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Microscope is a satellite due to be launched in March 2008 (Microscope is undertaken jointly by the Centre

National d’Etudes Spatiales, France, the ESA, the Office National d’Etude et de Recherche en Aerospatial, France,

and the Ĉote d’Azur Observatory, France). It has the mission of testing the equivalence principle, which postulates

the equality between gravitational mass and inertial mass. This paper addresses the fault diagnosis task of the

Microscope thrusters. The faulty situations correspond to thrusters blocking themselves and/or closing when in

operation. Twomodel-based diagnosis schemes based onH1=H� filters are proposed and compared with each other

in terms of performances and complexity.Nonlinear simulations show that both schemes are able to detect and isolate

faults, despite the presence of measurement noises, measurement delays, sensor misalignment phenomena, and

disturbances (i.e., third-body disturbances, J2 disturbances, atmospheric drag, and solar radiation pressure).

I. Introduction

M ICROSCOPE is a satellite due to be launched in March 2008
on a circular, quasi-polar, sun-synchronous orbit at an altitude

of 700 km with ascending and descending nodes at 0600 and 1800,
respectively. The Microscope experiment is an attempt to test the
equivalence principle with a resolution of almost 3 orders of
magnitude more than the best tests so far performed on Earth. The
idea is to measure the relative acceleration of twomasses of different
composition in free motion in a drag compensated satellite in orbit in
the Earth’s gravitational field. The main advantage of a space
experiment is that it will eliminate random vibrations of seismic
origin, which currently limit laboratory experiments.

To carry out its mission, Microscope combines two rotation
motions: the first one is a rotation around the Earth and the second
one is a spin rotation. To control its trajectory, Microscope uses the
coupling of six ultrasensitive accelerometer sensors, a stellar sensor,
and a very precise electric propulsion system composed of 12 field
emission electric propulsion (FEEP) thrusters.

The mission can be endangered if a FEEP thruster fault occurs,
because the satellite may not compensate for the nongravitational
disturbances that are indispensable to the prior conditions for testing
the equivalence principle. Such faulty situations can, of course, be
diagnosed by operators using telemetry information collected by
ground stations. However, the potential lack of communication
between the satellite and the ground stations could lead to significant
delays, which in turn could lead to the abortion of the Microscope
mission. This motivates the development team to manage studies for
onboard fault detection and isolation (FDI) solutions. The final goal
is to anticipate recovery actions.

There exist many techniques in the FDI literature (see [1–5] for
surveys). Some of them use mathematical models of the monitored
process. In the aerospacefield, differentmodel-based FDI techniques
have been considered in the past. Many studies are based on particle
filtering-based algorithms (see the nonexhaustive [6–9]). Basically, a
particle filter is aMarkov chainMonte Carlo algorithm that performs
a system state estimation using a set of samples (particles). In
Venkateswaran et al. [10], the proposed method is based on an FDI

observer combined with a residual weighting matrix. The proposed
design procedure involves eigenstructure assignment. In Jensen and
Wisniewski [11], directional nonlinear observers are used to detect
and isolate faults in small satellites’ actuators. The idea is to design
the observer gain so that the kth component of the residual changes in
a definite direction if and only if a fault occurs in the kth actuator.
Other FDI techniques are based on the so-called sliding mode
observers [12–14]. The approach consists of performing an estimate
of the fault rather than detecting the presence of it through a residual
signal. The method could also provide a direct estimate of the fault’s
size. Some other interesting results are presented in Patton et al. [15].
In this paper, robust dynamic observers, used and organized as a bank
of estimators, generate the residual signals. Selected performance
criteria indices are also used, together with Monte Carlo robustness
tuning and performance evaluation, to provide fault diagnosis
solutions.

Themajority of the aforementionedmethods involves the use of an
open-loopmodel of the monitored system, in spite of the fact that the
FDI scheme is placed in a feedback loop. In such situations, it is well
known that faults may be covered by control actions, and the early
detection of them is clearly more difficult. This motivates the so-
called integrated design of control and diagnosis schemes in which
robust controllers and fault detectors are designed together by
optimizing a set of mixed control and fault detection objectives [16–
21]. However, this solution can not be applied here, because the
already-in-place attitude and orbit control system unit is certified and
thus cannot be removed.

To overcome this problem, the method proposed in Henry and
Zolghadri [22,23] is used. The procedure aims to generate a
structured residual vector r in the following general form:

r�s� �Myy�s� �Muu�s� � L�s�
�
y�s�
u�s�

�
; u�s� � K�s�y�s�

(1)

where K denotes the controller, My and Mu are the two residuals
structuring (constant) matrices, and L�s� is a (stable) dynamical
filter. The proposed method is developed in a very similar manner as
thewell-knownH1=� robust controller design technique. It consists
of jointly designingMy,Mu, andL�s� such that the effects that faults
have on r aremaximized in theH�-norm sensewhile the influence of
unknown inputs and model uncertainties in the H1-norm sense are
minimized. Furthermore, it is shown how robust poles assignment
and H2g specifications can be considered.

Other authors have also proposed H1=H� methods for FDI
schemes (a good survey/overview can be found inMarcos et al. [24]).
The methods can be classified as 1) fault signal estimation-based
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approaches (see [24–34]), and 2) residuals generation based-
approaches (see [1,22,23,35–41].

Algebraic Riccati equation-based solutions, � optimization
techniques, linear matrix inequality computation solutions,
eigenstructure assignment, and genetic algorithms were developed
by the authors to derive the solution. However, as alreadymentioned,
the proposedmethods do not include the controller actionswithin the
design procedure, and this is a great advantage of the method
proposed by Henry and Zolghadri [22,23]. Another great benefit of
the approach developed in Henry and Zolghadri [22,23] is that the
residuals structuring matrices are jointly designed with, say, the
dynamical part of the FDI scheme. Furthermore, the used framework
(i.e., the H1 framework) makes it easy to include a large range of
robustness objectives within the design procedure, for example,
against various disturbances, perturbations, andmodel uncertainties.

