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The object of this study is the process
of deorbiting the KazEOSat-1 spacecraft,
which has completed its active service life
in low Earth orbit. The main problem is the
lack of an effective technique to deorbit
KazEOSat-1, taking into account its tech-
nical characteristics, orbital parameters,
and the need to minimize risks to the envi-
ronment and other objects in orbit.

As part of the work, a software model
was built that takes into account the initial
orbital parameters of the device, which are
essential for planning and performing deor-
biting maneuvers. The model is designed to
accurately calculate the descent trajecto-
1y, taking into account the laws of celestial
mechanics and the influence of atmospheric
conditions. The optimal deorbiting strategy
was selected based on an analysis of vari-
ous methods for calculating orbital maneu-
vers aimed at reducing fuel consumption
and minimizing environmental risks. This
included a comparative analysis of exist-
ing approaches and the selection of the
most suitable ones under the given mission
parameters.

The results of the simulation using pre-
cise modeling methods in the MATLAB soft-
ware environment allowed us to determine
the main deorbiting parameters, such as
the altitude at which the maneuvers begin,
the required velocity impulses, the total fuel
consumption, and the expected time before
entering the dense layers of the atmo-
sphere. Based on the obtained data, prac-
tical recommendations were formulated for
the KazEOSat-1 deorbit. The first stage,
the active controlled deorbit, is carried
out by operating the low-thrust engine and
braking by the Earth’s atmosphere, allow-
ing the spacecraft to descend from 758 km
to 444 kmin 2.5 days. The second stage, the
passive uncontrolled deorbit, continues the
descent to 103 km in 969 days, using only
atmospheric braking. The third stage, the
uncontrolled drop, begins after reaching
103 km and ends with a drop to the Earth
in 834 seconds
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1. Introduction

Kazakhstani remote sensing satellite (RSS) was launched on

Kazakhstan is actively developing its space technologies
and aims to significantly expand its presence in the global
space services market by 2030 [1]. The first high-resolution

April 30, 2014, and the second medium-resolution satellite,
KazEOSat-2, was launched on June 20, 2014. To date, the ini-
tial estimated service life of both satellites has come to an end,
and work is currently underway to extend their operational




activity. However, despite the successful extension of their
operational activity, there will come a time when it will be
necessary to dispose of them in accordance with international
standards for reducing space debris and protecting space
infrastructure [2]. Therefore, the need to devise a deorbit
strategy is becoming increasingly important. This is due not
only to the need to comply with international norms and stan-
dards for reducing space debris but also to the requirements
for maintaining sustainable space activities. Spacecraft (SC)
completing their missions must be deorbited in a manner
that minimizes risks to operational satellites and avoids the
creation of additional debris. This need is also exacerbated
by the upcoming launch of a new remote sensing satellite,
KazEOSat-MR, planned for the coming years, which will also
require the development of a decommissioning strategy upon
completion of its mission.

Currently, developed space nations use a variety of ap-
proaches to the disposal of spent spacecraft and other objects.
For example:

— NASA (National Aeronautics and Space Administra-
tion) actively uses final orbit programming, especially for
launching spacecraft into so-called disposal orbits or burning
them up in the Earth’s atmosphere. NASA is also testing
robotic systems such as RRM (Robotic Refueling Mission),
which can not only refuel satellites but also participate in
their disposal in the future.

— ESA (European Space Agency) adheres to strict mis-
sion completion standards, including the transfer of space-
craft into disposal orbits or their controlled deorbit. ESA
has developed projects such as Clear Space-1, the purpose of
which is to capture and dispose of space debris using specially
designed spacecraft.

— JAXA (The Japan Aerospace Exploration Agency) also
uses final orbit programming methods for its space missions,
ensuring that spent spacecraft do not pose a risk to other
satellites and missions. The use of a solar sail in the Japanese
IKAROS project is an example of the successful use of a solar
sail, demonstrating the promise of the technology for a wide
range of applications, including potential use in spacecraft
control and deorbiting. However, its use in deorbiting re-
quires further research.

— CNSA (China National Space Administration), like
other major space agencies, uses methods in which satellites,
after completing their active service phase, are placed into a so-
called graveyard orbit, or directly burned up in the Earth’s
atmosphere. However, for large missions, such as Beidou satel-
lites or Tiangong station modules, CNSA devises strategies
for controlled deorbiting or transfer to safe orbits in order to
minimize risks to other space objects.

However, for Kazakhstan, which is striving to expand its
presence in the global space services market, devising its own
method for disposing of space debris is critically important.
This will not only allow it to comply with international
standards but also contribute to the sustainable development
of the national space program, minimize risks to space infra-
structure, and maintain environmental safety in orbit.

The problem addressed in this paper is the lack of an
effective deorbit strategy for the KazEOSat-1 spacecraft,
which is nearing the end of its active life, so the goal is to
devise a deorbit method taking into account the technical
characteristics of the said spacecraft, taking into account
the minimization of fuel costs and the reduction of risks of
damage to surrounding objects in orbit, as well as reducing
the negative impact on the environment. This includes the

selection of suitable methods for calculating orbital ma-
neuvers, developing a software model for simulating orbital
parameters, and adapting them to real spaceflight conditions.
Therefore, research on devising a deorbit method for
KazEOSat-1, KazEOSat-2 and the upcoming KazEOSat-MR
satellites is a strategically important task for the national
space program of Kazakhstan, the success of which deter-
mines the long-term and sustainable use of outer space.

2. Literature review and problem statement

The issue of deorbiting spacecraft that have completed
their active service life remains one of the main tasks of the
modern space industry. The gradual increase in the number of
objects in Earth orbit leads to an increased risk of collisions
and the formation of space debris, which threatens the safety of
future space missions. Devising effective deorbiting methods
that allow for the control over the deorbiting process, minimiz-
ing costs and risks, is becoming increasingly important.

Today, special attention is paid to aerodynamic methods
of spacecraft deorbiting, which use atmospheric drag to slow
them down and then deorbit them. One of the most well-
known approaches is the use of membrane sails. Such struc-
tures increase the area of the spacecraft, which accelerates its
deorbiting due to increased interaction with the atmosphere.
However, despite the effectiveness of this method, there are
still unresolved issues related to maintaining a stable position
of the spacecraft. External cosmic factors, such as solar radia-
tion and gravitational disturbances, significantly complicate
control over spacecraft orientation, which requires additional
research to improve the reliability of such systems [3]. Ano-
ther option is square sails with controlled rotation, which pro-
vide more precise control over the deorbiting process. Such
systems are especially effective for spacecraft with alarge
area relative to their mass, as they allow for a significant
reduction in descent time and make the process predictable.
However, the issue of optimizing control systems, which re-
main complex and expensive, remains unresolved. This is due
to the objective complexity of designing dynamic orientation
systems for square sails, as well as the insufficient concentra-
tion of research on simplifying such systems and reducing the
requirements for equipment calibration accuracy [4].

A model for analyzing the stability of a deorbiting system
using pyramidal sails is presented in [5]. This model takes
into account such parameters as the dimensions of the sup-
port elements and the opening angle of the structure, which
allows for the configuration to be optimized to ensure stable
orientation. However, the question of the influence of the
space environment on such systems remains open. This issue
remains unresolved due to objective difficulties in model-
ing external influences such as solar radiation and atomic
oxygen, as well as a limited number of orbital experiments.
In addition, the focus of most studies was on the geometric
optimization of the design, which led to insufficient con-
sideration of the influence of the external environment. An
innovative approach to deorbiting is the use of inflatable
spherical devices. They are characterized by simple design,
low energy consumption, and minimal mass, which makes
them especially attractive for use in low orbits [6]. Such sys-
tems effectively increase atmospheric drag, facilitating rapid
deorbit of the spacecraft. However, issues related to their
reliability remain unresolved. This is due, on the one hand, to
objective difficulties in designing damage-resistant materials,



and on the other hand, to the limited number of orbital tests
due to the high cost of such experiments.

