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Resumen

En el presente trabajo se expone una novedosa idea en el desarrollo de estimadores de estado
para sistemas lineales invariantes en el tiempo en presencia de disturbios modelados como entradas
desconocidas, tales estimadores son bien conocidos en la literatura como Observadores con Entradas
Desconocidas (UIO, por sus siglas en ingles). La suposicion esencial sobre la familia de sistemas
analizados es la observabilidad fuerte, sin embargo, sera claro que el resultado puede ser extendido
facilmente a sistemas fuertemente detectables, una propiedad menos restrictiva la asumida aqui. El
tipo de entradas desconocidas aceptables son aquellas sefiales medibles uniformemente acotadas.

La idea central en la estructura del observador es la aplicacién de propiedades de homogenei-
dad en el bi-limite, un tipo de generalizacién de homogeneidad. Lo que permite una asignacién
independiente del comportamiento en los términos de correccién cerca y lejos del origen, dando al
observador la capacidad de dominar términos con crecimiento lineal y al mismo tiempo compensar
los efectos producidos por las entradas desconocidas del sistema.

Los observadores propuestos se introducen primero para el caso SISO donde las propiedades de
bl-homogeneidad permiten que el observador estime global y al menos asintéticamente los estados
del sistema. Se muestra que la estimacién se lleva a cabo de forma efectiva aun cuando el sistema
estd puesto en la forma de observabilidad.

En el caso MIMO el sistema es transformado en una forma adecuada para el diseno que reexpresa
el sistema en un conjunto de subsistemas interconectados por términos lineales en funcion de los
estados de todos los subsistemas. La estructura del observador, por lo tanto, puede verse como
un conjunto de subobservadores interconectados entre si. En general, el tipo de interconexiones
no beneficia a la estabilidad de la din&mica del error. Se muestra que los términos no lineales
de correccién con propiedades de bl-homogeneidad son capaces de compensar tales interconexiones
vy asegurar que los estados estimados converjan global y al menos asintéticamente a los estados
verdaderos.

Se mostrara que el tipo de convergencia del UIO estd en funcién de la eleccién de un conjunto
de parametros. En general el observador converge de manera asintética, en tiempo finito o mas
aun, en tiempo fijo en ausencia de entradas desconocidas. Por otro lado, se mostrara que, con una
seleccion adecuada, en el observador se induce un Modo Deslizante de Alto Orden (HOSM) capaz
de compensar el efecto de disturbios o entradas desconocidas convergiendo en tiempo finito o en
tiempo fijo.

Una caracterfstica importante es que el orden del observador es el mismo que del sistema, es
decir, no se requiere de estructuras adicionales que estabilicen la dinamica del error y por lo tanto
el orden del sistema completo no se incrementa innecesariamente.

Las pruebas necesarias de convergencia para los observadores se realizan a través de Funciones
bl-homogéneas de Lyapunov, lo cual a su vez permite definir una metodologia intuitiva para el
ajuste de ganancias dentro del UIO.

Finalmente, se dan algunos ejemplos que denotan la efectividad de los observadores presentados.






Abstract

In the present work, a novel idea is exposed for the development of state estimators for linear time-
invariant systems in presence of external effects modeled as unknown inputs, such estimators are
well known in the literature as Unknown Input Observers (UIO). The essential assumption about
the family of analyzed systems is strong observability, however, it will be clear that the presented
result can be easily extended to strongly detectable systems, a less restrictive property than the
assumed here. Additionally, the family of admissible unknown input signals are those uniformly
bounded measurable signals.

The central idea in the observer structure is the application of homogeneity in the bi-limit
properties, a kind of homogeneity generalization. This allows an independent assignment of the
behavior in the correction terms near and far from the origin, giving the observer the ability to
dominate terms with linear growth and at the same time compensate for the effects produced by the
unknown inputs of the system. The proposed observers are first introduced for the SISO case where
the bl-homogeneity properties allow the observer to estimate globally and at least asymptotically
the states of the system. It is shown that the estimation is carried out effectively even when the
system is put into observability form.

In the MIMO case, the system is transformed into a design-appropriate form that re-expresses
the system into a set of interconnected subsystems by linear terms as a function of the states of all
subsystems. Therefore, the observer structure can be viewed as a set of interconnected sub-observers.
In general, the type of interconnections does not benefit the stability of the error dynamics. It is
shown that nonlinear correction terms with bl-homogeneity properties can compensate for such
interconnections and ensure that the estimated states converge globally and at least asymptotically
to the true states.

It will be shown that the type of convergence of the UIO is a function of the choice of a set of
parameters. In general, the observer converges asymptotically, in finite time or even more, in fixed
time in the absence of unknown inputs. On the other hand, it will be shown that, with an adequate
selection, a High Order Sliding Mode (HOSM) is induced in the observer, allowing compensation
for the effect of disturbances or unknown inputs and converging in finite or fixed time.

An important feature is that the order of the observer is the same as that of the system, that is,
no additional structures are required to stabilize the dynamics of the error and therefore the order
of the entire system is not increased unnecessarily.

The necessary convergence proofs for the observers are performed through bl-homogeneous Lya-
punov Functions, which in turn allows for defining an intuitive methodology for gain adjustment
within the UIO.

Finally, some examples are given that denote the effectiveness of the presented observers.

11






Contents

List of Figures

List of acronyms

1

2

3

Introduction
1.1 Literature reView . . . . . . . . ..o
1.2 Motivational examples . . . . . . ... e
1.2.1  Example 1. RED Observer . . . . . . . . . ... ...
1.2.2  Example 2. Luenberger + RED Observer . . . . . ... ... ... ... ...
1.3 Problem Statement . . . . . . . . ...
1.4 Objectives . . . . . . o o o e
1.4.1  Ovwerall Objective . . . . . . . . . . o e
1.4.2  Specific Objectives . . . . . . . . . . e
1.5 Contributions . . . . . . ..
1.6 Thesis structure . . . . . . . L L

Preliminaries and Theoretical framework

2.1 Description of systems and properties about observability . . . ... ... ... ...
2.1.1  Special Coordinate Basis . . . . . . . . . . ... Lo
2.1.2  Properties and definitions . . . . . .. ... Lo

2.2 Conditions for the existence of Unknown Input Observers . . . . .. ... ... ...

2.3 Homogeneity and Bl-homogeneity . . . . . . . .. ... . Lo
2.3.1 Stability of homogeneous systems . . . . . . . .. ... Lo
2.3.2  Homogeneous Lyapunov functions . . . . . . .. ... ... L.

2.4  Arbitrary Order Fixed-Time Differentiators . . . . . . . . ... ... ... ... ...

Bl-Homogeneous observers for SISO Linear Time Invariant systems

3.1 System transformation . . . . . . . ...
3.2 Unknown Input Observer design . . . . . . . . . . ... . ... ... ... ...
3.2.1 Gain Selection . . . . ..
3.2.2 Estimation in original coordinates . . . . .. . ... ... oo L.
3.2.3 Main result. UIO -SISO case . . . . . . . .. . . . L.
3.24 Proof . ..
3.2.5  Some comments . . ... L e
3.3 Example . . . . .



4 Bl-Homogeneous observers for MIMO linear time invariant systems 39

4.1 Unknown input observers for LTI-MIMO systems . . . . . . .. .. ... ... .... 39
4.1.1 Unknown Input Observer design . . . . . . ... ... ... .. ... ..... 40

4.1.2  Gain Selection . . . . ... 42

4.1.3 DEstimation in original coordinates . . . . . . .. .. ... 0oL 42

4.1.4 Main result. UIO - MIMO case . . . . . . . . . .. . .. 43

4.1.5 Proof . ..o 44

4.1.6 Some comments . . . . .. ... Lo 51

4.2 Example . . . . o 02

5 Conclusions 59

5.1 Future works . . . . . 60



List of Figures

1.1
1.2
1.3

2.1

3.1
3.2
3.3
3.4

4.1
4.2
4.3
4.4

Estimation error in stable plant. . . . . . . .. oo oo 9
Estimation error for unstable plant . . . . . . . . . ... 0oL 9
Estimation error of Luenberger + RED . . . . . . . . ... o000 10
Graphic interpretation of SCB. . . . . . . .. L L 16
SISO HOSM-UIO Fixed-Time estimation . . . . .. .. ... .. ... ... ..... 34
SISO Linear UIO . . . . . . . . . . e 35
SISO Continuous UIO . . . . . o 00 o e 36
SISO HOSM-UTO . . . . . . o s e e e 37
MIMO Linear ULO . . . . . . . . . . e 55
MIMO Continuous UIO . . . . . . . . . .. e o6
MIMO HOSM-UIO . . . . . . e e e e 57
MIMO HOSM-UIO Fixed-Time estimation . . . . . . .. ... ... .. ... ... .. 58



I

List of Figures




List of acronyms

HOSM

UIO

SMO

Bl

LTI

SCB

MIMO

LF

BI-LF

SM

FT

FxT

RED

Higher-Order Sliding Modes
Unknown Input Observer
Sliding Mode Observer
Bi-limit

Linear Time Invariant

Special Coordinate Basis
Multiple-input Multiple-output
Lyapunov Function
Bl-homogeneous Lyapunov Function
Sliding mode

Finite-Time

Fixed-Time

Robust Exact Differentiator

II1



v

List of acronyms




Chapter 1
Introduction

The estimation of state variables from known inputs and outputs of dynamic systems plays a very
important role, since in general, not all state variables are available in a control system. This
problem is of great interest in various applications, for example, in detection and reconstruction
faults, or in the design of robust feedback control laws.

In the case of Linear Time Invariant (LTI) systems, there are well-established approaches such
as the Luenberger observer or the Kalman Filter, which provide an asymptotic estimation of the
real states of the system. However, in presence of parametric uncertainties or unknown external
disturbances, robust approaches have been developed, such as the extended Kalman filter or high-
gain observers, which suppress the effect of unknown inputs through a linear injection with a high
gain.

In the last decades, in parallel with the development of controllers based upon Sliding Modes
(SM) techniques focused on dealing with perturbations in the model, observers based on these tools
have been widely considered in reconstruction states and unknown inputs problem [39][42][3][8] due
to the (more than robust) insensitivity to uncertainties|19]. Observers based on SM techniques
have been shown to achieve very interesting results, because in contrast to those based on linear
techniques, they are capable of estimating state variables exactly and in finite time despite the
presence of unknown disturbances belonging to a certain family of functions, which in practical
terms is very extensive.

The necessary and sufficient conditions for the existence of Unknown Inputs Observers (UIO)
have been well defined, tacking into account arbitrary signal inputs, and are limited to Strongly
Observable systems that also satisfy the so-called Observer Matching Condition (OMC), which
translates to conditions of minimum phase or invariant zeros and relative degree one condition
with respect to the unknown input[21][19]. Unfortunately, most physical systems do not fulfill this
condition. On the other hand, with this motivation, schemes based upon High-Order Sliding Modes
(HOSM) approach have been proposed [19][16][15][13][17], which, although they cannot relax the
minimum phase condition, do not require that OMC fulfilled throughout some extra conditions,
this increases greatly the family of systems for which UIO with the robust properties inherited from
HOSM can be developed.

In general, HOSM observers are based on Levant’s Robust Exact Differentiator (RED)[26],[27][28]
which estimates robustly, exactly and in finite time the n — 1 derivatives of a signal, provided the n
derivative is uniformly bounded. That is, in terms of UIO, Levant’s RED opened the possibility of
relaxing the condition of relative degree one, to arbitrary relative degree, through the extra require-
ment of having a uniformly bounded unknown input. Therefore, RED can be applied directly as an
observer as long as the state variables can be expressed as a function of the outputs, their derivatives
and the control inputs only, a condition that turns out to be very restrictive. Moreover, in general
this scheme only allows local stability in the dynamics of the observation error due to the necessary
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bounding conditions in the variables, in addition, the unknown inputs must be differentiable.

To address some of these problems, observation schemes have been proposed consisting of a
cascade of a Luenberger observer which ensures global convergence to a bounded region, plus a
RED providing exact convergence in finite time in the presence of unknown inputs|[19][16][17][38].
However, this construction notably increases the order of the observer, thereby increasing the num-
ber of parameters that need to be adjusted. Moreover, due to the presence of the linear Luenberger
observer, the estimation is delayed.

In homogeneous systems, this property of homogeneity has important implications, local stability
implies global stability, and in the case of systems with a homogeneity negative degree, asymptotic
stability translates into stability in finite time[5][6].

Hence, continuous homogeneous differentiators with homogeneity degree d € (—1,0] (linear
with d = 0) can estimate in finite time (exponentially) the derivatives of a signal, provided that
f™ = 0[35]. While in the discontinuous case (d = —1), the RED can estimate robustly, exactly
and in finite time the derivatives of a signal f(¢) subject to the aforementioned conditions, that is,
£ uniformly bounded[27].

An extension to the homogeneous functions has been recently introduced, the concept of bl-
homogeneity refers not to a homogeneous function, but to a homogeneous function in the limit[1],
that is, near the origin it can be approximated by a function with homogeneity degree dy and
away from the origin it can be approximated by a function with homogeneity degree do., such
that dy < ds. The application of this idea to the control [10] differentiation[31] and observation
problems, results in a dominance effect being produced in the non-linear injection terms of the error,
such that for values close to the origin the approximation in 0 of the injection term dominates, which
may contain discontinuous terms capable of dealing with bounded unknown inputs, while for values
far from the origin the infinity approximation of the injection terms is capable of ensuring global
stability. That is, the immediate advantage is that the design of bl-homogeneous systems is more
flexible, since the properties near and far from the origin can be assigned independently, in addition,
with the appropriate selection of the parameters dy and ds,, the results results of continuous and
discontinuous homogeneous differentiators can be recovered.

We recall, in bl-homogeneous differentiators, a case of particular interest occurs when the ho-
mogeneity degree for the approximation at 0, that is, dg, is equal to -1. Since, in this case, a HOSM
is induced at the origin, allowing the estimation of the the derivatives (in the absence of noise) to
be exact, robust and in finite time[31].

A disadvantage of homogeneous differentiators and observers (including Levant’s RED) is that
the convergence time, despite being finite, grows unboundedly (and faster than linearly) with the
size of the initial estimation error[31]. This situation has been counteracted with another property of
the bl-homogeneous systems design, which in particular for homogeneous differentiators, assigning
a positive homogeneity degree to the approximation in the infinite limit and a negative homogeneity
degree to the approximation in the zero limit convergence of the estimation will be achieved in Fixed
Time (FxT), that is, the estimation error converges globally in finite time, and also the settling-
time function is globally bounded by a constant 7', regardless of the size of the initial condition
in estimation error. This is important, since the differentiator parameters can be designed such
that, after an arbitrarily assigned time 7', we can be sure that the estimation of the derivatives of
a signal is correct and exact, regardless of the initial conditions. The idea is to extend these results
obtained for bl-homogeneous differentiators towards observers with the same properties, in fact, the
observation schemes that will be proposed are closely related.

Furthermore, the extension of the HOSM observer design problem to the Multiple-Input, Multiple-
Output (MIMO) case with unknown inputs is not fully available and still has several weak points.
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Similar to the SISO case, in the MIMO case the transformation of the system to a suitable represen-
tation for the design of observers with all known inputs has been widely described by Luenberger in
his works, whose construction is based on the observability indices of the system, however, in such a
representation the impact of unknown inputs is not taken into account|[33]. On the other hand, the
Sannuti and Saberi’s so-called Special Coordinate Basis (SCB) transformation [37]]9] decomposes
the system into a set of inter-coupled integrator chains. Such a structure is impossible for the direct
application of the RED as an observer, since it requires the bounding of the state variables for a
global convergence. Recent works [33][40] have developed observation schemes based on a inferior
blocks triangular structure, obtained through a set of modifications to the algorithin that builds the
SCB representation, such representation is suggested as a new MIMO observer form which allows the
direct application of RED as an observer with unknown inputs, achieving convergence in finite time.
However, in addition to inheriting the disadvantages of a homogeneous observer, already mentioned
previously, the design is restricted to systems expressed in a very particular representation.