The purpose of this paper is to develop and compare two FDI
schemes based on the H1=H� fault detection scheme proposed in
Henry and Zolghadri [22,23]. The aim is to diagnose Microscope
FEEP thruster faults despite the presence of measurement noises,
measurement delays, sensor misalignment phenomena, and
disturbances (i.e., third-body disturbances, J2 disturbances,
atmospheric drag, and solar radiation pressure). The considered
faults to be diagnosed correspond to FEEP thrusters blocking or
closing themselves when in operation. Because these faulty
situations are themost common in practice, they are of prime interest.

II. Modeling Microscope

Figure 1 shows the general setup of Microscope (for confidential
reasons, the numerical values with regard to the satellite geometry
and characteristics are omitted). A stellar sensor and three-axes
accelerometers allow measurement of the attitude ��t�, the angular
acceleration _$�t�, and the linear acceleration ��t�. The angular
accelerometers and the stellar sensor are placed in the center of mass
of the satellite, whereas the linear accelerometers are not. This
introduces nonlinearities in the Microscope model output Eq. (22)
(seen later). To overcome this problem, a subsystem of the
navigation unit, called a “hybridation filter,” performs an estimate

�̂�t� of the linear acceleration in the center of mass. The design of the
hybridation filter is not considered in this paper.

Another role of the hybridationfilter is to perform an estimate �̂�t�
of ��t� removing misalignment phenomena and noises on ��t�.
Then, �̂ and �̂ will be used later for the design of the FDI unit.
However, we assume that the navigation unit is not perfect and, thus,

that there still exists time delays and noises on �̂�t�, _$�t�, and �̂�t�.
In terms of actuators, Microscope is equipped with 12 FEEP

thrusters dispatched at its angles. These allow for control of the
satellite motion. More precisely, the open rate of each FEEP thruster
is controlled by the correction loop to maintain the attitude and the
linear acceleration to zero and the orbit rotational velocity$� and the
spin rotational velocity$spin to constant values.

A. Modeling the Motion of the Satellite

The equations for the rotationalmotion ofMicroscope in the body-
fixed axis system (the center of this frame is fixed to the center of
mass of Microscope) are derived from the moment vector equation:

C� Is _$ �$ � Is$ (2)

where � denotes the cross product of vectors and Is is the inertia
matrix. C is the moments about the center of mass due to the
propulsion and disturbances. $ � �pqr�T is the inertial rotational
velocity and _$ is the inertial rotational acceleration. Taking into
account the spin rotational velocity$spin of Microscope, the relation
between the rotational velocities and the attitude (Cardan) angles
�� ��x�y�z�T is given by [42,43]

p

q

r

0
B@

1
CA�

1 0 � sin �y

0 cos �x sin �x cos �y

0 � sin �x cos �x cos �y

0
B@

1
CA

_�x

_�y

_�z

0
BB@

1
CCA � � �

�$spin

cos �y sin �z

cos �x cos �y � sin �x sin �y sin �z

� sin �x cos �z � cos �x sin �y sin �z

0
B@

1
CA (3)

The indices x, y, and z are classically referred to as the x, y, and z axes
of the body-fixed frame. ForMicroscope, the gravitational forces are
compensated for by the Coriolis forces. Thus, the satellite linear
acceleration that describes the translational motion is given by the
following equation:

m�� F�mgL (4)

where m denotes the mass of Microscope. F is the forces due to the
propulsion and disturbances. �� ��x�y�z�T is the linear
acceleration about the center of mass. gL also denotes the local
gravitational field.

B. Modeling the Navigation Unit and the FEEP Thrusters

As mentioned, the navigation unit is not considered to deliver
“perfect” measurements. We assume time delays and noises. The
numerical values of the time delays have been determined to be 0.1 s

for the _$�t� and �̂�t�measurements and 0.5 s for �̂�t�. For both the
_$�t� and �̂�t� measurements, the noises are modeled as coloring
signals, that is, they are considered to be the result of filtering
Gaussian white noise through a dynamical filter. Experiments were
performed to determine these filters (the experiments were
performed by a partner of the project and will not be discussed in
this paper). They are found to be of an order 6 for the x component

and of a second order for both the y and z components. For �̂�t�, we
assume simply Gaussian white noises on each axis.

The model describing the dynamics of each FEEP thruster is
chosen to be simply a first-order transfer HFEEP�s� with a cutting
frequency of 2 rad=s, that is,

HFEEP�s� �
1

1� 0:5 s
(5)

C. Modeling the Control Loop

The control law consists of two second-order linear controllers and
a control allocator called a nonlinear iterative pseudoinverse
controller (NIPC). Figure 2 illustrates the control law and the NIPC.
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Fig. 1 General setup of Microscope.
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The control law allows for the compensation of disturbances that,
again, are indispensable to the prior conditions for testing the
equivalence principle.

The controller K��s� allows the attitude��t� to be maintained at
zero (i.e., �x � 0, �y � 0, and �z � 0) and the controller K��s� has
been designed to maintain the linear acceleration ��t� at zero (i.e.,
�x � 0, �y � 0, and �z � 0). The NIPC allocator works in such a
way that it manages the open rate of each of the 12 FEEP thrusters.
Basically, the NIPC consists of the computation of a matrix inverse:

LetTi be the open rate of the ith thruster. Then, themoments �C and

the forces �F generated by the FEEP thrusters are given by

�
�C
�F

�
�M

T1
..
.

