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Notation

Along the thesis, the main notation is as follows:

e 1 - "There exists”.

VY - 7For all”.

e < - "Lesser than”, < - ”Lesser or equal than”, > - ”Greater than”, > - 7 Greater or equal
than”.

e A= B - The statement A implies B.

e A< B - The statements A and B are equivalent.
e a € A - The element a belongs to the set A.
e A C B- The set A is a subset of B.

e A\ B - The set A is out of B.

e f:A— B- fis map from A to B.

e V - The gradient of function.

e C - Set of the complex numbers.

e R - Set of the real numbers.

e R, - Set of the positive real numbers.

e N - Set of the natural numbers.

e Let © € C be a complex number, Re (x) corresponds to its real term and Im (z) is its
imaginary term.

e || - || - Euclidean norm of a vector.
e |- | - Absolute value of a function.

e Let x € R™ be a vector, & represents the first derivative of x respect to time, high order
derivatives are represented by (™, where n says the order of the derivative.

e max and min - Maximum and minimum, respectively, value of a function.



Let M € R™™ be a matrix. M7 is the transpose of M. If m = n, M~! represents the
inverse of M.

Let S;, for ¢ = 1,..., k, be multiple sets, the symbol S; _j represents the intersections of
all sets, i. e. SyN---N---NSg.

For a vector field f, g—i is its Jacobian matrix. Likewise, let g be a vector field, (f,g)

corresponds to Lie brackets.

Hif F; - Product of the function F;, from the value ¢ = iy until iy, where ¢ € N.

i=io
A - End of a definition, theorem, lemma and proposition.

[J - End of a proof.

Finally, a new function is added. For a variable x € R and a real number p € R, the
symbol [z]” = |z|Psign (x) corresponds to the signed power of x to p. If p = 0, the sign
of x is obtained.



Chapter 1

Introduction

1.1 Motivation and State of the Art

Mathematical models are an important tool to study the behaviour of a physical system by
means of differential equations. In this way, a Multiple-Input Multiple-Output (MIMO) system
can be modelled as a system of Ordinary Differential Equations (ODEs) of first order [23] as
follows

£ =F(&,t) + Be(&, ),
o =h(g),

where ¢ € R corresponds to the state variables, v € R™ is the input vector, o € R™ are the
outputs. Likewise, the vector field F'(£,t) is the internal dynamic of the system, G(&,t) is the
input matrix and finally A () is a continuous function of the states.

In control theory, the system takes an important place because it allows to design
control laws. Two of the main control tasks are regulation and tracking. In regulation task,
the control objective consists in taking the outputs of a system to a desired value. While in
tracking task, the outputs are brought to a desired signal.

(1.1)

1.1.1 Systems with Disturbances/Uncertainties

In general, obtaining a mathematical model that can perfectly represent the behaviour of a
physical system is difficult (or even impossible). This is a consequence of unknown elements
(uncertainties) or exogenous signals (perturbations), which affect the physical system and are
not considered in the mathematical model. Considering these unknown terms, a better approx-
imation of a physical system can be modelled as follows

§=F(&1) + Bel&, v + (¢, )
o =h(¢)

where £ € R® are the states, o; are the outputs and v; are the control inputs. f and g; are smooth
vector fields, h; are smooth real-valued output functions, and 1 is a smooth time dependent
vector field representing some parameter or model uncertainties and/or external perturbations
acting on the system. Likewise, the matrix Be(€,t) could be partially unknown. This can be
represented as B¢(&,t) = ABE(&t)Bg(f,t), which is assumed to be nonsingular for all £ and ¢,

(1.2)
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and Ap, is the uncertainty. So, the control objective is designing robust controllers that can
deal with the uncertainties and perturbations.

The outputs o; can represent tracking errors or sliding variables in sliding-mode control
as e.g. [20] 28 29]. Therefore, the control task can be reduced to render the outputs o; = 0
asymptotically or in finite-time, despite the acting perturbations/uncertainties ¢ and uncertain
matrix G(t,z). When the (unperturbed) system has a well-defined vector relative degree
p=1[p1, -+, pm], with nonsingular matrix

Ly L ha(€) -+ Ly, LY ha(€)
Ly, L7 'h oo Ly LPPTM

Gle) = g | P ts 1) o e A (1.3)
Ly L5 hn(€) -+ Lyg, LY hi(€)

and some regularity assumptions on the distributions are satisfied, it is well-known [21] that
the system can be transformed by a diffeomorphism of the states and a regular feedback v =
a(&) + B(&)u, with matrix (§) € R™*™ invertible, to the (Byrnes-Isidori) normal form

77 = Q(Th LC) +1u’0<t7 z, 77)7

&= Av+ Ap, By (u+ p(t, z, n) + p(t, x, n) (1.5)

= 21,1,

Ym = Tm, 1,
where the vector © = col (1, -+, z,,) € R" is composed of the partial state vectors x; € R
n =Y, pi, and u € R™ is the transformed control vector. Note that the uncertain-

ties/perturbations from (¢, §) are also included. Subsystem ({14 corresponds to the zero
dynamics, with state n € R*™". Matrices A and B, have the Brunovsky canonical form, i.e.

(A, 0 -~ 0 010 --- 0
0 Ay, -+ 0 00 1
A=1| . . | eRYT A= ERP*Pi j=1,..,m
(0 0 A 0 0 0 0
b, 0 - 0 o
~ 0 by, --- - L
B,=1| . . Sl eRYT b, = || €RY =1, ..,m.
0 0 e by, !

In these coordinates and without uncertainties (i. e. Ag = L,,,), the decoupling matrix G from
(1.3) becomes the identity matrix, i.e.

G=1,. (1.6)

The uncertainties/perturbations vector ¥ (t, £) is decomposed in three terms: po(t, z, n) affects
the zero-dynamics, p1(t, x, ) is a matched term, acting on the control channel, and ps(t, x, 1)
is a not matched term, acting on the main dynamics.
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If the (perturbed) zero dynamics is well-behaved, in the sense that its trajectories are
globally bounded for all times, whenever (z(t), n(t)) is bounded. So the control task consists
in solving the output-zeroing problem for the main dynamics , rejecting perturbations p,
uncertainties po and uncertainties B.

It is important to stress that linear controller can obtain exponential stability. As a result of
this, a linear controller can deal with perturbations p; and uncertainties ps if these are bounded
by c||z||,. However, the main problem appears when the perturbation y; is non-vanishing at
origin £ = 0 because a continuous static controller cannot deal with it.

1.1.2 Stability Analysis

Two of the main tools to show the stability of trajectories in a non-linear or linear system are
the Lyapunov’s methods. First one corresponds to analyse the system around a point by mean
of a linealization of the system, obtaining a local result of stability. However, this method is
not always applicable. Second method analyse the original system and global results can be
obtained. This method consists on building Lyapunov functions, which are not always easy to
build, to proof the stability of the origin of a system. By converse Lyapunov theorem, if the
origin of a system is stable, then there exists a Lyapunov function that ensures it. Therefore,
the main task is finding Lyapunov functions that can show the stability of the origin of a
closed-loop system.

Recently, the homogeneity has taken a big importance as a result of its properties [4]. One
of them is that the homogeneity degree determines the kind of stability of a system. Stability
in Finite-Time (FT) is a desired feature for the origin of a system. This can be obtained if the
homogeneity degree is negative [4], 56, 50, 9.

It is worth mentioning that a linear system has the property of homogeneity so it is ex-
pected to obtain a homogeneous theory similar to the linear one. Actually, in a similar way
that a linealization can approximate a non-linear system, it can be obtained a homogeneous
approximation [2]. In this case, it is possible to analyse near to origin and in the infinity to
obtain both approximations. Therefore, using the homogeneous approximation, a non-linear
system can be studied [6]. Likewise, it is noted that a homogeneous system cannot generally be
linearized by Taylor series so homogeneous approximations allow to analyse a greater amount
of non-linear systems.

It is important to stress that the main Multiple-Input Multiple-Output (MIMO) control
strategies are based on systems of Single Input and Single Output (SISO). Likewise, note that
if a system can be perfectly transformed to , the system can be seen as multiple decoupled
SISO systems and they can be controlled by using independent SISO control laws. Therefore,
these strategies are an important base for controlling MIMO systems.

1.1.3 Classic Integral Control

One of the main tools to deal with perturbations is the classic integral control, which presents
a control law in the following form

u :¢u(x) + 7,

5
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The control design is divided in two parts. First, the static controller ¢, (), which stabilizes
the origin of the closed-loop system without perturbation, is designed. Subsequently, the dy-
namics of the integral action z, which has to compensate for perturbations without affecting the
stability of the closed-loop system, is designed. So, a controller that is able to reject constant
perturbations is obtained.

1.1.4 Sliding Mode Control

Sliding Mode (SM) theory is one of the most popular methods to deal with external perturba-
tions. The basic concepts of First Order Sliding Modes (FOSM) are presented in [53]. In the
FOSM method, a sliding surface s = 0 with relative degree 1 is designed such that the origin of
the closed-loop system is stable. Therefore, the control task is keeping the trajectories of the
system in that surface. Using this technique, the resulting controller is written in the form

u= —ksign(s), k>0, (1.8)

This controller can deal with bounded perturbations, whose bound is smaller than k. Note that
bounded perturbations is a larger class than constant ones. However, as consequence of the
discontinuity of the controller, the so called ”chattering” effect appears. This could generate
continuous damage to actuators and no desired vibrations in the system.

This FOSM theory has been extended and High Order Sliding Modes (HOSM) has been
designed 11}, [14]. In this theory, the resulting controller is very similar to previous one and can
be written as follows

u = —ksign (o(x)), k>0, (1.9)

where o(x) is a homogeneous function of the states. Analogously to FOS method, this controller
can deal with bounded perturbations, whose bound is smaller than k£ and the ”chattering” effect
also appears so this is still a problem implement the controller. One of the solutions to deal
with this is using Quasi-Continuous (QC) controllers as it has been done in [27], reducing the
chattering effect but without eliminating the discontinuity in the control variable.

One new technique to design SM controller is the implicit Lyapunov function that is pre-
sented in [48]. In this methodology, the Lyapunov function is implicitly built and it has to be
calculated online. The main advantage of this methodology is that the controller is designed
by mean of Linear Matrix Inequalities (LMIs), which is a similar result to the linear case.

It is worth mentioning that the SM controllers has the property of homogeneity [26], which
is a desired property in order to design control laws.

1.1.5 Homogeneous Integral Control

Based on the classic integral controller and the homogeneity degree, in [44] a continuous ho-
mogeneous integral controller, which can obtain a F'T stabilization of trajectories, is applied
to manipulator robots is presented. This work was continued in [43]. The main problem of
these works is that they do not present a formal proof of stability. They only proof stability
by means of simulations.

In [55] 511, 38, 22] B3], a discontinuous integral controller that allows to stabilize the origin
of an integrators chain of second order is presented. This result is proven by means of a strong
Lyapunov function and the controller can deal with Lipschitz perturbation, i. e. perturbation



with bounded derivative. This result can be seen as a generalization of the so called Super-
Twisting Algorithm (STA), which was presented in [25] and whose Lyapunov function was built
in [41].

It is important to note that the discontinuity in a discontinuous integral controller is located
in the integral action. Therefore, the resulting control variable is continuous, allowing to reduce
strongly the ”chattering” effect.

Using the result presented in [38] as main base, in my master’s thesis [52], a discontinuous
integral controller for arbitrary relative degree has been presented. Likewise, in [31] a homoge-
neous integral controller with negative homogeneity degree is designed by mean of an implicit
Lyapunov function.

1.1.6 Implicit Lyapunov Function Method

An interesting method to design homogeneous controllers is the Implicit Lyapunov Function
(ILF) method. This one allows to design homogeneous controllers. Using this method, an
integral controller for SISO systems is presented in [31]. The ILF method was proposed orig-
inally in [48] to design static state-feedback controllers. We considered in [31] homogeneous
controllers of non-positive homogeneity degree, affected solely by time-varying matched pertur-
bations. In the current paper, we extend this result to MIMO systems, of arbitrary (negative
or positive) degree of homogeneity, and considering vanishing not matched perturbations and
non-vanishing matched perturbations, which can both depend on state and time. The design
of these homogeneous continuous or discontinuous integral controllers - for SISO and MIMO
systems - is developed around the ILF method [48].

An important advantage of the proposed solution is the obtainment of constructive rules
for tuning the control gains formulated in the form of LMIs, similar to linear time-invariant
systems. Since a direct application of the ILF idea does not lead to a usable integral controller,
we combine the ILF method for the design of a (rational) state feedback controller and an
explicit Lyapunov function for the calculation of the integral part. This resembles the idea
used for the Super-Twisting in [41], and which is generalized for arbitrary order in [24]. This
leads to a very useful method for designing homogenous integral controllers of an arbitrary
positive or negative degree.

1.2 Problem Statement

Consider a MIMO system in the form

&t =Ax+ B (u+p(t)) + p(t, x) (1.10)
y=[r11, . Tma]" €R™ (1.11)

where z = [z7, .. 2L ]T € R" (z; € R™ where n; is the relative degree of the first state of z;

which correspond to the outputs) are the states, which are assumed to be measured, u € R™
is the control inputs vector, p : R, — R™ is a perturbation vector and g : R" — R" are

7



uncertainties in the original system. The matrix A € R"*" is defined as

A0 - 0 010 -0
0 Ay - 0 001 - 0 o

=|. . . CleRM A= 0 . | eR" i=1..m.
o 0 - A, 000 --- 0

The matrix B € R™™ corresponds to
by
by _ ‘ )
C| eRT b= : eR™ ™, b e R, i=1,..,m.

m

where g;, i = 1, ..., m are smooth functions of states and time. The decoupling matrix is defined
as follows

G = AcG € R™™, (1.12)
where
by
G=|:
b,

is the nominal part, which is assumed to be known, and the matrix

Ag = diag (G1, .-, Gm)
represents the uncertainties.

Assumption 1. The decoupling matriz G is assumed to be invertible for all x € R", t € Ry,
Therefore, the matriz G has to be nonsingular and the uncertainties have to satisfy

19i| > g > 0.
Without losing of generality, these uncertainties are assumed to satisfy

gi>g>0.

The control objective is to robustly stabilize the origin of system (1.10)), asymptotically
or in finite time, despite the vector of perturbations p and vector of uncertainties p, using a
homogeneous controller.

1.3 Objectives

1.3.1 General Objective

Design of homogeneous integral controllers that can stabilize the origin of the system ((1.10)),
using explicit and implicit Lyapunov functions.

8



1.3.2 Particular Objectives

1) Obtain a homogeneous integral control for the system ([1.10) with uncertainties in the
decoupling matrix, using the Lyapunov function approach.

2) Design homogeneous integral controllers with positive homogeneity degree for the system
(1.10]) with uncertainties in the decoupling matrix, using the Lyapunov function approach.

3) Design homogeneous integral controllers for the system (1.10) without uncertainties in
the decoupling matrix with the implicit Lyapunov function approach.

1.4 Contributions

A homogeneous integral control with negative homogeneity degree is presented.

A homogeneous integral control with positive homogeneity degree is presented.

A fixed-time integral controller is designed.

A homogeneous integral control with positive and negative homogeneity degree is pre-
sented, using the implicit Lyapunov function.

1.5 Thesis Structure

In Chapter [2| some preliminaries are presented. This chapter presents some concepts of Lya-
punov functions for differential equations and inclusions, weighted homogeneity, the implicit
Lyapunov function method and some key lemmas.

In Chapter 3] a family of homogeneous integral controllers with negative homogeneity degree
is presented. These controllers allow to stabilize the origin of a system in finite time. They are
experimentally applied to a magnetic suspension system. In Chapter[d], a family of homogeneous
integral controllers with negative homogeneity, which allows to stabilize rationally the origin
of a system, and a Fixed-Time controller, which is designed by switching the previous two
homogeneity degrees. All controllers are proven by using explicit Lyapunov functions and
shown its performance is shown by simulations.

In Chapter 5| a homogeneous integral control with positive and negative homogeneity degree
is presented. This result is proven by using the implicit Lyapunov function method.

1.6 Published Papers

In [35], a homogeneous discontinuous integral control is presented. This controller can stabilize
the origin of a chain of integrators, rejecting Lipschitz perturbation. A similar result can be
seen in Chapter |3| where a homogeneous controller is presented. Actually, both controllers are
proven by using a very similar Lyapunov function. In [36], the discontinuous integral controller
is applied to a magnetic suspension system. This result is written in Section [3.2] Likewise, in
collaboration with the PhD student Diego Gutiérrez Oribio, the discontinuous integral controller
is applied to a reaction wheel pendulum in [I6 18, [I7]. In [37], the homogeneous integral
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controller is presented using the implicit Lyapunov function method. This result i es shown in
Chapter [5]
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Chapter 2

Preliminaries

In this chapter, the main concepts and useful tools for this work are presented. First, Lyapunov
stability, which is the main theory to prove the results, and some related concepts are described.
Secondly, the definition of weighted homogeneity, which is a property that all considered systems
have, is presented. Subsequently, the concept of implicit Lyapunov function is defined. Finally,
some key lemmas, which are very important in the proofs, are given.