The objective of this work is to extend the results in the UIO design obtained so far for LTI
MIMO systems with unknown inputs based upon the original SCB representation. Inspired by
bl-homogeneous function tools, which in addition to achieving fixed time (FxT) convergence, have
the possibility of designing such UIOs in a more general framework, that is, without the need for
lower triangular structures. And even more, whose size does not exceed that of the original system.

The convergence and stability proofs will be built from a set of recently proposed smooth Lya-
punov functions, whose structure also has terms with bl-homogeneous properties.

1.1 Literature review

In [21][41] the necessary and sufficient conditions for the existence of observers for systems in which
the input is not completely available for measurement were introduced, i.e. observers in the presence
of unknown inputs signals. Such conditions are described in terms of three concepts directly related
to the structure of the system; strong detectability, strong detectability™ and strong observability.
The system X

[ & =Azx+ Dw, z(0)=ux
2 { Y (1.1)

where x € R", w € R™, y € RP are the state, unknown input, and output respectively, is strongly
detectable if the output y = 0(¢ > 0) implies x — 0(t — o0) irrespective of the input and the
initial condition. Strong detectability is a weaker property than strong observability, which can
be defined either by the condition that y(t) = 0(¢t > 0) implies x(t) = 0(t > 0) for any input
and initial state. Additionally, a system is said to be strong* detectable if y — 0(t — oo) implies
x — 0(t — 00) irrespective of the input and initial condition. Therefore strong* detectable implies
strong detectable.

This concepts have also been given in terms of the zeros of the system. To explain this we recall
that the zeros of the system (1.1) correspond to the values s € C for which the Rosenbrock’s matrix

R(s) = [815‘4 _ﬂ , VseC (1.2)

loses rank, i.e. rank[R(s)] <n+ m.
It has been shown that the system (1.1) is strongly detectable if and only if all its zeros satisfy
Re[s] < 0 (equivalently rank[R(s)] = n + m), which correspond to minimum-phase condition. In
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similar way, the system is strong® detectable if and only if it is strongly detectable and in addition
rank(CD) = rank(D) (1.3)

The main result in [21] is that in presence of arbitrary unknown input signal the system (1.1)
has a strong observer (estimate only based on the output) if and only if it is strong® detectable.

The condition (1.3) is referred as the Observer Matching Condition (OMC)[43], which is equiva-
lent to have relative degree with respect to w equal to 1. Unfortunately, in most of practical systems
OMC does not old.

These conditions are very restrictive and because they are necessary, it is impossible to overcome
them without imposing some further restrictions on the system or relaxing the desired properties of
the observer. The condition of strong® detectablitity is impossible to overcome, but the condition
of relative degree 1 w.r.t. w can be relaxed imposing some bounding conditions as it will be shown.

Differentiation of signals in real time is an old and well-known problem. Let an input signal
f(t), which is assumed to be decomposed as f(t) = fo(t) + v(t). The first term is the unknown
base signal fo(t) to be differentiated and belonging to the class .#{ of signals which are n —1 times
differentiable and with a (n — 1)th derivative having a known Lipschitz constant A > 0, i.e. the
n — th derivative is bounded, \fon) ()] < A.

The continuous differentiators are the most common in practice, as shown in [23][25][24] the
linear and homogeneous ones can estimate asymptoticaly the n — 1 derivatives of a signal when the
n — th derivative is bounded. The most popular is the High Gain diferentiator which has the form

2 N Q; .
T = Tig1 + ?Z(y—xl), 1=1,...,n—1

. o, (1.4)
Tn = 67(3/ — 1)
where the positive constants «; are chosen such that the polynomial
"4 ars" 4 Lt ap1s+ an (1.5)

is Hurwitz and € is a small positive constant and when e — 0 system (1.4) acts as a differentiator
with asymptotically convergence.

The continuous and homogeneous differentiation algorithms presented in [34] and [1] converge
in finite-time, in contrast to the exponential convergence of the linear ones. More recently in [29]
extend [34] and develop continuous differentiators converging in fixed-time.

However, Levant [26] has shown that differentiators with continuous dynamics are only exact
for the rather thin class of signals having vanishing n — th derivative. He has the proposed a
High-Order Sliding Mode (HOSM) differentiator which is a discontinuous system that can estimate
exactly, robustly and in finite-time the n — 1 derivatives of a signal when the n —th one is uniformly
bounded, which is given by

n—i

Gi=—kiLn (21— f]"% 4%, i=1,..,n—1

. 1.6
in = —k;iL[21 —y]° 0

As we say in the introduction, Levant’s RED opened the possibility of relaxing the condition
of relative degree one in the observers design, to arbitrary relative degree, through the extra re-
quirement of having a uniformly bounded unknown input. Therefore, RED can be applied directly
as an observer as long as the state variables can be expressed as a function of the outputs, their
derivatives and the control inputs only, a condition that in general is not fulfilled.
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In [18][19][16] in addition to present a characterization of strong observability and strong de-
tectability in terms of the relative degree w.r.t the unknown input, a possible solution to he previous
problem, it was proposed a novel scheme of observation composed by a cascade of a Luenberger
Observer and a HOSM differentatiator which provided global finite-time exact observation of the
state vector of strongly observable systems. The observer is built in the form

Z2=Az+ Bu+ L(y — C2)
T=z+Kv (1.7)
v=W(y—Czv)

where & is the estimation of x, and the column matrix L = [l1, s, ..., ln]T € R" is a correction factor
chosen so that the eigenvalues of the matrix A — LC have negetive real part. The nonlinear part
of (1.7) is chosen in the form of the (n — 1)th-order RED of Levant [26] described in (1.6). The
disadvantage of this observer scheme is the strong increment in the order of the system and the
delay introduced in the estimation.

Recently, a new idea in the observers construction have been presented in [33] for MIMO LTI
systems. For this purpose, a new observer normal form is proposed where the system is represented
by means of p coupled single- output systems which allow for a straightforward design of a robust
observer. The corresponding transformation is derived from a modification to the classical Special
Coordinate Basis (SCB) [37][9]. It is summarized as follows: Let the LTI system (1.1) be strongly
observable, then, there exist non-singular transformation matrices T' € R™" and T € R™*" such
that teh state transformation # = T~ 'x and the output transformation 3 = I'y yield the system in
observer normal form

- (1.8)

with the dynamic matrix A in (1.13), the unknown-input matrix D in (1.14) and the output matrix
C (1.15).

Where the order of the subsystems are given by the integers u;,j = 1,...,p, with u1 > ps >
co >y >0, Z?:lﬂjzn

The proposed observer relies on the RED [26] and it is given by

%Z%C?Z+<i>ag+[(ag) (1.9)
j=Ck
where
oy =57 (1.10)
is the output error. Additionally, the term
al,l . e apJ
= : : (1.11)
aLn . o aan

output systems provides for a linear output injection in order to compensate for the couplings

between the single-output systems. And [(oy) is the nonlinear output injection based upon RED,
which is described by

7 pn1—1 rp—1

(1.12)

T
1
(og) = { Kig—1lon] o kiafon]® kiofor]° ‘ ‘ Bpgig—1 Oty 41) " o Kpo[Ouytp, 1 41)° }
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_051’1 1 0 0 Q21 0 0 Qp1 o --- - 0_
1,2 0 1 : 22 : Qp,2 :

: 0
1
0 0 0 0 0 -+ --- 0
0 0 0 1 0 0 0 - --- 0
0 1
A= 0 0
0 1 1
B1,2,1 Brom-1]| : 0 0 0 - 0
61,271 ﬁ1,271 1 0 0 1 0 0
1 0 0 ; 0 0 1 0 -~ 0
0 1 0 1
0 0
: 1 : 0 0 1
| a1n Bipa Brpu—1 | a2n Bopa Bopps—1| | pn 0 0 ]
(1.13)
_ 0 0 -
0 0
d:u'lvl dl‘/lvm
0 0
D=1| 0 -0 (1.14)
d#1+#271 du1+u2,m
0 0
0 0
L dn,l dn,m i
10 00 O 0 00 0
_ 00 0[1 0 0 00 0
C = (1.15)
0 0|0 O 0 10 0

The error dynamics for each subsystem in terms of structure coincides with the estimation error
dynamics of the RED with additional couplings in the last differential equation. Since the unknown
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inputs are bounded, the error dynamics present a sequential convergence from the subsystem 1 to
p due to the lower triangular structure of the transformed system (1.8). Therefore, the convergence
is achieved exactly in finite time.

Additionally to being attached to a particular lower triangular structure, the disadvantage of
this observer and in general the homogeneous ones is that the convergence time, although finite,
grows unboundedly (and faster than linearly) with the size of the initial estimation error.

A kind of generalization to homogeneous systems have recently been presented in [31]. One of
the nice properties of the bl-homogeneous design in general [1], and of the proposed differentiator
in [31], is that assigning a positive homogeneity degree to the oco-limit approximation do, > 0 and
a negative homogeneity degree to the 0-limit approximation dg < 0, it is possible to counteract
the unbounded increasing effect of the convergence time, i.e. convergence of the estimation will be
achieved in Fixed-Time (FxT), that is, the estimation error converges globally, in finite-time and
the settling-time function is globally bounded by a positive constant 7', independent of the initial
estimation error.

The diferentiator introduced is a dynamic system with bl-homogeneous properties, which in
absence of noise is able to estimate asymptotically the n — 1 derivatives of a based signal fo(t)
coming from a function f(t) = fo(t) + v(t) with fo(t) n-times differentiable and |fén) (t)] < A, and
v(t) is a uniformly bounded measurable signal.

The diferentiatiator is given by

T; = —kigi(iy — f) + &g, i=1,..,n—1
«%n == _kn¢7L(i'1 - f)
where the nonlinear output injection terms, given by
¢i(2) = pio...0p20p1(2) (1.17)

are the composition of the monotonic growing functions

(1.16)

T0,i+1 Too,it+1

@i(s) = Kifs] 701 +0;]s] "o (1.18)

with powers selected as 7o, = 70o,n =1, and fori =1,...,n+1

704 = 10,i+1 — do = 1 — (n —)dg (1.19)

Tooi = Tooitl — oo =1 — (N — 1)doo

which are completely defined by two parameters —1 < dp < d < ﬁ

Selecting —1 < dy < do < ﬁ and choosing arbitrary positive (internal) gains x; > 0 and
0; >0, for i =1,...,n. It is supposed that either A = 0 or dg = —1. Under these conditions and in
the absence of noise v(t) = 0, then, there exist appropriate gains k; > 0, for ¢ = 1, ...,n, such that
the bl-homogeneous differentiator (1.16) converge globally and asymptotically to the derivatives of
the signal. Moreover, it converges in Fixed-Time if either

(@) —1<dy<0<ds < | and f(t) € Fy,or
e (1.20)

and f(t) € FA

(b)) —1=dyp <0< deo <

where ZJ £ {f(") (t) =0} represent the class of polinomial signals and Zx = {}f(”) )| < A}
corresponds to the class of n-Lipschitz signals [31]. This differentiator can be seen has an observer
for a particular kind of systems as a result of the present work.
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1.2 DMotivational examples

1.2.1 Example 1. RED Observer
Consider a strongly observable LT1-SISO system

2:{95 = A+ D (1.21)

y =Cx

where € R*,w € R,y € R are the states, unknown input and output respectively, we do not
consider known input since it does not modify the observability properties. Note that the system
is stable since the matrix A has eigenvalues A = {—4.056, —0.246, —0.346 + 0.937i} and it is put in
observability canonical form.

0o 1 0 0 0
o 0 1 0 0
A= o o0 o 1}’ b= 0]’
-1 -5 -5 -5 1 (1.22)
C=[10 0 0],
w(t) = cos(0.5t) + 0.58in(3t) + 0.5, |w(t)| <2
it can be proposed a Robust Exact Differentiator (RED) as observer, given by
b1 = —kiLi[d1 —y)T +
1
Lo = —koL2 |21 —y|2 +
T2 2 i (21— y] 3 (1.23)
T3 = —kglL4 [.ﬁl — yJ 442y
Ty = —ksL[#1 —y]°
The initial conditions of the plant states are zop = [1 01 1]. The gains k are fixed as
1 1 1
{kl = 8.6k} ky=21k? ky=16.25k} k4= 1} (1.24)

and parameter L = 1. We perform simulations along 5 seconds. We have used a fixed-step
explicit Euler method, with integration step 7 =1 x 1075,

In Figurel.1(a) it is illustrated the error norm of the states |le| = WZ?:1 e? for the case

when initial condition of the observer is o = [1 11 1] x 10! which means that the initial
error estimation starts near to zero. In this case the observer is able to estimate exactly, in finite
time the states of the plant. Nevertheless, in 1.1(b) the initial condition of the observer is xg =
[1 11 1] x 10% and the observer can not converge. This shows that the observer does not
converge globally despite having stable plants.
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e 4 e
20 ‘ B ‘ o210 ‘ _ el
0.1
0.05
15 0 15
-0.05
-0.1
3 4 5
10 1
5 0.5
0 0 | | | |
0 2 4 6 8 10 0 2 4 6 8 10
Time [s] Time [s]
(a) Initial error near to 0. (b) Initial error far from 0.

Figure 1.1: Estimation error with different initial values in stable plant.

In the case of unstable plants the estimation is even less satisfactory. That is, the presence of
state trajectories that grow unboundedly cause divergence in the estimation error even though they
had previously converged. In order to illustrate this fact consider now the following system taken
from [18], note that it is unstable since the matrix A has eigenvalues A = {3, -2, —1,1}.

01 0 0 0
00 1 0 0

A=1o 0 0o 1] P=lo]
6 5 -5 —5 1 (1.25)

Cc=11 0 0],
w(t) = cos(0.5t) + 0.5sin(3t) + 0.5, |w(t)] <2

The situation is shown in Figure 1.2, where the initial state of the observer is Zg = [1 11 1] X
10* for all cases. It is clear that even with a large increase in the value of the gains through the
parameter L in (1.23) it is impossible to maintain the convergence of the observer.

el

50 T
— L=t
—L=2

40f s
—L=10
—L=50
—L=100

301 1

201

10+

0
2 3 4 5 6 7 8 9 10
Time [s]

Figure 1.2: Estimation error in unstable plant and different gains.
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1.2.2 Example 2. Luenberger + RED Observer

Consider the non-stable plant of the example 1 in (1.25) taken from [18] whose eigenvalues are
A={-3-2 1,1}
The observer has the form

2 = Az+ L(y—C=z)

& = z+4+Kv (1.26)
= W(y—Czv)
where the correction factor L = [5 5 9 5] T provides for the eigenvalues A, = {—1, -2, -3, —4}

of the matrix A — LC. And the gain matrix K is chosen as

0
0
| (1.27)

ot Ot Ut =
ot Ut = O
o o o

5

the nonlinear part W in the observer is given by the Levant’s RED of order 4, where the
parameters a; = 1.1, ap = 1.5, a3 =2, a4y = 3, M = 2.

1'11=w1=—a4M%(U1—y+CZJ%+U2,

1 2
Vg = wy = —agM3|vg — w1 |3 + v3,
2 2 3 1(2 1Jl 3 (1.28)
U3 = w3 = —agM?2 [vz —wa ]2 + vy,
1}4:—041M(v4—w3j0

T T T 2000 T
0.15 0.15

0.1 | 1
0.05 - 1500 X
o |
2

1000

500

0 2 4 6 8 10 0 5 10 15 20

Time [s] Time [s]
(a) Initial error near to 0. (b) Initial error far from 0.

Figure 1.3: Estimation error of Luenberger + RED observer with different initial values.

