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Resumen

En esta tesis se presenta el disenio de esquemas continuos de control en tiempo finito
o exponencial para sistemas mecanicos con entradas acotadas. El trabajo involucra el
reciente marco tedrico de la homogeneidad local, lo cual amplia la flexibilidad de disefio y
resulta fundamental para resolver los problemas formulados ante restricciones de entrada.
Los esquemas propuestos involucran acciones de correccién en errores de posicién y
velocidad con estructuras generalizadas. Mas ain, dan al usuario la posibilidad de elegir
entre convergencia en tiempo finito y exponencial a través de un simple parametro. En
el contexto analitico considerado, se aborda primero el problema de regulacion tanto
por retroalimentacion de estado como de salida. Después, se aborda el problema de
control de movimiento por retroalimentacién de estado, soportando el anélisis en lazo
cerrado a través de una funcion estricta de Lyapunov. Posteriormente, para el control de
seguimiento de trayectorias, se realiza un estudio de robustez considerando un término de
perturbacion acotado que se anade a la entrada. Este estudio permite concluir que para
un término de perturbacién suficientemente pequeno, las trayectorias de las variables
de error convergen al interior de una bola con centro en el origen cuyo radio se vuelve
mas pequeno en el caso de la convergencia en tiempo finito, implicando variaciones
post-transitorias mas pequenas que en el caso exponencial. Mas ain, esto se cumple
para cualquier condicion inicial y evitando restringir cualquier pardmetro involucrado en
el diseno de control. Todos los controladores propuestos son implementados a través de
simulaciones y experimentos.

Palabras clave: Control continuo en tiempo finito, homogeneidad local, robustez,
sistemas mecanicos, entradas acotadas.

Abstract

In this dissertation the design of finite-time/exponential continuous control schemes
for mechanical systems with bounded inputs is presented. The work involves the recent
theoretical framework of local homogeneity, which expands the design flexibility and
it results to be fundamental to solve problems with constrained inputs. The proposed
schemes include corrective actions on the position and velocity errors with generalized
structures. Moreover, all the proposed schemes give the freedom to choose among finite-
time and exponential convergence through a simple parameter. Under the considered
analytical framework, the regulation problem is first studied for both cases: state-feedback
and output-feedback. Further, the state-feedback motion control problem is studied,
supporting the closed-loop system through a strict Lyapunov function. Subsequently, a
robustness study is developed for the trajectory-tracking control, under the consideration
of an input-matching bounded perturbation term. Such a study has permitted to conclude
that for a perturbation term with sufficiently small bound, the error variable trajectories
converge into an origin-centered ball whose radius becomes smaller in the finite-time
convergence case, entailing smaller post-transient variations than in the exponential case.
Moreover, this is shown to be achieved for any initial condition and avoiding to restrain
any of the parameters involved in the control design. All the proposed controllers are
further tested through simulation and experimental implementations.

Key words: Finite-time continuous control, local homogeneity, robustness,
mechanical systems, constrained inputs.
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CHAPTER 1

Introduction

This dissertation focuses on the finite-time continuous control of mechanical systems.
Particularly, control schemes for bounded-input mechanical systems are designed so as
to achieve both the regulation and the trajectory-tracking objectives avoiding input
saturation. This work is developed under the consideration of the analytical framework
of local homogeneity. In a coordinate-dependent context, such an analytical tool allows

—contrarily to the conventional homogeneity theory— to involve input constraints,
which permits to solve the formulated problems throughout the dissertation not only
guaranteeing input saturation avoidance but also giving a wide range of design flexibility.
The developed work succeeds on innovating not only on the control structures but
also on the analytical procedures in order to achieve the design objectives. Divers
contexts related to the data involved in the designed controllers are considered, and a
robustness study that compares the resulting performance of the finite-time controllers
with analog algorithms that achieve the objective by inducing exponential convergence
on the closed-loop system trajectories is included.

The finite-time control study has been an interesting topic for the research control
community since this does not only imply a challenging analytical problem but also for the
so-claimed advantages over the asymptotic controllers, such as faster convergence, precise
performance, robustness to uncertainties, and disturbance-rejection, [1, 2, 3, 4]. Finite-
time controllers had been proposed through either discontinuous or continuous schemes.
Particularly, finite-time stabilization of an equilibrium induced through continuous
control becomes a topic of significant importance since, in addition to the previous
mentioned advantages, its application avoids some unwanted effects like chattering due to
measurement noise, contrarily to the discontinuous controllers [5]. Moreover, finite-time
continuous stabilizers turn out to be suitable for certain tasks such as consensus [6] and
formation of multi-agent systems [7], process supervision (monitoring) [8], and secure
communication [9].

A first approach to finite-time continuous control appeared in the seminal work of
Haimo [10], which introduced the concept of finite time differential equations. These
were defined therein as differential equations whose trivial solution is asymptotically
stable and all their solutions that converge to zero do it in finite time. Such a work
stated the necessary and sufficient conditions to define a first order finite time differential
equation, namely (reproducing verbatim [10, Fact 1]):



Fact 1.1. @ =r(z), 7(0) =0, z € R, is finite time iff
a) zr(x) <0 and equals 0 only at x = 0, for x in a neighborhood of 0, and
b) fpo(d:x/r(as)) < 0o, for all p in R

Further, finite-time stability —in the finite-time-differential-equation sense stated in
[10]— on second order systems of the form

¥ =u(x, 1)

with u continuous, was studied in [10], particularly proving the referred stability property
for

u(z, ) = —|z|*sign(x) — |2|° sign(&)

with b € (0,1) and a > b/(2 — b) —or equivalently a € (0,1) and b < 2a/(1 + a)— [10,
Corollary 1], and even stating finite-time stability preservation under (some type of)
additional vanishing perturbation terms [10, Corollary 2].

Later on, several researchers focused on settling down a suitable underlying analytical
framework for the subject. Remarkable contributions in this direction are those developed
by Bhat and Bernstein [11, 12, 13, 14, 15], who stated —for continuous autonomous
systems— a formal and precise definition of a finite-time stable equilibrium point
gathering Lyapunov stability and finite-time convergence, as well as a Lyapunov-function-
based criterion for its determination, and a suitable characterization of its relationship
with homogeneous vector fields. This last is advantageous in view of its simplicity:
for a homogeneous vector field with asymptotically stable equilibrium at the origin,
verifying negativity of the degree of homogeneity suffices to conclude finite-time stability
(of the origin). Consequently, homogeneity becomes an attractive analytical tool in
control design to easily achieve finite-time stabilization. Nevertheless, for finite-time
control design purposes, such a criterion might be restrictive in view of the requirements
naturally imposed by homogeneity, which is conventionally a global property. For
instance, in a constrained-input context, the closed-loop system would include bounded
components which would preclude the corresponding vector field to be homogeneous [15].
However, such a restriction has been proven to be relaxed through alternative notions of
homogeneity [16].

Finite-time stability and stabilization for time-varying vector fields has evolved
more slowly and is still in progress. Important extensions and generalizations of the
previously cited works from Bhat and Bernstein have been developed for instance in [17]
by stating precise definitions and Lyapunov-type characterizations for non-autonomous
systems. Uniform stability has been very recently studied within the framework of
homogeneity in [18] where, in particular, the characterization of global uniform finite-
time stability has been extended to time-varying vector fields. These contributions show
the complexity entailed in the non-autonomous case in relation to the previously cited
time-invariant case. For instance, the existence of a homogeneous Lyapunov function
characterized for autonomous vector fields in [19] does not apply for time-varying ones,
and a similar extension for the latter case does not exist. Consequently, results based on



such a fundamental work of [19], like the finite-time-stability-preservation approzimation
approach of [20], do not apply in the non-autonomous case. Stability/stabilization studies
in the time-varying context shall take into account such important analytical limitations
and consequently entail more complex analysis.

1.1 Previous works

An initial work on finite-time continuous control was presented in [21] for mechanical
manipulators, whose dynamical model is defined as

H(q)j+C(q,q)q+g(q) =T

where position ¢, velocity ¢ and acceleration § vectors, the inertia H(q) and Centrifugal
and Coriolis effect C'(¢, ¢) matrices, and the conservative-force g(¢q) and external force 7
vectors, are involved. The controller design adopted proportional (P) and derivative (D)
type actions, assuming unconstrained inputs, with two options on the structure:

e the first one compensating for the whole system dynamics, with the following form:

T =9(q) + C(q,4)d — H(q) [151(q — qa) + 1252(q)]

where I1, I > 0, §(c) = (cir(s1), . .. ,O'm<§n))T, i = 1,2, with 0;(¢) = sign(s)|s|*,
i=12j=1n¢eR 0< o <1, as =21/(1 + ay), and gq is the desired

position;

e the other one compensating only for the conservative-force terms, that takes the
form:

T = g(q) — llgl(q - qd) - l2§2(q>

with [; and s;, 1 = 1, 2, as previously defined.

The closed-loop analysis was developed based on the conventional analytical framework
of homogeneity. Although a variation of the latter structure with the P and D type
actions included (each of them separately) within conventional saturation functions was
further contemplated, no formal closed-loop analysis was presented for this case, which
does not fit within the analytical framework where the unconstrained versions were
developed.

Another work oriented to the finite-time control of robotic manipulators, disregarding
input constraints, appeared later in [22]. The scheme proposed therein is structured
aiming at the compensation for the whole system nominal dynamics. The rest of the
synthesis is developed applying the backstepping design technique, by viewing the velocity
vector variable as a virtual input to achieve finite-time control of the positions, and using
the force input vector to impose a closed-loop continuous dynamics that guarantees finite-
time stabilization of the consequent error variables. The design is then complemented
through a Lyapunov-redesign type procedure that results in the addition of a control term
in charge to reject perturbations due to system uncertainties. Alternative approximations



of certain control terms are suggested in order to avoid discontinuities and singularities
implied by the developed approach, expecting close enough (to the desired position)
stabilization through their replacement. Although a bounded version of the developed
controller is also contemplated by involving conventional saturation functions, no further
analysis is included for this case, which is claimed to be left for future research.

A further finite-time continuous stabilization scheme for mechanical systems was
proposed in [23] similarly assuming unconstrained inputs. The approach is based on the
definition of a manifold where the system is proven to converge to the zero (desired)
state in a finite time 7. A suitable closed-loop form ensuring convergence of the system
variables to such manifold in a finite time 75 is then found. The control law is then
designed through exact dynamic compensation so as to impose the closed-loop form
found in the precedent step, taking the following form:

= H(g) (k(a )9 l(g,9) g

Tl ™ TG Dl ) ”qula) +Clg,9)q +9(q)

where 1/2 < a < 1, k,v >0, and l(q,q) = ¢+ ”q(fﬁ. However, the extension of such an
approach to the constrained input case was not developed.

Additionally, the works presented in [24] and [25] appeared during the development
of this dissertation (actually, after the first publications derived from this research work).
Such works focus on the extension of the energy-shaping methodology to the finite-time
regulation problem; while [24] presents such extension for the state-feedback control
study, the work in [25] does so for the output-feedback case. Further, both works present
divers examples of control laws obtained from the developed methodology, among them
bounded input versions are included. Such bounded controllers are characterized by the
use of specific saturation functions and the application of the control gains to the shaped
error correction actions (and not directly to the error variables prior to the shaping).
In particular, such external weighting leads the control gains to act on the PD-action
bounds, generating the need (at every setting or change on the control gain values) for
an additional verification and eventual adjustment on the considered saturation function
bounds to guarantee the input saturation avoidance requirements.

All the previous mentioned works mainly give rise to finite-time regulators and are
consequently developed within the framework of autonomous systems. On the other
hand, for the tracking control problem, which naturally implies a time-varying closed-loop
dynamics, the stability analysis suffers from the impossibility to involve analytical tools
exclusively addressed to time-invariant vector fields, and shall consequently be developed
within the framework of non-autonomous systems, for instance through the use of a
suitable strict Lyapunov function. Strict Lyapunov functions have been very recently
constructed in [26] to support finite-time control of robot manipulators disregarding
input constraints and focused on the regulation problem, thus leaving the tracking-under-
bounded-input case unsolved.



1.2 Motivation and objectives

Based on the above mentioned, it is clear that divers advances have been made in
the study of finite-time continuous control for mechanical systems, which highlighted
the advantages of applying finite-time controllers to such kind of systems. However
the bounded input case has barely been discussed. Several works have included some
proposals, lacking from analytical support or missing important details in the design
and/or analysis. The bounded-input case becomes an interesting issue since conventional
analytical tools, as the (standard) homogeneity framework, result to be inappropriate
in order to deal with such a problem. This generates an opportunity to approach the
problem with more recent and suitable analytical tools, which constitutes one of the
main motivations of the present work. The former section cited several works related to
finite-time continuous control schemes addressed to the regulation problem of mechanical
systems; however, most of them disregard both the bounded-input case (a natural
characteristic of real systems) and the bounded-input-tracking problem. Moreover, all
the mentioned works have been motivated arguing benefits of the finite-time algorithms
over the asymptotic (infinite-time) ones, such as faster convergence and improved
robustness under uncertainties. However, this has not yet been exhaustively explored or
brought to the fore through formal analysis or implementation tests, which creates the
opportunity to address it through this dissertation.

In this direction, the present work has the following general objective:

To design finite-time continuous control schemes for mechanical systems with
constrained inputs, through generalized structures that increase the design flexibility to
achieve either finite-time or asymptotic (with local exponential) stability, and avoiding
input saturation.

The particular objectives are focused on giving a solution to:

e the regulation-under-bounded-input problem taking into account two cases:
the on-line conservative force compensation and the desired conservative force
compensation. The goal, for the both mentioned cases, is to design state-feedback
control schemes and output feedback control schemes,

e the tracking-under-bounded input problem and study the robustness problem under
perturbations.

1.3 Notation

Let X, Y € R™*" and # € R™. Throughout this dissertation, X;; denotes the element
of X at its i*" row and j* column, X, represents the i*" row of X and z; stands for
the i'" element of z. With m = n, X > 0, resp. X > 0, (conventionally) denotes
that X is positive definite, resp. semidefinite, and X > Y, resp. X > Y that X — Y
is positive definite, resp. semidefinite, while, for a symmetric matrix X, A, (X) and
Ay (X) stand for its minimum and maximum eigenvalues, respectively. 0,, represents



the origin of R™ and I,, the n x n identity matrix. We denote Ry = {z € R: 2z > 0}
and R>p = {z € R: & > 0} for scalars, and R?) = {z e R" : 2; > 0, i =1,...,n}
and R,y = {z e R" : z; > 0, i = 1,...,n} for vectors. For a subset A C R", 0A
stands for its boundary. || - || will conventionally denote the standard Euclidean norm,
i.e., the 2-norm for vectors and induced 2-norm for matrices. Other p-norms will be
denoted || - ||,- An n-dimensional ball and an (n — 1)-dimensional sphere, both of radius
¢ >0, on R", are denoted B and S"!, respectively, i.e., B? = {z € R" : ||z|| < ¢} and
Sl ={z € R": ||z|| = ¢}. Let A and &€ be subsets (with non-empty interior) of some
vector spaces A and E, respectively. For any integer m > 0, we denote C™(A; E) the set
of continuous functions from A to £, being m times continuously differentiable when m
is strictly positive (with differentiability at any point on the boundary of A meant as
the limit from the interior of A). Consider a function i € C*(Rxo; ). The first- and the
second- order rates of change of h are respectively denoted h and h. For a continuously
differentiable scalar function f € C'(R™;R) and a vector function g : R" — R", we
denote D, f the directional derivative of f along g, i.e., D,f(z) = af g(z). This work
involves class K functions, i.e., continuous strictly increasmg functlons a A — R with
A C[0,a),a € (0,00], and a(0) = 0, and refers to K., functions, i.e., class K functions
a: Rsp — Rsg such that a(s) — oo as ¢ — co. We will consider the sign function to be
zero at zero, i.e.,

S if¢#£0
- _J !
sign(g) =
g() {0 if¢c=0

and denote sat(-) the standard (unitary) saturation function, i.e., sat(c) =
sign(¢) min{|¢|, 1}. Fundamental facts that will be involved in this study are Young’s
inequality, i.e., for any ¢, ¥ € (1,00) such that é + i =1and any a, b € R5p: ab <

% + %; Hélder inequality, i.e., for any ¢, b € [1,00] such that %—I—i = 1 and any
z,y € R": |zTy| < ||z]|s]ly]ly; and the following properties of p-norms.

Lemma 1.1. For any x € R", ||z||, is non increasing in p.

