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Abstract

Modern control systems are becoming more and more complex and control algorithms more and
more sophisticated. Consequently, Fault Detection and Diagnosis (FDD) and Fault Tolerant Control
(FTC) have gained central importance over the past decades, due to the increasing requirements of
availability, cost efficiency, reliability and operating safety.

This thesis deals with the FDD and FTC problems in a spacecraft Attitude Determination and
Control System (ADCS). Firstly, the detailed nonlinear models of the spacecraft attitude dynamics
and kinematics are described, along with the dynamic models of the actuators and main external
disturbance sources. The considered ADCS is composed of an array of four redundant reaction
wheels. A set of sensors provides satellite angular velocity, attitude and flywheel spin rate
information. Then, general overviews of the Fault Detection and Isolation (FDI), Fault Estimation
(FE) and Fault Tolerant Control (FTC) problems are presented, and the design and implementation
of a novel diagnosis system is described. The system consists of a FDI module composed of
properly organized model-based residual filters, exploiting the available input and output
information for the detection and localization of an occurred fault. A proper fault mapping
procedure and the nonlinear geometric approach are exploited to design residual filters explicitly
decoupled from the external aerodynamic disturbance and sensitive to specific sets of faults. The
subsequent use of suitable adaptive FE algorithms, based on the exploitation of radial basis function
neural networks, allows to obtain accurate fault estimations.

Finally, this estimation is actively exploited in a FTC scheme to achieve a suitable fault
accommodation and guarantee the desired control performances. A standard sliding mode controller
is implemented for attitude stabilization and control. Several simulation results are given to
highlight the performances of the overall designed system in case of different types of faults
affecting the ADCS actuators and sensors.
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1 INTRODUCTION

This chapter introduces the central themes this thesis deals with. First, the general aspects of fault
diagnosis and fault tolerant control are introduced. Then, the main contributions and the
organization of this thesis are outlined.

1.1 Fault Diagnosis and Fault Tolerant Control

Modern control systems are becoming more and more complex and control algorithms more and
more sophisticated. Consequently, the requirements of availability, cost efficiency, reliability,
operating safety and environmental protection are of major importance, not only for safety-critical
systems, but also for many other advanced systems. For safety-critical systems, the consequences of
faults can be extremely serious in terms of human mortality, environmental impact and economic
loss. Therefore, there is a growing need for online supervision and fault diagnosis to increase the
reliability of such safety-critical systems. Early indications concerning which faults are developing
can help to avoid system breakdown, mission abortion and catastrophes. For systems which are not
safety-critical, online fault diagnosis techniques can be used to improve system and cost efficiency,
maintainability, availability and reliability.

Since the early days of the development of automatic supervisory control, very significant attention
to these safety and security issues were paid by academic researchers (Clark et al. 1975; Patton et
al. 1989). This is especially the case in aeronautics and astronautics, which have stringent
requirements on stability, performance and reliability. Heavy demands can be placed on an
automatic system to help to avoid repetition of tragedies and/or critical economic loss.

The causes leading to undesired system behaviours or unusual sensing behaviours are called faults,
which are conceptually defined as unpermitted deviations of at least one characteristic property or
parameter of the system from the acceptable/usual/standard operating conditions, as according to
Isermann and Ballé (1997). As a consequence of each fault occurring during operations, failure is
defined as the complete breakdown of a system component or function. It describes the situation
that the system no longer performs the required function (Isermann and Ballé 1997). Faults
occurring in actuators, sensors or other system components may lead to unsatisfactory performance
or, even worse, instability. The monitoring system takes the responsibility of detecting and
diagnosing unanticipated behaviours. This supervisory system is the so-called Fault Detection
Isolation/Diagnosis (FDI/FDD) system. FDI/FDD systems should not only provide alarms when a
malfunction occurs in the supervised system, but should also provide a classification and
identification of the erroneous behaviour occurring during the entire system operation. Moreover,
the FDI/FDD systems should provide information and reports to prevent further loss of system
function. Generally speaking, FDD goes slightly further than FDI by including the possibility of
estimating the effect of the fault and/or diagnosing the effect or severity of the fault. Hence, the
term FDD also covers the capability of isolating or locating a fault. Subsequently, the
operators/automatic control systems should be informed of the fault situations and proper actions
should be taken to avoid total system breakdown and catastrophe (Patton et al. 1989). Hence, a
reliable and affordable fault diagnosis system is very critical from safety and sustainability
perspective and plays a significantly important role in many applications (Chen and Patton 1999).
The traditional fault diagnosis approach localises the faults by making use of hardware redundancy
(all system components are replicated, including actuators, sensors, computers to measure and/or
control a particular variable). The location of a fault can be inferred using a majority voting scheme,
where three or more redundant lanes of system hardware are used to provide the same function.
However, the cost, complexity and volume of many modern system devices make the hardware
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redundancy approach much less applicable in terms of maintenance and operational costs, weight
restriction or even in terms of strictly regulated ecological requirements.

An alternative to the use of redundant hardware is to develop systems that have analytical
redundancy or functional redundancy based on the use of model-based information. Analytical
redundancy effectively transforms the hardware redundancy into realisable software estimation
problems. Redundant or additional/repeated estimates of the measured signals are used to derive
estimates of other variables of the system without the use of additional measurement sensors (Chen
and Patton 1999). The only required information for the model-based FDI/FDD approach is the
availability of a valid system model and the use of the measured inputs and outputs of the system
being monitored. However, in order to achieve reliability and robustness, special methods must be
used to ensure that the estimated variables are faithful replicas of the measured quantities. The
expected outcomes from the model-based FDI/FDD approach are multiple symptoms (residuals or
fault estimation signals) indicating the differences between nominal and faulty system status in a
timely manner.

Therefore, the increasing demands for system safety, reliability, maintainability and survivability in
many application fields, including aeronautics and aerospace, has motivated and accelerated the
development of different types of FDI/FDD approaches, and in particular several model-based
strategies (Gertler 1998; Chen and Patton 1999; Blanke et al. 2006; Simani et al. 2003; Edwards et
al. 2010; Isermann 2005, 2011; Ding 2013). In particular, the exploitation of model-based
approaches is often strongly necessary for aeronautical and aerospace applications, in particular due
to lack of space, cost and weight limitations in small aircrafts and spacecrafts, which make hard to
implement multiple hardware redundancies.

Additionally, these increasing demands from the supervised system for safety, reliability,
availability, maintainability, survivability and sustainability motives also to develop Fault Tolerant
Control (FTC) schemes with the capability of tolerating system malfunctions preventing loss of life,
mitigating against hazards, and avoiding economic loss, etc. FTC is also expected to maintain
desirable and robust performance and stability properties in the case of malfunctions in actuators,
sensors or other system components (Patton 1997a, 1997b; Blanke et al. 2006).

As a consequence, FDI/FDD information are certainly important in FTC, e.g. when the control
system is reconfigured only subsequently to the detection of an occurred fault. If the location, fault
onset time and severity of the fault are determined, from either an FDI residual signal or using
estimates of a fault, then appropriate action can be taken to switch or reconfigure the control system
either using on-line or off-line computed control laws corresponding to various potential fault
scenarios. When the FTC system makes use of fault information for reconfiguration this is known
as Active FTC (AFTC), whilst the alternative Passive FTC (PFTC) methods do not require fault
diagnosis information and are thus based mainly on robust control ideas (Patton 1997a, 1997b).
AFTC schemes are used to trigger specific control actions in real-time (based on fault information)
to prevent plant damage as a consequence of malfunctions and ensure system availability and
sustainability based on the use of redundancy (in either analytical or hardware forms). AFTC can
also be used to ensure that the control system performance is not degraded when there is a loss of
efficiency in closed-loop system components, i.e. corresponding to minor or incipient fault
conditions (Patton 1997a, 1997b).

Hence, in an AFTC mechanism, sufficient real-time fault information is required to accommodate
to the effects of faults by a reconfiguration mechanism. The AFTC performance is strongly affected
by the degree to which accurate fault information is available. Whilst residual-based FDI methods
can provide a high degree of fault information accuracy, a preferable approach is to use on-line
Fault Estimation (FE) signals that are designed to robustly reconstruct the time-variation of each
occurred fault. The reconfiguration scheme in this case may use the FE signal to compensate for the
fault in the closed-loop system. The more precisely the fault information is provided by on-line FE,
the more successfully the AFTC system performs (Patton 1997a, 1997b; Zhang and Jiang 2008).
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1.2 Thesis Contributions

In the context of aerospace applications, this thesis deals with the FDI, FDD and FTC problems for
a spacecraft attitude control application, in particular focusing on fault tolerant control and
diagnosis of possible faults affecting the actuators and sensors of an Attitude Determination and
Control System (ADCS) of a Low Earth Orbit (LEO) satellite. This dissertation aims to summarize
and extend the results previously shown in (Baldi et al. 2010a, 2010b, 2012, 2013, 2014b, 2015).
Differently from (Baldi et al. 2010a, 2010b, 2012, 2013, 2014b), this thesis extends the problem of
fault diagnosis also to sensor faults, in addition to actuator faults only.

A novel fault diagnosis and fault tolerant control scheme is developed for the detection, isolation,
estimation and accommodation of possible faults affecting the control torques provided by reaction
wheel actuators, flywheel spin rate measurements, attitude and angular velocity measurements
provided by the sensors of the satellite ADCS. The proposed diagnosis scheme is based on the
exploitation of a Fault Detection and Diagnosis (FDD) system which is composed of a Fault
detection and Isolation (FDI) module and a Fault Estimation (FE) module.

For simplicity, the overall ADCS can be considered to be composed by two parts: the Attitude
Control System (ACS), consisting of the actuators and their dedicated flywheel spin rate sensors,
and the Attitude Determination System (ADS), consisting of the satellite attitude and angular
velocity sensors.

In particular, the satellite ACS considered in this thesis is assumed to be composed of an array of
four (redundant) reaction wheel actuators generating reaction torques for attitude control on the
three axes of the satellite, and embedding also the actuator sensors measuring the flywheel spin
rates. The four reaction wheels are arranged in a tetrahedral configuration. In practice, this
configuration allows having an overall three-axis zero momentum bias even if the wheels run with a
momentum bias. Moreover, the presence of a fourth redundant actuator allows to maintain the
complete attitude controllability also in case of failure of one actuator. The overall ADCS is
completed by the ADS, which is assumed to be composed of two star sensors and three rate gyro
sensors for the determination of the spacecraft attitude and angular velocity, respectively.

The designed FDI module is composed of a set of scalar model-based residual generators, which are
organized in four independent banks of filters working in parallel, each of them specifically
dedicated to the detection and isolation of possible faults affecting specific sets of components of
the ADCS. The first two banks are specifically exploited for the detection and isolation of faults
occurred in the actuators and their actuator sensors, i.e. in the actuator subsystems of the ACS. The
other two banks are specifically exploited for the detection and isolation of faults occurred in the
attitude and angular velocity sensors of the spacecraft, i.e. in the ADS.

Moreover, considering the first couple of banks of residual filters for the detection and isolation of
faults in the actuators and their actuator sensors, the first bank, called Residual Bank n.1 (RB1), will
be referred from now on also as local. This is done because the designed local residual filters are
based on the dynamic equations of the actuators, and thus rely only on local measurements of the
spin rates of the actuator flywheels. Now, it is worth observing that the internal electrical models of
actuators and sensors have been neglected in this thesis, i.e. no fault diagnosis is performed using
local electrical measurements of current or voltage or other types of direct internal checks in the
supervised system components. Only sensor measurements, which are intended and exploited for
the overall attitude control purpose, are assumed to be available to the diagnosis system. The second
bank of residual filters, called Residual Bank n.2 (RB2), will be referred from now on also as
global. This is done because the designed global residual filters are based on both the dynamic and
kinematic equations of the spacecraft model and the dynamic equations of the actuators, and thus
rely also on global measurements of the spacecraft attitude and angular velocity in addition to the
local flywheel spin rate measurements. These global residual filters result to be explicitly decoupled
from the aerodynamic disturbance thanks to the application of the NonLinear Geometric Approach
(NLGA) formally developed by De Persis and Isidori (2000, 2001). Due to the aerodynamic
disturbance uncertainty in Low Earth Orbit satellites, this disturbance decoupling allows to obtain
better diagnosis performances. In fact, it is unnecessary to take account of the uncertainty of
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knowledge of the aerodynamic disturbance parameters in the selection of the residual thresholds,
allowing the detection of smaller faults, and hence subsequently achieving better control
performances. On the other hand, the design procedure of the local residual filters do not need to
exploit the NLGA for disturbance decoupling since the exploited actuator dynamic equations, do
not include exogenous disturbance uncertainties to be decoupled. The application of the NLGA is
immediate and straightforward.

The general procedure proposed by Mattone and De Luca (2006b) is used for modelling of the spin
rate sensor faults in order to obtain a new spacecraft nonlinear dynamic model, which is affine with
respect to both the actuator and sensor faults and suitable to the application of the NLGA.
Considering the second couple of banks, called Residual Bank n.3 (RB3) and Residual Bank n.4
(RB4) respectively, they are specifically exploited to detect and isolate faults occurred in the ADS,
i.e. in the satellite attitude and angular velocity sensors. The design procedure of these residual
filters again exploits the NLGA in order to obtain scalar residual filters sensitive only to possible
faults affecting specific sets of sensors for fault isolation purpose. However, also in this case, the
design procedure do not need to exploit the NLGA for disturbance decoupling since the exploited
kinematic equations of the spacecraft model do not include exogenous disturbance uncertainties to
be decoupled. The designed filters in these two banks are based on the same mathematical model
equations, but each of them is fed by the same set of angular velocity measurements and a different
attitude quaternion measurement vector provided by one of the two attitude sensors included in the
ADS. The exploitation of a double redundancy of the attitude sensors is required since, in general, it
would not be possible to distinguish between faults on an angular velocity sensor or attitude sensor
with only a single attitude measurement available.

The overall detection and isolation procedure for the considered actuator and sensor faults is carried
out by exploiting a cross-check of all the generated residuals, by means of a proper decision logic
and residual comparison scheme. In this context, the joint use the four banks of residual filters in
the FDI system allows riding over the limitations of each bank of residual filters for the detection
and isolation of faults in the supervised subsystems.

In fact, for example, a FDI module effectively exploiting only the designed local filters of RB1 is
not sufficient in order to guarantee the accurate detection and isolation of faults affecting the
flywheel spin rate sensors or attitude control actuators.

A FDI module exploiting only these local residual filters would be not able to discern if an occurred
fault is affecting the actuated control torque or the corresponding flywheel spin rate sensor of a
specific actuator subsystem (i.e. the system composed by the actuator itself and its corresponding
flywheel spin rate sensor). In fact, the designed local residual filters can only isolate the generic
faulty actuator subsystem, without specify which type of fault has occurred. The identification of
the fault type can be achieved only by exploiting also the global filters of RB2.

The overall FDD system is completed by a Fault Estimation (FE) module, which consists of a bank
of adaptive observers exploited to obtain accurate and quick fault estimates. This bank of adaptive
observers is based on a Radial Basis Function Neural Network (RBF-NN) (Buhmann 2003; Wang
et al. 2011; Baldi et al. 2013, 20144, 2015; Castaldi et al. 2014). The on-line learning capability of
the Radial Basis Function Neural Network allows obtaining accurate adaptive estimates of the
occurred faults. Moreover, the use of a Radial Basis Function Neural Network allows designing
generalized fault estimation adaptive observers which do not need any a priori information about
the fault internal model. The outputs of the fault estimation module (i.e. the fault estimates) are
enabled once a fault is correctly detected and isolated by the previously designed FDI module.
However, it is worth noting that all the fault estimation adaptive observers are active from the
beginning of the simulation, and only the output of a specific estimation filter is enabled once a
fault has been detected and correctly isolated, with the assumption of a single fault occurring at a
time. In this way, no inconsistent fault estimates are provided by the FDD system.

Finally, an Active Fault Tolerant Control (AFTC) system is realized by implementing a fault
tolerant strategy, based on the information from the FDI/FDD system.

In case of actuator faults, a fault accommodation scheme is exploited for soft faults, when the faulty
actuator is yet operative but with a degraded performance, by exploiting the fault estimation
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information from the FE module. On the contrary, a control reconfiguration scheme is used in case
of hard actuator faults (i.e. total actuator failures), by excluding the effects of the faulted actuator in
the system by exploiting the actuator redundancy and using the control inputs of the other actuators
appropriately to maintain the complete attitude controllability. In this way, a Fault Detection,
Isolation and Recovery (FDIR) scheme is realized, without directly exploiting any fault estimation
information from the FE module. In case of sensor faults, a fault accommodation scheme is used by
directly exploiting the fault estimation information from the FE module.

The performances of the proposed fault diagnosis and fault tolerant control strategies have been
evaluated when applied to a detailed nonlinear spacecraft attitude model taking account also of
measurement noise, and exogenous disturbance signals. In particular, these exogenous disturbance
terms are represented by aerodynamic and gravitational disturbances. However, as the gravitational
disturbance model is almost perfectly known, the FDI robustness is achieved by exploiting an
explicit disturbance decoupling method, based on the NLGA, applied only to the aerodynamic force
term. This term represents the main source of uncertainty in the satellite dynamic model, mainly
due to the lack of knowledge of the accurate values of air density and satellite drag coefficient.

The quick and accurate detection, isolation and estimation of faults affecting both the attitude
control actuators, the flywheel spin rate sensors and attitude and angular velocity sensors of the
spacecraft results to be a key point in order to guarantee the desired attitude control performances
through the subsequent fault accommodation in the proposed AFTC schemes. Several simulation
results are given for different fault scenarios for both the actuators and sensors. The obtained results
highlight that the proposed diagnosis scheme can deal with the most significant, generic types of
faults.

1.3 Thesis Outline

The thesis is organised as follows. Chapter 2 provides a description of the nonlinear dynamic and
kinematic models of a rigid spacecraft and of the considered external disturbance models. A
description of the main reference frames and notations for attitude representation is also provided,
and the actuators and sensors implemented in the considered spacecraft ADCS are described.
Chapter 3 provides an overview of the FDI problem, together with the general description of the
residual generation method and fault detection and isolation scheme. The sensor and actuator fault
modelling method and NLGA for affine nonlinear systems, which are exploited for disturbance
decoupling and fault detection, isolation and estimation, are illustrated.

Chapter 4 illustrates the design and practical implementation of a complete FDI system for the
spacecraft ADCS, consisting in four banks of residual generators decoupled from the external
aerodynamic disturbance torque acting on the satellite, designed by exploiting the NLGA and the
used fault modelling method. Moreover, the fault detection and isolation procedure, based on the
cross-check of the provided diagnostic signals, is described along with the corresponding decision
logic. Simulation results for FDI are given in case of sensor and actuator fault occurrence. It is
highlighted how different types of faults can be accurately and promptly detected and isolated.
Chapter 5 provides an overview of the FDD problem, together with a general description of the
design method of the adaptive fault estimation filters for sensor and actuator faults. A description of
the RBF-NN exploited by the estimation filters is also provided, along with the corresponding
adaptive laws of the neural network output layer weights.

Chapter 6 illustrates the design and practical implementation of the fault estimation filters of a
complete FDD system for the considered spacecraft ADCS. The design of adaptive fault estimation
filters based on the NLGA and RBF-NN and decoupled from the external aerodynamic disturbance
torque is illustrated. Simulation results for FDD are given in case of sensor and actuator fault
occurrence. It is highlighted how different types of faults can be accurately and promptly estimated.
Chapter 7 provides an overview of the FTC problem, together with a general description of the
different fault tolerant control approaches exploited in this thesis in case of fault occurrence.
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Chapter 8 illustrates the practical implementation of different FTC schemes in the considered
spacecraft ADCS. The implementation of a SMC is illustrated. Although this control method results
to be in general robust to model uncertainties, external disturbances and even faults on the control
inputs, essentially consisting in a PFTC in these cases, the exploitation of AFTC approaches allows
to obtain better performances during transient phases and in case of sensor faults. Simulation results
for FTC are given in case of sensor and actuator fault occurrence, in order to highlight the system
capability to recover from faults and/or enhance its performances. Finally, concluding remarks are
drawn in Chapter 9.



2 SPACECRAFT ATTITUDE DYNAMICS

In general, the way that a spacecraft moves is described using orbit dynamics, which determines the
position of the body along the orbital path, as well as attitude dynamics, which determines its
orientation. In particular, since this thesis deals with the diagnosis of faults affecting the Attitude
Determination and Control System (ADCS) of a spacecraft, this chapter focuses exclusively on the
equations describing the attitude dynamics and kinematics of a rigid body. Attitude dynamics
describes the orientation of a body in an orbit and can be explained using rotations. In addition,
frames of reference and attitude rotations are discussed, along with environmental disturbance
torques. This chapter concludes with information on the attitude determination and control system
considered in the performed simulations.

2.1 Reference Frames

When examining attitude dynamics, it is important to describe the reference frames being used to
give a basis for the rotations. Three main reference frames, or coordinate systems, are used in this

thesis to describe the orientation, or attitude, of a spacecraft in orbit. These are F,, F, and F,, the

inertial, orbital, and body reference frames respectively (Wertz 1978; Wertz and Larson 1999). The
formal definitions of these coordinate systems are given in the following subsections.

2.1.1 Inertial Reference Frame F,

The inertial reference frame is a fixed non-spinning frame that is commonly used for attitude
applications. Usually, the x. direction points from the focus of the orbit to the vernal equinox P,
the z, direction is in the orbital angular velocity direction, and vy, is perpendicular to x, and z,.

Vernal equinox is the point where the ecliptic crosses the Earth equator going from South to North
on the first day of spring (i.e. the line from Earth's origin through the Sun on the first day of spring).
Since a circular and equatorial Low Earth Orbit (LEO) is considered in this thesis, an Earth-Centred
Inertial (ECI) coordinate system is used, in particular the geocentric equatorial coordinate system,
which is a right-handed orthogonal coordinate system with origin located in the centre of the Earth,
as shown in Fig. 2.1. In this reference frame, the z, axis points through the geographic North Pole,

or the axis of rotation of the Earth. The X, axis is in the direction of the vernal equinox <, and the

y; direction is right-handed orthogonal. The Earth rotates with respect to the ECI coordinate

system. It is common to use the geocentric equatorial coordinate system as the inertial reference
frame for spacecraft control. The inertial frame is used as the reference to measure the attitude of
the satellite with respect to the fixed stars.

X; -axis pointing in the vernal equinox direction;
Z,-axis pointing upwards from the origin through the geographical North Pole;
y; -axis completing the right hand system.
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vernal equinox direction, T

Figure 2.1 - Earth-centred inertial reference frame.

2.1.2 Orbital Reference Frame F,

The orbital reference frame is a right-handed orthogonal coordinate system with origin located at
the centre of mass of the spacecraft, and the motion of the frame depends on the current position of
the satellite in orbit. In this thesis, the satellite is assumed to move along an equatorial and circular
orbit. The orbital reference frame is also referred to as Local Vertical Local Horizontal (LVLH)
frame. This reference frame is non-inertial because of orbital acceleration and the rotation of the

frame with respect to the ECI reference frame. The z, axis of the orbital frame is in the direction
from the spacecraft to the Earth centre (nadir pointing), y, is the direction opposite to the normal of
the orbital plane, and X, is perpendicular to y, and z,. Fig. 2.2 shows how the LVLH orbital frame
is generally defined. In circular orbits, x, corresponds to the direction of the spacecraft velocity
along the orbital path. The three directions x,, y,, and z, are also known as the roll, pitch, and yaw

axes, respectively. The local orbital frame is used as the instantaneous reference to express the
attitude of the satellite with respect to the Earth.

X, -axis pointing in the direction of motion, tangential to the orbit;
Z, -axis pointing to the centre of the Earth (nadir;
y, -axis completing the right-hand system.

Figure 2.2 - Local Vertical Local Horizontal (LVLH) orbital reference frame.

2.1.3 Body Reference Frame F,

Similarly to the orbital reference frame, the body reference frame has its origin at the centre of mass
of the spacecraft. This right-handed orthogonal frame is fixed in the rotating body, and therefore is
non-inertial. The relative orientation between the inertial or orbital frame and the body frame is the
basis of attitude dynamics and control. The body reference frame is assumed to be aligned with the
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orbital reference frame in the nadir pointing condition of the satellite. Measurements taken by
instruments on-board the satellite are often taken with respect to the body frame. Fig. 2.3 shows a
comparison of the inertial, orbital and body frames.

X, -axis pointing from the back to the front;
z, -axis pointing from the top to the bottom;
y, -axis completing the right hand system.

b

Yo

T3

Figure 2.3 - Earth centred inertial, orbital and body reference frames.

2.1.4 Principal Axis of Inertia

Principal axes are a specific case of body-fixed reference frame. This right-handed orthogonal
coordinate system has its origin at the centre of mass of the spacecraft, and it is oriented such that
the moment of inertia tensor of the spacecraft is diagonal, whose nonzero elements are known as the
principal moments of inertia. In particular, this is the body-fixed coordinate system actually
exploited in this thesis for the description of the spacecraft attitude dynamics.

2.2 Attitude Representations

In aerospace applications, the term attitude refers to the orientation of a body-fixed orthogonal
coordinate system with respect to another reference frame. The rotation matrix, Euler angles and
quaternions are three different ways to represent the spacecraft attitude (Kaplan 1976; Wertz 1978;
Hughes 1986; Sidi 1997; Egeland and Gravdahl 2002; Tewari 2007; Wie 2008).

It is worth noting that the attitude can be described mathematically with a minimum of three
independent parameters for a rigid body. However, the usage of only three parameters may result in
singularities. Hence, depending on the applications, parameterizations with more than three
elements are also considered. However, even if the number of parameters are more than three, the
number of independent parameters are still three in all the representations, others being related
through constraint equation. The following Tab. 2.1 offers a comparison of Euler angles,
quaternions and rotation matrix, which are the primarily used attitude representations, along with
the their main advantages and disadvantages. Other representations exist, apart from the ones listed
below, such as Euler axis-angle, Gibbs vector and Rodriguez parameters.
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Notation Advantages Disadvantages
. . . . No singularities, ease of
Direction Cosine Matrix . .
(DCM) R considering successive |6 redundant parameters
rotations
No singularities, ease of
Quaternion §=[01,92,93,94]" considering successive | 1 redundant parameter
rotations
No redundant . .
Euler angles 0=[¢,0 l_IJ]T parameters, physical Singularities,
g sl ) iy trigonometric functions
interpretation

Table 2.1 - Comparison of attitude representations.

The three attitude representations listed above are related to each other. Proper equations relating
the three different parameterizations and detailed comparisons can be found in Kaplan (1976),
Wertz (1978), Hughes (1986), Sidi (1997), Egeland and Gravdahl (2002), Tewari (2007) and Wie
(2008).

2.2.1 Rotation Matrix

The rotation matrix, also referred to as Direction Cosine Matrix (DCM), is a non-minimal
description of the rigid body's orientation with only three degrees of freedom. The rotation matrix
can be interpreted in three different ways: as a coordinate transformation matrix mapping a vector
represented in one coordinate frame to another frame, as a rotation of a vector within the same
frame and finally as a description of the mutual orientation between two frames. Hence, the attitude
of a rigid body with respect to a reference frame can be described by a matrix R representing the
relative orientation between the two frames (Kaplan 1976; Wertz 1978; Hughes 1986; Sidi 1997,
Egeland and Gravdahl 2002; Tewari 2007; Wie 2008).

The generic direction cosine matrix R® is a transformation matrix which is composed of the
direction cosine values between the initial coordinate system F, and the target coordinate system
F,, and describes the rotation from F, to F, . Considering the base vectors of F, given by the unit
vectors X,, Y,, Z, and the base vectors of F, given by the unit vectors X, y,, Z,, the direction
cosine matrix is defined as

cos<x(X,,%X,) cos<x(Y, %X,) cos<x(Z,, %) oo % Yo% Z,-%

R, =|cos«x(%,,¥,) cos<x(Y,,¥,) C0S<(Z, Vo) [=| %V VoV Za-Vo
cos«x(X,,Z,) cos<«(Y,,Z,) cos<x(Z,,Z) .02, YV,-Z, Z,-7,

This rotation matrix is an element in a special orthogonal group of order three SO(3) :
ReSO@3), SOB)={R|RecR*,R isorthogonal and det(R) =1}
This means that rotation matrices have some useful properties:

R=R'=R’
RR"=R'R=1,
det(R) =1

Since the dynamic model of the spacecraft incorporates several different coordinate frames, a way
to convert a vector from one frame to another is needed. Exploiting the rotation matrix, the
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relationships between vectors expressed in different reference frames are given by the coordinate
transformations

Vb = Rgva
a b\T
Vo= Rbe = (Ra) Vi

where R? is the rotation matrix describing the relative orientation of the generic frame F, with
respect to the reference frame F,, RZ =(R?)" is the corresponding inverse transformation, v, is a

vector expressed in F,, and v, is the same vector expressed in F; .

When creating the rotation matrix using Euler angles, described in the next subsection, it is possible
to combine principal rotations. Each of these principal rotations represents a transformation of a
coordinate system about one of its basis vectors with a generic rotation angle. These
transformations are described by the following three elementary rotation matrices:

10 0 |
R,(#)=|0 cos¢ sing (2.1)

|0 —sing cosg |

[cosd 0 —sind]
R,@= 0 1 0 (2.2)

'sind 0 cos@ |

cosy siny 0
R,(w)=|-siny cosy O (2.3)

0 0 1

where the subscriptions X, y and z denotes the axis of the coordinate system the rotation angles ¢, 6
and y revolves about, respectively.

A generic coordinate transformation matrix can be built from the composition of two or more
consecutive rotations. In case of three consecutive rotations, for example, it can be defined as

R! =R!R'R? (2.4)

where the matrices R2, RS and R! represent three consecutive rotations and R¢ is the overall
coordinate transformation matrix to pass from the generic coordinate system F, to the coordinate
system F,. It is worth noting that the coordinate transformation matrix corresponding to a set of

consecutive rotations about moving axes is obtained by pre-multiplying the different single rotation
matrices, thus multiplying the elementary rotation matrices in Eq. (2.4) in the opposite order in
which the rotations take place.

Two notations commonly used to describe these coordinate transformations and parameterize the
corresponding rotation matrices are the Euler angles and unit quaternion, as it will be shown in the
following.
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2.2.2 Euler Angles

The Euler angles ®=[¢ 0 W]T, also referred to as the roll, pitch and yaw angles respectively,

are commonly used to describe the motion of rigid bodies that moves freely, like spacecrafts
(Kaplan 1976; Wertz 1978; Hughes 1986; Sidi 1997; Egeland and Gravdahl 2002; Tewari 2007;
Wie 2008).

As already stated, the spacecraft attitude can be described by the rotation between the body-fixed
reference frame and another reference frame. Since in this thesis a LEO Earth-pointing satellite is
considered, it is convenient to define the satellite attitude as the rotation between the body-fixed
reference frame and the orbital reference frame. On the contrary, for a satellite pointing a generic
star of sky portion, it could be more convenient to define the satellite attitude with respect to the
inertial frame.

The rotation from the orbital reference frame to the body-fixed reference frame can be considered
as a composite rotation, consisting for example of the following three elementary rotations,
corresponding to Egs. (2.1), (2.2) and (2.3), in the indicated order:

1. arotation about the X, -axis with roll angle ¢ (Eq. (2.1));
2. arotation about the current (rotated) y -axis with pitch angle & (Eg. (2.2));
3. arotation about the current (rotated) z -axis with yaw angle y (Eqg. (2.3)).

This sequence is called X-Y-Z rotation axis sequence. Twelve different orders and combinations of
the elementary rotations of Egs. (2.1), (2.2) and (2.3) can be considered to represent the attitude of a
spacecraft. The resulting orthogonal transformation matrix for the rotation sequence considered
above becomes

R =R,WR,(OR (A =[i0 i k] (2.5)
with R, (#), R,(0) and R,(w) given by Egs. (2.1), (2.2) and (2.3) respectively, which yields

COSy COSH  siny COS¢@+CoSy Sin@sing  siny sin ¢ —Ccosy Sin 6cos ¢
R2(®) =| —sinycosé cosy cosg—sinysindsing cosysing+sinysindcosg| (2.6)
sin@ —cosésing cosdcos ¢

This matrix is also used for vector transformations from the orbital reference frame to the body-
fixed reference frame. Considering the inverse rotation from the body-fixed reference frame to the
orbital reference frame, the resulting coordinate transformation matrix becomes

R; =(R))" =(R;)" =R (AR} (OR; (v) (2.7)
which yields

Cosy cosd —siny cosd sing
Ry (®) =| siny cos¢g+cosysingdsing cosy cosg—sinysingdsing —cososin ¢ (2.8)
sinysing—cosy Sin@cos¢ cosy Sing+sinysin@cos¢  cosdcos @

In the same way, two coordinate transformation matrices R?(®) and R} (®) can be defined, by
considering the body-fixed and inertial coordinate systems as reference frames. In the following, to
avoid misunderstandings, the subscripted Euler angles ©,=[g 6, 1//O]T will represent the
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spacecraft attitude with respect to the orbital reference frame, whereas the subscripted Euler angles
0 = [(,15, 6 v, ]T will represent the spacecraft attitude with respect to the inertial reference frame.

I I
The Euler angles represent an intuitive representation for the attitude of an object in a three-
dimensional space. However, using Euler angles to describe the attitude kinematic may result in

singularities for G:i%, corresponding to the rotation matrix in Eq. (2.6) being singular (Kaplan

1976; Wertz 1978; Hughes 1986; Sidi 1997; Egeland and Gravdahl 2002; Tewari 2007; Wie 2008).
This singularity can be also shifted to different angles by changing the combination of elementary
rotations, but the problem is always present in the mathematical description of the attitude and
kinematics by using Euler angles. However, alternative notations, like the quaternions, can be used
to avoid singularities. In fact, introducing a fourth parameter to represent the attitude can solve the
problem. In this thesis, Euler angles will be used in the simulations only to best visualize the
behaviour of the satellite and performance of the designed systems, due to their physical meanings.

2.2.3 Unit Quaternion

An alternative way to parameterize SO(3) and describe the spacecraft attitude is through the use of
quaternions. When the quaternion is expressed in a normalized form, i.e. with a unit quaternion, it is
also referred to as Euler parameters (Kaplan 1976; Wertz 1978; Hughes 1986; Sidi 1997; Egeland
and Gravdahl 2002; Tewari 2007; Wie 2008).

Unit quaternion provides a singularity-free representation of attitude kinematic, but the physical
meaning of the quaternion is obscure and not as intuitive as Euler rotation angles. Moreover,
quaternions provide a convenient product rule for successive rotations and a simple form of
kinematic. Hence, this thesis exploits a unit quaternion notation to describe the spacecraft attitude
dynamics and kinematics and to design the FDI and FDD systems. The construction of the unit
quaternion arises from the observation that the rotation of coordinate systems can be uniquely

described by a unit vector e :[e1 e, e?,]T giving an fixed axis of rotation as well as its sense, and
an angle of rotation ¢. The unit quaternion @ has four parameters defined as

_esin?
0, =¢sin 5
a, :ezsing
) (2.9)
0 =e35inE
—cos?
. _cos2

with unitary norm. Hence, the quaternion set @ is a vector of four parameters [q1 d, 0, q4]T
defined as

q:iq1+jq2+kq3+q4

where i, j and k are hyper imaginary numbers satisfying the conditions
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I2212:k2:—1
ij=—jJi=Kk
jk=-kj =i
ki=—ik =]

The overall quaternion vector § can also be decomposed in a vector part, q =[ql g, q3]T eR’
and a scalar part g, € R. Thus the quaternion may be written as

%

— 1% q

g=| 2|= (2.10)
o e
Ay

The conjugate Q" of the attitude unit quaternion Q, corresponding to the inverse rotation, is defined
as
— |
Qs

0] =39 =2 + 2 + Q2 +q2 =1

The norm of quaternion @ is defined as

Now, it is convenient to introduce the matrix notation for the vector cross product for two generic
vectors, which is defined by uxv=_S(u)v, where S(u) is a vector skew-symmetric matrix defined

as

0 -u, wu,
SU)=-S(-u)=-S"(u)=| u; 0 -y
-u, u O

with the following properties:

ST (x)=-S"(x)

(S*(x))" = S*(x)
ST(X)y =xxy

S(X)y =-S(y)x

Hence, defined the skew-symmetric matrix S(q) as

0 -q, o,
S(M={g, 0 -q
-0, ¢ O
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the quaternion multiplication p®q of two unit quaternions p and G is defined as
S
Ep@q:{mqwmi(mq} 2.11)

P4, —P g

where also the resulting T is a unit quaternion and the multiplication is not a commutative
operation. If p describes a first rotation and § a second one, then T describes the overall rotation.

As a consequence, the attitude difference/error of the unit quaternion @ with respect to p can be
defined as

o [ PO-ap- S(p)q}
d.=P ®Q={ (2.12)
P,g, +P'd
The coordinate transformation matrix in terms of the quaternion is defined as
R(@)=(a, —g'a)l;+299" —20,5(q) (2.13)

Therefore, the coordinate transformation matrix R®(q) from the orbital reference frame to the
body-fixed reference frame is defined as

0 —0;—0s +0;  2(0,0, +0,0,) 2(0,0; — 0,9,
Ri@=[ic j° k']=| 2(q0,-q0) -02+@-2+0> 2(q,0,+aq,) | (214)
2(00; +0,0,)  2(0,0,—%0,)  —0 —C +0; +0;

where i, j° and k° are the direction cosines (unit vectors) of the axes of the orbital frame
projected on the coordinates of the body frame and parameterized by the quaternion G. This is the
contrary rotation of the one defined by the attitude matrix R;(Q), and it is used for vector
transformations. Since the rotation matrices are orthogonal, it results that

R (@) =(RX@)" =(Re(@))™
RY@)(Ry(@)" =(Ry@))" Ry(@) =1,

Therefore, this gives that the coordinate transformation matrix R{(Q) from the body-fixed
reference frame to the orbital reference frame is defined as

i 0 —0;—0s +0;  2(0,0,—0,0,) 2(0,0; +9,0,)
R@=[ic j¢ k] =| 2(q0,+%0a) -G+a?-a2+a? 2(0,0,-9q,) | (2.15)
20,0, —0,0,)  2(0,0,+00,)  —O —0; +G5 +0;

where i), j, and k; are the direction cosines (unit vectors) of the axes of the body frame projected
on the coordinates of the orbital frame and parameterized by the attitude quaternion q. This matrix

describes the attitude of the satellite with respect to the orbital reference frame. Moreover,
considering the definition of R(Q) in Eq. (2.13), it results that

R(@)=R(-0)
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Hence, the same attitude can be described by two quaternions g and —q, the first one given when
the angle of rotation is ¢, the latter for the angle 27 +¢. This implies that the unit quaternion
inherently possesses a sign ambiguity. Considering the definition of Eq. (2.12) of the error unit
quaternion, this ambiguity leads to having two choices, the attitude error of § with respect to p and
the error of @ with respect to —p, where one exhibits a geodesic rotation error (p* ®@) while the
other a non-geodesic rotation error (—p° ®7Q).

