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Abstract

Nonlinear Fault Diagnosis and Recovery for Satellites Using

Parameter Estimation Techniques

Tao Jiang

Increasing derﬁands on reliability for safety critical control systems require robust-
ness and fault tolerance, capabilities that are subjected to unexpected anomalies and
failures in actuators, sensors or subsystems. Specifically in time-critical systems such
as spacecrafts and satellites, the autonomous fault detection, isolation and recovery
(FDIR) requirements become of paramount importance and necessity.

This thesis focus is emphasized on the nonlinear fault diagnosis and recovery prob-
lems for both the satellite’s orbital model and the satellite’s attitude model through
construction of residual generators that are based on least-squares parameter estima-
tion techniques. By viewing system anomaly caused by faults and/or malfunctions
as changes of certain parameters in the system, our goal is to detect, isolate and
recover from the faults through estimating these parameters and adaptively redesign-
ing the controllers. Given that the system with the triggered recovery procedure will
be different from the system without it, two different fault detection and isolation
subsystems are considered and applied to the different cases. The convergence prop-
erties of these two subsystems are shown analytically. Furthermore, the robustness
properties of these residual generators are investigated, and subsequently, the corre-
sponding decision logic and thresholds for the fault diagnosis are properly selected

iil



and specified.
The possibility of extending the application of the proposed residual generators
to a general class of nonlinear systems is also investigated and promising preliminary

results in this research direction are also presented.
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Chapter 1

Introduction

With an increasing requirement for dynamic systems to be more secure and more
reliable, fault tolerance in a control system is becoming more and more critical and
important. In conventional and traditional approaches, the control systems for a
spacecraft are implemented by manual activities on the ground. Navigation, ma-
neuver, and fault diagnosis and recovery are primarily all ground operations and
activities. The ground stations receive the necessary telemetry information for the
health monitoring and status checks through communications with the spacecraft,
which are then manually processed and analyzed and subsequently sent the appro-
priate command back to control subsystems of the spacecraft. Human operators on
the ground station primarily supervise the whole process. Clearly, the most obvi-
ous disadvantage of this strategy emanates from the fact that the distance between
the ground and the spacecraft could become exceedingly large. The long distance
between the ground operators and the spacecraft could lead to significant delays in

the communication between them. Given that a number of spacecraft activities are



time-critical, especially those that are dealing with fault diagnosis and recovery can -
therefore not afford the delay caused by the latencies in the communication. Conse-
quently, equipped with the more advanced computers and computational resources
that are installed on the today’s spacecrafts, autonomous fault tolerant control sys-
tem capabilities and requirements on the spacecrafts have been receiving a great deal
of attention in the research community recently [19].

A fault. tolerant control system needs to first detect and isolate the presence and
location of the faﬁlts, and then recover from the identified faults by reconfiguring
the control system architectures. The consideration and development of these three
tasks is imown as Fault Detection, Isolation and Recovery (FDIR) Problem. There
are broadly speaking two main approaches for addressing the FDIR problem, namely
history-based and model-based techniques [21, 22].

Compared with the history-based approaches to FDIR, which depend on knowl-
edge processed from past experiences, model-based methods rely on interactions be-
tweep various dynamical system components and variables. Over the past decades,
a number of model-based methods for FDIR have been developed [12, 39]. In this
thesis we focus our attention to only model-based techniques.

Among the common model-based techniques is the qualitative causal method [23].
In this method, the cause and effect reasoning about the model behavior is analyzed
and investigated. Researchers have used fault-trees [23] to backwardly seek the possi-
ble original causes for observed anomalous system behaviors. The main disadvantage
of this method is that one has to generate a large number of h.ypotheses in order to
avoid poor resolution, which could result in ambiguous decisions. Furthermore, the
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large number of potential hypotheses would naturally lead to a very high burden on
the on-line computational resources.

Another very common and an important type of model-based technique is known
as residual-based methods [12], where the FDIR process can be divided into three
distinct stages. The first stage is to generate a signal (also called residual) that is
sensitive to the occurrence of a given fault category. Considering and treating faults
as inputs to the system, a specific residual must generate sufficient information so
that one is able to discriminate and recognize the occurrence of a fault and separate
this specific fault from other faults. The second stage is to use residuals to make
appropriate decisions according to a pre-assigned logic corresponding to the location
of the fault occurrence. Finally, the recovery task will estimate the severity of the
fault and subsequently reconfigure the control system to condition the system into a
manageable and desirable operational mode.

Parity space approach [24, 25, 26, 27] is among the residual-based techniques
considered in the literature. Reference [12] has provided the main idea of parity
space approach. This approach basically checks the consistency of the mathematical
governing equations of the system through two types of redundancies: (i) direct
redundancy, which makes use of relationships among redundant sensor outputs, or
(ii) temporal redundancy, which counts on dynamic relationships between outputs
and inputs. The parity space approach leads to a special type of an observer, called
dead-beat observer.

Other than the parity space approach, many researchers simply use Luenberger

observers or .Kalman filters to monitor the system performance. In the absence of



uncertainties and disturbances, the errors between the state estimates and the actual
values of the states diminish to zero, while the presence of faults will increase the
errors on the contrary. For example, in [10, 11] Clark used this simple observer-based
method, and checked the increment of the errors by threshold logic. In order to avoid
the false alarm caused by uncertainties and disturbances, the threshold must be larger
than zero, although this will decrease the sensibility to faults. Furthermore, enhanced
capability of isolating faults can be realized by utilizing a bank of observers driven
by the actual output vector that is making decisions based on multiple hypothesis
testing. In this methodology, each observer is designed for a different fault hypothesis.
The hypotheses are then examined with respect to likelihood functions.

~ Beard [1] and Jones [2] have done further work on the observer-based techniques.
The Beard-Jones detection filter is a type of Luenberger observer too. However, the
appealing feature of their approach is that by selecting an appropriate observer gain
matrix that makes residuals caused by the actuator faults belong to the output modes,
the residual caused by a given fault becomes independent with other faults. Note,
however, that they only proved a sufficient condition for detecting faults by designing
their special observer as a detection filter. Also, the sufficient condition is quite
limited as the fault modes have to satisfy a strong mutual detectability condition.
Massoumnia [3] re-stated Beard-Jones approach in a geometric sense and successfully
extended this idea into a more general case, in which residuals resulted from actuator
faults could belong to more than the output modes. More importantly, sufficient and
necessary conditions of solvability of the residual generation for a linear time-invariant

system was obtained.



Another residual-based method is the parameter estimation method. Frank [12]
and Isermann [13] have presented the main idea behind this method. It makes use of
the fact that faults of a dynamic system are reflected in the physical parameters of the
system. It detects the faults through estimating the parameters of the mathematical
model of the system. If the estimates of the parameters deviate from the nominal
values, it may be declared that a fault has occurred.

The above stated model-based methods are all represented in the time domain.
Aside from the time domain methods, frequency domain methods have also been
investigated in the literature {14, 28]. Fong et al. [14] made use of a “finite time
frequency response estimator” to realize fault detection. This finite time frequency
response estimator is constructed using discrete Fourier transform, and the estima-
tor will always have some deviations from its nominal response when faults occur.
These deviations lead to a decision logic based on a statistical decision theory. The
frequency domain methods have several advantages. Firstly, there is no need to know
the order of the plant in advance; this method in principle can take higher order and
dimensional systems where the time domain methods may not be able to address.
Secondly, engineers are quite familiar with frequency response methods for analyzing
and designing desired behavior of the plant. However, there are also certain disad-
vantages in the frequency domain. First, the resolution of fault detection is very low.
That is, the delay between the occurrence of the fault and the detection of this fault
may be very long. Also, in order to satisfy persistence of excitation conditions, the
inpﬁt signals that are allowed in this method could be rather limited.

Unfortunately, all the methods described above are for linear systems and the
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practical models in the real world are always nonlinear. One may linearize these
practical models and then apply the above linear FDIR methods to theb original sys-
tem. However, linearization does lead to significant modelling errors, which could
easily lead one to a false alarm, and consequently reduce the possibility of utilizing
these techniques for solving nonlinear FDIR.

Along these lines, Persis et al. [4] have extended Massoumnia’s method to non-
linear’ systems. They showed that the problem of fault detection and isolation for
nonlinear systems is solvable if and only if there is an unobservability distribution
that leads to a quotient subsystem which is unaffected by all faults but one. The
unobservability distribution considered in nonlinear systems is similar to the un-
observability subspace that is well-known in linear systems. If such a distribution
exists, one could possibly perform coordinate transformation in the states leading to
new output that emphasizes and facilitates an observable subsystem upon which it is
possible to design a residual generator unaffected by all faults but one. Once one per-
forms the coordinate transformations, the problem of detecting and isolating faults
reduces to that of designing a residual generator for only the observable subsystem.
In this thesis, this methodology will be used and applied to the problem of FDIR for
spacecrafts.

Bosgkovi et al. [5, 37, 38] used multiple models’ method to solve the problem
of detecting and isolating actuator faults for the spacecraft attitude control model.
This method is based upon multiple hypotheses testing. It is based on setting up
a bank of estimators that are driven by the actual outputs of the attitude control

system. One of these estimators is constructed in the nominal mode, and each of
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the remaining estimators is constructed according to a specific possible failure mode.
Thus, by checking the errors between the estimators and the actual output, and
identifying the estimator that is yielding the least error, one could claim that the
mode under which this estimator is set up is the current mode. This approach is
basically the extension of the linear multiple hypothesis testing method. However,
the disadvantage of this approach is that it cannot detect and isolate the presence of

simultaneous and concurrent faults.

1.1 Contributions of the Thesis

In this thesis, our objective is to solve a nonlinear fault diagnosis problem for
the observable subsystem of a satellite through parameter estimation method. We
consider the anomalous performance of the system caused by faults as manifested
by the changes of certain parameters. These parameters will be estimated using
the least-squares algorithm, where the estimators are viewed as residual generators.
Furthermore, the corresponding threshold logic which leads to a specific value is
determined. If the residual surpasses this value, one could claim the occurrence of
a fault. Following the detection and isolation of the fault, the recovery subsystem
will calculate the severity and level of the fault based on the residual generator and
reconfigure the control system accordingly.

The contributions of this thesis are listed as follows.

¢ A sliding mode controller is designed for the satellite’s orbital model.

e The nonlinear fault diagnosis and recovery problems for the satellite’s orbital

7



model and the satellite’s attitude control model are investigated using parameter

estimation techniques.

e The robustness properties of the proposed residual generators for the satellite’s

orbital model and the satellite’s attitude control model are investigated.

e The generalization of the proposed residual generators to a general class of non-

linear systems is investigated and promising preliminary results are presented.

1.2 Outline of the Thesis

The outline of this thesis is as follows. In Chapter 2, the method in [4] will
briefly be reviewed. The satellite orbital model and the satellite attitude control
model, and the necessity of implementing nonlinear FDIR techniques are presented
as well. In Chapter 3, a sliding mode controller is designed for the satellite orbital
model, and the proposed residual generator will be applied to this system. The
robustness of the new residual generator is also investigated theoretically and through
numerical simulations. In Chapter 4, based on the results obtained in [5], our new
residual generator is applied which replaces their residual generator developed based
on multiple models method. The simulation results for the satellite orbital model
and the satellite attitude control model are shown in Chapters 3 and 4, respectively.
'Finally, the generalization of the proposed residual generator to a more general class of
nonlinear systems is theoretically investigated and promising preliminary results are

presented in Chapter 5. In Chapter 6, conclusions and directions for future research



are included.



Chapter 2

Problem Formulation

2.1 Preliminaries

In the following, the method presented in [4] is briefly reviewed, which gives us the
necessary and sufficient conditions for solving the problem of detecting and isolating
faults for nonlinear systems. The reader may refer to [4] for all the details and further
information. The mathematical concepts and definitions may be found in [16]. The
essential parts of the work in [4] are reviewed here. It is assumed that the nonlinear

system can be described by the following model:

& = f(2) + g(z)u + l(z)m: + p(z)w

y = h(z) (2.1)

with state x defined in a neighborhood X of the origin in R", inputs u € R™, m; € R,

w € R and output y € R?, in which f(z), the m columns g;(x), ..., gm(z) of g(z),
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l(z), and d columns p;(z), ..., pa(z) of p(x) are smooth vector fields, h(z) is a smooth
mapping and f(0) = 0, h(0) = 0. The notations u, my, and w of the input of
(2.1) denote the input channel for the control purposes, the fault signal, and the
disturbance signal, respectively.

