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Abstract— The design of a model-based Fault Tolerant
Control (FTC) strategy based on Virtual Actuators (VA) in a
built-in Guidance, Navigation and Control (GNC) setp is
addressed for the e.Deorbit space mission. This miss, initiated
by the European Space Agency (ESA), aims at removirgglarge
defunct satellite from Earth orbit: ENVISAT. The goal of this
paper is to promote academic solutions to add faultolerance
capacities against thruster faults without any chage or new
tuning of the already in-place GNC solution. The vatlation of
the proposed FTC solution is assessed by a simulaticampaign
based on a high-fidelity nonlinear industrial simubtor.

I. INTRODUCTION

A. Motivations

According to [1], the number of orbital debris &etLow
Earth Orbit (LEO) becomes critical. With the de@® costs
to reach the space in the new programs, the dpbpislation
could inevitably grow and could lead to a rise rapractical
orbital regions for space activities. In this cowtethe
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Figure 1. The ESA's e.Deorbit mission

B. Antecedents and paper contribution

In the literature, there exist a lot of academipgra
dealing with the design of FTC solutions for spaaécHere,
it is proposed to only focus on solutions usedeal ispace
missions. It appears that very few papers have peablished
to tackle the FTC problem dedicated to thrustett§ad he
main reason comes probably from to the historicafig of

hardware redundancy that leads to the developmént o

reliable GNC setup with over-actuated feature [5/]6

European Space Agency (ESA) has initiated a mission

entitled e.Deorbit, to remove a large (8.2tons, 2640m x

Dealing with FTC solutions, Control Allocation (CA)

5m) ESA-owned satellite from the LEO protected zoneSOlutions (see [8] for a survey) scheduled by a &, is the
ENVISAT. This motivated ESA to manage different deb MOst retained. For instance, the work in [9] adstssthe
removal solutions. One of them is based on a rolestn, see development of a CA-based FTC solution for flexible
Fig. 1. To this end, a joint academic and industeaearch Satellites. In [10, 11], the classical SIMPLEX-bds€A
project named COMRADE (COntrol and Management dilgorithm is changed by the Nonlinear Inverse Pseud
Robotics Active DEbris removal) has been initiated years Control (NIPC) solution to improve the FTC perfommas of
ago [2, 3]. The COMRADE study is limited to thethe terminal rendezvous phase of the Mars Samptarike
development of solutions to the so-called Capturdhission. An alternative solution can also be foimfll2, 13]

Stabilization and Rigidisation phases of ENVISAT.

Since these phases are crucial ones for the suofetbhe
mission, some on-board abilities in terms of faldtection,
isolation (FDI) and tolerant control (FTC) are reqd for
the thruster-based chaser actuation system. Thet fited
with the fact that recent studies demonstrate thaeister
faults account for approximatively one quarter bfAdtitude
and Orbit Control System (AOCS) failures [4], urthers a
need of efficient FDI and FTC solutions to the rnaias
fulfillment. The work addressed in this paper skolle
understood in this context.
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by acting at the guidance level. The FTC stratamsists of
the following principle: if the chaser is outsidetso-called
approach corridor or/and with an attitude outsidea @re-
defined threshold, then a switch on a healthy rdeoh
thruster set is made and a “retreat” maneuver jaged. A
new rendezvous trajectory is then planned by thdagge
algorithm.

If it is possible to find some papers addressirg RAiC
problem for space debris removal missions [14, k5hust
outline that the only solution that has been asskss an
industrial high-fidelity benchmark considering theill
problem (model of the avionics and actuators, pftape
sloshing, non-spherical gravity acceleration, gsagradient,
solar radiation pressure, third-body perturbatibtogn and
Sun), Earth magnetic disturbance and aerodynanaig)ds
the one proposed in [16]. In this paper, a newsclab
nonlinear unknown input observer is proposed fear EDI
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CA-based NIPC technique that is updated by FDI

information.