Finally, quaternions provide simple methods for calculation of successive rotations. Let the
quaternion G describing the rotation of the reference frame F, in the reference frame F, and the

quaternion g; describing the rotation of the reference frame F, in the reference frame F, be given.

Then, the product quaternion in Eq. (2.11) provides an elegant method for calculation of the total
transformation from the frame F, to the frame F,:

where
q4 _qs qz ql
- qs q4 _ql qz
Q =
(q) _qz q1 q4 qs
-4 0, 04 q,

In addition, § can also be expressed in terms of R(Q) as

G R23 - Rsz

= =— | R, —
q a, 4 0 31 R13
q3 R12 - R21

d, =i%~/1+tr(R)

The algorithm to transform a set of attitude parameters from Euler angles to unit quaternion, or
from unit quaternion to Euler angles can be found in (Kaplan 1976; Wertz 1978; Hughes 1986; Sidi
1997), exploiting the fact that R(®)=R(q) to derive the conversion relations, where R are the

rotation matrices previously defined.

Again, to avoid misunderstandings, the subscripted quaternion vector J, =[qu0 Go Ui q4yO]T
will represent the spacecraft attitude with respect to the orbital reference frame, whereas the
subscripted quaternion vector q :[qlvi Ohi G s :|T will represent the spacecraft attitude with
respect to the inertial reference frame.

2.3 Angular Velocity

The angular velocity o is used to investigate the angular displacements that occur over time.
Angular velocity is dependent on the frame of reference, and is expressed in this thesis with the

notation ®;,, which defines the rotation rate of the frame F, with respect to F, as seen by F,.
Angular velocities add, but only when they are in the same reference frame. For example, the



2 SPACECRAFT ATTITUDE DYNAMICS 17

following relation between the relative angular velocities of the body-fixed, orbital and inertial
reference frames is valid:

o) =0’ + o (2.16)

where the resulting angular velocity is seen by the body frame, and o), ., and o are the

angular velocity vectors of the satellite from body to inertial frame, from body to orbital frame and
from orbit to inertial frame as seen in the body-fixed reference frame, respectively.

When the angular velocities are expressed in different reference frames, however, it is necessary to
perform transformations. For example, this is evident in the relation

o, =R’0}, +Rlo, =0, +R o’ (2.17)

ol ol ovio

where the resulting angular velocity is seen by the body frame, and ®°,, ®, and ®° are the

angular velocity vectors of the satellite from body to orbital frame as seen in the orbital frame, from
orbit to inertial frame as seen in the inertial frame and from orbit to inertial frame as seen in the
orbital frame. Hence, considering the second part of Eq. (2.17), the following angular velocity
vectors can be defined:

@y ; a)x,o 0
b _ b _ o __
0, =| Oy Oy, =| Oy W, =| —@, (2.18)
@, ; wz,o 0

where @, is the angular velocity of the spacecraft orbit, and for a circular equatorial orbit is
assumed constant and calculated from relation

ot =—r =t (2.19)

where R is the orbit radius (i.e. the distance from the centre of the Earth to the satellite's centre of
gravity), which is constant for a circular orbit, G is Newton's specific gravity constant, M is the

Earth mass and z=3.986-10" m®/s® is the Earth's gravitational coefficient.

2.4 Equations of Motion

The mathematical model of a satellite is described by nonlinear dynamic and kinematic differential
equations of motion (Kaplan 1976; Wertz 1978; Hughes 1986; Sidi 1997; Egeland and Gravdahl
2002; Tewari 2007; Wie 2008). The dynamics relates torques acting on the satellite to the satellite
angular velocity in the inertial reference frame. The kinematics provides integration of the angular

velocity o, between the inertial and body-fixed reference frames, as seen in the body reference
frame. The attitude is parameterized by four components of the quaternion
(o} =[qui Gpi O s :|T describing the rotation of the body-fixed frame in the inertial reference
frame.

2.4.1 Spacecraft Inertia Matrix

The inertia matrix of the satellite is a constant real symmetric matrix given by
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Ixx _Ixy _Ixz

o=, 1, -l (2.20)

vy
el

If the physical body has a mass symmetrically distributed about its axes, or assumed to be
symmetrically distributed, the inertia matrix becomes diagonal:

l, 0 0
I,=|0 1, O (2.21)
0 0 1,

where 1, 1, and |, in Egs. (2.20) and (2.21) are the moment of inertia about the body axes X,,
Yy, and z,, and they are calculated by

L= (y*+2°)dm
l, = jm(x2 +2%)dm

L, = (¢ +y*)dm
whereas the inertia products in Eq. (2.20) are defined as

Ly =1x =Imxydm

Ixzzlzxzjmxzdm

I, =1, :_[myzdm
The integrations are performed over the total mass of the body and X, y and z represent the

components of the position vector of each particle of mass dm with respect to the centre of mass of
the body. The terms I,,, 1, and 1, are called principal moments of inertia when the matrix is

diagonal, i.e. if the mass distribution is symmetric with respect to the (principal) axes of the body.
The moments of inertia of a body about particular axes are measures of the distribution of the mass
about those axes, and thus more they are small more the mass is concentrated.

2.4.2 Dynamic Equations of Motion

Some assumptions are made for the dynamic modelling of the satellite. For example, the satellite is
assumed to act as a rigid body and behave as a point mass model for orbital dynamics. The
dynamics of the satellite can be derived by using a Newton-Euler formulation for the rigid body
(Kaplan 1976; Wertz 1978; Hughes 1986; Sidi 1997; Egeland and Gravdahl 2002; Tewari 2007,
Wie 2008), where the equations of motion are derived from the definition of angular momentum
h=1w. The overall angular momentum of a spacecraft changes according to the applied torques.
This leads to the following model expressed in the body frame:

. b b by _ b
| @y + oy x (T o) =T,

sat tot

(2.22)

With a simpler notation, equation (2.22) becomes
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d):)b +3S ((’)Iiob )Isat('o:)b = T;%t (2.23)

I sat

where the cross product is written as a matrix operation using the skew-symmetric matrix

0 —w,; O,
S(('oibb) =| Wy 0 -,
_wy,i @, ; 0

The term T, represents the total torques about the mass centre of the spacecraft. Eq. (2.22)
represents the Euler equation of moment. Differentiating the Eq. (2.17) gives

@}, = @y, —S(0 )R, (2.24)
and
d)gb = (bibb + S(‘”Eb)Rg(’)i% (2.25)
using the skew-symmetric matrix
0 —w,, O,
S(mgb) = a)z,o 0 _a)x,o
-0, O, 0

Considering the variation of total angular moment of the body as the sum of control torques T:

ctrl

allocated to control the satellite and external disturbance torques T.

o acting on the satellite, Eq.
(2.23) can be written as

Isato'):)b = _S (O)?b)lsatm?b + Tck;rl + Tek;(t (226)

where the total torque about the mass centre is broken up into two distinct terms:

T =To, + T (2.27)
Solving the Eq. (2.26) for @}, leads to
(et T )
o, =-15S(op)1,0p + 15 (To, +T.,) = —w 0,0, + w (2.28)
yy yy
_ (|ny; ) o0, + (Tctt)rI,BI—:ZTegtB)

when principal body axes are considered. These equations are known as Euler's equations of motion
for the rigid body.
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2.4.3 Kinematic Equations of Motion

The kinematics of the spacecraft is derived by integrating the angular velocity of the satellite. It is
used to describe the orientation of the satellite body frame with respect to another reference frame
(Kaplan 1976; Wertz 1978; Hughes 1986; Sidi 1997; Egeland and Gravdahl 2002; Tewari 2007;
Wie 2008). The kinematic differential equation between the spacecraft angular velocity and the unit
quaternion exploited in this dissertation are given by

q4,i _q3,i qz,i ..
= qi _ 1| O O —Chi ! _ 1 q4,i|3 +S(qi) b
a = =5 Oy |=5 T ib
q4,i 2 _qz,i ql,i q4,i . 2 —q;
_ql,i _qz,i _Q3,i -

or, with an alternative and more compact notation by defining the skew symmetric matrix Q(w),
as

G {m%mm&)@ 229
with
0 o, o, O
b -0, 0 o, o
Qo) = - 0 o,
—w,; 0, -, 0

or, in an explicit way, as

1
G, = E(a)x,iq4,i -0, + @,i0,;)

1
O, = E(a)x,iqS,i +,;q,; - a)z,iql,i)
(2.30)

1
Osi = 2 (_a)x,iqz,i +o,;0; + a)z,iq4,i)

1
0 = E(_wx,iql,i —0,;0,; — wz,iqs,i)

In particular, in Eq. (2.29) there are described the kinematic relations between the spacecraft
angular velocity of the body-fixed frame with respect the inertial reference frame, expressed in the
body frame, and the unit quaternion representing the body attitude with respect to the inertial
reference frame, expressed in the body frame.

In a similar way, the kinematic equations can be also written using the attitude and angular velocity
of the body expressed with respect to the orbital reference frame. The conversion relations between
the angular velocity of the body frame with respect to the orbital frame or inertial frame
respectively, and expressed in the body frame, are defined as
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2(ql,oqz,o + q3,0q4,0)
o), =0, -0, =0, -Rlo, =0, +a,j; =0} +o,| (1- ZQ12,0 - 2q§,o) (2.31)
2(q2,0q3,0 - ql,oq4,o)
2(q1,0q2,o + q3,oq4,o)
(‘)?b = ('Ogb + (’)?o = ('Ogb + Rg(’)?o = (’ng —a, J: = (’)gb -, (1- 2q12,0 - 2q§,o) (2.32)
2(q2,oq3,o - ql,oq4,o)
where
O 2(q1,0q2,o + q3,0q4,o)
(D?o =| —, Jck)) = (1_ 2(:112,0 - 2q§0)
0 2(q2,oq3,o - ql,oq4,o)

and @, is the angular velocity of the spacecraft orbit. Therefore, by considering the satellite angular
velocity and the attitude with respect to the orbital frame, Eq. (2.29) can be rewritten as

= qor 1 — 1 —
qorb = |:q g :| = EQ((’)gb)qorb = EQ(O)?ba a)o)qorb (233)
4,0rb

with, considering a circular equatorial orbit,

z y X

-, 0 1) o, + o

Qo @,) = Z ' ro
o, — o, -, 0 o,
-0, -0, -, 0

or, in an explicit way exploiting the relations of Eq. (2.31), written as

1 1
ql,o = E (a)x,oq4,0 - a)y,oqs,o + a)z,oqz,o) = E(a)x,iq4,o - a)y,iqS,o + a)z,iqz,o + a)oq3,o)

1 1
q2,0 = E (a)x,oq&o + a)y,oq4,o - a)z,oql,o) = E (a)x,iq3,o + a)y,iq4,o - a)z,iql,o + a)oq4,o)
(2.34)

1 1
q3,o = E (_a)x,oqz,o + a)y,oql,orb + a)z,oq4,o) = E (_a)x,iqz,o + a)y,iql,o + wz,iQ4,o - a)oql,o)

1 1
q4,o = E (_a)x,oql,o - wy,oqz,o - a)z,qu,o) = E (_a)x,iql,o - wy,iqz,o - a)z,iq3,o - a)qu,o)

2.5 Environmental Disturbance Torques

In order to design the attitude control system and fault diagnosis system, environmental disturbance
torques usually acting on the spacecraft must be modelled sufficiently. The torques must be
modelled as a function of time, spacecraft position and attitude so that they can be integrated to
Euler’s equations and any other mathematical models.
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Spacecraft in orbit encounter small disturbance torques from various environmental sources. These
torques are either secular, which accumulate over time, or cyclic, which vary sinusoidal over an
orbit. Both types are discussed in Kaplan (1976), Wertz (1978), Hughes (1986) and Sidi (1997).
Different environmental torques are more prevalent at different altitudes. The relationship between
altitude and disturbance torque strength is shown in Fig. 2.4.
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Figure 2.4 - Comparison of Environmental Torques (adapted from Hughes 1986).

In Low Earth Orbits (LEO) the dominant sources of environmental disturbance torques are the solar
radiation pressure, aerodynamic drag and Earth's gravitational and magnetic fields. There are also
internal torques primarily resulted from internal moving hardware, propellant leakage, thrust
misalignment and so on.
The solar radiation pressure is effective on attitude of the satellite for altitudes higher than 1000 km.
The gravity gradient disturbance are most significant below 1000 km. Aerodynamic perturbations
are most effective below 500 km and negligible over 1000 km altitudes.
In this thesis, due to the altitude of the LEO satellite considered in the simulations (350 km), only
gravity-gradient and aerodynamic torques are considered. Hence, the total torques, control torques
and external disturbance torques are represented by
T =T +T2 =T

b b
tot ctrl ext ctrl + ng + T

aero

(2.35)

which are all expressed in the satellite body frame.

2.5.1 Gravity-Gradient Torque

Any non-symmetrical object in the orbit is affected by a gravitational torque because of the
variation in the Earth’s gravitational force over the object. There are many mathematical models for
gravity gradient torque (Kaplan 1976; Wertz 1978; Hughes 1986; Sidi 1997). The most common
one is derived by assuming homogeneous mass distribution of the Earth. Since the gravitational
force field varies with the inverse square of the distance from the Earth, there is a greater force on
the portion of the spacecraft closer to the Earth. The gravity-gradient torque is constant for Earth-
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oriented spacecraft and cyclic for inertial oriented vehicles. It is mainly influenced by the moment
of inertia of the spacecraft and the altitude of the orbit. The gravity-gradient torque ng can be

modelled, according to Wertz (1978) and Sidi (1997), as
° =30?(k?x1_Kk") = 3u (k2 x1_.k") (2.36)
oo} o \"o sat' ‘o R3 (o] sat’ o '

where 1, is the inertia matrix of the spacecraft, k® is the directional cosine from the matrix R”
describing the attitude of the spacecraft with respect to the orbital reference frame and «, is the

angular velocity of the satellite orbit, as already stated, and for a circular orbit it is assumed constant
and calculated from relation

o = =L (2.37)

where R is the orbit radius (i.e. the distance from the centre of the Earth to the satellite's centre of
gravity), which is constant for a circular orbit, G is Newton's specific gravity constant, M is the

Earth mass and z=3.986-10" m®/s® is the Earth's gravitational coefficient. Tab. 2.2 summarizes
the physical properties of the Earth (Wertz 1978).
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PROPERTY

VALUE

EQUATORIAL RADIUS, a
FLATTENING FACTOR (ELLIPTICITY) 2€ =
POLAR RADIUS', ¢

mean rapius’ (20 '3

eccentricity! (VaZ—c2) /s

SURFACE AREA

VOLUME

ELLIPTICITY OF THE EQUATOR (aMA )/a

X~ ®MIN'’MEAN

LONGITUDE OF MAXIMA, ay, . o
RATIO OF THE MASS OF THE SUN TO THE MASS OF THE EARTH
GEOCENTRIC GRAVITATIONAL CONSTANT, GM. = ug
MASS OF THE EARTH?

MEAN DENSITY

J2
GRAVITATIONAL FIELD CONSTANTS J3
Jq

MEAN DISTANCE OF EARTH CENTER FROM EARTH-MOON
BARYCENTER

AVERAGE LENGTHENING OF THE DAY (SEE FIGURE J-5)

GENERAL PRECESSION IN LONGITUDE (i.e., PRECESSION OF
THE EQUINOXES) PER JULIAN CENTURY, AT EPOCH 2000

RATE OF CHANGE OF PRECESSION
OBLIQUITY OF THE ECLIPTIC, AT EPOCH 2000

RATE OF CHANGE OF THE OBLIQUITY (T IN JULIAN
CENTURIES)

AMPLITUDE OF EARTH'S NUTATION
LENGTH OF SIDEREAL DAY, EPOCH 1980

LENGTH OF SIDEREAL YEAR, EPOCH 1980
LENGTH OF TROPICAL YEAR (REF =7') EPOCH 1980

LENGTH OF ANOMALISTIC YEAR (PERIHELION TO
PERIHELION), EPOCH 1980

6378.140 km
0.00335281 = 1/298.257
6356.755 km

6371.00 km

0.0818192

5.10066 x 108 km?

1.08321 x 10" 2 km®

~16x1072( - ~ 100 m)
m.

ax an"n
20° W and 160° E
332,946.0
3986005 x 104 m3 52

59742 x 1024 kg

5515 gmlcm3

+1082.63 x 10—6
—2.54 x 10=6
~1.61x 106

4671 km

0.0015 sec/Century
1.39697128 Deg/Century

+6.181 x 10—4 Deg/Cenlurv2

23.4392911 Deg

2 6,2

(-1.30125x 10 “T -164x10 °T

+6.0 x 107 77%) Deg
25586 x 1072 Deg

86,164.0918sec
=23 hr 56 min 4.0918 sec

3.1588149548 x 107 sec
= 365.25636051 Days!l

3.156925661 x 107 sec
= 365.24219388 Days!l

3.1558433222 x 107 sec
= 365.25964377 Days"

‘BASED ON THE ADOPTED VALUES OF f AND a.
11 3, -1

! ONE DAY = 86,400 SI SECONDS.

} ASSUMING G = 6.672x 10" ' m kg 5"2; THE VALUE OF GME IS MORE ACCURATELY KNOWN,

Table 2.2 - Physical properties of Earth (Wertz 1978).

The unit vector k corresponds to the zenith, i.e. a unit vector in the body coordinate system along
the line connecting the satellite centre of gravity and the Earth centre pointing away from the Earth:

2(q1,oqs,o - qz,oq4,o)

kck)) = 2(q2,0q3,0 + ql,oq4,o)
1- 2q12,0 - 2q§,o

Then, Eq. (2.36) becomes

3 2(Izz - Iyy)(q2.0q3,0 + q1,0q4,o)(1_ 2q].z,o - 2q220)
ng = R_/: 2(Ixx - Izz)(ql,oq3,o - q2,oq4,o)(1_ 2qlz,o - 2q220) (238)
4(Iyy - Ixx)(q2,0q3,0 + q1,0q4,0)(q1,0q3,0 - q2,oq4,o)
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2.5.2 Aerodynamic Torque

This disturbance is most effective on satellites orbiting below 400-500 km. The drag force created
by the air molecules interacting with satellite body produce a torque on the satellite, moreover
reducing its velocity and resulting in a lower orbit for the satellite.

An approximation of the satellite structure by a collection of simple geometrical figures has been
assumed. In particular, in this thesis the considered satellite is assumed to be a simple rectangular
cuboid, i.e. a regular parallelepiped with six rectangular faces. The aerodynamic force on each
element, according to Wertz (1978) and Sidi (1997), is determined by integrating the following
equation

dF,

aero

=-%chv2(ﬁ V)dS

N

where dS is the surface element, A is an outward normal to the surface, V is the unit vector in the
direction of translational velocity V , C, is the drag coefficient, and p is the atmospheric density.

The total aerodynamic torque is the vector sum of the torques acting on individual parts of the
satellite

6
b
Taero = Z(Cp - Cg) X I:aero,i
i=1

F = _% V 2CDsexposed (ﬁl \7)

aero,i
where (c, —c,) is the vector from the spacecraft centre of mass c, to the centre of pressure c, of
the i-th surface element. Hence, the aerodynamic disturbance torque can be modelled as
b ~ 1 2 A
Taero = Faero ((Cp - Cg) x V) = _Epv CDSexposed ((Cp - Cg) x V)
L (2.39)

I:aero = _E VZCDS

exposed
or explicitly as

1 2(q1,0q3,o + q2,0q4,o)cpa,y - 2(q1,0q2,0 - q3,0q4,0)cpa,z
T:ero = _E V 2CDSexposed (1_ 2qzz,o - Zq?io)cpa,z - 2(ql,oqs,o + q2,0q4,0)cpa,x (240)
2(q1,oq2,0 - q3,oq4,o)cpa,x - (1_ 2qg,o - 2(:13?,0)(:pa,y

where S, IS the area exposed to the aerodynamic flux and perpendicular to the unit vector v,

Cpa = [cpa'x Coay cpa,Z]T are the components of the displacement vector, i.e. the vector joining the

centre of mass and the aerodynamic centre of pressure of the satellite, expressed in the body frame
with origin in the centre of mass. The exposed area can be calculated by

_|_

Sexposed = ‘dW(A'(ql,qu,o + q3,oq4,o) ’ (q2,0q3,o + q1,0q4,o) - 2(q1,oq3,0 - q2,0q4,0) -(1- 2qlz,o - zqio))
+‘dh (2(q1,0q2,0 + q3,oq4,o) ' (1_ 2q12,o - 2q220) - 4(q1,0q3,0 - q2,oq4,o) '(qz,oqs,o - ql,oq4,o))
+‘Wh ((1_ 2qlz,o - 2q§o) (1_ 2qlz,o - 2q220) - 4(q2,oq3,o + q1,0q4,0) '(q2,0q3,o - ql,oq4,o))

+
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where d, w and h are the depth (X, -direction), width (y, -direction) and height ( z, -direction) of the

satellite body respectively, expressed in the body frame. Since the satellite is assumed to be a
rectangular cuboid with edges aligned with the principal axes of inertia, these coincide with the
cuboid dimensions.

Now, it is worth observing that, the design of the FDI/FDD systems will exploit an explicit
decoupling only of the aerodynamic disturbance torque since the gravitational disturbance, even if it
can produce torques at least one order of magnitude larger than other external torques, has a model
which is almost perfectly known. Thus, the effect of the gravitational disturbance does not need to
be decoupled. It is worth noting that, mainly due to the presence of the unknown terms p and C,,

the term F, =—%,0V2CDSexposed in Egs. (2.39) and (2.40) represents the main source of uncertainty

from which the diagnostic signals provided by the designed residual generators will have to be
decoupled.

Tab. 2.3 summarizes the properties of the upper atmosphere of the Earth (Wertz 1978). The mean
profiles between 25 and 500 km are from the COSPAR International Reference Atmosphere, CIRA
72 (1972). Between 500 and 1000 km, the CIRA 72 profile for T_=1000 K was used to indicate

the densities to be expected. The maximum and minimum values of air density between 100 and
500 km were extracted from the explanatory material in CIRA 72 and indicate the variation in
densities which can be obtained with the models. Sea level temperature and density are from U.S.
Standard Atmosphere (1976).

ME AN DENSITY (kg/m3) SCALE
ALTITUDE KINETIC HEIGHT
LY TEMPE(S,:,TURE MINIMUM ME AN MAX IMUM (KM)
+0
0 2882 1.225 x 10 8.44
25 2217 3899 x 10-2 649
30 230.7 1.774 x 10-2 6.75
35 2415 8279 x 10-3 707
40 255 3 3972 x10-3 7.47
a5 267.7 1.995 x 103 783
50 2716 1057 x 10-3 795
55 2639 5821 x 10~ 4 773
60 2493 3206 x 104 729
65 2327 1718 x 104 681
70 2162 8770 x 10-5 633
75 205.0 4178 x 1079 600
80 195.0 1905 x 10-5 5.70
85 185.1 8337 x 10-6 541
90 1838 3.396 x 10-6 5.38
95 190.3 1343 x10-6 5.74
100 2035 30x10-7 5297 x 10-7 74x10-7 6.15
110 2655 60 x10-8 9661 x 108 30x10-7 8.06
120 3345 10x10-8 2438 x 10-8 60x10-8 116
130 445 4 45x10-9 8.484 x 10-9 16x10-8 16.1
140 5490 20x10-9 3845 x 109 6.0 x 10-9 206
150 635.2 1.2x10-9 2070 x 10-9 35x10-9 246
160 703.1 65 x10-10 1244 x 10-9 20x10-9 26.3
180 781.2 24 x10-10 5.464 x 10~ 10 90x10-10 332
200 859.3 1.0x10-10 2.789 x 1010 32x10-10 385
250 940.2 40 x10-11 7.248 x 10-11 16x10-10 469
300 9728 16x10-11 2418 x 10~ 1) g8 x10-1 525
350 986.5 20x10-12 9.158 x 10— 12 60x10-1 56.4
400 9926 37x10-13 3.725 x 10-12 50x10-1! 594
4s0 995.7 90x10-14 1.585 x 10— 12 38 x 1011 62.2
500 9973 13x10-14 6967 x 10-13 30x10-11 658
600 10000 1.454 x 10~ 13 79
700 1000.0 3614 x 10-14 109
800 1000.0 1170 x 10— 14 164
900 1000.0 5245 x 10— 15 225
1000 1000.0 3019 x 1015 268

Table 2.3 - Upper atmosphere of the Earth (Wertz 1978).
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2.5.3 Ignored Torques

In addition to the environmental disturbances listed earlier, there are some sources that, due to their
small size at the selected satellite altitude, are ignored in this dissertation.

The gravity of the Moon: because the gravity of the Earth is dominant (it is closer and larger), the
gravity of the Moon, and the tidal force created by the Earth-Moon system is ignored.

Solar winds and pressure: the Sun's radiation of particles causes solar winds and pressure. Both
the solar winds and pressure generate torques on the satellite.

Satellite generated torques: the satellite generated torques are generated by different sources, such
as the deployment of antennas or moving parts in the satellite and instruments on-board which
generate residual magnetic fields that interact with the Earth's magnetic field. These torques are
either short lived, or have a low magnitude, and can therefore be ignored. Other disturbance torques
caused by moving parts in the satellite are also neglected.

2.6 Attitude Determination and Control System

The attitude (i.e. the orientation) of a spacecraft can be determined by describing the rotation
between a spacecraft-fixed reference frame and a known reference frame. This description is
accomplished by finding rotations between measured vectors and known quantities.

Regarding the attitude sensors, there are many types of sensors available for observing the attitude
and angular rates of a satellite. Common attitude sensors include Sun sensors, Earth sensors,
magnetometers, star trackers, GPS and gyroscopes, and are described in Wertz (1978) and Sidi
(1997). Gyroscopes are usually used also to measure the angular velocities of the spacecraft.

Some form of attitude control is required to change the attitude of a spacecraft or keep it in a stable
position. Three main types of attitude control are usually exploited in aerospace applications. These
types of control include spin stabilization, three-axis control techniques, and passive control (Wertz
1978; Sidi 1997; Wertz and Larson 1999). In this thesis an active three-axis control method is
considered.

Regarding the actuators for active attitude control, there are basically three main categories of
actuators available to actively control a satellite. These are thrusters, wheels and magnetic coils.
Three-axis control and stabilization wheels include reaction wheels, momentum wheels, and control
moment gyros. Reactions wheels have a variable speed and a continuous and smooth control.
Momentum wheels have a nonzero speed and provide angular momentum to the spacecraft.
Momentum and reaction wheels are used in many spacecraft to allow an accurate pointing. Control
moment gyros are fixed-speed gimballed wheels, but are not often used on small satellites because
of their large weight.

The Attitude Determination and Control System (ADCS) can be viewed as two separate
subsystems: an Attitude Control System (ACS) (i.e. the control actuators and relative actuator
sensors) and an Attitude Determination System (ADS) (i.e. the attitude and angular velocity
Sensors).

The presence of four reaction wheels is considered in the ACS. The four reaction wheels are
arranged in a tetrahedral configuration. This configuration allows to have an overall three-axis zero
momentum bias even if the wheels run with a momentum bias. Moreover, the presence of a fourth
redundant actuator allows to maintain the complete attitude controllability also in case of failure of
one actuator. Finally, also the presence of flywheel spin rate sensors is assumed and the angular
velocities of the actuator flywheels are assumed to be available also for diagnosis purpose.

Both the control torques actuated by the reaction wheels and the satellite attitude and angular
velocity measurements and flywheel spin rate measurements can be affected by the occurrence of
possible faults on the actuators and sensors.
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The sensors assumed to be present on-board in the ADS are two star trackers, each providing a
distinct attitude measurement (i.e., two distinct unit quaternions), and three distinct rate gyros, each
of them providing a measurement of spacecraft angular rate about a specific body axis. The double
hardware redundancy of the attitude sensors is exploited in the FDI scheme to correctly isolate an
occurred fault affecting any of the attitude or angular rate sensors. It is worth observing that this
double hardware redundancy anyway would be insufficient to correctly isolate a faulty attitude
sensor directly by comparing the different attitude measurements by means of a voting scheme, but
only to detect the occurrence of a possible fault. Therefore, in this thesis, the isolation of all faults is
carried out by means of residual generators exploiting analytical redundancies.

Multiple types of attitude determination sensors could be exploited, also in the context of sensor
fusion, by combining different sensory data from several sources and resulting in information,
which is more accurate, complete and dependable than it would be possible when these sources
were used individually. However, in this thesis only star trackers and rate gyros are considered,
measuring the spacecraft attitude and angular velocities respectively.

2.6.1 Reaction Wheel

Reaction wheels are effective active control elements. They are particularly good for variable spin
rate control. Active control of spacecraft by using reaction wheels is a fast, flexible, precise way of
attitude control and stabilization. On the other hand, it requires rapidly moving parts which implies
problems of support and friction. In this dissertation, any effect of viscous and Coulomb friction is
neglected and the reaction wheels are assumed to be ideal actuators.

A reaction wheel is an electromechanical device composed of an electric motor that drives a rotor
with significant inertia for the mass it has (i.e. a flywheel). The wheel can be accelerated (or
decelerated) by the motor, which can be integrated in the wheel structure, and this acceleration is
produced by a motor torque on the actuator wheel

TW = IWCE)W
where T, is the torque from the stator to the rotor of the wheel, 1, is the wheel inertia and @, is

the angular acceleration produced by the motor. The torque on the wheel will generate a reactive
torque, defined by Eq. (2.41), with opposite sign on the satellite body, which can be used to control
the angular velocity of the satellite:

T

ctrl

=-T, =-1,@, (2.41)

The applied motor torque is the same as the time derivative of the angular moment h,, of the wheel.
Hence, for each reaction wheel, the following dynamic equation can be written:

h,=1,@,=T,="Tu (2.42)

and in a rotating body frame the total torque produced by a reaction wheel results to be

d b
TV\tl),tot = (d_t}vj + wukk): X hw

This total torque includes also the gyroscopic effects of the coupling interaction between a spinning
flywheel and the rotating satellite. Recalling the general Euler's moment equation (Wertz 1978; Sidi
1997) defined as
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htot = Ttot — X htot

N
where h,, = Z I is the summation over all (N) parts within the satellite, the dynamic equations
i=1

of Eg. (2.22) have to be written by considering also the contributions of the reaction wheels to the
total angular momentum. Hence, with h>, :[hW,X hy. hW,Z]T representing the total angular

momentum of the actuators seen in the satellite body coordinate system, the dynamic equations of
Eq. (2.26) are rewritten as

Isat(’.“)ibb = _O)Iiob x (Isat('oibb + hw) + Tct;rl + Teit (243)
or, with a simpler notation
I satd)ibb = _S (m?b)(lsatm?b + hw) + Tck;rl + Tet;t (244)

where the cross product is written as a matrix operation using the skew-symmetric matrix

0 -, o, ;
S((D:)b) = a)z,i 0 _a)x,i
_a)y,i a)x,i 0

and the control torques about the centre of mass of the satellite actuated by reaction wheels and seen
in the satellite body coordinate system are given as
Tb

ctrl

=-h> (2.45)

which gives the rate of change of the total angular momentum from the wheels. Solving the Eq.
(2.43) for @) leads to

__ (Izz - Iyy) O 0+ (a)z,ihw,y _a)y,ihw,z) n (Tctt)rl,x +Tet>)<t,x)_
I pr | I

XX XX XX
| —1 oh. -, O
_}_Tet;t) — _( xxl ZZ)a)xyia)zyi -I-( x,lh/v,zl z,|hw,x) + ctrl,yI ext,y)

vy vy vy

(a)y,ihw,x _a)x,ih/v,y) c?rl,z +Tel))<t,z)
| K | S
z z z

O)it)b = _I_l S (m:Jb )(Isat(’oibb + ha/) + I;Lt (Tb

sat ctrl

(2.46)

Moreover, since in general the spinning axes of a reaction wheel could be not aligned with the
satellite body coordinate system axes, the corresponding control torque of Eq. (2.45) seen in the
satellite body frame must be defined by considering the actual (fixed) orientation of the actuator.
The angular momentum vector of a reaction wheel, seen in the satellite body frame, is then needed,
using a rotation from wheel coordinates to satellite body coordinates. The components of this
angular momentum in the satellite body coordinate system correspond to the projection in the
satellite body coordinate system of the angular momentum of the wheel along its axis of rotation.
The projection is a column vector defined as
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ho | |2
i =|h. [=|a,|h,
hvv,x a,

If the wheel assembly consists of several wheels, the directional cosines of the projections of each
wheel are the columns of the configuration (direction) matrix for the wheels, such that

hvt;,x ax,l ax,z e a‘x,N :WM
hSV = h@,y =la,; &, - Qy ;’2
h/k\)/,z az,l az,z az,N h\/\;,N
Abbreviated to vector form, this is
h® =Ah, (2.47)

The matrix A, has three rows and a number of columns equal to the number of reaction wheels in

the satellite, in this case equal to four. The four reaction wheels are arranged in a tetrahedral
configuration, as shown in Fig. 2.5.

Figure 2.5 — Tetrahedral configuration of the satellite reaction wheels.

This configuration allows having an overall three-axis zero momentum bias even if the wheels run
with a momentum bias. Moreover, the presence of a fourth redundant actuator allows maintaining
the complete attitude controllability on the three axes also in case of failure of one actuator. The
configuration matrix of the actuators considered in this thesis is given by

TR TR T
A, =23 —J2/3 0 0 (2.48)
0 0 2B |23

Therefore, the overall control torques about the centre of mass of the satellite actuated by the four
considered reaction wheels in the selected configuration and seen in the satellite body coordinate
system are defined as
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Tc?rl X \/]ﬁ-rctrl 1 + \/]ﬁTcm 2 \/]ﬁ-rctrl 37 \/ﬁTctrl 4 Tctrl 1

[ [/ Tc r
Tct;rl = Tc?rl,y = 2/:J’-I-ctrl 1 2/3Tctrl,2 = AW e = AchtrI (249)
b ctrl,3
Tctrl,z - 2/ 3Tctrl 3 + 2/ 3Tctrl,4 T

ctrl,4

Finally, since sensors providing measurements of the spin rates of the four flywheels are assumed to
be present in the actuator subsystems, thus the values of ® , = [a)w'1 @y, Dys a)WA]T and of the

angular momentums h, =1, o, =[hw,1 h,, h,s h,M]T are available for diagnosis purpose, with

the moment of inertia 1, of each wheel known. These actuator sensors could consist, for example,

in incremental (relative) optical encoders mounted on the spin axes of the reaction wheels.

Optical encoders consist of a spinning disc made of glass or plastic with transparent and opaque
areas. This disk is connected with the spinning shaft or wheel. An absolute optical encoder has
multiple code rings with various binary weightings which provide a data word representing the
absolute position of the encoder within one revolution. A light source and photo detector array reads
the optical pattern that results from the disc position at any one time.

Differently, an incremental encoder works by providing two pulse outputs, called quadrature
outputs due to their wave forms being 90 degrees out of phase, which provide no usable position
information in their own right. Rather, an incremental rotary encoder provides cyclical outputs
(only) when the encoder is rotated. It reports an incremental change in position of the encoder to an
external counting electronics performing a pulse counting.

The pulse signals are decoded to produce a count up pulse or a count down pulse. The rate of
rotation can be measured by determining the time between pulses provided by the encoder. Hence,
the output of incremental encoders provides information about the motion of the shaft, which is
typically further processed by a controlling device, such as a microprocessor or microcontroller,
into information such as speed, sense of direction and also position. Rotary encoders with a single
output (i.e. pulsers) cannot be used to sense direction of motion.

The sensor measurement can be modelled as the true flywheel spin rate with added noise. The

measured spin rate ®,, ., can be modelled as

Whee

Oyt = O, + O, (2.50)

wheel

where ,, is the actual flywheel spin rate, and o, is the additive measurement noise, modelled in
this thesis by a Gaussian white noise with variance

El

ni|=0n  fori=1234

2.6.2 Star Tracker

A star tracker is a light sensitive precision instrument, which determines the attitude of a satellite by
observing stars with high precision and comparing with a library of constellations to determine the
attitude of a spacecraft. The two major elements in a star tracker are a digital camera and processing
unit. The star tracker observes the stars with the camera, and compares these observations (i.e. star
light intensity and the relative positions) with an on-board star catalogue. This gives the angles
between the observed star and a reference frame in the satellite. If only one star (or clusters of stars)
is observed, this will only give an accurate information about the attitude in two dimensions. By
observing at least two different remote stars (or cluster of stars) the star tracker can determine a
well-defined three-axis attitude representation in the inertial reference frame. Star trackers are


http://en.wikipedia.org/wiki/Data_word
http://en.wikipedia.org/wiki/Microprocessor
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accurate and work at any point in an orbit. The accuracy of the star tracker depends on the number
of stars observed, the star catalogue used, the quality of the optic and the resolution in the digital
camera. A typical star sensor used in space applications has an accuracy of a few arcseconds (fine
pointing information). However, high accuracy star trackers are often massive, complex, and
expensive. Searching the library of constellations is time-consuming, so for high accuracy and rapid
response, star trackers are often used along with gyroscopes.

The attitude sensor measurement can be modelled as the true attitude with added noise. Because of

the required unity of the measured quaternion @, , & sensor model with additive noise is not
directly applicable, and the star sensor can be modelled as

Ogar =0 ®0, (2.51)

where @ is the actual attitude, and @, is the star sensor measurement noise, represented as Euler
parameters. Let’s consider, for example, a generic attitude sensor with an assumed accuracy of 1
arcsecond around all axis. Since the sensor model produces the attitude as a quaternion, it is
convenient to represent the accuracy in the magnitude of the quaternion. By regarding the
individual axis angles accuracies as an composite rotation, the accuracies may be represented as the
unit quaternion q, as

2.4-10°°
6.1 [0.000278 ) 4,10
©, =| 6, |=|0.000278 | deg = q, = 2'4'104 (2.52)
w, | |0.000278 ' 1

By using Eq. (2.52), the star sensor measurement noise can be modelled as

- { d, ]
d,=
1- o[

where the vector part g, of the noise quaternion is modelled in this thesis by Gaussian white noise
with variance

E[q|=02, fori=12,3

0, =24-10°°

However, when using the measurement in attitude determination, it could be convenient to model
the measurement noise as additive. Hence, the additive measurement noise V.. can be represented

as

star

Vi =0®0, -7 (2.53)

It can be seen that, with the formulation of the attitude sensor model of Eq. (2.53), the measurement
noise becomes scaled. The noise model and noise covariance can be represented on component
form as
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Concerning the attitude sensor faults, it is worth noting that, since each attitude sensor provides a
complete quaternion vector measurement, in case of attitude sensor fault all the components of the
measured quaternion vector could present differences from their fault-free values depending on the
fault characteristics and actual spacecraft attitude. For this reason, it is not possible to consider a
possible fault affecting an attitude sensor as a scalar fault term affecting a single quaternion vector
component. In general, in case of attitude sensor fault, all the quaternion vector components can be
affected by the occurred sensor fault.

