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Abstract

Nowadays, spacecrafts are employed for a wide variety of missions: Earth’s observation and
monitoring, deep universe investigation, communication and much more. For the success of these
missions, it is essential that the satellite is correctly oriented during space flight and maintains
this orientation with high pointing accuracy in spite of various perturbations. This objective
is pursued by Attitude Determination and Control Systems (ADCS), which is responsible to
determine the true attitude and to control the actuators to track desired orientation.

In contemporary space missions, the design of ADCS is complicated by the fact that modern
satellites are equipped with different large devices featuring low stiffness and moving parts, such
as antennas and solar arrays. In this case, the effects of these devices on the overall system
dynamics must be taken into account and the rigid-body model of attitude dynamics must
be dismissed. Indeed, the coupling between the flexibility of the structure and the attitude
dynamics causes vibrations of the flexible bodies and the internal torques acting on the satellite
which disturb the attitude dynamics.

Hence, the object of this work is the design of a three-axis Attitude Control System (ACS)
to adequately handle the coupling effects due to the flexible appendages. The satellite model is
based on ICEYFE-X1, which was launched in January 2018 and consisted in a proof-of-concept
satellite mission of the Finnish startup ICEYE, whose aim is a Synthetic Aperture Radar
(SAR) equipped commercial constellation of 48 satellites. The simplified structural model of
the spacecraft has been built in MSC Patran and consists of a main rigid body to which the
flexible appendages are attached. Next, a Finite Element Method (FEM) analysis is performed
by solver MSC Nastran to evaluate natural modes of the structure. The latter are the used
to build an appropriate mathematical model for flexible spacecraft attitude dynamics, that
captures the coupling effects between structural dynamics and attitude dynamics. Different
spacecraft configurations are analysed and the above mathematical model is derived for each
of them. This allows to establish the parameters which mainly impact the magnitude of the
coupling effects between flexible and attitude dynamics. The comprehension of these aspects
is crucial for generalising the procedure for estimating the significance of the coupling effect in

other types of satellites.

The second part of this thesis is focused on the design of a robust attitude control technique,
i.e the Quaternions Feedback Control (QFC), to handle external perturbations and dynamics
uncertainties. The control strategy is tested in a three degree-of-freedom orbital simulator
including the mathematical model for attitude dynamics of the flexible spacecraft and the control
algorithm. Extensive numerical simulations are performed in Matlab/Simulink environment to

study the realization of inertial pointing maneuvers with different spacecraft configurations.



The results show that SAR panels heavily influence the dynamics response of the spacecraft
during the attitude maneuvers. This is most evident in the first seconds of simulation, when the
transient excites the coupling between attitude and flexible dynamics and vibrations reaching
their maximum values. However, the QFC controller proves its ability to counteract and nullify
these disturbances by providing appropriate attitude control actions.
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Chapter 1

Introduction

1.1 Introduction to space missions

The advent of modern space satellite missions has marked a profound revolution in our under-
standing and utilisation of space, thus inaugurating a new era of technological advancement
and scientific discovery. The objectives of these missions are diverse, encompassing scientific re-
search, Earth observation, telecommunications, navigation, and global positioning systems. The
deployment of sophisticated satellites equipped with advanced sensors and instruments enables
scientists and engineers to monitor environmental changes, track weather patterns, and study
cosmic phenomena in unprecedented detail. The vast quantity of data collected has proved in-
valuable in addressing a number of global challenges, including climate change, natural disasters

and resource management.

The monitoring of the Earth has become one of the most critical functions of modern satel-
lite missions, representing a significant advancement in Earth observation technology. Satellites
equipped with remote sensing technologies provide uninterrupted, comprehensive, and high-
resolution images of the Earth’s surface, offering a detailed and continuous representation of
the planet’s surface. Such images facilitate the monitoring of deforestation, urban expansion
and agricultural productivity. Moreover, satellites are of significant value in the context of
disaster management, offering real-time data during natural disasters such as hurricanes, earth-
quakes and floods. This allows for a more rapid and effective response to such occurrences. A
significant technological advancement in the domain of Earth observation has been the devel-
opment and deployment of Synthetic Aperture Radar (SAR) antennas. In contrast to optical
imaging systems, SAR antennas are capable of capturing high-resolution images irrespective of
meteorological conditions or the time of day. This attribute is especially beneficial for monitor-
ing regions that are frequently obscured by clouds or experience extended periods of darkness,
such as the polar areas. SAR technology enables comprehensive surface analysis, including to-
pographical mapping, soil moisture estimation, and the detection of subtle ground movements,
which are vital for investigating geophysical processes and mitigating natural hazards.

Moreover, satellites play an integral role in our daily lives, as they facilitate global com-
munications. They facilitate internet connectivity, broadcasting services, and real-time com-
munication across continents, thereby reducing the digital divide and ensuring that even the
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most remote regions of the planet have access to information and services. Furthermore, the
incorporation of satellite technology into the global economy has facilitated enhancements to
transportation systems, improvements to logistics, and the provision of support to critical in-

frastructure.

The advent of innovative technologies and international collaborations has facilitated the
development of more efficient, cost-effective, and multi-functional satellites. The deployment
of small satellite constellations has gained considerable interest due to their capacity to pro-
vide comprehensive coverage and rapid data transmission. Furthermore, the involvement of
the private sector in space exploration has facilitated accelerated advancements, resulting in a
reduction in costs and an increase in the frequency of launches.

1.2 ICEYE-X1 Satellite

In order to create a mathematical model that is as rep-
resentative as possible of real satellites and to develop
a valid attitude control and dynamics control system
(ADCS), it was decided that an operational satellite
should be chosen as the basis for the model. The satel-
lite selected for this purpose is the ICEYE-X1, devel-
oped by ICEYE Ltd [1], a Finnish startup established
in 2014 from a university nanosatellite group, Aalto-1.
The ICEYE-X1 was the proof-of-concept microsatellite
Figure 1.1: ICEYE-X1 mission logo. mission with a SAR sensor payload, and the first satel-
Credits: ICEYE [1] lite successfully launched by the team on 12 January

2018. Furthermore, it was the inaugural satellite in the

world to utilise SAR technology weighing less than 100 kilograms. Additionally, it was the first
satellite to be launched by a Finnish commercial enterprise, enabling the generation of radar
images of the Earth even when obscured by clouds or darkness. The objective of the mission
was firstly to validate the in-orbit performance of the spacecraft and secondly to commence
operations with ICEYE customers. The available data can be used for a wide variety of cases,
including sea ice monitoring for maritime navigation or environmental changing studies, marine
oil spills tracking, helping to prevent illegal fishing. Moreover, another ICEYE’s objective is
to improve Earth’s catastrophes monitoring, like wildfires and flooding, immediately getting
clarity about their impacts. These types of operations are possible thanks to the near-real-time
insight ICEYE is able to provide, ensuring efficient risk management.

ICEYE-X1 was launched by a Polar Satellite Launch Vehicle (PSLV-C40), one of the launcher
of the Indian Space and Research Organisation (ISRO), at the Satish Dhawan Space Centre
in India. The satellite was deployed in a sun-synchronous orbit (SSO) with an altitude of 505
km and an inclination of 97.55°. In June 2018, ICEYE Ltd announced the successful ending of
ICEYE-X1’s mission and the conclusion of its operation.

A proof of ICEYE’s SAR technology is shown in fig. 1.2, where in a preliminary flood analysis,
ICEYE-X1 combined and processed the data of an European satellite, which is Sentinel-1 by
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Figure 1.2: ICEYE-X1 preliminary flood analysis exercise image. [2]

European Space Agency (ESA), to foresee potential changes. The figure features the Seine river
and Paris Orly Airport, at the beginning of 2018.

ICEYE-X1 spacecraft

ICEYE-X1 has been developed and integrated by ICEYE. The platform is a three-axis stabi-
lized spacecraft with a total mass of 85 kg. The electric power is provided by one fixed solar
array and battery packs. ICEYE-X1 falls into micro satellite category, and its size in launch
configuration is 70 cm in height x 60 cm in width. The SAR antenna has a total length of 3.25
meters instead. The spacecraft lifetime has been estimated in about two or three years.

One of the objective of the ICEYE team is the implementation of as more as possible of Com-
mercial Off The Shelf (COTSs) components, in order to reduce cost and development time. The
main technical specifications of the spacecraft bus are presented in table 1.1 [2].

1.3 Thesis outline

The objective of this study is to design a three-axis Attitude Control System (ACS) that can
effectively handle the coupling effects resulting from the flexible appendages. A simplified
structural model of the spacecraft has been created in MSC Patran and consists of a main rigid
body to which the flexible appendages are attached. Subsequently, a Finite Element Method
(FEM) analysis is conducted using the solver MSC Nastran, with the objective of evaluating the
natural modes of the structure. The latter are employed to develop an appropriate mathematical
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Feature ICEYE Satellite

Average unit mass 85 [kg]

Imaging and polarization X-band SAR, VV polarization

Resolution 20x20/ 3x3/ 1.5x1.5/ 1x1 [m]

Dynamic range 16 [bit]

Imagining mode 180 s per orbit/120 s continuous

Communication (downlink) X-band radio, 100+ [Mbit/s]

ADCS Reaction wheels, magnetorquers,
star trackers

Propulsion Ton thrusters

Table 1.1: Technical capabilities of ICEYE satellite

Figure 1.3: ICEYE-X1 launch render, Credits: ICEYE [1]

model for flexible spacecraft attitude dynamics, which captures the coupling effects between
structural dynamics and attitude dynamics. Different spacecraft configurations are analysed,
and the previously described mathematical model is derived for each of them. This allows
the parameters that mainly impact the magnitude of the coupling effects between flexible and
attitude dynamics to be established. An understanding of these aspects is crucial for generalising
the procedure for estimating the significance of the coupling effect in other types of satellites.

The second part of this thesis is concerned with the design of a robust attitude control
technique, i.e. the Quaternions Feedback Control (QFC), which is capable of handling external
perturbations and dynamics uncertainties. The control strategy is tested in a three-degree-of-
freedom orbital simulator that includes the mathematical model for attitude dynamics of the
flexible spacecraft and the control algorithm. Extensive numerical simulations are performed
in the Matlab/Simulink environment with the objective of studying the realisation of inertial

pointing manoeuvres with different spacecraft configurations.
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The results demonstrate that SAR panels exert a significant influence on the dynamics
response of the spacecraft during attitude manoeuvres. This is most evident in the initial
seconds of the simulation, when the transient excites the coupling between attitude and flexible
dynamics and vibrations, reaching their maximum values. However, the QFC controller is shown
to possess the capacity to counteract and nullify these disturbances by providing appropriate
attitude control actions.

To sum up, this thesis is organized as follows: First the elements for attitude analysis
are introduced, with a focus on attitude kinematics and dynamics presentation in sections 2.1
and 2.2. Additionally, the flexible spacecraft dynamics are introduced in this section. Subse-
quently, in section 2.3, the finite element method is described and analysis performed in this
work is provided. In section 2.4, the generalities of Guidance-Navigation-Control system are
given, along with an explanation of the rationale behind the choice of controller. The results of
FEM analyses performed in MSC Patran/Nastran and the numerical simulations performed in
Matlab/Simulink environment are in chapter 3. For each of the simulation scenarios described
in section 2.3 and section 2.4, graphs of the most significant results obtained are provides, ac-
companied by comments and highlighting salient aspects. Finally, Conclusions are drawn in
chapter 4.




Chapter 2

System mathematical model

This chapter describes the attitude of the satellite, introducing reference frames, parameters
and elements to properly describe it. Then, the torques acting on the satellite are evaluated to
understand how they manipulate the attitude dynamics, also a section will be regarded to a brief
comparison between passive and active stabilization and the actuators needed. Moreover, the
flexible-rigid coupling is introduced and described through the coupling matrix §, which links
attitude and flexible dynamics. In addiction, the main orbital perturbations are described.
Then an overview about finite element method (FEM) and control laws is given, introducing
the type of analysis performed and the control algorithm used for the orbital simulator.

2.1 Elements for spacecraft attitude analysis

The attitude of a spacecraft is its orientation in space as properly described in [7]. The problem
of determining the orientation is crucial for every kind of space mission, from the Earth’s
observation missions to the deep space observation ones. To cope with attitude determination
problem, it’s firstly necessary to present the reference frames often used in spacecraft attitude
analysis. Also, it’s important to introduce the elements that allow the description of the attitude,

i.e. the relative orientation between two reference frames.

2.1.1 Reference frames

The attitude of any spacecraft is usually described by relative orientation of a frame attached
to the satellite and a second reference frame. Several frames can be used to express satellite
orientation and position with respect to Earth [8], but only the most relevant for the goal of
this thesis will be discussed here. To properly define a reference frame, the position of the origin

and the orientation of the coordinate axes are needed.

Body Frame

The body frame is the reference system attached to the spacecraft. It is defined by an origin
located at a specific point on the body and by three Cartesian axes.
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A common simplification in attitude analysis is to make the body frame coincident with the
central axes of inertia, in this way the satellite inertia tensor is diagonal. However, in real appli-
cation, launch environment stresses, thermal gradients in orbits and displacements of satellite’s
appendages make difficult to properly characterize the behaviour of the center of mass and main
axes of inertia.

Due to these reasons, it’s common to first assume that the spacecraft is a rigid body, and then
to add some uncertainties based to the case study.

Earth-Centered Inertial (ECI) frame

The Earth-Centered Inertial frame (ECI) is often used in spacecraft attitude analysis because
many satellites are used for inertial pointing, this means that the orientation of such spacecraft
with respect to the ECI frame must be kept constant. The Earth-Centered inertial frame has
the ecliptic plane, i.e. the plane of Earth’s revolution motion around the Sun, as fundamental
plane. The fundamental axes are defined from the point where the ecliptic and equatorial plane
cross. In particular, the origin of the frame coincide with Earth’s center of mass and the X7
axis is defined at the vernal equinox with the positive direction pointing the Aries constellation.
The Z;, instead, is perpendicular to the equatorial plane and points towards the North Pole.
Finally, Y7 completes the right tern.

®: Rotation Rate
»

z: Spin Axis

Z System Center
A of Mass (CoM)

Spacecraft
System

R com X

b Ay T4
o Spacecraft
Inertial Y Frame
Frame

Figure 2.1: ECI and Body frames representation. Credits: [3]

A representation of both the body frame Fp and ECI frame F7 is given in Figure 2.1.
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2.1.2 Quaternions and Euler angles definition

It has already been told that there are many ways to represent the attitude of a spacecraft. To
properly conduct an attitude analysis, rotation matrices must be defined, because they specify
the rotation that allows one reference frame to coincide with the other. For this purpose, a
minimum of three parameters must be defined for a 3D rotation analysis. In the following, two
attitude representations selected for this thesis are introduced. Finally, an appropriate method

to evaluate attitude error is described.

Euler Angles

A common set of parameters used in attitude analysis is the Euler angles set.

As in [7], these angles express a rotation from an initial reference frame i, with ortho-normal
set of unit vectors Fi,, with i = (x,y,z), to a second reference frame F», defined by another
set of ortho-normal unit vectors Fs,, as the product of three different rotations. It has to be
underlined that those rotations are not commutative, so the rotation sequence influences the

final configuration.

The rotation (1,0,¢), also named 3-2-1 rotation or Tait Bryant rotation, is a commonly used
rotation in aerospace. Three elementary rotations are applied as follows to let the frame Fy be
aligned to Fi:

1. Rotation t: positive rotation about Zs, anti clockwise. An intermediate frame ]:é is
defined

2. Rotation 6: rotation about Y,. Another intermediate frame is defined as F,

3. Rotation ¢: rotation about Xg. Finally, 77 is obtained

In all rotation right handed reference frame are assumed. A representation of 3-2-1 rotation is
shown in fig. 2.2.

