in two coordinate systems when the axes are rotated. This is how the task of
determining the orientation of the body is considered, where the vectors are stationary,
for example, the gravitational acceleration vector, and the projections of these vectors
on the axes of the stationary and moving coordinate systems are used to calculate the
matrix of direction cosines. Another formulation of the problem is possible, when the
vector rotates together with the body relative to a fixed coordinate system. This is how
the problem is interpreted, for example, in the kinematics of a solid body when finding
the velocity of a point according to Euler's formula, where in a fixed coordinate system
the rotation of a variable in the direction of the radius-vector, invariably bound by the
body, is analyzed. The obtained conclusion can also be explained by the fact that the
reason for the change in the output signal of the meter can be both the rotation of the

vector it measures and the rotation of the meter itself.

1.3  Satellite motion equations based on Euler’s dynamic equations

Euler's dynamic equations describe the rotational motion of a rigid body. The
equations that describe the motion of an artificial satellite in space are usually the
equations of orbital motion, which are derived from Newton’s laws of motion and the
law of universal gravitation.

The movement of the satellite in orbit around the central body can be described
using the following equations:Newton'’s second law of motion:

F=m*a

where:
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F is the gravitational force between the satellite and the central body, m is the mass of
the satellite, and a is the acceleration of the satellite.
Gravitational force equation:

Gx(m+xM
p oG lmeM)
-

where:
G is the gravitational constant (approximately 6.67430 x 10"-11 m”3 kg”(-1) s(-2)),
M is the mass of the central body, r is the distance between the satellite and the center of
the central body.
Euler's dynamic equations
In the program, the control moments are assumed to be zero. Initial angular

velocities are set on the integrators.

11

IxWx+(|z_|y)Wsz=MX; WX:EI[MX_(IZ_IY)WYWZJ;

IyWy+(IX_IZ)WXWZ:My; = WV:%%[MY_(IX_IX)WXWz];
L, +(1, =1, Jw,w, = M,. o

W, =§I—[MZ—(Iy—IX)Wwa].

N

The angles y, q, j correspond to angular velocities y,q, J (Formula. 1.11), through

which it is possible to express the projections of the angular velocity vector of a body on
the axes of the coordinate system associated with it OXYZ (Euler’s kinematic equations)
w, = -y sing;
W, =g cosj +Y cosqsinj; (1.11)
W, =Y €0S( CoSJ —qSinj.

These deposits are known to be

y =i(wZ cos +w,sinj );

cosq y
g =W, Cosj —w,sinj; (1.12)
J =W, +1tgq (w, cosj +w,sinj ).

The orientation angles are found by integrating equations (1.12).
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Using Euler’s kinematic equations in quaternionic form

In matrix form, the kinematic Euler’s equations (Poisson’s equations) are as follows

R=—-RW (5)
where
0 -w, w,
We=|w, 0 —-w,
-wy, w, 0

The Simulink model for solving equation (5) is shown in Figure 1.3.

Product Gan (100001300 1] ™% a : T Scope

i

- IJ-:'_:MM R I.H: -{3]

Figure 1.3 Simulink model

1.4 Structure of the satellite control system

The satellite control system, also known as the ground control system or ground
segment, is a crucial component of satellite operations. It consists of various subsystems
and components that are responsible for monitoring, controlling, and managing the
satellite throughout its mission. The primary functions of the satellite control system
include satellite tracking, telemetry data reception, command transmission, orbit
determination, and overall mission planning.

The structure of a satellite control system can vary depending on the specific
mission requirements and the complexity of the satellite itself.

The main modes of operation of the angular motion control system of the
spacecraft are orientation and stabilization modes.

1. Orientation is the process by which the spacecraft takes a certain position or
sequence of certain positions in space. As a rule, the orientation system,
eliminating a large initial deviation, combines the coordinate system associated

with the spacecraft with the reference (base) coordinate system; the latter is set on
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board the spacecraft with the help of special devices and instruments and can be
moved in inertial space or be stationary.

2. Stabilization is the process of eliminating angular deviations of the related
coordinate system of the spacecraft, which inevitably occur in flight, from the
reference coordinate system. The stabilization system gives the aircraft the
ability, after a certain orientation in space, to restore its original position,
disturbed by internal or external disturbing influences, or to resist the effects of
disturbances.

There are also many systems for monitoring satellites, here are some of them:

1. Satellite Operations Center (SOC): The Satellite Operations Center serves as the
command center for satellite operations. It is equipped with the necessary
hardware, software, and communication systems to monitor and control the
satellite. The SOC is staffed by operators, engineers, and mission controllers
responsible for executing satellite commands, analyzing telemetry data, and
ensuring the satellite’s health, safety, and mission objectives.

2. Ground Control Station (GCS): The GCS serves as the primary control center for
the satellite. It is usually located on Earth and is responsible for monitoring and
controlling the satellite’s operations. The GCS communicates with the satellite
through various means, such as radio frequency (RF) links or data networks.