Proof. Since ||0,||, = 0 for any p-norm (p > 1), it is clear that [%||$||p] = 0. For
=0y,
x # 0,

0 015~ 0] |1p - =]

- - NEC) Pl _ 1y P

aplele = gy | olesl| = S| - e
b

l2lls [ ¢
-3 Z|xi|p1n|xi|p—Z|xi|p1n||x||g

=1 =1

E p{é )

since 0 < 20 <1 s 2l <0 i=1,... . n ]
I lzlp = AR




Remark 1.1. By equivalence of p-norms, for any || - ||, and || - ||, with ¢ # ¢, there
exist constants ¢4 > cg 4 > 0 such that cy yl|z|ly < ||2]ls < Ep,pllz]ly, Vo € R, In
particular, by Lemma 1.1 and the fact that

1/¢

n 1/¢ n
|wf[2mﬂ sbmwﬂ — 0oz
=1 =1

1.4 Mechanical systems

In order to provide a characterization of the kind of systems involved in this work,
the following facts are presented. Consider the n-degree-of freedom (DOF) fully actuated
mechanical system dynamics with linear damping effects

H(q)§+C(q,4)q+ Fg+g(q) =7 (1.1)

where ¢, ¢, G € R™ are the position (generalized coordinates), velocity, and acceleration
vectors, H(q) € R™" is the inertia matrix, C(q, ¢) € R™*™ is the Coriolis and centrifugal
effect matrix defined through the Christoffel symbols of the first kind, F' € R"*" is
the (a priori symmetric positive semidefinite) damping effect matrix, g(q) = VUy(q),
with Uy (q) : R™ — R being the potential energy function of the open-loop system, or
equivalently

q

Uala) = Un(an) + [ 47 () (1.2
q0

for any q,qo € R™ (the integration in (1.2) takes into account the conservative nature

of g, as pointed for instance in [27, Note 1, p. 2009]); and 7 € R" is the external input

(generalized) force vector. Some well-known properties characterizing the terms of such

a dynamical model are recalled here [28], [29], [30]. Subsequently, we denote H the rate

of change of H, i.e., H : R® x R" — R™" with Hz»j(q,cj) = ag;]- (@), i,7=1,...,n.

Property 1.1. H(q) is a continuously differentiable positive definite symmetric matriz
function, and actually H(q) > pml, —whence ||[H(q)|| > pm— Yqg € R™ for some
> 0.

Property 1.2. The Coriolis and centrifugal effect matriz defined through the Christoffel
symbols of the first kind satisfies:

1.2.1 H(q,q) = C(q,q) + CT(q,q), Yq,¢ € R™, and consequently

1.
2T §H(x,y)—0(x,y) z2=0, Vz,y,z€R"

1.2.2 C(w,z +y)z = C(w,x)z + C(w,y)z, Yw,z,y,z € R";
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1.2.3 C(z,y)z = C(z,2)y, Vx,y,z € R";

1.24 ||C(z,y)|| < @)y, Vz,y € R™, for some ¥ : R* — Ry, or equivalently
|Ci(z, ) || < Vi(2)||yll, Yo,y € R, for some ¥; : R" — Rsg, i =1,...,n.

Throughout this work, we consider the (realistic) bounded input case, where the
absolute value of each input 7; is constrained to be smaller than a given saturation
bound T; > 0, i.e., |7;| < T;, i = 1,...,n. More precisely, letting u; represent the control
variable (controller output) relative to the i*" degree of freedom, we have that

U;
i =Tisat |
T, sa <Tz>

Further assumptions are stated next.

Assumption 1.1. The inertia matriz is bounded, i.e., ||[H(q)|| < par, Vg € R™, for some
far > o > 0, or equivalently || H;(q)|| < pari, Vg € R™, for some pp >0, i=1,...,n.

Assumption 1.2. 9(-) —hence, each ¥;(-), i = 1,...,n— in Property 1.2.4 is bounded,
and consequently ||C(x,y)|| < kellyll, Yz,y € R, for some ke > 0, or equivalently
|Ci(x,y)|| < kaillyll, Y,y € R™, for some keg; >0, i=1,...,n.

Assumption 1.3. The conservative (generalized) force vector g(q) is a continuously
differentiable bounded vector function with bounded Jacobian matrix g—g, which can be
equivalently stated as follows.

1.3.1 Every element of the conservative force vector, gi(q), i = 1,...,n, satisfies
19i(q)| < Byi, Vg € R", for some By; > 0.

1.3.2 % exists and is continuous and such that H%(Q)H < kg, Vg € R", for some k,; > 0,
q q
and consequently ||g(x) — g(y)|| < kyllz — y||, Vz,y € R™.

Assumption 1.4. T; > B,;, Vi € {1,...,n}.

Assumptions 1.1-1.3 apply e.g. for robot manipulators having only revolute joints
[30]. Assumption 1.4 renders it possible to hold the system at any desired equilibrium
configuration ¢z € R™.

Remark 1.2. By Property 1.1, the inverse matrix of H(q), denoted H*(g), exists and
keeps analog analytical properties. More precisely, H '(q) is a continuously differentiable
positive definite matrix function, and actually, under the additional consideration of
Assumption 1.1:

1 1 1 1
<_)I" S H 7)< (—>fn — Lt
157 Hm My Fm

Vq € R", with gy > p,, being the positive constants characterized through Property 1.1
and Assumption 1.1.



Figure 1.1: 2-DOF robot manipulator at Instituto Tecnologico de la Laguna.

1.5 Robot manipulators: particular structures

The following model descriptions correspond to divers robot manipulators that will
be subsequently involved throughout this dissertation.

1.5.1 2-DOF robot manipulator

The experimental robotic arm shown in Figure 1.1, is located at Instituto Tecnoldgico
de la Laguna (Torreén, México). The arm movement relies on a vertical plane. The
actuators are direct-drive brushless motors located at the shoulder (base) and at the
elbow, which are operated in torque mode, so they act as torque source and accept
an analog voltage as a reference of torque signal. The control algorithm is executed
at a 2.5-ms sampling period in a control board (based on a DSP 32-bit floating-point
microprocessor from Texas Instrument) mounted on a PC-host computer. The robot
software is in open architecture, whose platform is based on C language to run the
control algorithm in real time. The system dynamics of this robot is characterized, in
accordance to Eq. (1.1), by

2.351 4 0.168 cos gy 0.102 + 0.084 cos ¢
0.102 + 0.084 cos ¢ 0.102

. —0.084¢2 singy  —0.084(d1 + ¢2) sin go
Clg,q) =

0.0844, sin s 0

@ 38.465sin g + 1.825sin(q; + ¢2)
q =
g 1.825 sin(q1 + gs)

2.288 0
F—
0 0.175



Property 1.1 and Assumptions 1.1-1.3 are thus satisfied with pu, = 0.088 kg m?,
py = 2.533 kg m?, ko = 0.1422 kg m®/s, By = 40.29 N m, and B, = 1.825 N
m. More precisely, 1y = 2.5259 kg m?, pupr0 = 0.2121 kg m*, key = 0.1359 kg m? /s and
keo = 0.084 kg m?/s (in Appendix A, a detailed analysis to obtain the listed bounds is
shown). Furthermore, the input saturation bounds are 77 = 150 N m, and 75 = 15 N m,
for the first and second links, respectively.

1.5.2 3-DOF robot manipulators

Anthropomorphic-type arm

The experimental robotic arm, shown in Figure 1.2, is a 3-revolute-joint
anthropomorphic-type arm located at the Benemérita Universidad Autonoma de Puebla,
Mexico. The arm links —made of 6061 aluminum— are actuated by direct-drive brushless
servomotors from Parker Compumotor —models: DM1015B (base), DM1050A (shoulder)
and DM1004C (elbow)— operated in torque mode, i.e., they act as ideal torque sources

—without gear reduction— upon reception of an analogue voltage as torque reference
signal. Joint positions are measured using incremental encoders on the motors and the
standard backwards difference algorithm was used to calculate the velocity signals. The
control algorithm is written in C language and executed at a 2.5 ms sampling period on
a PC host computer. The dynamical characterization of this robot, in accordance to Eq.
(1.1), is described by

hn(Q) h12(Q) h13((1)
H(q) = | hi2(q) haa(q) has(q)
h13(Q> h23(Q) Ci3

with

& ".
:LF'.:‘
‘&

Figure 1.2: 3-DOF robot manipulator at Benemérita Universidad Auténoma de Puebla.
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hi1(q) = ¢ + (o cos® o + (3810 2g2 + (4 sin(2gs + 2g3) + (5 cos® (g2 + g3)
+ 215(s sin g2 sin(qe + q3) + 215(7 sin go cos(g2 + ¢3)

h12(q) = hi3(q) + Cio cos ga + (11 8in g
hi3(q) = (s cos(qa + q3) + Cosin(ga + ¢3)
haa(q) = Cia + 212Cs cos g — 25Cr sin g
has(q) = Ci3 + 12Cs cos g3 — la(r sin gs

a1(q)do + a2(q)ds  a1(@)dn + as(q)de + as(q)ds  az(q)dr + aa(q) (d2 + ds)
C(q,q) = —a1(q)q1 —as5(q)qs —as(q) (42 + 93)
—az(q)q1 as(q)qs 0

ai(q) = —% sin 2go + (3 cos 2o + (4 cos(2q2 + 2q3) — % sin(2qs + 2q3)

+ 196 sin(2qs + q3) + 12¢7 cos(2¢2 + g3)

G .
az(q) = Cacos(2qz + 2q3) — 55 sin(2qy + 2q3) + l2¢6 sin(qz) cos(qz + ¢3)

— la¢rsin(ga) sin(qz + g3)
a3(q) = as(q) — Croga sin g2 + C11G2 cos o
as(q) = —Cssin(ge + q3) + Co cos(qz + gs)
as(q) = lo(Cssings + (7 cos g3)

0
9(q) = | 90(Cesin(ga + g3) + ¢ cos(q2 + g3)) + Crasings + (14 cos g
9o (Cesin(ga + g3) + (7 cos(ga + g3))

Gie 0 O
F=|0 {7 0
0 0 s

In the expressions above: I, = 0.35 m and gy = 9.81m/s?>. The system parameters
(i, © = 1,18, were identified using the recursive-least-squares-based filtered dynamic
model method [31], giving the following set of estimations:

¢ = 2.8968 (7 =6.828 x 1073 C13 = 8.9485 x 1072
¢, = —0.35456 (g =T7.9808 x 1072 (14 = 16.4906
C3=T7.6885 x 107% (9= —4.5168 x 1073 (35 = 0.202478

(s = —6.5428 x 107> (3o = 0.89111 Cie = 0.4

(5= —5.5442 x 1072 (33 = 2.5675 x 1073 (37 = 1.2806

G = 0.11152 (1o = 1.2607 (15 = 0.64
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For such a robot, Property 1.1 and Assumptions 1.1-1.3 are satisfied with u,, =
0.0761 kg m*, py = 3.0846 kg m*, ko = 1.1116 kg m?/s, By = 0, By = 17.5879
N m, and Byz = 1.09606 N m, and more precisely: pyn = 2.975 kg m?, pap =
1.6589 kg m?, pia3 = 0.1757 kg m?, key = 0.989 kg m?/s, ko = 0.4681 kg m?/s and
kes = 0.1997 kg m? /s (the analysis to obtain the listed bounds can be found in Appendix
A). Furthermore, the input saturation bounds are 77 = 15 N m, 75 = 50 N m, and
T5 = 4 N m, for the first, second and third links, respectively.

Geometric Touch Haptic Device

Figure 1.3: 3-DOF Geometric Touch Haptic Device at Universidad de Guadalajara.

The experimental setup, shown in Figure 1.3, is a haptic device (called Geometric
Touch Haptic Device), located at Universidad de Guadalajara, usually involved in 3D
modelling [32]. This haptic device is involved in a consensus work presented in [33],
where technical characteristics of such device are specified. We reproduced here, from
[33], the gravity (conservative) force vector since it is the only force vector (from the
system model) required for regulation experiments. Its model takes the form:

0
g(q) = | 105sin(ga + g3) + 137 cos gy | x 107*
105sin(q2 + ¢3)

whence the values introduced through Assumption 1.3 are obtained as By, = 0,
By =242 x 107* N m, and Bz = 105 x 10~* N m, while &, = 299 x 10~* Nm/rad.
Furthermore, the input saturation bounds are 7; =1 N m, j = 1,2, 3.

Phantom haptic interface robot

Figure 1.4 shows the Phantom™ (model 1.5) haptic interface robot, whose dynamic
model will be used for simulation tests in this dissertation. Thorough technical description
and model derivation of such a 3-DOF robotic device are presented in [34]. The elements
H, C and g involved in (1.1) are reproduced here,

hll(Q) 0 0
H(q) = 0 24.26 —4.56sin(g2 — q3) | x 107*

12



Figure 1.4: 3-DOF Phantom haptic interface robot.

with
hi1(q) = 28.33 + 11.32 cos(2¢2) — 3.91 cos(2¢3) + 9.12 cos(qs) sin(gs3)
c11(q, ) 012(%(}) c13(¢, 4)
Cg,q) = | ca1(q, 9) 0 ca3(q,¢) | x 107
c31(q,q)  c32(q, q) 0
where

c11(g, ¢) = —[11.325in(2g2) + 4.56 sin(gz) sin(g3)]g
+ [3.91 sin(2q3) + 4.56 cos(qz) cos(qs)]gs

c12(¢: §) = —ca1(q, ¢) = —[11.32sin(2g2) + 4.56 sin(go) sin(g3)|¢1
c13(q,q) = —c31(q, ) = [3.918in(2g3) + 4.56 cos(ga) cos(q3)]d1
c23(q, ¢) = 4.56 cos(q2 — q3)qs
c32(q, 4) = —4.56 cos(q2 — q3)do
0
g(q) = | —162.98 cos(qz) | x 107*
—737.55sin(qs)

For such a robot, Property 1.1 and Assumptions 1.1-1.3 are satisfied with u,, =
8.04 x 107 kg m? pupy = 53 x 107 kgm?, ke = 24 x 107* kg m®/s, B, = 0,
By = 16298 x 107* N m, and B, = 737.55 x 107* N m, and more precisely:
pan = 53 x 107* kgm?, ppe = 25 x 107% kgm?, pys = 10 x 107 kg m?,
kcr = keo = 15 x 107* kg m?/s, and kes = 7.41 x 107* kg m?/s (the analysis to
obtain the listed bounds can be found in Appendix A). Furthermore, the input saturation
bounds are 7; = 1.8 Nm, j = 1,2, 3.
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1.6 Structure of the dissertation

The work is organized as follows: Chapter 2 presents definitions and results that were
used in the analyzes developed in this dissertation. In addition, the models of divers
multi-degree-of-freedom robot manipulators are presented.

Chapter 3 introduces the proposed finite-time/exponential control schemes and
develops the corresponding closed-loop stability proofs. First, the results corresponding
to position control with on-line compensation are shown in the case of availability of
all system states. Then a control scheme that does not involve system velocities is
presented. Further, the desired-conservative force compensation case of the position
control problem is developed including both the state-feedback and the output-feedback
approaches. Moreover, a trajectory tracking controller is presented assuming availability
of states. Finally, the control law proposed in the tracking problem is involved in a
robustness study.

Throughout Chapter 4 the simulation results of all developed schemes are presented
including the nominal dynamic models of the robot manipulators described in Chapter 2.
For each proposed scheme, a comparison among the two types of convergence, finite-time
vs exponential, is presented.

Chapter 5 shows experimental results obtained using the different robot manipulators
described in Chapter 2. Through the experiments, the aim is to corroborate the
capability of the proposed control laws and the conclusions drawn from the analytical
results presented in Chapter 3, as well as to compare the different types of convergence
(between finite-time and exponential).

Conclusions, future work and perspectives are also given in Chapter 6.
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CHAPTER 2

Mathematical background

This part settles down the framework within which the analysis of this work is
developed.

2.1 Lyapunov stability

Consider a system of the form

T = f(t,x) (2.1)

where f : [0,00) x D — R" is piecewise continuous in ¢ and continuous in z, and D C R”
is a domain that contains the origin x = 0; for any given initial condition (to, ), x(t)
denotes a solution of (2.1) such that x(tg) = 2o and the set of all solutions is denoted by
Sto.mo- Then, we recall the following definition [35].

Definition 2.1. The equilibrium point x = 0 of (2.1) is

o stable if, for each € > 0, there is 0 = 0(g,t9) > 0 such that for all ||z(ty)]| < and
all solutions x(t) € Sy, one has that

lz(t)]| <&, Vt>ty>0 (2.2)
e uniformly stable if, for each € > 0, there is § = §(¢) > 0, independent of ty, such
that for each ||z (to)|| < 0 and all solutions x(t) € Sty uy, (2.2) is satisfied.
e unstable if is it not stable.

e asymptotically stable if it is stable and there is a positive constant ¢ = c(ty) such
that x(t) — 0 as t — oo, for all ||z(ty)|| < ¢ and all solutions x(t) € Sy 4, -

o uniformly asymptotically stable if it is uniformly stable and there is a positive
constant ¢, independent of to, such that for all ||z(ty)|| < ¢ and all solutions
z(t) € Styz, ©(t) = 0 as t — oo, uniformly in ty; that is, for each n > 0, there is
T =T(n) > 0 such that

15



[z <n, Vio+T(n)
for all ||z(ty)|| < ¢ and all solutions x(t) € Sty -

e globally uniformly asymptotically stable if it is uniformly stable, 6(¢) can be chosen
to satisfy lim._,, 0(¢) = 00, and, for each pair of positive numbers n and c, there
is T'=T(n) >0 such that

lz@®)[l <m, Vt=to+T(n,c)
Jor all |z(to)]| < ¢ and all solutions z(t) € Sty -

Remark 2.1. When the system is autonomous, i.e., for any z € D: f(t,z) = f(z) in
(2.1), the stability properties are uniform in ¢y, which is understood without the need to
explicitly specify the term uniformly in the given terminology.