By ignoring the faults and disturbances momentarily, then (2.1) becomes

& = go(x) + Zgi(x)ui

y = h(z) (2.2)

where go(z) = f().

Definition 2.1 Let U be an open set in B". Then the set of smooth functions with
compact support (in U) is the set of functions f : R* — C which are smooth (i.e.,
9*f : R* — C is a continuous function for all multi-indices «) and supp(f) is compact
and contained in U [20].

Definition 2.2 Suppose U is an open set in R", and suppose D(U) is the topological
vector space of smooth functions with compact support. A distribution is a linear
continuous functional on D(U), i.e., a linear continuous mapping D(U) — C [20].
Definition 2.3 Let T : V — W be a linear transformation. The set of all vectors in
V that T maps to 0 is called the kernel (or nullspace) of T, and is denoted KerT.
When the transformations are given by means of matrices, the kernel of the matrix
Ais

KerA={z €V |Az =0}

11



Definition 2.4 Given a distribution A, the distribution that is the smallest involutive
distribution containing A is called the involutive closure of A [16].

Corresponding to (2.2), a distribution A is called conditioned invariant if it con-
forms

[g;, AN Ker {dh}] C A, i=0,...,m (2.3)

Further, we let P = span {p1(z), ...pa(z)}, and propose a nondecreasing sequence

of distributions as following:

So=P

Slc+1 = S'k + Z [gi, S'k N Ker {dh}] (24)

=0

where S denotes the involutive closure of S. Suppose there is an integer k* such that
Slc*+1 = gk (25)

and let >"F = Sp«. Thus, 3.7 is involutive, contains P and is conditioned invariant.
Let © be a fixed codistribution and define the following nondecreasing sequence

of codistributions

Qo = © N span{dh}

Qr+1=0nN (Z Lg, Qi + span {dh}) (2.6)

i=0
Suppose all the codistributions of this sequence are nonsingular, so that there is

12



an integer k* < n — 1 such that Q¢ = Qs for k£ > k*, and set Q* = Qy+. Then, it is

convenient to use the notation
O = o.c.a. (O)

where “o.c.a.” stands for “observability codistribution algorithm?”.

Based on the properties (as discussed in details in [4]) of the two sequences (2.4)
and (2.6), if (2.6) is initialized at (37 )'L, then o.c.a. ((2 P )l) is the largest observ-
ability codistribution which is locally spanned by the exact differentials and contained
in PL.

According to [4], the necessary condition for solving the nonlinear fundamental

problem of residual generation (defined in [4]) is:

(span {I})*" + o.c.a. ((Z f)l) =T"X (2.7)

Furthermore, if the condition (2.7) holds, then we could possibly perform coor-
dinate transformations in the states leading to the new outpﬁt that characterizes an
observable subsystem upon which it is possible to design a residual generator unaf-
fected by all faults but one.

Definition 2.5 Suppose there is an open subset U of R". The differential or gradient
of a real-valued function A(z) on U, denoted dA, is the 1 x n row vector whose i-th

element is the partial derivative of A with respect to z; [16]. Its value at a point z is

13



thus

) oA o
d“’”)‘(b‘x—l e Z‘T)

Definition 2.6 A function f : X — Y is called surjection if, for every y € Y, there
is an z € X such that f(z) =v.

Consider the nonlinear system dynamics that is governed by (2.2). Let Q be an
observability codistribution, and n, be the dimension of £2. When 2 is calculated

according to the sequences (2.4) and (2.6), (2.6) is initialized at (35 F )l, and Q can
be spanned by the exact differentials.
Suppose that span {dh} is nonsingular. Let p — ny denote the dimension of N

span {dh}, and suppose there exists a surjection ¥; : R — RP~"2 such that
QN span{dh} = span {d (¥, 0h)} (2.8)

Fix z° € X and let y° = h(z°). Then, there exists a selection matrix H, such

that

o o B (2.9)

Y2 Hyy

Choose a neighborhood U° of z° and a function ®;: U° — R™ such that

Q = span {d@l} (2.10)

14



at any point of U°. Then, there exists a function ®3: U° — R*"™ "2 such that

i) Dy (2)
T3 (1)3 (15)

is a local diffeomorphism at z° in X. By applying this diffeomorphism to system

(2.1), then system (2.1) becomes equivalently:

T = f1(5013$2) + g1(w1, 2)u + L (21, T2)my, 21 € R™

Eo = fo(%1, T, T3) + g2(T1, T, T3)u + p1(T1, T2, T3)w, T2 € R™

3 = f3(1, T2, T3) + g3(T1, T2, T3)u + pa(1, Ta, T3)w, T3 € R*MT
y1 = hi(z1),9 € RFT™

Y2 = T,Y2 € RB™ (2.12)

Following the state space coordinate transformation, the disturbances w can only
affect x;-subsystem through z,. However, since we observe xo through y;, one may
view =, as an input to the z;-subsystem. The problem of detecting and isolating
faults in the original nonlinear system (2.1) reduces to that of designing a residual
generator for the observable subsystem [4]. However, either designing an estimator
for the states of the system or its parameters require that the states of the system
be uniformly bounded. Thus, if the open-loop system is not guaranteed to be state

bounded, one has to design a controller to make the system stable and state bounded.
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More importantly, when actuator faults occur, it is clear that the existing controllers
will not work and the states will diverge most likely. Therefore, it is imperative that
as soon as one detects the faults, one initiates the trigger for the redundant actuators
for compensating the presence of faults. The difficulty that one is faced with is that
one cannot control the system from the time the faults occur to the time the faults are
detected. Therefore, there is a necessary condition for designing a residual generator
for the observable subsystem. Specifically, the system should contain no finite escape
time.

Based on the above review of the fault diagnosis of nonlinear systems, the main
contribution of this thesis is to design a desirable residual generator for the observable
subsystem. Our approach is based on parameter estimation. The actuator faults are
viewed and considered as changes of the parameters. A nonlinear estimator is designed
to identify these parameters and the estimators are treated as the residual generators.
The proposed new residual generators are applied to two different dynamical models

namely, satellite orbital model and satellite attitude control model.

2.2 Isolation of Concurrent Faults

For the nonlinear system (2.1), there is only one possible fault m;. In this section,
we will discuss the case in which there are possibilities of multiple concurrent faults.
The key idea of isolating concurrent faults is to design a residual generator for each

possible fault, where this residual generator is unaffected by all the faults except one
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fault. Consider the system

= f(z) + Zgi(m)ui + Z Li(z)m; + p(z)w
i=1 i=1

y = h(z) (2.13)
where there are now s possible faults. For i=1,..., s, set
ﬁi=(l1 SRR T A I 7 P)
wW; = col (my, -+ -, Mi—1, Miy1, - -+, Mg, W)

Then, system (2.13) can be rewritten as

z= f(z)+ Zgi(x)ui + li(z)mi + Pi(z)W;

y = h(z) (2.14)

Let P, = span {p;}, so that we can use nqndecreasing sequence (2.4) and (2.6),
where (2.4) is initialized at P, and (2.6) is initialized at (Z f")L, to find the largest
observability codistribution which is locally spanned by the exact differentials and
contained in P;*. Further, if this observability codistribution satisfies (2.7), we may
transform the coordinates to have an observable subsystem upon which it is possible

to design a residual generator affected only by m;. If one can design such a residual

generator for each m; (i=1,..., s), one in effect can isolate these concurrent faults.
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Inettial
Reference
Frame

Figure 2.1: Two—body model of dynamics

2.3 Satellite Orbital Model

In reference [15], Wie discussed the satellite’s orbital model in details. In this sec-
tion, a brief overview of constructing a satellite’s orbital model is presented. Consider
two particles of masses m; and my with position vectors ﬁl and ﬁg, respectively, in
an inertial reference frame, as shown in figure 2.1. According to Newton’s second law

and law of gravity, we have

= Gmimgy

myRy = + p; 25 (2.15)
5 G

moRy = —— a2 5 (2.16)

o
where G = 6.6695 x 10711 N - m?/kg? is the universal gravitational constant.
Subtracting (2.15) times mq from (2.16) times m;, we obtain

5 g
p+01;)3 =0 (217)
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where 6; = G(m; + my) is called the gravitational parameter of the two-body model,
and p = |p]. For the remainder of this discussion, it is assumed that m; stands
for the earth and m, for the satellite, therefore m; >> m,, and 6; = Gm;. Using
basic knowledge of dynamics, it is well-known that: (1) the mechanical energy of the
system, which is the sum of kinetic and potential energy, remains constant; and (2)
the angular momentum of the system remains constant.
Taking the dot product of (2.17) with 7 yields
P

p-i+0= - p=0
P

w

Therefore,

%(ﬁ-ﬁ)Jrel%?:o

B =

This equation can be rewritten as

dt 2 p = or 2 p——CO

where v = |7] = I 151 =4/ g /3' Thus, one obtains the energy equation
2 4
=2 -2 (2.18)
2 p

where ¢ is called the total mechanical energy per unit mass or the specific mechanic
energy, v2/2 is the kinetic energy per unit mass, and —6;/p is the potential energy

per unit mass.

19



The angular momentum per unit mass is given by:

=
Il
)
X
TR
Il
oy
X
S

From (2.17), we have

Since

then we have

which implies

where € is known as the eccentricity vector.

Taking the dot product of (2.23) with g gives

-

p-ixh—p-(0:/p)p=p-0:8
Since §- 5 x h = (5% §) - h = h?, (2.24) becomes

h? — 61p = 0, pecos

where ¢ is the angle between 5 and €.
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Figure 2.2: Elliptic orbit of a satellite

From (2.25), we have

D
= —_— 2.26
P 1+ecos¢ (2.26)
where
p="h*/6, (2.27)

The above analysis has actually been the proof of the Kepler’s First Law. The
orbit of the satellite around the earth is an ellipse, with the earth at one focus. Figure
2.2 illustrates this situation. Next, we will obtain and derive the satellite orbital model
in polar coordinates.

From figure 2.2, it follows that g = pé,, &, = d’5¢7 and é‘¢ = —g&,. Therefore,

—

g = @ + 18, = 1€, + 19, (2.28)

p= 8, + 7§y + rdéy — rdE, + T dy (2.29)
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From (2.17), we get

- —

= P Er
Combining equations (2.29) and (2.30), we have
. : 6
p—p$?=—— (2.31)
p
pd + 2pd =0 (2.32)
Let p = v and $ = w, we obtain
)
p=v
O=pu? -9
4 o (2.33)
$=w
= =2
\ P

Equation (2.33) is the satellite orbital model without external forces. Now, it is
assumed that there are two external forces on the satellite as shown in figure 2.2
namely, 4; is along the direction of &, and #; is along the direction of €. According
to the Newton’s second law, the satellite orbital model with external forces now

becomes:

(2.34)

. 2vw 1 uy
W= —== —
\ P +m2p
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where my is the mass of the satellite, u; = |t;], and us = |,

In the real world, it is practically impossible to avoid disturbances and in general
there are possible faults that are affecting the satellite model. In this thesis, it is
assumed that there is a disturbance in the input channel u; and a possible fault in

the input channel uy. Thus, the satellite orbital model can be written as:

)
p=v
1}=pw2—91;15+92u1 +w

9
¢=uw

| O =240 407 + Oyt

(
nm=p

{ e=2¢ (2.35)
V3 = W

in which (p, ¢) denotes the position of the satellite in polar coordinates on the plane, v
is the radial velocity, w is the angular velocity and u;, us are the radial and tangential
thrust, respectively, m is the fault signal and w represents the disturbance signal. The
signal ug, is a redundant input which is used for recovering the faulty system. The
variable 6, is set equal to 1/mq, and 6; and 6, are supposed to be known parameters.
The variables vy, vy and v are output signals and are assumed to be available for

measurement.
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Figure 2.3: Rigid body in motion relative to an inertial reference frame

Furthermore, it is assumed that

m = —kuy (2.36)

where k is a positive constant, 0 < k < 1. When k = 1, it represents a total fault

case.

2.4 Satellite Attitude Model

For all practical purposes, one can consider the satellite as a rigid body and study
the satellite’s attitude model by starting with the dynamic characteristic of a rigid
body. In reference [15], Wie presented the satellite’s attitude model in detail. Those
results are summarized briefly in this section.