This paper aims at proposing an alternative saiuticthe
NIPC-based FTC technique. It is assumed that thieurid
remains the same. More precisely, the proposedicolis
based on the fault-hiding paradigm [17]. The mdtom of



using this technique as opposed to other existireg,ocomes disturbances. Propellant sloshing in tanks (twdksaequip
from the fact that the already in-place controldso(and the chaser) is modelled as a linear 3D spring-mmassel that
especially their structure) that have been desigmedhe considers the Coriolis, the centrifugal, the Euler
industrial partners of the project, are kept asytiae, sccelerations, the disturbances and of coursefotises and
achievingde factq the required robust performance when n@oments due to the actuation unit. The considered
fault oceurs n t_he chas_ers _propuIS|on unit. Trault disturbances are central body acceleration, nosrgmi
tolerance is obtained by inserting a reconfiguratidock . . : . .
gravity acceleration, gravity gradient, solar radia

between the baseline control unit and the plaet][58-21] to : g
have some examples. The FTC princi%le <[:onsist]s of Pkessure, third-body perturbation (Moon and Sum, Earth
reconfiguration unit — known under the name of WAt magnetic field and the aerodynamic drag. Mergingledse

Actuators (VA) — that hides the presence of a féoltn the Models into a unique state space, leads to a manlistate
already in place controller. Of course, this reaunftion Space representation that admits as inputs, fdfggls and
unit is engaged if and only if a fault has beenuoead and torquesT(t) generated by the propulsion units and the above
declared by the FDI unit. listed disturbances that we gather in a vector thehd(t). In
terms of outputs, denotegl(t), we consider the relative

and assessment of a VA-based FTC solution agdinsster position anql ve_locity, the chase_r’s angulgr rate atiitude.
faults that may occur in the chaser spacecraft nduri Then,_ c0n3|der|n_g that the rela_\tlve_ velocity and #ngular
rendezvous with ENVISAT. Note that the assessment Yelocity are relatively small (which is the case $bort range
performed on the same high-fidelity nonlinear irtdas rendezvous mission), the nonlinear model can be
benchmark used in [16] that is assumed to be fullgpproximated using a first order Taylor approximatiThis
representative of the mission. It is developed ikeads to a linear state space representation @f @8, with
Matlab/Simulink, within the library called SPACELABat inputsu = [F,' TSTF , the disturbances and outputsy.
contains e.g. sensors, actuators, dynamic, kinemati

The aim of this paper is thus to present the devednt

environment models and a universe library that joies the | fauts .. | disturbances
ephemerides of Earth, Moon, and Sun. — | Actuators| 4 "= | sensors |
[I. PROBLEM STATEMENT / S;:;;CCS
In this study case, the considered reference sicefoaus >
on the first part of the ENVISAT capture phase, the 1FDI _t‘ —
synchronization one. This phase starts with a itiansfrom management - Navigation
Parking Hold Point to Capture Point during whidie thaser
synchronizes its motion with the target's movemenmtsl a
position close enough so that the robotic arm eaddployed *
to capture ENVISAT at the grasping point locatedtba | ke
Launch Adapter Ring (LAR), see Fig. 1. As mentioirethe
previous section, the proposed FTC solution camsist @
introducing VA units that will be in charge to hitlee faults 5
to the already in-place control law, see Fig. 2 for | r— [ ourance
illustration. Following the material background thie fault | controlier Fauttoferant| | unit
hiding paradigm [18-21], it is required a model“ahat is
seen from the VA unit” for its design. This is therpose of AN+
the following sectior’s Note that the derivation of this model Feedforward U/
is guided by the objective of designing the FTCesgé. In
this sense, it is a simplified version of what Hasen Figure 2. The proposed fault tolerant GNC setup

implemented in the industrial benchmark. The so-derived model obviously depends on some

A. Modelling the chaser dynamics uncertainties that mainly consist of the mass efdl_hnaser, the
’ propellant masses, and the modes of propellartisiggboth
The chaser's model consists of its translationadl arin terms of frequencies and damping factors). Twycaut
rotational dynamics, considering all forces andjt@s acting these uncertainties, the LFT formalism commonlydusethe
on it. These dynamics are derived from the Cowelthod H./p control community, is used, see for instancd.[ZBis
(orbit dynamics and kinematic), the second Newtdai boils down to the following model of the chaser aiyrics

(rotational velocity) and the individual rotatioratrices from o (/7T T)T
Euler (3,2,1) rotation (attitude). Forces and tesjthat are X=AX+B, d') +Bu
considered are those caused by propellant sloshime, P:le=Cx+ D11(I7T dT)T + DU (1)

propulsion system (24 thrusters equip the chaseq a

.
y=Cx+ Dzl(’7T dT) + Dyl
! Due to confidentiality reasons, we only discuss the modeling 48<1 121 6x1 6x1
principles, without any numerical values or deepaie The interested where xOO™, yOu™, ud0> and dO0™. 7 and

reader can however refer to [22] to more infornmatio € are internal signals amlis defined according to
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uncertainty, the propellant masses, the dampingpifa@nd
the frequencies of the sloshing modes, respectively