T12

0
B@

1
CA (6)

whereM 2 R6�12 is the thruster configuration matrix. The elements
ofM are the influence coefficients defining how each thruster affects

each component of �C and �F. Thus, the computation of each Ti,
i� 1; . . . ; 12 can be done using a simple inversion of Eq. (6).
Because M has more columns than rows, there exists an infinite
number of solutions. However, by minimizing some norm ofM, the
solution can be made unique, for example, minimum-power NIPC
results in min kMk2 and, thus, in the Moore–Penrose matrix
computationM�. The interested reader can refer to Jin et al. [44] and
Wiktor [45] for more details.

D. Modeling the Disturbances

The disturbances that affect the satellite motion are considered to
be due to four phenomena: magnetic, gravitational, aerodynamic,
and solar. In the following subsections, mathematical models of
these disturbances are given. The reason for such an interest is that
theywill be used later to enhance the robustness level of the proposed
FDI schemes.

1. Magnetic Disturbances

Because the satellite is constructed with magnetic materials, there
exists a magnetic moment Cm affecting the satellite motion. Using
the bipolar magnetic moment model, this disturbance can be
modeled according to

Cm �Mm �
M0

r3

0
BB@�2 sin�

sin�� � �spin�
0

cos�� � �spin�

0
B@

1
CA

� cos �

� cos�� � �spin�
0

sin�� � �spin�

0
B@

1
CA
1
CCA (7)

whereMm andM0 are satellite characteristics, r is the orbital radius
(i.e., r� rEarth � 700 km), and � and �spin denote the orbit position
angle and the spin angle of the satellite, respectively.

2. Gravitational Disturbances

Because the gravity center ofMicroscope does not equal the center
of mass, there exists a gravity gradient Cg acting on the satellite.
Here, the following model is used for Cg:

Cg �
3�

r3

sin�� � �spin�
0

cos�� � �spin�

0
@

1
A � Is sin�� � �spin�

0

cos�� � �spin�

0
@

1
A (8)

where � is the Earth gravitational constant, that is,��
3:986005e14 m3=s2.

3. Aerodynamic Disturbances

Because of the translational motion of Microscope and due to the
atmospheric winds, there exist aerodynamic frictions. Of course,
because Microscope orbits at 700 km, these disturbances can be
neglected. However, we still consider them in this study.

The aerodynamic forces can be modeled according to

Faero � Fsm � Fatmo (9)

Fsm models the forces due to the satellite motion in the atmosphere,
whereas Fatmo models the effects that atmospheric winds have on
Microscope. Fsm is defined according to

Fsm �
X
k

1

2
����SkjNk � Vairj��Nk � Vair��Ct � Cn�Nk � CtVair�

(10)

where � denotes the scalar product of vectors. k is used to denote the
kth face of the satellite exposed to aerodynamic frictions. ���� is the
atmospheric density. It depends on the orbit position angle of the
satellite.Sk denotes the surface of the kth face of the satellite,Nk is the
kth satellite face normal, andCt andCn are the transverse and normal
friction coefficients. Vair is the air speed vs the satellite and is also
defined in the body-fixed coordinates by

Vair �
�

r

sin��spin � � � �=2�
0

� cos��spin � � � �=2�

0
@

1
A (11)

Similarly, Fatm is defined according to

Fatm �
X
k

1

2
����SkjNk � Vatmj��Nk � Vatm��Ct � Cn�Nk � CtVatm�

(12)

where Vatm is the atmospheric winds speed given by

Vatm �
2�rEarth
86; 400

cos���
cos��� cos��spin�
� sin���

cos��� sin��spin�

0
@

1
A (13)

where � is the inclination angle of Microscope. The aerodynamic
moments acting on the satellite are then directly derived from Eq. (9)
following the equation

Caero �
X
k

D � Faerok
(14)

where D is a vector characterizing the Microscope geometry.

4. Solar Disturbances

The last spatial disturbances are due to the impact of the solar
radiations that cause a photonic pressure on the satellite. This
phenomena manifests itself in two ways: direct solar radiations and
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Fig. 2 Control law in Microscope.
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albedo radiations. The two phenomena cause forces and moments
that affect the satellite motion. The forces can be modeled
according to

Fsolar � Fd � Falbedo (15)

where Fd and Falbedo model the forces due to direct solar and albedo
radiations, respectively. Fd is defined according to

Fd �
X
k

� PsolSkj�sol � Nkj�2Cs��sol � Nk�Nk � �1 � Cs��sol�

(16)

where k denotes the kth face of the satellite exposed to the sun.Psol is
the solar radiation pressure and Cs is the reflectivity coefficient that
characterizes the materials used to build the satellite. �sol is also
defined in the body-fixed coordinates according to

�sol �
cos��� �� �=2� cos��spin�
� sin��� �� �=2�

cos��� �� �=2� sin��spin�

0
@

1
A (17)

where � denotes the solar declination depending on the season, that
is, �23:27 deg<� < 23:27 deg. Similarly, Falbedo is defined
according to

Falbedo �
X
k

� PalbedoSkj�albedo � Nkj�2Cs��albedo � Nk�Nk

� �1 � Cs��albedo� (18)

where �albedo is defined in the body-fixed coordinates according to

�albedo �
� sin�� � �spin�

0

� cos�� � �spin�

0
@

1
A (19)

The moments caused by both direct solar and albedo radiations are
given by

Csolar �
X
k

D � Fsolark
(20)

E. Toward a Linear Time-Invariant Model of Microscope

From (2–6) and taking into account the control law, a nonlinear
model that describes the overall Microscope system can be derived.
In fact, because the hybridation filter is designed to be robust to the
local gravitational field [i.e., the term gL in Eq. (4)], it can be verified
that Eqs. (2–6) allow for the definition of the following model (see
Figs. 1 and 2 for easy reference):8<