Figure 2.2: Tait-Bryant rotation representation

Each of the three rotations can be described by the following matrix formulation:

cos(v) —sin(yp) 0
[0] = |sin(¥) cos(v) 0
0 0 1
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cos() 0 sin(0)]

(O] = 0 1 0
-sin(0) 0 cos(0) |
1 0 0 ]

[®] =10 cos(¢) -sin()
0 sin(¢) cos(¢) |

The complete rotation matrix, for successive rotations, can be obtained by multiplying the
rotation matrix in the reverse order of the rotation:

A9 (9,0,P) =
cos(0)cos(vp)  cos(p)sin(v) + sin(p)sin(0)sin(y) sin(¢p)sin(y) — cos(¢)sin(f)cos(v)
—cos(0)sin(vp) cos(p)cos(v) — sin(@p)sin(0)sin(y) sin(p)cos() + cos(¢p)sin(0)sin(v)
sin(0) —sin(¢)cos(6) cos(¢)cos(0)

Quaternions

Even though the Euler’s angles represent an intuitive way to describe the space orientation of a
spacecraft, they could lead to many singularities. In the previous section, the 3-2-1 rotation has
been introduced. For this set of angles, a singularity occurs when the Euler basis vectors are
not linearly independent, so the orientation can not be unambiguously expressed (gimbal-lock).
To avoid any kind of singularity, it can be necessary to add a redundant parameter to describe
the rotation matrix. Quaternions allow to adopt a fully algebraic expression and allows to solve
the singularity problem. The definition of the quaternions is based on the Euler’s Theorem,
which states that a fixed frame F; can be rotate to any frame Fp by a rotation «, called
Euler’s angle, about an axis @, called Euler’s axis, that is fixed in both frame [7]. Euler’s axis

and FEuler’s angle are shown in fig. 2.3.

,// Euler Rotation Axis

X // [

- -=" Euler Rotation Angle

4

Y

‘}!‘

Figure 2.3: Euler’s axis and rotation angle
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Now, Euler’s parameters, or quaternions, can be defined as follows.
]T

Quaternions consist in a scalar part gp and in a 3D vectorial part ¢, = [¢1,42,93]" , as follows:

qo = cos /2
=apsinay/2
@ =asina/ (2.1)

g2 = agsina/2

qs = azsin /2

The quaternion Q;=(1,0,0, O)T is usually referred to as the unit quaternion, and it represents
the situation where the body frame is aligned with the inertial frame. This formulation is useful
not only to avoid any singularity, but also because it represents a high computational efficiency
method as it is purely algebraic and no trigonometric functions are used.

The rotation matrix of the previous subsection can be also given in quaternion terms as

Aot = (2 -qr - q0) Is + 2q0q) - 4%
where:

- I3 is the 3x3 identity matrix
- q5 is the skew matrix defined as follows:

0 _Q’Ug QUQ
W= 0 qu
_QUQ _Q’Ul 0

In this thesis the Quaternions Feedback Control (QFC) is chosen as control law (section 2.4),
so the quaternion error should be introduced. Since quaternions have a matrix representation,
the quaternion error can not be computed as a simple difference, but it must be determined with
matrix operations. Indeed, assuming that the current attitude of the spacecraft is indicated as
Qtrue, While the desired orientation is given by qpes, the attitude error is defined as follows:

Qerr = q_Dles ® Qtrue, (22)
where ® identifies the quaternion multiplication and the quaternion inverse is computed as:

o ar e, -a1,-a,-a3]"
a = S22 2 2 (2.3)
lall2 (4§ + a7 + a5 +a3)

where ¢+ is the quaternion conjugate, and ||g|| = 1 due to the properties of attitude quaternions.

2.2 Attitude kinematics and dynamics

This section explores the attitude kinematics by performing the time derivatives of the attitude
representations defined in the previous section. The equations for attitude kinematics express
the time evolution of satellite attitude, and are focused on rotational motion without considering
any torques. If torques are introduced, the field of study moves from attitude kinematics to
attitude dynamics, and the satellite’s angular momentum plays a fundamental role in relevant
equations. Firstly, the assumption of rigid body is adopted and dynamics equations will be

10
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derived as in [9]. Then, the flexibility of satellite appendages will be introduced according to
the model proposed in [10]. Hence, the flexible-rigid coupling effect must be introduced and the
mutual interaction between rigid and flexible dynamics must be analyzed, in order to perform a
rigorous dynamics analysis. In the last subsection, the external disturbances considered in the
model will be described.

2.2.1 Attitude kinematics

This subsection presents the time derivatives of Euler Angles and quaternions, introduced in
subsection 2.1.2. The reference frames defined in subsection 2.1.1 are used for this purpose.
Let define:

- we: angular velocity of Fp frame, with respect to the objective frame Fp, in Fp coordi-
nates

- wp: angular velocity of Fp relative Fr, in Fp coordinates

- wp: angular velocity of an objective frame Fp relative to Fr, in Fp coordinates

From the rule of composition of angular rates is known that they are additive, so w. can be
obtain as:
We :wB—A;I(@e)wD, or We :wB—Agl(qe)wD (2.4)

Now the kinematics in terms of attitude representation can be described.

Attitude kinematics for Euler angles

Time evolution in terms of FKuler angles for a 1-2-3 rotation is as follow:

ée 1 Cwe _Swe O
Oc = | be | = w0s(0) Co.Sp.  Co.Cp. 0 |we=B(Oc)we (2.5)
€ _896 C"/)e See siﬁe Cee

Where ¢, and s, are cosine and sine of the angle reported in the subscript ”x”, respectively.
The kinematics relationship in eq. (2.5) is not linear and the components are coupled. However,
for small attitude errors O, ~ 0, B(®,) ~ I3 can be considered, which realizes a linear model
for attitude kinematics.

Attitude kinematics for quaternions

The time evolution of the attitude error in terms of quaternions for a 1-2-3 rotation is as follow:

0
. 1 0 T w
Go = - (qeo Iy + [ q]) e1 (2.6)
2 q€y qEU weg
Wes

Like in the previous subsection, the kinematics equations are coupled, but with the hypothesis

of small attitude error, i.e ¢ ~ (1,0,0,0)T, eq. (2.6) reduces to the following linear equation:

.1 ,
Qe; = 5("}6-;; 1=2,Y,% (27)
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2.2.2 Attitude dynamics

This subsection aims to underline the fundamental role of the angular momentum in attitude
dynamics analysis, as in [9]. Moreover, the rotational dynamics of the rigid spacecraft will be
presented by deriving relations between the time evolution of the angular rate of the satellite
and internal or external forces and torques. Firstly, definitions of angular momentum and
center of mass of a collection of mass points are given. Then, the attitude dynamics of the
rigid spacecraft, referring to the body frame as defined in section 2.1.1 is analyzed. Since the
control laws in this work consider the momentum exchange devices (reaction wheels RWs), a

short description of those actuators will be included in this subsection.

Angular momentum

We consider a spacecraft to be made up of a collection of n point masses. The angular momen-
tum with respect to the origin 0 of an inertial coordinate frame is defined in terms of masses

Y= 790 of a certain point to 0 as follow:

mi, position 7° and velocities v
0 _ .00 i0
H" = Zr’ x m;v" (2.8)
i-1

Figure 2.4 show the center of mass ¢ and two representative mass point. From Newton’s second

Figure 2.4: Center of mass representation

law, considering an inertial frame, the derivative equation from eq. (2.8) is:

n - . n . n .. .
H) =57 xFj=>r?x (Z F/+ F}‘m) (2.9)
i=1 i=1 j=1

Where F Iij is the force exerted on mass point ¢ by mass point j and F}_e’”t is the force exerted
on i by everything external to the system of mass points. In the assumption of force between
two mass points acting only along the line between them, the cross product vanishes and

n . .
H} =Y r] xF =T} (2.10)
i=1

12
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where T IO is the net torque about 0 exerted on the collection of mass points by all external

forces. The center of mass of n mass point is defined as:

o _ Ziymir® (2.11)
M

where M = Y7, m; is the total mass of the collection of mass points. From that definition

follows: . "
Smr© =Y m; (v - ’I“CO) =0 (2.12)
i=1 i=1

Using this result and its derivative in eq. (2.8) we can obtain:
n . .
o =>"m, (r'+ r) x (v + UCO) = HC + 7 x Mo® (2.13)
i=1
This equation states that the angular momentum about a point 0 can be written as the sum of
the angular momentum about the center of mass and the angular momentum of the center of

mass motion [9]. The net torque can similarly be written as:
T =T+ x F (2.14)

where F' is the net external force on the mass points. Finally, in an inertial frame, we have
Fy = M99, so putting eq. (2.13) and eq. (2.14) in eq. (2.10), we obtain the Euler’s Equation:

H =T¢ (2.15)

This is the fundamental equation of the attitude dynamics.

Rigid body dynamics

We now focus on the rigid body dynamics. A rigid body is defined by a body frame Fpg, where
all the vectors riBC previously defined are constant. We consider a body frame centred in the
center of mass and with the axes aligned with the central axes of inertia. Then, the angular

momentum in Fpg frame is:

H =[J]pws (2.16)

where [J]p € R3¥3 is the inertia tensor in Fp, and is defined as follow:

Jez 0 0
[Jls=[ 0 Jy O
0 0 J.

The hypothesis of rigid body allows to consider [J]p = const. The attitude dynamics of a rigid
spacecraft is described by Euler’s equation for the rotational dynamics and its form depends on
the type of actuators installed on board. If the satellite has not momentum exchange device,
the total angular momentum H is as in eq. (2.16), and its time derivative is:

Hpg = Jpop (2.17)
Then we can write the Euler’s equation for rotational dynamics for rigid body as:

JBszm—waJBwB (2.18)

13



CHAPTER 2. SYSTEM MATHEMATICAL MODEL

where m = d + u is the external torque acting on the spacecraft, consisting of both orbital
disturbances d and control torques u. Devices providing an external torque, like thruster or
magnetorquers, are named reaction actuators, they control spacecraft attitude by modifying
the overall angular momentum of the system. Momentum exchange device will be described
deeper in next subsection, now let us focus in writing dynamics equation when reaction wheels

are equipped.

The total angular momentum is given by the sum of the angular momentum of the rigid
body (eq. (2.16)) and the angular momentum of the wheels relative to the body hrwy:

H=JBwB+hRW (219)

In the design of attitude control algorithms we consider three reaction wheels aligned with the
three central axes of inertia. The conservation of angular momentum in an isolated system let

us consider:
HB:JBL'UB+iLRW (220)

allowing to obtain the Euler’s equation in case of reaction wheels device as:

Jpwp =m-wp x (Jpwp + hrw) - hrw (2.21)

Reaction wheels

Reaction wheels (RWs) secure three-axis stabilisation without thruster or any other kind of
external torques generators, and provide an high precision control. They allow to control space-
craft attitude by re-distributing angular momentum between the wheels themselves and the
main body. In this subsection, the assumptions in [12] are considered: no reaction type actua-
tors (u=0), free from orbital perturbations (d=0), thus to have m=0 in eq. (2.21) and H=const.
Moreover, let us assume that the initial conditions of the system are wp = 0 and hgrw, = 0, so
H(t) =0 Vt. These assumptions lead to the following relation:

JBw(t) = —th(t) vt (2.22)

This equation reveals that if an electric motor is switched on to power the wheel to which it is
linked, then the spacecraft body begins to counter-rotate for conservation of angular momentum.
This is illustrated in fig. 2.5.

Reaction wheels certainly give many benefits, as the already underlined high pointing ac-
curacy, the saving costs due to avoiding propellant, which also allow a significant reduction for
payload fraction, and the autonomous active three-axis stabilization. On the other hand, there
are some issues regarding the performances that RWs can offer. The maximum rotational rate
of the wheel, which is linked to the maximum angular momentum A gy € R stored into a wheel,
depends on structural constraints. Secondly, the torque exchanged between the wheels and
the spacecraft is developed by an electric motor. Therefore, the torque is related to electrical
power required to sustain the motor, this leads to a saturation value 7 on the maximum torque
supplied. These consideration lead to the conclusion that control laws must ensure specific

conditions in order to avoid saturation:

7 € [-7,7), hrw, € [~hrw,hrw]; i=m,y,z. (2.23)
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Figure 2.5: Attitude control scheme with reaction wheels actuator

The angular momentum saturation condition consists in the impossibility to store any more
angular momentum. Considering the egs. (2.22) and (2.23), also recalling the assumption in [12]
allows to decouple the three channels of attitude dynamics equations, the angular momentum
saturation is avoided if the following hold:

ERW < (JBw)i < ERW —

— —(J5' (hpw13))i = -@; <w; <@; = (J5' (hrwls)): (2.24)

In real application, RWs are used not only to manoeuvre the spacecraft, but also to balance
external perturbations to maintain the desired attitude. This lead to a surplus of angular
momentum absorbed by RWs and may cause saturation. To this end, spacecrafts with RWs

devices must be equipped with reaction-type actuators too, for de-saturation process.

2.2.3 Flexible spacecraft

This subsection introduces the problem of flexibility in lightweight structures. Now a days,
spacecrafts are usually equipped with lightweight, flexible, store-able and deploy-able antennas,
solar panels or booms [13]. These flexible appendages represent a challenge in control perfor-
mance since they introduce many uncertainties. Firstly, the flexible dynamics equations are
introduced and linked with the attitude dynamics through the coupling matrix §. Then, the
attitude dynamics equations are integrated with the contributions due to structure-flexibility.

Flexible dynamics

The elastic deformations of such large appendages result in a disturb for satellite bus attitude,
but are also influenced by it. This thesis considers the rigid-flexible coupling effect using the
hybrid-coordinates method, as proposed in [10], that considers a combination of discrete coordi-
nates and the modal superposition to define a mathematical model for the flexible appendages.
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Consequently, a modal FEA is needed, and it is crucial to compute the modal shapes as better
as possible.

The main assumption to properly obtain the equations of motion is the small deformation
hypothesis. Another important aspect of this thesis is the modelization of the flexible structure,
consisting in the four SAR panels of the satellite defined in section 1.2, as a collection of
n elastically interconnected, discrete and rigid sub-panels. The next step is evaluating the
natural modes through the FEM modal analysis, obtaining the natural frequencies and the
relative eigenvectors associated to each mode. These data are used to compute the § matrix
for every panels taken into account. A better explanation about the finite element method and
analyses is given in section 2.3. The general equations of motion for an undamped structure

are expressed as a function of the stiffness matrix K and the mass matrix M as follows:
M+ Kv=0, (2.25)

where v stands for the flexible displacement vector. In a linear system, where the free vibrations

are harmonic, v is defined as:
v =0 = B, (2.26)

where @ is the matrix of eigenvectors, €2 are the natural frequencies and 7 is the modal coordinate
vector.

The eigenvectors and the frequencies are linked to a specific natural mode. Substituting the
eq. (2.26) in eq. (2.25) and doing the necessary algebraic passages, the classical eigenvalue
problem is obtained, and the equation becomes:

(K-AM)® =0, (2.27)
where A is the eigenvalue for each mode.

In this thesis FEM software Patran/Nastran was used to solve the eq. (2.27). Also, under
the assumption of small deformation, the dynamics equation of the modal coordinate vector n
for the flexible appendage attached to the spacecraft is as follows:

i+ Dy + Kn = -8, (2.28)

where K, D e RV*V with N the number of natural modes considered to build ®, and n € RY is
the modal coordinate vector. The stiffness matrix K is diagonal matrix and it is composed by
model natural frequencies, so it is as:

since the dumping effect is hard to consider without empirical test, the dumping matrix D is
calculated from the stiffness matrix by a scalar factor o, so D =« - K.

