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Titre : Commande et commande tolérante aux fautes par modes glissants: application & une
mission de rendezvous en orbite circulaire

Résumé : De nombreux travaux de recherche ont été conduits dans le domaine de synthese de
lois de commande par modes glissants. Différentes approches de commande été proposées dans la
litérature, telles que I'algorithme Super-Twisting (STA) et sa version récente, I’algorithme généralisé
Super-Twisting (GSTA). Les travaux de recherche présentés dans ce mémoire de these s’inscrivent
dans ces méthodes pour résoudre le probleme de commande et de commande tolérante aux fautes,
pour une mission spatiale. La mission considere une cible passive et un chasseur. L’objectif visé
est de synthétiser les lois de controle d’attitude et de mouvement relatif, tolérantes aux pannes.
Les approches proposées abordent la problématique des modes flexibles des panneaux solaires et
des phénomenes de ballottement du carburant dans les réservoirs.

Dans un premier travail, une loi de commande de type STA est proposée dans une configuration dite
de backstepping. Dans un second travail, une loi de commande tolérante aux fautes basée sur les
modes glissants du second ordre, est proposée. La solution est basée sur 'algorithme GSTA ,placé
en boucle externe de compensation de défauts utilisant un estimateur de défauts non linéaire. Le
probleme de saturation des actionneurs est également abordé et une solution basée sur la géométrie
polytopique, est proposée. Les éléments clés de 'approche tolérante aux pannes sont, i) d’une
part la solution ne nécessite pas de diagnostiquer les fautes et donc n’utilise pas d’algorithme de
détection et de localisation de défauts, et ii), d’autre part, ’approche est basée sur le formalisme du
quaternion dual qui permet de tenir compte des effets de couplage attitude/mouvement relatif. Des
criteres orientés mission, illustrent les résultats obtenus au travers d’une campagne de simulation
réaliste.

Mots clés : Modes glissants, commande tolérante aux fautes, quaternion dual, mission spatiale.

Title : Sliding mode control with fault tolerance capacities: application to a rendezvous mission
in a circular orbit

Abstract : Increasing attention has grown with regards to Sliding Mode Controllers (SMC).
In order to reduce the so-called chattering effect, the Super-Twisting Algorithm (STA) has been
proposed, recently. In this work, a controller based on the STA in a backstepping setup, is pro-
posed for spacecraft rendezvous in a circular orbit. A key feature is that the chaser is not treated
as a point mass, given that the effects of the flexible modes and propellant sloshing phenomena
are considered. The results obtained are taken further, given that the guarantee of robustness
against perturbations is not enough when it comes to critical systems, through the second order
sliding mode controllers technique. It is shown that the technique enables to solve to problem of
fault tolerant control. The solution is based on the Generalized Super-Twisting Algorithm (GSTA)
with an anti-windup strategy and a nonlinear observer and the dual quaternion formalism. The
main reason of employing a GSTA is because it offers more robustness against state dependent
perturbations (sloshing phenomena and flexible modes) than the STA. In addition, with the help of
the anti-windup strategy, the control law does not saturate the thrusters, avoiding instablity when
faults occur. The proposed solution is evaluated through a simulation campaign in a high-fidelity
non-linear simulator, and mission oriented criteria demonstrate its potential.

KeyWOI‘dS : Sliding modes, fault tolerant control, dual quaternion, aerospace application.

IMS - UMR n.5218 - Bat A31 - Université de Bordeaux - 351 cours de la
libération - 33405 Talence cédex
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Extended Abstract

Sliding mode control with fault tolerance capacities:
application to a rendezvous mission in a circular orbit

With the growing complexity of control systems, researchers have focused their work on the de-
velopment of robust control laws. Increasing attention has grown with regards to Sliding Mode
Controllers due to its attractive properties: finite time convergence and robustness against matched
disturbances (i.e. disturbances that act on the input channels). It is known that its main drawback
is the chattering effect. In order to reduce this effect, different modifications to the original tech-
nique have been proposed, take for instance the Super-Twisting Algorithm (STA). In this work,
a controller based on the STA in a backstepping setup, is proposed for spacecraft rendezvous in
circular orbit. The rendezvous takes place between a passive (no sensors or actuators) and an active
spacecraft (has sensors, actuators and a Guidance Navigation and Control (GNC) unit). Along
this work, the passive spacecraft is called the target and the active spacecraft is called the chaser.
In addition, the chaser is not treated as a point mass, given that the effects of the flexible modes
and the sloshing phenomena are considered. Furthermore, it has a Control Allocation (CA) unit,
which distributes the control signal into the thrusters. No measurement noise is considered. The
potential of the proposed solution is shown with a high-fidelity nonlinear simulator that considers
the most dimensioning space disturbances (e.g. second zonal harmonic Jy, atmospheric drag, mag-
netic disturbance).

The results obtained are taken further, given that the guarantee of robustness against perturba-
tions is not enough when it comes to critical systems. In other words, it is now considered that not
only disturbances can affect the performance of the system, but also faults. Then, the capability
of second order sliding mode controllers to compensate for both, disturbances and faults, is ana-
lyzed. A control that is capable of maintaining an acceptable performance despite the occurrence
of faults is called Fault Tolerant Control (FTC). It is known that certain type of thruster faults
can be modelled in an additive form, i.e. as matched disturbances. From this premise, the work
in this thesis proposes a solution that consists of Generalized Super-Twisting Algorithm (GSTA)
with an anti-windup strategy and a nonlinear observer. The main reason of employing a GSTA is
because it offers more robustness against state dependent perturbations (sloshing phenomena and
flexible modes) than the STA. In addition, with the help of the anti-windup strategy, the control
law does not saturate the thrusters. The proposed solution does not assume the existence of a
Fault Detection and Identification (FDI) unit, i.e. the system is not aware of the occurrence of
a fault. Therefore, the CA unit does not play an active role in the proposed FTC solution. The
considered faults are stuck open and stuck close thruster. The capability of the proposed solution
to compensate against both types of faults, is shown with simulations in the high-fidelity non-linear
benchmark.

Finally, considering that the accuracy of the control solution depends on the model, the proposed
FTC solution is based on a coupled model. This model is expressed in Dual Quaternion formalism,
which is the combination of dual numbers and quaternions. Dual quaternions have similar prop-
erties to quaternions and this allows to extend the control techniques applied to quaternions into
dual quaternions.
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Resumé en Francais

R.1 Contexte

Le travail de recherche présenté dans ce mémoire de these, résulte d’une collaboration initiée il
y a une dixaine d’année, entre ’équipe ARIA (Approche Robuste et Intégrée de 1’Automatique)
du laboratoire IMS (Intégration du Matériau au Systeme) de 'université de Bordeaux et L’IPN
(Instituto Politecnico Nacional) de Mexico. Les travaux menés au sein de cette collaboration visent
a développer de nouvelles méthodes de commande tolérante aux fautes, basées sur les techniques
de commande par modes glissants.

Beaucoup de futures missions spatiales requerront des opérations de proximité autonomes dans
lesquelles la détection des défauts, la localisation et les mesures de tolérance des défauts qui en
découlent, sont d’une importance cruciale. Les missions de rendez-vous et d’amarrage/capture,
comme pour la mission Mars Sample Return (MSR), le Project for On-Board Autonomy No.3
(PROBA 3) ou encore la mission e.Deorbit qui vise a capturer en orbite, le satelitte mort EN-
VISAT, sont aussi intrinsequement liés aux conditions de fonctionnement et a la sécurité des engins
spatiaux. Les rendez-vous autonomes et les tolérances de défauts ont été reconnus par ’ESA comme
un élément clé des futures missions spatiales, ce qui nécessitera un systeme de Guidage Navigation
Control (GNC) hautement sophistiqué. Cette thése porte sur la conception et la validation d’un
systeme de commande de tolérance de défauts actif, capable d’accommoder des défauts de tuyére
qui affectent un vaisseau spatial chasseur lors d’un rendez-vous avec un vaisseau spatial cible passif
sur une orbite circulaire. Les méthodologies proposées sont développées dans un contexte modes
glissants.

Nous présentons donc dans les paragraphes suivant, les résultats importants des contributions de
nos travaux de recherche.

R.2 Description de la mission spatiale support de nos travaux

La mission spatiale support de nos travaux de recherche, est une mission de rendez-vous entre
deux engins spatiaux, en orbite terrestre, circulaire. La problématique abordée, se concentre sur la
séquence terminale du rendez-vous de la mission, qui correspond aux derniers cent metres, jusqu’a
la capture.

L’un des engins (la cible) est un véhicule spatial considéré sphérique, sans aucun systéme embarqué,
c’est & dire qu’il n’est pas équipé ni de capteurs, ni d’actionneurs, ni de systéme de télémétrie
embarqué. A l'inverse, le deuxiéme (le chasseur) est équipé de systémes embarqués lui permettant
de controler son attitude et sa position, et donc d’effectuer n’importe quelle trajectoire dans I’espace
et mouvements de rotation. Le mécanisme de capture est un panier avec une ouverture cylindrique,
adaptée a la géométrie sphérique de la cible. Il est orienté selon ’axe de déplacement du chasseur.
L’objectif est de réaliser la capture avec une précision inférieure a quelques centimetres. Le chasseur
est supposé équipé:

xi



e d’un panneau solaire & deux modes flexibles, localisés a 0.1rad/s et 0.5rad/s, chaque mode
ayant un facteur d’amortissement de 0.003;

e de deux réservoirs de carburant, partiellement remplis, de telle sorte que tout mouvement
du chasseur produit des phénomenes de ballottement du carburant, dont les fréquences sont
supposées localisées a 0.4rad/s, 0.8rad/s et 1rad/s, avec un facteur d’amortissement fixé a
0.1.

Les données relatives aux parametres physiques de la mission, sont données dans le tableau 1.

Sous-systemes | Parametres
MCI | Masse: m = 300kg

30 1 1
Inertie: J = |1 40 1 |kgm?
1 1 15

CoM (centre de masse): [1.5 0.2 0.15]m
Réservoir 1 | Facteur d’amortissement: 0.1

Fréquence du mode 1: 0.4rad/s
Fréquence du mode 2: 0.8rad/s
Fréquence du mode 3: 1rad/s

Masse du carburant: 10kg

Réservoir 2 | Facteur d’amortissement: 0.1

Fréquence du mode 1: 0.4rad/s
Fréquence du mode 2: 0.8rad/s
Fréquence du mode 3: 1rad/s

Masse du carburant: 20 kg

Panneau solaire | Facteur d’amortissement: 3e-3
Fréquence du mode 1: 0.1rad/s
Fréquence du mode 2: 0.5rad/s

Inertie: Jg4 =diag(10,1,10)kg m?
Masse: mga = 40kg

ACoM chasseur - SA: d=1[0 2 0Jm
Angle d’orientation des panneaux: § = 0°

36.64 O
Matrice de participation modale en rotation: Bg: 0 0.06
0 —-37
0 6.8
Matrice de participation modale en translation: Br: [—0.01 0
6.54 0

Table 1: Caractéristiques physiques du chasseur

Pendant le rendez-vous terminal, le controle d’attitude et de position du chasseur est continu, et
supposé réalisé a ’aide de tuyeres. En début de phase de rendez-vous, le guidage est modifié afin
d’aligner le mécanisme de capture avec la cible (profil de guidage d’attitude correspondant a la
phase dite d’acquisition de la cible). Puis, la position est contrélée afin de se rapprocher de la cible,
le long de son axe de vitesse (profil de guidage en translation relative dit translation forcée), tout
en maintenant 'attitude du chasseur alignée avec la cible.

La figure 1 illustre les trajectoires du chasseur et de la cible, autour de la terre, ainsi que la
trajectoire de rendez-vous. Les figures présentées sont tirées du simulateur haute-fidélité utilisé
dans nos travaux de these. Le tableau 2 donne les parametres orbitaux caractérisant la trajectoire



de rendez-vous.
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Figure 1: Mission spatiale considérée dans les travaux de these

Parametres orbitaux: Cible Chasseur
Rayon orbital (a) 7068km 7068km
Excentricité (e) 0 0
Inclinaison (7) Orad Orad

Longitude du
neceud ascendant (£2)
Argument du périgée (w) Orad Orad
Anomalie vraie (v: ¥ =n) v(0)=1,5.10"5rad v(0) = Orad

Orad Orad

Table 2: Caractéristiques de 'orbite de rendez-vous

Niveau systeme de mesure, le chasseur est supposé équipé d’une centrale inertielle IMU (Inertial
Measurement Units) et d’un viseur d’étoiles, de telle sorte que 'on suppose que tout I’état en
attitude (position angulaire, vitesse angulaire et accélération angulaire) est accessible, via un mod-
ule de navigation. On suppose également que le chasseur est équipé d’un systeme de mesure de
type LIDAR, de telle sorte que tout 1’état en position relative (position relative, vitesse relative et
accélaration relative) est supposé accessible, via un module de navigation. Les modules de naviga-
tion étant pratiquement composés d’estimateurs, ces mesures ne peuvent étre considérées parfaites.
Aussi, les caractéristiques suivantes sont-elles considérées:

e des précisions de 0.1deg, 0.01deg/s et 0.01deg/s? sont considérées pour les mesures d’attitude,

de vitesse angulaire et d’accélération angulaire, selon les trois axes;

e des précisions de 2mm, 0.2mm/s et 0.2mm/s? sont considérées pour les positions relatives



3D, les vitesses relatives 3D et les accélérations relatives 3D.

Au niveau du systeme d’actionneurs, deux jeux de tuyeres différents sont considérés dans nos
travaux de these.

e Dans un premier temps, on considere un jeu de 12 tuyeres de 4N, disposées et orientées
comme illustré sur la figure 2 de gauche. Cette configuration de tuyeres est utilisée dans les
travaux présentés dans le chapitre 3.

e Une étude de capacité de tolérance aux pannes sur la configuration 12 tuyeres, montre que
cette configuration ne permet pas d’atteindre les objectifs de tolérance aux pannes, voir
chapitre 4. Cette problématique est connue sous la terminologie ”fault recoverability property”.
Ainsi, dans un deuxiéme temps, on considére un jeu de 24 tuyéres de 2N, disposées et orientées
comme illustré sur la figure 2 de droite.

—THR (opposite direction) ——==THR (opposite)
O CoG _a CoG

Figure 2: Configurations des tuyeres utilisées dans le chapitre 3 (gauche) et 4 (droite)

La mission complete avec toutes les caractéristiques précédemment explicitées, est implantée dans
un simulateur haute-fidélité appelé FES (Functional Engineering Simulator), développé sous Mat-
lab/Simulink. FES est un acronyme utilisé dans 'industrie du spatial pour désigner un simulateur
trés haute-fidélité, permettant de jouer (et donc de valider en simulation), une mission spatiale
complete. C’est une phase cruciale dans le développement d’une mission spatiale, car elle précede
la mission réelle. Un environnement FES est utilisé pour déterminer les spécifications de mis-
sion, dimensionner les engins spatiaux, vérifier les performances des systemes et sous-systemes, etc.
L’environnement FES utilisé prend en compte les perturbations spatiales les plus dimensionnantes,
telles que le deuxieme harmonique zonale J2, la trainée atmosphérique, le champ magnétique ter-
restre, le gradient de gravité terrestre, la pression solaire et albédo-terrestre.

La phase terminale du rendez-vous est tres critique, car toute défaillance pourrait conduire & un
échec de la mission. Il est évident, que si, par exemple, une défaillance ouvrant entierement une
tuyere se produit (une tuyere coincée en position entierement ouverte), des conséquences drama-
tiques peuvent survenir. Les lois de controle peuvent devenir instables, ce qui peut alors conduire le
chasseur a perdre I'attitude et/ou la position de la cible, ou pire entrer en collision avec la cible. Le
probleme devient particulierement critique au cours des 20 derniers metres de la phase de rendez-
vous.

L’objectif des travaux de recherche présentés dans ce mémoire, vise a apporter des solutions a cette
problématique.



R.3 Commande placée dans une configuration backstepping

La premiere contribution de nos travaux de these est abordée dans le chapitre 3. Nous y présentons
une approche de commande par modes glissants, placée dans une configuration dite de ”boucles
imbriquées”, connue sous le terme ”backstepping”. L’objectif visé est de synthétiser les lois de
controle d’attitude et de mouvement relatif du chasseur, de fagon a satisfaire aux spécifications
de la mission de rendez-vous. Il est important de souligner ici que la partie tolérance aux fautes
n’est pas abordée, et que le module de navigation est supposé délivré des mesures parfaites (pas de
d’erreur de mesures). Ces hypotheses sont relaxées dans le chapitre 4.

R.3.1 Modélisation

Dans ce chapitre, la dynamique de translation relative est exprimée a l'aide des équations de
Clohessy-Wiltshire, aussi appelées équations de Hill [Wie98, MG12]. Ces équations sont basées
sur I’hypothese que la distance relative entre les deux engins est tres petite devant ’orbite, ce qui
est réaliste pratiquement. Ces équations sont données dans un repére particulier appelé le repere
LVLH (Local Vertical Local Horizontal), identifié par la notation vectorielle o) (voir paragraphe
3.1 pour la définition de ce repere). Le modele est donné par

0 0 0 1 0 0
0 0 0 0 1 0
,[) o 0 0 0 0 0 1 P 03 i 0] 0)
[p]_ 322 0 0 0 20 0| |p| ) GFe T )
0 0 0 —2n 0 O
0 0 —n2 0 0 0

ot p € R3 et p € R3 représentent les distances et vitesses relatives tridimensionnelles entre les deux
véhicules, dans le repere LVLH. Fqgl) € R3 représente le vecteur de forces tridimensionnelles causé
par le systéme de tuyeres (systéme de propulsion). ’yf,l) représente une accélération tridimension-
nelle généralisée qui modélise les accélérations sous forme additive, des modes souples du panneau
solaire, des ballottements du carburant et des perturbations spatiales, i.e. le deuxieme harmonique
zonale J2, la trainée atmosphérique, le champ magnétique terrestre, le gradient de gravité ter-
restre, la pression solaire et albédo-terrestre. m est la masse totale du chasseur et n = \/ﬁa?’ ou

p = 3.9860044.1014m3 /s? est la constante gravitationnelle de la Terre.

Le modele dynamique d’attitude est déduit de la seconde loi de Newton, exprimée dans le repere
chasseur (on parle de repere “body”, identifiée par la notation vectorielle o(®) ) et linéarisée autour
d’une attitude et d’une vitesse angulaire de référence nulle, soit:

S)=lo s ] [2 ] Jememe ®

O € R? et w € R? représentent 'attitude et la vitesse angulaire du chasseur. qub) € R3 représente
le vecteur de couples tridimensionnelles causé par le systeme de propulsion et Tv(b) représente un
couple tridimensionnel généralisé qui modélise les couples de perturbations sous forme additive, des
modes souples du panneau solaire, des ballottements du carburant et des perturbations spatiales.

Dans cette partie de nos travaux, le couplage entre les modeles d’attitude et de position relative,
provient du systéme de propulsion illustré sur la figure 2 de gauche, puisque la commande des
tuyeres up génere simultanément les forces FY = R}”(@)Fél) et les couples T, Ici, Rl(b)(@)
est la matrice de changement de repeére o) — ¢ On montre en effet dans nos travaux que la



commande up des 12 tuyeres est liée a Fng) et qub) par la relation mathématique

l l
Fzgl) = 'R,l())(@)Flgb) = R[())(@)[Rfl - 'Rflz]uT

=R} (@)Rjuy )
Téb) :[R‘rl . RTlQ]uT = ]_:{,.,-'U,T7 R = |:R;r_ R}i| T (4)

ou les colonnes de R sont les coefficients de participation des tuyeres, qui définissent comment
chaque tuyere affecte chaque composante des vecteurs Fng) et qub) . Dans cette équation, Rl()l)((-))
est la matrice de changement de repere o®) — o). Inverser cette équation & chaque instant ¢,
permet de calculer la commande ur(t) des 12 tuyeres, connaissant FY (t) et T (t). On parle de
module d’allocation, noté CA pour Control Allocation. Dans nos travaux, ce probleme est posé
comme le probleme d’optimisation suivant:

W= argmin  [WiRuO () - v,)
ll&b) Gu:{uiz) OSU‘(:I]? Sukmaz}

()

‘ p

v, est le torseur des couples/forces de commande et ugmq, = 4N est la valeur max de poussée des
tuyeres.
R.3.2 Solution de commande par modes glissants et backstepping

On montre alors que les modeles (1) et (2) admettent la forme générique suivante dite commandable
par bloc [DILU90]:

T1 =A121 + Bixo (6)
Ty =A% + Bixit1 (7)
&y =A T + Br(u+0) (8)
avec i = 2,7 — 1. x = [z],z),... 2]]T € R", u € R™ et v € R™ font référence a I'état, a la
commande et aux entrées de perturbations, associés aux modeles (1) et (2). T; est défini tel que
z; = [z],2),...,2]]T,2; € R™ ou n; = rank(B;), >.._;n; = n. Le sous-systeme (6)-(7) pour

i = 2,7 — 1 représente la dynamique sous-actionnée du systéme et (8) corresponds a la dynamique
actionnée. Ainsi, z, € R™. Les matrices A4;, B; sont déduites de (1) et (2).

Sous certaines hypotheéses, notamment sous I’hypothése de bornitude des perturbations au sens
loo, on montre que la structure de commande par backstepping (boucles imbriquées récursives)
et modes glissants (termes u; et w,,) illustrée sur la figure 3, permet de résoudre le probleme de
controle en attitude et en position relative du chasseur.

Nonlinear
Dynamics T

u
CA R

Tic

— eiﬂl
o

1'1 1’2

v
u

Figure 3: Commande par backstepping et modes glissants

Deux types de commande par modes glissants sont alors proposés:



)

Une commande par mode glissant du premier ordre. L’approche proposée se résume en la
succession des étapes suivantes.

Step 1. Soit 'erreur de consigne e;, = x1. — x1. On utilise 3 comme commande virtuelle
telle que x5 := €1 ol
g1 = BI(lec — Alxl — Alexl) (9)

ot A; < 0 permet de fixer les performances de suivi de trajectoire. BZT = B](B;B] )1 est
I'inverse a droite de la matrice B;.

Step i, i = 2,r — 1. Soit l'erreur e,, = ¢,_1 — z; et la commande virtuelle
g = BZ(&,l — Alfl — Aiexi—}—BiT_lexFl) (10)

onAd; <0,i=2r—1.

Step r. Soit la surface de glissement e,, = ¢,_1 — z, et la commande

u=Bl(¢,_1 — AT, +B]_jes, ;) —un (11)

~~
uy

ol u, € R™ est la partie non linéaire de la commande par modes glissants du premier ordre,
définie telle que
n = arsign(es, ) (12)

On montre alors a l’aide de la théorie de Lyapunov, que cette commande est stable et rejette
les perturbations considérées. Malheureusement, ce type de solution conduit a un effet de
broutement du signal de commande (dit ”chattering”), effet bien connu de la communauté
de la commande par mode glissant.

Pour palier le probleme de broutement du signal de commande, nous proposons une solution
basée sur 'algorithme Super-Twisting (STA). Cette solution consiste & définir la commande
uy, dans la riéme étape précédente, de la fagon suivante:

t
un, = Kq¥1 + KQ/ Uodr (13)

to

ou les matrices K; = diag(ki1,...kim), Ko = diag(kai, ... kom), ¥1 = diag(¥i1,...,%1m) et
U, = diag(Way, . . ., Way,) vérifient

1 . . .
wlj = ’ea:rj |§ Slgn(eij )7 WQ]' = Slgn(ezrj )7.7 =1,m (14)

k‘gj > Sj, klj >/ kgj —i—gj, j=1m (15)

On montre alors a 'aide d’un théoréme, que cette commande est stable et rejette les per-
turbations considérées, assurant de facto le suivi des trajectoires de référence. Le théoreme
établit également les conditions que doivent satisfaire les constantes Sj, j = 1,m, voir chapitre
3 pour de plus amples détails.

et



R.3.3 Résultats de simulation

Les deux types de commande par modes glissants sont implantés dans le simulateur FES. Nous ne

présentons ici que les résultats les plus pertinents, qui correspondent & ceux obtenus avec la loi de
commande STA, voir figures 4 et 5.
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Figure 4: Attitudes et positions relatives selon les 3 axes z,y, z

Les résultats obtenus montrent que les profils d’attitude et de position relative, sont suivis par le
chasseur avec des erreurs d’asservissement faibles, et ce malgré la présence des modes souples du
panneau solaire, du ballottement du carburant dans les deux réservoirs et des perturbations spa-
tiales que sont le deuxieme harmonique zonale J2, la trainée atmosphérique, le champ magnétique
terrestre, le gradient de gravité terrestre, la pression solaire et albédo-terrestre. De plus, la figure

5 de droite, montre des signaux de commande des tuyeres dans leur plage de fonctionnement non
saturé.

