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SUMMARY

This paper presents a novel scheme for diagnosis of faults affecting sensors that measure the satellite attitude,
body angular velocity, flywheel spin rates, and defects in control torques from reaction wheel motors. The
proposed methodology uses adaptive observers to provide fault estimates that aid detection, isolation and
estimation of possible actuator and sensor faults. The adaptive observers do not need a-priori information
about fault internal models. A nonlinear geometric approach is used to avoid that aerodynamic disturbance
torques have unwanted influence on the fault estimates. An augmented high fidelity spacecraft model is
exploited during design and validation to replicate faults. This simulation model includes disturbance torques
as experienced in low Earth orbits. The paper includes an analysis to assess robustness properties of the
method with respect to parameter uncertainties and disturbances. The results document the efficacy of the
suggested methodology.

Received ...

KEY WORDS: fault diagnosis; nonlinear geometric approach; adaptive observer; structural analysis;
actuators and sensors.

1. INTRODUCTION

The increasing operational requirements for onboard autonomy in satellite control systems imply
an inherent need for structural methods that support the design of complete and reliable supervisory
systems. It is necessary to design supervision schemes that are capable of realising accurate
diagnosis of potential faults, in order to allow subsequent fault accommodation actions to improve
system reliability and availability, while maintaining desirable performances. In this context, Fault
Detection and Diagnosis (FDD) systems provide fundamental information about the health status of
the system jointly with the estimation of any faults.

Significant research in FDD has been done in last three decades [1, 2] and numerous model-based
methods have been proposed [3, 4]. For a nonlinear spacecraft, linear models fall short, so nonlinear
approaches are needed [5, 6]. The NonLinear Geometric Approach (NLGA) [7] was inspired by the
Fault Detection and Isolation (FDI) problem for spacecraft. Later research [8, 9, 10] investigated
FDI and FDD methods for spacecraft, and some included supervisory actions to mitigate faults.
Specificly, [11] considered faults in reaction wheel control torque and in wheel spin rate sensors,
and [12] mapped physical faults to models that were affine with respect to actuator and sensor
faults. The FDI task was carried out, in [11, 13], through cross—checking of residual signals and
actuator and sensor fault estimates were provided by dedicated estimation filters using Radial Basis
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Function Neural Networks (RBF NN). This approach was quite complex and robustness properties
were not investigated. The majority of results in spacecraft FDD literature focus on occurrence of
either actuator or sensor defects separately (se e.g. [14, 15, 16]) or take into account the possible
occurrence of a more limited number of actuator and sensor faults at the same time, a more holistic
view is needed on diagnosis and operability of the entire ADCS.

This paper aims to assess the health condition and proper functioning of all essential sensors and
actuators used in a spacecraft Attitude Determination and Control System (ADCS). In particular,
the sensors measuring the satellite attitude, body angular velocity and flywheel spin rates are
considered, whereas the actuators are the reaction wheel motors. This work represents a substantial
improvement over previous works of the authors [11, 13]. Reduction in complexity is achieved by
a structure where fault estimates from Adaptive Observers (AO) are used as diagnostic signals for
all of the fault detection, isolation and estimation tasks. Step-stones in the design are based on the
general works [17, 18]. One is to augment models for the design of adaptive observers for sensor
fault estimation, such that actual output sensor faults are represented as input signals [19]. The
second is the design of adaptive observers for actuator and sensor fault estimation. A third is to
employ the NLGA [7] to obtain diagnostic signals that are independent of the knowledge of the
aerodynamic disturbance parameters and decoupled from different subsets of faults. The fourth is
to achieve fault isolation through the use of a cross—check of the diagnostic signals and a proper
decision logic.

Albeit being based on existing theoretical approaches, this paper describes a novel application
scheme with significant benefits. The joint use of the NLGA and adaptive observers allows to
take advantage of the benefits of both of them. The use of adaptive observers allows to design
generalised fault estimation filters which do not need a priori information about the type of fault.
The FDD adaptive observers can accurately estimate a generic fault without needing to define any
specific fault internal model. The NLGA allows to obtain better FDI performances and accurate
fault estimates, independent of the knowledge of the aerodynamic disturbance parameters, and
thus without any isolation and estimation error due to aerodynamic parameter uncertainties. The
Structural Analysis (SA) method, which is illustrated in [1] and already suggested for satellite
applications for example in [20, 21], is exploited to qualitatively assess detectability and isolability
of faults related to the satellite attitude control system. This satellite—wide analysis of the ADCS will
show that a second physical attitude sensor is required to achieve a complete isolation of possible
attitude and angular velocity sensor faults.

The proposed scheme relies on general satellite and reaction wheel dynamic models and a very
limited sensor hardware redundancy, and exploits only sensors and models that are fundamental
for the ADCS. No additional subsystem models or embedded measurement sensors, e.g. current or
voltage sensors, are required to achieve a complete FDD. Moreover, in practice, it is normal and
usually required for safety and reliability reasons to have hardware redundancy available for both
for satellite actuators and sensor systems.

The paper evaluates the performance of the proposed FDD system using a detailed nonlinear satellite
simulator with detailed flywheel modeling [24], measurement noise and exogenous disturbance
signals. In particular, the exogenous disturbance terms are represented by aerodynamic and
gravitational disturbance torques. Simulation results show various fault cases. An extensive Monte—
Carlo analysis is conducted to assess the robustness and reliability of the proposed diagnosis scheme
with respect to parametric uncertainties.

The paper is organised as follows. Section 2 describes the overall spacecraft and reaction wheel
models. Section 3 illustrates the structural analysis of the actuator and sensor fault detectability and
isolability. Section 4 illustrates the augmented spacecraft model. Section 5 illustrates the design
of the FDD system, which is based on NLGA and adaptive observers. Section 6 illustrates the
proposed procedure for the cross-checking of the diagnostic signals and the detection and isolation
of the actuator or sensor faults. Section 7 provides simulation results. Concluding remarks are finally
drawn in Section 8.
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SATELLITE FAULT DIAGNOSIS 3

2. SPACECRAFT AND ACTUATOR MODELS

2.1. Dynamic and Kinematic Equations

The spacecraft is considered as a rigid body, whose attitude is represented by using the quaternion
notation. The satellite mathematical model is given by the dynamic and kinematic equations of
(1) and (2) [22, 23], where wiy = [w1, WQ,W?,]Z;L is the vector of body rates in roll, pitch, and yaw
with respect to the inertial reference frame, respectively, whilst by, = [Rrw 15 Prw,2, Prw,3, hm,,4]T

is the vector of the flywheel angular momenta. The quaternion vector qeorp = [ql,q27Q3,Q4]Zrb

describes the attitude of the spacecraft with respect to the orbital reference frame. The principal
inertia body-fixed frame is considered, with I, I, and I, the elements on the main diagonal of
the satellite inertia matrix I,.

d)in = *Isils(:[swin + Trwhrw) + Isil(*Trwl.lrw + Mgg + Maero) (1)

. 1
Jorb = §qurb 2

with the skew-symmetric matrices

S(Win) = w3 0 —Ww1 7Q(W0rb) = 3 ! 2 (3)
w2 —W1 0 w3
—W?2 w1 0 .
mn —W1 —W2 —Ws3 0

orb

. T
The relations between the spacecraft angular rates win, = (w1, w2, ws];,, and werb = (w1, w2, w3

respectively expressed with respect to the inertial and orbital frames, are given by

orb?

w1 w1 2(q192 + q394)
wo = | wq +wo | (1—2¢% - 2q§) 4)
wy |, ws |, 2(q2q3 — q194)

where wy = +/p/R3 is the orbital angular velocity of the spacecraft. Therefore, it results that the
dynamic equations of (1) describe the spacecraft dynamics with respect to the inertial reference
frame, whilst the kinematic equations of (2) describe the attitude kinematics with respect to the
orbital reference frame. The inertial and orbital notations for the spacecraft angular velocity and
attitude, respectively, will be neglected in the rest of the paper.

The external disturbances, which can be cyclic or constant, consist of aerodynamic effects, gravity
gradient, magnetic moment, and solar effects. In this paper, the design of the FDD system exploits
the explicit decoupling only of the aerodynamic torque for the following reasons:

o the gravity is always present and, in many cases, produces disturbance torque at least one order
of magnitude larger than other external torques (e.g. Galileo, Voyager 1 and 2). However, its
model is almost perfectly known, and thus its effect does not need to be decoupled;

e many Low Earth Orbit (LEO) spacecrafts are not subject to significant solar disturbance
torques;

e it is desirable to have a spacecraft with no on—board residual magnetic field that affects
attitude; but there are cases in which magnetic actuators are used for attitude control purpose
(control torque is known).

The dynamic equations (1) explicitly include the gyroscopic terms due to cross-couplings between
the satellite angular rates and flywheel spin rates and the models of the gravitational and
aerodynamic disturbance torques My, and M., about the centre of mass and described in the
body-fixed frame. Both the disturbances are dependant on the satellite attitude. As already remarked,
these disturbances typically represent the most important external disturbance torques affecting LEO
satellites [22, 23].

Manuscript accepted by Int. J. Robust. Nonlinear Control (2018)
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Regarding the gravity gradient torque M, the parameters ; and R in (5) represent the gravitational
constant and the orbit radius respectively. R is the satellite distance from the Earth center and 0,445,
is the unit vector towards nadir expressed in body-frame coordinates.

2 (L. — Iyy) (¢293 + q1qa) (1 —2¢3 —2¢3)
2 (I:z::c - Izz) ((JI g3 — q2 Q4) (1 - 2Q% - 2(]%) (5)
4 (Lyy — Ine) (0103 — q294) (9293 + q1 q4)

3u 3p

Mgg = ﬁ(vnadir X Isﬁnadir) = E

Regarding the aerodynamic torque M,..,, it depends on the aerodynamic force represented in (6) by
the relation F, .., = % pSp V2 Cp, where p is the atmospheric density, V' is the relative velocity of
the satellite, S, is the reference area affected by the aerodynamic flux, and Cp, is the drag coefficient.

T . L .