3. Telemetry, Tracking, and Command (TT&C) Subsystem: The TT&C subsystem
handles the communication between the satellite and the ground control system.
It consists of various components:

¢ Antennas: Ground-based antennas are used to transmit commands to the
satellite and receive telemetry data. Different types of antennas, such as
parabolic or phased array antennas, are employed depending on the
specific mission requirements.

¢ Transceivers: Transceivers act as the communication interface between

the satellite and the ground station. They transmit commands from the
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ground control system to the satellite and receive telemetry data from
the satellite.

¢ Telemetry Receivers: Telemetry receivers receive and demodulate the
telemetry signals sent by the satellite. These signals contain vital
information about the satellite’s health, performance, attitude, orbit, and
other operational parameters.

¢ Command Transmitters: Command transmitters encode and transmit
commands from the ground control system to the satellite. These
commands instruct the satellite to perform specific actions, such as
adjusting its orbit, activating instruments, or changing operational
modes.

4. Onboard Computer System: The satellite is equipped with an onboard computer
system that manages various functions and subsystems of the satellite. It executes
commands received from the GCS, controls the satellite’s attitude and orbit,
handles data storage and processing, and manages power distribution and
subsystem interactions.

5. Attitude Determination and Control System (ADCS): The ADCS is responsible
for determining and controlling the satellite’s attitude (orientation) in space. It
uses various sensors, such as sun sensors, star trackers, and gyroscopes, to
measure the satellite’s orientation relative to the Earth, the Sun, and other
reference points. The ADCS then adjusts the satellite’s attitude using reaction
wheels, magnetic torquers, or thrusters to maintain the desired orientation.

6. Power and Thermal Control System: Satellites require a power supply to operate
their systems and subsystems. The power and thermal control system manages
the generation, storage, and distribution of electrical power onboard the satellite.
It also regulates the satellite’s temperature to ensure that its components remain
within acceptable operating limits.

7. Payload Control Systems: Depending on the mission of the satellite, it may have

one or more payload control systems. These systems are responsible for operating
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and controlling the specific payload instruments or experiments carried by the
satellite. Examples of payloads include cameras, spectrometers, communication
antennas, or scientific instruments.

. Data Handling and Storage: Satellites generate a significant amount of data that
needs to be handled, processed, and stored. The data handling and storage
subsystem manages the storage of telemetry data, payload data, and other
mission-related information. It may include data compression algorithms, error
correction codes, and data formatting mechanisms to optimize data transmission
and storage.

. Redundancy and Fault Management: Satellite control systems often incorporate
redundancy to ensure reliability and fault tolerance. Redundant components, such
as backup power supplies, processors, or communication links, are included to
mitigate the impact of failures or malfunctions. Fault management systems are
responsible for detecting anomalies, diagnosing problems, and implementing

corrective actions to maintain the satellite’s operational capabilities.

10. Mission Planning System: The mission planning system enables the creation and

optimization of satellite mission plans. It takes into account mission objectives,
operational constraints, and various factors such as satellite visibility, orbital
dynamics, power limitations, and communication windows. The system generates
schedules for data acquisition, instrument operations, orbit maneuvers, and other

mission activities.

11. Data Processing and Analysis: The satellite control system includes data

processing and analysis capabilities to interpret telemetry data received from the
satellite. This involves decoding and analyzing the telemetry parameters to
monitor the satellite’s health, performance, and status. Algorithms and software
tools are used for data processing, anomaly detection, trend analysis, and

performance assessment.

12. Orbit Determination and Control: The orbit determination and control subsystem

Is responsible for accurately determining the satellite’s orbit and making
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necessary adjustments to maintain the desired orbit. This involves processing
telemetry data, performing orbit calculations, predicting future orbits, and
planning and executing orbit maneuvers. Precise orbit determination is crucial for
satellite positioning, tracking, and ensuring mission objectives are met.

The satellite control system is used for overall satellite management, including
satellite deployment, commissioning, routine operations, and end-of-life disposal. It
provides the means to communicate with the satellite, collect vital telemetry data,
monitor its health, and execute commands for orbit maintenance, payload operations,
and other mission activities. The system enables continuous monitoring and control of
the satellite to ensure its operational efficiency, longevity, and mission success.

1.5 Mathematical model of the Earth’s magnetic field

Four models of the geomagnetic field will be considered in this paper: IGRF,
oblique and straight dipole, and the average model. The geomagnetic induction vector
will be defined in several coordinate systems, which are commonly used when
considering the angular motion of a satellite.

0,Y;Y5Y5- inertial system, , where 0,— center of mass of the Earth, axis (J, Y5 is
directed along the Earth’s rotation axis, 0,Y; - lies in the plane of the Earth’s equator
and is directed to the ascending node of the satellite’s orbit (we assume a circular orbit),
0,Y, - complements the system to the right.

0,J1]=/5- inertial system J2000, axis 0,/ directed along the axis of the Earth’s
rotation, {J,f, lies in the plane of the Earth’'s equator and is directed to the vernal
equinox of the era 2000.0 , U, J, complements the system to the right. Migration from
the system 0,/,/-/5 to the system 0, Y, Y, Y5 is set by rotation to Greenwich Mean Time
ty about the 0J,/5 axis, if the precession of the Earth’s rotation axis is not taken into
account.