2.1 Lyapunov Stability

Consider the autonomous system
&= f(z) (2.1)

where x € R are states of the system, f : D — R" is a continuous mapping in a domain
D c R". Without loss of generality, let Z = 0 € D be an equilibrium point of (2.1)), i. e.
f(0) = 0. Then

Definition 1. (Lyapunov stability) [23] The equilibrium point x = 0 of (2.1)) is
e stable if, for each € > 0, there is 0 = 0(€¢) > 0 such that

|z(O)] <= [lz(®)] <& VE>0

e unstable if it is not stable.

o asymptotically stable if it is stable and d can be chosen so that
(0] <8 = Jim a(t) = 0

VAN

Definition (1| states that an equilibrium point of a system is stable if every solution that
starts in a neighbourhood of the origin (i. e. ||z(0)|| < J) stays close, otherwise the origin is
unstable. Moreover, if all trajectories converge to origin, it is asymptotically stable.

Generally, proving the stability of an equilibrium point of by means of Definition |1|is
not possible. To manage it, a useful tool is defined by the Barbashin-Krasovskii theorem
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Theorem 1. [25] Let © = 0 be an equilibrium point for (2.1). Let V : R™ — R be a continuously
differentiable function such that

V(0)=0 and V(zr)>0, V x#0:

V(z) <0, Vx#0
then x = 0 is globally asymptotically stable. /\

In Theorem , the function V' (z) is known as Lyapunov function. Likewise, if a Lyapunov
function V' (z) satisfies locally the conditions - , then asymptotically stability is got
locally as well.

If a function V() is proven to satisfy 2.2} then V() is named candidate Lyapunov function.
In general, it is easy to propose a candidate Lyapunov function but finding a function that
satisfies the conditions — is more complicated.

2.1.1 Stability of Differential Inclusions

Consider the differential inclusion [50]
e F(t ) (2.5)

where x € R™ are states. F': [0, +00) x R — R is a multivalued function. F is assumed to be a
non empty subset, compact and convex of R for every x € R and it is a upper semi-continuous
function. Likewise, a solution of this differential inclusion is any function x(t) that is defined
in some interval I C [0, co] and is absolutely continuous in each compact subinterval of I such
that @(t) € F(t,z(t)) almost everywhere on I. The equilibrium point is defined as 0 € F(¢,0).
A differential inclusion & € F(x) that is associated to @ = f(t,x) is referred to as Filippov
differential inclusion and its solutions as Filippov solutions [39] [13].

Since solutions of differential inclusion are not unique, two definitions of stability are intro-
duced [56]. The first one is weak stability, when stability is satisfied by at least one solution,
and strong stability, which ensures the property for all solutions.

Definition 2. [50] F is strongly asymptotically stable if, and only if, its solutions globally exist
and there exists a function f € KL such that for every solution x(t,z(0)) of (2.5)), the inequality
[ (t, 2(O)] < B(&, [[x(0)]]) is satisfied. A

Lemma 1. [} Let F' : [0,400) Xx R — R be a set-valued map such that the (local) existence
of solutions of (2.5) is ensured. Assume that there exists a strict LF 'V, i. e. a function
V = V(t,x) such that, for some functions a,b,c € K,

alllz]]) < V(t,z) < b(||z|]), V¢ € [0, +00),2 € R, (2.6)

to
th <ty = V(ty, x(t2)) = V(ta, 2(t2)) < —/ c(l=(r)[)dr (2.7)

t1
for each pair times (t1,t3) and each solution x(-) : |t1,tas] — R™ of (2.5). Then the origin is
Uniformly Globally Asymptotically Stables (UGAS) for ([2.5)). JAN

Note that Lyapunov functions for differential inclusions are similar to Lyapunov functions
for DEs.
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2.1.2 Types of Stability

In this subsection, the system (2.1)) is considered to define the type of stability of a system.

Exponential Stability

Definition 3. [}/ The origin is said to be exponentially stable for (2.1) if there exist three
numbers w < 0, M >0 and 6 > 0 such that for any xo € By, the solution x(-) of (2.1)) issuing
from xo at t =0 is defined on [0,4+00) and it fulfills

V>0, |lz@)|] < Me* ||zl . (2.8)

The infimum of the numbers w < 0 for which (2.8)) is satisfied (for some constants M,0 > 0)
18 called the exponent of 0. A

Theorem 2. [/ Let f be a vector field of class C' on a neighbourhood Q2 of 0 € R, and assume
that f(0) = 0. Then (2.1)) is exponentially stable at 0 if, and only if, the Jacobian matrix

A= (%)‘xzo is Hurwitz. Moreover, the exponent of 0 is sup{Re (\), X € a(A)}, being o(A)

the eigenvalues of A. A

Theorem 3. []] Let f be a vector field of class C* near 0 and such that f(0) = 0. Then the
following statements are equivalent

1. 0 is exponentially stable for ([2.1))

2. There exists a function V of class C* in a neighbourhood of 0 such that, for some positive
constants Cy, Cy, C3, r and ¢

Izl <0 = Cillz]]" < V() < Colla], (2.9)
|zl <6 = (VV(x), f(2)) < =Csllz[]", (2.10)

3. There exists a symmetric positive definite matriz S € R™™ such that, for some positive
constants C', o

lell <é = (Sz, f(a)) < =C|lz|". (2.11)

A

Rational Stability

Definition 4. [J] The origin is said to be rationally stable for (2.1)) if there exist positive

numbers M, k, n and § (with n < 1) such that for any xy € Bs, the solution z(-) of (2.1)
issuing from xqy at t =0 is defined on [0, +00) and it fulfills

Wt >0, [le()]] < ML+ [[aol[*£) 7 [[ao]|” (2.12)

A
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Theorem 4. [J] Let f be a vector field of class C* near 0 and such that f(0) = 0. Then
the origin is rationally stable if, and only if, there exists a continuous function V defined in a
neighbourhood of 0 and such that, for some positive constants Cy,Cs, Cs,71,79,73 and &, with
s > To

x| <6 = Cillzl]" < V(z) < Col]|™ (2.13)
[zl <0 = V(z) < =Csl=[|” (2.14)
A

Corollary 1. [J] Let f be a vector field of class C' near 0 and such that f(0) = 0. Let
W(t, x) the flow of the system . Assume that (2.12)) is satisfied and that for some constants
C,p,6 >0

0
Ha—f(t,x) <O+ |z||Ft)r, ve>0, |z <6 (2.15)
Assume that ||g(z)|| = o(||z]|*™" "™ as x — 0. Then the origin is still AS for the perturbed
system
T = f(x)+ g(x). (2.16)
A

Finite-Time Stability
Definition 5. [/, (8] Consider f to be

e a continuous vector field defined on a neighbourhood of 0

e f(0)=0
e (2.1) possesses unique solutions in forward time

and let ¢(t,x) denote the flow map, which is continuously defined on an open set in Rt x R™.
Then the origin is said to be finite-time stable for if it is stable and there exist an open
neighbourhood U of the origin and a function T : U \ {0} — (0,+00) (called the settling-time
function) such that, for each x € U\ {0}, ¢(-,x) is defined on [0,T(z)), ¢(t,z) € U\ {0}V €
0,T(x)), and limy_,p(z) ¢(t,z) = 0. A

Theorem 5. [/, [§] Let f be as in Definition E] Then the origin is finite-time stable and the
settling-time function is continuous at 0 if, and only if, there exist real numbers C' > 0 and
a € (0,1), and a continuous positive definite function V' defined on an open neighbourhood
of 0, such that

Ve e Q\ {0}, V(z)<-CV(z)~ (2.17)

If this is the case, then the settling-time function T'(z) is actually continuous in a neighbourhood
of 0, and it fulfills (for ||z|| small enough)

T(x) <

< m\/(x)l—a (2.18)

A
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Fixed-Time Stability

Definition 6. [J7] The origin is said to be fized-time stable, also called as uniformly in the
initial condition finite-time stable [12], for (2.1)) if it is globally finite-time stable and the settling-

time function T(x) is bounded by a positive number T > 0, i. e. T(z) < Thax, Vo € R™.
A

2.2 Weighted Homogeneity

The classic homogeneity can be extended to functions and vector fields by mean of the following
definition

Definition 7. [/, [56/ Fix a set of coordinates (x1, ..., x,) € R™. Letr = (ry,...,1,) be a n-tuplet
of positive real numbers, which is called weights vector.

e The one-parameter family of dilations (07)~o (associated with r) is defined by

o () = (e"wy, ..., €mxy), Y= (r1,..,z,) € R" Ve>0.

o A function V : R" — R is said to be 0"-homogeneous of degree m € R if
V (6l (x)) =€"V(x), VreR" Ve>0
o A wector field f = [f1(x), ..., fo(2)]T is said to be 6" -homogeneous of degree k if the com-
ponent f; is 6"-homogeneous of degree k + r;, Vi, 1. e.
fi(€Mxy, ... emay) = Tifi(x), VzeR™ Ve>0,i=1,...n

or equivalently
f(6rz) = *6" f(x), Vr €R, Ve>0

e A multivalued vector field F(z) € R™ is said to be 0" -homogeneous of degree k if

F(6Tz) = 0" F(z), Vr € R, Ve > 0.

A

In Definition [7], the idea of classic homogeneity is conserved, having an scaling factor.
However, this is weighted for each coordinate.

Definition 8. [j] The (generalized) Euler vector field e associated with the family of dilations

(07 )es0 1s defined by
T

e = [ray, ..., Tty

A

Proposition 1. [J] Let (67)e~o and e be as in Definition[8 Let V' (respectively, f) be a function
(respectively, a vector field) of class C* in R™ | and let m,k € R. Then

1. 'V is 6"-homogeneous of degree m if, and only if, e -V =mV.
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2. f is 0"-homogeneous of degree m if, and only if, [e, f] = %e — %f =kf. JAN

Corollary 2. [/ Let (67) be any family of dilations on R™, and let Vi, Vo (respectively fi,
f2) be 6"-homogeneous functions (respectively, vector fields) of degrees my, mo (respectively, ki,
ks). Then ViV, (respectively Vi f1, [fi1, fa]) is 6"-homogeneous of degree my + my (respectively,
m1+k1, k1+k2). AN

An important tool for homogeneous functions (respectively, vector fields) is the homogeneous
norm, which is defined as follows

Definition 9. [J]] A 6"-homogeneous norm is a map x — ||z||. , where for any p > 1

T?p’

1
n » )
21l = (lei ) . VzeRn
=1

The set S,, = {:L‘ ], = 1} is the corresponding §"-homogeneous unit sphere. A

Homogeneity and Stability

Note that a linear system is d'- homogeneous of degree 1. An asymptotically stable linear
system has a strict quadratic Lyapunov function (i. e., a §'-homogeneous function of degree
2). Any homogeneous system that is asymptotically stable admits a homogeneous Lyapunov
function [4].

Theorem 6. [J] Let [ be a continuous vector field on R™ such that the origin is an AS equilib-
rium point. Assume f is 0"-homogeneous of degree k for some r € R%.. Then, for any p € N*
and any m > p - max;(r;), there exists a strict LE'V € C? for (2.1)), which is 0"-homogeneous
of degree m. A

An interesting property of homogeneous systems is presented in the following corollary
Corollary 3. [4, [56] Let f be as in Theorem@ with homogeneity degree k,

o if k>0, then x =0 for (2.1)) is rationally stable.

e if k=0, then x =0 for (2.1)) is exponentially stable.

o if k<0, thenx =0 for (2.1)) is FT stable.

2.3 Implicitly defined Lyapunov Function

The Lyapunov function that ensures the stability of an equilibrium point can be defined ex-
plicitly or also implicitly. The so called implicit Lyapunov function is as follows [1], 14§]
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Theorem 7. Consider a system described by a differential inclusion
(t) € F(t,z(t)), teR,, z(0)=uz5€R", (2.19)

where € R"™ s the state, F' : Ry, x R — R" s a multivalued map satisfying standard

assumptions
0€ F(t,0), for almost every t > 0.

If there exists a continuous function
Q: R, xR"=R
(V.z) = Q(V,x)
satisfying the conditions:

C1) @ is continuously differentiable outside the origin;
C2) for any x € R™\ {0} there exists V € Ry such that

Q(V, z) =0;
C3) let Q={(V,z) e Ry xR": Q(V, z) =0} and
limV =0, lim ||z]| =0, lim V =4o00; V(V,z)e;
z—0 V=0t |z||—o0

cp) VD g WYV eR, andz e R\ {0};

0Q(V,x .
C5) SUDteRr, yeF (1) Qéz )y <0 V(V, z) € Q;

then the origin of system (2.19) is globally uniformly asymptotically stable.

Note that under the restrictions imposed on the function () in Theorem [7] a Lyapunov
function V' exists, which is defined implicitly by the equation Q(V (x), ) = 0. This is a result
of the conditions. Condition C2 requires V' to be positive definite for any z € R™ \ {0} and,
together with C4, implies that V' is a function. Condition C3 says that V is positive definite
and radially unbounded. Finally, conditions C4 and C5 imply that V(x) is negative definite.
The implicit Lyapunov function V'(z) is continuously differentiable for every z € R™\ {0}.
However, it is not assured to be differentiable at = = 0.

2.4 Key Lemmas

In this section, important lemmas are presented.

2.4.1 Young’s Inequality

The first lemma corresponds to Young’s inequality

Lemma 2. [19/ For any real numbersa > 0,b >0, ¢ >0, p> 1 and q > 1, such that %4—% =1.
Then the following inequality always hold
P ba
ab < cpa— +c 91—
p q
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2.4.2 Important Homogeneity Property

The second lemma is a well-known property of continuous homogeneous functions and it is
going to be a key element in the realized proofs.

Lemma 3. [2, 20, [3§] Let n : R® — R and v : R® — Rs¢ be two continuous r-homogeneous
functions of degree m > 0 and ~(x) > 0,

{r e R"\ {0} : 7(z) = 0} € {z e R"\ {0} : n(x) < 0}

then there exists a real number \* such that for all A\ > \*, for all x € R™\ {0} and for some
c >0, it is satisfied
n(w) = X(x) < —cllzll,

Lemma 3] can be extended to discontinuous homogeneous functions as follows

Lemma 4. [11] Let n : R* — R and v : R — R be two lower (upper) semicontinuous
single-valued r-homogeneous of degree m > 0. Suppose y(x) >0 (y(x) <0) on R™. Ifn(x) >0
(mn(x) < 0) for all x # 0 such that y(x) = 0, then there exists a real number \* and a constant
¢ > 0 such that for all A > X\* and for all z € R™ \ {0}

n(z) + My(z) = cllz]l;),

(@) +M(@) < ~cllall7,)

2.4.3 Monotonicity Property

Lemma 5. [37] Let x and y be two real number, the following equality is always satisfied

sign <(m+y]5 - MJ6> =sign(y), [B>0
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Chapter 3

Integral Control of Homogeneous
Systems with Negative Homogeneity
Degree by Explicitly defined Lyapunov
Functions

In this chapter, a homogeneous integral control is presented. This controller is presented for
negative and positive homogeneity degrees. The stability proof is based on an explicitly defined
Lyapunov function.

3.1 A Family of Homogeneous Integral Controllers with
Negative Homogeneity Degree

In this section, a family of homogeneous integral controllers is presented. These controllers are
designed such that the closed-loop system without perturbations and uncertainties is homoge-
neous with negative homogeneity degree. As a result of the negative homogeneity degree, these
controllers can get FT stabilization, see Corollary 3] They generalize the results of [52].

In order to design the control law, the vector of weights is defined as r = (711, ..., T1.ny5 -+, T'm.15
cos T ), Where 7500 =15 +d, i=1,...,m,j=1,...,n;+1 (d <0 is the homogeneity de-
gree). Likewise, in order to get homogeneity, the weight of the last state for each subsystem is
assumed to be the same, i. e. 11, = - = ry,,,. For i =1,...,m, define also the following
recursive functions

Tiyng+1
i1 74,1
Uint=—kin, |Tix — [Di2] "2
_a7‘1] aZAJ (¥/L' 7
5. — %) v — —> . 3.1
Vij=—k;; {[%jJ Tod = [V g1 a”“} , j=2,,m—1 (3.1)
_%in Ym;
— Tim; -
Vin, = — kni—l ‘ [mZMJ g
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with r;; <, < -+ < a;p, and ;1 = 71 for the static controller, and
Tiyng+2

. T
7,1 7,1

o, = |Tix + Z kri MHJT”J (3.2)
=2

for the integral action.
Consider also the following assumption

Assumption 2. The derivative of the elements of the vector of perturbations p in system ({1.10))

are assumed to be bounded by |p;| < L,, |||, . Likewise, the components of the vector of
uncertainties are bounded by |p; ;| < Ly, ; ||2]],7""

Therefore, using the LF that is presented in Subsection [3.3] the following theorem can be
stated.

Theorem 8. Select a homogeneity degree d € [—1,0) and consider the system (1.10)), where
Assumptions[1] and [3 are satisfied. Then the controller

"+ 2
u =G
3.3
5ota (3.3)
Z'Z':—k[ile'[i, Z':l,...,m

stabilizes the origin of system in finite time, despite the uncertainties g, the vector of
uncertainties [ with max;—y (maszlwni (LM,].)) small enough and the perturbation vector
p, for any ky, ., j = 2,...,n;, appropriate gains k;;, for j =1,...,n; — 1, ki, large enough and
integral gains kg, , > L,, for i =1,...,m sufficiently small, for i =1,...m. A

Theorem |8 was proven by using a strong Lyapunov function. This proof is presented in

Section [3.3]

Remark 1. The previous theorem can be seen as an extension of the result presented in [52,(35].

