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Introduction

The following work of thesis is aimed to deeply analyse the effects of reac-
tion wheels (RWs) on the attitude control of a small satellite, also known as
CubeSat. In particular, it has been studied how the RWs affect the pointing
stability of a telescope, mounted on the satellite, when it is necessary per-
forming a photometric analysis of a target star. The strong interest behind
the study of the RWs effects is due to the their huge impact on the quality of
stars observation. Indeed, the RWs tend to induce an oscillating motion on
the satellite which strongly influences the telescope pointing stability. There-
fore, if the telescope is not stable enough, the measured stars brightness will
be strongly different from the real one and this situation compromises the
photometric analysis of the target star, which is incredibly useful to study
the stellar activity, transiting exoplanets or other astrophysical phenomena.
As mentioned before, the telescope is located inside a satellite whose dimen-
sions are really small. The CubeSats are specific types of satellites conceived
to significantly reduce in the costs. For this reason, the first element that
must be reduced is the dimension. For instance, as it will be described in the
following chapter, a 3U (three units) CubeSat has the following dimensions:
10210230 cm. Therefore, the system under analysis is really compact. An-
other key element about the costs reduction is the shrunk launch expenses
due to the decreased fuel amount related to the low weight of these satel-
lites. Moreover, there is a continuous research of low cost electronic and
non-electronic devices, to be put inside the satellite, able to guarantee a
good level of quality despite of their cost. This is done to decrease, as much
as possible, the expenses related to the satellite.

All the analyses of this thesis has been performed on a 3U CubeSat.

The first step towards the final goal is to understand, at first, what reaction

v



INTRODUCTION 4

wheels are and how they are employed to control the satellite attitude and,
then, what are the effects that strongly influence the pointing performance.
A reaction wheel is, basically, a flywheel connected to an electric motor which
is suitably supplied to make the wheel rotate. This is one of lots of actuator
that can be used to modify the attitude of satellite. However, the reaction
wheels are chosen among the other devices, for the application under anal-
ysis, because they are cheaper, smaller and lighter and offer a continuous,
smooth and moderately intense control action, which allows to obtain a really
precise pointing action. The reaction wheels are located inside the satellite
according to specific configurations. Their working principle is quite simple
since they exploit the angular momentum conservation principle to put the
satellite in motion. Indeed, when a RW is activated by the electric motor,
through a suitable torque, since the overall angular momentum must not
vary, the reaction wheel produces on the CubeSat a torque equal and oppo-
site to the received one and in this way it starts the rotation of the satellite.
However, the motion of the RWs is a source of disturbances that modify
the desired CubeSat attitude. In particular, they create a kind of oscillating
motion, called jitter, which affect the telescope pointing stability. The main
reasons behind these disturbances are the shift of the center of mass from the
central rotation axis (static unbalance) and the inclination of the principal
axis of inertia with respect to the rotation axis (dynamic unbalance). The
disturbances model is a bit more complex since they are represented by a
sum of sinusoidal waves (harmonic analysis) where the static and dynamic
unbalance are defined by the first harmonic, which is the stronger contribu-
tion among all the other harmonics.

The characterization of the disturbances is done through a set of forces and
pure torques expressed in the wheels reference frames, that are located at the
wheels center. These pure moments and the ones coming from the forces are
responsible for the attitude modification with respect to an inertial reference
frame.

The second step of this work of thesis is to start evaluating the objectives of
the control structure and defining all the elements that compose the closed
loop system. About the main objectives, it is important to highlight that a

disturbance-free analysis of the system has been necessary in order to eval-
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uate the basic performance of the control system. In particular, it has been
evaluated the value of the RMS pointing error that can be reached before
the application of the disturbances. Then, it has been studied the effect of
the disturbances on the pointing error with particular attention to the am-
plitude of the oscillating signal and, therefore, the influence on the overall
RMS value. Indeed, if the main objective of the disturbance-free analysis is
to try having a small RMS pointing error, the fundamental goal of the distur-
bances analysis is to reduce the amplitude of the oscillations of the error. As
mentioned before, a quite strong oscillation can deeply affect the telescope
pointing stability which results in a poor photometric analysis. Moreover,
the study of the control system performance can be enriched with the effect
of the uncertainty related to some parameters of the CubeSat (Plant). This
means that it is possible to evaluate how a variation of the plant charac-
teristic, blinded to the controller, can modify the overall performance and,
so, to identify robustness properties of the specific controller. However, this
analysis has not been performed in this thesis, but it has been considered as
future works.

Instead, about the control system structure, it is really important to high-
light that it varies, more or less significantly, according to the kind of con-
troller that is employed in the overall system. It is worth saying that, before
studying the controller structure, two important systems has been analysed
through their constitutive equations: the satellite (known as plant, with a
non-linear dynamic) and the reaction wheels set (actuators). Then, accord-
ing to the controller type, another fundamental system has been studied i.e
the reference generator, which is responsible to generate the signal that must
be tracked.

As far as the controller is concerned, it must be noticed that digital con-
trollers have been considered. Actually, the quantization process and its
effects have been neglected and only a discrete approach has been evaluated.
Therefore, it has been necessary to introduce a zero-order hold to apply the
control signal to the actuator, which is a continuous time system.

The starting point has been the analysis of the most used control approach
(defined in this thesis as benchmark controller), which is, basically, character-

ized by a non-linear PD controller or a non-linear PD with some feedforeward
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terms. After a theoretical analysis of the controller contribution to the point-
ing error and to the disturbances attenuation, according to specific values of
the controller parameters, a simulation approach has been considered. In
particular, the results coming from two simulation environments has been
deeply evaluated. The first one is MATLAB/Simulink, where the simulation
scheme is characterized by a set of MATLAB functions plus integrators (when
necessary), in order to represent the state equations or in general the charac-
terizing equations of each subsystem. The second one is EICASLAB, which is
a software suite produced by the company EICAS Automazione S.p.a where
this thesis has been developed. This software was born to allow the imple-
mentation of professional controllers for lots of scientific fields, in particular
the aerospace one. Its key characteristic is the C-code implementation of all
the subsystems that compose the overall control scheme. Therefore, since
the controller must be implemented in C-code, this is a quite useful initial
step towards a real implementation of the controller on a target board, that
can be employed in a real application.

Once the knowledge coming from the benchmark control system has been
considered, the core of the work of thesis has been developed. This is the
personal contribution to the subject under analysis. Therefore, a new con-
trol approach has been studied in order to evaluate its effect on the telescope
pointing, with and without reaction wheels disturbances. The new approach
is characterized by an input-output feedback linearization controller, which
is aimed to cancel the non-linearities of the plant. As it will be deeply dis-
cussed, the system under analysis is a MIMO one and the application of
the feedback linearization allows to implement a specific decoupling in SISO
subsystems. Once this procedure has been completed, another controller re-
sponsible for managing the input-output dynamic has been designed, to be
placed before the previous one. In particular, two different types of con-
troller has been tested in order to highlight important differences between
them and with respect to the benchmark controller. The first one follows
the pole placement technique, where the position of the desired closed loop
pole is defined. Then, through suitable matrices, a specific linear control law
is designed in order to respect the poles position. The second one exploits

the sliding mode control theory. This approach leads to the definition of a
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non-linear control law due to the presence of a specific non-linear term which,
in general, guarantees robustness to the control system. As it will be deeply
developed, this approach is based on the formulation of the so called ”sliding
surface”, which is a specific multi-dimensional entity that must be reached by
the system trajectory (starting from the initial condition) in order to guar-
antee the convergence of the outputs to the desired reference signals. Also in
this case, after a deep theoretical analysis of the control system behaviour,
specific simulations schemes have been developed, in the MATLAB /Simulink
and EICASLAB environment, to verify the performance of the control sys-
tem.

Once all the simulations results have been collected, a careful analysis of
each of them and a deep cross-comparison have been conducted to highlight
pros and cons of the different control approaches that have been studied. In
particular, the simulations results have been useful to evaluate whether the

new control approach is worth being implemented in a real application.



Chapter 1

CubeSats and Reaction Wheels

1.1 A brief overview on CubeSats

A CubeSat is a kind of small satellite that was initially conceived for educa-
tional purposes. However, since 2012 a huge number of CubeSats have been
employed for real aerospace applications. There are lots of reasons behind
their success. The key element of the CubeSats is saving money. Indeed, in
the satellite world, there is a continuous research on how reducing implemen-
tations expenses (when this is possible according to the specific application).
The first element related to the costs reduction is the decreased dimensions
of a CubeSat, which is defined as a small satellite. It is worth noticing that
the small satellites classification involves structures whose weight goes from
0.1 ¢ (zepto satellites) to 500 K¢ (mini satellites).

The CubeSats are cube-shaped satellites where a specific measurement unit
is defined, known as U, that corresponds to a 10210210 cm cube. This is
the smallest CubeSat possible. All the other configurations are defined as
integer multiples of the unit U and , basically, are built by assembling more
cubes together. For example, it is possible to consider a 3U or 6 U satellite,
whose dimensions are respectively 10210230 cm and 10220230 cm. Figure
2.1 shows a basic representation of CubeSat 1U, 3U and 6 U.

The second element related to the cost reduction is that the launch expenses
are significantly shrunk. Indeed, since the CubeSat weight is not so high, it

is not necessary a huge amount of fuel to put it in the Earth’s orbit. More-
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(b) CubeSat 3U (c) CubeSat 6 U

Figure 1.1: Schematic representations of CubeSats

over, in order to be compliant with the cost reduction philosophy, there is
a constant research of electronic and non-electronic devices, to be placed in
the satellite, characterized by a proper trade off between costs and quality,
according to the specific objectives that the missions wants to reach.

The CubeSats are basically composed by six subsystems, as mentioned in [5]

and shown in figure 2.2:
e Structure: CubeSats are basically composed by aluminium alloys.

e Communication system: for ground communications (transmission
and reception of signals), CubeSats employ an antenna that exploits

bands like VHF, UHF or X.
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e Power system: it is characterized by solar panels or batteries. Solar
panel are more used then batteries since the latter need more space

and, in general, they increases the overall system complexity.

e Control: the control system is useful to keep the satellite in a specific
attitude with respect to a reference frame. It is worth saying that the
control subsystem involves also the actuator (like reaction wheels) and

attitude determination systems (like star trackers).

e Computing system: this system is used for many operations like

health monitoring, payload data processing and analysis, etc.

e Payload: the characteristics of this subsystem strongly depend on the
mission objectives. For instance, it could be a telescope to perform

stellar observations.

Deployable
Solar Arrays

Reaction Wheels + Torque Coils

Batteries + Power Board

Piezo Stage

MEMS Gyros
10cm

Baffle, TBD
(Not Shown)

Transceiver

Microcontroller + FPGA
ens

! Le
\ Patch Antenna

Magnetometer (Behind)

Piezo Stage Controller

CCD Electronics Shutter

Figure 1.2: A 3U CubeSat with its subsystems [11]

CubeSats are in general placed on a LEO orbit (Low Earth Orbit) whose
altitude varies from 160 K'm to 2000 K'm with an eccentricity less than 0.25,
with an orbital period strictly related to the altitude. An example of Cube-
Sat is the 6 U one employed in the NASA /JPL and MIT project known as
ASTERIA (Arcsecond Space Telescope Enabling Research in Astrophysics),
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shown in figure 2.3. The main goal of the ASTERIA mission was to obtain
arcsecond-level pointing error with respect to the desired star, in order to
perform a correct photometric analysis, which is a fundamental element to
correctly study stellar activities, transiting planets and other astrophysical
phenomena. In particular, the ASTERIA mission was able to reach a RMS
pointing error of 0.5 arcseconds, over 20 minutes of observation, which is

much lower than the preliminary requirement of 5 arcseconds.

Figure 1.3: ASTERIA 6 U CubeSat [13]
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1.2 Reaction wheels for attitude control

This section will focus on some important aspects of the reaction wheels
that are usually employed in CubeSat. The starting point will be the anal-
ysis of some charactetistic of these actuators, followed by the explanation of
their working principle. Then, it will be introduced a brief overview on the
marketplace availability about RWs. Finally, the most important aspect of
RWs will be deeply analysed i.e. the disturbances produced by the wheels
rotation. In particular, it will be shown the state of art about disturbances
modelling and then its application to the specific case analysed in this work

of thesis.

1.2.1 Working principle

A reaction wheel is an actuator, placed inside the satellite, responsible for the
spacecraft attitude modification with respect to an inertial reference frame.
It is composed by a flywheel connected to an electrical motor, in general a
DC-Brushless, which makes the wheel rotate, as shown by figure 1.4. They

Figure 1.4: A real reaction wheel [3]

are greatly used in CubeSats due to the reduced dimensions and so weight
and their ability of producing a continuous, smooth and moderately intense
control action which is fundamental to have a precise pointing action. More-
over, by using a reaction wheel it is completely avoided the problem of using
propulsion devices which require a suitable amount of propellant and, there-
fore, their management is more expensive. Then, since a reaction wheel is

in general lighter than other kinds of actuators, the expenses related to the
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launch operations are significantly shrunk due to the reduced amount of nec-
essary fuel to put the satellite in the Earth’s orbit.

To understand the working principle of a reaction wheel, let’s consider the
system in figure 1.5, which is composed by a cubic satellite body and a RW,
where the vehicle (satellite bus plus RW) body frame is placed in its CoM
and the axes coincide with the principal axes of inertia. A reaction wheel
exploits the angular momentum conservation principle which states that: ”7in
absence of external applied moments, the total angular momentum of the sys-
tem, evaluated in an inertial frame, does not vary”. Therefore, with respect

to the system in figure, it is possible to write the following relation:
— . — 1169 o prw) — 11— 19 o ppw)

or equivalently
H, = Hgsc) + ng) = const (1.2)

where the subscript I defines that the specific quantity is evaluated in the

~

001

|
002
L —
| —

005
. e

005 05

Figure 1.5: Schematic representation of cubic satellite with reaction wheel

inertial reference frame, the superscript (sc) refers to the spacecraft total
angular momentum variation and (w) specifies the wheel angular momentum
variation. It is really important to highlight that, as discussed in [8], Hg“)
defines the total angular momentum of all the rigid body i.e. the spacecraft

body plus the reaction wheel mass concentrated at its center of mass. Instead,
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ng) represents the net angular momentum of the reaction wheel about its
center of mass. Moreover, both H; and HSSC) are referred to the overall
system center of mass (spacecraft/satellite body+wheel).

Therefore, when the electric motor of the RW puts in rotation the flywheel, by
applying a suitable torque, the latter exerts the same torque in magnitude but
opposite in sense to the satellite, since the angular momentum conservation
principle must be verified. In this way, the satellite will start rotating, in
the opposite sense with respect to the RW one, about an axis parallel to the
RW rotation axis and passing through the center of mass (indeed, since the
RW applies only a torque, the rotation will necessary be about the CoM).
For the situation of figure 1.5, the satellite will start rotating about the body
frame x-axis With this mechanism it is possible to change the attitude of
the CubeSat. It is interesting to notice that, the CoM of the satellite bus is
very close to the overall spacecraft one, due to the really small contribution
coming from the RW mass. So, if we neglect this difference, the CoM of the
satellite bus coincides with the spacecraft one. This means that it is not
important where the RW is placed (always on a plane parallel to the one
in figure), because the spacecraft will rotate always about an axis passing
through the CoM.

As it will be shown later, the same approach is considered when more than
one RW is placed inside the spacecraft. In general, it is needed at least three
reaction wheels (suitably placed) to perform a complete attitude change. For
instance, it is possible to have three orthogonal wheels, as shown in figure

1.6, in order to rotate the spacecraft about all its three body axes.

Figure 1.6: Schematic representation of cubic satellite with 3 orthogonal RWs
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1.2.2 Marketplace availability nowadays

Nowadays, there are lots of reaction wheel models which can fit every mission
objectives. By the way, it is crucial to properly choose the reaction wheels
on the basis of the space mission requirements. Indeed, as mentioned by
[2], there is a four-steps procedure that must be followed to choose the best

reaction wheels.

1. Specification of the mission parameters: the complete set of op-

erations that the satellite needs to perform must be clearly defined.

2. Definition of the satellite design specifications: it is important to
check the design characteristic of the satellite, in order, for instance, to

choose the correct size of the RWs with respect to the available volume.

3. Definition of technological devices: it is crucial to understand the
characteristics of all the satellite components and subsystems. Indeed,
the RWs have to properly work together with all the other elements of
the satellite.

4. Specification of the key performance criteria: it is fundamental
to figure out how to evaluate the available RWs on the marketplace

with respect to the most relevant criteria for the specific applications.
Some of the key performance criteria are the following ones:
1. Size and weight.
2. Attitude control sensitivity and precision.
3. Redundancy i.e. presence of a fourth wheel

In the following part, it will be shown some of the available reactions wheel

in the marketplace, as mentioned in [2].
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RW210 and RW/00 by Hyperion Technologies

These two kinds of wheels, shown in figure 1.7, have different characteristic
that fit well with different type of CubeSats. Indeed, the RW210 is in general
mounted on CubeSats from 1U to 3U. Instead, the RW/00 is used inside
bigger satellites like 6 to 12 U. By the way, they have specific dimensions and
weight that make them suitable only for the above CubeSats. The cage of the
RW210 and RW400 have respectively the following dimensions and weight:
25x25x15mm and about 21 ¢g. Instead, the RW400 dimensions and weight
are about 50x50x27 mm and 155 g. Consequently, the maximum torque that
they can produce is linked to their dimensions. In particular, the RW210
is able to exert a maximum torque of 0.1 mNm and the RW400 provides a
torque up to 12mNm. Moreover, both the wheels include a simple dedicated

controller.

Figure 1.7: RW210 (left) and RW/00 (right) [2]

RW-0.01 by Sinclair Interplanetary

Figure 1.8 shows the RW-0.01, whose cage dimensions are 50x50x30 mm
and a weight of 120 g. In this case, the maximum produced torque is about
1mNm in both directions. Due to its dimensions, it is suitable for CubeSats
over 6 U. This RW, like all Sinclair Interplanetary’s ones, is equipped with a
digital processor and it can be commanded by using a serial bus to obtain the
desired speed, momentum or torque. Moreover, this wheel is able to provide
all the desired telemetric data useful to check the health of the wheel.
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Figure 1.8: Sinclair Interplanetary RW-0.01 [2]

MAI-400 by Adcole Maryland Aerospace

The MAI-/400 reaction wheel, shown by figure 1.9, has a really compact struc-
ture characterized by the following dimensions and weight: 33x33x38 mm
and 110 g. According to these dimensions, this RW is suitable for 3U Cube-
Sats. The produced torque is up to 0.635mNm. The motor drive electronics
of this reaction wheel is located on a 1.321.3” PCB, which contains an ARM
Cortex CPU.

Figure 1.9: MAI-400 RW [2]
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1.2.3 RWs disturbances: state of art and its applica-
tion
1.2.3.1 State of art about disturbances modelling

The main problem related to the reaction wheels is the presence of some
disturbances due to their the rotational motion. As it will be deeply analysed,
these disturbances are represented by a set of forces (with their moments)
and pure moments, which can have a huge impact on the pointing stability
of the satellite telescope. Indeed, if there is not an acceptable stability of
the telescope with respect to the target star, its photometric study will be
strongly inaccurate. This situations will lead, in turns, to an unreliable
study about, for example, the stellar activity or transiting exoplanets or
other astrophysical phenomena. The following part will analyse the state
of art about the reaction wheels disturbances modelling. However, before
evaluate how disturbances are modelled, it is crucial to understand how they
are produced. The two relevant sources of disturbances are known as static

imbalance/unbalance and dynamic imbalance/unbalance.
Static unbalance

The first source is due to an asymmetric distribution of the flywheel mass in
radial direction, which leads to a shift of the center of mass with respect to
the point where the axis of rotation passes. This situation can be modelled
with a symmetric-balanced wheel with an additional mass placed on the
lateral surface of the wheel, as shown in figure 1.10. The small cubic mass is
known as imbalance/unbalance mass. When the wheel is put in rotation, on
the unbalance mass acts a centrifugal force expressed as
02

F. = mea. = my— = mgrs? (1.3)
Ts

where m, r, () are respectively the weight of the unbalance mass, its distance
from the rotation axis and the angular speed. From this formula is defined
the parameter known as static imbalance as mr = % The values of F, and
0?2 are determined thorough specific measurements by using a dynamometer.
So, the wheel is connected to this dyanamometer and it is put in rotation

at different values of speed. Then, a set of force and torques is measured
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Figure 1.10: Static unbalance modelling [4]

and expressed with respect to the reference frame of the measurement de-
vice. Therefore, the obtained signals are expressed as F}, F,, F,, M, M,, M.
These are the disturbances that the reaction wheel produces. However, since
the forces and torques must be referenced with respect to the center of wheel,

the moments expression must be modified in this way:
M = MPF — pPEpPF (1.4)

where M, MPF ¢rPF FPF corresponds to the modified moments, the mo-
ments referenced to the dynamometer frame, the distance between the origin
of the dyanmometer frame and the center of the wheel and the forces with
respect to the measurement device frame. So, it is possible to express the
new set of forces and moments as Fy, Fy, F, M;, M?;, M; In particular, the
amplitude spectrum of all these quantities is defined by considering different
values of wheel speed, in order to build the so called waterfall plot. Now, the
F. of the formula (1.3) is defined as the first harmonic amplitude that can be
extracted from the waterfall plot of the signals F,.. In particular, it is evalu-
ated the amplitude of the first harmonic in correspondence of the maximum
rotational speed €2. It is worth noticing that, for each of the measured sig-
nals; a specific harmonic analysis is done. This means that, the expression of

all the forces and torques is represented by a summation of sinusoidal waves
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with specific amplitude and frequency, as mentioned by [12]:

F(t) = Z F, (Q(t))sin(2rhQ(t)t + ) (1.5)
Fy(t) = Y B (1) sin(2rhi Q1) + 9 + g) (1.6)
F.(t) = 3 P (0)sin(nhi(t)t + of=+) (L.7)

where h; defines the harmonic coefficient, Q(t) is the rotational speed ex-
pressed in Hz and <bf rad, qbf erial represent random initial phases in the interval
[0,27). Figure 1.11 provides a graphical representation of the first five har-
monics related to static imbalance, where each harmonic is defined by a mass
placed at a specific radius from the rotation axis and by a rotation frequency
expressed through the product h;€). In particular, figure 1.11 depicts the first
five contributions of equations (1.5) and (1.6). The X-Y-Z frame is the wheel
coordinate system, placed at its center. Moreover, it is interesting to notice
the analogy of figure 1.11 with respect to figure 1.10 about the first harmonic
contribution i.e. harmonic whose coefficient is 1. Indeed, the contribution
coming from the centrifugal force of the unbalance mass m, is defined by the
first harmonic of F,(t) and F),(t).

