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Abstract: One of the future challenges of increasing the harnessed solar power is efficiency using of CubeSat
sides. One of the approaches is using integrated antenna systems with solar panels or payloads. This study
proposes anew approach to the use of integrated antenna systems in remote sensing missions. In this approach,
due to the integration of antenna system with payload (in our case, with camera), it is possible to achieve a
significant increase in the power generation. Calculations are carried out for cases when the antenna system
are integrated with the optical system (a = 0°), which implies that they use one plane, in the second case they
are spaced at an angle of a = 90° and in the third case when they are directed to opposite sides (a =180°). In the
case of o =0° where the camera and antenna module are aligned co-axially, there is no energy expenditure for
CubeSat orientation. However, in the other two cases, energy is required for rotation and maintenance of the
specified orientation throughout the entire duration of the satellite's flight over the ground station, amounting
to 111.99 mW when o = 90° and 44.33 mW when a = 180°.

Keywords: CubeSat, Integrated antenna systems, Remote sensing, Attitude control, Energy Budget

1. Introduction

CubeSats have revolutionized space exploration and scientific research due to their low cost,
rapid development cycles, and increased accessibility [1, 2]. These factors have led to a surge in
CubeSat missions, enabling a wide range of applications across various scientific disciplines [3-6].
According to the World's largest database [7] from 2000 till the May of 2023, more than 2286 NanoSats
(2105 CubeSats among them), weighing less than 10kg, have been launched successfully in total.
Despite the high popularity and exponential growth in the number of launches of CubeSats, this
technology still has several limitations [8, 9]. A small satellite often has limited volume for the
installation of electronics, antennas, payload, and solar panels. More specifically, large-volume
antennas that generally have complex deployable systems are more likely to be excluded from a
CubeSat mission [9]. Another crucial component of CubeSat subsystems is the Power Supply
Subsystem (EPS), which plays a vital role in complex missions, including Earth observation missions.
In remote sensing missions, energy conservation becomes imperative due to the high data transfer
rates within the constraints of a limited energy budget. Hence, the challenges associated with energy
conservation represent a highly pertinent task in CubeSat technology. One of the challenges of
increasing the power generation is efficiency using of CubeSat sides. One of the approaches is using
integrated antenna systems with solar panels or payloads. By integrating antennas into the surface
area of the CubeSat, it becomes possible to simultaneously utilize the limited space for both
communication and power generation purposes [10-14]. This integration eliminates the need for
separate dedicated antenna structures, saving valuable space and reducing the overall size and
weight of the CubeSat. Previously, the authors of this study have proposed integrated patch antenna
[12] and spiral antenna [13] on the CubeSat, along with exploring various other integration options
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[14]. In these studies, we did not demonstrate the advantage of this new approach in terms of energy
budget optimization. In this paper we present a novel approach to the utilization of integrated
antenna systems for energy budget optimization in Earth observation missions.

2. Materials and Methods

The successful execution of Earth observation missions necessitates a high level of precision in
orienting the satellite towards the Earth's surface. Practical experience has shown that these
challenges can be addressed through the utilization of active and, in some cases, combined attitude
control systems, which have the capability to provide the required level of accuracy. At present, small
satellites widely employ gyroscopic systems as an active attitude control system [15]. These systems
manage the spacecraft's angular position by exchanging angular momentum between inertial
rotating masses and the spacecraft's body. The adjustment of the gyroscopic system's angular
momentum is achieved by regulating the rotation speed of the gyroscopes. Based on their operating
principles, gyroscopic systems can be categorized into relay, pulse, and linear gyroscopic systems
[15-19]. Well-established methods from control theory and optimal control, such as PID
(Proportional-Integral-Derivative), LOR (Linear Quadratic Regulator), PD (Proportional-Derivative),
P (Proportional), RLM (Robust Linear Models), and others, are employed for the analysis of
gyroscopic system dynamics [20-22]. These methods are valuable tools for studying and optimizing
the performance of gyroscopic systems. There are a number of research dedicated to gyroscopic
systems where they are examined from a similar perspective. In these studies, PD controllers are
commonly used as the control law, based on error and rate matching, with various methods of motion
specification. Quaternion representations are frequently encountered in these studies [13, 24]. In the
work [25], several parameterizations of motion relative to the center of mass are presented, along
with the corresponding control laws for each parameterization. Each set of parameters has its own
advantages and disadvantages, and the choice is typically driven by the specific objectives of the
mission. However, it is evident that the ultimate results achieved tend to be analogous regardless of
the chosen parameterization. The presented work focuses on specifying the orientation using a matrix
of direction cosines. An important aspect is the selection of the proportional and derivative (PD)
controller coefficients. Ultimately, these coefficients can affect parameters such as the turnaround
time, energy consumption, and more. In the current study, the criterion for selecting these parameters
is the speed of transient processes. In some works dedicated to gyroscopic system algorithms, the
question of parameter selection is either omitted [26], and only a few algorithm performance
examples are provided, or numerical methods are used to determine these parameters [27].