Les résultats obtenus illustrent donc que la solution de contrdle/commande proposée, permet de
satisfaire aux objectifs de rendez-vous et de capture de la cible. Ces résultats sont confirmés par la
représentation des mouvements du chasseur dans le corridor de rendez-vous, donnés sur la figure 6.
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Figure 5: Erreurs d’asservissement et commande des tuyéres

R.4 Commande tolérante aux fautes basée sur I’algorithme GSTA

La deuxieme contribution de nos travaux de these est abordée dans le chapitre 4. Les résultats
établis au chapitre 3 sont étendus au cas de la problématique de tolérance aux fautes, les défauts
considérés étant ceux du systeme de propulsion par tuyeres. Une solution est alors proposée sur la
base des modes glissants du second ordre. L’élément clé de la démarche réside dans la modélisation
des défauts actionneurs, qui sont exprimés comme des perturbations d’entrées, conjointement avec
les perturbations spatiales, comme des perturbations d’état qui dépendent de I’état. En d’autres
termes, et contrairement a ’approche précédente, les perturbations ne sont pas approximées. La
démarche méthodologique vise alors a proposer une solution de commande tolérante aux fautes,
basée sur 'algorithme ” Generalized STA” (noté GSTA), placé en boucle externe de compensation de
défauts utilisant un estimateur de défauts non linéaire. Le probleme de saturation des actionneurs
est également abordé et une solution basée sur la géométrie polytopique, est proposée. L’élément
clé de ’approche tolérante aux pannes est que la solution ne nécessite pas de diagnostiquer les
fautes et donc n’utilise pas d’algorithme de détection et de localisation de défauts.

R.4.1 Modélisation par I’algebre du quaternion dual

Dans ce chapitre, les dynamiques de translation relative et de d’attitude du chasseur sont établies
a l'aide du formalisme du quaternion dual, qui permet de tenir compte des effets de couplage
[C1i82, Stu91, GV16]. Nous utilisons la notation @ = a, + cag, & # 0,2 = 0 pour un nombre dual,
ar € R et ag € R étant la partie réelle et la partie duale du nombre dual. € est le nombre dual
unitaire [Cli82, Stu91].

La solution développée est une solution dite a six degrés de libertés (approche 6-DOF). Nous
montrons ainsi que les équations suivantes, exprimées dans le repére chasseur noté (¢, permettent
de modéliser entidrement la mission de rendez-vous (la notation () indique un vecteur dans le
repere cible): .

d = 5a, 00 (16)

( OxMowl?)+ Mo ff) —a o oq, +@ x (qow”oq,) (17)

o) =_M1o (GJ



Figure 6: Mission de rendez-vous et de capture

Dans ces équations, qe,wéc),a,ﬁc),@f) et fgtc ) représentent le quaternion dual des mouvements

relatifs entre les deux véhicules, la vitesse de rotation duale relative, la vitesse de rotation duale
du chasseur, la vitesse de rotation duale de la cible et la force duale totale, respectivement. M est
la matrice d’inertie duale définie telle que [WLS"12]

d
M=m—I3+¢eJ

de
md% +edpa edyy eJuz (18)
= ey md% + edyy dsJyz
eJys edyz my + eJ,

On montre alors que, compte tenu des caractéristiques particulieres géométriques de la cible et du
mécanisme de capture, ces équations se simplifient sous la forme:

ctyq

wle) = g1 <w£c) X Jwéc)) +J7t (TC(S) +r9 4 TC(;)) (19)
qui traduit la dynamique de rotation du chasseur, et

(C) f(C) f(C)
’i;éc) — —w£6) % ,f.gc) _ wéc) % wéc) % ,’,éc) + Cu 4 cty n ¢y
m m m

() _ (o

tel que we’ = w¢’, pour la dynamique de translation relative. Tc(f),ﬂ'c(fd),rc(]f) représentent les

couples générés par le systeme de propulsion, les perturbations spatiales et les défauts actionneurs

(20)

c 1772 . C c C s 4 N
considérés, respectivement. fc(u), f§t37 fc( f) représentent les forces générées par le systéeme de propul-
sion, les perturbations spatiales et les défauts actionneurs considérés, respectivement.

Dans cette partie, les couples et forces de propulsion sont modélisés comme dans le chapitre 3, soit
via la distribution d’une matrice de configuration des tuyeres R, i.e.

()
Te (0| _ [Br] @) = Ru® 624
[ c(i)(t)] - |:Rf:| c (t) R c (t)7 ReR (21)

A Tinverse, les perturbations spatiales ainsi que les modes du panneau solaire et des ballottements
du carburant, sont eux modélisés de facon mathématique, et on montre que le modele obtenu,
conduit a des couples et des forces qui dépendent de ’état, voir chapitre 4 pour de plus amples



détails.

Les défauts considérés sont de type “embardée a vitesse maximale vers la position completement
ouverte ou fermée” des tuyeres. Inspirés des travaux [Hen08, HCT'19], nous montrons que ce type
de défauts peut étre mathématiquement exprimé de la fagon suivante

| max{ug(t),1} tuyere ouverte
Pk(t) = { 0 tuyere fermée (22)

ou uy fait référence a la commande en poussée de la kiéme tuyere. 1l vient alors que l'effet de ces
2N
[ ]

défauts peut étre modélisé de fagon multiplicative, tel que (la notation souligne le cas défaillant)
ﬂE‘,? (t) = (Iog — ¥(t)) u(t) (23)

ou ¥ (t) = diag (P1(t), ..., ¢24(t)), 0 < Yy(t) <1,k = 1,24 étant inconnu. 1, est donné par

Gt = 0 si non défaillant (24)
S T ¢k(t)/u£i) (t) si défaillant
Ainsi, &((;?(t) n’est rien d’autre que la poussée réelle de la ki¢me tuyere, a chaque instant ¢, qui est

bien évidemment inconnue.

Nous montrons alors qu’il est possible d’approximer ces équations sous forme additive, ce qui

conduit & exprimer les couples Tc(;) (t) et les forces fc(;) (t) a laide des équations suivantes

’T(C) (t) 24
h@J:;mmw (25)

ou fi désigne la signature du kiéme défaut, Kj étant sa matrice de répartition qui se déduit de R.

R.4.2 Solution de commande tolérante aux fautes

La solution de controle tolérant aux fautes qui est proposée dans nos travaux de these, est illustrée
sur la figure 7.

Al e o)
Qe Windup d
,',.(C) J qc
Ti» i Nonlinear w!®
SMC > :l 70(5) Dynamics >
—> = CA > R >
_I frre ue
2(c)
f <
Observer |
Figure 7: Control setup
La structure proposée consiste en une commande donnée par:
Fde=F9 - FO = £ - F9 te(rld) - +0) (26)
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(c)

ou fs(ﬁﬁ)b et Tsm sont calculés a l'aide de l'algorithme GSTA. Les signaux F© et 79 sont des esti-
mations des parties réelle et duale des forces duales correspondantes aux perturbations spatiales et
aux défauts. Due a le présence des saturations des tuyeres, un systeme ”anti-windup” est ajouté a
la loi de commande.

La solution proposée repose donc sur la conjonction de trois sous-systemes:

)

La partie estimation des parties réelle et duale des forces duales correspondantes aux per-
turbations spatiales et aux défauts. Cette derniere est réalisée a 'aide des estimateurs non
linéaires suivant

#O) = J (wﬁc) - &éc)) = 7o) + 7 — 7 (27)
£ = (0 29) = £ 1 50 1. 2

la partie gauche des égalités représentant la forme de calcul, et la partie droite, la forme
d’évaluation. Ces équations montrent que ces estimations ne sont pas parfaites et qu’elles
sont donc entachées des erreurs 74 et fa.

La boucle de commande par modes glissants GSTA, dont I'objectif sera de suivre les trajec-

toires d’attitude et de position relative de référence g.f(t) et rf,?f(t), tout en rejetant les

termes d’erreurs 74 et fa.

Sous certaines hypotheses de bornitude relatives a 74 et fa, nous montrons dans nos travaux
de these, que la structure suivante de I'algorithme GSTA permet de résoudre le probleme:

1 t
ol =7 (= [ @)l + (@ x ol | ~andntsn) — aur [ ourto (i)
(29)
t
£ =m (-Ff — K7 — o pip(sy) —a2f/0 ¢2f(3f(x))dx> (30)
avec F, = —J1 (wff) X J wﬁc)), Fy = —wﬁc) X 7"((30) — wﬁ"’) X wéc) X rff).

s . (& (& (& ’ .
Dans ces équations, q. = q, Foq. et ré ) = r£ e)f —ré ) représentent les erreurs d’asservissement

en attitude et en position relative. (q.)s et (q.), sont les parties scalaires et vectorielles du
quaternion q, , tels que

(@), = — (@]l (31)
(@), = 5 [(@), @ + (@), x wl (32)

$1j(sj) = |8;1Y/%+8;s; and ¢o;(s;) = |5;1°+38;[s;] 1/2+,3]2~s sont des matrices diagonales,
ot |17 = |s;|9sign (s;), pour j € {7, f}. Kj,c;j,3; € R3,i=1,2, j € {r, f} sont des gains
matriciels & déterminer, dont le choix permet de fixer les performances de la loi de commande.
s; and sy sont les surfaces de glissement définies telles que:

s =wl + K. (q), (33)

sp = 7 - Kl (34)

On montre alors a ’aide d’un théoreme, que cette commande est stable et rejette les per-
turbations considérées, assurant de facto le suivi des trajectoires des références g.f(t) et

rﬁz)f(t) Le théoreme établit également les conditions que doivent satisfaire les parametres
Kj, a5, 85 € R%i=1,2, je{r, f}.



3) La solution ”anti-windup” proposée repose sur l'utilisation de coefficients de forme e*%, X\ < 0,
qui sont introduits dans la loi de commande comme suit:

i =7 <‘F — B (@) + (a.), x wﬁc)H — curdir(sy)
. (35)
s, diag(47) / ¢27<sT<x>>dx)

t
F5) =m (= Fy = K7l — auseg(sy) —adiag(e* ) /0 ¢2f(8f(x))dx) i=13 (36)

Sachant qu’en fonctionnement non saturé, les couples et forces engendrés par le systeme de
propulsion évoluent dans des polytopes IT; et Iy respectivement, 'idée consiste a déterminer
si les signaux de commande T}CF}C et/ou fl(pc%c définissent des vecteurs appartenant ou non,

aux polytopes associés. Si le vecteur couple et/ou le vecteur force n’appartient pas a son
polytope associé, on cherche alors le vecteur couple TO(C) et/ou force féc) appartenant au
polytope, le plus proche au sens des moindres carrés. On montre alors que ce probleme se
pose comme le probleme d’optimisation suivant:

(c) (c)
2

IIl(iI)l HTFTC -7 s.t. TO(C) e Il
‘l'oc

miCnH fire =57, st £7 e (37)

759

La figure 8 illustre I’approche proposée.
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Figure 8: Principe du systéme ”anti-windup”

Les termes Ay, A, i = 1,3 sont alors déterminés tels que
Ar = 7'1(?6%0 - T(gc) A= fvc%c - f(gc) (38)
AT = Vec(An-), Af = VGC(AfZ'), Aﬂ‘ > 0,, Afl > 0 2= 1,73

Ainsi, avec A < 0, lorsque A;; et/ou Ay; sont grands , erri et /ou e sont proches de
zéro, ce qui annule le terme intégral dans la commande GSTA, responsable du probleme
d’instabilité 1lié a la saturation des commandes des tuyeres. A contrario, si la commande ne
sature pas, TO(C) = Tl(f}c et féc) = fl(;c%c. Alors les termes e*37 et i § = 1,3 sont égaux
a 1, et les termes intégrales de la commande GSTA opéerent normalement, malgré la présence
de défauts tuyeres.



R.4.3 Résultats de simulation

La loi de commande tolérante aux fautes développée, est implantée dans le simulateur FES. Nous
présentons figure 9 les résultats obtenus, dans le cas d’un défaut ”tuyere ouverte” pour la tuyere
n. 1. Le défaut est injecté dans le systéeme de propulsion a l'instant t = 40s et est maintenu durant

toute la durée de la simulation. Les figures présentent, de haut gauche a bas droite, 'attitude du
chasseur et I'erreur d’asservissement associée, la position relative dans le repere LVLH et I'erreur

d’asservissement associée, la force duale fl(mc%c(t) , la commande des tuyeres ul (t), Vestimée f(©)
et la commande délivrée par le controleur GSTA.

Relative position (LVLH frame)
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Figure 9: THR 1. Tuyere ouverte: a) Attitude du chasseur et erreur - b) Position relative dans le repére

LVLH et erreur - ¢) force duales féc%c - d) commandes des tuyeres uld - e) force duale estimatée f (©) - f)

commande du controleur GSTA fs(f,z

Une campagne de simulation est finalement réalisée a ’'aide du FES. Les deux types de défaut
(tuyere ouverte et tuyere fermée) sont injectés a chacune des 24 tuyeres. Un total de 49 simu-
lations (1 en fonctionnement normal et 48 en fonctionnement défaillant), est donc joué. Afin de



mesurer les performances obtenus, des criteres orientés mission tels que ’alignement du systéme de
capture versus la cible au point de capture, la position du chasseur dans le corridor de rendez-vous,
les vitesses latérales et longitudinales du chasseur au point de contact, 'attitude et la vitesse de
rotation du chasseur au point de contact, sont calculés puis reportés sur la figure ?7. Les résultats
obtenus illustrent le potentiel de la solution développée, puisque les résultats montrent que dans
chaque cas, la mission spatiale est un succes, malgré la présence d’un actionneur hors service.
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| Introduction

Nowadays, control systems can be found everywhere around us. With the advance of technology,
their reliability and complexity has increased. As a consequence, many critical systems are super-
vised by control systems. A critical system is required to be safe and reliable, given that human lives
depend on it. This is achieved by designing a controller which considers the possible occurrence of
faults. A control that is capable of maintaining an acceptable system’s performance is called Fault
Tolerant Control (FTC). Different control design approaches have been applied for FTC purposes,
an extensive study can be found in [JY12a, YJ15]. This work explores the capabilities of a specific
control design approach called Sliding Mode Control (SMC). SMC has gained attention due to its
robustness properties against matched disturbances, i.e disturbances that act in the control input
channel. Given that some actuator faults can be modelled as matched disturbances, SMC has gained
attention in the FTC community, see for example [FALCH"15, AET11, AE08, RKFZ15, EAH18].

1.1 Context and motivation

With the current advance in space exploration, different missions involve the use of multiple space-
craft, also known as Satellite Formation Flying (SFF). This approach has gained popularity given
that it is cost and time effective. Some space missions that use or consider SFF are New Millennium
Program [FNG96, BBF 97|, specifically for Earth Observing-1 mission developed by the National
Aeronautics and Space Administration (NASA) and Cluster [Rou98], Orion [HTW 98] and Laser
Interferometer Space Antenna (LISA) [Fol01] missions, developed by the European Space Agency
(ESA). Besides maintaining the formation between vehicles, SFF may implicate rendezvous between
two spacecraft. Rendezvous is defined in [Feh03] as a series of orbital maneuvers and controlled
trajectories, which successively bring the active vehicle (chaser) into the vicinity of, and eventually
into contact with the passive vehicle (target). In this work, it is considered that the rendezvous
mission consists of two phases: the acquisition phase, where the chaser aligns with the target and
the rendezvous phase, where the chaser translates to approach towards the target. The importance
of the rendezvous mission relies on the different applications it may have, for instance for debris
removal or on-orbit servicing.

Rendezvous between spacecraft was first done manually between the Gemini spacecraft and the
unmanned Agena target vehicle, in 1966. The first automatic rendezvous then took place in 1967
between two Soviet spacecraft, Cosmos 186 and Cosmos 188. Several others followed after, mainly
within american (US) and soviet (Russia) space programs like Apollo, Soyuz, Skylab, Salyute
and Mir [Ank10]. Recently, ESA developed the unmanned Automated Transfer Vehicle (ATV)
to re-supply the International Space Station (ISS); Hyperspectral PRecursor of the Application
Mission (PRISMA) serves for on-orbit guidance testing of SFF and spacecraft rendezvous [ESA];
and docking between Northrop Grumman’s satellite and an Intelsat communications [Nor].
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Challenges in rendezvous mission

The success of the rendezvous mission depends on the control algorithm employed. Its robustness,
defines the degree of autonomy that the spacecraft can have. Same level of importance relies on
the development of accurate dynamic models, given that the control algorithm is designed based
on it. A dynamic and kinematic model that accurately includes the characteristics of the system
while having a reasonable level of complexity, is desired.

In this work, the rendezvous mission studied is performed in a circular orbit. In addition, in
accordance with the definition given in [Feh03], the chaser refers to the active vehicle (equipped with
sensors, actuators and a Guidance and Navigation Control (GNC) unit) while the target represents
the passive vehicle (no sensor or actuator). Specifically, the sensors equipped in the chaser are a
Light Detection and Ranging (LIDAR) which provides relative positions and velocities, an Inertial
Measurement Unit (IMU) and a Star Tracker. With regards to actuators, it is first considered that
the chaser is equipped with 12 thrusters of 4 N for both attitude and position control. It is assumed
a perfect navigation unit, i.e. all measurements are assumed to be noise free. Then, a new thruster
structure is proposed for FTC purposes which consists of 24 thrusters of 2N. For this scenario,
noise is taken into account in the navigation unit. Finally, the target is always considered to be a
sphere.

Relative Models

Along this manuscript, relative motion is referred to the description of the chaser’s state with re-
spect to the target. Different approaches can be found in literature for the description of the 3
degrees of freedom (DoF) relative translational model. The work developed in [CW60], presented
the first linear relative model for spacecraft rendezvous in circular orbit. This result was later
extended to elliptical orbits and nonlinear models, see for example [Law63, CH87, YA02].

With regard to the attitude model, different researchers like Euler, Jacobi, Hamilton, Cayley, Klein,
Rodrigues and Gibbs, devoted their work towards establishing the 3DoF rigid body orientation de-
scription [JSO01]. In addition, there exist many parameters that can be employed for describing
the orientation of a body, for instance Euler angles, Rodrigues Parameters, Rotation Matrices,
quaternions, Direction Cosine Matrix (DCM), among others.

The works mentioned above, described the general motion of a rigid body in space in terms of a
translation and a rotation, around the Center of Mass (CoM) of the body. In other words, their
description of relative motion of a body is composed of the relative translational and rotational
dynamics of arbitrary points on the body. When one of these points does not coincide with the
CoM of the body, a kinematic coupling between the rotational and translational dynamics of these
points is obtained. This coupling effect is independent of external perturbation, unlike the coupling
effect induced by gravity torques [SG09]. For the case of two spacecraft in proximity, this effect is
accentuated as the distance between them is reduced. Thus, in order to develop a controller with
a higher degree of accuracy, both motions have to be model at the same time, i.e. a coupled model
(6DoF) is needed.

On-orbit thruster failures

A fault occurrence during close proximity maneuvers like rendezvous, may threaten the success of
the mission. Depending on the location and type of the fault, system’s performance can be affected
in different degrees of severity. Based on the study presented in [SBD18], thruster faults account
for the largest percentage of failures in orbit. A summary of the causes of launch vehicle failures
from 1980-2016 is shown in Figure 1.1.
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Figure 1.1: Causes of launch vehicle failures on systems 1980-2016 (adapted from [SBD18])

In addition, according to [Jia05], FTC is mainly concerned about dealing against actuator faults,
given that they affect the system’s behaviour directly. In this work, the occurrence of a thruster
fault is considered. It is assumed that only one thruster fails at a time. Furthermore, the faults
considered are a thruster open at its maximum value and a completely closed thruster. Several
effects are possible in the case when the controller is incapable of compensating it. These faults can
cause instability in the spacecraft, a collision against the target, lost of sight of the target, among
others. Such faulty scenario can not be diagnosed by ground control given that other problems
with regards to communication, arise. Thus, this motivates the study of control strategies that can
cope against faults, specifically against thruster faults.

1.2 Approach and objectives

As mentioned before, the motivation for studying FTC methods is to increase the reliability and
robustness of a critical system. The redundancy of components is the key element for FTC. In
literature, different approaches for FTC purposes can be found, which can be classified in active
or passive approaches. Passive approaches exploit the robustness properties of a specific controller,
and thus, the type of faults that can be compensated is limited. On the other hand, active ap-
proaches can compensate a wider class of faults given that they reconfigure the controller based
on the fault detected. This means, that there exists an interaction between the controller and the
Fault Detection and Isolation (FDI) unit. As a consequence, is harder to guarantee stability of
the closed-loop system given that any delay effect or imperfection in the FDI unit, may lead to
instability. An example of how to address this issue can be found in [CEH15, ECH13, ZWT"16].

Among the different control design approaches, sliding mode techniques are attractive for FTC
purposes due to its robustness properties against matched disturbances (i.e. disturbances that act
on the input channels) and finite-time response. In literature, both active and passive approaches,
with SMC, can be found. With regard to the active approaches, the existence of a FDI unit is
frequently assumed, see for example [HEA11, XCW15, CEAS20, CAE19a, CEA19]. Another com-
mon approach employed in FTC, which allows to compensate a wider range of faults without the
need of reconfiguration of the controller, is Control Allocation (CA) scheme. CA distributes the
control signal into the available actuators. This means that it depends on an FDI unit to know
which actuators are available. In the case study considered in this thesis, the actuators are a set
of thrusters. On the other hand, passive approaches with SMC, mostly consider the case when an
actuator can only actuate a percentage of the desired value, this is known as loss of effectiveness,
see for example [SWZP15, MNB15, LJPZ19, LP17, LP16]. Furthermore, Sliding Mode Observers
(SMO) are employed for fault estimation or detection, given that according to [ES98], SMO have
better performance under several faulty scenarios in comparison with other methods in noise-free
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environment.

In this work, the objective is to explore the capabilities of SMC for FTC purposes without the need
of a FDI unit. In addition, unlike the other passive approaches with SMC, the faults considered
along this thesis, are a thruster stuck open at its maximum value or a thruster stuck completely
closed. It is worth noting that the level of severity of a stuck open or stuck closed fault is higher
than a loss of effectiveness. In summary, the question to be answered with this research can be
written as follows: ”is it possible to compensate for a stuck open or a stuck close thruster fault,
without the knowledge of its occurrence?”.

Furthermore, the importance of the development of an accurate model is implicit, given that the
proposed solution is model-based. As mentioned above, a 6DoF model increases the accuracy of the
controller. This thesis begins with the description of two 3DoF models, which are based on classical
approaches for circular orbit, i.e. Hill-Clohessy-Wiltshire (HCW) for relative translational motion
and Newton-Euler for rotational motion. In addition, a first approach towards the development of
a robust controller is done based on these models. Then, in Chapter 4, the 6DoF model is obtained
with dual quaternions. Dual quaternions are a combination of dual numbers and quaternions, which
describe both translational and rotational dynamics in a compact form. A more detailed description
of their properties and particular algebra can be found in Chapter 4. In addition, given that they
have similar properties to quaternions, the control techniques employed for quaternions, can be
extended to dual quaternions. It is at this stage that the capabilities of SMC for FTC purposes
are explored, i.e the FTC is based on dual quaternion formalism. Although dual quaternions
are applied in different fields (robotics, image processing, navigation, computer graphics, control),
with regards to FTC, few works can be found, specifically FTC with SMC. Take for instance
[DHM16, DLJS17, GAR17] where active FTC approaches with SMC are proposed. These works are
proposed without an explicit design of FDI unit, leading to a closed-loop stability not guaranteed.
To overcome this constraint, in this manuscript, a passive technique that consists of a Generalized
Super-Twisting Algorithm (GSTA) with an anti-windup strategy is proposed for FTC purposes.

1.3 Overview of Chapter contents

This thesis comprises 5 chapters. The first chapter is the current introduction, and the content of
the following chapters is described below:

e Chapter 2 aims to be an introduction to SMC techniques. This chapter begins with the
description of the operating principle and the definition of the basic concepts. Then, the con-
trol objective is described, followed by the design procedure. Likewise, the evolution of this
control technique into different families is studied. Their respective design procedure, limi-
tations and robustness properties are highlighted. Finally, an introduction to FTC concepts,
classification and design approaches are revised.

e Chapter 3 presents the development of a SMC applied to the rendezvous mission in circular
orbit. This chapter begins with the description of the vehicles involved (i.e chaser and target)
and the phases that comprise the rendezvous mission. Then, the development of the two 3DoF
model for both dynamics, translational and rotational, is explained along with the frames
and disturbances (e.g. second zonal harmonic, J;, atmospheric drag, magnetic disturbance)
considered. Two SMC in a backstepping setup, are designed in order to guarantee the tracking
of the target despite the disturbances that affect both vehicles. The control effort computed
by the designed controller is then distributed by a CA unit. It is worth noting that, in this
work, the chaser is not studied as a point mass, given that it is considered that the chaser
has a solar array and two half-filled fuel tanks. The stability of the designed controllers is
analyzed with Lyapunov theory. Finally, the proposed solution is validated in a high fidelity

4
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benchmark, that correctly simulates the rendezvous mission in a circular orbit.

e Chapter 4 explores the capabilities of SMC for fault tolerance purposes. In this work, a stuck
open and a stuck close thruster fault are considered. It is assumed that only one fault occurs
at a time and that there is no fault detection and identification (FDI) unit. Furthermore,
the relative dynamic model in Dual Quaternion formalism is introduced. Unlike the model
developed in Chapter 3, this model takes into account the coupling between translational and
rotational dynamics. Therefore, the controller designed also takes into account the coupling
effects. Similar to Chapter 3, the stability of the designed controller is analyzed with Lyapunov
theory. Finally, the proposed solution is validated in the high-fidelity benchmark used in the
previous chapter.

e Chapter 5 summarizes the results obtained from this research work, in the form of conclu-
sions. Finally, recommendations for extending this research work are given.