Figure 1.11: Disturbances harmonic model of the static imbalance [12]

Some comments must be done about these expressions. First of all, the am-

plitude of the sinusoidal waves can be represented by a proportional relation



CHAPTER 1. CUBESATS AND REACTION WHEELS 14

with respect to Q% as F(Q(t)) = C;Q? where C; is the specific coefficient
related to the 7" harmonic, as mentioned by [10]. Then, the contribution
coming from the disturbance along the Z-axis can be neglected. Furthermore,
as mentioned by [12], the amplitudes of the sinusoidal waves along the X-axis
and Y-axis are considered equal i.e. Fy, (2(t)) = F,(2(2)).

In this work of thesis, it will be considered only the first harmonic (funda-
mental) contribution, since it is the most relevant one. Finally, it must be
pointed out the role that these disturbances will play in the satellite attitude
modification. Indeed, the forces F, and F, produce moments with respect
to the center of mass of the satellite, as it will be discussed in the following

part.
Dynamic unbalance

The second source of disturbances is known as dynamic imbalance/unbalance
which is determined by the inclination of the principal axis of inertia with
respect to rotation axis, caused by an asymmetric mass distribution along
the axial direction. This situation can be modelled by two cubic masses my
placed on the lateral surfaces of the wheel, at r; distance from the rotation
axis and characterized by the h separation between them along the axis of

rotation, as shown by figure 1.12. In this situation, the centrifugal forces,

Figure 1.12: Dynamic unbalance modelling [4]
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acting on both the masses, produce a couple of forces characterized by the
following moment expression (pure moment):

2
7= F.h = mgya.h = mdv—h = mygrqyhQ? (1.8)
Td

From this relation, the dynamic imbalance parameter can be computed as
mgrqgh = &z where the values of 7 and Q? are taken from the previously
mentioned waterfall plot related to the moment along the X-axis M (for
notation simplicity expressed as M,). In particular, as before, it is considered
the first harmonic contribution at the maximum wheel speed.

As seen for the static imbalance, also in this case the measured moments

M,, M,, M, are expressed through a summation of sinusoidal wave [12], as

follows:
M,(t) = Z M, (Q(t))sin(2mh; Q(t)t + ¢Mred) (1.9)
M,(t) = 3 My, () sin(2nh (1) + g2t + g) (1.10)
M.(t) = M.(Q(t))sin(2rhiQ(t)t + ;o) (1.11)

where h; defines the harmonic coefficient, 2(¢) is the rotational speed ex-
pressed in Hz and ¢£W rad ¢ZM erial yepresent random initial phases in the inter-
val [0,27). Figure 1.13 represents the first three harmonic of the moments
related to the dynamic imbalance. In particular, this figure shows the first
three harmonic contribution expressed by equations (1.9) and (1.10). Also
in this case, it is worth evaluating the analogy of figure 1.12 with respect to
figure 1.13 about the first harmonic contribution. Indeed, the contribution
coming from the moment of centrifugal forces acting on the unbalance masses
myg is defined by the first harmonic of M, (t) and M,(t) (planar contribution).
Finally, the same fundamental comments done for the static imbalance about
the proportionality relation about the amplitude of sinusoids, the negligi-
ble contribution of axial component, the equality of the sinusoids amplitude
about X and Y axes and the evaluation of only the fundamental harmonic
contribution (due to its relevancy with respect to the other harmonics) can

be repeated in this case.



CHAPTER 1. CUBESATS AND REACTION WHEELS 16

Figure 1.13: Disturbances harmonic model of dynamic imbalance [4]

1.2.3.2 State of art concepts application

In following part, the concepts previously analysed will be applied to the
specific case evaluated in this work of thesis. The starting point is the def-
inition of the satellite structure with reaction wheels. Figure 1.14 shows a
cubic satellite of 3U (10 em along z-axis, 10 em along y-axis and 30 cm along
x-axis) with three orthogonal reaction wheels attached to the spacecraft bus.
This structure differs from the one shown by figure 1.6, about the RWs po-
sitions, and it has been considered to make the analysis simpler. As it is
easy to see, the rotation axis (Z-axis in green) of the three reaction wheels
is aligned with the body frame axes of the bus and this coordinate system is
placed in the bus center of mass G.

Now, the expressions of the pure moments and forces (with the relative mo-
ments) coming from the static and dynamic imbalance have to be applied to
the situation in figure 1.14. So, first of all, it is fundamental to define the ro-
tation matrices that characterize the wheels frame orientation with respect to
the bus frame. As it is possible to see, the RF of wheel 1 is rotated clockwise
about the y-axis of the body frame of an angle equal to 90° i.e. the rotation
angle « is equal to —7. The rotation matrix that describes this situation is
given by (1.12). Then, the wheel 2 RF is rotated counter-clockwise about
the body x-axis of 90° i.e. a = 7 and the relative rotation matrix is (1.13).

Finally, the RF of wheel 3 is not subject to any rotation, which means that
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Figure 1.14: Representation of 3U CubeSat with 3 reaction wheels

its rotation matrix coincides with the identity matrix I, as shown by (1.14).

cos(a) 0 sin(a) 100
RE=| 0 1 0 |"=*]o1 0 (1.12)
10 0

—sin(a) 0 cos(a)

0 0 fto o
R{j. = |0 cos(a) —sin(a)] = lo 0 -1 (1.13)
0 sin(a) cos(a) 01 0
1 00
R, =I=[0 1 0 (1.14)
0 01

Furthermore, as mentioned in the previous section, only the first harmonic
contribute is considered. This means that, for each reaction wheel, the follow-

ing forces and pure moments expression (in the wheels frame) is evaluated:

Fy(t) = C.Q%sin(2rhQ(t)t + ¢fret) (1.15)
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Fy(t) = C.0P2sin(2nhiQ(t)t + ¢Fes + g) (1.16)
M, (t) = CoQ%sin(2mh;Q(t)t 4 ¢Mred) (1.17)
M, (t) = CuQsin(2rhiQ(t)t + ¢Mret + g) (1.18)

where Cy = 170 mg-mm and Cy = 57,000 mg-mm? are the coefficients that
represent the static and dynamic imbalance. Their values are defined accord-
ing to [11].

Now, it is possible to study all the wheel contributions about disturbances, in
the reference frame of the satellite bus. However, before starting this anal-
ysis, it is important to make the following comment: for the computation
of the forces moments, in the expression of the distance between the bus
CoM (G) and the wheels center, the height of the wheels has been neglected.
Therefore, the distances are simply characterized by the half of the bus di-

mensions.
Reaction Wheel 1

Reaction wheel 1 is characterized by the following disturbance moments
My, = [M{ M? 0]7, expressed in the wheel frame. So, their expression

in the bus reference frame is:

M, 00 —1] Mz 0
MY =R My, = [0 1 0| |M/|=|M (1.19)
M3 10 0|0 Mz

Instead, the disturbance forces in the wheel frame are Fy, = [FF F/ 0]7.

And their specific expression in the bus frame is:

Fg 00 —1] [F? 0
Fi, = |F| =Ry, Fw,= [0 1 0| |FY| = |F/ (1.20)
Fj 10 0]]0 F¥

Then, the distance between the bus center of mass and the wheels center,
in the bus frame, useful to compute the moments of the forces, is Rng =

[—Rca, 0 07, where Roy, = 0.15m. Finally, the moments of the forces
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are:
MEg —Rear 0 0
Yy . CM1 B Yy — xT
MB = RB Xle = 0 X Fl = RCM1F1 (1.21)
Mfg 0 FY —RCMlFly

Reaction Wheel 2

In a similar way, reaction wheel 2 disturbance moments, expressed in the
wheel frame, are My, = [M$ MY 0]”. Therefore, their expression in the bus

reference frame is:

M3, 10 0 M3 Mg
MLl =R, My, = [0 0 1| [MJ| =10 (1.22)
Mj 01 0 0 My

The disturbance forces in the wheel frame are Fy, = [F¥ Fy 0]7. And their

specific expression in the bus frame is:

Fg 10 0 Ey Fy
Ig 01 0][0 FY

Furthermore, the distance between the bus center of mass and the wheels
center, in the bus frame, useful to compute the moments of the forces, is
REM = [0 — Ry, 0)7, where Regg, = 0.05m. Finally, the moments of the

forces are:

0
ME 0 e _RCMQFQy
MY | =RG"xFE = | —Reoag, | % 02 = 0 (1.24)
M3 0 Ron, By
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Reaction Wheel 3

Finally, the same procedure is repeated for wheel 3. Then, its disturbance
moments, in the wheel frame, are My, = [M3 M3} 0]". And their expression

in the bus frame is:

ME 1 0 0] | Mz Mg
M| =R My, = [0 1 0| |M}| =M (1.25)
M3 00 1]]0 0

Instead, the disturbance forces in the wheel frame are Fy, = [FY FY 0]7 and

their specific expression in the bus frame is:

Py 10 0| |Fy Fy
Fi, = |F5| =R, Fw, = [0 1 0| |FY| = |F) (1.26)
F3 00 1[]0 0

Moreover, the distance between the bus center of mass and the wheels center,
in the bus frame, useful to compute the moments of the forces, is RgMS =

[0 0Rca]T, where Royy, = 0.05m. Finally, the moments of the forces are:

ME 0 Fg —RCMSF:S}I
ML| =RG"XFR =1 0 | x |FY| = Roam,F¥ (1.27)
M3 Res 0 0

So, the total disturbance moments acting on the satellite, expressed in the
bus reference frame, can be defined by summing all the contributions coming
from the three wheels, related to the pure moments and the forces moments,
as shown by (1.28).

M5 [Mg+ Mg — Roa, FY — Roan FY
Mz My + Mé” - RchFly + Roa, FY



Chapter 2

The attitude control problem

In this chapter, the general aspects of the control system used to manage
the satellite attitude will be analysed. First of all, it is crucial to define
all the objectives of the attitude control, in order to understand what the
control system is supposed to do. Then, the general structure of the overall
system must be defined. In particular, it is necessary to deeply characterize
every single subsystem through its function and constitutive equations. In
particular, it will be given the full description of the satellite model (from
now on called plant) and the actuator one (an electric motor used to drive the
flywheel). Instead, only a general characterization of the reference generator,
the control input system and the controller will be provided in this chapter,
since their structure changes according to the type of control strategy that is
adopted. However, about the reference generator, even though its structure
is subject to the above-mentioned variations, there is a specific part that does
not change. This one, as it will be shown, comes from the general activity that
the whole control system must perform and it is related to the orbital motion
of the satellite and its goal i.e. pointing the target star. The full analysis of
these subsystem will be performed in the chapter 3 and 4. Finally, it will be
shown how the control system can be implemented in the two simulations
environments analysed in this work of thesis: MATLAB/Simulink and the
company’s software EICASLAB.

21
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2.1 Main goals of the attitude control

The objectives definition of a control system is a fundamental step that must
be carefully carried out. Indeed, it has to be clear what the overall system
should do, in order to be able implementing the correct structure of each
subsystem that composes the whole control environment.

For the situation under analysis, the main objective is to manage the point-
ing action of the satellite telescope towards a specific target star. Indeed, as
mentioned in the previous chapter, a CubeSat is often equipped with a tele-
scope used to perform a photometric analysis of the desired star. Through
a correct photometric evaluation, it is possible to study the stellar activities
or transiting exoplanets or other astrophysical phenomena. In this work of

thesis, the following scenario has been considered:

e a 3U CubeSat with three orthogonal reaction wheels, as previously

shown by figure 1.14.

e a circular Low Earth Orbit (LEO) with 0° of inclination and altitude
of 600 K'm.

e a target star in the same plane of the orbit, as it will be analysed, and
about 4,22 ly (light years) distant from the satellite orbit.

For the attitude control, it is important to consider two main reference
frames: the inertial frame fixed in the orbit center (which coincides also
with Earth center) and the body frame fixed in the satellite center of mass.
The first one has the z-axis orthogonal to the plane of the orbit and exiting
from it. The remaining axes, that complete the right-hand frame, lay on
the orbital plane. Instead, the satellite frame is initially considered with all
the three axes parallel to the fixed frame. It must be pointed out that the
orientation representation of the cubic-shaped satellite is done through the
relative position of its frame with respect to the inertial one. In particular, as
it will be mentioned later, the attitude representation is done by considering
the three angles of the Tait-Bryan convention.

Now, if only the orbital motion effects are considered (i.e. without activating

the controller), the following situation occurs: the satellite in the Earth orbit
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is characterized by a translational motion of its CoM and a rotational one
about an axis passing through it. For the case under analysis, the z-axis of
two reference frames are parallel and it is considered a rotation about this
axis. This means that the satellite reference frame continuously changes its
orientation with respect to the inertial frame, by performing a rotation about
the z-axis. The detailed analysis of the complete scenario will be considered
in the following sections.

Therefore, according to a specific reference input, which takes into account
the orbital motion of the satellite around the Earth, the controller must be
able to change the spacecraft orientation such that the telescope points the
target star in the best way possible i.e. by ensuring a theoretically zero error

between the actual position and the desired one.

2.2 A general control scheme and its subsys-

tems

A general representation of the attitude control scheme is given by figure
2.1. It is possible to identify 7 subsystems related by direct and feedback
connections. It is worth highlighting that there are two feedback paths, both
ending in the control inputs block and starting respectively from the plant
and the actuators block. As it will be analysed later, the output signal of the
plant enters the control inputs block and it is properly elaborated with the
signals coming from the reference generator block, to produce the specific
output of the control inputs subsystem. Instead, the actuators signal will

only transit through the control inputs block and go to the sampler one.

Plant

Reference Control Sampler Controller ZOH Actuators (satellite

Generator Inputs S _II (three RWs) _‘ dyanmics and

kinemtics)

Figure 2.1: General attitude control scheme
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So, the 7 subsystems are:

e Plant: it is one of the core subsystems of the overall scheme, since it de-
fines the element that must be controlled i.e. the cubic-shaped satellite.
Its description is split in two part: the dynamics and the kinematics.
The first one is represented by the relation between torques coming
from the actuators and the derivative of the satellite angular velocity
(and so its integral i.e. the angular speed). The second one defines the
link between the angular speed and the specific representation of the
satellite attitude. In this work of thesis, the quaternion one has been

used.

e Actuators: they are the subsystems responsible for the application
of the specific control action to the plant. In the following scenario,
they are defined by a set of three reaction wheels that, as mentioned in
chapter 1, are essentially composed by flywheels driven by electric mo-
tors, which provides torques of suitable values to control the spacecraft
attitude. In this thesis, the description of these subsystems is given
by the constitutive equations of a DC motor. Moreover, as it will be
shown later, a simple but fundamental control must be considered in
order to obtain a suitable torque-command scheme and to neglect the

motors dynamics.

e ZOH: it is the acronym of Zero Order Holder and it, basically, plays the
role of a digital to analog converter (DAC). It must be highlighted that,
in this thesis project, it has been considered only a discrete controller
and not a proper digital one. This means that the effects coming from
the quantization operation are neglected and only the discrete time
properties have been considered. So, the ZOH implements an holding
action on the samples coming from the controller (i.e. it keeps constant
the value of a sample for the duration of the sampling period) in order to
build a continuous-time signal starting from a discrete one. Therefore,
it is a crucial interface between the discrete time world (the controller)

and the continuous time one (actuators and plant).

e Controller: it is the other core part of the overall system because it



CHAPTER 2. THE ATTITUDE CONTROL PROBLEM 25

is responsible for the control command generation, necessary to obtain
the desired satellite attitude. Basically, it receives specific signals, as
shown in figure 2.1, and makes some computations to generate the
control output. As mentioned before, a discrete-time controller has
been considered which is able to produce suitable values of control
torque at specific time instants, spaced by the sampling period (control
samples). Its structure is strongly related to the control strategy. For
this reason, the specific implementation of the controller will be given

directly in the dedicated chapters.

e Sampler: this subsystems is the complementary one of the ZOH. In-
deed, it characterizes an analog to digital converter (DAC). As men-
tioned before, since the quantization procedure is neglected, the only
operation to be analysed is the sampling one. Therefore, this system
is responsible for providing the proper control inputs to the controller
block at equally spaced time instants (samples). The temporal distance

between them is the sampling period.

e Control inputs block: this block is responsible for the generation of
the control inputs required by the controller to produce the suitable
control action (the command torques). The control inputs derive from
some elaborations of the reference signals and the ones coming from
the plant (feedback path). Also in this case, the implementation of
this block is linked to the specific controller structure. So, its detailed

analysis will be provided in the proper chapters.

e Reference generator: this is the other key subsystem of the control
scheme. Indeed, it plays a fundamental role because the signal that
must be tracked (the desired satellite attitude) is produced by this
system. For the application under analysis, the reference signals are
the Tait-Bryan angles (Cardan angles) related to the wanted orientation
and, as mentioned at the beginning of this chapter, the objective is to
point the satellite telescope towards the target star. However, these
reference angles are not directly injected in the control inputs block,

but they are subject to some elaborations. The kind of computations
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that must be done on the angles is strictly related to the specific control
strategy. Therefore, in the chapter 3 and 4, it will be also given the

complete specific implementation of this block.

Plant

The plant is the main subsystem of the overall control scheme because it
represents the object the has to be controlled. In particular, it is applied a
control action such that the orientation of the satellite is properly modified.
Indeed, the goal is to point the telescope towards the target star so that a
precise photometric analysis can be performed. In order to understand how
the attitude can be changed, it is crucial to deeply study the equations that
characterize this system. The plant structure can be divided in two main
parts: the first one deals with the dynamics and the second one describes
the kinematics. Figure 2.2 represents, once again, the physical structure of
the plant, with its three actuators, that has been considered in this work of
thesis. Therefore, the overall system is given by a 3U cubic-shaped satellite
bus with three identical orthogonal reaction wheels attached to it. As already
mentioned in chapter 1, this kind of structure differ from the one of figure 1.6,
about the RWs positions, and it has been considered to make the analysis

simpler.

Satellite dynamics

The satellite dynamics is described by the well-known Euler’s moments equa-
tion which must consider not only the satellite body but also the contribution
coming from the three reaction wheels. Therefore, as mentioned by [8], the
angular momentum variation of the complete system, expressed in the iner-

tial reference frame, can be computed as:
3
Mt =H; = Hgsc) + ng) where ng) = Z ngi) (2.1)
i=1
As already mentioned in section 1.2.1, the subscript I defines that the spe-

cific quantity is evaluated in the inertial reference frame, the superscript

(sc) is linked to the spacecraft total angular momentum variation, (w;) is
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Figure 2.2: Representation of 3U CubeSat with 3 reaction wheels

related to the i-th wheel angular momentum variation and M describes
the external torque applied to the overall system (both environmental and
on-board torque disturbances and other control actions different from the
reaction wheels ones). It is really important to highlight that, as discussed
in [8], H?C) defines the total angular momentum of all the rigid body i.e.
the spacecraft body plus the reaction wheels masses concentrated at their

) represents the net angular momentum of the

i-th reaction wheel about its center of mass. Moreover, H§SC) is referred to

center of mass. Instead, Hf,wi

the overall system center of mass (spacecraft /satellite body+wheel). Now, it
is crucial to highlight that, for the following analysis, the angular momenta
will be always expressed in the vehicle frame (the one placed in G, as shown
by figure 2.2). So, from now on the following quantities are considered ch),
Hg”) and M%" which are simply projections of Hgsc), ng) and M5 in the
vehicle fixed frame.

Since all the angular momenta are expressed in the vehicle frame, which is
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non-inertial, the relation given by (2.1) modifies in the following way:

M =[S + wxHEY] + HY + wxHY] (2.2)
where
HY = 39 and HYY = 369 (2.3)
3 3 3 3
ng) _ Z Hgvi) _ ZJ(wi)w(i) and ng) _ ZHSBW) — ZJ(wi)w(i)
i=1 =1 i=1 i=1
(2.4)

Now, it is important to analyse the meaning of the following quantities:

e w=|w, wy w]' and w = [w, w, w,]" are the satellite angular speed

and its derivative expressed in the satellite frame.
i

e w® and w® are the angular speed and its derivatives of the i-th reac-

tion wheels, always expressed in the satellite fixed frame. In particular,

they can be written as w® = w+0Q® and W® = &+ QO where QO is

the relative angular speed of the i-th wheel with respect to the space-

00T = [wp ol wy wl”
(1)

and M = [0, &, W7+ @' 0 07 = [, + ) 7.

craft. Eg. 0w = [w, w, w]’+w

Wy W

e J(9 ig the inertia matrix, evaluated with respect to the center of mass
of the whole system, of the satellite bus plus the three wheels masses
concentrated at their center of mass. However, in this work of thesis, it
has been neglected the contribution of three wheels masses (because in
general it is not so relevant). Therefore, the satellite bus center of mass
coincides with the overall system CoM (point G in figure 2.2). Then,
for the inertia matrix computation, it has been simply considered an
homogeneous rectangular cuboid, as in figure 2.2, where the center of
mass coincides with the geometrical center. About the body frame, its
origin is placed in the CoM and it is coincident with the principal axes

of inertia. Therefore, the matrix can be written as:

J, 0 0 m(h? + w?) 0 0
Jed=10 J, 0| = 0 m (B2 +d?) 0
0 0 J, 0 15 (w2 +d3)
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where the mass m is equal to 5 K¢, the height hy, = 10cm = 0.1 m, the
width w, = 10em = 0.1 m and the depth dy = 30 cm = 0.3 m.

o JW) ig the i-th reaction wheel inertia matrix, evaluated in its center
of mass and expressed in the vehicle fixed frame. As shown by figure
2.2, the z-axis (rotation axis) of each RW is aligned with the vehicle
frame axes and the other RWs frame axes are parallel to the remaining
satellite axes. So, at first, the inertia matrix of each wheel is expressed
in its own reference frame (wheel frame) and then, through suitable
rotation matrix, is evaluated in the vehicle frame. In the wheels frames
(which are aligned with their principal axes), the inertia matrices are

expressed by:

B0 0
I =Jy =i = o 50 (2:6)
0 0 Jrw

Then, since the rotation matrices of the three wheels frame with respect

to the satellite one are:

cos(a) 0 sin(a) 100 —1
R{}, = 0 1 0 =101 0 (2.7)
—sin(a) 0 cos(a) 1 0 0
0 0 100
R{j, = |0 cos(a) —sin(a) o0 -1 (2.8)
0 sin(a) cos(a) 01 0
1 00
R, =I=10 1 0 (2.9)
001
the wheels inertia matrices in the satellite frame are:
Jrw 0 0
I —RE JEVREN = 0 B 0 (2.10)

0 08
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B0 0
0 0 3]
50 0

5 =R, I RE) =0 B 0 (2.12)
0 0 Jaw]

In this work of thesis, the contribution coming from the inertia com-
ponents about the wheels axes that do not have a relative motion with
respect to the satellite i.e. 5 is neglected (due to the non-relevant con-
tribution in the equation (2.2)). Therefore, the only component that
has been considered is the one related to the relative rotation i.e. Jgyy .
In this way, it is possible to build a single diagonal matrix which in-

volves all the inertia contributions of the three wheels:

Jaw 00
JW =10 Jgw O (2.13)
0 0 Jaw

Therefore, it is possible to write (2.4) as follows:

3
Hy =Y HEY =J"w® and HY =Y HSY = J@)o®
i=1 2

(2.14)

where w®) = [w, + wﬁﬁ Wy + Wﬁg Wz + Wg]T

Now, if there are not any kind of external disturbances and only the control
action coming from the three reaction wheels is considered, M®* = () and the
angular momentum conservation holds. Indeed, in this case, H; = ILIESC) +
H" =0 = H' + H" = const. Therefore, by considering all the above

information, it is possible to rewrite the equation (2.2) in the following way:
W =307 (cwx (I + HY) 4 1) (2.15)

Equation (2.15) describes the dynamics of the satellite (plant). It is impor-
tant to make some comments about (2.15). The term ng) is the same of
(2.14) and 7 defines the control torque coming from the reaction wheels, ex-

pressed as T = —I:IS;”).
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Now, the reaction wheels are put in rotation by the electric motors through
the application of a suitable torque that, for each wheel, can be obtained by
using the Euler’s equation, as mentioned by [8]. It is important to remind
that all the angular momenta are expressed in the vehicle frame, so, the

Euler’s equation for the i-th wheel is:
MY = HY + wxHY) (2.16)

As it will be shown in the following example, since the rotation axis of each
wheel is aligned with the vehicle frame axes, the motor torque for each wheel
is described only by the vectorial component of (2.16) in correspondence of
the proper satellite frame axis i.e. the specific component of Hg). The other
term that appears in (2.16) is simply a gyroscopic effect, already shown by
equation (2.2). The wheel 1 situation is taken as example. As shown by
figure 2.2, the wheel 1 has the rotation axis aligned with the x-axis of the

satellite frame. So:

M Jaw 0 0] [an + o)
MP=]o| HY=|0 0 0 O, (2.17)
0 0 00 e
Wy Jrw 0 0| |wz+ wgg
wxHY = lw,[ x| 0 00 wy (2.18)
Wy 0O 00 W,
therefore
M) [Trw (@ + o) 0
0| = 0 + | Jaw ws (we + wll) (2.19)
0 0 —Jrw wy (wy + wﬁg

Equation (2.19) shows that the motor torque applied to the flywheel, ex-

pressed in the satellite frame, is M = Jpw (W, + wﬁig

) which is the first com-
ponent of I:Ig) and also the first component of I:Ig”) in the equation (2.14).
A similar analysis can be done for the other wheels.