To assess the responsiveness of attitude control for the rotation of the spacecraft relative to the
position of the antenna-optical systems, dynamic Euler's equations were employed. These equations
can be expressed as follows:

]xxd)x _]xyd)y _]xzd)z + (]zz _]yy)wywz 'I']yz(wz2 - w;) + wx(]xywz _]xzwy)

-S'u,

_]xyd)x +]yy(‘:)y _]yzd)z + (lxx _]zz)(‘)xwz +]xz(w§ - wzz) + wy(]yzwx _]xywz)

=ZM, (1)

—Jxz Wy _]yzd)y + /0, + (]yy _]xx)wxwy +]xy(w)21 - (1),%)
+ wx(]xzwy _]yzwx) = Z Mz-
For deriving the system of equations (1), Euler angles (Figure 1) were utilized, along with

transition matrices from the spacecraft-fixed coordinate system OXYZ to the specified system Oxyz
in the form:

0 cosy siny
0 —siny cosy

1 0 0
Rlll = “,
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Figure 1. Euler angles used for constructing the mathematical model of spacecraft orientation.

The equations (1), concerning the principal moments of inertia, can be simplified through
linearization and rewritten in the following form:

Jxx®sx + (Jzz = Iyy )y, = Z My,
Jyywy + Usx = Jzz) 0w, = Z M,

]zz(bz + (]yy _]xx)wxwy = Z MZ' (3)

iy =P +ng,

@y, =0,

w, = ¢ - Tll[),
where n =./u/rd represents the mean motion, with u being the gravitational parameter and r,
representing the initial radius from the center of mass of the Earth. This parameter is crucial for
characterizing the average orbital motion of the spacecraft.
At the given altitude, the total torque about roll (M), pitch (My), and yaw (M:) axes includes a
perturbing gravitational torque [10], which can be expressed as follows:
M, = 3n2(jzz —]yy) cos 1 siny cos? O = 3n2(]ZZ —]yy)llJ,

M, = —=3n*(Jyx — J,,) cos P sin6 cos 0 = —=3n°(Jy, — J;,)0, )

M, = —3n*(J,y — Jxx) sinp sin 6 cos 6 = 0.

Taking into account the presence of gyroscopes, the change in the kinetic moment of the system
can be determined as follows:
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M=H=(H+wxH) (5)
where
3
__ yybody flywheel—1 flywheel—-2 flywheel—3 __ yybody flywheel—i
H=H;"" +H + Hg + Hg =H; +ZHG ,
i=1
Hg()dy ]bodyw Hflywheel i ]flywheel—im(i),m(i) =w + W(i),
(5a)
Jow 0 0 w0 oo
]body —lo ]yy 0 ’]flywheel—i =]o ](1) 0
0 0 Jx o o JP

here w — the spacecraft angular velocity, w® — relative angular velocity of the i — th flywheel to the
spacecraft.