Inflatable structures also increase the surface area of the
spacecraft, which increases atmospheric drag and facilitates
more efficient deorbiting. Studies such as [7] use Monte Carlo
simulations to estimate the effect of altitude on the flow dy-
namics around an inflatable deorbiter, allowing for accurate
modeling of the device’s behavior under various conditions.
However, issues related to the resistance of inflatable structures
to damage from micrometeorites and space debris, as well as the
reliability of their deployment in low-density atmospheric con-
ditions, remain unresolved. This may be due to the difficulty of
reproducing such conditions in experimental studies.

In [8], the effect of deorbiter geometry on thermal and dy-
namic characteristics is analyzed, which is critical for the design
of reliable deorbiting systems. However, issues related to the
selection of materials resistant to damage from micrometeorites
and space debris, as well as to modeling the interaction of the
deorbiter with high-speed flows in orbital conditions, remain
unresolved. This is due to the difficulty of reproducing space en-
vironment conditions in ground-based experiments and the limi-
tations of current computational modeling methods. Paper [9]
studies the effect of an electrodynamic tether (EDT) on the
reduction of the orbital altitude of satellites. It was found that
the EDT effectively creates Lorentz resistance, which allows for
a significant reduction in deorbit time without using fuel. How-
ever, issues related to the stability and controllability of the satel-
lite during tether operation remain unresolved. This is due to
the complexity of modeling ionospheric conditions, plasma den-
sity variability, and limitations of current computational models
of the Earth’s magnetic field. These limitations can be overcome
by building more accurate models of tether interaction with
the environment, which will allow for dynamic changes in the
ionosphere and geomagnetic conditions in real time.

In [10], the vulnerability of the tether to collisions with
space debris was assessed and it was demonstrated that they
can be used to bring a 24-kilogram satellite down from an
altitude of 600 km in less than 100 days. However, issues re-
lated to the optimization of the tether parameters, including
its length, material, and shape, which affect the efficiency of
interaction with the ionosphere and resistance to damage,
remain unresolved. The reason for these limitations is the in-
sufficient accuracy of the models describing the influence of
micrometeorites and space debris, as well as limited data on
the behavior of tether materials under real space conditions.
To resolve these issues, additional research is required to
design more reliable materials and refine the models of tether
interaction with the environment.

Based on the above review, it can be argued that existing
deorbitation methods are not always suitable for spacecraft
with specific characteristics. Therefore, devising our own
deorbitation method for the Kazakhstani remote sensing
satellite KazEOSat-1 is a relevant task due to several factors.
First of all, the proposed method will allow for a safe and con-
trolled descent of the KazEOSat-1 spacecraft without causing
damage to other space and ground objects. For this purpose,
the characteristics and fuel reserves of a specific spacecraft are
taken into account at each stage. Secondly, devising a national
deorbitation method contributes to the development of local
scientific and engineering competencies, strengthening the
country’s technological independence. In addition, it allows
for more accurate compliance with international safety and
space debris management standards [11, 12], optimized costs,
and better managed risks associated with the completion of

space missions. Thus, devising a proprietary deorbitation
method is an important step towards improving the safety and
efficiency of Kazakhstan’s space program.

3. The aim and objectives of the study

The objective of this study is to devise and experimental-
ly test a deorbit strategy for the KazEOSat-1 Earth remote
sensing (ERS) spacecraft. The proposed strategy is aimed at
minimizing fuel costs and the probability of collision with
other space objects. In addition, the study involves the cal-
culation of a safe drop zone for the residual elements of the
spacecraft on the Earth’s surface, while ensuring the longest
possible preservation of control over the spacecraft at the
final stage of its operation.

To achieve this goal, the following tasks were set:

— to analyze various methods for calculating orbital ma-
neuvers to minimize fuel costs and reduce the risk of damage,
as well as assess their applicability to KazEOSat-1;

— to develop an algorithm for a software model that takes
into account the initial orbital parameters of the Kazakhstani
ERS spacecraft KazEOSat-1, necessary for successful deor-
biting, and calculate its descent trajectory taking into account
the laws of celestial mechanics and atmospheric factors;

— using the model built, determine the main parameters
of deorbiting the Kazakhstani remote sensing spacecraft
KazEOSat-1, including altitude, velocity impulses, fuel con-
sumption, and time, to ensure the effective execution of deor-
biting maneuvers.

4. The study materials and methods

The object of our study is the deorbiting strategy for the
Kazakhstani KazEOSat-1 remote sensing spacecraft. The
study is aimed at devising approaches, methods, and tools
to ensure the implementation of the deorbiting process in
accordance with the strategy being developed. The main
hypothesis of the study assumes that the use of theoretical
and numerical methods for modeling orbital maneuvers in
combination with calculations in the MATLAB environment
makes it possible to effectively devise deorbiting strategies,
thereby ensuring the accuracy of calculations and compliance
with international safety requirements.

The following assumptions were accepted in the calcu-
lations.

The Keplerian orbital elements and TLE data fully cha-
racterize the motion of the spacecraft in a given orbit.

Atmospheric drag and other disturbing factors (for exam-
ple, gravitational disturbances from the Moon and the Sun)
can be taken into account in the calculations through stan-
dard models.

The formulas of classical mechanics and orbital dynamics
used adequately describe the processes of the spacecraft’s
motion in orbit.

To simplify the calculations, the following simplifications
were adopted:

— application of standard methods for TLE data process-
ing without taking into account possible errors in the data
transmitted from the spacecraft;

— consideration of the idealized spherical shape of the
Earth without taking into account geophysical characteris-
tics, such as gravitational field inhomogeneities;



— using MATLAB as the only tool for numerical modeling,
excluding additional environments for analysis, which allowed
us to concentrate on the development of individual scripts.

Deorbiting a spacecraft from orbit to Earth is a complex
process that requires significant professional efforts. One of
the main stages of strategy development is the construction
of a software module that provides modeling of various deor-
biting scenarios and makes it possible to choose the best op-
tion that takes into account potential difficulties and meets
the requirements of international standards.

Currently, many software tools and environments are
available for performing complex calculations. In this study,
the MATLAB environment, specially designed for complex
mathematical calculations, was chosen for modeling and
calculating the parameters of spacecraft deorbiting. In this
environment, scripts are created based on the formulas of
classical mechanics and orbital dynamics, which makes it
possible to obtain results in the form of numerical parameters
of deorbiting and corresponding plots.

The first stage of calculations is to determine the initial
altitude of the spacecraft in its working orbit at the moment
of deorbiting. For this purpose, a software module is used in
the form of a script that we developed in the MATLAB envi-
ronment, as well as TLE elements (two-line orbital elements)
obtained during the communication session of the satellite
with the ground control segment. The script is designed
to calculate the Keplerian orbital elements of the selected
spacecraft and their subsequent use in the deorbiting process.
The script’s operation includes loading a .txt file with TLE
data, reading and processing the lines of the source file to
determine the orbital elements, as well as outputting the cur-
rent location and graphical display of the spacecraft position
at the time of calculation, using orbital dynamics formulas.

Fig. 1 shows the MATLAB program interface, which dis-
plays all the elements of the working orbit of the spacecraft
at the time specified in the original TLE file. The interface
demonstrates the calculated data based on orbital dynamics
formulas, necessary for predicting the spacecraft’s motion. The
screen also displays the initial data on the Keplerian elements
used for calculations during the deorbiting of the spacecraft.

=) MATLAB R2020b

After determining the orbital altitude, we can begin model-
ing the process of deorbiting the spacecraft to Earth. It is im-
portant to consider how exactly the deorbiting of the spacecraft
occurs, which, as is known, is divided into two main stages: exo-
atmospheric and atmospheric. For a more complete understand-
ing of these stages, their detailed explanation is given below.