0,Z,Z524 is an inertial system obtained from the system 0, Y;Y,¥; by rotating it
by some angle 68 around the axis 0J,Y;. The value of this angle will be determined using

a median model.
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0,585,855 - system associated with the position of the satellite’s orbit in inertial
space. Axis 0,55is directed along the normal to the plane orbit, 0,5,is directed to the
ascending orbital node, 0,5, complements the system to the right. Transition
between systems 0J,Y;Y;Y; and 0,5,5:5:is set by rotating the angle i (orbital
inclination) with respect to the axis 0,Y;, but between 0,5;5,5sand 0,2, 2525
on angle 6 - i along the axis 0, 5,. The inertial systems coordinate systems are shown in
Figure 1.4

“J--}r= (Earth axis)

Y,Z1,S:

(ascending orbital ooze)

Figure 1.4 Inertial coordinate system

0X,X,X5 - orbital coordinate system centered at the center of mass of the
satellite, axis 00X, lies in the plane of the orbit and is normal to the radius-vector in the
direction of the satellite’s motion, making an acute angle with the velocity vector of its
center of mass (in a circular orbit, the axis direction coincides with the direction of the
satellite’s forward motion), axis X is directed along the radius-vector of the satellite’s
center of mass, (JX5 supplements system to the right.

OL,L,L5 - system associated with the kinetic momentum of the satellite. Axis
0L, is directed along the vector of the satellite’s kinetic momentum, 0L, -

perpendicular to L5 and lies in the plane parallel to the plane of the first two axes_of
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the inertial system relative to which the motion of and passing through O, 0L,

completes the system to the right.

0, 1

Ny

£
Figure 1.5 Orientation of kinetic momentum in inertial space

The International Geomagnetic Reference Field (IGRF) is a standard
mathematical description of the large-scale structure of the Earth’s main magnetic field
and its secular variation. It was created by fitting parameters of a mathematical model of
the magnetic field to measured magnetic field data from surveys, observatories and
satellites across the globe.

The World Magnetic Model (WMM) is a large spatial-scale representation of the
Earth’'s magnetic field. It was developed jointly by the US National Geophysical Data
Center and the British Geological Survey. The data and updates are issued by the US
National Geospatial-Intelligence Agency and the UK Defence Geographic Centre.

1.6 Conclusion

In this chapter, we have considered various aspects of satellites. Their
mathematical model, coordinate systems, determination of position in space, equations
describing the motion of the satellite based on Euler’'s dynamic equations, the structure
of satellite control systems, and a mathematical model of the Earth’s magnetic field.

Using this knowledge and applying the concepts, researchers, engineers and enthusiasts
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can gain valuable knowledge that lays the foundation for further development of this

technology and space exploration.
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CHAPTER 2. Study of the movement of the satellite in the mode of initial
stabilization

2.1 Analysis of the movement of the satellite as a solid body at the initial
stage of movement

Analyzing the motion of a satellite as a rigid body at its initial stage of motion is
important for several reasons.

Firstly, the stability assessment. By treating the satellite as a solid body, engineers
can estimate the stability of its motion, analyze the satellite’s mass distribution,
moments of inertia, and the effects of external forces such as gravity, atmospheric drag,
and solar radiation pressure. Thanks to this analysis, we can be sure that the initial
movement of the satellite is stable and does not lead to unwanted oscillations or
overturning.

Secondly, it allows you to determine the position related to its orientation in
space. By analyzing the motion as a whole, it is possible to determine the initial position
of the satellite and understand how it will change over time due to external torques or
control maneuvers. Position determination is of high importance for various satellite
operations, instrument guidance, communication support, and stabilization of imaging
systems.

Third, it is the analysis of the satellite as a solid body that helps to design the
control system. The control system itself may use various mechanisms to stabilize and
control the satellite, such as engines, jet wheels, or other mechanisms. By understanding
the initial motion of the satellite, it is possible to develop an effective algorithm and
mechanism to control and counter external interference and maintain the desired motion
characteristics.

Fourthly, by analyzing, we can optimize existing algorithms and mechanisms for
efficient use of resources or to reduce the size or price of the satellite itself. By
considering satellite mass distribution and moments of inertia, the satellite can be
designed to achieve desired characteristics such as stability, maneuverability, and
efficient use of power resources. The analysis helps determine the optimal spacecraft
configuration and control
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strategy.

Variants of satellite analysis at the initial stage of movement include the
following procedures:

1. Mathematical modeling. It is necessary to develop mathematical models that
describe the motion of the satellite as a solid body, using the principles of mechanics,
dynamics and control theory. The models must take into account the properties of the
satellite’s mass, external forces and moments, allowing it to simulate and analyze its
motion.

2. Physical tests. A model or prototype of a satellite is specially created for such
tests. We need to create the closest conditions to real ones and observe the satellite’s
behavior. Conduct analysis of motion and damping of initial angular velocity. This
option is quite expensive because if the test is unsuccessful, the layout may break, and it
will be necessary to repair or create a new one.