2.2 Homogeneity

The concept of homogeneity whose definition is presented next as a conventional
notion, more precisely corresponds to that of weighted homogeneity [36], which is related
to the family of dilations 7, defined as 6" (x) = (e"xy,...,e™x,)T, Vo € R", Ve > 0,
with 7 = (ry,...,7,)T, where the dilation coefficients 71, ..., r, are positive scalars.

Definition 2.2. [35]
e A function V : R"™ — R is §"~homogeneous of degree m (m € R) if

V(6l(x)) =e"V(x) Yz eR", Ve>0

o A wvector field f = 3, fi% s said to be 8"—homogeneous of degree k if the
component f; is 6" —homogeneous of degree k + r;, for each i; that is,

fi(e™ay, ... ema,) =MTifi(x), Ve eR", Ve>0 Vie{l,...,n}

The next definition states a local notion of homogeneity.
Definition 2.3. [16]: A function V : R® — R, resp. a vector field f =Y, fi%, is
locally homogeneous of degree o with respect to the family of dilations 6. —or equivalently,
it 1s said to be locally r-homogeneous of degree av— if there exists an open neighborhood
of the origin D C R™ —referred to as the domain of homogeneity— such that, for every
x €D and alle € (0,1] : 67 (x) € D and
V(6i(x)) ="V (x)

resp.

Ji(0L(x)) = " fi(w)
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Definition 2.4. [37] Given r € RZ, a continuous function mapping x € R" to R,
denoted ||x||., is called a homogeneous norm with respect to the family of dilations
0r —or equivalently, it is said to be an r-homogeneous norm— if |||, > 0 with
|z||, =0 <z =0,, and ||0L(z)||, = €||z|, for any ¢ > 0.

Notice that an r-homogeneous norm is a positive definite continuous function being
r-homogeneous of degree 1. A special subset of r-homogeneous norms is defined as
follows.

Definition 2.5. Given r € R, an r-homogeneous p-norm (p > 1) is defined as

n 1/p
lallp = [Z |xz»|p/”}
=1

Subsequently an r-homogeneous norm || - ||, will be considered to refer to an r-
homogeneous p-norm with p > max;{r;}.

Lemma 2.1. [16] Suppose that, for every i = 1,2, V; is a continuous scalar function
being locally r-homogeneous of degree o; > 0, with domain of homogeneity D;. Suppose
further that Vi is positive definite on Dy. Let D = Dy N Dy and consider an (n —1)-
dimensional sphere S"' of some radius ¢ > 0 such that S*' C D. Then, for
every x € D : c1[Vi(a)]/* < Va(z) < eo[Vi(x)]*/*, with ¢; = [min,gn1 Va(z)] -
[maxzesgq Vi(z)]7e2/* and cy = [maXzengl Vo(2)] - [minzeng Vi(z)] o2/,

Remark 2.2. Observe that if V5 happens to be positive —resp. negative— definite,
then ¢; and ¢y in Lemma 2.1 are both positive —resp. negative— constants. JAN

2.3 Finite-time and J-exponential stability

Consider an nth order autonomous system

i = f(x) (2.3)

where f : D — R” is continuous on an open neighborhood of the origin D C R”
and f(0,) = 0,, and let x(t; () represent the system solution with initial condition
z(0; o) = .

Definition 2.6. [15/: The origin is said to be a finite-time stable equilibrium of
system (2.3) if it is Lyapunov stable and there exist an open neighborhood of the
origin, N' C D, being positively invariant with respect to (2.3), and a positive definite
function T : N — Rsq, called the settling-time function, such that z(t;xy) # 0,, Vt €
[0,T(x0)), Yrg € N\ {0,}, and x(T(xo); o) = 0,, Vg € N. The origin is said to be a
globally finite-time stable equilibrium if it is finite-time stable with N' = D = R".

Remark 2.3. Note, from Definition 2.6, that the origin is a globally finite-time stable
equilibrium of system (2.3) if and only if it is globally asymptotically stable and finite-time
stable.
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Theorem 2.1. [16/: Consider system (2.3) with D = R". Suppose that f is a locally
r-homogeneous vector field of degree o with domain of homogeneity D C R™. Then,
the origin is a globally finite-time stable equilibrium of system (2.3) if and only if it is
globally asymptotically stable and o < 0.

The next definition is stated under the additional consideration that, for some r € RZ,
f in (2.3) is locally r-homogeneous with domain of homogeneity D C D.

Definition 2.7. [38, 37]: The equilibrium point x = 0,, of (2.3) is d-exponentially stable
with respect to the homogeneous norm || - ||, if there exist a neighborhood of the origin,
YV C D, and constants a > 1 and b > 0 such that

lz(t; z0)l- < allwollre™,  Vao €V

Remark 2.4. Observe that Definition 2.7 becomes equivalent to the usual definition
of exponential stability when the standard dilation is concerned, i.e., when r; =1, i =
1,...,n.

The next lemma is a trivial extension to the local homogeneity context of [38, Lemma
2.4]. Analogously to [38, Lemma 2.4], it is stated under the additional consideration that
solutions of (2.3) with zy € D remain unique (while belonging to D).

Lemma 2.2. Suppose that f in (2.3) is a locally r-homogeneous vector field of degree
a = 0 with domain of homogeneity D C D. Then, the origin is a d-exponentially stable
equilibrium if and only if it is asymptotically stable.

Remark 2.5. Observe that the assumptions of Lemma 2.2 imply the existence of a
neighborhood of the origin V C D such that 2o € V = z(t;x9) € D, Vt > 0. The
proof of Lemma 2.2 is thus analogous to the one developed in [39] for the special case
of r = (ry,...,r,)"T with r;, = 1,4 = 1,...,n. One further concludes from [39] that
asymptotic stability for @ > 0 is not J-exponential (i.e., d-exponential stability is a
property that can only take place when a = 0).

Remark 2.6. Let us note that if a vector field f is locally r-homogeneous of degree
a = 0 with dilation coefficients r; = ro, Vi € {1,...,n}, for some o > 0, then f is locally
r*-homogeneous of degree a = 0 with dilation coefficients rf = r, Vi € {1,...,n}, for any
rg > 0. Indeed, observe that if, for every x € D, f(e™x) = €™ f(x), Ve € (0, 1], then, by
taking e = £70/70, we have that f(e"0x) = €0 f(x), Ve € (0,1]. Consequently, if f in (2.3)
is locally r-homogeneous of degree o = 0 with dilation coefficients r; = ro, Vi € {1,...,n},
for some r¢ > 0, then (under the consideration of Remark 2.4), the origin turns out to
be exponentially stable if and only if it is d-exponentially stable.

Consider and n-th order autonomous system of the form

&= f(2) + J(2) (2.4)

where f : R" — R" and f : R* — R"™ are continuous vector fields such that
f(0,) = f(0,) = 0,, The next result is an extended version of [16, Lemma 3.2].
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Lemma 2.3. Suppose that, for some r € R, f in (2.4) is a locally r-homogeneous
vector field of degree av < 0, resp. a = 0, with domain of homogeneity D C R", and that
0, is a global asymptotically, resp. 0-exponentially, stable equilibrium of © = f(x). Then,
the origin is a finite-time, resp. d-exponentially, stable equilibrium of system (2.4) if

. fz oz (@

i=1,...,n, Vo € S}, resp. Yo € Spt, for some ¢ > 0 such that S?™' C D, resp.
Sl e D.

Remark 2.7. Notice that the condition required by Lemma 2.3 may be equivalently
verified through the satisfaction of

lim
e—0t

e~ diag [e_”, . ,g-rn} f((s;(x))H —0 (2.6)

Vo € S (resp. Vo € SJ';'). In other words, (2.5) is fulfilled for all i = 1,...,n and all
x e St (resp. SP1) if and only if (2.6) is satisfied for all z € S~ (resp. S/';').

2.4 Uniform finite-time stability

Consider an n-th order non-autonomous system

T = f(t,z) (2.7)

where f : Ry x D — R" is continuous, D C R" is a domain that contains the
origin x = 0,, and f(¢,0,) = 0,, YVt > 0. We denote x(t;ty,zq) —or simply z(t)
whenever convenient or clear from the context— a solution of (2.7) with initial condition
x(to; to, x0) = mo € D at initial time ¢ty > 0, and S(to,zo) is the set of all solutions
x(t; o, o) starting from (g, z0) € Rsg x D.

Definition 2.8. [17] The equilibrium point x = 0,, of (2.7) is
o weakly finite-time stable if:

1) it is Lyapunov stable;

2) for each ty > 0, there exists § = d(to) > 0 such that, if ||xo|| < 0 then, for all
x(t) € S(to, x0):

a) z(t) is defined for allt >ty > 0;
b) 3T € [0,00) such that x(t) = 0,, Yt >ty +T.

To[z(t;to, 20)] = inf{T > 0 : x(t;tg, z0) = On, Vt > to + T} is called the settling
time of x(t; g, o).

o finite-time stable if, in addition to items 1) and 2) above:

3) To(to, 20) = SUD,(1yes(to.me) Tol2(t)] < 00
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To(to, xo) is called the settling time with respect to initial conditions (at (to,xo)).

Remark 2.8. If f in (2.7) is locally Lipschitz-continuous in z on D \ {0,} (uniformly
in t on Rx() then, by uniqueness of solutions, the settling time of a solution xz(t; to, x¢)
and the settling time with respect to initial conditions at (to,z¢) are the same, i.e.,
To(to, xo) = Tolx(t; to, z0)]- A

Definition 2.9. [17] The equilibrium point x = 0,, of (2.7) is uniformly finite-time
stable if:

1) it is uniformly asymptotically stable;
2) it is finite-time stable;

3) there exists a positive definite continuous function ¢ : Rs>g — Rsq such that the
settling time with respect to initial conditions satisfies Ty(to, xo) < w(||zol|)-

Theorem 2.2. [17] Let V : R>o x D — R be a continuously differentiable function such
that Wi(x) < V(t,z) < Wa(x) and V(t,z) < —v(V(t,z)), Y(t,z) € Rsg x D, where
Wi(z) and Wa(z) are continuous positive definite functions on D, V = %—‘t/ + %—Zf, and
v : Rsg — Rsg is a positive definite continuous function such that fow chi) < o0, for
some w > 0. Then x = 0,, is uniformly finite-time stable.

Remark 2.9. With v(z) = ¢z, for any ¢ > 0 and a € (0, 1), we have [ % = % <
0o, for any w € (0,00). This special case generates a natural or direct extension to time-
varying vector fields of the celebrated Lyapunov-type criterion stated for autonomous

systems in [14]. A

Remark 2.10. The stability properties stated through Definitions 2.8 and 2.9 are global
if D = R” and items a)-b) in Definition 2.8 are satisfied for any z(ty) = zo € R™.
Moreover, one notes from Definition 2.9 that an equilibrium may be concluded to be
globally uniformly finite-time stable if it is globally uniformly asymptotically stable and
uniformly finite-time stable. A

2.5 Passivity
Consider the following dynamical system

T = f(x,u) (2.8a)
y = h(z,u) (2.8b)

with f : R" x R™ — R"™ and h : R" x R™ — R™ being continuous, f(x,u) locally
Lipschitz on R™ x R™ \ (0,,0,,), f(0,,0,) = 0, and h(0,,0,,) = 0,,. The following
definitions were reproduced from [40].
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Definition 2.10. The system represented by the state model in Eqs. (2.8) is said to be
passive if there exists a continuously differentiable positive semidefinite function V(x)
(called the storage function) such that

: v
V(z,u) = e

V(z,u) € R™ x R™. Moreover, it is said to be

flz,u) <uly

e lossless if V(:c,u) =uly;

o input strictly passive if V(x,u) < uTy —uTp(u) for some function ¢ : R™ — R™
such that u? ¢(u) > 0, Yu # O,,;

e output strictly passive if V(z,u) < uTy — yTp(y) for some function p : R™ — R™
such that y* p(y) > 0, Yy # Opn;

o strictly passive if V(z,u) < uTy — (z) for some positive definite function
bR - R.

Definition 2.11. The system represented by the state model in Eqs. (2.8) is said
to be zero-state observable, if no solution of © = f(x,0,,) can stay identically in
S ={x eR": h(x,0,) = 0,}, other than the trivial solution x(t) = 0, (or equivalently
u(t) = y(t) = 0, = x(t) = 0,).

Uy ey Y1
? ———————————>> b >
+
2 (& + U
< Yy 22 < 2 ,

Figure 2.1: Feedback connection.

Consider the feedback system in Figure 2.1, where each feedback component
Y, 1 =1,2, is represented by the state model

T = fz(SUu €i)

Yi = hi(w;, e;)
with f; : R™ x R™ — R™ and h; : R™ x R™ — R™ being continuous, f;(x;,e;) locally
Lipschitz on R™ x R™\ (0,,,, 0,,), fi(On;, 0n) = 0y, and h;(0y;, 0,,) = 0. We will consider

that the feedback connection is well-defined. We state the following feedback-system
passivity theorem.
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Theorem 2.3. For the considered feedback connection with uy = us = 0,,, the origin of
the consequent closed-loop system, (x1,x2) = (On,,0,,), is asymptotically stable if, for
some i € {1,2} and j € {1,2} \ {i} (or equivalently j = i — (—1)"), 3; is zero-state
observable and passive with positive definite storage function, ¥; is strictly passive and

fj(()nj,ej) = Onj = €; = Om

Furthermore, if the storage function for each component is radially unbounded, the origin
1s globally asymptotically stable.

2.6 Uniform ultimate boundedness

The concept of (global) uniform ultimate boundedness, as stated and characterized for
instance in [41] or [40], will be involved in this work. In particular, the following alternative
version of the Lyapunov-function-candidate-based criterion presented as Theorem 10.4 in
[41], stating an analog global result that requires the local characterization of Theorem
4.18 from [40] to get an estimate of the ultimate bound, will be involved in this work.

Let us consider an n-th order non-autonomous system

i = f(t,z) (2.10)

where f : Ryp x R" — R" is continuous. We denote z(t;ty, o) —or simply z(t)
whenever convenient or clear from the context— a solution of (2.10) with initial condition
x(to; to, Tg) = xo € R™ at initial time ¢y > 0.

Corollary 2.1. Let V : [0,00) X R" — R be a continuously differentiable function such
that, for allt > 0 and some p > 0:

Wi(z) < V(t,z) < Wy(x)
Vo € R", and

V(t,x) < —Ws(x)

V||| > p, where V = %—‘t/ + %f, and Wi(x), i = 1,2,3, are continuous positive definite
functions, with Wy (and consequently W5 ) being additionally radially unbounded, and
let us further suppose that there ezist class IC functions o : [0,7] — Rxg, i = 1,2, such
that Wy (z) > aq(||z]]) and Wy(z) < ax(||z|), Yz € B, for some r > oy (az(u)). Then,
for any (to,z0) € Rsg x R™, every solution of (2.10), z(t;to, xo), is uniformly ultimately
bounded with ultimate bound oy ' (as(p)), i.e., such that ||x(t;te, xo)|| < oy (aa(p)), Vt >
to+ T, for some T € [0,00).

By noting that ||z]| < p = V(t,2) < az(u), ¥Vt > 0, one sees that R>ox Bj; C {(t,7) €
RsoxR™ : V(t,2) < aa(pe) }, while the consideration of the positive definite and decrescent
characters of V and negativity of V on {(t,x) € Rsg x R™ : ||z|| > u} ensures that, for
any to > 0 and ||zo|| > u, every solution instantaneously evolves in a decreasing direction
of V(t,z(t)) (as long as ||x(t; to, zo)|| > 1), and consequently, for any (to, xg) € Rso x R™,
there is a finite time tg + 7" > to such that V (¢, z(t)) < aa(p) Vt > to + T, which implies
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ar(lz(®)]) < az(p) <= [l2(®)]] < oy (az(u))
Vt > to+ T, and consequently {(¢,z) € Rso x R" : V(t,2) < aa(p)} C Rxg X BZ_l(

whence one sees that 7 shall be greater than or equal to aj ' (aq(i)).

Corollary 2.1 relaxes the estimation of the ultimate bound when explicit class
K~ functions «; : Ryg — Rsg, ¢ = 1,2, (as required by Theorem 4.18 from [40] in
the global case) are difficult to be obtained, while getting explicit class K functions
a; : [0,7] = Rsg, i = 1,2, proves to be easier. It is worth further adding that V' in
Corollary 2.1 does not really need to be continuously differentiable but that, as in [41], it
can be a locally Lipschitz continuous function and V' be obtained using the upper-right
(Dini) derivative. Finally, from the analytical framework of uniform ultimate boundedness
[41], [40] it is evident that uniformly ultimately bounded system solutions x(t; to, zo) are
defined for all t > t,.

az(p))’

2.7 Scalar functions with particular properties

Definition 2.12. A continuous scalar function o : R — R s said to be:

1) positively upper bounded (by M™" ) if o(c) < M™*, Vs € R, for some positive constant
M+

2) negatively lower bounded (by —M~) if o(c) > —M~, Vs € R, for some positive
constant M~ ;

3) bounded (by M) if |o(s)| < M, Vs € R, for some positive constant M ;

4) strictly passive if co(s) > 0, Vs # 0;

5) strongly passive —for (k,a,b)— if it is a strictly passive function satisfying
lo(s)| > klbsat (¢/b)|* = k(min{[s|,b})*, Y5 € R, for some positive constants
K, a and b;

6) bounded strongly passive —for (/ila, b,R,a, b)— if it is a strongly passive function
for (k,a,b) such that |o(s)| < Rlbsat (¢/b)|* = F(min{|s|,0})%, V¢ € R, for some
positive constants k, a, b, K, a and b.