Sliding Mode Control

2.1 Introduction

This chapter aims to be an introduction to sliding mode techniques. It begins with the description
of their operating principle, and the definition of the main concepts. The design procedure and
the requirements of the controller are described. The evolution of the Sliding Mode techniques into
different families of controllers is reviewed. The design for each controller with their characteristics,
is also mentioned. Finally, a short discussion about the potential of sliding mode controllers for
fault-tolerant control purposes, is presented.

2.2 Sliding Mode Control

Variable Structure Control (VSC) was first proposed by Emelyanov [Eme63, Eme06] in the Soviet
Union. It was only known outside Russia by means of Utkin [Utk77]. Its operating principle is
based on the ”switching” of the control signal depending on certain conditions, with the goal of
keeping a desirable performance. According to [Eme06, Utk78], VSC properties are exemplified
with a second order system as follows:

T =1y

2.1
y=ar+by+u 21)

where x and y are the states; and a, b are system parameters. The main concept is illustrated in Fig.
2.1, where u refers to the control signal; r refers to the reference signal; z, y are the states (see (2.1));
k1, ko are gains; e is the error and s is the switching condition function. VSC was originally applied
to a second-order linear system and it was the basis for what it is now known as SMC. Nowadays,
VSC has been extended to different types of systems like discrete-time and Multi-input/Multi-
output (MIMO), to mention some. The main property of VSC is that it provides robustness, in
the way of insensitivity against parametric uncertainties and external disturbances. Due to this
property, VSC is applied to numerous fields like aeronautics, aerospace, robotics, electronics and

chemistry, to name a few.
U Y x
Plant /

Figure 2.1: Structure of a variable structure control (VSC)
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Consider that the control input is described by
u=—yx (2.2)

where 7 is a variable that can take values between k; and k2. Suppose that when + is k;, the system
(2.1) has complex eigenvalues with positive real part. In addition, when + is ks, the system has
real positive and negative eigenvalues. The behaviour of the system for each case, is analyzed with
their phase plane in Fig. 2.2. The procedure to obtain this figure is explained in the Appendix
A.1. Note that the origin of the phase plane represents the equilibrium point. For Fig. 2.2(a), the
behaviour of system (2.1), with k1, is shown as an unstable focus at the origin. The saddle point
observed in Fig. 2.2(b), belongs to the systems response when = is ks.
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(a) Unstable focus at the origin (b) Saddle point

Figure 2.2: Phase plane of system (2.1) with two different control inputs

Although in Fig. 2.2 it is shown that both cases result in unstable systems, it can be seen that
there are some regions of stability. See for example case (b) in Fig. 2.2, where the saddle point
approaches the origin. In order to have the desired regions from both cases, a switching function
is defined as:

s=s(x,y)=cxr+y, ¢>0 (2.3)
When the switching function is equal to zero, the sliding surface obeys to s = cx +y = 0. Then, ~
changes its value according to the following expression:

ki1, when s(x,y)>0

ka, when s(x,y) <0

As shown in (2.4), the structure of the control signal (2.2) is changed depending on the distance
of the state trajectories to the equilibrium point. From its initial conditions, the state trajecto-
ries move firstly towards the sliding surface s = 0. This is known as the reaching phase. Then,
they slide to the equilibrium point through the sliding surface. This is known as the sliding mode
phase. Whenever the states move away from the sliding surface, the controller changes structure
in order to make them come back to it. In other words, high switching between control structures
is involved, also called chattering. When the state trajectories are sliding, the value of s is close to
zero. Furthermore, when in the equilibrium point, s = 0. The concepts previously explained are
illustrated in Fig. 2.3, where the resulting phase plane of the system under VSC is shown.

In literature, a common variable structure for the control signal u is defined as:

—1, when s(z,y)>0
u =
1, when s(z,y)<0
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Figure 2.3: Resulting phase plane diagram of the system under VSC

where s is defined as in (2.3). It follows that (2.5) is rewritten as:

u = —sign(s(x,y)) (2.6)

where sign(-) refers to the sign function, which has as property s - sign(s) = |s|.

Variable structure control is usually known as sliding mode control given the importance of the
sliding mode phase.

Remark 1. In this chapter, the description of the properties and the design procedure of SMC
is exemplified based on a Linear Time-Invariant (LTI) system. However, the reader must take
into account that SMC' theory is extended to nonlinear systems, see for example [FYHI13, Davl3,
DFPU09, YEO0T7].

2.3 Problem Statement
In this section, the design procedure is exemplified with the following LTI system defined as
i(t) = Ax(t) + B[u(t) + f(t, 2, u)] (2.7)

where A € R™*" B € R" ™. It is considered that rank(B) = m, 1 < m < n and the pair (A, B)
is controllable. In (2.7), f(t,z,u) may represent an unknown bounded disturbance or bounded
model uncertainty acting on the input channel, i.e. matched disturbance/uncertainty. On the
contrary, a disturbance/uncertainty that does not act on the input channel is called unmatched.
The main purpose is to design a control law that ensures the convergence of the states despite
model uncertainties or perturbations. The first step for the design of the robust control law is to
define the sliding surface S as

S ={x:s(z) =0} (2.8)

where the switching function s(z) = Sz is a linear function, with S € R™*™ full rank.

To illustrate the concept of equivalent control, it is first considered that f(¢,x,u) = 0 in (2.7). This
leads to the nominal system description as:

i(t) = Ax(t) + Bu(t) (2.9)
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An ideal sliding mode occurs when the state z(t) converges to the sliding surface in finite-time ¢,.,
i.e. the sliding phase begins at time ¢ > ¢,.. It is mathematically expressed as:

s(t)=5(t)=0 forall t>t, (2.10)
By substituting for (2.9), the equation on sliding motion is described as:
5(t) = S(Az(t) + Bu(t)) =0 (2.11)

The necessary average value of the control signal to enforce and ideal sliding motion, i.e. s(t) =
5(t) = 0, is called equivalent control. It is obtained from (2.11) as:

Ueg(t) = —(SB) "1 (SAx(t)) (2.12)

where (SB) is nonsingular. This condition guarantees the existence of a unique equivalent control
[Utk13]. From (2.12), the equivalent control can be rewritten as a state feedback controller as:

Ueq(t) = —(SB) 1 (SAx(t)) = Ku(t) (2.13)

It is worth noting that the equivalent control is not implementable, i.e. (2.13) would not induce a
sliding motion. Instead, the concept of equivalent control should be thought as a tool to obtain a
reduced order expression from which closed-loop stability can be analyzed. For (2.9), the closed-
loop response is obtained from substituting (2.12) in (2.9) as:

i(t) = Az(t) + B (—(SB) ' (SAz(t))) = (I — B(SB)™'S) Ax(t) (2.14)

P

where [ is the identity matrix and P is a projection operator that satisfies the following conditions
[ES98]:
SP=0 PB=0 (2.15)

In the following, the definition of equivalent control for the perturbed case is shown. As mentioned
before, when the states reach the sliding surface s(¢) = $(¢t) = 0. In order to find the equation on
the sliding motion, the derivative of s(t) = Sz(t) is analyzed by using (2.7) as follows:

§(t) = Si(t) = S [Ax(t) + B (u(t) + f(t, 2, u))] (2.16)

The expression of the equivalent control, for the perturbed case, is obtained by equating (2.16) to
zero, then the following expression is obtained

Ueq(t) = —(SB) ' [SAx(t) + SBf(t,x,u))] (2.17)

where (SB) is nonsingular. The idea of considering the equivalent control just as a tool is reinforced
by the results obtained for the perturbed case, given that the equivalent control equation (2.17)
is dependent on the disturbance. The expression obtained when substituting (2.17) in (2.7), gives
the closed-loop response defined as:

i(t) = Az(t) + B [—(SB) ™ (SAz(t) + SBf(t,z,u))] + Bf(t, z,u)
= Axz(t) — B(SB) 'Ax(t) — B(SB)"'SBf(t,z,u) + Bf(t,z,u)

(2.18)
= (I, — B(SB)™Y) Az(t) + (I, — B(SB)™Y) Bf(t,z,u)
P P
Based on the conditions expressed in (2.15), (2.18) can be rewritten as:
&(t) = PAx(t) (2.19)

10
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From (2.19), it is shown that during sliding motion, the reduced order system motion is insensitive
to matched disturbances. In addition, it can be seen that the design of the switching function s(t)
is independent of the disturbance, i.e. s(t) = Sz(t) is applicable for both systems, (2.7) and (2.9).
Furthermore, the reduced dynamics equations that describe the system in sliding motion, (2.14)
and (2.19), show that there exists a dependency on the selection of the sliding surface. This effect
is more visible when transforming the system into its canonical form, as explained in the following.

Given that by assumption B has full rank, there exists a transformation matrix T € R™*" such
that:

ro-]2) o

where By € R™*™ is nonsingular. Matrix T" can be computed by using Gaussian elimination or
QR decomposition, for example. The transformed state coordinates are obtained by employing the
transformation matrix as Z(t) = Tz(t). Under this transformation, system (2.7) becomes:
fl(t) = Anii‘l (t) + Auf?g(t) (2.21)
.%Q(t) = Agli‘l (t) + AQQ."Z‘Q(t) + By (u(t) + f(t, x, u)) (2.22)

where £; € R*™™ and 22 € R™. This is also known as a regular form, which also allows to separate
the states that are directly affected by the disturbance.

The switching matrix of the transformed coordinate system is also partitioned as:
S=[S ST (2.23)

where S; € R™*(»=™) and Sy € R™*™. Then, the necessary condition for (SB) to be nonsingular
comes from

det(SB) = det(SQBQ) (2.24)
where by design B # 0, thus it follows that So # 0 is needed. During the sliding mode phase, the
sliding surface is defined as:

S(t) = S1Z1+ S2Z9 =0 forall t>t, (2.25)

Given that S is full rank, one can express the states as a linear combination of the n — m states.
Based on this, Z2(t) can be expressed in terms of Z;(t) as:

To(t) = =S5 18171 (t) = — M7 (t) (2.26)
Substituting the definition of Z5(¢) in (2.26) for (2.21), it follows:
(1) = (2111 - A12M> Z1(t) (2.27)

This shows that the ideal sliding motion is described by the combination of (2.26) and (2.27). The
selection of the surface S in (2.8), affects the dynamics in (2.27), given the definition of M in (2.26).

In addition, the stability of (2.27) depends on the pair ([111, Alg). Consequently, the design of M

depends on the controllability of the same pair. When the system (2.21)-(2.22) is controllable, any
classical state feedback method (quadratic minimisation, robust or direct eigenstructure assignment,
LMI methods) can be employed for the design of M. Then, the matrix S in (2.23) can be computed
as:

S=[SM ST (2.28)

Sy is commonly chosen as I,,,, but can be chosen arbitrarily. From (2.26) and (2.28), it can be
seen that Ss only acts as a scaling factor for the switching function and has no direct effect on the

11
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dynamics of the sliding motion.

Furthermore, from the previous developments, one can notice that (2.14), (2.19) and (2.27) are
independent of the control signal. This means that the systems response is only governed by the
switching function; whilst the control signal is designed to guarantee that the state trajectories will
converge to the sliding surface, i.e. s(z) = 0. This is called the reachablity condition, and for a
single input system, it is expressed as

lim $<0 and lim §>0 (2.29)
s—+0 s——0
which can also be rewritten as:

s§<0 (2.30)

Conditions (2.29) and (2.30) do not guarantee the existence of an ideal sliding motion. They only
guarantee asymptotic reach to the sliding surface as shown from (2.30) [ES98]:

s(t) = s(0)e? (2.31)

A stronger condition that guarantees an ideal sliding motion in finite time, is the n-reachability
condition, expressed as

55 < —1|s| (2.32)
where 7 represents a positive design scalar and | - | represents the absolute value operator. By
rewriting (2.32) as:

1d ,
22 2.33
S8 < ) (233)
and integrating from 0 to tg, it follows:
[s(ts)] — |s(0)] < nts (2.34)

where ts represents the time taken to reach s = 0, which satisfies:

[5(0)]

ts < (2.35)
T
For the case of multi inputs systems, the n-reachability condition is defined as
5T < —nlls| (2.36)
with || - || as the norm operator. A designed control law is said to satisfy the reachability condition
when the state trajectories are driven into the sliding surface and remain thereafter.
A sliding mode control law typically consists of two parts
u(t) = w(t) + un(t) (2.37)

where wu; represents the linear part and u, the nonlinear part of the controller. The linear part of
the controller is in charge of maintaining the sliding motion. Moreover, the nonlinear part, is in
charge of compensating the disturbances and inducing the sliding motion.

Typically, the nominal equivalent control or a state feedback are employed as u;. They are designed
based on the nominal system, that is with f(¢,z,u) = 0. Moreover, the different families of SMC
can be employed as u,. In the following sections, their design procedure and characteristics are
shortly explained.

12
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2.4 First Order Sliding Mode

A generation classification of SMC can be found in [FMB™15], where it is stated that First Order
Sliding Mode Control (FOSMC) belong to the first generation. In addition, the chattering effect;
relative degree one of the switching function with respect to the output; and finite time-convergence
of the sliding variables but only asymptotic convergence of the states, are highlighted as disadvan-
tages. These disadvantages are targeted with the next generation of SMC.

The design of the following control law is based on (2.37). As mentioned before, the expression
of the nominal system is employed for the design of u;. Consider the system in (2.7), by equating
f(t,z,u) = 0 the following equation is derived:

x(t) = Ax(t) + Bu(t) (2.38)

The switching function is defined as s = Sx. Then, similar to (2.17), the equivalent control
associated to (2.38) is defined as:

w(t) = ueqg(t) = —(SB) 1 (SAx(t)) (2.39)

For a FOSMC, the discontinuous part is defined as
un(t) = —p(t,)(SB) ™! sign(s) (2.40)

given that s is a vector, the sign function is applied element by element. The design gain p(t, x)
is a scalar in charge of enforcing the sliding motion. Substituting (2.39) and (2.40) in (2.37), the
control law is:

u(t) = —(SB) "1 (SAz(t)) — p(t, z)(SB) ' sign(s) (2.41)

In order to obtain the equation of the system in sliding motion, the derivative of the switching
function is obtained by using (2.7) and (2.41) as:

§= 8t = SAx(t) + SB[~(SB) " (SA(1)) — plt, 0)(SB) sign(s)] + Bf (bww) o
= —p(t,x)sign(s) + Bf(t, z,u) |

Following the n-reachability condition (2.36), by multiplying both sides of (2.42) by sT and by using
the property sTsign(s) = ||s||, it follows:

sTs = —p(t,x)sTsign(s) + sTBf(t,x,u)
= —p(t,z)||s|| + sTBf(t,z,u) (2.43)
< |sll(=p(t, =) + [ Bf (£, =, u)])
The condition for the value selection of the design gain p is:
p(t,x) = [|Bf(t,z,u)|l +n (2.44)
Then, the following inequality is derived:

575 < —nls| (2.45)

Integral Sliding Modes

Although SMC has the insensitivity property against matched disturbances, it is only guaranteed
after the reaching phase, i.e. when the system is in sliding motion. Integral Sliding Mode Control
(ISMC) was proposed with the aim of eliminating the reaching phase. This implies that the insen-
sitivity property is guaranteed since the beginning of the systems response.

13
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The design procedure is similar to the one explained in Section 2.4. Consider the LTT system (2.7),
the proposed control law follows the structure in (2.37) and is defined as

u(t) = wy(t) + un(t) = =Kz — p(t,z)(GB) ! sign(s) (2.46)

where K represents a design matrix from the state feedback controller u; = —Kx, see (2.13). For
ISMC, it is considered that there exists a previously designed controller w;, for the nominal system.
The performance of the nominal system with u;, is taken into account for the design of the switching
function. The integral switching function is designed as:

s(t) = Gz(t) + =(t) (2.47)

with G € R™*"™ is a design matrix, which satisfies the condition det(GB) # 0 considering that B
has full rank. The derivative of the switching function is defined as

§=Ga(t) + 2(t) = G[Az(t) + B (u(t) + f(t,z,u))] + 2(t)

— Gi(t) + 2(t) = G [Ax(t) + Buy(t) + Bun(t) + Bf(t,x,u)] + £(t) (2.48)

where (2.7) was substituted in (2.48). During sliding motion, it is expected that the equivalent
control uneq compensates the perturbations, so that s = § = 0. It follows that £(¢) has the following
form

4(t) = —G (Az(t) + Buy(t))  2(0) = —Gx (2.49)

by substituting (2.49) in (2.48) it follows:

§$ =G [Ax(t) + Bu(t) + Bun(t) + Bf(t,z,u)] — G (Az(t) + Bw(t))

= GBuy(t)+ GBf(t,xz,u) (2.50)
When equating (2.50) to zero, the expression of upeq is defined as:
Uneq = —(GB) HGBf(t,z,u)) = —f(t,z,u) (2.51)
Then,by substituting (2.51) in (2.7) it follows:
& = Az(t) + By — Bf(t,z,u) + Bf(t,x,u) = Az(t) + By, (2.52)

From (2.52), it can be seen that during sliding mode the disturbances are rejected and the system
will be governed by (2.52).

The switching function that eliminates the reaching phase is defined based on (2.49) and (2.47) as:
t

s(t) = Gx(t) + =(t) = G (x(t) — 2(0)) - G / (Az(r) + Buy(r)) dr (2.53)
0

where the term —Gxz(0) ensures s(0) = 0. This means that the reaching phase is eliminated and
thus, the sliding mode will exist from ¢ = 0.

The analysis of the n-reachability condition follows the procedure shown in the previous sections.
The capability of compensating unmatched disturbances with ISMC is studied in [SEFL14, HEA16].
Furthermore, it is worth noting that ISMC can be combined with other SMC techniques, see for
example [CKB13, KCB*15].

14
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2.5 Second order sliding modes

The second order sliding mode concept was firstly introduced in [Lev87]. These controllers were
mainly created with the aim of reducing the chattering effect. This is accomplished by driving the
sliding variable and its derivative to zero. Following the classification in [FMBT15], the Twisting
Algorithm (TA) and Terminal Sliding Mode (TSM) belong to the second generation. Even though
this generation reduced the chattering effect, this property was only guaranteed for systems with
relative degree one. The third generation is composed by the Super-twisting Algorithm (STA),
GSTA and the differentiator. The applicability of STA is limited to systems with relative degree
one or two.

Remark 2. In the following, the parameters of the controllers are described with inequalities. The
reader must take into account that in practice, these parameters are never assigned according to
their respective inequalities, as stated in [SEFL1/, Lev03b]. This due to the fact that the real
system is not exactly known and thus the model is not adequate, leading to an overestimation of
the parameters Kyr, K, C. Instead it is suggested to adjust the parameters during the simulation.
This remark applies for the controllers described in this section (2.5).

2.5.1 Twisting algorithm

The twisting algorithm was the simplest Second Order Sliding Mode Controller (SOSMC) proposed.
Consider the following system:

z(t) = a(t,x) + b(t, z)u (2.54)

where for some positive constants C' and K, it follows that |a(¢,z)| < C and 0 < K, < b(t, z).
The TA is defined as:

u(t) = —rysign(x) — resign(z), 1 >1re >0 (2.55)

Let r; and rg satisfy the conditions K, (r1 +172) — C > Kyf(ry —ro) + C, Ky, (r1 —r2) > C. The

controller guarantees finite time convergence of the states 1 = a9 = 0 for all ¢ > 0 when the
parameters are chosen according to [Eme86]. The total convergence time is estimated as:

|| |20l
TS Rntri=ra) =€ = T=0) Ron(r1 =19 =0

(2.56)

The interested reader can find the convergence proof in [Eme86, SEFL14].

2.5.2 Terminal Sliding Mode

TSM was first proposed in [VG93]. This controller is based on terminal attractors that guarantee
finite-time convergence of the states. This is accomplished by adding a nonlinear term in the
switching function as:

s(x) = w2 + B/ |z1]sign(z1) (2.57)

where the value of 5 > 0. The Terminal Sliding Mode Control is given by:
u(z) = —asign(s(z)) (2.58)
In [FMBT15], the derived behaviour of the system, due to the selection of 3, is analyzed and

classified on terminal and twisting mode. In addition, variations of TSM can be found in literature
as Non-Singular TSM [FYMO02] and Fast TSM [YZ02].
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Figure 2.4: Phase plane of the STA controller [Lev03b]

2.5.3 Super-Twisting Controller

Given that the STA does not need the measurement of $, it can be employed as an alternative
for FOSMC. In addition, STA is known for reducing the chattering , this means that a contin-
uous control signal is obtained. Consider the system (2.54), where for some positive constants
C, Ky, K, U, q [Lev03b):

o] + Unlb| < C, 0 < Ky, <b(t,x) < Kup, Ja/bl < qUy and 0<g<1 (2.59)
Then, the STA is described by the following equation:

—u, lu| > Ups

u= —)\|m]% sign(z) + w1, w1 = { (2.60)

—asign(x), |ul < Un
Lemma. With K« > C and \ sufficiently large, the controller (2.59) guarantees the appearance
of a SOSMC x = & = 0 attaching the trajectories to [—Uns, Upr] and stays there. It never leaves
the segment if the initial value is inside at the beginning.

The phase portrait of (2.59) is shown in Fig.2.4. A sufficient condition which validates the Lemma
is:
2 (Kma+ C)Kpy (14 q)

A 2.61
T\ e —0) KEO-q) 200

The total convergence time can be estimated by [Lev03b, SEFL14]:
T <Y |l /(Kma = C) (2.62)

To illustrate its design procedure, one can consider the example of the LTI system (2.7), with the
previously defined switching function (2.3) and the expression for u; in (2.39). Then, the expression
of u,, is defined as

1.
un, = —ki|z|2sign(z) + v (2.63)
0 = —kosign(z)
where A\ = k; and o = kg. Following the structure in (2.37), the control law is defined as:
t
u(t) = —(SB)™! [SAw(t) + kl\x]%sign(m) +/ kgSigH(l’)dT:| (2.64)
0

where the gains k; and ko are selected according to [Lev98, MO12] as k; = 1.5y/I5 and ko = 1.11%,
where it is assumed that ‘f‘(t, m,u)‘ < I is known. The control law (2.63) leads to s = § = 0 in

finite time, as a consequence x = & = 0 converges asymptotically.
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2.5.4 Generalized/Variable Gain Super-Twisting Algorithm

Variable Gain Super-Twisting Algorithm (VGSTA) is an extension of the STA that provides exact
compensation against state dependent perturbations that can exponentially grow in time. Consider
the system (2.7), which linear transformation is described as in (2.21) and (2.22). The switching
function is described in the new coordinate system as:

s(t) = &y — Ky (2.65)

The reduced order model is obtained when s(t) = 0, i.e. during sliding mode. It is obtained by
equating (2.65) to zero and substituting it in (2.21) as :

5%1 = Allfél + A12Kf1 = </~111 + AlQK) I (2.66)

where K can be designed employing any linear control design method for (2.66), given that the
pair (A11, A12) is controllable. Following the procedure shown in [GMF11, SEFL14], by applying
the control law defined as:

U = — (Agl + AQQK - K </~111 + AuK)) Iil — (AQQ — KA12> sS+v (2.67)
to (2.21) and (2.22), and considering (#], s) as state variables, the system takes the form:
i = (An+ A K) i+ Ajas
1 ( 11~ 12 1 12 (2.68)
] :’U—i-f(i'l,s—l-Ki‘l,t)

The GSTA also known as VGSTA, has a similar definition to the STA, but with added terms
[Mor09], as:
up = —k1¢1(z) + v

2.69
0 = —kapa(x) (2.69)

with ) 5
é1 () = |22 sign (2) + ksz  ¢o(z) = 5 sien (@) + ik:gm% sign (z) + k2x (2.70)

where k3 ensures robustness against a wider class of uncertainty and perturbations than the STA,
for instance in the presence of uncertain control coefficient and state dependent perturbations
[CFM18]. The perturbations f (Z1,s + KZ1,t) can also be rewritten as:

F s+ Ko ) = [ (@s + Koy ) = J (@1, Kan, 0] + (@1, Kinb) (2.71)
—_—
91(%1,8,t) g2(Z1,t)

In order for s(t) to be equal to zero it is required that g;(Z1,s,t) = 0, whilst it is only necessary
that go(#1,t) is bounded by 3g2(%1,t) [Lev07]. Then, the disturbance is bounded by the known
continuous functions g1 (¢, z) > 0 and p2(t,x) > 0 as:

91(@1,5,1) < 01t 0)|01(x)| = 1(t,2) (14 kalal ) [
N (2.72)
(51,0) < 0a(t.0)l0n(0)] = S ,) + Raga(t. ) (5 + el ) ol

System (2.68) driven by (2.69) can be written as:
i = (1411 + AlQK) B4 Apas

§ = —k1¢1(a:)+v+91(i1,s,t) (2'73)
U = —kao(x) + g2(21,1)
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Lemma. Suppose that for some known continuous functions o1(t,x) >0, g2(t,z) > 0 the inequal-
ities (2.72) are satisfied. Then for any initial condition (Z], so,vo) the sliding surface s = 0 will be
reached in finite time if the variable gains are selected as [SEFL1/):

1 (1
ki =0+ 5 {46[2601 + 92]2}a+2692 + €+ [2¢ + 01](B + 4€?)

ko = B + 4€ + 2¢ky

(2.74)

where B > 0,e > 0,6 > 0 are arbitrary positive constants. The reaching time of the sliding surface
can be estimated by

2
T="1In (”Vé(so, vo) + 1> (2.75)
Y2 71

where V(s,v) = ETPE, €T = \s|% sign(s) + ks, v} and

1
X AP} 2¢eks

M=~ 57 2= 7)\7%30{]3}

= N P} (2.76)

2.5.5 Observer/Differentiator

The sliding mode differentiator is employed for exact robust differentiation in the absence of mea-
surement noise. For instance, it can be employed for controllers that need the measurements of &,
given that it offers finite-time convergence to the estimated derivative. Based on the STA algo-
rithm, its operating principle is explained below.