In fact, similarly to the model of the noisy quaternion vector described above, the attitude sensor
fault can be modelled as the true attitude quaternion vector with additional fault terms. Because of
the required unity of the measured quaternion G, , a sensor model with additive quaternion fault is

not directly applicable, and the faulty output of the star sensor can be modelled as
qstar = qtrue ®qf (254)

where T, is the actual attitude, and T, is the sensor fault vector, represented as Euler parameters.
Hence, the equivalent additive physical fault l_:% can be represented as

I_:astar = qSIar ® qf - qstar (2.55)

Therefore, considering both the presence of the measurement noise and sensor fault, the overall
value of the measured quaternion is given by

qstar = (qtrue ®qf ) ®qn (256)

measured

As already stated, since in this thesis a LEO Earth-pointing satellite is considered, it could be
convenient to define the satellite attitude as the rotation between the body-fixed reference frame and
the orbital reference frame. Moreover, Eqgs. (2.38) and (2.40) of the external disturbance torques
explicitly exploit the spacecraft attitude values with respect to the orbital reference frame.

However, it is worth noting that star trackers actually provide attitude measurements with respect to
the inertial reference frame of the fixed stars. Hence, a relation to convert these inertial
measurements into corresponding attitude measurements with respect to the orbital reference frame
is needed. Obviously, given an inertial spacecraft attitude, the corresponding orbital attitude
depends also on the instantaneous orientation of the LVLH orbital reference frame in the inertial
reference frame. If the satellite position along the orbit path is assumed to be known, it can be used
to derive the orientation of the orbital reference frame with respect to the inertial reference frame,
and consequently the spacecraft attitude with respect to the orbital frame.

Considering an equatorial circular prograde (counter-clockwise) orbit, the satellite position along
the orbit path can be derived simply by integrating the angular velocity @, of the satellite orbit with

an assumed known initial orientation condition of the orbital reference frame with respect to the
inertial one. At the initial time of the simulation, the orbital reference frame is assumed to have the

X, -axis aligned with the inertial X -axis, i.e. pointing in the vernal equinox direction. The z_-axis is
assumed to be aligned with the inertial y,-axis, and the y, -axis completing the right-hand system is
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assumed to be pointing in the opposite direction of the inertial z -axis, i.e. in the direction

antinormal to the orbital plane in the inertial reference frame. Hence, the orbital frame results to be
initially rotated of ¢ =—x/2 rad about the X, -axis. Therefore, the orbital frame orientation at each

instant of simulation can be defined as
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representing the combination of two consecutive rotations ¢ =—z/2 rad about the x -axis and
—Q, rad about the rotated Y, -axis, where the orbit position of the satellite in the inertial reference
frame is defined by a rotation angle about the z,-axis given by

Q,=[adt  Q,0)=0

and, given attitude values with respect to the inertial frame, the spacecraft attitude with respect to
the orbital frame can be derived by the relation

Qi Qi Qi Gy
_ ~ 7% i Gy Qi |
= ®4. = ’ ’ ’ ' 2.57
o =, &4 Qi Oy Qi O A, (257)
i Ui —Osi Qs

The dynamic and kinematic equations actually exploited for the design of the FDI/FDD systems are
given by Egs. (2.46) and (2.30).

2.6.3 Rate Gyro

A rate gyro is a type of gyroscope, which rather than indicating direction, indicates the rate of
change of angle with time. If a gyro has only one gimbal ring, with consequently only one plane of
freedom, it can be adapted for use as a rate gyro to measure a rate of angular movement.

In general, a gyroscope is a device for measuring or maintaining orientation, based on the principles
of angular momentum. Mechanical gyroscopes typically comprise a spinning wheel or disc in which
the axle is free to assume any orientation.

When mounted in (outer and inner) gimbals, which minimize external torque, the orientation of the
spin axis remains nearly fixed, regardless of the mounting platform's motion. Therefore, they can be
used to sense or measure the pitch, roll and yaw attitude angles in a spacecraft or aircraft.
Gyroscopes based on other operating principles also exist, such as vibrating structure gyroscopes
(including MEMS gyros), solid-state ring lasers, fiber optic gyroscopes, and the extremely sensitive
guantum gyroscopes. These types of gyros operate on the principle of the Sagnac effect based on
the interference of light which has passed through a coil of optical fiber or counter-propagating
laser beams.
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Rate gyros are used to measure the rates of rotation of the spacecraft around the sensor axes. If the
sensor is aligned with a selected body-fixed frame, it provides measurements of the satellite angular
rate around the body axis with respect the inertial reference frame.

Gyroscopes can also determine the attitude by measuring and integrating the rate of rotation of the
spacecraft. They are located internal to the spacecraft and work at all points in an orbit. Gyroscopes
have a high accuracy for limited time intervals. Some disadvantages exist with gyroscopes. Since
they measure a change instead of absolute attitude, gyroscopes must be used along with other
attitude hardware to obtain full attitude measurements. They also are subject to drift, and since they
have moving parts, there is more complexity. In this thesis, it is assumed that the three considered
rate gyros provide only angular velocity information and not attitude information.

In this case, the sensor measurement can be modelled as the true angular velocity with added noise.

The measured angular velocity o, can be modelled as

Oy, =0+, (2.58)

where @ is the actual angular velocity, and o, is the additive measurement noise, modelled in this
thesis by a Gaussian white noise with variance

E[e} |=02 fori=123

A sensor model with additive fault is also directly applicable for this sensor, and the faulty output of
the rate gyro sensor can be modelled as

Oyo = O + O (2.59)

where o, is the actual attitude, and w; =K, is the sensor fault vector. Therefore, considering

true

both the presence of the measurement noise and sensor fault, the overall value of the measured
angular velocity vector is given by

® =0, +0O; +0, (2.60)

9YrO measured
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3 MIODEL-BASED FAULT DETECTION AND ISOLATION

This chapter provides an overview of the FDI problem, together with the general description of the
residual generation method and fault detection and isolation scheme. An exploited method for
sensor and actuator fault modelling and the NLGA for affine nonlinear systems, which is exploited
for disturbance decoupling and fault detection, isolation and estimation, are illustrated as well.
Finally, an incremental procedure for the design of the residual filters is described considering to
have modelled all the fault inputs in an affine form. This chapter aims to focus mainly on the FDI
problem. However, many of the described aspects are in common with the FDD problem and the
exploited methods can be used also for FDD.

3.1 General Overview

All the terminologies defined in this dissertation are based on information from the International
Federation Automatic Control (IFAC) SAFEPROCESS Technical Committee and associate the
updated literatures listed herein (Isermann and Ballé 1997; Chen and Patton 1999; Isermann 2006).
A fault is defined as an unexpected change of system function or, with an alternative definition, as
a non permitted deviation of a characteristic property from the acceptable/usual/standard condition,
which leads to the inability of the system to fulfil the intended purpose (Isermann 1984). However,
a fault may not represent a physical failure or breakdown. Such a fault or malfunction prevents or
disturbs the normal operation of an automatic system, thus causing an unacceptable degradation of
the performance of the system or even leading to dangerous situations. Usually, the term fault
denotes a malfunction, which may be tolerable at its present stage, whereas the term failure
suggests a complete breakdown of a system component or function, i.e. a permanent interruption of
a system’s ability to perform a required function under specified operating conditions. A fault must
be diagnosed as early as possible even if it is tolerable at its early stage, in order to prevent any
serious consequences.

A monitoring system which is used to detect faults and diagnose their location and significance in a
system is called a fault diagnosis system (Frank 1990; Chen and Patton 1999). Such a system
normally performs the following tasks:

1. Fault detection: a binary decision is made, either that something has gone wrong or that
everything is fine;

2. Fault isolation: the location of the fault is determined, i.e. which sensor, actuator or system
component has become faulty;

3. Fault identification and fault estimation: the size and type of the fault is estimated.

Fault detection represents the most important task for any practical system and isolation is almost
equally important. On the other hand, fault identification may not be essential, whilst undoubtedly
helpful, if no control reconfiguration and fault accommodation actions are involved. Hence, a fault
diagnosis system is usually built to perform one or more functionalities as shown in Fig. 3.1.

37
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Fault diagnosis system

/\

Fault Detection and Fault Detection and
Isolation (FDI) Diagnosis (FDD)
Fault Detection Fault Fault Fault Estimation
(FD) Isolation Identification (FE)

Figure 3.1 - Topological illustration of fault diagnosis functional relationships (Sun 2013).

The difference between the roles of Fault Detection and Isolation (FDI) and Fault Detection and
Diagnosis (FDD) must be clear in order to avoid any confusion, since the terms isolation and
identification share the same initials but correspond to different functional cases. FDI aims to locate
and isolate the faulty components in the system. FDD, however, is intended to know the detailed
attributes of detected faults, e.g. faults severity and the fault identification, i.e. the determination of
fault location and strength, is required in FDD. Fault Estimation (FE) is functionally similar as Fault
Identification (FI) but focuses on reconstruction of the fault signal using estimation-based methods
(Ding 2013). In this chapter, the Fault Detection and Isolation (FDI) tasks are discussed, whilst the
Fault Estimation (FE) will be explicitly discussed in Chapter 5.

In practice, the most frequently used diagnosis method consists in monitoring the level (or trend) of
a particular signal, and taking action when it reaches a given threshold value. However, even if this
method of limit checking is simple to implement, it has serious drawbacks. Firstly, there is the
possibility of false alarms in the event of noise, input variations and change of operating point.
Secondly, a single fault could cause many system signals to exceed their limits and appear as
multiple faults, making difficult to perform fault isolation. The use of consistency checking for a
number of system signals can eliminate these problems and enhance the detection and isolation or
fault diagnosis capability of a generic automated system. However, a mathematical model providing
functional relationships among different system signals is required.

In order to evaluate the inconsistency, some form of redundancy is required. A traditional approach
to fault diagnosis in the wider application context is based on hardware (or physical/parallel)
redundancy methods, which exploit multiple lanes of sensors, actuators, computers and software to
measure and/or control a particular variable. Usually, a voting scheme is exploited in the hardware
redundant system to decide if and when a fault has occurred and its likely location amongst
redundant system components. However, the major problem of this approach consists in the
required extra equipment, maintenance cost and additional space required to accommodate the
hardware. In order to improve the system reliability but limit the cost, analytical (functional)
redundancy can be exploited, using dissimilar measured values together to cross-check each other,
rather than replicating each hardware individually. In this case, redundant analytical (or functional)
relationships between various measured variables of the monitored process (e.g. inputs/outputs,
outputs/outputs, inputs/inputs) are used (Beard 1971). No additional hardware components or
sensors are required to realize the FDI algorithm, which can be implemented via software. A
comparison between the analytical and hardware redundancy concepts is shown in Fig. 3.2.
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Figure 3.2 - Comparison between FDI hardware redundancy and open-loop analytical (software) redundancy
concepts (Sun 2013).

No additional hardware faults are introduced into an analytical redundant scheme, because no extra
hardware is required. Hence, analytical redundancy is potentially more reliable than hardware
redundancy. In analytical redundancy schemes, the resulting difference generated from the
consistency checking of different variables is called as a residual signal. This signal should be zero-
valued when the system is normal, and should diverge from zero when a fault occurs in the system.
This property of the residual is used in fault diagnosis to determine whether or not faults have
occurred. Analytical redundancy exploits a mathematical model of the monitored process, and is
therefore referred as model-based approach. Normally, consistency checking is achieved through a
comparison between a measured signal and its estimation, which is generated by an a priori known
mathematical model of the considered system. The residual (fault indicator, diagnostic signal) gives
the difference between these two signals, i.e. the measured and estimated ones (Frank 1990; Chen
and Patton 1999).

In general, many research studies have been devoted to the subject of FDI/FDD in which a
mathematical model is used to realise the FDI/FDD function in real-time. A general overview of the
FDD problem will be given with more details in Chapter 5. Several design methodologies for
model-based FDI/FDD have been studied, which are substantially based on explicit and quantitative
methods, i.e. observer-based methods, parameter estimation, parity space, as shown in Fig. 3.3 and
introduced as follows:

Observer based FDI/FDD: This technique has been developed under the framework of the well-
studied advanced control theory. This is regarded as an effective method for designing observers
using efficient and reliable algorithms for data processing to reconstruct system variables. Beard
(1971) and Clark (1978) started the pioneer work of this approach, and systematic design approach
can be found in Chen and Patton (1999) and Ding (2013). In this approach, an observer is used to
estimate the actual system outputs. The residuals/FE signals are then constructed via suitable
functions of the output estimation error between the measured and estimated outputs. Explicit
model-based FDI/FDD approaches are the most preferred and most studied (Willsky 1976; Clark
1978; Isermann and Ballé 1997; Chen and Patton 1999; Patton et al. 2000; Isermann 2011; Ding
2013).

Parity equation based FDI/FDD: A straightforward model-based method of FDI is to use an
input-output model with fixed structure and run it in parallel with the process, thereby forming an
output error. In this approach, the residual signals are generated based upon consistency checking
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(or parity checking) on system input and output data over a given time window (Chow and Willsky
1984; Gertler 1998). Actually, once the design objectives are determined, the parity equation and
observer based designs have some correspondence or equivalence under certain conditions, as
residual generation methods (Gertler 1991; Patton and Chen 1991, 1994; Patton 1997a, 1997b;
Hwang et al. 2010; Ding 2013).

Parameter estimation based FDI/FDD: This approach is investigated in terms of system
identification techniques (Isermann 1984, 2011; Isermann and Ballé 1997). The faults are reflected
in the physical system parameters and then the idea of the fault detection is based on the
comparison between online estimation of system parameters and the parameters of the fault-free
reference model. In most practical cases, the process parameters are only partially known or are not
known at all. If the basic model structure of the process is known, the process parameters can be
determined with parameter estimation methods by measuring input and output signals. Parameters
can be identified by non-recursive or recursive methods or numerical optimisation methods. As the
system parameters are obtained, fault estimation can be achieved in some degree.

Explicit & Quantitative model
based FDD methods

| } }

Parameter Parity Observer
estimation space based
Residual Fault

generation estimation

Figure 3.3 - Classification of explicit and quantitative model-based FDI/FDD methods (Shi 2013).

Since model-based FDI makes use of mathematical models of the supervised systems, accurate
models are needed. However, a perfectly accurate and complete mathematical model of a physical
system is never available. In fact, system parameters may vary with time in an uncertain manner,
and characteristics of disturbances and noise are generally unknown, and thus not accurately
modelled. Hence, there is always a mismatch between the actual process and its mathematical
model even in case of no faults. Such discrepancies cause difficulties in FDI applications, in
particular, since they act as sources of possible false alarms and missed alarms potentially
corrupting the FDI system performance. The effect of modelling uncertainties, disturbances and
noise is therefore the most crucial point in the model-based FDI concept and the solution to this
problem is the key for its practical applicability.

To overcome these problems, a model-based FDI scheme has to be made robust, i.e. insensitive or
even invariant to modelling uncertainty, whilst without reducing the sensitivity to faults. In fact, a
simple reduction of the sensitivity to modelling uncertainty sometimes does not solve the problem
since the sensitivity reduction may be associated with a reduction of the sensitivity to faults (Frank
1990; Gertler 1998; Chen and Patton 1999). Hence, a more meaningful formulation of the FDI
problem is to increase insensitivity to modelling uncertainty in order to provide increasing fault
sensitivity. Furthermore, the robustness as well as the sensitivity properties must be independent of
the particular fault and disturbance mode. Using proper disturbance decoupling methods, it is
possible to design residual signals which are not sensitive to uncertainties. In Section 3.6 it will be
shown that, provided certain conditions can be met, complete decoupling of the residuals from
disturbances can be achieved, whilst the sensitivity of the residual to faults is maintained. As the
faults are also modelled in the form of external signals, this method additionally provides tools for
the purpose of fault isolation. Fault isolation requires the decoupling of the effects of different faults
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on the residual and this, in turn, allows for decisions on which fault or faults out of a given set of
possible faults has actually occurred.

Faults are detected by setting a (fixed or variable) threshold on a residual quantity generated from
the difference between real measurements and estimates of them obtained using the mathematical
model. A number of residual can be designed with each having special sensitivity to individual
faults (or limited sets of faults) occurring in different locations in the system. The subsequent
analysis of each residual, once the corresponding threshold is exceeded, then leads to fault isolation.
The conceptual structure of a model-based fault diagnosis system consists of two main stages of
residual generation and decision making, as firstly suggested in (Chow and Willsky 1980) and
shown in Fig. 3.4. These two main stages are described as follows:

1. Residual generation: A diagnostic signal (residual) indicating the occurrence of a fault is
generated using available input and output information from the monitored system. This
auxiliary signal is designed to reflect the onset of a possible fault in the analysed system and
the inconsistency between the actual and expected behaviour of the system, and should be
normally zero or close to zero when no fault is present. When the fault occurs the residual
becomes distinguishably different from zero. This means that the residual is
characteristically independent of system inputs and outputs in ideal conditions. The
algorithm exploited to generate residuals is called a residual generator. Thus, residual
generation is the procedure for extracting fault symptoms from the system, with the fault
symptoms represented by the residual signal. The residual should carry only fault
information, with a loss of fault information as small as possible;

2. Decision-making: The residuals are analysed in order to determine the likelihood of faults,
and a decision rule is then applied to determine if any fault is occurred. A decision process
may consist of a simple threshold test on the instantaneous values or moving averages of the
residuals, or methods of statistical decision theory.
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— mnput
u.(f) Controller
ulr)

measured
output

Sensors

modelling

uncertainties J noise

Residual generation <

A

(1)

Decision logic

Figure 3.4 - Schematic description of model-based approach to FDI (Sun 2013).

3.2 Residual Generators for Model-based FDI

In practice, the most frequently used FDI approach consists in using information known a priori
about the characteristics of certain signals. However, in this way, it is necessary to have a priori
information about the characteristics of the signals and it is not possible to avoid dependence of
these characteristics on operating states of the system, which are not known a priori and can change
beforehand. In order to eliminate the shortcomings of the traditional methods, the modern model-
based approaches have introduced residuals, which are independent of the system operating state
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and respond to faults in characteristic manners. In essence, residuals are quantities that represent the
inconsistency between the actual system variables and the mathematical model. Based on the
mathematical model, many invariant relations (dynamic or static) among different system variables
can be derived, and any violation of these relations can be used as residuals (Chen and Patton
1999).

Therefore, the residual generation can be interpreted in terms of redundant signal structure, as
shown in Fig. 3.5. In this structure, the system F(u,y) generates an auxiliary (redundant) signal

z(t) which, together with y(t) generate the residual r(t) which satisfy the following relations in
the fault-free case:

{z(t) =F,(y(t),u(t)) (3.1)

r(t) = F(y(1), z(1)) =0

for the fault-free case. When any fault occurs in system (fault-case), this invariant relation is
violated and the residual diverge from zero. The simplest approach to residual generation is the use
of system duplication, i.e. the system z(t)=F(u) is made identical to the original system model
and has the same input signal as the system. In this case, the signal y would not be required in the
system block F (u), which is then simply a system simulator (simulator-based FDI). The signal z
is the simulated output of the system, and the residual is the difference between z and y. The

advantage of this method is its simplicity but, as a disadvantage, the stability of the simulator
cannot be guaranteed when the system being monitored is unstable, as a consequence of the open-
loop system model in FDI (although it is under feedback control).
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Figure 3.5 - Redundant signal structure in residual generation.

A direct extension to the simulator-based residual generation consists in replacing the simulator by
an asymptotically stable output estimator (observer-based FDI), which requires both system input
and output. In this case, the system F (u,y) uses both signal u and y to generate an estimation of

the output, and the system F,(z,y) can be defined as F,(z,y)=K(y—2z) with K as a static (or

dynamic) weighting matrix of the estimation errors.

From Fig. 3.6 it can be seen that the system model required in model-based FDI is the open-loop
system model although the considered system is in the control loop. This is because the input and
output information required in model-based FDI is related to the open-loop system. Hence, it is not
necessary to consider the controller in the design of a fault diagnosis scheme.

This is consistent with the separation principle in control theory because fault diagnosis can be
broadly treated as an observation problem. Once the input to the actuators is available, the fault
diagnosis problem is the same no matter how the system is working in open-loop or in closed-loop.
When the actual input u(t) to the actuator is not available, the reference command u_(t) is used in

FDI. Hence, the model involved is the relationship between the reference command u,(t) and the
measured output y(t), i.e. the closed-loop model. In such cases, the controller plays an important
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role in the design of diagnostic schemes. A robust controller may desensitize fault effects and make
the diagnosis very difficult.

e gm0
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Figure 3.6 - Fault diagnosis and control loop.

A general fault f(t) can be detected by comparing the residual evaluation function J(t(t)) with a
(fixed or variable) threshold function T (t) according to the following test (Chen and Patton 1999):

{J(r(t)) <T(t) for f(t)=0 a2

Jr®)>T) for f(t)=0

If the test is positive (i.e. the threshold is exceeded by the residual evaluation function) it can be
hypothesized that a fault is likely. This test works especially well with fixed thresholds T if the
process operates approximately in steady-state and it reacts after relatively large feature, i.e. after
either a large sudden or a long-lasting gradually increasing fault. These thresholds can be defined in
many ways, on the basis of the chosen residual evaluation functions. In practice, if the residual
signal is represented by a stochastic variable r(t), e.g. due to the presence of measurement noise,

mean value and variance are computed as follows:

E[r()] = 2 r

t=1
1 N

20Ty

of =E[(r() -1 )=
where T and o are the normal values for the mean and variance of the fault-free residual,

respectively. N is the number of samples of the vector r(t). Therefore, the threshold test for FDI
of Eq. (3.2) is rewritten as

T—vo, <r(t) <1 +vo, for f(t)=0 (3.3)
rt)<r-vo, or rt)>r+vo, for f(t)=0 '

i.e. the comparison of r(t) with respect to its statistical normal values. In order to separate normal

from faulty behaviour, the tolerance parameter v (normally v >3) is selected and properly tuned.
Hence, by a proper choice of the parameter v, a good trade-off can be achieved between the
maximisation of fault detection probability and the minimisation of false alarm probability. In
practice, the threshold values depend on the residual error amount due to the measurements errors,
the model approximations and the disturbance signals that are not completely decoupled.
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3.3 Fault Isolability and Structured Residual Set

The successful detection of an occurred fault is followed by the fault isolation procedure, which will
distinguish (isolate) a particular fault from others. Whilst a single residual is sufficient to detect the
occurrence of a fault, a set (or vector) of residuals is usually required for fault isolation. If a fault is
distinguishable from other faults by exploiting a residual set, it can be said that this fault is isolable
using this residual set. If the residual set can isolate all faults, it can be said that the residual set has
the required isolability property (Chen and Patton 1999).

One approach to fulfil the fault isolation task consists in designing a set of structured residuals.
Each residual in the set is designed to be sensitive to a subset of faults, whilst remaining insensitive
to the remaining faults. The residual set, which has the required sensitivity to specific faults and
insensitivity to other faults, is known as structured residual set (Gertler 1991; Chen and Patton
1999). The design procedure consists of two steps, the first step is to specify the sensitivity and
insensitivity relationships between residuals and faults according to the assigned isolation task, and
the second is to design a set of residual generators according to the desired sensitivity and
insensitivity relationships. The exploitation of structured residual sets allows to simplify the
diagnostic analysis to determining which of the residuals are non-zero.

The threshold test may be performed separately for each residual, yielding a Boolean decision table,
and the isolation task can be fulfilled using this table and a proper decision logic.

In general, if all the possible faults f,(t), i=1..,n, are to be isolated, a residual set can be

designed according to the following fault sensitivity conditions:
rt)=R(f®), i=1...n (3.4)

where R denotes a functional relation. This is called as a dedicated residual set, and it is shown in
Fig. 3.7.
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Figure 3.7 - Structured dedicated residual set for three distinct faults.

A simple threshold logic can be used to make decision about the occurrence of a specific fault by
the logic decision according to

L)>T, = i) =0, i=12,..,n (3.5)

where T., i1=1,...,n, are selected (fixed or adaptive) thresholds. This isolable residual structure is

very simple and all faults can be detected simultaneously, however it is difficult to design in
practice. Even when this structured residual set can be designed, there is normally no design
freedom left to achieve other desirable performances such as robustness against modelling errors
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(Wunnenberg 1990). A most commonly used and better scheme in designing the residual set is to
make each residual sensitive to all but one fault, i.e.

L) =R(F,(0)..... f, )

6O = RO, Ty (O, Fia®)r (0 (3.6)

r, ©=R(,@0),.... f, (1)

This is defined as a generalized residual set, and it is shown in Fig. 3.8. If all residuals of the
generalized residual set are generated using a bank of observers (observer-based residual
generators), the structure is known as the generalized observer scheme (Frank 1987; Patton et al.
1989).

Fallifs Residuals
1
e t: r2
= » r3
» —»
3 g ri
E —>

Figure 3.8 - Structured generalized residual set for three distinct faults.

The isolation task can again be performed using simple threshold testing according to the following
logic scheme

RO<T,

[ >Tvie{l..i-Li+l...n, }} = §M#0, 1=12...n, 3.7)

3.4 Fault Classification

In general, faults are events that can take place in different parts of the controlled system. In the
FTC literature faults are usually classified according to different characteristics, i.e. faults location,
fault type and time dependency. They can be classified according to their location of occurrence in
the system, as also shown in Fig. 3.9, as follows (Edwards et al. 2010):
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Figure 3.9 - Actuator fault, sensor fault and component faults (Sun 2013).

Actuator faults: they represent partial or total (complete) loss of control action effectiveness. An
example of a completely lost actuator is a stuck actuator that produces no (controllable) actuation
regardless of the input applied to it. Total actuator faults (i.e. failures) can occur, for instance, as a
result of a breakage (the sticking of mechanical components or damage in the drive system e.g. due
to bearings, gear wear or friction, caused by changes from the design characteristics or complete
failure), cut or burned wiring, short circuits, or the presence of a foreign body in the actuator.
Partially failed actuators produce only a part of the normal (i.e. under nominal operating conditions)
actuation. This can result, for example, from jamming or oscillation, increased resistance or a fall in
the supply voltage. Duplicating the actuators in the system in order to achieve increased fault-
tolerance is often not an option due to their high prices and large size and mass.

This type of faults includes the following categories:

1. Lock-in-place: the actuator is stuck in a certain position/operating condition at an unknown
time t, and does not respond to subsequent commands:

u(t) =u(t,) =const, Vvt>t,
2. Failure: the actuator produces zero force and torque, i.e. it becomes ineffective:
ut)=0, Vt>t,

3. Loss of effectiveness: a decrease in the actuator gain that results in an actuated control input
that is smaller than the commanded one:

u(t)=k-u.(t), 0<k<l, Vvt>t,
where u_(t) stands for the required actuation, i.e. the commanded control input.

Sensor faults: these faults represent incorrect readings from the sensors that the system is equipped
with. Sensor faults can also be subdivided into partial and total. Total sensor faults (i.e. failures)
produce information that is not related to the value of the measured physical parameter. They can be
due to broken communication wires (physical breakdown in a control loop) and loss of power.
Partial sensor faults produce readings that are related to the measured signal in such a way that
useful information could still be retrieved. This can, for instance, be an inaccurate calibration, a
gain reduction (scaling error) so that a scaled version of the signal is measured, a biased
measurement resulting in a (usually constant) offset in the reading, or increased noise (disturbance)
in sensors. Due to their smaller sizes sensors can be duplicated in the system to increase fault
tolerance. For instance, by using three sensors to measure the same variable one may consider it
reliable enough to compare the readings from the sensors to detect faults in (one and only one) of
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them. The so-called majority voting method can then be used to pinpoint the faulty sensor. This
approach usually implies significant increases in the related costs.

This type of faults includes the following categories:

1. Lock-in-place: the sensor output is stuck at a certain value at an unknown time t, and does
not provide the current value of the measured variable:

y(t)=y(t;)=const, Vt>t,
2. Failure: the sensor produces zero output, i.e. it becomes ineffective:
y(t)=0, Vt>t,

3. Loss of effectiveness: a degradation of the measurement accuracy of the sensor:

yt)=k-y, (), O<k<l WVt>t,
where Y, (t) stands for the actual value of the measured variable.

Component faults: these are faults in the components of the plant itself, i.e. all faults that cannot be
categorized as sensor or actuator faults will be referred to as component faults. These faults
represent dynamical variations in the physical parameters of the system, e.g. mass, aerodynamic
coefficients, damping constant, etc., that are often due to structural damage. They often result in a
change in the dynamical behaviour of the controlled system. Due to their diversity, component
faults cover a very wide class of (unanticipated) situations, and as such are the most difficult ones to
deal with. In this thesis, component faults are not considered, and the proposed fault diagnosis and
fault tolerant control schemes deals only with actuator and sensor faults in a spacecraft attitude
control system.

Additionally, faults can be also classified according to their time dependency as abrupt, incipient
and intermittent, as shown in Fig. 3.10 (Isermann and Ballé 1997; Edwards et al. 2010).

A A A
Fault
Fault-free 4> Fault case Fault-free €= Fault case Fault- § case Fault-
fiee € P fee
0 Time 0 Time 0 Time
abrupt fault incipient fault intermittent fault

Figure 3.10 - Abrupt fault, incipient fault and intermittent fault (Sun 2013).

Abrupt faults: they occur instantaneously often as a result of hardware damage. These faults
typically can be modelled as stepwise signals and can be represented by a sudden change in some
actuator or sensor characteristic. Abrupt faults behave as variations that are faster than the nominal
system dynamics, having a significant impact on the controlled system performance and/or stability.
The effects of abrupt faults can be severe and hence the faults need to be detected and isolated
quickly before they have an effect on system function and stability. However, they are relatively
easy to diagnose.
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Incipient faults: they represent slow parametric changes, often as a result of aging. They can be
modelled by using ramp signals typically and represents an unexpected drift of the monitored
signal. In contrast to an abrupt fault, an incipient fault (also known as a soft fault) has a very small
but possibly slowly developing effect on the system and is very hard to detect and hence also to
isolate. The incipient fault may not lead rapidly to serious consequence and be tolerable in their
early stage, but may develop further in a continuous way into a more significant fault situation and
hence must be detected and isolated (even identified) as quickly as possible to prevent system
breakdown or any serious consequence if no prompt actions are taken.

Intermittent faults: these are not permanent faults that appear and disappear repeatedly, for
instance due to partially damaged wiring (a loose connection in an electronic system).

Besides the aforementioned faults, there is another type of fault which is represented by a sinusoidal
signal, known as an oscillatory fault. It can be considered as a type of incipient fault in terms of its
time characteristics which behaves smoothly, not abruptly.

Finally, with respect to the way faults are modelled, they can be classified as additive type and
multiplicative type (Edwards et al. 2010), as shown in Fig. 3.11. In general, additive faults are
particularly suitable for representing component faults in the system, while sensor and actuator
faults are in practice most often multiplicative by nature.

Additive faults: they behaves as an additional signal acting on the plant, for example, unexpected
exogenous motion on an actuator.

Multiplicative faults: these faults are represented by the product of a system variable with the fault
itself. They can appear as parametric deviation within a process, i.e. it may cause changes in the
system dynamics.

fault fault
signal fault signal signal fault signal
+ > X >
additive fault multiplicative fault

Figure 3.11 - Additive fault and multiplicative fault (Sun 2013).

It is worth noting that in this thesis, 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). Hence, multiplicative faults will be modelled in an
equivalent but additive form.

Concerning the mathematical representation of these multiplicative and additive faults,
multiplicative modelling usually is mostly used to represent sensor and actuator faults. Actuator
faults represent malfunctioning of the actuators of the system. For simplicity of notation, the
explicit indication of time dependency of the fault signals is omitted in the next mathematical
relations. Such faults can be modelled as an abrupt or incipient change of the nominal
(commanded) control action from u to the actual faulty (actuated) control action

u, =u+(1-K{)U-u) (3.8)

where U € R™ is a (not necessarily constant) vector that cannot be manipulated, and where
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K =diag{[k,k,...k¢ ]} k'R

In this way, for example, k' =0 represents a total fault (i.e. a complete failure) of the i-th actuator
of the system so that the control action coming from this i-th actuator becomes equal to the i-th
element of the uncontrollable offset vector T, i.e. u;; =0,. On the other hand, ki’ =1 implies that

the i-th actuator operates normally, i.e. u;; =u,. The quantities k;' can also take values in between

0 and 1, making it possible to represent partial actuator faults.

Similarly, sensor faults occurring in the system represent incorrect reading from the sensors, so that
as a result the actual output of the system differs from the variable being measured. The effect of
multiplicative sensor faults can be modelled in the following way

e =Y+ =Ky -y) (3.9)
where yeR" is an offset vector, and
Ky =diag{[k!,K},..k) |}, k'eR

so that k] =0 represents a total fault of the k-th sensor, and k=1 models the normal mode of

operation of the k-th sensor. Partial faults are then modelled by taking k! in between 0 and 1.

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. Considering a generic input-
affine nonlinear system affected by multiplicative sensor and actuator faults, it results that

K= 0000+ 29,00u;, = 0,00+ 0, 0K, + Ak
Y, =K +(1 =KDy

(3.10)

On the other hand, the additive faults representation is more general than the multiplicative one. In
the system model f,, f, are signals describing the faults on the system inputs and outputs
(actuators and sensors). This representation may, in principle, be used to model a wide class of
faults, including sensor, actuator, and component faults.

Considering a generic input-affine nonlinear system affected by additive sensor and actuator faults,
it results that

X= 0,00+ 2. 0,00u,+ 2L (0,
i=1 i=1 (311)

y=h()+ 3101,

Actuator fault inputs and disturbances appear in the state dynamic equation and sensor faults in the
output equation, respectively. However, using an additive fault representation in order to model
faults such that they are equivalent to multiplicative faults of Eqgs. (3.8) and (3.9), often results in
signals f,, f, becoming related to one or more of the signals u, x and y. Just for example, when

using this additive fault representation to model a total fault in an actuator (ki =0 and u;; =0, =0
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in Eqg. (3.8)) then in order to make the model of Eq. (3.11) with additive faults equivalent to the
model of Eqg. (3.10), a signal f, =-u; is needed, making f, dependent on u. Therefore, both

1
sensor and actuator additive faults can be modelled in a general way as functions of time, state (or
output) and input as

f=1f(txu) (3.12)

On the contrary, an advantage is, as already mentioned, that the additive representation can be used
to model a more general class of faults than multiplicative ones. In addition, it 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.
For that reason, the majority of FDI/FDD methods are focus on additive faults, as it will be shown
for the NLGA (De Persis and Isidori 2001).

3.5 Modelling of Faults for the Design of the FDI System

A quite general state-space model for continuous-variable nonlinear system not affine in the states,
inputs, faults and disturbances is given by

{X(t) = g(x(t),u(®),d(®), f (1))
y(®) =h(x(t),u(t),d(1), f (1)

with initial condition x(0) =X,. The NLGA and the FDI/FDD techniques used in the next sections

and chapters of this dissertation (and several other model-based FDI/FDD methods) have been
explicitly developed for nonlinear systems of the general form

= 0000+ 20,000 + 0O, + 3 p, 1,
y=h(x)

(3.13)

where the dynamics of the state xeR" (as well as the expression of the output yeR") are
nonlinear in X, but affine in the control inputs u, i=1..,m, in the additive fault inputs
fi, k=1..,s, and in the disturbances d;, j=1,...,r. Furthermore, control inputs, fault inputs and

disturbances explicitly appear only in the state dynamics and not in the output equation. However,
no assumption on the form and/or parameters of the fault time behaviour is required, in general.

As a consequence, FDI methods based on a model of the faulted process in the form of Eq. (3.13)
are useful to deal with failures of hardware components (e.g., actuators and/or sensors) of any type
and time behaviour, but not affecting the structure of the system dynamics (i.e., system faults are
not easily treated).

For nonlinear systems in the form of Eq. (3.13), differential-geometric conditions have been given
in De Persis and Isidori (2001), that are necessary for the solution of the FDI problem with possibly
concurrent faults. These conditions, however, are violated in many situations of practical interest,
notably whenever the total number of fault inputs exceeds the dimension of the state space. Several
ways have been proposed to relax the FDI problem for system of Eq. (3.13) (Mattone and De Luca
2006a, 2006b), when it is not solvable in the original formulation of De Persis and Isidori (2001).
One possibility is to introduce the additional assumption of no concurrency of faults, which results
in much weaker necessary conditions for obtaining fault detection and isolation.
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Considering a generic system possibly affected by faults affecting all the input signals
u;, i=1...,m, and on the output measures y,, k=1...,p.

Hence, the total number of faults possibly affecting the system is given by s=m+ p. When this
number is larger than the dimension of the state space n, the necessary conditions for FDI given in
De Persis and Isidori (2001) for possibly concurrent faults are certainly (and structurally) violated.
Therefore, following the approach proposed by Mattone and De Luca (2006b), the FDI problem can
be relaxed by assuming that at most one fault can affect the system at any time (non-concurring
faults).

In the next sections, all steps involved in the nonlinear design of a general fault detection and
isolation scheme for multiple non-concurring actuator and state sensor faults will be presented.
Hence, since the considered faults may affect all system inputs (actuators) and all available system
outputs (state measurements), it is necessary to make some observations about the fault modelling
for the design of the residual filters.

3.5.1 Modelling of Actuator Faults

Since the model of Eq. (3.13) is affine in the control inputs, actuator faults can be modelled in a
straightforward manner through the fault input f, defined as

f =u—u (3.14)

u C

where u, is the commanded control input and u is the effectively actuated control input. Replacing

the expression of Eq. (3.14) in the system state dynamics of Eq. (3.13) and neglecting for the
moment the presence of disturbances, the system dynamics can be written as

X= 0000+ 6,00u,, + 1, (91, (315)

with 1, (x) =g;(x). Eqg. (3.15) includes the effects of all the actuator faults and is still affine in the

(control and fault) inputs, thus, allowing the direct application of the nonlinear FDI methods
illustrated in De Persis and Isidori (2001) and Mattone and De Luca (2006b).

3.5.2 Modelling of Sensor Faults

Focusing on the modelling of faults on the sensors providing measurements of the state variables
X, K=1,...,n, the most natural way to take into account the possible occurrence of a fault would be

defining a measurement fault F, affecting the measurement of a generic k-th state variable x, as
the difference between the measured and real values of a state variable (ie. F =y, —X).
However, this way of modelling would lead either to the appearance of the fault ka in the output
equation y, =X, +F,_ or to a model that is generally nonlinear in the sensor fault inputs (if the
states in the model equations are replaced by x, =Y, —F, ). In this condition it would not be

followed the structure of (3.13) for the implementation of the NLGA in the design of the FDI
residual filters described in the following subsections.

However, by using the procedure described in Mattone and De Luca (2006b) to model the sensor
fault class in the considered spacecraft model, it would results in model equations with the input
affine structure of Eq. (3.13).