Remark 2.11. Equivalent characterizations of strictly passive functions are:

co(s) > 0 < sign(s)o(s) > 0 < sign(o(s)) =sign(s) Vs

Remark 2.12. Let us note that a non-decreasing strictly passive function o is strongly
passive. Indeed, notice that the striclty passive character of o implies the existence of a
sufficiently small a > 0 such that ()| > x[s|®, V|| < a, for some positive constants x
and b, while from its non-decreasing character, we have that |o(s)| > |o(sign(s)a)| > ka®,
V|¢| > a, and thus |o(s)| > k(min{|s|, a})’ = klasat(s/a)|’, Vs € R.
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Lemma 2.4. Let 0 : R - R, 09 : R — R and o1 : R = R be strongly passive functions
and k be a positive constant. Then,

1) [5o(kv)dy >0, Ys # 0;
2) [; o(kv)dv — oo as || — oo;
3) o¢ ooy is strongly passive.

Lemma 2.5. Let oy : R — R be a strictly increasing function, oo : R — R be strictly
passive, and k be a positive constant. Then,

Gloo(st + 02(ks2)) —oo(s1)] >0 Ve #0,Vs; € R

Proof. Let ¢, <1, 2 € R. Since oy is strictly increasing, we have that

o0(s0) > 0o(q1) = 0w >a A 0o(%) <oo(q1) =0 <G
From this and the strictly passive character of oq, we have, by letting ¢y = ¢ + o2(ksy),
that
O'D(§1 + O'Q(l{CQ)) — 0'0((1) > (0 < 02(/{7§2) >0<= ¢G>0

and

00(s1 4+ 02(ks2)) — 00(s1) < 0 <= 03(ksz) <0 <= ¢ <0
V¢1 € R, whence it follows that

Gloo(s1 + 02(ks2)) —oo(s1)] >0 Ve #£0, Vg € R
[ |

Lemma 2.6. Let 0 : R — R be a strongly passive function for (k, a, b) and k be a
positive constant. Then, for all ¢ € R:

sl Vls| <

mba<|g‘ fia)) Yis| >

Lemma 2.6 arises from Definition 2.12 whence, since |o(s)| > k|bsat ¢/b|*, we have
that [ o(kz)dz > [ sign(z)k|bsat¢/b|*dz = S(<).

Enl ISR SIS

/< o(kz)dz > S(s) =

Lemma 2.7. For every j = 1,...,n, let o; be a strongly passive function for (k,a,b), k;
be a positive constant, k,, = min;{k;}, kyr = max;{k;} and, for any x € R" and ¢ > 0,

x| V] < c
So(z;a,c) = (2.11)
Al Vil > ¢

Then
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130 Jo7 og(kyzy)dz; > 5 Sy (x5 0, b/ k), Vo € R™;
2. Y oy xiog(kjzy) > kkgSo(w;a,b/ky), Vo € R™.

Proof. Ttem 1. Departing from Lemma 2.6, we have that

Z/ Uj(kaj)dzj Z ZS(ZE']> Vx € R"
j=1"0 j=1

From this and Lemma 1.1 we get, for all ||z|| < b/kps, that

- a 1+a /{ka . 14+a __ 'L{'k%
;S(xj) 1+ Zk|1| _1+ Z|J| _—H I

Kkk®

> _—m VVm || ||1+a_
l1+a 1+
and for all ||z|| > b/ky we have, for every j =1,...,n, that
)l > || <= flall'= > fay['
|7, ( b >a|l’j|
= |x;|* > ||z]|"— > | —
b\ |z b\, Kk
= kk?|r;|* > kES | — ) L > kk® - o
et 2 ](kz\) =l m(’fM) [z ~ 1+a

and, on the other hand that

D, {Z S(xj)] = |a;| min{kk!|a;|*, ©b"}
j=1

Jj=1

kk%, “layl _ wkg,
> —
Z' J'1+a( ) o = 1 () e = o[£

:>2ij >

So(:c a,b/k)
[tem 2. Departing from Definition 2.12, we have that
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n - . a - a s a b ’
> wjoi(kjag) = ol (min{|kjz;], b}) :“E:mw%mm{MH’(E>}
j=1 7=1 =1 ’

> kk® i|x»|min || L :
= m J Jio kM

J=1

Vz € R™. From this and Lemma 1.1 we get, for all ||z|| < b/ky,, that

n b a n
w3 b min flagl () = ks, 3 ol = k13

j=1 j=1
> K a1 = Kk, So(ws a, b/ k)

and for all ||z|| > b/kys we have, for every j = 1,...,n, that

— |a|* > Hxnam > (i)aﬂ
T el T Nk )l

b\,
— (14+a)|z;|*>|z;|*> | — ) =L
Uk alt 2ol = () 12

and, on the other hand that (b/ky)* > (b/kM)“%, under the consideration of this last

we obtain that min{(1 + a)|z;|%, (b/kn)*} > (b/kM)“%, whence we get that

n b a n b a
D, kK% x| min < |2, | — = D, |kk% Y minq |z;]T <—) T, H
St () ) - e ()

— D, [k, So(; a,b/kn)]

— ok, 3 Ja| min {|a:j|a, (%) } > 1k So( a, b k)

j=1
|

Remark 2.13. Note that for a bounded strongly passive function o for some
(k,a,b,k,a,b), we have:
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L. k(min{[c|,0})* < |o(c)] < A(min{|c|,b})* < Fl¢|, Vs € R;

2. [5o(kz)dz < [ sign(z)i|bsat kz/b|°dz £ S(c), and consequently, in addition to

(2.6),
< _ Tl Vsl < ¢
/ o(kz)dz < S(s) = _
0 mba(|g| fi@) V| > &
Lemma 2.8. For every j =1,...,n, let 0; be a bounded strongly passive function for

(k,a,b,k,a,b), k; be a positive constant, k,, = min;{k;}, kyr = max;{k;} and Sy as
defined through (2.11). Then, in addition to item 1 of Lemma 2.7,

Z/ Uj(k'ij)de < Rk%/[nSO(LC, a, [_)/]CM) Ve € R"
— Jo
Proof. Departing from (item 2 of) Remark 2.13 we have that

Z/ 0;(kjz)dz <Y S(x;)
j=1"0 j=1

Vz € R™. From this and Remark 1.1 we get, for all ||z| < b/ky, that

oy < mk?wz | = kG|l
J=1
<K Mn||a:||1+“ = /ik:‘fwnso(a:, a, B/kM)

;5(%) = 1+

and for all ||z|| > b/kys we have, for every j = 1,...,n that

min{rk{|z;|%, £b"} < kb = || min{&k]|x;|*, Kb} < kG (b/kar)®|2;]

whence we get that

D.| 3 8(ay)| = X o min ekl . 477)
j=1

Jj=1

<> Rk (b/Rar) ] = ARG (b/kar) | s

J=1

< kkS(b/ka)®n||z|| = Dy [REGmSo(z; a,b/kar)]

=Y S(x;) < Rk§nSo(x;a,b/ky)
=1
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CHAPTER 3

Proposed finite-time/exponential
controllers

Throughout this chapter the proposed control schemes will be presented.

3.1 Regulation with on-line conservative force com-
pensation

In the regulation problem, the mechanical system model described in (1.1) will be
taken disregarding the linear damping term, i.e., with F' = 0. In this case, such a
consideration is possible due to the passive nature of the controlled system. For this
reason, damping injected via control turns out to be sufficient in order to achieve the
control objectives. Thus, such system model takes the form

H(q)g+Clq, )i+ g(q) = (3.1)

The properties of H(q), C(q,q) and g(q) are as described in Section 1.4. Let us recall
that the realistic bounded input case is considered, i.e., the i-th element of 7 keeps a
non-linear relation with the i-th element of the controller output u of the form

Us
- =T,sat | —= 3.2
T, sa (TZ) (3.2)

An on-line conservative-force compensation term is involved in the following control
schemes, i.e., the conservative-force vector ¢g(q) is continuously calculated for every
position configuration, ¢, resulting from the system dynamics. Further, the approaches
are presented in accordance to the kind of feedback taken into account: we begin by
presenting the state-feedback controller and subsequently the output-feedback scheme.

3.1.1 State-feedback control scheme

Consider the following SPD (Saturating-Proportional-Derivative) type state-feedback
controller:
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u(q, ) = —so(s1(K19) + s2(K2q)) + g(q) (3.3)
where ¢ = ¢ — qq, for any constant (desired equilibrium position) ¢; € R"; K; =
diag[ki, ..., ki) with k;; > 0,4 = 1,2, V5 € {1,...,n}; g(q) is the conservative force
compensation term; and for any z € R", s;(z) = (0i1(z1), ..., 0m(z,))", i = 0,1,2,
with, for each j € {1,...,n}, oo; being a strictly increasing strictly passive function, oy
a strongly passive function and oy; a strictly passive function, all three being locally
Lipschitz-continuous on R \ {0} and such that

B; £ sup |Uoj (01j(§1) + Uzj(§2))| <Tj — By, (3.4)
(s1,52) ER2

(recall Assumptions 1.3.1 and 1.4).

Remark 3.1. Note that by (3.4), we have that —for each j € {1,...,n}— either:
(a) og; is bounded (whether o; and/or oy; are/is bounded or not), or
(b) o01; and o9; are both bounded (whether oy, is bounded or not), or

¢) og; is positively upper bounded, resp. negatively lower bounded, and o;;, 2 = 1, 2,
j j
are both negatively lower bounded, resp. positively upper bounded (wether o;;,
i =0,1,2, are bounded or not).

Proposition 3.1. Consider system (3.1)—(3.2) in closed loop with the proposed control
law (3.3). Thus, for any positive definite diagonal matrices Ky and Ky: |1;(t)] = |u;(t)] <
T;,5=1,...,n, Vt >0, and global asymptotic stability of the closed-loop trivial solution
q(t) = 0, is guaranteed.

Proof. Notice that —for every j € {1,...,n}— by (3.4), we have that, for any
(0.4) € R" x R™

[uj(q. )| = | = o0; (015 (k1;T;) + 025 (k2i)) + 95(a)|
< ‘O'Oj (Ulj<k1j(7j) + U2j<k2jq.j))‘ +195(q)|
S Bj + ng < T‘]
From this and (3.2), one sees that T; > |u;(q, ¢)| = |u;| = |75, V(¢,¢) € R" x R™, which
shows that, along the systems trajectories, |7;(t)| = |u;(t)| <1}, 7 =1,...,n, Vt > 0.

This proves that, under the proposed scheme, the input saturation values, T}, are never
reached. Hence, the closed-loop dynamics takes the form

H(q)j+ C(q,4)d = —so(s1(K10) + s2(K24))

By defining 1 = ¢ and zo, = ¢, the closed-loop dynamics adopts the 2n-order
state-space representation

lt‘lzl‘g

iy = H ' (z1 + q4) [ — C(z1 + qq, x2)22 — 80(31(K1$1) + 82(K2$2))}
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Additionally, taking x = (T, 2I)7, these state equations may be rewritten in the form
of system (2.4) (recalling Section 2.3) with

S = (‘H_I(Qd)so (Sl(Klﬂfl) + 52(K2332))> (3:50)

. On
/(@) (—H‘l(xl + ¢a)C (21 + qa, T2) T2 — H(21)S0 (51 (K131) + sg(Kgxz))> (3.5b)

H(zy) = H (z1 + q1) — H Y qq) (3.6)

Thus, the closed-loop stability property stated through Proposition 3.1 is corroborated
by showing that = = 0, is a globally asymptotically stable equilibrium of the state
equation & = f(x) + f (z), which is proven through the following theorem (whose
formulation proves to be convenient for subsequent developments and proofs).

Theorem 3.1. Under the stated design requirements, the origin is a globally
asymptotically stable equilibrium of & = f(x) + Ef(x), Ve € {0,1} —i.e., of both the state
equation @ = f(x) and the (closed-loop) system & = f(x) + f(z)—, with f(z) and f(z)
defined through Eqs. (3.5).

Proof. For every ¢ € {0, 1}, let us define the continuously differentiable scalar function

1 1
Vi(y,22) = éxgH(ﬁxl + qa)x2 +/ sg(sl(Klr)) dr
On

where [ 5§ (s1(Kqr)) dr =370 [ 00j(01;(kyrs)) drj. Since H(q) > pin I, (as stated

in Property 1.1), we have that

1
Vi(z1,29) > '%WHxQHQ +/ sg(sl(Klr))dr (3.7)
On

for a positive constant p,,, £ = 0,1. One sees from (3.7), Lemma 2.4 and Remark
2.12 that Vy(zy,z2), £ = 0,1, are concluded to be positive definite and radially
unbounded. Furthermore, for every ¢ € {0,1}, the derivative of V; along the trajectories
of & = f(z) + £f(x) is obtained as

) ' A
‘/g(l’l, Iz) = IgH(ﬁIl + qd)xz + 51’5}[(@%1 + qd, IQ)Z‘Q + Sg(Sl(Kll’l))LL’l
= —ZL’%[@C(I‘l + qd, .IQ)IQ + So(Sl(Kll’l) + SQ(KQ.%‘Q))]

! .
+ 5x§H<£xl + qq, I’Q)IQ + .TgSo(Sl(Kll’l))

= —25 [s0(s1(K171) + s2(Kaw2)) — so(s1(K121))]

n

= — Z Tajlo0;(01j(k1jz15) + 095 (kojra;)) — 00(01j(k1jz15))]

J=1
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where, in the case of £ = 1, Property 1.2.1 has been applied. Note, from Lemma 2.5,
that Vy(x1,22) <0, V(z1,29) € R* x R", with

Zg = {(l’l,.%g) e R" x R": T/g(fﬂl,l'g) = 0} = {(1'1,1)2) e R" x R": To = On}

Furthermore, from the system dynamics & = f(z) + £f(z) —under the consideration
of the strongly passive character of oy;, j = 1,...,n, Property 1.1 and the positive
definiteness of K{— one sees that

(%
and
Ig(t) = $2(t) =0, = So(Sl(lel(t))) =0, — Sl(lel(t)) =0, <— LUl(t) =0,

which shows that (x,x2)(t) = (0,,0,) is the only system solution completely remaining
in Z;, and corroborates that at any (z1,z2) € {(q,4) € Z, : ¢ # 0,}, the resulting
unbalanced force term —sg(s1(K;21)) acts on the closed-loop dynamics, forcing the
system trajectories to leave Z,, whence {(0,,0,)} is concluded to be the only invariant
set in Zy, £ = 0, 1. Therefore, by the invariance theory [42, § 7.2] —more precisely by [42,
Corollary 7.2.1}—, = 0y, is concluded to be a globally asymptotically stable equilibrium
of both the state equation & = f(z) and the (closed-loop) system & = f(z) + f(z). M

Through Proposition 3.1 and Theorem 3.1 global asymptotic stability of the closed-
loop trivial solution and input saturation avoidance are concluded. The results obtained
so far will prove to be helpful in further developments.

Finite-time and exponential stabilization

In view of the last results, all that remains to be proven is finite-time, respectively
exponential, stability.