So, it has been shown that the torque applied by the reaction wheels to the
satellite is the same but opposite to the one produced by the electric motor.

Therefore, it is possible to write for the wheel 1 7, = =M = —Jrw (W, +w£2)
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where 7, is the first component of the previous quantity 7. The same rea-
soning must be done for wheel 2 and 3.

Finally, it is important to notice that in presence of external disturbances,
both environmental and on-board, the quantity 7 of equation (2.15) must
include the disturbance contribution. In this work of thesis, the only dis-
turbances that have been analysed are the ones coming from the reaction
wheels, described in section 1.2.3, which are considered on-board distur-
bances. Therefore, the expression (1.28) must be added to the control torque
coming from the reaction wheel such that 7 = 7, + M%&*t = —Hg’) + Mgist,
Moreover, it is important to clarify that for the analysis of the overall vehi-
cle dynamics and wheels disturbances the following situation has been con-
sidered: all the reaction wheels rotate with respect to their CoM and the
principal axis of inertia, even though in section 1.2.3 it has been stated that
the disturbances are given by the shift of the CoM with respect to the axis
of rotation and the tilt of the principal axis with respect to it. Then, to
represent the effect of these two situations, the torque contributions given by

(1.28) are added to equation (2.15), as previously mentioned.

Kinematics

The satellite kinematics deals with the relation between the angular speed w
and specific quantities used to represent the attitude of the spacecraft. In this
thesis, it has been chosen the quaternions approach to represent the vehicle
orientation. Indeed, they do not introduce the singularity problem when
the integration procedure is performed to obtain the entities that describe
the attitude. It is important to highlight that, as will be shown later, the
quaternions description is strictly related to the Tait-Bryant angles, which
give a clearer representation of the satellite orientation.

So, as mentioned at the beginning of this chapter, the satellite attitude and
so the kinematics are studied by considering two reference frames. The first
one is inertial and fixed in the center of the satellite orbit. The second
frame is non-inertial and fixed in the CoM of the satellite (point G of figure
2.2). The orientation of the satellite frame is expressed with respect to the

inertial one by considering a set of three angles. As mentioned before, in this
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thesis, the Tait-Bryan convention is used. It considers three angles known as
¢, 0, ¥ and states that the satellite orientation is given by considering three
consecutive rotations in the following way: each elementary rotation must
be done about x, y and z axis of the inertial fixed frame. Where the angle
¢ describes the rotation about the x-axis , # about the y-axis and v about
the z-axis. This means that the rotation matrix used to represent the overall
rotation (given by the composition of the elementary rotations) is defined by
pre-multiplying the matrix of the x-axis rotation with the y-axis one and, in
turns, this must be pre-multiplied by the z-axis matrix.

However, this is not the only interpretation of the Tait-Bryan convention.
Indeed, it is possible to consider the extrinsic interpretation, which is the
above-mentioned one, and the intrinsic interpretation. This one states that
the satellite orientation can be defined by considering a first rotation of 1
about the z-axis of the inertial frame. Then, the second rotation must be
performed about the new y-axis of the mobile frame (i.e the satellite frame).
The related angle is 6. Finally, the third rotation must be done about the
new x-axis of the mobile frame and the angle that describes this motion is
¢. So, as it is possible to see, the first rotation is done with respect to the
inertial frame and the others are done about the satellite body frame as it
changes its orientation. This is the interpretation that has been considered
in this work of thesis since it the most suitable to understand the vibrational
motion of the satellite telescope due to the reaction wheels disturbances.
Now, the first step is to define the constitutive equations of the satellite
kinematics. As mentioned before, the quaternion approach is used such that

the following relation can be written:
1
=3 Qq (2.20)

where g = [qo ¢1 ¢2 ¢3] = [qo d] and q are respectively the quaternion related
to the specific attitude configuration and its derivative. It can be noticed

that the generic quaternion g is composed by a scalar part gy and a vectorial
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one q = [q1 ¢ gq3]. Instead, 2 is the angular speed matrix defined as:

0 —w;, —wy —w,
x 0 z -
Q=" Yoo T (2.21)
wy —wy; O Wy
W, wy —w; 0

It is quite interesting to notice that the kinematics analysis exploits the values
of the angular speed w, coming from satellite dynamics part and in particular
from the integration procedure of equation (2.15), to define the quaternion
derivative q and through an integration the attitude quaternion q.

The second step is to figure out the relation between the attitude quaternion
and the Tait-Bryan angles. To do so, it is fundamental to define the trans-
formation /rotation matrix T, that is another way to represent the relative
orientation of the satellite frame with respect to the inertial one. This ma-
trix is also called DCM (Direction Cosine Matrix) and it can be written with

respect to the generic quaternion q as follows:

K+aE—6—a 2(ae — 909) 2(q143 + Qa2)
T=| 2(e+wu) G—G+6—-6G 200 — wan) (2.22)
2(q193 — Qo2 20 +9001) -G -6+a

Once the DCM is known, the Tait-Bryan angles ¢, 8,1 can be computed as:

¢ = G,tCLTLQ(T;),Q, T35) (223)
0 = atan2(—Ts1, sin(@) T3y + cos(¢)Ts3) (2.24)
Y = atan2(—cos(p)T1a + sin(p)Tis, cos(¢p)Tag — sin(¢)Tas (2.25)

Actuators

The actuator is the device used to apply the specific control law to the plant.
It is an interface between the controller and system to be controlled, able
to convert the signal coming from the control device into a suitable one for
the plant. For the attitude control analysed in this thesis, the actuator is a

reaction wheel which is basically a flywheel driven by an electric motor. In
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general, the electric motor is a DC-Brushless but, in this thesis, a DC motor
has been considered to simplify the whole analysis. Moreover, it is important
to remind that, in order to completely control the satellite attitude, at least
three reaction wheels must be used. In the following part, at first, it will be
considered the case of a satellite with one reaction wheel and, then, it will
be given a generalization with three RWs. Now, let’s imagine to have the
satellite in figure 2.2 but with only one wheel. For example, the wheel 3 i.e.
the one aligned with the satellite z-axis. With only one wheel, it is possible to
have just a planar motion which means that the only allowed rotation takes
place in the plane x-y of the satellite frame. In this situation, the dynamics
equation (2.15) can be simplified by considering that the gyroscopic term is
null. So, the equation related to the only axis about which the rotation takes

place can be written as:

1
, = —T, 2.26
W T T (2.26)
or equivalently:
1
by = — M, 2.27
s = (2.27)

Instead, about the reaction wheel, its dynamics equation has been analysed
in the previous section (from equation (2.16) to (2.19)) and it is strictly

related to DC motor equations as follows:

(V = Ryl + E
E=Kyw,.
v (2.28)
M = Ky
(W = ﬁ

The block scheme representing equations (2.27) and (2.28) is shown by figure,
as mentioned in [14]. Some comments about figure 2.3 are necessary to better
understand the meaning of the quantities involved in the scheme.

V and R,; are the command voltage and motor resistance. Instead, K, and
Ky are respectively the torque constant, which links the armature current I,
and the produced torque M, and the speed constant that relates the relative
speed of the motor with respect to the spacecraft and the back electromotive
force E (indeed, the satellite is considered the stator of the DC motor and it
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Figure 2.3: Block scheme of satellite plus one reaction wheel

moves. Moreover, the rotor/flywheel moves with respect to the satellite). It is
important to notice that if the MSK (Meter Second Kilogram) measurement
units are used, it is possible to consider K,; = Ky = K. Then, Jgy is the
inertia of the flywheel about the axis where the rotation takes place (which
is the same of (2.6)) and J,. is the inertia of the satellite always related to
the only axis along which it can rotate. As it is possible to see from figure 2.3
and deeply analysed in the previous section, wy, is the reaction wheel speed
intended as the sum of the satellite speed plus the relative motion between
them i.e. wy = ws + wye. For this reason, it is important to compute the
difference wy — w,. to get the relative speed used to determine the back
electromotive force. Finally, it can be noticed that, as seen in the previous
section, the torque applied to the satellite M. is equal and opposite to the
one applied by the motor to the flywheel. This is the reason why there is a
minus sign that relates the torque M and M,..

Now, the scheme in figure 2.3 has to be modified in order to build a torque
command structure instead of a voltage command one, as mentioned by [14].
This new scheme is shown by figure 2.4 and it involves some new blocks with
respect to the previous structure. At first, T, is the torque command that
comes from the controller (in particular from the ZOH) and it is converted in
a current command. Then, there is a current limitation to produce the torque
limitation (M..) that characterizes all the reaction wheels. A summing

node between the current command and the actual motor current produces
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Figure 2.4: Satellite plus one reaction wheel with torque command

a specific signal for the controller KT This is an integral controller with gain
K*, which is fundamental to build a relation between the torque command
and the actual motor torque such that the motor dynamics can be neglected.
The controller output is the voltage that must be applied to the motor.
However, it is evident the presence of a voltage limitation since there is a
maximum value of voltage that can be applied to the motor. Then, the other
blocks of the scheme are the same ones of the previous structure (figure 2.3).
Now, it is important to show the transfer function that relates the torque
command and actual motor torque. By considering figure 2.3 and 2.4, it is
possible to write the following relation:

K*

M 1
- (s) _ At = (2:29)
C(S) S+ Rar 1 —+ SF
This transfer function is obtained by considering that JL < ﬁ Then, if
the control gain K* is chosen such that K* > K—Q, the following relation

Jrw
holds M =T, and so all the motor dynamics can be neglected.

Now, a brief discussion on the motor parameters R;; and K must be done.
The datasheet of a wheel similar to the one used in this thesis (i.e. MAI-200
by Adcole Maryland Aerospace) provides the values of the maximum voltage
and the maximum torque. Then, to compute the values of the resistance R,
and constant K of the DC motor model, the following procedure has been
applied. The mechanical characteristic of a DC motor is shown in figure
2.5. This characteristic moves parallel to itself when the applied voltage
changes. So, at the maximum voltage is possible to evaluate the maximum

torque M, and the maximum relative speed wy,q,. Figure 2.5 highlights
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Figure 2.5: DC motor mechanical characteristic

this situation. Now, according to the first three motor equation of (2.28),

the relation between the torque and the speed is given by:

v Wrel
M=K— - K?~= 2.30

therefore, the characteristic points M, ., and w,,.. are expressed as:

Mmaz - K VmaT
y (2.31)
wmax - 7}1{(11;

where the additional data wy,., is given by [10]. From (2.31), the desired

quantities are determined as:

K — Vinaz
e g (2.32)
— mazr mazx
RM - KMmaT T WimazMmaz

Now, the previous analysis is extended to the three reaction wheels case. To
do so, it is fundamental to consider that the gyroscopic term in the equation
(2.15) is always compensated /cancelled by including it in the control signal.
This means that the control torque can be written as 7. = 7, + (wx (J*9w +
Hg”)) and equation (2.15) becomes

w=J 1 (2.33)
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Since the matrix J¢9 " is diagonal, the results is a decoupled dynamics where
each component of ’TC/ acts exclusively on the correspondent component of w.
Moreover, from the equation (2.29), it has obtained the approximated equal-
ity between the torque command and the motor torque that, with the minus
sign, acts on the satellite. So, as mentioned before, the motor dynamics can
be neglected. This situation leads to represent the overall system of three
reaction wheels and the satellite bus through an equivalent scheme composed
by three structures like figures 2.3 and 2.4 where each of them describes the
complete vehicle dynamics along the specific frame axis. It is clear that,
in these three structure, the torque command 7. coincides with the proper
component of the quantity 7. and each inertia term Ji must be defined by
the specific axis contribution (e.g. Jiz) All this structure will be shown in
detail in the chapter related to the MATLAB/Simulink implementation.

Finally, it is important to highlight that all the analysis carried out in this
section refers to a free-disturbance case. As it will be shown in the simula-
tion implementation sections, to take into account the reaction wheel distur-
bances, it is simply necessary to add their contribution to the torque applied

by reaction wheels to the satellite (i.e. M, in figure 2.3).

Reference generator

The reference generator is the subsystem responsible for producing the sig-
nals that must be tracked. However, the specific reference signals vary with
the kind of control strategy. Anyway, there is a part of the reference com-
putation procedure that is independent from the specific control approach
and it is the determination of the reference angles related to the orientation
that the satellite must follow. This orientation is defined through the relative
attitude of the satellite frame with respect to the inertial one, fixed in the
orbit, and it follows the Tait-Bryan convention.

Before analysing the reference computation procedure, it is fundamental to
state that this kind of structure has been considered only from an academic
point of view and only computer simulations have been performed. This
means that it has been evaluated as an analog/continuous time system (as

shown by figure 2.1), which not a good solution for a practical implemen-
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tation due to its high complexity, as it will be shown in the following part.
The best practical solution requires a micro-controller, so a digital/discrete
time structure. The choice of this kind of implementation is compliant with
the academic background about the digital control field. Therefore, in this
thesis, the only important elements are the outputs provided by this block
rather than the implementation type.

In order to understand how the references angles can be computed, the sce-
nario represented by figures 2.6 and 2.7 has to be considered.

Figures 2.6 (a), (b), (c), (d) show in 3D and 2D how the satellite reference
frame change its orientation during the orbital motion. Moreover, the red
dot represents the target star.

Now, it is crucial to say that the satellite telescope is considered coincident
with the x-axis of the satellite frame and it passes through the central point
of the focal plane. Therefore, the objective of the control is to point the
x-axis towards the target star. Figure 2.7 shows the orientation that the
satellite must have, in the same orbital point of figure 2.6 (b) and (d), in
order to perform a perfect pointing action.

To compute the reference angle that must be tracked, the scenario in figure
2.8 has to be considered. The objective is to find the angle a. To do so, it
is necessary to apply the law of the cosines and the law of sines. In partic-
ular, the first one is used to compute the quantity d and the second one
for a. Before analysing the computation procedure, the meaning of all the

quantities involved in the scenario of figure 2.8 has to be cleared.

e R,,: it represents the radius of the orbit, whose value is given by
the sum between the mean Earth radius and the orbit altitude. So,
Ror = Rp 4+ a = 6378 + 600 K'm = 6978 Km.

e d,,: it defines the distance between the orbit and the target star. Its
value is about 4.22 ly (light years) = 4-10'% K'm.

e dg: it characterizes the distance between the target star and the ori-
gin of the satellite reference frame (placed in its CoM). Its value is

computed through the law of cosines.

e «: it is the angle between the segments R, +d,, and dg. As it is shown
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(a) 3D view-pointing action
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Figure 2.7: Represantation of the pointing action
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by figure 2.8, it is also the angle between a line parallel to the x-axis
of the inertial frame and the segment d. This angle is computed by

using the law of sines.

e 7). it defines the angle between the segment that connects the origin
of the inertial frame and the origin of the satellite frame (i.e. R,,.) and
the x-axis of the inertial frame. This angle is computed by considering
the following situation: the satellite travels on an orbit whose radius is
R, = 6978 Km. The velocity of the spacecraft CoM is given by v =

RLM where p = 0.3989 - 10% mTS is the Farth gravitational parameter.
Since the following relation between the linear velocity and the angular
one holds v = wys; Ry, it is possible to compute the angular velocity

as Wps; = W, = »—. Finally, the angle 1 is given by ¥ = wyst + Yo

Ror
where 1y is the initial angle, assumed equal to 0, as shown by figure
2.1 (c). It is worth noticing that # is the angle of the spacecraft frame

with respect to the inertial frame and it varies along all the orbit.

As mentioned before, the law of cosines (2.34) and the law of sines (2.35)

are used to determine the quantities dg, and «.

dSb = \/Rg’l” + (ROT + dgo - 2R07"<Ror + dso)cos QS (234)
or dS . or . . or .
si’za = sinbw = sina = ];st siny = a = asm(ib sin w) (2.35)

Now, it is possible to define the reference angles that must be tracked by the
control system. They are represented by ¢y, 0rer and 1. and assume the

following values:
¢ref =0 (236)
Oref =0 (2.37)
—a 0S¢y <7
77Z)ref - (238)
a T<Y <27

Some important comments must be made about (2.36), (2.37) and (2.38).

Ores and 0,5 are set to 0 because, as mentioned before, the target star is
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in the orbit plane and so the only angle that must be modified (due to
the orbital motion) is ¢,.s. It is fundamental to highlight that these three
angles are defined according to the Tait-Bryan convention, which can have
two interpretations as mentioned in section 2.2 about the plant kinematics.
Instead, the angle v,.r is set to -« since the orientation that the satellite
must have is expressed with respect to the inertial frame and, as shown by
figure, the rotation that has to be performed to point the x-axis towards the
target star is a clockwise one of « (i.e. ..y = —«) in the first half of the
orbit and a counter-clockwise one of a (i.e 9.y = @) in the second half of
the orbit.

It is fundamental to highlight that once that the angle ¢ belongs to the
interval (7, %’/T), the day-time phase of the orbital motion occurs. In this
situation, the satellite attitude must be modified such that the solar panel
point the Sun. However, as it can be notice from (2.38), the reference angles
do not change. The reason behind this unmodified references is that if the
solar panels of the satellite are placed such that the unit vectors normal
to their surfaces are anti-parallel to the vehicle frame x-axis, the reference
angles (2.36), (2.37) and (2.38) can be considered a good choice in terms of
Sun-pointing to allow the accumulators charging operation.

Instead, when the angle 1) satisfies the relation %7? <y < gﬂ', the nigh-time
phase begins. In this situation, the satellite orientation must be changed to
guarantee the target star pointing.

Finally, it is also important to notice that when ¢ > 7 (2.34) and (2.35)
must be modified by substituting cos ¢ with cos (2r — ¢) and sin ¢ with

sin (2T — ¢).

2.3 MATLAB/Simulink implementation

MATLAB/Simulink is a software tool used to perform simulations of control
systems. As it will be shown later, to build a simulation scheme, a set of
specific blocks are used. In particular, for the structure analysed in this
thesis, the main blocks are integrators, with specific initial conditions, and
MATLAB function blocks which allow to implements the state equations

of each subsystem. In this way, it has been possible to build a structure
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that is able to provide the system outputs, through the integration of the
differential state equations. Other blocks will be shown in the next figures

and their functions will be explained during the specific analysis.

Plant

The Simulink scheme of the plant is shown by figure 2.9. It is immediately
evident the two main parts that characterize this subsystem: dynamics and

kinematics. As mentioned in section 2.2 and shown by figure 2.9, the dy-

D
TS w > w | NG D)
(2> »fmrw q
hRW Kinematics
Dynamics > 2 )
w

Figure 2.9: Simulink plant structure

namics block takes as inputs the satellite-applied torque Ty (control torque
plus disturbances) and the contribution coming from the actuators hry and
it produces as output the spacecraft angular speed w. A detailed implemen-
tation of this block is given by figure 2.10. The MATLAB function labelled

s

Ts

(2)———»mrw @ w » 1 »( 1)
hRW fen w

w
Dynamics

Figure 2.10: Plant dynamics block

as Dynamics is used to implement the equation (2.15). Then, the integrator
block is responsible for the integration operation so that the angular speed
w can be computed from its derivative wy. This block contains the speed
initial condition, describing the orbital angular motion of the satellite before

the control action activation. Moreover, it is important to highlight that T}
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and hgy of the Simulink scheme coincide respectively with 7 and H%U) of
(2.15).

Instead, the kinematics implementation is sketched in figure 2.11. Also in

D w

v 4 w ‘s P R
q fen fen q
Kinematics unit quaternion

Figure 2.11: Plant kinematics

this case, there is a MATLAB function called Kinematics which is used to
represent the relation between the quaternion derivative and angular speed,
as shown by (2.20). Then, the integrator block, whose initial condition is
Ginit = [1 0 0 0] (i.e. no initial rotation with respect to the inertial frame,
as mentioned in section 2.2 about the reference generation), is employed to
compute the attitude quaternion q. Moreover, there is another block labelled
as unit quaternion which is used to set the quaternion norm to 1. Actually,
the quaternions describing rotations are already unit quaternion. However,
due to computational error, their norm slightly differs from 1. For this rea-
son, it is important to consider this block.

It is fundamental to highlight that, as it will be shown in chapters 3 and 4,
the plant outputs ¢ and w of figure 2.9 follow a feedback path towards the
control inputs block. Finally, it must be pointed out that the attitude quater-
nion is injected in another block (not shown in figure 2.9) which extracts the
Tait-Bryan angles from it. This operation is really important since allows
to compute the pointing error, intended as difference between the reference

angles and the actual ones.