Equation (2.28) shows that the dynamics response depends on a term proportional to angular
acceleration w of the system by the coupling matrix 6.
In the following section, the effects of structure flexibility in angular momentum pf the spacecraft
are presented.

16



CHAPTER 2. SYSTEM MATHEMATICAL MODEL

Coupling matrix ¢

The coupling matrix ¢ expresses the interaction between rigid body attitude dynamics and
flexible appendages. The assumption of uncoupled attitude and structure dynamics, frequently
used in many case studies, is not suitable when structures are not stiff enough. Therefore,
the coupled equations must be compared to Euler’s equation defined above. At this aim, this
paragraph is focused to the definition and computation of the matrix §. As in [10], the coupling

matrix 6 € RV*3 is as follow:
§=-0" M (So; - SR - 7%10) (2.29)
where:

- ® is a matrix composed by sub-panels eigenvectors
- M is the mass matrix composed as follows:

M, = Mgypl 0
0 Msubl

with I 3 x 3 identity matrix and mg,, mass of the sub-panel

- B0 and Xy are R6N*3 operator defined as:
Yo Y10,
Yor=| : ; Yoo=| |,
o1, 210,

where Yo7,=[03;13], ¥10,=[I3; 03], with 03, I3 € R¥* null and identity matrices, respec-
tively.

- R is the vector between the center of mass of the rigid hub and the flexible appendages
interface. The ~ stands for the skew-symmetric 3 x 3 matrix. A visualization is given in
fig. 2.6a.

- 1 is the vector between the flexible appendage interface and the COM of each sub-panels,
as better defined in fig. 2.6b.

Attitude dynamics

Now it is possible to modify the eq. 2.19 in order to derive the attitude dynamics equation for
the flexible satellite. It can be demonstrated that the flexibility of the appendages adds a term

to the total angular momentum, that is:
v A
HFle:v =0 m, (230)
thus the total angular momentum becomes:

H=Jw+hp+060n (2.31)

Finally, the complete attitude dynamics equation is obtain from eq. 2.20 by determining

the time derivative of the equation 2.31 above, this results in:

Jo=m=wx (Jw+hpy +070) = Ry = 67 (2.32)
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Y
x
z N

(a) Visualization of R vector

(b) Visualization of sub-panels division and r vector
definition

Figure 2.6: Visualization of different elements in § matrix

2.2.4 Orbital disturbances

This subsection aims to introduce the main orbital disturbances usually considered in attitude
and orbit control system, for further information refer to [4,9]. Orbital perturbation has been
considered in the previous equations as the disturbance torque d, but indeed it is composed
by many terms, and they arise from the environment in which the spacecraft operates. In an
Earth mission scenario the most relevant perturbation torques are the magnetic torque, the
solar radiation pressure torque, the aerodynamic drag torque and the gravity gradient torque.
These orbital disturbances are implemented in orbital simulator as external torques, applying
the models described in the following sections. A summary of orbital perturbations based on

mission profiles are illustrated in figure 2.7.

Gravity gradient torque

Any non-symmetrical rigid body in a gravity field is subject to a gravity gradient torque, which
is due to the quadratics decrease of Earth gravitational force with the distance from its center.
Therefore, not all parts of a spacecraft experience equal force, this results in a disturbance effect.
The gravity gradient torque increases with the angle between the local vertical and spacecraft’s
principal axes, trying to align the minimum principal axis with the local vertical. A simplified
expression for the gravity gradient torque for a spacecraft with the minimum axis aligned to
local vertical is:

= #r x Jyr (2.33)

dg

where:

- p is Earth gravitational parameter
- 1 is the orbital position of the spacecraft center of mass
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Solar & Interplanetary
(Heliocentric Trajectories)

Interplanetary spacecraft can get
very cold, have little power. May

\ Near Earth, SRP is essentially constant at all altitudes.

el ',‘
sest
4 Solar Magnetug

Radiation Atmospheric Field Gravity

Prassure ] Drag Torque Gradient

Figure 2.7: Effects of major environmental disturbances on spacecraft attitude control system
design [4]

- Jp is the spacecraft inertia matrix

Magnetic Torque

The magnetic torque derives from the interaction between the Earth’s magnetic field and the
equivalent magnetic dipole of the satellite, resulting from electronic devices on board. When the
spacecraft dipole is not aligned with the local magnetic field, it experiences a magnetic torque
that try to align the magnet to the local field. Earth’s magnetic field modeling is complex,
because it is asymmetric, not aligned with Earth’s spin axis, varies with both geographical
movement of the dipole and changes in solar particle flux. However, for attitude determination
and control system (ADCS) we can consider it as a dipole and determinate the maximum
possible value for a certain orbit altitude. The disturbance torque is:

dpm =mxb (2.34)
where:

- m is the spacecraft magnetic dipole moment
- b is the Earth’s magnetic field
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Solar radiation pressure torque

Sunlight has momentum, and therefore it exerts pressure on those objects it strikes. If an object
absorbs all the sunlight incising on it, then all of its momentum is absorbed too. This causes
a certain pressure force directed towards the optical center of pressure of the satellite and it
produces a torque around the center of mass of the spacecraft if this one does not coincide with
the optical center of pressure. Moreover, if the spacecraft completely reflects the sunlight, this
pressure is twice as much as the first case. The magnitude of solar radiation changes due to Solar
activity, due to seasonal variations according to Sun’s cycles, ans it must be consider in high
orbits (> 800 km), since in low-Earth orbits (LEO) aerodynamics is usually dominant, while it
is zero when the spacecraft orbits in shadow condition. Now let us consider the spacecraft in

sun’s light, the torque ds can be obtained as follow:

dy = —p[cps fSla(n-s)ds] < s, (2.35)

where:

p is the solar radiation pressure
- Sj, is the spacecraft lit area normal to sun unit vector

s is the sun unit vector directed from the sun towards the spacecraft
- Cps is the distance between body center of mass and optical center of pressure

However, as underlined in [9], this formulation has several limitations, first of all because the
Sun is not the only source of radiation, and in many case the light from Earth and Moon,
namely albedo, can be significant; secondly the thermal radiation emitted from the spacecraft
(to assure long-term energy balance) has been ignored. Anyway, for this study the formulation
in eq 2.35 is accurate enough.

Aerodynamic drag torque

The atmospheric density is an exponential decaying function of altitude, so generally only
spacecraft in LEO encounter enough particles to cause relevant disturbances. When the center
of mass of the satellite and the center of atmospheric pressure, determined by the area exposed
to the atmosphere in the direction of orbital velocity, are not aligned, a torque d4 results,
namely aerodynamic torque. It can be estimated as:

dA = Cpg % (—pAy /L;fa(n . I/)dS) (2.36)

where:

v is the impact velocity between molecules and satellite, and it is assumed equal to the
satellite’s translation velocity

- Sfq is the spacecraft surface facing the flow

n is the unit vector normal to the surface element dS

pa is the atmospheric density
- Cpq is the distance between the center of mass and the center of aerodynamic pressure.
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2.3 Finite element method and analysis

In this section an overview about finite element method (FEM) and analysis (FEA) is given.
The latter are effective tools for validating the design before entering the production phase.
FEM is a mathematical model made of nodes and element that can be scalar, 1D, 2D and
3D. The goal of modeling is to obtain a model as representative as possible of the physics one.
Therefore, this chapter first gives an overview on the generalities of finite element method. Then
it details the elements, constraints and the type of finite element analysis used in this thesis
for modeling the flexible structure. Finally, the FEM model is presented with its geometry,
material properties, mesh and hinge modeling for any spacecraft configuration studied. Then
the analysis parameters will be introduced.

2.3.1 Introduction to Finite Element Method

The Finite Element Method (FEM) is a numerical technique used to find approximate solutions
to complex problems governed by differential equations, particularly in areas like structural
analysis, heat transfer, fluid dynamics, and electromagnetism. In this thesis the structural
analysis is considered. In this case, it works by breaking down a continuous domain, such as a
physical structure, into smaller, discrete subdomains called finite elements. These elements can
take various shapes, including triangles, quadrilaterals, tetrahedra, or hexahedra, depending on
the problem’s dimensionality. Each element is associated with nodes, specific points at which
the governing equations are evaluated. The relationship between these nodes is defined through
interpolation functions, often referred to as shape functions, which approximate the solution
across the element. The governing equations, typically in the form of differential equations,
are converted into an algebraic system using techniques like the Galerkin method or weighted
residuals. This process is known as discretization [14,15]. A key strength of FEM lies in its
ability to model complex geometries, as the mesh of elements can conform to irregular shapes
and boundaries. Additionally, FEM can handle varying material properties within the domain,
apply different types of boundary conditions, and work effectively in multi-physics scenarios
(e.g., coupled thermal-structural analyses). Once the problem is discretized, the resulting system
of equations is typically large but sparse, which can be efficiently solved using numerical methods
like direct solvers (LU decomposition) or iterative solvers (conjugate gradient method).

The FEM solution process involves several steps

Pre-processing
Formulation
Assembly
Solving

AN RO .

Post-processing

FEM’s precision depends on the size and quality of the mesh. A finer mesh generally yields more
accurate results but at the cost of increased computational effort. Adaptive meshing, where the
mesh is refined in regions of high gradients, can improve accuracy while keeping computational

demands manageable.
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Xelement

Xmaterial

Zelement

Figure 2.8: CQUAD4 element geometry and coordinate systems. [5]
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PSHELL PID | MIDI T MID2 | opp? [ MID3 | TS/T | NSM
Z1 z2 | MID4

Figure 2.9: PSHELL bulk data entries. [5]

To sum up, FEM is a versatile and efficient tool for solving a wide range of physical and
engineering problems, offering flexibility in modeling complex structures and materials under
various conditions. Now, an overview about finite element method has been proposed, so the
model used in this thesis can be presented.

The spacecraft model is constituted by 2D elements. In the following, the various 2D
elements available in MSC Patran/Nastran are defined:

- CSHELL: these elements can be further divided in two groups, based on the number
of points they are composed of: CQUAD and CTRIA. The former can be defined as
CQUAD/J or CQUADS, while the latter as CTRIA3 or CTRIA6. The number stands for
the grid points defined for each element, it is usually more difficult to mesh CQUADS
and CTRIAG6 elements, so they are not commonly used. Moreover, CTRIA elements are
used to mesh irregular shapes. These elements allow to simulate any type of plates trough
the definition of the right properties. The material properties for CQUAD and CTRIA
elements are specified with the PSHELL or PCOMP entries, where PCOMP is only used
for composite. The Bulk Data entry for PSHELL element is reported in fig. 2.9, where
the MID entries stand for material identification:

1. MID1: material identification number for the membrane

2. MID2: material identification number for bending

3. MID3: material identification number for transverse shear

4. MID4: material identification number for membrane-bending coupling

- CSHEAR: these elements can be used when the bending and axial stiffness of the plate
are negligible. CSHEAR elements can only handle in-plane loads, therefore they are
usually implemented to simulate thin skin panels
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Name Description m

This MPC, only a single master node can be
defined, while it is possible to have multiple
slave dependent ones. It is used to simulate
RBE2 a rigid connection. The independent degrees
of freedom are the six components of motion
at the grid point. The dependent degrees of
freedom at the other grid point can be selected

by the user instead.

This kind of elements defines a constraint in
which motion at a specific grid point is the
RBE3 peclic sid b 1<m<6

least square weighted average of the motion of

other grid points [5].

Simulate a rigid bar connection with six de-
RBAR 1<m<6
grees of freedom at each end.

it is the most customarily by the user. It is
a rigid body connection to an arbitrary num-
EXPLICIT | ber of grid points. Furthermore, the indepen- | m>1
dent and dependent degrees of freedom can be

freely selected.

Table 2.1: MPCs element in MSC Nastran

Since the panels in a satellite’s structure must face the harsh space environment and internal
and external loads, the CSHELL element are chosen. Since, the geometry of ICEYE-X1 is
composed by regular prism, CQUAD4 elements type have been used.

Another important aspect of this thesis is the modeling of the link between the rigid hub
and SAR panels. In the real scenario, panels are linked trough hinges, which allow the correct
deployment of the antenna. Multi-Point-Constraints (MPC) are the main solution that can be
used in FEM to simulate these devices. Basically, MPC allows to de-couple a specific DOF from
others, while defining a relation between two or more DOFs. At this aim, it is necessary to
define the main node(s), usually called master, and the secondary one(s), usually called slave.
According to this master-slave relationship, many MPCs can be defined and different number

of constraint equations (m) are generated. A summary is reported in table 2.1.

2.3.2 Modal Analysis

Modal analysis of flexible structure is one of the most common applications of finite element
modeling. This analysis is one of the most important in space industry, because it evaluates the
natural frequencies and the mode shapes of the structures, allowing to verify if any resonance
phenomenon occurs and to determine the response of the body when subjected to dynamic
loads. Modal analysis can be done in various conditions, basing on the needs of the user. In
this thesis, a free-free condition is considered in order to determine natural frequencies when no

loads or constraints are considered [17].
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The frequencies obtained from the FEM analysis when considering a free and non-damped
system (i.e F(t) = 0 and ¢ = 0) are called natural frequencies. In this situation, the inertial
forces and the elastic ones are perfectly balanced. The deformation that the body is subjected
to when vibrating at one of those frequencies, is called mode shape. In particular, a mode shape

is associated to each natural frequency.

Natural frequencies and mode shapes can be easily illustrated by considering the equivalent
mass-spring system in fig. 2.10.
For this system, the equation of motion can be written as:

TF(t)
m | x(t)

Figure 2.10: Example of a mass-spring system

mi(t) + ka(t) = F(¢) (2.37)

The solution of the differential equation eq. (2.37) is the sum of a particular solution z,(¢) and

the solution of the associated homogeneous equation xo(t), i.e. z(t) = xo(t) + z,(t) with:
xo(t) = Asinwt + B coswt (2.38)
Substituting eq. (2.38) into eq. (2.37) and considering F'(t) = 0, it is obtained as follows:
—mAw? sinwt - mBw? coswt + kAsinwt + kB coswt =) —>
— A(k - mw?)sinwt + B(k - mw?) coswt = 0 (2.39)

From eq. (2.39), natural frequency can be defined:

wn =] — (2.40)
m

In finite element method, modal analysis is conducted by resolving the eq. (2.37) in matrix
form, as introduced in chapter 2, eq. (2.25):

[M{z}+[K]{z} =0 (2.41)
It has been already said that this system allows harmonic solution, as:

{z()} = {@}e™ (2.42)
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Therefore, eq. 2.41 can be rewritten as:
SN[ M @Yent + [K]{®}e™n! = 0, (2.43)

where \ = w? is the eigenvalue and {®} the associated eigenvector or mode shape.
Finally, the classic eigenvalue problem can be presented:

([K]-AlM]{®} =0 (2.44)
It is possible to define the physical displacement as a combination of all its normal modes as:

{z} =2 (2:)& (2.45)

Assuming that [M],[K] € RV and both symmetric, so that the properties reported in
table 2.2 hold. Therefore, the i*" generalized mass and stiffness can be defined. The first two

Property
1. {®; 3T M{®;1=0 if i%j
2. {0} T[K]{®;}=0 if i%j
3. {@ T M]{®}=m; if i=]
4. (T K{® s =ki=w?m; | if i=j

Table 2.2: Normal mode’s proprieties

relation in tab. 2.2 are known as the orthogonality property of normal modes, ensuring that each
mode is distinct from all other, that means that each mode shape can not be obtained through
a linear combination of any other mode shapes [5]. While the other lead to the Rayleigh’s
equation, which is used to compute natural frequencies in MSC Nastran solver.