B. The baseline controller

The chaser controller obeys to a feed-forward/faekb
structure that issues force and torque commantiswt& the
reference trajectories delivered by the guidanci. drhe
feed-forward is managed at the guidance level tkat
described later, in section II.F. The feedback iler has

been designed using tih&, mixed sensitivity approach [24].

This boils down to a linear controller robust agaithe
uncertaintieq\. Its state-space representation is given by

{Xc = A\:Xc + Bc(yref -Y)

2
Us = chc + Dc(yref - Y) ( )

where v, 00*%and x, 00'°? are the reference signal

to track and the controller state vector,
A.,B;,C. and D, are real
dimensions.

respebtiv

C. The thruster management unit

matrices of appropriate

(IMU), 3 Star Tracker heads, a Sun Sensor, a Global

Positioning System (GPS) receiver and a GPS cdausbel
propagation. Hence, the navigation units provithesdurrent
situation of the chaser both relative to the targetlative
position and velocity) and its attitude and anguwlelocity.
We recall that these last measures are those asswbavith
the model (1).

F. The guidance unit

The feed-forward actions and trajectory referenailp
mainly consist of a classic rendezvous trajectdorcéd
translation while keeping a constant attitude) andpin
synchronization trajectory, see Fig. 3 for an tilason.

ENVISAT

(target)
The chaser /Hi{
N |/ T

\

Figure 3. The synchronisation trajectory

The thruster management unit is nothing else thancé' Problem formulation

control allocation algorithm used to convert thecé and

We are now ready to formulate the FTC design prable

torque commandsq(t) (see Eqg. (2)), into thruster commandd™ig. 4 shows in details how the proposed FTC souti
urr(t) . In this study case, the engineers proposed &inret operates at the GNC level. The goal we pursue tsetign

the SIMPLEX-based algorithm [8]. Note that the ®maaft

the virtual actuator units, to cover any type aflfasccurring

possesses 24 thrusters of\2® control both attitude and in the thrusters. Following the method proposedlBr21],

position motions. Let us introduce the thrusterfigpumation
matrix Mqug 00%*. The elements ofMy,z are the
influence coefficients defining how each thrustifea each
component ofiin (1),i.e.

M1hrUrHr = Ue 3)

Then following [12,16], a useful model of the thers
management unit consists of the left pseudo-inverbe
M1yr SO thatMqys Us = Uryr, Where(s)" denotes the left
pseudo-inverse of matrices.

D. The FDI unit

The FDI unit is based on the technique describgd6i
that consists of a new class of NonLinear Unknowput
Observers (NL-UIO) that is optimal in thg-gain sense. The
interested reader can refer to [16] to have a dearview of
this solution, from the fault isolability discussi®o the NL-
UIO design.

E. The navigation unit

It is important to recall that for this space nissi
ENVISAT (the target) will be considered like a pass
target, i.e. the ENVISAT's actuators, sensors and
telemetry system cannot be used. Hence, the rdtaivienic
architecture for the chaser is composed of a Liggtiection
and Ranging (LIDAR) unit which allows having thellfu

relative pose estimation, an Inertial Measurementit U

we need to design a total of 25 VA units, one {its, i =1)
is devoted to the fault-free case and the others?(25) are
dedicated to faults that may occur in the 24 tlmsstThe
control signal applied to the plant will be now ,i = 125
(defined later) instead af.. According to [18-21], all VA
units can be designed under the assumption of certainty.
Indeed, the baseline controller will be able to agm
correctly the uncertainties when the fault hidingrgaligm
succeeds. Finally, and as it is extensively disstisa [18-
21], the fundamental problem of the control sigsetluration
that may occur due to the presence of a faultbeamanaged
in this setup belonging to the fault-hiding paraxigTo
taking into account all the previous aspects, tlogleh (1) is
reformulated for th&" operating mode according to:

{)‘( = Ax+Bjsat(u; )

y =Cx @

» B =BWMqg
where W = diag( W), k=1,24 is a diagonal matrix so that
the fault-free situation corresponds W4 = | ., If the K"
elementw, is equal to 0, this means that ti&actuator is
out of order. The functiosat(u; ) is defined according to:

its

sat(uy,) a, (ug, >ay)
saf(uy, ) = csat(ug ) =4 Uy, (‘ufil‘sa’il) (5)
Sat(ufie) —aj; (Ufil <-a;,)
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Figure 4. Fonctional diagram to formulate the FTC design [@ob

From (4) and Fig. 4, it can be seen that it is psegl to  Problem 1: Let the baseline controller (2), the model (4) tha
relocate the physical input saturations in inpuistmints on covers the 25 operating modes with the associatedint
the desired forces and torques. This is why tharaton given by (6)-(8) be considered. Let the followirantrol law
function of Fig. 4 is now put on the input signdl the be introduced
thruster management unit. With this setup, theadign of ug t<ty
(3) is now replaced by the fault tolerant contrignsl U={ t2t i1=1,25
u; 00O%, i=1,25. This signal is provided by th& VA =
unit (see Fig. 4) that has been designed té"tmeode, from a where t_ is the fault occurrence time declared by the FDI
bank of pre-computed VAs defined according to module described in section II.D. The goal we per&uto

) . . design u; i =1,25 subjected to input constraints (5) by
X, = (A+BMy)x, + (B~ B)u, i =125 (6) means of thé™ virtual actuator (6) and the model (4) such
up = N = NMyx, ' ’ that (A+ B M,) is Hurwitz. O

Uy

where M, 00%? are the virtual actuator gains to be

! « : . . [ll. SOLUTION TO THE PROBLEM
designed such thdtA+ B; M;) is Hurwitz. The matricesN;

and Bi* are obtained by: Before starting the FTC design, it is natural tk about
N =(B)'B ) the ability of the spacecraft to fulfill its missian spite of a
. . thruster fault. To answer this question, a prelamjnstudy

B =BN=B(B) B (®)  based on [28] can be performed. The following can b

Following the notations introduced previously faetmodel considered if and only if the faulty situation &coverable. A
(4), B, is the fault-free matrix of (4),e. B, = BMg . From solution to Problem 1 is given by the following ¢hem.

Fig._4, it can be noticed that the output of faolerance unit Theorem 1: For each operating mode=1,_Qwith Q=25, let
is given by y+Cx, where x, corresponds to the state oftne following design problem be conside@dimes to obtain
the selected virtual actuator. Q virtual actuator gains. LeX,, *, B and [, be defined

Remark 1:In fault-free situation, the first VA is insertiig ~ Such that

the closed-loop. This situation doesn’t degrade dbatrol v, AR 0
performances achieved by the baseline controllecesi He v, APT  AX. T+ BT, =<0
(B-B,) is equal to zero. By choosing, (0) =0 and since P s '
(A+ B{Ml) is Hurwitz, we directly applied the control [ y -1 (I'i(j))T
signalu, to the plant. This setup has been proposed to hiav 2
setup able to deal with the casdrdérmittentfault. (aik > J ~0 k=16 ”Ni(k) ” £0  (10)
co N
i

(9)

Once a fault has been diagnosed by the FDI algorith
[16], a switching mechanism is engaged to seled t
adequate VA unit. Here, the switching algorithmttlig® hold where:
proposed is based on the supervisor concept [26], [27]. A-B,D.C BC,
In this approach, the switching logic is a decisinap that A :{ _B.C A }
generates a piecewise constant switching sign@). The ¢
problem can thus be formulated according to: A,* = (— (B, - Bi*)DCC (B, - Bi*)Cc) (12)

"G

(11)



Wy = max ||u || (13) Theorem 1 provides the conditions to design the géi
&R.vy) virtual actuators in order to maintain the closedpl system
N, ® s thek™ row of N; . In the same sp|r|tl'(” denotes state inside a stable region as long as this b&dtegs to this
thej row of F Vi D]O,l] ng is the number of non-zero region at the fault isolation time,. Hence, the state
elements inN; ®) andj in (10) takes values correspondmg tarajectory will converge, despite the change of itiregtrix B

the indices of the non-zero elements N] . He{M} is due to the fault occurrence and input constrabits (
equal to M +MT . Then, the virtual actuator gai;
obtained byM; =T;X,, wil guarantee that the plant (4) IV. NONLINEAR SIMULATION CAMPAIGN