Consider a rigid body in motion with respect to an inertial reference frame A as

shown in figure 2.3. The rotational equation of the rigid body’s motion about an
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arbitrary point O is written as:
/ 7x Rdm = Mo (2.37)

where 7' represents the position vector of a infinitesimal mass element dm with respect
to point O, R represents the position vector of dm with respect to the origin of the
inertial reference frame A, and Mo is the total external moment on point O.

As shown in figure 2.3, 7. represents the position vector of the mass center with
respect to point O, and 7, represents the position vector of dm with respect to the

mass center. Then we obtain

/’F’dm = mr, (2.38)

/ Fodm = 0 (2.39)

where m represents the mass of the rigid body. Since R = Ro + 7, equation (2.37)
becomes

ho +mi, x Bo = Mo (2.40)

where i—io is the relative angular momentum about point O, and
ho = / 7 X Fdm (2.41)

Similar to the relative angular momentum about point O, the absolute angular
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momentum about point O is defined as
Ao = / 7 x Rdm (2.42)
Combining equations (2.37) and (2.42), we have
Ho +mBo x 7= Mo (2.43)

If the reference point O is either inertially fixed or at the center of mass of the
rigid body, then

ﬁo = Mo or i_io = Mo (2.44)

Next, we will introduce the inertial matrix of a rigid body. Consider a rigid body
with a fixed-body reference frame B, where its origin is at the center of mass of
the rigid body as shown in figure 2.4. In this figure, R, is the position vector of the
center of mass with respect to the origin of the inertial reference frame A, Q represents
the angular velocity vector of the rigid body in the frame A, and H is the angular

momentum vector of the rigid body about its mass center
f = [ o x fitm = [ B xBiomim = [ B x (% Bon)dm (249
since R = fic + ﬁm, f ﬁmdm =0, and

B dRer dRom 5 =
Rcm——{T} = {—Et—} +QXRcm (246)
A B
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Figure 2.4: Rigid body with a body-fixed reference frame

and, {dﬁcm / dt}B = 0 for a rigid body.

It is assumed that R.m and € are expressed according to

—

Rem = Rombi + Remaba + Remabs (2.47)

Q= by + Qoby + Q3bs (2.48)

where {51, 52, 53} represents a set of three orthogonal unit vectors, known as basis
vectors of the frame B. The angular momentum vector of the rigid body about the

center of mass can then be rewritten as

H = (Ju + J12Qs + J138s) by + (J2a1h + Joafda + J23823) by

+ (J5101 + JaaSds + J3382s) b (2.49)
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where Jy1, Joo and Jzz are the moments of inertia

T = [ (R + Boyo)im
Ty = / (R2,, + R2,.;)dm

T3y = / (R2,, + R%,,)dm

and J;; (i # j) are the products of inertia

J12 = J21 - _/Rcmchm2dm
T = Ty = — / Romt Romsdm

Jog = J3g = _/Rcm2Rcm3dm

Let the angular momentum vector be expressed as

ﬁ = ngl + HQEZ + Hggg

where

Hy = Ji18h + J128 + J138
Hy = Jy1€0 + Jool2o + J23823

Hjz = J5180 + J5280 + J33823
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(2.51)

(2.52)

(2.53)
(2.54)

(2.55)

(2.56)

(2.57)
(2.58)

(2.59)



Consequently, we obtain

H=JQ (2.60)

H, Juu Jiz Ji3 !

where H= | g, |, J=| Jy Joo Jp3 |- 20d Q2= | Q,

H3 J31 J32 J33 Q3

o = - . . =

Here, J is called the inertia matrix of a rigid body about a fixed body reference
frame B with its origin at the center of mass. Note that the inertia matrix of a rigid
body is symmetric, kthat is J = JT. Since H is the angular momentum vector of the
rigid body about its center of mass, and we consider the reference point in (2.44) as

the center of mass, equation (2.44) becomes
A= (2.61)

where M represents the external moment acting on the rigid body about its center

of mass, and we have

kN dH dH S5 o
A B
Therefore, combining (2.61) and (2.62), we have
M:{%} +QOxH (2.63)
B
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Let M, H, and €I be expressed by

M = Myb; + Myby + Msbs
H = Hyb; + Hyby + Hsbs

Q= ngl + ngz + Q31_3‘3

Substituting these into (2.63), we obtain

M1 Hl 0 “‘93 Q2 Hl
M, |=lHL|+t]|9 o -9 H (2.64)
M; H, - O 0 H;

Combining (2.60) and (2.64), we have

M Ju Jiz s R
My | = Ju Jo Jas Qy
M; Ja1 Jap Jaz Q3

0 —-Q3 Ju Ji2 Jis 0

+1 Qs 0 =l | Ju Jao Jas Q, (2.65)

-y 0 Js1 Js2 Jss Q3

Therefore,

JQU=-Q*JQ+ M (2.66)
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where 0% = | O, 0 -—-Q|,and M= | pp,

—Qy 0 M;

Equation (2.66) is the well-known Euler’s rotation equation of motion for a rigid
body such as a satellite. Normally, in control systems, one considers M as the input

signal and use the symbol u to denote this, therefore we rewrite (2.66) as

JO = —Q*JQ+u (2.67)

In the following, we will introduce the Euler parameters or the quaternions [15, 29,
30, 31, 32]. Suppose the unit vectors @; and b; (i = 1,2, 3) are fixed to the reference
frame A and B. It is assumed that the rigid body rotates about a fixed axis, called

Euler axis or eigenaxis. This axis is represented by a unit vector € as:

€ = e101 + exdy + €303

= 6151 + 6252 + 6353 (268)

where

elt+el+es=1 (2.69)
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The Euler parameters or quaternions are now defined as following:

e1 = e;sin (6/2) (2.70)
£2 = eysin (6/2) (2.71)
£5 = e3sin (0/2) (2.72)
£0 = cos (6/2) (2.73)

T
where 0 is the rotation angle about the Euler axis, and we let € = [51 €9 53] .

Due to (2.69), we obtain
eletes=¢+e;+est+ey=1 (2.74)

We now define the direction cosine matrix C' = CB/4 such that

by A
b | =C 1| @, (2.75)
bs a@s
| 7 |7
which can be rewritten as
a by by
| =C" |5 |=C"15, (2.76)
@ bs b
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Referring to the results presented in [15], we know that

1-2 (E% + &‘g) 2 (8152 -+ 8350) 2 (5163 -+ 6260)

2 (8261 — 6380) 1—-2 (&‘% + E%) 2 (5263 + 8160) (2'77)

2 (ese1 + £280) 2(e3e2 —£180) 1—2(e2 +€2)

Taking the time derivative of (2.76) with respect to the reference frame A, we

obtain
0
0
0
where

+CT

+CT

-7

i |

b,

Il)'s
x|
0 x by

Q) x bs

0 -3
Qs 0
-y
012 C’13
022 C.’23
C.132 033 ]
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Thus, we have

b 0
NT AT =

[eT—ctox] | 5, | =] o

bs 0

therefore,
CT—Ccr* =0
Since (0%)T = —0X, we have
C+Q*C=0

From (2.82), we obtain

Q) = 021031 + CeCsy + 023033
Qp = 031011 + 032012 + 033013

Q3 = 11091 4 C12Chs + Ci3Clas

(2.80)

(2.81)

(2.82)

(2.83)
(2.84)

(2.85)

Substituting C;; and Cj; from (2.77) and (2.82) into (2.83)—(2.85), we obtain

=2 (é‘l&'o + €963 — €389 — 6"061)
Qo =2 (égEo + €381 — €163 — 6"082)

Qg =2 (é3€4 + é1€2 - 5261 - 6.083)
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Differentiating (2.74), we have

0=2 (é1€1 -+ 5262 - é353 — é0€0) (289)

These four equations can be rewritten in a compact matrix form as

Ql €9 €3 —&9 —&1 él
Qo —€3 €y €1 & g
=2 (2.90)
Qg E9 —&1 & —E&3 é3
0 &1 E9 £3 ) €0

Since the 4 X 4 matrix in the above equation is orthonormal, we can obtain the

differential equations for the Euler parameters as:

él 10 —E&3 &9 €1 Ql
E2 1|16 € —€ & 97}
= — (2.91)
. 2
€3 —€2 &1 €o €3 Q3
éo —&1 —€&9 —E€3 &g 0

Based on the already developed kinematic equations for the satellite which is
considered to be a rigid body through the equations (2.67) and (2.91), thrusters that
provide external torques about three mutually perpendicular axes that define a body-

fixed frame B is now introduced to these equations. The equations of motion can
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therefore be expressed as following:

JA=-QJQ+u+m+u +w (2.92)
i -;-(ex + D) (2.93)
. 1g

€= —5¢ Q (2.94)

where 2 € R® represents the inertial angular velocity of the satellite with respect
to an inertial frame A, J = JT represents the positive definite inertia matrix of the
satellite, ¢ € R and gy € R represent the quaternions representing the orientation
of B with respect to the inertial frame A and e”¢ + &2 = 1, and I represents a 3 x 3
identity matrix, u = [ 4; w, wug |7 is the vector of actual control torques generated
by the actuator thrusters. All the control torque channels may have faults which are
represented by my, ms, and mg, respectively, and m = | my mg ma |¥ is the vector

of these possible faulty torques. In addition, we assume that
m; = “-k,;ui, 1= 1, 2, 3 (295)

where k; is a positive constant and 0 < k; < 1. The parameter k; = 1 represents
T

a total fault in the control channel i. Let us denote k = [ ki ko ks ] , Up =

[ Uy Urg Ups ]¥ denote the vector of actual redundant control torques, where it is

assumed that the redundant control torques are fault free, and w = [ v, w, ws |”

represents the vector of disturbances. Furthermore, it is assumed that the total
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control authority is limited, that is —um; < u; < U, (i =1,2,3), and we let

Umlr Um2 Umn3

In addition, it is assumed that we can measure the inertial angular velocity and

quaternions directly.

2.5 Justification and Necessity for Development of

Nonlinear FDIR

As mentioned in Chapter 1, a number of FDIR methods have been developed in the
literature for linear systems, but all real-life systems are practically nonlinear. In order
to practically implement the linear FDIR techniques developed in the literature, most
of the researchers advocate linearizing the nonlinear systems firstly, and then design
the FDIR system based on the linearized system and apply it to the original nonlinear
system. However, there are two obvious disadvantages with this strategy. First,
linearization which is an approximation procedure will result in modelling errors,
which may lead to false alarms for the FDIR algorithms. Second, linearization may
hinder solvability conditions for the fault detection schemes. In this section, we will

use an example to illustrate these two problems.

37



Consider a nonlinear system modelled by

d:1=—~a:1—x%+1+u+m

< (2.96)
i‘2=$%—$2

\
4

=7

< (2.97)

t’y2=$2

where z; (i = 1,2) are the states, y; (¢ = 1,2) are the outputs, u is an input, and m
represents the input fault.
T
By linearizing the nonlinear system at =z = [0 0_1} , we obtain the linearized

system

Ii?l = -7 —02$2+1—|—u—|—m
(2.98)
.’j?g = —T9

For the above linearized system, one can simply use an observer for the state x;

to detect the input fault according to

Ty =—21 — 02y +1+u— (y, — &) (2.99)

eE=1Y — 5;31 (2100)

Now, consider the linear observer (2.99) and (2.100) as the residual generator
for the original nonlinear system. If the state estimate error e deviates from zero,
one may claim the occurrence of a fault. The behavior of this residual generator is

simulated in figures 2.5 and 2.6 with the input signal chosen as u = 0.6cost — 1. In
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Figure 2.5: Linear observer applied to the nonlinear system (£9 = z9%)

the simulation results of figure 2.5, the initial values of the states are z° = [ 11 ]T
and the initial value of the observer is 9 = 1 with presence of no fault in the system.
The only difference between the results in figure 2.6 and the ones in figure 2.5 is that
the initial value of the observer is 2 = 0 in figure 2.6. Clearly, from these figures,
one can easily observe that even when there is no fault, the error e is not zero which
may lead one to conclude a false alarm.

Clearly, there are some remedies to this “false alarm” problem for linear FDIR
schemes. For example, the nonlinear model can be linearized at several operating
points in the domain of feasible motion of the system, and consequently multiple
linear models are scheduled and estimated. However, the challenge still remains in

reducing the number of linearized models to as few as possible to cover the whole
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Figure 2.6: Linear observer applied to the nonlinear system (9 # z9)

motion dynamics. Otherwise, the structure of the FDIR system is going to be very
large and complex.

