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Abstract

In the last few years, optical satellite communications have recently gained increasing
attention due to the necessity of transmitting high data rates on smaller satellites like
CubeSats. Thus, the German Aerospace Center DLR’s OSIRIS program (Optical Space
Infrared Downlink System), developed a highly compact and power-efficient laser com-
munication payload for small satellites, OSIRIS4CubeSat, to test laser communication
for CubeSats. This payload will be exploited in the CubelSL mission to establish an
Inter-Satellite Link (ISL) between two CubeSat terminals in LEO. To establish this link,
it is essential to have precise information on the current attitude of the communication
terminal in space. This attitude information is now available only if a link has already
been created. Nevertheless, it is likewise important to accurately know the attitude dur-
ing the link acquisition phase to decrease the miss-pointing error and shorten the search
time until the opposing target is found.

Indeed, in this thesis, the CubelSL communication terminal’s attitude estimation concept
is presented, aiming to estimate the OSIRIS terminal’s attitude and find its miss-pointing
error with respect to the pointing target. The estimation process relies on the attitude
information given by the CubelSL satellite and on the measurements coming from the
OSIRIS terminal’s sensors, a magnetometer and a gyroscope. Hence, the estimation al-
gorithm consists of a USQUE UnScented QUaternion Estimator Kalman Filter. Two
versions of this filter have been developed: one version includes the angular velocity into
the state vector while the other is dynamics-free with a state constituted by the local
error quaternion and the gyroscope bias according to the USQUE model of Crassidis and
Markley. Both versions demonstrated a good convergence of the estimated quantities with
respect to the actual attitude within reasonable times. Nevertheless, being the dynamic-
free USQUE computationally lighter, it is preferred in order to shorten the search time
for the ISL link establishment.

Keywords: CubelSL, Inter-Satellite Link, Attitude estimation, Unscented Kalman Fil-

ter, UnScented QUaternion Estimator






Abstract in lingua italiana

Negli ultimi anni, le comunicazioni ottiche via satellite hanno guadagnato un’attenzione
via via maggiore data della necessita di trasmettere data-rates sempre piu elevati su
satelliti di piccole dimensioni come i CubeSats. Il programma OSIRIS (Optical Space
Infrared Downlink System) del Centro Aerospaziale Tedesco si & quindi concentrato sullo
sviluppo di OSIRIS4CubeSat, un payload altamente compatto e a basso consumo per la
comunicazione laser su CubeSats. Questo payload sara parte della missione CubelSL con
I'obiettivo di stabilire un collegamento inter-satellitare (ISL) tra due CubeSats in LEO.
Al fine di stabilire questo collegamento, & essenziale avere precise informazioni in real-
time sull’assetto del terminale nello spazio. Per ora queste informazioni sono disponibili
solo se il collegamento ¢ gia stato stabilito, ma sarebbe altrettanto importante conoscere
con precisione 'assetto del terminale durante la fase di acquisizione del collegamento per
ridurre ’errore di puntamento ed accorciare il tempo di ricerca del terminale ricettore.

In questa tesi, viene quindi presentato lo sviluppo di un metodo per stimare 1’assetto del
payload del satellite CubelSL e trovare il suo errore di puntamento rispetto al target.
Il processo di stima si basa sulle informazioni sull’assetto fornite dal modello del satel-
lite e sulle misure provenienti dai sensori del terminale OSIRIS, un magnetometro e un
giroscopio. L’algoritmo di stima consiste in un filtro di Kalman UnScented QUaternion
Estimator (USQUE). In particolare, sono state sviluppate due versioni di questo filtro:
la prima include la velocita angolare nel vettore di stato, mentre ’altra non fa uso es-
plicitamente della dinamica dell’assetto ed ha, invece, uno stato costituito dal quaternione
errore locale e dal bias del giroscopio secondo il modello di USQUE di Crassidis e Markley.
Entrambe le versioni dimostrano una buona convergenza dell’assetto stimato rispetto a
quello reale con tempi di convergenza ragionevoli. Tuttavia, essendo 'USQUE senza di-
namica piu leggero dal punto di vista computazionale, questa versione € da preferire per

abbreviare i tempi di ricerca per la creazione del collegamento inter-satellitare.

Parole chiave: CubelSL, Collegamento inter-satellitare, Stima di assetto, Filtro di

Kalman Unscented, UnScented QUaternion Estimator
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1 ‘ Introduction

In this thesis, the attitude estimation concept of the CubelSL mission is presented. This
mission is part of the OSIRIS program (Optical Space Infrared Downlink System), carried
out by the Institute of Communication and Navigation of the German Aerospace Center
(DLR) with the aim to further advance free-space optical satellite communication and
tailoring this technology also to small satellites like CubeSats.

Figure 1.1: German Aerospace Center DLR logo.

The outline of the thesis consists of the introductory chapter, in which an overview of the
CubelSL is presented along with the research question itself, followed by a chapter that
describes the fundamentals of satellites' attitude estimation. Then, the CubelSL satel-
lite model, the OSIRIS communication terminal's sensors and the attitude estimation
algorithms are presented for what concerns their implementation in the SIMULINK envi-
ronment and the simulations results obtained. Moreover, a conclusive chapter summarises
the overall work and its results with a view to possible future developments.

1.1. Context and past missions

Over the last few years, the space industry moved from large and costly spacecrafts to
smaller ones characterized by cost-e cient designs and shorter development times [41]
(Figure 1.2). This same development led to the necessity of transmitting high data rates
on smaller satellites like CubeSats and, consequently, to the exigency of overcoming the
technical limitations on data rate and bandwidth of classical Radio-Frequency (RF) com-
munication. For this reason, Free-Space Optical (FSO) communications have recently
gained increasing attention thanks to their potential to surmount these obstacles and face
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the new space communication challenges. In particular, satellite laser communication
ensures higher e ciency in Size, Weight and Power (SWaP) and is very promising due to
its high data rates, more compact design, and lower power requirement in comparison to
traditional radio systems.

Figure 1.2: Nanosatellite launch forecasts by types [41].

Thus, the Institute of Communications and Navigation of the German Aerospace Center
(DLR) started the program OSIRIS (Optical Space Infrared Downlink System) with the
aim to develop optical communications technology and systems for the direct downlink
toward the Earth and the direct connection between small satellite platforms [54].

Figure 1.3: DLR's OSIRIS program roadmap [1].

As presented in Figure 1.3, the rst generations of OSIRIS terminals were the scienti c
payloads OSIRISv1 and OSIRISv2, launched respectively in 2017 and 2016 onboard the
Flying Laptop and BiROS satellites [31, 55]. After, the OSIRISv3 payload will be demon-
strated in 2023 on the Titania mission [5]. For all the above terminals, the scope was
to increase the data rate transmitted from the payload to Earth up to severabbpsand
simultaneously customize them to t small satellite platforms.
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In addition, DLR developed the world's smallest laser communication terminal for Cube-
Sats, OSIRIS4CubeSat (O4C). This highly compact and power-e cient payload has been
demonstrated onboard the 3U CubelL satellite in the PIXL-1 mission in 2021 [51].

In contrast to the other OSIRIS payloads, OSIRIS4CubeSat does not aim to further in-
crease the data rate, but rather to achieve a highly compact system design that enables
to use optical communication even on CubeSats. As explained in Section 1.2.1, this pay-
load can be tted in 0.3U of a CubeSat and provides a data rate up t@00Mbps for
Direct-To-Earth (DTE) communications, being the smallest and most e cient terminal

of the OSIRIS family. Moreover, after being tested on the PIXL-1 mission for DTE com-
munication, it will be now exploited also on the CubelSL mission in which the goal is to
achieve Inter-Satellite Communication between two CubeSats in LEO, as detailed in the
next paragraphs.