:
_x� f�x;$spin� � E1h�$�;$spin� � BMCPxP
_xP � APxP � BPT
�y� g�x� � E2h�$�;$spin� �DMCPxP

(21)

yi � e��is �yi � ni (22)

T �M�
�
K��s��̂
K��s��̂

�
(23)

The subscript i is used to denote the ith component of a vector. �i
denotes the time delay of the ith measurement coming from the
navigation unit, that is, �i 2 f0:1 s; 0:5 sg. h�$�;$spin��
��Caero � Csolar � Cm � Cg�T�Faero � Fsolar�T�T is the vector related
to the moments and forces due to disturbances. The notation
�$�;$spin� is used to keep in mind that the disturbances depend on
$�: ��$�t and $spin: �spin �$spint [see Eqs. (7–20)]. T �
�T1; . . . ; T12�T is the controlled input vector due to the propulsion and
y� ��̂T

_$T�̂
T�T is the measurements vector. n also denotes the

associated noises coming from the “imperfect” navigation unit.
x� �pqr�x�y�z�T is the state vector and g�x� and f�x;$spin� are the
nonlinear functions depending on x and the spin rotational velocity
$spin. B, D, E1, and E2 are constant matrices of appropriate
dimensions. AP, BP, CP, and xP are, respectively, the state matrices
and the state vector associated with the transfer HFEEP�s�.

With regard to the faults, we are interested in the FEEP thrusters
blocking or closing themselves when in operation. Such faults can be
modeled in a multiplicative manner according to

ufFEEP�t� � �I12 �  �uFEEP�t�;  � diagf 1;  2; . . . ;  12g
(24)

where  i, i� 1; . . . ; 12 are unknown (see [2–5,46] for a discussion
about the fault classification). I12 denotes the identity matrix of
dimension 12 anduFEEP is the thrust signal applied to the satellite (see
Fig. 2). The index f is used to outline the faulty case. Note that
 i � 1 indicates that the ith FEEP thruster is closing itself. The case
of the ith thruster blocking itself when in operation corresponds to

 i�t� � 1 � c

uFEEPi�t�

where c is a constant value.
Then, substituting Cp in Eq. (21) by (I12 �  ) and using an

approximation of the fault model in terms of an additive fault type
one, it follows from Eqs. (21–23) that8><
>:

_x� f�x;$spin� � E1h�$�;$spin� � BMCPxP �
P

12
i�1 K1i

fi

_xP � APxP � BPT
_y� g�x� � E2h�$�;$spin� �DMCPxP �

P
12
i�1 K2i

fi

(25)

yi � e��is �yi � ni (26)

T �M�
�
K��s��̂
K��s��̂

�
(27)

where �K1i
; K2i
� is the ith fault signature associated with the ith fault

mode fi. This approximation makes sense as long as theMicroscope
control law keeps stability in faulty situations. The interested reader
can refer to Isermann [5] and Frank et al. [46] for a discussion of such
an approximation.

Finally, noting that Microscope is controlled around the
equilibrium point �� 0, �� 0, $� � constant, and $spin�
constant, one can derive from Eqs. (25–27) a linear model by means
of a first-order approximation of the nonlinear equations around the
equilibrium point. For the time delays �i, a first-order Padé
approximation is used. This boils down to the linear time-invariant
(LTI) model:

y� P�s�
fi

h�$�;$spin�
u

0
@

1
A� n; i� 1; . . . ; 12 (28)

u�M�
�
K��s��̂
K��s��̂

�
(29)

which is also suitable for the H1=H� FDI filters design method
proposed in Henry and Zolghadri [22,23]. In this formulation, we
assume that all considered faults fi, i� 1; . . . ; 12 are detectable (see
Massoumia [47] for more details on fault detectability).

To validate the LTI model equations (28) and (29), linear vs
nonlinear simulations were performed. The simulation scenario
corresponds to a constant disturbance applied at t� 0 s. A fault is
simulated in the first FEEP thruster at t� 150 s. Our goal was to
validate the transient behavior and the steady state of the output
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signals �̂�t�, _$�t�, and �̂�t� predicted by the linearized model in
both fault free and faulty situations. To allow a better comparison, the
simulations are performed without the measurement noises. Figure 3

illustrates the behavior of �̂�t� predicted by both the linearized
model (plots with triangles) and the nonlinear model (plots with

squares). For brevity, the plots of _$�t� and �̂�t� are not presented. As
it can be seen, the linear model equations (28) and (29) successfully
approximate the nonlinear model.

III. Design of the FDI Schemes

In this section, two FDI schemes able to detect and isolate thruster
faults despite the presence of the disturbances h�$�;$spin� and the
noises n are considered within the H1=H� setting.

The first FDI scheme consists of a bank of 12 residual generators
that are designed so that the sensitivity level of the ith residual with
respect to the ith FEEP thruster fault fi is maximized in theH�-norm
sense, while guaranteeing robustness against n and h�$�;$spin� in
the H1-norm sense. An original aspect in the proposed scheme is
that the a priori knowledge of h�$�;$spin� given by Eqs. (7–20) are
used to, say, pilot the 12 residual generators. This allows for the
enhancement of the robustness level of the FDI scheme against
h�$�;$spin�.

Next, the residuals are postprocessed by a fault isolation stage to
isolate the specific fault. The proposed method is based on the
evaluation of a cross-correlation criterion between the residuals and
the signature that a given FEEP fault has on the controlled thruster
open rate Ti, i� 1; . . . ; 12.