(@)K
Y = @I (®) (2.46)

2.3.3 FEM Model and Analysis setting

Since the main goal of this thesis is to develop an orbital attitude simulator, the satellite needs
to be modelled in its operative configuration, with all the SAR’s panels deployed. Furthermore,
the model wants to simulate the satellite during its space flight, so when no constraint conditions
are present. For this reason the modal analysis has been considered in free-free condition. The
initial idea for this thesis was to evaluate if any difference occurs when the flexible appendages
are considered as monolithic panels and when a connection interface is modeled. Indeed, the
hinges, that guarantee the correct deployment sequence, leave specific DOF free to allow the

relative motion between the various parts of the satellite’s structure.

Firstly, let introduce the geometry and proprieties of the model without any interface be-
tween the rigid hub, the flexible panels, and these panels themselves. In this way, the -y face
(according to MSC Patran reference frame) is composed by the base of the main structure and
the four flexible SAR’s panels, as shown in fig. 2.11. As said in section 1.2, the launch configu-
ration is 70 cm in height x 60 cm in width, so the third dimension is not given. However, after
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many investigation of similar satellite configuration and micro-satellite class, a deep of 40 cm
has been assumed.

The model has been realized with 2D CSHELL QUAD4 elements, since the shapes of various
components are regular and easy to mesh with this kind of elements. The typical materials for
satellite’s structure are aluminium alloy, in particular Al 5062, 6061 and 7075. In a production
process, it is important to take into account various parameters basing on the mission purpose,
some purely mechanic while others relative to manufacturability or thermal behaviour. Since
in this project the objective is not to produce a satellite, the most common alloy was chosen for
modeling ICEYE-X1 structure, which is Aluminium 7075 alloy, whose features are in table 2.3.

Figure 2.11: FEM model without hinge model

Property Value
E 70 [GPa]
v 0.33
G 210 [GPa]
p 2.81e73 [kg/m?]

Table 2.3: Aluminium 7075 alloy mechanical properties

where E, v, G, p are the Young’s modulus, Poisson’s ratio, Shear Strength and density, respec-
tively.

Now, let introduce the proprieties of SAR’s panels. Antennas are usually built using composite
materials, allowing to reduce the total weight while guarantee enough stiffness still.

The ICEYE-X1 SAR panels have been modeled as a laminate with three layers, two aluminium
external skin and a central honeycomb core made of NOMEX. The information about the lam-
inate, the properties and the dimensions for the panels are as in [20, 21|, because a similar
spacecraft model has been here discussed.

It is important to underline that MSC Patran is an a-dimensional pre-processor, so when the
length unit is fixed, others quantities must be consider in specific units. The geometrical di-
mensions of the model are considered in millimeter to better handle decimal values, so the FE
must be expressed in [MPa] and the density in [ton/mm?].

To quantify the impact of the flexible-rigid coupling effect, various configurations of the model
just presented have been considered. The reason behind this choice is trying to establish a
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Layer Properties Thickness

1. Aluminium skin As seen in tab. 2.3 0.2 [mm]

2. Core Nomex orthotropic: 6 [mm]
- E112 2.5 [GP&]

- E12: 1.3 [GP&]

- v11: 0.2

- v12: 0.3

- G11: 0.7 [GPa]

- G12: 0.6 [GPa]

p: 0.72e73 [kg/m3]

3. Aluminium skin As seen in tab. 2.3 0.2 [mm]

Table 2.4: SAR laminate composition

standard procedure separate from the geometry of the satellite. A parametric study of the
length of the flexible panels have been conducted, moreover a scaled model of a factor v =1.5
has been analyzed. The different configurations considered are reported in tab. 2.5.

Variant Length of the panel | Total length of the SAR sensor
Real model 1.4 [m] 3.4 [m]

Var. A 2.0 [m] 4.6 [m]

Var. B 2.5 [m] 5.6 [m]

Var. C 3.0 [m] 6.6 [m]

Table 2.5: Configurations of ICEYE-X1 satellite

Now that the base model is defined, it is possible to introduce the MPC links to simulate
the hinges between the rigid hub and panels themselves. In MSC Patran reference frame the

Figure 2.12: FEM Model with MPCs

rotation for the deployment sequence occurs around the z axis, so the DOF which must be
not constraint is the one about this axis. In this primary design of the model, according to
MSC Nastran user’s guide [5], the RBAR element seems suitable for the goal. In fig. 2.13,
the hinge connection occurs between nodes 2-3, which must be coincident. The independent
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b
CBAR 1 7\ cBAR2
1 23 4
)/‘
Hinge / Free to rotate about Y
Connection the basic Z-axis. B
Yo Y3
XB
CBAR 1 RBAR 1 CBAR 2
1 - 3> 4
X2 X3
Independent 1-6 Dependent 1-5

Figure 2.13: RBAR hinge model. [5]

node is the node 2, and all of its DOF (the three translation and the three rotations) are
independent, while the node 3 has the five out of six DOF dependent from node 2, the only
DOF left free is the rotation around the z axis. Although this situation is exactly the condition
wanted to be modeled, various issues occur. Indeed, RBAR elements must be defined between
CBAR elements, which are 1D element. Support 1D elements were considered at the beginning,
however since each MPC have to be defined between every CBAR grid points, a 1D element
should be defined for every mesh nodes considered, so this solution has been discarded.

The Explicit multi-point constraint type is chosen instead. This MPC allows to define an
arbitrary number of independent and dependant nodes, and the relationships about DOFs are
also user’s choice. As in fig. 2.12, the hinge rotation axis in the model is the z axis, so in
the definition of the explicit constraint, the independent nodes are constrained in each of them
DOF, the dependant nodes have only the rotation about the selected axis left free instead, the
first five DOFs depend on the displacement of independent nodes. A difference that can be
noticed between the model in fig. 2.12 and fig. 2.11 is that the first one has four different panels
to model the SAR array, while the second needs only two panels to properly model the antenna.

Analysis definition

Now that the structure model specification, the various configuration considered and the mod-
eling of hinges connection by MPC elements have been presented, it is possible to proceed to
the modal analysis needed. In MSC Nastran the modal analysis corresponds with the SOL103,
the default settings for this solution regard the extraction method, the number of desired roots
and the normalization method for eigenvectors, and are listed below:

- Extraction method: Lanczos
- Number or desired roots: 10
- Normalization method: Mass

The Lanczos method provides an efficient solutions for symmetric matrices and take advantage
of the sparsity of the matrix, in fact when a matrix is large and sparse, Jacobi eigenvalue
algorithm and other convergence-based iterative methods result computationally inefficient. A
detailed view on the Lanczos algorithm is given in [22]. The number of desired roots stand
for the number of eigenvalues that will be computed, since the models are free in space, the
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number of rigid modes have to be taken into account, in particular for the model with MPC,
where the presence of the hinge model adds degree of freedom. In addiction, to evaluate the
differences between the order of truncation of § matrix, for each configuration at least 5, 8 and 10
eigenvalues (excluding the rigid modes) have been considered. Finally, to avoid any singularity
problem when the eigenvectors are considered in the orbital simulator, the normalization method
selected is based on the maximum value. Finally, the updated analysis settings are as follow:

- Extraction method: Lanczos
- Number or desired roots for each configuration: 10, 15, 20
- Normalization method: Maximum

(a)

(c)

(e)

Figure 2.14: The first eight modes expected for the flexible spacecraft

The expected results are shown in fig. 2.14, while the actual results and the relative comments

are reported in the first section of chapter 3.

2.4 Control laws

This section will present an overview of the general principles of a Guidance-Navigation-Control
(GNC) system. Each aspect will be discussed in turn, with a particular focus on the control
element. Subsequently, the control law selected in this thesis will be introduced, accompanied
by an analysis of its distinctive features and the factors that led to its selection.

2.4.1 Guidance, Navigation, Control System

The Guidance, Navigation and Control System consists in the whole components used for
position management and the components used by Attitude Determination and Control System
(ADCS) [23]. Let introduce the three main parts of GNC:

- Guidance: consists of determining the desired position/orientation of the satellite, com-
paring them with the estimated actual values and then providing the reference for the

controller to follow.
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GNC
GUIDANCE
CONTROL ACTUATORS
SENSORS NAVIGATION
[ pLANT |
| PLANT |

Figure 2.15: Guidance, Navigation and Control scheme

- Navigation: consists of evaluating the position/orientation of the satellite at a given time
from the input of sensors, which can determinate the orientation of the satellite with
respect to specific reference.

- Control: refers to the algorithms that calculate the necessary control forces and torques
basing on the both the actual and desired position and orientation.

A complete scheme of a GNC system is reported in fig. 2.15. The ADCS system includes all
the sensors for the navigation function, such star trackers, sun sensors, horizon sensors, and
the actuators for providing the correction torques such reaction wheels, momentum wheels,
thrusters. Finally, the plant includes the attitude dynamics and kinematics equations and the
orbital perturbations. In real application, the actual orientation of the satellite is difficult to
evaluate resulting in further complexity in ADCS modeling. For this reason the orientation of
the satellite is considered totally known, which allows to omit the navigation function. Even
with this strong hypothesis, the design of the ADCS results in an hard task due to non-linearity
of the system, various uncertainties and a limited and fixed actuation power.

Control techniques are divided in two main category: the open-loop or feed-forward and the
closed-loop or feedback approaches. The main and most relevant difference of these methods
is the dependence of an input signal u(t) from the output signal y(?). In open-loop schemes,
u(t) is not dependent from y(t), so they require a pre-determined pointing maneuver and are
determined using optimal control techniques. They are sensitive to uncertainties and unexpected
disturbances, furthermore, it is not possible to stabilize an unstable system. On the other hand,
in closed-loop schemes, the signal u(t) takes into account the output signal, so they can handle
parameters uncertainties and external disturbances, providing a more robust design method.
In fig. 2.16 schemes of both open and closed control approaches are visualized, where r(t) is a
generic reference value and d stands for disturbances.

Quaternion feedback control

Satellites are often re-oriented by performing successive rotation around the control axis in
order to achieve the desired orientation. However, this solution is not time nor fuel consumption
optimal, although is very simple to be executed. The Quaternion feedback control provides a
nearly-optimal orientation control, with a control law slightly more complex. Since quaternions
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—— Controller Plant

(a) Feed-forward control technique

d

t t t
r()—- Controller ut® Plant —-y( )

Feedback link
(b) Feedback control technique

Figure 2.16: Open and closed loop design

can be easily computed by modern ADCS, a closed-loop control is easily implemented onboard
for autonomous maneuver.

The feedback control law employing the quaternion error g is:
TC = —NpQe — deb (247)

where qe € R? is the quaternion error vector defined in chapter 2, while K, and Ky are gain
matrices, tuned by trial-and-error method by the user. The control law in eq. (2.47) globally
asymptotically stabilizes thee satellite into any arbitrary desired attitude for a wide choice of
the gain matrices.

Let assume that qges = [1,0,0,0]7, in the hypothesis of fixed desired attitude. In this case, the
inertial reference frame coincides with the desired attitude, so qe = qv, with qy is the vectorial
part of the true quaternion. In this case the control law become:

Tc = —sign(qaq, ) Kpav — Kqwy (2.48)

where the sign function allow to consider both unit quaternions q; = [+1,0,0,0]7, while the
scalar value of g4, express the magnitude of the rotation. Basing on the definition of the gain
matrices, various QFC controllers can be defined, among these the simplest are:

- Controller 1 - Controller 3
o K,=kl o Kp=k-sign(qrue,)1
o K,=diag(dy, do, d3) o K,=diag(dy, do, d3)
- Controller 2 - Controller 4
.« K= Sk 1 o Kp=[ol+p1]"
Qirueo o K,=diag(dy, do, d3)

o K,=diag(dy, do, d3)
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where k, d;, a, B are positive scalar constants and 1, I € R3*3 are the identity and inertia

matrix, respectively. It can be noted that controller 1 is a particular case of controller 4 for

a=0.

Before introducing how the tuning of gain matrices impacts the control action, some control

entities of a second order system must be introduced.

y(v)

max

09y _

01y |

where:

Figure 2.17: Time domain response [6]

Yoo 1S the steady-state error, which correspond to the stationary value of the response

- t is the rise time from the 10% to the 90% of yeo

tq is the settling time, and it considers a range of +5% around the value of Yoo

- Ymaz 1S the peak value of the response

~ Ymaz — Yoo
- S =—

is the relative overshoot

Yoo

Since there is

not a fixed rule for tuning K, and K, a general guide based on a large number

of tests is reported in tab. 2.6. From this table it can be noted that an increasing of K, matrix

entries leads to decrement of the overall stability, while the increasing of the K coeflicient gives

an improvement of the stability of the system. The guidelines is not absolute and there is not

certainty that by only increasing K, values is possible to stabilize the system, it is a trade-off

study problem that must be analyzed for the specific case study by trial-and-error method as

said before, but the suggestions in tab. 2.6 are some of the best ways to start the tuning process.

The fundamental characteristics of QFC and its corresponding modelling schemes have now

been introduced, thereby establishing a clear justification for the selection of this specific con-
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Rise time Overshoot | Settling time | Steady-state error
Increasing K, decrease increase | small increase decrease
Increasing K; | small decrease | decrease decrease minor change

troller. The selection of Controller 4 for the orbit simulator employed in this work is particularly
justified due to its optimal compatibility with the reaction wheels model, which represents a
critical component of the system. This controller has been identified as the optimal choice
among the alternatives considered, in terms of achieving the desired performance and stability.
Furthermore, the selection of various system parameters, which are critical for the successful
operation of the controller, was achieved through an iterative process of trial and error. This
approach was necessary to fine-tune the parameters in a way that ensures a stable and reliable
system under the operating conditions considered. The following section 3.1.2 will present these

Table 2.6: Tuning gain matrices guidelines

parameters in detail, along with their implications for system performance.
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Chapter 3

Numerical simulations and results

This chapter presents the findings of the FEM analysis introduced in section 2.3.3 and the
simulation presented in section 2.4 are finally shown. Initially, the orbital simulator realized
in Simulink is presented, with its sub-systems and key parameters for the tunig process of
controller. Then, the modal analysis results will be visualized and commented, with particular
consideration given to the differences between the various configuration under consideration.
Subsequently, the eigenvectors will be reported and the process for computing the coupling
matrix & will be introduced. Finally, the results of the ACS simulation will be presented.

3.1 Orbital simulator

This section presents the orbital simulator developed in Matlab/Simulink environment in each
of its part, in order to understand how various sub-systems are linked together. All fixed
input data are here presented and the final parameters adopted to have a stable system are
listed. Furthermore, the reaction wheels model adopted is presented with also the simplification

considered for the the orbital perturbations.

3.1.1 Reaction Wheels model

In Simulink, the reaction wheels can be modeled as a combination of a first order low pass filter
and saturation. The filter is composed of a transfer function while the saturation establishes the
maximum value of the actuation torque. ICEYE-X1 satellite is a three-axis stabilized spacecraft
but no further information about reaction wheels configuration are reported so a pyramidal one
is considered. A filter and saturation blocks are needed for each reaction wheel, in fig. 3.1 is
possible to count four reaction wheels, with three wheels are the nominal operation wheels while
the fourth is for redundancy, however it has to be considered in the simulator. For this reason
a rotation matrix is needed to convert the control torque in four components and then back to
three components.

The terms of low pass filter are the numerator and denominator coefficients. Denominators
is composed of a term (7rw + 1), the value of Try express the actuation torque defined in
section 2.2. The saturation block limits the maximum torque that actuators should provide,
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Figure 3.1: Reaction wheels pyramidal configuration

Reaction Wheels parameters

TRW 5e-3 [Nm]
Unaz pyy 0.01 [Nm]

Table 3.1: Reaction wheels parameter values

the parameter is Usyaz g, and the effective range is [Umaz gy ; ~Umaz gy |- The values has been
determined after many trial-and-error iterations, the final ones are reported in table 3.1.