controlled by (2) and (6) is contractively invartiaand

respect the input constraints given in (5). Independently of the FTC solution, it is fundamérta

guarantee that the available actuator resourcesudfieient
to maintain the control objectives despite the @mes of a
Proof: The proof of Theorem 1 is mainly based on the ong@ruster fault. This is refers to the fault compadikity
developed in [19]. Here, it is just shown that #udution is  property. This problem is formulated in [28] usitite so-
still valid even if the baseline controller contmiimtegrators called attainable force/torque domains. Applyingis th
(which is the case for (2)) and when the state orecttechnique to our problem, the result revealed fhais
dimension of the controller (2) and the plant (#)ed (which  possible to fulfill the e.Deorbit capture missianthe case
is often the case when a controller is designedguaH./l  where one thruster is out of order. Two other lestidres in
synthesis technique). To proceed, let the contampl the theory presented in section Ill can be extrhcte
composed by (2), (3), (4) and (6) be consideredowit
including (5). When the operating mode is well itifeed, the
closed-loop can be put in a block-triangular formp b
introducing the variablex,, =X +Xx, . It follows that the
state-space representation can be written accotding

* the determination of the parameterg .k =16 for all
i =125 involved in (5) that fundamentally represent the
maximum attainable force/moment in the vy, z
directions, under fault-free and faulty situatiofihis
problem has been solved using the attainable

X ) (A 0 X, BY force/torque domains analysis technique;
%, = A A+BM ) x + . Yeer (14) * the determination of the parameteps i=1,25that

-B)D
(B-B)D enter in (10) and represent the maximum magnitdde o
where: U, according to (13). These parameters have been
X = X BY = BD. (15) d_eterrnined through several simulations in healthy
4 x ) B, situations.

The VA units are implemented within the industhiadh-
fidelity simulator of the e.Deorbit. Figures 5 a@dhow the
obtained results when the thruster 1 is stuck engposition.

X, A 0 X, The same simulation has been performed when tleadir
[ i]:(Aj AvE M j[ i] (16) in-place GNC setup works in healthy (green line) &aulty
X

(dotted red line) situations, and when the propcsadtion
) ) ) has been integrated (blue line). If the improvementthe
Let the following Lyapunov function be considered relative position error is mainly related to thegi necessary
x, (t) ' vi 0 x, (1) to recover the nominal (no fault) situation (seg.H), one
, (1) =[ ' ¢ ] ! [ ' ¢ ] (17)  can noticed an improvement of 45% on the transiétittide
X, (1) %, (1) errors after the fault occurrence, see Fig. 5.
where X, is a symmetric positive definite matrix. T
guaranteeV, <0, it is necessary to verify

Assuming thaty, OL " is exogenous and bounded
the stability of the closed-loop involves the sliapbf:

Fault type on THR1: 1 - Fault occurence: 735 s
T T T T

{:: et

Faull-free situation with in-place GNC
«ons Faulty th in-piace GI

@ (deg.)

g ith the proposed solution F g__
P il H
—- O K 0 WI;D ZD‘D ’N;D AI;D SD‘D SE‘SD FD‘D El;D DE‘ID WD‘DD
He 2 (A?il 0 \J <0 (18) " ‘ ‘ é?umype on THR1: 1- Fault occurence: 735 s i ‘ ‘
0 qu A A+ S M g@ . I
that is a Linear Matrix Inequality (LMI) equivaletd (9) by N @ w0 @

Fault type on THR1: 1 - Fault occurence: 735 s
T T T T T

introducing T; =Mixva_l. Hence, the closed-loop i
asymptotically stable by taking into account (9)anLMI
problem. Now, let the discharge on input consteabrg now g— e ——
removed to complete the proof. Following the praced ‘ ‘ ‘ - ‘ ‘ ‘ ‘

introduced in [19], it is possible to show the dal of
theorem 1. Since the procedure is similar to [l e —— L]
remaining of the proof is not explicitly given her&he Tmets

interested reader can refer to [19] for more detail i Figure 5. Attitude errors for a fault in the thruster 1

Error signal
on # (deg.)