3. Computational modeling. Computer simulation can be used to simulate the
movement of the satellite. Using special software, we can enter the satellite’s initial
conditions, mass properties, and external forces and observe the movement in real-time.
Simulations provide insight into the satellite’s behavior, stability, and response to
various scenarios. Using this approach, we save money that would have been spent on a
physical test.

In general, analyzing the motion of a satellite as a rigid body at the initial
stage helps engineers assess stability, determine the attitude, design control systems,
optimize performance, and ensure mission success. This provides a basis for
understanding and controlling the movement of the satellite throughout its lifetime.

Analysis of the motion of the satellite as a solid body at the initial stage
includes consideration of such factors as initial velocity, initial orientation, moments
of inertia, and conservation laws.

1. Initial speed and orientation: at the initial stage of the satellite’s movement, it is

Important to consider its initial speed and orientation. The initial velocity can be

determined by launching the satellite using a rocket or other launch vehicle.
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Orientation is determined by the position and orientation of the satellite relative

to the Earth or another celestial body.

2. Moments of inertia: the satellite is considered a rigid body, so the moments of
inertia play a crucial role in its motion. The moment of inertia relative to the axis
of rotation depends on the mass of the body and the distribution of mass around
this axis. Knowing the moments of inertia helps to study the motion of the
satellite.

3. Conservation Laws: At the initial stage of satellite motion, certain conservation
laws, such as the conservation of kinetic energy and conservation of angular
momentum, can be applied for analysis. Conservation of kinetic energy states that
the sum of kinetic and potential energy remains constant in the absence of
external forces. Conservation of angular momentum states that the sum of angular
momentum remains constant if there are no external torques.

2.2 Mathematical model of a satellite with a control system
A mathematical model of a satellite with a control system is essential.

First of all, a mathematical model allows engineers and scientists to design and
analyze the behavior of a satellite system before it is built and launched. By simulating
the satellite dynamics and control system in a mathematical model, they can evaluate its
performance, stability, and response to various inputs and disturbances. This helps to
optimize the design, identify potential problems, and ensure that the satellite will fulfill
its mission.

Secondly, satellites often require sophisticated control systems to maintain the
desired orbit, attitude (orientation) and stability. A mathematical model allows
engineers to develop and tune control algorithms to regulate the satellite’s behavior. By
understanding the dynamics of the system and using the principles of control theory,
they can design controllers that provide accurate and reliable control, compensating for
disturbances and maintaining the desired state of the satellite.

Third, the mathematical model allows us to predict the future behavior of the

satellite system under various conditions. By simulating the model, we can predict the
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satellite’s trajectory, changes in its position, and other important parameters. This
prediction capability is crucial for planning satellite maneuvers, coordinating
operations, and optimizing mission objectives.

Fourthly, mathematical models of satellites are used to train and test the
performance of control systems and algorithms. By implementing control algorithms in
a simulation and evaluating their behavior in various scenarios, engineers can fine-tune
control parameters and ensure system reliability and safety before implementing them
on a real satellite.

Fifth, the mathematical model can serve as a benchmark for detecting anomalies
and diagnosing faults in the satellite system. By comparing real-time measurements
from the satellite with model predictions, discrepancies can be identified that indicate
potential malfunctions or deviations from expected behavior. This allows operators to
take corrective action and solve problems quickly.

After separation from the launch vehicle, the satellite may have significant
angular velocities that need to be dampened for the satellite to continue functioning.
This movement is called "detumbling," which means "tumbling."

To generate control torques, we will generate control signals proportional to the
satellite’s angular velocities.

Let’s consider two options for building a control scheme.

In the first option (detumbling control), we will use three angular velocity
sensors, which involves installing them in the satellite.

In the second variant (B-dot control), these signals are formed as derivatives of
the three output signals of the magnetometer, which implies the installation of the
magnetometer in the satellite.

In both cases, we will use a magnetic satellite control system.

Let's write the dynamic Euler equations of satellite motion with control moments

M, =—kw,; M, =—kw,; M, =-kw, (1)

where k,, k,, k, - coefficients.
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Lw, +(I, - Iy)wywZ =-K,W,;
LWy + (1 = 1, w,w, =~k wy; (2)
LW, + (1, = L wyw, =—k,w,
For a symmetric satellite, the feasibility of such control is obvious since system
(2) decomposes into three independent equations

Iw, +kw, =0;
I, +k,w, =0; (3)

Iw, +k,w, =0

Ky ky k,
— Xt -t —£t
W, —on£1e I } Wy =Wy, Lle ' }; W, =W, {1(5 ! } (4)

w,, - the initial angular velocities.

with solutions

where w,,, wy,,
Let's show the effectiveness of such control in the general case.

Let's multiply the first equation by w,, the second equation by w,, the third

equation by w,, and add the resulting expressions. We have

2 2 2
d Ly + 1wy + 1w,
dt 2

J - —(kxwf +k W + kzwf) (5)

2 2 2
Ly +Twy + 1w

That is, the kinetic energy of the satellite T = £ decreases

dT

—<0
dt

Thus, controlling the satellite according to the laws of (1) ensures that the satellite
Is stabilized in space.