Figure 1.3 shows that the observation error globally converges to 0, that is, regardless of whether
the estimated states are close or far from the true values, the observer brings the estimation error
to 0 in finite time even in presence of the unknown input. Unfortunately, this convergence time is a
function of the initial condition of the error, which can grow more than linearly with ey. Additionally,
the number of parameters of the observer is increased due to the structure of the observer.
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1.3 Problem Statement
Consider a general strictly proper MIMO Linear Time Invariant system 3 with unknown inputs

& =Ax+ Bu+ Dw, D#0, z(0)=xg
Y:¢ y =Cx (1.29)
w o= [wiewn)T,  Jwi] < A

where x € R" is the state vector, u € R? the known input vector, w € R™ the unknown input
vector and y € RP is the output vector. Accordingly A € R™*" B € R"*4, D € R™*™ C € RP*™,
Without loss of generality we assume that all the inputs and outputs are linearly independent,i.e.
rank(D) = m, rank(C) = p.

For simplicity, the system is considered without feedthrough (the arguments are equally appli-
cable with some extra steps in transformation). For the analysis, it can also be assumed that the
known inputs u are equal to 0, i.e. u = 0, since it does not modify the observability properties and
the effect of these completely known signals can be easily added in the observer formulation.

Assuming ¥ to be Strongly Observable, the problem is defined as the construction of a state
observer {2 with properties of homogeneity in the bi-limit, capable of estimating exactly in finite
time, or preferably in fixed time (FxT) the states of the system even in presence of unknown inputs
that satisfy a uniform bounded condition, in general given by

Q:{ & =-K&y#u)+ Az, #(0) = (1.30)

where & are the estimated states, K is a design gain matrix and ®(-) represents the correction terms.

The design task is based on the transformation in Special Coordinate Basis (SCB) [37]|9] which
express the original system into a set of interconnected subsystems, each one of them put in observ-
ability form.

The order of the observer is desired to be at most the order of the system.

The equations in observer are understood in the Filippov sense [14], in order to provide the
possibility of using discontinuous signals. Note that the Filippov solutions coincide with the usual
solutions when the right-hand side of the expressions are continuous.

1.4 Objectives

1.4.1 Overall Objective

Design observers for MIMO-LTI systems with unknown inputs assuming to have strongly observ-
ability, based on classical and current results on homogeneous and bl-homogeneous systems, such
that they offer global exact convergence in finite-time or preferably in fixed-time.

1.4.2 Specific Objectives

e Propose an observer with bl-homogeneous properties for strongly observable SISO-LTI sys-
tems. The design is built on the well known SISO Special Coordinate Basis (SCB) [37][9]
putting the system in observability canonical form.

e Propose an observer scheme with bl-homogeneous properties for MIMO-LTI systems. The
design is based on the well known MIMO-SCB transformation, which decomposes the original
system into a set of interconnected subsystems, they are expressed in observability canonical
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form. The general structure of the designed observer is made up of a set of observers with
interconnection terms between them.

e Define a design methodology for the observer parameters, so that the tuning process of gains
and adjustable parameters is simple and intuitive for the designer.

e Give a rigorous proof of the error estimation convergence based upon a Lyapunov approach.

e Show the effectiveness of the proposed observers through some examples of physical and
academic systems.

1.5 Contributions

e This work presents a family of observers applicable to strongly observable Linear Time Invari-
ant (SISO and MIMO) systems with arbitrary relative degree with respect to the unknown
input.

e The structure and design of the Unknown Input Observers (UIO) uses properties of homo-
geneity in the bi-limit applied to functions, vector fields and dynamic systems.

e We use flexible injection nonlinear terms in the observer to accelerate (when possible) the
convergence of the estimation dynamics. Consequently, finite-time or fixed-time convergence
can be achieved by selecting gains and parameters appropriately.

e The design starts with a transformation of the original system into Special Coordinate Basis
(SCB), resulting in a set of interconnected subsystems associated with the observable and
strongly observable dynamics of the system.

e The subsystems are put in observability form, since it requires the bl-homogeneity of the
observer, it is shown that bl-homogeneous observer’s structure is able assure convergence
without the need to bring the system to observer form as reported in previous works [33].

e The structure of the proposed observers does not unnecessarily raise the order of the whole
system, that is, the order of the observer is at most the order of the plant.

e A convergence proof of the estimation error with a Lyapunov approach is presented, which,
despite being very detailed, is very intuitive. This results in a simple methodology for observer
gain adjustment.

1.6 Thesis structure

This thesis is organized as follows. Chapter 2 provides some notations, definitions and preliminaries
which are necessary to present the observers design and proofs. In Chapter 3 is presented the
first part of main result in this work, the design of the observers for strongly observable SISO-LTI
systems, additionally we give some examples to show the effectiveness in solving the observation
problem in presence of unknown input. Chapter 4 presents the second part of main result, it is an
extension to the MIMO case. In Chapter 5 are given some conclusions and possible future work
opportunities. Finally, in Appendix are provided all the proofs in detail.



Chapter 2

Preliminaries and Theoretical framework

In this chapter some definitions and a brief review of necessary mathematical tools will be given
in order to have a clear exposition of the problem and results. First we start with the description
of systems we are working on and the Special Coordinate Basis (SCB) transformation of linear
systems, required in this work to the observer design. Then, we recall the well known concepts of
strong observability and strong detectability giving a characterization of them in terms of the zeros
and relative degree of the system. Later we state the concepts of classical and weighted homogeneity
and some relevant results in functional analysis with this property, immediately we give an extension
to homogeneity in the bi-limit, which is part of the central axis of this work. Additionally we have
to remember a few important ideas on the Lyapunov stability issue, some recent concepts such as
finite-time (FT') stability and fixed-fime (FxT) stability are given formally. Finally we explain how
the recently introduced Bl-homogeneous differentiators are built.

Although they have already been used in the previous chapter, some important notations are
as follows. For a real variable z € R and a real number p € R the symbol [z]|P = |z|Psign(z)
is the signed power p of z. According to this [2]" = sign(z), additionally %[zjm = mlz|™! and
AL |z|™ = m[z)™~1. Note that [z]? = |z|?sign(z) # 22, and if p is an odd number then [z]? = 2? and
|z|P = 2P for any even integer p. Moreover, [2|P[z|9 = |z|PT9, [2]P[2]° = |2|P and [2]|°|z|P = [z]P.

2.1 Description of systems and properties about observability

In contrast to the Single Input - Single Output (SISO) case, in the Multi Input - Multi Output
(MIMO) case existing normal forms are not clearly defined in order to design Unknown Input
Observers (UIO) for example the well-known classical observability canonical form by Luenberger
[30]|20] which is based on the observability indices does not take the impact of the unknown inputs
into account.

2.1.1 Special Coordinate Basis

Essentially, the so-called Special Coordinate Basis (SCB) [9][37] decomposes the multivariable linear

system into coupled chains of integrators. Such that several fundamental properties of linear systems

regarding controllability (stabilisability), observability (detectability), invariant zeros, decoupling

zeros, infinite zero structure, effect of feedback on zero structure, squaring down, diagonal and

triangular decoupling, etc. can be directly displayed in terms of the Special Coordinate Basis.
Consider a general strictly proper linear system X characterized by

E:{ T = Az + Dw

Y —C (2.1)

13
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where x € R, w € R™ and y € R? are the state, input and output respectively. Without loss of
generality, we assume that all inputs and outputs are linearly independent, i.e. both D and C are
full rank. Then we have the following structural or Special Coordinate Basis decomposition of X.

Theorem 2.1. Consider the strictly proper system X characterized by (2.3). There exist a non-
singular state transformation, T's € R™"  a nonsingular output transformation, T'y, € RP*P, and
a nonsingular input transformation, T'; € R™*™  that will reveal all the structural properties of 3.
More specifically, we have

z=Tz, y=T.y, w=I0, (2.2)

which transform the system into

I
+
]
€l

I8
Il

A
by : = 2.3
seni{ 0 2o (23
with the new state variables
Lq,
T = ib , g ER™ . xp e R™ ., e R, z45€R™ (2.4)
(&
Lq
the new output variables
= |Yd Pd Db
y_|: :|7ydER ’ ybER (25)
Yo
and the new input variables
Ty — Wd Pd me
w—{ },wdeR , wec€eR (2.6)
We
Further, the stare variables xy, can be decomposed as
Tp,1 1 Yn,1
Tp,2 Yv,2
Ty = ‘ y  Yb = . ) (27)
xbzpb_ yb7pb
Ty,,1 ]
) Th,,2
Ty, € Rnbﬂv Ty, = . ) L= 17 27 -+ Db, (28)
xbﬂ“v”b,L-

with nyy < npo < ... <ngyy and Y P00y, = np.
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The state variables x. can be decomposed as

Ze,1

Le,2 We,2
Te = . s

xc7mC_

T k,1

Tek,2

Lk € Rnc’ka Lk = . )

xczkznc,k_

with neqp <nea < ... <nem, and ZZL:H Nek = Ne-
And finally, the state variable x4 can be decomposed as:

Zd1

Td2
Tq = . )

Yd,1

Yd,2
Yd = : )

xd7pd ydzpd

Tdi 1l

" Td;i,2
xq; € RMi,  wg; = ) ;

xd7i7nd,i

Pd _
i=1 Nd,i = Nd-

The decomposed system can be expressed in the following dynamical subsystems. First 3,

with ng, <ng, <...< N, and

Tq = Agaa + Hapyp + Haqya
Xy composed by each subsystem Xy, , associated with xp,, 0= 1,2, ..., pp,
= Xp,,2 + Hod,, 194,
= Ty j+1 + Hpd,jYd,

=2y, — 1
Toumy, = Abbu®o + Hod,un,,Yd,

Th,1
Lb,i,j

Yo, = T,

ZbL:

)

Y. composed by each subsystem X, associated with x.j,k =1,2,...,m,

Tekl = Tek2+ Hep k1Yo + Hed g 1Yds
5 Tekj = Tekj+1+ Hepp iy + Hedk jYd,
ck - .

)

j = 2, vy Ne ke — 1
i:c,k‘,nc,k = Aca,kxa + Acc,kxc + ch,k,nc,kyb + Hcd,k,nc,kyd + We,k»
and finally, X4 composed by each subsystem Xq; associated with xq;,1=1,2,...,pq
=442+ Haqgi1Yd,
= Te,ij+1 + Had,i jYd,

D=2 — 1
= Ada,i®a + AdciTe + AapiTy + AddiTq + wa,

Ld i1
xd7i7j

Ydi = Tdi1

Edi:

)

Ldying;

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)
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where Aqa, Hapy Hads Avvs Hod i, js Aces Acas Heb ko, Hed ks Adds Adas Ades Adv, Haa, are constant row vec-
tors of appropriate dimensions. And we consider |wq;(t)| < A; € Rxo.

A |«

aa

(a) z, the subsystem without direct
input and output.

Xp12 X1 = Vo

(d) z4,; the chain of integrators with direct input and output.

Figure 2.1: Graphic interpretation of structural SCB decomposition of a MIMO system.

The proof of this Theorem 2.1 is given in [9]. For simplicity, the system (2.1) is considered
without feedthrough (the arguments in following chapters are equally applicable with some simple
extra steps in SCB transformation). Although the procedure for the decomposition of MIMO
systems is complicated, the main idea is the identification of chains of integrators between the
system inputs and outputs variables. Three different types of chains of integrators can be identified:

1. Chains that start from an input channel and end with an output. This type of chain gives
the infinite zero structures of the given system and covers the subspace corresponding to xg.

2. Chains that start from an input channel but do not end with an output. This type of chain
covers the subspace corresponding to ..

3. Chains that do not start from an input but end with an output variable. This type of chain
covers the subspace corresponding to x.
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These subspaces do not cover the whole state space of the given system. The remaining part
forms a subspace corresponding to x,, which is related to the invariant zeros of the system, i.e. the
zero dynamics. These four subsystems x4, 3, 2., ¢4 are depicted in graphical form in Figure 2.1.

where the signal indicated by the double-edged arrow in x4 is a linear combination of all the
state variables; the signal indicated by the double-edged arrow marked with a + ¢ in . is a linear
combination of the state variables x, and x.; the signals indicated by the thick vertical arrows are
some linear combinations of the output variables y4 and yp; and the signals indicated by the thin
vertical arrows are some linear combinations of the output variable y .

The subsystems have the following properties

1. X, corresponds to the zero dynamics. If A,, is Hurwitz then it is detectable. If not it is
undetectable.

2. Subsystem Y is not affected by the unknown input vector, and it is observable. Therefore it
can be expressed in observer or observability canonical form. Subsystems (2.16) are expressed
as the latter.

3. Subsystem 3. is affected by the unknown input, it is not strongly observable.

4. Subsystem ¥ is affected by the unknown input vector, it is strongly observable, and because
the number of inputs and outputs is the same pg then the subsystem is square.

For obtaining the SCB transformation of a system, the original analytic procedure can be followed.
However, for simplicity, Professor Chen has published a Matlab toolkit at http://linearsystemskit.
net.

2.1.2 Properties and definitions

Several important properties of linear systems related to this work can be displayed in the SCB,
nonetheless, before that, some definitions about observability and detectability for systems with
unknown inputs have to be remembered.

Definition 2.1. The zeros of the system (2.1) correspond to the values s € C for which the Rosen-
brock’s matriz

R(s) = [515‘4 _OD] , VseC (2.17)

loses rank, i.e. rank[R(s)] < n + rank[D].
Definition 2.2. The system (2.1) is strongly observable if
y(t) =0for t >0 implies x(t) =0(¢t > 0) (2.18)

for any input and initial state.
Equivalently, the system is strongly observable if and only if it has no zeros.

Definition 2.3. The system (2.1) is strongly detectable if
y(t) =0for ¢t >0 implies x(t) = 0(t — 0) (2.19)

for all inputs and initial states.
FEquivalently, the system is strongly detectable if and only if all its zeros s satisfy Re[s] < 0.
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Definition 2.4. The system (2.1) is strongly* detectable if
y(t) = 0(t - 0) implies x(t) — 0(t — 0) (2.20)

for all inputs and initial states.
Equivalently, the system is strongly™ detectable if and only if it is strongly detectable, i.e.

sI—A —-D
rank[ c 0 ] =n+m, VseC (2.21)
and additionally
rank(CD) = rank(D) (2.22)

Consequently of these definitions strong observability implies strong detectability but it does
not imply strong® detectability.
As mentioned before, all the invariant properties of the given system can be easily obtained from

the structural decomposition. It can be now stated the next property of the system and subsystems
in SCB.

Property 2.1. The system Ygsop in (2.3) is strongly observable if and only if, x4 and x. are
non-existent.

2.2 Conditions for the existence of Unknown Input Observers

In [21][41] the necessary and sufficient conditions for the existence of observers were introduced for
systems where the input is not completely available for measurement, i.e. Observers with Unknown
Inputs (UIO) signals. Such conditions are described in terms of the aforementioned properties
related to the structure of the system.

Theorem 2.2. Under the assumption that the unknown input w(t) is a completely arbitrary signal,
e.g. it may be unbounded. The system X in (2.1) has a UIO if and only if it is strongly detectable*.

In Definition 2.4, equation (2.21) is equivalent to have minimum phase condition, since the rank
of the Rosenbrock matrix has to be equal to n +m,Vs € C or the absence of invariant zeros, and
from (2.22) a relative degree one condition is required. Based on the definition we can emphasize:

Observation 2.1. Strong detectability or even strong observability is not sufficient for the existence
of an Unknown Input Observer.

Since the conditions of minimum phase and relative degree one are necessary and sufficient, it
is impossible to overcome them without imposing another restrictions to the problem formulation.
Therefore, hereafter the following is assumed

Assumption 2.1. The unknown input w(t) is uniformly bounded, i.e. there exist some A € Rxg
such that |lw(t)|| < A.
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2.3 Homogeneity and Bl-homogeneity

Homogeneity is the property whereby objects such as functions or vector fields scale in a consistent
fashion with respect to a scaling operation called a dilation [4], which is essentially an action of
the multiplicative group of positive real numbers on the state space [7]. Homogeneity with respect
to the standard dilation is one of the two axioms for linearity, the other being additivity. Many
familiar properties of linear systems follow, in fact, from homogeneity alone. The first step of
homogeneity consists in homogeneous polynomials. The Euler’s homogeneous function theorem was
the first result linking homogeneity with analysis. And in control theory, homogeneity appeared
with Massera and Hahn in the 50’s.