Actuators

The complete Simulink scheme of the three reaction wheels is shown by figure
2.12. There are four main blocks and three of them represent the RWs used
to apply the control torque to the satellite. Each of them takes as inputs
the specific axial component of the control/command torque (e.g. the third

block, which describes the reaction wheel aligned with the z-axis of the vehicle
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Figure 2.12: Actuators scheme

frame, receives the signal T..,) and the axial component of the satellite speed
(e.g. w,). As outputs, the RWs block provide the specific wheel /motor torque
T, the absolute wheel angular speed wgy and the relative speed with respect
to the satellite w,.;. All the motor torques are grouped through a muz block
to create a vectorial structure and it is considered the opposite value (—1
block) to determine the torque that must be applied to the satellite, according
to the analysis made in section 2.2. Moreover, the absolute angular speeds of
the wheels are used to compute the angular momenta hgy (block on the lower
right angle of the figure 2.12) used in the satellite dynamics equation. Instead,
the relative velocities are injected in the RWs disturbances block to compute
all the disturbances produced by these actuators. By the way, the above-
mentioned block is sketched in figure 2.13. The three blocks implement the
disturbances acting on each axis of the vehicle frame, according to analysis
made in section 1.2.3 and the relations (1.28). As it is possible to see, if a
frame axis is considered (e.g. x-axis), the disturbance about it is given by the
contributions coming from the wheels aligned with the other two axes (e.g.
y-axis and z-axis). These disturbances are linked to the relative speeds of the
wheels, as mentioned in section 1.2.3. This is the reason why each block of
figure 2.13 has the quantity w,; as input. Then, as shown by figure 2.12, the

three disturbance contributions are grouped by using a mux and summed to
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Figure 2.13: RWs implementation

the opposite of the wheel/ motor torque —T,,, in order to be applied to the
plant.
Finally, the detailed structure of a reaction wheel is shown by figure 2.14

(as example it is considered the z-axis wheel). This is the same scheme

Figure 2.14: Structure of z-axis reaction wheel

analysed in the section 2.2 (figure 2.3 and 2.4). So, as mentioned before,
the overall actuators structure is given by three block schemes as figure 2.14.
The only difference is that, in the previous analysis, an equivalent scheme

has been considered, characterized by the decoupled dynamics expression,

due to the gyroscopic compensation, such that the terms Jl and the net
control/command torques (i.e. without the compensation) could be directly
considered. Instead, figure 2.14 shows the real implementation scheme. It

must be highlighted that the two schemes are completely analogous.
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Reference generator

Finally, the first part of the reference generator implementation is shown by
figure 2.15. The MATLAB function contains the expressions of the law of

x_angle (phi) 0

y_angle (teta) 0 1

ang_r
ang_psi ‘ psi_r >
fen z_angle (psi)

Figure 2.15: First part of the reference generator structure

sines and cosines used for computing the reference angle 1, s, as described by
(2.34), (2.35) and (2.38). The input of the MATLAB function is simply the
relation that determines the ¢ angle due to the orbital motion, as described
by 1 = wpst + 19 where 1)y is the initial angle, assumed equal to 0. The
angles ¢ and 6 are set to 0, according to (2.37) and (2.38), and they complete

the reference angles vector ang, of figure 2.15.

2.4 EICASLAB implementation

EICASLAB is a software suite developed by EICAS Automazione S.p.A.,
the company where this work of thesis has been developed. It was born to
allow a professional implementation of control systems to be used in different
fields like the aerospace one. The main characteristic of this software is the C
code-based implementation. Indeed, every subsystem of the control structure
requires a specific development in C code. As it will be mentioned in the
following chapters, this is a really useful approach since to build a controller
for a real application, the C code of the control law is required. Indeed, this
code must be loaded in a target board. Therefore, in this work of thesis, the
usage of the EICASLAB suite has represented a step towards a possible real
implementation. The following part will briefly analyse how the subsystems
mentioned in this chapter have been built in EICASLAB.
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Plant and Actuators

Figure 2.16 shows the EICASLAB block related to the plant, the actuators
and the disturbances produced by the latter. Inside this block, there is the

Actuators/
RWs disturbances/

Tetr_s

Plant

cP [13]

Figure 2.16: Plant, actuators and disturbances block

C code describing all the dynamics of the actuators (including the integral
control used to define the torque command and to neglect the motors dy-
namics), the plant and the RWs disturbances. In particular, the C code is
divided in three main functions called Initialization, Execution and Output.
which are called by the solver to get the simulation results. In the Initial-
ization function there are the initial values for the desired variables, like the
states, and it is called once at the beginning of the simulation. The Ezecution
function performs all the computations linked to the state equations. It must
be highlighted that this function is used by the integration routine which is
responsible for solving the specific differential equations. Finally, the Output
function is used to define the output equations needed for the computation of
all the block output variables. As shown by figure 2.16, the input is the con-
trol/command torque T'ctrs. Instead, the output y contains the quaternion
attitude ¢, the satellite angular speed w and the actuators angular momenta
which can be labelled as hgy, as in the MATLAB/Simulink implementation.
As shown by figure 2.16, the output follows a feedback path that ends in the
control inputs block, as it will be deeply analysed in the following chapters.
By exploring the C code of this block is possible to find the specific imple-
mentations of the state equations that characterize the actuators dynamics
(according to (2.28) and the schemes of figures 2.3 and 2.4) and the plant
dynamics (2.15) and kinematics (2.20). This C code is characterized by suit-
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able functions that have been built for this work of thesis and grouped in
a specific library. Moreover, the code lines for the disturbances description
follow the analysis made in section 1.2.3 and the relation (1.28). Finally, it
must be highlighted this simulation block produces also the Tait-Bryan an-
gles (not shown in figure 2.16 but in the following chapters), that are injected
in another block responsible for the computation of the difference between

the reference angles and the actual ones.

Reference generator

The block shown by figure 2.17 represents the overall reference generator
structure. In particular, inside it, there are the C code functions used to
implement the first part of the reference generation, as mentioned in 2.2.3.
Also in this case, there are the three main functions Initialization, Execution
and Qutput. However, in this situation, it has been decided to use only the
Output function, and leaving empty the other ones, since no initialization has
been necessary and the Fzecution function could be included in the Qutput
one because, from a logical point of view, the distinction between them could
be neglected.

The code lines of this block mainly refer to the law of sines and cosines,
which allow to determine the reference angle v, as shown by (2.34), (2.35)
and (2.38). Moreover, it is possible to notice the two constant/step references
¢, and 6, whose values are set to 0 according to (2.36) and (2.37). These
reference variables are the inputs of the reference generator block since are
useful to build the complete reference angles variable, labelled as ang,. Fi-
nally, it is important to highlight that this block contains also the code lines
related to the second part of the reference generation, which is specific for
each kind of control strategy and it will be deeply analysed in the following
chapters.

ohir step phi_r
= Reference Generator

stepl theta_r
-
M2

Figure 2.17: Reference generator block



Chapter 3

Benchmark control system

This chapter deals with a particular control approach used in many attitude
modification procedures. Indeed, there are lots of papers, like [1] and [9] that
exploit this control strategy or a similar one, characterized by small modi-
fications/additions with respect to the one that has been considered in this
work of thesis. As it will be shown in section 3.2, the controller considered in
the benchmark control system is a non-linear PD one. Instead, the modified
controller mentioned before, simply consider an additional feedforward term
with respect to the basic PD structure. The first step, towards the analy-
sis of the benchmark control system, will be the evaluation of that part of
the reference generator which, as mentioned in chapter 2, changes according
to specific control approach. Moreover, the structure of the control inputs
subsystem will be considered since it is also subject to the specific control
methodology.

The second step is the theoretical analysis of the PD controller structure,
starting from the expression of the control signal. After that, the relation
between the desired orientation angles and the actual ones will be shown,
in the free-disturbance case. Then, the effect of the RWs disturbances on
the actual attitude angles will be pointed out. This will be a crucial part of
the chapter since it allows to understand how RWs disturbances can affect
the pointing stability of the satellite telescope. Finally, it will be shown how
the overall simulation scheme, and in particular the controller structure, has

been built both in MATLAB/Simulink and EICASLAB.

92
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3.1 Reference generator and control inputs:
specific analysis

As mentioned before, the two subsystems known as reference generator and
control inputs have a variable structure according to the control methodology.
In this section, their specific structure will be analysed. Since in the previous
chapter it has been pointed out that the plant kinematics is characterized
by the quaternion description, the same approach has to be followed for
these subsystem. This means that the reference signal and the control input
must be quaternions. Moreover, as it will be shown later, there is another
kinematic variable that is used to define the control action i.e. the satellite
angular speed. Therefore, the reference generator and control inputs block

will also produce specific signals related to the angular velocity

Reference generation

The reference generation procedure is characterized by two parts, as men-
tioned in chapter 2. The first one, that deals with the definition of the
Tait-Bryan angles to be tracked, has been already analysed in the previ-
ous chapter. Now, it is fundamental to define the second part which is
related to the implementation of the reference signals used to build the con-
trol variable. The starting point is the definition of the reference quaternion
dref coming from the Tait-Bryan angles ¢yef, Oref, Ures, expressed by (2.36),
(2.37) and (2.38). As stated in section 2.2, the Tait-Bryan convention de-
fines the rotation matrix between the inertial fixed frame and the satellite
mobile frame as a sequence of multiplications among the elementary rota-
tions matrices. According the extrinsic interpretation, the rotation matrix
about x-axis is pre-multiplied by the one related to the y-axis rotation and,
in turn, pre-multiplied by the matrix linked to the z-axis rotation. It is im-
portant to remind that all the rotations are performed about the fixed frame
axes. Equivalently, the intrinsic interpretation states that the rotation ma-
trix about the z-axis must be post-multiplied by the one related to the y-axis
rotation, which is post-multiplied by the x-axis matrix. In this case, the first

rotation is about the reference frame z-axis and the others are performed
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with respect to the mobile frame axes as it changes orientation.
In the same way, it is possible to define the complete quaternion that de-
scribes the general attitude, given by the sequence of three elementary rota-

tions. Therefore, for the reference quaternion, the following relation holds:

ref = qy © qg Ry (3.1)

where
qu = [cos(%) 0 0 sin(})]"
g0 = [cos(&) 0 sin(f) O]T (3.2)
qs = [cos(2) sin($) 0 O]T
are the quaternions describing the elementary rotations about x, y and z axis.
It is important to highlight that ® defines the quaternion product. Once the
attitude quaternion is built, another signal must be computed: the reference
angular speed related to the specific time trend of the Tait-Bryan reference

angles. To do so, it is used the following relation:

ww'r‘ef 1 0 _Sin(ere ) (bref

f
Wref = |wy,., | = [0 cos(¢ref)  Sin(Grer)cos(brer) Q_Tef (3.3)
Wayes 0 —sin(¢ref) cos(Pref)cos(Orer) | |Vres

It is important to point out that relation (3.3) is valid only for the Tait-Bryan
convention and, as it is possible to notice, it requires the knowledge of the

reference angles and their derivatives.

Control inputs

This subsystem is responsible for the generation of proper signals required
by the controller to define the control action. In order to determine these
signals, some computations must be done on the reference variables and the
output ones. Indeed, the inputs of this subsystem are the reference quater-
nion qyf, the reference angular speed w,.r, the actual attitude quaternion q
and the satellite angular speed w. The last two characterize the feedback
path starting from the plant.

The first computation is the difference between w,.; and w such that the

angular speed error is defined as w, = wyf — w.
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The second computation deals with the reference and actual quaternions.
However, instead of considering the difference between them, another ap-
proach is used, conceptually identical to the difference operation. For this
reason a new quaternion is introduced, called error quaternion qe. As men-
tioned by [1], it is defined as the quaternion that starting from the actual
attitude q provides the desired orientation q.f, by considering an extrinsic

rotation i.e. e ® q = qref. From this definition, the following relation holds:

qe _ "
Je = [ O] = (ref®( l= dref®q (34)

e

where the inverse quaternion q*

coincides with the conjugate one q*, since
the attitude is represented by the unit quaternion g.

Finally, it is important to highlight that, as it will be shown in the following
section and in the simulation schemes, the control variable requires other two
signals: the actual satellite angular speed w and the reaction wheels angular
momenta Hg”), as described by equation (2.14), which come from the feed-
back paths starting from the actuators and plant. Therefore, these signals
can also be considered as part of the control inputs block, even though no
modification is made to them, but they simply pass across the system and go
to the sampler. Moreover, it is important to highlight that this system has
been considered as an analog/continuous time structure since, as displayed
by figure 2.1. From a practical point of view, its implementation is a little
bit more complex than the one that can be developed with a digital /discrete
system (micro-controller), due to the nature of the quaternion product. Any-
way, an analog implementation is not so hard, since relation (3.4) involves

basically summations, subtractions, products and signs inversions.

3.2 Benchmark controller general analysis

The benchmark control system for the satellite attitude modification is based
on a non-linear PD (Proportional-Derivative) controller, also defined in this
thesis benchmark controller. Figure 3.1 shows the overall control scheme. Be-
fore starting the study, it must be highlighted that all the analysis is made by

considering the overall control scheme as a continuous-time structure. Then,
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Gref qe

T
5 w, Plant
Reference (2% Control < Sampler L 201 Actuators satellie |1

Controller w.
Generator Inputs o - _II threerws) | HB dynamics and

HE(;":‘ kinematics)

Figure 3.1: Complete control scheme

since the control strategy analysed in this thesis is based on a digital /discrete
controller, some comments will be made in order to clarify the passage from a
total continuous-time system to an hybrid structure (discrete controller plus
actuators and plant that are continuous-time structures).

The expression of the control variable, which is the set of three torques that
the RWs must apply to the satellite, is given by equation (3.5). This relation
is mentioned by [1] and [9]. The latter shows a more explicit form that will

be analysed later.

7o = J9Kp qe + IKp we + wx (Jw + HY) = 7/ + wx (J9w + HY)

(3.5)
where K p is the proportional gain matrix, q. is the vectorial part of the error
quaternion, Kp is the differential gain matrix, w, is the angular speed error
and wx (JE)w + Hg”)) is the term used for the gyroscopic compensation. As
it is possible to see, the relation includes two linear terms given by Kpq.
and Kp w, and one non-linear term i.e. wx(JG9w + Hg”)). The variable
7, can be defined as the net control torque. The reason why this control
structure is called PD will be explained later. It is fundamental to highlight
that equation (3.5) defines the first element of the quantity 7 shown by figure
3.1. Indeed, as mentioned in section 2.2, the variable 7 of equation (2.15) can
be expressed as T = T, + M%* where 7. is the control torque applied by the
RWs to the satellite and M%*! defines the RWs disturbances. The latter, for
notation simplicity, will be written as M. Moreover, the relation among
the control commands T, the actual torques produced by the DC motors
M on the flywheels and the ones applied by the RWs to the satellite 7. has

been deeply described in section 2.2.
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The first step of the analysis focuses on some simplifications about all the
quaternions used in the overall control scheme of figure 3.1. As mentioned
by [1], the quaternion that describes the general orientation of a satellite can
be approximated by the relation (3.6), if the well-known angles ¢, 6 and v

assume small values.

(3.6)

Now, let’s recall the definition of error quaternion i.e. g = Qf®q ! =

dref® q*. By exploiting the situation expressed by (3.6), if the quaternions q
and g, are sufficiently close such that the error quaternion q. can describe

a small rotation, the following relation holds:

1
_ l(¢ref - ¢)
G 2%(ewf - 0) (37)
%<wref - @D)

This result can be proved by considering a nominal quaternion q° around
which q and qe are supposed to lay. This means that q and q, are suf-
ficiently close to the nominal attitude q°. This quaternion is considered a
linearisation point for the kinematics equation (2.20). In this work of thesis,
q® = [1 0 0 0]7 which is the initial attitude condition, as mentioned in the
previous chapter. According to the above-mentioned situation, q and q,.f can

be written as:

1 1
1 1
_QS §¢T@f
q= |7 Qref = (3.8)
30 30res
%w %wref

Now, by performing the quaternion product q,es® q* and considering the first
order approximation, it is obtained relation (3.7). An interesting observation,
that will be used in the following analysis, must be made about relation
(3.7). As pointed out by [1], from the vectorial parts of ge, it is possible

to recover the angles by multiplying the expressions by 2. Therefore, from
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the error quaternion can be recovered the differences between the reference
angles and actual angles, that define the error angles. Now, by inserting the
first relation of (3.8) in the kinematics equation (2.20) and considering the

first order approximation, the following relation holds:

o] [wn
0| = |w, (3.9)
b |ws

Expression (3.9) defines the linearised kinematics equation, where, as men-
tioned before, q° is the linearisation point. Finally, it is easy to see that this
reasoning can be applied to the reference quaternion (and so to the reference

angles) and the reference angular speeds such that:

Cbref wxref
eref = [ Wy,er (310)
wref wz'ref

The second step of the analysis deals with the gyroscopic compensation term
and the net control torque. As it can be easily seen, the gyroscopic compen-
sation allows to remove the non-linearity of the dynamics equation (2.15),

such that it can be rewritten as
= JE T (7 4 Mdist) (3.11)

Instead, according to the previous analysis about the linearised kinematics,

the net control torque can be written as:

gbr@f - QS wxre.f — Wy
T, = J(sc)KP eref —0| + J(SC)KD Wy,ep — Wy (3.12)
¢ref - w wzref — Wy

where it must be considered that Kp = 2K/}, in order to recover the error
angles from the error quaternion. Now, by adding (3.12) into (3.11), consid-
ering that differentiation of (3.9) is given by [gb 6 w]T = W, w, w,]T = w and
taking into account (3.9)-(3.10), relation (3.13) is obtained.

¢ Pref — @ ref — ¢

0| =Ko [0y — 0| +Kp | ey — 0| + 3060 M (3.13)

& Urep =1 res =
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So, as it is possible to notice, (3.12) and (3.13) are characterized by the pro-
portionality relation with respect to the error angles and their differentiation.
For this reason, this controller is called PD.

Starting from relation (3.13), it is possible to determine two useful vectorial
transfer functions: the first one describes the time evolution of the actual
attitude angles when the desired ones are considered as inputs of the system.
The second one considers as inputs the RWs disturbances and highlights their
influence on the actual attitude angles. Now, before computing the tfs, it is
important to notice that if the matrix K and Kp are chosen to be diagonal,
as shown by (3.14), it is obtained a decoupled structure where each input
affect only the correspondent output. This situation is still valid for M®st,

) —1, . .
since J©*97" is a diagonal matrix.

kpy 0 0 kpy 0 0
Kp=|0 kpy O K,=1|0 kpy O (3.14)
0 0 kpy 0 0 kpy

So, let’s consider the first vectorial transfer function which involves the refer-
ence angles and the actual ones. To do so, first of all the quantity J (s0) Iy dist
is set to 0 and, then, it is performed a separation of the considered variables,

such that the following relations can be written:

O+ kpy &+ kpyd = kpg dres + kpg drey
0+ kpg O+ kpg0 = kpg Orer + kpg Ores (3.15)
U+ kpy )+ kpy ) = kpy Ures + kpy Yres

By considering the Laplace transformation of (3.15), the following transfer
functions can be considered:

(_((s) _ _ kpgs+keg
¢ref(3) 82+k‘D¢S+kp¢

0(8) o kD95+/€p9
Qref(s) S2+k’D9$+/€p9

(3.16)

Y(s)  kpys+kpy

\ wref(s) s? + ka 5+ k‘pw




CHAPTER 3. BENCHMARK CONTROL SYSTEM 60

A mentioned by [9], it is possible to choose all the proportional coefficients as

kp = w? and the derivative ones like kp = 2 w,, such that the denominators

2nd

of (3.16) coincide with the one of the classical order transfer function.

k _ Wn
Kp = a¢
Anyway, it is fundamental to highlight that the DC-gain of all the transfer

Moreover, it can be noticed the presence of a zero at s = —

functions is equal to 1. All the effects related to this kind of transfer function
will be analysed in chapter 5, which deals with the specific simulation results.
Finally, it must be pointed out that, to determine (3.16), all the initial condi-
tions about the angles (both reference and actual ones) and their derivatives
are considered 0. Actually, there are some non-zero initial conditions i.e. the
initial angular speeds, as mentioned in sections 2.2. However, these values
are quite small and they can be considered zero.

Instead, the second vectorial transfer function describes the influence of
the reaction wheel disturbances on the time evolution of the actual atti-
tude angles. In this case, starting from equation (3.13), the reference angles

Oref, Oref, Vrep are set to 0. So, the following relations hold:

¢+ kpg ¢+ kpy ¢ = Jt MIst
0+ kpy 0+ kpy = J Mdist (3.17)
U+ kpyth + kpyp = J; MIs

By applying the Laplace transformation to (3.17), the following transfer func-
tions can be written:

(_¢s) _ Ji !

Mdzst(s) o 52 +kD¢5+kP¢

o(s) Iy
det S) N 82 + kDg S + k’pg

(3.18)

)

(
v(s) J
MdZSt(S) N 52 + ka S+ kp¢
The coefficients kp and kp are always set to wa and 2(w,. In this case,
the DC-gain is expressed by ‘L—:. This relation is really important since it

will allow to explain all the system behaviours experienced in the simulations

(chapter 5). Finally, the comment made for the initial conditions of (3.16) is
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still valid for (3.18).

Now, it is important to clarify a particular aspect of the control system shown
by figure 3.1. It is evident that the overall scheme is hybrid, which means
that includes both continuous-time subsystems and discrete-time ones. Their
interfaces are managed by the sampler and ZOH. As mentioned before, all
the previous analysis is based on a full continuous-time structure. However,
the controller is defined by a static relation which means that there are only
suitable gains that multiply specific variables. So, the discretization of the
control law (3.5) does not modify the specific relation. However, when a
discrete controller is obtained by a continuous one, the dynamics of the ZOH
must be included in the plant+actuator structure. Since in this work of thesis
the above-mentioned situation has been neglected (only because the thesis
aims to perform an initial study of the whole attitude control problem with
RWs and their influence), the sampling time has been chosen smaller than
the one coming from the specific selection rules. In this way, the input signal
to the actuators block (coming from the ZOH) is more similar to the one
that can be obtained with a full continuous-time control scheme (where there
is not a ZOH) and so the ZOH dynamics can be, more or less, considered

negligible.

3.3 MATLAB/Simulink implementation

Figure 3.2 shows the complete simulation scheme developed in MATLAB-
Simulink. As it is possible to see, there are some extra block with respect to
scheme of figure 3.1. Indeed, the conversion from quaternions to Tait-Bryan
angles is performed by the ¢-ang conversion block. Then, the output of the
latter is injected in the summing node so that the difference between the
reference quantities ang, and the actual ones ang is computed. The result
of this operation produces the signal labelled as ang”®, which defines the
error angles expressed in radians. Since the analysis of the pointing stability
is made by considering all the angles expressed in arcseconds, the rad to as
block is responsible for this transformation.