— M|

(i — e
c i TRW—I_]' i

Low pass filter Saturation

—| faw |

| =

Figure 3.2: Reaction wheel model in Simulink

Finally, the RWs simulator receives the control output as input and giving the control torque

Mpw as output.

3.1.2 QFC modeling

As introduced in sections above, the QFC controller evaluates the state error vector in terms of
quaternions and angular rate to compute the control torque. It receives as inputs the quaternion
vector and the angular velocity wp, and gives as output the correction torque needed. It’s
connected to the plant and to the reaction wheels block. The type 4 controller has been chosen
and its parameters are reported in tab. 3.2, where dy, d2 and ds are the diagonal entries of the
K gain matrix. In accordance with the prevailing literature, the values for a and S have been
selected. The computation of K, involves the inertia matrix, as defined in the previous chapter.
Consequently, its entries change for every configuration under consideration. It was therefore
considered unnecessary to report every K, matrix, given that its variation is reflected in the
final results of simulations.
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QFC parameters
« 0

I53 30

dy 0.9

do 0.9

ds 0.9

Table 3.2: Quaternion feedback control parameter

3.1.3 Flexible dynamics torque modeling

In this thesis, the flexibility of the SAR panels is considered trough the equations introduced in
subsec. 2.2.3. The flexible dynamics block in the simulator is composed of dynamics for each
panels considered, so in the model with MPC constraint the block consider each of four panel
individually, computing its participation factor and the summing all of them to determinate the
global flexible momentum. In the model without MPC only two panels are considered instead,
because the absence of connection allows to consider a unique panel as long as the two distinct
panel. The input of this block is the angular acceleration vector wy.

Flexible
"l Panel1 |

Flexible
" Panel 2

N 4 ™
| w_b ] e »Sum—— = Mpex |

- . -
Flexible |
" Parel3 |

FLexible
Panel 4

Figure 3.3: Example of the flexible dynamics block in Simulink

3.1.4 Orbital perturbations modeling

Orbital perturbations introduced in subsec. 2.2.4 applies torques on the system, so they have to
be taken into account if a robust GNC system is desired. They have little effect on the system,
but it must be consider in order to build a complete orbit simulator. The disturbance torques
have been consider along the three axis of the spacecraft and have been modeled as harmonic
function, considering the effects on each orbit period, exception for the solar radiation pressure.
The parameters defined for each perturbation are reported in tables 3.3a to 3.3¢ [12].
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Aerodynamic drag

Gravity gradient il

N AN
s »/Sum > Mgxt
\__/ \_ /

Magnetic torque

Solar radiation
pressure

(a) Orbital disturbances sub-system

(b) Example of harmonic function for aerodynamic
drag

Figure 3.4: Orbital perturbations model in Simulink

Sine wave specification Sine wave specification Sine wave specification
Amplitude 1 Amplitude 1 Amplitude 1
Bias 1 Bias 1 Bias 1
Frequency /200 Frequency /300 Frequency /150
Phase 3 /4 Phase /2 Phase /4
(a) Aerodynamic drag (b) Gravity Gradient (¢) Magnetic torque

Table 3.3: Orbital perturbations model parameters

3.2 FEM analysis results

This section presents the results of the finite element method (FEM) analysis in terms of modal
modes, frequencies and eigenvector components. Subsequently, a further subsection introduces
the computation of the coupling matrices and shows the results, which are later used in the

orbital simulator.

3.2.1 Real model results

The first set of results are those of the first variant, as detailed in table 2.5, which has no MPC
element and the actual dimension of ICEYE-X1 spacecraft. The results about the first ten
modal shapes and the eigenvectors of the first three modal modes are shown in figs. 3.5 and 3.6,

respectively. Additionally the natural frequencies used for the delta matrix are reported in
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table 3.4. In the figs. 3.6a to 3.6c, the ID POINTs from 913 to 924 refer to centroid of sub-

A A

1085874 [Hz] | 6 | 5.69583 [Hz]
2 | 0.99482 [Hz] | 7 | 14.85316 [Hy]
3 | 5.31319 [Hz] | 8 | 14.87343 [Hy|
4 | 5.35647 [Hz] | 9 | 17.63231 [Hy]
5 | 5.68142 [Hz] | 10 | 17.63767 [Hz]

Table 3.4: Natural frequencies of first case study

panels of one antenna panel, while the ID POINTSs from 925 to 936 refer to the other SAR
panel, since in this variant the FEM model considers only two panels for the SAR array.
The results in fig. 3.5 are similar to the ones expected and shown in fig. 2.14, however while

(e) Mode 5 (f) Mode 6

in the latter only flexible modes are observed, the results of this case study show also torsional
behaviour, specifically in mode 5, 6, 9 and 10. For this case only, a more comprehensive analysis
was performed, specifically focusing on the extracted roots, i.e. eigenvalues, which are three,
five and ten. This was done to evaluate the impact of considering a larger number of modes in
the orbital simulator.
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(g) Mode 7 (h) Mode 8

(i) Mode 9 (j) Mode 10

Figure 3.5: First ten modal shapes of the first spacecraft variant

3.2.2 MPC model results

In the the model with MPC, only the first three modal modes are taken into account. Therefore,
in the following a detailed comparison will be conducted between the models with and with-
out MPC, with particular attention paid to the distinctions in their dynamic behaviour. The
eigenvalues and corresponding eigenvectors have been computed and are presented in figs. 3.7
and 3.8, while the frequency for this case are provided in table 3.5.

The results reveal sharp differences between the two models, particularly with regard to both
the modal frequencies and the corresponding modal shapes. Specifically, the frequencies in the
MPC model are observed to be an order of magnitude higher compared to the model without
MPC. Additionally, an significant distinction can be observed in the nature of the first non-
rigid modes: in the MPC-based model, these modes show torsional behaviour, whereas in the
model without MPC, they demonstrate flexible behaviour. This outcome is somewhat counter-
intuitive, as the inclusion of additional degrees of freedom would typically be expected to reduce
the global stiffness of the system. The increased stiffness observed in this case, however, can
be attributed to the rigidity of the chosen MPC elements. It is important to note that the

A

1| 5.29184 [Hz]
2 | 5.30608 [Hz]
3 | 11.0332 [Hz]

Table 3.5: Natural frequencies of MPC model

stiffness properties of the MPC elements in this model are not customisable by the user, which
represents a limitation in the context of this study. As a result, the selected solution may not be
the most suitable for accurately capturing the effects of hinges or flexible connections within the
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system. Nevertheless, the separation of degrees of freedom (DOFs) around the z-axis, enabled
by the MPC formulation, offers the advantage by allowing the structural panels to behave as
independent entities. This decoupling of the panels aligns with one of the primary objectives of
this thesis, which aimed to model the panels independently while accounting for their dynamic

interactions.

Given the specific goals of this work, particularly the need to achieve independent panel
behavior, the MPC-based approach has been retained despite its limitations. Although the
rigid nature of the MPC elements might not fully capture the flexibility introduced by hinges,
the overall framework provides a sufficient representation of the system’s dynamics for the

purposes of this investigation.

(a) Mode 1 (b) Mode 2

(¢) Mode 3

Figure 3.7: MPC model modal shapes

3.2.3 Results of variant A, B and C

The results of the remaining analysed variants are here presented. In order to estimate the
effect of larger flexible panels in rigid-flexible coupling, the panels of the three variants are
progressively longer, while the rigid hub remains unchanged. All of these configurations consider
the model without MPCs, and the specifications of each variant are reported in table 2.5.
Moreover, the results of an additional variant that implements a scale factor for the entire
structure are also introduced here.

For each of these case studies, only the first three modal modes are considered. As the modal
shapes are comparable to those of the initial configuration, only the natural frequencies and
eigenvectors will be reported, as they are directly utilised for the orbital simulator, in table 3.6

and in figs. 3.9 to 3.11, respectively.
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A A A

1 ] 0.42231 [Hz| 11 0.27070 [Hz| 1 ] 0.18842 [Hz|

2 | 0.57004 [Hz| 2 | 0.42142 [Hz| 2 | 0.33677 [Hz]

3 | 2.60653 [Hz| 3 | 1.66691 [Hz| 3 | 1.15734 [Hz|
(a) Variant A (b) Variant B (¢) Variant C

Table 3.6: Natural frequencies of variant configurations

Scaled model

As introduced in section 2.3.3, an additional variant is studied. This one differs from the others
since it applies a scale factor v = 1.5 across the whole structure rather than only to flexible
panels. This decision is driven by the objective of evaluating the implications of using flexible
appendages in smaller satellite classes.

To quantify the effect of the scale factor on the dimensions of the model, the corresponding

values are presented in the following table.

Scale factor v =1.5

Panels’ length | 46.67 [cm
Total mass | 56.67 [kg]

Height 46.67 [cm]
Length 40.00 [cm)]
Depth 26.67 [cm]

[cm]

Table 3.7: Dimensions of the scaled model

The modal shapes are again equivalent to those of the original model, so only the first natural

frequencies and corresponding eigenvectors are reported.

A

1| 1.94289 [Hz]
2 | 2.26938 [Hz
3 | 11.9989 [Hy

Table 3.8: Natural frequencies of scaled model

3.2.4 Coupling matrix determination

In order to compute the requisite § matrices, a Matlab script has been developed. Given the
necessity to consider a variety of configurations, it is essential that the code be as generic as
possible. This approach allows the matrix for each case to be obtained with minimal modifica-
tion of the data inputs.

This approach involves consolidating the entire process into a single script designed to handle
multiple case studies, with each case study represented by its own section. In each section,
only two key parameters - the length of the antenna panel and the mesh size - are modified
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to reflect the specific configuration of the spacecraft variant being analysed. Once these two
parameters have been updated, the script is able to automatically calculate the main charac-
teristics of the system, such as the mass of the panel, moments of inertia and other essential
physical characteristics. However, the only exception to this approach is the stiffness matrix
K, which requires manual input for each variant of the spacecraft. The stiffness matrix must
be provided for each individual configuration because, together with the damping matrix D,
it reflects the mechanical properties and structural behaviour of the spacecraft in each case,
and both matrices are essential for the calculation of the § matrix. Furthermore, the rotational
transformations necessary to align the sub-panels’ local frames with the spacecraft’s body frame
remain consistent across all configurations, as the reference frame used in Patran remains un-
altered. In order to facilitate the implementation of these transformations, a custom MATLAB
function has been written. The function is responsible for calculating the rotation matrix, rep-
resented by L = R, x Ry x R;. Moreover, another MATLAB function is utilised to derive the
skew-symmetric matrix from a given 3x1 vector. By automating these processes with dedicated
functions, the code becomes more modular, reducing redundancy and improving readability,
while ensuring that the transformations and matrix manipulations are consistent and accurate
across all configurations.

The final matrices are now ready for reporting. The matrices for all the variants without MPC
elements are presented first, followed by the matrices for the model with MPC.

Delta matrices for the first case study (first three modes)

0.00 0.00 -0.3568 0.00 0.00 0.3568
01 ={0.00 0.00 -0.2488 92 =(0.00 0.00 -0.2488
0.00 0.00 0.2066 0.00 0.00 -0.2066

Delta matrices for the first case study (first five modes)

[0.00 0.00 -0.3568] [0.00 0.00 0.3568 |
0.00 0.00 -0.2488 0.00 0.00 -0.2488
51 =[0.00 0.00 0.2066 52 =[0.00 0.00 -0.2066
0.00 0.00 0.1873 0.00 0.00 0.1873
[0.00 0.00 0.00 | [0.00 0.00 0.00
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Delta matrices for the first case study (first ten modes)

0.00 0.00  —0.3568]
0.00 0.00  —0.2488
0.00 0.00  0.2066
0.00 0.00  0.1873
5 - 0.00 0.00 0.00
~0.0072 -0.0062  0.00
0.00 0.00 -0.1115
0.00 0.00  -0.1031
0.00 0.00  —0.00
| 0.0024  0.0020  0.00

Delta matrices for the variant A

0.00 0.00 0.5038
01 =10.00 0.00 0.2169

0.00 0.00 -0.2956

Delta matrices for the variant B
0.00 0.00 -0.6244
61 =10.00 0.00 -0.1154

0.00 0.00 0.3690

Delta matrices for the variant C

0.00 0.00 -0.7429
01 =10.00 0.00 0.0393
0.00 0.00 0.4415

Delta matrices for the scaled model

0.00 0.00 -0.1051
01 ={0.00 0.00 -0.0706
0.00 0.00 0.0610

Delta matrices for the MPC model

0.00 0.00 0.00
01 ={-0.0039 -0.0033  0.00
0.00 0.00  -0.2470 |
0.00 0.00 0.00
03 =[-0.0039 0.0033  0.00
0.00 0.00  -0.2470 |

02

02

02

)

02

2

04 =

0.00
0.00
0.00
0.00
0.00
-0.0072
0.00
0.00
0.00

| 0.0024

0.00
0.00
0.00
0.00
0.00
0.0062
0.00
0.00
0.00

-0.0020

0.3568 |
~0.2488
~0.2066
0.1873
0.00
0.00
0.1115
~0.1031
~0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

-0.5038
0.2169
0.2956

0.6244
-0.1154
-0.3690

0.7429
0.0393
-0.4415

0.1051
-0.0706
-0.0610

0.00
-0.0039
0.00

0.00
-0.0039
0.00

0.00
-0.0111
0.00

0.00
0.0111
0.00

0.00
0.00
0.3487

0.00
0.00
0.3487
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3.3 Simulation results

This section will present and analyse the results obtained from the orbital simulator presented
in section 3.1 for an inertial pointing manoeuvrer. The results include comprehensive diagrams
and figures that illustrate the main entities, such as the actuation torque required for successful
manoeuvring and the corresponding time needed to achieve a stable orbital condition or the
perturbation given by the flexible panels. The analysis will encompass the dynamics of the
spacecraft during its transition to stability, with particular attention paid to key factors such as
torque magnitudes, the timing of manoeuvres, and any perturbations encountered throughout
the process. In the following series of results, the selected integrator is ode4 with a fixed step
size of 0.01 seconds. The simulation time was set according to the time required to reach a
stable condition.

As was done in the previous section, the present section will be divided into sub-sections, thus
facilitating a more accurate visualisation of the results obtained in each case study. Firstly, the
model representing the actual dimensions of the ICEYE spacecraft is presented. Subsequently,
for a more comprehensive and rapid comparison, the model with multi-point constraint is re-
ported to determine the effect of the hinge model on the control strategy. Finally, the results
of the other case study will be displayed.

3.3.1 Real model simulation results

In order to evaluate how the modal base is a function of the number of normal modes considered,
a series of simulations was conducted using three distinct modal configurations: three modes, five
modes, and ten modes. The primary focus of this analysis is to understand how the number of
modes influences key system parameters. In particular, the main outcomes relate to the angular
velocities of the system, the perturbation momentum generated by the flexible appendages, and
the control torque required to achieve and maintain the desired orientation. By comparing
these results across the different modal sets, the aim is to identify how increasing the number
of normal modes impacts the overall system dynamics, basing on the participation factor of
higher order modes, including the control effort needed for stabilization and maneuvering. This
analysis provides insights into the trade-offs between computational complexity and performance

in systems with flexible components.

As illustrated in fig. 3.13, the main disturbance of angular velocities is observed along the
z-axis, due to the flexible behaviour exhibited by the first three modal modes, highlighted by the
flexible torque acting only around z-axis showed in fig. 3.14. This results in the occurrence of
vibration phenomena throughout the duration of the simulation. It is evident that the residual
error remains uncorrected, as it is of an equivalent order of magnitude to the control action. In
fig. 3.16 the evolution of quaternions is shown, demonstrating the successful achievement of the
desired orientation. Finally, the torque given by reaction wheels are reported in fig. 3.15. Once
again, it possible to notice that the main action is performed by the wheel aligned with z-axis.