A more specific result occurs when

L P
A L
IX

X kX

k

é: P (6)

In this case, expression (5) can be written as follows
%%(Wf + |1W§ + Izwzz)+ Ky (wf + |1W§ + |2WZZ) =0
That is,
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Q+220=0

where Q=w; + Lw; + Lw?.
The solution to this equation is as follows

L

Q=0Qe "
That is, Q—0 , which is possible in the case of w, -0, w, -0, w, »0. That is,
the solution of the satellite motion stabilization problem is guaranteed.
The nonlinear system (1) does not have a general solution, so it is advisable to consider

some special cases.

Let us first assume an uncontrolled system for I, =1,. We have a system of linear

equations
L, +n(l, —1,)w, =0;

LW, +n(ly —I)w, =0,
where n, =w,, =const.

Let's write the characteristic equation of this system

lys n(l,—1,)
n(ly—1,) 1,5

=1, 1,8 +n*(1, = 1,)(1,—1,) =0

which is determined by n That is, there are non-damped oscillations of angular

velocities w,, w, with a frequency initial angular speed of rotation w,,

r:no\/(lz_ly)(lx_ly)

IXIZ

For the stability of these oscillations, the moment of inertia I, must be either
minimal (1, <1,, 1, <1,) or maximal (1, >1,, 1, >1,).
Let's take into account the presence of the component —kw,. Then from the

_ Yt
I, +kw, =0 equation we obtain the solution n=w, =we 'Y, If the frequency n
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changes little during the oscillation period, then we can assume that there are undamped

oscillations of angular velocities w,, w, with a frequency decreasing with time.

One of the effective methods of approximate analysis of nonlinear systems is the
method of successive approximations, according to which (the main content of the
method) the components that are smaller than the ones that are retained are discarded.
Let us use this approach.

Let us write system (2) in the form

LW, +kowy + (1, =1 )wyw, =0;
Ly +kwy + (1 =1 )w,w, =0;
1w, +kw, + (1, = I,)ww, =0

If we assume that the maximum values of angular velocities are less than one, we
will discard the components with products of angular velocities in each equation. Then
we have a system of linear equations

LW, +kw, =0;
I Wy +kwy, =0;

W, +k,w, =0

_k7Xt —II(—yt _ﬁt
L |ow = Cw — [
W, =W, 1-e ; Wy =Wy |1-e ¥ T w,=w,|1-e |

These expressions can be used as an approximate estimate of the problem

with solutions

solutions.
It is also advisable to use them for preliminary selection of the controller coefficients

ky, ky, k,. Since the transient time t for the aperiodic link Iw+kw =0 is approximately
equal to t=3T, where T :%, then, given the transient time for each equation, we can

choose the time constants T,, T,, T,, and then find the coefficients k,, k,, k,.

If the dependencies (7) are fulfilled, the equations of motion take the form
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Lw, +kw, +(I,— Il)lxwywZ =0;
11wy + Lkw, +(1- 1) Lw,w, =0;

or
w, +rw, =—(I, - Il)wywz;
. 1-1, ]
Wy + rWy = ———=W,W,;
1
W, +rW, = ———W,W,,
2
kX
where r =7
X

That is, all linearized equations are the same.
Mathematical model of a system with magnetic coils
Let us obtain a mathematical model of a detumbling-controlled system in which
magnetic coils are used as torque sensors.
The equation of motion of the satellite is written in the form
L, + (1, =1 )wyw, = M,;
vavy +( =1)w,w, = My;

W, + (1, = Lww, =M,

For the dipole model of the Earth’'s magnetic field, the vector of induction of the

Earth’'s magnetic field in the orbital coordinate system is
B=[B, B, B, | =ha,

Me.
r3

where h=—2, p, = 7,812-10k 3.k -s~2.A"'- the earth’s magnetism; r=7000

km - distance from the center of the Earth to the satellite a=[cosusini cosi —2sinusini]';

u - the breadth argument; i = 98°- orbit inclination angle.

The magnetic moment of the coils will be formed in the form
—k W X sz
[Bsl
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where k - coefficient; w - vector of measured angular velocities of the satellite;

B, = RB - the vector of induction of the Earth’'s magnetic field in the coordinate system

associated with the satellite; R- is a matrix of guide cosines for the transition from the
orbital coordinate system to the coordinate system associated with the satellite.

The matrix of guide cosines R is sought as a solution to Poisson’s equation

R=-RW
where
0 —-w, w,
W={w, 0 -w,|.
-wy, w, 0
The torque flown by the coils is equal to
M =mxB,

2.3 Theoretical analysis of satellite motion in the initial stabilization mode

There are various methods of stabilizing the position in space, some passive and
determined by the physical characteristics of the satellite, and some active, such as
stabilization by magnetic coils and torque flywheel.

Passive stabilization methods

The passive methods chosen for the calculation are: gravity gradient, rotational
stabilization, and passive magnets.