Let f(t) be a function to be differentiated. It is assumed that its second derivative is bounded by
a known constant L, i.e. |f(t)| < L. Consider that x; = f and zo = f, then it can be rewritten as:

ii‘l = T2
io = f (2.77)
y=x1

Similar to the definition of the STA controller defined in (2.63), the differentiator is defined as:

i1 = —ki|#1 — yl2sign(@r — y) + @ (2.78)

To = —kosign(Z1 — y)

By appropriately selecting the gains k1 and ko [Lev98], finite-time convergence of (f —21) =

(f — :132) = 0 and the estimate of f can be found in Z».

2.6 Arbitrary Sliding Mode Controllers

Arbitrary Sliding Mode Controllers were developed with the aim of stabilizing arbitrary relative
degree systems in finite-time, by using nested sliding mode controllers [Lev01]. Its recursion is de-
pendent on the relative degree of the output. The main families of r-sliding controllers were: nested
sliding and quasi-continuous sliding. Nested sliding and quasi-continuous sliding controllers belong
to the fourth generation of SMC [FMB™15]. Although the quasi-continuous r-sliding controllers
reduce the chattering effect, they do not reduce it to a great extent. A proposed solution to this
problem is analyzed in the following section. The controller design is explained by considering the
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system (2.7), where its output y = Cz has a known relative degree. Then, the controller is defined
as:

u=—oW_1, (y, TR ,yr_l) (2.79)
where (; can be fixed in advance for every relative degree r as positive large values. The design

gain a > 0 is more conveniently adjusted by simulations, as suggested in [SEFL14]. The value of
V.1, is defined in the following for each family of controllers.

Based on FOSMC, the nested r-sliding controllers are built with ¥y, = sign(y) and ¥;, =
sign (y(i) + BZ-Ni,TLT/i,LT). Let ¢ > 1, it follows that N;, is defined as:

Nip = (Iyl* + 15177 + ...+ et ) (2.80)

Given that the quasi-continuous r-sliding controllers are based on SOSMC, a reduced chattering
effect is observed in the control signal. Their structure consists of the following definitions:

cor =1, @i =y + ANV g

Yor = oo = Sten). i = (2.81)
T o,

Ni,r = ’y(z)‘ + Ble(ii?/(T—l—l-l)

Arbitrary order Observer/Differentiator

In order for the previous controller (2.79) to be applicable, the r derivatives of y have to be available.
Their computation is obtained by means of the arbitrary order differentiator [Lev03a] defined as

1 k
20 = vo = =\ LFT[20 — y|Fsign(zo — o) + 21
2 =v = —)\k_lL%\zl — vg\%sign(zzl —vg) + 22
(2.82)
. 1 1,
Zhe1 = Vh—1 = =M1 L2 |21 — vp_o|2sign(zp_1 — vk—2) + 21
Zp = —AoLsign(z — v—1)

where L represents the upper bound of |y**+Y|. According to [Davl3, SEFL14, FMB*15], by
choosing the appropriate gains A1, Ag, ..., Ag, the following inequality is true in the absence of
noise:

lzi—yD =0 i=1,2,... .k (2.83)

Then, the estimated derivative of y(?) is obtained in finite-time in z;.

Continuous Nested Sliding Mode Controllers

Continuous Nested Sliding Mode Controllers (CNSMA) were first proposed in [FMB™15]. They
compose the fifth and last generation of SMC. The aim of the CNSMA was to have a continuous
signal while keeping the properties of the arbitrary order sliding mode controllers. The generalized
form of the Continuous Nested Terminal Sliding Mode Algorithm, for a system with relative degree
r, is proposed as:
.fl = T2
.fg = I3
(2.84)
. 1,
Tp—1 = _k1|¢r—2| 281gn(¢’r‘—2) + Ty
Ty = _krSign(¢r—2) +p
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It is assumed that the perturbation is bounded as |p| < A. In (2.84), x1, 2, ..., z, represent the

states and ¢,_2 = $p_1,—1, where for i = 2,3,..., (r — 1), the following is defined:
S0,r—1 = T1
S1p—1 =T+ kgRLr_lsign(a;l) (285)

Sir—1 = Ti+1 + ki+le‘,r—ISigH(Sz’—1,r—1)

a
with Ry, = |1:1|TT?, Rip—1 = ||z1]™ + |z2|™ 4+ ... + |xi—2|"2 " and g; represents a design pa-
rameter.

The main difference between the quasi-continuous r—sliding controllers and the CNSMA is that
the quasi-continuous controller remains continuous until a 2-sliding mode takes place, unlike the

TSM.

The work developed in [BPZ04] can be classified as a nested continuous SMC for relative degree
systems. It is defined as simplex control methods and it is mainly employed for the control of
systems with mono-directional actuators given that it reduces the number of control vectors.

2.7 Adaptive Sliding Mode Controllers

In the previous sections, the tunning of the described controllers was shown to be dependent on
the bound of the disturbance, see for example (2.44). One may assume that when the bound of
the disturbance is unknown or variable, the gains of the controllers can be selected with an over-
estimated bound. The consequence would be an increment in the chattering effect. Consider for
instance, the case when a STA controller is designed with the aim of having a control signal with
a reduced chattering effect. With an overestimated disturbance bound, its chattering attenuation
property might be diminished. Adaptive Sliding Mode Controllers (ASMC) were developed with
the aim of having a robust controller, even when the bound of the disturbance is unknown or in
the case the disturbance is time-varying.

Their main design principle is to adjust the gains of the controller to maintain the sliding motion,
depending only on the information that is available. In literature, different approaches towards
applying adaptation to SMC can be found, see for example [HKC08, EUT"70] where the coefficients
of the switching plane are varied without information of the plant with the aim of improving the
systems response. Recent research in this field, is dedicated to the proposal of a solution that
considers reducing the chattering effect, see for instance [SMP*10, HLC12, TLP13, GBDBI17,
HBHS20, EEZ16] were the adaptation principles are applied to the STA, TA, arbitrary order SMC,
TSM and SMO, respectively.

2.8 Output Tracking

The output tracking problem refers to a control system that follows a specific trajectory in order to
have a desired performance. It is commonly employed in practice, for example the attitude angles
of a quadrotor follow reference profiles; to induce a specific trajectory in an autonomous robot or
for the control of electric power systems.

For the output tracking problem, the control design procedure is the same as explained in the

previous sections. The main difference is the definition of the switching function, given that it
is based on the tracking error. Following the example shown in [SEFL14], consider the following
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system:
3'31 = 9
o =u+ f(t,z,u) (2.86)
y=1a

where |f(z,t)| < I' represents the bounded disturbances/uncertainties, and the bound f* is as-
sumed to be known. The reference trajectory is defined as y. = x1.. The tracking error is then
defined as e =y — y. = x1 — 1. The switching function is defined based on the tracking error as:

smceté >0 (2.87)

The design process of a control law that drives s = 0 and e = 0 in finite time, follows the specific
procedure for each controller, as explained in the previous sections.

2.9 Fault Tolerance and Sliding Modes

Control systems have become part of our daily life. Initially, their evolution was mainly shaped
by the need of reducing effort, costs and time. Progressively, their complexity increased, since not
only they had to guarantee efficiency, but safety. This can be better understood when considering
systems like chemical reactors, nuclear plants or even airplanes. Thus, the importance of consid-
ering faults during the design process of the controlled systems. A fault is defined in [IB97], as an
unpermitted deviation of at least one characteristic property or parameter of the system from the
acceptable/usual /standard condition. A control that has the capability of maintaining an accept-
able performance despite the occurrence of a fault, is called FTC. It is achieved due to redundancy
of actuators, sensors or other components on the system.

According to their location, faults can be classified as sensor, actuator or component faults, see
Fig. 2.5. Sensor and actuator faults can present total or partial loss. A total loss on an actuator,
represents a stuck actuator that does not generate the expected actuation, despite the applied input.
For the case of a sensor, it means that the received measurements are incorrect. Furthermore, an
actuator with partial loss produces a percentage of the expected actuation. In the sensor case,
the measurements may be noisier, scaled or have an offset. Component faults represent changes in
physical parameters which affect the dynamical behaviour of the system. Is hard to classify them
since they can cover a wide variety of situations. Faults can also be classified according to their
time behaviour as abrupt, incipient and intermittent, see Fig. 2.6. It can be seen that an abrupt
fault behaves like a step signal; an incipient fault like a drifted signal and an intermittent fault as
a signal with interrupts.

Faults Component Faults Faults
Reference n % $ %
I Output
Controller Actuators Plant Sensors e

Figure 2.5: Classification of faults according to their location

Faults can be modelled as additive or multiplicative representations. For instance, an offset or drift
in the control signal can be described as an additive fault as follows:

up(t) = u(t) + f(t) (2.88)
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abrupt incipient intermittent
= = =
= = =
time time time

Figure 2.6: Classification of faults according to their time behaviour [Ise(06]

where f(t) € R" represents the fault actuator vector, u(t) € R" is the control input and uy(t) € R"
is the faulty control input. On the other hand, faults that cause changes in the parameters of the
system are modelled as multiplicative faults. Following the model employed in [Henl0], uy(t) is
described as a multiplicative fault as

ws(t) = (I — @)u(t) (2.89)

where ¥ = diag[t;, . .., 1y] is an unknown matrix that has values that range between [0, 1]. When
1; = 1, the i-th actuator is faulty; v; = 0, represents normal actuation; and 1; = %z means a loss
of efficiency.

Similar expressions are obtained for describing faulty output yy(t), caused by faulty sensors. The
difference relies on changing w(t) and wus(t) for y(t) and ys(t), respectively, in (2.88) and (2.89).
Finally, the description of a component fault is translated to a modification on the system’s matrix.
For the LTI case, it is modelled as:

z(t) = Arx(t) + Bu(t) = (A+ AA)x(t) + Bu(t) (2.90)
where AA represents a change in the system matrix A.

Based on the use of the redundant components, FTC is classified in passive and active [JY12a,
JY12b]:

e Passive techniques consider that possible system failures are known. Then, the control de-
signed is developed considering the pre-specified faults. Given that the controller stays fixed
during the systems operation, it is expected that it can overcome any component fault. This
makes passive approaches less complex, considering that the robustness properties of a fixed
controller are exploited, see Fig. 2.7. As a consequence, the type of faults that the robust
controller can compensate is limited. However, their lack of complexity plays and advantage
when implementing, given that they are more reliable and they have less requirements in
software/hardware [ELST10].

e Active techniques reconfigure the control parameters in the presence of a fault. They rely on

a FDI unit, see Fig. 2.8. The FDI is in charge of the constant monitoring of the status of

the system and its components. In this way, when the FDI detects a fault, a reconfiguration

is carried out in the controller. As a result, a wider range of faults can be compensated.

One limitation of this scheme is that it has limited time to perform FDI followed by control

reconfiguration. In addition, the accuracy of the FDI affects the reconfiguration process. In

other words, despite the existence of some stability and performance proofs for active FTC

techniques, the main problem lies in guaranteeing stability and performances of the overall

fault-tolerant scheme taking into account FDI performances (detection delay, possible false
alarms, etc.), control specifications, and reconfiguration mechanism [CEH15].

Many control techniques have been applied for the design of fault tolerant controllers. Consider

for instance Hoo, Linear Parameter Varying (LPV), CA, dynamic inversion, adaptive methods,
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Faults Component Faults Faults
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Figure 2.7: Architecture of passive FTC
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Figure 2.8: Architecture of active FTC

neural networks, Model Predictive Control (MPC) and SMC, to mention some. Table 2.1 shows a
summary of references with these control techniques. Due to its robustness properties, SMC was
considered as a potential alternative for reconfigurable control in [HWO03]. In literature, active and
passive FTC schemes, based on SMC can be found. Most active FTC approaches with SMC are
focused on the development of either FDI or reconfiguration. On the other hand, passive FTC
approaches found in literature are more conservative, i.e. the considered faults are mainly loss of
effectiveness. Furthermore, SMO are used for FTC, specifically for fault reconstruction or for fault
detection. Fault reconstruction with SMQO’s is achieved by employing the equivalent output error
injection approach, which is the average value required to maintain the sliding motion [ESP00].
In addition, SMO are also employed to generate residuals by escalating the output estimation er-
ror. This residual then acts as a fault alarm, which is activated when its value is different from zero.

CA method is commonly used with SMC for active FTC purposes. This is mainly because, it allows
the independent design of the control law. In addition, a reconfiguration of the controller is not
needed when a fault occurs. Furthermore, the actuator limitations can be considered by the CA
unit. In order to produce the desired control effort, the CA redistributes the control signal into
the healthy actuators. In Fig. 2.9, the control allocation scheme is shown. It can be seen that CA
depends on an FDI unit, so that the CA knows the availability of the actuators.

2.10 Conclusion

In this chapter, the history of the development of SMC was shortly reviewed. It starts with the
description of the operating principle and the basic concepts that were derived from it. Then, the
evolution of the SMC techniques and their design process is examined. At the same time, their
specific limitations and advantages are reviewed.
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Design Approaches

References

Hoo

GS19, LSD12, LJZ18, WPCO06]

LOR

OHI16, YZMQI3]

Liner Parameter Varying (LPV)

RTAS07, RNP14, CAE19D]

Control allocation (CA)

AE08, RKFZ15, MV11, CJ14, CEAS20]

Dynamic Inversion

Adaptive methods

CG10, MJTCI15]

Neural Networks

DPO01, LY16, SJSL14, LLT18]

Model Predictive Control (MPC)

[
[
|
[JKRO8, WHDT19]
[
|
[

1ZG11, MJO3]

Sliding Modes
e Active technique
e Passive technique

e Fault Estimation/Fault Detection

[HEA11, XCW15, CEAS20, CAE19a, CEA19]
[SWZP15, MNB15, LJPZ19, LP17, LP16, DCH*16]
[ES98, ESP00, CAE19b, LP18, YYK17, CMZL20]
[XYG17, FIS20, HBHS20, FALCH' 15, RKFZ15]
[DCH19, CCD*17b, CCD*17a, DLCH*15]

Reference

Table 2.1: Different design approaches for FTC

FDI

Controller

Control Output
Allocation Plant

(CA)

Figure 2.9: Control allocation scheme

The concept of FTC and its classification is introduced. The characteristics that differentiate active
from passive approaches were also described. Furthermore, it is mentioned that SMC techniques
have attracted the attention of the FTC community, due to its insensitivity properties. This idea,
will be explored in the following of the manuscript.

In the next chapter, the study of the rendezvous mission and its dynamics will be studied. The
attitude and position control are designed based on sliding mode techniques. Perturbations coming
from the environment and some model uncertainty are considered during the design process of the
controller. The work that follows will be focused on the FOSMC, STA and GSTA. This is due
to the attenuation on the chattering effect, and the robustness that the STA and the GSTA offer
without the need of higher order derivatives. The FOSMC will be applied for comparison purposes.
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3.1 Introduction

This chapter introduces the design of SMC schemes applied to a rendezvous mission. The first part
of this chapter is devoted to the description of the rendezvous mission, e.g. the phases by which it
is constituted, the vehicles involved (i.e. chaser and target) and their structure. The development
of the nonlinear coupled model for both dynamics, translational and rotational, is developed based
on the HCW formalism. In this model, the effects of the solar arrays and the propellant sloshing
are considered. A linear controllable canonical form of the model is obtained for each dynamics, i.e.
two linear 3DoF models are obtained. These models, serve as the basis for the controller design.
Based on the Sliding-Mode Techniques described in the previous chapter, two SMC are developed
in a backstepping setup. First, the development of a FOSMC is analyzed followed by the study
of the STA. The computed control signals are distributed to the actuators by the CA unit, in the
chaser vehicle. The operating principle of the CA and the description of the thruster model unit
are also addressed. Finally, the proposed solutions are tested in a high-fidelity benchmark that
accurately simulates a rendezvous mission between a chaser spacecraft and a passive target onto a
circular orbit around Earth, taking into account the coupling between attitude and translational
motions, propellant sloshing, modes of the flexible appendages and the most dimensioning space
disturbances (e.g. second zonal harmonic Jo, atmospheric drag, magnetic disturbance).

System description and problem formulation

The reference scenario consists of two vehicles inserted into the same circular orbit around Earth.
One vehicle (the target) is a passive spacecraft (there are no available sensor and actuator) while the
second one (the chaser), is equipped by a set of rendezvous sensors and actuators and a complete
GNC unit. The characteristics of the orbit’s rendezvous are a semi-major axis a = 7068 km,
an eccentricity e = 0 and an inclination ¢ = 0deg. The trajectories of the spacecraft on this
orbit are characterized by constant longitude of the ascending node and argument of periapsis
(fixed to 2 = Orad and w = Orad respectively) with initial values of the true anomaly fixed to
v(0) = 1.5 x 10~ rad for the target and v(0) = Orad for the chaser. With these orbital parameters,
the initial distance between the two spacecraft is 100 m approximately in the y-axis direction in
the so called Local Vertical Local Horizontal (LVLH) frame F; = {Oy; X, ?1, 2}1 The spacecraft

= o =
trajectories in the inertial frame F; = {Og; X}, Yi,Zi}? and in F; are illustrated on Fig. 3.1 for
a better understanding. The considered rendezvous trajectory corresponds to i) target acquisition

%
'The origin of the LVLH frame is at the target center of mass, the axis Zj is pointing to the opposite of O, the
axis Y is aligned with the negative orbital momentum vector and Xj completes the frame.
2The inertial frame F; is defined as on Fig. 2
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where the chaser keeps its position at its initial position and rotates to acquire the target and i)
rendezvous where the chaser’s attitude is controlled to keep the capture mechanism aligned with
the target and while, at the same time, it performs a forced translation.

final position of
nendezvous orbit e target/chfﬂser (capture)
S \

|
4 n
| ——Chaser trajectory
5 1 Target vehicle
Eo Eo
N N
2 “ Yi 1
Xi
-4
rendezvous -2
6- trajectory
initial position L -40
——-of the chaser initial position 5
'5 g ———ofthetarget __—""o 6 -20
x10° s 5 *10 ‘
y (m) x (m) Y (m) 02

0
X (m)

Figure 3.1: The orbit and rendezvous trajectory in F; (left) and in the LVLH frame F; (right). The
trajectory corresponds to the results in section 3.6

The avionics architecture retained for the mission, is composed of a LIDAR which provides relative
positions and velocities, an IMU and a Star Tracker. It is worth noting that, in this work, it is as-
sumed a perfect navigation unit, i.e. all measurements are assumed to be noise free. The actuation
consists of 12 thrusters of 4N for both attitude and position control.

The complete mission is modelled into a so-called Functional Engineering Simulator (FES) devel-
oped in Matlab/Simulink. Both chaser and target have each one an associated environment module
as some characteristics depend on specific spacecraft properties. Typically, the chaser has two half-
filled tanks that cause propellant sloshing and a solar array with two flexible modes, whereas the
target is assumed to be a spherical object. For the chaser, the considered disturbances are the
second-order zonal harmonic Js, the atmospheric drag and effect of the Earth magnetic filed. With
regard to the target, it is assumed to be affected by the Jo disturbance and the atmospheric drag.

The derivation of the dynamic models is based on expressing linear accelerations and angular
accelerations in adequate frames. Three frames are used for that purpose:

i) Earth centered inertial frame F;: this frame is a non-accelerating reference frame, with its
origin at the center of the Earth, and the axes X;,¥;, Z; are oriented as shown in Fig. 3.1.

11) the so-called LVLH frame F; = {Oy; )ﬁ,ﬁ—(i, z} the center of this frame coincides with the
target’s CoM (center of mass), the axis X is in the direction OgO;, the axis ?1 is tangent
to the orbit, orthogonal to Xj and points in the same direction than the trajectory of the
capture and the axis Zj completes.

i7i) chaser’s body frame F3: the center of this frame coincides with the chaser’s CoM and it’s
axes are oriented in such a way that an attitude angle equal to [0, 0,0]T means that the chaser
is aligned with the target along its velocity axis.

We use the notation v, v® v® for a vector v given in the frame F;, F;, Fp, respectively. However,
the superscript (), (1), (b) is omitted when judged not necessary.
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3.2 Modelling issues

Modelling the relative translational motion between the two spacecraft

Let (¢, Ye, zc) be the coordinates of the chaser’s CoM, in F;. Then, the dynamics of the chaser’s
translational motion is described according to [Wie98, MG12]:

@ = f (x) + |2 (70 + 48 + 9D+ (3.1)
IE
In this equation x((;i) = e Ye 2e Te Ye 26| is the state vector composed by the position and velocities

of the chaser along each axis of F; and 719),75), 7§2), C(lic) refer to the 3-dimensional accelerations

due to the propulsion unit, propellant sloshing, flexible appendages and disturbances respectively.

Similarly, let (x,y, 2z¢) be the coordinates of the target’s CoM in F;. Then, the dynamics of the
target’s translational motion can be described according to

(i i 0 i
) =1 () + 2] (32)

where I3 is the identity matrix in R3, ng‘) = [zt yt 2¢ T4 Y1 2¢]7 is the state vector composed by the

positions and velocities of the target. 'yéi) refers to the disturbances (accelerations) about the tar-
get’s CoM.

In Eq. (3.1) and (3.2), the nonlinear state dependent function f <X§~i)> ,j € {c,t} is given by

- x] -
Yj
Zj
() I L N
f (Xj ) = (x?+y]2+zj2.)3/2 JE {C7t} (33)
—HY;
(3 +25+:3)""
iz
(3 )"

¢ = Gmp is the Earth gravitational constant where G and mp are the universal gravitational
constant and the mass of the Earth planet, respectively.

Subscribing Eq.(3.2) to Eq.(3.1) leads to the relative translational motion between the two space-
craft, given in F;. The result is a state space model that involves the relative position Az =
:I:EZ) — :r,EZ) and the relative velocities Az(®) = a‘:&” — m’EZ).

Now, consider the rotation matrix Rgl)(a,e,i, 2, w,v) that performs the projection of a vector
v € R3 from F; to Fj, see [MG12]. With the retained target orbital parameters (see section

3.1), it can be verified that Rgl)(a, e,i,2,w,v) depends only on the semi-major axis a and the

true anomaly v, that is Rgl)(a, v). Applying the change of coordinates p = Rgl) (a,v)Az® (and
therefore p = REZ) (a,v) Az it follows that the state space model that describes the dynamics of
the relative translational motion between the two spacecrafts in F;, takes the form of (3.4) where

j ={c,t} and g(.) is a function that depend nonlinearly on p, p, a, v, 751;)'

Pl _ : M) 4 (%) (Lpo 0, 0
|:p:| _g(p7p7a7V77dj > + |:]13:| <mFu +73[ +75a (34)
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In Eq.(3.4), m is the total mass of the chaser’s spacecraft, ES” = mRZ(-l)(a, V)")’fﬂ is the three-

dimensional forces due to the thruster-based propulsion unit, '75(? = m’Rgl)(a, V)"YS) and 7§Q =

le@ (a, u)7§22 are forces due to propellant sloshing and the flexible appendages respectively, given
in Fj.

Since the target follows a circular Keplerian orbit, the velocity of the true anomaly satisfies the
third Kepler law, i.e.

%a® = constant = yu = Gmp = v = 1/% =n (3.5)
a

where 1 = 3.9860 x 10'4m?3/s2. Then, because the distance between the target and the chaser
during the rendezvous is much smaller than the orbit, i.e., ||p|l2 < a, it is possible to perform a
first order Taylor approximation of (3.4). This leads to the so called Clohessy-Wiltshire equations,
also named the Hill equations [Wie98, MG12]:

00 0 1 0 0
00 0 0 10

pl 1o 0o 0 0 0 1] J0s]({1 0. 0

M‘ 322 0 0 0 20 ol [p "] nte T (3:6)
0 0 0 —2n 0 0
L0 0 —n?2 0 0 0

In this equation, ’yq(,l) is a generalized disturbance acceleration which is an additive approximation

of the effects that 'yg), 'ys(fl) and '70(1;) = Rgl) (a, 1/)'75;), j = {c,t} have on the dynamics of the relative

position and relative velocity.