Taking into account the relationships given in equation (5a), the system of equations (5) can be
rewritten as follows:

ld) + Hglywheels + o X (]w + Hélywheels) =M. (5b)

here
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Thus, taking into account equations (3)-(5), we obtain a system of linearized equations in the
following form'
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here A= ]xx+zl 1 J(C?'B ]yy+z 1]3(/2'6 ]zz+21 1Jzz -
Transforming equation (6) to second-order small terms and assuming the diagonal form of the
gyroscopes' inertia tensor, we obtain:
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AP — 4n2(C — B)Y + n(A + € — B)p = -] DD,
B +3n2(A - )0 = —|DWw?, )

Ch+n2(B—A)p+nB—-A4-Cp =—JDw,

where A = Ju + 13, B = Jyy + 33, C = oz + 157, ME = —J0W0, M5 = —Jhun®, Mg = 3w -
the control moments of the gyroscopes, which are aligned with the principal axes of inertia of the
spacecraft coinciding with the axes of the body-fixed coordinate system.

Let's consider the case of a CubeSat 3U form-factor nanosatellite. Assuming that with a uniform
distribution of the payload within the satellite's volume, we can approximate B = A. Then, from the

motion equations (7), we obtain:

A — 4n?(C — B)Y + nCd = -] Pw ),
BO +3n*(A - )0 = —JDWw, C)
Ch —nCy = =] W,

Let's assume that the control moment generated by the gyroscopes is determined according to a
linear law in the form of a PD controller:
Mg = k7 — ki,
Mj = —k36 — k$, )
Mg = ~kJp - kid.
To determine the unknown feedback coefficients, let's transform the system of equations (8) into
the following form:

X = AX + Bu, (10)
where u = —KX, X = [x4, ..., %] = [1,0, 0,9, 0, ]

X1 = X4y Xy = X5, X3 = X,

. ,C—B c M
X3 = 4n i xl—nzx6+7,
, C—4  MS
X, = 3n? B x2+?y,
M
te = nx, +
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 O 1
A=zt 8 0 000 —nS n
ol n (11)
C—-A
0 3n? 0 0 0
"B
0 0 n O 0
0 0 07
0 0 O
0 0 O
! 0 0
B=|4 . 12)
0 ! 0
B
0 0 !
i Cl

To determine the feedback coefficients k¥, k¢, k}, k%, k%, k¢ that are part of the coefficient
matrix K, we will derive them based on the minimization of a cost or performance functional:
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J= % f (XTQX + u"Ru)dt (13)

Certainly, the matrix K is determined as:
K 0o o k¥ 0o o0
K=-R'B'P=|0 Kk} 0 0 k¥ 0] (14)
0 0 kKX 0 0 K¢
where

R_

~ Mc
Mg, ax

-diag[1,1,1,1,1,1] (15)

The maximum control moment My, can also be incorporated as constraints within the
optimization problem, ensuring that the control inputs do not exceed safe operational limits. The
matrix P can be determined by solving the Riccati equation, which is a common approach in control
system design for optimal control.

ATP + PA—PBRIB'P + Q = 0, (16)
where
Q = AX - diag[1,1,1,1,1,1], (17)

the term AX represents the maximum allowable angular deviation from the desired angular position
during the orientation mode. It is essentially a tolerance or constraint on how far the spacecraft's
orientation can deviate from the desired or reference orientation.

KDY + ki Wy
P(t) = | kDO + k36 lwy]. (18)
k3 + k§p|

3. Results

In our case where the antenna module and camera of the CubeSat are integrated (a=0), there is
no energy expenditure for CubeSat orientation. This means that when antenna modules are aligned
or integrated such that they have the same orientation as the payload (in our case, camera), there is
no need to expend energy to control the orientation of the CubeSat. This configuration allows for
energy savings during certain operational modes when orientation control is not required.