A common property of passive stabilization is that the satellite can be stabilized in only
two axes.

Gravity gradient uses the Earth’s gravity to stabilize the satellite. A feature of this
type of stabilization is the location of the satellite’s center of gravity.

Stabilization by satellite rotation is constant when the satellite rotates around its
axis with a large moment of inertia. A passive magnet can stabilize the satellite due to
the Earth’'s magnetic fields, and the satellite’s motion will follow the magnetic fields.

Depending on the location of the center of gravity, the gravity gradient may not

have a stabilizing effect. For example, for CubeSat satellites (small satellites), the center
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of gravity should be no further than 2 cm from the center. This can be used to distribute
the moments of inertia in a way that makes the gravity gradient a stabilizing factor.

Rotational stabilization depends on the moments of inertia. Ideally, only the
tensor of the moments of inertia should have a value different from zero and this should
contribute to a more significant difference from each other. This will make it easier to
control the satellite, since the rotational moment (torque) applied along one axis will not
affect the other. In the design, the axis of rotation is defined, and the mass should be
distributed mainly on the other two axes. Any other arrangement will have a disturbing
rather than a stabilizing effect.

A passive magnet would align the satellite with the Earth’s magnetic field, but
this is undesirable for most performance purposes, as the satellite will eventually
become a point with sufficient poleward accuracy. Moreover, this will make it much
tougher to use a magnetometer to determine the spatial position, since the magnetic
fields of the passive magnets are much stronger than the Earth’s magnetic field and thus
can saturate magnetic sensors.

The effect of rotational stabilization is preferable to use, as it can provide passive
stability along the axis where the camera is placed. Usually, a rotational speed of 30-90
rpm is used to stabilize the satellite, but in order not to distort the image, the rotational
speed can be as low as 2-3 rpm, and there is practically no stabilizing effect.

Active stabilization methods

Active methods take into account stabilization with magnetic coils and a torque
flywheel. Active stabilization makes it possible to control three axes. Each actuator
(transducer) is effective on only one axis, so 3 independent transducers are needed for
3-axis control. In most cases, 3 types of transducers are used: magnetic torque coils
(magnetorquers), pulse (amount of motion) rotations, and reactive control system motor
(Jack, pusher).

A magnetic torque sensor is a coil of wire used to induce an electromagnetic
field. This field interacts with the Earth’s magnetic field to produce torque, allowing the

satellite to be stabilized and oriented.
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The torques produced are greatest when the magnetic torque sensor and the
Earth’'s magnetic field are parallel, and they have no effect when they are perpendicular.

Torqgue flywheel (amount of rotation motion)

The torque flywheel has unnecessary characteristics that do not carry information
regarding the magnetic field that needs to be controlled.

The stabilizing effect of the torque flywheel is similar to passive rotation
stabilization, however, it is possible to control the torque by the amount of rotation. The
torque value is limited, so it determines the need for reactive control motors (thruster) or
a torque sensor for compensating torque.

Double (coupled) rotation

Dual rotation stabilization is a modification of the passive rotation stabilization
mentioned above. In coupled (double) rotation, only part of the satellite rotates, as
opposed to passive rotation stabilization, where the whole satellite is rotating. Dual
rotation can be performed by either of the two parts of the satellite and can support the
rotation of the stationary payload platform or set the rotation momentum along an axis
that is stabilizing.

Basic principles of magnetic stabilization

As a result of the interaction between the magnetic fields of the planet and the
spacecraft, an external moment arises, which is used to control the angular position of
the satellite. Both active and passive control systems can be used. In active systems, the

actuating elements are electromagnets, and in passive systems - permanent magnets.
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Figure 2.1 Satellite orientation along magnetic field lines.

Passive stabilization of the satellite by the vector of the magnetic field strength of
the planet is very desirable for a number of scientific experiments. With the passive
method of control, a permanent magnet is rigidly attached to the body of the satellite
along the axis of symmetry. An artificial satellite with passive magnetic stabilization is
always oriented along magnetic field lines, so their magnetic dipole agrees with the
local direction of the magnetic field lines of the planet.

As the distance from the Earth’s surface increases, its magnetic field becomes
much weaker (in proportion to the cube of the distance from the Earth’s center). In first
approximation, it can be approximated quite accurately by the magnetic field of a dipole
whose axis passes through the center of the Earth and is deflected from its axis of
rotation to the plane of the Earth’s equator by a small constant angle. When obtaining
qualitative estimates, it can be assumed that the dipole axis and the Earth’s rotation axis
practically coincide. This assumption is accurate enough to consider the passive
magnetic stabilization system of the satellite.

The force lines of such a dipole have the shape shown in Figure 2.1. If the Earth’s
axis 1 lies in the plane of orbit 4, then satellite 2, tracing the direction of the magnetic
field force lines 3, makes two complete rotations around its axis in one revolution.