FDI boolean
°
&
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Figure 6. Relative position errors for a fault in the thruste

A simulation campaign is next conducted for eacth
thruster fault type (stuck opened and stuck closed) ir
fault free situations. Due to place limitation, ptihe cases
faults occurring in thrusters 1, 5, 13 and 17 aesented. |
total of 60 runs have been performed, 10 in heaituation:
and 50 in faulty ones. During this campaign, thaltftime
occurrence is randomly chosen. Figures 7 and 8tiite th
behavior of the attitude (in degree) and relatiesiton (ir
meter) errors for the case of stuck-opened andstiosec
faults. The fault-free runs have been superposed [fiots
for a better illustration of the performance of gw®pose..
FTC solution.
deviations similar to the ones show in Fig. 5 andvBich
demonstrates the potential of the approach. Finatyargue
that since the attitude and relative position dyrihe last

100s of the rendezvous with ENVISAT are within their

required values, the mission is not in danger desfsie
presence of the fault. Thus, the robotic arm canldpoyed

and the capture of ENVISAT can be performed. Thst |

point definitively promotes the relevance of theopgwsed
FTC solution.

Relative position error (m) - defaut: stuck in openned/closed position
T T T T T T T

Rel. pos. error

1000

Rel. pos. error

0 100 200 300 400 500 500 700 800 900 1000

Rel. pos. eror

1000

o 100 200 300 400 500 600 700 800 900
Time [s]

Figure 7. Relative position errors in a Monte Carlo campaign

V. CONCLUSION

In this paper, a model-based FTC strategy agdinsster
faults has been presented for the ESA's e.Deorlsisiom

It can be seen that we obtain transie

whose aim it to remove the satellite ENVISAT fromet
Earth orbit. It is shown that the proposed FTC swhean be
integrated in an already built-in GNC setup andeturio
achieve specific objectives in nominal (no faultuations.
The proposed solution is based on the fault-higiacadigm
and the design of virtual actuator gains has begfopned to
respect input constraints. A simulation campaigseldaon a
high-fidelity industrial benchmark highlights thiigiency of
the proposed solution. Future works will be reqaiite assess
this technique for a less actuated system to batipreciate
its benefit.

attitude error (degree) - defaut: stuck in oponnediclosed position
T T T T T T

Error on ¢ (deg.)

200 1000

0 100 200 300 400 500 600 700 800

Error on 0 (deg.)

0 100 200 300 400 500 800 700 800 200 1000

Error on v (deg.)

I I I l
0 100 200 300 400 500 800 700 800 200 1000
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Figure 8. Attitude errors in a Monte Carlo campaign

REFERENCES

[1] J.-C. Liou & N. L. Johnson, “Instability of the ment LEO satellite

populations”, Advances in Space Researalol. 41(7), pp. 1046—

1053, 2008

P. Colmenarejo, J. Telaar, C. Ott, J. Branco, Jowkki, E.

Papadopoulos, D. Henry, G. Visentin. “COMRADE: Qohtand

Management of Robotics Active Debris RemovaClean Space

Industrial days 24-27 October 2017. ESTEC. Netherlands.

P. Colmenarejo, J. Branco, N. Santos, P. ArroZelhar, H. Strauch,

C. Ott, M. Reiner, D. Henry, J. Jaworski, E. Paymmllos, G.

Visentin, F. Ankersen, J. Gil-Fernandez. “Methodsl @utcomes of

the COMRADE project - Design of robust coupled cohtor robotic

spacecraft in servicing missionsiht. Astronautical CongressOct

2018, Bremen, Germany.

M. Tafazoli, “A study of on-orbit spacecraft faikg”. Acta

Astronautica 64, 195205, 2009.

Passot, X., Cussac, T., Mouret, J.-M., Carayon,.,Jl-affaye, C.,

Cier, P.-A, “The Myriade Micro-Satellite Computenca Software: A

Reliable System Based on a Low Cost ComputBdta Systems in

Aerospace?2 June, 2005 in Edinburgh, Scotland

[6] Butler R.W., “A Primer on Architectural Level Faulfolerance”,

NASA/TM-2008-215102008

Wander A. & Forstner R., “Innovative fault detectjidsolation and

recovery strategies on-board spacecraft: statéefatt and research

challenges”Deutscher Luft- und Raumfahrtkongre2612

[8] Johansen, T.A. and Fossen, T.l., “Control allocatia survey”.
Automatica49, 1087, 2013

[9] Fu, Y.P., Cheng, Y.H., Jiang, B., Yang, M.K., “Ratdlerant control
with on-line control allocation for flexible satéd attitude control
system”,|IEEE Int. C. on Intelligent Contr. and Inf. Procesg 2011

[10] R. Fonod, D. Henry, C. Charbonnel, E. Bornschl€glLosa, et al.,
“Robust FDI for fault-tolerant thrust allocation tvi application to
spacecraft rendezvousContr Engineering Practice2015,42, 12-27.

