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Robust Fault Detection for Systems with Electronic InducedDelays:
Application to the Rendezvous Phase of the MSR Mission

R. Fonod, D. Henry, E. Bornschlegl and C. Charbonnel

Abstract— Two robust fault detection schemes are presented  In this paper, two FD schemes are proposed to cope
to detect faults affecting the thrust system of the chaser wijth the issue of robust residual generation for a class
spacecraft involved in the rendezvous phase of the Mars Sartg of LTI systems with disturbances and input delays. The

Return (MSR) mission. The idea of both proposed methods t : delled " fi ith dioital
is to transform the unstructured uncertainty caused by the System IS modelled as a conunuous-ime one wi Igita

electronic induced delays into unknown inputs and decouple control and delayed control input. Such modelling approach
them by means of an eigenstructure assignment (EA) technigqu was presented in [12]. By introducing a Cayley-Hamilton
The first method utilizes a Cayley-Hamilton theorem based theorem based and Padé approximation based transforma-
transformation whereas the second relies on a first-order Rdé tion, influence/uncertainty of the time-varying input dela

approximation of the time delay. The performances of the . . . .
proposed schemes are compared by a sensitivity/robustnessIS transformed into unknown input (Ul), which as shown,

ana|ysis Campaign of 4240 runs within the ”high_ﬁde"'[y“ greatly faCiIitateS the abOVe mentioned d|ff|CU|ty F|Nathe

industrial simulator provided by Thales Alenia Space. disturbance and the Ul vector are lumped and decoupled by
means of Eigenstructure Assignment (EA) technique.
[. INTRODUCTION These two methods have been successfully demonstrated

The problem of time-delay systems is a research subje%? applicaple for the FD Of. the_Mars _Sample Return (MSR)
ission with a "high-fidelity” industrial simulator, under

in the Fault Detection and Isolation (FDI) community, sed” listi diti taking int t the effects tti
the surveys [1]-[4] and the references therein. The maj6 alistic condttions, taxing into account the eltects
é\lC (Guidance, Navigation, Control) unit has on the FD

papers in this area deal with networked systems since the ; h h K d tise f
may exist (bounded but unknown) delays in communication§°" ormzncesk. € rr]gser;]\rcE wor raévs exp:r IS€ r(_)rr;: TC'
Only a limited bibliography exist on the research of mode(lONS undertaken within the European Space Agency, Thales

based fault diagnosis for linear time-delay dynamic systemAle_n'a Space and the IMS .Iaboratory (Univ. Bordeaux 1),
For instance, in [5], an unknown input observer (UIO) iSwhlch develop a collaborative effort to create new robust

designed for Fault Detection (FD) of state-delayed systenfﬁ"board FD][ technologies that may significantly advance
with known delays. The well known parity space approac e spacecrait autonomy.

is extended in [6] for fault detection of retgrded time-(yelg Il. PROBLEM FORMULATION

systems. In [7], [8], the proposed method aims at formudatin ) , ,

the robustness as well as the sensitivity of residual signal COnsider a continuous LTI system given by

to the unknown inputs as well as to the faults in terms &(t) = Ax(t) + Bu(t) + E; f(t) + Eq,d*(t) 1
of Ls-gain and, based on it, to formulate the design of y(t) = Cz(t) 1)

fault detection filters as an optimization problem. In [9], a h R" R R .
robust fault detection and identification approach based o erex(t) € R”, u(t) €  y(t) € R™ are state, input,

i n
an adaptive observer is developed for uncertain continuo&gd mee;surement vectors, re spectively(t) € R"* and
linear time-invariant (LTI) systems with multiple disceet F(t) € R™ are the unknown disturbance and the fault vector.

time-delays in both states and outputs. Recently, a geilmetf4' B, C, E; and Ey, are known matrices of appropriate

approach for FDI of retarded and neutral time-delay Syste"([‘gmensions. The paif4, C) is_ assumed to be obs.ervablel.
was developed in [10]. Robust fault detector design for a Suppose that the system is controlled by a discrete-time

class of linear systems with some nonlinear perturbatiads acNtroller \t/)wth (tjh% Sél‘mp"”g t'_md@ agddthat there e>;]|sts
mixed neutral and discrete time-varying delays is investig 2" UPPer bounded electronic-induced defaye R in the