Another disadvantage of applying linear FDIR methods to nonlinear systems is
that linear techniques may hinder the possibility of solving the FDIR problem. We
will use system (2.96) to illustrate this problem with the only difference from the

above example being that we only have one output, namely

Y2 = T2 (2.101)

T
We continue to linearize the original system at the equilibrium point z = [ 0 0.1 }
to obtain the linearized system (2.98). Using the only output as (2.101), one cannot

design a linear observer for the state ;. Furthermore, from equation (2.98), it is
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simple to note that the fault m cannot affect the state x5 through z;. That is, we
cannot design a desirable linear residual generator when we have only one output ¥
(state z; is unobservable).

However, by inspecting the original nonlinear system (2.96), it is clear that the
fault m does indeed affect z, through z, so it should be possible to design a residual
generator for the nonlinear system with only one output (2.101). In the following,
we will design a nonlinear observer for the original system as a candidate residual
generator to determine whether it can detect the fault as given by

Ty = -8 — 83+ 1+u+4(y2 — &)
(2.102)

Zo = 8% — 2y + 2 (y2 — £2)

e=1ys — 2y (2.103)

Figures 2.7 and 2.8 show the behavior of this nonlinear observer. In figure 2.7,

T
the initial values of the states are selected as zo = [ 1 1 ] and the initial values

of the observed states are Ty = [ 11 ]T. The system is subjected to a total loss
of actuator and fault (m = —u) occurring at the time ¢ = 10s. One can observe
from the figure that from the time ¢ = 10s the residual error e deviates from zero
indicating the presence of a fault. In figure 2.8, the initial values of the observed
states are £y = [ 0 0 ]T. One can observe that after the transients have settled
down, the residual error becomes zero which, however, deviates from zero from the
time ¢ = 10s when the fault occurs.

Using this example, we can conclude that the nonlinear observer we proposed may
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be considered as an effective residual generator whereas the linearization procedure
hinders this possibility. The linearization procedure may also increase the presence
of “false alarm”, and reduce the possiblity of solving the FDIR problem. Conse-
quently, nonlinear FDIR methods have recently received a great deal of attention in

the literature.
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Chapter 3

FDIR Scheme for the Satellite

Orbital Model

3.1 Sliding Mode Controller

In this section, we introduce and develop sliding mode controllers [18, 33] for
the satellite orbital model. In the sliding mode control, trajectories are forced to
reach a sliding manifold in finite time, followed by a sliding phase during which the
trajectories are confined to the manifold and the dynamical system is represented by
the reduced-order model. Our control goal is to force the open-loop system (2.35)
track certain desirable reference trajectories, namely we assume that p is required
to track r; and ¢ to track ry, with the derivative of r; and ro, that is 7, and 79,
respectively, is also given.

Note that the parameter 6, and the state p are always greater than zero, since p

is the distance from the satellite to the earth’s core and 6, is the reciprocal of the
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satellite’s mass. The detailed information about this model is given in section 2.3.

At first, we assume that all the states of the system are available for measurement.

Subsequently, the full-state feedback controller is augmented with an observer for the

state v, which in reality is not available for measurement.

T
- We set the vector R = [ Ty 1 To To ] , and the tracking error vector as

Therefore, we obtain

o
€2

€3

\ & )

That is,

(&)

€2

€3

\ )

(o) [o-n)

€9 ’U—’f‘l

es ¢—r9

(o) \wmr

(p—f'l\ /’U—T'“l

. .e 2 1 .
v—" pw —91;5+02u1—1'1

¢ — 7 W — Ty

\@—7"2/ \—2—1:"-+92%,7‘—7"2

(., )

pw’ — 91;,17 + Oauy — 74

€4

2 .
\-troon
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S1=aie; + e
By selecting the sliding surfaces according to where a; > 0,

So = Gg€3 + €4

ag > 0, we obtain
. . ) 2 1 .
31=a161+62=a1(v—r1)+pw —-91;2——]—9211,1—7"1 (32)

$’2=a2é3+e4=a2(w—-1"2)—7—1—02—5—7‘2 (33)

Assume that

v—71) + pw? — 0% —F .
al( 7‘1) pw 157 1 <k (3.4)
02
ao(w — ) — 22 — .
o =) =T~ < ks (3.5)
02/p

where the parameters ki and k, represent the saturation of inputs u; and uy, that
is, |uz] < k; and lug| < ky. Given the references r; and 79, we cannot guarantee
that equations (3.4) and (3.5) always hold. Consequently, we cannot always design
an effective sliding mode controller given 7y, o, ]%1 and lAcl.

Consequently, we propose the control inputs according to

uy = —kisgn(sy), ky > ky
Ug == —kgsgn(32), k2 > kz (36)
Vi = (Y)st
Using as Liyapunov-like function candidates [18], we have

Vo = (Y2)83
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. 1 .
‘/1 = 8151 =81 (al(v - ’I"1) -+ pw2 - 91;5 + 92U1 - 7‘1>
. 9 1
= 83 al(v—rl)—i—pw —01E——r1 +8192'U,1
< 8192]271 + $160quy < s162k; + 3192(—klsgn(31))

< |s1]02k1 — [s1]02k1 = 0
and,

. . . 2uw U ..
Vo = 8989 = 89 <a2(w — ) — —p— + 02—5 - r2>

. 20w U
= S9 (GQ(CL) - ’1"2) —_—— 7'2) -+ 8292'—2
p p

8292 1232 + 8202U2

P 1Y

< 5905k n 3292(—k2sgn(32))
P P

< |52|92k2 _ 182|92k2 -0
P P

Since V1 < 0 and V2 < 0, the motion of the system will reach the sliding surfaces

s; and sg in finite time. Consequently, on the sliding surfaces, the motion of the

system is governed by é; = —aje; and é3 = —ages. As a; and a, are positive, e(t)

tends to zero as ¢ tends to infinity.

The above observation leads one to conclude that (3.6) is a desirable controller.

We are in a position to design a nonlinear estimator for the state v which is not

available for measurement as follows
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@‘I‘G(Vl —-—ﬁ)

e

A

/3’/32 - 91;15 + Oauy + G2(V1 - p)

S

where U is the estimate of v and G is a positive constant gain of the estimator.

Therefore equation (3.1) is rewritten as

(o) (o=r)

€9 ’D-—f‘l
€3 ¢ — 12
\& ) \v~72)

One of the main problems of sliding mode controller is the undesirable high fre-

quency chattering behavior of the system. In order to reduce the chattering effects

[5], we instead choose the following as the controller

51
= —foy—
“ 1|81| +4
— 2
Ug = k2]82| +5 (38)

where § is a small positive constant. When s; (¢ = 1,2) is a small value, ﬁ"ﬁ will
also be small. Consequently, the high frequency chattering can be reduced.
The above proposed sliding mode controller for the satellite orbital model will be

used in the simulations in section 3.6 as designing a residual generator requires that

the states of the system be uniformly bounded.
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3.2 Solvability of a Nonlinear FDIR Scheme and

Coordinate Transformations

Persis et al. [4] have already applied their geometric nonlinear control approach to
a satellite orbital model. In this section, we will review this application in some detail.
The objective is to check the solvability conditions for a nonlinear FDIR scheme as
applied to the satellite orbital model and obtain the coordinate transformations that
highlight the construction of observable subsystem, upon which the residual generator
is designed. In the following, a detailed and step by step procedure toward this goal

is provided.

The First Step: Finding 7

In this step, we will use algorithm (2.4) to calculate the minimal conditioned
invariant distribution containing span{p}, that is Y . For the system (2.35), the

disturbance vector field is given by

pz[O 10 O]T (3.9)

Let

P = span {p} (3.10)

According to the non-decreasing sequence (2.4), we obtain

So=P=P (3.11)
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where P denotes the involutive closure of P. Let h denote the smooth output mapping

for the system (2.35), that is, we have

T
Therefore, i i

1000
dh=100 1 0 (3.13)

0001

so that
T

Ker {dh} = [ 0100 ] (3.14)

Combining (3.11) and (3.14), we obtain
) T
SoN Ker{dh} = SoN Ker {dh} = [ 0100 ] (3.15)

For the system (2.35), let us denote

v 0
pw® —01/p 02
go = y g1 =
w 0
—2uw/p 02/p
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Therefore,

[90, So N Ker {dh}] = —8go - So N Ker {dh}

0 1 0 0 0
w2+2p%l 0 0 2| |1 T
== =—110 0 —2w/p
0 0 0 1 0
2uw 2w 2u
| 3 0 o _0_

and
[91, S0 N Ker {dh}] = —8g; - So N Ker {dh}
0 000 0
0 0 00 1
= — — O
0 000 0
—0x/p 0 0 0|0
Consequently,

Sl=span{[0 10 O]T,[l 00 —%;’-]T} (3.16)

T T
Let us denote f; = [0 10 0] and fy = {1 0 0 _E} . We now com-
p

pute

o1



[f1,fol =0fs- 1 = Of1- fo

0 000 0
0 0 00 1

= :O
0 000 0

—2w/p? 0 0 —2/p 0

It now follows that, rank ( i fa ) = rank ( i fo fu fl ) Thus, S; = S;

according to the results in [16]. We now have

510Ker{dh}:[0 10 O]T (3.17)

_ 1 _
Since Sy = 81+ Y [, S1 N Ker {dh}], we obtain
=0

Consequently,

Zf=5’1=span{[o 10 O]T,[l 00 —%;—']T} (3.18)

and Y- F N Ker {dh} is a smooth distribution when p # 0, so (3_F )L is the maximal

conditioned invariant codistribution which is locally spanned by the exact differen-

tials.
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The Second Step: Finding (37 )l

Utilizing the procedure that is described in [16] (section 1.4 on Fobenius Theorem),

we now calculate (37T )l. Let

fi=

Next, we will calculate the flows for the vector fields f; (i = 1,2, 3,4).

fo=

0

0

—2w/p

(i) The flow for f; is calculated as:

p=0
v=1
$=0
w=0

(ii) The flow for f, is calculated as:

=1
v =0
$=0
o= -2

4

\

p(t) = p°
v(t) =t +0°
o(t) = ¢°
w(t) = W°
p(t) =t+p°
v(t) = v°
¢(t) = ¢°
o) =

53

fs=

= &2 =

22

22+ p

(we

| (z2+p)°




(iii) The flow for f3 is calculated as:

Let

p=0
o=0
=0
w=1

p=0
v =0
p=1
w=0

p(t) = p°
v(t) ="
$(t) = ¢°
wt)=t+uw®

p(t) = p°
v(t) =°
¢(t) =t+¢°
w(t) = o

T
p° 0 o wo] =[1 00 O]
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T

23+ w

, then we obtain

- ‘I’(Zl, 22, 23, 24) = (1)2 © (1)52 ° ®£§ © (I)Z:: =

22+1
21

24

(Za

22+1) ]



21 v
22 p—1
= Uz, 20,23, 24) =
23 wp?
24 ¢
Therefore,
L
(Z f) = span {dz3,dz4} = span {dc,b, d (p2w) } (3.19)

The Third Step: Finding o.c.a. ((E il )L)

At this stage we will calculate the maximal observability codistribution that is
locally spanned by exact differentials and contained in P via the algorithm (2.6).

From (3.13), we obtain

span{dh}=span{<1 00 0),(0 01 0),(0 00 1)} (3.20)

(Z f)l = span {qu, d (pzw)}

=span{(0 01 0>,<2pw 00 p2)} (3.21)

Obviously, span {dh} D (3.F)", and

Qo= (%) nspan{an} = (F)
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) 1
Since 3> LyiQo + span {dh} D span {dh} > (2 F)", then
=0

(6o (20 LgiQo + span {dh}> ()"

Therefore,
oca((X0)") = (X0) - (3.22)

T
For system (2.35), | = [ 000 1 ] , hence we get

span{l}=span{[o 00 1]} (3.23)

Combining (3.21), (3.22) and (3.23), one can observe that the condition (2.7) is

satisfied. Therefore, coordinate transformations in the states exist that lead to the

new output characterizing an observable subsystem upon which it is possible to design

a residual generator unaffected by the disturbance w but the fault m.