Actually, if oy = -+ = oy, = 11, a controller in the following form
n Tﬁil 7 r
u=—=ky, {xl +ZE;}1 (:L',JZJ 1 +z, k= Zk;jil, i=2,..,n—1
i:j " =t (3.4)
z=—kn {% + Z krs (%JEJ 1
=2

is obtained. This one has the same form as the controller presented in [52, [35)].

Note that the class of perturbations and uncertainties that the controller can reject
depends on the homogeneity degree. For example, if d = —1, the controller can reject Lipschitz
perturbations. However, as a property of homogeneity, the controller can reject locally
any perturbation p whose derivative is bounded by ||z||,.
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Remark 2. As a result of homogeneity properties [20], the theoretical steady-state precision of
the states (after the transient), when a discrete-time implementation is performed, are given by

|Ax” < AT

where A;; > 0 fori=1,...,m, j =1,...,n; are some constants dependent on the gains and T

as the sample time.

It is important to stress that the Lyapunov function which is presented in Section
allows to prove the stability of the origin of closed-loop system when the homogeneity degree
is zero. However, this controller is only able to get exponential stability. This controller will
be simulated in Subsection [3.1.3|in order to compare three kind of controllers.

3.1.1 Computing the Gains

Using the Lyapunov function that is presented in Section the gains k; j for i = 1,...,m and
j =1,...,n; can be calculated. Therefore, consider the system

Ti,1 7T,y Ti,1 " Ti,m+1
‘€n+1| Tt gi,nﬂrl

fi,l :éi,2 -
r; ni+1

i =Cijrty J=2,.m;—1

Ting41
"i,1 Ti1 1
Eimi = — Gi(@, Dkim, [&,1 + [Gintr] ittt — [T, ] o2 = &ini+1
: 7 - T k[- 1 _ 1
fi,nﬂrl :kli,l |:O-€Ii B pi(t7x>:| ) klm = L - y  Pi = L Pi
1,1 I; 1
for i =1, ..., m, where
_a'LJ o5 o j
— T N _ — .
Veij = ” {[&,JJ o= (Véi,jﬂj a““} y  J= 2: ey Ny — 1
Yi,n, %
_ s e
Véi,ni = znj—nll (51 mJ o 9
Ti,n;+2

Ti 1 n i1 7,1
og, = | &in + [Simpra] it + Zkli,j [&ij] i
=2

and the following recursively defined functions
Vi (Gins o &ig) =Vij—1Vij—1 + Wiy,
Ty, v Bl T
Wij (&is o &ig) = pj|5m = Vgl ] T Gyt ( - ?>|Vﬁm :

Tiyj41
Xi,j

Qg A5 .
Ve, (5@'71, ---,&7]‘) = — ki,j ’7|7€lJJ T — (Uﬁi,j71J Ti’jJ , fOI‘j = 1, ey — 1

_p_

T‘ZJ
Y
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which correspond to the terms that construct the Lyapunov function. Likewise, consider the
following functions

Tiyj41

j—1
0 .
Fm(f) =Yij-1 Z {(fw,jl) gi,a+1:| , ] =2,..m
a=1 4,0

ij i | gy

pri Priy
Gi,j(f) = {(&,JJ T — (Vﬁi,jAJ " } ’V(EZJJ i — (Véi,jflj Ti’jJ ) ] = 27 ey Ny — 1

Ti,ng+1
73,1 Tl | T

P=Tin; P=Tin; .
~ — AL} Tivz — B _LL 751
Gin(§) =g {Msz b= (V&,nﬁlJ o } [5@1 A [&i 1] it — (Vsmj “QJ — &init1

P—2ri

Gzi,j <§> - D |V£i,j—1’ " [6] - V&,j_J Di,j—lv ] - 27 ey T

P=Tin;4+1 7,1 Tin;+1

: Ty, 0 e N
Fz,(£> = |:|—€i,ni+1j Tl — - Yini—1 ( V;mi—l) |§i,ni+1| bt :| [O-&i - Pz(t,-’ﬂ)} )

Ting+1 5&,1

fori=1,....,m.

Therefore, for ¢ = 1,...,m, the gains k; ; can be calculated as follows

]{,’ E,] + Gzi,j . 1 1 k‘ Fi,ni + Gzi,ni - kjli’lei 3 5
iy > ax T =1 =1 max { kin, > G . (3.5)

It is important to stress that there exist a finite maximum in the righ-hand. This is proven

in Section 3.3

3.1.2 Scaling the Gains

Consider the additional terms x; ,, 41 = 2; + pi(t, 2) and the following change of coordinates
X =Az,

where A > 1 and the closed-loop system ([1.10]) with the controller (3.3)), the dynamics of x can
be written as follows

XZ,] =Xi,j+1 + KX 5 (X)’ j = 17 cey Ty — ]—7
Xi,ni :ﬂ)\i,l (X) + Xing+1 + KX, (X)

Ting+2

. 1-n
Xini+1 = — A ol k:fmo-fxi (X) + P (t, X)a
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for i =1, ..., m, where

Ti,ng+1
1 Thnitl Tl
_ _ .z _ o
Dai () ==X T K | Xon — [, 02
i,
1 _Tii T i j i j
_ . P L _ — . L
VAi,j(X) =— (A "tk [xij] " — (V,\m.HJ wittl g =2,.,n;— 1
Yi,n,

1 "y - Tin: Yi,n,
— — s —
VXin; (X) = <)\ i1 km—1> [Xl,nlj Ti,ng

Ting+2
r

. r;
7, Ti,1 i,1

n; L Tia
or,, (X) = {xm + SN Tk [y JJ

=2

- Tij+1 :
‘Iu)\i,j(X)‘ S/\ ol L#i,j HXHT,l ) J= 17 ey T
Ti,n; 42

. 1-nit? ring
o (X)X Ly X

Therefore, if the gains k; ;, ky,; for e = 1,...,m, j = 1,...,n; can reject the vector of uncer-
tainties p and vector of perturbations p, scaling the gains as follows

1 il
k')‘i,j =\ ¥ k'i,j; ] = 1,...,n; — 1

_Timni+1
k)\i,ni :)\ it ki,ni

1_Ti,ni+2 (36)
ki, =N T R,

r

-t .

k‘[)\ij =\ i kli,j’ ] = 2, ey Ny

for i = 1,...,m, the controller (3.3) can deal with uncertainties p that are bounded by
1= Ti 41
|:ui,j(x)| < A ot L,Ui,j ||(£ r,1 y

j7=1..n,it=1,...m;

and perturbations p whose derivative is bounded by

_Ti,nl-+2
it z) <N e L

Ti,ni+2 .
1 y 1= 17

pi ey

3.1.3 Simulation Example

In this subsection, the behaviour of the integral controller (3.3]) of three homogeneity degrees
is illustrated. In order to it, consider the following academic example

314
To 1
T = 52’2 =Az+ B(u+p)+u
3,1
T3 (3.7)

_j7373_

x1,1

Y= |T21

T31
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where

000000 (10 (1 +0.5sin(t)) —5 (1 +0.5sin(t)) 3(1+ 0.5sin(t))]
001000 0 0 0

A 000000 0 - | 2 (3 —cos(t)) 7(3 — cos(t)) 3 (3 — cos(t))
00001 0] 0 0 0
000O0O01 0 0 0
000 0 0 0] | 2(2 +sin(t)) 2 (2 +sin(t)) 8(2+sin(t)) |

The decoupling matrix GG corresponds to

10 =5 3
2 7 3
2 2 8

G = AgG = diag (1 + 0.5sin(t), 3 — cos(t), 2 + sin(t))

whose determinant is greater than zero for all ¢ > 0. This matrix is assumed to be unknown.
However, its nominal part G is known.
The control law is designed to be homogeneous with homogeneity degree 1 and this can be

written as
(%1

u = G_l (%) (38)
U3

and the transformed system can be written as follows

00000 O [1 4 0.5 sin(¢) 0 0
00100 0 0 0 0 .
|0 0000 0f 0 3 — cos(t) 0 Ul o
“lo0o00 10 0 0 0 UZ plTH
000001 0 0 0 3 (3.9)
00000 0 I 0 0 2 + sin(t) |
(21 1
Yy= (221
€3,1
where
p=Gp
1
v =—kia [z11] ™7 + 21,
. 1+d
2= k]m |_5L'1,1J 1—d

—L2 1—2q | =24
1—
Vg = — koo |@a1 + Koy [2g0] =1 + 29,

14d
. 1—2d 1—2d
Zy ==k, {1‘2,1 + ki, [222] T J

1—3d 1-3d
,%gg az.g ,% az2 | agzp2
vz =— ka3 | w31+ ks, (2227720 + kg p " [233] 777 + 23,
1-3d4 J e

1-3d 1-3d
Z3=—kp,, {$3,1 + ki, [132] 720 + Ky, [233) T4
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Note that the elements of G are constant. Therefore, if p is a function Lipschitz, then p is
also a Lipschitz function.

For simulations, a fourth-order Runge-Kutta method of fixed step is used as integration
method. The sampling time was 1 x 107%[s]. Initial conditions are z(0) = (0.2,0.2,0,0.2,0,0).
The non-vanishing matching perturbation is given by

0.5 4 0.05sin(t)
p(t) = 10.25 4 0.1 cos(t)
0.1¢

which is time-varying and the third component is a ramp. The vanishing non matched pertur-
bation p is state-dependent and is given for the simulation as

0.3 ’7513'171J L1 + 0.2 [$272J 2,2

—Ml,l_ T2,2
o1 0.2 IVIL‘QETQJ + ().1‘%'272L
0.2 211" +0.2 |29 2t
N(x) _ | HM22| _ ( 1,1J LL 271J
3,1 0.5 [$3’1J 3,1
H3,2 33
3.3 0.1 IVZL‘3’1J 31+ O.lZL‘373

0.3 ’733’372J 7"3% i

Controllers with 3 different homogeneity degrees are considered in simulations. These ho-
mogeneity degrees are d = {—1, —%, 0}. The homogeneity degree d = —1 corresponds to the
discontinuous case and it is represented by the subindex D. The homogeneity degree d = —%
corresponds to continuous but not linear case and it is represented by the subindex H. The
homogeneity degree d = 0 corresponds to the linear case and is represented by the subindex L.

The parameter ag is fixed as a3 = 1 — 4d and the gains are selected as follows:

]{?171 = kg,l = kl3,1 = 1.5, k‘272 = ]{7372 =3, ]{7373 =7
kIl,l = kI2,1 = kls,l = 17 kfz,z = k13,2 = k13,3 = 0.

Figure [3.1] shows the states of the closed-loop system, using the three integral controllers.
It is easy to see that trajectories are the furthest with the linear controller, see Figure [3.1a] On
the other hand, the best performance is obtained by using the discontinuous one, see Figure
B.Tal

Figure [3.2) presents the control signals generated by the three integral controllers. Note
that in steady-state, they all tend to converge to the inverse of the perturbation, since they
aim to compensate for it. However, the best compensation is obtained with the discontinuous
controller as the previous figures showed.

In figure [3.3] the integral errors, which are defined as z; + i1, are presented. Again, it is
possible to see that these integral errors tend to zero. However, only the discontinuous integral
controller is able to compensate perfectly the perturbations. It is important to note that the
constant part of all perturbations is fully compensated by all controllers. This is so expected,
since the integral controller is structurally robust against constant perturbations.
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Figure 3.1: Time evolution of all states for Integral controllers L (]3.1aD, H (]3.1b|) and D 1}

3.2 Experimental Validation of the Integral Controller

In this subsection, the controller that was presented in [52], which is a particular case of the
controller (3.3) (see Remark [I]), is used to control a Magnetic Suspension (MS) system. This
system corresponds to the model 730 of the Educational Control Products (ECP), which is

shown in Figure |3.4]

3.2.1 Model Description

The system consists of two coils (an upper and a lower one), which are energized by a voltage
source. The magnetic field produced in the coils exerts a electromagnetic force on the magnetic
disc, that can move up and downwards along a glass guide. For the experiments, a single coil
and a single magnetic disc have been used.

In order to model the system, consider the following Lagrangian function [54]

1 1
L= ~L(y)I? + ~my*

where the first term corresponds to the magnetic energy stored in the coil and the second one is
associated to the kinetic energy stored in the disc. From this Lagrangian, the following dynamic
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(c) Input signal us.

Figure 3.2: Time evolution of the three control signals wu; (3.2a]), us (3.2b) and wuz (3.2d),

generated by the Integral controllers L, H and D.

equations are obtained:

jfl = T2
Fo = _ﬁx iaL(wl)ﬁ _
2= 2 2m 8$1 3 (310)
. 1 L(x
T3 = T(oy) (—Rxg — 8211)@% + u) .

1 =y > 0 is the (optically measured) upward position of the disc (y = 0 when the disc is
next to the lower coil), xo = ¥ is its (vertical) velocity and z3 = I, is the current in the coil,
u =V, corresponds the control variable and it is the voltage at the coil, m is the mass of the
magnetic disc, g is the gravity acceleration, k is a viscous friction coefficient betweenthe disc
and the glass guide, R is the electric resistance of the circuit and L(x1) is the inductance of the
coil. For this latter function a model similar to the one presented in [23], p. 31] is used

CZLO

L(m):Ll_a%—xl’

(3.11)

where Lo, L1 > Ly and a are positive constants, being a the distance from the core to an
extreme of the coil. In the model presented in [23] the object suspended in the magnetic field
is a ferromagnetic ball, that increases the magnetic permeability of the coil core when it is next
to it and is decreased when it is far from it. In contrast, the disc in our experimental setup
is diamagnetic and faces the coil with the opposite polarity, thus diminishing the magnetic
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(c) Third integral error signal z3 + fi1, 3.

Figure 3.3: Time evolution of the three integral error signals z 41, i.e. 21+ g1 1 1} ZoF 1 2
(3-3b)), and 23 + pu1,3 (3.3c), for the Integral controllers L, H and D.

permeability of the coil core. For this reason model (3.11]) represents the situation that the
inductance has its minimum value L; — Ly when the disc is next to the coil and increases to a

constant value L; when y = oo.
Using this expression for the inductance, the following mathematical model for the MS is
obtained

i’l = T2
k aly 3

R Ry P (3.12)

. 1 CLLol'QQZg
= | —Rp.— 220725
s L<:c1>( . <a+x1>2+“>

Table presents some nominal values of the parameters, obtained from the producer’s
manual and some simple experiments.

Note that there may be eventually some undesired friction between the disc and the guide.

This effect is not considered in the model (3.12) and it will be treated as an unmodelled per-
turbation /uncertainty for the controller design. In the experimental results, dry and dynamic
friction phenomenon plays indeed an important role in the behaviour of the system.
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Figure 3.4: Magnetic Suspension System

Table 3.1: Nominal Parameters of the Magnetic Suspension System

Symbol | Value Symbol | Value
Ly 0.25[H] L, 0.6[H]
R 1.75[Q] m 0.12[kg]
g 9.81[%] a 8.8[mm]
k 0.1[2%]

3.2.2 Control objective and model transformation

The control aim is to robustly regulate the disc position y = x; to a constant reference value r, or
to robustly track a (smooth) reference signal r(t) either asymptotically (indeed exponentially),
le. limy,y(t) —r(t) = 0, or in finite time, i.e. 3T > 0 such that y(t) — r(t) = 0 for
t > T. Robustness means that this objective should be attained despite of parameter and
model uncertainties and the unmodelled friction.

Since system has well-defined relative degree 6 = 3 when x3 # 0, it is possible to
show that the map T'(z)

h(x) Ty
T(x)= Lgh(x) =, 262 , : (3.13)
Lih(x) —mT2 T S ez — 9

is a diffeomorphism defined on the set {z € R3z; > 0, z3 > 0}. It is important to mention
that the current x3 cannot be measured in the experimental setup. However, defining new
coordinates z = T'(z), with T given in (3.13)), it can be estimated as

1
2

[2m k
Y (a - g 3.14
I3 aLo(a+Zl) 5t (3.14)
Applying a preliminary nominal control law
o _7 T3 7
u=Ri3+alL + L(xy)v,
’ 0 (@a+ x1)? (z1)
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system (3.12)) becomes

.jfl = T2
, k aly 22
- _ = 3.15
o) me om (a+x1)2 g ( )
i3 = gi(x)v + p1(2),
where
_I/(.%l)
2 =)
1 — . @Eol'g.@g aLo.iEgiL'g
- (R 20723 _ Grotats
) =705 ( S P R (a+:1c1)2)

In the new coordinates z, this system is transformed to the controllability form

2 =29
Z"Q =Z3

} k ‘l (316)
. k 22’2 k 2(LL0 23 + _22+g 2 R .
BETWET BT ATyt = 2)v+ p1(z)),
3 m 3 (a+21> [3 m 2 g:| m (a+zl) (gl( ) pl( ))

where g1(2) = ¢1(T*(2)) and p1(z) = p1(T~'(z)). Using the nominal feedback transformation

1
2

m (@+ 2) k 2m |k
v = — T | =2 tw| +\/ = |9+ =2+ 2| 22,
2CLLO _ A 2 m CLLO m
g+ =) + 23
the system can be represented by the simple dynamics
2'/1 = 22,
2.:2 = Z3,
23 = guw(2)w + p2(2),
where
9uw(2) =91(2)92(2) = guw > 0
1
malLo |25 + £z + g|* (@+ 21)
gQ(Z) = —7 1
maly|_ & 2
‘g—l— Z20 + 23| (a+ 21)
1
[2aLg |25 + 20+ g]? _ k 229 { k ]
z) = o Z) — —z3 — 23+ —20+g| +
p2(?) m @+ 21) p1(2) m2 (a+ 21) 3 R g

(2) Ez+ 22 Z+£Z +q
g2 m3 (d+21) 3 mQ g

with a new control input w and where ps(z) represents unmodelled perturbations and/or
uncertainties.
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The tracking error vector, defined as

€1 21— T
€= |€Ex| = | R — r s
€3 zZ3 — 7
has the following dynamics
é1 = €9
é2 = €3 (317)

é3 = guw(2)w + p(t, 2),

where p(t, z) = pa(2) — 7'(t). Thus, the reference tracking problem for system is equiv-
alent to the (robust) stabilization problem for system (3.17)). For the controller to be able
to compensate 7 in equation it is required that the reference r(t) is smooth, having a
Lipschitz continuous 7'(t). Note that the perturbation p(t,z) in is not vanishing, i.e.
it does not become zero when the tracking error vanishes, and the control coefficient g, (z) is
uncertain and bounded by g,(z) > g, > 0.