The second FDI strategy is also based on a bank of 12 H1=H�
residual generators. The filters are designed so that the ith residual is
made sensitive tofi in theH�-norm sense,while being robust against
the set of the 11 remaining faults in the H1-norm sense (in the

following, this set will be denoted as �f).
The major difference with the first FDI strategy is that the

robustness requirements against n and h�$�;$spin� are not
formulated within theH1=H� design procedure. These are achieved
by incorporating a band-stop and a low-pass component into the
residual generators.

A. Design of the First FDI Strategy

The proposed FDI scheme is illustrated in Fig. 4. As mentioned, it
uses h�$�;$spin� predicted by the mathematical models of Cm, Cg,
Caero,Csolar,Faero, andFsolar given by Eqs. (7–20) as an input to the 12
residual generators. Note that we use the controlled moments and

forces �u� � �CT �FT�T �
�
K��s��̂
K��s��̂

�
for the residual generators rather

than the controlled open rates Ti;�1; . . . ; 12 of the thrusters.

1. Design of the 12 H1=H� Residual Generators

In the interest of brevity, throughout this section an earnest attempt
will be made to avoid duplicating materials presented in Henry and
Zolghadri [22,23]. Thus, in the following we suppose that the reader
is familiar with the developments given in Henry and Zolghadri
[22,23], and we will refer the reader to these papers for necessary
proofs.

Let us consider the problem of the design of the ith H1=H�
residual generator (this problem is illustrated in Fig. 5a). Let the ith
residual signal ri be given by

ri � zi � ẑi (30)

where ẑi is an estimation of zi �Myi
y�Mui

u, a subset of
measurements y and inputs u. Myi

2 R1�9 and Mui
2 R1�12 are the

two (constant) residual structuringmatrices. For clarity, the subscript
i is ignored from now on.

Using some linear fractional algebra manipulations, the setup
depicted in Fig. 5a can be recast according to the setup illustrated in
Fig. 5b, in which the augmented disturbances vector d is defined

according to d� �hT�$�;$spin�nT�T and in which �P�s;My;Mu� is
deduced from P�s�, K��s�, K��s�,My, andMu. And so the problem
turns out to be the design ofMy,Mu, and L�s�:ẑ� L�s��yu� such that
1) (S.1): kTd!rk1 < 	1 where Td!r denotes the closed-loop transfer
between r and d; and 2) (S.2): kTf!rk� > 	2 over a specified
frequency range � where Tf!r denotes the closed-loop transfer
between r and f and � is the frequency range in which (S.2) is
required to yield.

In this formulation, kMk1 � sup! �
�M�j!�� is the H1 norm of
M and �
��� denotes the maximum singular value.
kMk� � inf!2� 
�M�j!��, �� 	!1;!2
 denotes the H� norm of
M introduced in Chen and Patton [1] and Ding et al. [35]. 
�M�j!��
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denotes the minimum nonzero singular value of the matrix M�j!�
and �� 	!1;!2
 the evaluated frequency range in which

�M�j!�� ≠ 0.

The specification (S.1) represents the worst-case robustness of the
residual to spatial disturbances h�$�;$spin� and noises n, and the
specification (S.2) is the fault sensitivity objective allowing to
guarantee a high detection performance level of the detection
scheme. Of course, the smaller 	1 and the bigger 	2 are, the better the
fault detection performances will be.

Following the method proposed in Henry and Zolghadri [22,23],
the requirements (S.1) and (S.2) are expressed in terms of loop
shapes, that is, of desired gain responses for the appropriate closed-
loop transfers. These shaping objectives are then turned into uniform
bounds by means of the shaping filters.

To proceed, letWd andWf denote the (dynamical) shaping filters
associated with (S.1) and (S.2), respectively. Because of the
definition of d, it is natural to choose Wd according to
Wd � diag�Wh;Wn�. Wh allows for the specification of robustness
requirements against the disturbances h�$�;$spin�, and Wn allows
for the formulation of robustness objectives against n. Following
Eqs. (7–20), it appears that the spatial disturbances h�$�;$spin�
manifest themselves at the frequency ranges !� and !� � !spin.
Then, it is desired to have a rejecting behavior ofTh�$�;$spin�!r�j!� at
those frequencies. Th�$�;$spin�!r�j!� denotes the components of

Td!r�j!� associated with h�$�;$spin�. This leads to the choice of

Wh as a band-stop filter centered to !c �
2!��!spin

2
with side band �

chosen to cover the frequency range 	!� � !spin;!�
 rd=s, that is,

Wh � 	h
1� 2�

!c
s� 1

!2
c
s2

2�
!c
s�1� �hs�

I6 (31)

The positive constant 	h is introduced tomanage the gain ofWh. This
allows for the management of the robustness level of the fault
detection scheme against the spatial disturbances h�$�;$spin� (see
Henry and Zolghadri [22,23,40] if necessary). The parameter �h is
introduced to makeWh invertible (see later, Lemma 1).

With regard toWn, because y� ��̂
T
_!T�̂

T�T , it is natural to fixWn

according to Wn � diag�Wn�I3;Wn _!I3;Wn�̂I3� where Wn�, Wn _!,

andWn�̂ are referred to �̂, _!, and �̂, respectively. Coming back to the
discussion on modeling the navigation unit presented in Sec. II.B, it
is natural to defineW�1n _! andW�1

n�̂
equal to the coloring filters used to

model n. As a consequence, the components of W�1n _! and W�1
n�̂

referred to the x axes are high-pass filters of an order 6 and those
referred to the y and z axes are high-pass filters of a second order. In
fact, to reduce the computation time and the order of the fault
detection filters,W�1n _! andW�1

n�̂
are chosen to be equal and as an upper

bound of the coloring filters, so that they involve less poles/zeros.
This boils down to the following definition forWn _! �Wn�̂

Wn _! �Wn�̂ � 	acc
�1� �1s�2
�1� �2s�2

�1 � 0:2 s; �2 � 10 s

(32)

The positive constant 	acc is introduced to manage the gain of
Wn _! �Wn�̂. Clearly, Wn _! and Wn�̂ are low-pass filters (remember
that W�1n _! and W�1

n�̂
are high-pass filters). In other words, a high

frequency attenuation of Tn _$�!r�j!� is required at those frequencies
at which the energy content of n is likely concentrated, that is, at
! � 5 rad=s. In this formulation, Tn _$�!r�j!� denotes the

components of Td!r�j!� referred to _$ and �̂.