Proposition 3.2. Consider the proposed control scheme in (3.3) under the additional

consideration that, for every j € {1,...,n}, 0;;, 1 = 1,2, are locally r;-homogeneous of
degree a; >0 —i.e., 11j =711, Toj =T9 and oqj = agj = a; >0 forall j € {1,...,n}—
with domain of homogeneity D;; = {¢ € R : [¢| < L;; € (0,00]} and o¢; is locally
aj-homogeneous of degree cg = 2ro—1r1 —i.e., Qg; = g = 2r9—1 forallj € {1,...,n}—

with domain of homogeneity Do, = {¢ € R : |[¢| < Lo; € (0,00]}, for some dilation
coefficients r; > 0,1 = 1,2, such that ag = 2r9 —r1 > 0. Thus, for any positive definite
diagonal matrices K; and Ks, |75(t)] = |u;(t)] < T3, j = 1,...,n, Vt > 0, and the
closed-loop trivial solution q(t) = 0, is:

1) globally finite-time stable if ro < ry;

2) globally asymptotically stable and (locally) exponentially stable if ro = 1y.
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Proof. Since the proposed control scheme is applied —with all its previously stated
specifications— |7;(t)| = |u;(t)| < T}, j =1,...,n, ¥Vt > 0 holds as a result of Proposition
3.2. Then, the proof is just focused on the specific stability properties claimed in items

1) and 2) of the statement. In this direction, let #; = (ryy,...,rm)?, i = 1,2, r =
(T,{v TA%—')Tv f() = (ala e aan)Ta &0 = (0401, cee aa0n)T>

D=2 {(3:1,3:2) eR" xR": K;x; € Djg X -+ X Din,1=1,2,
sl(lel) + SQ(KQQ?Q) € Dg1 X --+ X DOn}

|| < =2

Ly
{({L‘l,l‘g) ceR"xR": |l’1j| < —
kgj

klj

o1 (k1jz15) + oa(kejre;)| < Loj, 5 =1,... n}

and consider the closed-loop state-space representation @ = f(z) + f (x), with f and f as
defined through Eqgs. (3.5). Since D defines an open neighborhood of the origin, there
exists p > 0 such that B, £ {z € R? : ||z|| < p} C D. Moreover, for every z € B, and
all € € (0,1], we have that §(x) € B, (since ||0Z(z)| < |lz||, Ve € (0,1)), and, for every

jed{l,...,n},

[i(82(x)) = e"wy; = e"igy = 027 gg; = 2N () (3.8)
Further, for every € B, and all € € (0, 1], we have that

0ij(kige i) = 03 (" hijyg) = eV oij(kijayg) = si(Kl (i) = si(e" Kixy)
= 5;0 (SZ(KZI'Z))

fori = 1,2, j = 1,...,n, and, 00(5 ) = e®igy(-) = e%0y(-) <= s0(67(")) =
020 (sp(-)) = e®s(+) for j =1,...,n, wherefrom
Q

Sty (0L ( )) "(qa)so(s1(K107H (1)) 4 s2(K202 (x2)))

—H; (qa)so(s1(

—H; " (qa)so(s1(e" K1) + s2(e Ko))

—H;  (qa)s0(02° (s1(Kya1)) + 62 (sa(Ka2)))

—H; 1(Qd)30(5§0(51(K1$1) + 52(Ko22))) (3.9)
—H;7(qa)o2 20 (50(51(K1201) + 59(Ko15)))

= —"H: " (qq)s0(s1(K121) + s2(Kox2))

— P ()

1

From (3.8)-(3.9) one concludes that f is a locally r-homogeneous vector field of degree
a = ry — 11, with domain of homogeneity B,. Hence, the origin of the state equation
& = f(z) is concluded to be a globally finite-time stable equilibrium if ro < r; (by
Theorems 2.1 and 3.1), and a globally asymptotically stable equilibrium (from Theorem
3.1) with (local) exponential stability if 7o = (by Lemma 2.2 and Remark 2.6). Thus,
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under the additional consideration of Lemma 2.3 and Remark 2.7, the origin of the
closed-loop system & = f(z) + f(x) is concluded to be a globally finite-time stable
equilibrium provided that r, < r1, and a globally asymptotically stable equilibrium with
(local) exponential stability provided that ro = rq, if

Lo 2 lim Hg_o‘diag[g_m, S, e M gTT ,5_7"2"]]3(5;@)) H

e—0t

= lim He_adiag[e_m, ce, e [fn+1(5£(95))7 cees an(ng(x))}TH

e—0t

= lim e [funr (B (), .., fon(0L(@))] | (3.10)

e—0t

= lim "2 || [fn+1<5;($))v T fQ"((Sg(x»]TH

e—0t

=0

for all z € S7"' = {z € R : ||z|| = ¢} (vesp. z € SP2~' = {z € R*" : ||z||, = c}), for
some ¢ > 0 such that S2*~' C D (resp. S;2~' C D). Hence, from (3.5b), under the
consideration of Property 1.2.3 (related to C(q,q)), we have, for all x € S?>"~! (resp.
r e Sy

I [fn+1(5§(:c)), Ce fgn(dg(x))}TH = ||[H" (" 21 + qa)C (" @1 + qu, €72 22)e ™ 15
+ H(&'rll'l)SO (81 (ErlKISL'l) -+ 52(€r2K2$2)> ||
< |[H "2 + qa) O™ @1 + qa, 22)e™ 25|
+ H?‘[(énl’l)SO ((550 (Sl(Kll‘l) + SQ(KQIQ))) ||

whence, through a procedure similar to the one developed to obtain (3.9), we get

| GE @D Fon @) < 2 |7 (a1 + qa) O™ 1+ g 22)s |
+ 2 H (" ) s (51 (K1) + sa(Kos)) |

and consequently, from (3.10), we get

EO S lim &™ HH71<€T1$1 + Qd)C(STlxl -+ qd, LZ'Q)LEQ”

e—0t

+ lim ||H(€T1{E1)80 (Sl(lel) + SQ(KQZEQ)) H

e—0t

< HH71<qcl>C(qcl,iU2)l'2H El_i)r(lgl+ e+ H50(81(K1$1) + SQ(KQ:L'Q))H lim H’H(a”xl)”

e—0t

S HSO(SI(KIII) + 82(K2I2>)H : HH(O”)H =0

(note, from (3.6), that ||#%(0,)| = ||[H "(ga) — H '(qa)|| = 0), which completes the
proof. |
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Corollary 3.1. Consider the proposed control scheme in (3.3) taking 0,5, 1 =0,1,2, j =
1,...,n, such that

B Vg| < Lij € (0.00] (3.11)

7i;(s) = sign(<)ls
with constants ;; such that
2-19
Vb1

for a constant v € (0,2). Thus, for any positive definite diagonal matrices Ky and K,
I (t)] = |u;(t)| <1}, 7=1,...,n, Vt >0, and the closed-loop trivial solution ¢(t) = 0,
18:

Prj >0, Poj =By, Boj = (3.12)

(1) globally finite-time stable if 1 < v < 2;

(2) globally asymptotically stable and (locally) exponentially stable if v = 1.

Proof. Note that, given any r;; > 0, for every ¢ € (—L;j, L;;) : €"9¢ € (—L;;, L;j) and

0 (gTijg) _ Sign(g’/‘ijg)|67’ijg|6ij — gmjﬂij Sign(§)|§|ﬁij _ 67”ij6ijo-ij (§)

Ve € (0, 1]. Hence, under the consideration of expressions (3.12), for every j € {1,...,n},
we have, for any r1; = r; > 0, that taking ro; = ro = r1/v and ro; = 161 : 045, 1 = 1,2,
are locally r;-homogeneous of degree ag; = 19832 = m151; = a1 = a; with domain of
homogeneity D;; = {¢ € R : [¢| < L;;}, and oy; is locally a;-homogeneous of degree
ap; = o9 = (2 — y)r1/y with domain of homogeneity Dy; = {¢ € R : [¢] < Ly,}.
Moreover, under the additional condition on 7, we have that 0 < 7 < 2 <— (0 <
NAO0<2-—7) = 0< 2=—9)r/y=a <= 0<2ry—r; = ap. The
requirements of Proposition 3.2 are thus satisfied with 7, < r; <— 1 <~ < 2 and
o =11 <= v=1. |

Corollary 3.1 states a useful particular way to define the functions involved in the
control scheme (3.3). Such particular way to defined the referred functions permits, via
the parameters v and 3, to get either finite-time or exponential convergence.

3.1.2 Output-feedback control scheme

Suppose that the velocity measurements have poor quality or are unavailable. This
brings to the fore the need for the design of output-feedback control schemes. Under
this consideration, the following SP-SD type controller is proposed:

u(q, V) = —s1(K1q) — s2(K20) + g(q) (3.13)

where ¢, K1, and K, were already defined in the previous section; 1 € R™ is the output
vector variable of an auxiliary subsystem defined as

34



0, = —Ass (0, + Bq) (3.14a)
¥ =9, + B (3.14D)

with A and B positive definite diagonal matrices, i.e., A = diaglay,...,a,|, B =
diag[by,...,by], a;j > 0 and b; > 0, Vj € {1,...,n}; and for any z € R", s;(z) =
(o (1), ..., 0m(x,))T, i = 1,2,3, with, for each j € {1,...,n}, 03;(-) being a strictly
passive function, while o;;(+), i = 1,2, are strongly passive functions such that

B; = sup |01j(§1) + agj(CQ)‘ < T; — By, (3.15)
(s1,52)ER2?
(recalling Assumptions 1.3.1 and 1.4 with n = 1), all three being locally Lipschitz-
continuous on R\ {0}. Note that by (3.15), we have that —for each j € {1,...,n}—
o1; and oy; shall both be bounded, while o3; may be bounded or not.

Remark 3.2. Observe that the auxiliary subsystem in Eqs. (3.14) is a nonlinear version
of the dirty derivative operator, applied to the position error vector variable. Indeed, note
that if s3 were chosen to be the identity function, i.e., s3(z) = x, the conventional linear
dynamics of the dirty derivative (applied to ¢) [43] is obtained. The output variable of
the (non-linear) dirty-derivative-type subsystem, 1, may thus be seen as an approximated
dirty derivative of ¢ (or an approximated dirty calculation of ¢). even though a more
appropriate insight on the role played by the auxiliary subsystem in Eq. (3.14) will be
brought to the fore (later, in Remark 10) under an energy-related optics.

Proposition 3.3. Consider system (3.1)—(3.2) in closed loop with the proposed control
scheme in Eqs. (3.13) and (3.14). Thus, for any positive definite diagonal matrices K1,
Ky, A and B: |1;(t)| = |u;(t)| < T3, j =1,...,n, Vt > 0 and global asymptotic stability
of the closed-loop trivial solution q(t) =0, is guaranteed.

Proof. Observe that —for every j € {1,...,n}— by (3.15), we have that, for any
(q,9) € R* x R™

luj(q, )] = | — 015(k1;q;) — 025 (ko;0;) + gj(‘])}
< o (kiyd@s) + 025 (kaj9)| + 195(a)]
< B+ By; <T;
From this and (3.2), one sees that 7} > |u;(q, V)| = |u;| = |74, ¥(g,9) € R* x R™, which
shows that, along the systems trajectories, |7;(t)| = |u;(t)| <1}, 7 =1,...,n, Vt > 0.
This proves that, under the proposed scheme, the input saturation values, Tj, are never
attained. Hence, the closed-loop dynamics takes the form

H(q)§+ C(q, Q)q = —51(K1q) — 52(K20)

By defining xy = ¢, x2 = ¢ and x3 = 9, the closed-loop dynamics adopts the 3n-order
state-space representation
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.@1 = T2 (316&)
iy = —H ™ (21 4 q4) [C(21 + qa, 22)22 + 51(K121) + 55(Ko23)] (3.16b)
iﬁg = —ASg(QTg) + BJTQ (316(3)

Furthermore, by taking x = (21,22 xI1)7, these state equations may be rewritten in the
form of system (2.4), with
o)
flx) = —H '(q) [sl(lel) + 82(K2x3)] (3.17a)
—Ass(x3) + B

On
f(l’) = —H‘l(xl + Qd)C(Il + qd, $2)$2 — H(l’l) [81(K11’1) -+ 52(K2x3)i| (317]3)
On

with H(z1) as defined in (3.6). Thus, the closed-loop stability property stated through
Proposition 3.3 is corroborated by showing that z = 03, is a globally asymptotically stable
equilibrium of the state equation @ = f(x) + f(z), which is proven through the following
theorem. (whose formulation proves to be convenient for subsequent developments and
proofs).

Theorem 3.2. Considering the stated design specifications, the origin is a globally
asymptotically stable equilibrium of & = f(x) +€f(a:), V¢ € {0,1} —i.e., of both the state
equation @ = f(z) and the (closed-loop) system & = f(x) + f(x)—, with f(z) and f(z)
defined through Egs. (3.17).

Proof. For every { € {0,1}, the following continuously differentiable scalar function is
defined

1 1 xrs3
Vi(xy, e, x3) = ixQTH(éxl + qq) o + / SIT(Klr) dr +/ SQT(KQT)B_1 dr
On On

where

T n Z1j z3 n x3;5 NGy
/ S{(Kﬂ") dr = Z/ ’ Jlj(kljrj) d?”j s / Sg(KQT)B_l dr = Z/ ’ 02](Z)W dT’j
j=1 0 0 j=1 0 J

n n

From Property 1.1 (whence H(q) > pml,) and Lemma 2.4 (where strongly passive
function characteristics are stated), Vy(z1, x9,x3), £ = 0, 1, are concluded to be positive
definite and radially unbounded. Further, for every ¢ € {0,1}, the derivative of V; along
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the trajectories of & = f(z) + £f(x) is obtained as

: . C op . 1.
Vg(xl, T2, :Cg) = .fch(EQ?l + Qd)CEQ + §$5H(331 + qd, xQ)CEQ + 8{(K1x1)l’1 + Sg(Kng)B 13;3

¢ .
= xg[—EC(xl + qd, xg)l‘g — 81(K1I1) - SQ(KQfES)] + 5x§H($l + qd, xg)xg

+ S{(Klfﬂl)l‘g + S%(KQCL‘g)B_l[—ASg(:L'g) + BLL’Q]
= —Sg(K2$3)B_1A83($3)

== ﬁazj(kzj$3j)03j($3j)
j=1"
where, in the case of £ = 1, Property 1.2.1 has been applied. Note, from the strictly passive
character of oy; and o35, j = 1,...,n, that Vy(x1, 29, x3) < 0, V(z1, 22, 23) € R"xR"xR",
with

Zy £ {(a;l,xz,xg) e R"xR"xR" : Vg(l’l,l’g,x;;) = 0} = {(.731,%2,333) e R"xR"xR": T3 = On}

Moreover, from the system dynamics 4 = f(z) + £f(x) —under the consideration of the
strictly passive character of 015, 7 = 1,...,n, Property 1.1 and the positive definiteness
of K1— one sees that
z3(t) =0, = 3(t) =0,
while
l‘g(t) = $3(t> =0, = JTQ(t) =0, = $2(t) =0,

and
ZEg(t) = xg(t) = .CEg(t) = l‘g(t) =0, = Sl(Kll‘l(t)) =0, < l’l(t) =0,

which shows that (z1, 29, 23)(t) = (0,,0,,0,) is the only system solution completely
remaining in Z, and corroborates that at any (z1, x2, z3) € Z;\{(0y, 0,,0,)}, the resulting
unbalanced force terms act on the closed-loop dynamics [& = f(x1,22,0,)+ ¢ f (21, 22,0,)
with (21, 22) # (0,,0,)], forcing the system trajectories to leave Z,, whence {(0,,0,,0,)}
is concluded to be the only invariant set in Z,, £ = 0,1. Therefore, by the invariance
theory [42, Corollary 7.2.1], x = 03, is concluded to be a globally asymptotically
stable equilibrium of both the state equation & = f(x) and the (closed-loop) system

i = f(x)+ flx). |

Until now, input saturation avoidance and global asymptotic stability of the closed-
loop trivial solution are guaranteed through Proposition 3.3 and Theorem 3.2. These
results will prove to be helpful in further developments.

Remark 3.3. Consider the closed-loop system in Eqs. (3.16). Let e = —y, =
—s9(Kow3), €2 = y1 = g, Y(w3) = 53 (Kaw3) B~ Asg(xs),

1 e
Vi (zy, x9) = §x2TH(x1 + qq) o +/ sT(Kyr)dr
On

and 2
Via(x3) = / 53 (Kyr)B™dr
On
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By previous arguments and developments, V;; and Vi, are radially unbounded positive
definite functions in their respective arguments. Following an analysis analog to that of
the proof of Theorem 3.2, one obtains

. 1 '
Vi1 = 23 H(21 + qa)d2 + §x'§H(a¢1 + qa, o) To + 51 (Ky1)iy

1 ..
= 23 [~C(21 + qd, x2) w2 — 51(K121) — s2(Koxs)] + §$2TH($1 + qd, 22) 72 + 51 (K121)T2
= —s (Kox3)ry = el y

and

Vig = 88 (Kyxs) B Vis = 54 (Kyxs) B~ [~ Ass(x3) + Bag] = edyy — ()

with ¢(z3) being positive definite (in its argument). Hence, the closed-loop system in
Egs. (3.16) may be seen as a (negative) feedback system connection among a passive
—actually lossless— subsystem ¥y with dynamic model

2.71 = T
21 . 11'3'2 = H_l(l’l -+ Qd) [ — C(ZEl + qd,ZL’Q)l’g — 81(K1$1) + 61}
Y1 = T2

and a positive definite storage function Vji(x, z5), and a strictly passive subsystem X,
with state model

. {:tg = —Asy(v3) + Bea = o3, €2) (3.18)

Yo = So(Koxs)

and storage function Vis(x3). Moreover, one sees from (3.18) that f5(0,,e3) = Bey =
0, = ey = 0,,, completing the requirements of Theorem 2.3. This formulation actually
brings to the fore the damping-injection role that subsystem (3.16¢) —or, equivalently, in
Eqgs. (3.14)— plays in the closed loop. Indeed, through its z3-dependent term, subsystem
(3.16¢) in fact acts as a dynamic damper in charge to dissipate the feedback system
stored energy, thus leading the closed-loop trajectories to the (unique) minimum-energy
configuration, located (by feedback) at the desired position.

Finite-time and exponential stabilization

Since input-saturation avoidance and global asymptotic stability have been concluded
in the previous developments, all that remains to be proven is finite-time, respectively
exponential, stability.