1.2. CubelSL mission overview

The CubelSL mission is a DLR's mission planned for 2024 that aims to pass from Direct-
To Earth (DTE) Communication to Inter-Satellite (ISL) Communication between Cube-
Sats by exploiting the experience acquired during the PIXL-1 mission. In particular, the
mission will demonstrate the CubelSL Laser Communication Terminal (LCT), a terminal
that extends its precursor CubeL terminal by allowing the exchange of operational data
via bidirectional optical link thanks to further adaptions of the OSIRIS4CubeSat payload
[56]. Figure 1.4 shows the CubelSL mission scenario.

Figure 1.4: CubelSL mission scenario [53]: (1) Low Earth Orbit with an altitude of
550km; (2) up to 1500km of distance between satellites; DLR's OGS in
Oberpfa enhofen (3), Trauen (4) and Almeria (5).

The mission will be characterized by two identical 6U CubeSats ying in a trailing con-
stellation on the same orbital plane at an altitude of abou650km in the LEO region.
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Based on the fact that constellations' satellites are usually lined up in one orbital plane
for Earth coverage [52], this choice will allow smoothed future developments regarding
constellations of CubeSats for inter-satellite communication. Moreover, the distance be-
tween the satellites will be increased up t@500km in steps to test the fully bi-directional
transmission of data at each step [53].

Hence, the main goal of the mission is not only to validate the CubelSL payload by demon-
strating the optical Inter-Satellite Links but also to improve the Direct-To Earth Com-
munication up to 1Gbpstoward DLR's main Optical Ground Station (OGS) in Oberpfaf-
fenhofen. Along with Oberpfa enhofen's OGS, also Trauen and Almeria stations will be
used for the transmission of data toward the Earth to validate di erent case scenarios for
the CubelSL satellites.

The two 6U CubeSats' con guration is presented in Figure 1.5.

Figure 1.5: Components of the CubelSL satellites [53].

As can be seen, both CubeSats will be provided with an onboard GNSS Receiver, to
calculate the other terminal's correct position and point the terminal toward it. This is
due to the fact that the mission's requirements on attitude control precision and knowl-
edge turn out to be very strict: a 0:3 total attitude precision must be reached for the
optical communication, with a further demanding attitude better than 0:1 to decrease
the Inter-Satellite Link's acquisition time [53].

1.2.1. CubelSL payload

The laser terminal of CubelSL relies on the principles of the OSIRIS4CubeSat (O4C)
payload. As introduced above, this payload is the world's smallest laser communication
terminal and has been tested during the PIXL-1 on the Cubel satellite, a 3U CubeSat
developed thanks to the collaboration between DLR's Institute of Communications and
Navigation, GomSpace and Tesat Spacecom [51].



1| Introduction S

OSIRIS4CubeSat consists of a highly compact, power-e cient laser terminal that ts

a 0.3U of a CubeSat and can transmit data to the Earth up td00Mbps by consuming
less than8:5W electrical power. The basic principle to establish the laser link is based on
the Pointing, Acquisition and Tracking (PAT) system as explained in [53]: from one side,
the Optical Ground Station sends relatively wide laser beacons to illuminate the satellite,
and on the other hand, the satellite's Attitude and Orbit Control System (AOCS) points

it toward the OGS and keeps it stable within a 1 window. This capability of compen-
sating for the attitude error is granted by the Fine Pointing Assembly (FPA), a system
composed of a 4-Quadrant Diode (4QD) that measures the angular error of the beacon
and a Fast Steering Mirror (FSM) that corrects this o set.

The CubelSL mission exploits this same payload with some adaptations due to the Inter-
Satellite Link's demands on higher distance, missing atmosphere and the need to simul-
taneously receive and transmit data [52]. Hence, the CubelSL payload results in the 1U
system presented in Figure 1.6, in which an APD receiver is provided in addition to the
transmitter system and the optical terminal of the O4C payload [56].

Figure 1.6: CubelSL payload concept [56].

1.2.2. ISL acquisition scheme

In order to enable the communication between the CubeSats, a link has to be established
by aligning a beam with a small divergence to a sensor with a slightly larger Field of
View (FoV) [53]. To face this challenge, the two identical CubelSLs are distinguished in
Terminal A and Terminal B and are intended to follow two di erent acquisition patterns

as shown in Figure 1.7.

In particular, Terminal B follows a slow grid (cyan) and held each step (red dots) for
2 seconds; instead, Terminal A follows a fast-scanning spiral (blue) that lasts 2 seconds
for a full period. The spacing between the points of Terminal B's grid is smaller than
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the FoV of the 4QD and at each point, Terminal B waits at least the time period of the
single search spiral of Terminal A. Therefore, when both terminals simultaneously receive
a signal, the satellites switch to active tracking and the link is established. If no signal is
acquired after a certain period of time, both terminals revert to the default patterns.

Figure 1.7: CubelSL acquisition patterns [53].

It has to be noted that according to [53], the duration of the search phase in ideal con-
ditions is depending on the total pointing accuracy of the satellites and, in particular,

increases exponentially with the total pointing error (since the spiral search pattern is
2-dimensional):

Figure 1.8: CubelSL acquisition duration over total pointing error [53].
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For example with a total pointing error of 0:3 it would take up to 181s to establish

an optical link, while with an error of 0:1 the searching time can be decreased up to
20s. This exponential increase in the duration of the search phase is valid only for an
ideal situation without considering the environmental disturbances and the tumbling of
the satellite around the pointing target. Nevertheless, it highlights the correlation be-
tween the search time and the pointing error: in real conditions, the behavior of the
search time would not be exponential but will still exhibit growth as the pointing error
increases. For this reason, it would be desirable to decrease the attitude miss-pointing
error to consequently shorter the search time also in non-ideal situations such as the ones
of the CubelSL mission.

1.3. Research question

As introduced in the previous paragraphs, to establish an Inter-Satellite Link in the con-
text of the CubelSL mission, the two CubeSats have to follow a given acquisition scheme
to acquire the laser signal of the partner terminal. This search phase is characterized by
a duration that depends on the pointing accuracy reached by the satellites’ terminals'
attitude. For this reason, the aim of this thesis is to decrease the attitude miss-pointing
error by means of an attitude estimation algorithm: by knowing with more precision the
attitude of the OSIRIS terminal is then possible to shorter the link search time. Thus,
the main research question of this work results:

Which ltering strategy can be exploited to improve
the attitude determination of the CubelSL's OSIRIS terminal and consequently
shorten the search time needed to establish Inter-Satellite Links?

To address this question, an analysis of di erent attitude estimation methodologies has
been conducted, considering both advantages and limitations that can a ect their choice
and functioning. Moreover, a discussion has been undertaken about the quality of the
improvement in the attitude estimation with a focus on the pointing accuracy reached
and on the time required by the strategies to converge to the real attitude.

An important remark is that, in this work, the OSIRIS terminal's attitude estimation
algorithm will be studied in order to speed up the link establishment from the optical
communication point of view. This algorithm has not to be confused with the CubelSL
satellite's own attitude estimation, which will determine the satellite's attitude with re-
spect to the desired one and check the correct orientation of the satellite during the
di erent mission phases and operations.
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1.4. CubelSL attitude estimation concept

The estimation concept of the CubelSL mission is presented in Figure 1.9. This scheme has
been used as a starting point for the development of this thesis, in which both the CubelSL
satellite model and the OSIRIS terminal have been implemented in the SIMULINK envi-
ronment with a focus on the OSIRIS attitude estimation strategy.

Figure 1.9: CubelSL attitude estimation concept.