The following part will focus one the detailed implementations of the refer-

ence generator, control inputs and controller block.
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Figure 3.2: Complete Simulink scheme

Reference generator

As mentioned in section 3.1, the reference generation changes its structure
according to the control strategy. Figure 3.3 shows the complete Simulink

implementation of this block. The first part of the reference generation pro-

»CD)

ang_r

angle -‘ q

fen qr

x_angle (phi) E—b ang-q conversion
y_angle (teta) 0 > »ang

"
G ang_psi ‘ psi_r > % dang fon Wr
fen z_angle (psi)

wr computation

Figure 3.3: Complete reference generator structure

cedure has been deeply analysed in section 2.3. So, once the reference angles
are known, two fundamental operations must be done to fully define all the
necessary reference signals. The first one deals with the angles transforma-
tion into quaternion and it is performed by the MATLAB function labelled
as ang-q conversion. It basically implements relation (3.1). Instead, the sec-
ond operation is the reference angular speed computation. It is managed
by the MATLAB function wr computation of figure 3.3, which implements
relation (3.3). As already mentioned in section 2.2, this operation requires
the knowledge of the reference angles and their derivatives. For this reason,
there is a derivative block before the above-mentioned MATLAB function.
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Control Inputs

The control inputs block, responsible for the generation of the signals that

are used to compute the control action, is sketched in figure 3.4. Two main

GO—
a 4 oD
D o fen e
ar
Error quaternion
O
"
_ we
w
»( 3
w
5 >4
hRW hRW

Figure 3.4: Control inputs block

operations are performed by this block: the error quaternion computation
dref® g, according to relation (3.4), and the angular speed error definition
We = Wyey — w. The first one has been implemented through a MATLAB
function and the second one by using a summing block. Finally, as men-
tioned in section 3.1, signals w and hgy (which is equivalent to Hg’) of
equation (3.5)), of figure 3.4, are the other two outputs of this subsystem
and exit it without being subject to any modification. They will be used by
the controller block to compute the gyroscopic compensation term. Finally,
about the sampler implementation, it is important to notice that the solver
performs operation at discrete time instants, both when major and minor
steps are considered. In particular, only the final results at major steps are
considered as outputs. So, since the controller is simply composed by static
elements i.e. gain, the only operation that must be performed is the con-
struction of a continuous time variable from a discrete one with the specific
sampling time. The sampling operation is automatically considered when
the specific sample is computed and then kept constant for all the sampling

interval.
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Controller

The control action/law given by (3.5) is simply implemented thorough a
MATLAB function, as shown by figure 3.5. So, all the signals coming from
the control inputs block are injected in the MATLAB function which pro-
duces the control /torque command T,. This is a vectorial discrete signal and
it must be subject to the ZOH operations, before entering the actuator block
of figure 3.2. It is important to mention that variables J¢9, Kp and Kp of
equation (3.5) are defined inside the MATLAB function.

) »ae

I

e 4w D
EDEE L C

G

hRW

Figure 3.5: Control inputs block

3.4 EICASLAB implementation

The whole control scheme developed in EICASLAB is shown by figure 3.6.
Some important comments are necessary to clarify the differences between

this scheme and the Simulink one of figure 3.2. First of all, it can be noticed

Pointing error
sl 1and angle error
M3

sup phie

gt way | | Reference
Stpt wr
M2

—
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v::; wf sl e P v T Actuator/
Control Inputs | (=—=5{ AD === Controller ) DA [t T Plant/
r' - ciey RWs disturbances
CF (13]]

Figure 3.6: Overall control scheme
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the AD and DA blocks. Indeed, since this software suite is used to build pro-
fessional control systems, it is not possible to substitute them with a simple
sampler and a zero order holder. However, since the analysis performed in
this thesis neglects the contribution coming from the quantization process,
it has been implemented the best possible approximation. Therefore, it has
been chosen the smallest resolution of this two subsystem, in order to mit-
igate the quantization effects. It is important to highlight that resolution
value is constrained by the specific values interval of the quantities to be
converted and by the available number of bits. Since the two converters can
manage at most integer variables of 32 bits, this value represents the maxi-
mum number of available bits. Moreover, to know in advance the interval of
values assumed by the variables, some Simulink simulation have been used.
The other difference is about the on-line computation of the RMS pointing
error, in a specific time interval of observation. Indeed, in Simulink scheme
does not appear this implementation because there has been the possibility
to compute it off-line by using MATLAB. In EICASLAB this operation is
performed by the block labelled as pointing error and angle error which is
also responsible for the computation of the difference between the reference

angles and the actual ones.

Reference generator

Figure 3.7 shows the reference generator block structure. As already men-
tioned in section 2.4, the subsystem behaviour is described by a set of C code

lines. The first part of the reference generation has been already discussed

phix ang_r

Reference | |*

stepl teta r
E
M2

step

Figure 3.7: Reference generator block

in the above-mentioned section. The second one is mainly an extension of
the previous part since it includes the computation of the following quanti-

ties: reference quaternion g,, reference angular speed w, and reference angles
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ang,. As shown by figure 3.7, they are the outputs of this subsystem. The
C code of the reference generation second part is always implemented in the
Output function, as already mentioned in section 2.4, and it is defined by
some specific functions which are used to build equations (3.1) and (3.3),
including the differentiation of the reference angles. These ones are the step
inputs ¢, 6., set to 0, and the internal reference angle v, which is computed

according to the procedure explained in section 2.2 and 2.4.

Control inputs

The EICASLAB implementation of the control inputs system is sketched
in figure 3.8. It receives the signals ¢,.f, wy.s from the reference generator
and y, from the plant and produces the variable ref, which contains all the
quantities used to compute the control command. In particular, y, is defined
by the actual quaternion q, the angular speed w and the wheels angular

momenta Hg}). Instead, ref contains the error quaternion qe, the angular

speed error w,, the angular speed w and the wheels angular momenta Hgf’).
Also in this block, only the Output function has been used to develop the C
code of relation (3.4) and the angular speed error, for the same reasons men-
tioned in section 2.4 about the reference generator. Finally, it is important
to highlight sampler implementation is simply performed by considering the
specific simulation settings. Indeed, the Control Inputs block is solved for
discrete time instants spaced by the simulation step that is taken equal to

the sampling time.

ref

Control Inputs | =
M

Figure 3.8: EICASLAB control inputs block
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Controller

Finally, the controller structure is depicted by figure 3.9. The reference sig-
nals ¢,ey come from the AD block which, in turn, are produced by the control
inputs subsystem. Since these signals are subject to the analog to digital con-
version, they are represented in C by 32 bits integer variables, as mentioned
before. The C code implementation of the controller exploits only the Output
function and it is basically divided in three parts: the pre-processing section,
the main computation one and the post-processing procedure. The first one
is used to get real numbers from the integer ones. Basically, it is performed
the DA operation in order to work with the actual values of the variables and
not with the converted ones. So, specific code lines are written to implement
this conversion. It is interesting to notice that the quantities coming from
the pre-processing procedure are defined by the C variable type double.
Once these computations are done, the core part of the controller block is
considered. Indeed, specific functions are used to develop relation (3.5) which
defines the control command.

Then, the post-processing phase is used to transform the real numbers that
characterize the control variable in the required integer representation, since
the output 7, must be represented by 32 bit integer variables to be sent to
the DA block of figure 3.6. Therefore, a set of code lines are used to perform
this AD operation. Finally, it is important to highlight that the controller
C code has been developed by taking into account a memory usage opti-
mization procedure which tends to avoid any kind of memory waste. This is

operation is very useful for a potential future real implementation.

Controller

Figure 3.9: Controller structure



Chapter 4

New approach for the control

system

The core part of this thesis aims to study a new kind of approach to control
the satellite attitude with RWs. So, the main objective is to understand if
this new methodology is as valid as the one seen in the previous chapter by
considering both the free-disturbances case and its behaviour in presence of
RWs disturbances. As it will be clarified later, this control strategy can be
split in two parts: the first one is known as feedback linearisation and its
purpose is to create some linear relations starting from non-linear ones. In
particular, it will be considered the input-output linearisation. The second
part deals with the real control action and two different controllers will be
analysed: a linear one based on the pole placement approach and a non-linear
controller which exploits the sliding mode theory.

The chapter will start with the analysis of the feedback linearisation control
strategy. So, it will be considered a theoretical part about the main aspects
of this strategy and how it has been applied to the situation analysed by this
work of thesis. In particular, it will be given the equations that define the
relation between the attitude Cardan angles and the specific input signals
(both references and disturbances).

Once the first control structure is defined, it is possible to choose the real
control action responsible for managing the system dynamics. Indeed, it will

be shown two kinds of controllers both from a generic theoretical point of

68
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view and from the specific application one. As mentioned before, these two
methodologies are the pole placement and the sliding mode. Also in these
cases, it will be analysed the above-mentioned input-output relations.
Then, the discussion will focus on the analysis of the specific reference gen-
eration since, as mentioned many times in the previous chapters, it varies its
structure according to the selected control approach. So, it will be defined
all the reference signals that are used to compute the specific control action.
Moreover, it will be evaluated the structure of the Control Inputs subsystem,
since it is also subject to the specific type of control system. Finally, the
simulations schemes developed in MATLAB/Simulink and EICASLAB will
be deeply analysed.

4.1 Feedback linearisation approach

This section aims to provide some basic notions about the feedback linearisa-
tion (FL) control strategy and how it has been applied to the system analysed
in this thesis. It is important to say that all the theoretical background about
this control methodology comes from [6].

The first part of this chapter deals with the generic notions about feedback
linearisation, in particular for SISO (Single Input-Single Output) systems.
Then, the extension to MIMO (Multi Input-Multi Output) system will be
deeply analysed, since the system under analysis is a MIMO one. Anyway,
the theory about SISO systems is really important because, as it will be
mentioned later, the MIMO system described in this thesis can be split in
three SISO structures.

The feedback linearisation approach is, in general, really used because it
allows to transform non-linear relations into linear ones. So, the systems
subject to this procedure move from non-linear to linear. The main goal of
feedback linearisation is to determine a specific control input able to can-
cel the non-linearities of the system under analysis. In this way, an exact
linearisation is performed and not an approximated one. This is the key
characteristic of the feedback linearisation methodology. As mentioned by
[6], the feedback linearisation theory is strongly related to the Lie derivative

concept. Without going into detail about this aspect, it is simply sufficient
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to say that given two functions f(x) : R — R™ and, h(z) : R" — R with
continuous partial derivatives of any desired order, the Lie derivative of h

with respect to f is a scalar function expressed as:

oh oh Oh oh
L:h— R S
sh=VhfeR where Vh o {81’1 0z, " Or.

} eR" (4.1)

If a SISO system, described by & = f(x,u) and y = h(x), is considered, the

following illustrative relations hold:

j=Vi=Lh

(4.2)
jj=V(Lih)i=L%h

Before going into detail with the feedback linearisation theory, it must be
pointed out that this approach is characterized by two possible implemen-
tations: the input-state linearisation and the input-output linearisation. In

this work of thesis, the second structure has been considered.

SISO system case

Let’s consider a generic non-linear SISO system represented by the following

affine form:
&= f(z)+g(x)u
y = h(z)
where x € R", y € R and u € R define respectively the state, the output and

(4.3)

the input. Now, the key element of the feedback linearisation procedure is
the following one, as mentioned by [6]: differentiating persistently the output
y until the input variable v appears. Then, define u in order to remove the
non-linearities. Therefore, by exploiting and extending the first relation of

(4.3), it is possible to write the following expression:
y = Vh(z)t = Vh(z)(f(z) + g(z)u) = Ly h(z) + Ly h(z)u (4.4)

So, if the Lie derivatives of h with respect to g is different from zero in some
region A € R” (NB: z € A), the input variable can be written as follows:

1
Ly h(x)

u =

(v = Ly h(z)) (4.5)
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By applying this input, the system described by (4.3) becomes a linear one,
characterized by equation (4.5).

y=v (4.6)

where the variable v is a suitable control signal able to define a specific
dynamic for the output y. Equation (4.6) shows that the system output
is given by the integration of the control command v. Now, it must be
pointed out that if L, h(x) is always null, it is necessary to perform another

differentiation of the output.
ij = L} h(x) + Ly(Lys h(z))u (4.7)

Now, the following relations hold if the quantity L,(L;h(x)) is not null in

. /
some region A :
1

L, (Ly h(a))
jy=v (4.9)

u =

v— L} h(x)) (4.8)

In this case, the application of the input u (4.8) leads to establish a double
integration relation between the output y and the suitable control input v.
All this steps must be repeated if the quantity at the denominator of the
input u is always zero.

So, the general case can be expressed by (4.10) and (4.11).

1 o
u= W(U—Lf h(x)) (4.10)

Yy = (4.11)

where y<n is the differentiation order. Also in this case, (4.10) holds in some
region A" where Lg(LT1 h(x)) # 0.

The feedback linearisation procedure is characterized by a coordinates trans-
formation. As it will be mentioned later, it is possible to consider new state
variables known as external state p and internal state &. Therefore, suitable
differential equations are, in general, considered, related to the external dy-

namics and the internal ones.
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Let’s start by considering the following state equation which involves only

the external state p:

= Ap+ Bu (4.12)
Yy=m
where
[0 0 0 0] (0] m [y ]
0 0 1 0 0 0 [bo Y
A | e el g p=| = Y (4.13)
O 0 ... ... 0 1 0
L 0 ] i 1 ] -Iu’y_ _y('y_l)_

Relation (4.12) describes the so-called external dynamics and it is known as
companion form. Now, there exists a more complete structure to represent
the above-mentioned variables transformation induced by the feedback lin-
earisation process. It is called normal form and it takes into account both

the external dynamics and the internal one, as shown by (4.14).

A N -
ﬂ =
o (4.14)
La(p, ) + b(p, Eu
§=w(p, )
Y=t

where © € R” and £ € R"7 represent respectively the external state, as
mentioned before, and the internal one. The complete set of new state vari-
ables (u, &) is called normal state. It is easily to understand that the second
differential equation of (4.14) characterizes the internal dynamics, which do
not depend on the system input. Finally, it is interesting to notice that
functions a and b of (4.14) are defined as a(y,§) = a(r) = L}jh(r) and

b(u,€) = b(x) = Ly(L}y " h(x)).



CHAPTER 4. NEW APPROACH FOR THE CONTROL SYSTEM 73

MIMO systems case

Now, let’s generalize the previous analysis to the MIMO systems case, as
shown by [6]. Suppose to have a system described by (4.3) where, in this
case, € R" u € R™ and y € R™. So, more then one input and output are
considered. The input-output linearisation follows the same steps shown for
the SISO systems case. Therefore, it is necessary to differentiate each output
y; until at least one input appears. Once the differentiation procedure is

completed, the following relation holds:

(1)

1
yéw)
= a(x) + [(x)u (4.15)
(Yny)
where
L} by (x) Lg(L}“j hy(z))
72 Y2
alx) = Ly halw) and p(x) = Ly(Ly (@) (4.16)
L} o, (2) Ly(L7" ™ i (2))

It is important to highlight that for each output, a relative degree v; and a

specific region A; € R” is considered. Moreover, a general region A € R" is

defined as A = NA;. Now, if matrix § is invertible on A, the input u assumes
(2

this form:
U1 — L}l hl (i[))
Vo — L}Q hQ(I)

u=pB"1(r) (4.17)
Vp, — L}"y b, ()
With (4.16), it is possible to get n, linear relations like:
(v) _
Y; = (418)

Equation (4.18) shows that the output y; is affected only by the corresponding
input v;, which means that a decoupled system is obtained. Finally, it must

be pointed out that the sum of all the relative degrees ~; defines the total
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relative degree . As it will be mentioned later, v defines the number of
external states p and the difference n—~ characterizes the number of internal

states &.

Input-output feedback linearisation for attitude control

This section deals with the application of the previous concepts about MIMO
systems to the attitude control analysed by this work of thesis. Indeed,
the equations that govern the satellite dynamics and kinematics show that
the system under analysis is a MIMO one. Therefore, the starting point is
equations (2.15) and (2.20), displayed below.

w=J60 N (—wx (TG + HW)) 4+
( ( 5 )+T) (4.19)

4=30q

If no disturbance acts on the system, it is possible to write 7 = 7. =
T, 4+ wx (JE9w + HS;U)). By inserting this relation into (4.19), the following

structure is obtained:

@ =J60

o ¢ (4.20)
q=58q
or in the extended form:
'wx = J;lT;x
Wy = Jy_ T;y
. = Jo',
do = — 2 (waqh + wy@o + wq3) (4.21)
G = %(wmQO + W.q2 — wyqs)
G2 = %(waO — Waq1 + Weqs)
L3 = 3(w:q0 + wyq1 — Wal2)
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Now, in order to be compliant with (4.3) for MIMO systems, the following

situation occurs:

[ 0 ] (71 0 0]
0 0 J' oo
0 0 0o J! ¢
f@) = | —3(weq1 +wyge +w2qs)| glx)=10 0 0| h(z)=|¢
%(W:BQO + W22 — Wyqs) 0 0 0 03
%(quo — W1 + Waqs3) 0 0 0
i %(wzqo + Wy g1 — WeGa) ] | 0 0 0 |
(4.22)
]
Wy
Wy Uy TCII
=14 | = [w] u="T, = |up| = T;y (4.23)
q1 q U3 7';2
q2
q3

From (4.24), it is clear that the system output is defined by the vector y =
[y1 2 y3)T = @1 g2 q3]*, which coincides with the quaternion vectorial part

q. The next step is to start differentiating each output until an input appears.

Output 1

. ) 1
yi=q and Y =q¢ = 5(%610 + w.q2 — qu3) (4'24)

Since in both relations of (4.22) there is not an input, it is necessary to

differentiate again.
. A : . : L, . :
Y1=q0 = 5(610%« + weqo) + 5(92% + w.qa) — 5(%% + wyds) (4.25)

By substituting (4.21) into (4.24), the following expression can be written:

4

The differentiation procedure must be stopped since (4.26) contains at least

) 1 1 __ 1 _ r__
= —qa (@l oy + ) + 50 gom = 5 g + 5 s (4.26)

one input. So, the relative degree is v, = 2.
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Output 2
. . 1
Ya=¢2 and Y =2 = é(waO — W.q1 — W G3) (4.27)
Also in this case, another differentiation is required
. . L . . L . . 1 . :
Yo =Qq2 = 5((]0%/ + wyqo) — 5(611% +w.q1) + §<Q3wx + Wz 3) (4.28)

By substituting (4.21) into (4.28), the result is:

3 1 1 I |-
Yo = —L—th(wi +wy +wl) + 5‘]1: fgzuy + §Jy "qous — §Jz ‘s (4.29)

Relation (4.29) contains at least one input. So, the relative degree is vy, = 2.

Output 3
. . 1
Ys=q3 and Y3 =z = i(wzqo + wyq1 — WeG2) (4.30)
It is evident that another differentiation must be performed.
. . L . . . . . :
Ys=4q3 = 5((10% + w.qo) + 5((11% +wyGr) — 5(‘]2%: + WeG2) (4.31)

By putting (4.21) into (4.31), the following relation holds:

- 1 2 2 oy 1, L. L.

Y3 = —Z—lng(wx + Wy + wz) - 5‘]1 qou1 + §Jy g1Uo — 5’]2 qous (432)
Some inputs are involved in relation (4.32). Therefore, the relative degree is

Y3 = 2.
All these results allow to build the structure expressed by (4.15).

i1 — 10 (W2 + w4 w?) shetao —5J,'as 307 | [wa
| = |—jeWl+w+wd) | +| 57 300 —3T7 | |ue
Ui —133(W2 + W) +w?) —3 e 3 —3J g0 |us
o;(;) ﬁz;)
(4.33)

Therefore, the vectorial input u, used to perform the input-output linearisa-
tion, is given by (4.34), according to (4.17).

u=p"(z)(v-oz)) (4.34)
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where v = [v; vy v3]7 is the control input used to define the specific dynamics
for the system outputs. Indeed, the final relations, coming from the feedback

linearisation procedure, are:

U1 = vp
Uz = U3

Finally, it must be highlighted that, for simplicity, the global region A, where
the matrix B(x) is invertible, has not been theoretically determined. How-
ever, through simulations, it has been checked if the intervals of values inside
which the system states move are such that the matrix invertibility is possi-
ble.

Now, the new state equation, describing the external dynamics, is built by

considering the extension of (4.12) to MIMO systems.

W= Au + Bv
o= (4.36)
y=Cu
where
[0 1. 0 0 0 0] [0 0 0]
000000 100
000100 000 L 00000
A= B= C=10010 0 0| (437
000000 010
000010
000001 000
00000 0 0 0 1]
-Nl- -,U{ -yl- -Q1-
142 143 U q1
2 U1
p= "= =P = P e (4.38)
4 25 Y2 q2
3 U3
s 1y Y3 qs
ue] L] Lws]  Lds.

From (4.37) and (4.38), it is easy to notice that, for the external dynamics,
the MIMO system (4.36) is composed by three decoupled SISO subsystems,
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which can be defined by their own companion form, as shown by (4.39).

Indeed, this result is compliant with the decoupling effect of matrix 5(z).

',ul — A'y! 4 Bly,
gy =C'pt

2 — A2,2 1+ Bly
= an 2 (4.39)

yp = C?

ﬂ3 — A3M3—|—Blvg

(Y3 = C*?
where
01 0
A1:A2:A3: 31232233: 01202203:[1 O:|
0 0 1
(4.40)
1 /ﬁ% Y1 Q1
M = L = ) =
_#2_ _yl_ _Q1_
_MQ_ —yz_ _Q2_
e — (4.41)
2 . .
_#2_ _y2_ _Q2_
. | Ys a3
\ _#2_ _y3_ _Q3_

Moreover, it is important to highlight that, in this thesis, only the external
dynamics (and so the companion form are) have been analysed. The internal
dynamic and its characteristics have been evaluated directly in the simula-
tion environment, as it will be mentioned later. Therefore, the normal form
has been neglected. Anyway, it is important to notice that since the total
relative degree 7 is equal to 6, the number of external states p is 6 and the

number of internal states £ is 1.
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Another important step in the feedback linearisation procedure is the so-
called state transformation. Therefore, the following equations put in evi-
dence the link between each external state p; and the classical system states

x.
.

= pp=q
H2 = M% =q = %(W:BQO + Ww.q2 — wy%)
_ 2
H3 = Uy (]'2 1 (4’42)
Ha = M% =q2 = §(qu0 —Ww.q1 + wa?))
M5 = Mi’ =4qs3
3 - 1
|16 = 15 = §3 = 5(W-00 + Wy@1 — Waq2)

These transformations are fundamental since they allow to compute the ex-
ternal states, necessary for the control variable (v) implementation.