3.2.3 Experimental results

A series of control experiments on the Magnetic Suspension System setup described in Subsec-
tion [3.2.1] is performed, as illustrated in Figure [3.4. The integral controller is built for three
different values of the homogeneity degree d: (i) d = 0, which corresponds to the linear case;
(ii)) d = —0.5 which corresponds to a non-linear but continuous and homogeneous integral
controller; and (iii) d = —1 corresponding to the discontinuous integral controller.

The control algorithm was implemented in Simulink, using Euler’s integration method of
fixed-step with a sampling time of 1 x 107 [s]. The controllers - for all experiments - has the
form

T4

1 nono|H
€1J +¢

w=— [—k3 [[egﬁwf [ea) 7 + k3t 2

w

)

5

é = — ]{?[1 ’761 + ]{?[2 (62J% + k’[g [egjéJ " , (318)

where the homogeneity weights are r5 =ry +d, ry =r3+d, r3 =ro +d and ro = r; +d. The
weight r; was fixed as r; = 4 and the gains were selected as ks = 21, ko =7, ky = 3, k1 = 2
and ko = k3 = 0. These gains were selected by simulations. For d = —0.5 and d = —1 with a
scaling factor of A = 2, but this factor has to be increased to A = 100 for the linear controller
(d =0), in order to make it work appropriately. Otherwise, the gains are not large enough for
the linear controller to have a good performance. In the experimental setup this is caused by
the strong effect of the friction between the disc and the guide, that requires a stronger control
action.

Two sets of experiments were performed. For the two sets, system has been initialized at
the origin.
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Regulation and tracking

In the first set of experiments the control objective is to track a constant reference during the
first 25 seconds, and then to track a sinus signal, whose amplitude is 0.015 [m] and frequency of
0.2 [H z], after this period. This can be seen in Figure , which presents the time behaviour of
position and reference for the three integral controllers. The perturbations associated with this
experiment are not known explicitly since they are due to the parameters and model mismatch
and the friction between disc and guide. Moreover, there is also a sensor noise present in the
results, which affect both the estimation of the states by the differentiator and the controller.

0.06 —d=0

----- d=-0.5
--d=-1
o.o4r e reference|
E
§ 0.02
0
o
o
0
0.02 | 1
80 85
0 20 40 60 80 100

t[s]

Figure 3.5: Position (experiment 1)

Figure [3.5) shows that the discontinuous integral controller can track both the constant and
the time-varying reference with high precision, despite the perturbations, uncertainties and
sensor noise. The homogeneous integral controller (d = —0.5) achieves a very small tracking
error, while the linear controller is unable to track the time-varying reference. This is confirmed
by Figure [3.6] which shows the tracking errors. Note that the linear controller presents an
oscillation typical for a system with dry friction. Therefore, the second set of experiment has
the objective of studying this effect more closely. Since dry friction is not Lipschitz and therefore
does not satisfy the theoretical conditions to be compensated by any of the controllers, it is
very surprising that the discontinuous controller does not show this oscillation and achieves a
very high precision with a tracking error smaller than 0.5 [mm]. In the next sets of experiments,
a possible explanation for this unexpected behaviour is provided.

Figure 3.7 exhibits the velocity for all controllers. The discontinuous controller has a smaller
peaking than the other ones. This is possibly due to the fast estimation (and compensation) of
the perturbation by the discontinuous integral action. A similar result is true for the current,
which is illustrated in Figure |3.8

In Figure 3.8} the current is drawn. It is possible to see that it has a behaviour similar to
reference which it was expected, because it is a virtual control for the position and the response
of electric dynamics is by far faster than mechanic one.

Finally, Figure [3.9] shows that the control signal is continuous for all controllers. Although
the control signal for the discontinuous controller presents smaller peakings than the others, it is
oscillating at a higher frequency. This is due to the fast switching of the discontinuous integral
controller, which is aimed at estimating and compensating the perturbations and uncertainties
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Figure 3.6: Tracking error (experiment 1)
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Figure 3.7: Velocity (experiment 1)

on line. It is important to note that although the case d = —1 has a discontinuity, this one is
in the integral action so that the chattering effect is strongly attenuated and all control signals
are continuous.

Perturbed Regulation

Motivated by the previous results (see Figure showing a strong effect of the (unmodelled
dry) friction on the performance of the linear controller, the following experiments have been
performed using the linear d = 0 and the discontinuous d = —1 integral controllers. The control
objective is to regulate the position of the disc at a constant value y = 2 [cm]. However, at
time ¢t = 30 seconds an extra weight of 20 grams is added to the disc and again at time t = 60
seconds, a further extra weight of 20 grams is added to the disc. Since the reference and the
perturbations are constant, theoretically the linear controller should be able to compensate
their effects. However, in these situations the effect of the dry friction is very strong, making
it difficult for both controllers to compensate its effect.

Figure shows the time behavior of the tracking error. Surprisingly again, the discon-
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Figure 3.9: Control signal (experiment 1)

tinuous integral controller can regulate with high precision the position with an error smaller
than 0.1 [mm)], despite the perturbation caused by the sudden change of weight of the disc and
the action of the dry friction. Of course, after each change of mass, there is a transient time
until the position is recovered. For the linear controller, note again that a kind of limit cycle is
attained, which is apparently caused by the dry friction between disc and guide.

In Figure the control signal is presented. The discontinuous integral controller presents
a high oscillatory signal mounted on a constant value, required to compensate the effect of
the increased mass of the disc. This oscillatory signal is produced by the switching of the
discontinuous integral term and aims at compensating the effect of (among others) the dry
friction. Although theoretically, the dry effect cannot be fully compensated by the discontinuous
integral controller, its attempt to compensate its effect produce an oscillation, which maintains
the disk moving and thus avoiding the dry friction regime. As a consequence, the oscillation
around the right position of the disk causes an error that is much smaller than the one produced
by the linear controller.

This signal, generated by the discontinuous control algorithm by itself, is reminiscent of
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Figure 3.10: Tracking Error (experiment 2)

some classical strategies to reduce the effect of dry friction in mechanical systems, by which
a dither signal is added to the control variable to maintain the system in the viscous friction
regime, avoiding the dry friction regime [45]. Therefore, the discontinuous integral controller
does not have to deal with dry friction because it is avoided as a result of the chattering effect.

-
(3]

Voltage [V]
S o
oo v -~

0
-

0 20 40 60 80
t[s]
Figure 3.11: Voltage (experiment 2)
To reinforce the hypothesis that the behaviour of the linear and discontinuous controllers is

caused by dry friction, for which there is no direct evidence, a simulation study is performed.
A (simple) dry friction model is added to system (3.12)) as follows

Z).’Jl = X9
iy = fi(x) + py
k aLy 22
fl(l') = —El'g + %—<a +:;1)2 —gq (319)
. 1 ToT3
=~ (—Ruy—aLy—22%
e < T *“)’
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where py corresponds to a dry friction term given by

) —0.025sign (x2), o #0
PI= —sign (fu(2)) min (| fu(2)], 0.5), =0,

This model is similar to the one proposed in [45].

In Figure |3.12| the tracking error is presented for both controllers. Note that for the linear
controller an oscillation similar to the one of Figure [3.10] is observed, while the discontinuous
controller presents again a high precision response. Moreover, Figure shows the value of
the dry friction force py during the simulation. For the discontinuous controller, its value is
oscillating. This could be seen as a ”dithering” effect [45] that allows avoiding the dry friction
in this case. This strengthens our hypothesis.

(3.20)

%103

--d=-1

Tacking Error [m]

0 20 40 60 80 100
t[s]

Figure 3.12: Tracking Error (simulation with dry friction)

t[s]

Figure 3.13: Dry friction (simulation)

3.3 Proof of Theorem

In this section, the proof of Theorem [§]is presented. For that, an explicit Lyapunov function
is constructed.
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Defining the variables x;,,11 = z; + pi(t,z) and p;(t, z)

closed-loop system is

fori=1,....m.

xzi]

xi,ni

:L"i,ni-kl =

=Tij+1 1 Hig,
=Gi(,t) [7i1 (%) + Tin41] + Hinss

Using the change of coordinates

which is diffeomorphism, for ¢ =1, ...,

éz‘,l =i+ i1 —

éi,j =&ijr1 + Mij,
éi,ni =Hin; — gz(xa
éi,m—&-l :l_ffm O-ﬁli
for i = 1,...,m, where
ﬂfi,j =
Dﬁi,ni =

|V§z 1+ [ ] Tomitt + Z ki, gw J 7

i=1,.. 1,2

y o —

- kli,l [Uli + ﬁi(t7 I)] )

7,1

§ip =Tin — [Eimgr] ot
£i,j :xi,j; ] = 2, 7
-1
gi,ni—i-l :ki,mxi,ni—&-la

m, the closed-loop system is transformed into

Ti,1 7 Tin,; +1

|§n+1| Tt fz‘,ni+1
T mi+1
j=2 . —1
i Ti,ng+1
_Til i | T
t)ki’m ’Vfi’l + [5i1"+1J onitt — (D&J 2 - fi,nﬂrl
RS R
- pz(tv 'T) ) kli,l = L L s
- 1N
— @4 Qg a; 5 ag
i .
_ka]Z] |:[61]J i _lrygz]+Jalj+1‘|7 ]:2,,TL1—1
Qg Yiny a; Xing
T
i n;—nll (51 an b

Ti,n;+2
i1

Tl i,1

,;Tpi(t,:c) fori=1,...,

m, the

(3.21)

(3.22)

To construct the Lyapunov function, let us introduce the following recursively defined in-

termediate functions

Vig (&t oens
Wi,j (5@',17 .

&ij)
&ig) =

Veij (51’,1’

7€i,j) = -

sz

) —=[&.5

Siyj
kfi,j ’V(QJJ T — (V&,jflj T

=%Yij-1Vij-1+ Wi,
P PTTi,j T
= ’VV&,J‘AJ "hd fm‘ + ( - ?) |V§” 1

_p_

T‘ZJ
Y

Ti,5+1

J m" fory=1,...,

Qiyg
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for i = 1,...,m, with initial functions

i 1(52 1)

i1 S < < Qg

The proposed Lyapunov function is given by

Tin;
V(g) = Z |:7i,ni1‘/i,ni1 + Wm + 7p+1 |£i,m+1

i=1

p
Timg+1

This function is smooth (at least C'). Using the Young’s inequality [see Lemma [2], it can
be shown to be positive definite.

The derivative of V' along the trajectories of system (13.22)) corresponds to

m . P~Ting+1
V == Z |:7n1—1vni—1 + an + lrgi,ni—i-lJ Timitl fi,ni+1:| )

=1
= En+G (l‘ t)kzn,Gznl +G k]i,lei]
i=1
where
n;—1 P
Fzm =Yin;—1 Z |:<¥‘/znzl) gi,j+1:|
j=1 "

Ti,ng+1

P=Tin, P—Tin,; 4,1 i1 Ti1
Gi,ni - {[gz,mJ i — (Vii,nflj o :| ’Vfi,l + [Si,nﬁ-lj et — (ﬂfiﬂj O‘i»QJ N &ﬂi—i_l

n;—1 e s
1 0 T T
Gﬂi =Yimn;—1 Z [(%‘/ﬁ,ml) :ui,j:| + |:(€1,an mi — {l/&,nflj b } i n;

=1
p—2r;, n;
. P—Tin, .
Gzi,nl - - V&i,ni—1‘ "o |:£/n/z V&i,ni—1] Vin;—1
,N4
P Ti,ni+1 ’r]_ a T’Lvl_T‘i,n,Lv-‘—l
- 7 e — -
in = I—éi,ni—‘rlj Timg+l - 1,% i1 %‘/L,ni—l |§i,ni+1| Ting+1 |:0'Eli — pz(t7l’):| s
1,Mi+ 1,

Using the Lemma [5, the following equality

Ti,ng+1 Ti,ng+1

i1 Ti,1 Ti1 i1 i1
. T _ . . _ .
sign | &1+ [&inapr | "ot — (Vgi,gj 1,2 — i1 | =sign | &1 — (Vfizj 2

is satisfied and using algebraic tools, it can be proven that

—Ti - —T s .
P=Tin; P—Tin, i1

(&) T = (Véi,niflj i =00 e Ga— ’71752‘,2J *i2 = (.
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Therefore, the term (,, can be proven to be positive semidefinite so that
S Z |:E,TLZ + Gzi,ni - giki,niGi,’ni + G;Ufi - k[¢,1FZ¢:| .
i=1
If i ; < Ly, , ||#]],7*", the derivative V can be bounded by

< Z [Fz,nz + GZ'LnZ - gki,niGi,m + I_’Miéﬂi - kfmFZi]
=1

L, = max (L;;)
7j=,1...,n;

n;—1 P P=Tin, per

= r -

Gy =Yimi1 Y ( og, Vimi- )H ™ ‘(&,mJ e = ve, ) el
j=1 i,J

Note that this bound is homogeneous of degree p + d. Therefore, all properties of homoge-
neous functions can be applied. So, using Lemmal3] for continuous case, or[d] for discontinuous
one, this term can dominate the rest of the terms for gains k; ,,,, 7 = 1, ..., m large enough. The
terms G ,, is zero only on the intersection of the following sets

Sin; {5‘& ni = Vgi,ni,l} , 1=1,....m.

On these sets, the derivative of V' is

V :Z[E:nz] +Z I F”

Samy)(mnm) =1 S(1,m1)seees (mmm)

It is important to note that functions vg, , , are the homogeneous controllers for the n; —1
reduced subsystems and F;,, are the derivative of their respective Lyapunov functions. There-
fore, the first term is negative semidefinite by construction. Using Lemma [3 or [4] these can
dominate for k;;; and L,, for i = 1,...,m sufficiently small. The term Y7, [F} ]
is zero only on the set

SO - {él(gl,h "'751%17 '“;ém,l; "'7£m7nm) = O} .
On this set, the derivative of V is

m

o =~ 2 kP

=1

1%

So ?

3

P~ Ti,n, i t+1 Ti,m; i +2
|:k]z 1 gz nl—i-lJ Tinitl I_fz nl—l—lJ bl — /0 :|:|
1

1=

which is negative if
T 9 .
M+ , ;= 1’

pi| < kr,, ||2]],.

ey

so V is negative definite. Therefore the origin of closed-loop system (3.21) is stable in FT.
Note that in the discontinuous case, the previous condition becomes into

pi(t)] < k., i=1,...m
which implies that p; must be Lipschitz functions. O]
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Chapter 4

Integral Control of Homogeneous
Systems with Positive Homogeneity
Degree by Explicitly defined Lyapunov
Functions

In this chapter, a homogeneous integral control is presented. This controller is presented for
positive homogeneity degrees. The stability proof is based on an explicitly defined Lyapunov
function.

4.1 A Family of Homogeneous Integral Controllers with
Positive Homogeneity Degree

In this section, a family of homogeneous integral controllers is presented. In contrast to result
presented in previous chapter, the family of controllers is homogeneous with positive homogene-
ity degree so they can get rational stabilization, see Corollary [3 This property implies that
the controller is weak when the trajectories are near to the origin, so this point is not achieved.
However, it is strong when the trajectories are far from the origin. This latter property becomes
important in finite-time but asymptotically, when the initial conditions are large.
In order to present the controller, define the vector of weights r = (r11, ..., 1015 s "1,

s T, )s Where 7500 =1y +d, i =1,...,m,j5 =1,..,n;+1 (d > 0 is the homogeneity
degree). Likewise, in order to get homogeneity, the weight of the last state for each subsystem
is assumed to be the same, i. e. 71, =+ = I'yy,,. For ¢ = 1,...,m, define also the following
recursive functions

o1 =— ki [wiq] "
Ping 1 e | (4.1)
0ij =—ki; %wi,ﬂ i = [ogo1] J s J=2,0my

for static controller and the following term

i +2 i Ting+2
o1, == ([mia) 7 4Dk [wag) (4.2)
Jj=2
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for integral action.
Consider also the following assumption

Assumption 3. The derivative of the elements of the vector of perturbations p in system ({1.10))

is assumed to be bounded by |p;| < L, |||,y Likewise, the components of the vector of

.o 7541
uncertainties are bounded by |p; ;| < Ly, ; ||2|],7

Therefore, using the Lyapunov function that is presented in Section the following the-
orem can be stated.