Remark 3. It should be outlined that ’yg),'ygfl) and ’y((i;),j = {c,t} enter endogenously the state
space model (3.4). So, approximating them into a form of a generalized exogenous signal 71(,l) must

be valid. Especially such an approrimation is valid if 'yg), ’yﬁ? and ’y(g;),j = {c,t} do not destabilize
the control loop that is developed later. Fortunately, this has been revealed to be the case, see the
simulation results presented in Section 4.6, which are obtained from the functional engineering

simulator that does not consider any kind of approximation.

Modelling the attitude of the chaser’s spacecraft

The rotational motion of the chaser caused by an applied moment (sum of all torques acting on it)
can be derived from the Euler’s second law in the body frame F; according to:

w=JD T —J 'wx Jw (3.7)
k

Here, w is the angular velocity vector and J € R3*3 is the inertia matrix of the chaser’s spacecraft
without considering the solar array. In (3.7), >, Tj, = T, + Tg + Tsq + Ty describes the sum of
torques about the chaser’s CoM, in F;,. T, refers to the moment caused by the thruster-based
propulsion unit and T, Ty, Ty refer to the moment caused by propellant sloshing, the solar array
and the exogenous disturbances.

Using the individual rotation matrices from Euler (3,2,1) rotation [Fonl14], the relationship between
the rotational velocities w and the rate of the Euler angles @ = [qb 0 w]T is given after by

cos(f) sin(¢)sin(f)  cos(¢)sin(0)
0 cos(¢) cos(f) —sin(¢)cos(f) | w (3.8)
0 sin(¢) cos(9)

1

©= cos(#)
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Performing a first order Taylor approximation of Egs. (3.7) and (3.8) around w = 0 and © = 0,
leads to the following linear state space model of the attitude of the chaser:

HEERIHER D "

w

Here, Tlgb) is a generalized disturbance moment (given in ) which is an additive approximation
of the effects that Ty, Ts,, Ty have on the dynamics of the attitude and angular velocity.

Modelling the solar array

The dynamics of the solar array is modelled using the 2nd order vector-based equation:

. . (b)
q+2bwoqg+wig=—LT Ttot ] , qeR" (3.10)
w
L T 3X(ns.np)
L=|, | LLer™mm (3.11)

In this equation, ’yt(gz is the total acceleration given in F (i.e. 7,552 = ’yéb) + 7§2) + %(Lb)), ns =2 1is

the number of flexible modes and n, = 1 is the number of solar arrays, respectively. £ and wy are
also matrices of adequate dimensions that correspond to the damping ratios and the frequencies of
each flexible mode. The constant matrices L, L are given by:

L=RY(e)Br, L=RY(a)Br+ SR ()Br (3.12)

The matrices Br and Bp are the flexible appendage participation factor matrices. The role of
the rotation matrix R((zl;) («) where « is the appendage angle, is to transform Bp, By, given in the
appendage frame, into the body frame. S(d) also denotes the skew-symmetric matrix of the vector
d € R3, d being the distance vector between the chaser’s CoM and the center of mass of the solar

array.

In this work, since the focus is on the rendezvous, it is assumed that « is constant so that R(«) is
a constant matrix.

Then

(b)
Fsa o
=—Lq—
[ 15(2) ] !

MsaVoh (3.13)
Jsqw ‘

In this equation, ms, denotes the mass of the solar array and the matrix Jy, € R3*3 is the total
inertia of the solar array. It corresponds to the sum of the nominal inertia Jy and the so-called
transport inertia.

Let us consider the chaser’s attitude dependent rotation matrix Rl(b)(@) that performs the projec-
tion from the LVLH frame F; onto the chaser’s body frame F;,. Noting that

1 .
W= RVOF), A =R (O)R] (@0l (3.14)
Fly) = m{) (3.15)
it follows:
—. 1 ;
PO = [T m (L RO@©FDE ROOR (@.0n0)]

Finally, considering the rotation matrix Rél)(@) that performs the projection from the chaser’s
body frame F; onto the LVLH frame Fy, it follows:

FY =rY(@)FY (3.16)

sa
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Modelling the sloshing phenomena

Propellant sloshing in the tank is modelled in this work as a 3D spring-mass model. It is considered

that the chaser has two half-full tanks. Thus, the moment Ts(lb) = 2?21 TS(ZIZ) is deduced from the
following mass-spring damper vector-based equation

y . b
&y + Ldg + kssazszﬁyg), x, € R3

ms m

3.17
Ts(lb) =71 X (ksxs + lsxs) ( )

In this equation, I; and ks are matrices of adequate dimension, defining the damping and stiffness
coefficients. my is the sloshing mass and r € R? is the distance vector between the chaser’s CoM

and the center of mass of the tank. ﬁgb) is the acceleration on the considered fuel tank which

is defined according to ng) = ~®) — >k 'y]ib) where ) . '7,(:)) describes the sum of the following
accelerations:

(b)

e the Coriolis acceleration: v, = 2w X &4
e the centrifugal acceleration: ’yéb) =w X (wx (r+xzy))
e the Euler acceleration: ’yéb) =w X (r+xzy)

e v is the acceleration about the CoM of the chaser

Modelling the propulsion unit.

Let wp be the command vector of the 12 thrusters. Then, the force Fi(Ll) and moment Tl(Lb) due to
the thrusters are given by:

FO =RP(©)FY =R (O)[Ry, ... Ry, Jur
_ Rgl)(@)RfUT (3.18)
T®) =[R,, ...R.,Jur = Rrup, R = [RI RHT (3.19)

The columns of R are the influence coefficients defining how each thruster affects each component
of F{” and qub), respectively (R is the thruster configuration matrix).

3.3 Control Allocation

In (3.6) and (3.9), the control commands Fu(l),Tu(b) are given in terms of forces and torques. Let

Sar = {1,2,...,12} denotes the set of all the thruster indices, and let ug;) (t),Vk € Sy be the com-

manded opening duration of the k-th thruster. Then, the control commands Féb), éb) generated

by thrusters are given by (fault free cases)

(b)
o e e o

The columns of R (called the thruster configuration matrix) are the influence coefficients defining

how each thruster commands uﬁ?,Vk‘ € S, affects each component of qub) and FIEZ). Thus, from
(3.20), it is clear that one can independently address the model either using the torque/force control
inputs (in this case, equations (3.6) and (3.9) are directly used), or using the thruster commands
(in this case, it is needed to consider (3.20)). Note that reversing (3.20) is known as a CA problem
which consists in solving the following optimisation problem

D (t) = argmin W,(Rul(t) — v,)

( (3.21)
uﬁ’” EM:{uS? :Oguil;) <Ukmaz }VEESa1
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where v, is the vector of the desired force and torque commands and ug,q, 1S the maximum open-
ing value of the kth thruster. Here it is equal to ugmas = 4N Vk € S,y The nonsingular weighting
matrix W, affects the prioritization among force/torque components. The different choice of the
vector p-norm results in 7) minimum flow rate allocation for p = 1, minimum power allocation for
p = 2 and 44i) minimum peak torque/force allocation for p = co. Any algorithm that solves the
optimisation problem stated by Eq. (3.21) is called a CA unit (known also as a thruster manage-
ment unit), see Fig. 3.2 that illustrates the placement of the CA unit in a control loop.

Algorithm 1, whose foundations come from the nonlinear pseudo-inverse controller technique ini-
tially formulated by [JWDO95], states the algorithm that solves (3.21). The algorithm terminates if
the precision e of the allocated torques/forces, weighted by W, is achieved (here e = 10710) or if the
maximum number of iterations N/[\*¥ = 350 is reached. M IB stands for the Minimum Impulse Bit
(minimum shooting time that a thruster can execute), A = 1.7 allows to manage the convergence
time and M]f, k = 1,...,12 stands for the generalized inverse of M,k = 1,...,12, optimal in the

sense of the considered p-norm. The indices k =1, ..., 12 coincide with the indices of (3.19).

Algorithm 1 Solution of (3.21)

1: Set Niter =0, v =v, and M; = M;

2: while |W, x error||y > ¢ AND N, < NJ2%* do
3: v =v+ Axerror;

4 uPc = M]fv;

5 u’ = (uP° + |uP?)/2;

6: for k=1to 12 do

7 if uf > uy then uf = uy; end if

8

9

if ui < MIB then uj, = 0; end if
end for

10: error = Mu® — v,; Nijter = Niter + 1;
11: end while
12: Set u = u;

3.4 Sliding Mode Control in a Backstepping Setup

v
Tle Mean 12 o, . " u® 1_; Nonlinegr
S A ---r’ SMC|—| cA R || Dynamics |
T - 2 l‘ Tr_1 r

Figure 3.2: Backstepping and Sliding Mode Control Setup

Consider the following block-controllable form of a system’s model, composed into r connected
sub-systems [DILU90]:

T, =A121 + Brao (3.22)
T, =A;T; + Bixit (3.23)
r =A; Ty + Br(u+v) (3.24)
for i = 2,r—1. Here x = [z],2),...,2]]T € R", v € R™ and v € R™ refer to the sys-

tem’s state, control input and (matched) disturbance vectors respectively. T; is defined by Z; =
(2], 2k, .. 2]]T,2; € R™ so that n; = rank(B;), >.;_;n; = n. The sub-system (3.22)-(3.23) for
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i = 2,7 — 1 represents the sub-actuated dynamics and (3.24) corresponds to the actuated dynamics.
Thus, z,, € R™. The matrices A;, B; are of adequate dimension.

The goal is to design the state feedback sliding mode control law that obeys to a backstepping
paradigm so that x;(t) follows an a priori given trajectory x1.(t), V& > 0.

Assumption 1. Let v € R™. The component vj are bounded, i.e. |v;| < U(J)rj and the component of
v are bounded, i.e. |0;] < fufj,j =1,m.

Assumption 2. The time derivatives of x1. up to order r — 1 are assumed to be bounded and
available.

Assumption 1 is required for the existence of the super-twisting control technique, see Eq. (3.35).
For small values of r, assumption 2 is reasonable from a practical point of view since the successive
time derivatives of x1.(t) are generally endogenous signals in a trajectory planing algorithm. Fur-
thermore, sliding mode-based differentiation techniques can be used for estimating the derivatives
up to r — 1, see Section 2.5.5.

The backstepping philosophy consists in computing the internal signals €;,7 = 1,7 — 1 in r — 1 steps
and used x;, 1,7 = 1,7 — 1 as virtual controls. Then, at the r*® step, the control law is conceived
such that the state trajectories reach the sliding surface and remain there. A FOSMC and a STA
are used for that purpose. The main goal of employing two sliding mode control techniques is to
illustrate the differences in performance between each method. In the following, the case for the
FOSMC is firstly explained followed by the STA case.

3.4.1 First Order Sliding Mode Controller in a Backstepping setup

The overall controller design procedure can be described in a general form with the following steps:

Step 1. Define the tracking error according to e;, = z1. — x1. Then, as it is suggested by Eq.
(3.22), xo is used as a virtual control so that z9 := &1 where

g1 = BI(i:lc — A1{E1 — Aleml) (3.25)

where Al < 0 contains the desired convergence performance of x; towards x1.. Notice that since
rank(B;) = n;, then B;B] is invertible, thus Bg = B](B;B])~! is the right inverse matrix of B;.

Step i, i = 2,r — 1. Define the error as e;, = ¢,_1 — z; and the virtual control according to:
€ = B;—r(éi,1 — Az — Aieﬂ?i_‘_BiT—lefEifJ (3.26)
where A; < 0,2=2,r—1.

Step r. With the sliding surface defined by e, = e¢,—1 — z,, the control law is given by:

u=Bl(¢_1 — AT, +B]_jes, ;) —uUn (3.27)
uy

uy € R™ is the sliding mode controller. For the FOSMC, it is defined as follows:
U, = asign(eg, ) (3.28)

where the constraints for the selection of a are further analyzed, see Eq.(3.29). The process
to obtain the generalized equations (3.25)-(3.27) is exemplified for a system with r = 3, in the
Appendix section A.2
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Assumption 3. The components of Bl _|é,, , are bounded
The following theorem solves the control design problem:

Theorem 1. Consider the system (3.22)-(3.24), whose control signal is designed following the
procedure shown in (3.25)-(3.28). The closed loop system is stable and the controller (3.27) tracks
the reference signal x1. while annihilating v in finite-time.

Proof. The proof is conducted in two stages: First, the convergence of the trajectories to the sliding
surface e, = 0 is shown. Then, a Lyapunov function is designed to demonstrate the convergence
of the sub-actuated dynamics.

To proceed, the convergence of the individual components of the sliding surface e, to zero is
demonstrated. Based on the definition of e, = ¢,_1 — x,, and by applying the control law (3.28),
its derivative is defined as follows:

g, = Er1 — &p = Er_1 — ApZp — Br(u+v)
=1 — Az, — B, [BI (6r—1 — AT+ B]_jeq, ) —un + v}
=&, 1 — Ay —ér 1 + Ay — BY_ ey + By (uy — v) (3.29)
=—B' ey, , + Br(up, —v) = —B ey, , + Br(asign(es,) — )
= Byasign(ey, ) + 0,

with j = 1,m, which represents the components of the vector §; = —B] e, , — Byv. From
Assumptions 1 and 3, the term § = —B! ,é;, , — B0 is bounded. This means that there is a
constant 0; that [0;] < [(B]_,éx,_,);| + \Br\vfj < 0;,j = 1,m. Then, the system can be stabilized

if the gain a > 5, achieving e, = 0 in finite-time and thus x, = ¢,_; in finite time.

To proof the convergence of the sub-actuated dynamics, the following Lyapunov function is em-
ployed:

1 1
V= 55;1%1 +...+ 56;r€xr (3.30)
Its derivative is defined as
V=el €y +...+e€l e, (3.31)

with the expression of é,,,i = 1,7 stated in the above developments, equations (3.22)-(3.24) and
the control law u given by (3.27), it can be verified that

r—1
V= Z e}kflkexk +el Br(up —v) (3.32)
k=1

Due to ey, = 0, the time derivative of V' yields to V= 22;11 e};kflkexk. Since Ay, < 0,k=1,r—1,
it follows that V < 0 (sufficient condition) and thus that the proposed control law is asymptotically
stable. Consequently, x; — €;_1,7¢ = 2,7 — 1. Therefore x1 — x1., achieving tracking of the
trajectory x1.(t) asymptotically.

O

Remark 4. Tuning Ay, k = 1,7 — 1 enables to manage the convergence time of z;(t) to e;_1(t),i =
2,r —1 and x1(t) to x1.(t). Therefore, the convergence time of ey, , (and thus é;, ) to zero can
be reduced if A,_1 has small eigenvalues (fast dynamics). This may lead the terms |(BTT_1éwT71)j|
negligible in front of Ufj,j = 1,m. A consequence is that, practically, the constants Sj can be
chosen as over approximated upper bounds of vfrj,j = 1,m. In other words, the knowledge of
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, j =1, m is not required.

’ (B;'rfléxr—l ),]

Furthermore, since the finite-time convergence of the last step, i.e. ey, = 0, is first proved and
then used to prove asymptotic convergence of the controller, it is natural to ask about the transient
behaviour of other ey, ,k = 1,7 — 1, especially to guarantee the boundedness of the tracking error.
This can be managed adequately through the adequate choice of Ay, k =T, — 1.

3.4.2 Super-Twisting Control in a Backstepping setup

In this section, a STA is designed to be the part of the controller in charge of compensating the
disturbances. It is defined as u,, and it is expressed as:

t
u, = KW + KQ/ Uodt (333)

to

with the matrices K1 = diag(kn, . kilm), K2 = diag(k:gl, e k‘gm), !pl = diag(Wn, e ,Wlm) and
J/Q = diag(wﬂ, ce ,Epgm), where

1 . . .
Uy = |€ij |2 &gn(exrj), Uy = 81gn(eITj),j =1m (3.34)

and where the components of the matrices gains K; and K» satisfy

kgj > Sj, klj >/ kgj + Sj, j=1m (335)

where the constants Sj, j = 1, m are defined later.

Theorem 2. Consider the system in Eqs.(3.22)-(3.24) whose control signal is designed according
to Eq.(3.27) with the expression in Eq.(3.33). The closed loop system is stable and the controller
(3.27) tracks the reference signal x1. while annihilating v in finite-time.

Proof. Following the procedure of the proof of Theorem 1, one can start by differentiating e,, and
applying the control law (3.27), then the derivative of the error is defined as:

t
éﬂﬁrj = B, (—kljwlj — kgj/ WQjClZf) + 5j (3.36)

to
with j = 1,m. §; represents the components of the vector 6 = —B]_je; , — Byv. Defining

i = B, (—k‘gj j;to lpgjdt) + 5]' yields to
éa,, = Br (=kiWhy) + pj,  fij = By (—kajWa)) + 0, (3.37)

with § = —B!_,é;, , — B0 which under Assumptions 1 and 3 is bounded, i.e. there exist constants
9, such that |9;| < (B _1a,_.);| + |B,«\vfj < d;, j = I,m. Then, it was shown in [SH17] that the
auxiliary system (3.37) can be stabilized by selecting the gains ki; and ko; as in (3.35), achieving
ez, = 0 in finite time, therefore z, = ¢,_; in finite time. ]

The second part of the proof consists of demonstrating the convergence of the sub-actuated dynam-
ics. As shown in the previous section, this is accomplished by using the Lyapunov function defined
in Eq.(3.30). The difference from the previous procedure is that u, is defined as in Eq.(3.33).
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3.5 Derivation of the control law parameters

Two separate control laws, for attitude tracking and relative position tracking, are derived. Their
design is based on the procedure explained in Sections 3.4.1 and 3.4.2. It is applied to the linearized
model expressed in (3.6) and (3.9). The control inputs and matched disturbances are defined
according to:

o U= %Fél), B, =13 and v = 71(,1) in the case of (3.6),

o U= Ttsb), By = J ' and v = T in the case of (3.9),
then, (3.6) and (3.9) are of the form (3.22)-(3.24) with r = 2, where:
e 1 = p,x, = x2 = p in the case of the model (3.6),

e r1 =06, x, = r9 = w in the case of the model (3.9).
Furthermore, since the LIDAR provides the measurement of the states 1 = p and x9 = p in the
case of the model (3.6), the Star Tracker provides the measurement of the state 1 = @ and the IMU
provides the measurement of the state xo = w in the case of the model (3.9), then the problem’s
formulation obeys to the one stated in Section 3.4. By using the functional engineering simulator,
numerical values for bounds vfj, j = 1,3 (see Assumption 1) are estimated: relative position loop:
’U1+ = (0.0565, 0.0198, 0.0302), attitude loop: ’U1+ = (0.0240, 0.0023, 0.0368).

3.5.1 First Order Sliding Mode Controller

In the following, the controller for position tracking is developed with the objective of serving as
an example of the design process. It is based on the linearized model (3.6), which is first rewritten
in the following form:

0 0 0 1 0 0]
0 0 0! 0 1 0
i 0 0 0 ! 0 0 1|/« 03 A A ] [ 03
|:i'2:| 320 0 10 200 L:J + [HJ (utv) = {AglAQQ} [m] + []13] (u+2)
0 0 0 i—=2n 0 0 '
. 0 0 —m? 0 0 0]
' (3.38)

According to the procedure explained in Section 3.4.1, one begins with the definition of the error
ez, = T1, — 1. Its derivative is expressed as:

by, = T1, — X1 = 1, — Anix1 — Ajax2 (3.39)
Then, given that x5 is used as a virtual controller, xo := €1:
e = (An)" (i1, - Anzs — Asey, ) (3.40)
Finally, the control law is defined as:
u=¢1 — Agx1 — Ao + (A12)Tes, — up (3.41)

where w,, is defined in (3.28) with the sliding surface e,, = €1 — x2. The convergence of the sliding
surface is demonstrated as follows:

€py = €1 —Tg = €1 — Ag1x1 — Aoy —u —v
=¢é1 — Az — Agoxo + €1 + Apixy + Agoxo — (A12)Tey, +up —v

_ (3.42)
= —(A12)Tey, +up —v=—(A12)Tey, + asign(ez,) —v

= asign(eg,) + 9
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with 6 = —(Aj2)Tez, —v. To guarantee a sliding motion, « is selected according to (3.29). The proof
of the convergence of the sub-actuated dynamics is analyzed by employing a Lyapunov function as
described in (3.30):

1 1
V=V+V= 56;1€$1 + 56;2€$2 (3.43)

First, the derivative of V; is obtained by considering zo = €1 — e,,, which is obtained from the
definition of e,,. It follows:
Vi =el éy = el (1, — Az — A1ama) = €] (#1, — Aniar — A1z [e1 — eg,))
= 6;1 (jjlc — All:pl — A12 |:(1412)+ <5L‘1C — Allxl — A16x1> — 612]> (344)
= egTClAlexl +el Aizeq,
where the definition of é,, is obtained from (3.39). The derivative of V5 is then obtained as:
Vg = 6;2@2 = 6;2 [asign(eg,) + 6] = 6;2 [acsign(eg,) — (A12)Tey, — ] (3.45)

where the definition of é,, is obtained from (3.42). Then, by employing the results obtained in
(3.44) and (3.45), the total derivative of V' is expressed as:

V=V+V= eQTlellem + el Arses, +el, [asign(es,) — (A12)Tey, — ] (3.46)
by using the following property el, Al,e,, = el, A12€s,, it follows:

V= 6;11‘11%1 + el Arzer, — el Arsey, + el [asign(es,) — v (3.47)
= 6;112116931 + el [asign(es,) — v]

The convergence of e;, is guaranteed according to Remark 4. Same procedure is applied for
the design of the control for attitude tracking by using the model described in (3.9). The inter-
ested reader can find the exemplified design process for the case r = 3 in the Appendix, Section A.2.

For the simulation, the gains were selected based on Remark 4. The backstepping gain is chosen
as A; = —I3 for both, the attitude and relative position loop. With respect to the sliding gain «,
it must be chosen so that its value is chosen high enough to enforce the sliding motion. This leads
to a = 0.25[3 for the attitude loop and a = 0.0813 for the relative position loop.

3.5.2 Super-Twisting Sliding Mode Controller

The design procedure for both control laws, attitude and translation, is similar to the one employed
for the FOSMC case. Take for instance the fact that equations (3.39)-(3.41) are equally defined
for the STA. The main difference relies on the definition employed for u,,, which is based on (3.33).
Consequently, the convergence proofs are different as shown in the following.

The sliding surface employed is the same as for the FOSMC case, i.e. e;, = €1 —z2. Its convergence
is demonstrated based on its derivative as
Cry = €1 — B2 = €1 — Ao1z1 — Aoy —u —v

=¢é; — Aoz — Agoxo + €1 + Aoy + Asowg — (A12)Teq, +up —v

¢
= —(A12)Tey, + up —v=—(A12)Tey, + K1¥1 + Kz/ Yodt — v (3.48)

to

t
= K1 +K2/ Uodt + 6

to
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with 6 = —(Aj2)Tez, —v. The gains are selected according to (3.35) and Remark 4. The convergence
of the sub-actuated dynamics, employs the Lyapunov function expressed in (3.43). The derivative
of V; is defined as in (3.44), while the derivative of V5 is defined as

t t
Vo = e;QéJ:? = 6;2 [Klg/l + KQ/ Uodt + (5] = 6}2 [—(Alg)-rezl + K ¥ + KQ/ Uodt — 1):| (3.49)

to to

Then, by employing (3.44) and (3.49), the derivative of V' is expressed as:

t
V= e;lAlexl -+ :L‘1TA12612 + 6;2 |:(A12)T6x1 + K191 + KQ/ Usdt — v]

to

t
= egTﬁlAlewl =+ 6;114126352 — 6;114126352 =+ 6}2 [—(Alg)Texl + K ¥ + KQ/ Uodt — 1}:|
to

(3.50)

t
= 6;11416961 + 6;11412612 + 6;2 |:—(A12)T6x1 + K ¥ + Kg/t s dt — ’U:|
0

¢
= el Ares, +ef, ["‘KlWl + Kz/ Uodt — v}

to

Similar to the FOSMC, the convergence of e;, is guaranteed by Remark 4. For the simu-
lation, three parameters have to be chosen for each control law, namely A (which enforces
the tracking dynamics) and Kj, Ks according to (3.35) (to ensure stability of the super-
twisting algorithm). The following values have been chosen for Aq: relative position loop:
Al = —I3, attitude loop: Al = —100I3. K; and K5 are then designed following remark 2:
relative position loop: Ki = diag(0.34,0.2,0.25); K = diag(0.057,0.02,0.031), attitude loop:
K, = diag(0.22,0.068,0.28); Ko = diag(0.025, 0.0024,0.037).