Before analysing the effects of RWs disturbances on the satellite attitude,
when it is controlled thorough a feedback linearisation method, it is worth
noticing the following situation. Expression (4.35) shows the linear rela-
tions between the chosen output y; = ¢, y» = ¢ and y3 = g3 and the
corresponding control commands vy, vy and vs. By recalling equation (3.6),
which approximates the generic attitude quaternion as q = [qo ¢1 ¢2 ¢3]* =

1 %qb %9 %@ZJ}T, if small angles are considered, (4.35) can be rewritten as:

dlzéézvljé:m}l

('1'32%12;:U3:>¢=2U3

So, (4.43) defines the link between the control inputs and the Cardan angles.
Now, let’s analyse the effect of RWs disturbances on the input-output feed-
back linearisation. The starting point is relation (4.19). Indeed, by con-
sidering some disturbances acting on the system, it is possible to write
T =74+ MUt = 7 4 ox(JEw+ HW) + M%t and (4.19) becomes (4.41).

(4.44)
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or equivalently

'wx = JoN(r) + Mdist)

by = J; M, + MEs)

w, = J7 N1, + M¥st)

do = =5 (Was + wyg2 + w-gs) (4.45)
G = %(%:QO + W22 — wyqs)

G2 = %(WyQO — wWoq1 + Weqs)

s = 3 (w200 + Wyq1 — Wag2)

From now on, 7, = u as before and M%*! = d.
By recalling equations (4.25), (4.28), (4.31) and substituting (4.45), the fol-

lowing relations hold:

. 1 1 1 1
ih = (—qu(wi + wi + wﬁ) + §Jx 1qou1 — §Jy 1q3U2 + §Jz 1q2u3) +
o (4.46)

(.

1
+ QOdl — —J Lgady + EJz_lthdza)

1
( (w? —|—w + w?) + 2J q3u1—|—2J Gous — 2J q1u3>—|—

e (4.47)

»J>I»—

+

1 1
5 lgzdy + = J Yqody — 2J Q1d3)

»Jkln—

e (4.48)

1 1
+ J  gady + EJy_lfhdz + §Jz_16]0d3)

[\DI»—t

1 1 1
( (w2 + w + w?) — ingunl + §J;1q1U2 + §leq0u?,> +



CHAPTER 4. NEW APPROACH FOR THE CONTROL SYSTEM 81

therefore

(

h=qg=uv+ <%J;,;_1€I0d1 - %Jy_l%dz + %J;1Q2d3)

Yo = G2 = Vg + <%JmlCI3d1 + 37, Yqods — %le%dza) (4.49)

Us = Gs = vz + (_%Jxlchdl + %Jgjl%dQ + %le%d:a)

\

By recalling (4.38), which shows the relations between a quaternion compo-

nent and an external state, and writing gy as function of the external states

ie. qo = \/1—(u})2— (13)2 — (1})2, the following non-linear companion
form can be written.

,
o1 1

Hy = o
1y = v+ 3(y/1— — (3)? = ()2 J; Yy — iy + p3 )
M1 = Nz

13 = vo 4 5 (3 dy 4+ /1 — (1) — (u3)? — ()2 T, Hdy — pi J; M ds)
1y = 13
(13 = vs 4 5 (—pd gty + plJ My + /1 — — ()% — (u3)2Jd)

Ly = [ i pd]"

(4.50)
Relation (4.5) shows that two inputs are now acting on the external dynamics:
the control input v and the disturbance d.
Finally, also in this case, the approximation given by (3.6) can be exploited

to write the following relations:
¢ =20y + J;tdy — o J; Ny + 0 ds
0 = 2v; + Y J Ny + T dy — ¢ N (4.51)
) =205 — 0J; dy + ¢ T dy + TN

It is crucial to remind that (4.51) is valid if small angles ¢,0 and ¢ are

considered. Now, by using the first order approximation i.e. the products
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between the system variables ¢, 6, ¢ and dy, ds, d3 are considered negligible,

the following relations hold:

(b = 2’01 + Jm_ldl
é = 2U2 + Jy_2d2 (452)

IL = 2v3 + J;ldg
The expressions given by (4.52) highlight how the two system inputs influence
the time trend of the Cardan angles. In the following sections, it will be
deeply analysed these relations, by considering the reference signals instead
of the control inputs. To do so, the techniques used to implement the control

command v must be analysed.

4.2 Linear controller: pole placement design

The feedback linearisation approach is able to build linear relations between
the outputs and specific control inputs, which are user-defined. Therefore, in
order to impose a particular dynamic to the system under analysis, a suitable
controller must be added in series with the feedback linearisation structure.
In this section, a linear controller, based on the pole placement approach, will
be analysed. The complete control scheme and the detail of the controller

structure are given by figures 4.1 and 4.2. Before analysing the design phases

T
x Sampler T, ZOH Plant “
Reference | —— Control c Actuators i ,
Controller (w) (Satellite  ——
Generator Inputs M 7 x (three Rws) | TB i
ayY kinematics)

=)

u State x
Transformation

Figure 4.1: Complete control structure

of the linear controller, an important comment must be made about the struc-

tures of figures 4.1, 4.2 and the input-output linearisation, discussed in the
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1 |

rol FL :
0 ’ Linear v Controller | T

w | Controller -

—t— Gyroscopic |

ool Compensation |

7 |

|

u Controller |—< 4

Figure 4.2: Detail of the controller block

previous section. The feedback linearisation approach previously developed,
is based on the assumption that all the control scheme is a continuous time
structure. However, as shown by figure 4.1, a hybrid system is considered
which means that there exist an interaction between the discrete time con-
troller and the continuous time plant (with the actuator). This interaction
is managed by two interfaces i.e. sampler and ZOH, as mentioned in chapter
3. So, in order to mitigate undesired effects coming from the discrepancy
between the actual situation and the theoretical one, it has been considered
a sufficiently small sampling time. Indeed, in general, the dynamics of the
ZOH should be considered in the controller design. However, for simplicity,
this situation has been neglected and a suitably small sampling period has
been considered to reduce the effect of this approximation, as mentioned be-
fore. This consideration is also valid for the linear controller since it is a
discrete time system too and, as it will be shown later, it has been treated
as a continuous time structure.

Now, all the necessary steps to build the linear controller must be analysed.
The starting point is the companion forms of each SISO subsystems, given

by (4.39). For each of them, the following control law is designed:
v = —K.p' + N'r (4.53)

Relation (4.53) describes a static state feedback control law, where K! is a
suitable matrix such that the closed loop system has the eigenvalues placed
in specific positions, N’ is a gain used to make the system DC-gain unitary

and r; is the reference signal, which is described by a quaternion component.
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Therefore, the closed loop state equation is:

yi = C'y!

It is important to highlight that the existence of matrix K" is subject to the
controllability condition. In particular, it can be shown that K’ is a 1x2
matrix, which can be written as K’ = [k} ki]. So, by fixing the eigenval-
ues/poles as A\ /2= —Cwniwnm the control gains k’i, k; can be easily
determined. Now, after some computations, it is possible to compute the
close loop transfer functions between the i-th output and reference input as
Go(s) = %(SS)) = C(sI — (A* — B'K!)"'B'N". Therefore, since the DC-gain
is defined as lim,_,o Go(s) and the objective is to force it to 1, the gain N is
determined by N* = (C*(B'K! — A")~'B")~L.

By recalling expression (4.35), which shows the main relations obtained af-
ter the input-output linearisation, and applying the control law (4.53), the

following relation can be written:
or equivalently

Ji + kg + kiy = N'r (4.56)
By exploiting the Laplace transformation, (4.57) holds:

Yi(s) Nt
= . . 4.57
Ri(s) s>+ kis+ Kk} (4:57)

This is the same close loop transfer function considered in the previous anal-
ysis. It can be shown that N = k! = w? and ki = 2¢w,, according to the
pole placement procedure and the objective of a unitary DC-gain. It is im-
portant to remind that y; and r; are described by a quaternion component.
So, by considering the well-known approximation between the quaternion
component and the Cardan angle (relation (3.6)), the transfer function given

by (4.57) describes also the link between the actual angle and the reference
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one. Therefore, the following relations can be considered:
[ D(s) Nt
D,.(s) 2+ kis+kl

O(s) N?
= 4.58
< O,(s) s>+ kis+k? (4.58)

U(s) N3

U,.(s) 824 kis+ k3

At first, the controller parameters of each SISO subsystem can be chosen as
ki=k?=k} ki =k?=Fk and N' = N?> = N3, It is important to highlight

that all these relations characterize the free-disturbances case. Moreover, as

already mentioned in the previous section, the internal dynamic equation
has been neglected, for simplicity. However, it has a strong influence on the
output tracking. Indeed, if the internal dynamics is asymptotically stable,
the output is able to track the desired reference as t — oo. If this situation
is not satisfied, the output will never reach the desired value. In this thesis,
the influence of the internal dynamics on the overall system has been studied
through simulations.

Now, the impact of the reaction wheels disturbances on the system outputs
can be evaluated. To do so, expression (4.52) must be recalled and modified
as follows:

O+kotkio=J"d
O+ k20+k20=J"dy (4.59)
VR + Ry =T ds

By using the Laplace transformation, (4.60) holds.

(2(s) _ I,
Di(s) 82+ kis+kl

o) _ I (4.60)
Do(s) s+ k3s+k?

U(s) J!

( Ds(s) 82+ ks +k}
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It is easy to notice that, to build (4.59), the well-known relation (3.6) has
been used and the reference signals have been set to 0.

Some final comments must be done. First of all, the transfer functions given
by (4.58) and (4.60) are computed by considering all the variables initial
conditions null. However, as already mentioned in chapter 3, there are some
non-zero initial conditions, which can be considered negligible. Furthermore,
it is interesting to notice that relations (4.58) and (4.60) are similar to (3.16)
and (3.18). So, it has been found out that the, with a linear controller, the
feedback linearisation approach provides quite similar results to the classical
PD controller, when small Cardan angles are considered. Finally, it must be
highlighted that the control system behaviour analysed in this chapter will

be deeply evaluated in chapter 5, where different simulations will be studied.

4.3 Non-linear controller: sliding mode de-
sign

The current section deals with another kind of controller to be put always
in series with the feedback linearisation structure. The main difference with
the previous one is the non-linearity that characterizes this new controller.
The design methodology is known as sliding mode. At first, a theoretical
introduction about the sliding mode approach applied to SISO systems will be
given. Then, the extension to MIMO systems will be considered As already
mentioned, since the feedback linearisation controller produces the previously
mentioned decoupling, the MIMO systems can be treated as three SISO
subsystems. After that, it will show the application of this control approach
to the attitude control of the small satellite. In particular, at first it will
be shown the relation between the output and the reference signal in the
disturbances-free case. Then, the influence of the reaction wheels on the
control system will be analysed. Finally, it is important to highlight that the
theory background about the sliding mode control, that will be analysed in
the following part, is taken from [7].
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Sliding mode for SISO systems

Let’s consider a non-linear SISO system given by (4.3) and its companion
form described by (4.12) and (4.13). The objective of a control system is to
make the output y track the reference signal r. The sliding mode approach

is based on the design of the so-called sliding surface, which is defined as:

S(t)={x € R": s(x,t) =0} where s(x,t) =77 + kg0 2 + .. + k27

(4.61)
Function s(z,t) is such that s : R*™' — R. Moreover, relation (4.61) intro-
duces some quantities whose meaning must be explained. At first, g is called
tracking error and it is defined as y = r—y. Then, 7 is the well-know relative
degree that characterizes the input-output linearisation. Instead, g0~ is the
(v — 1)-th derivative of the tracking error g. Finally, the coefficients k; are
selected such that the roots of the polynomial given by (4.62) have negative

real part.
POA) =N+ B N2+ k2 (4.62)

P()) is a fundamental element of the sliding mode theory. Indeed, if the
system trajectory (i.e. the set of points in the state space describing the
system state evolution) is constrained to the sliding surface, the tracking error
y will tend to zero according to the roots of the polynomial. In order to prove
the above-mentioned property, it simply necessary to compute the Laplace
transformation of the equation s(z,t) = 0, which leads to P(s)Y (s) — Py(s) =
0= Y(s) = I;?((;)). P(s) is the polynomial given by (4.62) expressed in the
Laplace variable s and Py(s) is the polynomial that takes into account the

initial conditions. So, as it is possible to see, the tracking error y follows
a time trend based on the roots of P(\). However, this result is based on
the assumption that the trajectory is on the sliding surface and it does not
move from that. Indeed, it is possible to have the following scenarios: 1)
the trajectory is on the surface at a certain time instant but it does not
remain there for successive instants; 2) the trajectory is completely outside
the sliding surface. Since the objective is to constrain the trajectory to the
surface for every time instant, it is fundamental to build a specific control
law to achieve the desired goal. With this control law, the surface can be

defined as tnvariant and attractive. An invariant surface is such that if the
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trajectory is on it, it will remain there. Instead, the surface is attractive if it
is able to force on it a trajectory that lies outside. Now, let’s analysed the
contribution of these definition to the control law structure.
Consider to have a trajectory that lies on the sliding surface at a certain
time instant ¢y. According to (4.61), the system state at ¢, is an element of
S(t) and s(x(to),to) = 0. To make the surface invariant, it is necessary to
have § = 0. So, the differentiation of (4.61) is considered and relation (4.14)
from the feedback linearisation procedure must be recalled. The latter states
that the y-th derivative of the output can be written as y) = a(z) + b(x)u.
Therefore:

§=0= 7" + kgt 4 . k=0 (4.63)

which leads to (4.64), by substituting §() = r( — 4 =+ —q(2) — b(x)u.
r —a(x) = b(@)u + kg0 + L F kg =0 (4.64)

The control input expression can be obtained from (4.64), in the following
way:
L (= S-1) ;
u=—|r" —a(z)+ kg7 + ...+ ky (4.65)
b(x)

Once that the invariance property has been analysed, it is fundamental to
characterize the attractiveness of the surface. The surface S(t) is considered
attractive if s(z,t)$(x,t) < 0 Va, t. So, suppose that, at a time instant ¢,
the trajectory is considered outside the sliding surface. To make it attractive

is simply necessary to add a specific term to (4.65), as follows:

s - A
u= @ (7’( ) —a(x) + k‘vy( R R klszgn(s(x(t),t))) (4.66)

The derivative of s(x,t) is expressed by:
§(x,t) =1 —a(x) — blx)u+ kg™ 4 ke = —kysign(s(z,t)) (4.67)

Then, it can be noticed that § = —k; < 0 when s(z,t) > 0, so s(z,t)s(x,t) <
0. Instead, s = k; > 0 when s(x,t) > 0, therefore s(z,t)$(z,t) < 0. In both
the cases, the above-mentioned property is satisfied i.e s(z,t)s(z,t) < 0. So,
the surface is attractive and, in particular, the trajectory (starting from the

initial condition at t5) moves on the surface in finite time, as clearly stated by
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[7]. It is important to highlight that the additional term sign(s(x,t)) could
lead to the so-called chattering which is defined by high frequency oscillations
of the trajectory around the surface. For this reason, it is in general replaced
by a sigmoid function like o(ns(z,t)) = tanh(ns(z,t)).

Now, it is quite easy to see that relation (4.66) can also be written as:

1 1
u=——w-—a(r)) = —————(v — L} h(x)) (4.68)
b(z) Ly(L} " h(x)) !
which is the well-know equation characterizing the input-output linearisation.
Therefore, relation (4.69) defines the control input that modifies the system
dynamics.

v =1 4 kyfiy 4 ... + kofiy + kio(ns(z,t)) (4.69)

The generic variable fi; is defined as fi; = pt; — pt; = @1 — ¢~ = g(=1),
It can be noticed that the reference variable and its derivatives have been
renamed as p,;. Relation (4.69) is characterized by the non-linear term
kio(ns(x,t)) which increases the controller robustness, as it will be shown in
the simulation results. All the parameters that appear in the control law are
properly chosen to obtain the desired performance, as it will be analysed in
chapter 5. In particular, it must be highlighted that the close loop system
dynamic, near the sliding surface, is imposed by the coefficients ks, ks, ..., k,
which define the roots of P(\). Finally, as it is possible to see, relation (4.69)
involves the external state p, already defined in the feedback linearisation
section. About the internal state/dynamic, it must be highlighted that it is
fundamental for the tracking properties. Indeed, it must be asymptotically
stable to achieve the desired tracking. This situation has been considered

also for the linear controller of the previous section.

Sliding mode for MIMO systems: attitude control ap-

plication

The characterization of the sliding mode approach for MIMO systems is,
now, directly given by considering its application to the attitude control of
the small satellite analysed in this thesis. The starting point is relations

(4.15) and (4.16), proposed once again below, which describe the result of
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the feedback linearisation procedure.

(711)

Y1
ys
= a(z) + f(x)u (4.70)
where
L} ha(x) Lg(L}l_i hy(z))
L7 h L,(L? " h
(@)= | B gy = | Bl (@) (4.71)
Li"™ hy, () Lo(L{™™ hy, (x))
Now, from the input-output linearisation, input w is expressed by:
u=p""(z)(v - alx)) (4.72)
which leads to the well-known decoupling, expressed as:
g =y (4.73)

In order to keep this decoupling, the sliding surface surface is defined as

follows:
Sl(xa t)
t
St = {ze R s(a 1) = | 2BV | oy (4.74)
Sn, (7,1)
where
s1(2, 1) A P L QUSRS 3
so(x,t) _ géw_l) + kwgéw—?) + ...+ koo (4.75)
(ot D) | Oy 2) .
Sny ('T7 ) yny + Yy yny + + 2yny

Basically, this formulation consider a MIMO system as n, SISO subsystems,
each of them characterized by a function s;(z,t), which involves specific co-
efficients k;, the i-th tracking error y; = r; — y; and its derivatives until the

order 7; — 1. As already mentioned in the feedback linearisation section, -;
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is the relative degree associated with the i-th output y;.
So, for each SISO subsystem, the corresponding control input v; can be writ-
ten as:

1)

vi =00 4k 37D Lt kgl + ko (misi(, 1)) (4.76)

Now, the application to the system under analysis is considered. At first,
relation (4.39) must be recalled, which defines the companion form of the
overall MIMO system expressed as the composition of three SISO subsystems.
In this case, the number of input is n, = 3 and all the relative degrees are ; =
2. Since the external state characterizing each SISO subsystem is expressed
I .

by ', as shown by (4.41), it is possible to consider pl. = [pl pl |" = [r; 7

~

Then, the following relation holds: ' = [t i3] = [ 4:]7. Therefore,

functions s;(x,t) and control commands v; can be rewritten as:

s1(, ) 1 + kol fiy + kofi}
So(x,t) | = Y2+ kala | = |13 + kofi} (4.77)
s3(, 1) s + kay3 fis + kofif

v = iy + kafiy + kro(msi(z, t))
Uy = To + kofif + k1o (1252(2, 1)) (4.78)
vs = s + hafi} + k10 (ngss(, 1))

In this case (4.73) becomes (4.79), as already analysed in the feedback lin-

earisation section.

yl =10
Z.j2 = 'U2 (479)
Uz = U3

By substituting (4.78) in (4.79), the following relations hold, in the free-

disturbance case:
1 = 71+ kofiy + kio(msi(x, 1))
Yo = To + kzﬂ% + k1o (n282(x, 1)) (4.80)
Uz = 5 + kafi} + k10 (n3s3(z, 1))

It is important to remind that each output represents the specific component

of the actual attitude quaternion and so, the reference signals are quaternion
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components too. Moreover, it is possible to recall the approximation between
quaternion and Cardan angles, given by (3.6), and substitute the quaternion
component with the half of the correspondent angle. Indeed, the above
mentioned relation states that [q; ¢ g3]7 = [% g 21T The same can be done
for the reference quaternion and angles. Due to the non-linearity introduced
by the control action, the time evolution of each output, when the reference
signals are applied, has been studied through specific simulations.

Instead, when reaction wheels disturbances act on the system, relation (4.80)

can be modified by taking into account relation (4.50). Therefore:
ih =71+ kafiy + ko (msi(, 1))+
1 _ _ _
+ 5(\/1 = (1) = (1)? = (2T dy — i Iy o + i TN ds) = (4.81)

. N 1
=T + kg,u% + ]{310'(77181($,t)) + 51]:5 1d1

i = o + kofif + kro(masa(z, 1))+
1 . ) _
+ 5T+ \/1 — (u})? = (1)? = ()2 T Mo — iy I N d3) = (4.82)

. _ L
=179+ kQ,LL% + k'10'(77252($,t)) + éjy 1d2

i = i3 + kofi + kro(nzss(z, 1))+

1 } ) .
+ (i )y \/1 — (1) = (12)? = ()2 Mds) = (4.83)

. _ -
=173+ k'Q,U/? + ]C10'(7]383(l’, t)) + 5‘]2 1d3

It is important to notice that the last equality of (4.81), (4.82) and (4.83)
comes from the small approximation, where the first quaternion component
¢o (the term described by the square root) can be considered equal to 1 (cf
(3.6)), and from a first order approximation (the product between variables
i.e. disturbances and external state, that is the quaternion component, can
be considered negligible). As it is possible to notice, relations (4.81), (4.82)
and (4.83) are quite complex and introduce non-linearities, even after the
above-mentioned approximations. This is due to the sigmoidal contribution
coming from the sliding mode control command. Therefore, the time trend
of the outputs, when both the reference signals and the disturbances act on

the system, has been evaluated directly through simulations.
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Figures 4.3 and 4.4 depict the overall control structure and the detail of
the controller block. Both of them show new variables with respect to the
previous analysis i.e. 7%, pu, and p. They are simply the composition
of the previous mentioned quantities r}*, p’ and f’, in the following way:
= (i iy o 1T, e = [y g ] and o= (@t p? )"
the linear controller section, it must be highlighted that all the control sys-

. As mentioned in

tem structure has been considered as a continuous time one, from a pure

theoretical point of view. Indeed, the feedback linearisation approach, devel-

7O o)

oy x Te Plant
Reference Control sampler T o Actuators (satellite |1

. N w)
Generator Inputs 2 s Controller o tthree RWs) | B | dynamics an d

)

B

H State x
Transformation

Figure 4.3: Complete control structure

oped in the specific section, is based on the assumption that all the control
scheme is a continuous time structure. Therefore, the sliding mode controller
(which is placed in series with the FL block, as shown by figure 4.4) is also
considered as a continuous time system, according to the previous theoreti-

cal analysis. However, as shown by figure 4.3, the practical implementation

2 1
} |
o L :
| Non-Linear v Contio\ler | T
il Controller )
i Gyroscopic |
a0 | Compensation |
B i |
_____________________ |
o)
X;, TC
i Controller ——»
(RN
H('W)
B

Figure 4.4: Detail of the controller block

of the overall control scheme is defined by a hybrid system, which means
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that there exist an interaction between the discrete time controller and the
continuous time plant (with the actuator), suitably managed by the sampler
and ZOH blocks. So, in order to mitigate undesired effects coming from this
discrepancy between the actual situation and the theoretical one, it has been
considered a sufficiently small sampling time. Actually, the dynamic of the
ZOH should be considered in the controller design. However, for simplicity,
this situation has been neglected and a suitably small sampling period has
been considered to reduce the effect of this approximation, as mentioned be-
fore. Then, it must be highlighted that the internal dynamic formulation has
been neglected, for simplicity, and its effect on the output tracking has been

directly evaluated through simulations.