The separation of the antenna and optical systems necessitates a transition from the data
acquisition mode to the data transmission mode. This transition indeed requires additional energy
expenditure. When the antenna and optical systems are separate or misaligned, switching between
these modes involves several energy-consuming processes, including reorienting the spacecraft,
configuring the communication systems, and potentially activating or deactivating certain
components. These energy costs should be considered in the overall energy budget and mission
planning for the CubeSat to ensure efficient operation and successful data acquisition and
transmission. To illustrate the advantages of our approach, we considered several cases of camera
and antenna module placement. In the first case, the camera and antenna module are positioned at a
90° angle to each other, meaning the angle between vectors a and k is o = 90° (Figure 2), where: a is
directed along the normal to the plane of the antenna module's base, k is directed along the axis of
symmetry of the camera module, « is the angle between vectors a and k (Figure 2, case (a) and (b)).
In this scenario, the orientation task involves aligning vector k with vector a.
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Figure 2. The case of placing the antenna module and camera at a 90° angle is further elaborated. In
case (a), the antenna system is offset to the left of the flywheel block and is labeled as “ot = 90°+”. In

contrast, in case (b), the antenna system is positioned directly above them and is denoted as “a =90°".

The second case, the antenna module and camera are positioned at a 180° angle to each other
(Figure 3 (b)). This configuration implies that the antenna module and camera are located directly
opposite each other with a complete reversal in orientation. For clarity, in Figure 3 (a), our proposed
approach is depicted where the antenna module and camera of the CubeSat are integrated.

Table 1. The moments of inertia, control coefficients and initial conditions.

Case a=0° 0=90+ a=90° o=180°
A, [g/mm?] 73964.5 14221 15637.1 14790
B, [g/mm?] 14777.5 14287.3 15733.4 14774.6
C,[g/mm?] 2293.8 2373.4 2497 2293.9
0.0000999
0.0000997
P 0.0001000
t 0.0316227766015894
0.0316227766025173
0.0316227766017297
0.0038442
0.0017169
o 0.0006774
‘ 0.0753520120475859
0.0439842149247116
0.0338389221154205
¢(t = 0), [mrad] _r
4
Y(t = 0), [mrad] s
3
0(t = 0), [mrad] T
6

The moments of inertia, control coefficients and initial conditions mentioned in the context of
solving equations (10) for the described cases are provided in Table 1.
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(a) (b)

Figure 3. The case where the antenna module and camera of the CubeSat are integrated (a) and case
where the antenna module and camera are placed at a 180° angle to each other (b).

When the spacecraft rotates about its own spin axis @, the fastest response and subsequent
stabilization with respect to the target direction occur when the antenna module and optical system
are positioned perpendicularly (a =90° and a = 90°+), as shown in Figure 4. Moreover, in the case of
a=90°, during the first spacecraft rotation, at the 5th second, the amplitude reaches -2.99 milliradians,
and then at the 25th second, it decreases to 0.28 milliradians, followed by stabilization until the second
rotation, where amplitude peaks of -2.85 milliradians are observed at the 201st second and 0.16
milliradians at the 223rd second of the flight, followed by further stabilization. Similarly, in the case
of a = 90°+, after the commencement of orientation, an amplitude of -0.78 milliradians is reached at
the 22nd second, followed by a peak of 0.03 milliradians at the 38th second of the flight, with a slight
dip observed at the 2.3 milliradians, followed by further stabilization until the second rotation.
During the second rotation of this scenario, amplitude peaks of -2.76 milliradians at the 205th second
and 0.13 milliradians at the 226th second are observed, followed by further stabilization. In the case
of a = 180°, after the commencement of orientation with an amplitude of -0.78 milliradians, the
following peak at 0.3 milliradians is observed at the 48th second, followed by stabilization until the
second spacecraft rotation. During the second rotation, several amplitude peaks are observed,
specifically, -7.56 milliradians at the 214th second, 2.7 milliradians at the 250th second, -0.96
milliradians at the 286th second, 0.35 milliradians at the 322nd second, and -0.12 milliradians at the
358th second, followed by further stabilization. These results indicate that the relative positioning of
the antenna module and optical system (a) has a significant impact not only on the time it takes to
achieve orientation but also on the amplitude and phase of the spacecraft's oscillations during the
orientation process. The energy consumption analysis provided according to (18) valuable insights
into the impact of different a orientations on energy usage during the CubeSat's mission. For a =90°+,
the energy consumption is 1.59 mW. In contrast, for o = 180°, the energy consumption increases to
6.31 mW, which is approximately 3.97 times higher than in the perpendicular case (o = 90°+). Indeed,
our analysis highlights a crucial point: in cases where the antenna module and optical system are
oriented perpendicularly (a = 90°+) or in opposite directions (a = 180°), additional rotations are
required when transitioning from the data acquisition mode to the data transmission mode. These
extra rotations can lead to increased energy consumption compared to the scenario where a = 0°, and
the camera and antenna are already aligned.
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Figure 4. The response of the CubeSat's control system when the spacecraft rotates about its own spin
axis, represented by the angle ¢.