Fig. 2 shows conditional boundary of the atmosphere, di-
viding the deorbiting of the spacecraft into several stages. Up
to an altitude of 100 km, deorbiting is classified as exoatmo-
spheric; after crossing this boundary, the spacecraft enters the
atmospheric section of deorbiting. In addition to the condition-
al boundary, the figure shows the expected deorbiting trajecto-
ry and various parameters determined during the operation of
the script for modeling the deorbiting of the spacecraft.

Thus, the orbital velocity of the spacecraft at point C,
denoted as V,, is the velocity of the spacecraft at the start of
the maneuver to transition to the deorbit trajectory. After
performing the braking maneuver, the spacecraft reaches ve-
locity V,, which is less than the initial orbital velocity V, and
corresponds to the start of motion along the deorbit trajecto-
ry. At point B, where the spacecraft enters the dense layers of
the atmosphere, its velocity is denoted as V.

The radial component of the spacecraft velocity at the
moment of transition to the deorbit trajectory, denoted as u, is
the vertical component of the velocity relative to the center of
the Earth at point C. The change in the trajectory angle during
the transition from orbit to the deorbit trajectory, A8, shows
the change in the direction of motion of the spacecraft. The
angle 6., which is the angle between the direction of the veloci-
ty V. and the local horizon at point C, describes the inclination
of the spacecraft trajectory relative to the surface of the Earth.

The orbit of the spacecraft is inclined relative to the equa-
torial plane of the Earth by an angle y, which characterizes the
position of the orbit in space relative to the equator. The angle
of entry into the atmosphere at point B, denoted as 6,, describes
the inclination of the trajectory of the spacecraft relative to the
horizon at the moment of the beginning of the atmospheric
vault. The angle B reflects the position of the landing point
relative to the center of the Earth, and ¢ indicates the latitude
of this point on the surface of the Earth.
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Fig. 2. Spacecraft deorbit trajectory and conditional
atmospheric boundary

The radius of the Earth, denoted as R, is measured from
the center of the Earth to the surface at the landing site of
the spacecraft. The distance from the center of the Earth to
the spacecraft at point C is denoted as 7, and is the radius of
the spacecraft’s orbit at the moment of the start of deorbit-
ing. The height £, at point C shows the height of the orbit
above the Earth’s surface at the place where the maneuver
of transition to the vault trajectory begins. The end point of
the deorbiting trajectory is the landing point L, where the
spacecraft reaches the Earth’s surface.

The orbit of the artificial Earth satellite (AES) is the or-
bit along which the spacecraft moves before the start of the
deorbiting maneuver. Point C indicates the initial position
of the spacecraft at the start of the deorbiting maneuver, and
point B indicates the location of the spacecraft upon entry
into the dense layers of the atmosphere.

After clearly defining the boundaries of the deorbiting
stages and setting the initial altitude of the spacecraft, it
is necessary to proceed to calculations for the extra-atmo-
spheric portion of the deorbiting. This stage can be divided
into several parts depending on the characteristics of the
spacecraft. For example, deorbiting can be done gradually
using onboard DMT or structured into active and passive
phases. The latter option is determined by the amount of
fuel that provides the active descent of the apparatus in the
extra-atmospheric section.

After completing the calculations for the active descent
of the spacecraft, two scenarios are possible:

1) the spacecraft descends to an altitude at which it in-
tersects the dense layers of the atmosphere and continues its
descent to the Earth’s surface;

2) the spacecraft does not reach an orbit that is low enough,
and then it is necessary to calculate its passive descent, which
is carried out under the influence of atmospheric drag.

The scripts for the active and passive descent calculate
the time to reach the altitude at which the spacecraft will en-
ter the dense layers of the atmosphere for further descent to
Earth. Additionally, calculations are performed of the orbital
altitude, the period of revolution around the Earth, and the
number of revolutions made per day.

The last script developed for the calculations is designed
to simulate the deorbiting of the spacecraft in the dense
layers of the atmosphere. When, after passive descent, the
spacecraft orbit reaches the 100 km mark, the atmospheric

deorbiting stage begins. This script calculates such para-
meters as the change in speed, the angle of entry, and the
altitude of the orbit, completing the final stage of the space-
craft deorbiting. Below are the results of the calculations
performed for the deorbiting of the KazEOSat-1 spacecraft.
The specified theoretical and experimental methods of deor-
bitation calculations were selected due to their effectiveness
in solving the tasks set. These methods provide integrated
modeling of all stages of deorbitation of the Kazakhstani
spacecraft KazEOSat-1 — from initial orbit calculations to
final deorbitation in dense layers of the atmosphere, allowing
us to obtain the necessary parameters for safe and effective
completion of the mission.

5. Results of calculating the trajectory parameters using
the KazEOSat-1 deorbitation strategy

5. 1. Analysis of various orbital maneuver calculation
methods and evaluation of their applicability to KazEOSat-1

Deorbitation of the Kazakhstani KazEOSat-1 Earth re-
mote sensing spacecraft from orbit to Earth is a complex task
that requires taking into account many factors to ensure the
safety and efficiency of the operation. A proper deorbitation
strategy minimizes the risks of damage to the spacecraft, op-
timizes fuel consumption, and ensures precise achievement of
the specified landing point. The process of devising a deorbi-
tation strategy includes evaluating various orbital maneuver
methods, modeling motion parameters at each stage, and
optimizing the sequence of actions to achieve the best results.
This paper discusses approaches to constructing an optimal
deorbitation trajectory, including calculating the initial orbit
parameters, active and passive descent stages, and maneuvers
in dense layers of the atmosphere.

An important part of devising a deorbit strategy is choosing
the most effective method that minimizes risks and optimizes
the trajectory for safe descent of the spacecraft. Analysis of
known methods for calculating orbital maneuvers was con-
ducted. In addition to minimizing fuel costs and reducing the
risk of damage, such criteria as applicability to the Kazakhstani
spacecraft KazEOSat-1, ease of implementation, fuel costs, and
high calculation accuracy were also taken into account.

The Patched Conic Approximation method divides the
task into stages: movement around one body and transition
to another. The method was rejected because it is not effec-
tive for missions in a sun-synchronous orbit [13].

The Lambert method solves the problem of movement
between two points at a given time. It was rejected because
it has extremely high computational complexity and requires
taking into account disturbances [14]. This method is more
applicable to interorbital and interplanetary maneuvers.

The method using low-thrust engines [15] is applicable
for the extra-atmospheric part of deorbit. Optimization of
the deorbiting scheme and development of the deorbiting
strategy for the Kazakhstani KazEOSat-1 remote sensing
spacecraft begins with calculations for various deorbiting
options. The method involves increasing the orbital eccen-
tricity and reducing the perigee to the dense layers of the
atmosphere, which ensures the fastest deorbiting with mini-
mal fuel costs. In this method, the impulse is applied at the
apogee, where the speed is minimal, and the difference in
speeds for deorbiting is insignificant. However, this method
is not always applicable since a sharp change in altitude and
the elongation of the orbit increase the risk of damage to the



spacecraft. In addition, a significant difference in speeds can
lead to an unpredictable change in the spacecraft orbit, up to
an increase in altitude.

Among the methods considered, the Gohmann method
stands out in that it allows maintaining a circular orbit and
gradually reducing the altitude, which reduces the risk of
damage to the spacecraft. However, this method requires
significant fuel consumption. An alternative is continuous
operation of the engines, which ensures a smooth descent,
but requires even more resources due to the lack of passive
sections, which leads to continuous fuel combustion and can
lead to an undesirable change in orbit.

After comparing these methods, an optimal deorbit stra-
tegy was selected, combining elements of the Gohmann
method for reducing the spacecraft’s altitude in a transfer
orbit while maintaining a circular orbit and the method of
using impulses at perigee and apogee. This strategy minimizes
the risks of damage to the spacecraft, while maintaining a re-
latively low consumption of fuel and resources.