Proposition 3.4. Consider the proposed control scheme in (3.13)—~(3.14), taking into
account that, for every j € {1,...,n}, 0,5, 1 = 1,2, are locally r;-homogeneous of
(common) degree a; = 2ro — 11 > 0 —de., 11j = 11, r9; = T2 and ay; = o =
2rg — 1 = ay = ag; > 0 for all j € {1,...,n}— with domain of homogeneity
D;; ={seR: ] < L € (0,00]} and o3; is locally ri-homogeneous of degree ag = ro
—i.e.,r3; =13 =11 and az; = ag =1y forallj € {1,...,n}— with domain of homogeneity
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Ds; ={s € R:[g] < Lsj € (0,00]}. Thus, for any positive definite diagonal matrices
Ky, Ky, A and B: |7j(t)| = |u;(t)| <1}, j=1,...,n, ¥t > 0, and the closed-loop trivial
solution q(t) = 0,, is:

1. globally finite-time stable if r9 < ry;

2. globally asymptotically stable and (locally) exponentially stable if ro = 1y.

Proof. Observe that Proposition 3.3 holds since the proposed control scheme is applied.
Consequently |7;(t)] = |u;(t)] < Tj,5 = 1,...,n,Vt > 0. Subsequently, all that
remains to prove are the specific stability properties claimed in items 1 and 2 of the
statement. In this direction, let #; = (r;1,...,7m) 7,1 = 1,2,3; r = (fFL, 73 #T, Ky =
diag[ksi, ..., ks, with ks; =1, Vj=1,...,n,

o = {(21, 79, 73) ER" X R" x R" : Kyz; € Dy X --- X Dy, i = 1,2, 3}
{(.131,372,333) e R" xR" xR": |II?ZJ’ < Lij/kija 1= 172,3, j = 1,...,?1}

and consider the closed-loop state-space representation & = f(x) + f (x), with f and f as
defined through Egs. (3.16). Since D, defines an open neighborhood of the origin, there
exists p > 0 such that B, £ {z € R3 : ||z < p} C D,. Moreover, for every z € B, and
all € € (0,1], we have that §7(x) € B, (since ||0Z(x)| < ||z]|, Ve € (0,1)), and, for every

je{l,...,n},

fj((;;(x)) _ grzjx — " 1323 _ €(T2_T1)+T1I2j _ 6(7"2—7”1)-*-7"13']03,(x>
frag (0L (x )) —H; N (qa)[s1(K1 60 (1)) + s2(K207 (23))]
—H; Y (qa)[s1(e" K121) 4 s55(e" Kps)]
H 1((],1)[5 81(K11'1) +€ SQ(KQ:L',?,)}
H: ' (qa)e® " [s1(K121) + so(Kows)]

—5(7"2 Tl)*”Hj (qa)[s1(K121) + so(Kox3)]
— 5(T2_T1)+T2jfn+j<x)
Joni(8L(x)) = —As3(32 (3)) + BO2 ()
= —Asg(e"x3) + e Bxg
= —Aec*s3(x3) + £ By
= ¢"?[—Ass(x3) + Buo]
— glr2=rs +’”“[ Ass(x3) + By
= Ty (2)

whence one concludes that f is a locally m-homogeneous vector field of degree av = r9 — 77,
with domain of homogeneity B,. Hence, the origin of the state equation & = f(z) is
concluded to be a globally finite-time stable equilibrium if ro < 7 (by Theorems 2.1
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and 3.2), and a globally asymptotically stable equilibrium (Theorem 3.2) with (local)
exponential stability if ro = r; (recalling Lemma 2.2 and Remark 2.6) . Thus, appealing
to Lemma 2.3, as well as Remarks 2.3 and 2.7, the origin of the closed-loop system
= f(x)+ f (z) is concluded to be a globally finite-time stable equilibrium provided
that ro < r1, and a globally asymptotically stable equilibrium with (local) exponential
stability provided that ro = rq, if

£0 é Elir[%- Hf_adiag[E_T“, e 75_T1n7 €_r21a o 75—7“271’ €_r317 e ’E_rdn]f(ég(x)) H
= lirél+ Hs_adiag[s_m, ceyE [fn+1(5§(x))> S f2n(5§($))}TH
= ) ) (3.19)
= Tim |7 [fusa(O2@)- - fan(0Z@))] |
= lim "2 [ (02(2), ., fon(02(@)] [ = 0

for all z € S"' = {z € R : ||z| = ¢}, resp. # € S327! = {z € R* : |z||, = ¢},

for some ¢ > 0 such that S2"~' C D, resp. S2%~' C D. Hence, from (3.17b) and the

application of Property 1.2.3, we have, for all x € S3"~! resp. z € 53271:

| a0z @), o Foa@2@)] | = || = B + @) Ol + a0, a)ea
— H( ) [51(7 Kymy) + 52(67 Koas)] H
< |[H "2 + qa)C(e™ @1 + qa, 22)e™ 35|
+ ||”H(5”x1) [e%s1(K131) 4 €2 59(Koas)] H
< ||e® P H 7 (e 4 qa) C (e w1 4 qa, 22) 2 |
+ ||H(5”x1)52’"2_” [s1(K121) 4 s2(Kaxs) |||
< e ||H M a1 + qa) O™ @1 + qa, 22) 32|
+ 2| H (M @) [s1 (K 21) + s2(Koms)] ||
and consequently, from (3.19), we get

CO S lim ™ HH_l(smxl + qd)C(€Tle1 + qd, ZL’Q)IQH

e—0t

+ lim [|H (" a1) [s1(K121) + s2(Kaws)] ||

e—0t
< HH_l(Qd)C(Qd,ZEQ)I'QH lim ™ + Hsl(lel) + 32(K2x3)H lim HH(e”xl)H
e—07T e—0t
S HSl(Kll‘l) + SQ(KQ.T;;)H . HH(O”)H = 0
This is concluded from the definition of H(z1) in (3.6), which completes the proof. W

Corollary 3.2. Consider 0;;,1 = 1,2,3,j = 1,...,n, in the control scheme (3.13)-
(3.14), such that
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B || < Lij € (0.00] (3.20)

0ij(s) = sign(s)[s

with —for every j =1,...,n— constants B;; = B;, 1 = 1,2,3, such that

0<B Bo=f B=1

Thus, for any positive definite diagonal matrices Ky, Ko, A and B, |7;(t)| = |u;(t)] <
T;,j=1,...,n, Yt >0, and the closed-loop trivial solution q(t) =0, is:

(3.21)

1. globally finite-time stable if 0 < [y < 1;

2. globally asymptotically stable and (locally) exponentially stable if ; = 1.

Proof. Note that, given any r;; > 0, for every ¢ € (—L;j, L;;): €"s € (—L;;, L;j) and

O_ij(emjg) _ Sign(gTijg)|€7"ijg’6ij _ gTijﬁij Sign(§)|§|ﬂij — grijﬁijo-ij<q)

Ve € (0, 1]. Hence, under the consideration of expressions (3.21), for every j € {1,...,n},
we have, for any ry; = 1 > 0, that taking ro; = 70 = (1 4+ f1)r1/2 and r3; = r3 =
1, 0ij, 1 = 1,2, are locally r;-homogeneous of degree ay; = oy = 1181 = 1302 = g = y;
with domain of homogeneity D;; = {¢ € R: |¢| < L;;}, and o3; is locally r;-homogeneous
of degree as; = ag = (14 f1)r3/2 = (1 + p1)r1/2 = ro with domain of homogeneity
D;3; ={s € R:[¢] < Ls;}, while

0<p/ <1 = 51>0251—12@ — (ﬁl—g_l)§1<51+l
— WST1<(51+1)7“1

< 19 <11 < 219
< 7”2—7'1§O<27’2—7°1

The requirements of Proposition 3.4 are thus concluded to be satisfied with 0 < £, <
l=rm<riand 1 =1= 19 =11. [ |

Corollary 3.2 states a useful particular way to define the functions involved in the
control scheme (3.13)—(3.14). Such particular way to define the referred functions permits,
via the parameters 3, to get either finite-time or exponential convergence.

Remark 3.4. Since the results exposed in this section (the proposed state-feedback and
output-feedback control schemes) depart from the application of the control law (3.3),
resp. (3.13), the cases of Proposition 3.2 with ro > r; and Corollary 3.1 with v € (0, 1),
as well as Proposition 3.4 with ro > r; and Corollary 3.2 with g; > 1, are particular
cases of Proposition 3.1, resp. 3.3, where the closed-loop trivial solution g(t) = 0, is
globally asymptotically stable but not (locally) exponentially stable (in accordance to
Remark 2.5).
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3.2 Regulation with desired conservative force com-
pensation

In the following, the study is focused on control schemes involving desired conservative
force compensation, i.e., the controller includes a term for the compensation of the
conservative force evaluated at the desired equilibrium position vector, which constitutes
a simplification improvement in the implementation of the control law by reducing the
computations required to obtain the conservative force; however, such a compensation
implies a more complex and non-trivial analytical development. Analogously to the
preceding section, a state-feedback controller, and subsequently, an output feedback
scheme are proposed.

In this section Assumption 1.4 is modified as follows,

Assumption 3.1. T; > nB,,, Vi € {1,...,n}, for some scalar n > 1.

The sense of Assumption 3.1 will be clarified later on through Remarks 3.5 and 3.12.

3.2.1 State-feedback control scheme

Consider the following SPD-type controller with desired conservative force
compensation

u(q, 4) = —so(s1(K19) + s2(K24)) + g(qa) (3.22)

where § = ¢ — g4 and K;, i = 1,2, are as defined in the previous subsection; for any
x € R" si(x) = (0'2'1(5171), . ,am(asn))T, i=0,1,2, with —for each j = 1,...,n— 0y,
being a strictly increasing strictly passive function, oy; being strongly passive and oy;
being strictly passive, all three being locally Lipschitz-continuous on R\ {0}, and such
that

B; = sup |og;(015(s1) + 025())| < Tj — By, (3.23)
(s1,52) ER2
(recall Assumption 1.3.1) with —for each j = 1,...,n— ky;, 0¢; and oy; additionally

required to be such that

|0-Oj(0-1j(k1j§))| > min{kg|§|, 2ng} (324)
V¢ # 0 (recall Assumption 1.3.2).

Remark 3.5. From the formulation of the proposed scheme, one can verify that the
proper satisfaction of the stated requirements entails that

2By; < |ooj(01;(kyye)) | < sup oo (01(1) + 025(<2)) | < Tj — By
(s1,52)€R?

V|s| > 2By;/k,, whence one sees that Assumption 3.1 with 7 = 3 is a necessary condition
for the feasibility of simultaneous fulfilment of (3.23) and (3.24). A similar condition on
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the control input bounds has been required by other approaches where input constraints
have been considered [44], [27], generally arising from the worst-case procedure followed
to ensure that the analytical requirements that guarantee the result are fulfilled.

Remark 3.6. Observe that (3.24) could have been alternatively stated as requiring
|o0; (01 (k1j<))| > min{ki;]c|, b;} for some constants ki; > k, and b; > 2B,;. However,
by stating (3.24), the existence of constants /2:1]» > kg and b; > 2B,y such that
|o0; (01 (k1js)) | = min{ki;|s|,b;} > min{k,|s|, 2B,;,}, Vs # 0, is implied.

Remark 3.7. Note that the control gains in Ky are not at all restricted and are
consequently free to take any positive value, while those in K; are the only ones whose

choice remains restricted in accordance with the design requirement stated through (3.24)
(where they are involved in).

Proposition 3.5. Consider system (3.1)—(3.2) in closed-loop with the proposed control
law (3.22), under Assumptions (1.1)~(1.3) and (1.4) with n = 3, and the above stated
design specifications. Thus, the global asymptotic stability of the closed-loop trivial
solution ¢(t) = 0,, is guaranteed with |7;(t)| = |u;(t)| < Tj, j=1,...,n, Vt > 0.

Proof. Notice that —for every j = 1,...,n— by (3.23), we have that, for any
(q,q) € R" x R™ and any ¢4 € R"

u; (g, 4)] = | — 00, (o1;(k1;@5) + 025(k;)) + 9(qa)]
< oo, (Ulj(/ﬁjq_j) + U2j(k2j))| +19;(qa)
< B; + By; < Tj

From this and (3.2), one sees that T} > |u;(q, ¢)| = |u;| = |75], V(q, ¢) € R™ x R", which
shows that, along the system trajectories, the input saturation values, T}, are never
reached. Hence, the closed-loop dynamics takes the form

H(q)j+ C(q,9)q + 9(q) = —so(s1(K1q) + 52(K2q)) + g(qa)
By defining 1 = ¢ and x5 = ¢, the closed-loop dynamics adopts the 2n state-space

representation
jfl = T2
iy = H '(z1+ qq) [ — S0 (81(K1$1) =+ 52(K2$2)) — C(x1 + qa, x2)w2 — g(T1 + qq) + Q(Qd)]

Additionally, taking x = (2T, 21)7, these state equations may be rewritten in the form
of system (2.4) with

Z2
€r) = 3.25a,
I (‘Hl(Qd)SO(Sl(KliEﬂ +82(K2332))> ( )
On
f@) = | ~H " (x1 + qa)[C(@1 + qax2)a + g1 + qa) — 9(qa) (3.25b)

— H((z1)s0(s1(K121) + s2(Koxa))
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recalling that H(x;) was defined in (3.6) as H(z1) = H '(z1 + q4) — H '(qq). Thus,
the closed-loop stability property stated through Proposition 3.5 is corroborated by
showing that x = 05, is a globally asymptotically stable equilibrium of the state equation
i = f(z) + f(x), which is proven through the following theorem.

Theorem 3.3. Under the stated design requirements, the origin s a globally
asymptotically stable equilibrium of & = f(x) + (f(x), V€ € {0,1} —i.e., of both the state
equation i = f(x) and the (closed-loop) system & = f(z) + f(z)— with f(z) and f(z)
defined through Eqgs. (3.25).

Proof. For every ¢ € {0, 1}, let us define the continuously differentiable scalar function

1
Vi(z1,12) = §x§H(€x1 + qa)zo + Uy(z1) (3.26)
where
Uy(z,) = / s (s1(K12)) dz + L U(zy) (3.27)
On
with
/O S(j; (81<K12)) dz = 2:/0v 00y (alj(kljzj)) de (328)
n j=1
and

U(z1) = Uy (T1 + ga) — Un(qa) — g7 (qa)T1 (3.29a)

- / "0z + 40) — gla)" dz (3.20b)

T1 z ag - B T
= (24 qq)dz| dz (3.29¢)
On 0, 94

where U, (q) is the potential energy function of the open-loop system. Observe from
(3.29) and Assumption 1.3.2 that

Z/l(m)é/ojl {/O:

0
8—g<z+qd>

T xr1 z T 1
dz} dz < / {/ k:gdz} dz = / kng dz
O On On

n xlj
= E / k’ngde
j=170

(3.30)

Vx; € R (more specifically from (3.29¢)) and simultaneously that
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n z1; n T1j
Um) <Y / sign(5)|g5(2 + a0) — g5 (an)ldz; < 3 / sign(z;)2Bydz;  (3.31)
j=1 J=1

Vz; € R™ (more specifically from (3.29b)). From these inequalities, the expressions
defined in (3.27) and (3.28), the satisfaction of (3.24) and Remark 3.6, we have that

Up(x1) > Z/ sign(z;) min{ (ky; — lky)| 2|, (b; — 2¢By;)}dz; (3.32a)
j=1"0
> Z/ sign(z;) min{k;|2;|, bej}dz; (3.32Db)
i=170
= wy(1;) £ S(x1) (3.32¢)
j=1
with )
ke; o : T3
=Ly if |21 < by /ke;
wéj(xlj): 2 1 | 1j| = KJ/ £j (3.32d)

Z)gj [|£B1j| — B@'/Ql;gj] if |l’1j| > ng/Egj

for some ki; > k, and b; > 2B,;, and any positive constants k,; < ki; — (k, and

byj < b; — 2(By;.