The observations regarding the orientation response of the CubeSat relative to the nutation angle
0 provide valuable insights: In the case of a = 0° after the commencement of orientation, the
spacecraft stabilizes, and practically no other amplitude peaks are observed. This cannot be said for
the case of a = 90°, where after the commencement of orientation with an amplitude of 0.5
milliradians, further amplitude peaks are observed at the 31st second with an amplitude of 16.3
milliradians and the 149th second with an amplitude of -1.03 milliradians in the first rotation, as well
as at the 237th second with an amplitude of 22.7 milliradians, the 329th second with an amplitude of
-8.25 milliradians, the 422nd second with an amplitude of 3 milliradians, and the 525th second with
an amplitude of -1.09 milliradians in the second rotation, followed by stabilization. In the case of a =
90°+, after the commencement of orientation, stabilization occurs immediately until the second
rotation, where peaks of 21.27 milliradians at the 235th second, -7.31 milliradians at the 324th second,
2.51 milliradians at the 412th second, and -0.87 milliradians at the 501st second are observed, followed
by further stabilization. In the case of a = 180°, after the commencement of orientation, stabilization
occurs until the second rotation of the spacecraft, where an amplitude peak of 6.82 milliradians is
observed at the 213th second, followed by further stabilization. This means that the CubeSat can
achieve the desired nutation angle relatively quickly in this configuration. However, in the
perpendicular case, where the antenna module and optical system are oriented perpendicularly (o =
90°+), intense oscillations are observed over a considerably long-time interval, extending up to 650
seconds (Figure 5). This indicates that achieving and stabilizing the desired nutation angle in this
configuration takes significantly longer and involves persistent oscillations. The energy consumption
and amplitude peaks for different a configurations (a0 = 180°, a = 90°+, and ot = 90°) provide valuable
insights into the trade-offs between energy efficiency and nutation control performance: In the case
of o =180°, the lowest energy consumption is observed, amounting to 11.59 mW. This configuration
offers the most energy-efficient nutation control. For a = 90°+ and « = 90°, the energy consumption
values are significantly higher compared to the ot = 180° case.
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Figure 5. The response of the CubeSat's control system when the spacecraft rotates about the nutation
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Figure 6. The response of the CubeSat's control system when the spacecraft rotates about the
precession angle 1.

Specifically, they are approximately 4.5 times higher, with values of 52.7 mW and 57.9 mW,
respectively.
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The maximum amplitude peaks for nutation control are as follows: In the case of a = 0°, after the
commencement of spacecraft orientation, stabilization occurs without any other peaks observed. In
the case of ot =90°, following the initiation of orientation with an amplitude of 1.05 milliradians, peaks
are observed with amplitudes of 12.73 milliradians at the 14th second and -0.92 milliradians at the
65th second during the first rotation, followed by stabilization until the second rotation. In the second
rotation, an amplitude peak of 7.62 milliradians is observed at the 62nd second, followed by further
stabilization. In the case of a = 90°+, after the commencement of orientation, stabilization occurs until
the second rotation, where an amplitude peak of 7.8 milliradians is observed at the 209th second,
followed by further stabilization. In the case of & = 180°, a peak is also observed in the second rotation
at 7.08 milliradians at the 209th second.