Similarly, Wn� is chosen as a constant 	att because, for �̂, we
assumed a Gaussian white noise (see Sec. II.B).

For the purpose of the fault sensitivity objectives, we consider that
the faults we are interested in manifest themselves in low
frequencies. This boils down to a first-order low-pass filter for Wf

with a cutting frequency !f, that is,

Wf � 	2
1

1� �fs
�f �

1

!f
(33)

The solution is then handled using the following lemma:
Lemma 1: Consider the shaping filters Wd and Wf as already

defined. We assume that Wd and Wf have been scaled such that
kWdk1 � 	1 and kWfk� � 	2. Then, (S.1) yields if and only if

kTd!rW�1d k1 < 1 (34)

Now, introduce WF, a right invertible transfer matrix so that
kWfk� � 	2



kWFk� and kWFk� > 
, where 
� 1� 	2. Define the

signal ~r such that ~r� r �WF�s�f. Then a sufficient condition for the
fault sensitivity specification (S.2) to hold is

kTf!~rk1 < 1 (35)

where Tf! ~r denotes the closed-loop transfer between ~r and f. □

Using the above lemma, the H1=H� residual generator design
problem can be formulated in a fictitiousH1 framework: combining
Eqs. (34) and (35) into a single H1 constraint and including 	1, 
,
WF, and the shaping filterWd into the model P leads to a new model
~P�s;My;Mu� depending on the residual structuring matricesMy and
Mu so that �

r

~r

�
� F l� ~P�s;My;Mu�; L�s��d (36)

where F l� ~P�s;My;Mu�; L�s�� denotes the lower linear fractional

representation of ~P�My;Mu; s� by L�s�. d is defined according to

d� � ~dT f �T where ~d is a fictitious signal generating d
throughWd.

Then, a sufficient condition for specifications (S.1) and (S.2) to
hold is

kF l� ~P�My;Mu�; L�k1 < 1 (37)

This equation seems to be similar to a standardH1 one. In fact, this is

not the case because the transfer ~P�My;Mu� depends onMy andMu

that are unknown. The following proposition allows us to overcome
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this problem. A complete proof can be found in Henry and Zolghadri
[22]:

Proposition 1: We assume that ~P�My;Mu� admits the following
general state-space equations:

~P:

8<
:

_x� Ax� B1d� B2ẑ
�rT ~rT�T � C1�My;Mu�x�D11�My;Mu�d�D12ẑ
�yTuT�T � C2x�D21d�D22ẑ

(38)

where A, B1, B2, C1�My;Mu�, C2, D11�My;Mu�, D12, D21, and D22

are matrices of adequate dimensions. Let W � �C2 D21 �?. Then
there exists a solution of Eq. (37) if and only if there exist 	 < 1,My,
Mu, and two symmetric matrices R, S solving the following
semidefinite programming (SDP) problem:

minimize 	 subject to
AR� RAT B1

BT1 �	I

 !
< 0

W 0

0 I

 !
T

ATS� SA SB1 CT1 �My;Mu�
BT1S �	I DT

11�My;Mu�
C1�My;Mu� D11�My;Mu� �	I

0
BB@

1
CCA

�
W 0

0 I

 !
< 0

R I

I S

 !
� 0 (39)

The state-space matrices of the dynamical filter L�s� are then
computed from the unique solution �R; S; 	� (see Henry and
Zolghadri [22] for a computational procedure). □

Because Lemma 1 involves a sufficient condition and because the
combination of Eqs. (34) and (35) into Eq. (37) brings
conservativeness into the design, 	 � 1 does not imply with
certainty that the computed solution does not satisfy the required
objectives. Thus, as a postdesign analysis procedure, the principal
gains of the shaping filters can be plotted vs the gain responses of the
appropriate closed-loop transfers (seen later).

2. Computational Results

The 12 detection filters are computed following Lemma 1 and
Proposition 1. The SDPT3 solver is used to perform the optimization
problem equation (39). For each synthesis, the numerical values of
	acc, 	att, and 	h have been fixed to 10�2, 0.1, and 3:10�5,
respectively. Note that these small values indicate a high robustness
level of the residual generators against n and h�$�;$spin� because
they indicate the attenuation level of h�$�;$spin� and n on ri�t�,
i� 1; . . . ; 12. Furthermore the numerical values of 	2 and !f are
maximized in each case. This allows for the achievement of high
sensitivity performances of the detection filters. Figure 6 illustrates
the principal gains of the residual generator 1. For brevity, the other
fault detection filters are not considered.

To analyze the computed residual generators, the principal gains
�
�Tkd!r�j!�� and 
�Tf!r�j!�� are plotted vs the objectivesWk

d and
Wf. The notation k is introduced to underline that the analysis is

Fig. 6 Principal gains of the residual generator 1 (top) and the principal gains of Tk
d!r and Tf!r vsW

k
d and Wf (bottom).