The CubelSL satellite consists of a 6U CubeSat that works with a sampling rate bHz

and its ADCS model will be composed of attitude control, attitude determination, sensors,
actuators and environmental perturbations models. Moreover, CubelSL will have its own
attitude estimation algorithm that estimates the satellite's attitude with respect to the
target one during the whole mission, which has not to be confused with the OSIRIS ter-
minal's estimation implemented in this work. Moreover, it is important to highlight that

the actual structure and components of the satellite that will be employed in the CubelSL
mission in 2024 have not been stabilized yet. For this reason, the satellite SIMULINK
model has been here implemented based on some assumptions about the chosen geometry
and ADCS components that regards a 6U CubeSat communicating at a sampling rate of
1Hz and ying in a constellation in the LEO region. As a result, the CubelSL satellite
model has not to be considered as the real ADCS that will be employed in the actual
mission but as a model which has the aim of simulating a plausible real-time behavior of
the attitude quantities in order to feed them to the OSIRIS communication terminal.

On the right is then presented the optical communication terminal of the OSIRIS payload.
This terminal works at 200Hz, so it's faster with respect to the satellite and comprises
the terminal's attitude sensors and the OSIRIS estimation algorithm. In particular, the
OSIRIS terminal's sensors are an IAM-20380 digital gyroscope [3] and an RM-3100 3-axis
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magnetometer [4]. The terminal's attitude estimation is then performed with the help
of a Kalman Iter to obtain a precise and accurate estimate of the terminal's attitude
with the aim of exploiting this knowledge to make the establishment of an Inter-Satellite
Link faster: by knowing the actual attitude of the communication terminal in real-time,

is indeed possible to reduce the miss-pointing error and consequently shorten the time
needed to search for the receiving CubeSat terminal, as explained in Section 1.2.2. For
this sake, the OSIRIS attitude estimation algorithm has been implemented in this thesis,
taking as inputs both the attitude information that comes from the CubelSL model and
the measurements of the OSIRIS' sensors and considering a sampling rate@Hz for
the estimation process.

The obtained SIMULINK model of the estimation concept is here shown:

Figure 1.10: SIMULINK model of the attitude estimation concept.
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2 ‘ Fundamentals of attitude
estimation

The attitude of a spacecraft consists of a set of at least three independent quantities,
as any minimal parametrization of the attitude matrix, which represents the spacecraft's
rotational position in an inertial reference frame. Moreover, attitude determination is the
process of deriving estimates of actual spacecraft attitude from the measurements coming
from sensors [50].

There are two main families of attitude determination methods: static determination
and dynamic ltering. This di erentiation is based on the explicit account for stochastic
variables in the mathematical formulations (dynamic methods) or not (static methods).
Then it is possible to refer to the static category as attitude "determination” methods
and restrict the term estimation to the ltering approaches [47].

2.1. Attitude parameters

To de ne the orientation of one frame with respect to another, three parameters are the
minimal set required. Often redundant parameters are used to simplify some numerical
analysis. Hence, the spacecraft's attitude can be represented through di erent parame-
ters like direction cosines, Euler axis and angle, quaternions, Gibbs vector, Euler angles,
Rodrigues parameters and modi ed Rodrigues parameters [57]. In this work, quaternions
and local-error quaternions are mainly used, with the notation presented in Appendix A.2.

2.2. Static determination

Static methods are deterministic time-independent approaches that depend on measure-
ments taken at the same time, or close enough in time that spacecraft motion between
the measurements can be ignored or easily compensated for. These approaches require
that at each time there are enough observations available to fully compute the attitude,
but they typically require no a-priori attitude estimate and no information about past
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states [50]. There is a wide variety of static methods that can be divided into algebraic
(TRIAD method) and statistical methods (solutions to Wahba's problem) [45].

2.2.1. TRIAD method

The Triaxial Attitude Determination (TRIAD) method is the earliest published algorithm

for spacecraft attitude determination from two vector measurements. It is very simple
and uses only two vectors to nd the attitude of the spacecraft since the three parameters
obtained from the two vectors are enough to specify the attitude matrix.

In general, callings; the unit vectors measured by the sensors in the body- xed frame
and v; the unit vectors of the same celestial bodies in an inertial frame, it follows that:

s = Av; (2.1)

Then, the solution in terms of attitude matrix A requires at least two independent mea-
surementsp and g, with corresponding directions in inertial spac& and b. By associating
the most accurate of the two observation vectorp to unit vector s;, the corresponding
direction a will be associated to the unit vectorv; [19]. Consequently, two orthogonal
frames can then be associated to the measuremests [s;;s;; S3] and to the reference
directions v § [Vv1; vo; v3] as follow:

8
2 S1=p 2 Vi=a
— P g — b
> Sz—jp—qj (22) . Vz_ijj (23)
O S3=p S vz a v

Since, by construction, the 3 unit vectorss;;s,; sz and vi;V,; vz are orthogonal, then
v 1= vT and the attitude matrix can be found according to:

A=sv 1=sy’ (2.4)

2.2.2. Wahba problem

Wahba's problem is a statistical method that consists of minimizing the weighted cost
function J(A) that derives from the rotations ofv; into s; [19] as in Equation (2.5).

1 X )
J(A)= E Niksi Avik (2.5)
i=1
where Ny = =( 1+ :::+ ) are the weights associated with each measurement and
derived from the sensor's accuracy; as ; = 1= ;. Moreover, the vector of weights"; is
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assumed to be normalized to unity [47].
Taking into account that A must represent a rotation, that the unit vectors gave unit
norm and that the trace of A has a cyclic invariance, it is possible to write:

JA)= o tr ABT (2.6)

P . . .
where = i”:l A =1 and B is the attitude pro le matrix computed as:

X0
B = NS ViT (27)
i=1

Hence, the loss function) is minimized whenJ =tr ABT is maximized.

X
J= i sTAv; =tr ABT (2.8)

2.2.3. Solutions to the Wahba problem

Wahba's problems can be solved with two di erent types of algorithms, by directly solving
for the attitude matrix or by solving for the quaternion representation of the attitude ma-
trix. Both algorithms lead to the same attitude but the direct solution is computationally
more expensive. For this reason, quaternion solutions are generally preferred [47].
The principal methods to solve the Wahba problem are here presented.

Singular Value Decomposition (SVD)

The solution of the constrained minimization problem of Equation (2.5) can be found
by applying a singular value decomposition (SVD) on the matrixB (computed as in
Equation (2.7)) to obtain the matricesU and V. The attitude matrix A can then be
retrieved fromU and V as:
B X U TVT _
h i
M =diag 1 1 (detU)(detV) (2.9)

A=UMVT

Devenport's g-method

According to Devenport's g-method, the minimization problem ofl is transformed into
the maximization of a gain functionJg, obtained by replacingA by its representation in
terms of quaternions.

J3=q"'Kq (2.10)
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The matrix K of Equation (2.10) is a square matrix of order 4, assembled as:

B = isivi = [ bl square matrix of order3

i=1
S=B"+B square matrix of order3
z=[lbps bsp; b3y bz by b21]T vector of order3 (2.11)

=tr( B scalar
l( ) #
S | z .
K = T square matrix of order4
z

By associating the constraintg™ q = 1 and adding the associated Lagrange multiplier,

the function G = q"Kq g'q 1 can be maximized with no constraints. By putting
the gradient of G to zero, is possible to state that:
Kg= (@ (2.12)

and consequently:
Ji@)=q'Kg=q" q= (2.13)

By maximizing the cost function Jg, is then possible to retrieve the maximum eigenvalue
of the K matrix, that corresponds to the optimal attitude [19].

QUEST method

The QUEST algorithm is derived starting from Wahba's problem and including Deven-
port's method conclusion.

If the errors in attitude determination are rather small, the cost functionJ is close to
zero. In this condition, J will be close to one so that the maximum eigenvalue & is
close to 1. With this assumption, is possible to solve an approximate problem that leads
to the evaluation of the Gibbs vector giving the satellite attitude [19].

By partitioning Equation (2.12), is possible to obtain Equation (2.14) and consequently
write the linear system in Equation (2.15) from which the approximate Gibbs vectog
that provides the satellite attitude can be evaluated.