[11] R Fonod, D Henry, C Charbonnel, E Bornschlegl , Cass of
Nonlinear Unknown Input Observer for Fault Diagsoghpplication

(2]

(3]

(4]
(5]

(7]



[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

to Fault Tolerant Control of an Autonomous Spad#tralOth
UKACC International Conference on ContrdB-24, 2014

D Henry, C Le Peuvédic, L Strippoli, F Ankersen,dtiel-based FDIR
and fault accommodation for a rendezvous missiourad the Mars
planet: the Mars sample return casB”AC-PapersOnLine49 (5),
266-271, 2015

C Le Peuvédic, C Charbonnel, D Henry, L Strippéli, Ankersen,
“Fault tolerant control design for terminal rendeas around mars”,
9th Int. ESA Conference on GNC Syste244

Cordeiro D., “Fault-Tolerant Control for Terminal eRdezvous
inActive Removal of Space Debris’Master of Science Degree
Universidade de Lisboa, 2017

Biondi G., Mauro S., Pastorelli S., Sorli M., “Fatdlerant feature-
based estimation of space debris rotational motloning active
removal missions”Acta Astronautica2018

Henry D., Cieslak J., Zenteno Torres J., Colmenalej Branco Jet
al, "Model-based fault diagnosis and tolerant conttble ESA's
e.Deorbit mission"|EEE European Control Conferencialy, 2019
Lunze J. & Steffen T., ‘Control reconfiguration exftactuator
failures using disturbance decoupling method&§EE Trans.
Autom. Contrgl51 (10), 2006, pp. 1590-1601.

Seron M.M., De Dona J.A., Richter J.H., ‘Integratshsor and
actuator fault-tolerant controlint. J. of Control,86(4), 2013.
Rotondo D., Ponsart J.C., Theilliol D., Nejjari Ruig V., ‘A
virtual actuator approach for the fault toleranttrol of unstable
linear systems subject to actuator saturation audt fisolation
delay’, Annual reviews in ContrpB9, 68-80, 2015.

Rotondo D., Puig V., Nejjari F., Romera J., ‘A fabiding
approach for the switching quasi-LPV Fault-toleraattrol of a
four-wheeled omnidirectional mobile robotEE trans. Indus.
Electronics 62 (6), 3932-3944, 2015.

Cieslak J. & Henry D., “A Switching Fault-Hiding Mbanism
based on Virtual Actuators and Dwell-time CondisgnlFAC
Safeprocess’18Varsaw, Poland, 2018.

D. Henry, F. Ankersen, L. Strippoli, “A class of klwon Input
Observers unde.. performance for Fault Diagnosis: Application to
the Mars Sample Return mission”, Chapter Niew Trends on
Observer based Controller Design and their Appiicas, Eds
Elsevier, 2019.

Cockburn, J., Morton, B., 1997. Linear fractionapresentations of
uncertain system#utomatica33 (7), 1263-1271.

Doyle, J.C., Glover, K., Khargonekar, P., and FignB., ‘State-space
solutions to standardz+and H, control problems’JEEE Trans. Aut.
Control, 1989, vol34, n°8, pp. 831-847

Preda V., Cieslak J., Henry D., Bennani S., Faléoz “Robust
microvibration mitigation and pointing performanaealysis for high
stability spacecraft”|nt. Journal of Robust and Nonlinear Control
2018,28 (18), pp.5688-5716

Hespanha J.P., Liberzon D., Morse A.S., “HysterBsised
Supervisory Control of Uncertain Linear Systemsiitomatica 2003
Efimov D., Cieslak J., Henry D. ‘Supervisory fatdlerant control
with mutual performance optimizationmt J. of Adapt. Contr .and
Signal Processing?7, pp.251-279. 2013

Zenteno Torres J., Cieslak J., Henry D., Davila Jault
Compensability Criteria with Application to a Remdeus Mission
Around Mars", 14th International Workshop on Advanced Control
and Diagnosis2017