. . .

in [11] using a descriptor technique, Lyapunov—Krasovskﬁ‘“:tuat'ondsysiem Eokthzztihe controll_er mgm@rll € R,

functional and a suitable change of variables. ger_lerat_e at =ty = kT, i 1,2,.., arves at the actu_ator
at time instant;, + 7. Recalling the fact, every control signal

This research work was supported by the European Space p¢gsa) ¥, IS held by a zero-order holder and only valid over the
and Thales Alenia Space in the frame of the ESA Networking#@eng interval [t + 7%, tp+1 + Tk+1), We have
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dynamic filters, so that is robust against the uncertain time-satisfying the following initial conditions
varying delayr;, and disturbance vectat'. (i—1) ) o .
To solve Problem 1, the influence of is transformed to % (0)=1, s7°(0)=0 for j#i-1,0<j<n —.1

unknown inputd® and together withi* decoupled by means B F(;roof: hThe prolof can b? _foun_d in [14]1'3 ) idered:
of EA technique H,/H, being observer-based filters. ase or_1_t eorem 1, proposition given in [13] is considered:
‘ Proposition 1: The Cayley-Hamilton theorem based

I1l. TRANSFORMATION INTO POLYTOPIC UNCERTAINTY  transformation off* can be expressed as follows

Assume thatr;, can be expressed ag;, = [T + 0 < T,
wherel is a known integers is the upper bound of;, and
0 € R is the unknown varying part of, bounded by <
0, < mT, with m being a known integer. In the next, assume . 2n
thatm = 1. (The case whem > 1, is discussed in [13].) WhereU; are constant matrices a@ ui =15 > 0.
If we assume thail' and f are constant during each time Proof: Using (7), we have
interval T', that is a reasonable assumption from a practical T T

point of view, then the discrete representation of (1) is F‘fk _ / AGB — Z / sit)dt | A1 B]| (10)
=1

2n
Y =3 ufu; ©)

=1

Ty = AnA T ul +T%u , +E;f+Eqd;

_ (3) T—0g T—6g
Y = Cmy Define
where T
_ T—65, _ T sP = max / si(t)dt, i=1,2,....,n
A = eAT, I‘gk = f eAtdtB, Ed1 = j eAtthdl 0<op<T T—6p
i ; . ,
C=cC, TIy= fé_ AdtB, Ejy= OfeAtthf s = min /T_éksi(t)dt, i=12,...,n
T—6
_ T ) then (10) can be rewritten as
Let B = [, ¢*dtB, then it follows: R
T _ I‘6k — Oéi-c S;nin'i‘af S;nax Ai*lB (11)
ToF + TP :/ MdtB = B @) ! ;( ? 5)
0

Furthermore, using (3) and (4), and introducing a newherea;, anda, are two time-varying unknown parame-
augmented state vectef = [#7 (u§_, ;)" | we obtain ters satisfying) <aj, <1, 0<aj,; <1, andaj, +af; = 1.
It can be verified tha‘gfg_ék si(t)dt,i = 1,2,...,n are

(5) Lipschitz-continuous o1 < §; < T, i.e. they satisfy
Yr = Cz T T
where / si(t)dt — / si(t)dt| < r: |81 — 62
_ _ -5} 52
_[ATr) pn_[B-T * - o
o o0 |’ I V6}., 0% € [0,T], wherer;,i = 1,2,...,n are the Lipschitz

B E, B, E; Con_stanit_si Setting5, | = ‘?‘ﬁo/ﬁllﬂéi =af/n, Usiy =
’ d o |’ f 0 nsP AT B, Uy = nsP®™ A" "B, then from (10) and
. P _(11) proposition 1 yields. m
In this model,I'}* is strongly dependent on the uncertain Following proposition 1, it can be seen that the system (5)

term J;. Therefore system (5) is an uncertain time-varyingan be rewritten to a polytopic uncertain system as follows
system. The next step is to transform this model to an

uncertain polytopic system. This can be done by means of a

0o I

Cayley-Hamilton theorem based transformation.