(? )+ 2z = wmaxq (2.14)
Z’' g+ 4= wmax G

(s 1 1)g+z=0 (2.15)
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2.3. Dynamic ltering

The second category comprises ltering approaches that are time-dependent and consider
measurement as characterized by random noise. Indeed, these lters that require a sta-
tistical approach are referred to as attitude estimation methods and make it possible
to nd the best estimate of the true system state using a dynamic model and a set of
measurements, both corrupted with random noise of known statistics [47, 50].

The most used attitude representations in dynamic Itering are three-component rep-
resentations and the four-component quaternion representation (Appendix A). In this
work, a quaternion representation has been adopted and, for this reason, only the main
guaternion-based lters are presented in the following paragraphs.

2.3.1. Kalman Filter

A Kalman Filter is a recursive attitude estimation method that can be used to lter
out noises from signals or to directly determine the attitude by combining di erent mea-
surements [37]. Its basic principle consists of a prediction step in which the mean and
covariance of the state are propagated to the time of the next representation, and of an
update step in which the solution is updated with measurements coming from the sen-
sors. Being an iterative process, the order of the two steps is not important, and being a
recursive process, it requires only the information from the previous time step [47, 50].
Generally, the Kalman Filter works only for linear systems but sometimes it is good
enough to satisfy the requirements also for systems with small nonlinearities: in these
situations, this Iter is used because is computationally light and easy to implement.
Moreover, an important assumption is that the process and measurement uncertainties
are Gaussian distributions (white noises) with known covariances and zero mean values.
Since the equations of motion are linear, in the UK is possible to use the error state
transition matrix, , to propagate the state and the state errors exactly [47].

The system dynamics model and the observation model can be written as:

Xk+1 =  kXk T Wy

(2.16)
Yk = HiXk + Vi

where X is the state vector,  is the linear transition matrix of the system,wy is the
transition model noise with zero mean value and covariance matr@y. In addition, yy is
the observation vector composed by the sensor measuremems, is the linear observa-
tion matrix and vy is the observation noise vector with zero mean value and covariariRg.



16 2| Fundamentals of attitude estimation

Starting from initial values ®, and P, , the outcomes of the algorithm are the estimated
state vector®, for each time stepk and its associated covariance matri®, .
The relevant steps through with these outcomes are obtained, are:

" Prediction step:

R, = « 1R 1 Compute the predicted state
P. = k1Pc1 g 1+Qk1 Compute the predicted error covariance

" Update step:

K =P, HT HP, HT + R, = Compute the Kalman gain
Ry = R, + K¢ yx Hgh, Update the state estimate
P. =(1 KgHy) P, Update the error covariance estimate

2.3.2. Extended Kalman Filter

In addition to the (linear) Kalman Filter, a wide variety of alternative algorithms have
been studied in the last decades to extend the dynamic Itering concept also to non-linear
systems. Between them, the Extended Kalman Filter (EKF) is one of the most common
methods for spacecraft attitude estimation.

One drawback of the EKF is that the non-linear system is linearized to the rst order,
introducing linearization errors that are then propagated through the system. For this
reason, this lter is less robust compared to KF, especially for large initial uncertainty
and measurement errors. On the contrary, it is more accurate and computationally faster
than the linear lter [50, 66].

The system and measurements equations can be written as:

X1 = F (Xk) + Wy

2.17
Yk = h(Xg) + v ( )

where wy and vy are the process noise and observation noise, assumed as zero-mean
Gaussian noises with covarianc®y and Ry respectively.

The working principle of the discrete-time EKF is here reported according to [17] and
consists of these prediction and update steps:

~ Prediction step:

ke =y 1 Ry Compute the predicted state
Po = «wi1Pg, § 1+ Q1 Compute the predicted error covariance
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" Update step:

Ky = P, H{ H¢P, HJ + Ry ! Compute the Kalman gain
ky = kb, + Ky ye  he R, Update the state estimate
P, =(1 KgHy)P, Update the error covariance estimate

where is the partial derivative of f with respect to x and H is the partial derivatives
of h with respect to x (linear approximated).

Some alternative methods have also been implemented starting from the EKF algorithms,
such as the Multiplicative Extended Kalman Filter (MEKF) [49].

2.3.3. Unscented Kalman Filter

The EKF is a widely used Itering method but has the main drawbacks of producing
highly unstable Iters due to the linearization and being computationally heavy due to
the computation of the Jacobian matrices. For this reason, another strategy is preferred
for the lItering of systems characterized by even strong nonlinearities, where both the
linearization step and the computation of the Jacobians are avoided by using a determin-
istic sampling approach: the Unscented Kalman Filter (UKF).

According to Julier and Uhlmann [34 36], the main advantages of the UKF are that:

A

gives lower expected errors with respect to the EKF

has a faster convergence from inaccurate initial conditions with respect to the EKF
can be applied to non-di erentiable functions

avoids the derivation of Jacobian matrices

captures a-posterior mean and covariance accurately up to the 3rd order for any
nonlinearity

The UKF relies on the Unscented Transformation (UT), which is a method to propagate
mean and covariance information through nonlinear transformations [36]. In particular, it
uses a carefully selected set of sample points to map the probability distribution. In this
way, it's easier to approximate a Gaussian distribution than to approximate an arbitrary

nonlinear function as the EKF does [61] (Figure 2.1).
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Figure 2.1: Example of mean and covariance propagation: actual propagation,
rst-order linearization (EKF) and UT transform propagation [66].

Hence, the basic idea consists in selecting a set of sigma points, carefully chosen so that
their sample mean and sample covariance ateand Py, , and applying a nonlinear function
to each point to obtain the statistics of the transformed pointg and Py, as in Figure 2.2.

Figure 2.2: Principle of the Unscented Transform [34].

By exploiting the principle of the Unscented Transform, is then possible to apply the UT
to the Itering problem and develop the Unscented Kalman Filter itself. According to
[34], the UKF is made of three principal steps:

" Prediction of the new state of the system and its associated covariance (including
the e ects of process noise)

~ Prediction of the expected observation and the innovation covariance (including the
e ects of observation noise)

~ Prediction of the cross-correlation matrix that relates state and observation
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The UKF standard formulation according to Julier and Uhlmann [34] is here reported:

1. Start from the n-state discrete-time nonlinear system described as

(

X1 = T (Xi; K) + Grwy
¥k = h(Xk; K) + vi

where the statexy is an 1 vector and the measurement vectos, is m 1
Moreover, wy and v are respectively the process noise and measurement error
noise, taken as zero-mean Gaussian noise processes with covaria@gesnd Ry

2. Compute the set of2n sigma points

q__
k  2n columns from (n+ )P/

«(0) = Ry
()= k(i) + Ry

where is a scalar parameter used to tune the lter and the matrix square root can
be computed through the Cholesky decomposition [64]

3. Transform the sigma points into .; vectors employing the nonlinear system equa-
tion f ()

ke () = 1 (i);K)

4. Compute the predicted state estimate

1 ( 1R )

+O+— +.
- k+1 (0) 2i:1 ke (1)

kk+1 -

5. Compute the predicted error covariance

P = ki1 (0) Ry ki1 (0) R !
+§ ket () Ry ket (1) Ry + Qk

where Qy is the process noise covariance matrix

6. Transform the prediction points through the observation mode( )

k1 (1) = h (e (i) k)
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10.

11.