Theorem 9. Select a homogeneity degree d > 0 and consider the system (1.10), where As-
sumptions[1] and 3 are satisfied. Then the controller

O1pn + 21

(4.3)

Om,nm + Zm

Zi:_kfmo-lw izl,...,m

stabilizes rationally the origin of system (|1.10)), despite the uncertainties g, the uncertainties
vector (1 with maxX;—1,_m (maszlmni (Lm,j)> small enough and the perturbation vector p, for
any kr,, > 0, any kg 5, for j = 3,...,n;, appropriate gains k;j, for j =1,...n; — 1, k;n, large

7’”i,ni+2

enough and ky, , > max (1, (kiq) Tomitt (kli,2)1> L,, sufficiently small, fori=1,...,m. JAN

Note that the functions ¢ have a similar structure to functions 7 that are defined in (3.1]).
However, in this case, the homogeneity degree is positive so all terms o are differentiable in
contrast to 7. As a result of this smoothness, the controller with positive homogeneity degree
can be written as

Ti,ng+1 "ni+1 Ti,ng+1

on = —kin, [Tn] " — ]%i,n,'fl [Tip,—1] ot — e — ]52',1 [xq] mit (4.4)

3 Vi Tin+1

ki,j = H ki,a Ti,a+1 , = 1, e, m, (45)
a=j

which is a polynomial-like function of the states. This structure of controller is very familiar for
linear controller and it can be get for controllers with positive homogeneity degree. However,
this structure has not ben proven to work for arbitrary relative degree yet when the controller
has negative homogeneity degree.

It is important to recall that the controller can only get rational stability. In order
to compare this controller to the controller with negative homogeneity degree, consider the
following differential inequality

Vo _evi oo,
dt

which is associated to the derivative of the homogeneous Lyapunov function for a homogeneity
degree d € R. Note that there are three cases:
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e d < 0 implies that exponent es lesser than 1. Therefore, solving this inequality, the time
convergence Ty from a level surface V; to V; can be estimated as follows

Lol iy lsl s
T<——‘ ACLIR VL
f—Od{Z o

e d = 0 implies that the exponent is equal to 1, Therefore, solving this inequality, the time
convergence Ty from a level surface V; to V; can be estimated as follows

1 Vi
T < =In(—
f_Cn<Vf)’

e d > 0 implies that the exponent is greater than 1. Therefore, solving this inequality, the
time convergence T from a level surface V; to V; can be estimated as follows
V_’%‘ _ V_|%’
! i :

1
e

c

QU

Note that when V, only the case d < 0 has a finite time of convergence. Therefore, the
convergence in finite tine can be ensure. However, when V}; is equal to a constant, the time of
convergence for case d < 0 and d = 0 tends to infinity as V; tends to infinity. Meanwhile, for
case d > 0 this convergence time is bounded by the final surface V.

On the other hand, the perturbations that the controllers can deal are different. Again,
there are three cases:

e d < 0, the vector of perturbations p has to satisfy

. Bp; _ .
|p’b| SL,OinHr,pfv Ogﬁpl <1 Z:].,...,TI’L7

e d = 0, the vector of perturbations p has to satisfy

|6il < Ly, ||

r,1 |x||r717 L= 17"')m7

e d > 0, the vector of perturbations p has to satisfy

+
Bps

|pl| S Lpi xH'f‘,l 5 B;; >1 = 1, ., m,

Note that when the homogeneous norm are small, the case d < 0 can deal with bigger
perturbations. This means that the controller with homogeneity degree d < 0 can deal with
perturbations that are bounded by the others bounds. However, when the homogeneous norm
are large, the case d > 0 can reject bigger perturbations. So, this controller can deal with the
other perturbations out of the unit homogeneous sphere.
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4.1.1 Scaling the Gains

Consider the additional terms z; ,,4+1 = 2 + p;(t, x) and the following change of coordinates
X =Az,

where A € (0,1] and the closed-loop system ([1.10]) with the controller (4.3]), the dynamics of x
can be written as follows

Xij =Xij+1 T u,\m.(x), j=1..,n;—1,
Xi,ni =0X\;, (X) + Xin;+1 + ,u)\i,ni (X)

Ti,n; 42

. 1———
Xini+1 = — A rel kfmo-f,\i (X) + PN (ta X)a

for i = 1,...,m, where

T2 7,2

1_
Ona(X) ==X itk [xan]

Tiyj 41
Ti,n;+1 Ti,ng+1

T.i Ti,ng+1 .
— [ox,] 7 s =2, my

1 g+l

oxn,(X) ==X Tk %XwJ

Ti,n; 42 ng Ting+2  Ting+2 Tin+2
T, (x) = [[Xi,lJ R Z)\ A i kg (Xl T ]
7=2
j+1
[, (0] <A e Ly IXIRE™ G =1,00m
 Timg42 rln o

0] AT L, X

Therefore, if the gains k; ;, ky,; for e =1,...,m, j = 1,...,n; can reject the vector of uncer-
tainties p and vector of perturbations p, scaling the gains as follows

1— Ti,j4+1

k)\' . :)\ i, 5 ki7j7 j = 1, Ny

5]

(4.6)

for i = 1,...,m, the controller (4.3) can deal with uncertainties p that are bounded by

Ti,j+1

‘MZ,](x)‘ S)\ Tll LM”H rnl > J=1. n,i=1,...,m;

and perturbations p whose derivative is bounded by

) Tznl+2 T1n+2 )
i\, T)| > Eh 9 =1,
pilt,z)] <X 1

ey M.

It is important to stress that although Theorem [J] considers positive homogeneity degree, the
Lyapunov function that is presented in Subsection can be used for proving the controller
with homogeneity degree equal to zero. Therefore, the numerical results consider this case,
which corresponds to a linear controller.
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4.2 Simulation Results

In this section, the behaviour of the integral controller (4.3) of two homogeneity degrees is
illustrated. In order to it, consider the same academic example that in previous chapter, i. e.

T11
T2
i= |22 =Ax+ B(u+p)+p
T3
T32 (4.7)
_:i;373_
T11
Y= |T21
T3,1
where
0000 0 0] [10 (1 + 0.5sin(t)) —5 (1 +0.5sin(t)) 3 (1+ 0.5sin(t))]
001000 0 0 0
4- 1000000 B 2 (3 — cos(t)) 7(3 — cos(t)) 3 (3 — cos(t))
{0000 1 0} N 0 0 0
000O0O01 0 0 0
000 0 0 0] | 2(2 +sin(t)) 2 (2 +sin(t)) 8(2+sin(t)) |

The decoupling matrix G' corresponds to

1

jen)

-5
G = AgG = diag (1 + 0.5sin(t), 3 — cos(t), 2 + sin(t)) 7
2

DN DO
co W W

whose determinant is greater than zero for all ¢ > 0. This matrix is assumed to be unknown.
However, its nominal part G is known.
The control law is designed to be homogeneous with homogeneity degree 1 and this can be

written as
u = G_l (%) (48)

U3

and the transformed system can be written as follows

000000 1+ 0.5sin(t) 0 0
001000 0 0 0
s_|0 00000 0 3 — cos(t) 0 (F;]er)ﬂ‘
000010 0 0 0
000001 0 0 0 o (4.9)
0000 0 0 0 0 2 + sin(t)
(21,1
Yy= (221
| 3,1
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where

p=Gp
_1
v =—ki1[z11] 7 + 21,
. 1+d
z1=—kp, [291] 11
1 . 1
Vg = — koo [T22] 7 — k’2,2/€21jd (2917720 + 2o,
. 14+d 14d
Zo = —kr,, [ffﬁzlJ =20 4k, , [299] T4
1 L 1 B 1
Vg = — ksg[z33] T — k3,3]€31,§d [139] T2 — k?3,3k‘31,5d kglfd (237173 + 23,

. 1+d 1+d 1+d
z3 = — ki, “$3,1J 8 kg, [032] 7720 4 Ky, [233] ‘dJ

For simulations, a fourth-order Runge-Kutta method of fixed step is used as integration
method. The sampling time was 1 x 1074[s]. The initial conditions are x(0) = (2,2,0,2,0,0).
The non-vanishing matching perturbation is given by

0.5
p(t,x) = 10.25
0.1

which is constant. The vanishing non matched perturbation p is state-dependent and is given
for the simulation as

-1 0.3 2] T + 0.2 [wan] T

H1,1 1-d

21 0.2 [$271J 1-2d 0.11'272

) 1 1

M2 2 02 (xl,lJ 1-d -+ 02 ’V‘TQ’IJ 1-2d
p(r) = = 1-2d

H3.1 0.5 [x3,1J 1-3d

H3,2 0.1 231|757 + 0.1235

1
_lu373_ 0.3 |7I3’2J 1-2d i

Controllers with 2 different homogeneity degrees are considered in simulations. These ho-
mogeneity degrees are d = {0, 0.2}. The homogeneity degree d = 0.2 corresponds to the
homogeneous case and it is represented by the subindex PH. The homogeneity degree d = 0
corresponds to linear case and it is represented by the subindex L.

The gains are selected as follows:

Fig="Fko1=Fks1 =2, koo=kso=05, ks3=9
kll,l = k12,1 = k13,1 =1, kf2,2 = k13,2 = 0.5, kfs,?, =0,

Figure shows the states of the closed-loop system, using the two integral controllers. All
trajectories converges to origin. However, the worst performance is obtained with the positive
homogeneous integral controller, see Figure [4.1b]

Figure [4.2| presents the control signals generated by the three integral controllers. Note that
in steady-state, they all tend to converge to the inverse of the perturbation, since they aim to
compensate for it. However, the best compensation is obtained with linear controller as the
previous figures showed.

46



10 — mX — - X, X, — X — X, X, 50 — =X, — X X, — X, e X X,
5 3
F'\ O frm e ————
o e——— e e e e
8 ‘7 10 8
= 5 5 04
w w
-5]= 02
Ofees mer vee ven wan S0
-0 ] 0 "'"--'.:__:
5 02 —
90 95 100 90 95 100
s | | . 100 . | | .
0 5 10 15 20 0 2 4 6 8 10
t[s] t[s]
(a) Homogeneity degree d = 0. (b) Homogeneity degree d = 1.

Figure 4.1: Time evolution of all states for Integral controllers L {D and PH (4.1Db))

1 v T T . . v
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. E
2 k=]
7 | 2]
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(a) Input signal u;. (b) Input signal wus.
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(c) Input signal us.

Figure 4.2: Time evolution of the three control signals u; (4.2a)), uy (4.2b) and wug (4.2d),

generated by the Integral controllers L and PH.

In figure [4.3] the integral errors, which are defined as z; + p;, are presented. These integral
errors tend slowly to zero and the integral controller associated to the linear integral controller

(L) is nearer to zero.
Additionally, a second simulation was made with different initial condition, which are defined
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(c) Third integral error signal z3 + ps.

Figure 4.3: Time evolution of the three integral error signals z 41, i.e. 21411 1} 2o+ 1,2
(4.3b), and z3 + py,3 (4.3c)), for the Integral controllers L and PH.

as z(0) = n(1,1,1,1,1,1), where n = 1,10, 100, 1000. In fig the euclidean norm ||z|], is
shown. It is easy to see that if the initial condition is far from the origin, the integral controller
PH is faster than the integral controller L. Therefore, although near to origin the linear
controller keeps the trajectories nearer to the origin, the positive homogeneous controller can
bring the trajectories to a neighbourhood of the origin in finite time.

—L-1
—L-10
——L-100
L- 1000
— =PH-1
— -PH-10
— =PH-100
PH - 1000

lixll,

15 20 25 30
ths]

Figure 4.4: Time evolution of ||z||, for Integral controllers L and PH
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In Figure [4.5] the convergence time to the ball ||z||, = 1 from the four initial conditions.
In this figure, the behaviour of the linear controller (L) can be approximated to a line, which
is expected. Meanwhile the controller with positive homogeneity degree tend to a fixed time,
which can be approximated to 12 seconds.

25

—L

— =PH

20F

In (lx,ll,)

Figure 4.5: Convergence time to the ball ||z|], =1

4.3 Proof of Theorem

The proof of Theorem [9]is presented. For this, a strong and smooth explicit Lyapunov function
is constructed

Analogously to negative homogeneity degree case, the variables x;,,,+1 = 2; + p;(t,x) and
p(t,x) = %pi(t,x) are defined for i = 1,...,m. So the closed-loop system can be written as
i1

follows

’j:i’]' =Tij+1 + Higj, J=1.,n-1
Tim; =0i(T,1) [Oin, (T) + Ti 1] + Hin, (4.10)
‘fi,m-‘rl = kfm [afi + ﬁi(t, x)] :

fori=1,....m.

Using the change of coordinates

Ti,n;+1
Sin=lwi1] " = &inn
g’i,j =Zi,j, .7 = 27 e 1y

7.—1
gi,nﬁ-l ka L mn;+1
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for i = 1,...,m, where k;; is defined in (§.4]), the closed-loop system is transformed into

Tin;+17"4,1

. r — -
&in _Z:—ZH [Sia + &ima] Tt S+ pia] = Gint

i,1
Si,j :gi,j-f—l + Hi g, j - 27 y Ny — 1
- o i (4.11)
&iny =Hin; — gz’(xut)ki,ni [(&,nlj T — [0-51 i1 Ting
. 7. - - k[.
Simit1r =K1, Ter, — pi(t>$)] NS ]};2717
il
where
i 2
O¢, = — ki [&n] ot
Tingtl Tini+1 :ii;f-j—ll
n . .. LA .
O-gi,]' == kl»] ’V[é-lajj - ’VO-fi7j_1J " J 5 j - 2, ..,'n,l

O‘E kIz 1

Ti,n;42 Ti,n;+2
[Gia + Gimgn ] it + Z ki [&s) ™

7j=2

fori=1,....m.
It is important to note that as a result of the fact that the controller is a polynomial-like

function and the homogeneity is positive, the dynamics &n has not an extra term as in the
negative homogeneity degree case.

Considering the following recursive terms

Vij ity &ij) =vij—1Vij—1 + Wi,
T P p_“’“i.,j r,’-.,.
W’i (57?,17 X3 éiaj) :%|§ld| i — "O-Ei,j—lJ "6 gi,j + (1 - %) ‘O-fi,j—l

Tig

where

P
Ti,ng+1 .

rzn “+1
Via(&in) = ——&
p

The proposed Lyapunov function can be written as follows

S T n;
V = Z |:’7i,ni—1‘/;,ni—1 + Wiﬂ%‘ + 7p+1 |€i7ni+1

i=1

p
Tim;+1
)

The derivative of V' along the trajectories of system (4.11]) corresponds to

m P~Tin;+1
V Z [’71 nz—lm n;—1 + I/Vzm + I—& nﬁ-lj "t fz nz+1:| )

=1

= Z [E,nz + Gzznl - gl(xv t)ki,niGi,m + Gui - kfz‘,1F2J
=1
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where

n;—1

i (0 reacria 0
Fi o, =Yini—1 85 ; Vimi—1 | 1&in + &ingaa|  Tomi ey fz 2+ Z W‘/mfl i1
7 (2%}

i1

P—Ti,n,; P=Ti,n,; Ti,n;+1 Tz,nz+1
Timg Timg [f J Ting; i
zm - [gl an o [Uﬁi,ni—J o ing o O¢in;—1 o

- a Ti,nifl*n‘,l n;—1 a
G =Yimpot | 2 (Vi i1t &im, el g+ a2 Vimi—1 | pij| | +
wi = Ving 1[ il (afm ,11)|f,1 Eimi+1] Hij ; 0., ni—1 | Hij

)

P—Tin, P—Tin,
. Tim, _ Tin; .
(fl,nij ¢ {Ufi,niflj T g,

p— 2T2n

P—Tin, Ty -
Gzi,ni - = ] - O-fi,ni—1’ o [él n; Ugi,ni—l} O-fi,ni—l
Tin;
P=Ti,n;+1 a .
F, = |:|_€i7ni+1J T = Yin—1 (_V;Jli—l):| [0-51. - ﬂl(tax)]
0&ia '

using algebraic tools, the term G, ,, can be proven to be positive semidefinite
m
< Z |:F‘i7nz' + Gzznz - giki,mGi,m + G/M - in,lFZi]
i=1

wi T fori=1,...,m, j =1,...,n; the derivative V can be bounded by

if i 5 < Lui,j ||ZL’

< Z [Fl,nz + Gzi,ni - gki,m Gi,m‘ + I’MGM - in,lFZi]
=1

L, = max (LNi,j)

j:l,...,ni

; Fimest | 0 e ”Zl‘l .
0,1 P 2 1
Gui =Yimn;—1 Tijl a& ’"z ’52 1+ §1 anrl‘ Tonitt |x|| § (8§m zm_1> H || i
P=Ti,n,; P=Ti,n, -
- ee— in;+1
Teind ™ = o) el

Note that this bound is homogeneous of degree p + d. Therefore, all properties of homoge-
neous functions can be applied. Using Lemma [3| the terms G;,, can dominate the rest of the
terms for k; ,, ¢ = 1,...,m large enough. The terms G:ni is only zero on the intersection of the

following sets
Sume = {€lém =06 V. i=1L.m.