Iep = [rxw, Tyeps Tch] is the vector joining the centre of mass and the aerodynamic centre of
pressure and vy is the unit velocity vector expressed in body-frame coordinates. It is worth noting
that, mainly due to the presence of the unknown terms p and Cp, the input signal M., in (1)
represents the main source of uncertainty. Therefore, the adaptive observers need to be independent
of the aerodynamic disturbance. The aerodynamic torque is:

1 2 (0105 +4200) Ty, =2 (0102 = 4304) T,
Maero = Faero(@V X rcp) = 7pSp v? Cp (1 - QQ§ - QQ§) Teep — 2 (Ch g3+ q2 fJ4) Tzep
2 2 2
2 (q1q2 — @3 Q) Te., — (1 — 243 — 2¢3) 7.,
(6)
The considered satellite Attitude Control System (ACS) consists of a fixed array of four reaction
wheels in a tetrahedral configuration defined by the matrix T'.,:

1/vV/3 1/V/3 —1/V3 —1/V3
To= | V23 ~V23 0 0 ™
0 0 —V23 V2B

The dynamic equations of the detailed reaction wheel models are given in (8), where h,,, =
Iywrw = [Prw1s Prw2s Prw.s, hmA]T is the vector of the wheel angular momenta, w;.,, =

[Wrw,15 Wrw,2, Wrw,3, wm,4]T is the vector of the reaction wheel spin rates, I,.,, denotes the flywheel
inertia and b, c are the viscous and Coulomb friction coefficients, respectively [24]:

. -1y -1 -1 -1
Wryw = Irw hrw = Lrw Mrw - [rw b Wrw — Irw C SgNWry (8)

The elements of the input vector u = M,y, = [M;, Ma, Ms, M4]T correspond to the control

torques actuated by the reaction wheel motors.

The overall system model can be described by (1), (2) and (8). Thus, the overall state vector can
T

be represented by x = [w1, wa, W3, 1, G2, G35 G4, Wrw,1, Wrw 2, Wrw 3, Wrwa) » and all the state

variables are assumed to be measurable.

2.2. Actuator and Sensor Fault Modelling

The occurrence of possible faults affecting the actuated attitude control torques, the flywheel spin
rate, satellite attitude and angular velocity measurements is considered in this paper. Moreover, it is
assumed that at most one fault can affect the system at any time. However, it is worth observing that
the designed fault diagnosis system is able to detect, isolate and estimate any occurred actuator or
sensor fault at any time without needing any reconfiguration of the diagnosis system on the basis of
the considered fault. Being (1) and(8) already affine in the control inputs, the i—th physical actuator
fault can be simply modeled through the following additive fault input:

e :Mi_Mc,i,(i: 1,..,4) 9)

where M. represents the vector of the commanded control inputs. Regarding the sensor faults, the
measurement faults can be defined as the differences between the real values wy., ;, wi, ¢ and

Manuscript accepted by Int. J. Robust. Nonlinear Control (2018)



SATELLITE FAULT DIAGNOSIS 5

measured values w, ;» Wy 1> ¢y,m Of the j—th flywheel spin rate, /-th satellite angular velocity and
m~th quaternion component, respectively:

f‘*’ruu.f = Wrwy ; — Wrw,j (] =1, 74)
Jon = wy1 —wi (i=1,..,3) (10)
Jam = Qym — am (m=1,..,4)

It is worth noting that physical attitude sensor faults generally can have an effect on all the
components of the provided quaternion vectors simultaneously, thus each physical attitude sensor
fault is actually considered as a single additive fault vector fq = [f,,, fq., fos> fq4]T affecting the
measurement of the quaternion vector q in the rest of the paper.

The presence of fault terms in the output equations of the system does not allow the direct
exploitation of the NLGA as described in [7]. However, the exploitation of an augmented model, as
described in [17] and in the following Section 4, allows to represent the actual output sensor faults
as input faults in the augmented model, and subsequently makes the system model suitable for the
exploitation of the NLGA.

It is worth noting that in this paper, only additive fault representations are considered, due to the
requirement of nonlinear system models affine both in the inputs and faults for the exploitation of
the Nonlinear Geometric Approach (NLGA). The multiplicative model is, usually, a natural way to
model a wide variety of sensor and actuator faults, but cannot be used to represent more general
component faults [25]. On the other hand, the additive faults representation is more general than the
multiplicative one and can be used to model a wide class of faults, including sensor, actuator, and
component faults [25]. In addition, the additive faults representation is more suitable for the design
of FDI/FDD schemes because the faults are represented by one signal rather than by changes in
the dynamic model of the system, as is the case with the multiplicative representation. Finally, for
actuator faults, the equivalent multiplicative fault magnitude is needed for controller redesign, and
this involves that actuator command is available. However, for actuator fault mitigation, we often
choose to disregard actuators with faults and mitigate using remaining healthy actuators. The latter
approach is fully supported by the diagnosis presented in this paper. Multiplicative faults can always
be modelled in an equivalent but additive form. Both additive and multiplicative fault representations
can be equivalently exploited to model a wide variety of abrupt, incipient, intermittent actuator and
sensor faults due to different causes (e.g. mechanical, electrical, thermal, magnetic causes, etc.).

3. STRUCTURAL ANALYSIS OF FAULT DETECTABILITY AND ISOLABILITY

Before starting with the design of the fault diagnosis system, it is worth observing that the
availability of two different attitude sensors has been actually considered in this work. This hardware
redundancy is necessary for the complete sensor fault isolability and comes as outcome of the
application of fault detectability and isolability study to the considered fault scenarios. A structural
analysis has been performed as illustrated in [1]. For a comprehensive detailed application of the
structural analysis, refer to [1].

The structural analysis has be applied to the spacecraft model (13), which can be interpreted as a set
of constraints (i.e. a set of nominal input-output relations), to define a structure graph describing the
direct interactions among the signals within the dynamical system and independently of the nature
of these constraints. This graph gives a qualitative representation of the links between constraints
and the variables and parameters occurring in each constraint and allows to analyse the redundancies
within the system, which can be exploited for fault diagnosis.

The behavioural model of a system is defined by a pair S = (C, Z) where Z = {21, 22, ..., 2N }
is a set of variables and parameters and C = {cy, ca, ..., cpr} is a set of constraints describing the
relations among the variables. The structural model of the system S = (C, Z) is a bipartite graph
G=(C,Z,E) where £ C C x Z is the set of edges (c;, z;) € £ if the variable z; appears in the
constraint c;. In this undirected graph, all the variables and parameters z; € Z that are connected
with a given constraint—vertex ¢; € C have to satisfy the equation or rule that this constraint—vertex
represents.

Manuscript accepted by Int. J. Robust. Nonlinear Control (2018)



6 P. BALDI ET AL.

The system variables and parameters Z can be classified as known and unknown ones. Unknown
variables X" are not directly measured, though there might exist some way to compute their value
from the values of known variables /C. Similarly, the set of constraints C can be partitioned into the
subsets of constraints Cx, which link only known variables, and Cy, in which at least one unknown
variable appears.

The basic tool for the structural analysis concerning fault detectability and isolability is the
concept of matching in bipartite graphs G = (C, Z,£). A matching is a causal assignment, i.e.
the introduction of some orientations of the originally undirected structure graph edges, which
associates with every unknown system variable of A a constraint that can be used to determine
the variable assuming the other variables of Z to be known. Unknown variables that do not appear
in a matching cannot be calculated, whereas variables that can be matched in several ways can be
determined in different (redundant) ways. The last situation provides a means for fault detection and
isolation. A matching is called complete with respect to C if it has cardinality | M| = |C|, whilst it is
called complete with respect to X if |M| = |X| For a matching M that is complete with respect to
C, each constraint belongs to exactly one edge of the matching:

Ve e C: Jx € X suchthat (¢c,x) € M (11)
Similarly, for a matching that is complete with respect to X', every variable belongs to an edge:
Vo € X : Je € C suchthat (¢c,x) € M (12)

A graph G = (C, Z,E) is called over—constrained if there is a complete matching on the variables
X but not on the constraints C, just—constrained if there is a complete matching on the variables X
and on the constraints C and under—constrained if there is a complete matching on the constraints C
but not on the variables X

As illustrated in [1], a system is said to be structurally diagnosable or monitorable if it is possible
to test whether the system constraints are satisfied or not. The analysis of system monitorability and
the FDI algorithms are based on Analytical Redundancy Relations (ARR)s, which become available
when there are constraints that are not needed to match the unknown variables in a system and some
redundant information exists. These additional constraints, as well as all others, need be satisfied
when the system operates according to its normal operation behaviour.

It is clear that ARRs can be defined only for over—constrained graphs, i.e. X—complete matchings,
because such matchings show a way to determine all the unknown variables of the system. The
redundancy relations are identified as the unmatched constraints in which all the unknown variables
have been matched, and subsequently the relations are expressed by known variables through
backtracking to known variables, according to the matching.

Considering the occurrence of actuator or flywheel spin rate sensor faults fas, and f,, ., , (i =
1,...,4), each reaction wheel can be considered as a distinct subsystem. The obtainable graphs
Gi = (Ci, 2:,&;) (i =1,...,4) corresponding to the reaction wheel model equations (8) result to
be over—constrained since the matching is complete on the unknown variables X; but not on the
constraints C;, i.e. |[M;| = |X;| < |C;|. Therefore, it would be possible to define a distinct ARR for
each reaction wheel subsystem from the resulting unmatched constraints.

However, since both actuator and sensor faults fys, and f,,, , affecting the i—th reaction wheel
subsystem are considered in this paper, it would not be possible to obtain the complete fault isolation
only by means of these ARRs, but only the fault detection when the constraint is violated and the
ARR not satisfied. In fact, each ARR results to be sensitive to both the actuator and sensor faults
affecting a specific reaction wheel subsystem.

In order to allow the complete fault isolation, some additional constraints can be introduced to obtain
an extended over—constrained graph by exploiting also the satellite dynamic equations (1). However,
since in the considered spacecraft dynamic model (1) the aerodynamic disturbance is characterized
by parameters whose actual values are generally not exactly known, the disturbance term d =
% pSp V2 Cp is considered as an unknown variable. As a consequence, the constraints associated
with the equations (1) could be not satisfied even in case of no faults if the unknown aerodynamic
parameters have actual values different from the assumed nominal ones. These discrepancies might

Manuscript accepted by Int. J. Robust. Nonlinear Control (2018)



SATELLITE FAULT DIAGNOSIS 7

lead to false alarms in the fault detection procedure. Therefore, the ARRs determined on the basis
of these constraints would be not robust to aerodynamic parameter uncertainties.

As it will be shown in Section 5.4, the exploitation of the NLGA allows to define an additional math-
ematical variable z,44, whose dynamic equation & 444 = f(w1, w2, ws, Q, Wrw. 1, Wrw,2, Wrw,3; Wrw 4)
is exactly decoupled from the aerodynamic disturbance and any actuator fault fy;, (i =1,...,4),
and generally sensitive to all the sensor faults, including any sensor fault f,, ., (¢ =1,...;4). Yada
represents the corresponding output variable. The constraints associated with this new variable
and its dynamic and output equations allow to determine an additional ARR that is robust to the
aerodynamic parameter uncertainties and exploitable for the complete isolation of faults fy;, or
Jorw: (@ =1,...,4) affecting any reaction wheel subsystem. Since the NLGA variable x,44 actually
is not sensitive to any actuator fault and sensitive to any flywheel spin rate sensor fault, only the
occurrence of any actual fault f,, . (¢ =1,...,4) results in a violation of the constraints linked
to x4qq. The new graph is still over—constrained. Therefore, it would be possible to define five
structured ARRs from the resulting unmatched constraints, which allow the complete detection and
isolation of any actuator or flywheel spin rate sensor fault, without the risk of false alarms due to
the aerodynamic parameter uncertainties.