12.
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Obtain the predicted observation

1 ( 1 X" . :
Yo = —s k+1 (0) + > . k+1 (1)
Derive the output covariance
yy 1 " T
P = n+ kt1(0)  Pyus ke1 (0)  Pras
1 X0 . . T
+ > ket (1) Pyan ket (1) Pyan

i=1
Obtain the innovation covariance by including the observation noise
Py = P+ Riea

Compute the cross correlation matrix

X 1 n T
P = n+ ke1 (0) Ry k1 (0) P
1 X" ) . T)
+ 5 k() Rgn () Pin

i=1

Compute the Kalman gain

— DXy wW 1
Kk = Peiy Pea

Update the state vector and its associate covariance matrix

+ —
Rirr = Rear + K1 Vi

+ — vV T
I:)k+1 - I::‘k+1 Kk I:)k+1 K k+1

where®,,, and P,,, are the pre-update state estimate and covariance,,, and
P.,, are the post-update state estimate and covariance. The innovation.; is
instead computed asvi+1 = Yk+1 Yy Where the sensor's observationg; are
found asy; = A(Q)r; + v; starting from eachi-sensor's measurements
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In the context of spacecraft attitude estimation, a widely used lIter is the UnScented
QUaternion Estimator (USQUE) developed by Crassidis and Markley [25]. This lter is
derived by exploiting the UT on the unconstrained three-component attitude-error quater-
nion in order to overcome the problem of maintaining the quaternion's normalization in
the lIter. As a result, it turns out to be more robust with respect to EKF and converges
to the solution even in case of high errors in the initial conditions, as shown in Figure 2.3.

Figure 2.3: Norm of attitude errors for the initial attitude and bias errors [25].

For these reasons, the USQUE Iter has been employed in this thesis for the attitude
estimation of the CubelSL's communication terminal as described in Sections 5.2 and

5.1.
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3 ‘ CubelSL satellite model

The aim of the CubelSL model is to simulate the satellite’s attitude in order to have a
plausible real-time behavior of the attitude quantities, like quaternions and angular ve-
locity, that can be fed to the OSIRIS communication terminal (Section 1.4).

The CubelSL model consists of the ADCS, Attitude Determination and Control Subsys-
tem, of a 6U CubeSat moving in a Low Earth Orbit (LEO) orbit. The simulation accounts
for the presence of disturbance torques along with the actual performance of the selected
ADCS components. Thus, the SIMULINK closed-loop is depicted in Figure 3.1 and has
the task to estimate the current attitude of the spacecraft by combining the information
gathered from its sensors and control the attitude of the spacecraft by giving commands
to its actuators.

Figure 3.1: CubelSL SIMULINK satellite model.

The CubelSL model is structured into two main subsections. The CubeSat physical

representation includes modeling of orbital motion, space environment, dynamics and
kinematics of the CubeSat, sensors, actuators and desired attitude. The satellite software
includes determination and control algorithms and lters.

Regarding the control phase of the mission, three di erent phases have been implemented
to simulate the reality of the CubelSL attitude. First of all, during the detumbling phase,
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the CubeSat is required to reach a condition where its uncontrolled motion is stopped.
Then, it will need to align precisely with the desired pointing in the slew phase. Finally,
once the equilibrium nominal conditions are reached, the CubeSat has to maintain its
target attitude over time during the tracking phase. It has to be highlighted that this
work on the satellite model's mission phases has been done for the sake of complete-
ness, but only the pointing phase will be relevant for the attitude estimation since the
Inter-Satellite Links between the two CubeSats will be established only in the nominal
phase of the mission. Moreover, the satellite tracking phase has been here implemented
as Earth-pointing instead of pointing toward the opposite CubelSL terminal: this choice
was made to simplify the implementation of the satellite model; with future developments,
the opposite terminal will be then considered as a moving pointing target.

3.1. CubelSL model

This section presents the modeling of the CubelSL satellite as a physical system, with
sensors and actuators, moving in a de ned environment. Moreover, the applied attitude
determination and control algorithms are then discussed.

One important remark is that, regarding the satellite that will be employed in the CubelSL
mission in 2024, the actual structure and components have not been stabilized yet. For this
reason, this SIMULINK model is based on some assumptions about the chosen geometry
and ADCS components. The only constraint that has been followed is that CubelSL has
to be considered a 6U CubeSat ying in a LEO environment (Section 1.4).

3.1.1. CubeSat geometry

The CubelSL satellite consists of a 6-Unit CubeSat with an assumed total mass of 8kg
(taken as a possible average mass for a 6U CubeSat). The CubeSat itself is modeled as
a parallelepiped of dimension®:1m 0:2m  0:3m with uniformly distributed mass as
depicted in Figure 3.2.

Figure 3.2: CubelSL schematic geometry with body axes.
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For the sake of this model, no appendages have been considered, except forltwo 2U
solar panels considered as not-deployed and lying along tke surfaces of the CubeSat.
The displacement of the center of mass with respect to the geometric center is de ned as:

lcom =[0:01; O; Olm (3.1)

From these considerations, the evaluation of the inertia matrix referred to the principal
axis results as follows:

2 3
0:0333 0 0
=9 o o0s67 o0 & kg m? (3.2)
0 0 Q0867

Concerning the ADCS architecture, it has been assumed that the CubeSat is equipped
with the following components, presented in Section 3.1.7 and 3.1.8 :

" Sensors: Sun sensor, magnetometer, horizon sensor, gyroscope, star tracker

" Actuators: a set of 3 magnetorquers, a set of 4 reaction wheels

3.1.2. Reference frame

Firstly, it is important to clarify the reference systems adopted in this work: the body
frame indicated with the subscriptB shown in Figure 3.2, the xed inertial ECI frame
(Earth-Centered Inertial) indicated with the subscript N and the LVLH (local-vertical

local-horizontal) one indicated byL as presented in Figure 3.3.

Figure 3.3: ECI and LVLH reference frames.

By assuming the optical payload xed on the surface perpendicular and opposite to the
x-body axis of the CubeSat, the spacecraft's body reference frame of Figure 3.2 must be
aligned with the LVLH one to point the OSIRIS terminal toward the center of the Earth.
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3.1.3. Orbital motion

The reference orbit of the CubelSL satellite has not been stabilized yet. For this reason,
the orbit of this model is de ned from the TLE of the CubeL satellite of PIXL-1 mission,
taken from [28]. Its Keplerian elements at TLE's epoch 22332.12248138 (year 2022, day
332 of the year and fractional portion of the day 0.12248138) are presented in Table 3.1.

afkm] e[ ] 1[1T '[] [1 oll
6900.254 0.014 97.427 27.586 75.603 0

Table 3.1: Keplerian elements of the CubeL satellite's orbit

The considered orbit is a circular LEO orbit with an altitude of52217km as shown in
Figure 3.4, and is compliant with the CubelSL mission's altitude that should be around
550km as stated in [53] and in Section 1.2.

Figure 3.4: CubelSL orbit.

The e ects of the perturbations related to the Keplerian parameters upon the orbit itself
are here neglected except for the propagation of the true anomaly This choice has
been done in order to simplify the orbital model considering that the simulation covers
only a small time of the mission meaning that longer-term e ects on the other Keplerian
elements can be considered negligible. Hence, the model for determining the orbital
position is based on the integration over time of the true anomaly in the Earth-Centred
Inertial (ECI) reference frame according to:

Norvit (1 + €COS )?
— orbltlg ) (33)
1 e
P——. . : .
where ngpit = = a3 is the orbital angular velocity of the satellite and corresponds to

Noit =2 =T =1:1 10 3rad=s, being T = 1h 58min the orbital period.
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From the true anomaly, it is then possible to compute the position and velocity vectors in
the perifocal reference frame according to Equations (3.4) and consequently rotate them
to nd the corresponding ECI coordinates as in Equations (3.5).