A. Expressing the Uncertainty as Polytopes of Matrices

Let us first consider the following theorem (see [14]):
Theorem 1. The characteristic polynomial of matriA is

p(A) =det A\l —A) = \"+¢, A"+, .+ d+c (6)
thene”t can be written as
N =51 () + s2() A+ ...+ sy () A" 7)

where s;(t), 1 < i < n are solutions to the:*" order
homogenous scalar differential equation

S () 4 eno1 sV 4. F 18 () + cos(t) =0 (8)

2n
Zg+1 = <Ao + ZM?J‘L‘) zZp+
i=1

2n
. A A - 12
T <BO + ZNfBz) uj_y + Epfy, + Eqdy, (12)
i=1

Y = é’zk

where

and the rest of the parameters are the same with those in (5).



B. Expressing the Polytopic Uncertainty as an Ul At) = {13 BACdLE)t)} By {BDd} L é=[C 0]
The uncertain parts of (12), wher; and B, are known al

constant matricesut is an unknown time-varying scalar z(t) _{ w(tt) } , E; = [Ef ] , By = [ Ea, ]
factor, can be approximated by a disturbance term as in [2] a(t)
Using (18), the uncertainty is present onlyji(t).

2n 2n
S ubAizi+ > pkBiug = Eq,d;, (13) A Expressing the Time-Varying Uncertainty as an Ul
=t =t To proceed, consider tha(t) can be expressed as
where
) A A . ) T(t) =10+ AT(t) : |AT(})| <& (20)
Ed2:{Al,---vAszl,---,an} . . . -
wherer, is the nominal delayAr(¢) is the variation around
&} = [uhzr . iz, phug o ug )" 70, and¢ is the upper bound.

Proposition 2: The time-varying matrixA(t) can be de-
Now, the two unknown inputssl,lC and di can be lumped composed in two parts

together, and defined to bé,. Correspondingly, the Ul Y N

distribution matrixE,. That is A(t) = Ao+ AA(Y) (21)

so thatA, is a constant matrix, and A(t)z(t) will play the

role of an Ul. Expression (21) holds with

Taking the above notation into account, the design model is . A BC™ . 0 —BC™ .
expressed in terms of lumped unknown inputs as 0= [ 0 Agéi } AA(t)= [0 _Agéi }AT () (22)

dp=[ @d)" (@), Ba=[Es E. | (19

zi1 = Aozy, + Boui_y + E; fy + Eady where A7 = —21, C™ = A1, andAr*(t) = 270
A (15) d 7o d 70 To+AT(t
y, = Czyg Proof: The proof of proposition 2 can be found in [1

, . , _Finally, the time-varying uncertainty is expressed as an
This model represents the discrete-time model of the Originknown inputdz(t) entering (19) throughE,,, that is
inal system (1), that takes into account both disturbances ' 2

d; and uncertainties caused by electronic-induced delays AA(t)z(t) = Eq,d*(t) (23)
represented as an additional unknown ingfit BC™
—B0Ly

—AT
_ _ Now, the two unknown inputsl' (¢) and d*(t) and their
This section addresses another method to model the effegtiripution matricest,;, and E,4, can be lumped together

of the time-varying delayr,. Only the necessary develop-gjmjjarly as in (14). The system (19) can be now written as
ments from [15] are recalled here. Let us assume that

can be represented by a time-varying piecewise continuous #(t) = Aoz(t) + Bou(t) + Ef f(t) + Eqd(1)
(continuous from the right) delay(t) = 7«, Vt € [tk, tkt1)- y(t) = éz(t)
In this sense, the system input (2) is expressed as

Eg, = [ ] . d2(t) = AT (H)xa(t)

IV. PADE APPROXIMATION

(24)

Note that (24) has the same structure as (15). The only
u(t) = u(t — 7(t)) (16) difference is in the way how the time-varying uncertainty
_ _ is handled in terms of unknown inputs.
whereu®(t) = uf, vVt € [ty tr41) iS the control signal.