The moment arising from the interaction between the Earth’s magnetic field and a

magnetic rod that has a magnetic dipole moment L, is defined by the equation
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M =LxH, where H- the strength of the Earth’s magnetic field. The modulus of the
moment vector is M = LH sins , where s - angle between the axis of the magnetic rod
and the magnetic field vector of the Earth. The magnetic dipole moment of a
ferromagnetic rod is equal to the product of the induction and the volume of the rod: V:

L =BV . If the rod is a permanent magnet, its induction is approximately constant B, and

the momentum arising from the interaction between the permanent magnet and the

magnetic field of the Earth is M = HVB, sins . This moment is used as a restoring moment

for passive stabilization of the satellite position. The permanent magnet tends to align its
axis with the local direction of the Earth’s magnetic field strength.

When tracking the symmetry axis of the satellite, the angular velocity of the
Earth’s magnetic field strength vector does not remain constant. Therefore, if it is
necessary to orient the satellite precisely along the force lines and to have satisfactory
transients, it is necessary to calculate the passive magnetic stabilization system taking
into account not only the moments arising due to deflection from the force lines, but
also the moments that depend on deflection derivatives, i.e. damping moments due to
the nonuniformity of Earth magnetic field strength vector movement. The last fact is
very important because satellites have practically no natural damping. Damping can be
obtained by using hysteresis energy losses in special ferromagnetic rods.

In passive magnetic stabilization systems, the damping of angular oscillations of
the satellite is carried out mainly by using hysteresis re-magnetization in rods made of

special magnetic materials with high magnetic permeability.

Figure 2.2 Approximation of the hysteresis loop.
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Their action is based on the fact that the satellite oscillations are reduced as a
result of energy losses on hysteresis. The energy loss is proportional to the area inside
the closed hysteresis magnetization curve B = f(H) (Figure 2.2). Since the hysteresis
characteristic is ambiguous, it is difficult to write down an analytical expression for
the exact time dependence of damped oscillations. The presence of hysteresis damping
in combination with damping due to eddy currents was confirmed by tests on a
number of artificial satellites of the Earth.

The hysteresis energy loss is maximal when the magnetizing force is both
positive and negative at its highest values. Therefore, the vibration damping will be
most effective if the rod with high magnetic permeability is oriented perpendicular to
the lines of force, which also means it is perpendicular to the permanent magnet axis.
The energy of the hysteresis losses depends on the value of the maximum field
strength, the material, the geometric dimensions of the rods, their location relative to
each other, the magnetic permeability of the rods and, finally, on the magnetic fields
generated by the various devices inside the satellite. The rods should be arranged in
such a way that they produce high hysteresis losses, which are maximum possible
when moving in the geomagnetic field. On the other hand, they should create a
minimum of magnetic disturbances inside the satellite.

Controllability of a magnetically actuated satellite

A magnetically actuated satellite has a limitation in control, since such a satellite
can only be controlled on two axes simultaneously. This is because of the torque
produced by the interaction between the Earth’s geomagnetic field and the magnetic
field of the magnetic torque sensors. The torque produced is always perpendicular to
the geomagnetic field. Thus, one axis will always be parallel to the geomagnetic field,
and therefore not controllable.

The geomagnetic field changes orientation when the satellite changes its position
in orbit. This field interacts with the Earth’s magnetic field, generating torque to

reorient the satellite. The torques produced are greatest when the magnetic torque
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sensor and the Earth’s magnetic field are parallel, and they have no effect when they are
perpendicular.

In general, the instruments used on board as sensors for the attitude
determination system can be divided into two classes - position sensors and inertial
angular velocity sensors.

At present, it is inexpedient to use inertial sensors in their pure form for the
orientation determination system of a small spacecraft. Analysis of the literature shows
that in classical orientation determination systems, inertial sensors are supplemented by
position sensors, making measurements every in their spectrum of angular velocity
changes.

Position sensors measure the direction of the reference direction or its (direction)
projection on the axes of the associated coordinate system. An example of the former is
a sun sensor, an example of the latter is a magnetometer measuring three components
of the magnetic induction vector. At least two independently measured vectors are
required to determine the orientation of the three axes.

Main sources of position sensor errors:

e OWN measurement errors;
e errors of models describing the required reference direction

In this sense, the star chamber is the most accurate meter, because it uses a CCD
with a sufficiently high resolution, and the position of stars is also known with a very
high accuracy. The positions of the Sun and the Earth are known with worse accuracy
(the accuracy of the model calculating the Sun’s position is 0.006 deg).

The solar sensor includes photosensitive elements that measure one or two
angles of sunlight incidence on the surface of the cells. The signal is then digitized via
an ADC and output to an onboard computer.

Solar sensors are reliable and simple in construction, but require an open field of
view, and in addition, they are of little use in the shade. For example, in one of the
literature sources the error of determining the position of the Sun by a solar sensor is in

the range of 0.005°r - 4°r, and the Czech slot sensors of the Sun, offered in their time,
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had an error of 0.2°r. In general the accuracy achievable with them may change with
time as a function of many parameters, e.g. relative position of the Earth and the Sun,
etc.