8 9 9
> cos = r_ 2 sin >
Fpr = TN sin o5 Ve = = _ e+cos (3.4)
T o . 0 ,
reci = Ra[! JR1[i]R3[] ree; Vec = R3[! JR1[i]R3[] Ver (3.5)

whereR;[ ] ; Ry[i] and R3[! ] are the rotation matrices andp = a(1 €?) is the semi-latus
rectum, while ry is the magnitude of the orbital radius computed for each position along
the orbit in the inertial frame as:

8 9
) 2 cos =2
rn = 1+ ecos) > sin cosi (3.6)

sin sini ’

In addition to the spacecraft orbit, it is important to take into account also the Sun's
position in the inertial reference frame. In frame, the Sun will move around the Earth in
an orbit characterized by an eccentricity o85'" = 0:0167and a distance from the Earth of
rSun =149:6 1° km. Moreover, the Sun's direction with respect to the spacecraft is here
approximated as the Sun's direction with respect to the Eartlsy"" as in Equations (3.7),
wheret is the time, " = 23:45 s the tilting of the Earth axis with respect to the ecliptic
and nS" = 2 =(lyear) is the velocity of the apparent motion of the Sun around the

Earth. 8
> cosns"t >
syt = Rs_ sin nSunt cos" S (3.7)

sin nSY"t sin" ’

3.1.4. Dynamics

The fundamental equations that govern the rotating dynamics of the spacecratft in inertial
space are Euler's equations, which consist of a system of non-linear di erential equations
as presented in Equation (3.8).

8

2 !y + (1 Iy)!z!y:Mx

S |y!_y+(|X ), = My (3.8)
Iz!_z"'(ly |x)!y!x: M,
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beingly, Iy and 1, the diagonal components of the inertia matrix! ,, ! y and! , the com-
ponents of the angular velocity of the spacecraft in principal inertia axes (body reference
frame), and My, My and M, the components of the total external torque.

By integrating the Euler equations, is then possible to nd the angular velocity vector

of the spacecratft.

3.1.5. Kinematics

For evaluating the evolution of the attitude parameters over time, the kinematics is here
represented by means of the quaternions as they provide a minimal global representation
without singularities as described in Appendix A. By integrating Equation (3.9) is possible
to retrieve q = [(; b; Os; G] that 55 the vector representinsg the attitude.

0 1, oyl
dg _ 18 !, 0 I 1y
E‘Eg 1, 1, 0 !éq 59
I, !y 1,0

In this work, it is assumed as a convention that the rst three components af constitute
the vector part of the quaternions, while the last element is the scalar part used for the
normalization (Appendix A) according to Shuster notation [57].

From quaternions, the direct cosine matrix representation (DCM) is computed as:
2
G % G+&  2(G+ Gsl) 2(% %)

Mo =9 2 %) B+ @ B+ E 20+ at) 5 (3.10)
2 (uop + Cbh) 2(p  Chlh) € G+ g+ q

Ag-Ny IS de ned as the relative orientation between the body xed frameB and the
inertial frame N and its behavior in time is described by a system of di erential equations
represented by Equation (3.11).

dAgy (1) _

ot [T Ae () [T =31, 0 1,8 (3.11)

When numerically integrating the kinematic equations, it must be ensured that the at-
titude matrix does not lose its orthonormal properties (so that is structure-preserving).
One method for a structure-preserving algorithm consists of the iterative procedure of

Equation (3.12) according to [20].

3 A (DAL (DAL(L)

A+ (t) = EAk(t) 5 (3.12)
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3.1.6. Environmental disturbances

During the mission, a satellite orbiting the Earth is subject to several environmental
disturbances. By knowing the motion of the spacecratft, it is then possible to model these
disturbances as torques in the principal inertia axes reference frame. Since the CubelSL's
orbit is in the LEO region, the main contributors to the external disturbance torque are
the gravity gradient, the solar radiation pressure, the aerodynamic drag and the magnetic
eld [20]. The models of these perturbations are presented in Appendix B.

3.1.7. CubelSL sensors

The attitude sensors have the task of giving information to the ADCS about the satellite
orientation with respect to a de ned reference system.

In this work, a magnetometer, a Sun sensor, a horizon sensor, a star tracker and a gyro-
scope have been selected as sensors and their model has been implemented. Redundancy
is considered to always have at least one sensor providing the information to the attitude
determination. For the sake of the CubelSL mission, these sensors constitute an arbi-
trary choice since the actual components of the CubeSat have not been stabilized yet,
as anticipated before. For this reason, the sensors' features have been set on the basis
of o -the-shelf components' datasheets, with the aim to reproduce a realistic situation in
which attempts are made to contain the costs by using sensors and actuators that are
already ight-proven.

Sun sensor model

A Sun sensor is a dual-axis instrument for precise Sun pointing and tracking used by the
spacecraft to detect the position of the Sun. The datasheet of the Sputnix Orbicraft-Pro
digital Sun sensor SXC-SD-01 [13] has been considered to model the sensor as in Table 3.2.

mass[g] accuracy[] fieldofview [] sampling frequency[Hz]
10 0.3 (for 1) 60 10-20

Table 3.2: Sun sensor datasheet

This sensor introduces errors that can be implemented as white noise with null mean and
variance equal to the square of the sensor's accuracy, represented through the sensor's
error matrix A as in Equations (3.13) starting from random noises ;
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2 3
COS CcOoS COS sin sin +sin cos cos sin cos +sin  sin

A =2 sin cos sin sin sin +cos cos sin sin cos +cos sin
sin Ccos sin COS COoS

(3.13)

The Sun sensor's output consists of the position vector of the spacecraft with respect to
the Sun in the body framesg and is computed as:

S = A (AB:N SN) (314)

Moreover, in eclipse conditions, the Sun sensor can not be exploited for attitude deter-
mination, since the spacecratft is in the shadow cone due to the presence of the Earth, as
shown in Figure B.6.

Horizon sensor model

The CubelR infrared horizon sensor [8] contains a number of sensors that can measure
Earth's surface IR radiation for satellites requiring nadir-pointing or tracking:

mass[g] accuracy[] verticalfield of view [] horizontal field of view [ ]
50 <15 90 120

Table 3.3: Horizon sensor datasheet

Its wide eld of view (FoV) is slightly larger than the Earth so when the image of the
Earth is in the center of the FoV, the di erent detectors have the same output. When,
instead, Earth is not centered, the detectors have di erent outputs and, by taking appro-
priate di erences, it's possible to measure the misalignment attitude angles. Hence the
direction vector of the Earth with respect to the spacecraft in the inertial framéy can
be retrieved from these angles and, consequently, the same vector in the body framge
can be computed as:

hg = A~ (Agn hn) (3.15)

where the sensor's error matribdA is computed as in Equations (3.13).

Magnetometer model

Magnetometers are sensors that provide the x, y and z components of the magnetic
eld in the body reference frame. This magnetic eld vector is then compared with the
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local magnetic eld model calculated from the International Geomagnetic Reference Field
(IGRF) model as presented in Appendix B.4. Magnetometers are ideally mounted outside
the spacecraft at the end of a rigid boom to keep them away from any ferrous materials and
any permanent coils that could distort the magnetic eld measurements. In general, only-
magnetometers attitude determination does not achieve highly accurate results because
these sensors require the comparison of their measurements with a reference model that
can be a ected by errors.

To model this sensor, the features of an NSS magnetometer (New Space Systems triaxial
digital magnetometer) have been taken from [9] and summarized in Table 3.4.

mass|[g] accuracy[] noisedensity[nT=Hz] sampling frequency[Hz]
85 1 16 10° 18

Table 3.4: Magnetometer datasheet

A general mathematical model of this sensor is implemented as in Equations (3.16), where
by is the magnetic eld vector in the inertial frame computed from the IGRF model
(Section B.4) andbg is the output of the magnetometer in the body frame.

bg = A";mag (Ag=n bn) (3.16)

The measurement errorA .,y IS modeled as an additive random noise computed from
the sensor's noise density.

Gyroscope model

The gyroscope is a mechanical device that allows for measuring the satellite’s angular
velocity. A STIM300 gyroscope [6] has been assumed with the following speci cations:

mass[g] ARW [ - h] BRW [ =h] sampling frequency[Hz]
55 0.15 0.3 262

Table 3.5: Gyroscope datasheet

Since the sensor's measurements will be inevitably a ected by the presence of noise, its
mathematical model can be assumed as in Equations (3.17).