Definition 2.5. Let n and m be two positive integers. A mapping f : R® — R™ is said to be
homogencous (in the classical sense) with degree | € R if and only if Ve > 0:  f(ex) = é f(x).

The main issue with the classical homogeneity was its very restrictive field of use. Hence, a
generalization of the classical homogeneity was proposed by V.I. Zubov in 50s and developed by H.
Hermes in the 90’s using different weights, leading to weighted homogeneity. Nowadays, this is the
most popular definition of homogeneity [4].

Definition 2.6. Fiz a set of Coordinate (x1,...,x,) € R™. Let € > 0 all real numbers and
r = (r1,...,7) be a n-upled of positive real numbers. The dilation operator is defined as Alx =
[e”xl,...,eT’Ixn]T, where the numbers r; are the weights of the Coordinate. The map also can be
written as ALz = diag(€"™, ..., "™ )x, where Al is the dilation matriz and x the vector of Coordinate.

Definition 2.7. It is said that

e A function V : R™ — R is r-homogeneous of degree | or (r,l)-homogeneous for short, if the
equality V(ATx) = €V (x),Vx € R™\{0}, Ve > 0 holds.

o A wector field f : R™ — R™ is r-homogencous of degree 1, if the equality f(ATz) = € AT f(x),Va €
R™\{0}, Ve > 0 holds.

o A wvector-set field F : R" = R", F(z),C R" is r-homogeneous of degree l, if the equality
F(Arz) = ATF(x), Vo € R"\{0},Ve > 0 holds.

o A system & = f(x) is homogeneous if and only if f is so.
An extension to this concept has is the homogeneity in the bi-limit or bl-homogeneity for short.

Definition 2.8. A function ¢ : R™ — R is said to be homogeneous in the 0-limit with associated
triple (ro,lo, o), if it is approzimated near x = 0 by the (ro,lo)-homogeneous function @g. It is
said to be homogeneous in the oo-limit with associated triple (Teo, loo, o), if it is approximated near
x = 00 by the (Teo,lso)-homogeneous function po. Similar definitions apply for vector fields and
set-valued vector fields.

Consequently, a function ¢ : R™ — R (or a vector field or set-valued vector field) is said to be
homogeneous in the bi-limit if it is homogeneous in the 0-limit and homogeneous in the co-limit.

There are several results related to the homogeneity of functions, which are going to be useful
for the stability analysis in the following chapters. Here we recall some of them. Fisrstly, let us
mention that the regularity of a homogeneous mapping f is related to its degree:

Theorem 2.3. Suppose f:R™ — R is continuous on R"\{0} and homogeneous of degree . Then
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o [fl <0, the f is continuous on R™ if and only if V = 0.
e If1 =0, the f is continuous on R™ if and only if V =V (0).
o [fl >0, the f is continuous on R"™.

The proof of this Theorem 2.3 is given in [7].
The following lemma asserts that sign-definite, homogeneous functions are radially unbounded.

Lemma 2.1. Suppose V : R® — R is continuous and homogeneous, then
o IfV is sign definite, then V is radially unbounded.
o [fn>1andV is proper, then V is sign definite.

This property is useful in the task of Lyapunov functions construction. Another useful result,
but in bl-homogeneous functions, which going to be used in the proof of main result is as follows.

Lemma 2.2. Let v:R" = R and n: R" — R<q be two upper semicontinuous (u.s.c.) single-valued
bl-homogeneous functions, with the same weights ro and r1, degrees mg and Mmoo, and approximating
functions 1y, Neo and Yo, Yoo Which are u.s.c. Suppose that Vr € R™, y(z) <0, vo(z) <0, Yoo(x) < 0.
Ify(z) =0Ax #0=n(r) <0, 7(zr) =0Az #0 = n(x) <0 for o € {0,00}, then there are
constants \* € R, ¢g > 0,¢o0 > 0 such that for all X > max{Ao, Asc}, Ao > \*, Ao > X* and for all
z € R™\ {0},

(@) + Ay(@) < —col|zllrl — cooll 725

o (2.23)
n(z) + Mu(z) < —clzly,, o€ {000}

2.3.1 Stability of homogeneous systems

There are some crucial stability results that appear in the literature for the special case of systems
that are homogeneous with respect to dilations of the form Alx. But before presenting them, we
formalize the concepts of stability, and the classical results in Lyapunov stability will be remembered.

Definition 2.9. Consider the autonomous system

whit f: R™ — R™. Then
The equilibrium point x = 0 of (2.24) s

e Stable if, for each € > 0, there is § = 0(€) >0 such thal
lz(0)|| < 0 = |lx(t)| <€ VEt>0 (2.25)
e Unstable if it is not stable.

o Asymptotically stable if it is stable and § can be chosen such that

Je(O)]l < 8= Jim @(t) =0 (2.26)

The well known Lyapunov’s stability theorem is as follows, taken from [23]
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Theorem 2.4. Let x = 0 be an equilibrium point for (2.24) and D C R™ be a domain containing
x=0. Let V : D — R be a continuously differentiable function such that

V(0)=0 and V(z)>0 in D\{0} (2.27)
V(z)<0 in D

Then, x = 0 is stable. Moreover, if
V(z) <0 in D\{0} (2.28)
then, x = 0 is asymptotically stable.

This is local result, which can be extended to globally stability as shown in the next theorem

Theorem 2.5. Let © = 0 be an equilibrium point for (2.24). Let V : R™ — R™ be a continuously
differentiable function such that

V(0)=0 and V(z)>0 VYar#0 (2.29)
V' is radially unbounded, i.e.
lz|| = o0 = V(z) = o0 (2.30)
and
V() <0 Yr#0 (2.31)

then, x = 0 is globally asymptotically stable.
Additionally, we will recall a few definitions about stability in some stronger sense.

Definition 2.10. [7] The system (2.24) is said to be finite-time stable (FTS) at the origin (on an
open neighborhood V C R™ of the origin) if:

e There exists a funtion § € K such that for all xo € V we have ||(z0)]] < §(||xol|) for all t > 0.

e There exists a function T : V\{0} — Ry such thatl for all xo € V\{0}, x(zg) is defined,
unique, nonzero on [0,7(xg)) and limy_,p(0) ¥(70) = 0. T : R" — Ry U {0} is the settling-
time function.

If V = R", the the system is called globally F'TS.
For differential inclusions (DI) the notion has been defined to deals with all solutions originated
from a given initial condition. Details can be seen in the reference.

Finally, the fixed-time (FxT) stability is a particular case of the FTS property.

Definition 2.11. The system (2.24) is said to be FzT stable at the origin if it is globally FTS and
the settling-time function T is bounded, i.e. 3T > 0 such that T'(x) < T for all x € R™.
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2.3.2 Homogeneous Lyapunov functions

Now we are completely ready to set down the some principal implications about stability for ho-
mogeneous and bl-homogeneous systems, these are important because the observer construction in
the next chapter keeps this properties, which will be useful in the mathematical analysis of stability
and convergence.

Theorem 2.6. Let (2.24) be a homogeneous system, if the origin a locally stable equilibrium point,
then the origin is globally asymptotically stable.

It is well known that an asymptotically stable linear system possesses a strict Lyapunov function
which is a quadratic form. It turns out that any homogeneous asymptotically stable system admits a
homogeneous strict Lyapunov function, not necessarily quadratic. The following theorem formalizes
the existence of a Lyapunov function for a homogeneous system

Theorem 2.7. [2] Let [ a conlinuous vector field on R™ such that the origin is a locally asymp-
totically stable equilibrium point. Assume that f is r-homogeneous of degree | with r € (0,+00)™.
Then, for any k € N and any p > k - max;{r;}, there exists a strict Lyapunov function V for the
system (2.24), which is r-homogeneous of degree p and of class C*. As a direct consequence, the
time deriwative V.= (VV, f) is r-homogeneous of degree | + p.

The following corollary shows that the rate convergence of trajectories for homogeneous asymp-
totically stable system is completely characterized by the degree of the vector field.

Corollary 2.1. Let f,l defined as in Theorem 2.7
e Ifl >0, then the origin is asymptotically stable.
o [fl =0, then the origin es exponentially stable.
o [fl <0, then the origin s finite-time stable.
There are some important points
Observation 2.2. In homogeneous systems we have that

e Finite Time Stability (FTS) is equivalent to an infinite eigenvalue assignation for the closed-
loop system at the origin, therefore the right-hand side of the ordinary differential equation
cannot be locally Lipschitz at the origin.

o There exists the settling time function T (x) that determines the time for a solution to reach
the equilibrium, this function depends on the initial condition of a solution. In general this
function T can grow unboundedly (possibly more than linearly).

The main issue with 7' is its continuity at the origin. For continuous systems, the continuity of
T at 0 is equivalent to the continuity of T' everywhere. The bi-limit homogeneity application allows
us to have a globally bounded T, which means that in practice one gets a FxT convergence to the
origin for all initial conditions.

A recently application of bl-homogeneity to the observation problem is in the differentiators
developed with correction terms having property of being homogeneous in the bi-limit, therefore,
under some assumptions of uniform bounding the differentiator is able to estimate exactly in FxT
the true derivatives of a signal f. In fact, these results are closely linked to this work.
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2.4 Arbitrary Order Fixed-Time Differentiators

[31] Given a signal f(t) defined on [0,00), the objective is to estimate some of its time derivatives.
f(t) is composed of a base signal fo n-times differentiable, and a uniformly bounded noise v(t),

ie f(t) = fo(t) + v(t) and [ (#)] < A with A > 0.
Defining the variables ¢ = fo(t), 2 = fo(t),....; n = fén_l)(t), where féz) (t) = %f(}(t). A state
representation of fy is

éi:§i+1 2':1,...,71—1

o= fén)(t) (2.32)

In order to estimate the derivatives féi) (t) for i = 1,...,n — 1 we have the following nonlinear
family of differentiators

. (2.33)
Tn = _kn(z)n(xl - y)
where the nonlinear output injection terms, given by
$i(z) = i o ...p201(2) (2.34)
are the composition of the monotonic growing functions
T0,i41 Too,i+1
pi(s) = ri[s] "1 +0;[s] T (2.35)
with powers selected as 7o, = 70o,n =1, and fori =1,....,n+1
T0s =T0441 —do=1—(n—1)d
0,i = T0,i+1 — do ( | )do (2.36)
Tooi = Tooyit+1 — doo =1 — (Tl - Z)doo
which are completely defined by two parameters —1 < dy < doo < —. With this selection the

n—1
first term in (2.35) is dominating for small values of s, while the second one is dominating for large

values of s.

Differentiator (2.33) is not homogeneous, but it is homogeneous in the bi-limit, that is, near
to the origin it is approximated by a homogeneous system of degree dg and far from the origin it
is approximated by a homogeneous system of degree do,. Although the scaling properties of the
homogeneous systems are lost, the design of bl-homogeneous differentiators is more flexible, since
the properties near the origin and far from it can be assigned independently.

If we select dy = do = d the differentiator (2.33) becomes homogeneous. And making d = 0 it is
obtained the High-Gain differentiator, for d = —1 Levant’s Robust and Exact Differentiator (RED)
is recovered and for other values of d the family of continuous differentiators in [11][36][12][22] is
attained. For polynomial signals note that if d < 0 (resp. d = 0) the estimation converges in
finite-time (resp. exponentially). For d > 0 the convergence is asymptotic, but it attains any
neighborhood of zero in a time which is uniform in the initial conditions.

A particular case of interest for the differentiator is a property that is only achieved when
do = —1. In that case ¢, is discontinuous and it induces a Higher-Order Sliding-Mode at the origin,
allowing the estimation to converge (in the absence of noise) exactly, robustly and in finite-time to
the real values of the signal derivatives when the n-th derivative of the signal is bounded by a non
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zero constant A € Rxo, i.e. |f(§n) (t)] < A. For all other values of dy > —1, the convergence is only
achieved if A = 0.

As we mentioned in Observation 2.2, one of the disadvantages in homogeneous (including Lev-
ant’s RED) differentiators with dg < 0, is that the convergence time, although finite, grows un-
boundedly (and faster than linearly) with the size of the initial estimation error. One of the nice
features of the bl-homogeneous design in general and of the proposed differentiator (2.33) in par-
ticular, is that assigning a positive homogeneity degree to the co-limit approximation d, > 0 and
a negative homogeneity degree to the 0-limit approximation dy < 0, it is possible to counteract this
effect: Convergence of the estimation will be achieved in Fixed-Time [31].

The main result of this differentiators (2.33) can be expressed formally as follows. In the absence
of noise, it is able to estimate asymptotically the first n — 1 derivatives of the signal fo(t). Let FJ =
{f(”) (t) = 0} represent the class of polynomial signals and .F2 £ {‘f(") (t)‘ < A} corresponds to
the class of n-Lipschitz signals.

Assumption 2.2. f(t) = fo(t) + v(t), with fo(t) n—times differentiable, |f™(t)| < A, and v(t) a
uniformly bounded measurable signal.

Then it is possible to have the following statement

Theorem 2.8. [31] Let the function f(t) = fo(t) be such that Assumption 2.2 is fulfilled. Select
-1 < dy € doo < ﬁ and choose arbitrary positive (internal) gains k; > 0 and 0; > 0, for
i =1,....,n. Suppose that either A = 0 or dg = —1. Under this conditions, and in the absence of
noise (v(t) = 0) there exist appropriate gains k; > 0, for i = 1,...,n, such that the solutions bl-

homogeneous differentiator (2.33) converge globally and asymptotically to the derivatives of signal,
ie. zi(t) — félfl)(t) as t — oo. In particular, they converge in Fized-Time, i.e. 3T > 0 such that
for any x;(0) € R™, z;(t) = élfl)(t) fort > T fori=1,..,n if either

1
(a) —1<d0<()<do<,<m and f(t) € #y, or

(b) —1:d0<0<dm<ﬁ and f(t) € FX.

The proof of this Theorem 2.8, which is of essential importance in this work is given in the the
Apendix A and detailed in [31].

This differentiator can be seen as an observer for a special type of SISO systems, composed by a
chain of n integrators and with a unknown input. The idea of this work is generalizing this observer
to a family of MIMO-LTT systems by decomposing the original system in a set of subsystems and
designing a bl-homogeneous observer composed by a set of sub-observers with unknown inputs. And
proof that the convergence is achieved exactly and in fixed time by appropriately selecting the set
of gains in the observer.

With the necessary theory of homogeneous and bl-homogeneous systems given in this chapter,
we are ready to present the main contribution of this work in Chapters 3 and 4.



Chapter 3
Bl-Homogeneous observers for SISO
Linear Time Invariant systems

In this chapter we present the first part of main result of this work. We introduce the design of
Bl-homogeneous observers for SISO-LTI systems with bounded unknown inputs assuming strong
observability. The idea is to transform the system in to a Special Coordinate Basis, (detailed in
Chapter 2 for the MIMO general case) obtaining a representation of the system in which it is possible
to design an UIO.

Here we use directly a discontinuous nonlinear observer instead of differentiators. This fact
suppress the necessity of using a cascade scheme composed by a linear observer and a discontinuous
differentiator.

The nonlinear injection terms can be designed to accelerate the convergence as much as we
want by selecting appropriate and sufficiently large gains. Even more, due to the assignability of
bl-homogeneous degrees in the observer we can reach and assure exact and finite-time (or moreover
fixed-time) stability of the error estimation dynamics in presence of unknown inputs.

3.1 System transformation

Before attacking the MIMO case we will introduce the Single-Input Single-Output (SISO) case,
which going to be useful in order to give the basic idea in solving the estimation problem.
Consider the SISO-LTT system without feedthrough (for simplicity) given by
z = Ar+ Dw
¥ { y = Cxz (3.1)

where z € R™ is the state vector, w € R the unknown input and y € R is the output of the system.
Accordingly, the matrices A, D, C have appropriate dimensions. For simplicity in the development
we do not consider a known input u, since it does not modify the observability properties and it is
simple to include it in the observer design.