- The Fourth Step: Finding the Coordinate Transformations

We have

0= (Z *p)L = span {d¢, d (p’w)}

=span{(0 0 1 0>’(2pw 00 ”2>}

Consequently, the dimension of Q2 is n; = 2. With p as the dimension of h, we get
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p = 3. Note that

QN span {dh} = Q

and

p—nyg=2=>ng=1

Therefore, there exists a surjection ¥; : RP — RP™™2 such that

QN span{dh} = span {d(¥10h)}

Our goal is to find span {d (¥; o h)} = Q = span{d¢, d (p*w)}, therefore, we can
set Uy = (vp, V?13). Then, there exists a selection matrix Hy (a matrix in which any

row has all O entries but one, which is equal to 1). We let:

00 O1 00 0W v
Hy=|0 0 o|,thenHav=1|09 0 0 v, | =1
100 100 v
Yn ) ¢
Y .
U(y) = = |y | = | v2; | = | pPw | is alocal diffeomorphism at 3°
Y2
Yo " P
L . L - L -

in RP. Choose a neighborhood U° of 2° and a function ®; : U° — R™ such that

Q = span {d®;}
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Obviously, here, ®; = (¢, p?w).

At any point of U?, there exists a function ®3 : U® — R"™~"2 gych that

I (I>1
®(x)=| g, | =| Hyn |, Where we now set ®3 = v, hence we have
T3 @3
T11 ¢
T12 PQW
O(z) = = , thus we obtain
) p
T3 v

. _‘—. _m
tn=¢=w="4Y

T1p = 2pwp + p?w = Oypug + pm = Oaz9us + O2zem

:tgzp'zvza:g

by = 0 = pw? — 01 + Oy +w = 2222 — & 4 Gy +
\333——U—Pw 172 UL T W= "7 22 U1 T W

Therefore, we obtain the coordinate transformation in the state space that is:

T = , To=p,and T3 =0

pw

and, the coordinate changes for the output space is given by:
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Uy

|

U and yo

2
Vl Vs

=Uli.

Consequently, in the new coordinates, the system (2.35) becomes

- — Z1i2
x —_— —==
11 a:%

T12 = O2@ouy + Ooxam + Ooxous,

We now designate the z;-subsystem as characterized by

\
2

\

We could consider the

Iy = I3

2
T3 = %u—%—i-ezul-i-w
Y11 = 1
Y12 = T12 (3'24)
Yo = T2
. _oap
Z11 vl
T1g = O2yaus + Gayom + Oayaus,
Yu = Zu

(3.25)

Yi2 = T12

above subsystem as a system with inputs us, m, us, and

y2. Because the state z1; will not affect 15, we could focus on the subsystem (3.26)

to detect the fault m, namely

Y12 = Oayaug + Gayamn + O2yrus, (3.26)
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3.3 Application of the New Residual Generator

Given the assumption m = —ku, as in (2.36), the equation (3.26) becomes

Y12 = O2y2(1 — k)ug + Oayaus, (3.27)

By identifying k according to the measurable signals 4,2 and y; and the known
inputs uo, us,, one can determine if there is a fault occurring in the system and if so
what is the severity of the fault. In this section, we will use a least-squares algorithm
to estimate k. The reader could refer to [7] for detailed information about parameter
estimation. We will apply two different residual generators to the system, one with the

redundant input actuator and the other one without the redundant input actuator.

3.3.1 Fault detection before triggering the recovery process

Once a fault is detected and isolated, we will trigger the recovery subsystem
and use the redundant actuator ug,. to compensate for the fault m. Thus, before
triggering the recovery subsystem, the redundant input u,, is set to zero. Equation
(3.27) becomes simply

Y12 = O2ya(1 — k)uy (3.28)

Let us define the variable U as

U= 92y2u2 (329)
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and K =1 — k, then (3.28) may be rewritten as

Y12 = KU

(3.30)

We now propose a candidate system of equations for estimating & as follows

- 1
U= U
s+a
o 1
y12-—8+aiy12

J12 = KU + ay12

Y12 — Y12
£= """
n

: 1 oro
P =P - =P0
K = Pel

A

k=1—-K

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)

where a is a positive constant, n > 0 is the normalizing signal set according to

n? =14 U? B > 0 is the forgetting factor, K is the estimate of K , and k is the

estimate of k accordingly.

In the next lemma, we will prove the convergence of k.

T
Lemma 1 Under the coordinate transformation z,; = ( b pPw ) , Ly =p, T3 =0

T
and y; = ( vy Vi ) , Y2 = 11 to the satellite orbital model (2.35) and the system
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of equations (3.31)-(3.37), the estimate of the parameter k, that is k converges to k.

Towards this end consider the dynamical system

S a

z = + 3.38
s+ay12 s+ay12 ( )
: 21 = —=Y12
where a > 0. Let sta ,
z2 = s_%aylz
Z1 = —az1 + Y12
that is
Zy = —azy + ayr2

Here, we consider z; and 2, as two states, and g5 and ;5 are two inputs, respec-
tively.

We now propose a Lyapunov function candidate

V=(2- y12)2 =(z1+ 22 — 3/12)2

where at 2 = y12, V =0, and V > 0, Vz # y15. The time derivative of V along the

trajectories of the 2; and 2, are given by

V =2(z1+ 22 — y12) (31 + 22 — $12)
= 2 (21 + 22 — Y12) (—az1 — azy + ay12)
=—2a (2 + 20— y12)2

= —2a (z — y12)2 <0, Vz€ R — {y12}
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According to Barbashin-Krasovskii theorem [18], it then follows that tlim Z =Y.

Since

a K a _
= U = KU+ ay
s+ayl2+s-sz12 s+a +s+ay12 + Ay

then (K U+ aglg) tends to y12 as t — 0o. Therefore, £ = y%;m tends to Q—{;—fLU as

t — 00. Consequently, after the transients for z converging to y;2, we obtain

_ (K — K\U

£
n2

We now consider a Lyapunov function:

N 2
i (K—QK)

where at K = K, W = 0 and W > 0, VK # K. After the transients for z

converging to yio, the time derivative of W along the trajectories of K becomes

W= (K—K)f(
(K’—K)2P[72

n?

Considering equation (3.35), we can calculate the solution of P according to [7],

t 72 -1
P(t) = [e-ﬂtP‘I(O)Jr / G-ﬁ(t_T)ﬁdT}
]

A _ 2 72 .
where P(£) > 0 when P(0) > 0. Tt now follows that — &5V P” <o vik e R—{K},
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and W will be less than zero after the transients for z converging to 5. Therefore, K
tends to K, according to Barbashin-Krasovskii theorem, and k tends to k as t — oo
From the above proof, one can observe that the controller will affect the estimate’s

rate of convergence, but will not affect the stability of the fault detection estimate.

3.3.2 Fault detection after triggering the recovery process

After triggering the recovery process, uq, will be set to kus, which will attempt to

compensate the failure. Hence equation (3.27) becomes

Y12 = O2y2(uz + lAcuZ) — kOyyaus (3.39)

We now propose a candidate estimator for k, which is different from the one uti-
lized before triggering the recovery process, and is governed according to the following

equations (3.40)-(3.47):

U= 92@]2 (U2 + ]?J’U,g) (340)
_ 1
U= U (3.41)
s+a
iJ1o = ! (3.42)
Y12 = s+ ay12 .
12 = KU + agjys (3.43)
Y12 — Y
£ = Lnflg (3.44)
: L oomo
P=pgP— —EP U (3.45)
n
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K = Pel (3.46)
b=—— (3.47)

Lemma 2 Under the condition of Lemma 1 following the detection of the fault, the
estimate of the fault after triggering the recovery process according to (3.40)-(3.47)
will converge asymptotically, that tlirglo k=k.

According to the proof in Lemma 1 and equation (3.38), z tends to yq, as t — 00,

and z = y;o after the transients for z converging to y12. And by combining (3.39) and

k
bz ( 1+k>

and, from equation (3.47) we have

(3.40), we have

K=1-—— (3.48)

Thus,
(-0
1+k a - _
= U+ ={1—-——=|U
s—l—ay12+s—|—ay12 st a 8+ay12 ( T ) + ay12
and
k — _
(1-———————1+ic> U + atha — yi2
Therefore,
Kk _ N7
£ = Y12 — Y12 _ (1_ 1+k K>U

n? n?
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hence

K = Pell = P~—22 (3.49)

From (3.48), we now have

P (3.50)
(1 + k)

Combining (3.49) and (3.50), we obtain

—P(k — k)(1+ k)0?

k=
n2

By proposing a Lyapunov function candidate

and taking its time derivative along the trajectories of k we get

(1) 0 ()’

n2

Given that when the system is in the recovery mode, k is larger than a threshold

(this will be discussed later), which is larger than zero, then (1 + k) must be larger

~P(1+8)02(k-k) 2

than zero. Also, P(t) > 0 when P(0) > 0. Thus, <0,k e R—{k},

and V will be less than zero after the transients for z converging to y;2. Therefore,
according to Barbashin-Krasovskii theorem, k =k is a stable equilibrium point, and

k tends to k as t — oo.
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Remark

From the proofs of the two lemmas, we can observe that k tends to k in both cases
with different algorithms. Therefore, we will consider k as our residual generator.
More importantly, since we can estimate the value of k, we will calculate the severity
of the fault, and then trigger the recovery process and initiate the redundant actuator
thruster to compensate for the fault. In addition, even after invoking the redundant
thruster, we could still estimate the k successfully. Furthermore, one can observe
that once the controller of the system ensures the states remain bounded, it will not
change the convergence properties of the residual generator although it will affect the

performance of the residual generator.

3.4 Impacts of Uncertainties and Disturbances on

the Residual Generator

The crux of the residual generator we introduced above is to estimate k as a
parameter. The assumption of this design is that other parameters are precisely
khown and the measurement of outputs is perfect with no uncertainty. Uncertainties
existing in parameters and outputs and disturbances might impact the estimate of k.
In this section, we will investigate the impact of uncertainties and disturbances on
the residual generator. The significance of this study is that it will help us to select
the detection threshold for avoiding “false alarm”.

Uncertainties will affect the residual generator through two ways: (i) they may
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affect the construction of the coordinate transformations and (ii) they appear in the
observable subsystem that was used to estimate k. Since we focus on system (3.27)
to estimate k, we are concerned with the construction of the state z;3. According to

the state coordinate transformations we have:
F1a = 2pwp + pPw (3.51)

Any uncertainties in (3.51) and in the state representation of p and w in (2.35)
might affect the residual generator. Furthermore, in the discussion below, we only

consider the case in which us, = 0.

3.4.1 Uncertainties in the system parameters

In system (2.35), there are two parameters 6; and ;. The parameter 6; will
not affect the residual generator because it does not appear in (3.51) and the state
representation of p and w. However, 0, will affect the residual generator through w.

Assume that the actual 6,5, = §;05, then we have
y12 = Sblg = (5102$2U2 + 5192.%27’71 = 5192$2K’U,2 = 61KU (352)

According to Lemma 1, after the transients for z converging to y;2 we have

s
+
s—l—ayl2 s+a

Y12 = Y12

68



and as well

KU + afha = Y12

and

Y2 — e (0K — K)U
- onz n2

€

Assuming that R’ = K — K, then

IL(=IA(—K'=P5U
5K — KYU? —PKU?- P(1-6,)KU?
=P ==

n2 n2

Thus, K — (6; — 1)K, and accordingly,

k—1-06(1—-k) as t—o00

(3.53)

From the above analysis, one can observe that the uncertainty of the parameter

uy affects the estimation of k. The equation (3.53) indicates that even when there

is no fault (k = 0), the estimate of k£ will not be zero due to the uncertainty of the

parameter uo.

3.4.2 Uncertainties in the system outputs

There are three outputs in the satellite orbital model, namely 14, v and v; that

are used to measure the states p, ¢ and w, respectively. Due to the errors of sensor

measurements of these states, the outputs obtained might be the corrupted versions
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of the actual states. Since ¢ does not appear in (3.51) and the state representation
of p and w, the uncertainty of ¢ will not affect the residual generator.

Uncertainty of p

Assume that the actual output p is given by p, = d2p. Since g, = v, then §yp = v,

thus

f19 = 2pwp + pP0

2pwu 9, 20w ug +m
=—+p(— +0
5 e T )
1
= ;gp‘%Kuz

According to Lemma 1, after the transients for z converging to y;2 we have

a
-+ =
5 +0,y12 3 -|—ay12 Y12

and also we get

_Yi2—ta (KU)/52 + a2 — (Rﬁ“i“aﬂu)
- n2 - n2
_ (K/&; - K)U

n?