52 3 MODEL-BASED FAULT DETECTION AND ISOLATION

In particular, a generic fault F, on the output sensor of the k-th state variable can be described in
an alternate way by a set of v, >1 mathematical fault inputs f, ; (i=1...,v;,) in place of the natural
fault F, . However, in this way the one-to-one correspondence between the physical event (fault of

a sensing device) and its mathematical representation (sensor fault input) is lost. Whenever a
physical sensor fault occurs (i.e. F, #0), all the associated mathematical fault inputs f, ; will

I
’

become generally nonzero, although with different time behaviours and, in general, without a direct
physical interpretation. The detection of an occurred single physical fault F, can be carried out by

recognizing the occurrence of any (one or more) of the corresponding mathematical fault inputs
foi (1=1..%).

Considering the generic k-th sensor fault (k=1,...,p), the modelling procedure proposed in
Mattone and De Luca (2006b) consists in the following steps:

1. Look in the system model for all different (and, in general, nonlinear) expressions ¢, ;(X,u)
involving x, and such that the model is affine in ¢, ;(x,u);

2. For each expression ¢, ;(x,u), define the fault input f, :¢kvi(x’u)|xk=yk - @ (x,u), i.e. the
error induced in the computation of ¢ ;(x,u) by the use of the measured value y, in place
of the real value X, , and compute the corresponding fault vector field I, ;(x). In this way,
v, —1 faults are introduced. It is worth noting that, by definition, f, ; is only affected by a
fault on the k-th state sensor (with the assumption of no concurrency of faults), and is zero
whenever F, =0 (i.e. X =Y,). As a result of this modelling step, any occurrence of the

expression ¢, ;(x,u) in the system model can be replaced by (Pk,i(X,U)|X T f ., and the

model results to be certainly affine in the fault input f, ;. In this way, the right-hand side of
Eqg. (3.21) is only dependent on the variable y, and not X, ;

3. Define the further fault input f, A, =Y, —X, . The introduction of this additional fault input
in the model allows writing also the left-hand side of the k-th system equation in terms of
the new variable y, , with dynamics Y, =%, + f, , . Thus, the fault vector field associated to
fo v s 1, =1, with I, the k-th column of a nxn identity matrix;

Xy 1 Vi

4. 1f, for two indices i, j, it can be written |, ; =a(X)l, ; for some real function a(x), then it
can be set f, =1, ;+a(X)f, ; and eliminated f

il Xl !

whereas the vector field 1, ;(x)

clearly remains the same. With a slight abuse of notation, the symbol v, can be still used to

indicate the final number of mathematical fault inputs corresponding to the k-th state sensor
fault.

Therefore, when the outputs are taken as new state variables for the system dynamics, the general
structure of Eq. (3.13) is recovered. The final model, including the effect of all (non-concurring)
faults of actuators and state sensors, is then

ETAORDRTOIIED YNOLIES 3 FMCHI 3.6

k=1 j=1

with the trivial output equation omitted. Eq. (3.16) models the faulted system, which is expressed in
terms of the available commanded inputs u, and measured outputs Yy, and is affine in all control

and (unknown) fault inputs, as requested. In other words, any discrepancy between faultless and
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faulted system dynamics is fully summarized within the introduced fault inputs. Model of Eq. (3.16)
may be reordered and more compactly rewritten as

y= go(y)+igi(y)uc,i +iﬂ2|k,j(y) fi; (3.17)

k=1 j=1

where m is the number of actuators (and actuator faults), p is the total number of sensor
measurements (and sensor faults), s=m+ p is the total number of (physical) actuator and sensor
faults, with f,, =f, and g =1for k=1..,m,and f ;. =f, ;and 4, =v fori=1..p.

m+i, j
Finally, it is worth noting that input and measurement noise are not explicitly included in model of
Eq. (3.17) used for FDI design. Indeed, it is rather intuitive (and can be formally proven) that these
disturbances cannot be exactly distinguished from faults of the input actuators and state sensors. On
the other hand, when these unmodelled disturbances are small enough, relevant faults can still be
correctly isolated, in practice, by using suitable residual thresholds.

3.6 Nonlinear Geometric Approach

This section describes the general design methodology on which the residual generators for fault
detection and isolation for nonlinear systems are based. This differential-geometric approach for
nonlinear FDI problem, referred to as Nonlinear Geometric Approach (NLGA), was formally
suggested by De Persis and Isidori (2000, 2001). It consists in finding changes of coordinates in the
state space and in the output space, providing an observable guotient subsystem which, if it exists,
is affected by a fault, but unaffected by disturbances and the other faults to be decoupled. In the
following, necessary and sufficient conditions for the FDI problem to be solvable are given. A
residual generator can be designed on the basis of the model of this observable subsystem.

As previously stated, the problem of fault detection and isolation in dynamical systems is the
problem of generating diagnostic signals sensitive to the occurrence of faults. Regarding a fault as
an input acting on the system, a diagnostic signal must be able to detect its occurrence, as well as to
isolate this particular input from all other inputs (disturbances, controls, other faults) affecting the
system behaviour.

One specific diagnostic signal (also called residual) must be generated per each fault to be detected,
each diagnostic signal being sensitive only to one particular fault. Set in these terms, the problem of
fault detection and isolation has very much the connotation of a problem of designing a system
which, processing all available information about the plant, yields a non-interactive map between
faults (viewed as inputs) and residuals (viewed as outputs).

In general, in Massoumnia (1986) and Massoumnia et al. (1989) it was proven that a basic
necessary and sufficient condition for the problem to be solvable is the existence of an
unobservability subspace (a subspace that can be made unobservable via output-injection and
output-reduction) leading to a quotient (observable) subsystem unaffected by all fault signals but
one. The subspace in question can be determined in a straightforward manner, from the parameters
that characterize the plant, by means of simple recursive algorithms which were introduced earlier
by Willems and Commault (1981) to a similar purpose (disturbance decoupling, with internal
stability, via measurement feedback). Once this subspace has been determined, if the test of the
necessary and sufficient condition is passed, the simple construction of an asymptotic observer for
the quotient subsystem above yields the desired filter.

For the case of nonlinear systems, as shown in Isidori et al. (1981), to solve the problem of non-
interacting control, the fault detection and isolation problem was approached in differential
geometric terms. Hence, the solution to this problem can be characterized in terms of properties of
certain distributions, which can be considered as the nonlinear analogue of the unobservability
subspaces. As in the case of linear systems, the problem is solvable only if one of such distributions
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exists leading to a quotient system which is unaffected by all fault signals but one. Unobservability
distributions can be computed by means of proper algorithms that extend to nonlinear systems those
presented by Morse and Wonham (1970, 1971) and Willems and Commault (1981). Conversely, if
such a distribution exists, it is possible to perform changes of coordinates (diffeomorphisms) in the
state and in the output spaces which highlight a special internal structure and in particular the
existence of a locally weakly observable subsystem, which is not affected by all fault signals but
one. Once these changes of coordinates have been performed, the problem of designing a fault
detection filter can be reduced to the design of an observer for the quotient subsystem.

A nonlinear system model affine with respect to the control and fault inputs and the disturbances is
considered in the following form:

x=n(x)+g(X)u+(x) f + p(x)d
{y:h(x) (449)

with initial conditions x(0) = X,, in which the state vector x € X’ (an open subset of R"), u(t) e R”
is the control input vector, f(t) R is the fault, d(t) e R the disturbance vector (embedding also
the faults to be decoupled), and y e R™ the output vector, n(x), I(x), the columns of g(x) and
p(x) are smooth vector fields, h(x) is a smooth map and f(0)=0, h(0)=0.

The three sets of components u, f, d of the input of Eq. (3.18) correspond, respectively, to an

input channel to be used for control purposes, to a fault signal whose occurrence has to be detected,
and to a disturbance signal, whose components include actual disturbances as well as other fault
signals from which the specific fault has to be isolated. Hence, the main problem is the design of a
filter (hereinafter referred to as the residual generator), modelled by equations of the form

R
r

with state X e R" defined in a neighbourhood X of the origin, inputs u, y and output r e R? with

Il
>

V+4E Y 619
Y

)

(X

(X

Il
5>

p<p, in which f(%,y), the m columns of §(X,y) are smooth vector fields, h(&,y) is a smooth
mapping and f (0,0)=0, h(0,0) =0, such that the response r(-) of the cascaded system

d(x)_( n(x) 9(x) 1(x) p(x)
E[xj‘(ﬁ(k,h(x))j{@(ﬁ,h(x»]”{ 0 ]”( 0 jd (3.20)
r=h(%,h(x))

depends nontrivially on (i.e. is affected by) the input f, depends trivially on (i.e. is decoupled

from) the inputs u and d and asymptotically converges to zero whenever f is identically zero. In
general, considering a nonlinear system affine in the inputs of the form

X=0,(0+9,00u
y=hx)

(3.21)

with state x € R defined in a neighbourhood X of the origin, g,(x), 9,(X),..., 9,,(x) are smooth
vector fields, h(x) is a smooth function and Q, the smallest codistribution invariant under
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Jos 95 O, Which contains span{dh}, the output of the system results to be decoupled from the
generic input u, if g, € Q;, and affected by u; if g, ¢ ;. Hence, considering the extended system

K =G5 0)+ 2 970N+ OV F+ DB ()

(3.22)
r =h°(x%)
resulting from the composition of the plant and filter models, in which
X f(x) g(x) _
Xe:[Aj, 93(X6)=(A J gf(xe)z(A N fori=1..m
X % X, h(x
f(%,h(x)) a(x,h(x)) (3.29)

|6(xe)=['(g)j, pf(xe):{p(()x)J fori=1...d, h*(x*)=h(&h(x)

and looking for the smallest codistribution €}, containing span{dh} and invariant under

g, i=0,..,m and all p’, i=1...,d, the output rof the system of Eq. (3.22) depends nontrivially
on the input f if

I° e (05) (3.24)
and depends trivially on the inputs u, d when f =0 if
gfe(Qg)L, fori=1,..,m and pfe(Qg)L, fori=1,..,d (3.25)

Therefore, the local Nonlinear Fundamental Problem of Residual Generation (INLFPRG) consists
in finding, if possible, a (stable) residual generator capable of detecting the occurrence of a specific

exogenous (and unmeasured) input, such that the codistribution € in Eq. (3.22) satisfies

span{gs, ..., g%, pf..., pSf < (Q5)"
span{je} & ()" (3.26)
there is &> 0 sucht hat, if |x*(0)] <&, then f (t) =0 for all t > 0 = lim||r (t) = 0

In the same way, in general, diagnostic filters can be designed to detect and isolate multiple
concurrent faults f,..., f,, in case of a system of the form

X=n00+ 6,000 + D00+ p(x)d
y=h(x)

(3.27)

Setting i =1,...,s,
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and writing (3.27) as

x=n00+> 0,000, +L,00 , + poOd
y=h(x)

X
.

solves the INLFPRG problem for the generation of the residual for the fault f;, then the bank of
residual generators

(3.28)

Presuming that the residual generator

>

Il
>

,Y) + 6 (%, y)u

A (3.29)
X, Y)

i
H (

Il
>

)A(S = rjs (A)’Zs’ y) + gAs()/Zs' y)U (330)
h=h(X.y)
rS = As ()’251 y)

solves the problem of detecting and isolating each individual fault signal f,..., f,. Conversely, if
there is a residual generator of the form

A

x=A(%,y)+§(% y)u
h

Il
>

(%.y) (3.31)

> -

r

S

(%X, Y)

%

such that in the cascaded system of Egs. (3.27) and (3.31), for each i, the residual r, is affected by

the input f, and decoupled from the inputs u and d. and asymptotically convergent to zero as f, ()
is identically zero, then necessarily the filter

{x =A%, y)+4(% y)u (3.32)

solves the INLFPRG problem.

Now, in order to illustrate the NLGA algorithms exploited for the design of residual generators, let
consider the system of the form of Eq. (3.21), where g,(x) =n(X) and Ker{dh} is the distribution
annihilating the differentials of the rows of the mapping h(x), and a distribution A is said to be
conditioned invariant ((h,n) invariant) if it satisfies
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[ g, AnKer{dh}]cA foralli=0,..,m (3.33)

Given an additional set of smooth vector fields p,(X),..., p;(X) (corresponding to the inputs to be
decoupled), and once defined the distribution (decoupling matrix)

P =span{p,..., Py } (3.34)
it can be considered the non-decreasing sequence of distributions defined as follows
S,=P

Sk = S_k + i[g, , S_k M Ker{dh}] (3.35)
i=0

where S denotes the involutive closure of S. If it exist an integer k" >0 such that S,.,,=S,.
(well-defined distribution) the recursive algorithm stops and the minimal conditioned invariant
distribution Xf =S,. is defined, which contains P and results to be involutive and conditioned
invariant. Moreover, any other involutive distribution A containing P and conditioned invariant
satisfies A > X . A codistribution Q is said to be conditioned invariant if it satisfies

L, Q= Q+span{dn} foralli=0,..,m (3.36)

where span{dh} is the codistribution spanned by the differentials of the rows of the mapping h(X) .
If An Ker{dh} is a smooth distribution and Q= A" is a smooth codistribution, then Q satisfies

(3.36). If =¥ is well-defined and nonsingular and =7 N Ker {dh} is a smooth distribution, it can be

asserted that (25 )L is the maximal conditioned invariant codistribution which is locally spanned by

exact differentials and contained in P~.
Considering again the system of Eq. (3.21) and given a fixed codistribution ®, a non-decreasing
sequence of codistributions can be defined as follows

Q, =©nspan{dh}

Qu.=0n [i L;Q, +span {dh}j (3:37)

Supposing that all codistributions of this sequence are nonsingular, so that there is an integer
k”<n-1 such that Q =Q,.. for all k>k", the recursive algorithm stops and the codistribution
Q" =Q,. can be defined. It is convenient to use the notation Q" =0.c.a.(®) (where o.c.a. stands for
observability codistribution algorithm) to stress the dependency on ® of the codistribution
Q =Q..

Supposing that all codistributions of the generated sequence are nonsingular and let Q" =0.c.a.(®)
be defined as above, then



58 3 MODEL-BASED FAULT DETECTION AND ISOLATION

Q, =Q nspan{dh}

. m (3.38)
Q.= (Z L,Q +span {dh}j
i=0
As a consequence o.c.a.(Q*)zﬂ*. Moreover, if the codistribution ® is conditioned invariant, so it
is the codistribution Q. Hence, a generic codistribution Q is a observability codistribution for the
system (3.21) if
L, Q= Q+span{dn} foralli=0,..,m

oca(Q)=0 (3.39)

Likewise, A is an unobservability distribution if its annihilator Q=A" is an observability
codistribution. If ® is a conditioned invariant distribution, then o.c.a.(@) is an observability

codistribution.
If the recursive algorithm of Eq. (3.37) is initialized at (= )L , then o.c.a.((zf )l) is by construction

an observability codistribution contained in P*. As a matter of fact, o.c.a.((zf )l) Is the largest
codistribution having such property. The codistribution o0.c.a.(®) is the maximal (in the sense of
codistribution inclusion) observability codistribution contained in ®. If = is well-defined and
nonsingular, and =X N Ker{dh} is a smooth distribution, then o.c.a.((Zf )l) is the maximal (in the

sense of codistribution inclusion) observability codistribution which is locally spanned by exact
differentials and contained in P*.
Finally, considering again the system of Eq. (3.21) and the decoupling matrix P = span{ Py Py }

1
if Ii(x)eo.c.a.((Zf )L) :o.c.a.(Q*)L, the fault f, results to be detectable and a change of

coordinates can be determined. Whenever the previous fault detectability condition is satisfied,
there exists a surjection ¥, and a function @, which satisfy Q" nspan{dh}=span{d(¥,-h)} and

Q) =span{d¥,} respectively. Therefore, the functions ¥(y) and ®(x) can be defined as

) R (@0
w0 = 1=, 00| || o (3.40)
S %) (2,0

with

n, =dim{Q*}, n,=p-n
dim{Q" ~span{dn}} = p-n,
Y. (y):R°P > RP™, @,(x):R"—>R"
H,y:RP > R™, D,(x):R" >R ™

(3.41)
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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). X, represents the measured part of the state which is affected by the fault f, and not
affected by the other faults and disturbances (i X, and X, represent the measured and unmeasured
parts of the state affected by the fault f, and the other inputs di respectively. In many cases X, is
not present. The functions W(y) and ®(x) are (local) diffeomorphisms at x°e X and
vy’ =h(x°) e R".

Thus, in the new (local) coordinates defined above, the system of Eg. (3.18) can be described by the
following relations (Benini et al. 2008):

% =Ny (X, %) + 0 (X, XU+ (%, X, %5) F
% =Ny (X, %y, %) + 0, (X, X, XU+
+, (%, %5, %) £+ p, (%, X, X;)d

X3 :n3(x1,x2,¥3)+g3(2,¥2,>‘<3)u+ (3.42)
Hy (%, %, %) £+ p3 (3, %, %,)d
V.= h(Y1)
Y, =%

with 1 (X, X,,%;) not identically zero. If X, is identified with y, and viewed as an independent
input, the X -subsystem can be singled out:

{il:nl(z,yz)+gl(il,VZ)U+|1(Y1,72,73)1‘ (3.43)

Y= h(xl)

state which is affected by the fault f and not affected by the other faults and disturbances d.

(embedding both the other faults and disturbances). Therefore, in general, the NLGA residual
generators for FDI can be designed by exploiting the properties of this quotient subsystem.

3.7 Residual Generator Design

The additional assumption of no concurrency of faults, made in Section 3.5 in order to consider also
sensor faults, results into much weaker conditions for fault detectability and isolability than those
given in De Persis and Isidori (2001) and described above. In particular, when each physical fault
F. is modelled by just one fault input with associated vector field, it has been shown that the
necessary and sufficient condition for non-concurring FDI (under full state availability and absence
of disturbances) is

span{l,} < span{l,}, ViKk, i=k (3.44)

Condition (3.44) guarantees that, for each couple of faults F,F , a dynamic system (residual
generator) can be found, whose output r (residual) is certainly affected by just one of the two faults
and not by the other, thus allowing the discrimination of the occurrence of one fault from another
one. When each physical fault F,_ is modelled by a set of always concurrent fault inputs, as in the

case of EqQ. (3.17), condition (3.44) can be easily extended, as described in Mattone and De Luca
(20064a, 2006b), by observing that a residual is:
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1. affected by F, if it is affected by at least one of the associated fault inputs f, ,..., f

K,

2. decoupled from F, if it is not affected by any of the fault inputs f, ,,..., f

U 7
This leads to the following necessary and sufficient condition for detectability and isolability

vk, Vi=k,3je{l,... 4} suchthatspan{l,;} « P
OR (3.45)
Fhe{l,..., 4} suchthat span{l, .} < B,

where P, :span{liyl,...,li,ﬂi}and P denotes the involutive closure of P, i.e. the closure of P under

the Lie bracket operator. It is worth noting that, differently from Eq. (3.44), which is symmetric
with respect to i and k, the two conditions in the left-hand and right-hand sides of the OR operator
in Eq. (3.45) may not hold at the same time. Thus, it may happen that a residual generator exists,
that is affected by F, and not by F, but that any residual affected by F, is necessarily also affected
by F,. The fulfilment of the condition (3.45) of detectability and isolability implies that for any pair
of faults F, and F,, a residual exists that is affected by F, or by F,, but not by both. Moreover, the

fulfilment of this condition implies there exists a set R of residuals such that each fault affects a
different, nonempty subset of diagnostic signals within R. Under the assumption of full state
measurability, the design of this set of residuals follows directly from Eqg. (3.45), using the fault
vector fields of model of Eq. (3.17). Essentially, condition (3.45) guarantees the existence, for any

pair (i,k), of a suitable decoupling output function W,(y)=1Y,, whose dynamics is affected, for
example, by at least one of the fault inputs associated to F,, and decoupled from all fault inputs
corresponding to F,. Then, a residual generator can be designed as a standard nonlinear observer

with linear error dynamics (Isidori 1995). In particular, the dynamics of the state of this
observer/residual generator is a copy of the nominal (faultless) dynamics of ‘¥,(y)=Y,, plus a
correction term, i.e. the residual feedback, that makes the observation error/residual asymptotically
converge to zero in the absence of faults. If the condition

he{l,... 1} suchthatspan{l;,,} « R (3.46)

holds, since P, is involutive by construction, n—dim(P,) independent functions Vien-dima,) (V)
certainly exist, such that their differentials dy,(Y),.... ¥y, gimsy(Y) SPan the annihilating
codistribution P~ (Isidori 1995), with

=0 Vj=1..,n-dim(P), VoeP, (3.47)

Moreover, from Eq. (3.45) it follows that

a‘//|<,|

Al e{l,..,n—dim(P,)} such that I, #0 (3.48)

and a scalar output y,; =y, ,(Yy) can be determined, whose evolution is defined by
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S

. a m H
Yis =%(go(y)+zgj(y)uc,j +X () fp,qj (3.49)
j=1 p=1 g=1

and, thus, is affected by the physical fault F, in particular the associated fault input f,,, and not
affected by F, since Eq. (3.47) holds for v = f, ;,q=1,..., 4 in particular. The residual generator
allowing to discriminate F from F, is modelled as

é: aaw;l (go(y)"‘igj(y)uc,jj"' K(yls _ég)

r=715—4§

(3.50)

with K > 0. This residual generator is structured as a nonlinear observer with scalar state & and

linear error dynamics (Isidori 1995; Benini et al. 2008). The residual is characterized by the
dynamics

s M
F=—Kr+ K S (),

p=1 g=L

of a linear, exponentially stable system driven by the set of all the fault inputs f,, for which it
holds

a‘//k,l

Ip'q #0

By construction, the set of these fault inputs certainly includes f;,, but does not include any fault
input f, ;, j=1,..., 14, even if it may or not be affected by all the other faults.

Now, in order to design the set R of residual filters for the FDI, it could be more convenient to
work with residual matrices, due to the possible large number of mathematical fault inputs
associated to the physical faults (Mattone and De Luca 2006b).

The Residual Matrix (RM) associated to the set R:{rl,...,rnr} of n, residuals is a binary matrix
whose element RM(i, j) is nonzero if and only if the physical fault F, (or, equivalently, at least
one of the associated fault inputs f;,,..., f; ) affects residual r; € R . Therefore, a set of residuals
solves the non-concurrent FDI problem if and only if

RM(i,:)#0  RM(,:)=RM(i,:) Vik iz=k (3.51)

where RM(i,:) denotes the i-th row of RM. The incremental procedure described in Mattone and

De Luca (2006b) to build the columns of the residual matrix RM, which satisfies condition (3.51),
can be summarized as follows:

1. Initially, the first element r, of the residual set R is designed, so that it discriminates the
physical fault F from F,, and the corresponding residual matrix RM, consisting of a single

column, is built. After this initial step, the first two rows of RM are different, but one of them
is zero.
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2. Then the element r, of the residual set is designed, so that the first two rows of the resulting

residual matrix RM, now consisting of two columns, become nonzero. From now on, the first
two rows of RM will certainly be different and nonzero for whatever selection of the
remaining elements of the residual set.

3. After the generic k-th step of the procedure, the first k rows of the current RM matrix are
different and nonzero. Then, looking at rows from k+1 to the total number s=m+p of

physical faults possibly affecting the system, the first row being either zero, or equal to one of
the above matrix rows (and, necessarily, only to one), is founded (if it exists). Consequently,
the residual r ., to be added to the set is designed so as to introduce either a one element in
the null row, or the element needed to make the two equal rows to be different.

4. After a finite number of n, steps, with log,s<n, <s , all the s rows of RM will certainly be

different and nonzero, and the designed residuals will satisfy condition (3.51).

Moreover, the procedure described above can be also extended to the case in which external
disturbances to be decoupled are present. In this case, the disturbance term d in the affine nonlinear
model of Eq. (3.18) can be considered as a vector of additional and always concurrent fault inputs
to which any designed residual filter has to be completely insensitive, i.e. all the designed residual
filters have to be always not sensitive to all the inputs included in d . In this way, the total number
of faults possibly affecting the system results to be s=m+p+n,, where n, is the number of
elements in the disturbance vector d. Now, the main difference in the design procedure of the
residual filters consists in the determination of a residual matrix in which the rows corresponding to
the disturbance terms to be decoupled are zero.

If the condition (3.46) holds, where in this case P :span{livl,...,lm, p}, p is the set of smooth

vector fields corresponding to the concurring inputs to be always decoupled and P still denotes the
involutive closure of P.. Therefore, any residual filter designed by means of the previously
described incremental procedure and satisfying, for example, condition (3.46) for an extended
distribution P = span{liyl,...,li,ﬂi, p} results to be decoupled from the disturbance vector d . Model
(3.16) may be rewritten to include also the (always concurrent) disturbance inputs as

=G+ 200+ 33l D+ R0, 352

k=1 j=1

where m is the number of actuators (and actuator faults), p is the total number of sensor
measurements (and sensor faults), s=m+ p+n, is the total number of (physical) actuator and
sensor faults and disturbance inputs.



4 FDI IMPLEMENTATION IN THE SATELLITE ADCS

This chapter illustrates the design and practical implementation of a complete FDI system for the
considered spacecraft ADCS. The FDI system consists of four independent banks of residual
generators, referred to as Residual Banks (RB)s from now on, working in parallel and designed by
exploiting the NLGA and the previously described fault modelling procedure and decoupled from
the external aerodynamic disturbance torque acting on the satellite. Subsequently, the fault detection
and isolation procedure, based on the cross-check of the provided diagnostic signals, is described
along with the corresponding decision logic. Simulation results for FDI are given in case of sensor
and actuator fault occurrence.

4.1 Mathematical Fault Inputs Associated to Physical Faults

In order to design a set of residual generators for fault detection and isolation purpose, the
previously described procedure for fault mapping is implemented and the mathematical fault inputs
associated to each physical actuator and sensor fault are determined. Considering these associated
fault inputs, the original nonlinear model can be rewritten in an affine form with respect to both the
inputs and fault inputs, and the NLGA can be subsequently exploited in order to design proper
residual filters, each of them sensitive only to a specific set of possible mathematical faults and not
sensitive to the external aerodynamic disturbance. As a consequence, these designed residual filters
provide diagnostic signals that can be exploited to realize an accurate fault isolation.

For simplicity, from now on the nonlinear dynamic and kinematic model equations (2.46) and
(2.33) of the spacecraft, and the dynamic equations (2.42) of the reaction wheels will be written

with a different notation, by considering the following notations for actuated input vector ueR*,
commanded input vector u, € R*, state vector x e R™ and output vector y € R*:

U:[Ul u2 u3 u4]T :[Tctrl,l Tctrl,2 Tctrl,3 Tctrl,4]T (41)

u :[ucl uc2 uc3 UCA]TZI:TC,l Tc,2 Tc,3 Tc,4]T (42)

c

.
X=[X X X3 X, X X5 X5 Xg Xg Xgo Xy| =

e ) (4.3)
:I:a)w,l a)w,Z a)W,B a)w,4 a)x,i a)y,i a)z,i ql,o q2,o qS,o q4,o:|true
Y=[Vi Y2 Vs Ve Yo Vs Vo Ve Yo Voo Yu VYo Vi Vu ylS]T =
o (44

[a)w,l ww,Z 0

w,3

a,

w,4 wx,i a)y,i wz,i qstarl,l qstar1,2 qstarl,S qstar1,4 qstar2,1 qstar2,2 qstar2,3 qstar2,4j|

measured

Where C_lstarl = [qstarl,l qstarl,z qstarl,S qstarl,4]rTneasured and qstarz = [qstarZ,l qstar2,2 qstar2,3 qstar2,4]1r;1easured are the
attitude measurements provided by the two considered attitude sensors, i.e. the two star trackers.
The input vectors consist of the actuated (true) and commanded (nominal) control torques provided
by the four reaction wheels in the tetrahedron configuration, respectively. The state vector consists
of the value of the (true) spin rates of the actuator flywheels, the angular velocities of the satellite in
the inertial reference frame along its body axes and the true attitude unit quaternion

U0 =[%o %o G q4yO]T in the orbital reference frame. All the states are assumed measurable,

63
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or derivable by means of Eq. (2.57) from the sensor measurements, thus the output vector consists
of the measured values of all the states provided by the considered sensors.

With this notation, the differential equations (2.34), (2.42) and (2.46) of the spacecraft nonlinear
model can be rewritten as follows. The dynamic equations (2.42) of the actuators are explicitly
rewritten as

, U,
X1=—|—
w
, u
X, =——%
IW
(4.5)
, u
X, =——2
IW
. u
X, =——*%
IW

The dynamic equations (2.46) of the satellite attitude are explicitly rewritten as

1, -1 2 1
Xs =—Mx6x +\/;IW (XX, — X7 X, — XgX, + XgXs) +

XX

\f(u | +U, —Uy —U,) 2/:(IZZI—)(X9X10+X8X11)(1—2X§_2X§)+

Faer (2XX,4C y F+ 2XgXy3Cpy = 2XgXoC , +2X10X4,C, ;)

XX

1, —1
X =—Mxx +\f W(x/_xx \/§x5x3—x7xl—x7x2+X7X3+X7X4)+

u,—u 61 (1
\/7( 2) 'u ( XXI ZZ) (X8X10 - X9X11)(1_ 2X§ - 2X§) +
yy

+ Iaero (C — 9 2X10C 2X8X10Cp,x _2X9X11prx)
¥
I 11
%, = )xx+\f3|W(x6X1+xx = V2XX +2%,) +
77

u,—u 12 (I xx)
( 4 3) ,u | (XoXy + XgX11) (XgXsp — XgXy1) +
/ ZZ (4.6)

Fero (2%XC,x — 2X4oXysCpy —Cy , + 2x§cp,y + 2xf0cpyy)

7z

Finally, the kinematic equations (2.34) of the satellite attitude are explicitly written as:
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o1
Xg :E(szn — XeXy + X; Xg + W, Xy5)

1

Xy = E(szio + XXy — X; Xg + @, %y, )
. 1 4.7
X0 = E (X5 Xg + XgXg + X, Xy — @y X5)

. 1
Xy :E(_szs — XeXg — X, X1 — @y %)

The output equations, considering also the presence of a second redundant attitude sensor, are
defined as

y=h(x)= [, |X (4.8)

Now, it is worth recalling that the attitude and angular velocity sensors considered in this thesis
actually provide measurements of the satellite attitude and angular rates of the satellite with respect
to the inertial reference frame. However, it is worth noting that, in order to maintain a unique
notation for the state variables in the residual filter models, and simplify the definition of the
associated mathematical fault inputs, the Eqgs. (4.6) and (4.7) in this chapter have been rewritten
considering the spacecraft quaternion vector defined with respect to the orbital frame as state
variable of the dynamic model. The values of the corresponding output variables can be computed
at each simulation instant by exploiting the actual sensor outputs for the spacecraft attitude provided
by the two star trackers with respect to the inertial reference frame of the fixed stars in Eq. (2.57),
with the position of the spacecraft along the orbit assumed to be exactly known. On the other hand,
it is worth noting that the spacecraft angular velocity in the dynamic and kinematic equations (4.6)
and (4.7) is still expressed with respect to the inertial reference frame.

The different choice or the reference frame used to express the state variables has been made only
to simplify the exposition of the design procedure. The residual filters practically implemented in
Simulink are all exploiting the inertial sensor measurements and the assumed available measure of
the satellite position Q, along the orbit path given by Eq. (2.57) to derive the orbital attitude Euler

parameters for the computation of the external disturbance torques.

This is done since the models of the external disturbance torques in Eq. (2.46) are based on the
values of the attitude variables with respect to the orbital reference frame. Hence, both the dynamic
and kinematic equations of the spacecraft are written as functions of the orbital attitude of the
satellite. The associated fault inputs and the designed filter models are essentially the same, apart
the explicit definition of the orbital attitude variables as functions of the inertial ones, but in this
way, the relations are simpler to be written.

Finally, it is worth noting that this done only for the description of the FDI module. Instead, the
design and description of the FE module, AFTC scheme and SMC controller in the following
chapters will exploit the actual sensor measurements of attitude and angular velocity with respect to
the inertial reference frame.

Exploiting the modelling procedure described in Section 3.5 and proposed by Mattone and De Luca
(2006b) for actuator and sensor faults, respectively, the following fault inputs can be defined for all
the considered actuator and sensor faults.

Considering the actuator faults, the physical and corresponding associated mathematical fault inputs
are shown. The possible physical faults affecting the four reaction wheels of the ACS and the
corresponding vector fields are defined as follows:
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)
f, =u,-u, L={-1000 21 21 900000000
1 : 31, \31,

11 [21 '

f, =u, -, |u2={o 00 2= 5= 00000000 0}
- ? )

f, =U,— U |u=oo—1o—\ﬁio—3ioooooooo
: : 31, 31,

11 2 1 '
£, =u, -, |u4={o 00 -1 —\gl— 0 |57~ 0000000 o}

The possible physical and associated mathematical fault inputs, with the relative number of
associated faults and the corresponding vector fields, for the sensors of the ACS measuring the spin
rates of the actuators flywheels are defined, for each actuator subsystem, as follows:

1. For the first reaction wheel sensor fault F, =y, —X and v; =4

fy1,1=\g|'—Wx7(y1—x1) l,,=[0 000 -100000000O0 0
11 T
f, === %% (y, - X ,,=[0 0000 -1000000000
1,2 \/; Iyy 7(y1 1) X1,2 [ ] (410)

fyl,3=\E:—W(x6—ﬁx5)(yl—x1) l,=[0 00000 -10000000 0

Z

fLa=Vi-% ,,=[L 000000000000 O O

2. For the second reaction wheel sensor fault F, =y, —Xx, and v, =4

fy2,1=—\E:—WX7(yz—x2) ,,=[0 000 1000000000 0f
f,=- Ty (v, =) l,,=[0 0000 -100000000 Of
| 31y | (4.11)

11
fyz,3=\gl—w(xe+ﬁxs)(yz—x2) l,;=[0 00000 -10000000 0]

fe=Vo—% L,=[0 1000000000000 0f
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3. For the third reaction wheel sensor fault F, =y, —x; and v; =4

Sy LT ,,=[0 000 1000000000 0]

17
Y3 3 Ixx

fy3,2=\/g|'—"“(x7—ﬁx5)(y3—x3) ,,=[0 0000 -100000000 0
Yy

(4.12)
11, "
ys3 = él_xe(yg_x;;) l,;=[0 00000 -1000000 0 0]
fra=Ys—% l,,=[0 0100000000000 0]T
4. For the fourth reaction wheel sensor fault F, =y, —Xx, and v, =4
y4,1=—\g:—wxe(y4—x4) l,;,=[0 000 1000000000 0]T
fy4,2=\/g:—w(x7+ﬁxs)(y4—x4) l,,=[0 0000 -100000000 O]T
vy (4.13)
11, N
y4,s=—\gl—xe(y4—x4) l,;=[0 00000 -1000000 0 0]
fa=Y—% l,,=[0 0010000000000 O]T

It is worth noting that in the previous relations the fault inputs f, ; associated to the k-th physical

sensor fault F, use a subscript notation with “y” instead of “X” just to avoid any misinterpretation

due to the presence of two redundant star tracker sensors measuring the same quaternion state
vector. The possible physical and associated mathematical fault inputs, with the relative number of
associated faults and the corresponding vector fields, for the sensors of the ADS measuring the
satellite angular velocities with respect to each body axis are defined, for each rate gyro sensor, as

follows:

1. For the first spacecraft angular rate sensor fault F, =y, —X; and v; =7

vy

fys‘l:[_MX7+\/%II—W(X4—X3)j(y5—X5) L,,=[0 0000 -100000000 U
v

24

|-
fmz[-(w XX)XG+J§:—W(XZ—xl)j(y5—x5) l,=[0 00000-10000000 0

fya=%1(Ys %) l,=[0 000000 -1/2000 -1/200 0

Lo =X(Ys— %) l,=[0 0000000 -1/2000 -1/2 0 0] (4.14)
s =X(Ys = %) ls=[0 0000000012200 0 120

s =X(¥s = %) Ls=[0 0000000001/20001/2]

fo=Ys—% l,=[0 0001000000000 Q]
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2. For the second spacecraft angular rate sensor fault F, =y, —X; and vs =7

I, -1
fy6,1=(—(zz W)X7+\EIl—W(xa—xLl)J(ye—Xs) |x6,1:[0 000-100000000°0 0]T

1, -
fy6,2=(—(w XX)X5+\E:—W(Xi+xz—x3—x4)](ye—xﬁ) L,,=[0 00000-100000000¢0

fius=Xo(Ys %) L,,=[00000001220001200(

fe =Xa(V5 = %) L,,=[0 0000000 -1/2000-1/20 0 (415)
fius = %(¥s %) Ls=[000000000-1/2000 -1/2 0

fLs =% (Y5 %) L,;=[0 0000000002000 12
f0=Ys—% ;=0 0000100000000 0f

3. For the third spacecraft angular rate sensor fault F, =y, —x; and v, =7

( (x1 XZ)J(y7—X7) L,=[0 0001000000000 0
( ——W(x +x4—x1—x2)j(y7—x7) L,,=00000-100000000(
W
f, =40y, L,=[0 000000 -1/2000%2000

fy7’4:x8(y7—x7) L,=00000000L200011200 (416)
f 5=y, %) L,=[00 0000000 -1/2000 -1/20f
f, o= KoY, -X,) L;=[0 0000000002000
f,=¥-% L,=0 0000020000000 0

Finally, the possible physical and associated mathematical fault inputs, with the relative number of
associated faults and the corresponding vector fields, for the sensors of the ADS measuring the
satellite attitude in quaternion notation are defined as follows. In this case, since two distinct and
redundant attitude sensors are assumed to be present, two distinct sets of mathematical faults are

i N T
defInEd' one fOI" eaCh sensor OUtpUt VECtor qstarlz[qstarl,l qstarl,z qstarl,3 qstarl,A]measured and

p— T - -
Clsta,2=|:(]star2‘l Ostar2.2 Ostar2,3 qstar2,4]measured’ with respect to the same quaternion state vector

q,= [ql,o o Tso q4,o]T . Moreover, associated fault inputs are defined for each component of
the quaternion vector.
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For the first attitude sensor, it can be defined:
1. the fault F, =y, —X; on the first quaternion parameter with v, =7
6,U (lzz - Iyy) 3.3 2 2 2 I:aero
Yol — E|—<_2X11(YB - Xa) - 2X9X10(Y8 - Xs) + (Xn - 2X9X11)(y8 - Xg)) +2 | (Xlocp,y - XQCp,z)(yB - Xs)
6 (1, -1 I:aero
Vo2 R_g%(_zxm(yg - Xg) + 2x9x11(y§ - Xg) + (X10 - 2X92X10)(YS - Xs)) - 2|_ Xme,x(ya - XB)
W W
12 (I _Ixx) |:aero
Y3 R_'au Wl (2x10x11(y§ - X;) + (X9X120 - nglzl)(yB - Xg)) +2 | Xng,x(yB —X)
fys,4 = X7(ys - Xs) (4.17)
f, 5= (X — @) (Vs = %)
fyg,e = Xs(ys - Xs)
f, .= YS -
2. The fault F, =y, —X, on the second quaternion parameter with vy =7
6 (IZZ_I ) Faero
Yol — R_/jl—w(_ZXm(yg - Xg) - 2X8X11(y§ - ng) + (Xlo - 2X§X10)(y9 - Xg)) +2 | (Xllcp,y - XBCp,z)(yg - Xg)
6 Faero
Y2 T RIL::( | )(an(yg ) 2X8X10(y9 ) (ZX Xy~ Xll)(yg )) 2 | (Cp,z(yg _Xg) + X11Cp,x(y9 - Xg))
W W
12 (I - lxx) Faero
fyg,3:R_§l WI <_X10X11(y§_X§)+X8X120(y9_xg))+2 I ( py(y )+chx(y9 ))
Froa =% (Y= %) (4.18)
fyg,s = Xs(yg _Xg)
fyg,s = (X +@,)(Ys — %)
fyg7 =Yy %
3. The fault F, =y,,—X, on the third quaternion parameter with v;, =7
6 (IZZ_I ) I:aero
Yol — R_,t; | = (Xg - 2X§X )(y1o 10) +2 | (ch + chp,z)(Ym - Xlo)
6 (I F
fyw RIL; ( | ) (X _ZX 2X8X§)(y10 - XlO) -2 Iaem (Cp,z()ﬁzo - X120) + XSCp,x(ylo - Xlo))
W W
12 (I - Ixx) Faero
fym,s = R_lau WI (Xexg(on - X120) + (ngﬂ - X92X11)(y1o - X10)) +2 | (Cp,y(ylzo - X120) - X11Cp,x(y10 - X10))
Vi 4 ( )(ym - XlO) (4-19)