The analysis of the response of the CubeSat's control system during precession () reveals
interesting insights: The relative orientation of the antenna module and optical system (o) doesn't
significantly impact the time and amplitude characteristics of the precession control. Time of
Precession: In both cases, a = 90°+ and a = 180°, the maximum amplitude peak for precession control
is reached at 11 seconds, with an amplitude of approximately 7.03 milliradians. Damping of
Oscillations: After reaching the maximum amplitude peak, the oscillations dampen relatively
quickly, and orientation towards { asymptotically approaches zero. Energy Consumption: In both
configurations (a = 90°+ and a = 180°), the energy consumption for precession control is 36.9 mW.
Antenna Module Position: When the antenna module is placed above the flywheel block, there is a
slight increase in amplitude, with a peak amplitude of 7.61 milliradians, still occurring at 11 seconds.

The analysis of energy consumption for orientation control in different o configurations (a =
90°+, a =90°, and a = 180°) yields important conclusions (Figure 7):

When a = 0°, the initial power consumption starts at 85 mW, drops to near-minimal levels by the
36th second of the flight, and increases to 13 mW and 10 mW at the 51st and 93rd seconds,
respectively, with a near-minimal value at the 73rd second. Subsequently, closer to the 140th second,
the power consumption rises to 2 mW, followed by stabilization at near-minimal levels.

In the case of a = 90°+, the power consumption starts at 158 mW, sharply decreases to 32 mW by
the 6th second, increases to 43 mW by the 29th second, drops to near-minimal levels closer to the 86th
second, and rises to 158 mW at the 200th second of the flight, followed by stabilization at near-
minimal levels. The total energy required for rotation and maintaining the desired orientation over
the entire duration of the mission when flying over the ground station is 100.73 mW.

For a = 90°, the power consumption starts at 85 mW, decreases, and stabilizes at near-minimal
levels by the 50th second of the flight. The energy consumption is slightly higher at 111.99 mW.

For the a = 180° configuration, the power consumption, starting at 158 mW, drops to near-
minimal levels by the 45th second, with slight increases to around 4 mW by the 50th and 92nd
seconds, reaching near-minimal levels between them at the 71st second. The power consumption
then stabilizes at a near-minimal level. In this case, the energy consumption of the flywheels is
significantly lower, totaling 44.33 mW. This represents a 2.27-fold reduction in energy consumption
compared to a = 90°+.
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Figure 7. The total energy required for rotation and maintaining the desired orientation of the
CubeSat.

4. Conclusions

This work aimed to investigate the advantages of aligning the camera and antenna module on
the CubeSat. The results show that this configuration provides the fastest response time and
orientation of the optical system with minimal amplitudes, which also leads to the lowest energy
consumption.

Key findings and conclusions from the study include:

Fastest Response in Roll (¢): The quickest response and subsequent stabilization relative to the
target direction are achieved in perpendicular orientations (a = 90° and a = 90°+), with orientation
occurring in 35 seconds.

Fastest Response in Nutation (0): The fastest orientation relative to the target direction is
observed at a = 180°, with orientation occurring in 85 seconds.

Precession (): The relative angular positioning of the antenna and optical systems does not
significantly affect orientation time and oscillation amplitudes. Orientation occurs in 11 seconds.

Energy Consumption: The total energy consumption for rotation and maintaining orientation
over the mission duration was evaluated for different o configurations. The results indicate that the
o =180° configuration has significantly lower energy consumption (44.33 mW) compared to a = 90°+
(100.73 mW) and a = 90° (111.99 mW). This represents a 2.27-fold reduction in energy consumption
compared to a = 90°+.