On the other hand, considering the occurrence of satellite attitude and angular velocity sensor faults
fu, (0 =1,...,3) and fy and the presence of a single attitude sensor, the kinematic equations (2) of the
satellite attitude can be considered in the structural analysis. In this case, the corresponding graph
G = (C, Z,&) results to be again over—constrained since the matching is complete on the unknown
variables X’ but not on the constraints C, i.e. |[M| = |X| < |C|. Therefore, it would be possible to
define an ARR from the resulting unmatched constraint.

However, since the occurrence of both satellite attitude and angular velocity sensor faults f,,
(I =1,...,3) and f; is now considered, it would not be possible to obtain the fault isolation only
by means of a single ARR, but only the fault detection when the constraint is violated and the
ARR is not satisfied. In fact, this ARR results to be sensitive to all the satellite attitude and angular
velocity sensor faults f,,, ( =1,...,3) and fg.

In order to allow the complete fault isolation, some additional constraints need again to be
introduced. In this case, the equations describing the behaviour of the reaction wheel subsystems
can not be exploited since they are functions only of the satellite attitude and angular velocities,
and thus they are not sensitive to any fault affecting the satellite attitude or angular velocity sensors.
Moreover, the NLGA variable x,44 previously introduced for the detection and isolation of actuator
and flywheel spin rate sensor faults can not be effectively exploited since it leads to an additional
ARR that is actually not satisfied when any sensor fault occurs. Hence, another way to determine
additional ARRs to be exploited for the fault isolation task is necessary.

In order to determine structured ARRs exploitable for the complete isolation of attitude and angular
velocity sensor faults, a two—steps procedure can be used. Firstly, the NLGA can be exploited
to determine nine new mathematical variables 44, (¢ = 1,...,9), whose each dynamic equation
Zadd,; = f(w,q) (G =1,...,9) actually results to be decoupled from a specific angular velocity
sensor fault f,, (! =1,...,3) and sensitive to the couple of remaining angular velocity sensor faults
and to the attitude sensor fault fg. y,44,; represent the corresponding output variables. Further details
about these NLGA variables are given in Section 5.5. The constraints associated with these new
variables and their dynamic and output equations allow to determine ARRs that are structured with
respect to the angular velocity sensor faults f,,, (I =1, ..., 3), thought they are still all sensitive to the
attitude sensor fault fy. Hence, in case of any angular velocity sensor fault, only a subset of ARRs
is not satisfied, thus allowing to recognize the occurred angular velocity sensor fault. However,
an additional ARR is still required in order to recognize if an attitude sensor fault or any angular
velocity sensor fault actually occurred, and thus obtain the complete fault isolation.

Actually, the only practical way to determine this last ARR consists in the exploitation of some
hardware sensor redundancy, which leads to the introduction of additional constraints on the
unknown variables. In this paper, the presence of a redundant attitude sensor is then considered. The
attitude measurements of these redundant sensors are represented in the following by means of two
different quaternion vectors qy k (kK = 1,2), which are calculated on the basis of the information

Manuscript accepted by Int. J. Robust. Nonlinear Control (2018)
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provided by two physical attitude sensors (e.g. star trackers). As a consequence, these attitude
measurements can be affected by the corresponding sensor faults f, i (& = 1,2).

Again, the corresponding graph G = (C, Z, £) results to be over—constrained since the matching is
complete on the unknown variables X but not on the constraints C, i.e. |[M| = |X| < |C|. Therefore,
exploiting both the NLGA and an additional hardware attitude sensor redundancy, it is possible
to define a sufficient number of ARRs from the resulting unmatched constraints, which allow the
detection and complete isolation of any possible attitude sensor fault f (5 = 1, 2) affecting one of
the two redundant sensors or any angular velocity sensor fault f,,, (I =1,...,3).

4. AUGMENTED NONLINEAR MODEL

The overall nonlinear spacecraft model can be briefly written in the following form:

i = n(@)+g@)u+t L) fu+p(z)d
{y = @)+ () fs (13)

in which the state vector is z(¢) € X (an open subset of R™), u(t) € R™ is the nominal control input
vector, f,(t) € R" and fs(t) € R? are the actuator and sensor fault vectors, respectively, whilst
d(t) € R" is the disturbance vector, and y € RP is the output vector. n(z), the columns of ¢, (z),
£s(x), g(x) and p(z) are smooth vector fields, and h(z) is a smooth map. In particular, for the
complete spacecraft model, embedding also the reaction wheel models, the following vectors are
defined:

T = [wi, wa, W3, Ay Wrw 1, Wrew 2y Wrw3s Grwdl

w = [Mey, Meo, Moz, M.4]"

d = FaerozépSPV2CD 14
fo = | fare: fars fard)” (1
fs = [fwn fw2> fwga fq’l’ fQ,27 fwrw,l’ fwrw,27 fw7-w,37 fwrw,JT

Yy = [wy,la Wy 2, Wy 3, Qy 1, Ay, 2, Wrw,1, Wrw,2, Wrw,3, wrw,4]T

with all the state variables assumed to be measurable,

I3 0 0
0 Iy O

Mz) =L@ =1 o 7 (15)
0 0 Iy

due to the considered attitude sensor redundancy and the terms n(x), g(x), ¢,(x) and p(z) derived
from the equations of (1), (2) and (8).

Considering the approach proposed in [17] for the diagnosis of sensor faults, the spacecraft model
can be augmented by adding new state variables z = fof y(7)dr corresponding to the integrated
output variables, so that 2(t) = h(z) + ¢5s(z) fs. The augmented system model with the new state
variables z and the corresponding new output variables w is therefore given as

& = n(@)+g(@)u+le(z) fo+plx)d
2 = h(z)+ () fs (16)
w = z
or more synthetically as
z = f@)+3@)u+l(z)f+pT)d (17
y=w = h(2)
where, for the considered spacecraft model, it results
T = [xT, zT]T
T
z = [zwl, Zigs ?,3, Zqys Zaz> Zwrw1s Zwrw.2r Zore.ss zw,,,wa (18)
[ = [faTv fsT}
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f@) = mﬁg 9@ = [9(0“’) (@) = [0 Is ] (19)
Ly(x) 0
(z) = oz = | @
(@) Ve | ] 0)

where z,, (I =1,...,3), the vectors zq, (k =1,2), 2,,,,; (j = 1,...,4) correspond to the integrated
output variables fot wy1(T)dT, fot ay k(7)dT, fot Wrw, , (T)d7 of the I—th satellite angular velocity
measurement, k—th quaternion vector measurement and j—th flywheel spin rate measurement,
respectively. It can be seen that the augmented model (17) of the spacecraft now results to be affine
in all the control inputs and both actuator and sensor fault inputs. Thus, the NLGA can be exploited
to design aerodynamic and fault decoupled adaptive observers also for the sensor fault diagnosis, as
described in Section 5.

5. FAULT DIAGNOSIS

5.1. Nonlinear Geometric Approach

The NonLinear Geometric Approach was formally developed in [7], and it relies on a coordinate
change in the state and output spaces providing an observable subsystem which, if it exists, is
affected by the fault, but unaffected by disturbances and the other faults to be decoupled. The
NLGA estimation filters for FDD are designed by exploiting the properties of this subsystem. For a
comprehensive detailed application of the NLGA, refer to [7].

In particular, the approach consider a generic nonlinear system model in the form

{5 - Zgg—kg(x)u-l-g(x)f‘f']?(x)d Q1)

in which the state vector x € X (an open subset of R‘"), u(t) € R* is the nominal control input
vector, f(t) € R is the fault, d(t) € R’ the disturbance vector (including also the faults to be
decoupled), and y € R the output vector. n(x), £(x), the columns of g(x) and p(x) are smooth
vector fields, and h(x) is a smooth map. Therefore, if P represents the distribution spanned by the
column of p(z), the NLGA method can be devised as follows [7]:

1. determine the minimal conditioned invariant distribution containing P (denoted with > f );

2. by using (3. F)* (i.e. the maximal conditioned invariant codistribution contained in P1),
determine the largest observability codistribution contained in P+ (denoted with Q*);

3. if £(x) ¢ (2*)*, the design procedure can continue, otherwise the fault is not detectable;

4. whenever the previous condition is satisfied, it can be found a surjection ¥, and a function
@, fulfilling Q* N span{dh} = span{d(¥; o h)} and Q* = span{d(P;)}, respectively.

The functions ¥(y) and ®(z) defined as
_ x1 (o (l‘)
T(y) = ( n ) - < ‘I’éig) > D)= | 2 | = | Hoh(x) 22)
z3 ®3(2)
are (local) diffeomorphisms, where H is a selection matrix (i.e. a matrix in which any row has all
0 entries but one, which is equal to 1). z; = ®;(x) represents the measured part of the state which
is affected by f and not affected by d, whilst Zo and T3 represent the measured and not measured

part of the state, which are affected by f and d. In many cases Z3 it is not present. In the new (local)
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coordinate defined previously, the system is described by the relations:

il = n1(Z1,%2) + 91(Z1, T2) u + 1 (T1, T2, Z3) f

Zo = na(Z1, T, T3) + g2(T1, Ta, T3) ut
+02(Z1, %2, %3) [+ p2(Z1, 22, 73) d

T3 = ng(T1, T2, T3) + 93(T1, T, T3) ut (23)
+03(%1, T, Z3) f + p3(Z1,T2,73)d

g1 = h(z1)

Y2 = T2

with ¢1(Z1,Z2,Z3) # 0 not identically zero. Denoting Zo with g2 and considering it as an
independent input, the Z;—subsystem, which is affected by the single fault f,, and decoupled from
the disturbance vector d (embedding also the other faults to be decoupled), can be defined as follows:

'%1 = nl(flag2)+gl(i‘1a92)u+£1(jlvg2aj3).f (24)
o= h(z)

with ¢1(Z1, 2, Z3) # 0 not identically zero. This subsystem is exploited for the design of the
adaptive observers and residual filters for fault diagnosis purpose.