Now the other sets of results for five and ten modes will be reported in figs. 3.18 to 3.22 and
figs. 3.23 to 3.27, respectively.
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These results indicate that only the most energetic modes, specifically the first five or so
modes, have a significant impact on control effort. This suggests that beyond these dominant
modes, the influence on control effort becomes negligible, meaning that focusing on them is
sufficient to achieve effective control. The less energetic modes contribute very little, if anything,
to the overall control dynamics, allowing a more efficient and targeted approach to the design
of control strategies.

3.3.2 MPC model simulation results

For MPC model, the simulation results are shown in figs. 3.28 to 3.32. As demonstrated in
fig. 3.28, the stability of quaternions is achieved. This confirms the functionality of the orbital
simulator. The trends for angular velocities are similar to those observed in the absence of
MPC, exhibiting a persistent error in the component oriented along the z-axis. The initial three
modes of the MPC case study, as seen in fig. 3.7 , include the first two modes with torsional
behaviour, resulting in the perturbation momentum acting on all three axes, as illustrated in
fig. 3.30. This contrasts with the observations made in the case study without MPCs and only
three modes considered. Finally, in fig. 3.32 the modal coordinates of each SAR panels are

shown.

The effect of hinge model based on MPCs can be immediately noted in a more stable
evolution for angular velocities and control torques, but mostly in the perturbation momentum
by the flexible panels, as show in fig. 3.30. This figure shows an effect around the x and y
axes due to the torsional behaviour of the first two modal modes. Unlike the case without the
MPC elements, where the flexible perturbation momentum is zero throughout the simulation,
in this case it is present, although with a magnitude of 1077. Further evidence of the effect of
the MPCs can be seen in the modal coordinates, which show a symmetrical evolution for the
couples of panels 1-3 and 2-4. In this case, the evolution around the x-axis is zero, because the
panel oscillation occurs around the hinge axis, with no perturbation along this axis.

3.3.3 Simulation results of other variants

In conclusion, the simulation results for the remaining variants of the model without MPC
elements are presented. As previously, the results include the evolution of quaternions and
angular velocities, the magnitude of external and flexible perturbation momentum, and the
modal coordinates for flexible appendages. It should be noted that the specifications of these
variants are reported in table 2.5. The main difference between variants A, B and C and the
base model is the total length of SAR panels. In contrast, for the scaled model, the scale factor
is applied to the entire structure.

The results for variants A, B and C are firstly presented in figs. 3.33 to 3.37, figs. 3.38 to 3.42
and figs. 3.43 to 3.47, respectively. Then, the results for scaled model are in figs. 3.48 to 3.52.

Despite the progressive increase in panel length, which results in an overall increase in
the system’s total mass, as evidenced by the observed decline in frequencies in table 3.6, in
accordance with the eq. (2.40), the evolution observed in the various results remain consistent
across all variants under consideration and with the actual model. However, it must be noted
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that the oscillation on angular rates, as shown in fig. 3.44b, while the perturbation momentum
by the flexible appendages around the z-axis showed an increase in oscillation. This is easily
explained by the increasing size of the panels, which logically increases the amount of disturbance

generated.

47



CHAPTER 3. NUMERICAL SIMULATIONS AND RESULTS

EIGENVALUE
CY¥CLES

POINT ID.
917
918
919
920
921
922

923
924
925
926
927
928

929
930
931
932
933
934

935
936
937
938
939
940

EIGENVALUE
CY¥CLES

POINT ID.
917
918
919
920
921
922

923
924
925
926
927
928

929
930
931
932
933
934

935
936
937
938
939
940

EIGENVALUE
CYCLES

POINT ID.
917
gls
919
920
921
922

923
924
925
928
927
928

929
930
931
932
933
934

935
936
937
938
939
940

1.105538E+03
5.291844E+00

TYPE

TYPE

G

Q@ aaaa Qoaaaa Qoo

GG @G e Q

1.
5.

TYPE

G

Q@ aaaa Qoaaaa Qoo

GG @G e Q

T1
.652423E-06
.655782E-06
.656551E-0¢
-1.656551E-06
-1.655782E-06
—-1.652422E-06

o

-

.657022E-06
.657254E-06
.657332E-06
-1.657331E-06
-1.657254E-06
-1.657021E-06

o e

.652422E-06¢
.655782E-06

1.656551E-06
—-1.656551E-06
-1.655782E-0¢6
-1.652422E-06

1.657022E-06
1.657254E-06
.657332E-06
-1.657331E-06
—-1.657254E-06
-1.657021E-06

-

111495E+03
306081E+00

T1
-3.476€53E-07
—7.219486E-07
-9.609588E-07
.609587E-07
.219484E-07
.476651E-07

W - w

-1.097841E-06
-1.161762E-06
-1.181717E-06
.181717E-0¢
.161762E-06
1.097641E-06

o

.47€719E-07
.219546E-07

9.609646E-07
—9.609648E-07
—7.219548E-07
-3.476721E-07

1.097848E-06
1.161768E-06
.181723E-06
-1.181723E-06
-1.161768E-06
-1.087848E-06

-

4.805726E+03
1.103315E+01

G

@0 e Qoo Qoo aa (Do NN ]

@G @G a e

Tl
—5.328627E-03
—5.328920E-03
-5.329140E-03
-5.329140E-03
—5.328920E-03
.328627E-03

|
o

-5.329303E-03
—5.329412E-03
—5.329466E-03
-5.329466E-03
-5.329412E-03
—5.329303E-03

-5.328627E-03
-5.328920E-03
—5.329140E-03
—5.329140E-03
-5.328920E-03
-5.328627E-03

—5.329303E-03
-5.329412E-03
-5.329466E-03
—5.329466E-03
—5.329412E-03
-5.329303E-03

REAL EIGENVECTOR N O

T2 T3 Rl
6.458447E-02 6.607048E-06 €.449440E-04
1.893113E-01 1.047210E-05 1.890069E-03
3.023343E-01 1.433722E-05 3.017353E-03

—3.023343E-01 1.433722E-05 3.017353E-03
-1.893113E-01 1.047210E-05 1.890069E-03
—6.458447E-02 6.607048E-06 ©.449440E-04
3.935621E-01 1.820366E-05 3.928125E-03
4.569150E-01 2.207074E-05 4.561724E-03
4.920330E-01 2.593798E-05 4.910787E-03
—4.920330E-01 2.593798E-05 4.910787E-03
-4.569150E-01 2.207074E-05 4.561724E-03
-3.935621E-01 1.820366E-05 3.9261255-03

—6.458463E-02 -6.606993E-06 -6.449457E-04
-1.893113E-01 -1.047204E-05 -1.8%006%E-03
—3.023342E-01 -1.4337158-05 -3.017351E-03
.023342E-01 -1.433715E-05 -3.017351E-03
.B93113E-01 -1.047204E-05 -1.880069E-03
.458463E-02 -6.6069%3E-06 -6.449457E-04

oW

—3.935631E-01 -1.820365E-05 -3.928135E-03
—4.569150E-01 -2.207068E-05 -4.561724E-03
—-4.9%20327E-01 -2.593787E-05 -4.910784E-03
.920327E-01 -2.593787E-05 -4.910784E-03
.569150E-01 -2.207068E-05 -4.561724E-03
.935631E-01 -1.820365E-05 —-3.928135E-03

)

[REF SN

(a) Eigenvector for A\;

REAL EIGENVECTOR N O

T2 T3 Rl
—6.268924E-02 -7.051263E-03 -€.260017E-04
—1.878620E-01 -7.052838E-03 -1.875581E-03
—3.013599E-01 -7.055057E-03 -3.007595E-03

3.013599%E-01 -7.055057E-03 -3.007595E-03
1.878620E-01 -7.052838E-03 -1.875581E-03
6.268924E-02 -7.051263E-03 -6.260017E-04

-3.93015%E-01 -7.057651E-03 -3.922635E-03
—4.566892E-01 -7.060415E-03 -4.559431E-03
—4.919907E-01 -7.063213E-03 -4.910315E-03
4.919907E-01 -7.063213E-03 -4.910315E-03
4.566892E-01 -7.060415E-03 -4.559431E-03
3.930159E-01 -7.057651E-03 -3.922635E-03

—6.268941E-02 -7.051263E-03 -6.260034E-04
-1.878620E-01 -7.052838E-03 -1.875581E-03
-3.013598E-01 -7.055057E-03 -3.007594E-03
3.013598E-01 -7.055057E-03 -3.007594E-03
1.878620E-01 -7.052838E-03 -1.875581E-03
©.268%41E-02 -7.051263E-03 -&.260034E-04

—3.930169E-01 -7.057651E-03 -3.922645E-03
—4.56€892E-01 -7.060415E-03 -4.559431E-03
-4.919%04E-01 -7.063213E-03 -4.910312E-03
4.919904E-01 -7.063213E-03 -4.910312E-03
4.566892E-01 -7.060415E-03 -4.559431E-03
3.930169E-01 -7.057651E-03 -3.922645E-03

(b) Eigenvector for Ay

REAL EIGENVECTOR N O

T2 T3 Rr1
5.060279E-01 .728854E-08 2.356044E-04
9.183390E-01 -3.999744E-08 4.682986E-04
1.641114E-01 -2.528391E-08 2.649312E-04
1.641114E-01 .528835E-08 -2.649312E-04
9.1833390E-01 .000099E-08 -4.682986E-04
5.060279E-01 -6.728586E-08 —-2.356044E-04

o

NN

-5.560927E-01 -1.7442598-08 -7.058153E-05
—3.810824E-01 -1.048046E-08 -1.945006E-04
2.780360E-01 -3.505025E-09 -1.379347E-04
2.780360E-01 .512106E-09 1.379347E-04
-3.810824E-01 .048666E-08 1.945006E-04
—-5.5609278-01 .744791E-08 7.058153E-05

oW

-5.060262E-01 -6.728613E-08 -2.356037E-04

-9.183339E-01 3.999854E-08 -4.682960E-04
-1.641120E-01 2.528509E-08 -2.649302E-04
-1.€41120E-01 -2.528719E-08 2.649302E-04
-5%.183339E-01 -3.8%99579E-08 4.682960E-04
-5.060262E-01 €.726574E-08 2.356037E-04

5.560806E-01 1.744369E-08 7.058461E-05

3.810803E-01 1.048166E-08 1.944995E-04
-2.780242E-01 3.506328E-09 1.379348E-04

—2.780242E-01 -3.510987E-09 -1.379348E-04
3.810803E-01 -1.048546E-08 -1.944995E-04
5.560906E-01 -1.744663E-08 -7.058461E-05

(c) Eigenvector for A3
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-1.
-1.
-1.
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-7
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-7
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PR ww e e
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|
Wow e

-3.
.994579E-11
.921008E-11
.920640E-11
.994611E-11
.038826E-11

I
[

[REXEN]

11

R2
653202E-08
655944E-08
656711E-08
656711E-08
655944E-08
653202E-08

657147E-08
657336E-08
657362E-08
657362E-08
657336E-08
657147E-08

653202E-08
655944E-08
656711E-08
656711E-08
655944E-08
653202E-08

657147E-08
657336E-08
657362E-08
657362E-08
657336E-08
657147E-08

R2
.366855E-09
.913412E-09
.014947E-08
.014947E-08
-913412E-09
.366855E-09

.136411E-08
.184909E-08
-189696E-08
.189€96E-08
.184909E-08
.136411E-08

.366919E-09
.913474E-09
.014953E-08
.014953E-08
.913474E-09
.366919E-09

-136418E-08
.184915E-08
.18%702E-08
.189702E-08
-184915E-08
.13€418E-08

13

R2

.289715E-09
.531124E-11
.8459208E-11
.848831E-11
.531500E-11
.2B89719E-09

.039196E-11
.994988E-11
.921009E-11
.920631E-11
.994610E-11
.038818E-11

.289709E-09
.531079E-11
.849195E-11
.B48830E-11
-1.
-1.

531445E-11
289712E-09

039191E-11

Figure 3.8: First three eigenvectors for MPC Model
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R3

.467789E-04
.106075E-04
.524377E-04

524377E-04
106075E-04

.467789E-04

207049E-04
114849E-04
313924E-05
313924E-05
114849E-04
207049E-04

467789E-04
106075E-04

.524377E-04
.524377E-04
.106075E-04
.467789E-04

.207040E-04
.114849E-04
.314029E-05
.314029E-05
.114849E-04
.207040E-04

R3
.485512E-04
.126093E-04
.544500E-04
.544500E-04
.126093E-04
.485512E-04

.2225%84E-04
.125763E-04
.363223E-05
.363223E-05
.125763E-04
.222984E-04

.485512E-04
.126093E-04
.544500E-04
.544500E-04
.126093E-04
.485512E-04

.222975E-04
.125764E-04
.363329E-05
.363329E-05
.1257e4E-04
.222975E-04

R3

.883697E-03
.926010E-04

1501%5E-03

.150195E-03
.926010E-04
.8B83697E-03

.301196E-04
.933819E-03
.418979E-03
.418979E-03
.933819E-03
.301196E-04

.8B83672E-03
.925967E-04
.150164E-03
.150164E-03

925967E-04

.8B83672E-03

.300974E-04
.933808E-03
.418953E-03
.418953E-03
.933808E-03
.300974E-04
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CHAPTER 3. NUMERICAL SIMULATIONS AND RESULTS

EIGENVALUE
CYCLES

POINT ID.
913
914
915
gle
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936

EIGENVALUE
CYCLES

POINT ID.
913
914
915
916
917
gle
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936

EIGENVALUE
CYCLES

POINT ID.
913
914
915
gle
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936

7.040863E+00
4.2231175-01

TYPE
G

Qoo oOonnnnneennennaaann

Tl
238903E-08
138469E-08
138284E-08
188348E-08
188347E-08
138347E-08
138742E-08
188742E-08
188744E-08
138680E-08
138864E-08
.239298E-08
-6.265971E-08
-6.215538E-08
—©6.215353E-08
-6.215417E-08
-6.215415E-08
-6.2154158-08
—©6.215020E-08
—6.215020E-08
-6.215022E-08
-6.214953E-08
—©6.215142E-08
—6.265576E-08

[ N T R e A T e < e

o

1.282851E+01
5.700439E-01

TYPE
G

OO0 naa0aenannaennnaa

Tl
219546€E-02
.219549E-02
.219551E-02
.219552E-02
219553E-02
.219554E-02
.219554E-02
.219553E-02
219552E-02
.219551E-02
.219549E-02
.219546E-02
219546€E-02
.219549E-02
.219551E-02
.219552E-02
219553E-02
.219554E-02
.219554E-02
.219553E-02
219552E-02
.219551E-02
.219549E-02
.219546E-02

LW YWY YYDV YWEEWYWEE WY

2.682172E+02
2.606534E+00

TYPE

G

Qoo oOonnnnneennennaaann

Tl
-4.280383E-07
—4.264504E-07
—4.263757E-07
-4.263823E-07
-4.263831E-07
-4.263836E-07
—4.263837E-07
—4.263832E-07
-4.263823E-07
-4.263757E-07
—4.264505E-07
—4.280384E-07
.299944E-07
.284066E-07
.283319E-07
.283385E-07
.283393E-07
.283398E-07
.283398E-07
.283393E-07
.283384E-07
.283318E-07
.284065E-07
.299944E-07

i

N R LS

REAL EIGENVECTO

T2 T3

-1.098762E-02 .899527E-09
7.403030E-02 -1.449015E-10
2.259253E-01 -3.499263E-11
4.234540E-01 -4.401400E-11
©.470%83E-01 -5.061064E-11
8.816345E-01 -5.7197178-11
8.816345B-01 -5.719753E-11
©.470983E-01 -5.060655E-11
4.234540E-01 -4.402568E-11
2.259253E-01 -3.9G66960E-11
7.403030E-02 8.321651E-11
—1.098762E-02 -1.948435E-09
-1.098758E-02 1.918362E-09
7.403030E-02 -1.132787E-10
2.259237E-01 9.806616E-12
4.234559E-01 1.396201E-11
©.470%983E-01 2.0541%6E-11
8.816323E-01 2.713204E-11
8.816323E-01 2.713168E-11
©.470983E-01 2.054607E-11