Y10.6 ( le 10 )

Yio,7 le

f
fym =X ( le 10 )
f
f
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4. The fault F, =y, —X; on the fourth quaternion parameter with v;, =7

6 (Izz B ) Faero
yig.l Rl; | ( 8 - 2X§X8)(y11 - X11) +2 | (XQCp,y + XlOCp,z)(yll - X11)
6u (1, —1 F
e R—é“xx,—ﬂ)<—xg +200% + D)~ )~ 2 X, (V%)
W W
12 (I _Ixx) aero
fyu,s = R_,SU yyl (_X82(y121 - Xlzl) + (Xéleo - Xéleo)(yn 11)) 2 | X10Cy, x(Y11 11)
yud Xs (Y1, — %) (4.20)

V5 (Xs + @, ) (Yo — Xy1)
Vb X7(y11 - X11)
Va1, 7 = y11|- - Xll

f
f
f
f

with the corresponding vector fields of the associated faults for the four quaternion components
defined as:

l,,=[0 000 1000000000 0f
l,,=[0 0000 -10000000O0 0
l,,=[0 00000 -1000000 0 0f
l,,=[0 0 0000002200000 0 (4.21)
l,,=[0 0 0000000 -1/2 0000 0f
l,s=[0 0 0000000012000 0]
l,,=[0 0000001000000 0f
,,=[0 0 00 1000000000 0
l,,=[0 0000 -100000000 0
l,,=[0 00 000 -1000000 0 0f
l,.=[0 00 0000 -1/2 000000 0f (4.22)
l,,=[0 00 000000120000 0f
l,o=[0 0 0000000012000 0f
l,,=[0 0 000000100000 0f
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o

[

o

o O

o O

o

X10
Xm
XlO
XlO
X10
X10

[
.=
[
[
[
[

[0

X11
X11
Xn
X11
X11

[0
:=[0
[0
[0
[0
=0

100000000 O0QOQ
100000000 O]
10000000 0f
012000000 0]

000012000 0]
00010000 0f

o O O o o o o
O O O o o o o
OO O O o o o o
o O O o o o

1000000000 QO]
1000000000
10000000 0

o O O o o o o
o O O o o o o
o O o o o o o
o O o o o o
o O o o o

o O o o

00010000

Similarly, for the second attitude sensor:

Yol T

Y2 T

1. Thefault F,_ =Yy,

bu
R

bu
g

2u(l,,
R

(|ZZ

)

(I

| (_2X11(y12

XX

v

B lxx)
I

Z

(yu %)

)(y12 -
%)

(2X10X11(y122 -

%)

— X On the first quaternion parameter with v,, =7

F
) 2X X10(Y12 ) (X11 _ngxn)(yu - Xg))+ zﬂ(Xlocp,y - X9Cp,z)(y12 - XB)
I

XX

. lzz) Faero
|—(_2X10(ny - X83) +2X9X11(y122 - Xé) + (Xm _ngxlo)(yn - Xa)) -2 | XlOCp.x(ylZ -

vy

F
st) + (X9X120 - X9X121)(Y12 - Xs)) + 2% chp,x(y12 - Xe)

24

0
0
000 -1/20000 00
0
0

~1/2 00 0 0 0 0 0]
0 -1/2 00 0 0 0 0]
00 -1/2000 0 0]

%)

(4.23)

(4.24)

(4.25)
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2. The fault F, =y,;;—X; on the second quaternion parameter with v, =7

6 (IZZ_I ) Faero
ylg,lzR_lle | 7 (—2X10(y133—Xg)—2X8X11(y123—X§)+(X10—2X§X10)(y13—Xg))+2|—(XﬂCw—XSCp’Z)(yls—Xg)
6u(l, —1 Frro
fy13,2:R_!;M(an(yé_Xg)_zxsxm()’é_X92)+(2X§X11_X11)(y13_Xg))_z | (Cp,z(ylZS_X92)+X11Cp,x(yl3_X9))
Wy Wy
12 (I _lXx) l:aero
ylg,azR_lgu yyl (_X10X11(Y123_X§)+szlzo(yn_xg))"'z | (Cp,y(y123_X§)+XBCp,x(y13_X9))

)23 )23

fw =X (Y3 %) (4.26)
fy13,5 = XY= %)

fyls,ﬁ = (% +0,) (Y3~ %)

f

vl = Y137 Xg

3. The fault F, =y, —X, on the third quaternion parameter with v;, =7

6 (Izz —1 ) Faero
Vil = R_/:I—yy(xg _2X82X9 - 2X93)(y14 - XlO) + ZI_(XBCp,y + X11Cp,z)(y14 - XlO)
6 lxx — Izz Faero
fy14,2 = R_IL;(I—) (Xs - 2X83 - 2X8X§)(Y14 - XlO) - ZI_(Cp,Z (y124 - Xfo) + X8Cp,x(y14 - Xm))
yy yy
12 (I _ IXX) Faero
Y3 = R_,3U yyl (X8X9(y124 - X120) + (X82X11 - ngn)(Yu - X10)) +2 | (Cp,y(y124 - Xlzo) - Xllcp,x(yl4 - XlO))

73 73

Vi d = (X = @,) (Y1 = Xy0) (4.27)

4. The fault F,_=y;5—X, on the first quaternion component with v;; =7

6 (IZZ B I ) I:aero
Vsl R_ILglI—yy(Xs - 2X§ - 2X§X3)(y11 - X11) + 2|_(X9Cp,y + XlOCp,z)(y15 - X11)
6u (1, -1 F
Vis.2 _,L;M (_Xg + 2X§X9 + ZXS)(yﬁ - X11) -2 chp,x(y15 - X11)
R 1, l,
12 (I - Ixx) Foero
fy15,3 = ? yy| <_X§(y125 - X121) + (nglo - ngm)()’ls - Xll)) -2 | XlOCp,x(y15 —Xy)

fv15,4 = X5 (Yys — %31) (4.28)
fv15,5 = (Xs + @) (Y35 — Xi1)

fyls,e = X7(y15 - X11)
f
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with the corresponding vector fields of the associated faults for the four quaternion components
defined as

w1=[0000-100000DO0DO0TO0D0 O]T

w2=[0 0000 -100000DO0TO0D0 O]T

IX12'3=[0 0000O0O-100DO0OO0COO0DO 0]T

ws=[0 0000000112 00000 O]T (4.29)

ws=[0 00 000O0O0O0-1/20000 O]T

X12,6:[0 000O0O0OOOOO1L2 000 O]T

l,,=[0 0000001000000 O]T

w:=[0000-10000000O0O0DO0 0]T

Xl3,2:[0 0000-100O0OO0OO0OO0OO0CDO O]T

l,s=[0 00000 -1000000O00O0 O]T

x13,4:[0 000O0O0O-1/2 000000 0]T (4.30)

ws=[0 00 000O00O00O01/2 0000 O]T

x13,6:[0 000O0O0OOOO1I2 000 0]T

w7=[0000000010000O00O O]T

w1=[00000-100000DO0DO0TO0D0 O]T

XM:[O 0000-100O0DO0ODO0OO0OO0ODO O]T

l,:=[0 00000 -100000O0O0TO 0]T

ws=[0 000000122 000000 O]T (4.31)

.,s=[000000O0O0-1/200000 0]T

ws=0 00000O0O0O0O0T1/2000 O]T

l,;=[0 0000000010000 O]T

w:1=[0000-1000000DO0O0D0 O]T

Xls,2=[0 000O0-1000O0ODO0OO0OO0ODO 0]T

l.,=[0 00000 -100000O0O0O O]T

X15,4=[0 000O0O0OGON-1/2 00 0000 O]T (4.32)

ws=[0 00 000O00O0-1/200000 O]T

X15,6=[0 0 00O0O0OOO-1/2 0000 O]T

w7=[0 0000000001000 O]T
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Finally, since the gravitational disturbance model is almost perfectly known, the FDI robustness is
achieved by exploiting an explicit disturbance decoupling based on the NLGA, applied only to the
aerodynamic force term. This term represents the main source of uncertainty in the satellite
dynamic model, mainly due to the lack of knowledge of the accurate values of air density and
satellite drag coefficient. By considering the external aerodynamic disturbance as an additional and
always concurrent fault input to be decoupled, with the corresponding vector field

o O O O

(2Xe%40Cp.y +2Xe¥41C = 2XXsCpy, +2X10X4,C, )
I

XX

C.. —2X3C. —2X2C. . —2XXC.. —2X.X,C
d=E :_1 VZCDSexposed 0(X) = ( P,z 9Cp.; 10 p,zl 8A10Cp x 9411 p,x) (4.33)

aero
2 vy

2 2
(2x8xgcpyX - 2x10xﬂcp’X —Cpy + 2xgcp,y + 2xlocpyy)

24

o O O o

a nonlinear model affine with respect to all the control inputs, fault inputs and disturbance can be
defined, with the associated fault inputs defined above, in the form

=00+ a0+ XL, T, + 230, W, + Py (434

=1 j=1

and used in the incremental procedure described in Section 3.7 for the design of residual filters
decoupled from the aerodynamic disturbance. Any discrepancy between the faultless and faulted
system dynamics is fully summarized by means of the introduced mathematical fault inputs.

4.2 Design of Aerodynamic Decoupled Residual Generators for FDI

Considering the new affine model of Eq. (4.34) determined by exploiting the actuator and sensor
fault modelling procedure, by following the incremental procedure illustrated in Section 3.7, it is
possible to design a set of disturbance decoupled scalar NLGA residual filters and organise them in
four banks of filters working in parallel. These banks of residual filters are referred to as RB1 (also
defined as local filters), RB2 (also defined as global filters), RB3 and RBA4.

For different subsets of mathematical fault inputs it is possible to determine new scalar X;-

subsystems, with each subsystem affected only by a specific subset of mathematical fault inputs and
decoupled from all the other mathematical fault inputs and the aerodynamic disturbance. Each of

these newly defined scalar X -subsystems can be modelled as follows:
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?15 = nls(yls’ ylc’ 72) + Zgls,i (yls’ ylc’ yz)uc,i+ les,ui (715’ ylc’ 72) fui + izlls,xij (7157 ylc’ 72) fx,,j (435)
i=1 k=1

=1 j=1

and the corresponding scalar residual generators, written in filter form (Benini et al. 2008), are
modelled as follows:

é = nls(yls’ ylc' 72) + Zgls,i (yls’ ylc’ yz)uc,i + K(yls - é:)

i (4.36)
r= 715 - é:
where the residual signal r =Yy, —¢& is characterized by the following dynamics:
r= _K(yls - g) + les,ui (yls’ ylc’ 72) fui + izlls,xij (yls’ ylc’ 72) fx,vj (437)
k=1 =1 j=1

Implementing the design procedure described in Section 3.7 for the definition of the set R of
residuals, it results that the residual matrix reported in Tab. 4.1 can be determined. This residual
matrix describes the sensitivity of each of the designed residuals to all the possible physical faults
that could affect either the attitude control inputs or the flywheel spin rate sensor measurements,
spacecraft attitude and angular velocity sensor measurements. Each element of this matrix is equal
to 1 if the residual is sensitive to the physical fault, or at least to one mathematical fault input
associate with it, and equal to O is the residual is not sensitive to the physical fault or to any
associated mathematical fault input.

Residuals RB1 RB2 RB3 RB4
Physical faults and

aerodynamic disturbance fi|f2|rs|fa|rs|fe| V7| rs| Fo|ro|Fa|Fa|fis|luafris|Fe| 7| 8| o Mo faa|f22 (23 |F2a [f2s |F26 |F27
Fur=freer1 i1j0(j0(f0|lO0OfO|O|jO|O|OfOfO|O|JO|O|O|O|O]JO|JO|JO|jO|O|OfO]|O]O
Fur=frer 2 ofi1(00}j]0jO0|O|OfO)JO|O|JO|O|O|O|O|O|JOfJO]jO|OfO|O]JO]JO]O]fO
Fuz=frew 3 ofof1y0j0jo0ojofofojojojojofofofo|jojofojofofojfojojojofo
Fua=fretr o ofofo|j1yj0jo0jo0ofofojojojojofofofo|jojofojofofo|jfojojojofo
Fyi=fow,1 ij0j0fo0f12(12|j1|j2|2f0f0f0|0|jO|O|jO|O|O]JO|JO|O|jO|O|O|O|O]O
Fyo=fow,2 of1f0y0j2|j12}12f1(12j0|j0jO0OjO0O|(O0OfOfO|O|JOfjOjO|OfO|O|JO]JO]jO]fO
Fys=fuw,3 ofof1y0j12j12|12f(12f1j0|j0jo0ojo0fO0fO0OfO|O|JOfJO]j]O|OfO|O]JO]J]O]O]fO
Fya=fow,a ofofo0|1y2¢j12412f1f12j0|j0jojofofofo|jojofojofofo|jfojojojofo
Fys=fux ofofoyjoj12j124}12|f1(f(1)j12|1|j12|1f{1f1fo|jojof1j1f(1f1y1j1j0jo0fo0
Fye=fuy ofofo|joj1y12|12|f12(f12)j12|y1j2jo0fofof1|1j1f12j1f1fofo0ojoj1j1f1
Fy7=fu. ojofofoj1f2j1y2f2yj0fojof1f{212|1f2j1f1fojofoj1r|1f{1|1f{1]|1
Fye=fgstar1,1 ofofoyjoj1y12412|f1(f(12)j1|1|12{1f1f1f1|y1j12fojofofo|jfojojojofo
Fyo=fastart,2 ojofofoj1f2j1y2(2yj12¢f2|1(f(12f2|1f12j1(1f0jofojofofojojfojo
Fy10=fgstar1,3 ofofoyjoj212j12412|f1(f(1)j12|1|j12|1f1f1f1|y1j12fojofofo|jojojojofo
Fyi1=fgstars,a ofofojoj1y12{12|f12(f(12)j12|1|12{1f1f1f1|y1j12fojofofo|jfojojojofo
Fy12=fgstar2,1 ofofojojojojofofojojojojojofofo|jojofrjaf1fry1rj1j1j1f1
Fy13=fgstarz,2 ofofojojojojofofojojojojofofofojojofrja1f{1f1r(1j1|1|1f1
Fya=fastar2 3 ofofojojojojofofojojojojojofofo|jojofrjr1f(1fryrj1j1j1jf1
Fy1a=fgstar2,a ofofojojojojofofojojojojojfofofo|jojofrjaf1fry1j1|1j1f1
d=Faero ofofojojojojofofojojojojofofofo|jojofjfojofofOo|O|JO]jJO]jO|O

Table 4.1 - Residual matrix/isolation logic from physical faults to residuals.
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Moreover, it is worth noting that all the defined residuals results to be decoupled from the external
aerodynamic disturbance term. From the last row of the residual matrix, it is clear that all the
obtained residuals result to be explicitly decoupled from the external aerodynamic disturbance, thus
allowing to avoid any risk of misleading fault detection and isolation due to uncertainties in the
knowledge of the actual values of the disturbance parameters to be used in the model-based residual
filter. The external aerodynamic disturbance is considered as an additional fault input from which
all the designed residuals have to be decoupled.

In particular, the following four sets of new scalar variables can be determined by using the
described procedure, each of them sensitive only to a specific set of fault inputs, leading to the
design of the corresponding banks of aerodynamic decoupled residual filters for FDI, organized in
generalized schemes:

Residual Bank RB1:

The model equations of the four designed local residual filters composing RB1 result to be sensitive
only to possible faults affecting the actuated control torques and the flywheel spin rate sensors.
Each residual filter is designed for a specific actuator subsystem, and the generated diagnostic
signal can be used to detect possible faults affecting either the actuated torque or the corresponding
flywheel sensor measurement of the subsystem. The filters rely only on local measurements of the
spin rates of the actuator flywheels. However, the exploitation of only these local residual filters
does not permit the complete fault isolation, but only the isolation of the faulty actuator subsystem.
It is not possible to distinguish the actual type of the occurred fault. The exploitation of the NLGA
is not actually required, i.e. its application is straightforward, since each of the original dynamic
equations (4.5) of the actuators, on which these filters are based, results to be already independent
from any external disturbance and dedicated to a specific actuator subsystem. NLGA does not result
to be practically exploitable for the complete isolation of specific faults in the actuator subsystems
because there is no way to define coordinate transformations allowing to obtain new quotient
subsystems which are unaffected by all faults but one. The four local scalar residual filters are:

1. The residual filter designed from the scalar variable Y, ,=a,,, with the residual

w,1?

L =Y —& =@, —& sensitive only to the two possible faults f, =u, —u, =T, T, and

fxlv4 = yl - X1 = a)Wvlmeasured _a)wvltrue '

. u
& =—-"L+Kp
S (4.38)

h=a,,— &

2. The residual filter designed from the scalar variable Y, ,=a,,, with the residual

w,2 !

=Y.~ & =@,, —&, sensitive only to the two possible faults f, =u, U, =Ty, T,
and fx2,4 =Y, =% =a,,

— .
1“measured w, 2true

. u2
=——=+ K
52 I, 212 (4.39)

=00, =&

3. The residual filter designed from the scalar variable Y, ,=a,,, with the residual

w,3 !

I =Yis3 — & = @3 — & sensitive only to the two possible faults f, =u;—U, =Ty, 5T,
and f, ,=V,-% =0 3

— @, :
Wv3measured sttrue
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: u
& =—=+Kyr
N (4.40)

L=0,;— &

4. The residual filter designed from the scalar variable Y, ,=a®,,, with the residual

w,4 !

0, =Yisa— S = @,4 — &, Sensitive only to the two possible faults f, =u,—u, =T, ,—T.,
and fx4,4 =V =X =0,

— @, .
»“measured W!4true

. u4
=——=+K,I
54 Iw 4'4 (4.41)

=0

The sensitivities of the residuals of RB1 to an occurred physical fault result to be independent from
the attitude and manoeuvre condition of the satellite.

Residual Bank RB2:

The global residual filters are based on both the dynamic and kinematic equations (4.6) and (4.7) of
the spacecraft model and the dynamic equations (4.5) of the actuators, and thus rely also on global
measurements of the spacecraft attitude and angular velocity in addition to the local flywheel spin
rate measurements.

The model equations of the designed global residual filters composing RB2 result to be explicitly
decoupled from the external aerodynamic disturbance and sensitive, in general, to all the possible
faults affecting the flywheel spin rate sensors, spacecraft attitude and angular velocity sensors.
Moreover, thanks to the way the new scalar quotient subsystems have been defined by means of the
NLGA, all these global residuals result to be not sensitive also to any fault affecting the actuated
control torques. Therefore, once a faulty actuator subsystem has been detected and isolated by
means of the residual signals provided by RB1, the complete isolation of the faulty component in
the actuator subsystem can be obtained by checking if one or more of the global residual filters
provide a diagnostic signal exceeding its selected threshold. The realization of five independent
residual filters improves the reliability of the detection and isolation scheme of an occurred physical
fault for any attitude or manoeuvre condition or geometric configuration of the spacecraft. These
global residual filters are essentially exploited in order to distinguish the actual type of the occurred
fault in a faulty actuator subsystem isolated by means of the previously described residual filters of
RB1. The exploitation of the NLGA is required since each of the original dynamic equations of the
spacecraft, on which these filters are based, presents a torque contribution related to the external
aerodynamic disturbance. The need to decouple the external aerodynamic disturbance does not
allow to realize residual filters sensitive only to specific sensor or actuator faults, and hence they
have been designed to be insensitive also to the control torque faults to realize a more efficient fault
isolation. The mathematical models of the five global residual filters can be derived starting from
the following scalar variables:

1. The residual filter designed from the scalar variable

715,5 = (Ixxa)x,i + ]7/3|wa)w,l + ]/3|wa)w,2 - \lj/glwa)w,S - \]Jv/slwa)wA) :
'(C pa,z 2qsztar1,2cpa,z - 2q52tar1,3c pa,z 2qstar1,1qstarl,30pa,x - 2qstarl,2qstarl,4cpa,x) +
(1,0, + 2/3l,@,, —~2/3l,,@,,)

'(qutarl,lqstarl,scpa,y + qutarl,zqstarlACpa,y - 2qstar1,1qstarl,2Cpa,z + 2qstar1,3qstarl,4cpa,z)
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with the residual r, =Y, s —&;

2. The residual filter designed from the scalar variable

yls6 (Ixx XI ]7/3IWa)Wl+ ]/3|W(0W2 vV 3Iwa)w3 \/ IWa)W4)
'(2qstarl lqstarl Zcpa x 2qstar1,3qstar1,4 pa,x pa,y + 2qstar1,2Cpa y + 2qstarl 3Cpa y)

(Izz @, ; _\/2/_3|w w3+\/2/_3|wa)w,4)'

.(qutarl’qutarl’g’Cpa’y + 2q5taf1v2q$taflv4cpavy o 2qstar1,1qstar1,cha,z + 2qstar1,3qstarl,4cpa,z)
with the residual r; =y, — &

3. The residual filter designed from the scalar variable

yls7 yy a,; \/%l Wy 1 \/73|Wa)w’2).

2
'(qutarl 1qstar1 2Cpa X 2qstar1 3qstar1,4cpa,x - Cpa,y + qutarl,ZCpa y + 2qstarl 3Cpa y)
(Izz z i /Blwa)w3 + 2/3|wa)w,4) :

2
'(Cpa,z - 2qstarl,ZCpa,z - 2qstarl,3cpa,z - 2qstarl,lqstarl,3cpa,x - qutarl,zqstarl,4cpa,x)
with the residual r, =y, , - &,;

4. The residual filter designed from the scalar variable

ylsS (Ixx X, ]/Slwa)wl+ ]/3IWC()W2 V]/‘?’IWCOWS \/]ﬁlwwwA)'(l_zqsztarl,Z _zqsztarl,3)+
+(I vy y i + \ 2 Iwa)wl - \/ Iwa)w,z) ’ (qutarl,lqstarl,z - 2qstar1,3qstarl,4) +
+(Izz @, — 2/?’Iwa)w3 + 2/3|wa)w,4) ’ (zqstarl,lqstarl,s‘ + qutarl,zqstarl,zl)

with the residual r; =Y, o — &

5. The residual filter designed from the scalar variable

yls8 (Ixx ><| ]7/3|w(0w1 ]'/Slwa)wz \/—3|wa)w3 \/—Iwa)WA)Cpax
+(1,0,; +/2/31,@,, —2/31,0,,)C,. , +
+(Izz @i~ 2/3IWa)W3 + 2/3|wa)w,4)cpa,z

with the residual r, =y, o —&.

These residual filters exploit the measurements T, = [Ogar11 Osariz Osart.s Ostart.a Jmeasurea PYOVided by

the first star tracker sensor. The explicit expressions of the designed residual filter models is in this
instance omitted due to the high complexity of these filter models. However, they can be derived
starting from the variable reported above. The designed filters result to be sensitive, in general, to
all the faults except:
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f , = U —Uy :Ttrl,l _Tc,l

u C

f , U, —U, :Tctrl,z _Tc,z

u

f3 =U;—U, =T,

u ctrl,3 _Tc,3

f . u,—Uy, = Tctrl,4 _Tc,4

u

Residual Bank RB3:

The model equations of the designed residual filters composing RB3 result to be sensitive only to
possible faults affecting the spacecraft attitude and angular velocity sensors.

In particular, thanks to the exploitation of the NLGA, each designed residual filter results to be
sensitive to possible faults affecting the first star tracker sensor and a specific couple of rate gyro
sensors. Concerning the attitude sensor faults, it is worth recalling that, in general, a fault occurring
in a star tracker can affect all the quaternion vector components. Hence, it is not possible to design
residual filters sensitive only to faults affecting a specific quaternion vector component and not
sensitive to any fault in the other spacecraft ADCS sensors and quaternion vector components. For
this reason, a hardware redundancy for the attitude sensors has been considered, and the
exploitation of this redundancy allows the accurate isolation of faults occurred in the ADS of the
spacecraft. In fact, it results to be not possible to distinguish between faults on an angular velocity
sensor or attitude sensor with only a single attitude measurement available with certainty in all the
attitude and manoeuvre conditions.

Anyway, it is worth observing that the exploitation of the double redundancy of the attitude sensors
would be insufficient to correctly isolate a faulty attitude sensor directly by comparing the different
attitude measurements by means of a voting scheme, but only to detect the occurrence of a possible
fault. Therefore, in this thesis, the isolation of all faults is carried out by means of residual
generators exploiting analytical redundancies.

Concerning the rate gyro sensors, once a fault has occurred, it is detected and exactly isolated
thanks to the generalized organization of the designed residual filters. For each spacecraft rate gyro,
three out of nine specific residual filters of RB3 results to be always insensitive to the
corresponding rate gyro sensor fault, whereas at least two of the other six residuals results to exceed
its selected threshold in any attitude and manoeuvre condition. Since each designed residual filter is
sensitive to possible faults occurring on a specific couple of rate gyros, any healthy sensor can be
accurately isolated by detecting the three related residual filters whose diagnostic signals
simultaneously remain within their selected thresholds. Therefore, the actual faulty sensor is
isolated by exclusion. The nine scalar residual filters are:

1. The residual filter designed from the scalar variable Vi, = 03sn1 +Gar 2, With the residual
o = Yisa0 — S0 = Oaarts + Oz — S0 SENSitive only to the fault inputs associated to the
sensors measuring @,

a)y,i and qstarl:

510 = 260><,i (qstarl,lqstar1,4 + qstarl,zqstarl,B) +
+2wy,i (qstarl,qutarl,4 - qstarl,lqstarl,S) +
+2a)o (qstarl,lqstarl,S + qstarl,qutarl,4) + KlO r:LO

A2 2
r10 - qstarl,l + qstarl,z - 510

(4.42)

2. The residual filter designed from the scalar variable Y, = 2(0110ar1.3 + Ostart 2%star1.4) » With
the residual r; = Yisna - = Z(qstarl,lqstarl,s + qstarl,zqstar1,4) — &y sensitive only to the fault
inputs associated to the sensors measuring @,

X1

wy,i and qstarl:
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4:11 = wa,i (qstarl,3qstar1,4 - qstarl,lqstarl,z) +

1o, (1- 2q52tar1,2 - zqsztarl,z) + Kyl (4.43)

r-11 = 2(qstar1,1QStarl,3 + qstarl,qutar1,4) - 511

3. The residual filter designed from the scalar variable ¥, =2(0ga1 1014 — Oars20starss) -
with the residual o = Yigse — G2 = 2(qstarl,1qstarl,4 - qstarl,zqstarl,s) — S sensitive only to the fault
inputs associated to the sensors measuring @, ;, @,; and Qg,,

512 =0, (1- 2q52tarl,1 - 2q52tar1,3) +
_zwy,i (qstarl,zqstarl,z + qstarl,sqstarlA) + K12 P (444)
I, = 2(qstarl,lqstarlA - qstarl,zqstar1,3) - 512

4. The residual filter designed from the scalar variable Y., = 02,1, + 0z, With the residual
s = Viess — Gi3 = Ooaris + Ooaris — &5 SENSitive only to the fault inputs associated to the

sensors measuring @, ;, @,; and P,y -

i
513 = 2a)x,i (qstarl,lqstar1,4 - qstarl,qutarl,S) +
+2wz,i (qstarl,zqstarl,z + qstarl,3qstar1,4) + K13r13 (445)

) 2
r-13 - qstarl,l + qstar1,3 - 513

5. The residual filter designed from the scalar variable V., =2(Qgar1 1014 + Asiar 20sarss)
with the residual 1, = Yisia — G = Z(qstarl,lqstarl,A + qstarl,zqstarl,s) — &4 sensitive only to the fault
inputs associated to the sensors measuring o

X,

wz,i and qstarl:

s 2 2
514 - a)x,i (1_ qutarl,l - 2qstarl,z) +
+2wz,i (qstarl,zqstar1,4 - qstarl,lqstarl,s) +
+2a)o (qstar1,3qstarl,4 - qstarl,lqstarl,z) + Kl4rl4

r:L4 = 2((.‘]starl,lqstarlA + qstarl,zqstarl,B) - §14

(4.46)

6. The residual filter designed from the scalar variable Vs =2(0a110a12 — OsarssOsiara) -
with the residual 15 = Vi35 — &5 = 2(Ogtart1Ostars.2 ~ Ostar 3starr ) — S35 S€NSitive only to the fault
inputs associated to the sensors measuring @,

X1

wz,i and qstarl:

ééls =20, ; (Agtar1 19tar1.3 + Ystart. 2 Otarr ) +
—w,;(1- quztarl,Z - quztarl,S) +
+2a), (qstarl,zqstar1,3 + qstarl,lqstarl,4) +Kyhs
s = 2(qstarl,lqstarl,2 - qstar1,3qstar1,4) —&is

(4.47)
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7. The residual filter designed from the scalar variable ¥, s = 02,1, + 0215, With the residual
s = Visae — Si6 = Oaarr2 + Qs — &6 SENSitive only to the fault inputs associated to the

Sensors measuring @

AR a)z,i and qstarl:

516 = 2a)y,i (qstarl,zqstarlA + qstarl,lqstarl,3) +
+2a)z,i (qstarl,qutarlA - qstarl,lqstarl,z) +
+2(00 (qstarl,zqstarlA - qstarl,lqstar1,3) + K16r16

R 2
r16 - qstarl,z + qstarl,s - 516

(4.48)

8. The residual filter designed from the scalar variable Y ,; =2(0a110ar12 + Asars sOstarsa) -
Wlth the reSiduaI r-17 = 715,17 - §17 = 2(qstarl,lqstarl,z + qstarl,qutar1,4) - 517 SenSitiVE Only to the faUIt

inputs associated to the sensors measuring o, ;, @,; and Qg :

yi?
517 = 260y,i (qstarl,lqstarl,4 - qstarl,zqstar1,3) +
+a,;(1- 2q52tarl,l - 2q52tar1,3) + Kyt (4.49)

l’17 = 2(clstarl,lqstarlz + qstarl,qutar1,4) - é:l?

9. The residual filter designed from the scalar variable Vs =2(0a110ar1s — Gstare 20starsa) -
with the residual 6 = V15 — &5 = 2(Ogars10sar1s ~ Ostars.2Ostars.a) — G16 SENStive only to the fault

inputs associated to the sensors measuring o, ;, ®,; and Qg :

y,i?

> 2 2
S8 = —Q,; (1- 205511 — 2qstar1,2) +
+20)z,i (qstarl,zqstarl,B + qstarl,lqstarl,4) +

—2am,(1- 2q52tarl,2 - 2q52tarl,3) + Kighg

r18 = 2(qstarl,lqstarl,3 - qstarl,zqstarl,4) - 518

(4.50)

It is worth recalling that these residual filters are actually sensitive to the fault vector
I_:% =0, ®0; —qq, representing the additive form associated to the quaternion fault g, , and not

the quaternion fault g, itself. The fault vector I_:qmr can be estimated once the faulty attitude sensor

has been isolated, by means of fault estimators. Moreover, the estimate of this vector can be directly
used for fault accommodation. These residual filters exploit the measurements of

c_]starl = [qstarl,l qstarl,z qstar1,3 qstarl,A]T prOVidEd by the ﬁrSt star traCker sensor.

Moreover, looking at the model equations of these designed filters, it is possible to verify that if a
fault affecting a generic rate gyro sensor occurs, at least one of the six sensitive residual filters will
exceed its threshold if the fault size is generally large enough, for any attitude condition. Even if the
angular velocity variables are multiplied by functions of the spacecraft attitude, it is impossible that
all the attitude depending functions multiplying a specific angular velocity variable are
simultaneously equal to or almost zero, thus reducing or nullifying the sensitivity of the generally
sensitive residual signals to a specific physical fault affecting the rate gyro sensor measurement.

In fact, the attitude depending functions multiplying the angular velocity variables correspond to the
elements of the rotation matrix of Eq. (2.14), which is orthogonal by definition. In fact, recalling the
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expression of the rotation matrix R(q) representing the satellite attitude with respect to the orbital
reference frame, defined as

1- 2q§ - qu 2(q1q2 + q3q4) 2(q1q3 - q2q4)
Ro(@) =| 2(q,0, —0,0,)  1-207 -0 2(G,0; +G,0,)
2(0h0; +,9,)  2(%05 —G,) 1207 — 207

and considering for example the angular velocity variable ,;, it can be seen that the attitude

depending functions multiplying it in the mathematical models of the residual filters of RB3 are the
six elements composing the last two rows of R?(q). Since the matrix is orthogonal, at least two

elements of these six are nonzero in any attitude condition. Consequently, with the assumption of
single fault at a time, at least two of the designed residual signals will present significant deviations
from their nominal fault-free conditions.

Therefore, the detection of any fault affecting a generic rate gyro sensor is guaranteed for any
attitude condition. The faults affecting the quaternion vector are always detectable, for any attitude
or manoeuvre condition, since at least the fault inputs associated to the time derivative of the
component of the fault vector are not null when a fault occurs, also in a stationary attitude
condition. The complete fault isolation is performed as already described, by cross-checking the
nine residual signals and verifying if the diagnostic signals provided by RB4 have different or the
same behaviours in order to distinguish the type of an occurred fault between quaternion and
angular velocity faults.

Residual Bank RB4:

Similarly to the residual filters of RB3, the model equations of the designed residual filters
composing RB4 result to be sensitive only to possible faults affecting the spacecraft attitude and
angular velocity sensors. In particular, thanks to the exploitation of the NLGA, each designed
residual filter results to be sensitive to possible faults affecting the second star tracker sensor and a
specific couple of rate gyro sensors. The set of residual filters of RB4 results to be sensitive to faults
affecting the second star tracker sensor, whereas RB3 results to be sensitive to faults affecting the
first star tracker sensor. Therefore, the isolation of the faulty star tracker sensor is realized by
checking the residual filter set whose diagnostic signals exceed their selected thresholds. With the
assumption of a single fault occurring at a time, if the occurred fault affects an attitude sensor, only
one or more of the diagnostic signals provided by a single specific set of residual filters between
RB3 and RB4 should provide information about the occurred fault. On the other hand, since both
RB3 and RB4 are fed with the same spacecraft angular velocity measurements, once a fault occurs
in one of the spacecraft rate gyros, the residuals in both RB3 and RB4 have the same behaviour, and
realize the fault isolation in the same way simultaneously. The models of these nine scalar residual
filters are similar to the ones of RB3, with the only difference that the measurements

—_ T - -
Ogarz = [qstarz‘l Octar22 Ustarz3 qstarm]msured provided by the second star tracker sensor are exploited,

and hence their explicit expressions are omitted for simplicity. The same general considerations
about fault sensitivities made for RB3 are valid.