A first-order Padé approximation of the time-varying delayV- DESIGN OF THEROBUST FAULT DETECTION SCHEME
7(t) is given by A residual generator for discrete-time system (15) is pre-
() sented in the nekt The procedure is based on eigenvectors
e~ T(H)s = 1-=s (17) and eigenvalues assignment. This technique is well tackled
1+ %s in the FDI community, see [2]-[4] for more details. In order
to avoid duplicating materials, only the main principles ar
recalled in the following.
aq(t) = Ag(t)xq(t) + Bau(t) (18) Consider the following residual generator based on full-
u(t) = Cy(t)xq(t) + Dguc(t) order observer

wherez,(t) € R™« is the delayed state vector ant;(t) = Ziet1 = (Ao — L?)ﬁk + Bouj, + Ly,
—%I, Bd:I, Cd(t):%l, Dd:—I. TkZQ(yk—C,%k)

The augmented state-space description of the system %
and delayed inputs (18) is:

2(t) = A(t)z(t) + Bou®(t) + E; f(t) + Eq,d*(t
( ) A( ) ( ) + o ( ) + jf( ) +Ha ( ) (19) 1The same procedure can be applied for the continuous syg4mbut
y(t) = Cz(t) the observer eigenvalues will belong to a different set alblst eigenvalues.

An equivalent state space representation of (17) is thus

(25)

P1erer;C € R™, %, € R*"« js the residual and the state
estimation vector, respectivel@ is the residual weighting



matrix of appropriate dimension. The Z-transformed residu
response to faults and unknown inputs is

7(2) = Grp(2)f(2) + Gra(2)d(2) (26)

whereG, ;(z) andG,4(z) denote the transfers betweg()
andr(z), andd(z) andr(z), respectively.

OnceE, is known, the remaining task is to find matrices
L and Q to satisfy G,4(z) = 0. The assignment of the
observer (25) eigenvectors and eigenvalues is a direct way
to solve this design problem.

Note that, because the EA technique does not consider
a sensitivity constraint in the design procedure, the fault
sensitivity performance of the proposed FD scheme can only
be verified a posteriori. Specially the subspace of consiller

faults should not intersect the subspace of decoupledrdistu . )
bances, i.e. "@Ef) ¢ Im(Ed), see [2]. the control of both the position and the attitude of the chase

pacecraft during the rendezvous phase.

Fig. 1. The Mars rendezvous orbit and the associated frames

For the decision making algorithm, the idea is to test th&

variances? of the j*" residual signat], according to the¢?> A, Modeling the Chaser’s Dynamics During the Rendezvous

statistic given by Lapin [4]: From [16], [17] we only consider the modeling of the

Xk: i )2 relative position of two spacecrafts on a circular orbitard
v (N—1s2 i:kiN(Ti "k the planet. The motion of the chaser is derived from the 2nd
S = 2 YT N1 (27)  Newton law. To proceed, let, m, G and m,; denote the
. 0 ‘ orbit of the target, the mass of the chaser, the gravitationa
where7, is the mean value of/,i = k — N, ...,k andog  constant and the mass of the planet Mars. Then, the orbit of
is the variance of in fault free situation. The statistic (27) the rendezvous being circular, the velocity of any objed. (e
has the standarg® sampling distribution with the degree the chaser and the target) is given by the relatjéi, where
of freedom equal taV — 1. Thus, for a givem: > 0 (the |, — G.jny,. LetR, : (Osq1, X), V), Z)) be the frame attached
significance level), the threshold is determined by (usiTg t {5 the target and oriented as shown in Fig. 1. Because the

standardy® distribution table) linear velocity of the target is given by the relatiof in the

Jin = Xfw prob{X2 > Xi} — (28) inertial frameR; : (On, X;, Y, Y;) (see Fig. 1), it follows:

The decision rule is thus a.f — \/E =" (30)
a a3

(29) The chaser motion is due to the following four forces:

. — .
« the Mars attraction forcé), given in R; by:

et ({0 R 1)
V1. APPLICATION TO THEMSR MISSION (ate)+n2+¢2)>/ (

. = ) ) _
The MSR mission is a future exploration mission under- * the centripetal fOI’CGFe—m(n 52 +n 77?1 + OZ)

taken jointly by NASA and ESA. The goal is to return « the Coriolis force?c in R; is given by:

samples from Mars atmosphere and ground to Earth for

analysis. It is obvious that the rendezvous phase of this ?c =m §2m'7?l - 2n§?§+07 ;

mission can be in danger if a fault occurs in the chaser’s . and the forces due to the thrusters:

systems since the GNC system may not compensate, for

example,/, disturbances and/or may lose the attitude and/or m = Fg?l + Fn?l + FCZ-

the position of the sample container. This problem becom%en, from the 2nd Newton law, it follows

specially critical during the last 20 meters of the rendesvo .. ] F

phase, since the chaser must be correctly positioned in thes =7*(a + &) + 21 — (ambmayers (a + )+ 5
rendezvous corridor in order to successfully capture the . . . F,

sample container. This motivates ESA to manage studies’ =" " ~ 28 ~ (aenzenez + o (31)
for the development of on-board FDI solutions. The robust »_ u C4 &