The task is to build an observer providing for finite-time (preferably fixed-time convergent and
exact) estimation of the states in presence of the unknown input. In the previous chapters we have
stated the general conditions for the existence and characterization of unknown input observers
(UIO). Here we will recall this conditions in the particular case we are working on.

The equations in the observer will be understood in the Filippov sense [14] in order to provide
for the possibility to use discontinuous signals. Note that Filippov solutions coincide with the usual
solutions, when the right-hand sides are continuous.

25
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Accordingly to the Definitions 2.1 and 2.2 the system (3.1) is strongly observable if the triple
(A, D, C) has no invariant zeros. Unfortunately, this definition does not give specific nor convenient
form to the system matrices. Special Coordinate Basis for SISO case (a particular case of MIMO-
SCB presented in Chapter 2) clarifies this problem.

Theorem 3.1. Consider the system (3.1). There exist nonsingular state, input and output trans-
formations T's € R T'; € R, T, € R, which decompose the state space of ¥ into two subspaces,
xq and xgq. These two subspaces correspond to the finite zero and infinite zero structures of 3,
respectively. The new satate spaces, input and output spaces of the decomposed system are described
by the following set of equations:

r=Tz, y=I.y, u=TIu, (3.2)
x1
_ ZTq n n L2
T = ,Tg ER™, xgeR™, x,=1| . |, (3.3)
T,

and

Tq = Aga®a + H,qy

Tg1l = Td2, Y= T1,
Ssop ] Tdj = Tdj+r (3.4)
F=2ng—1
Tdp, = 0d1Td1+ 042242+ ...+ Adn,Tdn, +W

Similar to Property 2.1 we have:
Property 3.1. The system Ygop in (3.4) is strongly observable if and only if x4 is non-existent.

This is equivalent to have relative degree n with respect to the unknown input w(t). This latter
is a sufficient condition of strong observability presented in [18].

If we assume strong observability, then we can apply an extra transformation I'p = O~!, where
O is the observability matrix and puts the system in observability canonical form.

3.2 Unknown Input Observer design

Given a strongly observable system ¥ in (3.1) under the SCB transformation (3.2), and suppressing
the subscript d, the system is then given by

Ty =2x2, Y =21,
Ty = Tjqn
w8 (3.5)
. j = 2, LS Ng — 1
Ty = AgaT + w,
where Agq = [al ay ... an} and we have by Property 3.1 that ng = n and it is supposed the
following.

Assumption 3.1. Unknown input w(t) a is uniformly bounded function, |w(t)| < A, A €Rxg
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This allow us to relax the existence conditions of UIO’s in o order to have an observer under
strong observability only, see Section 2.2. It has to be noted that the system (3.5) is in the ob-
servability canonical form, which requires the bl-homogeneity of the observer, since the observer
canonical form can be implemented with a homogeneous differentiator (as already done in [33]). Tt
is clear that in observer form the bl-homogeneous observer can also be implemented.

The observer is given by

21 = —kiLéi(d1 —y) + &2
B, = —kiLigi(E1 —y) + 2
Q- ] L7 ¢j(E1 — y) J+1 (3.6)
D i—2 .n—1
T = —kpL"n(21 —y) + Agad

with positive external gains k; > 0 and positive tuning gains «, L > 0, appropriately selected as it
will be show latter. The output injection terms ¢;(-) are obtained from the functions

T0,j+1 Too,j+1

®j(s) = kj[s] 01 4 0;[s] Teon (3.7)

by scaling the positive internal gains x; > 0,0; > 0

Kj — <L> T P <L> e, (3.8)

(0%

with powers selected as 79, = 700,n = 1, and

T0,j = r0j+1 —do =1 — (n — j)do

3.9
7”007]' = roo,j—f—l — doo =1- (n — ])doo ( )

which are completely defined by two parameters dy, doo. They have to satisfy —1 < dy < doo < ﬁ

We have to highlight the fact that injection terms in (3.6) and (3.7) are very similar to them in
the bl-homogeneous differentiator (2.33) but the ones here are simpler. This simplifies the task of
implementation.

3.2.1 Gain Selection

Each type of gain in the observer has a different role, and the idea in the gain tuning is very intuitive.

1. The internal gains x; > 0,0; > 0 can be selected arbitrary. They can be selected as arbitrary
positive real values, and correspond to the desired weighting of each term of low degree and
high degree respectively in ¢;.

2. The external gains k; > 0 have the objective of stabilizing the observer in absence of inter-
connections and external perturbations, i.e. when Agzq = 0 and w(t) = 0.

3. Parameter L is selected large enough to assure the convergence in presence of interconnections,
but not of the bounded perturbations w(t). Setting its value grater than minimal value to
assure stability the convergence velocity will be increased.

4. The tuning parameter « is selected large enough to assure the convergence in presence of the
bounded unknown input w(t).
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3.2.2 Estimation in original coordinates

The estimated state obtained from the observer € in (3.6) corresponds to the transformed system
Ysop in (3.5) represented in SCB coordinates through the state I's, input I'; and output T', trans-
formations (3.2), moreover it was applied an extra transformation I'o = O~! which puts the system
in observability canonical form.

The states in original coordinates can be computed as

z=T,Toi (3.10)

Therefore, the observer in original coordinates for the system (3.1) takes the form

i =-TToK®(e,) + A% + Bu

3.11
§=T,Ck (3.1
with e, = § —y and
K = diag(k1L, ko L?, ..., k,L™)
A ) N 3 T (3.12)
(I)(y - y) = [¢1(€y) ¢2(ey> PICICI ¢n(ey)}

3.2.3 Main result. UIO - SISO case

The main result of this work in the SISO case establishes that the Unknown Input Observer (3.6)
is able to estimate at least asymptotically the states of a strongly observable linear system.

Theorem 3.2. Let the strongly observable SISO-LTI system ¥ (3.1) has an UIO given by (3.11),(3.12).
Select —1 < dy < doo < ﬁ and chose arbitrary (internal gains) k; > 0 and 6; > 0, for j =1,...,n.
Suppose that either A = 0 or dy = —1. Under this conditions, there exist appropriate gains
kj > 0, for j = 1,...,n, and parameters L > 0,a > 0 sufficiently large such that the solutions
of bl-homogeneous UIO (3.6) converge globally and asymptotically to the true states of X, i.e.
Zj(t) — x;(t) as t — oo.

In particular, it can converge globally and

e cxponentially if

do=0 with A=0, (3.13)
e finite-time if

(a) —1<dy<0 with A=0, or

(b) do=—-1 with A#0 (3.14)

o fized-time if

| |~
—

(a) —1<dy<0<do < ;73
(b) —1=dy<0<dy <

with A=0, or

. (3.15)
with A # 0.

[y
—_

n—
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3.2.4 Proof of Theorem 3.2

The proof will be carried out in a Lyapunov framework through a bl-homogeneous Lyapunov func-
tion, this one can be used to realize an estimation fo the convergence time and calculation of gains
k; moreover in an optimal sense. Part of this work had been presented in [31]|. This work does not
address the problem.

To study the error system in a more suitable form, we are going to take the system and observer
in the transformed SCB coordinates, i.e. the system (3.5) and observer (3.6). It is clear that the
analysis is completely equivalent in original coordinates.

Let the estimation error e; = £; — ;. The dynamics error are described by

e = —k‘1L<z~51(e1) + é2
é; =—kiLidi(e1) + éi41
= o ien) e+ (3.16)
D3 =2,...,n—1
én = —knLn¢n(€1) + Aggé — w
where, by Assumption 3.1 w(t) < A. Applying the time scaling via the next transformation
Ln—j+1 -
€= 06 J= 1,...,n (3.17)
we obtain
¢ =L[- /ﬁ(l)l(ﬁl) + €]
¢ = L[-kjp;(e1) + €j41]
Bgid . ! (3.18)
D 3=2,...,n—1
€n :L[ n¢n €1) + \Il(e w)]
where
U(e,w) :Adde—w:Zajej—w:aZLTJjHEj—w (3.19)
— st
the fact that gZ;](L%s) = ﬁéj(s) has been used.
For the convergence proof, it is convenient to perform another state transformation
= kej L ko=1, j=1,...n (3.20)
j—1
Then (3.18) become
2y = —ki(¢1(21) + 22)
— ) = ki (0i(21) + zi4) (3.21)
Cj=2,...,n—1
Z7/'L = kn¢n(zl) + \Ij(sz)
with l~€] = kfil’ k=1, j=1,...,n and
~ 1 “ ajkj_l 1
U(z,w) = P~ Z T A (3.22)
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Lyapunov analysis

Before presenting the Lyapunov function we have to recall that the output injection terms in (3.7) are
much simpler than those described in [31]. However, the stability proof in [31] for the differentiator
is applicable to the case with the simpler injection terms (3.7), since the same requirements and
properties are fulfilled. The functions (3.7) can be written as a composition of functions ¢;(s). Such
that

) =@jo..0p2001(s) (3.23)

<

<.

—
V)

where

(3.24)

pi(s) = ¢jo ¢ 1(s), J=2,...m
We will use a (smooth) bl-homogeneous Lyapunov Function (bl-LF) V| which was introduced in

[31]. Selecting for n > 2 two positive real numbers pg, poo € Ry that correspond to the homogeneity
degrees of the 0-limit and the oco-limit approximations of V', such that

po = ) ?}&X {T‘o,j} + dy

je{l,...,n}
Tooj
> 2 ; = d
oo =2 je?ll,ax,n}{ T'oo,j + ro, 0} (325)
Po Poo

— <
70,5 T'oo,j

For ¢ = 1,...,n choosing arbitrary positive real numbers [y ;, B, > 0 such that the following
functions are defined

ey (2 BTl py =gy 2
Zi(zj,zi11) = Y Pry [ Mo i = 2i[&) T+ 21&5] s
ke{0.00} Dk Pk
&=v;'(z1) j=1un—1 (3.26)
éj:Zn+1:O, j:n
1 Po 1 p
Zn(zn) = /80,717’271’ + Boo,nilzn’ e
Po Poo

where we have

Lemma 3.1. [31] Z;(2j,zj+1) > 0 for every j =1,...,n and Z;(zj, zj+1) = 0 if and only if
0j(2) = zjs1-
The Bl-homogeneous Lyapunov Function (BI-LF) is defined as

n—1

V() =Y Zj(zj, 1) + Zalzn) (3.27)
j=1
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For the partial derivatives we introduce the following variables

0Zi(z;,2 Pk Tk PRk
0j(2j,2j+1) & M = Y B (fz] i —[&] Th >
J (o]
in) e no g, (329
2, % - T, kr k,j
sj(2j, 2j+1) £ 3j77+1 = Z —B ’J kj( zj = &&=
Zit1 ke{0,00} Tk.j Zit1
where & = gOi_l(Zi_A'_l). Note that Zy, j,0b,.5, Sp,.,; vanish when oy, ;(26,.5) = 2b,,j+1-
Performing time derivative with respect the new time variable 7
oV (z) ~
V(z) = -wi(z) + Vs 0 (3.29)
Oz,
where 8:9/2(5) = [sp—1 + op] and
W(z2) = k1o1(¢1(21) — 22)
n—1 _
+ > kjlsi—1 + 03] (d5(21) = 2j+1) (3.30)
=2

Jj=
+ ];;n [Sn—l + Un] d)n(zl)

Due to the definition of s; in (3.28), s,, = 0 and functions s;,0; € C in R, are r-bl-homogeneous
of degrees po — 70,5, p0 — 70,j+1 for the 0-approximation and pse — T'oo,j;Poo — Too,j+1 for the oo-
approximation, respectively. Additionally, for j = 1,...,n we have 0; = 0 on the same set as s; = 0,
i.e. they become both zero at the points where Z; achieves its minimum, Z; = 0.

V' is bl-homogeneous of degrees pg and p., and C on R. It is also non negative, since it is a
positive combination of non negative terms. Moreover, V' is positive definite since V' (z) = 0 only if
all Z; = 0, what only happens at z = 0. Due to bl-homogeneity it is also radially unbounded.

If we analyze (3.30), W(z) is bl-homogeneous of degree py + do for the 0-approximation and
Poo + doo for the oo-approximation.

It has been shown in [31] that there exists appropriate gains k; such that W(z) in (3.30) is
rendered positive definite. The idea in the following is to prove that there exist gains L, « sufficiently
large such that the negative definiteness of —W(z) and therefore V’(z) is hold.

From (3.29), we are now interested in finding an upper bound of ¥. Assuming L > 1, and o > 1.
Due to the power of L we can write

a;ki_1 1 1= 1-
Z Fn fL]n ST A AR

(3.31)

aj j—1 I 1
Z k} an j ]7 \ij - L w
oV (z)

The term oo is bl-homogeneous of degree py — ro, = po — 1 for the 0-approximation and
Poo — Toon = Poo — 1 for the oo-approximation. Using the properties of bl-homogeneous functions,
it is clear that each term dgzsl)z] is bl-homogeneous of degree py — 19, + 70, = po — (n — j)dp for
the O-approximation and pec — Toon + T'oo,j = Poo — (N — J)dso for the oc-approximation. Finally,

since dy < 0 and do, > 0 we can conclude that

po + do < po — (n — j)do
Doo + do Zpoo_(n_j)doo

(3.32)
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and by the properties of bl-homogeneous functions, there exists a positive real number A1 > 0
which satisfy

aV(Z) 1- )\1
vy, < 2L .
oz, L\IJS <7 W(z) (3.33)
furthermore, there exists Ao > 0 such that
po—1 0o —
8g(z) < [W(z)p(&do 4 W(z)p’;@o} (3.34)
Zn

If we put everything together, V’(2) can be bounded as
y )\1 Ag po—1 Poo—1 ~

Vi(z) < W) + T W(z) + = |W(2)rorio + W (2)peet | [ Uy]o

o
A A9 po—1 Poo—1 ~ (335)
== (1= )W+ T [ WE)n + W ()= | [

e
If we apply Lyapunov arguments we can conclude that we can chose L sufficiently large such
that the first term become negative definite. In absence of ¥, z = 0 is asymptotic stable. With

dp < 0 it converges in finite time, moreover, with d., > 0 it converges in fixed-time.

In the case U, # 0 but ultimately bounded and selecting dy = —1 we can chose a sufficiently
large, such that V’'(z) is negative definite. And then, finite-time or fixed-time stability is achieved.
|

3.2.5 Some comments

e Although the observation problem for linear systems has been solved through the direct appli-
cation of a differentiator putting the system in observer form, the same differentiator cannot
globally converge with the system in observability form, since bounded state variables would
be necessary. We have proved that the UIO presented here globally converges with the system
expressed in observability form.

e The bl-homogeneous correction terms seen as a composition of two homogeneous systems of
degrees dy and d, respectively allow the observer to deal with the linear terms of the model
far from the origin and in turn guarantee convergence near the origin even in presence of a
bounded unknown input.

e Each type of gain in the observer has a specific role. The proof showed that the tuning
process is very intuitive for the designer. Once the gains k; (which ensure observer stability
in absence of A44) have been selected, the designer can decrease the effect of this linear terms
by increasing the values of o and L, then velocity of convergence can be accelerated when
possible by further increasing their value.

e The observer has been designed for strongly observable systems, i.e. systems without zeros at
all, which translates into systems without internal dynamics. This is clarified under the SCB
transformation where the strong observability condition results in the non-existence of the
subsystem 1z, in (3.4). However, the results presented can be easily extended to strongly de-
tectable systems (having only stable invariant zeros), that is, systems whose internal dynamics
are stable (A, Hurwitz in (3.4)). The convergence of the observer would then be subject to
the asymptotic convergence of the part associated with xz,. Since it is an inaccessible dynamic,
there is no freedom to accelerate the speed of convergence.
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This idea will be applied in the MIMO case, but before that, it will be present some examples
to illustrate the effectiveness of the observer.

3.3 Example

Let a strongly observable system taken from [18] and given by

E:{m = Ax + Bu+ Dw (3.36)

y =Cx

where z € R*, u € R,w € R,y € R are the states, known input, unknown input and output respec-
tively. Note that the system is unstable since the matrix A has eigenvalues A = {—3,—-2,-1,1}
and one of them is positive, it means that one or more state trajectories can grow unboundedly.