1. The residual filter designed from the scalar variable ¥, ,o =02, + 03,2, With the residual
o = Y110 — &0 SENsitive only to the fault inputs associated to the sensors measuring o, ;,
@y ; and Qg ;

2. The residual filter designed from the scalar variable V., =2(0gar210sar23 + Ustarz 20starza)
with the residual 1, = Yy, ,, — &, sensitive only to the fault inputs associated to the sensors
measuring @, ;, @,; and Qg ;
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3. The residual filter designed from the scalar variable Y, =2(0a210ar24 — Ostar220sar23)
with the residual r,, =Y, ,, —&, sensitive only to the fault inputs associated to the sensors
measuring o

X, 1

@,; and Gggpy ;

4. The residual filter designed from the scalar variable Vi, ,, = 02, + Ozaro5, With the residual
I, = Yis 0 — &5, SENSitive only to the fault inputs associated to the sensors measuring o, ;,
@, and Qgqy ;

5. The residual filter designed from the scalar variable Vi ,; = 2(Our210ar24 + Astar2 20star23)
with the residual r,, =Y, ,; —&,; sensitive only to the fault inputs associated to the sensors
measuring @, ;, @,; and Qg ;

6. The residual filter designed from the scalar variable Vi ,, = 2(0u210gar22 — Ostar2,s0starz.4)
with the residual r,, =Y, ,, —&,, sensitive only to the fault inputs associated to the sensors
measuring @, ;, ,; and Qg ;

7. The residual filter designed from the scalar variable Vi ,s =02, + Ooarz 5, With the residual
s = Yis25 — &ps SENSitive only to the fault inputs associated to the sensors measuring o, ;
@,; and Ty

8. The residual filter designed from the scalar variable Y, ,; =2(0u210qar22 + Ostarz,s0sarz4)
with the residual r, =Y, ,; — &, sensitive only to the fault inputs associated to the sensors
measuring @, ;, @,; and G, ;

9. The residual filter designed from the scalar variable Vi ,, = 2(0ar10sar23 — Ustarz 20star2.4)
with the residual r,, =Y, ,, —&,, sensitive only to the fault inputs associated to the sensors

measuring o, ;, @,; and Ty, -

Y,
Tab. 4.2 summarize the new scalar variables determined by means of the NLGA and used to design

the FDI scalar residual filters, as defined in the previous descriptions of the four banks of residual
filters.
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RB1 RB3 RB4
Residual | ¥, variable Residual Vis variable Residual V1s variable

r Wy,1 o (@etar11+ears,2) £ (@erarz1+d2tarz,2)
r Wy2 [on 2(qstar1,19star1,3 t Astar1,29star1,4) o 2(qstar2,19star2,3 t Astar2,29star2,4)
rs Wy 3 ry 2(qstar1,19star1,4 — 9star1,29star1,3) I 2(Gstar2,19starz,4 — Gstarz,29starz,3)
i Wyy,q s (@Btar11+detar13) M2 (@Btarz1titar2s)

ra Z(qstarl,lqstaﬂA + qstarl,z qstar1,3) I3 Z(qstarz,l qgrar2,4 + qstarZ,Z qstar2,3)

ris Z(qstarl,l qstarl,z - qstarl,s qstar1,4) Ma Z(qstarz,l qstarZ,Z - qstar2,3 qstar2,4)

I6 (@ltar12+qetar1.3) rs (@Btarz2+Aétar2.3)

ri7 Z(qstarl,l qstarl,z + qstarl,S qstarl,4) MNe Z(QStarZ,l QStarZ,Z + qstar2,3 qstar2,4)

rg Z(QStarl,l qstar1,3 ~ star1,2 qstarl,4) 7 z(qstaTZ,l Astar2,3 — 9star2,2 qstarZA)

RB2
Residual Y15 variable
(Ixxwx,i + ' 1/3Iw(‘)w,1 + V 1/3Iw(”w,2 Y 1/?’Iw“)w,3 Y 1/31wmw,4)(cp,z - ch,zq:?l,z - Zcp,zq.s?l,?, - ZCp,xq51,1q51,3 - 25p,x‘151,2‘?s1,4) +
r
> _(Iyywy,i +/2/3L, 0wy, — 2/31www,z)(25p,y%1,1 q$1,3+25p,qu1,2 star1,4 — Zcp,zqsl,l q$1,2+2'3p,zq51,3 qs1,4)
(Ixxwx,i + 1/3IWwW,1 + v 1/3Iw(’ow,2 - 1/3IW(‘°W,3 Y 1/31www,4)(_cp,y + Zcp,yq.?l,z + ch,yqszl,B + Zcp,xqsl,l qs1,2— Zcp,xqsl,E, qsl,4) +
e - Izz“)z,i Y 2/31wu)w,3 + v 2/3Iw“)w,4)(ch,yqsl,1 q51,3+2Cp,yqsl,2 Gstar1,4 — ch,zqsl,lq51,2+2Cp,zq51,3 q51,4)
(Iyy“)y,i +v 2/31me,l - 2/31wmw,2)(_cp,y + Zcp,yq.gl,z + ch,yqzlj + Zcp,xqg,lqsl,z - Zcp,xqsl,3qsl,4) +
7 _(Izz(")z,i Y 2/:j’lwwws + vV 2/3Iw“)w,4)(cp,z - Zcp,zqszl,z - Zcp,zqszl,s - Zcp,xqsl,l qg1,3 - ZCp,xqsl,qulA)
(Ixxwx,i + 1/3Iw“)w,1 ++ 1/31www,2 - 1/31W(‘DW,3 -V 1/31www,4)(1 - 2q521,2 - quzl,3) +

e +(1yy 0y, + V2731001 = V2/31,00,2)(2051,1451,2 = 2451,3051.4) + Uz 020 = V2/3Lu0u 3 +2/31y00,4) 20511051, 251,251,6)
" (Ixxwx,i + v 1/3’w(")w,1 + Vv 1/3IW“UW,Z Y 1/:)’Iw(")w,:i - 1/31www,4)cp,x +
° +(Iyywy ; +v2/3L,wy1 —V2/3L,0,2)cpy + (pzw,; = 2/31,04 5 +/2/31,0,,.4)c, ,

Table 4.2 - Defined NLGA scalar variables

It is worth noting that RB1 and RB2 are the only banks of residual filters sensitive to any fault
occurring on the actuator subsystems, i.e. in the ACS of the spacecraft, and RB1 allows the direct
detection and isolation of the faulty subsystem. With the assumption of a single fault occurring at a
time, the cross-checking of the diagnostic signals provided by these filters is sufficient to detect and
isolate any possible fault affecting either the actuated control torques or the flywheel spin rate
sensor measurements. The cross-checking also of the diagnostic signals provided by RB3 and RB4
is not required if a fault is detected by RB1. On the other hand, the diagnostic signals provided by
RB3 and RB4 results to be sensitive only to possible faults occurring on the spacecraft attitude and
angular velocity sensors, i.e. in the ADS of the spacecraft. Again, with the assumption of a single
fault occurring at a time, the cross-checking of the diagnostic signals provided by these filters is
sufficient to detect and isolate any possible fault affecting either the star tracker measurements or
the rate gyro measurements. The cross-checking also of the diagnostic signals provided by RB1 and
RB2 is not required if a fault is detected by RB3 or RB4. Therefore, the detection and isolation of
possible faults occurring in the ACS and ADS can be realized by considering these two couple of
residual filter sets separately. However, the simultaneous cross-checking of all the provided
diagnostic signals can improve the reliability of the fault detection and isolation scheme and avoid
the risk of misleading detection and isolation results.

4.3 Supervisor Decision Logic for Fault Isolation

Obviously, if any residual signal diverges from its fault-free condition, a fault is surely present. A
wrong detection and isolation of an occurred fault due to possible parametric uncertainties is
prevented since the designed residual filters are decoupled from the aerodynamic disturbance. A
more accurate analysis of the residuals is needed in order to correctly isolate the occurred fault.

A proper decision logic is applied to correctly detect and isolate the occurrence of a fault affecting
the actuated control torques, the flywheel spin rate sensors or the satellite attitude and angular
velocity sensors. The joint use of four banks of residual filters requires the exploitation of a decision
logic based on the cross-check of the diagnostic signals provided by all the distinct designed banks.
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As already mentioned, each of the four residual filters of RB1 results to be sensitive only to the
fault affecting a single specific actuator torque and to the fault affecting the corresponding flywheel
spin rate sensor of the same actuator subsystem. These residual filters are based on the dynamic
equations (4.5) of the actuators. Hence, each local residual filter of this bank is sensitive to all the
possible faults affecting only a specific actuator subsystem of the spacecraft ACS. As a
consequence, it is clear that the exploitation of only the local residual filters does not allow to
realize a complete fault isolation for the actuator subsystems, since they does not permit to directly
distinguish if the occurred fault is affecting the actuator torque or the corresponding actuator sensor
measurement.

Therefore, it is necessary to exploit also the five designed global residual filters of RB2 to obtain a
complete fault isolation for the actuator subsystems. In fact, these global residual filters result to be
sensitive in general to all the mathematical fault inputs associated to the sensors of the spacecraft
ACS and ADS, i.e. the flywheel spin rate sensors and the spacecraft attitude and angular velocity
sensors. These residual filters are based on both the dynamic equations (4.5) of the actuators, and
the dynamic and kinematic equations (4.6) and (4.7) of the spacecraft. The exploitation of these two
banks of residual filters allows the correct detection and isolation of both the actuator and actuator
sensor faults. In case of actuator faults, only the generated local residuals of RB1 present deviations
from their fault-free conditions, possibly leading the residuals to exceed selected thresholds. On the
other hand, in case of faults on the flywheel spin rate sensors, also the generated global residuals of
RB2 present in general deviations from their fault-free conditions, possibly leading the residuals to
exceed selected thresholds. Hence, the cross-check of the residuals generated by these two banks of
filters working in parallel allows both the detection of a fault occurred in a specific actuator
subsystem of the ACS by exploiting the local residuals, and the correct discrimination of the actual
type of fault by exploiting also the global residuals.

On the contrary, the residual filters of RB3 and RB4 result to be sensitive only to the mathematical
faults associated to the spacecraft attitude and angular velocity sensors. In fact, they are based only
on the kinematic equations (4.7) of the spacecraft, which are not depending on the attitude control
torques generated by the actuators and the corresponding flywheel spin rates. Hence, these two
banks of residual filters can be exploited for the detection and isolation of faults on the sensors of
the spacecraft ADS independently from the other two banks of residual filters, with the assumption
of a single fault at a time.

As already stated, the design of these two banks is based on the same mathematical models for the
nine filters in each of them. Each bank of residual filters is fed by the same set of angular velocity
measurements, since no redundancies for the satellite rate gyros are considered, and a different
attitude quaternion measurement vector provided by one of the two attitude sensors considered in
the ADS. The exploitation of a double redundancy of the attitude sensors is required since it would
not be possible to distinguish between faults on an angular velocity sensor or attitude sensor with
only a single attitude measurement available. In this way, all the possible spacecraft attitude and
angular velocity sensor faults can be detected and properly isolated.

Because of the residual filter design, the residuals of both RB3 and RB4 results to be sensitive in
general to the faults affecting the rate gyro measurements. Since the residual filters are designed and
organized in a generalized scheme, each designed residual filter results to be sensitive to faults
possibly affecting a specific couple of spacecraft rate gyros, and insensitive to the fault possibly
affecting the remaining spacecraft rate gyros. Moreover, the nine residual filters in RB3 are in
general sensitive also to the mathematical fault inputs associated to the physical fault affecting the
sensor measurement of the quaternion vector provided by the first attitude sensor. In the same way,
the nine residual filters in RB4 are in general sensitive also to the mathematical fault inputs
associated to the physical fault affecting the sensor measurement of the quaternion vector provided
by the second attitude sensor.

Hence, only the residuals of RB3 are sensitive to faults affecting the quaternion measurement from
the first attitude sensor, whilst only the residuals of RB4 are sensitive to faults affecting the
quaternion measurement from the second attitude sensor.
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In case of fault in a spacecraft rate gyro, the sensitive residuals of both the RB3 and RB4 are
sensitive in the same manner to the occurred fault, and present deviations from their nominal fault-
free conditions, possibly leading the residuals to exceed selected thresholds. The not sensitive
residuals of both the banks does not present deviations from their fault-free conditions and does not
exceed the relative selected thresholds.

On the other hand, in case of faults on the first attitude sensor, only the generated residual signals of
RB3 present in general deviations from their fault-free conditions, possibly leading the residuals to
exceed selected thresholds. Finally, in case of faults on the second attitude sensor, only the
generated residual signals of RB4 present in general deviations from their fault-free conditions,
possibly leading the residuals to exceed selected thresholds. Hence, the cross-check of the residuals
generated by these two banks of filters working in parallel allows both the detection and the correct
discrimination of the actual sensor fault occurred in the ADS.

As already stated, the residual matrix of Tab. 4.1 summarizes the sensitivities of the designed
residual signals to each of the physical fault inputs. However, it is worth observing that the
sensitivity to any specific physical fault of the designed residual filters in RB2, RB3 and RB4
results to be depending on functions of the quaternion vector after the exploitation of the NLGA to
decouple the aerodynamic disturbance and other faults.

Finally, due to the possible presence of measurement noise, proper thresholds have to be selected
for each generated residual signal in order to achieve the best performances in term of false alarm
rate and missed fault detection rate. In practice, the value of these thresholds have been
experimentally selected in the fault-free condition and for each residual signal separately. The
selected threshold values guarantee a sufficient margin of safety with respect to the greatest residual
values in the fault-free condition. In the performed simulations the thresholds have been selected
according to the relation

T =const =+vo,,,

where o, is the standard deviation of the residual signal computed in a fault-free condition and v

represents a positive constant, selected equal to v =6 in the performed simulations. The following
Tab. 4.3 reports the selected values, assumed to be constant during the simulation, such as to keep
the fault-free residuals safely under these thresholds.

RB1 RB3 RB4
Residual | Threshold Residual | Threshold Residual | Threshold
ry 17-10° Mo 4,5-10” i 4,5-10”
r 17-10° r 4,6:10° 20 4,6:10°
rs 17-10° ro 3-10” 1 3-10”
ra 17-10° M3 3,8:10” 2 3,810
M4 4-10° 3 4-10°
RB2 ris 1,6:10° F24 1,6:10°
Residual | Threshold rg 4,3 107 rs 43. 107
rs 7,9-10° ry 4,4-10° M6 4,410
re 3,7:10° Mg 2,6:10° o 2,6:10°
s 7,3-10°
rg 23-10°
ro 8,1-10°

Table 4.3 - Selected threshold values for the designed residuals.
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4.4 Simulation Results

In order to show the performances brought by the application of the proposed FDI scheme when
applied to the considered satellite attitude control system, the results achieved in the Matlab® and
Simulink® environments are shown in the following subsections.

It is assumed that the measurement noises affecting the satellite attitude sensors are modelled by

stochastic processes with zero mean, and standard deviation equal to 1.4544-10° rad, or 3 arcsec.
The noises affecting the satellite rotational speed sensors are modelled by stochastic processes with

zero mean, and standard deviation equal to 1.4544-107° rad/s, or 3 arcsec/s. Concerning the
flywheel spin rate sensors, their noises are modelled by stochastic processes with zero mean, and
standard deviation equal to 0.1554 rad/s, or 1.5 rpm.

A terrestrial mission with a circular orbit at an altitude of 350 km and null inclination, with a low

Earth equatorial orbit radius R, =6728.140 km, the Earth mass of M, =5.9742-10°* kg, and
radius of R, =6378.140 km is considered. The satellite's body is modelled as a rectangular

parallelepiped whose the principal dimensions (depth, width and height) are d =0.6 m, w=2 m,
and h=7.5m, ¢, =[0.1 0.15 —0.35] m is the aerodynamic torque displacement vector, while the

inertia values are A=330 kg/m?, B=280 kg/m? C =60 kg/m> The reaction wheels maximal
torque is set to 1.5 Nm. The atmosphere density is p = p, =610""kg/m?, the drag coefficient is

C, =2.2, and the orbital velocity with respect to the atmosphere is V =8187.63 m/s for a prograde
orbit (i.e. an orbit in the same direction of the Earth rotation), and x is equal to the Earth's
gravitational constant, u=39.8600441810"m®/s*. A flywheel moment of inertia J=0.005 kg/m?
and initial flywheel spin rate values o, =[-5.235 —5.235 —5.235 —5.235]" rad/s (i.e. -50 rpm)

for the three considered momentum wheels are assumed. A simulation time of 60 s with a sampling
time of 0.1 s is considered.

4.4.1 Considered fault scenarios:

Twelve different fault scenarios are considered, concerning both the actuators and sensors in the
ACS and ADS, with a single fault at a time starting at t,,,, =10 s. These considered scenarios aim

to cover some quite general fault conditions, which can appear in real applications. The considered
fault scenarios are modelled as additive fault functions as follows:

1. Fault scenario n.1: step fault, constant bias on the actuated control torque T, ,:

f, . =0Nm fort<10s
f; =a,=-04Nm fort>10s

ctrl,2

fault size a;, =—0.4 Nm
2. Fault scenario n.2: sinusoidal fault on the actuated control torque T, ,:

fr,, =0Nm fort<10s
=-a ,sin(2xt/T;) =-0.4sin(27t/10) Nm fort>10s

Tctrl 2

amplitude a, = 0.4 Nm, period T, =10 sec



88

4 FDI IMPLEMENTATION IN THE SATELLITE ADCS

3. Fault scenario n.3: rectangular pulse fault on the actuated control torque T, ,:

f,,=2a;=-04Nm fort=>phase delay AND pulse is on
=0 Nm otherwise

Tclrl 2

amplitude a; =—-0.4 Nm, period T, =10 sec
pulse width =50% (0.5T, ), phase delay =10 sec

4. Fault scenario n.4: ramp fault on the actuated control torque T, ,:

fr., =0Nm fort<10s
=a, tt-t,)=-04(t—t,) Nm fort>10s

Tctrl 2

fault slope a;, =-0.4 Nm/s
5. Fault scenario n.5: failure of the actuator providing the actuated control torque T, ,:

f. ,=0Nm fort<10s
=Ty, fort=10s

TCIrI 2

6. Fault scenario n.6: step fault, constant bias on the measured flywheel spin rate o, ,:

@,

f,,=a;=—40rpm fort>10s

{f _=0rpm fort<10s
@y,
fault size a, =—40 rpm

7. Fault scenario n.7: sinusoidal fault on the measured flywheel spin rate @, ,:

f, =-asin(2zt/T;)=-0.4sin(4xt) rpm fort>10s

{f%:Orpm fort<10s
@By 3
amplitude a, =—40 rpm, period T, =0.5 sec (@, =5 Hz)

8. Fault scenario n.8: failure of the sensor measuring the flywheel spin rate o, ;:

fo, =—@uzTPM fort=10s

{f%:Orpm fort<10s
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9. Fault scenario n.9: step fault, constant bias on the measured satellite angular velocity «, :

f, =0deg/s fort<10s
f,=a;=-005deg/s fort>10s

fault size a, =—0.05 deg/s

10. Fault scenario n.10: lock-in-place fault, stuck measure of the satellite angular velocity «, :

®, =@y, degls fort<10s
@ =@, degls fort>10s

11. Fault scenario n.11: loss of effectiveness of the sensor measuring the angular velocity a :

@, = By, degls fort<10s
@, =a; By, = 0.5y, degls fort=10s

loss of effectiveness (%) a, =-50%
12. Fault scenario n.11: constant quaternion vector @, multiplying the true quaternion @, :

g, =[0.0004363323 0 0 0.9999999048] fort>10s

In this last fault scenario, the equivalent additive fault vector I_:qstar is derived by Eg. (2.55), and
hence it depends on the actual quaternion vector in each instant. The fault quaternion T,
corresponds to a rotation of -180 arcsec, or -0.05 deg, around the x,-axis (roll axis).

These fault scenarios can be divided on the basis of the affected subsystem of the satellite ADCS:

1. Fault scenarios from n.1 to n.8 concern the occurrence of faults affecting the actuators and
flywheel spin rate sensors composing the Attitude Control System (ACS) of the satellite;

2. Fault scenarios from n.9 to n.12 concern the occurrence of faults affecting the attitude and
angular velocity sensors composing the Attitude Determination System (ADS) of the
satellite.

Both abrupt and incipient faults are considered, affecting both satellite actuators and sensors.
Moreover, in order to improve the significance and visibility of the considered faults, an attitude
change manoeuvre is considered. The considered manoeuvre starts at t,., =5 s from the initial

attitude quaternion vector ¢, =[-0.0570 0.3180 0.1663 0.9316]" to the final attitude quaternion
vector g=[-0.0367 0.2975 0.1774 0.9374]". If expressed as Euler angles, these vectors
represent attitudes equal to [¢, 6, w,]" =[-15 35 25]' degand [¢ & w] =[-12 33 25]" deg,
respectively.
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4.4.2 Detection and Isolation of Faults in the Satellite ACS

Let us start considering the occurrence of faults affecting the actuators. In the first fault scenario,
i.e. a step fault on the control torque T, ,, the occurred fault can be detected and isolated by

exploiting the residual cross-checking procedure illustrated in Section 4.3. Figs. 4.1 and 4.2 show
the disturbance decoupled diagnostic signals provided by the banks RB1 and RB2 of local and
global residual filters, respectively. For all the fault scenarios related to the ACS, only the residuals
of RB1 and RB2 are shown, since the fault detection and isolation can be realized by means of these
two banks of residual filters. The residual filters of RB3 and RB4 are, by construction, not sensitive
to any fault affecting the actuators or sensors of the ACS since they are based on the kinematic
equations of the spacecraft model. The selected thresholds are depicted in red in the figures. After
the fault occurrence, the local residual r, sensitive to the faults affecting the second actuator

subsystem show a deviation from the initial fault-free condition and it exceeds the selected
threshold. On the contrary, the other local residuals r,, r, and r, do not exceed their thresholds,

meaning that the first, third and fourth actuator subsystems are properly working. On the other
hand, it can be seen that the global residuals r,, ry, r,, r; and r;, which are not sensitive to any

fault affecting the attitude control inputs maintain values near to zero and do not exceed the selected
thresholds. Hence, the threshold exceeding of only this specific local residual allows the isolation of
the faulty actuator subsystem, whilst all the global residuals not exceeding their thresholds mean
that the occurred fault in the second actuator subsystem is actually affecting the actuated control
torque.
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Figure 4.1 - Fault scenario n.1: local residuals of RB1 sensitive to fault inputs associated to physical actuator and
flywheel spin rate sensor faults in case of step fault on the control input T, ,.



4 FDI IMPLEMENTATION IN THE SATELLITE ADCS

91

x10°
. 1 ‘ ‘ 1 ]
Nt \I | i \L\Jux Il Ao \\ 1 il el u (bt Mt \l Mot r
20 o ki TR W N R TR T ‘\‘w‘ ! i iy ‘ i .“Hm‘. il I [ “H‘“\w\l AR gt i "‘” MUY R i i “‘
. | | | | | |
5 ; ; ; ; ; i
0 10 20 30 0 50 60
x10°
4
‘ ; ; ; ; ; i
2 \ \ } T
—© o b A o I “_NU.‘\H“,\ ‘\‘[u’h,‘ i i H "“I‘ i "U..\H,H “H\,“H“ w\ ‘[“““'[l““““l‘ ko ‘”‘“"‘”\ w"ul‘r . ”.H\W\H P Mg Al
-2 T T T T T T
L ; ; ; ; ; f
0 10 20 30 40 50 60
x10°
: | | | | | ;r
e Wl A et A A e T AT 0 A AP ok o
— (ki T I | ] I il IR T oAl WP b il TR Ui iR | LRI
| | | | | |
S i i i i i j
0 10 20 30 40 50 60
0.02 ‘ T ‘ } } T
o o fdutaln A o B A AT A PR AT g Al A \J T P AP P LT st I
— | y il HH V AT A A i LA e H‘ VIR0 Ty ‘\V e i Y IH ‘ ik LR L I ‘U\" I (P "[‘ VH Il I I Y i H'l |l ‘\ \U '}
002 1» | | | '
0 10 20 30 40 50 60
x10°
5‘ \ \ \ }
\ \ I
o o WMt A A A h A A e L A b i A A O A
P IR ORI Ay i W/ ‘ i ‘ il H O I P ‘ " (R \ ‘\ ‘ L ) R \vw WA N u
. | | | I | |
5 ! ! ! ! ! ;
0 10 20 30 0 50 60
Time (sec)

Figure 4.2 - Fault scenario n.1: global residuals of RB2 not sensitive to any fault input associated to physical
actuator faults in case of step fault on the control input T, , .

A similar behaviour for both the global and local residual signals is shown in Figs. 4.3, 4.4, 4.5 and
4.6 in case of the second and third fault scenarios, i.e. the sinusoidal and rectangular pulse faults

affecting the attitude control input T

detected and isolated by means of the described cross-checking procedure.

a2+ Therefore, in both these scenarios the occurred fault can be
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Figure 4.3 - Fault scenario n.2: local residuals of RB1 sensitive to fault inputs associated to physical actuator and
flywheel spin rate sensor faults in case of sinusoidal fault on the control input
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Figure 4.4 - Fault scenario n.2: global residuals of RB2 not sensitive to any fault input associated to physical
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Figure 4.6 - Fault scenario n.3: global residuals of RB2 not sensitive to any fault input associated to physical

actuator faults in case of rectangular pulse fault on the control input T, ,.

In these three considered fault scenarios, a prompt and accurate detection and isolation of the abrupt
fault is realized, with detection times abundantly smaller than t,, =1 s. On the other hand, in Figs.

4.7 and 4.8, the occurrence of an incipient ramp fault is considered. Again, only the second local
residual of RB1 presents a deviation from its fault-free condition, and it exceeds the selected
threshold. However, the detection time is significantly larder due to the slow increasing of the
occurred ramp fault, and thus of the sensitive residual. The fault is effectively detected at about
t, =30 s.
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Figure 4.7 - Fault scenario n.4: local residuals of RB1 sensitive to fault inputs associated to physical actuator and

flywheel spin rate sensor faults in case of ramp fault on the control input T, ,.
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Figure 4.8 - Fault scenario n.4: global residuals of RB2 not sensitive to any fault input associated to physical
actuator faults in case of ramp fault on the control input T, , .

Finally, the total failure of the actuator providing the attitude control input T, , is considered. Figs.

4.9 and 4.10 show the behaviour of the local and global residuals of RB1 and RB2 in case of failure
of the second actuator.
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Figure 4.9 - Fault scenario n.5: local residuals of RB1 sensitive to fault inputs associated to physical actuator
faults and corresponding flywheel spin rate sensor faults in case of failure of the second actuator.



4 FDI IMPLEMENTATION IN THE SATELLITE ADCS 95

x10°
‘ i i 1 i
5 I I I I
| | i |
6 ol b et bt kit A il | ol bt . bbb R e el b ALl dh Ut Wl b B Akl i bl e il
0o A A A A AR PR g P o AR O A P
y | | | | | |
5t ; ; ; ; ; ;
0 10 20 30 40 50 60
x10°
4 1
Al \ \ \ \ [ |
| 1 { T
0 o it ok bl e o B0 0t k. oot b A e e S e B A i b B b Rl e i
<@ o MR A A RO o Rt AR Y A P o
2 | i
A ; | ; | ; f
[) 10 20 30 40 50 60
x10°
5 ! ! !
| | | !
v~ o Ml A il ] MLl A I Al DAL bl I A W A A B el I G b A e b i ot
N A M A M e i e et T TR T il AL
| | | | | |
N i i i i i i
0 10 20 30 0 50 60
0.02 \ \ \ \ \ \
| | |
@ o Wl A ot A MR e b o 4 WA Aol s o | bl A bt A 1 ol e
K Wl ek T s i A LT TP M i (i i
| | | | |
0.02 I I
) 10 20 30 40 50 60
x10°
o : : : : :
| | | | ‘ I
o N Ak AL o A b el A A T A e A A Al A S A b 6
o o R I A S o A i e R A
5 | | | | |
L i i i i L i
) 10 20 30 40 50 60
Time (sec)

Figure 4.10 - Fault scenario n.5: global residuals of RB2 not sensitive to any fault input associated to physical
actuator faults in case of failure of the second actuator.

Considering the occurrence of faults affecting the sensor measurement of a, ,, the occurred fault
can be detected and isolated again by exploiting the residual cross-checking procedure illustrated in
Section 4.3. Figs. 4.11 and 4.12 show the diagnostic signals provided by RB1 and RB2 respectively,
in case of the sixth fault scenario, i.e. a step fault affecting the measurement of «,, ;. Similarly to

the case of actuator fault, after the occurrence of a fault in the third flywheel spin rate sensor, the
local residual r, sensitive to the faults affecting the third actuator subsystem shows a deviation from

the initial fault-free condition and it exceeds the selected thresholds. On the contrary, the other local
residuals r,, r, and r, do not exceed their thresholds, meaning that the first, second and fourth

actuator subsystems are properly working. On the other hand, now it can be seen that now the
global residuals r,, r,, r,, I, and Iy, which are in general not sensitive only to faults affecting the

control inputs, now exceed the selected thresholds. Hence, the threshold exceeding of this specific
local residual allows the isolation of the faulty actuator subsystem, whereas the threshold exceeding
of the global residuals means that the occurred fault in the third actuator subsystem is actually
affecting the respective flywheel spin rate sensor. It is worth noting that the residuals result to be
sensitive mainly to the mathematical fault input f, ;=a@,,  —a@,, associated with the time

derivative of the occurred flywheel spin rate sensor fault. Hence, in case of constant fault (i.e. a step
fault), the stabilizing residual feedback in the residual filter models cause the diagnostic signals to
return to zero in a certain time after the fault occurrence, with a convergence speed depending on
the value of the selected filter gains K >0.
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Figure 4.11 - Fault scenario n.6: local residuals of RB1 sensitive to fault inputs associated to physical actuator
faults and corresponding flywheel spin rate sensor faults in case of step fault on the sensor output @,
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Figure 4.12 - Fault scenario n.6: global residuals of RB2 not sensitive to any fault input associated to physical

actuator faults in case of step fault on the sensor output @, e

Figs. 4.13, 4.14, 4.15 and 4.16 show the local and global residuals in case of the seventh and eighth
fault scenarios, i.e. a sinusoidal fault and the total failure of the sensor providing the measurement

of w, ., respectively.

w,3?
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faults and corresponding flywheel spin rate sensor faults in case of sinusoidal fault on the sensor output
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Figure 4.15 - Fault scenario n.8: local residuals of RB1 sensitive to fault inputs associated to physical actuator
faults and corresponding flywheel spin rate sensor faults in case of failure of the sensor measuring @, ;
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Figure 4.16 - Fault scenario n.8: global residuals of RB2 not sensitive to any fault input associated to physical
actuator torque faults. In this case, all the global residuals exceed the selected thresholds in case of failure of the

sensor measuring @, ,

4.4.3 Detection and Isolation of Faults in the Satellite ADS

Now, considering the occurrence of faults affecting the sensors of the satellite ADS, the ninth fault
scenario, i.e. a step fault on the sensor measurement of w, ., the occurred fault can be detected and

X,i 1

isolated again by exploiting the residual cross-checking procedure illustrated in Section 4.3.
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In this case, only the residuals provided by RB3 and RB4 are effectively exploited for the detection
and isolation of faults affecting the sensors of the ADS.

Figs. 4.17, 4.18 and 4.19 show the diagnostic signals provided by the residual filters of RB3. Each
of the nine obtained residual signals results to be sensitive to faults affecting a specific couple of
angular velocity sensors. Hence, organizing these signals in a generalized scheme, in each of these
three figures the residual signals are grouped depending on the specific couple of angular velocity
sensor faults they are sensitive to. The signals in Fig. 4.17 are sensitive to possible faults affecting
the measurements of ,; and w,;, the signals in Fig. 4.18 are sensitive to faults affecting the

measurements of @, ; and o, ;, and finally, the signals of Fig. 4.19 are sensitive to faults affecting

z, i
the measurements of @, ; and @,;. As it can be seen by exploiting the cross-check of these three

subsets of signals, all the residual signals of Fig. 4.19 does not exceed their thresholds, thus
meaning that the occurred fault is not affecting the measurements of o ; and «,;, while the

z, i
residuals in both Figs. 4.17 and 4.18 exceed their thresholds. As already stated, it can be proven that
at least a residual signal of three exceeds its threshold in any attitude condition of the spacecraft if
the actual sensor fault is not zero for each subset of three sensitive residuals. Hence, the detection
and isolation of the fault occurred on the sensor measuring o, ; can be easily achieved.
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Figure 4.18 - Fault scenario n.9: residuals of RB3, sensitive to fault inputs associated to the physical faults
affecting the sensors measuring @, ; and @, ;, in case of step fault on the sensor output @, ;
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Figure 4.19 - Fault scenario n.9: residuals of RB3, sensitive to fault inputs associated to the physical faults

affecting the sensors measuring @, ; and @, ;, in case of step fault on the sensor output @, ;
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Figs. 4.20, 4.21 and 4.22 show the same sets of residual signals but provided by the residual filters
of RB4. Since the residual filters of these two banks are based on the same models and exploits the
same set of angular velocity measurements, with the assumption of single fault, the combined cross-
check of the residuals of the two banks gives a confirmation of the correct fault isolation. In fact, in
both RB3 and RB4 the corresponding signals have the same behaviours and each bank of diagnostic
signals indicate the occurrence of a fault affecting the sensor measuring @, ; .
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Figure 4.20 - Fault scenario n.9: residuals of RB4, sensitive to fault inputs associated to the physical faults
affecting the sensors measuring @, ; and @, ;, in case of step fault on the sensor output @, ;
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Figure 4.22 - Fault scenario n.9: residuals of RB4, sensitive to fault inputs associated to the physical faults

affecting the sensors measuring @,
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and @
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in case of step fault on the sensor output @, ;
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Figs. 4.23, 4.24, 4.25, 4.26, 4.27 and 4.28 show the detection and isolation results provided by RB3
in case of the tenth and eleventh fault scenarios, i.e. the lock-in-place (stuck) and loss-of-

effectiveness faults on the sensor measuring o,

X,

similar, and hence omitted for simplicity.

respectively. The results provided by RB4 are
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Figure 4.23 - Fault scenario n.10: residuals of RB4, sensitive to fault inputs associated to the physical faults

affecting the sensors measuring @, ; and @.
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Figure 4.28 - Fault scenario n.11: residuals of RB3, sensitive to fault inputs associated to the physical faults
affecting the sensors measuring o, ; and @, ;, in case of loss-of-effectiveness fault on the sensor output
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Finally, considering the twelfth fault scenario, i.e. the additive fault '_:ﬁm on the sensor

measurement of T, , the occurred fault can be detected and isolated again by exploiting the

residual cross-checking of the sets of nine diagnostic signals provided by the residual filters of the
two banks RB3 and RB4. As it can be seen, Figs. 4.29, 4.30 and 4.31 show the diagnostic signals
provided by RB3. These signals results to be sensitive to faults affecting the first attitude sensor.
Hence, they exceed their thresholds because the nine residual filters of RB3 are sensitive to faults
affecting the attitude measurements provided by the first attitude sensor only.
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Figure 4.29 - Fault scenario n.12: residuals of RB3, sensitive to fault inputs associated to the physical faults on
the sensor measuring @, ;, @, ; and Oy, , in case of fault on the first measured attitude quaternion vector.
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Figure 4.30 - Fault scenario n.12: residuals of RB3, sensitive to fault inputs associated to the physical faults on

the sensor measuring @, ;, @,; and Qg , in case of fault on the first measured attitude quaternion vector.
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Figure 4.31 - Fault scenario n.12: residuals of RB3, sensitive to fault inputs associated to the physical faults on

the sensor measuring @,

y.i?

@, ; and (g, , in case of fault on the first measured attitude quaternion vector.

On the contrary, Figs. 4.32, 4.33 and 4.34 show the diagnostic signals provided by RB4. These
signals results to be not sensitive to faults affecting the first attitude sensor. Hence, they do not
exceed their thresholds because the nine residual filters of RB4 are sensitive to faults affecting the
attitude measurements provided by the second attitude sensor only.
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Figure 4.32 - Fault scenario n.12: residuals of RB4, sensitive to fault inputs associated to the physical faults on

the sensor measuring

0)(0

X,

and {,,, . in case of fault on the first measured attitude quaternion vector.
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Figure 4.33 - Fault scenario n.12: residuals of RB4, sensitive to fault inputs associated to the physical faults on
the sensor measuring @, ;, @,; and Qg,,,, in case of fault on the first measured attitude quaternion vector.
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Figure 4.34 - Fault scenario n.12: residuals of RB4, sensitive to fault inputs associated to the physical faults on
the sensor measuring @, ;, @,; and Gy, , in case of fault on the first measured attitude quaternion vector.
Therefore, from the comparison of these three sets of signals, it is clear that the first attitude sensor
measuring J,,, IS affected by a fault.
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This chapter provides an overview of the FDD problem, together with the general description of the
adaptive fault estimation algorithm exploited in this thesis for the on-line accurate estimation of the
occurred fault. The sensor and actuator faults are modelled by means of radial basis function neural
networks, allowing designing generalized fault estimation adaptive observers, which do not need
any a priori information about the fault internal model. The on-line learning capability of the radial
basis function neural network allows obtaining accurate adaptive estimates of the occurred faults.

5.1 General Overview

In Chapter 3, the terms fault detection, fault isolation, and fault identification were introduced. As
stated, fault detection is absolutely necessary for any practical application. Fault identification, on
the other hand, whilst undoubtedly helpful, may not be essential if no controller redesign is
involved. In Active Fault Tolerant Control (AFTC) however, the fault feature is one of the most
critical information required for controller redesign (Patton 1997a; Zhang and Jiang 2008). Hence,
the fault identification/estimation must be considered in an AFTC process, in which not only the
fault alarm and location of the faults are required, but also the time response characteristic of each
fault should be known.

The term Fault Detection and Diagnosis (FDD) tends to be used totally in the aerospace flight
control community, whereas the wider control-based fault diagnosis community tend to use the term
Fault Detection and Isolation (FDI). However, it should be clear the difference between these two
terms. In particular, FDI does not include fault reconstruction/estimation/identification and this
should be reserved for the topic of FDD.

A common purpose of the FDD functions is to serve either individually or in combination with
others for the actuation of a particular fault accommodation scheme, to detect, isolate and estimate
faults so that this information can be used in a fault accommodation scheme (AFTC) (Zhang and
Jiang 2008). The FDD system provides descriptive information to reconstruct a fault in the form of
a signal and notify the AFTC which accommodates the faults by adaptively controlling system
dynamics or reconfiguring system structure. A real-time Fault Estimation (FE) function is
nowadays regarded as a must-have feature as AFTC schemes require accurate fault information. In
this thesis a FE approach is used to provide fault information for fault accommodation within AFTC
schemes.

The topic of FE has become well accepted in the control community based on various robust estimation
approaches (Edwards et al. 2000; Jiang et al. 2004; Gao et al. 2007). If a fault can be perfectly (or
accurately) estimated, all the information including type, size, location and time of occurring can be
obtained. Fig. 5.1 shows the structure of FE-based FDD design, in which the FDD function often
makes use of FE-based FDD design rather than residual-based FDI design.
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Figure 5.1 - Schematic description of model-based FDD method (Sun 2013).

In general, the determination of accurate fault signal values has become an attractive subject since
FE gives a more direct way to achieve the fault information (detection and isolation) than the
alternative use of fault indicator or residual signals. The FE approach is a more direct way to obtain
this information and the fault estimates can be used directly within some AFTC strategies, for
example using fault-hiding and fault compensation (Blanke et al. 2006; Wu et al. 2006; Zhang
2009; Ponsart et al. 2010; Nazari et al. 2013). The advantage of model based FDD is to make full
use of the information of the process. Nevertheless, the FE problem is always accompanied by some
estimation uncertainty, which can be minimized according to a suitable robustness performance.
Thus, the performance would heavily depend on the accuracy of the system model, specifically for
the quantitative model-based approaches. In other words, FE can be used to achieve fault detection,
isolation and identification in one step instead of two or three steps, but it is essential that the
robustness problem is solved correctly.

Similarly to FDI problems, since it is not possible to obtain a perfect model as the systems are
nonlinear in nature and there is often disturbance or system uncertainty, the mismatch between the
mathematic model and real system may cause some problems and enough attention should be paid.
For instance, the mismatch may cause false alarms and deteriorate the performance of the system to
some extent that the FDD/FE system may even become totally useless. Therefore, it could be a key
issue to design a robust FDD/FE system, which is insensitive to unknown inputs such as
disturbances, noises and model uncertainty.

Observer designs have received increasing attention in the literature due to the availability of powerful
control theory tools. The principle underling observer design is used to estimates of the actual system
output (Frank 1987). The output estimation error is obtained by comparing the estimated system outputs
and their measured or expected values. Consequently, the residuals or FE signals are designed as a
function of the output estimation error.
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Figure 5.2 - Observer-based FDI/FDD schemes (Sun 2013).

5.2 Fault Diagnosis Based on NLGA and Neural Networks

In this section, the development of an adaptive fault estimation filter/observer for an affine
nonlinear system, providing fault size estimation based on a neural network, is presented.
Moreover, the uniformly ultimately boundedness property of the closed-loop system error of the
fault estimator is formally proven.

5.2.1 Radial Basis Function Neural Networks

Radial Basis Function Neural Networks (RBF-NN)s are a type of feed-forward neural networks.
They are used in a wide variety of contexts such as function approximation, pattern recognition, and
time series prediction (Park and Sandberg 1991; Chen and Chen 1995; Buhmann 2003). Networks
of this type have the universal approximation property. The standard RBF neural network consists
of three layers: an input layer, a hidden layer with N neurons, and an output layer. Fig. 5.3 shows a
schematic representation of the RBF neural network. The number of the nodes in the input and
output layers is decided by the research objects. The nodes in the input layer and output layer
represent the vector from an input space and a desired network response, respectively. Through a
defined learning algorithm, the error between the actual and desired response can be minimized by
optimization criterions.