Horizon sensors are infrared sensors that record the temperature contrast
between space and the Earth’s atmosphere. Some nadir-targeted satellites use wide-
angle sensors that cover the entire Earth in their field of view. Typical accuracy of
sensor measurements is from 0.1 to 0.25 degrees Celsius, and in some cases can be
increased to 0.03 degrees Celsius.

The use of GPS receiver to determine the orientation of the spacecraft gives
accuracy of orientation of the order of 0.5...1 degree for spacecraft with geometric
dimensions less than 1 m.

Magnetometers are simple and reliable sensors. However, their use is limited to
areas where the direction of the magnetic induction vector is known with high
accuracy.

Sources of errors of magnetometers are:

o field perturbations under the action of on-board electronics;

e errors of the magnetic field model;

e magnetic field perturbations associated, for example, with currents in the
ionosphere.

2.4 Conclusion

Theoretically examined the motion and stabilization of the satellite, including the
analysis of the behavior of the satellite as a solid, the development of mathematical
models that include the control system, and the analysis of the satellite during initial
stabilization. With this knowledge, we can effectively build the control system and

initial stabilization for the satellite.
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CHAPTER 3. Simulation of the movement of the satellite in the mode of initial
stabilization

3.1 General characteristics of the computer model

Let's look at some of the advantages and disadvantages of creating computer
models.

First of all, when creating such a model, we have the opportunity to simulate
complex systems and phenomena, which help us understand how they work and predict
their behavior in different situations. This is especially useful for engineers.

Second, conducting physical experiments or observations in the real world can be
time-consuming, expensive, or even impossible in certain situations. Computer models
offer a cost-effective alternative because they allow researchers to virtually simulate
experiments and scenarios, reducing the need for physical resources.

Third, computer models can be easily modified and adjusted to explore different
parameters, conditions, or assumptions. This flexibility allows researchers to explore a
wide range of possibilities and conduct virtual experiments that would be difficult or
impractical to replicate in the real world.

Fourth, modeling a system or process on a computer can be much faster than
waiting for real-time events to occur. Models can provide results and insights quickly,
allowing researchers to iterate, refine, and optimize their approaches more quickly.

Fifth, computer models allow researchers to assess potential risks and their
consequences before implementing solutions or making important decisions. For
example, in engineering, models can help identify potential flaws or weaknesses in a
design before physical prototypes are created.

Despite their many advantages, computer models also have certain limitations
and drawbacks.

First of all, models require simplifications and assumptions to reflect complex
real-
world phenomena. These simplifications can lead to inaccuracies or limitations in the
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model’s predictions, potentially resulting in less accurate or incomplete results.

Second, developing accurate models often depends on high-quality data for
calibration and validation. Obtaining complete and reliable data can be difficult or
expensive, limiting the accuracy and scope of the model.

Third, building and using computer models can be a complex process and require
knowledge of mathematics, programming, and industry-specific expertise. Adequate
knowledge and experience are necessary to create reliable models and correctly
interpret their results.

Fourth, ensuring the accuracy and reliability of computer models can be
challenging. Models must be thoroughly tested and validated with real data and
experiments to establish their reliability.

Now let's look at our computer model built with Simulink.
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Figure 3.1 Main simulink model.
Let's analyze our computer model in more detail. We can distinguish 4 main
blocks:
1. Satellite - our satellite system.
2. Calculator - the satellite control system.
3. Earth - the earth’s magnetic field system.

4. data — block with initial data in our system.
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After processing the data from the satellite’s sensors, they are sent to the Calculator,
which calculates the forces required to stabilize the satellite. After that, the data from
the Calculator and Earth blocks create a torque, which is then sent to the satellite.

This system does not use a standard block but rather an Embedded MATLAB
Function. When you can use this block:

e You have an existing MATLAB function that models custom functionality, or it

IS easy for you to create such a function.
e Your model requires custom functionality that is not or cannot be captured in the
Simulink graphical language.

e You find it easier to model custom functionality by using a MATLAB function

than by using a Simulink block diagram.

e The custom functionality that you want to model does not include continuous or

discrete dynamic states. To model dynamic states, use S-functions.

For my model, | used it to store initial values. This is very convenient in that you do
not need to constantly use two files (Simulink model and Matlab file). This system is
built in such a way that for different situations you do not need to change the system
itself and the values in the blocks, just change them in the data block and paste them
into the Command window.

3.2 Implementation of separate blocks and systems

Let's take a closer look at the structure of the main systems.

The satellite system is shown in Figure 2. We have constant values that are set in
the data block. This is all processed by the function, and we get oscillations as an

output.
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3.3 Simulation of the movement of the satellite
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If you increase the variable k in the data block, the satellite will fade faster, and
vice versa, if you decrease this parameter, the satellite will stabilize longer.
For example, k = 4e-4;
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Figure 3.18 Angular velocities for k = 4e-4
We can clearly see that our satellite has stabilized faster.
3.4 Conclusion
In this section, we developed a computer model to simulate the satellite’s motion
at the initial stabilization stage. We showed an example of the model, its main blocks
and formulas. We have successfully simulated the initial stabilization taking into

account the Earth’s magnetic field. The angular velocities of the satellite during initial
stabilization are given.
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