4.4 Reference generator and control inputs:

specific analysis

This section aims to briefly describe how the reference signals and the control
inputs are generated, both for the pole placement approach and the sliding
mode method. It must be highlighted that the first part of the reference
generation has been already analysed in section 2.2 and it deals with the
computation of the reference Cardan angles. Therefore, according to the

specific control methodology, the second part must be discussed.

Pole placement approach

The pole placement methodology is based on a static state feedback con-
trol law, as shown by (4.53). So, according to this relation, it is neces-
sary to compute only the reference quaternion and, then, consider for each
control command v; the specific quaternion component g,.s, that describes
the reference signal r;. To do so, a conversion from the reference Cardan
angles ¢ref, Orer, Urep, to the reference quaternion must be performed, ac-
cording to relations (3.1) and (3.2). They, basically, compute the quater-
nion products among the three elementary quaternions that can be associ-
ated with each reference angle. The result is the total reference quaternion

Aref = [Qrefo Qrefr Qrefs Qrefs]” - Therefore, the signal r shown by figures 4.1
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and 4.2 is represented as r = [r1 r2 73] = [@res, Greps Qress)” - Instead, the
Control Inputs subsystem of figure 4.1, in this case, does not perform any
operation on its inputs since, to build the control action, it is not necessary

any manipulation of these variables.

Sliding mode method

This control philosophy requires a more complex structure for the reference
generator block, with respect to the pole placement approach. Indeed, as
displayed by figure 4.3, this block provides as outputs (%) and p,, which can

be expressed, according to the analysis of section 4.3, as:

Tl (.jrefl
rOi) — Po| = | Gresy (4.84)
TB q.refg
_/’L%'r- _QT‘efl_
1 M%T Qrefl
Mo Mg Gre
o = | 2] = || = | (1.85)
3 /L2r q7“€f2
oy 3
M1, Qrefs
_M%T_ _QTef3_

So, these relations show that the reference quaternion vectorial part and its
derivative are necessary. This means that, once the reference Cardan angles
are computed, the usual angle-quaternion conversion is performed. Then,
the vectorial part of the resulting quaternion is extracted and the differenti-
ation of each component is performed. In particular, it is necessary a double
differentiation.

Instead, the Control Inputs block of figure 4.3 is responsible for the compu-
tation of ji, which represents the difference between the pu, and p. Therefore,
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the following structure is considered:

_ML - FL{ Qref; — QI_
1 1 Mi - :u% QT6f1 - q'l
SOl i, — 1 Grefs = 4
~ 1, — M1 refo — Y2
ILL = Iu% — Iu2 = 9 5 = . 2 . (486)
3 3 Ha, — M2 Qrefy — 42
My — [ 3 3
:ul,« — My Qrefs — 43
_II"L%T - M%_ _QTefg - QS_

Finally, it must be pointed out that all the other inputs of the above-
mentioned block are not subject to any manipulation, as shown by figure
4.3.

4.5 MATLAB/Simulink implementation

This section aims to show how the overall control schemes, previously anal-
ysed, have been developed in MATLAB/Simulink. Before starting the spe-
cific analysis for both the control approaches, the common element between
them must be described i.e. the feedback linearisation controller plus the

gyroscopic compensation. Figure 4.5 shows its structure. The system im-

1) P v
\ 4 ut
. »x fen
x Feedback linearisation "
Ll
>
Tc
—P|x
4 u2
p{hRW fcn
hRW

Gyroscopic compensation

Figure 4.5: Structure of the FL controller with the gyroscopic compensation

plementation is characterized by two MATLAB functions. The first one is
used to implement the control input coming from the input-output linearisa-
tion, according to relation (4.33) and (4.34). The second one implements the

gyroscopic compensation, that removes the non-linearity from the satellite
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dynamic equation (2.15). Then, both the outputs of the MATLAB functions
are summed to get the vectorial torque command 7,.. All this structure is
compliant with the theoretical analysis of section 4.1. In the following part,

the specific control structures with their subsystems will be analysed.

Pole placement design

The overall control scheme for the pole placement approach is depicted by
figure 4.6. As it is possible to see, this figure introduces some new blocks with
respect to figure 4.1. In particular, it can be noticed the output, the g-ang
conversion and rad to as blocks. The first one is simply used to describe the
h(z) function of the MIMO system, which is responsible for the output defi-
nition. It is important to remind that the output y is the key element of the
input-output linearisation procedure. Instead, the second block is respon-
sible for the computation of the Cardan angles, given the specific attitude
quaternion. Finally, the third block is used to convert the error angles (given
by the differences between reference and actual angles) expressed in radians
into arcseconds, since the pointing stability of the telescope is evaluated in

this way.

\
i}

+
_ ang e rad ang_e_as
rad to as
ﬂ

ang_1! g-ang conversion
r T g r
—>{mu mu mu .
Reference M x x i i Ts »Ts

x
hRW. hRW. hRW. Output function h(x)
Control inputs Controller w hRW hRW w
Actuator Plant —‘

[ e

mu X

E(j
v
]

States transformation

Figure 4.6: Pole placement method complete control structure
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Reference generator

The following figure shows the Simulink implementation of the reference gen-

eration procedure, described in section 4.4. From figure 4.7, it is clear that the

x_angle (phi)

0 angle ‘4
_angle (teta) fen av >..2

v
ang_psi ~‘ psi_r ang-q conversion
fen z_angle (psi) »( 1

Figure 4.7: Reference generator block

>

reference signal r coincides with the vectorial part of the quaternion coming
from a simple conversion described by (3.1) and (3.2), as mentioned in sec-
tion 4.4. This computation is carried out by the MATLAB function labelled
as ang-q conversion. Moreover, figure 4.7 shows that one of its outputs is the
reference angles variable ang,, which is fundamental for the computation of
the error angles. Finally, before analysing the controller implementation, it
must be pointed out that the Control Inputs block implementation will not
be shown since it does not perform any variables manipulation, according to

the analysis made in section 4.4.

Controller

This section deals with the development of the core structure of the whole
control scheme. Figure 4.8 (a) depicts the complete controller structure,
made by two contributions: the feedback linearisation block, already analysed
at the beginning of section 4.4, and the linear controller block. Instead,
figure 4.8 (b) displays the specific implementation of the pole placement
controller. The latter is characterized by the state feedback control law given
by (4.53), expressed in a compact way. Indeed, all the three reference signals
(quaternion components), included in the vectorial variable r, are multiplied
by the same gain N, which is compliant with the analysis of section 4.2
(N!' = N? = N3 = N). Instead, a suitable matrix, labelled as K,,, is used to
perform all the multiplications between the external state p and the control
matrices K, mentioned by (4.53) and (4.54). According to the notations of
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(a) Complete controller structure

1 » N

(b) Linear controller detail

Figure 4.8: Pole placement plus FL controller

section 4.2, matrix K, can be written as:

K} 0O1x2 O1x2 ki k3 0 0 0 0
Kp=101xa K2 Oixo| =0 0 k2 k3 0 0 (4.87)
O1xz O1xa K7 0 0 0 0 Kk Kk

and variable p follows the formulation given by (4.38). In this way, it has
been possible to implement equation (4.53) for each SISO subsystem, by
summing the outputs from the gain blocks of figure 4.8 (b). The result is

the vectorial control variable v = [v; vy v3].

Sliding mode method

Figure 4.9 shows the overall control scheme used when a sliding mode ap-
proach is considered. The major part of the scheme is equal to the one
proposed by figure 4.6, about the pole placement approach. The only differ-
ences refer to the Reference Generator, Control Inputs and Controller blocks.
Therefore, the specific blocks for the sliding mode design are directly anal-
ysed.
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Figure 4.9: Sliding mode approach complete control structure

Reference generator

The reference generation implementation, for the sliding mode approach, is
displayed by figure 4.10. According to the analysis made in section 4.4,

»(D

ang_r

e £]

x_angle (phi) . |

0 angle
y_angle (teta)

wasi @ wis oo
fon 2_angle (psi) E mu_r

e

Figure 4.10: Reference generation for the sliding mode approach

the first step towards the reference computation is the conversion from the
Cardan reference angles to the corresponding quaternion. As usual, this op-
eration is carried out by the MATLAB function labelled as ang-q conversion.
Then, since the desired variables are the components of the vectorial part, a

demuz block is used to split it into its constitutive elements i.e. Gref,, @ref,
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and ¢es,, according to the notation of section 4.4. Now, the objective is
to build the reference variable p, expressed by (4.85). Therefore, suitable
deriwative blocks and a mux one are used to compute the quaternion com-
ponents derivatives and to collect them together with the above-mentioned
reference component. Moreover, since the second derivatives of each quater-
nion component is needed to build variable r0%) of (4.84) (named r; in figure
4.10), the first derivatives are collected through a muz and then injected into
a derwwative block. Finally, the output variable ang, can be noticed, as usual
used for the error angles computation.

A brief comment must be made about the Control Inputs block of figure
4.9. This subsystem is simply responsible for the computation of i (named
Mude in the above-mentioned figure), as expressed by (4.86). This is the
only manipulation required before considering the controller structure, as

clearly depicted by figure 4.9.

Controller

Finally, the controller development is considered. Its structure is split in two
parts, as shown by figure 4.11: the feedback linearisation and gyroscopic com-
pensation and the non-linear controller, designed with the sliding mode tech-
nique. Since the feedback linearisation structure has already been discussed,
the following analysis focuses on the non-linear controller block, shown by
figure 4.11 (b). It is clear from the above-mentioned figure that the three
MATLAB functions are used to implement relation (4.78), which defines the
structure of the control command v = [v; vy v3]T. According to (4.78), to
build such vectorial control variable, for each SISO subsystem described in
section 4.2, is required the knowledge of r©), #(2) (3) (components of the
vector given by (4.84) and named 7,1, ry2,7r,3 in figure 4.11 (b)) and variable
i expressed by (4.86). In particular, this vectorial variable is split into its
sub-vectorial components, as mentioned by (4.86), and the latter are injected
in the MATLAB functions. It is evident from figure 4.11 (b) that all the nec-
essary splitting and merging operations are performed through demuz and

mux blocks.
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Figure 4.11: Sliding mode controller
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4.6 EICASLAB implementation

This section deals with the implementation of the whole control schemes in
the EICASLAB environment. At first, it will be analysed the structure re-
lated to the pole placement design. Then, the sliding mode control scheme
will be evaluated. Before starting the analyses, some comments must be
made. In both the simulation schemes there will be the AD and DA blocks.
As already mentioned in chaper 3 section 3.4, EICASLAB was born with the
objective of building professional control schemes, therefore it is not possi-
ble to substitute the above-mentioned blocks with a simple sampler and a
zero order holder. However, since this work of thesis neglects the contribu-
tion coming from the quantization process, the best possible approximation
has been implemented. So, the smallest resolution for this two subsystems
has been chosen and the quantization effects have been mitigated. It is im-
portant to highlight that the resolution value is constrained by the specific
values interval of the quantities to be converted and by the available number
of bits. Since the two converters can work at most with integer variables of 32
bits, this value represents the maximum number of available bits. Moreover,
to know in advance the interval of values assumed by the variables, some
Simulink simulation have been used.

Furthermore, it must be pointed out that there will be another difference
between the EICASLAB simulation schemes and the Simulink ones. Indeed,
in the first ones there will be a specific block that perform an on-line compu-
tation of the RMS pointing error, in a specific time interval of observation.
Instead, in the Simulink schemes of figures 4.6, 4.9 this block does not ap-
pear because there has been the possibility to make the above-mentioned
computation off-line by using MATLAB.

Pole placement methodology

Figure 4.12 depicts the overall control scheme used when a pole placement
controller is employed. It is quite easy to recognize all the subsystems de-
scribed in section 4.2 and in chapter 2. As in the Simulink scheme of figure
4.9, there is a specific block responsible for the angles error computation.

This block is labelled as Pointing error and angle error and it is also respon-
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sible for the RMS pointing error, as mentioned at the beginning of section
4.6. In the following parts, the implementation of the Reference and Lin-
ear controller will be analysed. About the Control inputs block, it will be
briefly analysed in the Reference generator section, since it does not require

a detailed analysis.

M
:
:

Figure 4.12: Pole placement-based control scheme

Reference generator

The EICASLAB block representing the reference generation structure is
shown by figure 4.13. As it is possible to see, it has two inputs given by
the reference angles ¢,.; and 6,.; and produces as outputs the reference an-
gles variable, labelled as ang,, and the specific reference signal r, which are
injected in the Control inputs block. The first output is composed by the
above-mentioned angles and the third one computed by this block. To do
so, specific C code lines have been written, as mentioned in section 2.4. The
second output is the vectorial variable containing the usual reference quater-
nion components, according to the analysis made in section 4.4. To compute
it, the C code of relation (3.1) has been implemented, which simply defines
the angle-quaternion conversion. Also in this case, only the Qutput function
has been used, as already done for the control scheme of chapter 3. Finally,
a brief comment on the Control inputs block is necessary. As already men-
tioned, it does not perform any variable manipulation, so the variables are
simply merged and injected in the controllers block. These variables are: the
reference signal r, the external state u, the vectorial angular velocity and
the actual attitude quaternion w, ¢ (i.e. the plant state labelled as x,) and
the reaction wheels angular momenta variable hgy,, which coincides with the

w)

well-known quantity HSB of chapter 2.
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Figure 4.13: Reference generation block

Controller

Finally, figure 4.14 depicts the block of the main part of the whole control
scheme i.e. Linear and FL controllers. It is characterised by the C code lines
needed to implement both the control structures. Also in this case, like the
controller of chapter 3, it has been used only one of the three main functions
that define the C code structure of any EICASLAB simulation block i.e. the
Output function. This has been divided in three portions: the pre-processing
part, the main computation section and the post-processing portion. This is
the same structure used for the PD controller of chapter 3. So, in the same
way, the pre-processing part is used to implement the DA operation on the
variable labelled as c,.f, in order to work with the analogic variables and
not with the converted/digital ones. This means that all the manipulations
performed by the main computation part are done with respect to variables
values that are real numbers and not suitable integers coming from the AD
block of figure 4.12. It is important to remind that ¢,y is a vectorial variable
that contains all the outputs coming from the Control inputs block. These
quantities have been mentioned before, at the end of the Reference generator
analysis.

Instead, the main computation section is composed by specific C functions to
implement relations (4.34) and (4.53), that define the input-output linearisa-
tion and the pole-placement control law. As mentioned before, since all the
variables subject to manipulations are real number, they are represented by
the C variable type double.

Finally, the post-processing portion is responsible for implementing the AD
operation on the output produced by the main computation part i.e. the
vectorial control torque. In this way, the torque command is converted from
double to int (32 bit integer) and injected in the DA block shown by figure
4.12. This variable is labelled as T, as displayed by figure 4.12 and 4.14.
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Figure 4.14: Controller structure

Sliding mode approach

Figure 4.15 shows the complete control scheme used in presence of a sliding
mode controller. It is quite easy to see that the scheme is really similar to the
one describing the pole placement approach. Therefore, it will be directly
described the subsystems that differ from the above-mentioned structure i.e.
the Reference and Non-linear and Feedback Linearisation Controllers. About
the Control inputs block, also in this case, it will be given a brief analysis, in
the Reference generator section, since it does not require a detailed discus-

sion.
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Figure 4.15: Sliding mode-based control scheme

Reference generator

The block responsible for the reference generation is shown by figure 4.16.
As it is possible to see, it has the usual two inputs given by the reference
angles ¢,y and 0,.; and produces as outputs the reference angles variable,
labelled as ang,, the second derivatives of reference signals 74, according to
the relative degrees of each output analysed in section 4.1, and the reference
variable for the external state, labelled as p,.. All these variables have been
analysed in section 4.4. This block contains the C code lines necessary to
build all the above-mentioned variables. In particular, it must be pointed out
that once the reference angles and the correspondent quaternion have been
computed, as usual, the components of the vectorial part are injected into

a specific function to compute the first and second derivatives. Then, the
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variable r4; has been built with all the second derivatives. Instead, the refer-
ence components and their first derivatives are used to define the variable p,.
It is important to remind that everything is compliant with the theoretical
analysis made in section 4.4 and the previous ones. Also in this case, only
the Output function has been used. Finally, a brief comment on the Control
inputs block must be done. This structure, as already mentioned, is respon-
sible only for the computation of the variable i, labelled as y; in figure 4.16.
Its structure is given by (4.86). The other variables that enter the block are
not subject to any manipulation and they are simply merged and injected
in the controllers block, after the AD conversion. These variables are the
second derivatives of the reference signal (%) (labelled as 74, the vectorial
angular velocity and the actual attitude quaternion w, ¢ (i.e. the plant state
labelled as x,,) and the reaction wheels angular momenta variable hgy,, which

coincides with the well-known quantity Hg") of chapter 2.

ang_r

step  phir
I
st war | | Reference | [
(M2

Figure 4.16: Reference generation block

Controller

Figure 4.17 displays the key block of the whole scheme i.e. the Non-Linear
(NL) and Feedback Linearisation (FL) Controllers. It is characterised by the
C code lines needed to implement these two control structures. Also in this
case, it has been used only the Qutput function, which has been divided in the
same three portions described for the pole placement controller. Therefore,
since the structure is identical to the previous one, it is only necessary to make
a brief comment on the main computation section. This portion is basically
defined by C functions which implement relations (4.34) and (4.78), that

define the input-output linearisation and the sliding mode control law.

=<, @INI. and FL Controllers [l
o

Figure 4.17: Controller structure




Chapter 5

Simulation results and

comparisons

This is the final chapter of the thesis, which aims to show the simulation re-
sults about the attitude control performed with the different control systems
analysed in the previous chapters. The discussion of the simulation results
will be split in two parts: the first one will refer to the disturbances-free
case, in order to study the basic behaviour of the specific control system.
In this situation, only the reference signal has been considered as input and
the system output response, in presence of different values of the controller
parameters, has been studied. So, some comments will be made about the
effect of the parameters modification on the output time trend. As already
mentioned in the previous sections, the main variables of the attitude con-
trol system are the error angles, which are used to understand how much the
telescope is far from the target star. Moreover, a brief analysis of the control
variable will be performed in order to understand if, in some situations, the
actuator saturation takes place. It is necessary to evaluate the behaviour
of the control system without any disturbance, since it is fundamental to
figure out if the specific control law can be suitable for the attitude control
of a small satellite. Instead, the second part of the simulation result analysis
deals with the control system behaviour when reaction wheels disturbances
act on it. It is quite important to highlight that the only disturbance con-

tribution comes from the RWs and all the environmental ones have been
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neglected, since the objective of this thesis is to perform an initial analysis of
the RWs disturbances impact on the overall control structure and how they
can be attenuated through the controller parameters. So, all the obtained
results about the telescope pointing error will be in general quite lower than
the ones characterizing all the papers related to the RWs disturbances effect.
This situation will be analysed in the specific section. Also in this simula-
tion case, it will be evaluated the time trend of the error angles, in order
to understand how much the oscillations induced by the reaction wheels dis-
turbances affect the pointing stability of the telescope. Moreover, a brief
discussion about the disturbances and the control inputs will be performed.
Finally, some comments and comparisons will be made about the simula-
tion results obtained with the the three control structures. Before starting
the discussion, it is important to highlight that even though the control sys-
tems simulations have been performed in both the well-known environments
i.e. MATLAB/Simulink and EICASLAB, almost all the figures that will be
shown in the following part refer to the Simulink implementation and only
some pictures will refer to the EICASLAB one. This situation is simply due

to space problems and to avoid making the analysis too redundant.