Each of the input nodes is connected to all the nodes or neurons in the hidden layer through unity
weights (direct connections). While each of the hidden layer nodes is connected to the output node
through some weights, for example, the i-th output node is connected with all the hidden layer

nodes by W (t) :I:\Ni,l(t)""’vvi,N (t)]T , each neuron finds the distance, normally applying Euclidean

norm, between the input and its centre and passes the resulting scalar through a nonlinearity. So, as
depicted in Fig. 5.3, the i-th output node of the RBF network can be expressed as follows:

Yi :ZWi,k(Dk (”X_/uk ”) (5.1)

where X =[x, X,,..,X,]" is an input value, n is the number of input node, c, is the centre of the k-
th RBF node in the hidden layer, k=12,..,N, and N is the number of hidden nodes.
| — 24| denotes Euclidean distance between g, and X, ¢, is the nonlinear transfer function of the
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k-th RBF node, W, is the weighting value between the k-th RBF node and the i-th output node and
m is the number of output nodes.

Input Layer Hidden Layer Output Layer

Figure 5.3 - Schematic representation of RBF neural network.

Eq. (5.1) reveals that the output of the network is computed as a weighted sum of the hidden layer
outputs. The nonlinear output of the hidden layer is described as ¢, , which is radial symmetrical.

Different types of radial basis functions could be used, but the most common is the Gaussian
function. In this thesis, the function chosen as activation function for the neural network is the
Gaussian function, defined as follows:

[X— 11|

5 J (5.2)

cok(X)=eXp(— -
where x4, and o, are the parameters of position and width of the k-th RBF node respectively. In

fact, the activation function most commonly used for classification and regression problems is the
Gaussian function, because it is continuous, differentiable, it provides a softer output and improves
the interpolation capabilities. The general procedure to design an RBF neural network for functional
approximation problem is shown below:

Initialize number N of the RBF nodes;
Initialize position g, of the RBF nodes;

Initialize the width 6, of the RBF nodes;
Calculate the optimum value for the weights w; , ;

In case, it could be also possible to apply local search algorithms to adjust the parameters of
the radial basis functions (i.e. the number, widths and positions of the RBF nodes and the
corresponding weights) for self-organizing neural networks with adaptive procedures, in
order to achieve the best estimation performances in any operative and fault condition.

ok~ w e

5.2.2 Adaptive RBF-NN Filter for Generic Fault Estimation

The RBF Neural Network is exploited to model a generic fault function by means of Radial Basis
Functions (RBF)s in adaptive fault estimation filters/observers (Wang et al. 2011; Baldi et al. 2013,
2014a, 2015; Castaldi et al. 2014). The on-line learning capability of the Radial Basis Function
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Neural Network allows obtaining accurate adaptive estimates of the occurred faults. Moreover, the
use of a Radial Basis Function Neural Network allows designing generalized fault estimation
adaptive observers which do not need any a priori information about the fault internal model. The
generic scalar nonlinear model of the affine form

{x:n(x)+g(x)U+ﬁ(X)f (5.3)

y=h(x)

with initial condition x(0) =X, is considered. For a sufficiently large number N of hidden-layers

neurons and if the system state x takes on values in a sufficiently large compact set X —RR", a
weight matrix W can be determined such that a continuous fault function f is approximated by the

RBF-NN and the generic fault function f can be linearly parameterized, with a guaranteed finite
model error e, as follows (Chen and Chen 1995):

f(x) =W p(x)+e,(x) = iwﬁwk(x) +e,(x), |e.(¥)|<e,, xeX
k= (5.4)
=le, (X)|<e,

f(x)—kiwzcok(x)

| (X)W p(x)| =

where W™ eR" is an (unknown) optimal constant weight matrix, i.e. W =0, ¢(x) is a known

vector of basis functions of the form ¢(x) :[(ol(x),(pz(x),...,goN(X)]T eR", ¢ is k-th radial basis

function and e is an approximation error (residual error) between the actual fault function and its
optimal RBF approximation, due to the number and type of the selected RBFs.

The general model of an adaptive fault estimator, based on a RBF-NN for a system affine in the
fault inputs as Eq. (5.3), can be defined as follows in a filter form (Benini et al. 2008):

{‘: =Ny (Y1, Vo) + Oss (Vi Y2 )U + L35 (Y2, V) f+ K(Vis —¢) (5.5)
&= yls _§

or, in an alternative way, in an observer form (Benini et al. 2008):

{§=m&é%y%)+%xému%w+&4§7@79f+KW3—@ 56)
‘5‘:713—(;:

where K >0 represents the filter/observer gain, which can be designed such that the residual
generator of Eq. (5.5) is asymptotically stable with a good fault sensibility versus noise attenuation
ratio. The unknown fault function f is linearly parameterized in Eq. (5.5) by a RBF-NN:

f =Wo(&) (5.7)
with the weight matrix W eR" determined by the following adaptive weight update law:

W =nDsg" (&) (5.8)

where 77 >0 is the learning ratio (positive fixed gain) and D is a proper constant matrix such that
the RBF-NN adaptive filter composed by Eqg. (5.5) with the fault estimate of Eqg. (5.7) and the



114 5 FAULT DETECTION AND DIAGNOSIS

weight adaptive law of Eq. (5.8) is asymptotically stable and the fault estimate converges to the real
fault value. The residual & which drives the adaptive law of the RBF weight matrix (and thus the

behaviour of the fault estimate) returns to zero when the obtained fault estimate f converges to the
actual fault f , and consequently the weight adaptation stops.

5.2.3 Estimation Error Boundedness
The estimation error can be defined as the difference between the true exogenous disturbance and
its estimation:

B (8, %) = T (t, ) ~W () p(x(1)) =
= £ (t, X) =W ) @(x(t)) +W () (X (1)) ~W (t) p(X(t)) = (5.9)
=e, +W (t)p(x(t))

where the term W (t)p(x(t)) represents the adaptation error, i.e. the difference between the optimal

and the estimated RBF approximation. The weight error vector is defined as W (t) =W (t) =W (t) .
The estimation error e, can be proven to be bounded (Castaldi et al. 2014). The origin of the

system composed by the detection filter of Eq. (5.5) and the adaptive law of Eq. (5.8) is globally
asymptotically stable (0-GAS) with respect to the input e, if there exist a matrix D and a positive
definite matrix P such that

(1 ,P=D
PK >0

In fact, starting by defining the following function

Y, =%sz +2inVT >0 VeW>0 (5.10)

n

its time derivative is hereafter obtained, considering an optimal constant weight matrix, as
. 1Q . R 1q N
V= ng‘+52wkwk =eP[(f-f)- Kg]—;Zwk Deg, (&) =—&°PK +£(P—D)>_ W, (£)
k=1 k=1 k=1

If P=D and PK >0, it follows that
V=-5PK<0 Ve>0 (5.11)

The Lyapunov function derivative V is only semi-definite negative, i.e. V(,W)=0 for £ =0 and

VYW = 0. This implies that only the filter error (residual) & goes to zero whilst W can be finite and
different from zero. The LaSalle's Principle can be applied to deduce that also W (t) goes to the
origin if t — co. Taken the bounded set

Q. ={x=(eW) eR"*|V(x) <C eR"}

such that V <0 for all xeQ,, defining S Q. by
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S={xeQ.|V(x)=0}

and with M the largest invariant set in S, then, whenever x, € Q.. , all the trajectories starting from
X, approach to M as t — oo. In this case the invariant set M is composed by only one equilibrium

point, that is the origin (&, W) = (0,0).

Starting from the these results, it is straightforward to see that the estimation error is bounded.
Thanks to the Local ISS property of the system (Sontag, Wang 1996), Lemma 1.1) the weight error
vector is bounded, i.e. there exist two functions £ (KL-class) and y (K -class) such that

Il < BQW ). )+ 7(enl.) ="
M@ <per’

le,| <deR"
from which it results

Bes| =[e, +Wep(x)| < &, + N V0| (5.12)
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6 FDD IMPLEMENTATION IN THE SATELLITE ADCS

The overall satellite FDD system consists of the previously described FDI module and of a FE
module, whose outputs (i.e. the fault estimates) are enabled only once an occurred fault has been
accurately detected and isolated by the FDI module, i.e. the four banks of designed residual filters
and the relative residual cross-checking procedure. This fault estimation module consists of thirteen
independent adaptive fault estimators, each of them responsible of providing the estimate of a
specific fault affecting one of the actuated attitude control torques or sensor measurements.

These adaptive fault estimators are derived from the model equations (4.5) and (4.7), and from the
derived residual filters and they are exploited in order to accurately estimate the size of the occurred
faults, by exploiting Radial Basis Function Neural Networks (RBF-NN)s. As it will be shown, with
the assumption of a single fault at a time, the use of these adaptive fault estimators allows obtaining
very accurate fault estimates.

This chapter presents the development of the nonlinear FE adaptive filters providing the estimation
of the fault sizes. The information brought by the fault size estimations can be very useful for off-
line maintenance purposes and for on-line reconfiguration of the automatic control system. The
proposed fault estimation algorithm is based on the NLGA and Radial Basis Function Neural
Networks (RBF-NN)s.

6.1 Design of Adaptive RBF-NN Filters for Fault Estimation in the
Satellite ACS

Thanks to the NLGA procedure, scalar X -subsystems affine in the actuator fault inputs have been

derived from the spacecraft nonlinear model in Chapter 4. Considering the components of the
spacecraft ACS, the adaptive filters for the estimation of faults affecting the control torques

Ton :[Tml Tz Tons TctM]T are derived from the models of the local residual filters of RB1,

which have been designed in Chapter 4. As previously stated, each of these local residual filters is
sensitive only to faults affecting a single actuator subsystem, and hence a single control torque since
they are based on the dynamic equations of the actuators.

On the basis of the adaptive filter model of Eq. (5.5), the general model of Eq. (4.36) of these scalar

local residual filters for the X, -subsystems can be modified, in order to obtain adaptive filters based
on a RBF-NN for the estimation of faults affecting the attitude control inputs T, as follows:

ctrl

{«5 AR RO AR ALRINCAE 61

g:yls_f

where K >0 and the unknown fault function f, affecting the control torque is linearly
parameterized in Eq. (6.1) by a RBF-NN:

f =Wo(&) (6.2)
with the weight vector W eR" determined by the following adaptive weight update law:

W =5Deg" (&) = nDep’ (£) (6.3)

117



118 6 FDD IMPLEMENTATION IN THE SATELLITE ADCS

where 77> 0 is the learning ratio, D is a proper constant value such that the RBF-NN adaptive filter
with model defined by Egs. (6.1), (6.2) and (6.3) is asymptotically stable.

The selected value D of the adaptive filters should guarantee good convergence speeds of the fault
estimates together with a sensitivity to the noise as low as possible. The residual & which drives the
adaptive law of the RBF weight matrix (and thus the behaviour of the fault estimate) returns to zero
when the obtained fault estimate fu converges to the actual actuator fault f, .

The assumption of single fault occurring at a time and the exploitation of the local residual filter
models allows to design RBF-NN adaptive fault estimation filters which directly provide the

estimates fu of the possible faults f, =T, —T. affecting a specific actuated control torques. The

output of the RBF-NN adaptive estimation filter is activated once the corresponding actuator fault
has been isolated by the FDI module described in Chapter 4.

Starting from Eqgs. (4.5), (6.1), (6.2) and (6.3), it results that the models of the scalar adaptive
estimation filters for faults affecting the four actuated attitude control torques considered in this
thesis can be written as follows:

% Tc fu
é:U = __’1 e + K (a)wvlmeasured - gul)

1
P

gul - a)wvlmeasured - §U1 (64)
f, =Wo(é,)

W =7Ds,0"(&,)

b= K, )

€ty = O 2npares — S0 (6.5)
f, =Wo(&,)

W =7De, " (£,)

e —f— K@ -£,)

Euy = Oudes ~ St (6.6)
f,, =Wo(&,)

W =7De, 0" (&,)

K, )

€uy = Oovgares — SUy (6.7)

f,, =Wo(&,)
W =7Ds, 0" (£,)
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In particular, for the adaptive filters described above, N=11 Gaussian RBFs have been considered,
with width o, =200 and centres g, equally spaced between -200 rad/s and 200 rad/s (1909 rpm).

On the other hand, once a fault on one of the four flywheel spin rate sensors has been correctly
detected and isolated by the FDI module, the output of the corresponding RBF-NN adaptive fault
estimation filter is enabled. Again, the models of the four local residual filters of RB1 are exploited
in order to design four distinct RBF-NN adaptive fault estimation filters. However, in this case
these adaptive filters have not been designed exactly on the basis of the adaptive filter model of Eq.
(5.5), but on the basis of a slightly modified version.

This is made in order to allow the direct and accurate estimation If% of the actual fault affecting the

flywheel spin rate sensor. Therefore, the general model of Eq. (4.36) of the scalar local residual
filters has been modified, in order to obtain adaptive filters for a direct sensor fault estimation based
on a RBF-NN, as follows:

{é=n13(71,72{+ 0 (7., Y2)u + K (¥ ~£ = F) 68)
=y, —¢—F
where the unknown fault function F is linearly parameterized by a RBF-NN:
F=Wo($) (6.9)
with the weight vector W eR" determined by the following adaptive law:
W =7Dzp’ (£) = nDag’ (&) (6.10)

where 77> 0 is the learning ratio, D is a proper constant value such that the RBF-NN adaptive filter
defined by Eqgs. (6.8), (6.9) and (6.10) is asymptotically.

In this case, in Eq. (6.8) the filter model has been modified in a different way with respect to Eqg.
(5.5) in order to obtain RBF-NN adaptive fault estimation filters whose outputs directly provide
accurate flywheel spin rate sensor fault estimates. In fact, in order to bring back to zero after the
fault occurrence the residual & which drives the adaptive law of the RBF weight matrix (and thus

the behaviour of the fault estimate), the estimation If% of a sensor fault is directly added to the
value of the state variable & of the filter in Eq. (6.8). In this way, it is obtained the output variable
of the filter y, =S+ IfwW to be compared with the measured output of the real satellite system

affected by the actual sensor fault F, . When the obtained fault estimate Ifww converges to the
actual sensor fault F, , the residual ¢ returns to zero and the adaptation of the weights of the radial

basis functions stops.
Again, the assumption of single fault occurring at a time and the exploitation of the local residual
filter models allows to design RBF-NN adaptive fault estimation filters which provide directly the

estimates Ifww of the possible faults F, =a, —w, affecting a specific flywheel spin rate

measured Werue

sensor. In fact, each of the local residual filters of RB1 results to be sensitive also to the faults
affecting a specific flywheel spin rate sensor (in addition to the faults affecting the corresponding
actuated control torque) with unitary gain.

Starting from Egs. (4.5), (6.8), (6.9) and (6.10), it results that the models of the four scalar adaptive
estimation filters for faults affecting the flywheel spin rate sensors can be written as follows:
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- Tc 1
5‘“\/\/,1 = _I_ + K(a)wllmeasured - gw\/v,l - a‘\/\/,l)

w

8%‘1 = a)Wvlmeasured a g‘%,l o I:‘Wv,l (611)
F@N,l :W(D(g%/l)

W =7nD¢, ¢'(S, )

. T .
gww.z - _l_'2 + K(a)w'zmeasured - 5%/,2 - F%z)
g%/,z = a)Wvaeasured - DBy,2 - F‘U\N,Z (6.12)
F.., =Wo(s, )
W =7Ds, ¢"(&, )
. T, .
ga‘\/v,(i = I —+ K(a)wlsmeasured - 50’\/\/,3 - F‘U\NC%)
g‘%v,a = a)stmeasured - é:(%v,a o F“’\N,S (613)
Fo.. =We(S,.)
W =7Ds¢,, ¢"(&, )
. T, .
5wvv.4 - _l_' + K(a)w'4measured - 5%/,4 - F%,4)
g%A = a)WAmeasured - 5‘%,4 - F“‘W“ (614)

F“KNA - Wgo(ga’wzt )
W =7Ds, ¢"(&, )

The centres and widths of the Gaussian functions are assumed a priori and not time-varying since
the inputs x can assume values only in well-defined intervals on the basis of the models of the
designed adaptive filters and characteristics of the system components. In particular, for the
adaptive filters described above, N=11 Gaussian RBFs have been considered, with width o, =200

and centres g, equally spaced between -200 rad/s and 200 rad/s (+1909 rpm).

6.2 Design of Adaptive RBF-NN Filters for Fault Estimation in the
Satellite ADS

Considering the sensors composing the ADS of the spacecraft, once a fault on one of the three
spacecraft angular velocity sensors has been correctly detected and isolated by the FDI module, the
output of the corresponding RBF-NN adaptive fault estimation filter is enabled. In this case, Eq.
(4.7) can be properly exploited in order to design RBF-NN adaptive fault estimation filters. On the
basis of the adaptive filter model of Eq. (5.5), adaptive estimation filters can be designed for the
mathematical fault inputs associated to each angular velocity state variable comparing in the
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kinematic equations of the model of Eq. (4.34) affine in the sensor fault inputs. With the assumption
of single fault occurring at any time, each kinematic equation in the affine form of Eq. (4.34) with
respect to all the fault inputs results to be including a single fault term related to each angular
velocity measurement. Then, as the definitions of each associated mathematical fault input is

known, the corresponding estimation of the actual sensor fault Ifw can be computed once any

estimation wa,k of a proper k-th associated mathematical fault input is available from an adaptive

filter realized on the basis of the kinematic equations.
Again, a generic adaptive filter based on a RBF-NN for the estimation of an k-th associated fault
input can be derived on the basis of any kinematic equation, and modelled in filter form as follows:

{5 =N (%2 92) + G (T, VDU 63 (9, o) £ +K (9 =€) (6.15)
€ =Y ¢

where the unknown fault function f is linearly parameterized by a RBF-NN:
f =Wo(8) (6.16)
with the weight vector W eR" determined by the following adaptive law:

W = 5Dsgp" (&) = nDeg’ (£) (6.17)

where 77> 0 is the learning ratio, D is a proper constant value such that the RBF-NN adaptive filter
defined by Eqgs. (6.15), (6.16) and (6.17) is asymptotically stable.

For example, once a fault affecting the spacecraft angular velocity sensor measuring the satellite
angular rate w,; in the inertial frame, the following adaptive estimation filter can be exploited to

obtain an estimation of the associated mathematical fault input f, ;=0g..(@; - ) of
Eq. (4.14).
. 1
éwy‘i = E (a)xvimeasured qStarlv?’measured + a)yvimeasured qsrarll“'measured - a)zlimeasured qStarlvlmeasured + a)OqStarlvA'measured ) +
L
_E wy; 4 + K(qstarl,Zmeasured - §wy,i )
(6.18)

ga)y,i - qStarlv2measured _ga)y’i

f,,.e=Wo(Z, )

W =nDs, ¢'(&, )

The corresponding estimation of the actual sensor fault Ifwyi can be computed once any estimation

A

wavi,?, is available, by using the relation

A

2 _ @y i3 _ (

-o,; )
wx,i X, hrue

X Imeasured

qstarl,A
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when qg.., #0. If the spacecraft attitude is such that the quaternion parameter q,,, is zero, in

order to avoid a singularity in the computation of the actual fault estimation, a different kinematic
equation and mathematical relation of a fault input associated to the detected and isolated actual
sensor fault can be exploited in the estimation algorithm. For these adaptive filters, N=11 Gaussian
RBFs have been considered, with width o, =1 and centres z, equally spaced between -1 and 1.

Finally, once a fault on one of the two star tracker attitude sensors has been correctly detected and
isolated by the FDI module, the output of the corresponding RBF-NN adaptive fault estimation
filter is enabled. In this case, however, Eq. (4.7) can be exploited in order to design a RBF-NN

adaptive fault estimator for the overall additive fault vector F__ affecting the quaternion

star

measurement of T, -, as modelled in Eq. (2.55). Since this fault vector F

star

is equivalent to T

but in an additive fault formulation, the corresponding fault estimation F,, can be directly

exploited in an AFTC scheme in order to correct the sensor measurement, i.e. compensate the
sensor fault and recover an accurate measurement of the actual attitude quaternion vector G, .
In this case, the adaptive estimation filter exploits a residual generator model in observer form, and

the residual and state vectors of the adaptive filter are vector defined in R*. Hence, a generic
adaptive estimator based on a RBF-NN for the estimation of the sensor fault can be derived as
follows:

{é=nl(§, V) + (& Y )u+ K(%,~¢~F) 6.19)
e=y,-¢-F
where the unknown fault vector F e R* is linearly parameterized by a RBF-NN:
F=Wo(&) (6.20)
with the weight matrix W e R*™ determined by the following adaptive law:
W =nDep’ (&) = 7Dsg’ () (6.21)

where 7>0 is the learning ratio, D is a proper constant matrix such that the RBF-NN adaptive

filter defined by Egs. (6.19), (6.20) and (6.21) is asymptotically stable. On the basis of the four
kinematic equations (4.7), the following adaptive estimator in observer form can be exploited to

. . . = A A A A T
obtain an estimation of the complete fault vector F, =[F F F F ] :

star star,1’ * star,2? " star,3! " star,4
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: 1
S 2 (D s St s ™ Povmsrss Sttns T P Sy T PG ,) T
+K (qstar,lmeasu,ed - gqsm - lfstar ,1)
: 1
. 2 (D s Strs T P St ™ P S T PoStr ) T
+K (qstar,zmeasured B §QStar,2 o Ifstar,Z)

b =5 O O o

Ostar 3 JImeasured star ,2 Y:Imeasured = Ystar 1 Z,Imeasured

- a)oé:qstar 1 ) +

Istar 4

A

+K (qstar,smeasurEd - gqsta, 3 Fstar,s)
.1
gqsiar,4 - E (_a)xvimeasured gqstar,l - wyvimeasured gqsiar,z - wz!imeasured gqstar,s + wogqstar,z ) +
+K (qstar,4measured - ‘f%ar 4 Fstar,4)

& = R —_ —_ F .
QStar i qStar 1Imeasured gqstar i star,i

Ifs’[ar,i = W ¢(§qstar.i )

A 6.22
W = anqsiar,i (DT (gqstar,i ) ( )

For this adaptive estimator, N=11 Gaussian RBFs have been considered, with width o, =1 and
centres , equally spaced between -1 and 1.

6.3 Simulation Results

The following figures show the fault estimation results obtained by using the designed adaptive
fault estimation filters once the occurrence of the faults in the considered fault scenarios have been
occurred, detected and correctly isolated. The figures highlight how the designed adaptive
estimation filters can achieve an high estimation accuracy in each of the fault scenarios.

6.3.1 Estimation of Faults in the Satellite ACS

Let us start again considering the occurrence of faults affecting the actuators. In the first fault
scenario, i.e. the step fault, Figure 6.1 shows the effect of the fault on the actuated control torque
depicted in blue, with respect to the nominal commanded one depicted in black. The constant bias
between the actuated T, and commanded inputs T_, is clearly visible. For the attitude control

torque, the maximum saturation value has been set equal to T =40.75 Nm and depicted in red

ctrl,sat
in the figure.

Fig. 6.2 shows the fault estimation obtained by exploiting the designed adaptive fault estimation
filters based on the RBF-NN. In this figure, the actual fault is depicted with a red line, whereas the
fault estimation is depicted in blue. Moreover, the obtained fault estimation error is shown in Fig.
6.3. It can be seen that the estimation error has a zero mean value, and it is bounded, except for the
single error peak appearing at the instant of occurrence of the abrupt fault.
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Figure 6.1 - Fault scenario n.1: commanded (black) and actuated (blue) control inputs Tc and TCtrl in case of
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Figure 6.2 - Fault scenario n.1: true (red) and estimated (blue) step fault on the control input TctrI g
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Figure 6.3 - Fault scenario n.1: estimation error for the step fault on the control input T, , .

Figs. 6.4, 6.5 and 6.6 show the same results in case of a sinusoidal fault, whereas Figs. 6.7, 6.8 and
6.9 show the results in case of a rectangular pulse fault. Figs. 6.10, 6.11 and 6.12 show the obtained
results in case of a ramp fault. In the step, rectangular pulse and ramp fault scenarios, the obtained
estimations result to be highly accurate and characterized by small and bounded estimation errors
mainly due to the measurement noise, with significant error peaks only in correspondence of abrupt
variations of the fault functions to be estimated. In the sinusoidal fault scenario, the designed
adaptive estimation filter results to be able to estimate quite accurately the actual sensor fault, with
an estimation error characterized by a zero mean value and an oscillatory behaviour bounded
between small values in comparison to the fault size, due to the time-varying fault signal to be

estimated.
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Finally, for the case of failure of the actuator providing the control torque T, ,, whose results are

shown in Figs. 6.13, 6.14 and 6.15, the estimated fault represents the difference between the

nominal control input commanded by the controller and the true actuated control torque, actually
equal to zero.
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Figure 6.13 - Fault scenario n.5: commanded (black) and actuated (blue) control inputs T, and T,
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Figure 6.15 - Fault scenario n.5: estimation error of the fault corresponding to the failure of the actuator
providing the control input T, , .

Considering the occurrence of faults affecting the flywheel spin rate sensors, for the sixth fault
scenario, i.e. the step fault affecting the measured spin rate «,, ; , Fig. 6.16 shows the effect of the

fault on the sensor measurement, depicted in blue, with respect to the corresponding state variable
depicted in black. The constant bias between the measured «,,  and the true value @, , is

clearly visible after the fault occurrence. Fig. 6.17 shows the fault estimation obtained with the
designed RBF-NN adaptive fault estimation filters and Fig. 6.18 shows the fault estimation error.
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Figs. 6.19, 6.20 and 6.21 show the results in case of a sinusoidal sensor fault. The designed adaptive
estimation filter results to be able to estimate quite accurately the actual sensor fault, with an
estimation error characterized by a zero mean value and an oscillatory behaviour bounded between
small values in comparison to the fault size, due to the time-varying fault signal to be estimated.
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For the eighth fault scenario, whose results are shown in Figs. 6.22, 6.23 and 6.24, the estimated
fault represents the difference between the true value of the state variable and the sensor
measurement, actually equal to zero. Hence, the estimated fault results to correspond to the actual
value of the state variable to be measured. Therefore, this estimation can be considered as the output
of a software sensor.
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In all these three fault scenarios, the obtained estimations result to be highly accurate and
characterized by small and bounded estimation errors due to the measurement noise, with
significant error peaks only in correspondence of abrupt variations of the fault functions to be
estimated.

6.3.2 Estimation of Faults in the Satellite ADS

Now, considering the occurrence of faults affecting the sensors of the satellite ADS, for the ninth
fault scenario, i.e. the step fault affecting the measured angular velocity ,; , Fig. 6.25 shows the

effect of the fault on the sensor measurement, depicted in blue, with respect to the corresponding
state variable depicted in black. The constant bias between the measured «,;  and the true value
Q.

i Is clearly visible after the fault occurrence. Fig. 6.26 shows the fault estimation obtained by

exploiting the designed adaptive fault estimation filters based on the RBF-NN. Moreover, the
obtained fault estimation error is shown in Fig. 6.27.
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Figs. 6.28, 6.29, 6.30, 6.31, 6.32 and 6.33 show the estimation results in case the tenth and eleventh
sensor fault scenarios, i.e. a lock-in-place (stuck) of the sensor measurement e, ; and sensor loss of
effectiveness, respectively. In the lock-in-place fault scenario, the designed adaptive estimation

filter results to be able to estimate quite accurately the actual sensor fault, with an estimation error
characterized by a zero mean value and an oscillatory behaviour bounded between small values in

comparison to the fault size, due to the time-varying fault signal to be estimated.
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Figure 6.28 - Fault scenario n.10: true (black) and measured (blue) satellite angular velocity @ in case of lock-

in-place fault on the sensor output @, ;
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Finally, considering the twelfth fault scenario, i.e. the additive fault I_:%1 on the sensor
measurement of q,,, Figs. 6.34, 6.35 and 6.36 show the obtained estimation results and the

estimation error of the additive quaternion fault vector '_:qsm
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Figure 6.34 - Fault scenario n.12: true (black) and measured (blue) attitude quaternion vector Q,,, in case of
fault on the first attitude sensor output.
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Figure 6.35 - Fault scenario n.12: true (red) and estimated (blue) additive fault vector associated to the physical
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/ FAULT TOLERANT CONTROL

This chapter provides a general overview of the FTC problem. A classification of the main
approaches is presented, in particular focusing on the active fault tolerant methods, along with the
definition of the main regions of operation. The general description of the active fault tolerant
control methods exploited in this thesis is also provided.

7.1 General Overview

Modern complex systems rely on sophisticated control systems to meet increased performance and
safety requirements. A conventional feedback control design for a complex system may result in an
unsatisfactory performance, or even instability, in the event of malfunctions in system components.
Actuators and sensors, for example, may be affected by partial or complete loss of effectiveness
faults, as well as offsets and stuck-at faults during operation. These faults may degrade the system
performance with respect to the nominal fault-free one or, in the worst case, end up with loss of
stability. To overcome such weaknesses, new approaches to control system design have been
developed in order to tolerate component malfunctions while maintaining desirable stability and
performance properties in the presence of faults (Blanke et al. 2006; Noura et al. 2009; Edwards et
al. 2010; Richter 2011; Zhang et al. 2009; Witczak 2014).

This is particularly important for safety-critical systems, such as aircrafts, spacecrafts, nuclear
power plants, and chemical plants processing hazardous materials. In such systems, the
consequences of a minor fault in a system component can be catastrophic. Therefore, the demand
on reliability, safety and fault tolerance is generally high. It is necessary to design control systems
which are capable of tolerating potential faults in these systems in order to improve the reliability,
availability, maintainability and survivability of the controlled system while providing a desirable
performance. These types of control systems are often known as Fault Tolerant Control Systems
(FTCS). More precisely, FTCS are control systems that possess the ability to accommodate
component faults automatically. They are capable of maintaining overall system stability and
acceptable performance (i.e. an acceptable degradation of system performance) in the event of such
faults. In other words, a closed-loop control system, which can tolerate component malfunctions,
while maintaining desirable performance and stability properties, is said to be a fault tolerant
control system.

The accommodation capability of a control system depends on many factors such as the severity of
the failure, the robustness of the nominal system and the presence of mechanisms that introduce
redundancy in actuators and/or sensors. Concerning the type of control reconfiguration to be
adopted, it strongly depends on the fault severity. It can consider the complete shut-off of the faulty
component if the occurred fault is severe, or it could limit to small reconfigurations of the control
structure or controller in case of soft faults, aiming to preserve the required performances.

Even though a temporary degradation of the performance of the overall system is acceptable, the
primary objective of FTC consists in maintaining the system operative for a sufficiently long
interval such that a human operator or the automatic system itself are able to intervene and repair
the damaged system or perform the necessary actions in order to avoid dangerous and more severe,
or even irremediable, consequences. In Fig. 7.1, the following three main regions of system
operation are shown:

Region of required performance: the region in which the system satisfy the operation (mission
objectives). The nominal controller maintains the system in this region, despite of the presence of
disturbances and model uncertainties. Moreover, the system could remain in this region even in case
of small faults;
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Region of degraded performance: the region in which the fault takes the system to operate. This
region denotes the zone where the faulty system can remain without excessive risks. The FTC must
be able to initiate recovery actions in order to take the system back to the region of required
performance and prevent further degradations of performance;

Region of unacceptable performance: this region of operation is to be avoided through the use of
a FTCS. This region delimits also the danger zone of operation, where there is an high risk of
failures and severe faults, and which should be always avoided.

Threshold
Region of danger where safety

system is
involved

Region of
unacceptable
performance

Region of degraded performance

Region of required
performance

Fault

Recovery

%
Figure 7.1 - Classification of the main regions of operation, based on FTC requirements (Blanke et al. 2006).

Generally speaking, FTCS can be classified into two broad categories: Passive Fault Tolerant
Control Systems (PFTCS) and Active Fault Tolerant Control Systems (AFTCS) (Blanke et al. 2006;
Zhang and Jiang 2008).

Passive Fault Tolerant Control (PFTC): in PFTC systems, the control law is fixed and does not
change when a fault occurs. The control system is designed to be robust a priori against a set of
limited (presumed) faults. A PFTC system is implemented with a constant feedback controller which is
designed carefully using robust control techniques, with which the controller is designed such that the
closed-loop system remains insensitive to system uncertainties and disturbances. When the effects
of faults are similar to those of uncertainties or disturbance, it can be assured that the robust
controller is insensitive to the faults. This approach requires neither FDD schemes nor controller
reconfiguration, and is therefore computationally more attractive. Its applicability, however, is very
restricted due to its serious disadvantages.

One of disadvantages of PFTC is that sometimes the fault is not incipient and has significant effect
on the performance of the system, or it is not possible to design a controller to be robust to set of
faults. Hence, a fault estimation scheme is needed to detect and identify the fault. Hence, in order to
achieve such robustness to faults, usually a very restricted subset of the possible faults can be
considered, when the effects of faults are similar to those of modelling errors and disturbances. Thus,
often only faults that have a small effect on the behaviour of the system can be treated in this way,
i.e. the passive approach has only limited fault-tolerant capabilities.

Since the control law is not changed when faults occur, the system is able to achieve its control
goal, in general, only for objectives associated with a low level of performance (sometimes this is
called the conservative approach). Moreover, achieving increased robustness to certain faults is only
possible at the expense of decreased nominal performance. Since faults are effects that happen very
rarely it is not reasonable to significantly degrade the fault-free performance of the system only to
achieve some insensitivity to a restricted class of faults.
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Active Fault Tolerant Control (AFTC): in general, an AFTC system reacts actively to faults and
it is able to accommodate faults by reconfiguring the control actions so that the stability and
acceptable performance of the entire system can be preserved. In certain circumstances, degraded
performance may have to be accepted. Additionally, AFTC systems prevent faults in subsystems
from developing into failures of the system. AFTC systems react to faults actively to recover or at
least approximate the performance of the faulty system to the performance of the healthy system using
the FDD results (Blanke et al. 2006; Zhang and Jiang 2008).

In such control systems, the controller compensates for the impacts of the faults either by selecting
a predesigned control law or by designing a new one on-line. To achieve a successful control
system reconfiguration, both approaches rely heavily on real-time FDD schemes to provide the
most up-to-date information about the true status of the system, by detecting and localizing the
faults that eventually occur in the system. The estimated faults (if available) are subsequently
passed to a Reconfiguration Mechanism (RM) that changes the parameters and/or the structure of
the controller in order to achieve an acceptable post-fault system performance.

When severe faults such as the complete failure of actuators or sensors breaks the control loops, it is
necessary to use a different set of inputs or outputs for the control task. In these cases, in contrast to
PFTC, AFTC consists of finding and implementing a new control structure in response to the
occurrence of a severe fault. After selecting the new control configuration, new controller
parameters would be found. The restructuring/redesign of controller is carried out automatically
during the operation of the system, without needing any external intervention.

Therefore, the main goal in a fault tolerant control system is to design a controller with a suitable
structure to achieve stability and satisfactory performance, not only when all control components
are functioning normally, but also in cases when there are malfunctions in sensors, actuators, or
other system components.

Due to their improved performance and their ability to deal with a wider class of faults, the active
methods for FTC have gained much more attention in the literature than the passive ones.

As shown in Fig. 7.3, on-line fault accommodation and on-line controller-reconfiguration are usually
used in AFTC framework. The controllers of AFTC are generally variable in parameter or even
structure. The key issues in AFTC include the design of (Zhang and Jiang 2008):

1. A reconfigurable controller, which can be easily reconfigured;

2. A FDD scheme which is sensitive to faults and robust to model uncertainty, operating
condition variations and external disturbances, providing as precisely as possible the
information about an occurred fault (time, type and magnitude;

3. A controller reconfiguration mechanism, which compensates the fault-induced changes in
the system and leads as closely as possible to the recovery of the pre-fault closed-loop
system performance and stability in the presence of uncertainties, disturbances and time-
delays in FDD, within the given constraints of control inputs and system states;

4. A command/reference governor.

It should be noted that the inclusion of both a FDD module and a reconfigurable controller with its
reconfiguration mechanism within the system structure is the main difference between the active
and the passive FTC system. In Fig. 7.2, the architecture of an AFTC is depicted.
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Figure 7.2 - Architecture of an active fault tolerant control (Blanke et al. 2006).

These elements of the AFTC design are highlighted also in Fig. 7.3. In the FDD module, any fault in
the system should be detected and isolated as quickly as possible, and fault functions and post-fault
system models need to be estimated on-line in real-time. Based on the on-line information on the
post-fault system model, the control should be automatically reconfigured to maintain stability,
desired dynamic performance and steady-state performance. In addition, in order to ensure the
closed-loop system to track a command input trajectory in the event of faults, a reconfigurable feed-
forward controller often needs to be synthesized. To avoid potential actuator saturation and to take
into consideration the degraded performance after fault occurrence, in addition to a reconfigurable
controller, a command/reference governor may also need to be designed to adjust command input or
reference trajectory automatically.
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Figure 7.3 - Schematic structure of AFTC systems (Sun 2013).

There are different classifications for active fault tolerant control methods in the literature.
According to (Lunze and Richter 2008), active methods can be classified into four major groups:
physical redundancy, learning control, projection-based methods and on-line automatic controller
redesign methods, as shown in Fig. 7.4. The latter method is concerned with defining new controller
parameters or control law, known as a reconfigurable controller. In the projection based method, a
set of controller are designed in advance and the system switches automatically between them such
that an acceptable degree of performance of the system at the presence of faults is preserved. In
safety-critical applications, the actuators and sensors are duplicated. When a fault happens, a simple
decision algorithm switches the controller from a faulty component to a healthy one. This fault
tolerant control method is known as physical redundancy. In the learning control method, the
classical control techniques are combined with learning control method. Basically, a fast
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component, e.g. a Kalman filter, is used to estimate a changing condition quickly, then a slower
learning component is employed to store previous knowledge to use it again in the future.

Reconfiguration

Physical redundancy Learning control Automatic redesign

Projection Controller redesign Fault hiding

PSEUDOC-INVERSE METHODS
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Virtual actuator
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OPTIMIZATION
— « L Q design
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Figure 7.4 - Classification of control reconfiguration methods (Lunze and Richter 2008).

It is worth observing that, as already stated above, not only the parameters of the controllers need to
be recalculated in the control redesign procedure, but also the structure of the new controllers might
be changed (i.e. restructurable controller). This controller restructuring also uses alternative input
and output signals in the new controller configuration. Afterwards, a new control law has to be
designed on-line. The restructuring of the controller is necessary after occurrence of severe faults
(i.e. complete component failures) that lead to serious changes of the plant behaviour. The necessity
of control restructuring is apparent if actuator or sensor failures are contemplated. The total failure
of these components leads to a breakdown of the control loop. Hence, a simple adaptation of the
controller parameters to a new situation is no longer possible and hence alternative sensors or
actuators have to be taken into account, preferably the ones that have similar interactions with the
system and not being under the influence of a fault. Therefore, it is possible to design a new
controller that satisfies the performance specification of the nominal system. This is possible only in
case of presence of redundant actuators. From this point of view, the two principal ways of
controller redesign can be differentiated as fault accommodation versus system reconfiguration
(Blanke et al. 2006).