The bi-elliptical method (Bi-Elliptic Transfer) is a more
complex version of the Gohmann method using three impulses
to transition through a highly elliptical orbit. It is not appli-
cable in the strategy being devised due to the long time it takes
to perform maneuvers. The choice of the deorbiting method was
based on a comprehensive analysis of known approaches, taking
into account the specificity of the mission of the Kazakhstani
spacecraft KazEOSat-1. The main selection criteria were mini-
mizing fuel costs, reducing the risk of damage to the device,
ease of implementation, and high accuracy of calculations.
After comparing the Gohmann, bi-elliptic maneuver, Lambert,
and piecewise conical approximation methods, the strategy
combining elements of the Gohmann maneuver and impulses
at perigee and apogee was recognized as optimal, which ensures
a balance between safety and economic efficiency.

3. 2. Development of an algorithm for calculating and
modeling the initial orbital parameters of KazEOSat-1 for
subsequent deorbiting

Our study has developed an algorithm for cal-
culating and modeling the initial orbital parame-
ters of a spacecraft for deorbiting. Special feature
is the adaptation of approaches previously used
only for orbit correction to the tasks of deorbiting
a spacecraft, taking into account the technical cha-
racteristics of the spacecraft, orbit parameters,
environment, and fuel reserves. The development
of the algorithm is based on the adaptation of orbit
correction methods for deorbiting tasks, taking
into account the technical characteristics of the
spacecraft, orbit parameters, and external factors.
The algorithm includes the stages of calculating the
initial orbital parameters, optimizing the trajectory
using propulsion system impulses, and modeling
passive deorbiting under the action of aerodynamic
drag. It is based on numerical methods, integration
of telemetry data, and visualization of results.

The spacecraft (SC) deorbiting algorithm in-
cludes several stages, starting with orbit construc-
tion. First, TLE data is obtained from the space-
craft telemetry or open sources such as CelesTrak,
which are converted into ephemerides — coordi-
nates x, y, z, and velocities vy, v,, v,. Based on this
data, a predicted orbit of the device is constructed,
for example, for one orbit (~1.5 hours). For clarity,

There
is fuel on
board

a 3D model of the orbit is built indicating the initial reference
point, but this is not necessary for calculations.

After this, the active phase of deorbitation begins, during
which the working orbit is determined and the points of ap-
plication of the propulsion system impulses are calculated.
The first impulse changes the orbit parameters, and the se-
cond, applied at the opposite point, corrects it to maintain
a near-circular shape. This approach allows for effective
control of orbit changes. Maneuvers are performed on each
orbit until the fuel is completely consumed, which allows for
a consistent decrease in the orbital altitude. At this stage,
it is assumed that other objects in orbit are not taken into
account since the calculation is focused exclusively on the
spacecraft trajectory.

When the fuel runs out, the passive phase of deorbitation
begins. At this stage, the spacecraft continues to descend un-
der the action of the aerodynamic drag of the upper layers of
the atmosphere. Gradually, the orbit loses altitude until the
spacecraft enters the dense layers of the atmosphere.

The final stage is entry into the atmosphere, where brak-
ing, destruction, and combustion of the spacecraft occur due
to friction with the atmosphere. At this stage, the time of the
spacecraft’s descent and its interaction with the dense layers
of the atmosphere is calculated. The algorithm provides
a full cycle of deorbiting, starting with calculations of orbital
parameters and ending with safe completion of the mission.

Fig. 3 shows the algorithm for calculating and modeling
the initial orbital parameters in the form of a diagram.

To start the calculations, it is necessary to set the initial
data of the device, namely TLE, which are transmitted from
the spacecraft during its approach to the ground segment.
Such data contain information about the current position
of the device in orbit at the time of transmission. TLE can
be acquired from specialized electronic resources, at which
specialists in tracking space objects and space debris update
data daily in accordance with the established schedule of
information transmission.

Determination of the
satellite's operating orbit

v
The product of the
maneuver for the active
deorbitation of the
satellite

v

Determination of the final
orbit after the maneuver

v

Cheking the fuel usage
conditions

v

Passive satellite
deorbitation

No fuel on
the board

End

Fig. 3. Algorithm for calculating and modeling initial
orbital parameters



For remote sensing spacecraft flying over ground stations
approximately three times a day, the data is also updated with
the same frequency. The algorithm for obtaining this data in-
cludes the following steps: to obtain information about a spe-
cific spacecraft, you need to visit the Celestrak website, enter
its name in the search bar, and find the orbital parameters pre-
sented as two-line TLE elements. In this study, calculations
are carried out for the Kazakhstani spacecraft KazEOSat-1,
designed for remote sensing, the data for which are obtained
in a similar way, entering the name of the device, and extract-
ing the necessary orbital data. TLE KazEOSat-1 at the time
of September 30, 2024, 21:23:07 UTC:

KAZEOSAT 1:

139731U 14024A 24274.89106327 .00000983 00000+0
31265-3 0 9998.

239731 98.3873 349.5671 0001084 91.4249 268.7065
14.42027901548584.

Thus, based on the TLE data, the location of the space-
craft at the start of the deorbiting calculations is considered.
For this purpose, the MATLAB software was used in this
work. The algorithm for entering data into the program in-
cludes the following stages:

1. Obtaining TLE data and saving them in the computer’s
workspace.

2. Opening the MATLAB program and running the script
designed to determine the initial orbit of the spacecraft.

3. Using the saved file, the script is launched, provid-
ing the ability to select a TLE file previously saved on the
computer.

4. Obtaining the necessary data on the working orbit of
the spacecraft.

After executing the algorithm and working with the
script in the MATLAB environment, the data necessary for
further modeling of the deorbiting process were obtained.

When entering the TLE data of the elements for the
Kazakhstani KazEOSat-1 remote sensing spacecraft into
the MATLAB script, the results were acquired as of Septem-
ber 30, 2024, 21:23:07 UTC. The provided results present
the Keplerian orbital elements without taking into account
external disturbances. Based on these elements, using the
spacecraft orbital altitude, we calculate the spacecraft coor-
dinates in space along the x, y, z axes.

The results are entered into the first script to calculate
the spacecraft orbital altitude at the start of the modeling.
This parameter serves as a starting point for further calcula-
tion of the active dome of the spacecraft. Formula (1) is used
to determine the orbital altitude:

h= (e + () + () - 0

where x, y, z are the coordinates of the spacecraft relative to
the center of the Earth; R is the radius of the Earth.

According to the first script used to calculate the orbital
altitude based on formula (1), as well as in accordance with
the manual calculations, the initial altitude of the spacecraft
in its working orbit was 758 km. This result serves as the initial
parameter for further modeling of the spacecraft deorbiting.
Fig. 4, a shows visualization of the spacecraft’s working orbit
for one full revolution, indicating its position at the time of
the calculations. For a better visual representation of the
orbital parameters, Fig. 4, b shows an image of the orbit with-
out an image of the Earth.

KazEOSat-1 initial orbit
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Fig. 4. The working orbit of the spacecraft and its location
at the beginning of the calculation: a — with the image
of the Earth; b — without the image of the Earth

In Fig. 4, b, the blue line in the image shows the trajectory
of the spacecraft for one revolution around the Earth. The
initial point of the calculation is the current position of the
spacecraft on September 30, 2024, at 21:23:07 Coordinated
Universal Time (UTC), which serves as the starting point
for calculating the orbital parameters. The small blue circle in
the image indicates the initial location of the spacecraft at this
moment. When modeling the orbit, all the main parameters
and scales were carefully taken into account, which ensured
high reliability of the data. These calculations represent the
orbit of the spacecraft for one revolution, starting from the
specified time. However, it should be taken into account that
minor factors, such as gravitational disturbances and atmo-
spheric drag at low altitudes, can slightly change the orbit.
Their influence in this case, however, is not significant.