5.2. Generic Adaptive Input Fault Estimation Filter

An adaptive observer can be designed for state observation and estimation of generic faults on the
basis of the work presented in [17]. Consider a generic nonlinear system described by
Z(t) = Az(t) + W f(2(t),t) + Bu(t) + Df,(t)
- =~ (25)
{ y(t) = Cz(t)
where 7 € R™, u € R™ and 3 € RP denotes, respectively, the vector of state variables, inputs and
outputs, f, € R7 is a not measurable vector which is considered as an additive term resulting
from generic input faults. The nonlinear continuous term f(#(t),t) € R is assumed to be known.
A e R™™ B e R C e RPX? D e RPXT (5 > g),and W € R™7 are known constant matrices
with C and D being of full rank. The following assumptions are made:

Assumption 1. For every complex number s with nonnegative real part,

SIﬁ—A:| _
= =n

c (26)

rank {

Assumption 2. The nonlinear term f(Z(t),t) is assumed to be known and Lipschitz about T
uniformly, i.e. VZ,z € R,

[F@(®),0) = f(@@), 1] < Lf [|2(t) — 2@ @7
where Ly is the Lipschitz constant and assumed to be unknown.

Assumption 3. The fault vector f, and its derivative fa satisfy the following norm bounded
constraints:

I fall < pas || fal| < Paa (28)

where p, and p,, are known positive constants.
Lemma 1. The pair (A, C) is observable if Assumption 1 holds.

This Lemma is directly derived from the Popov-Belevitch-Hautus (PBH) observability criterion.
It follows from Lemma 1 that there exists a matrix L € R™*? such that A — LC is stable, and thus
for any @@ > 0, the Lyapunov equation

(A-LC)Y'P+PA-LC)=-Q (29)

has a unique solution P = PT > 0, where P € R"*" is a symmetric positive definite matrix and
Q € R™*™,
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Remark 1. Tt follows from Assumption 1 that the pair (A4, C) is observable, which provides the
necessary and sufficient condition for the existence of an observer for system (25). Assumption 2
states that the considered nonlinear system is Lipschitz. Many practical systems satisfy the Lipschitz
condition, at least locally. In Assumption 2 the generic input fault f, is assumed to be nonzero and
differentiable after its occurrence. This assumption is quite general either for constant faults and
time—varying faults at limited rates.

Assumption 4. There exists an arbitrary matrix F' € RM*P such that
DTP=FC (30)

For system (25) an adaptive observer is proposed in the following form:

{

where the observer gain L € R™*?, H € R/*? is a matrix to be determined and k satisfies the
following adaptation law:

(t) = A(t) + W (& 1) + Bu(t) + LG — §) + LkWH G — §) + Df. @31)

T

<p K-

Q

2

k=U|[H(G—9) (32)
where [j; is a positive constant.
The term f, represents the estimated fault and its dynamics is defined as:
fa=TF(G—7)~<lfa (33)

where I' € R"*" is a symmetric positive definite matrix representing the learning rate, F' € R"*? is
a matrix to be determined and ¢ is a positive scalar.

Denote e, =% — 2, e, =y — 4 and ey = f, — fa. Then, after the occurrence of the fault, the
dynamics of the state estimation error is obtained from

ér = (A= LC)ey + W(f(z,t) — f(z,t)) + Dey (34)

The following regions can be defined:

-~ . . -1 < 2

R O A O e e A e e
A Amin(P) 1 12 4 Awn@ D || 7| -

0 = { ey, fu) Pt ey P+ 22 o> A (D102 +

n1 = /\min(—(le — LC)TP — P(A — Lé) — 2[@) >0
H2 = /\min(gf - G) >0

3 = Do dmax (T 1G1T) 4 2

fta = min(p1, fi2)

s = maX()\max(P)a )\max(r_l))

e = pa/ s

(35)

where G € R7%9, P = PT ¢ R™ " are symmetric positive definite matrices and A, and Ap,ax are
the smallest and largest eigenvalues, respectively.

Theorem 1. Given system (25) with Assumptions 1, 2 and 3, if there exist matrices L, F, H and
P = PT > 0 such that

DT'p=FC (36)
wTp=HC (37
—Q+2I,<0 (38)

where —Q = (A — LC)TP + P(A — LC) € R™ ", then for a given matrix I and a positive scalar
€, the error dynamics (34) is uniformly bounded and (e, f,) converges to Q0 at a rate greater than
e~ het [17].
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12 P. BALDI ET AL.

Proof
Consider the Lyapunov function as

V =elPe,+1;'ep/2+efT ey (39)

where e, = k — l%, k is a constant which is defined as k = Efc. The time derivative of V can be
shown to be

V< —eTQey + |lea + (L7 - k)||HCey|* — ek||HC'ex||2 + Qe?F‘lfa + 2ee} fo — 2eefef
<el(—Q+2D)e, + Qe?F_lfa + 2863;fa - 256?€f
(40)
Since 2X7Y < LXTGX + aYTG~'Y holds for any scalar o > 0 and symmetric positive definite
matrix (G, therefore

2ef T fo < efGey + fITTIGTIT fu < € Gey + paaAmax(DTGTITTH) (41)
Moreover
T 2 2
2ee; fo < ellesll” +epi (42)
Substituting (41) and (42) in (40) gives

1% —el(Q —2D)e, + e?(G —elef + paaAmax(TIGTITTY) 4 £p2
—mlleall” = palles]* + ps (43)
—pa(llexlI” + llef]”) + ps

Moreover, from (39)

VASVANVAN

2 _ 2
V' < Amax(P)llex]]” + Amax (T’ 1)Hef||2 )
< max(Amax(P); Amax (T71)) ([lex]|” + [les ") 44)
2 2
= ps([leal” + llesl)
Then _
V< —ugV + ps (45)
For any real constant p and ¢ € R, it results that
P
(p-0?>% —¢ (46)
Therefore
2

fa
2

)\min(P)

V> Amin(P)llex® + Amin(T ) e5]® > Tlerr

”ey”2 + Arnin(ril) - Pi 47)

If (ey, fa) € Qq, then V > pu3/pe and consequently V < 0. Therefore, it can be concluded that
(ey, fa) is uniformly bounded and converges to (2, exponentially at a rate greater than e ~#¢?, O

Remark 2. The problem of finding matrices P = PT, L, H and F to simultaneously satisfy the
inequality (38) and equalities (36) and (37) can be transformed into the following LMI optimization
problem:

minimize y; + 2 subject to P > 0 and
PA+ATP-YC-CTYT 4+ 2I; <0

1l DTpP - FC 0 Yol wTp - HC - (48)
(DTP-FC)" I | WwTP-HO) Yol
where Y = PL.
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SATELLITE FAULT DIAGNOSIS 13

5.3. Adaptation of the Generic Adaptive Estimator Filter in case of Output Sensor Faults

In a similar way, an adaptive observer can be designed for state observation and estimation of
generic sensor faults on the basis of the work presented in [17]. Consider a generic nonlinear system
described by

{ @(t) = Ax(t) + Wf(x,t) + Bu(t) 49)
y(t) = Ca(t) + Dfs(t)

where x € R", u € R™ and y € R? denotes, respectively, the vector of state variables, inputs and
outputs, f, € R7 is a not measurable vector which is considered as an additive term resulting
from output sensor faults. The nonlinear continuous term f(z,t) € R7 is assumed to be known.
A e R™™, B e R, C e RP*", D e RPX(p > q),and W € R™*7 are known constant matrices
with D being of full column rank. The following assumptions are made:

Assumption 5. The nonlinear term f(x,t) is assumed to be known and Lipschitz about x uniformly,
ie. Vx,z € R",
1f(2@®),t) = F(2(8), O] < Ly ll(t) — 2@ (50)

where L is the Lipschitz constant and assumed to be unknown.

Assumption 6. The output sensor fault vector fs and its derivative s satisfy the following norm
bounded constraints:

”fSH S,OSijSH < pss (51)
where ps and pss are known positive constants.
As described in [17], for system (49) a new state variable z = fot y(7)d7 can be defined so that

2(t) = Cx(t) + Df,(t). An augmented system with the new state z and output w is therefore given
as

@(t) = Az(t) + W f(z,t) + Bu(t)
3(t) = Ca(t) + DJo(t) (52)
w(t) = z(t)

or in matricial form as

(A (2 )

This system can further be rewritten in a more compact form as

Z(t) = AZ(t) + W f(Z,t) + Bu(t) + D fo(t) (54)
g(t) = w(t) = Cz(t)
where 7 € R, g —weRr, A= | 4 0 } - ] € Riv+p)xm, b —
[ 10) } e Rntp)xa & = [0 I, ] € Rpx(ntp) W = Vé/ e R(+p)xm Tt can be noted that

the original sensor fault affecting the system output is now modelled as an input fault in the
augmented system 54. Therefore, the same filter design procedure described in Section 5.2 for
generic input faults f,, can be adapted and exploited in order to design an adaptive filter for the
estimation of a generic output sensor fault f,, where n =n +p,p=p, m =m, §=qgand j = j.

5.4. Design of Adaptive Filters for the Estimation of Reaction Wheel Actuator Faults and Flywheel
Spin Rate Sensor Faults

The NLGA FDD system is designed on the basis of a input affine nonlinear model structure (21)
as described in [7]. With the assumption of a single actuator or sensor fault occurring at any time,
it is possible to design distinct adaptive observers, which are specifically designed to accurately
estimate a particular actuator or sensor fault. The provided fault estimates can be directly exploited
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as diagnostic signals for the FDI task.

Considering the occurrence of possible actuator faults fas; (¢ = 1, ..., 4) and since the measurements
of the flywheel spin rate sensors are assumed to be available, the NLGA can be exploited in order
to design four scalar adaptive observers as described in Section 5.2 starting from actuator model
(8). These adaptive observers provide accurate estimates of the actuator faults and result to be
independent of the aerodynamic disturbance and satellite attitude and angular velocity sensor faults.
The scalar state variables T of these four NLGA adaptive observers are defined as follows:

T = rwWrw,1 T3 = Irwwrw,3 (55)
ZTo = rwWrw,2 Ty = IrwwrwA

Therefore, considering the generic nonlinear model (25) and the related adaptive observer model
(31), the following terms can be defined for each observer:

A=-2> B=1,C=1,D=1,W=1

f(fimt) = _ngnji;ui = Mivfa,i = fM7 (Z = ]-7 74)

g

(56)

where b is the viscous friction coefficient, ¢ is the Coulomb friction coefficient and I, is the
flywheel inertia.
The model of each of these four adaptive observers for : = 1, ..., 4 is given by

{@8=A@w+Wﬂ@ﬁ+wa+L@—@Hgmwﬂ%_@+DﬁJ 57
y;(t) =Cx

The term fa,i represents the estimated actuator fault affecting the i—th reaction wheel motor.

Remark 3. The provided fault estimates fa,i (¢ =1,...,4) are directly exploited as diagnostic signals
& (1 =1,...,4) also for the FDI task.