Remark 3.8. Notice, from expressions (3.32), that S;, £ = 0,1, are positive definite
radially unbounded functions of x;. Observe further that (evoking Remark 2.11 and
previous arguments)

Dy Up(1) = o] Vo, Up(y) = ] [30 (81(K1$1)) + 6(9(1’1 + qa) — Q(Qd))]

= |ay] [|00j (o1 (kywry)) | + Csign(zy) (g; (21 + ga) — gj(Qd))]

=1

> fay] [\Uoj' (15 (k1jz)) | = Clgs (1 + qa) — gj(Qd)@

Jj=1

> fwy min{ (ki — Ckg)[al, (b; — 20By;)}
j=1

(3.33)

> " fan | min{ (ke l, (b)) >0

J=1

YV, # 0, [in any radial direction, U,(x1) is strictly increasing, and consequently z; = 0,
is the unique stationary point of U, ()], whence one sees that, for every ¢ =0, 1,
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V(1) = so(s1(K121)) + Llg(z1 + qa) — 9(qa)] = 0, <= 1 =0, (3.34)

Thus, from (3.26) and (3.32), and Property 1.1, we get that

Vilwr,@2) = B a2 + Silan) (3.35)

with a positive constant u,,. From this, positive definiteness and radial unboundedness
of V4, £ =0,1, is concluded. Furthermore, for every £ € {0, 1}, the derivative of V; along
the trajectories of & = f(x) + £f(z), is obtained as

Vi(w1, 22) = aT H(lxy 4 qq)do + gxgﬁ(xl + qa, T2)To
+ [so(s1(Ky21)) + lg(1 + qa) — Q(Qd)]]Til
= a5 [ — ((C(z1 + qa, x2)x2 + 9(21 + qa) — 9(qa)) — so(s1(K121) + $2(Ka2))]
b ST+ qa e + [so(si(Kum)) + LloCer +aa) — glaa)]) s

= —a] [so(51(K121) + 52(K>2)) = s0(51(K121)) ]
= — Z Taj [aoj (Ulj(lﬁjwlj) + Uzj(k’2j$2j)) — 0oy (Ulj(kljxlj))]

where in the case of £ = 1, Property 1.2.1 has been applied. Note, from Lemma 2.5, that
‘/g(l'l,l'z) < O, V(.Z'l,l'g) € R" x Rn, with

Zy 2 {(21,22) € R" X R™ : Vy(21, 25) = 0} = {(x1,22) € R® X R" : 25 = 0}

Furthermore, from the system dynamics & = f(z) + £f(z) —under the consideration of
Property 1.1 and Remark 3.8 (more precisely (3.34))— one sees that

2o(t) =0, = o(t) =0,
and
xo(t) = @o(t) =0, = so(sl(lel)) + lg(x1 4 qa) — 9(qa)] = 0, <= x1(t) =0,

which corroborates that at any (x1,22) € {(x1,22) € Zy : 1 # 0,}, the resulting
unbalanced force term —s (sl(lel)) + lg(z1 + qq) — g(qa)] acts on the closed-loop
dynamics, forcing the system trajectories to leave Z,, whence {(0,,0,)} is concluded
to be the only invariant set in Z,, £ = 0,1. Therefore, by the invariance theory [42,
Corollary 7.2.1], x = 0y, is concluded to be a globally asymptotically stable equilibrium
of both the state equation & = f(z) and the (closed-loop) system & = f(z) + f(z). W
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Through Proposition 3.5 and Theorem 3.3 both global asymptotic stability of the
closed-loop trivial solution and input saturation avoidance are guaranteed. The results
obtained so far will prove to be helpful in further developments.

Remark 3.9. The proof of Theorem 3.3 brings to the fore how the proposed scheme
shapes the closed-loop potential energy and injects damping to guarantee the stabilization
goal. Indeed, one sees from the proof that, through the proposed scheme, the closed-loop
potential energy is given the shape adopted from its generalized expression:

U (q) = /Oq s (s1(K12)) dz + Ug(z1 + qa) — Ua(ga) — 9" (q0)7

which —through the requirement stated by (3.24)— is guaranteed to be a positive
definite radially unbounded function with a global minimum at the origin, giving rise to
the closed-loop conservative force

ue(q) = Valhi () — Vlla(q) = so(s1(K14)) — 9(qa)

Furthermore, damping is injected through a force vector of the form

$a(q, G) = so(s1(K17) + s52(K24)) — s0(s1(K17))

which —through the properties required for o;;, i = 0,1,2, j = 1,...,n— is proven
to fulfil ¢7s4(q,¢) > 0, V¢ # 0,, Vg € R™. Thus, the proposed control law proves to
be the addition of a dissipative force opposing to motion, —s4(q, ¢), and a restituting
conservative force, —u.(q); more precisely u(q,q) = —sa(q,q) — u.(q), giving rise to
the expression in (3.22), which —through the additional requirement in (3.23)— is
guaranteed to be suitably bounded.

Finite-time stabilization

Through this section finite-time stability will be proven, recalling that global
asymptotic stability and input-saturation avoidance were already concluded.

Proposition 3.6. Consider the control scheme in (3.22), under the additional

consideration that, for every j = 1,...,n, 045, % = 1,2, are locally r;-homogeneous
of degree aj > 0 —t.e., 11; = 11, roj =19 and ay; = g = a; > 0, Vi =1,... ,n—
with domain of homogeneity D;j; = {¢ € R : || < L;; € (0,00]} and og; is locally
a;-homogeneous of degree oy = 2ry — 11 —i.e., agj = g = 2ry — 1y forallj =1,...,n—

with domain of homogeneity Do, = {¢ € R : |[¢| < Lg; € (0,00]}, for some dilation
coeffictents r; > 0, 1 = 1,2, such that ag = 2r9 — 11 > 0 > ro — 1. Thus, the
global finite-time stability of the closed-loop trivial solution q(t) = 0,, is guaranteed with
|7, ()| = |u;(t)| < T3, j=1,...,n, Vt > 0.

Proof. Since the proposed control scheme is applied —with all its previously stated
specifications— |7;(¢)| = |u;(t)| < T}, j =1,...,n, V¥t > 0 holds as a result of Proposition
3.5. Then, the proof is just focused on the finite-time stability property. In this direction,
the first part of the proof follows (exactly) from the arguments exposed in the first part
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of the proof corresponding to Proposition 3.2 (in the on-line compensation case), where
it is guaranteed that the origin of the state equation & = f(x) is globally finite-time
stable. Thus, all that remains to be proven is the finite-time stability property of the
origin of the closed-loop system & = f(z) + f (). In this direction, recalling Theorem
3.3, Lemma 2.3 and Remark 2.7, the origin of & = f(z) + f(:l:) is concluded to be a
globally finite-time equilibrium, provided that ro —ry < 0, if

Lo £ lim |le™“diagle™™,...,e ", e, L, _””]f(dr( )|

e—0t

= lim |lediagle™>, ..., e [fura (82(2)), . ., fan((2))] |

e—0t

= lim [|e=0 "2 [foa (82(2)), - ., fon(d2(2))] | (3.36)

e—0t

= lim M~ QTQH[fn-i-l( T( ))7>f2n(5£(x))}

e—0t

=0

g

for all x € S?"1 = {z € R*™ : ||z|| = ¢}, for some ¢ > 0 such that S?**~! C D. Hence,
from (3.25b) and Property 1.2.3 (related to C(q, ¢)) , we have, for all such z € S?"~:

| [foria (02(2)), - Fon (02 ()] |
= || = H7'(e" 21 + qa)[C(eM @1 + qa, € 22)e w0 + g(€"™ 01 + qa) — 9(qa)]
- H(Srl.Tl)So (51(€T1K1$1) + 82(€T2K2x2)) H
< |[H (" 21 + qa)C (™ @1 + qa, 22)e™ x5 |
+|H N 2y + qa)||||g(e™ 21 + qa) — 9(qa)||
+ H?—[ e’ xl)so(é (81(K1IB1) + 5o Kgarg H

whence, under the consideration of Assumption 1.3.2, we get

|Frra(@ @) Pn @) < [ H 01 + ) O 1 + i o)
+ kge™ HH (€ + qa) ||l ]
+ T H (e @) so (s1(Kw) + s2(Koa) ) |

and consequently, from (3.36), (recalling that by design specifications: r; > ry > 0), we
get
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Lo < lim €™ ||H7 (a1 + qa) O (€™ 21 + qa, w2)2s||
e—07t

k| lim &0 HT N + o)
+ lim HH € 1$1)80(31(le1) + S2(K2x2))”

e—0t

< | H 7 (ga)Claa, w2)s | lim en (3.37)
+ kgl ||| H " (qa) || hm 520“1 r2)
+ || 50 (s1(K121) + 82 K2x2 NI Jimy [[H (") |
< [so(s1(K1z1) + sa(Kama)) || - [|H(0,)|| = 0
Evoking (3.6) the proof is completed. |

Thus, global finite-time stability of the closed-loop trivial solution has already been
concluded.

Corollary 3.3. Consider 0;;,1=0,1,2, j =1,...,n, for the involved functions in the
proposed control scheme (3.22), such that

s V¢ < Lij € (0,00)

aij(s) = sign(s)|s

with constants f3;; such that

2 _
Brj >0, Boj =By, Boj= =7 (3.38)
751j

for a constant v € (1,2). Thus, the global finite-time stability of the closed-loop trivial
solution ¢(t) = 0,, is guaranteed with |7;(t)| = |u;(t)| < T3, j =1,...,n, Vt > 0.

Proof. Note that, given any r;; > 0, for every ¢ € (—L;j, L;;): €"s € (—L;;, L;j) and

s = (o)

7ij(e796) = "% sign ()|

Ve € (0, 1]. Hence, under the consideration of expressions (3.38), for every j =1,...,n,
we have, for any ry; =nn > 0, that taklng Toj = T2 = 7"1/’7 and Toj; = Tlﬁlj; 0ij, 1= 1, 2,
are locally r;-homogeneous of degree ay; = roffs; = m181; = a1 = a; with domain of
homogeneity D;; = {¢ € R : [¢| < L;;}, and oy; is locally a;-homogeneous of degree
apj = ap = (2 —y)r1/y with domain of homogeneity Dy; = {¢c € R : [¢| < Lg;}. The
requirements of Proposition 3.6 are thus concluded to be satisfied with

1<y <2 &= 1< <2ry <= 19— <0< 2ry —1 =0
[ |

Remark 3.10. Since the result of this section departs from the application of the
proposed control scheme, the case of Proposition 3.6 with ro > r;, and Corollary 3.3
with v € (0, 1], is a particular case of Proposition 3.5 where the closed-loop trivial
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solution ¢(t) = 0,, is globally asymptotically (but not finite-time) stable. It is further
worth pointing out that with ro = r; —or analogously v = 1 in the case of Corollary
3.3— we have that €7 = 1, Ve > 0. Hence, in this case, analog developments to
those giving rise to inequalities (3.37) lead to Lo < kyl|z1]| }|H*1(qd)H, and consequently,
Lemma 2.3 (under the consideration of Remark 2.6) cannot be applied to conclude
(local) exponential stability (contrarly to the on-line gravity force compensation case).
Nevertheless, exponential stability is next proven to be achieved (locally), through an
alternative (strict-Lyapunov-function-based) analytical procedure.

Exponential stabilization

Exponential stability is proven through the following corollary, recalling what was
mentioned in Remark 3.10.

Corollary 3.4. Consider the proposed control scheme in (3.22) taking —for every
1=0,1,2 and j =1,...,n— o;; such that
0ij(s) =< Vls| < Lij € (0,00) (3.39)

Thus |1;(t)| = |u;(t)] < T3, j = 1,...,n, YVt > 0, and the closed-loop trivial solution
q(t) = 0, is globally asymptotically stable and (locally) exponentially stable.

Proof. The global asymptotic stability follows from Proposition 3.5. Thus, all that
remains to be proven is the (local) exponential stability property. In this direction, let
us consider the scalar function

Vo(w1, 2) = Vi(ay, 22) + ex] H(x1 + qa) 72
with Vi (x1,x2) as defined through (3.26) (with ¢ = 1), i.e.,

1 o1
Va(21,20) = 5535[{(951 + qq)To +/ so(s1(K12))dz
On

+ Uor (z1 + qa) — Uoi(qa) — gT(Qd)fﬁ =+ exlTH(£C1 + qa)xo

where € is a positive constant such that

€ < min{ey, e} (3.40)
with

[élmﬂm]l/Q fflkam
G=—"—"—F—"— , €

Honr  kumkco + kumpar + k34
kim = min{k1;}; kom = ming{ko; }; konr max;{ko; }; ftm, ar and ko as defined through
Property 1.1 and Assumptions 1.1-1.2; and p is a positive constant to be defined later
on. From the proof of Theorem 3.3 (particularly, from inequality (3.35)), we have that

Va(ar,2) = ool + Sa(an) — ela{ H s + ga)aa
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with Sy (z1) as defined through (3.32) (with £ = 1). More precisely, on @; x R", with
Ql = {SL’l cR": ‘$1j| < blj/klj; j = 1, R ,n}, we have that

m g ]2.
Vo(1,9) > —#2 |z2||? + g 1 —2” xfj — elal H(zy + qq) 22|
=

Hm, klm
> B2l + 22 P = euag
T
1 ([l 1
= 5 Q1
|22 |2
_ klm —EUM
Ql B (_GMM Hom,

where Assumption 1.1 has been considered, and since (3.40) — e <¢ = Q1 >0,
we get

with

Va(z) > cif||* (3.41)

Ve € Q) x R", with ¢; = A\,(Q1)/2 > 0. On the other hand, observe that in view of
(3.39), we have, on

Qo = {z1 € R" : [my;] < Lyj/kay, |ovj(kijzey)| = |kl < Loj, g =1,...,n}

= {l’l e R": ‘xlj’ < miD{Llj,Loj}/klj, j = 1, N ,TL}

that so(sl(lel)) = Kjx;. From this, Assumption 1.1 and (3.30) we get on Qg x R™:

1 1
‘/2($1, 33'2) = 5%’;[*[(331 + Qd)l'Q + 51’{[(1.%1

+ Upt (21 + qa) — Ui (qa) — 9" (qa)m1 + €x] H(zy + ga) 72

ki
2

_1Om§120mo
- 2
2\ Jlz2] s

QQ — (klM + kg EMM>

€M 122.%

K k
< B0 a2+ S a2+ 2 1 + epaar |

with

and kiy = max;{k;;}. From simple developments, one can further verify that (3.40)
= €< € = () >0, whence we get

Va(@) < ool (3.42)

51



Ve € Qp x R, with ¢y = A\y(Q2)/2 > 0. Furthermore, the derivative of V5 along the
closed-loop system trajectories is given by

. 1 .
Va(z1,22) = 23 H(21 + qq)da + 5:62TH(961 + g4, T2) T2 + [0 (s1(K121)) + 9(71 + q4) — 9(qa)) 31

+ exT H(x, + qq)in + ex? H(z1 + qq)x2 + €] H(x1 4 qq) 2
= 23 [~C(21 + qq, 12)w2 — g(z1 + qa) + 9(qa) — so(s1(K121) + s2(K222))]

+ %%TH(@“I + qa, T2)w2 + [0 (81(K1£L‘1)) + g9(1 + qa) — 9(qa)] 2
+eat [-C(x1 + qa, w2)x2 — g(x1 + qa) + 9(qq) — so(s1(K121) + s2(Kaw2))]
+ ez [C(21 + qa, v2) + CT (21 + qa, 32)]w2 + €23 H(21 + qa)72

= —a3[s0(s1(K121) + s2(Kox2)) — so(s1(K121))]
— e [s0(s1(K121)) + g(@1 + ¢a) — 9(4a)]
— ex] [so(s1(K171) + s2(Kax2)) — so(s1(K121))]
+ exl C(x1 + qq, x2) w1 + exd H(z1 + qq)xo

where Property 1.2.1 has been applied. Notice that, in view of (3.39), we have, on

S ={(z1,22) €R" X R": [w1;| < Lyj/kj, [w95] < Loj/kyj,
o1 (krjany) + 02;(kojaa;)| = |kijz1y + kajaos| < Loj,j =1,...,n}

that sg (51(K1x1)+52(K2:c2)) e (81(K1$C1)) = Ksxo. From this, (3.33), and Assumptions
1.1-1.2, we get

n
Va(wy, 29) < —a3 Koy — GZ kot + ela Kowo| + €|xl Oz + qq, 22) 71|
=1

+ €|xd H(z1 + qq) 2|

< ko |2 |* — ekl P + ekors |21 [[[[z2]| + ekoollza|l + el
T
[[@1]] |21 ]]
= @3
[E21 2
V(Z‘l,ZL’Q) eSn (Ql X Rn), with

Eklm - ek;M
Qs=1|
— 2 o — €(koo + piar)

and ¢ = max,, co, ||71] = [Z?Zl[l_)lj/l?;um 1/2, and since (3.40) = e < e = Q3 >0,
we get

Vo(z) < —csjzl? (3.43)
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Ve e SN (Q; x R™), with ¢3 = A\, (Q3) > 0. Thus, from the simultaneous satisfaction
of inequalities (3.41), (3.42), and (3.43) on SN [(Qo N Q1) x R"], we conclude —by [40,
Theorem 4.10]— that the origin (z1,22) = (0,,0,) is a (locally) exponentially stable
equilibrium of the closed-loop system, whence the proof is completed. [

Notice that the functions o;;(-), ¢ = 0,1,2, j = 1,...,n, defined in (3.39) through
Corollary 3.4 turn out to be a particular case of the functions oy;(-), i = 0,1,2,
j = 1,...,n, defined in Corollary 3.3 for §;; = 1,7 = 0,1,2, j = 1,...,n. Thus,
the functlons involved in the control scheme (3.22) are characterized through Corollary
3.3, such a characterization permits, via the parameters v and (3, to get either finite-time
or exponential convergence.

3.2.2 Output-feedback control scheme

Consider the following SP-SD type controller with desired conservative-force
compensation

u(q,9) = —s1(K17) — s2(K20) + 9(qa) (3.44)

where @, ¢4, K1, and K, are as defined in (3.13), with 9 involved as the output vector
variable of an auxiliary subsystem defined as (in Eqgs.(3.14), i.e.,)

V. = —As3(V. + BQ) (3.45a)
¥ =19.+ Bq (3.45b)
For any x € R, s;(x) = (azl(xl) am(mn))T i =1,2,3, with —foreach j = 1,. —
o3; being a strlctly passive functlon while 0,5, ¢ = 1,2, are strongly passive functlons
such that
Bj = sup |oyj(a) + om(e)| < Tj — By (3.46)
(s1,52)ER?

all three being locally Lipschitz-continuous on R\ {0}; and with —for each j =1,... ,n—
k1; and oy, additionally required to be such that

|15 (k1j6)| > min {kylc|, 2B, } (3.47)
Vs # 0, with kg as defined through Assumption 1.3.2.