Thus, the presented orbit of the spacecraft for one revo-
lution around the Earth is the most accurate model built on
the basis of all the initial data. This calculation serves as the
basis for further modeling of the process of deorbiting the
spacecraft to the Earth since the precise determination of the
initial altitude and position of the spacecraft is an important
step in devising an optimal deorbiting strategy.

To further simplify the calculations of the spacecraft deorbit-
ing, we assume that its inclination remains unchanged (Ai=0),



and the transition between orbits is performed coplanarly.
A coplanar transition involves a transition from one orbit to
another without changing the inclination of the spacecraft.
Within the framework of this assumption, the spacecraft orbit
can be represented in a two-dimensional plane along the x
and y axes. This approach is applicable only in cases where
both orbits have the same inclination, which allows for effec-
tive modeling of transition maneuvers.

The first developed script calculates the active descent of
the KazEOSat-1 remote sensing spacecraft using the DMT
installed on board the spacecraft. The data taken for the cal-
culations are given in Table 1.

Table 1 give characteristics of the KazEOSat-1 spacecraft
taking into account the fuel supply on board.

The spacecraft is designed for remote sensing of the Earth.
It is located in a sun-synchronous low near-Earth orbit. The
orbit characteristics are given in Table 2. Table 3 gives charac-
teristics of DMT used in the KazEOSat-1 spacecraft:

Table 1
Characteristics of the KazEOSat-1 spacecraft
Characteristic Description
Dry mass of the spacecraft 747 kg
Mass of the spacecraft with fuel, initial 830 kg
Mass of fuel, initial 83 kg
Mass of th.e spacecraft with fuel at the time 814 kg
of calculations
Mass of_the spacecraft fuel at the time of 67 ke
calculations
Lifespan of active existence 7 years
Platform Leostar-500-XO
Dimensions of the spacecraft 2.10%x3.70 m
Power 1,200 W
Engine on board IN, one—con}ponent,
hydrazine.
Table 2
The orbit characteristics of KazEOSat-1 spacecraft
Spacecraft position 738x742 km
Orbital semi-major axis 750 km
Orbital inclination 98.5 degrees

Orbit classification Low near-Earth

Orbit type sun-synchronous
Table 3
1N engine characteristics

Characteristic Value
Nominal thrust 1N
Range of usable thrust 0.320-1.1 N
Nominal specific impulse 220's
Range of usable specific impulse 200-223's
Nominal mass fuel consumption 0.44 g/s
Range of usable mass fuel consumption 0.142—-0.447 g /s
Minimum portion impulse 0.01-0.043 N
Mass of engine with nozzle section 290 g
Fuel Hydrazine (N4Hy)
Amount on board the spacecraft 4 units
Angle between thrust and direction of motion 30 degrees

Formulas (2) to (9) are used to calculate the active descent.
However, since the spacecraft has a DMT, a sharp transi-
tion from one orbit to another is impossible; only a total tran-
sition with a gradual decrease in the orbital altitude is ne-
cessary. In this case, the formulas are transformed as follows:

Avlnzvankapiny (2)

where AVy, is the first velocity impulse during braking,
which is the difference between the velocities at the apogee
of the transfer orbit and the initial circular orbit of the n-th
order, m/s.

The second impulse for the transition from the transfer
orbit to the final one is determined as follows:

AVZn = Vkp2n - Vpn: (3)

where AV, is the second velocity impulse during braking,
which is the difference between the velocities at the perigee
of the transfer orbit and the final circular orbit of the n-th
order, m/s.

The total velocity impulse is determined by summing all
the applied impulses for deorbiting:

0

The mass required for transfer to the disposal orbit is deter-
mined by the parameters of the engine and the required impulse.
The mass of fuel for the first impulse is determined as follows:

av
mfzrnm-[i—elxx :|, )

where mgc is the mass of the spacecraft, e is the Euler number
equal to 2.7182818284, I,; is the specific impulse of the space-
craft in m/s, AV is the maneuver velocity impulse.

However, given that we take a fixed time of activation
of the propulsion system, the mass of the burned fuel can be
calculated as follows by modifying formula (5):

mf=m~At, (6)

where my is the mass of fuel, kg, m is the mass of fuel con-
sumed per 1 second of engine operation, At is the engine
operating time.

In this case, the velocity impulse is expressed by the fol-
lowing formula:

av=La
mg
where AV is the velocity change impulse, m/s; F is the
thrust produced by the engine during operation, N; myg is the
spacecraft mass taking into account fuel, kg; At is the engine
operating time, s.

However, it should be taken into account that the space-
craft has four engines located on the sides, with an angle o
between the direction of thrust and the movement of the
spacecraft.

Therefore, the spacecraft thrust will be as follows:

F=4-Fy-cosa, @)

where Fy is the nominal thrust of one engine, o is the angle
between the direction of thrust and the spacecraft’s motion.



We must also remember that we take into account the
Earth’s atmosphere as a factor influencing deorbiting, so we
must also add the braking force of the spacecraft against the
atmosphere:

2

F=C,8, %, ®)
where C,, is the spacecraft drag coefficient; Sy, is the space-
craft area from the frontal part during the drop; p is the densi-
ty of the atmosphere during the spacecraft drop; g is the acce-

leration of gravity equal to 9.81 m/s% Vs the spacecraft speed.
So, to determine the braking impulse:

AV:M.Aty )
mg

where AV is the velocity change impulse, m/s; F is the thrust
produced by the engine during operation, Fy is the spacecraft
braking force against the atmosphere, N; mg is the spacecraft
mass taking into account the fuel, kg; At is the engine ope-
rating time, s.

In this process, the spacecraft is deorbited due to the
braking impulses created by DMT, as well as due to the effect
of the Earth’s atmosphere.

A visual example of the deorbiting process is shown
in Fig. 5, where the initial orbit of the spacecraft is shown by
the red line. This is the same orbit as in Fig. 4, b, but here it is
shown as a two-dimensional diagram, which simplifies visua-
lization for coplanar orbits. The active portion of deorbiting,
implemented by turning on the engines and using fuel, is indi-
cated by the black line, which maintains a constant length on
the diagram since the pulse delivery time remains the same.
The passive portion of deorbiting, occurring between two
starts of the propulsion system, is shown by the green line;
here braking is performed exclusively due to the resistance of
the Earth’s atmosphere. The Earth’s radius is shown as a blue
line for better visual perception of the spacecraft deorbitation.

The diagram of the KazEOSat-1 remote sensing space-
craft deorbitation during the impulsive braking created by
DMT is shown in Fig. 5.

A significant decrease in the spacecraft orbital altitude
is achieved by braking maneuvers performed by DMT. The
main task in this process is to ensure a uniform descent and
maintain a circular orbit. For this purpose, two braking
impulses are used, each lasting 600 s, which are applied at
opposite points of the orbit, with a separation angle of 180°.
This distribution of impulses is explained by the need to re-
charge the engine before the next activation and is also the
optimal DMT operating mode for the KazEOSat-1 remote
sensing spacecraft.

KazEOSat-1 satellite active deorbit phase
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Fig. 5. Diagram of spacecraft deorbiting during impulsive
braking of DMT

Both impulses are performed during one revolution
around the Earth, and their combined effect leads to a de-
crease in the orbital altitude in one revolution. Our study
contains detailed data on the deorbitation process, but for ease
of analysis, the results were reduced to displaying changes in
the orbital altitude with a step of 50 km. This allows us to
highlight the main points of deorbitation and get a general
idea of the dynamics of the process. All the data obtained are
summarized in Table 4, which contains information on space-
craft deorbitation using DMT. As mentioned above, two
impulses are performed during one orbital revolution. The
first column of the table displays the current orbital altitude
of the spacecraft before each maneuver. With each maneuver
performed, the orbital altitude gradually decreases as the
spacecraft approaches the dense layers of the atmosphere.