01 0 0 0
0 0 1 0 0

A=loo o 1| B=P= 0|
6 5 -5 —5 1 (3.37)

c=[1 0 0 0,

w(t) = cos(0.5¢) + 0.5sin(3t) + 0.5, |w(t)| <2
which can be written as

Tp1 = Tp2, Y1 = Tp1

B 2 T (3.38)
Tp3 = Tpa

i}b74 :[6 5 -5 —5]x+w+u

The system is already in observability canonical form. Furthermore, the UIO can be designed

as
T = —k1L§51(A1—y1)+$2
Ty = —kaL?¢o(21 — y1) + i3
Q: e N 3.39
T3 = —k3LP¢3(d1 —y1) + 4 (3.39)
24 = —kaL*¢a(d1 —y1) +[6 5 —5 —5litu
where the nonlinear output injection terms ¢.(-) are as follows
B IA 1 3d0 1—(3—3)dg LA = 3doo 1—(3—j)doo
Pj(s) = ( > kji[s] 1340 + < ) i[s| 18, j=1,..,4 (3.40)
a «

The assigned homogeneity degrees dy, doo in 0 and oo respectively in (4.63) have to satisfy

1
“1<dy<do < 5 (3.41)
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We present three cases:
1. Linear UIO. Homogeneity degrees dyp = doo = 0.

2. Continuous UIO. Homogeneity degrees dg = —%, deo =0

3. HOSM-UIO. Homogeneity degrees dyp = —1, doo = %. With this selection we get a discontin-
uous observer. Note that dyp < 0 < do.

The initial conditions of the plant states are xg = [1 0 1 1] and £; = 5,5 = 1,...,4 for the
observer. For all cases the values of gains are fixed as

1 1 1
{k1 = 8.6k} ky =21k k3 =16.25k} k4= 1} (3.42)

internal gains Kk = 0 = [1 2 3 4} and parameters L = 1, = 50. We perform simulations
along 5 seconds. We have used a fixed-step explicit Euler method, with integration step 7 = 1x1075.

The Figures 3.2, 3.3 related to the linear and continuous cases respectively show that the observer
can not exactly estimate the states of the plant, i.e. although the estimation error converges to a
neighborhood of zero, it is not able to converge exactly to zero, this is due to non-compensation of
unknown input.

In the third case, with the selection of homogeneity degree dy = —1 for the zero approximation
(discontinuous observer) a HOSM is induced which allows the observer to compensate exactly the
effect of unknown input. It is shown in Figure 3.4 that the observer achieve exact estimation of the
estates, even in presence of the unknown input. This is illustrated in the last subfigures where the
error norm converges to zero exactly in finite time.

In fact, in this case we get more than finite time stability, fixed time stability, i.e. there exist a T
independent of ey such that for any initial error we have exact convergence in a time less than 7. In

order to show this, With L = 5 now, the Figure 3.1 shows the norm of error vector ||e|| = 231:1 e?
for a wide range of magnitude orders in initial error eg x 107, p = 0,2, ..., 14. Despite of this, the
convergence time does not increase beyond an upper bound in T = 5s, more over, and as we said

before this can be reduced arbitrary by increasing appropriately the value of parameter L.

llel

10

_p=0
_p=2

8 =
—p=6
—p=8
—p=10

6 p=12| 1
——p=14

4+

2

0

0 2 4 6 8 10

Time [s]

Figure 3.1: HOSM-UIO. Estimation error with different orders at initial error, showing fixed-
time estimation.
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T ()
100 T T T i 100 T T
80
60
40 |
20+
0 I
0 1 2 3 4 5
Time [s]
x3 T4

100

Time [s] Time [s]

Figure 3.2: Linear UIO. Plant state z, state estimation # and estimation errors e = & — z.



36 Chapter 3. Bl-Homogeneous observers for SISO Linear Time Invariant systems

X1 T2
100 T T T T 100
0.1
80
0
601 o1
1
40 1
20
0 ! I I
0 1 2 3 4 5
Time [s] Time [s]
T3 Ty
50 T T T T 100
es(t)
80
60 [
40 r
20
0
-20 *
5 0 1 2 3 4 5
Time [s] Time [s]

Figure 3.3: Continuous UIO. Plant state z, state estimation & and estimation errors e = & — x.
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Z1 T2
100 T T T T 100
0.1

80

0
601 o1

0
40 1
201

0 1 2 3 4 5 0 1 2 3 4 5
Time [s] Time [s]

T3 Ty

100 T
ea(t)

-0+ : : : : -50 : : : :
0 1 2 3 4 5 0 1 2 3 4 5
Time [s] Time [s]

Figure 3.4: HOSM-UIO. Plant state z, state estimation & and estimation errors e = & — x.
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Chapter 4
Bl-Homogeneous observers for MIMO
linear time invariant systems

In this chapter we present the second part of main result in this work. We introduce the design of
Bl-homogeneous Unknown Input Observers (UIO) for MIMO-LTT systems assuming strong observ-
ability. The idea is to transform the system in to a Special Coordinate Basis, (detailed in Chapter 2)
obtaining a convenient representation of the system for the observer design, but more general than
the used in previous works, for example the MIMO observer form used in [33] which decompose the
system in a set of subsystems conveniently interconnected in a ’triangular’ form (see Section 1.1,
Equation (1.8)). Even though such an observer form of the system is a great feature obtained for
linear systems and greatly simplifies convergence analysis, it is shown that the observers designed
here can deal with a more general type of interconnections between subsystems.

Here we use directly a discontinuous nonlinear observer instead of differentiators. This fact
suppress the necessity of using a cascade scheme composed by a linear observer and a discontinuous
differentiator.

As in the SISO case, the nonlinear injection terms will be designed to accelerate the convergence
as much as we want by selecting appropriate and sufficiently large gains. Even more, due to the
assignability of bl-homogeneous degrees in the observer, we can reach and assure exactly and finite-
time (or moreover fixed-time) estimation of the states in presence of unknown inputs.

4.1 Unknown input observers for LTI-MIMO systems

Consider the MIMO-LTT system without feedthrough (for simplicity) given by
z = Ax+ Dw

> 4.1

{228 (1)

where x € R™ is the state vector, w € R™ the unknown input vector and y € RP? is the output vector.
Accordingly, the matrices A, D, C have appropriate dimensions. For simplicity in the development
we do not consider known inputs u, since it does not modify the (observability) properties and it is
simple to include it in the observer design.

The task is to build an unknown input observer (UIO) providing for finite-time (preferably
fixed-time) estimation of the states in presence of the unknown inputs. In chapter 2 we have stated
the necessary and sufficient conditions for the existence and of UIO with arbitrary unknown inputs.
We assume to have strong observability only. In Chapter 3 we have introduced this observers in the
SISO case. This Chapter generalize the results to arbitrary number of inputs and outputs.

39
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The equations in the observer are understood in the Filippov sense [14] in order to provide for
the possibility to use discontinuous signals. Note that Filippov solutions coincide with the usual
solutions, when the right-hand sides are continuous.

Special Coordinate Basis (SCB) is a useful tool to represent a system in an appropriate form
for the observer design.

4.1.1 Unknown Input Observer design

Given a strongly observable system X in (4.1) under SCB transformation detailed in Section 2.1.1
a transformed system is obtained, if we take into account the Property 2.1 this transformed system
YsoB(Xp, Xq) is described by the following set.

Subsystems Y, with associated states xp, € R", 0 =1, ..., pp

' i) = 5Ly 2 ? b = b Lo
Tyt = Tbu2 + Hpdu1¥d, Yoy = To1

Tpuj = Touj+1 T Hpd, jyds
Zb,L : . (42)
g =2,,n,—1

Toumy, = Avbu®o + Hpdny, Y,

with Zfil Ny, = Np.
and subsystems Y, ; with associated states x4; € R, =1,...,pq

Tai1 = Tdg2 + Haai1Yd, Ydi = Tdi1
Tdij; = Teigr1l + Hadijyds
DIFFE . (4.3)
D J=2,.,ng;—1
Tding; = AdbiTo+ AddiTd + Wa,

similarly > 2%, ng; = n4. And therefore ny + ng = n.

Where Aw,,, Hpa,.,j, Add,i, Adbi» Hads,j are constant row vectors of appropriate dimensions. Re-
call that Y corresponds to the observable dynamics of the system, and 3; corresponds to the
strongly observable dynamics. It is clear that the subsystems can be expressed in observer or
observability form, as we say before, the first option allows us to apply directly an homogeneous
differentiator as an state observer [33], but it can not be applied in the observability form. The
observability form requires the bl-homogeneity of the observer. This fact have been shown in SISO
case at previous Chapter.

Assumption 4.1. Unknown input w(t) is a uniformly bounded function ||w(t)|| < A, equivalently,
each element of the vector |wq;(t)| < A; € R>p,i=1,...,pq.

This allow us to relax the existence conditions of UIO in other to have an observer under strong
observability only, see Section 2.2. The relative degree of the outputs y;; with respect to the
unknown input is ng;.

The observer Q(£, y) is given by

Tpu1 = —kpu1 L1 (To0,1 = You) + T2 + Hodu1Yd
Ty = =Ko L bvi(Tou1 — Ybe) + Tojr1 + Hpayjya
D, . (4.4)
Dy =2,.,n,—1

Loy, = Kby, L™ by, (Tou,1 — You) + AbbTo + Hpd,ny, Yd
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Tai1 = —kdi1Loai1(Zain — Yai) + Eai2 + HadinYa,
0 Tai; = —kaij L' bd;i(Tain — Yai) + Tdij+1 + Hadijyd,
di: :

)

(4.5)
=2 ngi—1

Baig = —kdigL " Pdiq, (Eai1 — Yas) + Aavide + Addita
with positive external gains ky,, ; > 0, k4, ; > 0 and positive tuning gains o > 0, L > 0, appropriately
selected as it will be show latter.
In © the nonlinear output injection terms ¢, ;(-) are obtained from the functions

"(b,0),0,5+1 T(b,t),00,5+1

¢b,L,j(5) = Kbj [SJ T(b,),0,1 4 eb,bj [SJ T(b,e),00,1 (4.6)
by scaling the positive internal gains xp,; > 0,60;,; > 0
jdg jdoo

ey T(5,0),0,1 L™ "(b,),00,1
Kbuj — < - Kb,ujs Ob,.5 — " Op,.j (4.7)

with powers selected as r;,.).0.n,, = T(b),00m,, = 1, and

T(be).gme, = T(be),0,5+1 — do=1— (”b,L - j)do (4 8)
T(b)gimp,, = T(ba)00,j+1 — doo = 1 = (b, — J)doo

which are completely defined by two parameters dg, doo-
Similarly, for {14, the nonlinear output injection terms ¢g; ; are obtained from the functions

"(d,4),0,5+1 "(dyi),00,5+1

Ga,ij(8) = Kajls] "@D01 4 04,;[s] TdDeol (4.9)
by scaling the positive internal gains Kq;; > 0,045 > 0
ido Jjdoo

J
L\ rai),01 L4\ 7(a,i),00,1
Kd,ij — < Kd,ij, 04, — 0d,ij (4.10)

(@ (67

with powers selected as r(g4) .0y, = T(d,i),00,nq; = 1, and

T(di)gna; = T(da)0,4+41 — do =1 — (ngz; — j)do

, (4.11)
T(di).gma; = T(di)cojtl — doo = 1= (1 — J)doo
which are completely defined by the same parameters dg, ds. They have to satisfy
. 1 1
—1<dy<dy < min ) (4.12)
Lzl,...,pb, nb,L_]‘ nd,i_]‘
1=1,...,pq

We have to highlight the fact that nonlinear injection terms in (4.6) and (4.9) are very similar to
them in the bl-homogeneous differentiator [31] but the terms given here are simpler. This simplifies
the task of implementation.
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4.1.2 Gain Selection

Each type of gains in the observer has a different role, and the idea in the gain tuning is very
intuitive. For simplicity in explanation we take hereafter ¢ = {(b,¢), (d,7)} to refer to both types
of subsystems.

1. The internal gains xy ; > 0,6, ,; > 0 can be selected arbitrary. These positive real values
correspond to the desired weighting of each term of low degree and high degree respectively

of qbdhj'

2. The external gains ky ; > 0 have the objective of stabilizing the observer in absence of inter-
connections and external perturbations, i.e. when Agzg = Agy = Agq = 0 and w(t) = 0.

3. Parameter L is selected large enough to assure the convergence in presence of interconnections,
but not of the bounded perturbations w(t). Setting its value grater than minimal value to
assure stability the convergence velocity will be increased.

4. The tuning parameter « is selected large enough to assure the convergence in presence of the
unknown bounded inputs w(t).

4.1.3 Estimation in original coordinates

The estimated state obtained from the observer (€2, Q) in (4.4),(4.5) corresponds to the trans-
formed system Xgcop in (4.2),(4.3) represented in SCB coordinates through the state I', input I';
and output I', transformations (2.2), moreover it was applied an extra transformation I'o given

by I'o = diag {O;ll, e O;;b, (’)ﬁ, . (’);;d} which puts the subsystems in observability canonical

form.
The states in original coordinates can be computed as
x=1T0% (4.13)

Therefore, the observer in original coordinates for the system (4.1) takes the form

& =-T,ToK®(e,) + Az + Bu

) . (4.14)
7=1,Cz
with e, = § —y and
K = diag(KM, ceey Kb,pba Kd71, ceey Kdvpd)
L -
kb7LL2
Kb,L: . ) L:17"'7pb
i ke, L™ | (4.15)
L N
ka,;L? .
Ka; = ,o1=1,..,pd
L KaiL™ |
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Dley) = [@oa(ey) Boaley) ooos Ponley),
- (4.16)
arley) Pazley) soos Panley)]
(I)b,L(ey) = [ng,L,l(ey) éb,LQ(ey) R (Z)b,a,nb (ey)]T7 L= 17 --sPb (4 17)
‘I)d,i(ey) = [di,z l(ey) di,l,Q(ey) PR qu,i,nd(ey)]T ) 1= 17 -y Pd

4.1.4 Main result. UIO - MIMO case

The main result of this work in the MIMO case establishes that the bl-homogeneous Unknown Input
Observer (4.14), is able to estimate at least asymptotically the states of a strongly observable linear
system (4.1).

Theorem 4.1. Let the strongly observable MIMO-LTI system % (4.1) in original coordinates has
an UIO given by (4.14)-(4.17). Selecting dy, dso as in (4.12) and choosing arbitrary (internal gains)
Ky,j > 0 and Oy ; > 0, with ¢ = {(b,1),(d,i)}. Suppose that either A; =0,i=1,...,pq or dy = —1.
Under this conditions, there exist appropriate gains ky ; > 0 with 1 = {(b,¢), (d, )}, and parameters
L > 0,a > 0 sufficiently large such that the solutions of bl-homogeneous UIO (4.4)(4.5) converge
globally and asymptotically to the true states of Yscp, i.e. T;(t) — x;(t) as t — oo.

In particular, we have we have the following convergence properties and assignment.

o The observer ), in (4.4) has assignable dynamics and they can converge globally and

1. Exponentially if dy =0
2. Finste-time if dg < 0
3. Fized-time if dg < 0 < doo

e The observer Qg ; in (4.5) has assignable dynamics and they can converge globally and

1. Ezponentially if
do=0 with A; =0, (4.18)

2. Finite-time if

(@) —1<dy<0, A;=0, or

4.19
® do=-1, A0 19
3. Fized-time if

(a) —1<dy<0<ds, A;=0, or

4.20
b) —1=dy<0<dsy, A;#0. ( )

with doo always subject to (4.12) be fullfiled.
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4.1.5 Proof of Theorem 4.1

The proof, similar to the SISO case will be carried out in a Lyapunov framework through a bl-
homogeneous Lyapunov function (Bl-LF), composed of a sum of Bl-LFs related to each subsystem.