HENRY 705



performed with respect to h�$�;$spin� and each component of n.
Figure 6 illustrates the plots for the residual generator 1 case. As can
be seen in the figure, �
�Tkd!r�j!�� < jWk

d�j!�j, 8 ! and

�Tf!r�j!�� > jWf�j!�j,8 ! 2 �
 	0; 0:1
 rad=s, which indicate
that the requirements (S.1) and (S.2) are fulfilled. Furthermore, the
small gap between �
�Tkd!r�j!�� and jWk

d�j!�j, 8 ! and between

�Tf!r�j!�� and jWf�j!�j, 8 ! 2 � illustrate a not-too-
conservative solution.

3. Isolation Strategy

After a judgement “fault,” fault isolation is required because one
desires to gain deeper insight into the faulty situation. The aim is to
identify which FEEP thruster became damaged. The proposed

isolation strategy is based on the following cross-correlation
criterion between the residuals ri and the associated controlled
thruster open rate Ti:

%i��� �
����1N
X��N
k��
�ri�k� � �ri��Ti�k� � �Ti�

����; i� 1; . . . ; 12 (40)

�ri and �Ti denote the mean values of ri�k�, k� �; . . . ; � � N and
Ti�k�, k� �; . . . ; � � N, respectively. The isolation procedure
works in such away thatwhen%K��� is higher or equal to a prescribed
value �, then the fault is declared to be localized in the Kth actuator.
For real-time reason, this criterion is computed on aN-length sliding
window. It should be pointed out that such an isolation strategy
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Fig. 7 Behavior of the residuals in fault free and faulty situations� the decision test (left) and the isolation criteria %��� (right).
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makes sense because the sensitivity of the ith residual with respect to
the ith FEEP thruster fault has been maximized in the H�-norm
sense.

4. Nonlinear Simulation Results

The 12 detection filters are converted to discrete time using a
Tustin approximation and implemented within the nonlinear
simulator of Microscope. The simulations have been performed on
an orbital period, that is, t� 0 . . . 6000 s. To make a final decision
about the fault, a sequential Wald decision test applied to kr�t�k2 is
implemented within the simulator. The probabilities of nondetection
and false alarms have been fixed to 0.1%. The isolation strategy is
also implemented within the nonlinear simulator of Microscope.
Figure 7 illustrates the behavior of the residuals ri�t�, i� 1; . . . ; 12
and the behavior of the decision test and the isolation criteria %��� for
some faulty situations. As can be seen in the figure, after a small
transient behavior, all faults are successfully detected and isolated by
the FDI unit.

Finally, the case of multiple faults is considered. The simulated
scenario corresponds to the first FEEP thruster closing itself at the
same time as the fourth blocks itself. Figure 8 illustrates the behavior
of the residuals r1�t� and r4�t� and the decision test. The behavior of
the isolation criteria %��� is also illustrated in the figure. As can be
seen, the two faults are successfully detected and “quite well”
isolated.

Remark 1: We have performed a lot of simulations to evaluate the
performances of the proposed FDI scheme. In each case, the faults
were successfully detected. However, the isolation strategy failed to
isolate the faults in some cases (see Fig. 9, in which an example is
given). Fortunately, such problems have been rarely observed and
manifest themselves during a transient time.

B. Design of the Second FDI Strategy

We shall begin this section by coming back to Remark 1.
Nonlinear simulations have revealed that there exists an
unacceptable transient behavior of the fault isolation criteria %���
in some cases. A solution to this problem may consist of increasing
the numerical values ofN and/or �, but this solution is very time and
memory consuming. On the other hand, the proposed FDI strategy
involves the use of 12 residual generators that appear to be of order
53=54. Such a complex FDI scheme is also time and memory
consuming, even if the filters are converted to discrete time. As a
solution to this problem, a gramian-based balanced reduction
procedure was performed. Unfortunately, the FDI strategy obtained
by this method led to many false alarms and was therefore judged
unsatisfactory.

As an alternative, the following FDI procedure is proposed. First,
remember that the energy content of h�$�;$spin� is located in the

frequency ranges $� and $� �$spin. Because we assume that the
energy content of the faults we are interested in is located in a
frequency range �:	$� �$spin;$�
 \�� ;, the robustness
objectives against h�$�;$spin� can be achieved by including a
band-stop component into the residual generators at
	$� �$spin;$�
. Similarly, because the energy content of n is
likely concentrated in the frequency range �n 
 	0:1; 10
 rad=s so
that �n \�� ;, the robustness objectives against n can be
achieved by including a simple low-pass component into the residual
generators.

Then, the problem turns out to be the design of 12H1=H� filters in
the general form given by Eq. (1) so that the ith residual is made
sensitive (in the H�-norm sense) against the ith FEEP thruster fault
fi, while remaining robust (in the H1-norm sense) against the

remaining 11 faults �f. The robustness objectives against
h�$�;$spin� and n are obviously achieved by the rejecting and the
low-pass components of the residual generators. Note that this
technique is well known in the robust control community in which a
controller can be composed by an integral-based fixed part and
another part that is designed usingH1=� techniques. Here, the fixed
part is nothing other than the band-stop and the low-pass
components, and the design part consists of Li�s�, Myi

, and Mui
,

i� 1; . . . ; 12 [see Eq. (1)].

1. Design of Li�s�,Myi
, andMui

, i� 1; . . . ; 12

The problem to be solved consists now in the design ofMyi
,Mui

,
and Li�s�:ẑi � Li�s��yjTi�, j� 4; . . . ; 9 that define the 12 residuals:
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ri �Myi
yj �Mui

Ti � Li�s�
�
yj
Ti

�
i� 1; . . . ; 12

j� 4; . . . ; 9

(41)

such that (see Fig. 10a) 1) (S.1): kT �f!rik1 < 	1 where T �f!ri denotes

the closed-loop transfer between ri and �f, and 2) (S.2): kTfi!rik� >
	2 over the specified frequency range � where Tfi!ri denotes the
closed-loop transfer between ri and fi.