FD schemes presented in the previous sections are potentiaq_ ((a+€)>n>4¢2)2/2 m

candidates since one of the critical system in the chaserhere(,n, ¢ denote the three dimensional position of the
actuation system is the thruster modulator unit (TMU), achaser (assumed to be a punctual mas$g,in

electronic device with an unknown (but bounded) time- Because the distance between the target and the chaser
varying delay that manage the actuators (thrusters) used fe smaller than the orbit, it is possible to derive the

N _ [ < i Ho (02 < 03) is accepted
7 > Ju, Hy (02 > 0?) is accepted

For the given constant > 0, the change in variance can be

detected with a false alarm rate smaller than 1?
a——



so called Hill-Clohessy-Wiltshire equations from (31) byvectoru, i.e.p = 0.1. Since the orbital disturbances have
means of a first order approximation. This boils down to #he same directional properties as the fa(lis, = E), the

linear six order state space model with input veaigt) =  residualr, cannot be decoupled from, thus the disturbance
(Fe F, F)T, output vectoy(t) = (§ n ¢)T and state vector decoupling is not considered here, il8; = Eg,.

x(t)=(En ¢ & T, ie. from (31) it follows « Method 1: first, the model (33) is transformed into the
N A A thr discrete form (15), with =1 andm =1. It practically
B(t)= Az (t)+ BR(Qrgt(t), Qens(t)) Mu™ (1) + Bww(?) means that the unknown delayt) is assumed to be
y(t)=Ca(t)+ (1) in the closed intervall’, 2T). The obtained distribution

whereQ::(t) € R* and Q.+ (t) € R* denote the attitude’s matrix £y has rankEq) = 6 and a large number of

quaternion of the target and the chaser, respectively.eThes ~ columns. Thus, a full column rank factorization is per-
quaternions are estimates from the navigation module (NAy) ~ formed using SVD decomposition. Finally, the obtained
M ¢ R3*S refers to the thruster configuration matrix distribution matrix is used in the residual generator (25)
uth(t) € RS are the thruster inputs. The relative position ~ design using the left EA technique. )

y(t) € R3 is measured by means of a LIDAR unit that is * Method 2: is formulated using a first order Padé ap-

corrupted by a measurement noisg) € R3, w(t) € R3 proximation of the input delay. The distribution matrix
refers to orbital disturbances entering the system through £d 1S computed as in (23), withy = 0.1s. That
E,, matrix. The quaternion dependent rotation maf ) basically means, that after Ul decouplmg is _ach|eved,
performs the projection of the three-dimensional thrustdo the resulted residual generator (25), using this method,

is robust against the time variatiods-(¢) (uncertainty)

vector from the chaser’s frame on to the target freRye ) ¢ X
around the nominal delay,. Finally, the residual gen-

The considered thrusters faults can be modeled in a

multiplicative form according to erator (25) is converted to discrete-tirfte= k7") using
. . a Tustin approximation
uifT(t) = (Is — ®()u'"(t) (32) For both methods, the weighting matrix was determined to

where (1) = diag{v;(t)} : 0 < (1) <1, i =1,...,8 beQ = I3, thusn, =3 and_r = (7"1,7"2,173)1 Theldecision

models thruster faults, e.g. a locked-in-placed fault can gule was computed according to (29) with= 10, j = 3 for

modeled by®;(t) = 1— ¢ wherec denotes a constant the first, andj = 1 for the second method, respectively. The
[3 wutrTi (¢ e . _

value (the particular values = {1,0} allows to consider prcI;bablhliyl(.)fli fg:zzratlgrg)r?]azrpee?hneﬁxfodl?géﬁ ; O.r(')olle;:hes

open/closed faults) whereas a fix value ®f(t) models a emark L. P brop bp '

loss of efficiency of the!” thruster.¥(¢) = 0 V¢t means that the assigned eigenvalues (dynamics) for. Methpd . 2 were
. chosen to be close t& —0.5, and after the discretization of
no fault occurs in the thrusters.