On the other hand, considering the occurrence of possible flywheel spin rate sensor faults f,, ., ,
(7 =1,...,4), starting from the augmented nonlinear spacecraft model (17), the NLGA can be
exploited in order to design four vectorial adaptive observers as described in Section 5.3. These
adaptive observers provide accurate estimates of the flywheel spin rate sensor faults and result to be
independent of the aerodynamic disturbance and satellite attitude and angular velocity sensor faults.
The augmented state vectors T of these four NLGA adaptive observers are defined as follows:

71 = [Wrw, Zwm,l]T Ty = [Wrw,s3, Zw1.w,3]T (58)

To = [wrw,27 zwrw,z] Ty = [wrw,47 zwrwA]

where wy, ; (j = 1,...,4) are the spin rates of the four flywheels and 2, ; (j = 1,...,4) are the
corresponding new state variables introduced through the model augmentation described in Section
4 by means of the integration of the output variables.

Therefore, considering the generic nonlinear model (49) and the related adaptive observer model
(31), the following terms can be defined for each observer:

A:{ﬁ gyB:[%ﬂyc:[01LD=[2yW:[é}

f(@j,t) = =202t g = My, fij = fo, (G=1,..,4)
(59)

The model of each of these four adaptive observers for j = 1, ..., 4 is given by:

{

In this case, the term fS, ; represents the estimated fault affecting the j—th flywheel spin rate sensor.

j(t) = AZi() + Wf(Z),8) + Buy(t) + L(@; — §,) + skWH(w; — ;) + Dfe; (g

’LUj = CIj

S N
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Remark 4. The provided fault estimates f& ; (4 =1,...,4) are directly exploited as diagnostic signals
& (1 =5,...,8) for the FDI task.

Remark 5. 1t is worth noting that, actually, each of the eight NLGA adaptive observers described
above results to be sensitive to the couple of faults fy,, fw,,,; (i = j), i.e. the actuator and flywheel
spin rate sensor faults related to the same i—th reaction wheel, respectively.

In fact, the flywheel spin rate sensor fault f,, , . directly affects the residual signal 7; —7y; driving
the actuator fault estimate of the adaptive filters relying on the variables (55). On the other hand,
the actuator fault f, still indirectly affects, through the integration of the measured sensor outputs,
the residual signal y; —y; driving the sensor fault estimate of the adaptive filters relying on the
variables (58).

However, since each of these eight adaptive estimation filters is designed to provide accurate
estimates with respect to the occurrence of a specific actuator or flywheel spin rate sensor fault,
the provided signals f,; (¢ =1, ...,4) result to be correct fault estimates only in case of actuator
faults fys,, whilst they do not represent estimates of the actual faults in case of flywheel spin rate
sensor faults f,, , .. Analogously, the provided signals fm (j =1,...,4) result to be correct fault
estimates only in case of sensor faults f,, , ., whilst they do not represent estimates of the actual
faults in case of actuator faults fyy,.

Therefore, in general, these estimates allow for the isolation of the reaction wheel subsystem
affected by a possible actuator or sensor fault, but it could not be possible to achieve an exact and
complete fault isolation by exploiting only these signals. This can be achieved, thanks to the NLGA,
by designing and exploiting an additional residual filter in order to precisely classify a detected fault
as an actuator or sensor fault with the assumption of a single actuator or sensor fault occurring at
any time. The use of the NLGA results to be fundamental to design an additional residual filter that
results to be decoupled from the aerodynamic disturbance in order to obtain a diagnostic signal not
subject to detection errors due to parametric uncertainties of the aerodynamic disturbance model.
This NLGA residual filter exploits also satellite attitude and angular speed measurements in addition
to the flywheel spin rate measurements. The dynamic equation determined through the NLGA
results to be insensitive to any possible actuator fault and sensitive to a mathematical combination
of all the spacecraft sensor faults, and thus also to the flywheel spin rate sensor faults.

Starting from (24), a generic residual generator in filter form is modelled as follows:

{ €= n1(g1,52) + 91(91,92) we + LG —€) (61)
e=y1—¢§

where L > 0 is the gain of the asymptotically stable residual filter and ¢ is the generated diagnostic
signal. The state vector Z of this additional residual generator, obtained by means of the NLGA on
the basis of (13), is defined as follows:

T = [ rrcp (Izrwl + TIIrwwrw) + rycp (Iyyw2 + TQIrwwrw) + rch (Izzws + TSIrwwrw) } (62)

where T, Ty and T’ are the rows of the matrix T, 2, ( =1, ..., 3).

Remark 6. The provided residual signal ¢ is exploited as additional diagnostic signal &g to precisely
classify a detected fault as an actuator or flywheel spin rate sensor fault for the complete isolation.
After the correct isolation of the occurred actuator or sensor fault, the corresponding accurate
estimate is selected among the diagnostic signals &1, ..., &s.

5.5. Design of Adaptive Filters for the Estimation of Satellite Attitude and Angular Velocity Sensor
Faults

Considering the occurrence of possible faults fy i (k = 1,2) affecting the two considered attitude
sensors, starting from the augmented nonlinear spacecraft model (17), the NLGA can be exploited
in order to design two adaptive observers as described in Section 5.3. These adaptive observers
provide accurate estimates of the attitude sensor fault vectors and result to be independent of the
aerodynamic disturbance and actuator and sensor faults affecting the reaction wheel subsystems.

Manuscript accepted by Int. J. Robust. Nonlinear Control (2018)



16 P. BALDI ET AL.

It is worth noting that, since the measurements of two attitude sensors are assumed to be available,
each observer exploits the measurements of a different attitude sensor, in addition to the shared
angular velocity measurements.

The augmented state vectors T of these two NLGA adaptive observers are defined as follows:

Iy = [qT’ Zgl]T"fQ = [qT’ 252]T (63)

where q is the quaternion state vector and z4, (kK = 1,2) are the corresponding new state vectors
introduced through the model augmentation described in Section 4 by means of the integration of the
available output vectors provided by the two considered attitude sensors. Each of these two observer
exploits the quaternion measurements qy i (k = 1, 2) of a specific k—th attitude sensor and provides
the accurate estimate of the corresponding fault vector fq « = [fq,, fg2s fas> fq4]T (with k = 1,2).
Therefore, considering the generic nonlinear model (49) and the related adaptive observer model
(31), the following terms can be defined for each observer:

0 0 % 0 0000
0 0 0 % 00 0 0
—% 0 0 0 00 00
S| 0 -2 0 0 0000 B (0] 1[0
A= 907  0" 0 0 00 0 0 ’C—[OI‘*]’D—[Q}W—i[o
O 1 0 0 0000
O 0 1 0 0000
L0 0 0 1 00 0 0
w3q2 — w2g3 + w1q4 + wogq3
oy t) = | RO F W B2 Qoan | g gy (kel,2)

w2q1 — w1g2 +w3q4 — Woq1
—Wwi1q1 — w292 — W3g3 — wWoq2
(64)
where wy is the orbital angular velocity, q = [q1, ¢2,¢3,q4]” and the measurements of the satellite
angular velocity terms w; (I = 1, ..., 3) are considered as independent measured inputs as illustrated
in Section 5.1. The model of each of these two adaptive observers for k = 1,2 is given by

}T

Yp = g = CTy,

In this case, the term fsjk represents the estimated fault vector affecting the k—th attitude sensor.

Remark 7. The estimated fault vectors f5$1 and fs,g are directly exploited as two sets of diagnostic
signals &; (: = 10, ...,13) and &; (¢ = 14, ..., 17), respectively, for the FDI task.

These estimates allow the isolation of the attitude sensor affected by a possible fault since only
the NLGA adaptive observer specifically exploiting the faulty attitude sensor measurements provide
a fault estimate fS, r (k = 1,2) different from zero with the assumption of a single fault occurring at
any time.

However, it is worth noting that, actually, both of these NLGA adaptive observers result to be
sensitive also to any angular velocity sensor fault f,, (I =1,...,3). In fact, the angular velocity
sensor faults f,, directly affects, through the use of the corresponding measured sensor outputs as
independent inputs, the observer dynamic model and then the residual signal 73 — 3 driving the
adaptive fault estimate. Since the same angular velocity measurements are exploited as independent
inputs by both of the adaptive observers, in case of any angular velocity sensor fault f,, (I =
1,...,3), both of the provided fault estimates fs’k (k = 1,2) result to be different from zero and
with the same behaviour.

Moreover, since the adaptive observers are specifically designed with respect to the occurrence of
attitude sensor faults, the provided signals fsy r (kK =1, 2) result to be accurate fault estimates only
in case of attitude sensor faults fq i, whilst they do not represent accurate estimates of the actual
faults in case of any angular velocity sensor fault f,, (I =1,...,3). On the other hand, considering
the occurrence of possible satellite angular velocity sensor faults f,, (I = 1,...,3), starting from the
nonlinear spacecraft model (13), the NLGA can be exploited in order to design an adaptive observer
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as described in Section 5.2. In particular, this adaptive observer provide accurate estimates of the
angular velocity faults and results to be independent of the aerodynamic disturbance and actuator
and sensor faults affecting the reaction wheel subsystems.

The state vector T of this NLGA adaptive observer is defined as follows:

(¢f — 43 — a3 + a3)
(i + 6 — & +4q3)
(i — 6 +6 +a3)

2(q1q2 + q394)
(q193 + G244)
(q194 + q243)
(Q1QQ - (J3Q4)
( )
( )

8l
Il

4193 — 4244
4243 — 4144

2
2
2
2
2

(66)

Therefore, considering the generic nonlinear model (25) and the related adaptive observer model
(31), the following terms can be defined for this observer:

0 0
0 O
0 O
0 O
0 O
0 0
0 0
—Wo 0
0 O
f(@,y,t)
fa =

00 0 0 0 w 07
00 0 0 0 0 0
0 0 —wg 0 0 0 0
00 0 0 0 0 0
wo 0 0 0 0O 0 0]|,0=1Iy,D=
00 0 0 -w 0 0
00 0 w 0 0 0
00 0 0 0 0 0
00 0 0 0 0 0,

—2w2(q1q3 + q2q4) + 2w3(q12 — 93G4)
2w1(q2g3 — q1q4) — 2w3(q1G2 + q3q4)
—2w1(q1q4 + q2q3) + 2w2(q1G3 — G2q4)
—2ws(q2q3 — q1q4) +w3(—q} +q3 — 43 + q3)

= —2w1(q1g2 — q3q4) + wa(q} — 43 — 43 + 43)

wi(—q — 43 + a3 + q7) — 2w3(q1g3 — q2q4)
2w1(q1g3 + q2q4) —w3(q} — @3 — @3 + 43)
2ws(q1qs + q2q3) — w2 (—¢7 — G5 + 43 + 43)
2wo(q1q2 + q3qa) —wi1(—a? + 63 — @3 + ¢3)
—2fuo (@193 + q2q4) + 2 fus (1q2 — @3qa) ]
2fun (4203 — 194) — 2fus (192 + g3q4)
=2 fu, (q194 + q2G3) + 2fu, (9193 — ¢24)
—2fun (4203 — q104) + fus (=G + @3 — 63 + q3)
~2fuin (q1q2 — q3Ga) + fun (@ — @3 — 2 + ¢3)
Jur (=41 — @3 + G + qF) — 2fus (0103 — G2q4)
2fu, (0103 + q204) — fus (GG — 43 — @3 + 43)
2 fus (0194 + ©2G3) — fuon (G — 3 + G + 43)
2fus (142 + q304) — fu, (2 + @ — B+ q3) |

(67)

where the elements of the additive fault vector f, that is actually estimated by the adaptive observer
are functions of the observer state vector Z and actual satellite angular velocity sensor faults f,,
(I=1,...,3). In the same way, considering the satellite angular velocity terms w; (I = 1,...,3)
as independent measured inputs as illustrated in Section 5.1, the nonlinear terms of the adaptive
observer are functions of the observer state vector Z and satellite angular velocities w; (I =1, ..., 3).
Therefore, the model of this adaptive observer is given by:

{

AZ(t) + W f(Z,y,t) + L7 — §) + Dfa

T

(t

<Sp K-
Qu ]

(68)
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where the term fa represents the estimated additive fault vector defined in (67).