On these sets, the derivative of V' is

V :Z [Fz,nl S(lynl) , + [‘Zﬂzéﬂz kli,lFZi]

S(1m1) s (mynm)

i=1



It is important to note that o¢,, , corresponds to the homogeneous controller for the
corresponding n; — 1 reduced subsystems and F; ,,, is the derivative of its respective Lyapunov
function until the last one, i. e. V; ;. Therefore, the first term can be analysed in a similar form
for S;; fori=1,...,m, j =1,...,n; — 1. This is having a negative term, which can dominate for
kijfori=1,..,m, j=1,..n; — 1 large enough. This strategy can be applied until to reach
the following sets

Ti,2
B2 = {§|§zz Oy = —hin [§ia] omitt } ’

where the derivative is

m

= 1,14, i i Vit
V‘ Z[k 1Gia + [LMG# kf,F”(m) (m.n )}
5(172)1'“1(771)”7”) =1 o em
where
[ni—1 rﬁr . Timn+17Ti,1 PHT 2 Tin, +1
1,n — —
Giy = H Vij T—l i1 + Comggr] "o |G| Tem
| j=1 | 2,1
m;—1 Tin;4+1774,1 P—Timi 41
~ Tl nz+1 7‘7‘— 4 ’I‘,L 2
. = A . —|— . i,m;+1 . Ti,n;+1 |
i 5(1,2)7.”7(mynm> 1_[1 Yi,j i |§z,l fz,nri-l‘ |§Z,l‘ H 5(1 2, (mmam)
LJ ’
B PTin;+1 n;—1 P—Ti1 Ti,n; 42
mamm) [SENEH H Yig| [&ia] "1 [€in + i ] 7ot —

B Tim;+2 .
in,2 Ei,lj omitl — ﬁi(t’ 93):| ’
Ti,n; 42

kfi,2 :kli,2 ki,l Tim;+1

Note that the terms G;; are positive semidefinite and using Lemma , this term can dom-
inate for L,, and k7, small enough. These terms are zero only on the intersections of the
sets

Si1t={&&1=0U& 1 ==& nit1}-

On these sets, the derivative of V' is

P=Tin;+1 ing+2
- kr; |:|—§i7nz‘+1J Tt :| |:|—§i,ni+1j Tt Pi(tym)] , &i1=0

V‘S = P71 Tim;+2
(1.2),c0, () = - el
=itk [1 + [H] 1 i ;H [ingt1] 01 kr, , [Cingt1] "ot — Bt @) |, &1 = —&in41

which is negative if

Ti,n; 42
kr,, >0 and [p;(t, )| < min (ku,uk} kr, ki " “) || HTM "

so V is negative definite. Therefore the origin of closed-loop system (4.10) is rationally stable.
O
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4.4 A Fixed-Time Controller

As it has already mentioned, a controller with negative homogeneity degree, for example (13.3)),
can obtain stability in FT. This means that this controller is strong when the trajectories are
near to the origin. However, when the trajectories are far from the origin, this controller does
not work very well. On the other hand, a controller with positive homogeneity degree, for
example , can obtain rational stability. This means that this controller is strong when the
trajectories are far from the origin. However, when the trajectories are near to the origin, this
controller does not work very well.

Therefore, combining these two kinds of controllers, it is possible to obtain a fixed-time
integral controller. This implies that the trajectories of the closed-loop system converge to the
origin before a constant 7.

For controller with positive homogeneity degree, define the vector of weights r™ = (rfl, e
P s s Tt oo Ty ), Where vt =5+ dt i=1,..,m,j =1,..,n; +1 (d* > 0 is the
positive homogeneity degree). Likewise, in order to get homogeneity, the weight of the last
state for each subsystem is assumed to be the same, i. e. r{, =--- =1} . Likewise, for
t =1, ...,m consider the following functions
rT
:,_2
ol ==k [zia]"
"
"i+1
Fnit i -~ (4.12)
T‘T‘», T‘.FA .
O'l-—t_j =— k:;“] [x;] "9 — [O’Z_jilj irj . j=2,...,n
for static controller and the following term
TTF TT‘»
i,n;+2 g i,m;+2
O'Z = — k’;;l I_:Ei,lJ il k’;;j I—ZL'Z‘JJ ¥ (413)
j=2

for integral action.
For controller with positive homogeneity degree, the vector of weights is defined as r~ =

(7"1_,1: o Ty o Tt

s T ) Where 7 =1 +d~, i =1,.,m,j = 1,..,n; +1 (d° < 0 is the negative
degree). Likewise, in order to get homogeneity, the weight of the last state for each subsystem
is assumed to be the same, i. e. v, =---=7_, . Fori=1,..,m, define also the following

recursive functions

~Zhd i Zid (4.14)
—— — r.. Ars — [5— . . - L
Vij _ki,jfl i | a7 [Vi,jJrlJ AN J=2,...,n;—1
o a;n
— ,L’n —
Ui = = k_q 7o [m]
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with 7 <o <.+ <y, and o;; = 1y for the static controller, and

Ti,n+2
o e
i,1 Tinl

o = |Tin + Z ki [m;] 79 (4.15)
=2

for the integral action.
Consider also the following assumption

Assumption 4. The derivative of the elements of the vector of perturbations p in system (|1.10)
18 assumed to be bounded by

1911 < Ly Nl

Likewise, the components of the vector of uncertainties are bounded by

+
T Tij+1
rt,1

So, using the technique proposed in [3], the following theorem can be obtained:

Tig+1 H
r—,1 7

i, < L, min (||as

Theorem 10. Select a homogeneity degree d € [—1,0) and consider the system (1.10)), a positive
homogeneity degree dt > 0 and consider the system (1.10)) where Assumptions |1 and . Then
the control law
u=(1-0)o} +0v; + 2,
i=—(1-0)kjof —0k;o7,
nor nor (4.16)
0— 0, ||x||7,+71 > 1
Lol <106=1
stabilizes the origin of system (1.10) in fived-time despite the uncertainties g, the uncertain-

ties vector p with max;—1 _m (rnaszlwm (Lm,].)) small enough and the perturbation vector
p, for any k’+ > 0, any k.. € R, forj = 3,...,n, any k;, . € R, for j = 2,...n;,

I, Ii,j
appropriate gams kw, g Jor jo=1,. — 1, gains kzm v ki, large enough and k}:l >
~ Tini+2 B
max (1, (ki) Tomitt (k’[m) 1) Ly, k1., > Ly, sufficiently small, fori=1,...,m. JAN

Remark 3. It is important to stress that the controller with positive homogeneity degree can
dominate the same perturbation of a controller with negative homogeneity degree if the states are

+
T1ni+2

out of the unit homogeneous sphere ||z|| 3"}

= 1. Therefore, the most important bound for the

+
. . 71, 2 .
perturbation p depends mainly on the homogeneous norm ||x|| }"!"". However, this cannot be

applied for the uncertainties so that their bounds depend on the minimum of both homogeneous
norms.

Theorem presents a controller which is able to stabilize the origin of system in
FxT. This property implies that the trajectories converge to origin before a time T’ independent
of the initial conditions. This controller starts with the positive homogeneous controller
and after reaching the unit homogeneous sphere ||z||,; , <1 there is a single switching to the
controller . As a result of using this strategy, the proof is a simple consequence of the
stability of each controller in an independent way.
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Remark 4. Note that a similar result can be obtained using any other negative homogeneous
IC as the controller that is presented in [52]. Actually, this controller was used in [3])] for
controlling a SISO system of order 3. Therefore, Theorem can be seen as an extension of
this result for arbitrary order.

Simulation Results

In this subsection, the behaviour of the integral controller (4.16)) is illustrated. In order to do
this, consider the same academic example as in previous section. This system can be written
as

_i1,1
To 1
i = ;2’2 =Ax+ B(u+p)+ 1
3,1
T3,2 (4.17)
_Q'T3,3_
Z1,1
Y= 1721
T31

where
0000 0 0] [10 (14 0.5sin(t)) —5 (1 +0.5sin(t)) 3(1+ 0.5sin(t))]
001000 0 0 0
Ao 000O0O0O O B 2 (3 — cos(t)) 7(3 — cos(t)) 3 (3 — cos(t))
000010} 0 0 0
0000O0°1 0 0 0
000 0 0 0] | 2(2+sin(t)) 2(2 4+ sin(t)) 8 (2 +sin(t)) |

The decoupling matrix GG corresponds to
) 3
G = AgG = diag (1 + 0.5sin(t),3 — cos(t),2 +sin(t)) | 2 7 3
2 2 8

whose determinant is greater than zero for all ¢ > 0. This matrix is assumed to be unknown.
However, its nominal part G is known.

The control law is designed to be homogeneous with homogeneity degree 1 and this can be
written as

u=G" vy (4.18)
U3
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and the closed-loop system can be written as follows

0 0 0 0 0 0] 1+ 0.5sin(t) 0 0
001000 0 0 0 ’
|0 0000 0f 0 3 — cos(t) 0 ul ol
000010 0 0 0 o R
000001 0 0 0 ¥ (4.19)
00000 0 I 0 0 2 + sin(t) |
(211
y = |2,
31
where
/11 :é,ulv
vy =(1 = 0)v) +0v] + 21, 2= (1-0) +0z
vo =(1 — vy +0vy, + 29, Z0=(1-0)2 +0z,
v3 =(1—0)vf +0vy + 23, Z3=(1—0) +0z;
+ + T at + et
vy =— ki [z11] a7, 2 = _kll,l (21,1 ] 1-aF
1 1 1
V3 = = kigg (T2 50T — kg pkiy 0T [ 12T
. [ 14+dt 14+d™+
g ==k, | [21]77207 4k, [2a] =07
) 1 1 1 1 1 1
U;_ — ]{;:3 (x?)’ng _ k;3k§:2 1—dt (x372J T_oaf _ k;3k‘;:217d+ ]{;:1 124+ [ZB371J 1-3dt |
: i aat yat 1rat
==, | a5 k7 T P57 0 o) 5
vy == ki [z11]
1+d—
Zl_ = — ]{71_171 IVZL’LlJ 1—-d™—

Uy = — k2,2 [95271 + k2,1

29

o B B 1-3d B 1-3d— | 1-3d—
Ry = — k I3q |31 +k I3,2 [ZU372J I I3,3 [ZB373J b

= kIZ,l

o)
L,

For simulations, a fourth-order Runge-Kutta method of fixed step is used as integration
method. The sampling time was 1 x 107%[s]. Four initial conditions z(0) = n(1,1,1,1,1,1),

o 1—2d— 1-2d—
T + ki, , [T22] 74

||95||r+,1 > 1
el y <100 =1

1
1-2d~ 1—2d— | 1—24—
1—d [l’gng 1—d— ,

14+d—

a g9

B __1-8d” @30 32 3, a3
vg == kyy [@31 kg | (w12 + kg, 100 [ags) e ;

14d—
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where n = 1,10, 100, 1000, are considered. The non-vanishing matching perturbation is given
by
0.5 + 0.05sin(t)
p= [0.25+0.1cos(t)
0.1t

which is time-varying and the third component is a ramp. The vanishing non matched uncer-
tainties u is state-dependent and is given for the simulation as

pa ] 0
H2.1 0.255171 + 0.113272 + 0.15LU373
_ | Me2| 0
,u(a:) N H31 N 0.2]7271 + 0.251'372
132 O.3Q3171 + 0.2.’13‘2’2
(pss] L 0 |
The negative homogeneity degree is chosen as d~ = —1, which corresponds to the discon-

tinuous case. On the other hand, the positive homogeneity degree is chosen as d* = 0.2. the
gains were chosen as in previous sections, i. e.

+ .+ .+t + .+ +
k]1,1 - kIQ,l - kf3,1 - 1’ k]2,2 - kfs,z - 0'5’ kf3,3 - O’
kl,l = k2,1 = ]‘73,1 = 1.5, k2,2 = k32 =3, k3,3 =, Q39 =T31— d
kll,l = k12,1 = k13,1 = 1’ kfz,z = kf3,2 = k13,3 = O’

Figure [3.1) shows the states of the closed-loop system, using the FxT integral controller for
the three initial conditions. It is easy to see that the trajectories are brought to origin for all
initial conditions.

Figure presents the control signals generated by the integral controller. Note that in
steady-state, they all tend to converge to the inverse of the perturbation, since they aim to
compensate for it.

In figure [3.3] the integral errors, which are defined as z; + u1;, are presented. Again, it
is possible to see that these integral errors tend to zero. This means that perturbations are
rejected by the integral controller.

Finally, fig [1.9] the euclidean norm ||z||, is shown. It is easy to see that the this norm
converges to zero for all initial condition. Note that time between the first initial condition and
the second one is bigger than the time between second initial condition and the third and so
on, which is expected in fixed-time controllers. This can be verified in Figure [4.10] where the
time for the fixed-time controller tends to a constant time, meanwhile the convergence time for
discontinuous integral controller increases a lot. This time is even worse than the convergence
time that is obtain with a linear controller.
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Figure 4.6: Time evolution of all states for Integral controller with the three different initial

conditions.
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Figure 4.7: Time evolution of the three control signals u; (4.7al), uy (4.7b) and us (4.7d),

generated by the Integral controller for the four initial conditions.
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Figure 4.8: Time evolution of the three integral error signals z+ i1, i.e. 214411 4 1) 2o+ [11,2
, and 23 + 1,3 (4.8d)), for the four initial conditions.
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Figure 4.10: Convergence time to the ball ||z||, = 1.
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Chapter 5

Integral Control of Homogeneous
Systems with Implicitely Defined
Lyapunov Functions

In this chapter, a Homogeneous IC is presented for well-known MIMO systems. In contrast to
controllers that are presented in Chapters [3] and [4] these controllers are designed by using an
implicit Lyapunov function.

In this chapter, Assumption [1] is replaced by the following one
Assumption 5. The matriz B is assumed to be constant and completely known.

The controller is considered to have the following form
(5.1)

which resembles the classical PI-controller. This controller is composed of a (continuous) state
feedback u;, which is able to stabilize the origin of the nominal system in the absence of the
non-vanishing perturbation p, and an integral term wuy, which is allowed to be discontinuous,
and with the aim to estimate and compensate the perturbation term p. Note that even when
the function wu, is discontinuous, the control signal u is continuous, since it is the addition of
the signal generated by the continuous state feedback u; and the time integral of the possible
discontinuous signal us. This fact may help in reducing the chattering effect.

Due to the multiple properties of homogeneous systems, as e.g. achieving in a simple form
finite-time stability and making use of a powerful mathematical apparatus, the controller
is designed such that the closed-loop system (without perturbations) is homogeneous of degree
v, for positive or negative values of v. The weights of the vectors (z1,...,x,,) are given by
r; = (731, Tin;), for i =1,...,m, with components r; ;.1 =, ; +v, j =1,...,n;. The vector
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of weights can be written as r = [ry, ..., 1,,,], and the dilation matrix is given by

DX 0 0 0
diag{\"1} - 0 0 S N4 T E 0 0
Ar(A) = diag{\"} = : : =| : S : :
0 . djag{)\rm} 0 . 0 D LA LTS 0
_O 0 0 coe \Tmonm

Fix (without loss of generality) all the weights of the components of vector z to be equal to
l,ie. r,;=7r,=1fori=1,---, m. From their relationship with the weights of x, given by
T.i = Tin, +V, it can be conclude that

1
rei=T,=1, Tip,=1—-v, rm;=1-Mn+1—-7v, —-1<v< , (5.2)
max n;

for +=1,--- , m,and j =1, ---, n,.

For homogeneity of the closed-loop system, function u; requires to be homogeneous of degree
1, while function u, needs to be homogeneous of degree 1+ v. The homogeneity degree v of the
closed-loop system can be selected in the interval given in , because of the non negativity
of the weights.

On the one extreme of the interval, when v = —1, function wus is discontinuous, with homo-
geneity degree zero. In this case the right-hand side of the closed-loop system is discontinuous,
the trajectories are to be understood in the sense of Filippov [13], and convergence is in finite-
time (recall Lemma . A linear state feedback with linear integral control has homogeneity
degree v = 0, the right-hand-side is globally Lipschitz, and convergence is exponential. When
v > 0 the right-hand side of the closed-loop system is locally but not globally Lipschitz and
convergence is rational.

5.1 Control Design

First some value of the homogeneity degree v in the interval —1 < v < ma}m, , which determines

the corresponding weights, is selected. By solving the following matrix inequalities, for some
£ > 0 and some positive definite and constant matrix R € R™*" > 0,

H.P+ PH, <0, H, = —diag {r;}
P(A—-BK)+(A—-BK)'P<e¢(H.P+ PH,) - R, £>0, R>0, (5.3)
a constant, symmetric and positive definite matrix P = PT € R™™ and a constant matrix
K € R™™ are found. It is shown in [48, 49] that inequalities (5.3) have always a solution
P > 0 and K for any v. Moreover, these matrix inequalities can be transformed to an LMI,

which is manageable by using standard software. Furthermore, given P, it is also shown in
[48, 149] that the equation

Q(V,z) 22"\, (V) PA (V)2 —-1=0, (5.4)
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defines implicitly a unique, continuous, homogeneous of degree 1, radially unbounded and
positive definite function V : R® — R, such that @ (V(z), ) = 0 (see Theorem [7)). Assume
now that the perturbations p and pu satisfy globally the following conditions:

|%l| =1l < i+ Dalleltiy, i D220 55
p'Ar (V) PRTIPA (V) < BeVPa Ay (VT (=H,P — PH) A (V )z, 0<8<1.
(5.6)
Define also the following function (which is the partial derivative of ) with respect to V)
Qv (V,z) =V '2"A (V') (H, P+ PH,) A, (V) .
Therefore, the following theorem can be stated
Theorem 11. Consider the system and the homogeneous integral controller
u=u(z)+z=-V(@)KA\ (V' (z))z+z,
V' (x) (5.7)

Z = uy(x) ZVWB PA (VN (2)z, ~>0,

for some =1 < v < ——. Let ( := 2 + p(t, x, m). Then for any B < 1, any Dy > 0 and a
sufficiently large v > 0, the point (z, ) =0 of the closed-loop system is

1. GFTS ifv=—-1, D; >0 and % sufficiently small.
2. GFTS if =1 <v <0 and D; = 0.
3. Globally Exponentially Stable if v =0 and Dy = 0.