The second column of Table 4 gives the remaining fuel
before each maneuver. Since fuel is required to operate the
engine, its amount decreases with each impulse.

The third column displays the duration of DMT operation
during each maneuver, which remains constant for all impul-
ses and takes into account the total time of engine operation
during maneuvers at the apogee and perigee of the orbit.

The fourth column of the table contains data on the
spacecraft velocity impulse that occurs during each maneuver.
Negative impulse values indicate a braking effect that reduces
the speed of the spacecraft and, accordingly, its altitude. With
each subsequent maneuver, the braking force increases, since,
despite the descent, the speed of the spacecraft increases,
requiring a more significant impulse for effective braking in
the atmosphere.

Table 4
Calculation of orbital altitude with active spacecraft descent

Initial orbit | Fuel weight at the beginning of | DU operating | Velocity im- Passive descent Orbital altitude after

altitude, m the maneuver, kg time, s pulse, m/s time, s the maneuver, m
758958 67 1,200 -5.3124 35,714 700,423
695376 54.32 1,200 -5.5149 29,424 651,494
650541 43.7728 1,200 -5.7206 29,118 602,423
597592 35.32 1,200 -5.930 28,812 553,207
545811 22.6506 1,200 -6.1436 28,506 503,840
495581 12.0975 1,200 —6.361 28,200 454,319
449103 1.5285 1,200 —-6.4049 5,003 444,396




The passive descent time is shown in the fifth column.
This period corresponds to the interval between maneuvers,
during which the spacecraft does not use the engine, and its
altitude gradually decreases under the influence of atmo-
spheric drag and gravity. As the orbital altitude decreases, the
speed of the craft increases, which reduces the duration of one
revolution and, accordingly, the time of the passive descent.

Finally, the last column of the table displays the orbital
altitude after the braking maneuvers. It follows from this
data that, even when the spacecraft’s fuel reserves are ex-
hausted, the craft has not yet reached the altitude from which
it could enter the dense layers of the atmosphere and burn up.
Therefore, further altitude decrease will be modeled using
the passive descent script, starting from the level of 444 km.

5. 3. Deorbitation parameters of the KazEOSat-1 remote
sensing spacecraft obtained as a result of calculations

The initial data included the orbital parameters for the
satellite as of September 30, 2024. Calculations of the orbital
altitude, the magnitude of the velocity impulses, the fuel con-
sumption, and the time required to effectively perform deor-
bitation maneuvers are considered.

The initial data for the calculations are the technical
characteristics of the spacecraft, including its orbital parame-
ters and the current fuel reserves on board. These parameters
serve as the basis for modeling orbital maneuvers, determin-
ing the points of application of impulses and constructing
a sequence of operations aimed at lowering the orbit to the
level of the dense layers of the atmosphere.

Fig. 6 shows a plot of the passive descent of the KazEOSat-1
remote sensing spacecraft, where the data from Table 4 are dis-
played along the time (in days) and orbital altitude (in meters)
axes. This plot clearly demonstrates the dynamics of the space-
craft’s descent, displaying the process of passive descent until
it enters the dense layers of the atmosphere. The plot shows
that the passive descent is carried out due to atmospheric
braking and lasts 969 days. The descent to a height of 250 km
is relatively smooth since the density of the atmosphere at this
level is still low. However, upon reaching a height of 250 km,
the rate of decrease increases significantly, which indicates an
increased density of the atmosphere at these levels.

The change in the height of the orbit over time
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Fig. 6. Change in the orbital altitude of the KazEOSat-1
spacecraft with passive descent

For a more complete understanding of the deorbiting pro-
cess, an additional plot (Fig. 7) is presented, showing the num-
ber of orbits performed by the KazEOSat-1 spacecraft during

the entire period of the descent, in the form of a circular dia-
gram. The plot, constructed along the X and Y axes, shows that
the spacecraft’s trajectory takes a spiral shape. This behavior is
due to the fact that atmospheric braking acts similarly to the
constant activation of the engine. However, due to the weak
braking effect, the speed of the spacecraft changes slowly,
which significantly increases the duration of deorbiting.

The black line on the diagram indicates the spiral trajec-
tory of deorbiting, and the radius of the Earth is highlighted
in blue for clarity. The dense arrangement of the orbits on the
diagram indicates a significant number of orbital orbits that
the spacecraft performed during its slow descent.

Projection of the orbit onto the XY plane
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Fig. 7. Passive descent of the spacecraft KazEOSat-1

However, as the KazEOSat-1 ERS spacecraft approaches
the Earth, its deorbiting accelerates and the change in orbital
altitude becomes more noticeable, which is reflected in the
increase in the density of the plot in Fig. 7 as it descends to-
ward the surface. Table 5 gives results of the passive dataset
of the spacecraft.

As in the previous case, a significant number of calcula-
tions were performed, and the amount of information was re-
duced to simplify the analysis, similar to Table 4. Table 5 gives
data for every 50 km of descent. Table 5 has four columns
representing the main parameters of the KazEOSat-1 ERS
spacecraft deorbiting.

Table 5

Calculation of the orbital altitude for the passive descent
of the KazEOSat-1 spacecraft

Descent Orbit Revolution Number

time, day altitude, m period, s of turns
0 444,396 5,596 15.43
548 393,988 5,535 15.61
787 343,976 5,474 15.78
891 293,967 5,533 15.96
937 243,984 5,352 16.14
957 193,915 5,292 16.32
965 143,798 5,231 16.51
969 103,306 5,183 16.67

The first column shows the deorbit time in days for each
50 km descent. As the spacecraft approaches the Earth, the
deorbit time decreases due to the increasing density of the
atmosphere, which has a braking effect on the spacecraft.



This process of orbital degradation under the influence of
natural factors is often mentioned in scientific literature and
in standards [2, 16, 17].

The second column shows the altitude of the spacecraft or-
bit at different stages of the deorbit with an interval of 50 km.
However, in the last row, the interval is not observed since the
spacecraft has reached an altitude of 100 km, from which it
begins to enter the dense layers of the atmosphere.

The third column shows the time required for one revo-
lution around the Earth. As the spacecraft approaches the
Earth, this time decreases, since the orbital altitude and,
consequently, the length of the revolution decrease.

The fourth column confirms this pattern, indicating the
number of revolutions that the spacecraft makes in one day.
The lower the orbit, the more revolutions the spacecraft makes
per day.

According to the data in Table 5, in 969 days the KazEOSat-1
remote sensing spacecraft will descend sufficiently to begin ac-
tive entry into the dense layers of the Earth’s atmosphere, and
the descent parameters will begin to change much faster. These
changes will be taken into account in subsequent calculations.

After determining the active phase and passive phase of
the descent in the extra-atmospheric section, the passive de-
scent phase follows upon entry into the Earth’s atmosphere.
This phase begins upon entry into the Karman line at an
altitude of about 100 km above the Earth’s surface.

Upon entry into the atmosphere, the change in the space-
craft’s velocity is calculated as follows:

2
Ve-c.8, 2V _gsing, (10)
2m
where
. pV? gcosH
0=-C, 5,2+ 9807 1
T T an

Here C,, and Cy, are the drag and lift coefficients of the
spacecraft; Sy is the area of the spacecraft from the front
during the drop, p is the density of the atmosphere during
the drop of the spacecraft, m is the mass of the spacecraft,
g is the acceleration due to gravity equal to 9.81 m/s% @ is the
angle of entry of the spacecraft into the atmosphere; R is the
average radius of the Earth equal to 6371 km; % is the chang-
ing altitude of the spacecraft orbit.

For a simpler solution to the problem, we shall assume
that the spacecraft has a lift force C,, equal to zero.