Remark 8. The estimated fault vector f, is directly exploited as a set of diagnostic signals &;
(i =18, ...,26) also for the FDI task.

The use of the NLGA allows to design an adaptive observer whose each state vector element is
characterised by dynamics actually sensitive only to a specific couple of physical angular velocity
sensor faults f,, (I =1,...,3) through the mathematical relations of f,; in (67). Therefore, the
provided diagnostic signals &; (i = 18, ..., 26) can be organised as a generalised scheme.

In particular, the three diagnostic signals &5, €21, 25 are sensitive only to the two angular velocity
sensor faults f,,, f., and not sensitive to the fault f,,, . The three diagnostic signals {19, £23, {24 are
sensitive only to the two angular velocity sensor faults f.,, f., and not sensitive to the fault f,,.
Finally, the three diagnostic signals £a0, 22, 26 are sensitive only to the two angular velocity sensor
faults f,,,, f., and not sensitive to the fault f,,,. These diagnostic signals allow for the accurate
isolation of the angular velocity sensor actually affected by a possible fault through a proper cross—
check and decision logic.

Once a faulty angular velocity sensor has been correctly detected and isolated, the estimate fwl
(I =1,...,3) of the actual fault f,, (I =1,...,3) affecting the sensor can be derived by means of the
mathematical relations of f, in (67) and by exploiting the available attitude measurements thanks
to the assumption of a single angular velocity sensor fault occurring at any time.

6. DIAGNOSTIC SIGNAL CROSS-CHECK SCHEME

The FDI task is achieved by means of a proper cross—check procedure of the diagnostic signals
and exploiting a suitable decision logic to correctly detect and isolate the occurred fault, with the
assumption of single fault at any time.

It is important to observe that in this paper the fault estimates &1, ..., {26 obtained by the designed
NLGA adaptive filters are directly exploited as diagnostic signals also for the FDI task. These
diagnostic signals are simultaneously checked to detect and isolate any of the considered actuator
and sensor faults, without making any a—priori assumption regarding the occurring type of fault.
Moreover, due to the presence of measurement noise, thresholds have to be properly selected for the
generated diagnostic signals &1, ..., €26 in order to achieve the best performances in terms of false
alarm and missed detection rates. The values reported in Table I have been empirically selected
for each diagnostic signal by means of a 6 — ¢ rule in a fault-free condition without parametric
uncertainty.

Table 1. Selected residual threshold values.

Diagnostic signal: ~ Threshold: ~ Diagnostic signal: ~ Threshold: =~ Diagnostic signal: ~ Threshold:

& 2.58 - 1072 &10 3.67-107° &18 5.54-107°
& 3.06 - 1072 & 3.65-107° 19 2.85-107°
& 3.00 - 1072 £12 4.08-107° &0 5.11-107°
& 2.52-1072 &13 1.45-1075 & 8.28-107°
&5 0.5298 &14 3.67-107° Eao 6.95-107°
& 0.5496 &5 3.65-107° &3 8.72-107°
& 0.4074 £16 4.08-107° I 7.71-107°
&s 0.7128 &7 1.45-107° a5 6.61-107°
& 1.52-1072 &6 8.11-107°

6.1. Fault Detection and Isolation Scheme for Actuator and Flywheel Spin Rate Sensor Faults

Assuming a single fault at any time, possible faults affecting the actuated reaction wheel motor
torques or flywheel spin rate measurements can be detected and isolated by cross—checking the nine
signals &1, ..., & provided by the NLGA adaptive observers relying on the variables (55), (58) and
(62) described in Section 5.4, as follows:

Manuscript accepted by Int. J. Robust. Nonlinear Control (2018)



SATELLITE FAULT DIAGNOSIS 19

1. Firstly, the two sets diagnostic signals &1, ...,&4 and &5, ..., &g are analyzed. The first four
signals represent accurate estimates only of possible faults affecting the actuated control
torques, whilst the other four represent accurate estimates only of possible flywheel spin rate
sensor faults. Since each of the corresponding observers is sensitive only to the couple of
possible actuator and sensor faults affecting a specific reaction wheel, the faulty reaction
wheel subsystem can be easily detected and isolated as a fault estimate exceeds a properly
selected threshold.

2. Subsequently, a check on the additional diagnostic signal &£y allows to precisely isolate also
the type of the occurred fault (i.e. its location in the reaction wheel subsystem) since this
signal is sensitive only to a combination of sensor faults and insensitive to any actuator fault.
The diagnostic signal f¢, does not exceed the selected threshold after the occurrence of any
actuator fault, whilst it does after the occurrence of any flywheel spin rate sensor fault.

6.2. Fault Detection and Isolation Scheme for Satellite Attitude and Angular Velocity Sensor Faults

The occurrence of a possible fault affecting the measurements of the satellite attitude and angular
velocity sensors can be detected and isolated by cross—checking the two sets of four diagnostic
signals &40, ..., £13 and &34, ..., €17 and the nine diagnostic signals &1, ..., €26 provided by the NLGA
adaptive observer relying on the variables (63) and (66) described in Section 5.5, respectively, as
follows:

1. Firstly, the two sets &g, ...,&13 and &14, ..., €17 are compared. Since each set exploits the
measurements of a different attitude sensor and of the same angular velocity sensors, the two
sets show different signal behaviours in case of attitude sensor faults and the same behaviours
in case of angular velocity sensor faults. Hence, it can be recognized if an attitude or angular
velocity sensor fault has occurred.

2. A faulty attitude sensor is isolated by checking which is the only set with signals exceeding
the selected thresholds.

3. On the other hand, a faulty angular velocity sensor is isolated by checking the three signals
of the set &g, ..., £26 Not sensitive to each specific angular velocity sensor fault and thus not
exceeding the selected thresholds.

7. SIMULATION RESULTS

Some results achieved in Matlab/Simulink® are reported in the following sections in order to show
the effectiveness of the proposed diagnosis scheme.

7.1. Simulation Parameters and Fault Scenarios

The satellite body is modelled as a rectangular parallelepiped whose the principal dimensions
are d=0.6m, w=2m, and h = 7.5m (depth x width x height), r.p = [0.10, 0.15, —0.35] m
is the aerodynamic torque displacement vector, while the inertia values are I, = 330kg - m?,
I, =280kg - m?, I,, = 60kg - m?.

A circular orbit at an altitude of 350km and null inclination, with a low Earth equatorial orbit
radius R = 6728.140 km is considered. The atmosphere density is p = ppae = 6 - 1071 kg/m3, the
drag coefficient is Cp = 2.2, the orbital velocity is V' = 8187.63m/s, and the Earth’s gravitational
constant ;. = 39.86004418 - 1013 m?3/ s2.

The reaction wheels maximal torque is set to 0.75Nm. The viscous and Coulomb fric-
tion coefficients are b=5.16-10"Nms and ¢ = 0.8795 1072 Nm, respectively. A fly-
wheel moment of inertia I, =0.05kg-m? and initial flywheel spin rate values wy =
[1500, 1500, — 1500, — 1500] rpm for the four considered reaction wheels are assumed.

A standard Sliding Mode Controller (SMC) has been implemented in the ACS. A gradual attitude
change manoeuvre is considered, commencing at ¢,,,, = 10s from the initial attitude qg =
[—0.0570, 0.3180, 0.1663, 0.9316]T to reach the final one g = [—0.0429, 0.2732, 0.1815, 0.9437]T.
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These quaternion vectors correspond to [¢g, 6o, wo,]T = [-15, 35, 25]T deg and [¢, 0, 1/),]T =
[—12, 30, 25]T deg for the attitude in Euler angles (i.e. roll, pitch and yaw angles), respectively.
Assuming a single fault at any time, four additive fault scenarios commencing at ¢ y4,;; = 20s are
considered:

1. Actuator fault: frr, = —an wrw, — bar With aps linearly passing from zero at ¢t = 20s to
0.003Nms att = 30s and by; = 0.05 Nm;
2. Flywheel sensor fault: f,, ., , = —as,, with a,, ., linearly passing from zero at ¢t = 20s to

—0.5235rad/s = —100rpm at t = 45 and then changing from —0.5235rad/s = —100 rpm
att =50sto —0.2618rad/s = —50rpm at t = 55s;

3. Attitude sensor fault: fq ;1 additive on the first quaternion measurement, corresponding to a
constant bias of 8.7266 - 10~% rad = 0.05 deg on the roll angle measurements;

4. Angular velocity sensor fault: f,, = —a,, sin(b,t) with a,, linearly passing from zero at
t =20s106.9808 - 10~ *rad/s at t = 40s and b, = 0.057 rad/s = 0.025 Hz.

It is noted that the proposed diagnosis scheme does not assume any a—priori hypothesis regarding
the fault type and that the diagnosis system takes into account the possible occurrence of faults
affecting any actuator or sensor of the satellite ADCS. Moreover, the generic additive faults can
be used to represent different fault causes (e.g. mechanical, electrical, thermal, magnetic damages
and malfunctions, parameter variations, etc.), and behaviours (e.g. lock—in—place, failure, loss of
effectiveness, drift, bias, etc.). Sensor noises are modelled by Gaussian processes with zero mean.
Standard deviations equal to 3 arcsec, 3 arcsec/s and 1 rpm are assumed for the attitude measured in
Euler angles, satellite angular speed and flywheel spin rate measurements, respectively. A simulation
time of 60's with a sampling time of 0.025 s is considered.