5.1 Simulations without disturbances

As mentioned in the chapter introduction, this section focuses on the simula-
tion results analysis of the three control systems, previously analysed, when
only the reference signal is applied. Therefore, no disturbance has been con-
sidered in the following simulations. As mentioned before, it will be shown
the time trend of the three error angles defined as the difference between the
reference Cardan angles ¢,cf, 0rcf, ¥res and the ones describing the actual
satellite attitude ¢, 6, 1, expressed in arcseconds, since it is the measurement
unit used in this kind of applications. Furthermore, the control torque ap-
plied by each reaction wheel to the satellite will be studied. The order that
will be followed for the simulations analysis is the same of the previous theo-
retical description. So, at first the PD controller will be evaluated and, then,
the feedback linearisation structure plus the linear and non-linear controller

will be analysed.
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PD controller

The Proportional-Derivative controller is characterized by a control variable
expressed by (3.5) which can be suitably modified by considering the small
angle approximation (3.6). Moreover, this control law includes the gyroscopic
compensation term, used to remove the non-linearity of equation (2.15).
Therefore, the net control torque is expressed by (3.12), which clearly high-
lights that proportionality to the error angles and their derivatives through
the matrix K» and K},. Now, as mentioned before, these matrices are diag-
onal, so that a decoupled system is obtained, and all the coefficients for each
matrix (relation (3.14)) are equal. Now, by recalling that these coefficients
have been considered as kp = w? and kp = 2w, the following time trend
for the error angles are considered, when specific variations of w, and ( take
place. It is quite important to highlight that the following figures refer only
to the error angle relative to the z-axis of the body frame 1., since the only
non-zero reference angle is 1,.¢ and the initial conditions are related only to
the angle ¢, as mentioned in chapter 2. So, the other error angles ¢. and
0. are always null. Figures 5.1, 5.2/5.3 and 5.4 highlight the time trend of
the error angle on the body frame z-axis 1., when a variable w,, and a fixed
¢ are considered. It is quite evident that an increase of w, makes the error
convergence faster and it also reduces its maximum absolute value. Instead,
an increase of ( leads to a more damped behaviour of the error. This situa-
tion is well-evident through a comparisons among the scenarios described by
figures 5.1, 5.2 and 5.4 (Simulink environment). Figure 5.3 shows the error
time trend when the control system simulation is performed in EICASLAB.
So, it easy to notice that almost the same results of figure 5.2 have been ob-
tained. The small differences are due to the quantization procedure effects,

which have been mitigated as much as possible.
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Error angle v,
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Figure 5.1: Error angle ¢, when w,, € {0.5,2,8} and ¢ = 0.2375
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Figure 5.2: Error angle ¢, when w, € {0.5,2,8} and ¢ = 0.475
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Figure 5.3: EICASLAB simulation results of ¢, when w, € {0.5,2,8} and
¢ = 0.475
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Figure 5.4: Error angle ¢, when w, € {0.5,2,8} and ¢ = 0.95
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Now, it is really interesting to point out that a particular behaviour takes
place when w,, = 8 and ¢ = 0.2375. As it is possible to see from figures 5.1,
with the above-mentioned values, the error angles is not as damped as in the
cases represented by w, = 0.5, 2. This situation is due to the influence of
the DC motors dynamics on the overall system. As mentioned in chapter 2,
the coefficient K* has been used to neglect the motor dynamic. This means
that in the scenario of figure 5.1 the values of this gain is not high enough
to consider negligible the actuator dynamic. Instead, for the other situations
this value is quite good and an increase of it does not leads to strong mod-
ification of the error angle trend. Therefore, the solution to this problem is
to increase the value of K*. Figures 5.5 and 5.6 display the scenarios before
and after the coefficient increment. So, it is evident, from the comparison
between these figures, that with a higher K* the 9, trend is more damped

and aligned with the other situations.
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Figure 5.5: Error angle 1. when w, = 8 and { = 0.2375 before the K*

increment
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Figure 5.6: Error angle v, when w,, = 8 and ( = 0.2375 after the K™ incre-

ment

Finally, it is interesting to show that an increase of w,, produces a quite strong
increment of the control command (variable 7, in the Simulink schemes),
higher than the one obtained with an increment of ( for a fixed w,,. However,
due to the limitation of the actuator torque, even if a high K* is consid-
ered, there will be a strong difference between the torque command and the
torque produced by the motor if the control command exceeds too much
the saturation value of the actuator. Figure 5.7 and 5.8 depict this situation,
characterized by an high value of K*. In particular, figure 5.7 shows the time
trend of the torque command when it does not exceed the limit value (fixed
at 0.635mNm) and the correspondent motor torque, which is quite similar
the previous one. Instead, figure 5.8 displays the scenario when the torque
command exceeds (not too much) the saturation value. In this case, the
motor torque starts moving away from the control command, even though
the coefficient K* is quite high.
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Torque command vs Motor torque with w, =2 ¢ = 0.95
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Figure 5.7: Torque command vs motor torque when w,, = 2 and zeta = 0.95
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Figure 5.8: Torque command vs motor torque when w,, = 8 and zeta = 0.95
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Feedback linearisation approach with a linear controller

This section aims to show the simulation results obtained with a feedback
linearisation approach plus a linear controller, designed with the pole place-
ment technique. In this case, as mentioned in section 4.2, the control law
for each Cardan angle is characterized by the matrix K’ and the gain N*, as
shown by relation (4.53). These two parameters are determined by choosing
the desired poles/eigenvalues positions and, in this thesis, they have been
defined as A2 = —Cw, + w, \/1—7C2 Therefore, as displayed in chapter 4,
the coefficients of K! are equal to w? and 2w, and the gain N* coincides
with first element of K i.e. w?. So, also in this case, different graphs will be
shown by considering suitable variations of w,, and (. It is quite interesting to
remind that the transfer function between reference angle and actual one is
very similar to the one determined for the PD controller case. In particular,
the following figures will show that, for the situation analysed in this thesis,
the two control approaches (PD and FL plus a linear controller) produce the
same simulation results. Also in this case, only v, will be shown. Figures
5.9, 5.10/11 and 5.12 clearly show that the time trend of 1, is identical to
the one obtained with the Proportional-Derivative control. Therefore, the
same comments about the effect of w, and { variation can be made in this
situation. Figure 5.11 displays the simulation results obtained by using the
EICASLAB environment. They are almost identical to the ones of figure 5.10
and, consequently, of figures 5.2/5.3. Moreover, it is also evident from figure
5.9 the effect of the DC motor dynamic on the angle error when w,, = 8 and
¢ = 0.2375. Also in this case, an increment of K* leads to a more damped
trend, as mentioned in the previous section for the PD control. Finally, the
increase of w, produces the same time trend for the torque command and
motor torque seen before. Therefore, a too high value of this coefficient leads
to overcome the actuator saturation level and to determine an augmented

discrepancy between the two torques.
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Figure 5.9: Error angle ¢, when w,, € {0.5,2,8} and ¢ = 0.2375
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Figure 5.10: Error angle ¢, when w,, € {0.5,2,8} and ¢ = 0.475
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Figure 5.11: EICASLAB simulation results of ¢, when w, € {0.5,2,8} and
¢ = 0.475
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Figure 5.12: Error angle ¢, when w,, € {0.5,2,8} and ¢ = 0.95
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Feedback linearisation method with a non-linear con-

troller

As mentioned in chapter 4, the feedback linearisation approach has been
used together with a non-linear controller, developed through the sliding
mode methodology. In this case, the specific control law for each Tait-Bryan
angles is characterized by three parameters, as mentioned by (4.78): kq, ko
and 7. The following figures describe the behaviour of the only variable of
interest i.e. 1., when a suitable variation of these coefficients is considered.
The first figure (5.13) shows the time trend for the initial scenario, where
k1 = 0.5, ko = 0.5 and n = 1, and two cases where only a variation is consid-
ered. In the first one, only 7 is modified and set to 10. Instead, the second
one is characterized by the variation of ks, imposed equal to 4. As it is pos-
sible to notice, by modifying 1 (the parameter that defines the non-linearity)
a strong reduction of the maximum absolute value of the error is attained.
However, it can be seen a small reduction of the convergence speed. A quite
similar behaviour can be obtained through the modification of ky. In this
situation, the maximum value is a little bit higher than the previous case
but, anyway, much lower than the initial one.

Figures 5.14/5.15 depict an augmented analysis of the error trend, by con-
sidering other kinds of variation. In particular, two scenarios are added to
the previous analysis i.e. the modification of the coefficient k& = 2 and the
contemporary change of k; = 2, ko = 4. In the first case, it is easily to notice
that the variation of k; produces worse results in terms of maximum value,
even though it tends to keep unaltered the convergence speed of the initial
scenario. Instead, the second case shows a strong improvement with respect
to the initial condition and also a better behaviour of the error with respect
to all the situations analysed so far. Indeed, the maximum absolute value
is lower and also the convergence velocity is a little bit higher. Figure 5.15
shows the EICASLAB results relative to this augmented analysis of 1. It is
evident that they are almost equal to the ones displayed by figure 5.14.
Finally, figure 5.16 display the complete analysis of 1., by considering other
two double variations and a triple one. The first double modification involves

ko = 0.5 and n = 10 and shows a reduced maximum value with respect to the
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case where ky = 2, ko =4, n = 1 and an unmodified convergence speed. In-
stead, the contemporary modification of k&; = 2 and 1 = 10 produces an even
smaller value of the maximum error, but it is characterized by a very small
convergence speed. Finally, the triple variation described by k; = 2, ky =4
and 17 = 10 generates the best possible result in terms of maximum error and
convergence velocity. From all these simulations, it can be noticed that no
tracking problem has been experienced. Therefore, the internal stability of

the system, mentioned in chapter 4, can be considered asymptotically stable.

—— k=05 k,=05 =1
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Figure 5.13: First analysis of error angle v, with variation of kq, ks, n
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Figure 5.14: Second analysis of error angle v, with variation of ky, ko, n
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Now, it is interesting to notice that for almost all the scenarios, the initial
value of K* is such that the DC motor dynamic does not strongly influence
the error trend, since its increment does not lead to consistent modifications.
The only exceptions occur when both ky and/or ks and 7 are modified. The
following figure shows the scenario represented by the triple parameter vari-

ation with respect to the initial case.

Error angle v,
T

Figure 5.17: . with k; = 2, ks = 4, n = 10 and different values of K*

Finally, it is important to highlight that there are two scenarios where the
torque command exceeds the limit value and , therefore, a consistent discrep-
ancy between the motor torque and the command one occurs even though
the coefficient K* assumes a very high value. These situations are character-
ized by: 1) k1 =2, ko = 0.5, 7 =10 2) k; = 2, ks = 4, n = 10. Figure 5.15
depicts the latter situation, when a very high value is considered for K*.

mand vs Motor torque with ky = 2 ky =4 1 = 10
T
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Figure 5.18: Torque command vs motor torque with ky = 2, ko =4, n = 10
and high value of K*
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5.2 Simulation results with disturbances

This section aims to analyse the effects of the RWs disturbances on the three
error angles that characterize the pointing action of the satellite telescope.
Figure 5.19 clearly depicts what happens, in general, on the focal plane of the
telescope when the spacecraft is subject to the reaction wheels disturbances.
It is important to point out that for each wheel the disturbances are expressed
by relation (1.15) to (1.18), which highlight the sinusoidal/oscillating trend
of these variables. As already mentioned in chapter 1, the only contribution
analysed in this thesis comes from the fist /fundamental harmonic, which pro-
duces the most relevant effect.

The above-mentioned figure shows the equivalent motion of the target star
on the focal plane, even though it is clear that the star is still and the ele-
ment that moves is the satellite. Anyway, it is a good method to represent
the impact of the disturbances on the pointing stability. The control system
objective is making the target star motion as close as possible to the central
point of the focal plane, such that a reliable. photometric analysis can be

obtained.

¥ Position [pixels]

2 —1‘5 —‘l «g‘g%moél [p‘xel:;S] 1‘ 175 2
Figure 5.19: Example of the target star motion on the telescope focal plane
[10]

In the following parts, it will be shown the time trends of the three Cardan
angles errors ¢, 0, and 1., when different control approaches are considered.
The analysis will start with the PD control simulation results and, then, it
will focus on the feedback linearisation approach with the addition of the lin-

ear and non-linear control. Before starting the discussion, it is fundamental to
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highlight that all the obtained results, about the oscillating behaviour of the
three error angles, are characterized by values that are quite lower than the
ones that can be obtained in general and mentioned in different papers about
the reaction wheels impact on a small satellite attitude. The reason of this
situation is basically due to total absence of environmental disturbances like
gravity gradient, magnetic effects and aerodynamic drag. Indeed, since this
work of thesis aims to perform an initial analysis of the RWs disturbances ef-
fect on the telescope pointing stability, all the above-mentioned disturbances
have been neglected. However, these external disturbances lead to a strong
counteraction of the controller command which, in turn, generates a higher
rotation speed of the actuator and so disturbances with higher frequency and
amplitude. Therefore, in this situation, the values of the three Cardan error

angles are much higher than the ones presented in this thesis.

PD controller

As already mentioned in section 5.1, the PD controller is characterized by two
matrices whose values are related to the coefficients w,, and . The following
figures shows the time trend of the angle errors ¢, 0., 1. when different
values for these parameters are considered.

Figures from 5.20 to 5.24 depict the error angles associated to the x, y and
z axis of the body frame ¢., 6. and 1. at steady state, by considering three
plots characterized by a variable value of ( and w,,. As it is possible to see,
¢. and 6, have a high frequency oscillating behaviour due to the disturbances
effect. In particular, from figures 5.20 and 5.22 it is evident that an increasing
of w, with ¢ = 0.95 (third plots) leads to an attenuation of the maximum
error, which is the main objective of the control system. Instead, when
fixed values ¢ = 0.2375 and ¢ = 0.475 are considered, the increment of
w, from 0.5 to 2 produces a higher maximum value for the error. This
situation does not take place when the value of w, is equal to 8. Indeed,
a strong reduction of the error occurs. All these results are coherent with
the specific transfer functions that describe the effect of the disturbances on
actual attitude angles. Moreover, from figures 5.21 and 5.23 it can be noticed

that with w, = 0.5 and variable ( the maximum value of the errors is almost
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the same. A different situation occurs when w = 2 and w, = 8, since an
increment of { generates an evident reduction of the error values.

Figure 5.24 displays the trend of .. It is quite clear that this variable is
not subject to any variation with respect to the disturbances-free case. This
results can be explained in the following way: since the target star lays in the
same plane of the orbit and the satellite starts with the body frame z-axis
orthogonal to the orbit plane and, so, x and y lay on this plane, the main
control action that must be applied to point the telescope towards the star
refers to the angle related to the z-axis i.e. 1. Instead, when disturbances
act on the x and y axis, the control action used to take the attitude angles
¢ and 0 to the reference values i.e. zero is quite modest. Therefore, the
main control action leads to a higher steady state rotational speed of the
reaction wheel aligned with the z-axis than the ones related to the other
wheels. Subsequently, since the disturbances amplitude is proportional to
the square of the wheel rotational speed, as mentioned by relations (1.15) to
(1.18), the disturbance that the z-wheel produces on the body frame axes x
and y is quite stronger than the ones produced by the x-wheel and y-wheel
on the z axis of the body frame, which are basically negligible.

Moreover, it must be pointed out that a higher value of K* does not lead
to consistent modifications of the errors trend. The only exception is the
behaviour of 1, when w, = 8 and ¢ = 0.2375, as deeply analysed in section
5.1.

Finally, from the above-mentioned simulation results has been possible to
compute the RMS of ¢, and 6., at steady state. In particular, the RMS of ¢,
varies from a minimum value of 0.0064 arcsec to a maximum one of 0.0332
arcsec. Instead, the RMS of 6, spans from 0.0013 arcsec to 0.0064 arcsec.
The minimum values for ¢, and 6. are obtained with w, = 8 and ¢ = 0.95.
Instead, the maximum ones with w, = 2 and { = 0.2375. Clearly, for all
the other values of the parameters, the RMS assumes a value between the
minimum and maximum one.

Furthermore, figures 5.25 and 5.26 depicts the simulation results of ¢, and 6.,
obtained with the EICASLAB environment when w,,€{0.52 8} and ¢ = 0.475.
These plots are more or less equal to the second graph of figures 5.20 and
5.22 in the time interval ¢ € [220225] s.
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Figure 5.20: Error angle 1, with fixed ¢ and variable w,

Figure 5.21: Error angle ¢, with variable ¢ and fixed w,
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Figure 5.22: Error angle 6, with fixed ¢ and variable w,,

Figure 5.23: Error angle 6, with variable ¢ and fixed w,
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Figure 5.26: EICASLAB results of 6, when w,, € {0.528} and ¢ = 0.475

Feedback linearisation with the linear controller

As already mentioned in section 5.1, the feedback linearisation method with
the linear controller, designed with the pole placement technique, leads to
identical results to the PD control ones. So, also in this case will be shown
the time trend of the error angles when different values of w, and ( are
considered. Then, the comments made in the previous section, about the
disturbances attenuation for ¢, and ., and the invariance of 1, with respect
to the disturbances-free case, as well as all the other comments, can be re-
proposed for this control strategy. Figures 5.27 to 5.31 clearly confirm what
has been said. Moreover, the RMS values computed for the PD controller
case are the same ones obtained with this control technique. Finally, figures
5.32 and 5.33 display the EICASLAB simulation results of ¢. and 6, when
wy, € {0.528} and ¢ = 0.475, as already done for the PD control.
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Figure 5.28: Error angle ¢, with variable ¢ and fixed w,
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Figure 5.30: Error angle 6, with variable ¢ and fixed w,
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Figure 5.32: EICASLAB results of ¢, when w,, € {0.528} and ¢ = 0.475
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Figure 5.33: EICASLAB results of 6, when w,, € {0.528} and ¢ = 0.475

Feedback linearisation with the non-linear controller

Now, the time trend of the error angles ¢., 6. and 1. is analysed, when
a feedback linearisation approach with the non-linear controller, developed
with the sliding mode methodology, is used. As stated in section 5.1, the
main controller parameters for each control law, associated with a Cardan
angle, are ki, ko and 7. The following figures put in evidence how these
parameters can be chosen to reduce the effect of the RWs disturbances. Also
in this case, the steady state behaviour of the error angles will be analysed.
Figures 5.34 and 5.35 show the oscillating behaviour of ¢. and 6., when a
suitable combination of the three control parameters is considered. The first
plot highlights the maximum value reduction that occurs when the increase
of n =10 or ky = 4 takes place, with respect to the initial condition charac-
terized by k1 = 0.5, ko = 0.5 and n = 1. So, it is very clear that by increasing
1 a higher reduction of the error is obtained than the one related to the ks
increment. Anyway, these two scenarios are not so different.

Instead, the second plot focuses on the increment of k& = 2 and the double
variation of k; = 2 and ko = 4. It is important to remind that these varia-
tions are referenced to the initial scenario. Therefore, in this case, the value
of n is still equal to 1. It is evident that the only increment of k; leads to
a very small attenuation of the error with respect to the initial case. So, it
produces worse results with respect to the cases characterized by k; = 0.5,
ke = 0.5, 7 =10 and ky = 0.5, k; = 4 and n = 1. Instead, when the double
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modification occurs a good attenuation takes place. This situation is quite
similar to the one described by the only variation of n = 10 (actually, it is
a little bit worse) and a little better than the scenario given by the ky = 4
change.

The third plot points out the effects of two double variations and a triple
modification. Indeed, in the first case the parameters are k; = 0.5, ko = 4,
n = 10, in the second scenario k; = 2, ks = 0.5, n = 10 and in the third
situation k; = 2, ky = 2, n = 10. It is immediately evident that the first
scenario produces better results than all the previous cases. Then, the max-
imum error is further reduced by considering the parameters related to the
second and third situation. In particular, the results obtained with the triple
parameters variation are a bit better than the ones characterizing the double
modification k; = 2, n = 10.

Instead, figure 5.36 highlights the same situation that occurs with the PD
control and the feedback linearisation approach with the linear controller. In-
deed, the time trend of 1, does not change with respect to the disturbances-
free case. The reason behind this situation has been explained in the previous
part.

It is important to highlight that an increase of K*, with respect to the chosen
value, does not lead to consistent modifications of the errors trend. The only
exception is represented by 1. when both k; and/or ko and n are changed,
as discussed in section 5.1.

Moreover, the RMS values of ¢, and 0. , at steady state, have been computed.
In particular, the RMS of ¢, oscillates from 0.0042 arcsec and 0.0262 arc-
sec. Instead, 6, varies from 0.00084 arcsec and 0.0053 arcsec. The minimum
values are obtained with ky = 2, ks = 4, n = 10. The maximum ones with
ki = 0.5, ko = 0.5, n = 1. For all the other simulation scenarios the RMS
values are inside the intervals defined by the minimum and the maximum.
Finally, figures 5.37 and 5.38 show the EICASLAB results of ¢, and 6., when
these three scenarios are considered: 1) ky = 0.5, ko = 4, n = 10, 2)k; = 2,
ko = 0.5, n = 10, 3) ky = 2, ks = 4, n = 10. These plots are more or less
coincident with the ones sketched by the third graph of figures 5.34 and 5.35.
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Figure 5.38: EICASLAB results of 6. with fixed n = 10 and variable ky, ko

5.3 Comments and comparisons

Before making some comments and comparisons about the the results ob-
tained with the three different control approaches, it must be pointed out
that the choice of setting the control laws parameters, related to a single
Cardan angle, equal to each other has been made to simplify all the sim-
ulation operations. It is quite evident, from the theoretical analyses made
in chapter 2, 3 and 4, that it is possible to have different values for each
of the three control laws. Therefore, by considering the specific set of con-
troller parameters for each Tait-Bryan angle, one of the results shown in the
previous figures can be obtained. Moreover, it must be pointed out that for
all the simulations the steady state angular speed of the wheel aligned with
the z-axis, which is the one related to the most relevant control action, has
assumed more or less the same value. This means the disturbances produced
by this wheel on the x and y axis of the body frame have been characterized
by almost the same amplitude and frequency value.

About the time trend of the error angles, displayed in the previous sections,
it can be noticed that in the disturbances-free case, the PD control and the
feedback linearisation approach with the linear controller produce in some
situations oscillating behaviour during the transient, which can be suitably
damped by increasing the coefficient ¢. This situation, instead, never occurs
with the FL plus the non-linear controller method. Indeed, it is always ob-

tained a not oscillating time trend of the error angle .. Anyway, all the
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three control systems are able to produce quite good results when suitable
sets of parameters are chosen for the control law. This means that the new
approach proposed in this thesis can be considered a valid alternative to the
classical PD structure. Indeed, with the pole placement approach, the same
result of the PD control can be obtained. And, quite good performance can
also be attained with the sliding mode technique.

Instead, when the RWs disturbances act on the overall system, it has been
noticed that all the three control methodology are able to provide good at-
tenuation of the oscillating time trend of ¢, and 6., by properly modifying the
specific parameters. Therefore, also in this case, the new control approach
can be considered as valid as the Proportional-Derivative one, which is in
general the most used technique.

Finally, it is important to highlight that the non-linear controller can provide
robustness to the control system due to its non-linear term, characterized by
the sigmoidal function. This can be a key characteristic that can lead to pre-
fer this control strategy rather than the previous ones, when the knowledge
of the satellite inertia matrix is not perfect. As it will be mentioned in the

conclusive chapter, it can be a really interesting future work to be developed.



Conclusions and future works

This thesis has been developed with the specific purpose of performing an
initial analysis of the reaction wheels disturbances effects on the attitude
control system of a small satellite (a 3U CubeSat) and understanding if a
new control approach, based on the feedback linearisation, could be as valid
as the classical method characterized by the PD control. So, it has been
noticed that the reaction wheels produce a sum of sinusoidal disturbances,
whose amplitude and frequency increase with the rotational speed, when they
are employed for the attitude control. Consequently, the satellite telescope
is subject to an oscillating/vibrating motion, known as jitter, which can
strongly influence the desired photometric analysis. Therefore, the control
system must be able to reduce as much as possible the amplitude of the
disturbances and so decreasing the amplitude of error angles oscillations. By
the way, the classical PD approach is able to achieve the above-mentioned
objective, as shown in chapter 5. Moreover, it has been discovered that
also this different control strategy ensures as good performance as the one
that can be obtained with the classical methodology. In particular, it has
been found out that the FL approach with a linear controller, based on the
pole placement technique, produces the same results of the Proportional-
Derivative method. Therefore, it can be definitely stated that the proposed
control structure can be employed for the attitude control of a small satellite,
when three reaction wheels are used as actuators.

Now, some future works that can be developed will be analysed.

e Environmental disturbances: this work of thesis has neglected any
kind of disturbances comes from the environment like gravity gradient,

magnetic effects and aerodynamic drag. As already mentioned they
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can lead to an augmented control action and, consequently, higher ro-
tational speeds of the RWs, which would produce disturbances with
higher amplitude. So, in a future work they must be included in the

control system structure.

e Satellite inertia matrix uncertainty: another possible element that
can be considered is the uncertainty related to the inertia matrix of the
spacecraft. So, at first, it is possible to vary all or some elements of the
matrix but blinding these variations to the controller, in order to verify
potential robustness properties of the control system. By the way,
the sliding mode control has been chosen for this reason. Indeed, the
non-linear sigmoidal term inside the control law is used to increase the
robustness of the controller. Therefore, suitable comparisons between
the robustness of a PD controller and the sliding mode one can be

developed.

e A/D and D/A effects: the effects coming from the conversion op-
erations can also be considered. So, it can be analysed how much the
quantization process influences the control performance. Moreover, it
is also interesting to evaluate the impact of different sampling time

values.

e Practical implementation: since with the EICASLAB software the
C code of the controller has been written, another interesting future
work could be the development of the control law on a specific target
board, in order to move towards a real practical implementation. For
instance, by exploiting the support given by EICASLAB to Arduino
board, it is possible to use it for the controller and a myRio board, by
National Instruments, to simulate the plant and all the other subsys-

tems. In this way a Hardware in the Loop procedure can be analysed.
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