4. Rationally stable if 0 < v <

and D; = 0.

maxn;

A

The proof of this result is deferred until Section To show the convergence of the
closed-loop with the integral controller a (strong) Lyapunov Function will be used, which
combines the implicit Lyapunov function V obtained from (5.4)) with an explicit term depending
on the integral variable. The devised Lyapunov Function has the form (see below)

1 1.\ 1
V(z,z)=10 (§V2 (x) + ;ZTZ) —7 [Ty s T ) 27, 7 >0,0>0. (5.8)

Using this Lyapunov function and Lemma [3| (see the proof in Section [5.4)) it is possible to
estimate for v # 0 the transit time

l.v=—1and D; >0o0r —1 < v < 0 and D; = 0: The convergence time from an initial
condition (zg, (y), where (o = 29 + p(0) includes the initial value of the perturbation, is

upper bounded by
3—v

lv|n

for some n > 0 depending on the parameters of the problem.

Ti—o (0, ¢o) = V= (o, Co)
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2.0<rv< main_ and Dy = 0: The transit time from an arbitrarily large initial condition

(20, (o) — 00 to a final condition different from zero (xf, f) # 0, is upper bounded by

3—v 1
v Vi (xp, )

Ty (x5, Gp) =

for some n > 0 depending on the parameters of the problem.

In conclusion, for ¥ < 0 the convergence to zero from an arbitrary initial condition is in finite-
time. For v > 0 the convergence to zero happens only asymptotically, but the convergence to
an, e.g., small ball around the origin from ”infinity” occurs in finite-time.

Note from the Theorem [11] that (assuming for simplicity that Dy = 0) if Dy > 0, i.e. the
perturbation p is not a constant, then convergence to zero will be only possible if v = —1,
i.e. the controller uy is discontinuous. From Item (1) of the Theorem it follows that a
perturbation of any size D; > 0 can be fully compensated in this case by choosing a sufficiently
large integral gain .

However, if v > —1 and D; > 0 the trajectories of the system are globally uniformly
ultimately bounded with bound b, that is, (see [23]) for every initial condition there is a finite
time 7' (independent of the initial time) such that the trajectories will enter a neighborhood of
zero of radius b and remain there for all future times. This is also equivalent to saying that for
the closed-loop system the map p — (z, ¢) is ISS. This is basically the content of the following
Lemma, which is also proven in Section [5.4] The first part of this result can be derived from

.

Lemma 6. Consider the closed-loop system of Theorem [11] under the same hypothesis.

(i) If =1 < v < —— and D, > 0 the closed-loop system is Input-to-State Stable (ISS) from

max n;

the input p to the state (x, ().
(ii) Let b be the ultimate bound. If % is sufficiently small, then

lim 6=0.

v——1t

]

The second item in the Lemmal6]is interesting, since it shows that the nearer the homogene-
ity degree v is to the discontinuous case v = —1, the smaller is also the effect of the perturbation
p when it is not constant. This is, in some sense, intuitively appealing. Note however, that for
this to be true it is required to have the ratio @, between the size of p and the integral
gain +, small. If this is not the case, then the conclusion is false. Note that smallness of 2122
can always be achieved by selecting ~ sufficiently large.

5.2 Discussion of the results

Some observations with respect to the results are presented below.
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e For the implementation of the controller (5.7 it is necessary to find the actual value of
V(z) by solving the (implicit) equation Q(V, x) = 0. This can be hardly done analytically,
so that it has to be obtained numerically on-line. A numerical procedure is proposed in
[48].

e The asymptotic stability of the closed-loop, and moreover the existence of a smooth and
strong Lyapunov Function[10], implies that the asymptotic stability is robust under rather
general perturbations to the vector field, as e.g. small discretization errors, small delays
in states or small noises acting on the variables. For homogeneous systems this robustness
has some interesting forms (see e.g. [20], 28] and [7]). In particular, for the implementation
of the control law derived using the implicit Lyapunov function method, it is shown in
[48, [49] that the discretization and numerical errors induced by the on-line solution of
the implicit equation Q(V, ) = 0 does not destroy the stability properties, and ultimate
boundedness of the solutions is attained.

are continuous everywhere.
However, for V = —1 although wu; is continuous everywhere ug is continuous for x €
R™\ {0}. At x = 0 it is discontinuous, but its value is bounded (see remark 13 in [49,
Remark 13]). This kind of controllers is usually named Quasi-Continuous controllers in
the High-Order Sliding-Mode literature [27, 30], in contrast to the Discontinuous ones,
which have discontinuities also outside from = = 0.

e Note that in (5.5) the bound can also depend on z, ie. [[pll,, < D1+ Daof(z, 2)[11,
without any change in the proof. Moreover, when v = —1 the bound becomes simply

16l < D+ D

e The matched perturbation, i.e. the perturbation entering through the same channel as
the control variable, has two terms: the components p;,, for i = 1,...,m of the vector
i, which is vanishing at x = 0, and p, which is non vanishing. If p depends only on an
external perturbation, what it can be represented as an exogenous time-varying signal
p(t), then it has to be constant (i.e. p(t) = 0) for a continuous integral term (v > —1),
but it can be an arbitrary Lipschitz continuous signal, i.e. |p(t)] < Dy + Dy, for the
discontinuous integral term (v = —1). In this latter case the exogenous signal p(t) can be
time-varying and it does not require to be bounded, but its derivative has to be bounded.
This is a much larger class of perturbations that can be fully compensated. When p is
also a function of the states x, p may also depend on u and z. If condition is satisfied
only locally instead of globally, then the stability result will be also local.

e The bound (5.6)) for x imposes to each of the components of the vector u to satisfy
i, (8 @, )] < digllalld ™ (5.9)

for some 6; ; > 0, and where the weights r; ; are given in ({5.2). This requires y; ; to be
vanishing when z = 0, and to grow with the homogeneity degree corresponding to the
variable z; ;11, i.e. of the component of the vector field of its channel. The problem of
how to check the implicitly defined inequality has been already addressed in the
paper [49, Proposition 16]. Likewise, an alternative method is provided in the following
paragraph.
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Since (5.6)) depends on the value of the function V', which can be determined numerically
on-line, the actual value of the allowed size of 9; ; in ((5.9) can be calculated in the following
form. First, note that

atfoll, , <V < s (5.10)

r,p’
where a; = minj,_ =1 V(x) can be readily obtained from V. The term on the left-hand

side of (5.6)) satisfies

WA (V1) PRPA, (V1) t < Ay (PR P) i i ((j—ﬂf ,

i=1 j=1

while the one on the right-hand side fulfills

oA (VY (=H,P— PH)A (V7 )z >

Amin <_HTP - PH?“) T —1_ -1 . Amin (_H'I‘P - PHT)
Yo (P) ' A, (V ) PA, (V )x = o (P)

. (5.11)

where the latter equality follows since 7 A, (V1) PA, (V=) 2 = 1. Using the two previ-
ous inequalities, (5.6) is satisfied if

Hij 2 )\min (_HTP - PHT’)
ZZ(VTUJH/) =\ (P)/\max(PR_lp)ﬁg.

i=1 j=1 max

Using (5.9) and (/5.10)) it follows that, for (5.6) to be satisfied, it suffices to verify

" _ M (=H,P — PH,)
ZZ( *) Amax () Amax (PR—lP)ﬁg‘ (5.12)

=1 j=1

Note that this implies that asymptotic stability is always preserved for sufficiently small
values of ¢;, ;.

In the proof of the Theorem it is also shown that the integral variable z converges
(nearly fixed-time, exponentially or in finite-time) to the value of p if D; = 0 for —1 <
V < fmmo OF when D; > 0 if v = —1. This shows, as it is well-known for the classical
case, that the integral part of the controller reconstructs the perturbation and thus is able
to fully compensate for it.

For this controller, if stability is achieved for some value of the integral gain v, say ~*,
the stability is preserved for any v > ~*, without changing the gain K. This property
can be understood from the passivity interpretation given in the proof of the Theorem in
Section [5.4] The controller proposed in [24] posses this property, but it is not shared by
other integral controllers presented in the literature as e.g. [39, 35].

In general, the gain selection here is easier than for the integral controllers designed using
explicit Lyapunov functions, as e.g. the ones presented in [39, [15].

There are some differences between the controller (5.7) and other integral controllers
presented e.g. in [39] 33, 35 140]:
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(i) In (5.7) the integral action us depends on the full state x, while us in [39, 33, 35]
can be a function of z; alone, or x; and a homogeneous function of any other states.
(ii) For v = —1 the integral controller in ([5.7)) is discontinuous only at x = 0, so that

it is of the quasi-continuous form. However, uy in [39, B3] can be discontinuous on
homogeneous varieties larger than the set {z = 0}.

(iv) Since the implicit Lyapunov function V' is not smooth at z = 0, the Lyapunov
function for is not smooth. In contrast, the Lyapunov functions for the
controllers in [39, B3, B5] are smooth. Moreover, the basic idea of the proof is
completely different, and the specific properties are different.

5.3 Simulation Example

In this section the behaviour of the integral controllers of different homogeneity degrees de-
veloped in the paper is illustrated. For this, a simulation study is performed on the following
academic example

11 00 0O0O0F O 10 —5 3
To1 001 0O0O0 0 0 0
i = T2 _ 00 0O0O0FO o4 2 7 3 (u+p)+u
31 00 0O0T1FPO 0O 0 0
39 00 0O0O0T1 0O 0 0 (5.13)
_x'3,3_ _O 00 0O 0_ i 2 2 8_
T1,1
Y= 1721
| L3,1

This is a MIMO system, having 6 states, 3 control inputs and 3 outputs. It is assumed that is
already in the normal form. Although the matrix B is not in the Brunovsky form, it can be
easily transformed to it by just multiplying the control input by an invertible matrix M, i.e.
v = Mu. The subsystems have relative degrees 1, 2 and 3, respectively. For the simulation,
non-vanishing matching perturbation p is given by

0.5 + 0.05 sin(t)
p(t) = 10.25 4 0.1 cos(t)
0.1¢

p is time-varying and the third component is a ramp. The vanishing non matched perturbation
it is state-dependent and is given for the simulation as

_ B 1 -
_ _ 0.3 ’Vxl,lj "1 4 (0.2 [x272J 2,2
f 0.2 [s1 |71 +0.1
fha1 . [$2£ A 4 0. .1,’272L
0.2 (x11|™r +0.2 [x91]|m21
,u(:c) _ 2.2 _ f 1,1J LZI_ 2,1J
Z?”l 0.5 lrl’gylj 3,1
3,2 3.3
| 13,3 ] 0.1 [z ] +£.1x373
0.3 |2L'32J 3,2 ]
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Note that the powers correspond to the weights of homogeneity associated to the variables.
This is chosen in this way, because the growth of the vanishing perturbation which can be
compensated depends on the homogeneity degree of the integral control designed.

4 integral controllers are designed, given by equation (5.7), with respective homogeneity
degrees v = {—1, —%, 0, }1} In all cases, the Lyapunov matrix P and the state-feedback gain
matrix K are obtained by solving an LMI problem derived from equation . For this,
YALMIP of MATLAB™ with the SeDuMi solver is used. A value of ¢ = 0.5 was used. The
following matrices are obtained, for each of the controllers

[0.1653 0 0 0 0 0 [—1.4613 —2.5934 0.8822 ]
0 0.5053 0.1685 0 0 0 2.3072 0.2229 —1.0588
P — 0 0.1685 0.1685 0 0 0 KT — 2.2188  0.0806 —1.0011
0 0 0 1.2731 1.0042 0.2162| " F 0.1116 0.3246 0.6270 |’
0 0 0 1.0042 1.1071 0.2677 0.0965 0.3744  0.8683
| 0 0 0 0.2162 0.2677 0.1338] | 0.1136 0.2308 0.2890 |
[0.0327 0 0 0 0 0 [1.3902 1.0852 —2.3251]
0 0.3230 0.0680 0 0 0 1.3689 2.2945 —3.0996
Py — 0 0.0680 0.0340 0 0 0 KT _ 0.5738 0.9693 —1.4777
0 0 0 5.0131 1.9358 0.2048|° " H 8.6435 3.0146 4.7366 |’
0 0 0 1.9358 0.9107 0.1122 4.7411 1.6549 2.5864
L0 0 0  0.2048 0.1122 0.0249 ] 1.1533  0.4343  0.3531 |
[0.0094 0 0 0 0 0 ] [—1.5880 —5.2796 —2.8393]
0 01921 00285 0 0 0 17.5418  1.0609 —7.4199
Pp = 0 0.0285 0.0095 0 0 0 KT — 5.6924  0.1046 —2.3723
0 0 0 8.0861 1.9738 0.1345|' P 42,9179 —6.2731 20.9095 |’
0 0 0 1.9738 0.5780 0.0457 14.6293 —2.1035 7.0112
L0 0 0  0.1345 0.0457 0.0065] | 22693  —0.1809  0.6029 |
[0.3411 0 0 0 0 0 ] [ 1.1855 1.3700 —1.4182]
0 0.4060 0.1709 0 0 0 —0.2230 0.2721 —0.0904
Pri = 0 0.1709 0.3419 0 0 0 KT _ —0.5456 0.3841 —0.1159
0 0 0 0.1597 0.1778 0.0817|® ~FH 0.1363 —0.0087 0.0292
0 0 0 0.1778 0.6238 0.2103 0.2764 —0.0720 0.2400
| 0 0 0 0.0817 0.2103 0.2804 | | 0.4796 —0.0219 0.0731 |
Subindex L stands for the linear integral controller (with homogeneity degree v = 0), H
represents the homogeneous continuous controller (with homogeneity degree v = —%), D cor-
responds to discontinuous case (with homogeneity degree v = —1), while PH symbolize the

integral controller with positive homogeneity degree (v = i)

As integration method for the simulation, a fourth-order Runge-Kutta method of fixed
step is used. The sampling time was 1 x 107°[s]. In all cases an integral gain of v = 5 is
implemented. During the simulation, the actual value of the (implicit) Lyapunov function is
obtained numerically on-line using the method presented in [48].

The simulation results are organized in two groups.

(i) Figures to present the results for the integral controllers L, H and D. They
illustrate mainly the behaviour in steady-state, since negative homogeneity degrees are
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particularly good performing near the equilibrium point. In particular, it is emphasized
the high precision of the discontinuous controller D, despite of time-varying perturbations.
For these simulations a small initial condition zy = x(0) = [0.2 02 0 02 0 O}T is
selected.

Figure contains the time behaviour of the states for the linear L (Figure , the
homogeneous H (Figure and the discontinuous D (Figure integral controllers,
respectively. As expected, the steady-state behaviour of the discontinuous D controller is
much better, i.e. the error is smaller, than that of the homogeneous H and of the linear
L ones. Moreover, the smaller the homogeneity degree, the smaller also the final error.
Since the initial condition is small, it is also noticeable that the D controller converges
faster than the other ones.

1.5
- "XM X Xpp mmm—y ) m—i xad
1r "‘
osp -0 4
N
0 !T."JJ‘! § NN AY/AV A N S ——
8 g, N <10°
3 a | 3 e
v '
X -1 0 :-
i 7T
L £ -1.5F 7
03 1.5 1 5
04F L -2F -10 1
18 19 20
05 25
0 2 4 6 8 10 0 0.5 1 1.5 2 2.5 3
tls] sl
. _ . _ 1
(a) Homogeneity degree v = 0. (b) Homogeneity degree v = —3.

al= =g ===, Xy, — — X33

States
X =)
10 -
X
5
5

4 2 I :E'll’“nﬂ- [
18 19 20
0 0.5 1 1.5 2

ts]

(c) Homogeneity degree v = —1.

Figure 5.1: Time evolution of all states for Integral controllers L (]5.1aD, H (]5.1b[) and D 1}

Figure |5.2| shows the three control signals generated by the L, H and D integral con-
trollers. As is characteristic of the integral action, all are continuous. Note, moreover,
that in steady-state they all converge to the inverse of the perturbation, since they aim
to compensate for it. As shown in the previous figures, the lower the homogeneity degree,
the better is the compensation and the nearer the control signal is to the perturbation.

It has been shown in the main Theorem, that the signal z 4 p converges to zero. This is a
characteristic of the integral action, being able to estimate the non-vanishing perturbation
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(a) Input signal u;. (b) Input signal wus.

hed
3

Input Signal Uy
o

-25

0 5 10 15 20
tis]

(c) Input signal us.

Figure 5.2: Time evolution of the three control signals u; (5.2a]), us (5.2b) and wuz (5.2,

generated by the Integral controllers L, H and D.

in order to counteract its influence in the system. The time evolution of z + p is depicted
in Figure [5.3| for the three integral controllers L, H and D. Again, the discontinuous
controller D is able to force this signal to zero in finite-time, showing that it can estimate
exactly the perturbation, while the H and the L controllers are only capable to perform
an approximate estimation. Once again, the smaller the homogeneity degree the smaller
is also the estimation error.

Fig. [5.4)shows the behaviour of the PH integral controller, compared to the linear (L) and
the discontinuous (D) ones. Since a remarkable characteristic of controllers with positive
homogeneity degree is its high velocity of convergence for large initial conditions, a much
larger initial state x(0) = 3,000 x [1,1,1,1, 1, 1] was selected. For these simulations, the
perturbations were eliminated, i.e. p = 0, p = 0, since they are more relevant for the
steady-state behaviour.