)

Assuming that f( = f( — K, then

K= K — K = PeU
_ P(K/6; — K)U* —PKU? - P(1-1/8,)KU?

n2 n2
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Thus, K — (6—12— — 1)K, and accordingly,
- 1
k—>1—5—(1—k) as t— o0 (3.54)
2

Uncertainty of w

Assume that the actual w is given by w, = dsw Since

2w,
o= wv+92uz+m
p P
then
2wv Uy +m
w = — 92
p d3p
and
12 = 2pwp + P
2
= 2pwv + p (— i + 02u2 + m)
p d3p
1
= —b0ypKuy
03

Based on the analysis of the uncertainty of p, we can easily observe that
- 1
k—)l—g—(l—-k) as t— o0 (3.55)
3

Remark

From the above analysis of uncertainties in the system outputs, one can observe
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that the uncertainties of sensor measurement of the states p and w will affect the
residual generator since they appear in the observable subsystem (3.51). Furthermore,
even when there is no fault, the estimate of k£ will not be zero according to (3.54) and

(3.55), that should be considered when the threshold is designed.

3.4.3 Impact of the Disturbance

In the original model of the system (2.35), there is only a disturbance signal w.
The objective of the coordinate transformations is to find an observable subsystem
upon which we can design a residual generator unaffected by this disturbance w.
Observe from system (3.24) that after coordinates transformations, w may affect z;-
subsystem only through z,. However, since we measure the state x5, we can view
as an input for the x;-subsystem. Thus, the residual generator based on x;-subsystem

with the input x5 will not be affected by the disturbance w.

3.5 Decision Logic and Recovery Subsystem

When considering the estimate of k as the residual generator, it would take some
transient time for & to converge to k. That implies that during the transient period,
k could be very different from k and one cannot determine if there is a fault in the
system based on the residual generator. Thus, in our simulations, we estimate the
time k needs to converge to k. Only after this period and k surpassing the threshold,
one could claim that a fault has occurred.

Another important problem is that of selecting a suitable threshold for the residual
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generator in order to avoid producing false alarms that may be caused by uncertainties
and disturbances. As we have discussed in Chapter 2, the range of Kk is 0 < k < 1
and k will deviate from zero which is caused by the occurrence of a fault. If there are
no uncertainties and the measurement of outputs are noise free, k will then converge
to k without an error and one can claim the occurrence of a fault as soon as k # 0.
However, as we have discussed in the above sections, the uncertainties may affect the
residual generator. In order to reduce the call for false alarms, one has to properly
set a threshold.

We have investigated that the presence of only three uncertainties that are affect-
ing the residual generator according to results in section 3.4. It is assumed that we
know the size of é;, d5 and d3. Consequently, we calculate the biggest positive errors
that caused by these uncertainties when no fault exists according to (3.53), (3.54)
and (3.55). Therefore, we may consider the sum of these positive errors as a measure
for our threshold.

Once the residual k exceeds this threshold, the recovery process will be initiated.
That is, the redundant input u,, will be set to kus instead of zero for compensating

the fault. Consequently, the residual generator is the one introduced in section 3.3.2.

3.6 Simulation Results

At certain points in time one has to change the satellite’s orbit. For example,
after the launch of a geosynchronous orbital satellite by a rocket, the satellite has

to go through several different orbits until it arrives at the final geosynchronous
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Phasing Orbit

The point of changing the speed
Transfrer Orbit

Figure 3.1: Transfer orbit and phasing orbit

orbit. The Geostationary Operational Environment Satellite (GOES) [34] is such a
geosynchronous orbital satellite. The GOES undergoes six orbits changes after the
separation from Atlas 1, namely transfer orbit, phasing orbit, trim—1 orbit, trim—2
orbit, post~AAM trim orbit, post-trim orbit and geosynchronous orbit. Here, the
transfer orbit is the orbit the satellite undergoes after separation. Phasing orbit is
the one the satellite enters after the first apogee maneuver firing.

One would change the velocity vector of the satellite in magnitude or direction
by thrusters in order to change the orbit. Since the propulsion system operates for
changing orbit for only a very short time period compared to the orbital period, we
consider the orbit maneuver as an impulsive change in the velocity while the position
remains fixed. By referring to the orbits of the GOES, we will simulate the process
of changing a geosynchronous satellite’s orbit from transfer orbit to phasing orbit.
Figure 3.1 illustrates this case. The simulation of the motion of the satellite is as
follows: starting at the apogee on the transfer orbit, the satellite will go around the

earth for one cycle, and when it arrives the apogee again, it will speed up to enter
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the phasing orbit, the simulation ends when it arrives the apogee for the third time.
The ellipses of phasing orbit and transfer orbit are tangent at the apogee of these two

orbits. In the simulation provided in this section, we assume:

[um—y

. The satellite’s mass is 500kg;

2. In the transfer orbit phase, the perigee is 6544.5 km and apogee is 48789 km;
3. In the phasing orbit phase, the perigee is 23408 km and apogee is 48789 km;
4. The range of u; is —200N < u; < 200N;

5. The range of uy is —400N < us < 400N;

6. The size of 1, d; and 63 are 1 — 1073 < §; <1+ 1073, i = 1,2, 3, respectively.

In the simulation, the sliding mode controller developed in section 3.1 is applied
to ensure the states to be bounded. We will use two force-free systems (2.33) to
represent the transfer orbit and phasing orbit respectively, and consider them as the
references fdr the control system design. We have to know the initial conditions,
which are at apogee, of the force-free systems. Since the distance of the apogee is
48789 km, the radial velocity at the apogee is zero, and the angle ¢ of the satellite
in polar coordinates at apogee is zero too, therefore one has to calculate the angular
velocities at apogee on the transfer orbit and phasing orbit.

In figure 3.2, m; represents the distance of perigee, 7o represents the distance
of apogee, v is the velocity of the satellite at apogee, and w is the angular velocity

accordingly. We have shown that the orbit of the satellite around the earth is an ellipse
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Figure 3.2: Apogee and perigee

as governed by equation (2.26). In the ellipse, e in (2.26) is known as eccentricity.

Also, according to the property of ellipse, eccentricity can be written as

_7‘2—7‘1

_7'2+7”1
And we assume

1

a=—=(ro+r

2(2 1)
At apogee,

h=rg-v

where h = Ii_ii, and h is the angular momentum per unit mass.

According to (2.25), we obtain

Te —T1
T+ 171

(T2 'U)2 — 0179 = O179

Therefore, from (3.59), we have

v = \/(7(91/72) — (61/a)
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(3.56)

(3.57)

(3.58)

(3.59)

(3.60)



 _ V(261/rs) — (61/9)

- (3.61)

Consequently we can calculate the angular velocities at apogee on the transfer
orbit and phasing orbit from equations (3.57) and (3.61).

Figures 3.3, 3.4 and 3.5 illustrate the effects of the FDIR system we introduced
above. According to the assumption of the sizes of 1, d; and d3, and (3.53), (3.54)
and (3.55), the threshold in this case is set to 3 x 1073. In the simulation results
shown, we let the inpﬁt us be completely faulty at time 30000 second.

From figure 3.4(f), figure 3.5(a) and figure 3.5(b), one can observe the effects of
the estimate of k. Due to some of the uncertainties, k is not zero before the occurrence
of the fault exactly. In figure 3.5(a), after the fault occurs, k exceeds the threshold,
3 x 1073, very quickly, and in figure 3.5(b), it takes around only four seconds for k to

identify the complete fault in the actuator/thruster.
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Figure 3.3: The behavior of the FDIR on the satellite orbital model
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Chapter 4

FDIR Scheme for the Satellite

Attitude Model

In this chapter, the proposed new residual generator is applied to the satellite
attitude model and as in Chapter 3 the robustness of this residual generator is in-
vestigated. The algorithm is very similar to the one we developed for the orbital
model. The main difference is that the residual generator consists of three estimators

for three parameters since our goal is to detect and isolate three concurrent faults.

4.1 The Variable Structure Control

As discussed earlier, the necessary condition for designing a residual generator for
the satellite system is that the states must be bounded. That implies that we have to
first design a controller for the satellite attitude model. In our simulations, we will use

a variable structure control for the system. BoSkovi [8] proposes a variable structure
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control for the satellite attitude model in some detail. The variable structure control
proposed in [8] has several advantages, namely (i) it can tolerate bounded external
disturbances and uncertainties in the parameters; (ii) it takes control input saturation
into account explicitly; and (iii) the computation of this algorithm is very simple. In
this section, we will first review the variable structure control proposed in [§].

For the satellite attitude model (2.92), (2.93) and (2.94), A represents the inertial
reference frame and B represents the body-fixed reference frame. Thus, the direction

cosine matrix CB/A relating B to A is given by
CBMA = (g2 — eT¢) Layz + 266 — 2e0™ (4.1)

Let the desired rotational motion of the satellite be described by the attitude
motion of a frame D whose orientation with respect to A is specified by the Euler

parameter (£, &) satisfying £7€ 4 &2 = 1. Let CP/4 be the direction cosine matrix
CPM = (€2 — €7¢) Iyxa + 2667 — 260> (4.2)

Furthermore, let v represents the angular velocity of D with respect to A, where

we have

v=2 (505 - fof) — 26%¢ (4.3)

Also, let (n,m5) be the Euler parameter representing the orientation of frame B
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with respect to frame D. Then, we obtain

n = &g — €0 +€7¢ (4.4)

Mo = £ogo + €€ (4.5)

The direction cosine matrix relating B to D is given by

CB/D = ¢BIA (cP/4)T (4.6)

Therefore, the angular velocity w € R® of B with respect to D is

w=Q—CBDy (4.7)

Following the above one we can obtain the seven-dimensional dynamic model of

the system in terms of the states w, n and 7y as follows

Jw=— (w+CB/Dv)XJ(w+C’B/Dv)

+J (w*CBPy — CBIPp) +u+m+u, (4.8)
.1

=3 (n*w + now) (4.9)

o = — %nTw (4.10)

Our control objective is to design a control input signal u so that the following
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specifications are satisfied:

lim 7(t) = tlim w(t)=0

t—o0

Towards this end we introduce the sliding surface s characterized as
s§=w-+pn

The control law is selected as

U= —Z(s)um (4.11)

where ) (s) = diag | sgn(s;) sgn(ss) sgn (s3) }
To reduce the chattering effects of the control law, the control is modified as

following:

u=— Zm (8)tm (4.12)

where > (s) =diag | =1

32 _s3_ | and § is a small positive constant.
{s1|+6  |s2|+d8  |s3|+6

4.2 Development of the New Residual Generator

As assumed in (2.95), the fault vector is represented by m = —k ® u where ©®
denotes the Hadamard product. Our goal is to generate a bank of estimators to
identify the vector k and treat the estimators as the residual generators. Following

the same structure as developed in Chapter 3, we will design two procedure residual
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generators one for the case before one initiate the recovery procedure and the other
one after one triggers the recovery procedure.

Furthermore, in this section, it is assumed that there are no external disturbances
in the system and w in (2.92) is a zero vector. The impact and effects of the distur-

bances on the residual generator is discussed in section 4.3.

4.2.1 The fault detection and isolation before triggering the
recovery procedure

Before triggering the recovery procedure, the redundant control input w, is set to

be zero, and by ignoring the disturbances for now system (2.92) becomes:

JA=-QJQ4+u—-kOu (4.13)

T T
Letusseth[K1 K, K3] 2[1 1 1] — k, hence

J=-0JQ0+KQu (4.14)

T
For the above system, it is assumed that K = [ K, K, K, ] is the estimate

T
of K and k = { ki Ky ks } is the estimate of k.
The proposed fault estimator candidate subsystem is now represented by (4.15)—

(4.21) which used for estimating k as follows:

u (4.15)

g
il

s+a
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1 a

0= — x Q 4.1

Q= ——— (VI + ——J (4.16)
JO=0+Kou (4.17)

T . T
€=|:51 £9 53} =(JQ_JQ)®|:TL%1 ;}g ﬁlgil (418)

| .
P, = BP, — P/, i=1,2,3 (4.19)
K= Pew;, i=1,23 (4.20)
~A T ~

k= [ 11 1 ] - K - (4.21)

T
where a is a positive constant, n = [ Ny ng N3 ] is the normalizing signal, 8 > 0

is the forgetting factor, and u = [ Ty Uy Us ]T. In addition, we set n? = 1 + 2.
The behavior of the above system is given by the following lemma.