3.6 Simulation results

The performance of the designed SMC control laws is finally assessed using the functional
engineering simulator. It has a CA unit which is in charge of distributing the control signal into
the thrusters. Its operating principle follows the description in (3.21). In addition, it has a path
planning (guidance) algorithm implemented which is in charge of generating the position/velocity
and attitude/angular velocity profiles for the target acquisition, rendezvous and capture phases.
Here, it is based on a spline-based approach to generate smooth profiles in order to approach
the target along its velocity axis smoothly. It is worth noting that the simulator considers the
nonlinear models and their coupling effects, the second-order zonal harmonic Jo, atmospheric
drag, gravity gradient, magnetic disturbances, propellant sloshing and the flexible modes of the
solar array. In addition, the navigation unit is assumed to be perfect, i.e. no measurement noise is
considered.

The investigated scenario used the following parameters:
e Chaser’s mass m = 300kg

Chaser’s inertia J = [30,1, 1;1,40,1; 1,1, 25]

Thruster’s saturation= 4 N, Minimum Impulse Bit = 0.1

Thruster configuration and geometry of the chaser (including the location of its CoM) as
shown in figure 3.3.

Sampling time= 0.25s
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—THR (opposite direction)
£ CoG

Figure 3.3: Thruster configuration and geometry of the chaser (including the location of its CoM)

3.6.1 First Order Sliding Mode Control

In this section, the response of the system, when employing FOSMC, is analyzed. In Fig. 3.4
(left column), the attitude tracking and the reference signal are shown. The position tracking
and the reference signal are illustrated in the right column. It can be seen that the states follows
the reference trajectories. Figure 3.5 presents the behaviour of the angular (left column) and
translational velocities (right column). Angular velocities present a more visible ”chattering” effect
than the translational velocities. However, this oscillation stays close to zero. The control signals
computed by the FOSMC are shown on the upper part of Figure 3.6, where the chattering effect
is visible. In the lower part of Figure 3.6, the tracking errors of attitude and position are shown.
It can be seen that the attitude error oscillates around zero. In the position error graphic, a small
drift on the error as well as its recovery, are visible. As mentioned before, the control signals are
distributed to the thrusters by the CA unit. These distributed signals, are shown on Figure 3.7 for
each thruster. As seen in this figure, the thrusters are not saturated.
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Figure 3.6: Tracking errors and control signals with FOSMC

3.6.2 Super-Twisting Sliding Mode Control

Fig. 3.8 shows the attitude (left column) and the relative position (right column), with their
respective reference signals. It can be seen that there is a satisfactory tracking. Furthermore, when
compared to Fig. 3.4, a reduction on the ”chattering”effect can be appreciated. Fig. 3.9 illustrates
the behaviour of the velocities with the STA. When compared to Fig. 3.5, the main difference
can be observed in the magnitude of the ”chattering”, specifically in the angular velocities. The

39



Chapter 3. Design of a Sliding Mode Control Scheme
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Figure 3.7: Signals applied to thrusters with FOSMC

control signals obtained by the STA are shown in the upper part of Fig. 3.10. The attitude and
relative position tracking errors are presented in the lower part of Fig. 3.10. It can be seen that
the magnitude of the error reduced when compared to Fig. 3.6. In Fig. 3.11, the control signals
applied to each thruster are illustrated.

The capture process of the target by the chaser is illustrated in Fig. 3.12. Both phases, the
acquisition phase and the rendezvous phase, are observed. The target is represented by the red
square. By zooming in on Fig. 3.12, at the beginning of the trajectory, a closer look to the
acquisition phase is obtained. See for instance in Fig. 3.13, where the chaser keeps its position and
only performs a rotation. This, with the objective of aligning with the target. After this step, the
chaser goes into the second phase, which involves a translation towards the target.

3.7 Conclusion

This chapter described the rendezvous mission and the characteristics of the scenario considered.
The developments of the model and its linearization was described. Then, the design procedure
for the development of controllers for attitude and position tracking was done. The design is
based on two sliding mode techniques in a backstepping setup. For the design of the controller,
the coupling effect between the dynamics was neglected and the disturbances are approximated as
an exogenous signal, see Remark 3. The proposed solutions were tested in a nonlinear simulator.
The results obtained showed that both controllers are stable, robust against perturbations and
would not saturate the thrusters. The main difference between both solutions is the already
known ”chattering” effect. A reduction on the magnitude of the chattering is observed when
comparing Figs. 3.8-3.11 against the results obtained when applying the FOSMC, i.e Figs. 3.4-3.7.
In addition, the STA controller showed higher robustness against perturbations, see for example
Fig. 3.6 against Fig. 3.10.
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It is known that in reality the system is more complex than the one considered in this chapter.
Starting by the fact that the disturbances are state dependent and approximating them decreases
the accuracy of the solution. In addition, it should be considered that the success of the mission
can be threatened by sudden faults. The insensitivity property of the SMC will be exploited in
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Figure 3.13: Zoom at the beginning of the trajectory

this direction in the following chapter. In addition, the idea of a nonlinear controller, i.e. one that
takes into account the coupling effect between dynamics, will also be explored in following chapter.

43






Design of a Fault Tolerant Control
Scheme in Dual Quaternion
1 Formalism

4.1 Introduction

Based on the results obtained on the previous chapter, the development of a control strategy
with fault tolerance capabilities is explored in this chapter. The state dependent perturbations
(sloshing phenomena and flexible modes) are no longer treated as an exogenous approximated
signal. Thus, the development of a coupled model (6DoF) is necessary in order to take into account
the coupling effects. This is achieved by employing the Dual Quaternion formalism, which is a
combination of complex numbers and quaternions. Furthermore, the occurrence of sudden faults is
considered, specifically, a stuck open and a stuck closed thruster fault. The proposed FTC solution
is based on the GSTA theory, nested with a nonlinear fault estimator and an anti-windup strategy.
Stability of the proposed FTC solution is investigated and it is proved that the overall FTC scheme
is asymptotically stable. It is then tested in a functional engineering simulator that accurately
simulates the capture of a passive target by a chaser spacecraft, onto a circular orbit around the
Earth, considering a realistic navigation unit, the flexible modes of the solar arrays of the chaser and
the most significant environmental perturbations, i.e., Earth gravity, the second zonal harmonic
Jo, atmospheric drag and magnetic disturbances. Mission-oriented criteria are proposed to analyse
the results, and it is shown that the proposed FTC solution exhibit satisfactory performance, since
the capture performance are met, despite the loss of controllability of the faulty actuator.

4.2 Fault recoverability /compensability

As mentioned in Section 2.9, FTC capabilities rely on the structure of the system. For instance,
if a system does not have an adequate redundancy, the system cannot effectively compensate the
faults despite of the control strategy selected. Redundancy can be provided by software/hard-
ware or analytically (relationship between variables in the system). Control reconfigurability
was proposed in [WZS00], as a redundancy measure in the context of feedback control. It
reveals the feasibility and limitations of the model used for FTC. Furthermore, it analyzes the
remaining controllability and observability properties of a system in adverse conditions. As
a consequence, modifications can be applied to enhance the reliability of the system. This
concept is also employed to evaluate the size of the set of fault tolerant situations, i.e. the
number of recoverable and non-recoverable situations after the occurrence of a fault. This is
known as fault recoverability, and has been addressed with different approaches, see for instance
[FKB99, Sta05, YJS12, GCTS09, BKL'06, SB10, YJSZ15, QTHH16, CJT15, ZTCHD17].
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Having in mind this necessary condition, it is proposed in this chapter to improve the hardware re-
dundancy to observe a recoverable situation after fault occurrence. A new configuration of thrusters
was designed to specifically address FTC strategies. The set of 24 thrusters was placed on the chaser
such that the nominal attainable set of propulsion torques 7 and forces f is likewise attainable by
combining the thrusts of any N — 1 = 23 thrusters, see Fig. 4.1. This means that stability and
an acceptable performance can be maintained with 23 thrusters. This is verified with the fault
recoverability analysis, as shown in the following.

=——=THR (opposite)
# CoG

Figure 4.1: Thruster configuration, geometry of the chaser and CoM

To derive the fault recoverability criterion, one begins by defining the set of 2, which contains the
forces/moments related to the studied thruster configuration as:

(c) (c)
e, (1) w© 6 e, (1)
2,(A,b) = { [fc(i)(t)] =Ru” eR ’ A [féj)(t)] < b} (4.1)

where A € R™*¥ is a real matrix with rows al, b € RF is a real vector with entries b; (see
Appendix A.3), R is called the thruster configuration matrix and ugc) is the commanded opening

of the thrusters, which describes the following set:

cro° e cming — cmaxy

U= {ugc) = [ul® ,ug?]T € R* ‘ W9 < u((:? <uld o fork=1,... ,24} (4.2)
and let U be the set of the commanded opening of the thrusters considering a fault in the k-th

thruster:

U= {a@ = (I — U(t))u'® € R ‘ W(t) = diag (Y1 (L), . . ., baa(t)) , where 0 < Py (t) < 1} (4.3)

where W, is used to represent the status of the k-th thruster, as it is further explained in (4.66).
Let £2F be the restricted set of attainable forces/moments using all the thrusters but the k-th one
due to a fault, then 2% C (2,.

(A by = [T D) - e ers | 4, [T O < 4.4
a(Ayp by) = f({;)(t) =Ru € ‘ f fc(j(f)(f) < by (4.4)

where Ay € R™*k is a real matrix with rows aZT,, by € R is a real vector with entries

bi,. Consider for example, a thruster that remains stuck open at its maximum actuation
value, the set of attainable forces/moments will be a subset of the original set, i.e. when
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Attainable forces set Attainable torques set
fault free (blue) and fault free (blue) and

faulty case (red) faulty case (red)

e
)

Figure 4.2: Set of attainable forces/torques with stuck open thruster fault

all thrusters were completely functional. This is shown in Fig. 4.2, where the behaviour of
the set of attainable forces and moments is illustrated, considering that thruster 2 remained
stuck open at its maximum actuation value. In this figure, 2, is colored in blue, whilst 22 is in red.

Furthermore, the set of attainable forces/moments is also studied for the case when one thruster
remains stuck closed. This means that no more actuation is received from that specific thruster.
Fig. 4.3 illustrates this behaviour. Once again, {2, is colored in blue, whilst 22 is in red. The
investigated faulty situations (one thruster is fully open or closed) are recoverable given that the
faulty set shows a small reduction when compared to the fault free set.

Attainable forces set
fault free (blue) and
faulty case (red)

Attainable torgues set
fault free (blue) and
faulty case (red)

Figure 4.3: Set of attainable forces/torques with stuck close thruster fault

4.3 Mathematical background

4.3.1 Quaternions

Quaternions are the extension of complex numbers to hypercomplex numbers [C1i82, Ham48, Stu91].
A quaternion is defined as:

q=qo+ @i+ q2j + g3k (4.5)
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where ¢y € R is the scalar part and qii + goj + g3k € R3 corresponds to a complex part [Ham48].
The multiplication of the imaginary components has the following properties:

=2 =k>=-1 (4.6)
ij=—ji=k
jk=—jk=1i
ki=—ki=j

Quaternions can also be represented as a combination of a scalar (¢s) and complex vector part as
(a,) 9 = [gs,a3]T. Let q, q, and q, represent arbitrary quaternions. The basic operations of the
quaternions are defined as:

e Conjugate

q =g —qf] (4.7)
e Multiplication
4514952 — Q1 * p2
@] = 4.8
Ao ® D [%ﬂu2+ngm+wh1qu} (4.8)
e Dot product
1 * *
QoAb = 5(9a 0 + G ° ) (4.9)
e Cross product
q>u1—%qoq—q%qﬂ—[ : } (4.10)
“ b g\ e b b “ Q5192 t 9s2dy1 T dy1 X Aya ‘

Quaternion multiplication can also be expressed in matrix form as:

Po do
b1 q1 Ps qs + _
oq = o = o = = 4.11
poa=| 1ol LJ {%J (p)"a=(a)"p (4.11)
b3 43
where T
L L 4.12
P [m m1+0@0] (4.12)
T
- ds .
= 4.13
q |:qv qsI — C(qv)] ( )
C(q,) denotes the vector cross product matrix defined as:
0 —-a ¢
Clay)=|g 0 -a (4.14)
-2 @ 0

The computation of (4.12), (4.13) and (4.14) can be found in the Appendix A.4. The norm of a
quaternion is defined as:

*

la*=qoq
_ |: qsq9s + 4, - d, :|
Qqu - qsqv - qv X qv

_ [ +ay-a,] _ [a+ ],
0 0

(4.15)
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If the norm of the quaternion is |q| = 1 the quaternion is called unit quaternion. Unit quaternions
are used to represent a rotation of an angle 6 around a unit axis n, and they are defined as:

a=[eos (8) nsin (9)7]" (1.10)

Unit quaternions can be employed for describing rotations. Consider for example a vector ! € R3
in the frame Z. This vector can be expressed in the a new frame N as follows:

r¥=q*orloq (4.17)

where r&¥ and 7L are two quaternions with vanishing scalar part, i.e. 7 = [O, rN ] and rL = [0, r! ] .

4.3.2 Dual numbers
A dual number is defined as:
d=a,+ecag €#0 =0 (4.18)

where a, € R is the real part, ag € R is the dual part and € is the dual unit [Cli82][Stu91]. Let a
and b represent dual numbers, then the basic operations for dual numbers are defined as:

a+b=a, +b.+e(ag+ bq) (4.19)
Aa = Aa, + elag (4.20)
ab = a,;b, + e(arbg + brag) (4.21)

for any scalar A\JWHWHOG6].

4.3.3 Dual vectors and matrices

Dual vectors and matrices are vectors and matrices that have as elements dual numbers. They are
defined as follows:
a=a, +¢cay (4.22)
A=A, +:Ay (4.23)
where a,,a; € R™ are real vectors and A,, A; € R™" are real matrices. Their operations are
defined as:
atb= (a, +eag) = (b, +eby) = (a, £ b,) + e(ag = by)
a' =al +ca)
ha = h(a, + cay) = ha, + chay

axb=a,xb,+e(a, xbg+ayg xb,)
|a| = |a,| + €lag]
sign (a) = sign (a,) + esign (ay)
AA) = M(A,) + A(Ag)
aob+b"ca=aob—boa=2axb
(alb) =al-a;+ bl -by

where a, b are dual vectors, A is a dual matrix, h is a real number, and A(- ) denotes the eigenvalue
of the corresponding matrix.

The set of dual vectors are denoted in the following V, which is defined according to V= {v:v =
vy, 4+ evy, vy, vg € R} The notation V™ is used to refer to the set of dual vectors of dimension n.
Following this notation, the complement operator of the dual unit ¢, is defined as:

d

. d
V= £(V7« +evy) =vq (4.34)
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4.3.4 Dual quaternions

A dual quaternion q is a quaternion which has as elements two quaternions q, and q, that represent
its real and dual parts as @ = q, + €q; = [q,, q4]"- The operations related to dual quaternions are
similar to the ones applied to quaternions, dual numbers and vectors. Additional operations are
defined as:

Q" =q; +eqg (4.35)
d, ©dy = dgr Oy + 6(qar O Qpg + dgq © qbr) (436)

Along this manuscript, 1 = 1 + €0 and 0 = 0 + €0 represent the identity and zero in the dual
space with 1 = [1,0,0,0]" and 0 = [0,0,0,0]".

The product of a dual number ¢ with a dual quaternion d is defined as [GV16]:

cxd = (c, +ecq) * (dy +edy) = erd, + ecgdy (4.37)

4.4 Problem statement

4.4.1 The reference mission

The reference mission considered for the FTC strategy is similar to the one described previously in
Chapter 3. This means that the rendezvous studied is between an active spacecraft and a passive
spacecraft, called the chaser and target, respectively. The characteristics of the orbit remain as
described in Section 3.1. The main difference is the thruster structure considered for the chaser,
which consists of 24 thrusters of 2N as shown in Fig. 4.1. This structure has been designed
especially to study fault-tolerant strategies, as explained in Section 4.2.

At sensor level, more precisely in terms of outputs available from the navigation unit, it is assumed
that the relative position, velocity and acceleration between the two spacecraft are available, as well
as the attitude, angular rate and angular acceleration of the chaser. The retained characteristics
of the navigation outputs are:
e a precision of 2mm, 0.2mm/s and 0.2 mm/s? for relative position, velocity and acceleration,
over the three axes;

e a precision of 0.1deg, 0.01 deg/s and 0.01 deg/s? for chaser attitude, angular rate and angular
acceleration, over the three axes.

Furthermore, it is assumed that the chaser is equipped by a solar array with flexible modes located
at 0.1rad/s and 0.5rad/s, each mode having a damping factor fixed to 0.003. Moreover, it is
assumed that the chaser is equipped with two propellant tanks that are considered to be partially
filled, so that the motion of the spacecraft causes propellant sloshing over three modes. The
sloshing modes are assumed to be located at 0.4rad/s, 0.8rad/s and 1rad/s, each of them having
a damping factor fixed to 0.1. The chaser’s characteristics are listed in table 4.1. With regards to
the target, it is supposed to be a spheric object. For the capture mechanism, it is supposed to be
a basket. The mission consists of the capture of the target by the chaser spacecraft, i.e. the target
is captured in the basket.

Finally, as expressed in Chapter 3, the complete mission is modelled into the FES developed
in Matlab/Simulink. Within the FES, the chaser and the target have each one an associated
environment module as some characteristics depend on specific spacecraft properties. Typically,
the dynamic equations associated to the chaser, consider the flexible modes due to propellant
sloshing and the solar array, whereas the dynamic equations are those of a punctual mass.
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Assumption 4. The focus of this work is to develop a FTC solution at control level and not at
guidance level. This means, that the trajectory path computed by the guidance algorithm cannot be
modified after the occurrence of a fault.

4.4.2 Coordinate frames and notations

To establish the model of relative motion between the chaser and the target, the following coordinate
frames are defined:

i)

i)

i)

)

Earth centered inertial frame F;: this frame is a non-accelerating reference frame, with its
origin at the center of the Earth, and the axes X;,y;, z; are oriented as shown in Fig. 4.4, i.e.
the Z; axis is pointing to the vernal equinox, the Z; axis is pointing to the north and parallel
to the rotation axis of the Earth and the ¢; axis completes the frame.

target frame JF;: the center of this frame coincides with the target’s CoM, and it’s axes are
oriented in such a way that an attitude angle equal to [0,0,0]T means that F; coincides with
Fi.

chaser frame F.: the center of this frame coincides with the chaser’s CoM and it’s axes are
oriented in such a way that an attitude angle equal to [0,0,0]T means that the chaser is
aligned with the target along its velocity axis.

LVLH frame F;: the origin of the LVLH frame is at the target CoM, the axis 2} is in the
orbital plane, from the target’s CoM towards the Earth center. The axis ¢ is normal to the
orbital plane and in the opposite direction and parallel to the orbital angular momentum
vector. The Z; is in the direction of the velocity vector of the target. The LVLH frame is
mainly used to plot the figures and analyse the results, since it offers a good understanding
of the pose of the two spacecraft on the orbit. Note this frame convention is different from
the one employed in Chapter 3.

The notation &, () () is used for a vector r given in the frame F;, 5}, Fe, respectively. When
dealing with the LVLH frame, the index "LVLH” is used. The notation rf(f) should be interpreted
as a relative vector error between the chaser and the target, given in F.. Finally, the notation

w((f) / wgt) denotes the angular velocity of F./F; relative to JF;, expressed in F./F;.

«10° Z | -
final position of

rendezvous orbit target/chaser (capture)
6 Y 2
4 - ——— Chaser trajectory
o

Eo
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initial position rendezvous
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of the target et 5
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— e 0
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Figure 4.4: The orbit and rendezvous trajectory in F; (left) and in the last 40 m in the LVLH frame F;
(right). The trajectory corresponds to the results in section 4.6
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4.4.3 Dual quaternion kinematics and dynamic models
The chaser case

Let q. € Hy be the dual quaternion describing the rotation g, € H of the chaser followed by a
translation r. € R3. The kinematics equation of the chaser is given by [BS99, WS12]
1

ac = 5(_:10 o "‘_J((:C) (438)
where G)ﬁc) € V3 is a dual vector, called the dual velocity of the chaser, given in the chaser frame
Fe, and defined according to:

0 =wld 4 ¢ (7'“((36) + w9 x r@) (4.39)

The expression in (4.39) employs the property shown in (4.17). This applies for further multipli-
cation operations between a vector in R? and a quaternion. Let the dual inertia matrix be now
introduced to fully describe the rigid body dynamics with dual quaternions. From [WLS*12], it is
defined according to

d
M=m—I3+¢eJ

de
md% +edye eJny edys (4.40)
= eJzy m% +edyy ey
ey eJy. md% +ed,,

where m is the chaser mass, J is its inertia matrix, Iz € R3*3 is the real identity matrix. The
inverse of M is defined as M ' = J _1d% + 5%13. The dual momentum of the chaser is expressed
as [WS12]:

Mo© =m (7'13) +w© x rfﬁ) teJw® (4.41)

Then, the dynamics equation of the chaser is given by [BS99, WS12]

& = ! (ag@ X Ma;gc)) +MF© (4.42)

where fc(c) = fc(c) + E‘Tc(c) is a dual vector in V3, called the total dual force applied to the center of
mass, fc(c) € R? and Tc(c) € R3 referring to the total force and total torque, respectively.

In this work, the considered forces and torques are:

e the force and the torque due to the propulsion unit, denoted fc(s) € R3 and Tc(f) € R? in the
following;

e the force féi)‘ € R? and the torque Téi)‘ € R? due to the flexible modes of the solar array;
e the force f},c) € R? and the torque T},C) € R? due to propellant sloshing;

e the Earth gravity f(vC ) e R3;

e the force f}g) € R3 due to the Jo effect (Earth’s oblateness);

e the force fcffﬂn € R? due to atmospheric drag;

e a generalized torque disturbance Tg(c) € R3 that covers the gravity gradient, the Earth mag-

netic filed and the atmospheric drag;

52



Chapter 4. Design of a Fault Tolerant Control Scheme in Dual Quaternion Formalism

e the force fc(;) € R3 and the torque TC(;) € R? due to the occurrence of faults in the propulsion

unit.
The generalized torque disturbance Téc), is considered to be a three-dimensional decorelated white
noise filtered by a discrete time former filter F', that has been determined by the French Space

Agency in the work reported in [PFH16], i.e

5.137e — 05z -+ 0.0001027z + 5.137e — 05

F(z) ~
—1.2332 + 0.2329

I3 (4.43)

With regards to the Earth gravity, the atmospheric drag and the J, effect, they are given by
[AVGT09, Jewl7, Sid97] (the following equations are given in the inertial frame JF;):

(4)

(1) _ mure

- (4.44)
ur"||3
2
Fiom = —*p(h)SCd ( G )) (4.45)
gy = SmuhBe [, 5( ) )21 r () (4.46)
J2 T T 9T s - i 3] e :

2 |reo [yl

In these equations, S = 2m? is the dimensional cross-sectional area of the spacecraft

and Cy = 2 is the drag coefficient. p(h) is the atmospheric density at the altitude .
Jo = 0.0010826267 and D = diag(1,1,3). Re = 6378.137km is the Earth’s mean equato-
rial radius, and rél) = [ﬂfg),yg),z£ )}T is the position vector of the chaser expressed in F;.

p=3.9860044 x 1014 m?3/s? is the Earth’s gravitational parameter.

The flexible modes of the solar array are modelled according to [HCT*19, HLPSA15]

= _Lfa";a - mSA’Y((;C)7 fc(C) = m‘)’((f)
—L i, — Jgaw® (4.47)

£y

e
Ts

D>v ne

where 'yéc) and wﬁc) are derived from (4.42) and from the following second order vector-based

equation

(c)
g + 2wode + Wit = —L7 Z() (4.48)
with @, € R™", L=I[L} L]]",L;,L, ¢ R3*(sm) L, = R(B)Br and L, =

R(B)Br + S(d)R(B)Br. n, is the number of solar arrays and n, is the number of flexible
modes per solar array. In our application case, n, = 1 and ns, = 2 (see section 4.4.1), £ and wy
are matrices of adequate dimensions that correspond to damping ratios and the frequencies for
each flexible mode. mgs and Jga refer to the mass and the inertia matrix of the solar array,
respectively. The matrices By and Bp are the flexible appendage participation factor matrices.
The role of the rotation matrix R(S3), where 5 is the appendage angle, is to transform Bp and
Bp, given in the appendage frame, into the body frame. S denotes the skew-symmetric matrix
of the vector d € R3, where d is the distance vector between the chaser’s CoM and the CoM of
the solar array. In this work, 3 is considered constant which means that R(/3) is constant, i.e. the
solar array is considered to be immobile.

Propellant sloshing is modelled as a 3D-mass spring model as proposed in [HCTT19, HLPSA15],

53



Chapter 4. Design of a Fault Tolerant Control Scheme in Dual Quaternion Formalism

i.e.

L3 ls'i Sq _ C) 3 _

Ts, + T, + Ts, =Yy, ®,, €R%i=1,2
ms, Si

£ = G + gl
2

Tl(f) = Zri X (ks;xs;, + s, Ts;) (4.49)

i=1

The matrices ls;, and kg,, i = 1,2 define the damping and stiffness coeflicients associated to the
two tanks, myg, is the propellant mass in the i-th tank and r; = 73 is the distance vector between
the CoM of the chaser and the CoM of the fuel in a tank.