Figure presents the Euclidean norm ||z (t) || of the states for the integral controller
with positive homogeneity degree PH. For comparison, the corresponding norms for the
linear L and the discontinuous D integral controllers are also shown. It is apparent that
the convergence velocity to a neighbourhood of the equilibrium for the PH controller is
much higher than that for the linear and the discontinuous controllers.
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(a) First integral error signal z; + p. (b) Second integral error signal zs + ps.
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(c) Third integral error signal z3 + ps.

Figure 5.3: Time evolution of the three integral error signals z + p, i.e. 21 + py (5.3a), 22 + po
(9-3b)), and z3 + p3 (5.3c), for the Integral controllers L, H and D.
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Figure 5.4: Time evolution of the Euclidean norm ||z (¢) ||o of the states for the Integral con-
trollers L, PH and D.

5.4 Lyapunov Function

The proof of Theorem is divided in two parts, including also Lemma [ in three parts:
i) First the design of the state feedback controller w; using the implicit Lyapunov function
method is considered. For this the matched perturbation p is assumed to be absent. ii) Then
the implicit Lyapunov function is completed with an extra (explicit) term to build a weak
Lyapunov Function to design the integral term uy. Since the previous weak Lyapunov function
does not allow to assert robustness with respect to e.g. perturbation p, the weak Lyapunov
function is completed with an extra cross-term in order to obtain a strong LF, which allows us
to assure robustness and the type of convergence.
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5.4.1 Design of the static feedback control u;(z) using an ILF

First, it is designed a state feedback controller wu;(z) for the system
& = Az + Buy(x) + p(t, =, 2) .

using the implicit Lyapunov function Method, developed in [48] [49]. The Lyapunov function
V' is defined implicitly by equation (5.4), i.e.

Q(V,z)=a"A (V) PA(V )2z —1, P=P'>0.

() satisfies all conditions C1-C5 of Theorem [7| the details are given in [48] [49]). The derivative
of ) with respect to time can be written as

Q1) = Qv (V. o)V + 22 (e i gy iy =0
where
Qv (V,z) = % =V '2"A (VY (H,P+PH) A (V) 2,
IQ(V, x)

_ T -1 —1
S 2 A (V) PAL (V)

and H, = —diag{r;}. By hypothesis H,P + PH, < 0, so that condition C4 in Theorem [7] 7 is
satisfied, and the derivative V can be obtained from @ as follows

V==2Qv(V,z) " 2"A (V) PA, (V) (Az + Buy + p)
It can be easily shown that matrices A and B satisfy the following properties
NA (N A=AA (N, A, (N)B=)"B.
Using them in the previous expression of V, V can be written as

V==2(QuV,2) ' aA (V) P[VYAA (V) 2+ VI Buy + Ay (V) p]
—(Qv(V, 2)) " a"A (V7)) [VV (PA+ ATP) A, (V) 2 + 2V PBuy + 2PA, (V1) 4]

Selecting the controller u; as
u (z) = VKA (V) =z,

the following derivative is obtained

T v (P(A—BK)+(A—BK)TP> P

~@va [y P 0

]

Assuming that the perturbation u(t, z, z) satisfies the bound ((5.6)), which can be written as

] T ] (220 20
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where 0 < 8 < 1. Adding this inequality to the one of V, the following bound is arrived

V < (@v(V, o)1 R 55:1§zr {vu (P(A~BK) + (A~ BK)T P~ e (H.P+ PH,)) _V_VI;R_lp] L’: gjm

Using Shur’s complement, it can be concluded that V < 0 if
v (P(A— BEK) + (A— BK)" P — B (H,P + PH,) +R> >0,
And thus, condition , together with the definition of @)y, implies that
V< —(1= )V (Qu(Vea) e A (V) (HP + PH) A (V) 2 < (1= BV

5.4.2 Design of the dynamic control feedback uy(x) using an explicit
(control) Lyapunov Function

Consider now the full closed-loop system, where ( = z + p(t, x, n) is defined as state variable,
which is the addition of the integral state z and the matched perturbation p. Since p is unknown,
this implies that the variable ( is not available for feedback. Using as states (z, ¢) the dynamics
of the closed-loop system are given by

&= Ax + B (u1 + ) + pu(t, z, 1),

(= u2(x) + d(t’ Z, 77)

d
d(t7 Z, 77) = E <t7 Z, 77) :

The perturbation d is the total time derivative of the matched perturbation p. According to
(B.5), it is assumed to be bounded as ||d||,, < Dy + Dyl|z[|;7. Our aim in this section will be
to design us(x).

Note first that a direct utilization of the implicit Lyapunov function method proposed in
[48, [49] is unfeasible for the design of a usable integral term us(x), since the implicit Lyapunov
function method would lead to a controller as us(z, ¢), and since ¢ is not measurable, the
control would not be implementable. Moreover, a function us depending on (z, ¢) is not a
"true” integral action. For these reasons, it is necessary to combine the implicit Lyapunov
function V' with some other (explicit) terms to arrive at a Lyapunov function appropriate for
the design of the integral controller. The following development is based on the idea used
in [41], 42] to obtain a Lyapunov function for the Super-Twisting algorithm, which has been
generalized to an arbitrary order in [24]. Since the implicit Lyapunov function V' is not smooth
at x = 0, it leads to a non-smooth Lyapunov function. This technical issue does not cause any
serious problems with the proof, since the lack of differentiability can be overcome by using e.g.
the idea presented in [42] for the Super-Twisting (for more details see [40]). This argumentation
is not repeated in what follows.

5.4.3 A weak Lyapunov Function

First a homogeneous and smooth (except at x = 0) but weak Lyapunov function, whose homo-
geneity degree is 2r, = 2, for the integral control is constructed

Wz, ¢) = %VQ (x)+%CTC, v>0. (5.14)
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Using the results of the previous section for the function V' and the perturbation p, it is arrived
the following expression for its derivative

W <V {—(1- BV — 2V (Qu(V, ) aTA, (V1) PBCY + % (us +d)" ¢
= —(1 =BV =27 (Qu(V, x)) " 2T A, (V™) PBC + %ugg + %dTC.

Note that the first term is negative (in x), while the second one is a cross-term, without
definite sign. The third term depends on the selection of u,, and the last one is the effect of
the perturbation d. If the term due to the perturbation is omitted, W can be rendered at least
negative semi-definite by selecting uy(x) such that the cross-term is cancelled, i.e. with

uy () = 4V (Qy(V, z)) " BT PA, (Vv e, (5.15)

where the parameter v > 0 can be selected arbitrarily. With this selection, it is obtained
T 24-v 2 T
W< —(1=p)eVa + =d ¢,
v

which is negative semi-definite for d = 0, and therefore W is a weak Lyapunov function. Using
the extended LaSalle’s invariance theorem, which is presented in [5], [46], the origin (z, ¢) =0,
in the absence of perturbation d = 0, can be concluded to be GAS. For v = 0 the convergence
is exponential, since the homogeneity degree is zero, while for v < 0 the convergence is in
finite-time, due to negative homogeneity degree of the vector field, and for » > 0 convergence
is nearly fixed-time, due to the positive homogeneity degree (see Corollary .

A Passivity Interpretation

The weak Lyapunov function has a simple passivity interpretation: The system is a
negative feedback interconnection of two passive systems, subsystem x and subsystem (. Sub-
system x is a (strictly) passive system with V' as storage function, input u; and output us, as
given in . Subsystem ( is also passive, with storage function ¢7¢, input uy and output (.
W is the storage function of the interconnected system.

5.4.4 A Strong Lyapunov Function

The weak Lyapunov function W does neither allow us to establish the robustness of the closed-
loop with respect to the perturbation d nor to estimate its convergence time, for example. It is
advantageous to have a strong Lyapunov function, i.e. one with a negative definite derivative,
instead of only a negative semi-definite one. In this section, a strong Lyapunov function is
obtained by adding a cross-term to W as

1 1 —
V(x, () =0W*(x, () — —xf ¢]®, v>0,0>0,a= %, w=2. (5.16)
g
Here, the vector x, = (T1.ny, ", Tm.n, )" is composed of the p;-th components of the state z,
with time derivative given by &, = uy + ( + iz and the vector ft = (41,5, » fbm,n,,) cONtains
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the n;-th components of the perturbation vector u. Due to homogeneity, )V can be proven to
be positive definite for 8 > 0 sufficiently large.
Its time derivative along the closed-loop system is

Y (z, ¢, d) < adW*! (—(1 — B)eVHY 4+ %dT(> — % (ur(x) + ¢+ [L)T ¢l

— %wxzdiag (|C]°J_l) (ug (z) + d)
=W (z, ¢) + (200W* (" — wa! diag{|¢|“7'}) %d — %pﬁ [¢le, (5.17)

where
W (2, €) £ Ba(l - BeWe (z, () VI (2) + iww,fdiag{IC!WI}w (z) + iulT (@) [¢]* + icT el

Note that V (z, ¢) is homogeneous of degree §, = 1 + w — v, function W is homogeneous of
degree dyy = 1+ w, while the term (2a0W*~'¢" — waldiag{|¢|“"'}) is homogeneous of degree
dqg = w — v. Note that dyy = &, if v = —1, i.e. when uy (z) is a discontinuous function of
homogeneity degree 0.

The derivative of the Lyapunov function V in has three terms. The second and third
ones depend on the perturbations d and u, respectively. In absence of these perturbations, the
derivative of V is negative definite.

Lemma 7. W (x, () > 0 for § > 0 large enough.

Proof. Note first that, although function us is discontinuous at x = 0 for v = —1, the function
W is continuous (and homogeneous). Recall the following well-known property of continuous
homogeneous functions (see e.g. [11, Lemma 12]):

Letn : R" — R and ¢ : R® — R, be two continuous homogeneous functions, with weights
r = (ry,..,mn) and degrees m, with p(x) > 0, such that it holds {z € r"\{fo} : p(x) = 0} C
{z € r\{o} : n(x) > 0}. Then, there exists a real number \* such that, for all X > \* for all
z € R"\ {0}, and some ¢ > 0, n(z) + Ap(z) > |||, .

The claim of the Lemma is a simple consequence of this property. The first term in W is non
negative and it vanishes only when z = 0. The value of W for x = 0 is W (0, () = %CT [¢]”,
which is positive for ¢ # 0. And therefore YW can be rendered positive definite selecting 8 > 0
sufficiently large (for any v > 0). [

Due to homogeneity, there exist positive constants 0 < My < T and 71y > 0 such that

6\/ +v

5 v
DV (2,0 W, Q) <V S (w,C)
)
206W°1¢T — wal diag{|C| 7} < naV™ (z, C) .

Moreover, from inequality (5.6 it follows that each component p; ;, for ¢ = 1,---, m,
j = 1,---, n, of the vector p is bounded by |u; ;| < pedV™it¥  for some 6 > 0. Since

Tin; = 1 — v, this implies for the term z” [{]”
_ Sptv
B [¢)*] < BedV ™™ (x, ()
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for some 0 > 0. Besides, from inequality (5.5) it also follows that (for some 7j; > 0)

1 1 4 Syt ity
(2a0WI¢h — way diag{[¢|*'}) ;d‘ <2 (nlewi (z, O) + DV v (x, o) :

Accordingly, if it is defined 3 = Bed + 14D2, inequality 1} can be written as

) 1~ 2-y 1

Vi(z, () < — (Qw — ;ﬁ) Vs (z, () +77dV§fv (z, () ;Dl. (5.18)
Remark 5. Note that the solution to the scalar differential equation f = —f{f?%, with & > 0
k>0 and -1 <v < —— is given by

maxn.

f-siv<t>=f‘ﬁ<to>—Vﬁgfe(t—to), ifv#0, or &(t) = exp(—k(t —to))&(to) , if v =10.

From these expressions, the transit time Ty to go from an initial value & to a final one &
can be calculated, for v # 0, is given by

v—3 [ —-% v
Tiaf: (51 37V_€f3ﬂ/>-

VK

If v <0 and & = 0, then Ty, = ”V—_;’fl_gf” 1s finite. In contrast, if v > 0 and & — oo, then
Toonsf = 3;_’:€;g 1s finite. Note that this is related to the results of Corollary @ [

From inequality ([5.18)), it can be obtained the following conclusions:

1. In the absence of the non-vanishing part of the perturbation d, i.e. D; = 0, or equivalently,
if p is an arbitrary constant plus a term vanishing with the state z: the origin (z, ¢) = 0 is
Globally Asymptotically Stable (GAS) for any value of —1 < v < —— if the perturbation

max n;

satisfies (5.6 with é sufficiently small, i.e. 0 < g < 1,,- This can be always achieved
selecting ~ sufficiently large.

Using the comparison principle, the convergence time from an initial condition (zg, (o)
to the origin for v < 0 can be obtained from (/5.18)) as

v—3

E_m = —~>V3VV (CE’(], CO) )

_B
v (=

or from an initial condition at infinity to a final condition (xf, (y) when v > 0 to be

3—v v
Tooﬁf = ——V 3 (l‘f, Cf) .

(=)

2. In presence of a non-vanishing time-varying matched perturbation p, i.e. D; > 0, two
situations are considered, associated to the relation between the powers of V in ([5.18)):
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(a)

v = —1: In this case the two powers are equal, (5.18) becomes v < - (n,, — £ = na1D:) Vi
and the origin (z, ¢) = 0 is Globally Finite-Time Stable if the perturbation is suffi-
ciently small (or ~ sufficiently large), i.e.

(5.19)

The convergence time from an initial condition is given by

4
Tiso = 3 . Vi (20, Go) -
(= 5 = et D21)

—1 < v < —~—: In this case, the powers in (5.18) satisfy g:—z < %, so that the

maxn; .
term due to the perturbation d dominates near the origin (z, ) = 0 and V can be
positive in a neighborhood of zero. However, far from the origin the negative term
is dominating, and V < 0 at points far from zero, i.e. choosing some 0 < A < 1,

V<=2 (ﬂw - ;) Viv — (1= 1) (ﬂw - ;) Vi-v + 77dV3*”§D1
B 3 B 14+v ]_ 2—v
= -\ <ﬂ — ;) Vi — [(1 — )\) (ﬂl/\/ — ;) Vv — T]d;Dl Vi
_ 3 ip TTo
= (nW a é) Ve ’ vV (‘T7 C) 2 nd'Y 1 5 :
- Y (1—=2X) <Qw - %)

From this latter inequality, the trajectories of the closed-loop system can be con-
cluded to be ultimately and uniformly bounded, and that they will arrive at the set
3

ip 1-175
V(z, () < <(1:;<“’—1ﬂ)) in finite-time, and they will remain there for all future
—AMIw Ty
times. This is also equivalent to saying that the system is ISS with respect to d.
Wd%D1 1

Note that when D; satisfies (5.19), A can be selected such that m <
I Ty

Since lim,_,_+ ‘E’I—Z = 400, the final bound can be concluded for the trajectories

3—v

: . . nat D1 1
shrinks to zero as v — —1, i.e. lim, , 4+ | ——F——+ =0.
(1_>‘)(ﬁw_?>
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Chapter 6

Discussion of the Results and
Conclusions

6.1 Discussion of the Results

In this thesis, two ways to design homogeneous integral controllers are presented. The first one
uses explicitly defined Lyapunov functions and the second one uses implicitly defined Lyapunov
functions.

The controllers are designed with positive and negative homogeneity degree. However, there
are two important differences between both controllers.

1. In the controller that is obtained by using implicitly defined Lyapunov functions, the
integral action is depending on all states. Meanwhile, using explicitly defined Lyapunov
functions the integral action can be designed such the dynamics of integral action only
depends on the first state for negative homogeneity degree or first and second states for
positive homogeneity degree.

2. In the controller that is obtained by using explicitly defined Lyapunov functions, the can
deal with a diagonal uncertainty in the control matrix and the gains can be calculated
by the inequalities and (??), which can be very hard to compute for high order
systems. Meanwhile, using implicitly defined Lyapunov functions, the control matrix
must be completely known and the gains can be calculated by solving the inequalities
(5.3)), which is by far easier than the previous case.

The Sliding Mode (SM) controllers are

6.2 Conclusions

The homogeneity property is a useful tool to design controllers. This allows to design integral
homogeneous controllers with:

e negative homogeneity degree,
e homogeneity degree equals to zero and

e positive homogeneity degree.
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The controllers with negative homogeneity degree allow to get finite time stability, where
the trajectories converge to the origin. It is important to stress that this kind of controller are
better near to origin.

The controllers with homogeneity degree equals to zero are very similar to linear controllers.
This kind of controllers can obtain exponential stability so the trajectories converge exponen-
tially to origin, i. e. they converge at infinity.

The controllers with positive homogeneity degree allow to get rational stability, where the
trajectories do not converge to the origin. In contrast to controllers with negative homogeneity
degree, this kind of controller are better from the origin.

Combining a controller with positive homogeneity degree and another one with negative
homogeneity degree, the fixed-time stability can be obtained. This means that the trajectories
of the closed-loop system converge to origin before a time 7', which does not depend on initial
conditions.

The integral controller can be designed by using the the implicit Lyapunov method or
building an explicit Lyapunov function. However, there is a main difference. This difference
appears in the dynamic part of the integral action. Using the implicit Lyapunov method this
dynamics depend on all states. Meanwhile, using an explicit Lyapunov function, the dynamic
of the integral action does not have to depend on the all states.
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