The change in the altitude of the spacecraft above the
Earth’s surface can be determined from the formula:

*h=Vsin6, (12)
where */ is the change in the altitude of the spacecraft orbit,
V is the velocity of the spacecraft during the drop, 6 is the
angle of entry of the spacecraft during the drop.

The change in the flight range of the spacecraft during
the drop is measured by the formula:

- VRcos6
R, +h’

(13)

where °L is the change in the flight range of the spacecraft,
Vis the speed of the spacecraft, R is the average radius of the
Earth, 4 is the altitude of the spacecraft.

Considering all:

cpV?
m 2

F=2B (14)

where p is the atmospheric density during the drop of the
spacecraft, V is the spacecraft speed, and ¢ is the spacecraft
ballistic coefficient.

When the spacecraft enters the atmosphere, its speed
begins to decrease, although up to this point, as the orbital
altitude decreased, it increased. This is due to the sharp in-
crease in atmospheric density. If at altitudes with low density,
braking was relatively slow, then at denser layers, the atmo-
sphere exerts significantly greater resistance on the appara-
tus, which slows it down both in altitude and speed, leading
to a gradual drop of the spacecraft to the Earth’s surface.

The angle of entry of the spacecraft into the atmosphere can
change from the initial value to 90°. This is due to the fact that
the spacecraft can enter the atmosphere at an angle to the hori-
zon or almost vertically, when its speed becomes low enough
that it stops counteracting the Earth’s gravity and atmospheric
resistance. In Fig. 8, it is clear that the spacecraft begins to
descend at an angle, but after about 350 seconds it switches to
an almost vertical drop. This indicates that at this stage the ap-
paratus can no longer resist gravity and forces similar to those
that affect falling objects on Earth begin to act on it.

It is believed that after the 350" second, only non-com-
bustible parts of the spacecraft remain in the atmosphere,
which can reach the Earth’s surface and drop.

Fig. 8 shows a plot of dependence of the spacecraft’s alti-
tude on its flight range. This plot shows that up to an altitude
of 30 km, the spacecraft’s descent occurs relatively smoothly,
after which there is a sharp transition to a virtually vertical
descent. The apparatus falls along an arcuate trajectory, which
allows its position to be determined at each moment in time.

5 X 10* The dependence of the spacecraft height on the drop range

Satellite high (m)

Drop range (m) «10°

Fig. 8. Dependence of the altitude of the KazEOSat-1
spacecraft on the flight range during the drop

The plot clearly demonstrates the position of the
KazEOSat-1 spacecraft along the X and Y axes, where the
altitude is indicated along the Y axis, and the flight range is
along the X axis. It is evident from Fig. 3 that the spacecraft
no longer moves in a circular orbit, but rather moves along
an arc-like trajectory, which gradually decreases toward the
lower boundary of the plot. This indicates that the appara-
tus is falling, losing altitude relative to the Earth’s surface.



Despite the obvious changes in the plot, Table 6 gives
a more detailed analysis, which reflects the main parameters
of the spacecraft’s descent. Table 6 gives data on the descent
time, changes in altitude and flight range, the angle of entry
into the atmosphere, and the density of the atmosphere for
a more visual representation of the process.

All parameters, except for the altitude and speed of the
spacecraft, increase. This is due to the fact that during the
drop, the angle of entry into the atmosphere increases, the
density of the atmosphere increases as it approaches
the Earth, and the flight range continues to increase, since
the count is conducted from the point of entry into the dense
layers of the atmosphere. The deorbit time is also increased
since it is calculated from the moment the spacecraft begins
to drop through the atmosphere. Table 6 contains six co-
lumns, each of which provides detailed information about the
spacecraft’s atmospheric deorbit process.

Table 6

Determining parameters of the spacecraft descent
in the atmosphere

De- Space-. Flight Desce_:nt Entrance Atmosphe-
scent | craft alti- velocity, | angle, ric density,
time,s | tude,m | ""8&™ m/s degree kg/m?

0 103,306 0 7,846 -1.54 0.0610°
100 71,967 | 509,169 | 7,464 -5.5 2.38-10*
200 33,803 | 788,796 949 -18.1 2.281072
300 15,991 | 806,496 134 -82.98 0.126
400 13,203 806,665 72 -89.99 0.267
500 9,026 806,665 54 -89.99 0.44
600 5,748 806,665 44 -89.99 0.65
700 3,031 806,665 37 -90 0.9
800 705 806,665 32 -90 1.18
834 0 806,665 30 -90 1.29

The first column of the table displays the time it took the
KazEOSat-1 remote sensing spacecraft to drop from the en-
try point to the Earth’s surface. As can be seen from the data,
it takes only 834 seconds for the spacecraft to pass through
the dense layers of the atmosphere.

The second column provides information on the change
in the altitude of the KazEOSat-1 remote sensing spacecraft
every 100 seconds of drop, starting from the altitude of entry
to the moment of landing.

The third column indicates the distance traveled from the
entry point to the atmosphere, which allows us to approxi-
mately calculate the location of the drop of the debris.

The fourth column shows the decrease in the speed of
the KazEOSat-1 remote sensing spacecraft during the drop,
which by the time of impact with the Earth is 30 m/s. Al-
though this is a fairly high figure, it is significantly lower than
the initial orbital speed of the spacecraft, equal to 7,846 m/s.

The fifth column displays the change in the angle of entry of
the KazEOSat-1 remote sensing spacecraft into the atmosphere.
While the entry angle was insignificant in the initial phase of the
descent, in the atmosphere it increases until the spacecraft or its
fragments reach the Earth’s surface. It is important to note that
the angle cannot exceed 90°. According to the data in Table 6,
the angle changes vary from —1.5 to —90°, which indicates the
transition of the apparatus to a vertical drop.

The last column is a parameter that affects the process
of spacecraft deorbiting, although it does not change during
the drop.

6. Discussion of results based on studying the deorbiting
of the KazEOSat-1 spacecraft

Our study has analyzed the world experience of deorbit-
ing spacecraft [4-10]. Large international space organiza-
tions such as NASA and ESA are actively developing stan-
dards and technologies for the planned set of devices [18, 19].

This study also defined the main approaches to the deor-
biting of the Kazakhstani spacecraft, taking into account
the parameters of the spacecraft and its orbit, as well as the
remaining fuel supply. Fig. 2 demonstrates the general ap-
proach to deorbiting the spacecraft, indicates the boundary
of the atmosphere, and specifies the parameters that must be
taken into account for planning the deorbiting. Table 1 gives
characteristics of the KazEOSat-1 spacecraft, taking into
account the fuel supply on board. The orbital characteris-
tics are in Table 2. Table 3 gives characteristics of the DMT
used in the KazEOSat-1 spacecraft. Based on these data,
deorbitation approaches for the KazEOSat-1 remote sensing
spacecraft were optimized, taking into account its technical
characteristics, orbit parameters, availability and parameters
of the engine and fuel. Taking into account the above charac-
teristics of the spacecraft, orbit and DMT, algorithms were
developed for calculating and modeling the initial orbital
parameters of the Kazakhstani KazEOSat-1 remote sensing
spacecraft, necessary for successful deorbitation, consisting
of three stages: active controlled descent, passive descent,
and uncontrolled drop.

Formulas (2) to (9) were used to calculate the active de-
scent. The necessary braking maneuvers performed by DMT
to ensure a uniform descent and maintain a circular orbit
were determined, and the time distribution between impulses
for recharging the engine was given.

Formulas (10) to (14) were applied in the algorithms for
modeling the descent after entering the atmosphere. The de-
pendence of the KazEOSat-1 spacecraft altitude on the flight
range during the drop is shown in Fig. 8.