The numerical value of the main characteristics considered in this thesis, are listed in table
4.1. Modelling the propulsion unit and the faults are considered later, see section 4.4.5.

Then, using the dual vector algebra, it follows
FO= O+ 19+ 19 (4.50)

where fc(j) = ffgi + fI(DC) + fg ) + f f,? + féf,)n + féc) is the dual force about the disturbances, all
terms being a dual vector defined in V3.

30 1 1
MCI mass: m = 300kg inertia: J = |1 40 1 |kgm? CoM (center of mass): [1.5 0.2 0.15]m
1 1 15
slosh mod- | damping coeff. frequency of mode 1 | frequency frequency of mode 3 propellant
els of mode 2 mass
Tank 1 0.1 0.4rad/s 0.8rad/s 1rad/s 10kg
Tank 2 0.1 0.4rad/s 0.8rad/s 1rad/s 20kg
solar array damping coeff. frequency of mode 1 | frequency inertia mass
of mode 2
33 0.1rad/s 0.5rad/s Jsa =diag(10,1, 10)kgm2 msa =
40kg
36.64 O
ACoM chaser - SA ap pendageoangle participation factor matrix Bg: 0 0.06
d=10 2 0Jm B8=0 0 _a7

0 6.8
participation factor matrix Br: [—0.01 0
6.54 0

Table 4.1: Numerical value of the main characteristics of the chaser spacecraft

The target case

Similar to the above developments, the kinematics and dynamic models of the target corresponds
to (4.38),(4.39) and (4.42), where the notations ”e.” and ”e(®” are replaced by ”e;” and ” e(*) 7
respectively. For instance, q, = %qt owgt) refers to the kinematics equation of the target. Of course,
dealing with the target, the dual forces due to the actuation unit, the solar array flexible modes

and propellant sloshing, do not exist, so that the total dual force that is applied to the target is
concerned by the disturbances, i.e. ft(;) = fg) + f‘(]? + f, ) + fg(t).

atm
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4.4.4 Dual quaternion based relative coupled dynamics

By virtue of the dual quaternion algebra, the motion between the target and the chaser can be
expressed in the chaser frame as the relative quaternion described by

_ Cx 1
4. =Qq;°q.=4q, + 5§q€ o ’l"gc) (4.51)

(c) (c) (t)

where r¢’ =7¢’ —qj oq,or;’ oq} oq, is the relative position between the chaser and the target
expressed in the chaser frame F.. The time derivative of this relative error takes the following form:
Q. =q;°q.+q; oq, (4.52)

Based on (4.38), the definition of , = 1g, 0 t( ) is obtained. Substituting this definition and (4.38)
n (4.52), it follows:

1
t()oquoqc+ qtoqcow

a qco(cDéC)—qroqcowﬁ’

(c)

l\:>\>i

(4.53)

°oqs O‘_lt>

l\.')\r—l

Let @l = @ — q;oq.o wt(t) o q} oq; be now considered. Following (4.51), the relative kinematic
error equation can thus be expressed as:

. .
d. = 54 @) (4.54)
According to [DHFM17], the relative dual angular velocity described as wéc) = wéc) +
€ (7’“.(36) ( ) % rg )) can also be expressed as:
G)éc) = Qgc) —qio (IJt(t) °0q, (4.55)

Computing the time derivative of (4.55) gives:

(t)

0l = &9 — (& o @ 2

_ —x K3 —_ _ % _(t =
°q, +Gcow Oqe+qeow§)oqe) (4.56)

Substituting q, by its definition in (4.54), the expression (4.56) becomes:

. . 1 . 1

ol =0l +saiow 0w 0q, ~aiod 0q, ~aiow o sa, 00 (457)
Using the identity (4.32) and applying it to the terms %qz o wéc) ) G)gt) 0q.—q’o a;ét) ) %qe ow
the equation (4.57) can be reformulated as:

0l = 69— g oV 0q, + @ x (a; 0w’ 0, (4.58)

Let fc( fc - f (©) Where f € V3 refers to the total dual force affecting the target (see section

4.4.3), given in the chaser frame, i.e. ft(c) is deduced from ﬁ(j) by means of the following change of
coordinates:

fi7=aio i oa (4.59)
Then, substituting (4.42) into (4.58) leads to

(f)éc) =—-M'o (ngc) X MOJJ£C)> + Mt o_fc(tc) — ()oqe —i—w(c) X ( ow,g ) oqe> (4.60)

The relative kinematic (4.54) and dynamic (4.60) equations are defined similarly to the develop-
ments presented in [BS99, WS12].
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4.4.5 Thruster-based propulsion unit with fault model considerations

n (4.60), the control command is given in terms of the dual force fc(s fcu + 8’7'0( ). To

execute a control law practically, one needs to solve the force fc(j) and torque Tc(u) from fcu , and

then, to allocate them on the spacecraft, by means of an actuation system. As mentioned before,
it is considered that the chaser has a set of 24 thrusters of 2 N, in the configuration shown in Fig. 4.1.

For that purpose, the formula (4.60) is divided into its real part and dual part. Noticing the
particular geometry of the target and the capture mechanism, one can simplify the relative attitude
model to the attitude model of the chaser. This simply illustrates the fact that, since the target is
a spheric spacecraft and the capture mechanism is a basket, the only attitude control requirement
to satisfy, is the attitude of the chaser, and not the relative attitude between the two spacecraft.
Mathematically, this leads to the consideration of the following equations:

W =gt (wéc) X Jwéc)> +J7! ( © 4 T(td) + T(C)> (4.61)
for the rotational dynamics, and

o fc )
,,-;((ac) _ _wgc) « ,';((ac) o wéC) > w<(36) % ré(:) 4 Lo ctyq f
m m

(4.62)

for the translational dynamics, with wl = W, ;(tc € V3. f = cd) ft(c) = fc(t3

fct . € R3 and ‘T( 9 ¢ R3 referring to the induced force and torque due to disturbances affecting
both the chaser and target spacecraft, given in the chaser frame F.. The detailed mathematical
development for obtaining (4.61) and (4.62) can be found in the Appendix A.5.

(c)

+€Ttd,

Let uﬁ?(t), k = 1,24 be the commanded opening of the k-th thruster valve. Then, the

control commands T(S:j), f(gj) generated by the 24 thrusters are given by (for fault free cases)

Y| LRy

The columns of R (called the thruster configuration matrix) are the influence coefficients defining

how each thruster commands uﬁ?, k = 1,24 affects each component of T(SC) and féf)

U

[Te(f) (t)] _ [RT] wO(t) = Ru(t), ReR> (4.63)

From (4.63), it is clear that one can independently address the model either using the torque/force
control inputs (in this case, equations (4.61) and (4.62) are directly used), or using the thruster
commands (in this case, (4.63) is considered).

The CA unit is described in a similar manner as in Section 3.3, but considering that the maximum
opening valve value is wmqsz, = 2N and that k& = 1,24. The placement of the CA unit in the
control loop is illustrated in Fig. 4.5.

With regards to the faults considered in this work, the focus is on the stuck open (fully
open) and stuck closed (closed thruster) faults, i.e. a thruster valve opens/closes during operating,
until its maximum/minimum position. The following mathematical model can be used to describe
these faults [Hen08, HCT*19]

[ max{ux(t),1} if stuck open
Pr(t) = { 0 if stuck closed (4.64)

where the index k refers to the k" thruster. Assuming no simultaneous faults, the considered
thruster faults can be modeled in a multiplicative way according to (2.89), as (the notation ”e”
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outlines the faulty case)

a9 (t) = (g — W (t)) u(t) (4.65)

Ck
with ¥(t) = diag (¥1(t), ..., ¥24(t)), where 0 < 94 (t) < 1,k = 1,24 are unknown. The status of the
kth thruster is modeled by v as follows:

0 if healthy
vilt) = { 1— () /ul (t) if faulty (4.66)

where ¢ enables to consider the two different fault scenarios.

Thus, ﬂgi)(t) is nothing else that the real opening of the k' thruster valve at the time t,

which is of course not known. It follows from (4.65) and (4.63) that the force fc(f) and the torque

’Tc(;) due to the occurrence of the faults, are given by

T(C) (t) 24
[ i ] = 3" Kifil(®) (4.67)
k=1

fe, (1)

where the k" column of the matrix K is the k" fault signature associated to the k** fault mode
fr. The indices k = 1,24 also coincide with the numbering of thrusters as given in Fig. 4.1, and
thus with the columns of the matrix R.

4.4.6 Fault tolerant control problem formulation

Thanks to the developments stated in the previous section, the fault tolerant control problem can
be addressed either using equations (4.61) and (4.62), i.e. using a force/torque formulation, or with
(4.61)-(4.65), i.e. based on a thruster command formulation. The proposed solution is based on
the force/torque formulation. Fig. 4.5 gives an illustration of the FTC solution. As it can be seen,
the proposed solution consists of a control signal defined by

Fho = £~ FO = $15) - 9 42 (74— ) w68)
where the control signals fs(ﬁz and 7'5,2 are achieved by means of a SMC law, and more precisely,
using the GSTA, see Section 2.5.4. The control signals f(© and #(© are achieved using a
nonlinear estimator that provides the estimates of the real and the dual parts of the distur-
bances fc(tccz and faults fj(cc). Finally, because it is of prime importance to consider physical

limitations of actuators, especially within the context of FTC, an anti-windup system is joint to
the GSTA-based controller. The external anti-windup principle [HMT " 10] is used for that purpose.

Then, the problem turns out to be the design of the disturbance/fault estimator and the
GSTA control law, so that the chaser tracks an attitude and a relative position reference trajectory

(qref(t),riz)}c(t)) that define the rendezvous and capture profiles, despite the presence of the
#(c)

disturbances f

ct, and the occurrence of faults fé;), while keeping stability in case of thruster
saturations.

4.5 Design of the FTC system

4.5.1 The nonlinear fault/disturbance estimator

Following equations (4.61) and (4.62), it is required to design two estimators. The first one

(c)

operates at the torque level and is in charge to estimate the disturbance and fault terms 7, and
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A.n‘gli < f ct
Ayes Windup d
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Ti» i Nonlinear w!
SMC >+ flo Dynamics >
> =G >{| CA > > R >
—I I FCTC uc”
2(c) B
Observer ;

Figure 4.5: Control setup

(c)

Tc; . The second one operates at the force level and is in charge to estimate the disturbance and
fault terms fc(tcj and fc(;).

From (4.61), the following estimate is proposed:
wl® =F. +J 79 (4.69)
F.=-J! (w§0> x Jw§0>)

Then, it is immediate to see that

c ctd

ol = & = g () + ) (4.70)

and thus, that an estimate of the disturbances and fault torques (sum of the two terms T(Stcd) and

T (g?) can be derived by reversing (4.70).

Similarly, the following estimate can be derived from (4.62)

R AP e (4.71)
m

Fy = —w x 7l — W % W@ x pld)

and then, an estimate of the disturbances and fault forces (sum of the two terms f o, and fC y ) can
be derived by reversing the following equation:

#0 —  = A fcf (4.72)

m m

Remember that the navigation unit is assumed to provide d)((;c), i‘éc) and all variables that enter in

F; and Fy, leading the aforementioned approach, computationally viable.

4.5.2 The general super twisting algorithm-based controller

Practically, it is reasonable to consider that (4.70) and (4.72) provide corrupted estimates for

c(tcj + Tc( and f ety + fC ;- Let us denote T4 and fa these corruption terms, introduced such that:

O (w@ _ g,g)) 794 7 — (4.73)
£ —m (,-49 _ ,r<>) _ fcfd T fc; —fa (4.74)
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It is recalled that Tc(f; and fc(fj include the dynamics of the flexible appendage and propellant
sloshing, and then that they are functions of the system’s state, see section 3.1 if necessary.
Towards this end, it is assumed that 74 and fa also depend on the system’s state.

The following assumption, which guarantees that the forces and torques computed by the
FTC law can be allocated by the CA algorithm on the thrusters, is now considered without loss
of generality.

Assumption 5. Hf](f%c - C(S)H <€ and ||T}(,CZ)FC - Tc(ﬁ)H < € with € — 0. Here, the notation || e || is
defined as the element-wise absolute value.

Then, with (4.68), (4.73), (4.74) and under assumption 5, it can be verified that (4.61) and (4.62)
can be rewritten:

ol = Bt 7 (74 4 7a) (4.75)
1

s(c) _ 2 (0

Te ‘FlfjL m (fsm+fA> (476)

These equations are nothing else than the dynamics to be controlled by the GSTA-based controller.
The following assumption which is required for the existence of the GSTA, is made:

Assumption 6. Let ¢ = [(JflTA)T %fﬂT be a wvector of perturbations, that depends on a

vector s, a function of qc,wgc),rgc),i“éc) (s will be the sliding surface later). It is assumed that

|0p/0t| < 01 and |0p/0s| < b2, where | ® | states for the Euclidean norm.

The following GSTA control scheme is proposed:

t
1'9(52 =J (_FT - K- [; [(qe)sw£6) + (qe)v X "‘)gc)H _alqul‘r(ST) — Qa7 ¢2T(ST(X))dX> (4'77)
0

£l =m (_Ff — K29 — aypig(sy) —a2f/0 ¢2f(8f(x))dx> (4.78)

In these equations, q, = q;, Fodc and rEC) = 'rfn?f — rgc) denote the chaser’s quaternion tracking

error and the relative position tracking error, respectively. (q.)s and (q.), denote the scalar and
vector part of the quaternion q., respectively. In addition, according to [DHM16, WLS13], the
decomposition of q, in scalar and vector part is defined as:

(@), = — (@)l ol (479)

(a); w! + (q,), x wl (4.80)

N =

(q€)’l) =

In (4.77) and (4.78), ¢1;(s;) = |s;]Y/2+B;s; and ¢s;(s;) = 5[5;1°+383; {sﬂlﬁ—i—,@?s are diagonal
matrix functions, where |s;]? = |s;|9sign (s;), for j € {7, f}. K;,;;,3; € R3,i=1,2, j € {r, f}
are diagonal gain matrices to be designed. s; and sy denote sliding surfaces that are defined
according to:

sr = wl + K. (a)e (4.81)
sy =7+ Kl (4.82)

The following theorem provides the solution to the design of Kj, o, 3; € R3i=1,2, j€{r f}.
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Theorem 3. Under assumption 6, the control law (4.77)-(4.82) ensures trajectory tracking, globally
and in finite time, despite the presence of the state-dependent perturbations Ta and fa, if K, >
0, K > 0 and if there exists any k > 0, a7, af, a7, aop, B and By such that:

2(1+ k)d2 1 146 rdy\>
P> ——, a9; 26 26 4.83
g > 5 Qg > Aok < 1 oL + 3 ) + 201 ( )

52(1 -+ K,)

hi=1-— 1=1,6 4.84
Biai ( )
Q= diag (ajf,ajf) = diag(ozji) j = 1,2 1= 1,6 (485)
B = diag (B-,Bf) = diag(B;) i=1,6 (4.86)
Proof. - Conditions on au,, oy, s, oy, By and By: Consider the definition of the sliding

surface (4.81). Then, it follows with (4.75) and (4.80):

5r =0l + Ko@)y = Fr+ I (1) +78)) + K. [; [(@)swl + (a)o wéﬂ] (4.87)

Substituting (4.77) in (4.87), it follows

t
S = _a17¢17(87) - aQT/ ¢27(ST(X))dX + JﬁlTA (488)
0

Now, consider the auxiliary variable z, = —ao, fg ¢2:(8-(x))dx + J'7a. Then, (4.88) can be
rewritten according to the following pair of differential equations:

'é‘r - _alT¢1T(ST) + z; (489)
2.:7' == _a27¢2’r(37) + J71+A (4'90)

Similarly, it can be verified that the following equations can be derived from (4.78) and (4.82):

éf = —alfgf)lf(Sf) + zy (4.91)

zp= —02f¢2f(8f) + %fA (4.92)

with zy = —awy fot b5 (57 (x))dx + 5 fa.

It is now fundamental to remind that 74 and fa depend on both the rotational and trans-
lational states. Then (4.89)-(4.92) are coupled through the perturbations terms 74 and fa. In
other words, and as stated in the introduction, the control problem described by (4.89)-(4.92)
is a 6DOF control problem and then, the system of equations (4.89)-(4.90) can not be treated
separately from the system of equations (4.91)-(4.92).

To proceed (4.89)-(4.92) are merged together and rewritten in the compact form

s = —al¢1 (S) +z (493)
z = —agd)Q(S) + (,D(S) (4.94)

T T
with 8 = {3;[ 3}] , 2 = {z;[ z}] , = [(J*er)T %fﬂt o) = diag(ah,alf) and

oy = diag (owr, azf). Then, noticing that, each matrix and matrix functions that enter in this
equation have a diagonal structure and ¢(s) = %—f + <%—";’> 8, it follows under assumption 6, that
direct application of corollary 1 in [CFM18] leads to the conditions (4.83)-(4.86).
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- Conditions on K; and Kj: Once s; = 0 is reached, w! = —K.(q,.)y. Consider the
following Lyapunov function:

Ve = [1 = (ad)s)* + (a)7(ae)e (4.95)
The following expression is obtained by differentiating V; versus time, and employing (4.79)-(4.80):

Ve =—2[1 - (q.)s)(4e)s + 2(a)T(€)w

= 201 — (a)d][ 5 (@) Tl + 2@ (a)swl + (a)y x ]

= — 2l (@)l + 1 (@)s(@)Iwl] + 2@l 5 @) + (e x 0] (490
=~ [(@)IK+(a)v = (9)s(a)T K7 (ac)v] — (a)i(ac) s K7 (ac)
= —(q);K+(qc)o

which is strictly definite negative iff K > 0. Similarly, once sy = 0 is reached, féc) =-K fréc) .
Consider the following Lyapunov function:

1
Vi = 57“9““9 (4.97)
By differentiating V; versus time, it follows:

V= rlOT50 — _pOT K () (4.98)

€

which is definite negative iff Ky > 0. O

4.5.3 The anti-windup system

If equations (4.77) and (4.78) are directly used as the control law, saturation caused by the integral
term may lead to a severe overshoot in the system, or provoke instability of the closed loops. This
point becomes especially crucial when dealing with the fault tolerant control problem, since faults
may cause actuator saturation. Here, anti-windup coefficients of the general form e %, A < 0 are
introduced in (4.77) and (4.78) as follows:

T =7 (‘Ff e B (0050 + (a0 x wéa)ﬂ - i dic(s)
(4.99)

¢
—aQTdiag(eAA”')/ ¢2T(ST(X))dX>
0
¢
Fl9 =m (—Ff — K79 — ayp¢14(sp) —a2fdiag(€/m“)/0 ¢2f(3f(X))dX> i=1,3 (4.100)

To explain the role of A;;, Ap;, i = 1,3, recall that the thruster configuration consists of 24
thrusters of 2N. Then, the control vector ugc) ranges in a hypercube of dimension 24. The
images of this hypercube through the thruster configuration matrices R, and Ry (see eq. (4.63))
are polytopes IT. and IT; (computed as in (4.1)). As explained in Section 4.2, these polytopes
are nothing else than the torque and force domains, that can be attained by the thruster-based
actuation unit. Thus, saturation occurs if a torque and/or a force outside of IT. and ITy, is asked
to be allocated on the thrusters, see Fig. 4.6 that gives an illustration for the torque case.

If saturation occurs, which means that Tlgé)pc and /or fl(f:)pc are outside II; and IIy, respectively,
then the nearest attainable torque and/or force that belongs to IT, /Iy, is computed, in the least
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Figure 4.6: The polytope II, (attainable torque domain)

square optimal sense. To formulate this problem, denote ’Téc) and féc) as the optimal attainable

torque and force. Then the problem turns out to solve on-line, the following optimisation problems

H1<11>1HT1(”C%C - TSC) , st Téc) eI,

To

Iﬁic?Hfl(”c%C - £y’ , St 759 e (4.101)
0

The terms Ay, Ay, i = 1,3 are then defined according to:

Ar =1 —7" Ap=fige — 5y’ (4.102)
A; =vec(Ar), Ay =vec(Ay), Ay >0,, Ap; >0 i=1,3
Thus, with A < 0, when A.;, Ay; is large enough for some ”4” e?ri eMri s near zero according

)

to the property of the exponential function, vanishing the integral terms in the GSTA. A contrario,

provided that the system is not saturated, TO(C) = }"’%C and féc) = I(;C%C. Then, the value of
i A =T, 3 is invariant and equal to 1, no matter how the GSTA will react to faults, the

integral terms operate normally.

4.6 Simulation results

The performance of the proposed FTC architecture are next assessed using the Matlab/Simulink

FES. A path planning algorithm based on a spline-based technique, has been implemented to gen-
erate smooth attitude quaternion q,.¢(t) and relative position 'rfnz)f(t) references. With regards to

the parameters of the GSTA (4.99) and (4.100), the following numerical values have been retained:

a1, ~ diag(0.002145, 0.001898, 0.002487)
oy ~ diag(0.3373,0.264,0.4539).10 73
ay; ~ diag(0.05056,0.03464, 0.04609)

Qg ~ diag(0.01875,0.0088, 0.01558)

Br = By = diag(1,1.1,1).107*, K,=K;=1;
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4.6.1 The perfect navigation case

One can begin by analyzing the behaviour of the system under nominal conditions, i.e. when
noise does not affect the navigation unit and no faults are present. In Fig. 4.7, both phases of
the rendezvous mission, acquisition and forced translation, are indicated. The chaser’s orientation
and relative position (in the LVLH frame) is illustrated in Fig. 4.7.a. In addition, in this figure
the tracking errors can be appreciated. Fig. 4.7.c shows the thruster commands u((gc) (t) computed
by the CA unit (3.21). The contribution of each thruster is better illustrated in Fig. 4.8. It is

recalled that the proposed FTC solution f}f}c consists of the GSTA controller fs(fr)b(t) and the

estimation of the fault/disturbance estimator f(c). When in nominal case, the output of the
estimator represents the disturbances only. i.e. the sloshing phenomena and the flexible modes,
as shown in Fig. 4.7.e. Finally, the proposed FTC solution f}(f%c is shown in Fig. 4.7.d and the

GSTA controller fgf%(t) in Fig. 4.7.f.

The simulated fault consists of a stuck open fault that occurs in the thruster 1 at time ¢t = 40s, and
is maintained until the end of the simulation. The fault time occurrence has been chosen, so that
it covers both the acquisition phase and the forced translation phase. Fig. 4.9 show the results.
Fig. 4.9.a illustrates the attitude, and Fig. 4.9.b gives the relative position (in the LVLH frame).
The attitude and relative position tracking errors are also plotted, to appreciate the results. As
in Fig. 4.7, the target acquisition phase and the forced translation phase are highlighted on the
plots, for a better understanding of the motion performed by the chaser. The thruster commands

UEC)(t) computed by the CA, are illustrated on Fig. 4.9.c. A zoom is incorporated in the figure, to

better appreciate the behaviour of ugc) (t). The total control signal provided by the overall FTC
scheme (dual force f}f}c(t), see (4.68)) is shown on Fig. 4.9.d. The fault/disturbance dual force

estimate f(9)(¢) is illustrated on 4.9.e and the dual force fs(f,% (t) delivered by the GSTA controllers
is shown on Fig. 4.9.f.

In addition, the contribution of each thruster is shown in Fig. 4.10. In this figure, the signals shown
correspond to the computation of the control algorithm. It should be noted that the solution takes
into account the faulty thruster, due to the fact that the control algorithm is unaware of the
occurrence of the fault.

As it can be seen, during the acquisition phase, the attitude error does not exceed 0.4 deg and the
relative position is less than 5cm. During the forced translation phase and at the capture point,
these errors are very close to zero. Furthermore, it can be seen on 4.9.c that these performance
are obtained without actuator saturation, except during a short time which correspond to the
transient behaviour of the FTC algorithm due to the fault occurrence. From the zoom presented
in 4.9.c, it can be observed a sinus-like behaviour of u((;c) (t). The spectral density of u((;c) (t) reveals
frequency components located at frequencies that correspond to the flexible modes of the solar

array and propellant sloshing, which is quite reassuring.

In conclusion, the effectiveness of the proposed solution was proven under fault-free and faulty
case, while considering a perfect navigation unit. This means that the tracking performance is
maintained despite the occurrence of the fault. It is worth noting that the proposed FTC solution
does not destabilize the system in the absence of faults.