To study the error system in a more suitable form, we are going to take the system and observer
in the transformed SCB coordinates, i.e. the system (4.2),(4.3) and observer (4.4),(4.5). It is clear

that the analysis is completely equivalent in original coordinates.
Let the estimation error variables

€buj = j:.b,L,j — Ty, L= 17 "'7pb7j = 17 vy My

€dij = Tdij — Tdijs = 1,...,p0,0 =1,...,n4;,

The dynamics error are described by

€bu1 = —kpu1Lopa(e1) + €02
_ € = koL Pouj(€bu1) + €bujpr
byt .
J = 27 v Tpy, — 1~
éb,b,nbﬂ = *kb,b,nb,LLnb’Wbb,L,nb,L (eb,L,l) + Abb,beb
€din = —kai1Llogi(€din) + €diz2
_ €dij = —kdijLll¢aj(edin) + edijt
=dyi - .
J=2,..,nq; —~1
€dig = —kdiqgLl " ddiq(edi1)+ Aaiey + Addied — wdi

forc=1,2,....pp,i = 1,2, ..., pg-
Applying the time scaling via the next transformation

L, —i+1 [d,i—3+1
EbuL)j = a €b1L7j7 €d77:7j = a ed1i1j

we obtain

épi1 = L[=kp,100.01(€0,0,1) + €p.2]

_ €bug = L[—kpujPbuj(eni1) + b1l
=T .
J=2,.,mp,—1
éb’L’nb,L = L [_kbzbﬂlb,LgbbaL)nb,L (Ebvbyl) + é/’LL(eb)]

a1 = L[—kai104d1(€din) + €di2]

€dij = L[~kai;Pdi;(€din)+ €dijl

: 2,...,71(1’1'—1

[—KdiqPd,ig; (€ain) + = Wilep, €a, wai) ]

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)
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where
Po Tb,j Po M by i
L 7]
poen) = Appaes = > Y Qb i k€oik Z T, kT bk
j 1 k=1 : k=1
U (ep, €4, wai) = Agpier + Adaied — wd,i
Py T, Pd Nd,j (4 27)
= Z Z A(db,i),j,kCb,j.k T Z Z A(dd,i),j,k€d,j,k — Wd,i
j=1 k=1 j=1 k=1
ny,j a
. db,i),j,k dd 1),5,k
= aZZ ToneohT W+aZZ Ty Rk
=1 k=1 =1 k=1

the fact that qgw,j(L%s) = %&d,,j(s) has been used.
For the convergence proof, it is convenient to perform another state transformation

Cbig .
Zb,L,j - kb L= 17 cy Dby ] = ]-7 "'anb,b
] — 1
e _ ' (4.28)
Rdgg = 7., = ]-7 - Pdy ) = 1) s N g
ka,ij—1
Then (4.25) and (4.26) become
Zp1 = —kpi1 (Db,01(25,0,1) + 20,0,2)
. Zpii = Kb (D00,5(2b01) + Zbujt1) (429)
b, . . .
’ : j:%,...,nb,L—l
Zé?’”vnb,L = _kb7L7nb,L¢b7L7/n/b,L (Zb,b,l) + ﬁL(zb)
Zagn = —kdin (Pai1(zain) + 2di2)
m ) Zapg = kaig (9a4(2ai1) + Zaig41) (4.30)
'_'d,l . . . .
: ]:%7"'7nd,i_1 B
g = —kdigPdia(2din) + Vi, 2, wai)
. 7 k L,j 7 k 1,7 _ _
Wlth kbvb’j = kbybbiji17 kd’iv.j = kdj,jil7 kb7L70 - kdvizo - 1
where
,&,(z) ZZ bbL),gkkb,gk L (431)
e kb LMba—1 7 =1 C Lkl b3k ’
Py b
- 1 R (b gokeRb g k-1
Wi(zp, 2d, Wa,i) = B Z I —kt1 b,j.k
dvl/n/d,i—l j=1 k=1 ’ (4 )
.32
d,
Zi O(dd,i),j,kRd,jk— L, 1 o
PR d7 ‘7k - T d7.
k'd ingi—1 Lna;—k+1 J akd,i,nd,i—l !

7j=1 k=1
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Lyapunov analysis

Before presenting the Lyapunov function we have to recall that the output injection terms in
(4.6),(4.9) are much simpler than those described in [31]. However, the stability proof for the
bl-homogeneous differentiator in [31] is applicable to the case with the simpler injection terms
(4.6),(4.9), since the same requirements and properties are fulfilled. These functions ¢y ;(s) can be
written as a composition of functions ¢y j(s) with ¢ = {(b,¢), (d,)} where 1 again refers to the
case of both subsystems. Such that

Dy, (8) = Py © - 0 Py 20 Py 1(8) (4.33)
where

Pp,1(8) = dy1(s)
pp2(5) = dy20 0y (s)
(4.34)
j = 2, ceey Ty

Pui(s) = dujo by (s)

It will be used a (smooth) bl-homogeneous Lyapunov Function (bl-LF) V composed by a sum of
bl-LFs, which were introduced in [31]. Selecting, for n > 2 two positive real numbers pg, poo € Ry
that correspond to the homogeneity degrees of the 0-limit and the oo-limit approximations of V,
such that

1=1,.
7=1,....,m
¢ . ' (4.35)
Po > max { (d7l)707] (2T(d z),oo,] + dOO)}
1=1,..p4 T'(di),00,j
] = 1, .,ndﬂ
pOO 2 2 max {r(b,L),OO,]} + doo
1=1,...pq
J=1,..,nq;
P22 max  {r(gi)e0s) +dx (4.36)
1=1,...pq .
J=1.,nq;
Po Poo bo Poo

Tb,),0,5  T(be)ood  T(di),05  T(di),00,)

For ¢« = 1,...,pp and j = 1,...,np, choose arbitrary positive real numbers B, ,).0.55 B(b.1),00,j > 0
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such that the following functions are defined

T(b) ki Pk Pk"T(b,e),k,j
Zb Wb (zbyh]’ Zb7L7]+1 Z ﬁ(b L),k,j — | b,t,j | T(b),kg — Zbu,j ’7&)7LJJ T(b,e), kg
ke{0,00} Pr
Pk b, ’ Tpik
+#|£bL ’ (bb)k}]]’
Pk (4.37)

-1 .
fb,b,j - SOb,L,j(Zbybvj‘f’l) J= 17 ceey nb,L -1
gbvbvnb,b = Zb7L7nb,L+1 = 07
’poo

1
Zb7[’7nb,L (zb7L7nb,L) - 501L’nb,L . ‘ Zb7['7nb,L ’po + 6007L7nb,b T ‘zb7L,TLb’L
Po Poo

and similarly, associated to X3 we construct for ¢ = 1,...,pq and j = 1,...,ng4; choose arditrary
positive real numders B4 ).0.55 8(d,i),00,j > 0 such that the following functions are defined

dz) k,j Pk Pr—7"(d,i),k,j
Zd KN (zd i,js ~d z,j+1 Z B d,i),k,j 77‘ d,i, '|T(d"i)’k'j — Zd,i,j |7£d,i,jJ "(dyi) kg

ke{0,00}
_ P
+w|£ i j |T(d7, k]:| ,
Pi (4.38)

1 .
§aij = Paij(Zaijrr) J=1,.mai—1

Sd,i,ndﬂ- = Zd,i,ndyrkl = 07
Poo

1 1
Zd,i,nd,i(zd,imd,i) = BO,i,nd,¢7|Zd7i7nd,i|pO + /30071'7nd,¢7|zd7i,nd,i
Po Poo

it is easy to check the following

Lemma 4.1. Similar to the SISO case we have

[31] Zb, i (2b155 260 j4+1) = 0 for every v = 1,...,pp, 5 = 1,...;np, and Zy, (26,5, 2b,541) = 0 if
and only if oy, ;(2b,5) = 2o jt1-

Similarly for Zq; j(2d;j, %v,ij+1), for every i =1,..,pq,j =1,...,n4;

The BI-LF for each subsystem of the error system = , associated to observable one is defined as

TLbyL—l

%7L(Zb7L) = Z Zb’Lyj (Zb7L7.j7 Zb7l’7.]+1) + Zb7L>nb,L (Zb>L7nb,L) (439)
j=1

*

So that, the BI-LF for the error observable system Z; is
Py
= Z Vb,L(Zb,L)u (44())
=1

In a similar way, the BI-LF for each subsystem of the error system associated to strongly ob-

servable one Zj ; is given by

nd’i—l

Vai(zai) = D Zaij(2digs 2aigi1) T Zaing, (Zing,) (4.41)
j=1
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*

and the BI-LF for the error observable system =Z; is

Pd
= Vai(zai), (4.42)
=1

finally, the BI-LF candidate for the whole system composed by the interconnection of the ob-
servable and strongly observable error systems Z; in (4.29) and Z} in (4.30) is given by the sum of
them, i.e.

V(Z) = Vb(zb) + Vd(zd) (4.43)

For the partial derivatives we introduce the following variables associated with both type of
systems, i.e. taking ¥ = {(b,¢), (d,7)}

0Zy,5(2y.5> 2, j+1) Pk PRIk
oy =22 312] T = ST Brag (Trwg] R — &) ok
},j
ke{0,00} (4 44)
0Zy,; (25> Zj+1) Pk — Tk P20k Oy, '
Syj = Wa;b DI - > “Brij = (25— Ep )l TR -~ !
¥,j+1 kE{0,00} »,k,j P,j+1
Note that Zy j, 0 j, 5¢.; vanish when oy j(2y5) = 2y j4+1-
Performing time derivative of V'(z) with respect to the new time variable 7
V'(z) = V() + Vi(zq) ZVIH (25, +Zvdz (2d,)
Vo (z,) -
= — Wy(2s) +Z 81” be) fu(2p) (4.45)
va’nb L
0Vii(2di) =
— Wa(zq) + Z 52 — I (2, 24, W)
Zd,i MNd,i
where ,
b
= Z Weo(2p,), Wilza) Z Wa,i(2d4) (4.46)
Wb,L(zb,L) = ]’%b,b,la—b,L,l(¢b,L,l(2b,L,1) - Zb,L,Q)
ny,—1
+ > kb [shg-1 + 05,5] (B6.3(21) = Zb0541) (4.47)
=2
+ I;bvbunb,L [Snb,L_l + O-nb,L] gbnb,l, (zb7b)nb,b)
and
Wai(24:) = kain0ain($aii(Zain) — zdi2)
ndyifl
+ Y kaigsaigo +0aig) (Gaig(21) = zaiji) (4.48)
=2

+ Ed,iﬂw,i [Snd,rl + Jnd,i] gbnd,i(zd/ivnd,i)
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Due to the definition of sy ; in (4.44), sy, = 0 and functions sy ;,04; € C in R are r-bl-
homogeneous of degrees pg — 74,05, P0 — Tp,0,j+1 for the O-approximation and pee — 7y 00,5 Poo —
T4,00,j4+1 fOr the co-approximation, respectively. Additionally, we have o, ; = 0 on the same set as
sy, = 0, i.e. they become both zero at the points where Zy, ; achieves its minimum, Zy ; = 0.

Each function V4, ,(2,) and Vy;(zq;) in (4.39),(4.41) are bl-homogeneous of degrees py and ps
and C on R. They are also non negative, since they are positive combinations of non negative terms
Zy.j with ¢ = {(b, 1), (d, i)} respectively. Moreover, Vy(zy) are positive definite since Vi (zy) = 0
only if all Zy, ; = 0, what only happens at z, = 0, zg = 0 respectively. Then, Vj(2p), Vi(2q4) and
therefore V(2) in (4.43) as a sum of them are positive definite. Due to bl-homogeneity they are also
radially unbounded.

If we analyze the terms Wy ,(25,), Wai(24.i), in (4.47),(4.48) they are both bl-homogeneous of de-
grees pg + d for their 0-approximations and po, + d for their co-approximations. Therefore Wy (zp)
and Wy(zq) in (4.46) as well as its sum Wyg(2p, 24) = Wi(2p) + Wy(24) are also bl-homogeneous of
degrees pg + dp for their 0-approximations and pso + doo for their co-approximations.

As a previous related result, it has been shown in [31] that there exists appropriate gains l@m
such that Wy (zy) in (4.47),(4.48) are rendered positive definite. Now, the idea in the following is to
prove that there exist gains L, « sufficiently large such that the negative definiteness of the terms
—Wy(2zy) in (4.45) and therefore V’(2) is hold.

avb L(zb L)

We are now interested in finding an upper bound of fi,(2p). Assuming L > 1, and o > 1.

Taking into account (4.31), due to the power of L we can write

a%,L(zb,L)ﬂ(z) 1L 0Viu(2,) Zza(bb”k bih=1_
=, (2) = — bjk
azszvnb,L kb:Lvnb,Lfl azb LNy, =1 k=1 Lnb J k+1
(4.49)
A(bb,).j, kkb,] k—10Vp,(2p,)
< L3St asitosn i),
j=1 k=1 b,L b, —1 zvaanb,L

a‘/b L(Zb,L)

where oo is bl-homogeneous of degree py — T(b1),0my, = P0—1 for the O-approximation and

My
Poo = T'(b,1),00,mp, = Poo — 1 for the oo-approximation, additionally, each term zj ;5 is bl-homogeneous
of degree 7, jy 0,k and 74 j).00,k for the 0 and oo approximation respectively.

Then, %‘ZL(%L)ZM k is bl-homogeneous of degree po —7(5,.),0.n,, + 7 (v.5),0k = Po — (,; — k)do for

the O—approximatlon and Poo —T(b,1),00,m , T T (b,j),00,k = Poo — (M,j — k)doo for the co—approximation.
We can conclude that

po + do < po — (g5 — k)do, Poo — (M5 — k)doo < Poo + doo (4.50)

And therefore, by the property of bl-homogeneous functions, there exist positive real numbers
Ap,, such that
8%,L(zb,L)
8zbvbvnb,L

fuu(zp) <

Wb(zb) (4.51)

Vd i(24, z)\ll (

dznd

For the upper bound analysis of 2b, 2d, Wd,i), it is convenient to write 0, i(2b, 2d> Wd.i)
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separately, i.e

Py T,

~ a (db,i),j,k b,jk 1
\Ij (zb7 Zd’wd Z) k ZZ Lnbj_k+1 Zb7]7k
dyingi—1 J=1 k=1
Pd "d,j
Z a dd72)7.77kkd7]7k_12
T d,j,k —
k ng,j—k+1 b
leLdl 1 ]:1 k=1 L
1= 1= ~
= E‘I’b,i + Z‘I’d,z’ + a\llw,i
Py T, k
QA(db,i),5,k b,jk 1
] 1 k=1 dvlvndz 1
TLd‘j
¥ Z a(dd,i),j,kFd,jk—1
dyi Zd kd Lnd.j i—k d,],k‘
j=1 k=1 34Md,i—1
~ ) 1
qu,i(wdv Z) = Wdi
kd,i,nd’i—l

O‘kd,i,nd,iﬂ

1
Wd,i

)

(4.52)

where %V‘“i(zdi) is bl-homogeneous of degree po —r(44),0,n,, = Po— 1 for the 0-approximation and
Poo —T(d,i),00,nq; = Poo — 1 for the co-approximation, additionally, each term z ;5 is bl-homogeneous

of degree r( j) 0.k and 7(p j) o0k for the 0 and oo approximation respectively, similarly each term zq ; 5
is bl-homogeneous of degree r(g ) or and 7(g j),00,% for the 0 and oo approximation respectively.