In this formulation, we use the last six components of the output

vector y, that is, the angular and linear accelerations _$ and �̂, and the

ith thruster open rate Ti, that is, the ith component of T, to derive the
ith residual signal ri, y, and T as defined according to Eqs. (28) and
(29). This particular choice of the input/output subset has been
revealed to lead to high FDI performances.

Because of the definitions of �f and fi, the specification (S.1)
represents the fault isolation objective, and the specification (S.2) is
the fault sensitivity requirement allowing the guarantee of a high
detection performance level of the detection scheme.

Following the method proposed in Henry and Zolghadri [22,23],
the requirements (S.1) and (S.2) are expressed in terms of desired
gain responses for the appropriate closed-loop transfers. These
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shaping objectives are then turned into uniform bounds by means of
the shapingfilters. To proceed, letW �f andWf denote the (dynamical)

shaping filters associated with (S.1) and (S.2), respectively.
Following Sec. III.A,Wf is chosen as afirst-order low-passfilterwith
a cutting frequency!f [see Eq. (33)]. For the purpose of the isolation

objectives, due to the definition of �f, it is natural to choose W �f

according to

W �f�s� � diag�. . . 	fi . . .�W�1f �s�; i� 1; . . . ; 11 (42)

where 	fi , i� 1; . . . ; 11 are (positive) constants introduced to
manage the gain of each component of W �f . This allows the

management of the isolation performances of a given residual
generator (see Henry and Zolghadri [22,23,40] if necessary).

TheH1=H� filter design problem is then recast in a fictitiousH1
framework usingLemma1 (see Fig. 10b for easy reference), andMyi

,
Mui

, and the state-space matrices of the dynamical filters Li�s� are
computed using Proposition 1.

2. Computational Results

Similar to the first proposed FDI strategy, the numerical values of
	2 and !f are maximized. This allows for the achievement of high
sensitivity performances of the fault detection filters. The SDPT3
solver is used to perform the optimization problem equation (39). To
reduce the complexity of the FDI scheme, a gramian-based balanced
reduction procedure is applied to each filter. The reduced filters are
found to be of an order between 7 and 10 instead of 26 for the original

ones. Figure 11 illustrates the principal gains of the residual
generator 1. For brevity, the other fault detection filters are not
considered.

To analyze the computed solutions, the principal gains
�
�Tk�f!ri �j!�� and 
�Tf!ri �j!�� are plotted vs the objectives Wk

�f

andWf. The notation k is introduced to underline that the analysis is

performed with respect to each component of �f. Figure 11 illustrates
the plots for the residual generator 1 case. As can be seen,
�
�Tk�f!r1 �j!�� < �
�Wk

�f
�j!��8 ! and 
�Tf1!r1�j!�� > 
�Wf�j!��8

! 2 �
 	0; 10�3
 rad=s, which indicate that the requirements (S.1)
and (S.2) are fulfilled. Note that the effects of the (a priori fixed)
band-stop and low-pass components of the residual generators
appear clearly.

3. Nonlinear Simulation Results

The 12 detection filters are next converted to discrete time using a
Tustin approximation and implemented within the nonlinear
simulator of Microscope. Figure 12 illustrates the behavior of the
residuals ri�t�, i� 1; . . . ; 12 for some faulty situations. To make a
final decision about the fault, a sequential Wald decision test applied
to kr�t�k2 is also implementedwithin the simulator. The probabilities
of nondetection and false alarms have been fixed to 0.1%. As can be
seen in the figures, all faults are successfully detected and isolated by
the FDI unit.

Finally, the case of multiple faults is considered. The simulated
scenario corresponds to the first FEEP thruster closing itself at the
same time as the fourth blocks itself. Figure 13 illustrates the
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Fig. 12 Behavior of the residuals and the decision test.
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behavior of the residuals and the decision test. As can be seen, the two
faults are successfully detected and isolated.

Remark 2: It should be pointed out that the (a priorifixed) rejecting
component at !
 6:10�3 rad=s introduced within the residual
generators induces a transient behavior of the residuals
ri�t� �Myi

yj�t� �Mui
�t�Ti�t� � Li�s��yjTi�, i� 1; . . . ; 12, j�

4; . . . ; 9 that has been revealed to be about 4000 s. This may be
questionable from a practical point of view, because it may lead to
false alarms, for example, when an intermittent thruster fault occurs.
In such a case, the solution may consist of judiciously combining the
two proposed FDI schemes. For instance, one can design just one
residual signal r�t� that is sensitive to all faults and robust against
h�$�;$spin� and n according to the method presented in Sec. III.A
and combine it with the 12 residuals defined according to Eq. (41). A
judgment fault is declared by a decision test applied to r�t�, and the
isolation task is fulfilled using the 12 residuals defined according to
Eq. (41). Finally, we shall argue that such a reasoning vanishes if
satellite onboard processors and hardware memories allow for the
implementation of both the FDI schemes.

IV. Conclusions

This paper addressed the fault diagnosis task of the satellite
Microscope thrusters.Microscope is a satellite that has themission of
testing the equivalence principle, which postulates the equality
between gravitationalmass and inertial masswith a resolution almost
3 orders of magnitude more than the best tests so far performed on
Earth. Two FDI schemes based on H1=H� filters are proposed to
generate residuals robust against spatial disturbances (i.e., third-
body disturbances, J2 disturbances, atmospheric drag, and solar
radiation pressure), measurement noises, and sensor misalignment
phenomena while guaranteeing fault sensitivity performances.
Nonlinear simulations show that, despite the fact that the considered
faults are fully compensated by the control law, the faults are
successfully detected and isolated.
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