4.6.2 Navigation unit in the loop

In this section, it is considered that the navigation unit provides noisy measurements. Recall that
the navigation unit has a precision of 2mm, 0.2mm/s and 0.2 mm/s? for relative position, velocity
and acceleration, over the three axes, and a precision of 0.1deg, 0.01deg/s and 0.01deg/s? for
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chaser attitude, angular rate and angular acceleration, over the three axes. In the presence of a
fault, it is desired that the system maintains a performance as close as the one obtained under
fault-free conditions. Thus, this performance is first illustrated in Fig. 4.11. The effects of the
noise in the navigation unit can be clearly observed when comparing Fig. 4.7 against Fig. 4.11.
The noise effect can be observed in a more clear way when comparing Fig. 4.8 against Fig. 4.12,
where the contribution of each thruster is shown.
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The performance of the FTC scheme is now analyzed by considering the same faulty situation,
but with a noisy navigation unit in the loop. The results are shown in Fig. 4.13. The effect of
the navigation errors and measurement noises on the control signals can be appreciated in Fig.
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4.13.c to 4.13.e. However, despite this phenomenon, the capture performance is satisfactory, since
during the last 10 meters, the attitude error does not exceed 0.05deg and the relative position is
less than 1 cm along the three axis. It can be inferred from the presented figures that the obtained
results are satisfactory since the proposed FTC solution has the capability of compensating the
occurrence of the fault despite the noisy measurements.

Furthermore, the control signals applied to each thruster are shown in Fig. 4.14. It is important
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to note that in this figure, the observed signals represent the values that the control algorithm
computed and not the output of the thruster. This is why the value of the signal that corresponds
to the first thruster does not represent the stuck open fault. In addition, the reader must remember
that given that the control algorithm is unaware of the occurrence of the fault, the solution includes
a computed signal for the faulty thruster.

4.6.3 Simulation campaign with the FES

The proposed FTC solution is finally evaluated through an intensive simulation campaign using
the Matlab/Simulink FES. A total of 48 runs have been done, so that each faulty situation is
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covered. More precisely, for each thruster, a stuck open fault and a stuck close fault are simulated
at t = 40s and is maintained during the end of the simulation.

As mentioned before, the importance of the anti-windup strategy relies on avoiding thruster satu-
ration due to the control law. To highlight its effect, a simulation campaign that does not consider
the anti-windup strategy and noise in the navigation unit, is done. In the following, this is called
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Control inputs applied to thrusters (N)
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case 1. Furthermore, a second simulation campaign is carried out which considers the anti-windup

strategy and noise in the navigation unit. In the following, this is called case 2. The performance

of the FTC solution is next evaluated using the following mission-oriented criteria.

e Dealing with relative position and velocity, it is required to maintain the relative position inside
the so-called rendezvous corridor, during the complete forced translation phase. This can be
observed in Fig. 4.16.c. unlike what is shown in Fig.4.15.c. At the capture point, the position
misalignment must be less than 20 cm along the X and Z axis, and the lateral X and Z velocities
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Control inputs applied to thrusters (N)
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the navigation in the loop and stuck-open

must be less than 1 cm/s nominally, the worst case being fixed to 4 cm/s. In terms of longitudinal
Y axis, the velocity must be less than 1cm/s. In Fig. 4.16.a and Fig. 4.16.b it can be seen that
the relative velocity and position requirements are met, whilst in Fig. 4.15.a and Fig. 4.15.b it
is shown that when considered thruster 4 or 16 as faulty, the position and velocity requirements
are not longer met, i.e. this represents a failed capture of the target.

e With regards to attitude performance, it is required after the acquisition phase, to maintain the
attitude to less than 1deg along the three axis (pitch ¢(t), yaw 6(t), roll ¢(¢)) during the forced
translation, so that the capture mechanism is correctly aligned with the target. From Fig. 4.15.d
and Fig. 4.16.d, it can be seen that this requirement is met. At the capture point, the attitude
misalignment must be less than 1deg, and the angular rate must be less than 0.05 deg/s along
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the three axis. These requirements are also met for both cases, see Figs. 4.15.e, 4.15.f, 4.16.e
and 4.16.f.

These mission-oriented criteria enable to quantify the worst case of mission performance loss due
to faults. Particularly, it can be concluded from Fig. 4.15.b and Fig. 4.16.b that the worst case
correspond to stuck-closed faults that occur in thrusters 2,4,14 and 16. As shown in Fig. 4.15, the
solution without the anti-windup strategy can no longer guarantee the capture of the target in the
presence of faults. One can understand that the behaviour shown in Fig. 4.15, would be further
degraded if noise was considered to affect the navigation unit. This was observed when comparing
Fig. 4.7 and Fig. 4.11. On the other hand, the results obtained for case 2, see Fig. 4.16, proved
that the capture performance requirements are met, no matter which thruster is faulty. Thus, it is
argued that the proposed FTC strategy is promising since it is able to cover all faulty situations,
i.e. when a thruster opens at its maximum rate until its maximum value and when it closes at its
maximum rate, until it produces no thrust.
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Figure 4.15: Simulation campaign with the FES without anti-windup strategy (48 faulty cases - faults occur
at t = 40s): a) position misalignment and b) relative velocities at the capture point - c) relative position
versus the rendezvous corridor - d) attitude error - e) attitude and f) angular velocity at the capture point.
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Figure 4.16: Simulation campaign with the FES with anti-windup strategy (48 faulty cases - faults occur
at t = 40s): a) position misalignment and b) relative velocities at the capture point - c) relative position
versus the rendezvous corridor - d) attitude error - e) attitude and f) angular velocity at the capture point.

4.7 Conclusions

In this chapter, a dual quaternion-based general super-twisting algorithm (GSTA) nested with a
fault estimator is employed for achieving fault tolerance against thruster faults, during a rendezvous
mission with a passive target on a circular orbit around Earth. The coupling effects between at-
titude and translation dynamics are taken into account, thanks to the dual quaternion formalism
and to the GSTA theory, leading the approach to behave to the so-called six degree-of-freedom
technique. Stability of the overall FTC is proved considering that the perturbations seen by the
GSTA are state-dependent, and it is shown that the overall FTC scheme is asymptotically stable.
An anti-windup strategy is joint to the GSTA, to prevent instability of the FTC scheme in case of
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actuator saturation. The developed theory is verified through a simulation campaign in a functional
engineering simulator that considers a realistic navigation unit, solar arrays flexible modes, propel-
lant sloshing and the most dimensioning space disturbances, i.e. gravity gradient, magnetic filed
and the atmospheric drag and Jy effect. Mission-oriented criteria are analysed over 48 simulations
under faulty situations and it is shown that the FTC strategy is able to accommodate thruster
faults so that, the space mission is fulfilled, despite the loss of controllability of the faulty actuator.

74



5 Conclusions and Perspectives

In this thesis, the development of a robust control law with SMC techniques was firstly analyzed.
The developments were applied to a rendezvous mission in a circular orbit with a passive target.
This solution was further studied by considering the occurrence of faults. Consequently, fault
tolerant capabilities of SMC were explored within the same aerospace mission. The perturbations
caused by the solar arrays and the fuel tanks were considered, i.e. the flexible modes and the sloshing
phenomena. In addition, the most dimensioning space disturbances (e.g. Earth gravity, the second
zonal harmonic Jo, atmospheric drag and magnetic disturbances) were considered. Finally, the
proposed solution is implemented in a high-fidelity benchmark, where the results obtained showed
the potential of the proposed solution.

5.1 Conclusions

In Chapter 2, a brief introduction to the main concepts of SMC was done. The main properties
of this technique were highlighted. In addition, the description of the different generations of
SMC and their characteristics were mentioned. From this chapter, it is understood that in order
to reduce the chattering effect, the implementation of a Higher Order SMC is needed. It was
mentioned that, it is implicit that the higher the order of the SMC, the need of higher order
derivatives of the sliding surface increases. It was then concluded that the best trade-off between
the need of derivatives of the sliding surface and having a control signal with reduced chattering,
was offered by the SOSMC.

An insight into the characteristics of the rendezvous mission studied in this work, was done
in Chapter 3. The description of the modelling was developed separately for translational and
rotational motions by neglecting the coupling effects. A first approach towards the development
of a robust controller was developed based on the linearized approximation of the model. The
control techniques employed were FOSMC and STA in a backstepping setup. Stability of both
solutions was assessed with Lyapunov methods. Then, the linear control laws were implemented
in a high-fidelity simulator that is based on the nonlinear equations, i.e. the coupling effect, space
disturbances, sloshing phenomena and flexible modes are taken into account. The results obtained
support the selection of the STA as robust controller, given that the advantages over the FOSMC,
are clearly shown.

FTC capabilities of SMC techniques are explored in Chapter 4, by analyzing two faulty thruster
cases: stuck open and stuck close. A new configuration of thrusters was specifically designed for
this purpose. Unlike in Chapter 3, the new thruster structure has 24 thrusters with an actuation
capacity of 2N. Fault compensability criteria was analyzed given the new thruster structure.
After this assessment, the design of a FTC solution is studied. The proposed solution consists of a
GSTA controller nested with a nonlinear estimator. It was shown that in order to avoid thruster
saturation, an anti-windup strategy was needed. With the intention of showing the efficiency and
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limitations of the solution, simulations with different conditions were carried out. First, a perfect
navigation unit was considered, i.e. the measurements provided by the navigation unit are nothing
else but the states. The proposed solution had no major problems when dealing with faults. Then,
a more realistic navigation unit was considered, i.e. noisy measurements. It was shown, that the
proposed solution was capable of compensating faults despite of the corrupted measurements.
Finally, two simulation campaigns, considering both types of faults, were conducted. The first
simulation campaign did not consider measurement noise or the anti-windup strategy. Results
showed that this solution can not guarantee a successful target capture, given that for some
thruster failures, the chaser can no longer align its position with the target. The second simulation
campaign, takes into account the noisy measurements and the anti-windup strategy. Results
showed that the proposed FTC solution can overcome the considered type of faults leading to a
successful capture of the target.

In addition, Chapter 4 presented a 6DoF model that allows the consideration of the coupling
effects. Unlike what was considered in Chapter 3, the sloshing phenomena and the flexible modes
are no longer treated as approximations, instead they are treated as state dependent. This lead
to the selection of the GSTA controller, since as mentioned in Section 2.5.4, it is known for its
capability of compensating state dependent perturbations. Furthermore, an anti-windup strategy
was added to the GSTA solution to avoid saturation on the thrusters due to the control law. It
was shown that this was necessary so that the chaser was capable of maintaining the tracking of
the target, no matter which actuator was faulty.

Recalling the arguments expressed in Chapter 1, the main objective of this thesis was to explore
the FTC capabilities of SMC techniques without the need of a FDI unit. As mentioned before,
both active and passive approaches can be found in literature. Most active approaches can not
guarantee stability of the closed loop given the assumption of the presence of a FDI unit. On the
other hand, the limitations on the passive approaches relied on the fact that the faults considered
were only loss of effectiveness. This thesis, successfully proposed a passive FTC solution with SMC,
capable of compensating more serious failures, i.e. a stuck open and a stuck close fault, and with
a realistic navigation unit.

5.2 Perspectives

In the following, a list of suggested future perspectives is stated:

e Robustness against sloshing phenomena and flexible modes was previously shown. It would be
interesting to be able to extend the robustness property against variable or uncertain mass and
inertia.

e It was previously considered that the target was a sphere. The problem would become more com-
plex in the case where the target geometry affects the relative motion. Certainly, the complexity
would increase when considering a tumbling target.

e Further analysis can be done with regards to less aggressive sliding mode techniques, which
do not saturate the thrusters. Perhaps, this could be analyzed as an option to substitute the
anti-windup strategy.

e The availability of the states can not be always guaranteed. Consider for example the case where
no velocities are available. A solution to this problem can be analyzed.

e Although it is known that delays are present in every system, no delays were considered in
this thesis. This can be further analyzed for example when considering delays in the thruster’s
response or in the navigation unit.
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Appendix

A.1 Phase plane

Fig. 2.2 was obtained with Matlab, specifically with the use of pplane. The simulated system has
the following form:

T =1y
1
i M)
where u = 4z for the saddle point, and u = —4x for the unstable focus at the origin.

A.2 Design Process of Sliding Mode Control in a Backstepping
Setup for r =3

Consider the following system in state space form:

T A A Az [z 0
Bo| = [Aa1 Az Aoz| |x2| + | 0| (u+d) (2)
T3 Az1 Az Asz]| [x3 I

Following the design process explained in Section 3.4.1, the tracking error is first defined as e,, =
T1e — x1. Its derivative is expressed as:

€p, = T1e — 1 = T1c — Az — Apzs — A13z3 (3)

Given that zo is used as virtual controller, i.e. xo — €1, the expression of the virtual controller is
obtained from (3) as:

e1 = (Ar2)" (Ublc — Az — Aizas — Aleml) (4)

where the term Aje,, is employed to guarantee the convergence of e;,. The second error is defined
as ey, = €1 — &2 and its derivative is expressed as:

€y = €1 — Lo = €1 — Ag1x1 — Awy — Agzxs (5)

Now, x3 is employed as virtual controller, i.e. x3 — €2. Then, the definition of €5 is obtained from
(5) as:
g9 = (Ag3)*t (6'1 — Aqmy — Aggxg — Agey, + Ab(%) (6)

Term Age,, is used to guarantee the convergence of e,,. Furthermore, the term Al ey, is included
to eliminate crossed terms that are derived from further expressions, see (14)-(18). The last error
is defined as e;, = €2 — x3 and its derivative is defined as:

ég;3 = éz — i:3 = éQ — A31$1 - Agg(L‘Q - A33x3 —u—d (7)

7



To study the stability of the under-actuated dynamics a joint Lyapunov function is defined as :
V=Vi+Va+Vs=ce] e, +el e, +e] s (8)
First, the derivative of V] is analyzed by employing the definition in (3) as follows:
Vi = el €z, = el [T1c — A11wy — Aoy — Agzas) 9)

From the definition of e,;, = €1 — 2 , it is obtained that zo = €1 — e,,. By substituting it in (9)
and employing the definition of €1 expressed in (4), it follows:

Vi = el [1c — Az — Aiaf{er — eqn} — A1y
=el [ﬁclc — Apxy — 1412{(1412)Jr (501c — Anry — Azws — Alexl) - €x2} - A13$3} (10)
= el Arzeg, + 6}112116951
The next step is to analyze the derivative of V5 by employing the definition of é,, in (5) as follows:
Vo = el ez, = el [¢1 — Aa1w1 — Azoxo — Aoz (11)

It follows that, from the definition of e,, = €2 —x3, it can be said that z3 = €2 —e,,. By substituting
it in (11) and employing the definition of €5 expressed in (6), it follows:

Vo = el, [é1 — Ao1m1 — Agawy — Azz{ea — ey, }]
=el, |61 — Aaiwy — Azoxo — 1423{(1423)+ (5'1 — Agjzy — Agoxy — Agey, + Abeml) — €x3H

= egTEQAgezz — eI:QAbexl + eI, Aszeq,
(12)
Finally, by employing the definition of é,,, expressed in (7), the derivative of V3 is as follows:
Vg = 62365;53 = 6;3 [ég — A311‘1 — A32:L’2 — A33x3 —u — d] (13)
By using the expressions obtained in (10),(12) and (13), the derivative of the joint Lyapunov

function is:

L ) - . R T
V=WV +Vo+ V3 =cel Azes, +el Ares, +el Ases, — el Ajseq, + el Aszes,

. (14)
+ 6;3 [62 — A31$1 - A323§2 - A333}3 —Uu— d]
From (14), it can be seen that u has to have the following form:
u = &g — Az1x1 — Asoxg — Aszzs + A12-36x2 — Uy (15)

where u, represent the discontinuous part of the controller, in this cases, the sliding mode controller.
Then, by substituting (15) in (14) , it follows:

V="Vi+Va+Vz= el Aizes, + ellfllem + 6;2121261;2 —el, Alseqr, +el, Agze,
+ el 62 — Az — Azowg — Aszwz — {€2 — Azixy — Azowy — Azszaz + Alger, —uy} —d]  (16)
=el Apey, + eLAleml + eU,T,:Z/XQeQ;2 — echQAIQeml + el Asger, — e;3A;3em + el (uy — d)
Consider the following properties:
el Arzeq, = el Alyeq,
el, Agzer, = el Alseq,
By employing (17) in (16), it follows:
V =el Aisey, + e}clfllexl + 6;212126@ — el Azeq, + el Aszer, — el Aszer; + el (uy —d) (1)

= el Areq, +el, Ases, + el (uy —d)

The convergence of 65:121161;1 and egTCQflgeI2 are guaranteed according to Remark 4, in Section
(3.4.1). Convergence of e,, and the compensation against v is guaranteed by the selected sliding
mode controller and the tunning of its gains.



A.3 Convex Polytopes

As stated in [HRGZ04], the following definitions are given:
e Polytope: A subset P C R? that can be presented as a V-polytope or as an H-polytope.

e V-Polytope: The convex hull of a finite set X = {x1,...,2,} of points in R%:

P = conv(X) := {Z Airt | A >0, A= 1} (19)
=1 =1

e H-Polytope: A bounded solution set of a finite system of linear inequalities:
P=P(Ab) = {x € R? ’a}x <b; forl <i< m} (20)

where A € R™*? i3 a real matrix with rows aiT and b € R™ is a real vector with entries b;.
Here boundedness means that there is a constant N such that ||z|| < N holds for all z € P.

Theorem 4 (Polytope equivalence). The definitions of V-polytopes and of H-polytopes are equiv-
alent. That is, every V-polytope has a description by a finite system of inequalities, and every
H-polytope can be obtained as the convex hull of a finite set of points (its vertices).

A.4 Quaternion product
Given two quaternions p and q, it follows that:
p=po+ip1+Jjp2+kps q=qo+iq +jg2 +kgs (21)

where pg, p1, P2, 3, 90, q1, g2 and g3 are numerical values, while ijk represent imaginary components.

The basic operations between the imaginary components 75k are described as:

PP=2 =k =ijk=—-1 (22)
ij=k=—ji (23)
jk=1i=—kj (24)
ki=j=—ik (25)

Then, the quaternion product between p and q is defined as:
poq = (po+ip1+jp2+ kps) o (q +iq1 + jg2 + kgs3)
= poqo + ip1go + Jp290 + kp3qo
+ipoqi + P p1qy + jipeq + kipsqy (26)
+ jpogz +ijprae + 52 p2a2 + kjpsqe
+ kpogs + ikp1as + jkp2qs + k*p3gs

By regrouping terms, (26) can be rewritten as:

Poq=pogo— (P1q1 + p2g2 + p3q3) + poliqn + jg2 + kqs3)
+ qo(ip1 + jp2 + kp3) + i(p2g3 — p3q2) (27)
+ j(p3q1 — p1g3) + k(p1g2 — p2q1)

Consider the following definition:

poq=1r=r1r9+ir,+ jro+ krs (28)



It follows that (27) can be rewritten by considering (28) as:

0 = Poqo — P191 — P292 — P3q3
1 = poq1 + P19o + P293 — P3q2

(29)
T2 = Pog2 — P193 + P2qgo + p3q1
T3 = Pog3 + P1g2 — p2q1 + P3qo
which can be rewritten in matrix form as:
7o ) 1207;7—]71 _TPh2 —Pp3 qo0
1 ' po —p3 P2 Q1 n _
= | (@] = = 30
T2 P21 P3 bo —P1 qz (p)7a=(a)p (30)
3 p3' —p2 P11 Do 3
where pj = [p1,p2,p3] and g = [q1, g2, 3], then the operators (p)* and (q)~ are defined as:
R L BT R R [ (1)
Po ' poZ + C(py) | qv ' 9 — C(qu)
0 —p3 po| 0 —g @
C(pv) = | P3 0 —D1 C(qv) =1 43 0 —q1 (32)
—-p2 P 0 -2 @ 0

Based on the previous definitions, the quaternion product of three arbitrary quaternions is defined
as:

pogor=(p) (r) qg=(r)"(p)Tq (33)

Then, for a vector 74 = 4, Yq, 24|T in coordinate frame A and 7, = [z, yp, 2)7 in coordinate frame
B, it follows:

r,=q or,oq=(q")"(q) 7, (34)
where q* = [qo, —qJ]T. This is verified by using (32) as follows:
%0 @ @ g o —@1 —q2 —Gg3 Qu Q12 Q13 Q4
@ @ @ —@| |a 9 @ —@|_ |Qn @2 @ Qu (35)
- —q qQ G 2 —9 9 ¢ Q31 Q32 @33 Q34
—q3 @ —q@ B3 @ —q@ Qu Qa2 Qu3 Qu
(a))* (a)- Q
Q11 = qo0q0 + Q141 + q2G2 + G393 Q21 = —q190 + Q@1 + G392 — 293 = 0
Q12 = —qoq1 + ¢190 — G293 + q3g2 = 0 Q22 = q1q1 + qoqo0 — 4393 — 4242
Q13 = —qoq2 + ¢193 + q290 — q3g1 = 0 Q23 = q192 + q0q3 + 390 + @201
Q14 = —qoq3 — q1G2 + @2q1 + 4390 Q24 = q1G3 — Q092 + 931 — G240
Q31 = —q290 — @3q1 + qoq2 + q1q3 = 0 Qu1 = —q390 + 21 — 192 + qoq3 = 0
Q32 = ¢2q1 — q390 — Q043 + q142 Q12 = ¢3q1 + q2q90 + ©1G3 + Qo2
(33 = q2q2 — 4393 + Q090 — Q11 Q43 = q3G2 + q293 — G190 — Qo q1
(34 = q2g3 + 392 + 90q1 + q1q0 Q4 = 9393 — G292 — q1G1 + qoqo

Given that r, can be written as a quaternion with scalar part zero and when multiplied by Q,
the scalar part is equal to zero, then @ can be factorized as:

Q=C.=q, q]+ [0 -C(q,)?

(36)



The property in (36) can be simply verified by:

q1 9191 4192 41493
a-a = || [a e 6]=|ea ©e e (37)
g3 4391 4392 4343
@ 0 0 0 —g3 ¢ G 93 —Q
@0I-C(q)=10 q@ O|—-|ag 0 -—-q|=|-8 w a (38)
0 0 qo - q 0 @2 —q1 qo
g 9  —q dg 9  —q din di2 di3
[@WI-C(a))?=|-a @ a —q3 q @1 | = |da da do3 (39)
@2 —q1  qo @2 —q Qo d31 d3z  d33

di1 = qoqo — 9393 — q2q2  d21 = —q390 — G093 + 192 d31 = G290 + 193 + G0q2

di2 = qog3 + 4390 + 21 d22 = —q393 + qoq0 — (1q1  d32 = 4293 — G190 — o1

d13 = —qoq2 + q3q1 — G2qo  d23 = ¢392 + qoq1 + q1q0  d33 = —q2q2 — G141 + Goqo
In the following (34) is substituted by (36).

A.5 Separation of the relative dynamics model
The relative dynamics equation in its dual form is defined as shown in (4.60):

50 — _N-1o <<;,(C) « Mo @éc)> FM o fO_gto d)£t) 0q, + @l x <qz oa;t(t) o 616> (40)

€ Cc

[\ /

a b d C

For convenience, the definitions employed for separating (40) are listed in the following:

- d
M = mdfezgxg +ed (41)
gttty (42)
- de m 3x3

i(a+€b) = —a+i€b—b (43)

de  de de
e2=0 (44)
0l =wld fevl® =0 1 ¢ (f’éc) + w9 x r@) (45)
’ﬁt) = wﬁt) + €U§t) = wit) +e (f'gt) + wt(t) X rgt)) (46)
0l =wld f vl = 1 ¢ (i'éc) + w9 x 7,&:)) (47)
w® = wld) — C’ewft) (48)
vld) =l — Cevt(t) (49)
fol) = 1) +er (50)

As mentioned in Section 4.4.5, given the particular geometry of the target and the capture mech-

anism, the problem is reduced to the model of the chaser, i.e. cDgt) = wﬁt) + 5’05” = 0. This means

that (40) is reduced to:

5O = Mo (ag@ % M o a,gc)) Y Mo fO (51)
b

a



Now that the properties are defined, the separation of (51) into real and dual parts, begins. First,
the term (51).a is separated by employing the properties (41)-(45).

M 1o <G;£c) x M o GJ@) =-M'o {(wgc) + av@) X <m(jl'3x3 + EJ> o (w((;c) + 8’0((:6))}

<J_ — —i—E;Ing) (wﬁc +evle )> X (mvgc) +€JW£C))}

— <J_ — +57711ng3) CC X Moy © 4 ¢ (wgc) X Jwgc))}

= (J (W x Jw c>)) e[w!® x vl)]
(52)
Now, the term (51).b is separated by employing (41)-(44) and (50) as follows:
— — d c c — c 1 c

Mo é”—<J1d+a @%Q (£ +er) = a7 4 e—5 ) (53)

Then, (51) is rewritten by separating (52) and (53) into real and dual parts, as follows:

e Real part

ol = — (T (@ x Jwld)) + 17l (54)

which can also be rewritten by employing the real part of (48) in (54) and considering that
wgt) = 0, it follows:

o) = ! (wg@ X Jw§0>) @ (55)
where Tc( ) Tc(f) + TC(C) + Tc(f), as stated in (4.50).
e Dual part
=(c) _ (C)
Ty = X 'u )+~
W X Tice (56)

a

Following the definition (48) and (49), (56).a is rewritten as follows considering that wt(t) =

'Ut(t) =0
—w® x vl = —w) x (57)

[

From (47) it is known that w! = (i’éc) + Wl x réc)), then (56) is finally written as:

HO =~ x #0 — w0l x w® x 1l + L 5@ (59)
m

where féc) = c(f) + féfcz + fc(lf) as stated in (4.50).
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