7.2 Control Reconfiguration and Fault Accommodation

Fault accommodation means to control the variables of interest in the faulty system, under the
constraints associated with the faulty components. The control law is changed in response to fault,
without switching off any system component. The sets of manipulated and measured signals remain
unchanged and the control adjustment is limited to the controller dynamics. In fault
accommodation, faulty components are still kept in operation thanks to an adapted control law. On
the other hand, system reconfiguration means to switch off faulty components, and eventually
switch on healthy redundant ones, and accordingly changing the control law so that controlling the
resulting new system can achieve the control objectives under the set of constraints associated with
the reconfigured system. Both the controller dynamics and the closed-loop structure, and possibly
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also the reference signal, are changed. In system reconfiguration, faulty components are no longer
employed (Blanke et al. 2006; Zhang and Jiang 2008).

Hence, the main distinction between reconfigurable control and fault accommodation is that
reconfigurable control includes modifications of the closed-loop signal structure, which are
excluded in fault accommodation as shown in Figs. 7.5 and 7.6. In other words, the use of different
input and output signals is allowed in reconfigurable control. Reconfiguration in fault-tolerant
control exploits the presence of redundancy in the controlled system. Reconfigurable control is
based on models of the fault-free and the faulty system, where the latter is provided by the fault
diagnosis component or by self-diagnosing actuators and sensors. The model of the faulty plant
must express all redundancies so that automatic reconfiguration methods are enabled to exploit
them.

Reconfigurable control must at least ensure that the reconfigured closed-loop system is stable in a
suitable sense. Furthermore, it is desirable to recover the nominal closed-loop tracking and
performance properties as far as possible. The exact recovery of these properties is typically
possible only in the presence of physical redundancy in the system. In numerous technological
systems, physical redundancy is not available due to its cost. The appearance of actuator faults
typically turns the nominal system into an under-actuated system, whereas the nominal system may
be either fully actuated or under-actuated.

Generally speaking, the need for reconfigurable control arises whenever the controlled plant
abruptly undergoes substantial structural changes. In the projection-based method, a set of
controller are designed in advance (off-line) and the system switches automatically between them
such that a sacrificed degree of performance of the system at the presence of faults are preserved.
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Figure 7.5 - Control reconfiguration (Blanke et al. 2006).
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Figure 7.6 - Fault accommodation (Blanke et al. 2006).

7.3 Reconfiguration Mechanism

Under the FTC framework, once the FDI module indicates which sensor or actuator is faulty, the
fault magnitude has been estimated by the FE module, a new control law will be set up in order to
compensate for the fault effect on the system. As sensor and actuator faults have different effects on
the system, the control law should be modified according to the nature of the fault, as shown is Fig.
7.7. In this dissertation, only a single (sensor or actuator) fault is assumed to occur at a given time,
because simultaneous faults can hardly be isolated. In many applications, the presence of multiple
faults, either simultaneous or subsequent, is rare.

Considering the occurrence of sensor faults, since they will not change the system dynamics, it is
not necessary to redesign the controller to exclude the faulty sensor, if the faulty output can be
corrected when a fault occurs. Therefore, the most commonly used approach is sensor fault masking
using a software sensor (Wu et al. 2006; Zhang 2009), or equivalently using virtual sensors (Blanke
et al. 2006; Ponsart et al. 2010; Nazari et al. 2013). The idea of the software or virtual sensor is to
estimate the sensor fault or the real system outputs, and then feed the derived fault-free output
signals to the controller, thereby decouple the effects of the faults in the feedback loop (Bennett
1998; Blanke et al. 2006; Wu et al. 2006; Gao et al. 2007; Gao and Ding 2007; Rothenhagen and
Fuchs 2009; Zhang 2009; Ponsart et al. 2010). The key issue of this strategy is the requirement of
fast and accurate fault estimation, which should be robust to uncertainty and disturbances. The
compensation law would be in the following additive form:

yk,acc (t) =Y (t) - Ika (t)

where 'y, .. (t) is the k-th accommodated sensor measurement, y, (t) is the corresponding sensor

measurement in faulty condition and Ika (t) is the fault estimate used to compensate for the impact
of the actual sensor fault F, (t), as defined in Subection 3.5.2. In the normal or healthy condition,

Ika (t) is identical or close to zero. Once a sensor fault is detected, Ika (t) should be suitable to

compensate for the effect of the corresponding actual sensor fault. It is worth noting that this direct
accommodation of an occurred sensor fault is valid also in case of failure of the sensor itself, and in
this case the measurement estimation provided by the adaptive fault estimation filter will be
equivalent to the output of an analytical virtual sensor measuring the same state variable through the
adaptive estimation. This aspect remove the necessity of having two or more distinct sensors
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performing the same operation or measurement in order to have a certain level of redundancy in
case of fault occurrence.

On the other hand, considering the occurrence of soft (i.e. not severe) actuator faults, the most used
compensation law would be in the following additive form (Noura et al. 2000; Zhang and Jiang
2008):

U, (t) =u(t) — £, (t)

where u__(t) is the accommodated control input, u(t) is the actuated input in faulty condition and

acc

fu (t) is the input term used to compensate for the impact of the actual fault f,(t), as defined in
Subsection 3.5.1. In the normal or healthy condition, fu(t) is identical or close to zero. Once an

actuator fault is detected, fu (t) should be suitable to compensate for the effect of the corresponding

actual fault.

However, in case of total loss of effectiveness of an actuator (i.e. an actuator failure), a control
system reconfiguration is required in order to recover the loss of actuation using one or more
redundant actuators (Patton 1997a; Blanke et al. 2006). Changes in the controller parameters may
not be enough to accommodate the total loss of actuator function and the controller structure or
controller strategy must be redesigned on-line. The restructure or redesign is often done off-line, so
that pre-computed redundant control laws and hardware systems can be selected once an actuator is
known to have failed. According to whether or not the reconfigurable controller is calculated on-
line, the AFTC can be classified according to whether a pre-calculated controller approach is used
or whether the controller is designed on-line (Patton 1997a; Zhang and Jiang 2008).
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This chapter presents the implementation of an AFTC scheme for the active accommodation of an
occurred sensor or (soft) actuator fault or for the controller reconfiguration in case of failure of an
attitude control actuator, realized by exploiting the available fourth redundant actuator present in the
ACS of the spacecraft. The implementation of a standard Sliding Mode Controller (SMC) for
attitude stabilization and control is presented as well.

8.1 Sliding Mode Control

Attitude control exploits the measurements and a reference to calculate a torque demand that will
make the measured state (either attitude or angular velocity) equal to the reference. Considering an
attitude reference, the satellite body coordinate system and a target coordinate system will be
aligned when zero rotation is needed to align the satellite body system with the axes of the target
system. On the other hand, when an angular velocity reference has to be followed, the control
torques should keep the error on the spacecraft angular velocity equal to zero.

As already stated, the nominal Attitude Control System (ACS) is realized by considering the array
of four redundant reaction wheels arranged in a tetrahedral configuration and implementing a
simple Sliding Mode Control (SMC) in order to track a desired attitude reference (Young and Utkin
1999; Jiang et al. 2004; Bastoszewicz and Zuk 2010; Ibrahim et al. 2012).

Sliding mode control has been recognized as one of the efficient tools to design robust controllers
for complex high-order nonlinear dynamic system operating under various conditions. The main
advantages of SMC, as a Variable-Structure-Control (VSC) approach, are its fast dynamic response,
robustness, simplicity in design and implementation. However, SMC presents a main drawback, the
well known chattering phenomenon.

Essentially, sliding mode control utilizes discontinuous feedback control laws to force the system
state to reach, and subsequently to remain on, a specified surface within the state space (the so-
called sliding or switching surface). The system dynamic when confined to the sliding surface is
described as an ideal sliding motion and represent the controlled system behaviour.

The advantages of obtaining such a motion are twofold: firstly the system behaves as a system of
reduced order with respect to the original plant; and secondly the movement on the sliding surface
of the system is insensitive to a particular kind of perturbation and model uncertainties. This latter
property of invariance towards so-called matched uncertainties is the most distinguish feature of
sliding mode control and makes this methodology particular suitable to deal with uncertain
nonlinear systems. However, matched uncertainties include only uncertainties (and hence faults) on
the channels associated with the control inputs. Hence, SMC schemes inherently have Passive Fault
Tolerant Control (PFTC) capabilities, but only in case of actuator faults. Therefore, in case of
sensor faults, an alternative fault tolerant scheme needs to be exploited to guarantee the desired
performances. The attitude dynamic equations of a rigid spacecraft are given by Eq. (2.46), which
for simplicity can be written for control design purpose as

w=f(xX)+bu+d (8.1)

where
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Moreover, since the gravitational disturbance torque is assumed to be exactly modelled in this

thesis, the term T;’g could be considered directly in the term f(x), and the disturbance d assumed
consisting only of the aerodynamic disturbance torque.

The quaternion error @, =[qe qu]T, which denotes the relative attitude error from the desired
reference frame to the body-fixed frame, is defined as

qel qstar4 qstar3 _qstarZ qstarl _qu
qe _ (_]:f ®qstar _ gez _ _qstars qstar4 qstarl qstarz _qr2 (82)

e3 qstar 2 _qstarl qstar4 qstar3 _qr3

qe4 _qstarl _qstarZ _qstar3 qstar4 qr4

where qstarz[qsta, qsta“l]T describes the attitude measured by star sensors, @, =[q, qr4]T

describes the desired target attitude. Since a LEO satellite is considered in this thesis, the satellite is
requested to maintain a fixed attitude (either a nadir-pointing or a generic Earth-pointing attitude)

with respect to the orbital frame. Hence, the two quaternions Qg , and g, describe the satellite

attitude with respect to the orbital frame. On the other hand, in case a fixed inertial pointing (e.g. the
pointing of a specific star) is needed, the two quaternions g, and T, , and the kinematic equations

should be expressed with respect to the inertial frame.
The error o, represents the difference between the actual angular velocity o, of the spacecraft (i.e.

the velocity measured by sensors expressed with respect to the orbital frame) and a desired
reference (target) angular velocity o, , as follows:

(8.3)

Considering a desired angular velocity o, equal to zero for a three-axis stabilization at a constant

desired attitude with respect to the orbital frame, it results that @, =@, =/, and the error rate

dynamic equation is the same as in Egs. (2.46) and (8.1). For any given two groups of quaternion,
the relative attitude error can be obtained by

= qe _1 qe4|3+s(qe)
qe{qej_i —q; })e (&4

Then, the error state vector (T,,,) is fed to the controller to compute the control signal command.
The designed sliding mode controller aims to drive the attitude states (q,®,) from the initial state
(T, (0), @, (0)) to the desired states (q,,®,) with the following assumptions:
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1. The measures of the unit quaternion @, and the body angular velocity «, are available in

the feedback control design;

The initial angular velocity of the satellite is zero;

3. The external disturbance vector d is assumed to be bounded and to satisfy the condition
|d(t)]| < d,ey - This assumption holds for the considered external disturbance torques (both

the gravitational and aerodynamic ones) acting on a satellite.

N

8.1.1 Sliding Surface Design

The design of a sliding mode controller involves designing of a sliding surface that represents the
desired stable dynamics and a control law that makes the designed sliding surface attractive
(Young, Utkin 1999; Jiang et al. 2004; Bastoszewicz and Zuk 2010; Ibrahim et al. 2012). The phase
trajectory of a sliding mode controller can be investigated in two parts, representing two modes of
the system. The trajectory starting from a given initial condition off the sliding surface tend towards
the sliding surface. This phase is known as reaching or hitting phase, and during this phase the
system is sensitive to disturbances. When the hitting of the sliding surface occurs, the sliding phase
starts, and during this phase the trajectories are insensitive to parameter variations and disturbances.
A linear sliding surface has been defined for the considered spacecraft attitude control, defined in
vector form as

S=m, +Cq, (8.5)

where ¢ is a strictly positive real constant determining the slope of the sliding surface
s()=[s, s, s] €R*, which divides the state space into two parts.
As previously stated, the quaternion parameterization of the satellite attitude g.(t) and —q,(t)

represent identical physical tracking error rotations. The former one gives the shortest angular
distance to the sliding manifold, whilst the latter one gives the longest distance. A modification to
the sliding surface can be implemented, like in Crassidis et al. (1999), to guarantee that the satellite
will follow the shortest angular path to reach the sliding manifold, thus reducing the required
amount of control torque. This modified sliding surface is defined as

S=w, +C'Sgn(qe4)qe (86)

with the sign term sgn(q,,) used to drive the system to the desired trajectory in the shortest way.

8.1.2 Control Law Design

The sliding mode control law can be divided into two main parts (Young and Utkin 1999; Ibrahim
etal. 2012):

u(t) = U, (1) +u, (1) (8.7)

The component U, (t) =[u1eq Upq Useq Useq ]T eR* makes the sliding surface s(t) invariant
(§=0 for s=0) and it is calculated by setting the derivative $ to zero considering s(t) to be zero.
The component Uy (t)=[Uy Uy Uy Uy ]T eR™ is an extra control effort which forces the

quaternion and angular velocity components to reach the sliding surface in a finite time despite of
the presence of disturbances (attractive sliding surface with s'$<0). This switching control law
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u,(t) is computed according to a discontinuous constant reaching law (Slotine and Li 1991,
Bastoszewicz and Zuk 2010; Ibrahim et al. 2012) as

U, = bil(_KSMC -sgn(s)) (8.8)
where K, is a proper positive definite gain vector and

1 fors>0
-1 fors<0

sgn(s) ={

In order to compute the equivalent control law u,, (t) , it is set
$=m,+c-sgn(Q,,)q, =0 (8.9)
and, by substituting Eqg. (8.1) in Eq. (8.9), it results
Uy, =b™(~f —c-sgn(q,,)d.) (8.10)
and, therefore
u=b"(-f —c-sgn(q,,)d, — Ky, - sgn(s)) (8.11)

The control law of Eq. (8.11) has two design parameters (c,Kg,.) that should be selected to

provide stability and better performances. The slope ¢ of the sliding surface is selected such that
the system is stable during the sliding mode. A large enough discontinuous signal Kg, -sgn(s) is

necessary to complete the reachability condition despite perturbations and disturbances, but as small
as possible in order to limit the chattering phenomenon. According to the selected value of Ky,

the state trajectories will reach the sliding surface at different points with different reaching times,
as shown in Fig. 8.1. For small values, the state trajectories take more time and long path to reach.

(D
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Figure 8.1 - Error phase-plane for different gain values (Ibrahim et al. 2012).

8.1.3 Chattering Avoidance and Control Input Saturation

The chattering phenomenon is generally perceived as motion which oscillates about the sliding
manifold. Finite-frequency finite-amplitude oscillations are caused by an high-frequency switching
of the sliding mode controller. A chattering control signal may cause possible damages to the
actuators. A boundary layer method can be used to reduce the chattering. The basic idea is to
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replace the sign function by a saturation function (Dal and Teodorescu 2011; Ibrahim et al. 2012),
defined as

1 fors, > ¢
sat(s,&)=1s/g forls|<g =123 (8.12)
-1 fors, <—¢

The larger the boundary layer width & the smoother the control signal u (the discontinuous control
term u, is softened). However, it no longer drives the system to the origin, but only to within the

chosen boundary layer instead. A very small thickness layer introduces again the chattering
phenomenon.

Finally, since the considered reaction wheels are characterized by maximal values of the control
torques they can effectively actuate, a saturation of the commanded control torque is considered.
Hence, it results that the actual commanded control inputs are defined as

U,  foru,>u.,
Ugri =9 Ui for —u, <U <u, 1=1234 (8.13)
~u foru, <-u

max max

8.1.4 Controller Stability in Nominal Condition

Considering the sliding surface of Eq. (8.6) and the control law of Eq. (8.11), the system reaches to
the sliding surface s=0 in finite time. In fact, considering for the reaching phase the candidate
Lyapunov function

V, =%sTs (8.14)

with time derivative
V, =s"$=s" (d-K-sgn(s)) (8.15)

the time derivative must be negative to make s(t) reach zero (attractive sliding surface, s'$<0).
This is obtained for Kg, >|d I.e. the gain must be selected such that it compensate for the

upper bound of the disturbance.

Moreover, the trajectory in the error state-space that slides on the sliding surface can be shown to be
asymptotically stable by using the Lyapunov's direct method. Considering the candidate Lyapunov
function

max| ’

1
V2 :ququ (816)

and substituting (8.4) into (8.6), the following kinematic equation for ideal sliding motion on the
sliding manifold (s=0) is obtained:

. 1 1
0, =5 C-[0|d. + 2 S(A.) (Ko -59(cL.)0l.) (8.17)
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Substituting (8.17) into the time derivative of (8.16) leads to the expression

.1, 1 .. . 1
V, =500, +50.'6, =0."q, =~ S c-[a.aja, (8.18)

which is clearly negative if ¢>0. Therefore, the attitude tracking error ¢, tends to zero as t — oo,
and since the motion is on the sliding surface defined by s(t) =0, it follows that also ®, tends to
zeroas t —>oo.

8.2 Simulation Results

In the case of actuator and sensor fault or failure, a reconfiguration is exploited in order to
reconfigure the system maintaining the nominal sliding mode controller and achieve a tolerable
performance. The designed AFTC scheme contains a fault diagnosis block and a system
reconfiguration block. First, the occurred fault is detected and isolated by means of the proposed
bank of residual generators, then the isolated fault is estimated by means of dedicated adaptive fault
estimation filters, and finally the system is reconfigured a proper way, as shown in the following
simulation results. The following figures show the results obtained in each fault scenario by
implementing the AFTC scheme.

In order to present how the degraded performance of the attitude control system subject to a fault
can be restored to a desired acceptable level, the simulation results obtained in the considered fault
scenarios will be shown. In general, the comments that will be made on the basis of the analysis of
the presented results are in general valid for all the possible fault scenarios.

8.2.1 Controller Reconfiguration after Actuator Failure

In case of occurrence of a severe actuator fault, i.e. an actuator failure, the direct fault
accommodation could be no more possible due to the complete loss of effectiveness of the
component. Hence, the exploitation of redundant actuators could be the only practical way to
restore the nominal system performances or, at least, maintain an acceptable level of performance.

With the assumption of only one fault occurring at a time, the redundancy of the actuators in the
considered ACS configuration can be practically exploited in order to restore the degraded
performances and guarantee the complete controllability of the satellite after the fault occurrence.

Therefore, a system reconfiguration is performed, and only the remaining healthy actuators are
exploited in order to control the satellite attitude. In case of failure of one of the four actuators, the
actuator configuration matrix A,, i.e. the equation term b used in the relations of the sliding mode

controller of Eq. (8.11), is switched to another one in which the column corresponding to the failed
actuator has all zero elements. In this way, only the other actuators are exploited for control
allocation, i.e. for the distribution of the desired total control effort among a redundant set of
actuators.

The following matrices can be used in case of a specific actuator failure. The actuator configuration

matrix A, , corresponds to the nominal condition where all the actuators are properly working. On
the other hand, each of the other matrices A,; i=1,...,4 corresponds to the condition of failure of
the i-th actuator.

NTERENTERRENTERENTE
A=|\23 —23 0o 0
0 0 23 23
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0 i B i 73 0 ~fiF T3

A, =|0 —2/3 0 0 A,,=[23 0 0 0

0 0 —J/2/3 273 0 0 —/2/3 273
TR TR T NN TR T

As=[2/3 —J23 0 0 A.=|23 -J273 0 0
0 0 0 273 0 0 —J2/3 0

In case of failure of the second actuator, the attitude control system switches to the matrix A, ,, and

the failed actuator is excluded. In Fig. 8.2, it is shown the evolution of the commanded control
input, depicted in black, and the actual evolution of the actuated control input, depicted in blue, in
the case in which the initial nominal matrix A, , is used. In this case, the failed actuator cannot

satisfy the request of torque, and then the performances of the overall control system could result to
be degraded.
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Figure 8.2 - Fault scenario n.5: commanded (black) and actuated (blue) control inputs Tc and TCtrl in case of

failure of the actuator providing the control input T, ,.

After the fault detection, isolation and estimation, if it results that the estimated fault is equal to the
commanded torque, it means that a failure has occurred. After the matrix switching, the failed line
is excluded and only three actuators are exploited. Hence, the control allocation is varied. Fig. 8.3
shows how the actuated and commanded control torques are modified. It can be seen that the
commanded torque for the failed actuator is set equal to zero, and the other actuated torques are
properly changed after the reconfiguration. Moreover, Fig. 8.4 shows that the local residual of RB1
relative to the failed actuator presents a residual evolution that returns to zero after the exclusion of
the failed control line, since also the corresponding commanded torque is set to zero and any
discrepancy between the actual system and its model exploited by the residual filters is thus
eliminated.
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Figure 8.3 - Fault scenario n.5: commanded (black) and actuated (blue) control inputs Tc and TtrI in case of

failure of the actuator providing the control input T, ,. The second line is excluded from the control allocation.
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Figure 8.4 - Fault scenario n.5: local residuals of RB1 in case of failure of the actuator providing the control
input T, , and subsequent control reallocation.

8.2.2 Fault Accommodation after Actuator and Sensor Faults in the Satellite ACS

On the other hand, if a soft fault occurs, affecting either an actuator or a sensor of the ADCS, a fault
accommodation approach can be exploited. As already described in Section 7.3, the simplest way to
realize the fault accommodation is to exploit the fault estimation as a compensation term to correct
the faulty input or output signal.
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Considering, for example, the first fault scenario, i.e. the step fault affecting the attitude control
input T, ,, Figs. 8.5 and 8.6 show the evolution of the commanded and actuated control inputs

without and with fault accommodation. It can be seen that the fault accommodation allows
obtaining an actuated control input equal to the required nominal one as if the fault had not
happened, due to the compensation of the fault effect on the control input itself by means of the
estimated fault. The fault accommodation allows to avoid the changing of all the control inputs after
the fault occurrence caused by the sliding mode controller reacting to the fault occurrence, and
recover the nominal control input evolution and system behaviour.
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Figure 8.5 - Fault scenario n.1: commanded (black) and actuated (blue) control inputs TC and TCtrl in case of

step fault on the control input T, , and without fault accommodation.
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Figure 8.6 - Fault scenario n.1: faulty (black) and accommodated (blue) actuated control inputs T

i in case of

step fault on the control input T, , and with fault accommodation.
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After the accommodation, the performances of the control system are restored and the satellite can
reach and maintain the desired attitude with respect to the orbital reference frame, as shown for
example in Figs. 8.7 and 8.8. In particular, the effects of the fault occurrence and fault
accommodation are clearly from these two figures evident for the yaw angle of the satellite with
respect to the orbital reference frame.
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Figure 8.7 — Fault scenario n.1: Euler angles evolution in case of step fault on the control input T, , and
without fault accommodation.
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Figure 8.8 — Fault scenario n.1: Euler angles evolution in case of step fault on the control input Tctr,’2 and with
fault accommodation.

After the fault accommodation, even in this case the local residual of RB1 sensitive to the occurred
fault returns to zero after an initial transient phase during which the fault is detected, isolated and
the fault estimation is subsequently enabled.
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Figure 8.9 - Fault scenario n.1: local residuals of RB1 in case of step fault on the attitude control input T, , and
subsequent fault accommodation.

For all the other considered scenarios concerning the occurrence of faults affecting a satellite
actuator, very similar results can be obtained. Figs. 8.10 and 8.11 show the comparison between the
commanded and actuated control inputs in case of occurrence of a sinusoidal fault and without and
with fault accommodation, respectively. In case of fault accommodation, the effects of the occurred
fault on the actuated control inputs are almost completely compensated, as shown in Fig. 8.11. Only
a slight oscillation of the sensitive local residual of RB1 lasts in Fig. 8.12, because of the remaining
fault effects due to the not null (but bounded) fault estimation error shown in Fig. 6.6 and the
subsequent not perfect fault compensation. Anyway, the fault accommodation makes the residual
sensitive to the occurred fault to return and remain within the selected thresholds.
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Figure 8.10 - Fault scenario n.2: commanded (black) and actuated (blue) control inputs TC and TtrI in case of

sinusoidal fault on the control input T, , and without fault accommodation.
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Figure 8.11 - Fault scenario n.2: faulty (black) and accommodated (blue) actuated control inputs TCtrl in case of
sinusoidal fault on the control input T, , and with fault accommodation.
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Figure 8.12 - Fault scenario n.2: local residuals of RB1 in case of sinusoidal fault on the attitude control input
T » and subsequent fault accommodation.

Figs. 8.13, 8.14 and 8.15 show results analogous to the case of the step actuator fault, but in case of
a rectangular pulse fault affecting the second actuator.
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Figure 8.13 - Fault scenario n.3: commanded (black) and actuated (blue) control inputs TC and TCtrl in case of

rectangular pulse fault on the control input T, , and without fault accommodation.
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Figure 8.14 - Fault scenario n.3: faulty (black) and accommodated (blue) actuated control inputs TCtrl in case of

rectangular pulse fault on the control input T, , and with fault accommodation.
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Figure 8.15 - Fault scenario n.3: local residuals of RB1 in case of rectangular pulse fault on the attitude control
input T, , and subsequent fault accommodation.

Finally, Figs. 8.16, 8.17 and 8.18 show similar results in case of occurrence of a ramp fault
affecting the second actuator. As previously stated, a longer period of time is required to pass before
being able to detect and isolate the occurred incipient fault, but after the fault detection, correct
isolation and accurate estimation the fault is compensated and the local residual of RB1 sensitive to
the occurred fault returns to zero.
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Figure 8.16 - Fault scenario n.4: commanded (black) and actuated (blue) control inputs TC and Tctrl in case of

ramp fault on the control input T, , and without fault accommodation.
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Figure 8.17 - Fault scenario n.4: faulty (black) and accommodated (blue) actuated control inputs TCtrl in case of

ramp fault on the control input T, , and with fault accommodation.
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Figure 8.18 - Fault scenario n.4: local residuals of RB1 in case of ramp fault on the attitude control input T, ,
and subsequent fault accommodation.

On the other hand, considering the occurrence of faults affecting the flywheel spin rate sensors of
the ACS, Figs. 8.19, 8.20 and 8.21 show the results obtained in case of step fault affecting the

sensor measuring , . Figs. 8.19 and 8.20 show the comparison between the values of the actual

unknown state variables and the corresponding measured flywheel spin rates without and with fault
accommodation, respectively. As it can be seen, in Fig 8.19 it is evident the constant bias between
the true and measured spin rate values after the fault occurrence, whereas Fig. 8.20 shows that the
fault accommodation allows compensating this difference due to the fault presence. Fig. 8.21 shows
that the local residual of RB1 sensitive to the occurred fault returns to zero after the fault
accommodation. The global residuals of RB2 sensitive to the occurred fault present very similar
behaviours, and they are omitted for the sake of simplicity. It is worth noting that, in case of step
fault, the local residual of RB1 sensitive to the occurred fault returns to zero anyway, due to its
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sensitivity only to the fault input associated to the time derivative of the physical step fault, as
shown in Fig. 4.11. However, in this case the transient phase is significantly shorted due to the
prompt fault compensation once the fault has been detected and correctly isolated, as shown in Fig.
8.21.
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Figure 8.19 - Fault scenario n.6: true (black) and measured (blue) flywheel spin rates @,, in case of step fault on

the sensor output @, ; - and without fault accommodation.
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Figure 8.20 - Fault scenario n.6: true (black) and measured (blue) flywheel spin rates @,, in case of step fault on

the sensor output @, ; - and with fault accommodation.
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Figure 8.21 - Fault scenario n.6: local residuals of RB1 in case of step fault on the sensor output @, , and

r“measured

subsequent fault accommodation.

Figs. 8.22, 8.23 and 8.24 show analogous results obtained in case of a sinusoidal fault affecting the
sensor measuring @, ;. In case of fault accommodation, the effects of the occurred fault on the

sensor measurement are almost completely compensated, as shown in Fig. 8.23. A small oscillation
of the sensitive local residual of RB1 lasts in Fig. 8.24, because of the remaining fault effects due to
the not null (but bounded) fault estimation error shown in Fig. 6.21 and the subsequent not perfect
fault compensation. Anyway, the fault accommodation makes the residual sensitive to the occurred
fault to remain bounded within small values, in comparison to the case without fault
accommodation shown in Fig. 4.13.
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Figure 8.22 - Fault scenario n.7: true (black) and measured (blue) flywheel spin rates @, in case of sinusoidal

fault on the sensor output @, ; and without fault accommodation.



168

8 FTC IMPLEMENTATION IN THE SATELLITE ADCS

o, Iom]
5

0, IPm]

0, [P

o, rpm]
-
N

30 40 50 60
Time (sec)

Figure 8.23 - Fault scenario n.7: true (black) and measured (blue) flywheel spin rates @, in case of sinusoidal

fault on the sensor output @, ;  and with fault accommodation.
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Figure 8.24 - Fault scenario n.7: local residuals of RB1 in case of sinusoidal fault on the sensor output Dy

and subsequent fault accommodation.

Figs. 8.25, 8.26 and 8.27 show results relatively similar to the previous cases, but obtained in case

of failure of the sensor measuring o,

w3+ In this case, the estimated fault results to correspond to the

actual value of the state variable to be measured. Therefore, this estimation, and hence the
corresponding accommodated sensor output, can be considered as the output of a software sensor.
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Figure 8.25 - Fault scenario n.8: true (black) and measured (blue) flywheel spin rates @, in case of failure of the

sensor providing the measurement of @, ; and without fault accommodation.
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Figure 8.27 - Fault scenario n.8: local residuals of RB1 in case of failure of the sensor providing the measurement
of @, ; and subsequent fault accommodation.

8.2.3 Fault Accommodation after Sensor Faults in the Satellite ADS

Now, considering the occurrence of faults affecting the sensors of the satellite ADS, Figs. 8.28,
8.29, 8.30 and 8.31 show the results obtained in case of step fault affecting the sensor measuring
o, ;. Figs. 8.28 and 8.29 show the comparison between the values of the actual unknown state

variables and the corresponding measured satellite angular velocities without and with fault
accommodation, respectively. Again, in Fig 8.28 it is evident the constant bias between the true and
measured angular velocity values after the fault occurrence, whereas Fig. 8.29 shows that the fault
accommodation allows compensating this difference due to the fault presence.
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Figure 8.28 - Fault scenario n.9: true (black) and measured (blue) satellite angular velocity @ in case of step

fault on the sensor output @, ;
rimeasure

and without fault accommodation.
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Figure 8.29 - Fault scenario n.9: true (black) and measured (blue) satellite angular velocity @ in case of step

fault on the sensor output @, ;
»'measured

and with fault accommodation.

Figs. 8.30 and 8.31 show that the residuals of RB3 sensitive to the occurred fault returns to zero
after the fault accommodation. The corresponding residuals of RB4 sensitive to the same occurred
fault present identical behaviours, and they are omitted for the sake of simplicity.
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Figure 8.30 - Fault scenario n.9: residuals of RB3, sensitive to fault inputs associated to the physical faults

affecting the sensors measuring @, ; and @, ; in case of step fault on the sensor output @, ;
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Figure 8.31 - Fault scenario n.9: residuals of RB3, sensitive to fault inputs associated to the physical faults
affecting the sensors measuring @, ; and @,; in case of step fault on the sensor output ¢,; = and with fault

accommodation.

Figs. 8.32, 8.33, 8.34 and 8.35 show analogous results obtained in case of a lock-in-place fault
affecting the sensor measuring @, ;. In case of fault accommodation, the effects of the occurred

fault on the sensor measurement are almost completely compensated, as shown in Fig. 8.33.
Oscillations of the sensitive residuals of RB3 last in Figs. 8.34 and 8.35, because of the remaining
fault effects due to the not null (but bounded) fault estimation error shown in Fig. 6.30 and the
subsequent not perfect fault compensation. Anyway, the fault accommodation makes the residuals
sensitive to the occurred fault to remain bounded between small values, in comparison to the case
without fault accommodation shown in Figs. 4.23 and 4.24.
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Figure 8.32 - Fault scenario n.10: true (black) and measured (blue) satellite angular velocity @ in case of lock-
in-place fault on the sensor output @, ;  and without fault accommodation.
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Figure 8.33 - Fault scenario n.10: true (black) and measured (blue) satellite angular velocity @ in case of lock-
in-place fault on the sensor output @, ;  and with fault accommodation.
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affecting the sensors measuring @, ; and @, ; in case of lock-in-place fault on the sensor output @, ; and
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rimeasured

with fault accommodation.

Again, Figs. 8.36, 8.37, 8.38 and 8.39 show analogous results obtained in case of a loss-of-
effectiveness fault affecting the sensor measuring a, ;.
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Figure 8.36 - Fault scenario n.11: true (black) and measured (blue) satellite angular velocity @ in case of loss-of-
effectiveness fault on the sensor output @, ;  and without fault accommodation.
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Figure 8.39 - Fault scenario n.11: residuals of RB3, sensitive to fault inputs associated to the physical faults
affecting the sensors measuring @, ; and @, ; in case of loss-of-effectiveness fault on the sensor output @, ;

rimeasured

and with fault accommodation.

Finally, Figs. 8.40, 8.41, 8.42 and 8.43 show analogous results obtained in case of an additive fault

'_:ﬁsm affecting the sensor measuring the attitude quaternion vector Tg,,. In this case, all the

residuals of RB3 are in general sensitive to the occurred fault. Again, all the residuals of RB3
presenting deviations from their fault-free conditions due to the fault occurrence quickly return to
zero after the fault accommodation.
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Figure 8.40 - Fault scenario n.12: true (black) and measured (blue) attitude quaternion vector Q,,, in case of
fault on the sensor output and without fault accommodation.
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Figure 8.41 - Fault scenario n.12: true (black) and measured (blue) attitude quaternion vector Q,, in case of
fault on the sensor output and with fault accommodation.
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Figure 8.42 - Fault scenario n.12: first triad of residuals of RB3 in case of fault on the sensor measuring Qg
and subsequent fault accommodation.
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Figure 8.43 - Fault scenario n.12: second triad of residuals of RB3 in case of fault on the sensor measuring g,
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Figure 8.44 - Fault scenario n.12: last triad of residuals of RB3 in case of fault on the sensor measuring Qg4
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9 CONCLUSION

Modern control systems are becoming more and more complex and control algorithms more and
more sophisticated. Consequently, fault detection and diagnosis and fault tolerant control have
gained central importance over the past decades, due to the increasing requirements of availability,
cost efficiency, reliability and operating safety.

In the context of aerospace applications, this thesis dealt with the FDI, FDD and FTC problems for
an attitude control application of a spacecraft, in particular focusing on fault tolerant control and
diagnosis of possible faults affecting the actuators and sensors of an attitude determination and
control system of a LEO satellite. This dissertation aimed to summarize and extend the results
previously presented by the author, and extend the problem of fault diagnosis also to sensor faults,
in addition to actuator faults only.

A novel fault diagnosis and fault tolerant control scheme has been developed for the detection,
isolation, estimation and accommodation of possible faults affecting the control torques provided by
reaction wheel actuators, the flywheel spin rate measurements, attitude and angular velocity
measurements provided by the sensors of the satellite ADCS. The proposed diagnosis scheme is
based on the exploitation of a FDD system, which is composed of a FDI module and a FE module.
The designed FDI module is composed of a set of scalar model-based residual generators, which
have been organized in four independent banks of filters working in parallel, each of them
specifically dedicated to the detection and isolation of possible faults affecting specific sets of
components of the ADCS.

The exploitation of such banks of residual filters allowed to realize a complete procedure for fault
detection and isolation based on the exploitation only of sensor measurements that are intended and
exploited for attitude control purpose, and in general always available to the diagnosis system.

In this way, it is worth observing that the internal electrical models of actuators and sensors have
been neglected in this thesis, i.e. no fault diagnosis has been performed using local electrical
measurements of current or voltage or other types of direct internal checks in the supervised system
components. This would permit to reduce the complexity of the fault diagnosis system thanks to the
exploitation of sensors, which are always present in every satellite, avoiding the need for further
integrated supervision and monitoring systems.

Due to the aerodynamic disturbance uncertainty in LEO satellites, an explicit disturbance
decoupling approach based on the NLGA allowed to design residual filters not affected by the
aerodynamic parametric uncertainty. Moreover, a general procedure for modelling of the sensor
faults in order to obtain a new spacecraft nonlinear dynamic model, which is affine with respect to
both the actuator and sensor faults and suitable to the application of the NLGA has been exploited.
The overall detection and isolation procedure for the considered actuator and sensor faults is carried
out by exploiting a cross-check of all the generated residuals, by means of a proper decision logic
and residual comparison scheme. In this context, the joint use the four banks of residual filters in
the FDI system allowed riding over the limitations of each bank of residual filters for the detection
and isolation of faults in the supervised subsystems.

The overall FDD system have been completed by a FE module, which consists of a bank of
adaptive observers exploited to obtain accurate and quick fault estimates. This bank of adaptive
observers is based on RBF-NNs. The on-line learning capability of the Radial Basis Function
Neural Network allowed obtaining accurate adaptive estimates of the occurred faults. Moreover, the
use of a Radial Basis Function Neural Network allowed designing generalized fault estimation
adaptive observers, which do not need any a priori information about the fault internal model. The
outputs of the fault estimation module are enabled once a fault has been correctly detected and
isolated by the previously designed FDI module.

Finally, an AFTC system has been realized by implementing a fault tolerant strategy, based on the
information from the FDI/FDD system. In case of actuator faults, a fault accommodation scheme
has been exploited for soft faults, when the faulty actuator is yet operative but with a degraded
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performance, by exploiting the fault estimation information from the FE module. On the contrary, a
control reconfiguration scheme is used in case of hard actuator faults by excluding the effects of the
faulted actuator in the system by exploiting the actuator redundancy and using the control inputs of
the other actuators appropriately to maintain the complete attitude controllability. In this way, a
FDIR scheme has been realized, without directly exploiting any fault estimation information from
the FE module. In case of sensor faults, a fault accommodation scheme is used by directly
exploiting the fault estimation information from the FE module.

The performances of the proposed fault diagnosis and fault tolerant control strategies have been
evaluated when applied to a detailed nonlinear spacecraft attitude model taking account also of
measurement noise, and exogenous disturbance signals. In particular, these exogenous disturbance
terms are represented by aerodynamic and gravitational disturbances.

However, as the gravitational disturbance model is almost perfectly known, the FDI robustness has
been achieved by exploiting an explicit disturbance decoupling method, based on the NLGA,
applied only to the aerodynamic force term. This term represents the main source of uncertainty in
the satellite dynamic model, mainly due to the lack of knowledge of the accurate values of air
density and satellite drag coefficient.

The capability of the designed system to perform a quick and accurate detection, isolation and
estimation of faults affecting both the attitude control actuators, the flywheel spin rate sensors and
attitude and angular velocity sensors of the spacecraft have been demonstrated. This results to be a
key point in order to guarantee the desired attitude control performances through the subsequent
fault accommodation in the proposed AFTC schemes. Several simulation results have been given
for different fault scenarios for both the actuators and sensors. The obtained results have highlighted
that the proposed diagnosis scheme can deal with the most significant, generic types of faults.
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