P gyro = !+ Ngyro + Dgyro (3.17)

where both a noise termn gy, and a bias termbgy,, are assumed to a ect the angular
velocity output of the sensor [20]. In particular,ng,, = n, n is the angular random
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walk (ARW) attributed to the thermo-mechanical noise of the system, modeled as white
Gaussian noise with zero mean and standard deviation,. Instead, by, is the bias
random walk (BRW) attributed to electronic noise, which has a drifting rateb.= |
and is represented as white Gaussian noise with zero mean and standard deviatign

Star tracker model

To obtain a higher attitude determination accuracy during the pointing phase, a star
tracker is considered onboard and placed along the y-body direction of the CubeSat.
The features of the selected MID EXTENSION NST star tracker [12] are summarized in
Table 3.6.

mass[g] cross boresighti®] around boresight[’] sampling frequency [Hz]
45 1 10 10 ° 5

Table 3.6: Star tracker datasheet

By assumption, only 2 stars are detected in the instrument's eld of view. These stars
have to be selected from the Hipparcos and Tycho catalogs [7] to be almost always visible
by the CubeSat, given the chosen orbit.

The star tracker has been modeled as a sort of Sun sensor that measures the position
vector in the body frame of the spacecraft with respect to the selected star instead of the
Sun's one. Hence, the outputs of the sensor aseg.; and stg., corresponding to the two
stars are computed as:

(

StB;l

A (AB=N StN;l)

(3.18)
A (AB:N StN;z)

with sty.; and sty.» that correspond to the distance of the spacecraft with respect to
the stars in the inertial frame computed from the stars' celestial coordinates.

3.1.8. CubelSL actuators

The actuators are devices that transfer the torque to the spacecraft or exchange a mo-
ment with it, to perform the control actions. Thanks to actuators, it is possible for the
spacecraft to perform maneuvers and cover up disturbances' torques by rotating in space.
Concerning CubeSat's actuators, they have been chosen arbitrarily from o -the-shelf com-
ponents since the actual components of CubelSL have not been stabilized yet, following
the redundancy criteria. For these reasons, a set of 3 magnetorquers and 4 reaction wheels
has been selected to work during the di erent phases of the mission.
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Magnetorquers

A magnetorquer is an actuator that creates a magnetic eld that interacts with the Earth's
magnetic eld, causing the satellite to rotate until the two elds are aligned.

In this work, a set of 3 magnetorquers (NCTR-M012 Magnetorquer Rod [10]) are posi-
tioned along the three principal axes with the following speci cations:

mass[g] magnetic moment[Am] residual moment [Am]
50 1.2 <0.002

Table 3.7: Magnetorquer datasheet

These actuators have been chosen to achieve the detumbling at the beginning of the mis-
sion (rst 500s from the CubeSat's releasing from the launcher) since they are particularly
energetically e cient for satellites operating in LEO. Moreover, they are also employed
to de-saturate the reaction wheels during the other phases of the mission.

The magnetic momentm ,,4s generated by the magnetorquers can be modeled with the
B-dot proportional control, which consists in a simpli ed control that switches on-o the
actuators as:

h b !
® (3.19)
Myods =  Mmax Sgn(b)
wherem.x = 1:2 Am corresponds to the maximum moment of the devices.
Therefore, the magnetic momenim ,ogs gives the spacecraft a magnetic torqu (ogs

according to Equations (3.20).
M rods = Mrogs bg (3.20)

Reaction wheels

The wheels are momentum exchange devices, so actuators that are capable to exchange the
angular momentum with the spacecraft without producing a net torque. In particular, a
reaction wheel is a spin device that rotates at very low nominal angular velocity Orad=s

and exchanges its angular momentum with the spacecraft to balance the disturbances.

In general 3 wheels are enough to solve exactly the control problem, nevertheless, it is
common to have a fourth rotor for redundancy in case one failure of one wheel. For this
reason, are here implemented 4 CubeWheel Medium [11] according to Table (3.8).
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mass[g] inertia [kgm?] maxtorque[mNm] max angular momentum [MNms]
130 1.37510 * 1 20

Table 3.8: Reaction wheel datasheet

The wheels are positioned according to the typical pyramidal con guration and the ma-
trix describing their orientation along the principal axes is:

2 3
oGk o
Ar=§ T p%é (3.21)
3 3 3 3

Figure 3.5: Pyramidal con guration.
The total angular momentum of the spacecraft with momentum exchange devices is:
htot = II + Arhr (3.22)

wherel! is the angular momentum of the platform andh, represents the angular mo-
mentum of each actuator around its spin axis.

By writing the set of Euler's equations including the e ects of the actuators, the system
of equations (3.23) is réetrieved according to [19].

2 1+ [+ A/h,+ Ah, =0
5 Uc= ' A/h, A/h (3.23)

Once the torque required by the controlu. is known, it's then possible to compute the
amount of angular momentum rate of changé, that has to be applied to the reaction
wheel in order to supply the requested action:

hy= A (Uc+! Achy) (3.24)

whereA, = AT (A.A]) lis the pseudo-inverse oA, .

The reaction wheels are here employed for the control during the last part of the detum-
bling, the slew maneuver and the pointing phase of the mission.

Reaction wheels present a saturation limit on their angular velocity due to their maxi-
mum possible momentum storage. Once this limit is reached, no additional momentum
can be exchanged between the wheel and the satellite in that same direction. When this
condition is reached, the wheel must be de-saturated by applying to the spacecraft a
torque using another actuator. In this work, the de-saturation of the wheels has been
implemented as a de-saturation command exploiting the magnetorquers.
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3.1.9. Attitude determination algorithms

Attitude determination consists of the derivation of estimates of the actual spacecraft's
attitude from the sensors' measurements. Considering that these measurements have
di erent accuracy depending on the instrument's speci cation, these measurements are
a ected by errors. For this reason, a statistical approach is preferred with respect to an
analytic one for attitude determination of the satellite model (Chapter 2).

In this work, the sensors' measured unit vectors in the body xed frams; and the same
unit vectors in the inertial frame arev; have been exploited to compute the rotational
matrix Ag=y by applying the singular value decomposition (SVD) method to solve the
Wahba's problem as presented in Section 2.2.3.

It has to be pointed out that during the slew maneuver, the determination is reconstructed
using one magnetometer, one Sun sensor and one horizon sensor with the help of a second-
order low-pass lter in order to reduce the noise of the measurements (cut-o frequency
fi = 0:2Hz). During the tracking phase instead, also the measurements coming from
the star tracker are added to the attitude determination to increase the accuracy of the
process. Moreover, in eclipse conditions only the magnetometer, the horizon sensor and
the star tracker are considered available for the determination of the attitude, since the
Sun sensor can not work while inside the shadow cone (Figure B.6).

3.1.10. Control algorithms

The main role of the ADCS is to control the attitude of the spacecraft to guarantee
closed-loop stability in the current phase of the mission. In this work, the control has
been implemented according to di erent strategies for the detumbling initial phase, the
successive slew maneuver and the nominal tracking phase.

Desired attitude

In this work, the ideal desired attitude is given by the rotation matrix from the inertial
to the LVLH reference frameAg.iqeas = AL=n €Xpressed on the base of the behavior of
argument of perigeeaw, inclination i, RAAN  and true anomaly (t) in time as:

cos((t)+w) sin( (t)+w) O 32 1 0 0 32 cos() sin() O
Agiceas = 3 sin( )+ w) cos((t)+w) 0530 cosp) sin) £3  sin() cos() 0
0 0 1 0 sin(i) cos() 0 0 1

(3.25)
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Hence, the real desired attituded 4 during the tracking phase is obtained by adding a miss-
pointing error to the ideal desired attitudeA.igear @nd by then exploiting the procedure of
Equation (3.12) to preserve the orthonormalization properties of the obtained rotational
matrix. The miss-pointing error matrix Amisspoining 1S cOmputed as in Equation (3.29)
and it is added to the ideal attitude to simulate the tumbling of the satellite around the
desired target, as explained in Section 3.1.10.