7.2. Fault Scenario 1 - Diagnosis of Actuator Faults

In case of the actuator fault fs,, the FDI task can be carried out by cross—checking the five
diagnostic signals &1, ...,&€4 and &g described in Section (5.4), on the basis of the decision logic
described in Section (6.1). Fig. 1 shows the four diagnostic signals &1, ..., &4, provided by the
NLGA adaptive observers based on the state variables (55), and the diagnostic signal &y, which
is sensitive only to sensor faults and decoupled from the aerodynamic disturbance and actuator
faults. In particular, the signal &3 is sensitive to the couple of faults fas,, f.,., ., although it actually
represents the correct estimate of fjz, only. The selected thresholds are depicted for each signal by
means of red lines. It is possible to detect and isolate the faulty subsystem just by means of the four
diagnostic signals &1, ..., £4. After the isolation of the faulty reaction wheel subsystem, a check on

0.05F T T T T T 3

! -0.05c | b | L | -

0
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0.05F T F T T T 3

4 _0.05E . L . ; ‘ -

0.02= - =
E n
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0 10 20 30 40 50 60
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Figure 1. Actuator fault: four diagnostic signals sensitive to faults on a specific reaction wheel and additional
residual signal sensitive only to sensor faults.
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Figure 2. Estimate of the actuator fault f, .

the signal &g allows to precisely isolate also the type of the occurred fault (i.e. its location) since this
residual is sensitive only to sensor faults and insensitive to actuator faults. It does not exceed the
selected threshold in case of actuator faults.

Once an actuator fault fys, (¢ = 1,...,4) has been detected and isolated, the corresponding estimate
is directly given by the related diagnostic signal f M, =& (1 =1,...,4), which has been exploited
also for the FDI task. Fig. 2 shows the estimate sz of the actuator fault fy,, provided by the
corresponding NLGA adaptive observer. It can be seen that the adaptive observer provides an
accurate estimate of the occurred fault, even in case of a generic fault function.

7.3. Fault Scenario 2 - Diagnosis of Flywheel Spin Rate Sensor Faults

On the other hand, in case of the flywheel spin rate sensor fault f,,  ,, the FDI task can be carried
out by cross—checking the five diagnostic signals 5, ..., & described in Sections (5.4), on the basis
of the decision logic described in Section (6.1). Fig. 3 shows the four diagnostic signals &s, ..., &g
provided by the NLGA adaptive observers based on the variables (58). In particular, the signal &g is
sensitive to the couple of faults fas,, fu,., .. although it actually represents the correct estimate of
Jewrw.» Only. As already described, the diagnostic signal £y is sensitive only to flywheel sensor faults
and decoupled from the aerodynamic disturbance and actuator faults and allows to precisely isolate
also the type (i.e. its location) of the occurred fault since this residual is sensitive only to sensor
faults and insensitive to actuator faults. In this case, it does exceed the selected threshold after the
sensor fault occurrence. Hence, the occurred flywheel sensor fault can be correctly isolated thanks
to the different behaviour of this additional diagnostic signal. Once a flywheel spin rate sensor fault
Jwrw; (3 =1,...,4) has been detected and isolated, the corresponding estimate is directly given by
the related diagnostic signal fwm,j =¢; (1 =6,...,9), which has been exploited also for the FDI

task. Fig. 4 shows the estimate f,,, , of the sensor fault f,, ., ,.

Remark 9. Tt is worth noting that, even if there are detection delays to exceed thresholds, the fault
estimates do not suffer from delay since these signals coincide with the diagnostic signals exploited
also by the FDI system, which are available in real time, and there are no estimation filters to be
activated and initialized after the fault isolation.

7.4. Fault Scenario 3 - Diagnosis of Satellite Attitude Sensor Faults

The occurrence of faults affecting one of the two considered attitude sensors can be detected and
isolated by exploiting the first two NLGA adaptive observers described in Section 5.5.

The diagnostic signals &jo,...,&13 and &4, ..., &17 obtained by means of the corresponding two
adaptive observers represent the correct estimates of the components of possible attitude sensor
faults £y 1 and £,  affecting the first and second attitude sensor, respectively. Therefore, assuming a
single fault occurring at any time, in case of attitude sensor fault the two observers, each providing
the estimate of a possible additive fault fqx (k= 1,2) affecting a specific attitude sensor, are
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Diagnostic signals for the FDI tf)J (=1,....,9)
wj

n

E T T T T T —]

C 1 L 1 L L -

& 5r

6 -10c L 1 1 -

1 T T T T T
AN A e AN NS S A A N NANAN e Lo NI NSNS NSNS NS Nttt NS NN NSNS\ N

& o

-1 I L I 1 |
1E T T T H|
28 0 [~ AAAANANANANNNANNAANNANANANNNS AN AN A AN A A A A ]
-1E . . \ 3

o
o

T
Ll

0 10 20 30 40 50 60
Time (sec)

Figure 3. Flywheel sensor fault: four diagnostic signals sensitive to faults on a specific reaction wheel and
additional residual signal sensitive only to sensor faults.
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Figure 4. Estimate of the flywheel sensor fault f,., .

characterised by diagnostic signals with different behaviours, as described in Section 6.2. Fig. 5
shows on the left the diagnostic signals i, ..., 13 provided by the adaptive observer exploiting
the measurements of the first attitude sensor and angular velocity sensors the diagnostic signals
&14, ..., €17 provided by the adaptive observer exploiting the measurements of the second attitude
sensor and same angular velocity sensors. In can be seen that the two sets of diagnostic signals are
characterised by different behaviours. Hence, the occurrence of a fault affecting a specific attitude
sensor, which is feeding the set whose diagnostic signals exceed the selected thresholds, can be
isolated as described in Section 6.2.

Fig. 6 shows the estimate fq71 obtained once the considered additive fault fq ; affecting the
first attitude sensor has been properly isolated. The estimates of the additive fault components
are directly given by the related diagnostic signals fq71 = [&10, &11, &12, 513]T, which have been
exploited also for the FDI task.

7.5. Fault Scenario 4 - Diagnosis of Satellite Angular Velocity Sensor Faults

The occurrence of faults affecting any satellite angular velocity component can be detected and
isolated by exploiting the three NLGA adaptive observers described in Section 5.5.

The diagnostic signals &1, ..., €13 and 14, ..., €17 are actually sensitive also to the occurrence of
faults affecting any satellite angular velocity component since the two observers exploit also the
angular velocity measurements as independent inputs. Therefore, assuming a single fault occurring
at any time, in case of angular velocity sensor fault f,, the two observers are characterised by
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Figure 5. Attitude sensor fault: two sets of diagnostic signals provided by the adaptive observer exploiting
the measurements of the first (left) and second (right) attitude sensor, respectively.
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Figure 6. Estimate of the additive quaternion fault vector fq 1 associated to the physical attitude sensor fault.

diagnostic signals with the same behaviours and exceeding the selected thresholds, since they exploit
the same angular velocity measurements, as described in Section 6.2. However, it is not yet possible
to isolate the specific faulty angular velocity sensor on the basis of these diagnostic signals only.
Therefore, once a fault affecting a generic angular velocity sensor has been detected, the nine
diagnostic signals &35, ..., £26 have to be exploited in order to accurately isolate the specific faulty
angular velocity sensor. In particular, Fig. 7 shows the three diagnostic signals &5, €21, 25 that
are sensitive only to the two angular velocity sensor faults f,,,, f., and not sensitive to the fault
fuw, - Fig. 8 shows the three diagnostic signals £19, 23, {24 that are sensitive only to the two angular
velocity sensor faults f,,, f,, and not sensitive to the fault f,,,. Finally, Fig. 9 shows the three
diagnostic signals £29, €22, 26 that are sensitive only to the two angular velocity sensor faults f,,,
fw, and not sensitive to the fault f,,. In this case, in Fig. 9 the last three signals &a9, £22, £26 »
which results to be decoupled from possible faults affecting the third angular velocity sensor, do not
exceed the selected thresholds. On the contrary, the other six signals generally result to be sensitive
to the occurred angular velocity sensor fault.

Finally, Fig. 10 shows the estimate fwa obtained once the fault f,,, has been properly isolated. The
estimate of the actual fault is mathematically derived directly from the diagnostic signals 1, ..., €26,
which have been exploited to complete the fault isolation task.
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Figure 7. Angular velocity sensor fault: set of three diagnostic signals sensitive to f.,, and f.,, not sensitive
to fuw,-
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Figure 8. Angular velocity sensor fault: set of three diagnostic signals sensitive to f.,, and fw,, not sensitive
to fus,-

7.6. Robustness analysis

In order to assess the robustness and reliability of the proposed fault detection and isolation scheme,
several Monte—Carlo simulations have been performed in case of different parametric uncertainties.
The following parameters have been assumed as uncertain in the actual satellite model or in the
filters model with the following distributions and characteristic values directly reported in the
following tables:

1. Drag coefficient C'p in filter model: normal distribution with standard deviation o¢,, and
mean (nominal) value ucq = 2.2;

2. Air density p in satellite model: uniform distribution between p,,;, = 2 - 1072 kg/m? and
Prmaz = 6 - 1071 kg /m3;

3. Earth gravitational constant 4 in satellite model: uniform distribution between fi,in /maz =
39.86004418 4 0.00000008 - 10'3 m?3/ s%;

4. Inertia vector Ig,¢ in filter model: normal distributions with standard deviation o7, for each
single component and mean (nominal) values Isay = [330, 280, 60] kg - m?;
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Figure 9. Angular velocity sensor fault: set of three diagnostic signals sensitive to f,,, and f.,, not sensitive
to fus-
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Figure 10. Estimate of the angular velocity sensor fault f.,,.

5. Aerodynamic displacement vector rc, in filter model: normal distributions with
standard deviation o, for each single component and mean (nominal) value rcp =
[0.10, 0.15, —0.35] m;

Remark 10. No uncertainties affecting the flywheel moments of inertia or reaction wheel friction
parameters have been considered in this analysis, since the flywheel moments can be easily and
accurately verified by means of laboratory tests during the satellite design phase, whilst any possible
variation or uncertainty of the friction parameters with respect to the nominal values has been
considered as actually due to mechanical actuator faults to be detected, isolated and estimated (e.g.
due to loss of lubrication, mechanical bearing damages, etc.). Moreover, the accurate knowledge of
the flywheel moment of inertia in the reaction wheel model allows to obtain accurate estimates of
the actuator and flywheel spin rate sensor faults exploiting the proposed adaptive observers.