Overall, the study suggests that aligning the camera and antenna module in a co-axial
configuration (a = 180°) offers several advantages, including faster response times, minimal
oscillation amplitudes, and reduced energy consumption, making it a favorable choice for CubeSat
orientation control. The findings contribute valuable insights for mission planning and design
considerations.


https://doi.org/10.20944/preprints202311.0787.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 November 2023 doi:10.20944/preprints202311.0787.v1

13

Author Contributions: Conceptualization, A.T., B.K,, T.N., N.M,, S.0. and G.G.A.L; Investigation, G.G.A.L, A.S.
and N.M.; Resources: B.K., A.T.; Supervision: A.T. and B.K,; Validation, A.T.,, G.G.AL and A.S.; Writing —
original draft preparation, N.M., G.G.A.L, A.Z. and B.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research has been funded by the Science Committee of the Ministry of Science and Higher
Education of the Republic of Kazakhstan Grant No. AP09057984 “Development and creation of S and X-band
antennas for CubeSat nanosatellites of Earth remote sensing”.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors would like to thank all who have directly or indirectly provided assistance to
support this project.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  J.Bouwmeester, J. Guo, Survey of worldwide pico- and nanosatellite missions, distributions and subsystem
technology, Acta Astronautica, Volume 67, Issues 7-8, 2010, Pages 854-862, ISSN 0094-5765,
https://doi.org/10.1016/j.actaastro.2010.06.004.

2. N. Saeed, A. Elzanaty, H. Almorad, H. Dahrouj, T. Y. Al-Naffouri and M. -S. Alouini, "CubeSat
Communications: Recent Advances and Future Challenges," in IEEE Communications Surveys & Tutorials,
vol. 22, no. 3, pp. 1839-1862, third quarter 2020, doi: 10.1109/COMST.2020.2990499.

3. A. Poghosyan, A. Golkar, “CubeSat evolution: Analyzing CubeSat capabilities for conducting science
missions.” Progress in Aerospace Sciences, vol. 88, Pp- 59-83, 2017.
https://doi.org/10.1016/j.paerosci.2016.11.002.

4.  Ch. Cappelletti, D. Robson, “CubeSat missions and applications.” (2021). https://doi.org/10.1016/B978-0-12-
817884-3.00002-3

5. G. Benedetti, et al. “Interplanetary CubeSats for asteroid exploration: Mission analysis and design.” Acta
Astronautica, vol. 154, Pages 238-255, (2019). https://doi.org/10.1016/j.actaastro.2018.05.011

6. F.Davoli, C. Kourogiorgas, M. Marchese, A. Panagopoulos, and F. Patrone, “Small satellites and CubeSats:
Survey of structures, architectures, and protocols,” International Journal of Satellite Communications and
Networking, vol. 37, no. 4, pp. 343-359, 2018.

7. E. Kulu, Nanosats Database, 2022, Accessed on: May. 31, 2023, [Online] Available:
https://www.nanosats.eu/

8. Nagel GW, Novo EML de M, Kampel M. Nanosatellites applied to optical Earth observation: a review. Rev
Ambient Agua [Internet]. 2020;15(3): €2513. Available from: https://doi.org/10.4136/ambi-agua.2513

9. Liu S, Theoharis PL, Raad R, Tubbal F, Theoharis A, Iranmanesh S, Abulgasem S, Khan MUA, Matekovits
L. A Survey on CubeSat Missions and Their Antenna Designs. Electronics. 2022; 11(13):2021.
https://doi.org/10.3390/electronics11132021

10. D. Kim, M. Hwang, G. Kim, and S. Kim, ““Self-deployable circularly polarized phased Yagi—-Uda antenna
array using 3-D printing technology for CubeSat applications,” IEEE Antennas Wireless Propag. Lett., vol.
21, no. 11, pp. 2249-2253, Nov. 2022

11. T.R. Jones, ]J. P. Grey, and M. Daneshmand, ““Solar panel integrated circular polarized aperture-coupled
patch antenna for CubeSat applications,” IEEE Antennas Wireless Propag. Lett., vol. 17, no. 10, pp. 1895-1899,
Oct. 2018