1

4

1

1

[

4.234559E-01 .395032E-11
2.259237E-01 .929649E-12
7.403030E-02 .148394E-10
—1.098758E-02 -1.929976E-09

R

-1.
-1.
-1.
-7.
-3.
-1.
.007028E-06
.491726E-06
.916092E-06
.352476E-05
.863050E-05
.06B8848E-05
-1.
-1.
-1.
-7.
-3.
-1.
.007041E-06
.491726E-06
.916042E-06
.352481E-05
.863050E-05
.06B8B850E-05

oW e

i

-

PR g w

N O

Rl
068848E-05
863050E-05
352476E-05
916092E-06
491726E-06
007028E-06

068850E-05
863050E-05
352481E-05
916042E-0¢
491726E-06
007041E-06

(a) Eigenvector for A\;

REAL EIGENVECTO

T2 T3
1.123078E-01 1.103103E-09
7.256830E-02 2.373817E-09

-7.501128E-02 1.686860E-09
-2.985700E-01 1.148234E-09
—-5.668847E-01 ©.059542E-10
—8.543217E-01 ©.246100E-11
-8.543217E-01 -4.425269E-10
-5.668847E-01 -9.171527E-10
—2.985700E-01 -1.390567E-09
-7.501128E-02 -1.860331E-09
7.256830E-02 -2.478431E-09
1.1230785-01 -1.138868E-09
—-1.123078E-01 -1.042505E-09
—7.256831E-02 -2.313210E-09
7.500956E-02 -1.626266E-09
2.985723E-01 -1.087643E-09
5.668847E-01 -5.453810E-10
8.543191E-01 -1.907089E-12
8.543191E-01 5.030895E-10
5.66G68475-01 9.777259E-10
2.985723E-01 1.451150E-09
7.500956E-02 1.920933E-09
-7.256831E-02 2.53%039E-09
-1.123078E-01 1.199495E-09

R

N O

Rl

.690625E-05
.004494E-05
.244607E-05
.350022E-05
.090441E-06
.783856E-06
.783857E-06
.090442E-06
.350022E-05
.244607E-05
.004494E-05
.690625E-05
.690629E-05
.004494E-05
.244615E-05
.350014E-05
.090442E-06
.783879E-06
.783879%E-06
.090441E-06
.350014E-05
.244615E-05
.004494E-05
.690629E-05

(b) Eigenvector for Ay

REAL EIGENVECTO

T2 T3
-5.257129E-02 -1.97948€E-08
—4.004619E-01 .3B88123E-10
—6.900525E-01 -9.056839E-12

-

—6.242376E-01 2.993115E-13
-1.442710E-01 7.462732E-13

5.964208E-01 8.777061E-13

5.964208E-01 9.274907E-13
—1.442710E-01 8.556999E-13
-6.242376E-01 1.099404E-12
—6.900525E-01 1.025238E-11
—4.004619E-01 -7.378198E-10
—5.257129E-02 1.979565E-08

-5.257150E-02 -1.979506E-08
—4.004618E-01 .3B83369E-10
—6.900512E-01 -9.730076E-12
—6.242350E-01 -5.720135E-13
-1.442710E-01 -3.229428E-13

5.964135E-01 -3.894060E-13

5.964135B-01 -3.393860E-13

-

—1.442710E-01 -2.128718E-13
-6.242350E-01 2.2917%3E-13
—6.900512E-01 9.560188E-12
—4.004618E-01 -7.382939E-10
—5.257150E-02 1.979529E-08

R

S

(ST

S

N

SRR

N O

Rl

.497487E-05
-1.
-9.
.15354%E-04
=-7.
-2.
.755147E-05
.619560E-05
.153543%E-04
.729971E-05
.894694E-05
.497487E-05
.497492E-05
-1.
-9.
.153548E-04
=-7.
-2.
.755178E-05
.619560E-05
.153548E-04
.729921E-05
.894695E-05
.497492E-05

894694E-05
729971E-05

619560E-05
755147E-05

894695E-05
729921E-05

619560E-05
755178E-05

(c) Eigenvector for A3
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N e e e e e T R A R e e T

o

-1
-1
-1
-1
-2

w

-5
2
1
1
1
1

5

-2
[

-7
-3
-4
-1
-2

6
-1
-6

2

2
-6
-1

3
-2
-1
-4
-3
-7

1

-2

e e ;

R2
256363E-11
810457E-13
572266E-15
071563E-14
974181E-14
976695E-14
976562E-14
979069E-14
881665E-14
295982E-14
205772E-13
252410E-11
252410E-11
205769E-13
295811E-14
881415E-14
978820E-14
976309E-14
976442E-14
973937E-14
071313E-14
569160E-15
810499E-13
256362E-11

R2
.566565E-11
.463490E-12
.636788E-12
.625397E-12
627886E-12
.5B83070E-12
.376467E-12
.421286E-12
.418806E-12
.430210E-12
.256929E-12
.587219E-11
.566564E-11
.463470E-12
.636756E-12
.625358E-12
.627845E-12
.5B83027E-12
.376512E-12
.421329E-12
.418843E-12
.430240E-12
.256954E-12
.587216E-11

R2
.410429E-10
.139503E-13
.578457E-13
.10€318E-15
.343595E-16
.465125E-16
.632165E-16
.753383E-16
.496689E-15
.584551E-13
-145593E-13
.410423E-10
.410424E-10
.145580E-13
.584423E-13
.512777E-15
.592740E-16
.471782E-16
.317483E-16
.19€721E-1¢
.091659E-15
.578635E-13
-139793E-13
.410429E-10

Figure 3.9: First three eigenvectors for variant A
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R3

.339190E-04
.659184E-04

346658E-04

.407071E-04

934%36E-04
093232E-04
093232E-04
934936E-04
407071E-04

.346658E-04

659184E-04

.3391920E-04
-1.
-3.
5.
—6.
-6.
-7.
-7.
—6.
-6.
-5.
-3.
-1.

339192E-04
€591G64E-04
346646E-04
407078E-04
934%35E-04
093232E-04
093232E-04
934935E-04
407078E-04
346646E-04
659184E-04
339192E-04

R3

-196822E-05
-2.
-5.
=7.
-8.
-8.
-8.
-8.
-7.
-5.
-2.
.196822E-05
.196787E-05
-2.
-5.
=7.
-8.
-8.
-8.
-8.
-7.
-5.
-2.
.196787E-05

961994E-04
730735E-04
525585E-04
443652E-04
725092E-04
725092E-04
443652E-04
525585E-04
730735E-04
961994E-04

961994E-04
730714E-04
525597E-04
443652E-04
725092E-04
725092E-04
443652E-04
525597E-04
730714E-04
961994E-04

R3

.092273E-04
-1.
.302645E-04
.530314E-04
.941389E-03
.393462E-03
.393462E-03
.941389E-03
.530314E-04
.302645E-04
.153472E-03
.092273E-04
.092282E-04
.153471E-03
.302746E-04
.530430E-04
.941388E-03
.3934€0E-03
.393460E-03
.941388E-03
.530430E-04
.302746E-04
.153471E-03
.092282E-04

153472E-03
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EIGENVALUE = 2.892920E+00
CYCLES = 2.707000E-01 REAL EIGENVECTOR N O . 7
POINT ID. TYPE Tl T2 T3 Rl R2 R3
913 G 3.930460E-08 -1.647401E-02 -2.2%0028E-10 -9.444220E-06 2.151209E-11 1.073600E-04
914 G 3.912156E-08 €.914440E-02 -3.728353E-10 -1.245704E-05 -2.704076E-13 2.948816E-04
915 G 3.912641E-08 2.220607E-01 -3.541641E-10 -8.697956E-06 —-2.195526E-14 4.303462E-04
9le G 3.912635E-08 4.207073E-01 -3.437314E-10 -5.011218E-06 —-2.541536E-14 5.152912E-04
917 G 3.912635E-08 6.454880E-01 -3.331587E-10 -2.131815E-06 -2.536838E-14 5.5749%92E-04
918 G 3.912635E-08 8.811272E-01 -3.225883E-10 -5.051514E-07 -2.536897E-14 5.700297E-04
919 G 3.912128E-08 8.811272E-01 -3.225884E-10 5.051537B-07 -2.536919E-14 5.700297E-04
920 G 3.912128E-08 ©.454880E-01 -3.331590E-10 2.131817E-06 -2.536984E-14 5.574992E-04
9z1 G 3.912128E-08 4.207073E-01 -3.437272E-10 5.011220E-06 -2.532335E-14 5.152912E-04
922 G 3.912133E-08 2.220607E-01 -3.544358E-10 B8.697958E-06 —2.878484E-14 4.303462E-04
923 G 3.911649E-08 6.914440E-02 -3.569067E-10 1.245704E-05 2.196650E-13 2.948816E-04
924 G 3.929952E-08 -1.647401E-02 -5.218827E-10 9.444222E-06 —-2.156284E-11 1.073600E-04
925 G —4.014495E-08 -1.647404E-02 -2.54795%E-10 -9.444206E-06 -2.156285E-11 -1.0735%98E-04
926 G —3.996191E-08 €.914440E-02 -4.197806E-10 -1.245704E-05 2.196532E-13 -2.94881€6E-04
927 G —3.996676E-08 2.220620E-01 -4.222565E-10 -8.697925E-06 —-2.879778E-14 -4.303470E-04
928 G —3.996670E-08 4.207058E-01 -4.329707E-10 -5.011244E-06 -2.533791E-14 -5.152908E-04
929 G —-3.996670E-08 6.454880E-01 -4.435453E-10 -2.131815E-06 -2.538506E-14 -5.574992E-04
930 G —3.996671E-08 8.811289E-01 -4.541223E-10 -5.0514478-07 -2.538455E-14 -5.700297E-04
931 G —3.997178E-08 8.811289E-01 -4.541224E-10 5.051470E-07 —2.538427E-14 -5.700297E-04
932 G —3.997178E-08 ©.454880E-01 -4.435456E-10 2.131817E-0€6 -2.538355E-14 -5.574992E-04
933 G —-3.997178E-08 4.207058E-01 -4.329665E-10 5.011246E-06 -2.5429%9%90E-14 -5.152908E-04
934 G —3.997184E-08 2.220620E-01 -4.225281E-10 B8.697927E-06 -2.196809E-14 -4.303470E-04
935 G —3.996699E-08 6.914440E-02 -4.038520E-10 1.2457058-05 —-2.704155B-13 -2.948816E-04
936 G —4.015003E-08 -1.©47404E-02 -5.476868E-10 9.444209E-06 2.151210E-11 -1.073598E-04
(a) Eigenvector for A
EIGENVALUE = 7.011163E+00
CYCLES = 4.214200E-01 REAL EIGENVECTOR N O . g
POINT ID. TYPE T1 T2 T3 R1 R2 R3
913 G —1.190341E-01 -1.645265E-01 -2.670494E-09 -1.794584E-05 3.190432B-11 -1.672785E-04
914 G —-1.190341E-01 -1.561170E-01 -1.521688E-02 -2.469187E-05 -2.421936E-12 1.943399E-04
915 G -1.190341E-01 -1.433103E-02 -6.624849E-10 -1.815711E-05 -2.040776E-12 4.708663E-04
916 G -1.190341E-01 2.231478E-01 1.8993€1E-10 -1.09€599E-05 -2.046€192E-12 6.535775E-04
917 G —-1.190341E-01 5.180107E-01 1.042472E-09 -4.848933E-06 -2.046450E-12 7.485408E-04
918 G —1.190342E-01 8.37€855E-01 1.897189E-09 -1.180570E-0€6 -2.019497E-12 7.777750E-04
919 G -1.190342E-01 8.376855E-01 2.340757E-09 1.180573E-06 7.695310E-14 7.777750E-04
920 G -1.190341E-01 5.180107E-01 2.386080E-09 4.846937E-086 1.03%038E-13 7.485408E-04
921 G —-1.190341E-01 2.231478E-01 2.429220E-09 1.096599E-05 1.036397E-13 6.535775E-04
922 G —-1.190341E-01 -1.433103E-02 2.472244E-09 1.815712E-05 9.821251E-14 4.708663E-04
923 G -1.190341E-01 -1.561170E-01 2.522043E-09 2.46%9187E-05 4.793539E-13 1.943399E-04
924 G -1.190341E-01 -1.€452€5E-01 2.8€1434E-09 1.794584E-05 -3.384€93E-11 -1.€72785E-04
925 G —-1.190341E-01 1.645265E-01 1.873911E-09 1.794581E-05 3.190430B-11 -1.672787E-04
926 G —-1.190341E-01 1.561170E-01 7.250777E-10 2.4€9187E-05 -2.422041E-12 1.943399E-04
927 G -1.190341E-01 1.432962E-02 -1.341864E-10 1.815706E-05 -2.040924E-12 4.708679E-04
928 G -1.190341E-01 -2.231458E-01 -9.866629E-10 1.09€604E-05 -2.046362E-12 6.5357€5E-04
929 G —-1.190341E-01 -5.180107E-01 -1.839278E-09 4.848937E-06 -2.046626E-12 7.485408E-04
930 G —1.190342E-01 -8.376€878E-01 -2.694077E-09 1.180558E-06 -2.018680E-12 7.777751E-04
931 G -1.190342E-01 -8.376878E-01 -3.137639E-09 -1.180554E-06 7.677044E-14 7.777751E-04
932 G -1.190341E-01 -5.180107E-01 -3.18288€6E-09 -4.848933E-06 1.037214E-13 7.485408E-04
933 G —-1.190341E-01 —-2.231458E-01 -3.225952E-09 -1.096604E-05 1.034721E-13 6.535765E-04
934 G —-1.190341E-01 1.432962E-02 -3.268909E-02 -1.815705E-05 9.80€678E-14 4.7086€79E-04
935 G -1.190341E-01 1.561170E-01 -3.318653E-09 -2.469187E-05 4.792397E-13 1.943399E-04
936 G -1.190341E-01 1.€45265E-01 -3.658000E-09 -1.794581E-05 -3.384701E-11 -1.€72787E-04
(b) Eigenvector for Ay
EIGENVALUE = 1.096948E+02
CYCLES = 1.6€6914E+00 REAL EIGENVECTOR N O . 9
POINT ID. TYPE Tl T2 T3 R1 R2 R3
913 G -2.680191E-07 -4.9%10652E-02 -4.124657E-09 2.980075E-05 -1.352436E-10 -5.681122E-04
914 G —-2.671542E-07 -3.991121E-01 9.747€38E-11 -1.155372E-05 1.499920E-12 -9.293385E-04
915 G —2.671801E-07 -6.910439E-01 3.761239E-12 -6.560472E-05 -1.980109E-14 -3.479469E-04
216 G —2.671804E-07 -©.258256E-01 5.017998E-12 -7.6924654E-05 6.797491E-16 ©.832230E-04
917 G -2.671808E-07 -1.449%9103E-01 4.822851E-12 -4.924823E-05 4.124198E-16 1.556279E-03
918 G —-2.€671810E-07 5.968€91E-01 4.649981E-12 -1.474780E-05 4.166320E-16 1.91609€6E-03
919 G —2.671809E-07 5.968691E-01 4.665548E-12 1.474780E-05 4.903314E-16 1.916096E-03
920 G —-2.671807E-07 -1.449103E-01 4.870690E-12 4.924823E-05 4.947930E-16 1.55€279E-03
921 G -2.671803E-07 -6.258256E-01 5.053557E-12 7.694654E-05 2.276698E-16 6.832230E-04
922 G —-2.€671800E-07 -6.910439E-01 6.688527E-12 €.560472E-05 2.070930E-14 -3.479469E-04
923 G —2.671542E-07 -3.991121E-01 -8.664800E-11 1.155372E-05 -1.499011E-12 -9.293385E-04
924 G —2.680190E-07 -4.910652E-02 4.135864E-09 -2.980075E-05 1.352445E-10 -5.681122E-04
925 G 2.676357E-07 -4.910635E-02 -4.124223E-09 2.980071E-05 1.352445E-10 5.681115E-04
926 G 2.6€67708E-07 -3.991121E-01 9.832944E-11 -1.155371E-05 -1.498983E-12 9.293385E-04
927 G 2.667967E-07 -6.910449E-01 4.999361E-12 -6.560499E-05 2.072472E-14 3.479404E-04
923 G 2.667970E-07 -6.258277E-01 ©.640789E-12 -7.6924663E-05 2.437801E-1€ -©6.83Z155E-04
929 G 2.667974E-07 -1.44%103E-01 6.830475E-12 -4.924823E-05 5.111404E-16 -1.556279E-03
930 G 2.6€67976E-07 5.968748E-01 7.042454E-12 -1.474763E-05 5.0668223E-16 -1.916097E-03
931 G 2.667977E-07 5.968748E-01 7.057991E-12 1.474763E-05 4.33387eE-16 -1.916097E-03
932 G 2.€67975E-07 -1.449103E-01 ©.878232E-12 4.924823E-05 4.289416E-16 -1.556279E-03
933 G 2.667971E-07 -6.258277E-01 6.676240E-12 7.694663E-05 €.959010E-16 -6.832155E-04
934 G 2.6€67968E-07 -6.910449E-01 7.9263€4E-12 €.560499E-05 -1.978623E-14 3.479404E-04
935 G 2.667709E-07 -3.991121E-01 -8.579447E-11 1.155371E-05 1.499920E-12 9.293385E-04
936 G 2.676358E-07 -4.910635E-02 4.136368E-09 -2.980071E-05 -1.352436E-10 5.681115E-04