As a result of our calculations, the main parameters for
the deorbiting of the Kazakhstani remote sensing spacecraft
KazEOSat-1 were obtained, which are given in the following
tables: Table 4 — parameters for the active descent of the space-
craft, Table 5 — for the passive descent of the spacecraft, and
Table 6 — parameters of the descent of the spacecraft in the at-
mosphere. Accordingly, Fig. 5 shows the plot of spacecraft deor-
biting during active descent using DMT, and Fig. 6,7 — plots
of spacecraft deorbitation with passive descent; the depen-
dence of the KazEOSat-1 spacecraft altitude on the flight
range during atmospheric drop is shown in Fig. 8.

Comparison of the proposed method with alternative
approaches, such as the use of membrane sails, revealed signi-
ficant advantages in the stability of spacecraft attitude control.
While traditional aerodynamic methods described in study [4]
are subject to the risks of loss of control due to the dynamic
effects of solar radiation and gravitational fields, our approach
provides improved control. This is confirmed by the data from
study [5], which emphasizes that minimizing external influ-
ences allows preventing uncontrolled spacecraft maneuvers,
providing a more predictable and safer deorbitation process.

To determine the main parameters for deorbiting the
Kazakhstani KazEOSat-1 remote sensing spacecraft, various
methods were used, which made it possible to accurately cal-
culate and model the initial orbital parameters of this space-
craft. Owing to the developed algorithms, it was possible
to achieve high accuracy in calculations and determine the



optimal conditions for each stage of deorbiting. The first
stage, active controlled descent, was carried out using a
propulsion system, allowing the spacecraft to descend from
758.95 km to 444.39 km in approximately 2.5 days (Table 4).
The second stage, passive descent, took place using atmo-
spheric braking from an altitude of 444.39 km to 103.31 km
and took 969 days (Table 5). The final stage, uncontrolled
drop, began after reaching an altitude of 103.31 km and lasted
only 834 seconds (Table 6). Analysis reveals that the strat-
egies devised for deorbiting the Kazakhstani KazEOSat-1
remote sensing spacecraft within the framework of this work
not only effectively solve the problem of safe deorbiting of this
spacecraft but also contribute to significant fuel savings. The
advantages of this deorbiting strategy include the accuracy
of maneuvers and the predictability of the final trajectory of
the debris drop, which is critical to reducing the likelihood
of collisions with other objects in orbit.

However, despite the effectiveness of the proposed me-
thods, there are limitations, such as insufficient fuel for a ful-
ly controlled descent and the influence of external factors,
which may require additional adjustments in the process
of deorbiting the Kazakhstani KazEOSat-1 remote sensing
spacecraft. Such factors require further study and can be
taken into account in future studies to refine the models and
algorithms for deorbiting control.

The strategy devised, adapted to the specific parameters
of the spacecraft and its orbit, can be successfully applied to
all future spacecraft of the country, including small devices
such as cube sats and their orbital groupings. The developed
algorithms allow taking into account the features of each
device and optimizing the deorbiting process depending on
its design and trajectory. Moreover, the software code deve-
loped provides the ability to assess the need to use an engine
to deorbit a specific device, which makes it possible to deter-
mine whether it will leave orbit naturally under the influence
of the atmosphere or whether active control will be required.

The devised approaches could be used:

— to reduce the risk of collisions in orbit;

— to ensure compliance with international requirements
for the reduction of space debris;

— to plan spacecraft missions at the final stages of their
operation;

— by the national operator of Kazakhstan in the field of
space activities, JSC NC Kazakhstan Gharysh Sapary, and
other national operators.

The conditions for applicability of the devised approaches
and developed algorithms are the availability of a fuel reserve
sufficient to perform the planned maneuvers and the avail-
ability of fresh and accurate data on the orbital parameters
and the state of the spacecraft.

The potential expected effect of using the devised strate-
gy is the deorbitation of the spacecraft, safe for the operation
of other devices in orbit, and compliance with international
standards in the space industry. Deorbitation of the space-
craft, in turn, helps reduce space debris. An indirect effect
is an increase in the competencies of local specialists in the
field of spacecraft control, the development and application
of modern deorbitation methods, and thereby reducing de-
pendence on foreign suppliers and technologies, as well as
creating a basis for further research. Thus, the devised stra-
tegy for the deorbitation of the Kazakhstani remote sensing
spacecraft KazEOSat-1 provides a basis for further improve-
ment of the processes for managing the end of operation of
spacecraft, contributing to ensuring space safety.

However, it is worth noting that the calculations did not
take into account such factors as maneuvering to avoid space
debris, residual fuel, atmospheric density during the drop of
the spacecraft, depending on the orbital altitude, the braking
force of the spacecraft against the atmosphere, minor devia-
tions due to natural factors. It is recommended to take these
factors into account during the actual test and to check with
the sensors after each maneuver. It should also be taken into
account that additional adjustments will increase the overall
time for the disposal of the spacecraft. The study of these
issues may become the subject of further research.

7. Conclusions

1. The inexpediency of using some methods, such as
the Patch-Conic or Lambert methods, for deorbiting the
KazEOSat-1 spacecraft has been substantiated. It was de-
termined that for the KazEOSAT-1 remote sensing space-
craft, operating in a low Earth sun-synchronous orbit and
having limited fuel reserves, the most suitable strategy is
a combination of methods. It includes active maneuvers at
the initial stage for rapid orbit reduction using the Hohmann
transfer orbit method, a sharp decrease in perigee, gradual
convergence using continuous engine operation, and passive
braking in the upper atmosphere. This approach minimizes
fuel consumption while maintaining control over the deor-
biting process. When implementing it, it is necessary to take
into account the technical limitations of the spacecraft and
the features of orbital dynamics to reduce risks and ensure
safety. It has been established that the use of the Hohmann
transfer orbit when choosing a strategy for deorbiting the
Kazakhstan remote sensing spacecraft ensures minimization
of fuel consumption and a decrease in the risk of damage.
A key step in devising a strategy is optimizing the trajectory
and sequence of maneuvers.

2. To successfully deorbit the Kazakhstani KazEOSat-1
remote sensing spacecraft, an algorithm was developed that
allows for the accurate calculation and modeling of the
initial orbital parameters. Determining these parameters al-
lowed us to build correct models for predicting the trajecto-
ry of the spacecraft and its interaction with the atmosphere.
The key innovation was the use of approaches adapted
for deorbiting spacecraft, which made it possible to take
into account technical characteristics, orbital parameters,
and fuel reserves. Based on TLE data and modeling in the
MATLAB environment, the initial orbital parameters nec-
essary for building an optimal deorbiting strategy were
determined. Algorithms were developed that include impul-
sive maneuvers of the propulsion system, ensuring a uniform
decrease in the altitude of the spacecraft and maintaining
a circular orbit. Based on these algorithms, a software code
was written that automates the calculations. Calculations
showed that the total period of disposal of the KazEOSat-1
spacecraft from LEO will be 971 days — 2 days of active
and 969 days of passive descent from the moment of the
first activation of DMT. The calculations did not take into
account such factors as maneuvering to avoid space debris,
residual fuel, and minor deviations due to natural factors.
It is recommended to take these factors into account during
the actual descent and to check with the sensors after each
maneuver. It should also be taken into account that addi-
tional adjustments will increase the overall time for the
disposal of the spacecraft.



3. Based on our calculations, the key parameters for deor-
biting the Kazakhstani ERS spacecraft KazEOSat-1 have
been determined. The study showed that effective deorbiting
maneuvers are possible under the following conditions:

— controlled descent of the Kazakhstani ERS spacecraft
KazEOSat-1 due to the operation of DMT and atmosphe-
ric braking from 758.95 km to 444.39 km, which will take
about 2.5 days;

— passive descent of the Kazakhstani ERS spacecraft
KazEOSat-1 from 444.39 km to 103.31 km, where braking
occurs due to the atmosphere and takes 969 days;

— uncontrolled drop and destruction of the Kazakhstani
ERS spacecraft KazEOSat-1 at an altitude below 103.31 km,
ending in 834 seconds.
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