For performance analysis of the proposed fault detection and isolation scheme, Sensitivity (Sens),
Specificity (Spec), and Accuracy (Accu) performance metrics are calculated as follows [26]:

TN+TP (69)

_ _ TP _ TN _
Sens = (TP+FN) Spec = (TP+FN) Accu = (TNTTP+FNIFP)

where true positive (7' P) represents the number of trials during which the fault is correctly detected
and isolated over the whole number of trials of each Monte—Carlo trials run (correct detection), true
negative (T'N) represents the number of trials which are correctly recognized as normal operating
conditions, false positive (£'P) denotes the number of trials during which actual faulty operating
conditions are incorrectly recognized as normal ones (missed detection or incorrect isolation), and
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false negative (F'N) represents to the number of actual normal conditions which are incorrectly
recognized as faulty ones (false alarm). In particular, the accuracy performance index is equal to
1.00 in the best situation (100% of correct fault isolations or rejections) and lower in case of some
missed isolations or false alarms.

Each table reports the FDI performance results regarding a specific actual fault condition, i.e.
actuator fault fyz, (Tables II and III), sensor fault f,, , , (Table IV) or fault—free condition (Table
V). Different standard deviation values have been implemented for the normal distributions of the
parameters. Moreover, the number of trials for each test configuration and the numbers of TP, TN,
FP and FN are reported along with the sensitivity, specificity and accuracy parameters.

For each performance index and counter, two different values are given in each table and uncertainty
condition: the first one regards the number of TP, TN, FP or FN and the resulting Sens, Spec
and Accu obtained taking into exam the diagnostic signals for the detection and isolation of a
hypothetical fault fjs,, the second one regards the signals taken into exam for the detection and
isolation of a hypothetical fault f,, ., ,.

Remark 11. The robustness analysis has been performed only for actuator faults fj;, (i=1,...,4) and
flywheel spin rate sensor faults f,, , . (G=1,...,4). In fact, it is worth noting that the models of the
adaptive observers exploited for the FDD of satellite angular velocity and attitude sensor faults fq i
(k=1,2) and f,,, (1=1....,3) are actually functions only of the state variables and no other uncertain or
time—varying parameters are involved. Therefore, these adaptive observers and the diagnosis of the
related faults are automatically robust to any parameter uncertainty.

As it can be seen from the Tables II-V, both in stationary attitude and manouvre conditions,
the proposed detection and isolation scheme results to be robust to several parameter uncertainties
also in case of quite high uncertainty standard deviations. In particular, since the aerodynamic
disturbance is analytically decoupled in the observer and filter models, the corresponding diagnostic
signals result to be completely independent from any uncertainty affecting the drag coefficient
and air density values. Moreover, the effect of the uncertainty affecting the gravitational constant,
with the considered bound limits based on realistic values related to the Earth gravitational field,
results to be actually negligible. The considered realistic and very narrow experimental bounds
of the gravitational parameter confirm the assumption of a gravitational disturbance model almost
perfectly known.

Finally, the proposed scheme results to be generally robust also to uncertainties affecting the
knowledge of the satellite moments of inertia and aerodynamic displacement vector rcp. Just in case
of actual actuator fault and in the manouvre condition, it can be seen that some missed detections
and isolations or false alarms can occur due to the presence uncertainty affecting the knowledge
of the satellite moments of inertia, mainly due to the modulation and amplification of the model
error related to the parametric uncertainty by the satellite angular velocity values associated to the
manoeuvre. In this situation, the uncertainty leads to a misleading recognition of the occurred fault
type on the basis of the obtained additional diagnostic signal £y given by the additional NLGA
residual filter.

Therefore, the accurate knowledge of the satellite moments of inertia results to be the most critical
aspect regarding the robustness and reliability of the proposed fault detection and isolation scheme
in case of actual actuator faults. However, it can be seen that the obtained isolation error consists
essentially in the wrong classification of the actual type of an occurring actual fault, due to the
structure of the exploited decision logic scheme. In the absence of any actuator or sensor fault, or
in case of flywheel spin rate sensor faults, the proposed scheme allows to obtain the correct fault
rejection or isolation even in case of manouvre and inertial parameter uncertainties.

8. CONCLUSION

This paper presented a novel practical scheme for diagnosis of actuator and sensor faults that
affect the attitude determination and control system (ADCS) of a low Earth orbit satellite. A
structural analysis was exploited to qualitatively assess the detectability and isolability of defects
in the ADCS. This analysis showed that partial hardware sensor redundancy is required in order
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Table II. Robustness analysis for the FDI of hypothetical faults fas,, fw,, . in case of actual fault fpy,
w.r.t. parametric uncertainties (percent standard deviations w.r.t. nominal values) without attitude change

manouvre.
Fmy ‘Trials‘TPj\lQ TNpro FPpro FNA[Q‘SQ”ZSAI2 Specpra ACCuNIz‘TPW2 TN, FP,2 FNWZ‘Senswg Specy2 Accugo
In 100 | 100 0 0 0 1.00 — 1.00 0 100 0 0 — 1.00 1.00
P 100 | 100 0 0 0 1.00 — 1.00 0 100 0 0 — 1.00 1.00
Cp:0=2%/]100 | 100 0 0 0 1.00 — 1.00 0 100 0 0 — 1.00 1.00
Cp:0=5%/]100| 100 0 0 0 1.00 — 1.00 0 100 0 0 — 1.00 1.00
Cp : o0 =10%| 100 | 100 0 0 0 1.00 — 1.00 0 100 0 0 — 1.00 1.00
rep o = 3% | 100 | 100 0 0 0 1.00 — 1.00 0 100 0 0 — 1.00 1.00
rep o =5% | 100 | 100 0 0 0 1.00 — 1.00 0 100 0 0 — 1.00 1.00
rep o = 10%| 100 | 100 0 0 0 1.00 — 1.00 0 100 0 0 — 1.00 1.00
Isat : 0 = 1%| 100 | 100 0 0 0 1.00 — 1.00 0 100 0 0 — 1.00 1.00
Isat : 0 = 2%| 100 | 100 0 0 0 1.00 — 1.00 0 100 0 0 — 1.00 1.00
Isat : 0 =5%| 100 | 100 0 0 0 1.00 — 1.00 0 100 0 0 — 1.00 1.00

Table III. Robustness analysis for the FDI of hypothetical faults fa,, fu,., ., in case of actual fault f7, w.r.t.
parametric uncertainties (percent standard deviations w.r.t. nominal values) with attitude change manouvre.

Iy ‘Tria\ls‘TPjuz TNpro FPpo FNMz‘SenSsz Specpro ACC’LL]VIQ‘TPWQ TN,2 FP,2 FNWQ‘Senswz Specyo Accuyo
Isat : 0 = 1%| 100 | 100 0 0 0 1.00 — 1.00 0 100 0 0 — 1.00 1.00
Isat : 0 = 2% 100 | 98 0 2 0 1.00 0.00 0.98 0 98 0 2 0.00 1.00 0.98
Isat : 0 = 5%| 100 | 56 0 44 0 1.00 0.00 0.56 0 56 0 44 0.00 1.00 0.56

Table IV. Robustness analysis for the FDI of hypothetical faults fr,, fw,., . in case of actual fault fo,.,, ,
w.r.t. parametric uncertainties, both with and without attitude change manouvre.

Fory 2 ‘Trials‘TPMQ TNpro FPpo FN]\/IQ‘SC”S]\/IQ Specpro AccuMg‘TPMQ TNy2 FP,a Fng‘Senswg Specya Accuya

“w 100 0 100 0 0 — 1.00 1.00 100 0 0 0 1.00 — 1.00

P 100 0 100 0 0 — 1.00 1.00 100 0 0 0 1.00 — 1.00
Cp :0=2%| 100 0 100 0 0 — 1.00 1.00 100 0 0 0 1.00 — 1.00
Cp :0=5%| 100 0 100 0 0 — 1.00 1.00 100 0 0 0 1.00 — 1.00
Cp : 0 =10%| 100 0 100 0 0 — 1.00 1.00 100 0 0 0 1.00 — 1.00
rep o = 3% | 100 0 100 0 0 — 1.00 1.00 100 0 0 0 1.00 — 1.00
rep o = 5% | 100 0 100 0 0 — 1.00 1.00 100 0 0 0 1.00 — 1.00
rep : o = 10%| 100 0 100 0 0 — 1.00 1.00 100 0 0 0 1.00 — 1.00
Isat : 0 = 1% | 100 0 100 0 0 — 1.00 1.00 100 0 0 0 1.00 — 1.00
Isat : 0 = 2% | 100 0 100 0 0 — 1.00 1.00 100 0 0 0 1.00 — 1.00
Isat : 0 = 5% | 100 0 100 0 0 — 1.00 1.00 100 0 0 0 1.00 — 1.00

Table V. Robustness analysis for the FDI of hypothetical faults fyr,, fu,, , in case of actual fault—free
condition w.r.t. parametric uncertainties, both with and without attitude change manouvre.

Fault-free  |Trials| T Ppro TNpr2 FPag FNyo|Sensyro Specpra Accupnra|TPya TNy2 FPy2 FNy2|Sensya Specwa Accugz

u [100] 0 100 0 0o | — 100 100 | O 100 0 0 | — 100 100

p 100 0 100 0 0 — 100 100 | 0O 100 0 0 — 100 100
Cp:io=2%[100] 0 100 0 0 — 100 100 | 0O 100 0 0 — 100 100
Cp:io=5%[100[ 0 100 0 0 — 100 100 | 0O 100 0 0 — 100 1.00
Cp:o=10%[100 0 100 0 0 — 100 100 | 0O 100 0 0 — 100 1.00
repio=3%|100] 0 100 0 0 — 100 100 | 0O 100 0 0 — 100 1.00
repio=5%|100] 0 100 0 0 — 100 100 | 0O 100 0 0 — 100 1.00
repio =10%100 0 100 0 0 — 100 100 | 0O 100 0 0 — 100 1.00
Iat:o=1%|100| 0 100 0 0 — 100 100 | 0O 100 0 0 — 100 1.00
Iat:o=2%|100] 0 100 0 0 — 1.00 100 | 0 100 0 0 — 100 1.00
Ieat:o=5%|100] 0 100 0 0 — 100 100 | 0O 100 0 0 — 100 1.00

to achieve complete isolation of all possible sensor faults. The proposed diagnosis algorithm
exploited fault estimates provided by adaptive observers as diagnostic signals, and a generalised
estimation filter design was obtained using an approach based on an augmented spacecraft.
Aerodynamic disturbance decoupling was achieved using the nonlinear geometric approach.
The use of adaptive fault estimation filters allowed to estimate generic fault functions without
needing any a-priori information about fault internal models. Simulation results served to assess the
effectiveness of the proposed diagnosis scheme and verified that the method is able to achieve quick
and correct fault detection and isolation and also provide accurate fault estimates. A robustness
and reliability analysis with respect to system parameter uncertainties and disturbances verified
very satisfactory performances of the proposed fault diagnosis scheme. Further developments
could concern the integration of the proposed scheme in an active fault-tolerant control system.
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