Lemma 3 Under the conditions of the satellite’s attitude model (2.92)-(2.94), the
residual generator given before invoking the recovery procedure given by (4.15)—(4.21)
guarantees the convergence of the parameter estimator, that is lim k(t) = k.

t—oo

According to the results presented for Lemma 1, we can easily observe that

_jo+-2

s+ a s+a

JUA—=JQU as t— o0
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Therefore, after the transients for the convergence of the above equation, we obtain

1
(~JQ + K O u) + ——JQ
s+a s+a
1
= ————(—QXJQ)+ a JQ—I——L—K@u
s+a s+a s+a

=0+Koua=JQ

Consequently,
T
€= l: £1 &9 E£3 :l
A T
= (JQ - JQ) O [ B _15}
n{ mn3; n3
X T
=[(K—K)®ﬂ]®liz 1 %]
ny n; N3
That is,
_ (Kz - Kz)'az
E; 3
n

where at R, = K, it satisfies V; =0 and V; > 0, ‘v’R} # K;. Taking the time derivative
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of V; along the trajectories of the system (4.20) yields

According to the results for Lemma 1, we know that P,(¢) > 0 when P;(0) > 0.
N 2 . .
Thus, —W < 0, VK; € R — {K;}, and V; will be less than zero in a finite

time. Therefore, IA(,- tends to K, according to Barbashin-Krasovskii theorem, and l%,—

tends to k; as t — oo.

4.2.2 The fault detection and isolation after triggering the
recovery procedure

When there exists one or more faults in the system, we could invoke the recovery
procedure by assigning u,; (¢ = 1,2,3) to k;u; for compensating the faults. As in the
previous subsection again we are neglecting the disturbances for now. System (2.92)

becomes:

JQ=-0JQ+ (u+kou) —kQu (4.22)

Our proposed candidate fault residual generator subsystem is governed by (4.23)—

(4.29), for estimating the parameter k as follows:

U; = . _’1_ - (u, + l%iui) (4.23)
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1 a

Q= ——(QJQ) + ——JQ (4.24)
s+a s+a
JQ=0+Kou (4.25)
T ) T
62[61 €2 63} Z(JQ—JQ)Q[;? 51’5 nl—g] (4.26)
: L 2.9 -
Pi=,6P,-—E§Pi a;, 1=1,2,3 (4.27)
Ki=Pea, i=1,2,3 (4.28)
. - K;
PRt Y (4.29)
K;

Lemma 4 Under the conditions of the satellite’s attitude model (2.92)—(2.94), the
residual generator given after invoking the recovery procedure given by (4.23)—(4.29)
guarantees the convergence of the parameter estimator, that is lim l%(t) =k.

t—o00

Towards this end from (4.29), we have

Ki=1-—- (4.30)
1+ k;
We also known that
S a
JOQ + JOA—=JQY as t—
s+a s+a

Therefore, after the transients for the convergence of the above equation, we obtain

I+ 1 1 1]T+l%—k)®u "

JQ = JO 4.31
s+a +s—l—a ( )
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and thus

T T
Q+<b:14 —k®b+%11+% l+%}>®ﬂ=JQ

T
andJQ=Q—|—K®'&=Q+[1 1 1} —k®[1+fg1 1+ ky 1+[§3:|

ki — k; w2
E; = 5
1+k ™
so that
2 ki — k; 2
K; = Fegu; = B ——
1+ k7
From (4.30), we have
; k,
Ki=——"—=
(1+ko

Combining equations (4.31) and (4.32), we get

o =Pk — k)(1+ k)a?
b= )

By utilizing the Lyapunov function candidates
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then, it can be shown that

Since when the system is in the recovery mode, k; is larger than a threshold (this

will be discussed later), which is larger than zero, then (1 + ;) must be larger than

—Pi(1+ki)ﬁ? (ici—ki) 2
2

ng

zero. Also, P,(t) > 0 when P;(0) > 0. Thus, <0, Vk; € R — {k;},
and V; will be less than zero in a finite time. Therefore, according to Barbashin-

Krasovskii theorem, k; = k; is a stable equilibrium point, and k; tends to k; as

t — 00.

4.3 Impacts of Uncertainties and Disturbances on

the Residual Generator

Note that our residual generator is a bank of estimators for identifying the pa-
rameters. Our design is based on the assumptions that the other satellite model
parameters are exactly known a priori, tﬁat sensors are noise free and there are no
disturbances to the system. Consequently, when these assumptions do not hold, the
residual generator will be affected and the estimates might not be accurate and un-
biased. In this section, we will investigate the impact and effect of uncertainties and

disturbances on the residual generator.
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4.3.1 Parametric uncertainties

In [8] the author has shown that the variable structure controller proposed was
capable of handling the parametric uncertainties. In this subsection we assume that
the actual inertia matrix of the satellite is now presented as J, = §;J. according to

the results obtained in Lemma 3, after certain transients we have

1
s+a

(—QX5Q+ K Ou) + ——J,Q = J,Q
s+a

therefore,

1 1 a
= - NQ+ K —J Q| =JQ
01 (s—}—a( + Qu)+s~|—a )

and

JO—JO

1
z_( JQ+KOu)+ — J,.Q)
s+a

( QXJQ+I“{@u)+ 2 JQ>
s+a

4

§1IQ+ K Ou) + — 61JQ)
S+a

a
—I—S+aJQ>

=< L —axga) + -2 )-( ! (—QXJQ)+—a—JQ>
a s+ a +a s+a

S
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Therefore,

1 o\ Us
£ = (5—K—K> %
) .

1

which shows that K; will approach %Ki, and thus

- 1
ki—>1—(5—+k,-, i=1,2,3, as t— o0 (4.34)

1
From the above analysis, one can observe that the uncertainties of the inertia
matrix affect the convergence properties of the residual generator. Even when there

are no faults, the error between the estimate of k and the actual value of & is not

going to be zero.

4.3.2 Uncertainties of outputs

In the satellite attitude model, we assumed that the inertial angular velocity and
quaternions are measured. However, due to the errors in the sensors, the measured
outputs may not be accurafe, and as a result, the residual generator will be very
sensitive to the measured outputs of the system. In this section, we will investigate
the impacts and effects of the uncertainties in the outputs on the residual generator
performance.

Assume that the actual angular velocity €2 is rewritten as €2, = 8,52, for some 6,

representing uncertainty. We have

o]

A+ Koa=JQ,
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and

Therefore
A (1. - 1 D\
JA—-JA==Q, —-Q)+|=K—-K)|0ou
3o 89

Let us define K = K — K , hence

or

]T (4.35)

From the above analysis, one can observe that, similar to the parametric uncertain-
ties, the uncertainties in the outputs affect the convergence properties of the residual
generator. Furthermore, this impact cannot be presented by a simple convergence

property as the case of the parametric uncertainties.
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4.3.3 Impacts of disturbances

The satellites generally suffer from small but persistent disturbances. In equation
(2.92), we use w to represent these disturbance torques. These torques are very small,
and are typically around 1072/ - m. There are mainly four sources of external torque
disturbances that may affect the satellite, namely gravity-gradient effects, magnetic-
field torques on the vehicle, impingement by solar-radiation, and aerodynamic torques
for low-altitude orbits. They can be affected by the satellite orientation, mass proper-
ties, and design symmetry. Readers may refer to [9] for details regarding quantifying
these disturbances.

In this chapter, we will only investigate the impact of disturbances on the residual
generator qualitatively and consider the disturbances as noise of normal distribution.
Figure 4.1 illustrates the impact of disturbances in our numerical simulations. In this
figure, we have assumed that there is no fault and no uncertainties in the outputs
and the parameters. Under the presence of the above disturbances the impact and
effects on the residuals are below 2 x 107°. Consequently, when thresholds are to be

selected, these errors will be taken into account explicitly.

4.4 Selection of the Threshold Logic

Similar to the satellite orbital model, one needs to consider the transient time of
convergence of k as well as selection of the threshold logic in order to avoid initiating
false alarms. The approach for estimating the transient time convergence of k is in-

vestigated qualitatively. We will show that the selection of threshold is different from
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the results obtained for the orbital model in the previous chapter. Parametric uncer-
tainties, disturbances and uncertainties on the outputs will all affect the convergence
properties of residual generators. For parametric uncertainties, due their simple con-
vergence properties, we still use the same technique as the one that was utilized in
the orbital model, that is we will calculate the largest possible errors resulting from
the parametric uncertainties based on (4.34). For disturbances, we quantitatively an-
alyze the impact through numerical simulations and estimate the magnitude of these
factors. For uncertainties in the outputs, the analysis is much more complicated.
Towards this end, we will use a dynamic estimate of the impact of uncertainties of

the outputs. Specifically, consider the following equation that is based on (4.35):

1. -
/€=—P@(——QT—Q>®'I]
)
T
-PO|| 1L_.1 L_ L_l] +n}®ﬂ (4.36)
& 32 3

It can be observed that using (4.36) provides us with an envelope about which
the impact of the uncertainties in the outputs on the residuals may be evaluated.

Therefore, at each instant, we calculate the sum of the errors resulting from the
parametric uncertainties, the estimate of impact of disturbances (approximately 2 x
1075, as discussed earlier), and k. This sum will be considered as the threshold for

the residual generator.
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4.5 Simulation Results

In practice, the attitude control for a satellite is a very critical requirement as
the satellite normally needs to change its attitude from time to time throughout
its whole lifetime. Consider the Earth Observing-1 (EO-1) satellite as an example
[35, 36]. After separation from the launch vehicle, Boeing Delta 2, the satellite spun
with a specific rate. The attitude control system decreased the spin so that the
EO-1 can enter into Sun Acquire mode. During normal operations, EO-1 has to
maintain a fixed attitude with respect to the orbital frame in order to allow the
fixed body science instruments and payload point toward the earth. However, on an
approximately weekly basis, solar calibration requires a slew maneuver to point the
instruments toward the sun, and a raster scan of the moon for instrument calibration
is also performed every month.

In the simulations we performed below, a simple attitude adjustment for the satel-
lite is required. Specifically, the satellite rotates 180° about the Euler axis, which is
represented by a unit vector €. As discussed earlier, B is the fixed body frame and A
is the inertial frame. Suppose that unit vectors a; and l_;,- (2= 1,2,3) are fixed to the

reference frames A and B, respectively. Then,

€= 6161 + 626_1:2 -+ 6363

= 6151 + 6262 + 6353

where e; are the direction cosines of the Euler axis with respect to both A and B and

€2 + e2 + €2 = 1. The parameters we use in the simulations are as follows:
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1. =05, e;=0.5, and eg = 0.5 X \/5;

2. The inertia matrix of the satellite is selected as:

20 0 09

09 0 15

3. The range of the parameters 6; and &, are selected as 1 — 1073 < §; < 1+1073,

i=1,2.

Figures 4.1 and 4.2 illustrates the effect of the disturbances on the residuals. In
these figures, it is assumed that no fault exists and no uncertainties on the outputs and
the parameters of the model are considered. These results are now used quantitatively
in selection of the thresholds.

Figures 4.3, 4.4 and 4.5 illustrate the effect of the bank of residual generators
that are introduced in this chapter. It is assumed that a complete failure occurs for
the actuator u; and the actuator uz at time of 1 second as shown in the figures of
performances of u +m. From the figures of performances of lAc, one may observe that
the estimators for k; and k3 identify the complete failures very quickly, but ko stays
zero since no fault exists at the actuator 2. Also, the redundant actuators u,; and
Ur3 are initiated right after the occurrence of the faults to recover them. Moreover,
the performance of the angular velocity 2 and quaternions have not been affected
explicitly by the occurrence of the faults. The residual generators designed can de-
tect and identify the complete actuator failures and initiate the redundant actuators
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effectively. Furthermore, the isolation of the concurrent faults is also successfully

achieved.

99



[
T b
'
: 1
1 ]
]
................. [am]
i H H ey
' '
] [}
1 )
1 1
..... | R R QN o
' ! o™
4 1
¥ ]
[} 1
] 1
1 1
..... “..-:.. ---..m.:-u.m
1 b 1
1 1
1
1
i L ]
. ! [
-~ L0 O o -~
(=] D.
_‘_..C+_.3
_ _ =
1 [
" \mv
) 1 ]
1 1
] 1
.................. ]
H 1 i o
1 )
1 1
1 1
] §
] I
..... Lecacleanaloaad B
' ! N
L} 1
1 1
1 1
] 1
[} )
..... el ] O
' ' -
i 1
) 1
- ﬂ{_
1 1 1
[} 1
L - Ly o Lo
- o 9 o
O o _n.q.-
o

time(s)

time(s)

R R TR
i
L]
)
1
i
1
1
1
)

R R Rl k b el
1
1
1
1
"

e EM 4ﬂ
Q
NE+N3
1 H 1
] ]
) 1
" :
] ]
lllll i
: :
1 1
: '
llll “ l-l-'-lll-"lu"-'l
h i
: :
] ]
=
Lo -~ [Ny ] L)
N = == o=
= o =
Zy

e(s)

tim

e mm e —— g

q=——————-

R T AL T T APPSR Rp .