(c) Eigenvector for A3

Figure 3.10: First three eigenvectors for variant B
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EIGENVALUE
CYCLES

POINT ID.
913
914
915
gle
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936

EIGENVALUE
CYCLES

POINT ID.
913
914
915
91e
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936

EIGENVALUE
CYCLES

POINT ID.
913
914
915
9le
917
918
919
920
921
922
923
924
925
928
927
928
929
930
931
932
933
934
935
936

TYPE
G

Qoo oOonnnnneennennaaann

1.401497/E+00
1.884153E-01

Tl
2.640343E-08
2.643118E-08
2.643249E-08
2.643249E-08
2.643249E-08
2.643249E-08
2.642312E-08
2.642311E-08
2.642311E-08
2.642311E-08
2.642180E-08

2.639405E-08
-2.851221E-08
-2.853995E-08
—2.854127E-08
—2.854127E-08
-2.854127E-08
-2.854127E-08
—2.855065E-08
—2.855065E-08
-2.855065E-08
-2.855065E-08
—2.854933E-08
—2.852159E-08

4.477313E+00
3.367665E-01

TYPE

OO0 0naaanaaaenana

T1
-1.392042E-01
-1.392050E-01
-1.392050E-01
—-1.392050E-01
-1.392050E-01
-1.392050E-01
-1.392050E-01
—-1.392050E-01
-1.392050E-01
-1.392050E-01
-1.392050E-01
—-1.392049E-01
-1.392042E-01
-1.392050E-01
-1.392050E-01
—-1.392050E-01
-1.392050E-01
-1.392050E-01
-1.392050E-01
—-1.392050E-01
-1.392050E-01
-1.392050E-01
-1.392050E-01
—-1.392049E-01

5.287835E+01
1.157335E+00

TYPE

Qoo ononoononennnnenananenaana e

ol

T1
—1.824828E-07
-1.826411E-07
-1.826510E-07
—1.826513E-07
—1.826514E-07
-1.826515E-07
-1.826514E-07
—1.826513E-07
—1.826511E-07
-1.826509E-07
-1.826409E-07
—1.824827E-07
.825196E-07
.826778E-07
.826878E-07
.826880E-07
.826882E-07
.B26883E-07
.826885E-07
.826884E-07
.826882E-07
.B26879E-07
.826780E-07
-R25197F-07

e S e e

R

-2.182203E-02
6.433805E-02
2.182240E-01
4.179208E-01
©6.438180E-01
8.805825E-01
8.805825E-01
©.438180E-01
4.179208E-01
2.182240E-01
6.438805E-02

—2.182203E-02

-2.182203E-02
6.433805E-02
2.182240E-01
4.179208E-01
©6.438180E-01
8.805825E-01
8.805825E-01
©.438180E-01
4.179208E-01
2.182240E-01
6.438805E-02

—2.182203E-02

REAL EIGENVECTO
T2 T3
-2.139464E-01 -3.145765E-09
-2.422994E-01 -1.700185E-09
-1.099750E-01 -1.267867E-09
1.406902E-01 -8.257275E-10
4.639848E-01 -3.836697E-10
8.1%212%E-01 ©6.072359E-11
8.1921295-01 4.574645E-10
4.639848E-01 8.204318E-10
1.406902E-01 1.181054E-09
-1.099750E-01 1.541785E-09
-2.422994E-01 1.892751E-09
—2.139464E-01 3.257071E-09
2.139464E-01 3.167850E-09
2.422994E-01 1.72241%E-09
1.099750E-01 1.290338E-09
—-1.406902E-01 8.484906E-10
—4.639848E-01 4.067515E-10
-8.1%212%E-01 -3.731411E-11
-56.1921298-01 -4.340750E-10
—4.639848E-01 -7.973501E-10
-1.406902E-01 -1.15829%0E-09
1.0%9750E-01 -1.519314E-09
2.422994E-01 -1.870517E-09
2.139464E-01 —-3.234986E-09

REAL EIGENVECTO
T2 T3
—4.580446E-02 8.850438E-10
-3.9758%3E-01 -1.102569%E-11
-6.912703E-01 1.289780E-11
—6.266444E-01 1.225720E-11
-1.453071E-01 1.190931E-11
5.970606E-01 1.155974E-11
5.970606E-01 1.156590E-11
—-1.453071E-01 1.192798E-11
—6.266444E-01 1.229179E-11
-6.912703E-01 1.236290E-11
-3.975893E-01 3.699841E-11
—4.580446E-02 -8.583583E-10
—4.580446E-02 8.858312E-10
-3.9758%3E-01 -9.519449E-12
-6.912703E-01 1.5122145-11
—6.266444E-01 1.519991E-11
-1.453071E-01 1.557062E-11
5.970606E-01 1.593967E-11
5.970606E-01 1.594581E-11
—-1.453071E-01 1.558929E-11
—6.266444E-01 1.523453E-11
-6.912703E-01 1.458724E-11
-3.975893E-01 3.850467E-11

a_

—4.

EAL EIGE

T2

-1
-8
-8
-8
=7
-7
-7
-7
-8
-8
-8
-5
-1

-9.
-9.

-1
-1
-1
-1
-1
-1

-9.
-9.

-5

T3
.241476E-09
.534147E-10
.348155E-10
.113239%E-10
.878785E-10
.644330E-10
.644330E-10
.878785E-10
.113245E-10
.347252E-10
.630205E-10
.218575E-10
.293071E-09
519151E-10
802220E-10
.003637E-09
.0270%8E-09
.050559E-09
.050559E-09
.027088E-09
.003637E-09
801317E-10
©15209E-10
.734526E-10

R N O

Rl
-8.110267E-06
-6.799380E-06
—6.048218E-06
—3.464307E-0¢
-1.444667E-06
-2.974336E-07

2.974392E-07
1.444673E-06
3.464313E-06
€.046223E-06
8.799386E-06
8.110273E-0¢
-8.110267E-06
-6.799380E-06
—6.048218E-06
—3.464307E-0¢
-1.444667E-06
-2.974336E-07
2.974392E-07
1.444673E-06
3.464313E-06
€.046223E-06
8.799386E-06
8.110273E-0¢

(a) Eigenvector for A\;

R N O

R1
—-1.791121E-05
-2.09%3055E-05
-1.559864E-05
—9.593765E-06
—4.239170E-0¢6
-9.095584E-07

9.095593E-07
4.239170E-06
9.593766E-06
1.559864E-05
2.093056E-05
1.791121E-05
1.791121E-05
2.093056E-05
1.559864E-05
9.593766E-06
4.239170E-06
$.095593E-07
—9.095584E-07
—4.239170E-06
—9.593765E-06
-1.559864E-05
—2.093055E-05
—-1.791121E-05

(b) Eigenvector for Ay

580446F-02

575685F-10

R N o

Rl
.918246E-05
-8.215879E-06
-4.702465E-05
—-5.473802E-05
—3.443145E-05
-5%.022122E-06

9.022121E-06
3.443145B-05
5.473802E-05
4.702465E-05
8.215679E-06
—2.918246E-05
2.918246E-05
-8.215879E-06
-4.702465E-05
—-5.473802E-05
—3.443145E-05
-5%.022122E-06
9.022121E-06
3.443145B-05
5.473802E-05
4.702465E-05
8
2

N

.215879E-06
-918246FR-05

(c) Eigenvector for A3

-8.
.072641E-13
.211907E-13
.212780E-13
.2175%6E-13
.490700E-13
.962302E-11
.946081E-11
-9.
.839907E-13
.835119E-13
.834260E-13

-8.
.079208E-13
.218389E-13
.218926E-13
.222853E-13
.494633E-13
.962285E-11

[ IR R e A I IR

[N

N

1.
=7.
—4.
-4.
-4,
—4.
—4.
-4.
-4,
—4.
-1.
-1.
-1.
-1.
—4.
-4.
-4,
—4.
—4.
-4.
-4,
—4.
-7.

1.

o

8
8
8

SRS IS R R

o

8
8
8

-

SRS R

JUINY

[N R PR T )

R2
146209E-11
463131E-14
705000E-14
688844E-14
689114E-14
639097E-14
689103E-14
689119E-14
689512E-14
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Figure 3.11: First three eigenvectors for variant C
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Figure 3.12: First three eigenvectors for scaled model
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Figure 3.13: Trends of angular velocities considering three modal modes
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Figure 3.14: Perturbation momentum around z-axis
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Figure 3.16: Quaternions’ trend considering three modal modes
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Figure 3.17: Modal coordinates of panels in standard model considering three modal modes
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Figure 3.18: Quaternions for the standard model considering five modes
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Figure 3.19: Angular velocities evolution for the standard model considering five modes
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Figure 3.20: Control torque for the standard model considering five modes
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Figure 3.22: Modal coordinates of panels for the standard model considering five modes
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Figure 3.23: Quaternions for the standard model considering ten modes
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Figure 3.24: Angular velocities evolution for the standard model considering ten modes
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Figure 3.25: Control torque for the standard model considering ten modes
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Figure 3.27: Modal coordinates of panels for the standard model considering ten modes
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Figure 3.28: Quaternions trend for MPC model
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Figure 3.29: Angular velocities of MPC model
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Figure 3.30: Perturbation moment given by the four flexible panels
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Figure 3.31: Control torques in MPC model
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Figure 3.32: Modal coordinates of flexible panels in MPC model
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Figure 3.34: Angular velocities of variant A
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Figure 3.35: Perturbation moment given by the flexible panels in variant A

3
5 %10
0 L
E 5 M,
Z .
- M
=" -10 — e,
M
-15 =
220

0 100 200 300 400 500
Simulation time [s]

Figure 3.36: Control torques in variant A
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Figure 3.37: Modal coordinates of flexible panels in variant A
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Figure 3.38: Quaternions trend for variant B
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Figure 3.39: Angular velocities of variant B
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Figure 3.40: Perturbation moment given by the flexible panels in variant B
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Figure 3.41: Control torques in variant B
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Figure 3.42: Modal coordinates of flexible panels in variant B
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Figure 3.43: Quaternions trend for variant C

%107

-10

w, [rad/s]

-15¢

0 100 200 300 400 500
Simulation time [s]

(a) Angular velocities trend

%107

200 300 400 500
Simulation time [s]

(b) Zoom on wy,

Figure 3.44: Trends of angular velocities for variant C
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Figure 3.45: Perturbation moment given by the flexible panels in variant C
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Figure 3.46: Control torques in variant C
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Figure 3.47: Modal coordinates of flexible panels in variant C
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Figure 3.48: Trends of angular velocities for scaled model
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Figure 3.49: Perturbation momentum around z-axis for scaled model
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Figure 3.50: Control torque for scaled model
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Figure 3.52: Modal coordinates of panels in scaled model




Chapter 4

Conclusions

This concluding chapter will provide a comprehensive reflection on the research presented
throughout this thesis. This concluding chapter will revisit the key findings, discuss the signifi-
cance of the methodologies employed, and examine the broader implications of the study in the
context of attitude control systems for flexible satellites. In doing so, it will provide a synthesis
of the work’s contribution to the field. The final section will conclude with a forward-looking

discussion addressing potential avenues for future research.

The initial stage of the study involved the introduction and detailed description of all the
elements required for the definition and analysis of attitudes. This was followed by an explana-
tion of the hybrid coordinate method for the rigid-flexible coupling in flexible structure studies.
The attitude dynamics are studied with the use of Euler’s equation, taking into account the
perturbation resulting from the presence of flexible appendages and the reaction wheel torque
model.

Subsequently, a concise overview of the finite element method (FEM) is provided, with a partic-
ular focus on the fundamental principles upon which this method is based. One of the objectives
of this project is to evaluate the effect of flexible structures in different types of spacecraft. To
this end, a series of finite element models have been developed and analysed using modal anal-
ysis in MSC Patran and Nastran. Particular attention has been paid to the interface between
the rigid hub of the satellite and the panels. In order to verify how this connection impacts
modal behaviour and control strategies, a model with MPC elements has been realised. The
natural frequencies and eigenvectors obtained have been imported into Matlab and Simulink for
designing an appropriate orbital simulator which takes into account the flexible panels’ model.
The design of the orbital simulator includes all the different subsystems that are necessary for
an appropriate simulation of an inertial pointing manoeuvre, which is defined as the reaching of
the desired attitude orientation. In order to address the challenges posed by orbital perturba-
tions, which are typical of the harsh space environment, and internal disturbances deriving from
the flexible panels, a QFC controller is selected and tuned to ensure the successful execution of
the manoeuvre.

The results for all the configurations under consideration have been collated and compared,
with the use of graphs, images and detailed observations. While the results demonstrate that
the desired attitude has been successfully achieved in all of the case studies, there are a few
areas that require further attention: firstly, the progressive increment of panels’ length results
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in similar evolution in simulation results, with a progressive reduction of oscillation in angu-
lar rates; then, the FEM analysis results show a counter intuitive behaviour, better explained
in the following. The MPC-based methodology does not fully capture the uncertainties and
flexibility introduced by the presence of hinges in the model, so the studied model results with
a more rigid behaviour, as the higher natural frequencies suggest. However, in light of the
specific objectives of this project, particularly the necessity for autonomous panel behaviour,
the MPC-based methodology has been retained despite its inherent limitations and the overall
framework provides a sufficient representation of the system’s dynamics for the purposes of this

investigation.

From this analysis, it is evident that future work should prioritise the refinement of the
selection of MPC elements or the investigation of alternative modelling approaches to more
accurately account for hinge flexibility. Furthermore, given that the modifications made to the
spacecraft model do not significantly impact attitude dynamics, a methodology could be devel-
oped to eliminate the necessity of FEM analysis during parametric studies, thereby reducing
the workload.
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