12.  Meirambekuly N., Temirbayev A.A., Zhanabaev Z.Z., Karibayev B.A., Namazbayev T. A., Khaniyev B. A,,
Khaniyeva A. K. Dual-band optical imaging system-integrated patch antenna based on anisotropic fractal
for earth-observation CubeSats // Ain Shams Engineering Journal. -2022. -Vol. 13(2). -P. 1-10,
https://doi.org/10.1016/j.asej.2021.07.010

13. Meirambekuly N., Karibayev B.A., Namazbayev T., Ibrayev G.E., Orynbassar S.O., Ivanovich S.A,,
Temirbayev A.A. A High Gain Deployable L/S Band Conical Helix Antenna Integrated with Optical System
for Earth Observation CubeSats // IEEE Access. -2023. -Vol. 11. -P. 23097-23106, doi:
10.1109/ACCESS.2023.3253556.

14. Karibayev B., Meirambekuly N., Namazbayev, T., Temirbayev A.A., Kadylbekkyzy E., Yessentaeva A. S
band TT&C antennas integrated with optical camera system for nanosatellites. // International Conference on
Electrical, Computer, and Energy Technologies, ICECET 2022. -Prague: IEEE, 2022. -P. 1-5, doi:
10.1109/ICECET55527.2022.9872558.

15. Fortescue P., Graham S., John S., eds. Spacecraft systems engineering. John Wiley & Sons, 2011.


https://doi.org/10.1016/j.actaastro.2010.06.004
https://doi.org/10.1016/j.paerosci.2016.11.002
https://doi.org/10.1016/B978-0-12-817884-3.00002-3
https://doi.org/10.1016/B978-0-12-817884-3.00002-3
https://doi.org/10.1016/j.actaastro.2018.05.011
https://www.nanosats.eu/
https://doi.org/10.4136/ambi-agua.2513
https://doi.org/10.3390/electronics11132021
https://doi.org/10.1016/j.asej.2021.07.010
https://doi.org/10.20944/preprints202311.0787.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 November 2023 doi:10.20944/preprints202311.0787.v1

14

16. De Ruiter A. H., Damaren C., Forbes J. R. Spacecraft dynamics and control: an introduction. — John Wiley
& Sons, 2012.

17. Tewari A. Advanced control of aircraft, spacecraft and rockets. — John Wiley & Sons, 2011.

18. Wertz, James R., ed. Spacecraft attitude determination and control. Vol. 73. Springer Science & Business
Media, 2012.

19. Sidi, Marcel J. Spacecraft dynamics and control: a practical engineering approach. Vol. 7. Cambridge
university press, 1997.

20. Dorf, R., and R. Bishop. "Modern Control Systems (Hoboken." (2014).

21. Ogata, Katsuhiko. Modern control engineering. Vol. 5. Upper Saddle River, NJ: Prentice Hall, 2010.

22. Nise, Norman S. Control systems engineering. John Wiley & Sons, 2020.

23. B.Wie, J.Lu, Feedback control logic for spacecraft eigen axis rotations under slew rate and control
constraints, Journal of Guidance, Control, and Dynamics 1995, Vol.18, No.6, pp.1372-1379.

24. B.Wie, P.M.Barba, Quaternion feedback for spacecraft large angle maneuvers. Journal of Guidance Control,
and Dynamics, Vol.8, No 3, 1985.

25. P.Tsitorias, New Control Laws for the Attitude Stabilization of Rigid Bodies, Proceedings of 14th IFAC
Symposium on Automatic Control in Aerospace, Palo Alto, CA, Sept. 1216, 1994, pp.316-321.

26. S.Kim, Y.Kim, Spin-axis stabilization of a rigid spacecraft using two reaction wheels, Journal of Guidance,
Control, and Dynamics 2001, Vol.24, No.5, pp.1046-1049.

27. B.J.Kim, H.Lee, 5.D.Choi, Three-axis reaction wheel attitude control system for Kitsat-3 microsatellite,
http://satrec kaist.ac.kr/english/res_kitsat3.html.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


http://satrec.kaist.ac.kr/english/res_kitsat3.html
https://doi.org/10.20944/preprints202311.0787.v1