Ag= Amisspointing Adgiideal (3.26)

The desired angular velocity! 4 = [! 4x; ! ay; ! ¢z] can be then retrieved from the com-
ponent of the matrix [! 4]° as in Equation (3.227) [20].
Dol = AGAL: [Pl =% 1e, 0 1a S (3.27)
! dy
Therefore, the corresponding attitude erroA and angular velocity error! ¢ result to be:
Ae= Apn A}
e MBI T (3.28)
! e = l Ael d

Miss-pointing model addition

In order to simulate the physical behavior of the CubelSL satellite in a plausible real-world
scenario, a miss-pointing error is added to the desired attitude during the tracking phase.
The purpose of this expedient is to make the spacecraft tumble around the pointing target
with a maximum error of 1 and a maximum tumbling rate of0:08 =s[53], as graphically
represented in Figure 3.6.

Figure 3.6: Satellite's tumbling path around the target.

Without enforcing the addition of this error, the satellite model's control law will correct
any error on the miss-pointing obtained a perfect correspondence of the attitude matrix
Ag-y and angular velocity! with the desired onesAy and ! 4 (meaningA. = 1 and
' « = [0; 0; 0]). This would be an ideal mission scenario in which the control is able
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to make the satellite point perfectly in the desired direction. Nevertheless, in reality,
the satellite will present a non-perfect pointing due to environmental disturbances, errors
and imperfections in the control actions, non-ideality of the actuators and other possible
phenomena. Hence, in order to model the real plausible pointing behavior of the CubeSat,
a command has been implemented in order to force a miss-pointing error to the satellite's
attitude.
This miss-pointing error is modeled as an error matrif\misspointing  that is applied to the
ideal desired matrixAg.igeas = A=y &S in Equation (3.26). By adding the error toA -y
under the form of a rotation matrix, also the most precise model's control law will not be
able to correct this miss-pointing, as wanted on purpose.
The matrix Anmisspoiniing 1S @ rotation matrix constructed from the errors on position ,
y and ; as:
1 z y
Amisspointing = 9 z 1 X g (3.29)
y X 1

where ,, y and , are computed starting from repeating sequences limited in modulus
(maximum errors values ofl ) and rate of change (maximum tumbling rate 0f0:08 =s)
according to the CubelSL mission characteristics.

Detumbling

The detumbling maneuver consists of the initial operation to stabilize the satellite and
lead its angular velocity to a null value, as soon as it is released from the launcher's
fairing. In this work, it has been chosen to split this operation into two phases and
exploit consequently the magnetorquers and the reaction wheels. This choice has been
made on the basis that the magnetorquers allow reducing the angular velocities in a
reasonable time and with a low battery energy consumption, but have poor e cacy on
the ! , component. Therefore, after500s, it is necessary to activate also the reaction
wheels for a short interval 0f300s to minimize this residual component of the angular
velocity.

The control law of the magnetorquers is implemented with the B-dot control as presented
in Chapter 3.1.8, while the reaction wheels' one is based on a proportional control law
that generates the control torque as from [20]:

UC = kdet l (3.30)

The gain kget = 0:01 is chosen to provide convergence in a suitable time and not exceed
the actuators' saturation limits.
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Slew manoeuvre

After the detumbling, the spacecraft will need to align precisely with the desired pointing
attitude, de ned as Earth-pointing, meaning that its body reference frame needs to align
with the LVLH one (with the addition of the miss-pointing error on the ideal desired ma-
trix as explained in Section 3.1.10). In order to do it, the reaction wheels will provide the
required torque according to the simple proportional-derivative (PD) controller presented
in Equation (3.31) [20].

Ue=ky Ae Al " Kkq!

h o (3.31)
Ag A~ = A32;A13;A21 with A = Ag Ae

The gainsk, = 0:001 and kg = 0:01 were tuned through a trial-and-error approach
following the same considerations made for the detumbling gain parameter.

Tracking phase

Once the mission reaches the nominal equilibrium conditions, the target tracking phase
starts. This phase exploits the reaction wheels and the non-linear control law of Equa-
tion (3.32) from [20] to maintain the CubeSat around the desired attitude.

Ue= Kile ko AT AcV+1 11 +1(Acly [l Ae! o) (3.32)
with respectively | inertia matrix, Aq desired attitude, ! 4 desired angular velocity,A,
attitude error, ! , angular velocity error, and[! ¢]* built starting from the components of
I ¢ as in Equation (3.27). The gaink, = 0:0065is proportional to the error between the
current attitude matrix and the desired attitude, while k; = 0:08 is proportional to the
di erence between the current angular velocity and the desired one. It can be noted that,
for slowly evolving moving frames, the last term can be considered negligible.

3.2. Simulation results of the CubelSL model

The results of the simulations on the CubelSL satellite model are here presented for
the detumbling initial phase, the successive slew maneuver, the tracking phase, and in
a control-free motion condition. All these mission phases have been here implemented
for the sake of completeness and for simulating a most likely scenario; nevertheless, it
is important to highlight that only the tracking phase is of relevant importance for the
purpose of the CubelSL mission. In fact, as anticipated in Section 1.3, the aim of this
work is to have more accurate estimations of the terminal's attitude in order to shorter the
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search time needed to establish an Inter-Satellite Link, and this link will be created only
during the nominal phase of the mission being the tracking phase. For this reason, critical
considerations are made focusing on the satellite’s attitude outputs during the tracking
phase with regard to the accuracy of the results and the ful llment of the mission pointing
requirements.

Figures 3.7 and 3.8 show an overview of the attitude outputs of the CubelSL satellite
model, consisting of the satellite’'s angular velocity and the quaternions, that will be then
fed to the OSIRIS communication terminal for the attitude estimation itself.

Figure 3.7: Angular velocity during detumbling, slew maneuver and tracking phase.

Figure 3.8: Quaternions during detumbling, slew maneuver and tracking phase.

3.2.1. Control-free simulation

The behaviors of the disturbances torques have been computed to compare their order of
magnitudes with respect to the expected ones for a LEO orbit of Figure B.1. In order to
do this, a control-free simulation has been done fdr=10 of the orbital period, in which

the torque acting on the spacecraft is due only to environmental disturbances, and with
an initial angular velocity of ! o =[0:22; 024; 024]rad=s (the same of the detumbling).
The torques of Figure 3.9 match the expected order of magnitude in the LEO region,
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showing that the models of the environmental disturbances can be considered appropriate
for the sake of this work.

Figure 3.9: Environmental disturbance torques in control-free simulation.

3.2.2. Detumbling simulation

For the detumbling of a spacecraft in a LEO orbit, magnetorquers can be used for the
rst stages of this phase. Successively introducing the reaction wheels will complete this
operation. This choice is due to the fact that magnetorquers alone have poor e cacy on
the z-component of the angular velocity and, for this reason, aft&0G0s they are switched
o0 and the reaction wheels are activated to take to zero alsb,. The duration of the de-
tumbling phase with reaction wheels is linked to the coe cient of the detumbling control
law (Equation (3.30)): if this coe cient is low, the control takes more time to complete
the detumbling of the spacecraft, but if it's too high there is the risk of saturation for the
reaction wheels, so a trade-o in its choice has been made.
The detumbling phase has been here simulated starting with the release of the CubeSat
from the launcher ring, considering an initial angular velocity! = [0:22;024; 024]rad=s.
The behavior of the satellite's angular velocity during this operation is shown in Fig-
ure 3.10, from which is visible that the detumbling can be considered terminated after
800s when! < 10 ?rad=s.
Moreover, Figure 3.11, shows that the quaternions will progressively damp their oscillation
toward an almost constant behavior once a complete detumbling is achieved.
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