[T

e m oo e o ----

. LT iy Sy iy R . D

0.05 H-¥--

time(s)

e(s)

tim

lllll

R R R R

e e e w—— = -

-

[ iy SRR (U

06

S 0.4 fenmnee

b - -

el L

A men-—

R L=

I [ ——

R L L L

0.8

0.6 f------

o 0.4

40

time(s)

time(s)

Figure 4.1: Impacts of the disturbances on the attitude control subsystem of a satellite
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Chapter 5

Generalization of the FDIR
Scheme to General Nonlinear

Systems

In chapters 3 and 4, our proposed new residual generator was applied to a satellite
orbital model as well as the satellite attitude model, respectively. Essentially, the new
residual generator belongs to a class of parameter estimators. In this chapter, we will
investigate whether this new residual generator can also be applied to a more general
class of nonlinear systems.

Consider the nonlinear system governed by (2.1). Provided that the system sat-

isfies the condition (2.7), one can then apply coordinate transformations to render it
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equivalent into equation (2.12). Since the inputs u € R™, u can be rewritten as

T
U=|:ul Uy P um:|

and g;(z1,22) can be written as

91(1, 22) = { g1 (z1,22) g2z, 22) -+ gim(@1, T2) ]

Let us assume that the fault m in (2.12) corresponds to an actuator or input fault,

and the corresponding input is u;, therefore we obtain

gri(z1, z2) = Li(z1, z2) (56.1)
Let
Gi(x1,22) = [911(151,332) g12(z1,T2) " gra—1)(®1,T2) G141y (71, T2) *+ - Gim(T1, T2)
T
U’:[Ul Upg v Ul Um1 cc Um
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Consequently, equation (2.12) can be rewritten as

&1 = fi(x1, 22) + G1(z1, T2) U + (21, T2)us + L (21, 22)mM
&y = fa1, T, T3) + G221, T2, T3)u + p1(z1, T2, T3)W

&3 = f3(x1, T2, T3) + g3(T1, T2, T3)U + Pa(@1, T2, T3)W

Y1 = hi(z1)
Y2 = T2 (5.2)
Let us also assume that m = —ku; and consider y, as an input for the z;-

subsystem, so that the z;-subsystem can be rewritten as

Ty = f1(331, yz) + !71($1>y2)’& + 51(331,’!/2)(1 - k)ui

Y1 = ha(z1) (5.3)

Furthermore, it is assumed that the mapping h; : x; — y; is bijective (one to
one) and an inverse function h7' : y; — x; exists. Thus, we can obtain the state z,
through the measured output y;.

| Our goal here is to design an estimator for the fault parameter k in equation (5.3).
Let

U; = li(z1, y2)us (5.4)
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and K =1 — k, then (5.3) becomes

£1 = fi(®1,92) + §1(z1,¥2)0 + KU (5.5)

The proposed candidate for the residual generator subsystem may be characterized

by (5.6)—(5.12), for estimating k, namely

!
—t

= U 5.6
' os+a’ (5.6)
T = —— fi(z1,90) + ——1 (o0, )i+ ——z (5.7)
1_s+a 1\ZT1, Y2 S+a91 1, Y2 s+ a 1 .
i = KU + % (5.8)
1 ‘*.’f?l

. 1 _

P =pP - = PU} (5.10)
n

K = Pel; (5.11)
k=1-K (5.12)

where a is a positive constant, n > 0 is the normalizing signal set to n? = 1 + U?,
B > 0 is the forgetting factor. K is the estimate of K, and k is the estimate of k.
The convergence of the estimator is now investigated below.

As have mentioned in previous chapters, we can easily show that the dynamical

108



system enjoys the property

S a

T+ r—x; as t— 00
s+ a s+a

Thus, after the transients for the convergence of the above equation, we obtain

S a

T + T
s+a sS+a

1 a
- - U,
sta [fi(z1,y2) + G1(z1, o)+ KU ] +
: [f1( )+ G1(z )a] + 2
= m
sta 1{T1, Y2 91{Z1, Y2

1
,+—KU;
s+a sS+a

I

=1_,‘1+KU,‘=.'E1

Hence,

where at K = K, wehave V. =0and V > 0, VK # K. Taking the time derivative
of V along the trajectory of the system yields

109



Consequently as in proof of Lemma 1 we know that P(t) > 0 when P(0) > 0.
Thus, —gk;Kn;mi <0,VK € R—{K}, and V will be less than zero in a finite time.
Therefore, K tends to K , according to Barbashin-Krasovskii theorem, so that k tends
to k as ¢ — o0o. Consequently, one may consider the estimator for £ as the residual
generator, although the threshold should be selected in order to reduce the occurrence
of the “false alarm” caused by the uncertainties in the system. As before, once the

estimate of k exceeds this threshold, one may conclude that a fault has occurred.
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Chapter 6

Conclusions and Future Work

In this thesis, a new residual generator was developed and applied to the observable
subsystem of the satellite’s nonlinear orbital model as well as the attitude model. A
fault is treated as the change of certain parameters in the satellite’s model. An
estimator for this parameter is designed and considered as the residual generator. In
order to reduce the impact of disturbances, the least-squares algorithm is used in the
design of the estimator. Furthermore, the robustness of the residual generators for
the satellite orbital model and the satellite attitude model was investigated. Finally,
the possibility of applying the proposed residual generator to a more general class of
nonlinear systems was investigated.

In Chapter 2, we discussed the necessity of designing a nonlinear FDIR scheme
for nonlinear systems. We used an example to demonstrate that a linear FDIR based
algorithm when applied to a nonlinear system will result in significant modelling
errors that may result in false alarms and consequently will diminish the possibility

of solving the fault detection problem.
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Also, in Chapter 2, we reviewed the geometric method of [4] that provides the
sufficient and necessary conditions for solving the nonlinear fault detection and iso-
lation problems. When the nonlinear system satisfies these conditions, we can apply
coordinate transformations to formally characterize a special observable subsystem.
Following the application of the coordinate transformations, the FDIR problem is then
reduced to that of designing a residual generator for the observable subsystem. Our
approach for designing the residual generator is to treat the system anomaly caused
by the fault as manifested by the change of certain parameters. We subsequently
consider the estimators for these parameters as residual generators.

In Chapter 3, a sliding mode controller for the satellite orbital model is first de-
signed. The advahtages of the sliding mode controller are that it takes the input sat-
urations into account explicitly and the computation of this controller is very simple.
Secondly, we applied a new residual generator based on the least-squares parameter
estimation to the satellite orbital model. We considered two cases, where the first
case deals with FDI before the recovery procedure is initiated and the second case
deals with FDI after the recovery procedure. It was shown that the residual genera-
tor is convergent and that different controllers affect the performance of the residual
generator but does not affect its convergence property. Thirdly, we investigated the
impact of the uncertainties of the system on the residual generator. For the satellite
orbital model (2.35), uncertainties in the parameter 6; and the measurable output
for the state ¢ do not affect the convergence of the residual generator, however the
uncertainties in the parameter 6, and the measurable outputs for the states p and
w will affect the convergence characteristics of the residual generator. Due to the
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application of the nonlinear geometric method [4], the disturbance defined in equa-
tion (2.35) is decoupled from the fault, and does not affect the convergence. Given
that we assumed the knowledge on the ranges of the possible uncertainties, one can
evaluate the impact of the uncertainties through (3.53), (3.54), and (3.55). Unfor-
tunately, these effects may result in false alarms if not treated properly. Therefore,
in section 3.5, we presented the selection criteria for the threshold logic in order to
avoid a false alarm, although this addition may reduce the sensitivity of the fault de-
tection scheme. We then used the sum of the errors calculated from the uncertainties
investigated to determine the threshold. Simulation results are presented in section
3.6. We simulated a satellite in which a geosynchronous orbital change from transfer
orbit to phasing orbit is taking place. We assumed that a complete fault occurs in the
actuator during the changing in the orbit. It was found that the parameter estimator
(residual generator) only required about 4 seconds to identify this complete failure
and the recovery procedure was successfully recovering the fault.

In Chapter 4, we developed and applied a bank of residual generators based on the
least-squares parameter estimation to the satellite’s attitude model. Since there are
three actuators that provide torques about three mutually perpendicular axes about
the fixed body frame B, we constructed three residual generators. Each residual
generator is responsible for a possible faulty actuator. As in Chapter 3, we inves-
tigated the robustness of the residual generators. We discussed the uncertainties in
the inertia matrix of the satellite and its outputs for measuring the inertial angular
velocity and provided the quantitative results as given in (4.34) and (4.35). Since the

disturbances defined in equation (2.92) and the actuator inputs cannot be decoupled,
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we investigated the effects of the disturbances qualitatively. Since the system (4.35)
is not convergent, we designed a dynamic threshold according to (4.35). In section
4.5, the numerical simulation results are provided. We simulated the case in which
a satellite rotates 180° about the Euler axis, and we found the residual generators
proposed can detect and isolate the presence of two concurrent faults.

Since the proposed residual generators are applied to the specific models of the
satellite orbital and attitude models, in Chapter 5, we investigated whether the pro-
posed FDIR strategy based on our parameter estimation algorithm can be extended
and applied to a more general class of nonlinear systems. We showed the convergence
of the residual generator on this more general class of nonlinear systems. We also
showed that if the mapping h; : £; — y; in equation (5.3) is bijective (one to one) and
the inverse function h7! : y; — =z, exists, then the residual generator we proposed
for the model (2.12) is convergent. Note that, we only proved the convergence of the
residual generator when applied on the nonlinear system (2.12), and robustness of

the residual generator still remains to be investigated in future work.

6.1 Future Direction of Research

An interesting topic for investigation in future is that of parameter estimation
for general nonlinear systems. Considerable attention has been given to parame-
ter estimation for linear systems in the literature. However, most real-life systems
demonstrate nonlinear dynamic behaviors. Thus, parameter estimation techniques

for nonlinear systems are necessary when linear models are not sufficiently accurate.
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In this thesis, we only applied a nonlinear parameter estimator as a residual generator
to two specific class of nonlinear models, namely the satellite orbital model and the
satellite attitude model. Investigations on the parameter estimation for more general
class of nonlinear systems will be a very interesting topic of research.

Furthermore, the satellite orbital model considered in this thesis is a “two dimen-
sional model”. That is, the orbit of the satellite is assumed to be always in a plane,
but the practical satellite orbital models are “three dimensional”. We therefore need
to construct this “three dimensional model” and extend our residual generator to it
before one can apply the proposed FDIR system to a real world satellite. Further-
more, the effects of the disturbances on the satellite orbital model need to be studied
in more detail. We know that the main disturbances are caused by the gravitational
forces of the sun and the moon, the nonspherical geometry of earth, atmospheric
drag, and solar radiation. Therefore we may need to investigate these impacts on the
residual generator of satellite orbital models in more depth in future.

Finally, the residual generators we proposed for the satellite orbital model and
the satellite attitude model are nonlinear continuous time systems. In order to apply
these residual generators to real satellites that are controlled by computers, we have
to modify these algorithms to the discrete-time domain. Discrete-time systems are
also well understood for linear time-invariant models, but a lot less works have been
reported in the literature for nonlinear models. Thus, the investigation of FDIR

scheme for nonlinear discrete-time systems is also a very challenging research work.
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6.2 Contributions of the Thesis

In this thesis, the problems of nonlinear fault diagnosis and recovery of a satellite’s
orbital model as well as the satellite’s attitude control model are investigated using
parameter estimation techniques for design of fault residual generators. Given that
a necessary condition for solving the fault diagnosis and recovery problem is that
the states of the system must be bounded, a sliding mode controller is designed and
applied to the satellite’s orbital model. Furthermore, the robustness properties of the
proposed residual generators to parametric uncertainty, disturbance and measurement
signals for both the satellite’s orbital model and the satellite’s attitude control model
are investigated. Finally, the generalization of the proposed residual generator to a
general class of nonlinear systems is presented and promising preliminary results are

reported.
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