Taking into account some unknown but bounded delathe continuous residual generator, the obtained closeyl-lo

induced by the electronic devices, and uncertainties on tﬁégenvalues were used for Method 1.

thruster rise times due to the TMU that is modeled here €5 Smulation Results

an unknown time-varying delay(t) = 7 + A7(t) with a The aforementioned FD schemes were implemented
(constant) nominal delay, and upper bounded variation partyithin the MSR “high-fidelity” industrial simulator provieti
|A7(t)| < &, the overall model of the chaser dynamics thapy Thales Alenia Space. All simulations are carried out unde
takes into account both the attitu@i@....+(t)) and the relative realistic conditions, i.e. the NAV is considered to deliver
position (§ n ¢) of the chaser and target can be written as “non-perfect” measurements. We assume delays induced by

&(t) = Ax(t) + Bu(t — 7(t)) + Ef f(t) + E,w(t) the TMU, orbital disturbances (i.e. solar radiation pressu
(t) = Ca(t) + v(t) gravity gradient, atmospheric drag) and uncertainties.
vy ==tw v ( To evaluate the performances in terms of detection time

by consideringR(Qug: (1), Quns (£)) Mu'™ (1) as the delayed d€lays(ta), non-detectior(,4) and false alarni?) rates,
input vectoru(t — (¢)) and approximating the fault model a sensitivity/robustness analysis campaign of 4240 russ ha
_R(Qt (1) Oun ()M ®()u'™(t) in terms of additive been performed considering all the aforementioned sources
faults fg(t) ’e H§3Sacting on the state via a constant distri-0f disturbances, noises, delays and uncertainties whase co

bution matrixE; (then E; — B) sidered variations range are 10% of the chaser inertia and 5%
! ! ' of the chaser mass. The min. detectable leakage8izg )
B. Design of the Fault Detection Schemes and min. detectable thrust loss sig&,,ss) are also consid-

Both schemes use the above derived model (33) to cofited as performance criteria. In this study, following faul
struct the residual generator (25). The uncertaints) is scenarios were generated on the eight (Thr.No.) thrusters:
handled as an Ul entering the augmented system’s dynamicss Case 1:single thruster opening d00%

(15) resp. (24), through the distribution matr¥,,. The « Case 2:thruster closing itself (locked-closed)
difference between the two proposed methods rest in thee Case 3:propellant leakage betwees% and35%
different way of treating the uncertainty. The samplingpeér  « Case 4:loss of efficiency ranging from0% to 90%

of the NAV isT = 0.1s and a reasonable value af was For each simulation, the fault occurs at= 1100s and
determined to be exactly one sampling period for the inpus maintained. The results shown in Tab. | illustrate the



TABLE |
PERFORMANCES OF THEFAULT DETECTION SCHEMESBASED ON 4,240 RINS

Method 1 Method 2

B Thr.No 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
o | min(tq) [s] 1 1.1 1 1.1 1.1 0.9 11 0.9 0.6 0.6 06 06 06 0.6 0.6 0.6
@ | max(tq)[s 1 1.1 1 1.1 1.1 1 1.1 1| 07 0.7 06 06 0.7 0.7 0.7 0.7
O | med(tq) [s 1 1.1 1 1.1 1.1 1 1.1 1| 07 0.7 06 06 0.6 0.6 0.6 0.4
q: min(tq) [s 8.7 135 9.7 5 251 176 122 7.7103 104 87 7.7 174 135 7 8.9
@ | max(tq)[s 125 182 113 164 339 253 141 148121 122 102 10 23.8 2138 105 133
O | med(tq)[s 10.8 14.8 104 151 288 227 13 12|411.1 113 9.3 9.1 207 17.7 8.8 111
o min(tqg) [s 1.4 15 1.4 1.6 1.6 1.4 1.6 1.3 1 1 09 09 09 0.9 0.9 0.9
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(8} Mieak (%0 15 15 15 15 15 15 15 15| 20 20 15 15 15 20 20 20
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(8} Mioss [J0 50 60 60 60 70 60 60 60| 50 40 40 40 50 50 40 40

P 015 031 018 029 037 022 031 0160 0 0 0 0.17 0.14 0 0
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