OViy,i(2d,:)
azd,i,ndﬂ'
O-approximation and pu (1,5

24,5,k 18 bl-homogeneous of degree po—7(q4),0 na;

~T(di),00,n4,0 ~ T(bg),00k = Poo

similar way, M

the O—approx1mat10n and Poo = T'(d,i),c0ma; — (d.j),00k = Poo — (naj—
It is clear
po+do <po—(np;—k)do  Poo— (Mbj—
po+do <po— (ng; —k)do  Ppoo — (N4 —

zp,jk is bl-homogeneous of degree po — 7'(4,4).0,n4: = T(b,5).0k = P0 — (Mbj —

—k)d for the co-approximation. In a

k)dy for the

(d,j),O,k = po_(nd,j_k)do fOI'

k)dso for the oo-approximation.

k)doo < Poo + doo
k)doo < Poo +doo

(4.53)

Therefore, by the property of bl-homogeneous functions, there exist Ag;, Apa i j\dﬂ- > 0 such that

OVa,i(za,) 1 1g Abd,i

<
) bi(2) < 7 Wha(2b, 24)
OVai(zq,4) 1 = Ad,i
AL [ <
Teaimy, L ai(za) < Wd(zd)
8Vd,7,(zd,l) )\ szz)o+d1() ( )
azal,i,ndZ

(4.54)

(4.55)

Poo—1

+ W pootdee (zd)> (4.56)
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If we put everything together, V'(z) in (4.45) can be bounded as

A A A
V/(Z) < — Wb(zb) — Wd(Zd) + beb(Zb) + %Wbd(zb, Zd) + ded(Zd)

Poo—1

5\ po—1 _Poo—1 ~
+ 20 (W ) 4 W ) ) 19

A A A A
__ (1 _ b+Lbd> Wi () — (1 _ dibd) Waza)

(4.57)

Ad 7’0+_dl _Poo—l_ -
# 20 (W () W ) ) 10

where || 9, (wa) oo = max { 204, [@i(wa,)] }-

If we apply Lyapunov stability arguments we conclude that it can be chosen L sufficiently large
such that the first two terms become negative definite. In absence of W, the origin z = 0 is
asymptotic stable. With dy < 0 it converges in finite time, moreover, with d > 0 it converges in
fixed-time.

In the case U,, # 0 but ultimately bounded, by selecting dy = —1 we can chose « sufficiently
large, such that V’(2) is negative definite. And then, finite-time or fixed-time stability is achieved.

4.1.6 Some comments

It has been shown that the proposed observer is capable of estimating the state variables of
linear MIMO systems with uniformly bounded unknown inputs. And that the resulting inter-
connections between subsystems can be globally dominated through bl-homogeneous terms.

In the design we have assumed for simplicity that the parameters a and L are the same for
all subsystems, however, this is not strictly necessary, the designer could design a pair of
parameters « and L for each subsystem. Therefore, the speed of convergence of each of them
can be chosen independently in a certain sense.

As we said before, the subsystem 3, corresponds to the observable part of the system, that
is, the observation dynamics is completely assignable and since there is no effect of unknown
inputs on it, the presence of discontinuous terms is never necessary, that is, a continuous
observer for 3, is sufficient to ensure convergence in fixed time. However in the case of the
subsystems ¥;; when A; # 0 there is exact convergence only when dy = —1 which produces
a discontinuous HOSM.

It has just been shown that the order of the complete observer is at most of the same order
as the system, that is, the direct application of the bl-homogeneous UIO does not increase
the order unnecessarily. This also eliminates the delay effect introduced by the Luenberger
observer.

The observer was proposed for strongly observable systems, i.e. systems without zeros at all,
which means non-existence of internal dynamics. This is clarified under the SCB transforma-
tion where the strong observability Property 2.1 states the non-existence of x, and z..

However, the results presented can be easily extended to strongly detectable systems (having
only stable invariant zeros or in SCB A,, Hurwitz in (2.13)). The convergence of the observer
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would be subject to the asymptotic convergence of the part associated with x,. Since it is an
inaccessible dynamic, there is no freedom to accelerate the convergence velocity

4.2 Example

Let a strongly observable system, given by a linearized model of the lateral motion of a light aircraft
taken from [32][33] in original Coordinate with unknown inputs

| 2 =Az+ Bu+ Dw
P { y = Cux (4.58)
where
—0.3 0 —-33 981 0 —54 0 [0 07 (0]
-0.1 —-83 3.75 0 0 0 —286 0 0 0
0.37 0 —-064 0 0 -95 0 0 0 0
A=1 0 1 0 0O 0 0 0 , B=|0 0], D=|0{,
0 0 1 0 0 0 0 0 0 0 (4.59)
0 0 0 0 0 -10 0 20 0 20
L O 0 0 0 0 0 -5 | |0 10] L 0]
01 00O0O0O .
= = 0. . . <0.
C 000010 0 w(t) = 0.08 + 0.1sin(2t) 4+ 0.02cos(13t), |w(t)] < 0.2
The state vector x = [:131 mﬂ T consists of sideslip velocity x1, the roll rate zs, the yaw rate

x3, the roll angle x4, the yaw angle x5, the rudder angle x¢ and the aileron angle x¢. The control
input u = [ul UQ]T is given by the rudder angle demand u; and the aileron angle demand us. The
unknown input w is a bounded actuator fault in the rudder is considered. The output y = [yl yg]T
provide measurements of the roll rate xo and the yaw angle xs.

It is important to note that the system (4.58) is unstable since the matrix A has to eigenvalues
with non-negative real part in s; = 0.1219 and so = 0, them all the states of the system can be
unbounded. Therefore, the direct application of a homogeneous differentiator like the Levant "s one
is impossible.

Applying the SCB change of Coordinate, and expressing each subsystem in observability canon-
ical form through T = diag {01_1, (’)2_1}, the transformed system is given by



4.2. Example 93

0 1 0 0 2.006 0 0
0 0 1 0 —1.665 0 0
0 0 0 1 2.6 0 0
A= 1|0 0 —7.009 —-6.401 —3.645 0 0 ,
0 0 0 0 0 1 0
0 0 0 0 0 0 1
10 488.789 —3.81 —14.933 —183.158 —87.597 —17.838]
- _ . (4.60)
0 0 0
0 77.44 0
0 —456.244 0
1 00 0 0 OO
B = 0 2378 , D=0, C=
0 0 0 0 0001 0O
0 —286 0
|—701.7  3803.8 | 1]
which can be written as
Ty = T2 + [2.006]ys, Y1 = Tp1
s . ) e = whs+ 1663y + [0 77.44Ju
P s = apa+ 26y + 0 — 456.244]u
fpa =[0 0 —7.009 —6.401]z; +[~3.645]y2 + [0 2378Ju
(4.61)
Tg1 = Tqp2, Y2 = Tq1
Tq2 :md3+[0 —286}u
Ed : ’ ’

g3 =[0 488.789 —3.81 —14.933]z,+
.4 [~183.158 —87.597 — 17.838]xq+ [~701.7 3803.8]u + [1jw

where we have one observable subsystem z;, € R* and one strong observable subsystem x4 € R3.
In this example we omit the sub indices of the subsystem number, due to we have only p, = pg = 1.
Note that the fact that the subsystems are in observability canonical form make impossible to
apply the methodology and observer proposed in [33]. The terms in the last channel can be seen
as interconnection ones, i.e. in some sense, the following methodology can be thought of as the
observer design of linear interconnected systems.

The observer is given by

3?’1;,1 = —kp1 L1 (26,1 — y1) + £1,2 + [2.006]y2
Ty = —kp2L?Gp2(To1 — y1) + 1,3 + [~1.665]ys + [0 77.44]u
Qp i‘b73 = —k’b73L3¢b73(ib71 —y1) + .@174 + [2.6]3/2 + [0 — 456.244]u
Tpa = —kpaLidpa(p1 —y1) +[0 488.789 —3.81 — 14.933]ip+
o+ [—3.645]y2 + [0 2378]u

~— —

(4.62)
‘f)?dﬂ = _kd,lL(lggl,l(i:d,l - ZJQ) + i’l’g
Qy: Tg2 = —kd,zLQ@d,Q(i’d,l —yo)+ 213+ [0 —286Ju
Gas = —kasLlP0as(iar —yo) + [0 488.789 —3.810 — 14.933)iy+

.. +[—183.158 —87.597 —17.838]z4+ [—701.7 3803.8]u
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where the nonlinear output injection terms ¢.(-) are as follows

e
8 14\ 25 1-G-jdy [ [A\ To8ds - G-ids
®b,5(8) = ( > Kpujls] T30 + <) Op.i[s] T3, j=1,..,4 (4.63)

« «Q
and
N I3 Sy 2d0 1—(2—5)dg I3\ T-2deo 2doo 1-(2—j)doo ‘
¢d,j(3) = ( o ) Kd,j [SJ 1=2dg ( 5 > Hd,j [SJ 1-2dec . g5 =1,...,3 (4.64)

The assigned homogeneity degrees dp, ds in 0 and oo in these terms (4.63),(4.64) have to satisfy

11 1
—1<dy<ds <mm{3 2} 3 (4.65)

We present three cases:
1. Linear UIO. Homogeneity degrees dy = do = 0.
2. Continuous UIO. Homogeneity degrees dg = —%, doo =0

3. HOSM-UIO. Homogeneity degrees dyp = —1, doo = %. With this selection we get a discontin-
uous observer. Note that dy < 0 < ds

The initial conditions of the plant states are 29 = [-0.5 0.1 0.02 0.2 —0.1 —0.3 0.2] and
;= 0,7 =1,...,7 for the observer. For all cases the values of gains ky ;, kg ; are fixed as

1 1 1
{hos = 8.6k, Iy =212, hus = 16.25K3, Jps =2} (4.66)
1 2
{kd71 = 334]{?&3,3 kd,? = 53]{;5’3 kd,?) = 5} (467)

In te case of Figures 4.1-4.3 a set of 5 seconds simulations are shown, where L = 1,a = 10
and kp; = kq; = 1 have been set. We can see that in the cases 1 and 2 (linear and continuous)
the observer does not accurately estimate the states of the plant due to the non-compensation of
unknown input, i.e. no matter how big the gains can be, with this homogeneity degrees selection,
the observer will never be able to compensate the effect of the unknown input. This is cleaner in
the last subfigure, where ||e|| is illustrated.

On the other hand, in the third case with dg = —1 (discontinuous observer), the induced HOSM
allows the observer to compensate exactly the unknown input effect. It is shown in Figure 4.3,
that after 0.5s exact convergence of the error norm to zero even in presence of unknown input is
achieved, therefore, the states are estimated exactly in finite time.

In all cases, with appropriately gains selection the error converges to a neighborhood of zero in
about one second but it is not clear what happens when the initial estimate is not close to the true
state. For the third case, i.e. with dg = —1, doo = é and setting now L = 5, = 10 we run a
set of simulations, Figure 4.4 shows the norm of the error vector over a wide range orders of initial
estimation error. Here, the error converge to zero in less than 4s for all cases.

In other words, we achieve more than finite-time, fixed-time stability of the estimation error,
i.e. regardless of the initial magnitude of the error, the observer converges before certain time value
T, in this case we can see that the value of this upper cote of estimation time is T = 4s, but this
can be reduced arbitrary by increasing appropriately the value of parameter L as we said in the
parameters tuning section.
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Figure 4.1: Linear UIO. Plant state x, state estimation & and estimation errors e = & — x.
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Figure 4.2: Continuous UIO. Plant state x, state estimation & and estimation errors e = & — x.
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Chapter 5

Conclusions

In this work we have proposed a family of observers for state estimation of strongly observable SISO
and MIMO Linear Time Invariant systems, the proposed scheme has bl-homogeneous properties,
which allow us to assign behavior near and far from the origin independently, this feature allows
us the possibility of accelerating when possible the convergence velocity of the observer achieving
finite time or more fixed-time convergence. Additionally, the induced HOSM at the origin allow us
to deal with bounded unknown inputs having theoretically exact convergence.

The tuning parameters of the observer are composed by a set of gains, which have an intuitive
roll each one, the internal gains ky j,0psi; with ¢ = {(b,¢),(d,7)} give a relative weight of the
low degree terms and the high degree ones in the nonlinear injection terms. The external gains
ky ; are responsible for ensuring stability of the observer considering absence of interconnections
and perturbations, and finally the gains L, « are in charge of dealing with the interconnection and
unknown inputs terms respectively by setting them sufficiently large. Thus, the tuning procedure
of the observer is simple and structured.

The boundedness of the state variables is not required for global finite-time or fixed-time stability
of the estimation error dynamics which allows for its application to unstable plants.

In the SISO case the state estimation for LTI systems with unknown inputs problem can be
solved by directly applying a HOSM differentiator (like Levant’s RED) if we put the system in
observer form. Nevertheless, this idea can not be applied if the system is in observability form,
since to have global convergence we should have bounded state variables, and this reduces its
applicability. In the MIMO case this problem is the same, extended to a set of subsystems. Base
on this problem, the construction of bl-homogeneous observers allow us to deal with unbounded
functions far of the origin, i.e. with do, > 0 we can deal with Lipschitz and then linear functions
of the states in last channel of each subsystem and in the case of selecting dg = —1 we have proof
that the observer can deal with the effect of unknown inputs due to the HOSM, obviously, in the
absence of unknown inputs a linear dy = do = 0 or continuous —1 < dy < 0 < dy Observer is
sufficient to achieve asymptotic or exact and finite time convergence, respectively.

This work results in a more general observation scheme, with respect to the already existing
in literature offering global convergence. In contrast to the cascade scheme [18] composed by a
Luenberger observer and a HOSM differentiator the structure is much simpler because the order is
not unnecessarily increased, therefore the number of parameters is significantly less. Moreover, the
Luenberger observer introduce a delay in the estimation, that is avoided in the present scheme.

On the other hand, for the MIMO case, the observer presented in [33] is based on a MIMO
observer normal form which allows to apply directly an homogeneous differentiator ( Levant’s RED
is applied), this is because in this observer normal form the resulting subsystems ares interconnected
in a convenient form, i.e. the convergence is achieved in a sequential way, when the first subsystem
has converged the second one can do, and then sequentially. This observer can not deal with another
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kind of interconnection terms, for example, those given in observability form. The observer proposed
here can deal with both interconnections and in fact, even more general.

The effectiveness of the observer has been illustrated in the presented examples, both of them
have unstable dynamics and bounded unknown inputs. The results showed that, although the un-
bounded state variables it has global convergence. Also, it was shown that linear and continuous
observers cannot completely compensate the effect of unknown inputs, keeping the error in a neigh-
borhood of zero only. But the High Order Sliding Mode produced by having dy = —1 homogeneity
degree in the 0-approximation terms allows the observers to compensate these effects.

5.1 Future works

The present work opens the possibility to several extensions.

e Design of bl-homogeneous observers for strongly observable SISO and MIMO Linear Time
Variant (LTV) systems, i.e. linear systems whose parameters vary with time. In the SISO
case the problem can be stated as the observer design for a system given by

T =T, Y=,
Tj = Tjp1
D ], ! (5.1)
D i=2,.n—1

Tn =ai(t)x; + az(t)ze + ... + ap(t)x, +w

e Design of bl-homogeneous UIO for strongly detectable SISO and MIMO Linear Time Invariant
systems, that is, systems with inaccessible but stable internal dynamics. This is an immediate
extension that does not require a lot of extra work. For example, in SISO case, the problem
boils down to designing observers for systems given by

g = AgaTa + Haqy

Tg1 = Tg2, Y= IT1,
vl Edj = Tdg4 (5.2)
F=2 g —1
Tdp, = Ad1Td1+ ad2Td2 + ...+ agn;Tdn, +w

e The design of bl-homogeneous UIO for nonlinear systems with unknown inputs. Although
this issue is currently being addressed by colleagues in the same working group, the MIMO
non-linear case is still an undeveloped problem. The problem can be seen as the design of
observers for a system given by

T = f(ta x,u) + g(m)w(t), l‘(O) = 2o

) b (5.3)

e Design of UIO for networks of non-linear systems in general. The methodology presented in
this work in the MIMO case under the SCB transformation is a first approach in the develop-
ment of this topic, since it can be seen as the design of observers for linear subsystems with
also linear interconnections in the states. That is, for future works the task can be extended to
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the development of observers for more general systems with non-linear interconnection func-
tions between them. The problem can be stated a the design for a general system X given by
N non-linear systems with interconnection terms ¥;(-) and unknown inputs w(t).

v E = Fiwiw) + Uiz, o an) + Glriwi(t),  2i(0) =i (5.4)
“\yi =Hi(w), i=1,...,N .

U, (+) is an interconnection function that contains all the states x; € R™ i =1,..., N.
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