Remark 3.11. Note that by (3.44), we have that —for every j = 1,...,n— o0y; and 0y,
shall both to be bounded, while o3; may be freely chosen to be bounded or not.

Remark 3.12. Analogously to what is exposed in Remark 3.5 for the state-feedback case,
Assumption 3.1 with n = 3 is a necessary condition for the feasibility of the simultaneous
fulfilment of (3.46) and (3.47). Further, Remark 3.6 is accomplished, with o¢;(s) = ¢,
and similarly to Remark 3.7, the control parameters in K5, A, and B are not restricted,
whereas those in K; are the only ones whose choice remains restricted in accordance
with the design requirement stated through (3.47).
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Proposition 3.7. Consider system (3.1)—(3.2) in closed-loop with the proposed control
law (3.44)-(3.45), under the above stated design specifications. Thus, |7;(t)| = |u;(t)| <
T;, 7 =1,...,n, ¥t > 0 and global asymptotic stability of the closed-loop trivial solution
q(t) =0, is guaranteed.

Proof. Observe that —for every j = 1,...,n— by (3.46), we have that, for any
(q,9) € R™ x R™ and any ¢z € R™
luj(a, D] = | —o1;(k1;@5) — 02i(V5) + 95(qa)| < |or;(k1305) +02i(95)+195(aq)| < Bj+ Bg; <T;

From this and (3.2), one sees that T; > |u;(q, ¥)| = |u;| = |75], V(¢,?¥) € R™ x R™, which
shows that, along the system trajectories, |7;(t)| = |u;(t)| < T, j =1,...,n, Vt > 0.
Hence, the closed-loop dynamics takes the (equivalent) form
H(q)i+ C(g.4)d + 9(q) = —s1(K:1q) — s2(K29) + 9(qa)
0 = —Ass(9) + Bg

Let 1 = ¢, x5 = ¢ and x3 = ¥, then the closed-loop dynamics adopts the 3n state-space
representation

l"l = X9, (348&)
iy = —H Yz1 4 qq) [31(K19:1) + s9(Kaw3) + C(x1 + qq, x2)T2 + g(T1 + qa) — Q(Qd)} (3.48Db)
T3 = —ASg(QJg) + Bxo (3.48C)
By further defining z = (27, 22 2I)T, these state equations may be rewritten in the
form of system & = f(x) + f(z) with
T2
f(.’L‘) = —H_l(qd)[sl (Kll‘l) + SQ(KQ:L‘g)] (3.49&)
—Asg(z3) + Bxa

On
flz) = —H ™ Yz1 + qq)[C (21 + qa, 22)22 + g(z1 + q4) — 9(qa)] (3.49b)
—H((z1)[51(K171) + s2(Kaxs3)]
On

with H(z1) = H '(z1 + qa) — H '(qs). Thus, the closed-loop stability property
stated through Proposition 3.7 is corroborated by showing that x = 03, is a globally
asymptotically stable equilibrium of the state equation & = f(x) + f (x), which is proven
through the following theorem. ]

Theorem 3.4. Consider the above stated specifications, then the origin is a globally
asymptotically stable equilibrium of & = f(x) + (f(x), V€ € {0,1} —i.e., of both the state
equation i = f(x) and the (closed-loop) system @ = f(z) + f(z)— with f(z) and f(z)
defined through Fqs. (3.49).
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Proof. For every ¢ € {0,1}, let us define the continuously differentiable scalar function

1 3
Vi(x1, 9, x3) = ExQTH(Exl + qa)xs + Up(z1) + / s3(Ky2)B 'dz (3.50)
On,
where
z3 n 35 (ko2
/ sT(Ky2)B 'dz = Z/ —UQJ(bZJZJ)dzj
and
Uy(z1) = / s1(K12)dz 4+ LU(z1) (3.51)
On
with

T n T1;
/ S?(Klz) dz = Z / O'lj(k‘ljzj‘) de (352)
On j=1 0

and U(x1) = Uy (21 + qa) — U (qa) — g7 (ga)71 as was defined in (3.29) for the state-
feedback case. Observe that inequalities (3.30)—(3.31) hold. From this, (3.51) and (3.52),
the satisfaction of (3.47), and Remark 3.6, we have that

Up(x1) > Z/ sign(z;) min{ (ky; — lky)| 2|, (b; — 2¢By;)}dz; (3.53a)
j=1"0
n xlj B B
>3 / sign(z;) min{Fu| 2], b bz, (3.53D)
j=1"0
= waj(xlj) £ Sy(1) (3.53¢)
j=1
with
% 2 ; < bk,
wei(zy) =4 29 ?W“' < bk (3.53d)
bej (|| = bej /2kes] i 1] > ey ke

for some /Aﬁj > kg and b; > 2Bg;, and any positive constants /;gj < /Aﬁj — Uk, and
bej < b; — 2(B,;.

Remark 3.13. One sees from expressions (3.53) that Sy, £ = 0, 1, are positive definite
radially unbounded functions of z;. Observe further that (analog to Remark 3.8)
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Dosly(1) = a7 ViU (1) = af [s1 (K1) + £(g(21 + qa) — 9(qa)) ]

n

= Jayl[low; (kyaag)| + Csign(@y) (g5(x1 + ga) — 95(qa))]

j=1

L1j]|1015 kljxlj —/ i\ L1 — Gj
Z;I |[lows (kijaa)| = €g; (21 + a) — g;(qa)] (350

> [y min{ (ks — )|, (b — 20By))}
j=1

> Z |1;| min{ (kg |11, (beli}} >0

J=1

Va1 # 0,, whence one sees that, for every £ = 0,1, s1(K121) + £g(21 + qq) — 9(qa)] =
0, < x,=0,.

Thus, from Egs. (3.50) and (3.53), and Property 1.1, we get that

x3
Vs, ,25) > B2 | 4 53() + / ST (Ky2) B\d (3.55)
On

whence, under the consideration of the strongly passive character of o9;(-), 7 =1,...,n,
involved in sy(-), positive definiteness and radial unboundedness of V;, ¢ = 0,1, is
concluded. Further, for every ¢ € {0, 1}, the derivative of V; along the trajectories of
i = f(z) + (f(z), is obtained as

. e 5o
Vi(21, 29, 23) = o8 H(lxy + qq)dn + 51‘5[’[(231 + qq, T2)To
+ [s1(K121) 4 g1 + qa) — Q(Qd)HTﬂbl + 55 (Koxs3) B i
=~ [C (21 + qa, 22) w2 + g(21 + qa) — 9(qa)] + s1(K121) + s5(Kows)]
0.
+ §x§H(:U1 + qa)xs + [s1(K121) + Llg(21 + qa) — g(qd)]]T:UQ
+ Sg(KQ.’ﬂg)B_l[—AS;g(.%g) -+ B.CEQ]
= —Sg(KQJIg)B_lASg(I:g)
-y QUZj(kzjxaj)UBj($3j)
b
j=1 "7

where Property 1.2.1 has been applied for £ = 1. Note, from the strictly passive character
of 09; and o3; (recalling that a strongly passive function is strictly passive), j =1,...,n,
that Vy(z1, z2,x3) < 0, V(z1, 22, 23) € R" X R” x R", with

Zy 2 {(x1,72,23) € R"xR" xR"™ : Vg(:vl,xg,xg) =0} = {(z1, 22, 23) € R"xR"xR" : 3 = 0}
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Further, from the system dynamics & = f(z) + ¢ f (x) —under the consideration of
Remark 3.13— one sees that

x3(t) =0, = a3(t) =0,

while

and

x3(t) = @3(t) = 22(l) = @2(t) =0, = s1(Kz1) + Lg(21 + q4) — 9(qa)] = On
— z1(t) =0,

which corroborates that at any (z1, z2,23) € Z; \ {(0n, 0, 0,,)}, the resulting unbalanced
force terms act on the closed-loop dynamics [i: = f(z1,22,0,) + £f (21, 22,0,) with
(x1,22) # (0,,0,)], forcing the system trajectories to leave Z,, whence {(0,,0,,0,)}
is concluded to be the only invariant set in Z,, £ = 0,1. Therefore, by the invariance
theory [42, Corollary 7.2.1], x = 03, is concluded to be a globally asymptotically
stable equilibrium of both the state equation & = f(x) and the (closed-loop) system

i = f(x) + f(2). =

Through Proposition 3.7 and Theorem 3.4 both global asymptotic stability of the
closed-loop trivial solution and input saturation avoidance are guaranteed. The results
obtained so far will prove to be helpful in further developments.

Remark 3.14. As shown in the on-line compensation case developed in Section 3.1,
it is the dirty-derivative-based auxiliary subsystem in Eqs. (3.14) which performs the
energy dissipation in the closed-loop system (in the absence of the velocity variables
in the feedback). This is analogously visualised through the feedback-system passivity
approach of Remark 3.3 as follows: under the consideration of the closed-loop system in
Eqs. (3.48), let ey = —yo = —s9(Kax3), €2 = y1 = x9, ¥(x3) = sd (Kyx3) B~ Asz(w3),

1
Vii(zy, 22) = §$2TH(1'1 + qa)xe + Uy (1)

and o
Via(x3) = / sg(ng)B_ldz
On

By previous arguments and developments, V7 and Vi, are radially unbounded positive
definite functions in their respective arguments. Following an analysis analog to that of
the proof of Theorem 3.4, one obtains V;; = el'y; and Vig = edyy — (x3), with ¥ (z3)
being positive definite (in its argument). Hence, the closed-loop system in Eqs. (3.48)
may be seen as a (negative) feedback system connection among a passive —actually
lossless— subsystem >; with dynamic model

T1 = g
Y19 da=H Y1+ qa) | — Clzr + qa, m2)m2 — g(z1 + qa) + 9(qa) — s1(Kr1z1) + eq]
= T2
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and a positive definite storage function Vi;(z1,x2), and a strictly passive subsystem
with state model

5, {9‘03 = —Asy(w3) + Bes 2 fo(ws, e0) (3.56)

Yo = 32(K25l’3)

and storage function Vis(z3). Moreover, one sees from (3.56) that f(0,,e3) = Bey =
0, = ey =0,, completing the requirements of Theorem 2.3.

Finite-time stabilization

Through this section finite-time stability will be proven, recalling that global
asymptotic stability and input-saturation avoidance were already concluded.

Proposition 3.8. Consider the proposed control scheme (3.44)—(3.45) under the
additional consideration that, for every j = 1,...,n, oy,t = 1,2, are locally r;-
homogeneous of (common) degree «; = 2ry — 11, with dilation coefficients such that
2ry —ry > 0 > ry — 1y and domain of homogeneity D;; = {c € R : |¢| < L;; € (0,00]},
and os; s locally ri-homogeneous of degree as = 1o, with domain of homogeneity
Ds; ={s eR:|¢| < Ls;j € (0,00]}. Thus, the global finite-time stability of the closed-loop
trivial solution q(t) = 0, is guaranteed with |7;(t)| = |u;(t)| < T, j=1,...,n, Vt > 0.

Proof. The first part of the proof follows (exactly) from the arguments exposed (for the
on-line compensation case) in the proof of Proposition 3.4 (specifically from item 1),
whence |7;(t)| = |u;(t)] < T, j =1,...,n, Vt > 0 and the global finite-time stability
property of the origin of the state equation © = f(x) are concluded. Thus, all that
remains to be proven is the finite-time stability property of the origin of the closed-loop
system @ = f(x)+ f(z). In this direction, recalling Theorem 3.4, Lemma 2.3 and Remark
2.7, the origin of @ = f(z) 4+ f(x) is concluded to be a globally finite-time equilibrium,
provided that ro —r; <0, if

Ly = alir(% Ha_adiag[a_m, R N T - Ca ,5_T3"]f(5;(x)) H

= lim [lediagle ™, ..., e [fur (02(2)), ., fon(d7(2))]"]|

e—0t

= lim (|72 [fsa (92(@)), - fon(S2(@))] | (3.57)

e—0t

= lim "% || [an((S;(Jf))a T an((Z(x))]TH

e—0t

=0
for all z € S3"~1 = {z € R : ||z|| = ¢}, for some ¢ > 0 such that S>"~! C D. Hence,
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from (3.49b), under the consideration of Property 1.2.3, we have, for all such z € S2"~1:

1[fas1 02 (@), - Fon (B ()] |
= || = H ("1 + qa)[C(e" @1 + qa, € m2)e 2 + g(e" @1 + qa) — 9(qa)]
— H(e™z1)[s1(eM K1x1) + s2(e" Kox3)) H
< || H (M w1 4 qa) C (7 @1 + qa, 2)e 25|
+[|H (e 21 + qa)||||9(€™ 21 + ga) — 9(qa) ||
+ HH(srlxl)[ealsl(lel) + €a252(K2I3)]“

whence, under the consideration of Assumption 1.3.2, we get

[t (62(2)), oy fon(8L (@) || < e¥2||H (e 01 + qa)C (e 1 + qu, 2)s|
+ kge™ HH’l(e’”lazl + qd)H |z
+ 2| H (e @ ) [s1 (K@) + sa(Kaas)]|

and consequently, from (3.57), (recalling that by design specifications: r; > ry > 0), we
get

Lo < lim " ||H (e a1 + qa)C(e™ @1 + qa, 22) 22|
e—0t
+ Fyllaa | Tim 2 (" + )|
+ lim HH(€T1{L’1)[81(K1!L‘1) + SQ(KQ[L’;;)]H
e—=0t

< ||H " (qa)C (g4, x2) 2| Jlim "
+ kg||$1|| ||H_1<Qd)H Ell%l_,_ 82(7“1—r2)
+ HSl(Kll’l) + 82(KQ(L’3)H 61i>%1+ H?—[(E”xl)H

< ||51(K1$1) + SQ(KQJZ'g)H . HH(On)H =0

since the definition of H(x;) in (3.6),

’H(On)H = 0, which completes the proof. [

Thus, global finite-time stability of the closed-loop trivial solution has already been
concluded.

Corollary 3.5. Consider the proposed control scheme in (3.44)—(3.45) taking o, i =
1,2,3,5=1,...,n, such that

Pis V‘d < Lij € (O, OO)

0i5(<) = sign(<)[¢
with constants ;; = ; such that

0<pr <1, By=p, 53—1—;/81

Thus, global finite-time stability of the closed-loop trivial solution ¢(t) = 0,, is guaranteed
with |7;(t)| = |u; ()] < Ty, j=1,...,n, Vt > 0.

(3.58)
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Proof. Note that, given any r;; > 0, for every ¢ € (—L;j, L;j): "¢ € (—L;j, L;;) and

s = £ sign(o)|o | = €0y (c), Ve € (0,1]

0ij(e79¢) = sign(e"¢)[e"¢

Hence, under the consideration of expressions (3.58), for every j = 1,...,n, we have, for
any ri; = r; > 0, that taking ro; =9 = (14 81)r1/2 and r3; = r3 = 1,04, i = 1,2, are
locally r;-homogeneous of degree a1; = a1 = r181 = 2ry —r1 = 1382 = 9 = y; with
domain of homogeneity D;; = {¢ € R : [¢] < L;;}, and o3; is locally r;-homogeneous
of degree az; = az = (1 + B1)r3/2 = (1 + B1)r1/2 = ry with domain of homogeneity
D3j = {§ eR: ’§| < ng}, while

<<l = poozp-12 0D B g
—wlj;l)ﬁ <r <P+ 1)m

= 19 <11 < 219
< TQ—T’1§0<2T2—7’1

The requirements of Proposition 3.8 are thus concluded to be satisfied with 0 < ; <
1l = ro—r1 <0< 2ry —ry. [ |

Analogously to the state-feedback case, Proposition 3.8 with ry > r; is a particular
case of Proposition 3.7. Moreover, when r5 = r; we have that €27 = 1, Ve > 0.
Hence, in this case, Lemma 2.3 (under the consideration of Remark 2.6) cannot be
applied to conclude (local) exponential stability (contrarily to the on-line conservative
force compensation case). However, exponential stability is next proven to be achieved
(locally), through an alternative (strict-Lyapunov-function-based) analytical procedure.

Exponential stabilization

Exponential stability is proven through the following corollary, recalling what was
just mentioned.

Corollary 3.6. Consider the proposed control scheme in (3.44)(3.45) taking —for
everyt=1,2,3 and j =1,...,n— 0;; as
o5(6) =5 Vsl < Ly € (0,00). (3.59)

Thus: |1;(t)| = |u;(t)] < Ty, 5 =1,...,n, YVt > 0, and the closed-loop trivial solution
q(t) = 0, is globally asymptotically stable and (locally) exponentially stable.

Proof. The global asymptotic stability follows from Proposition 3.7. Thus, all that
remains to be proven is the (local) exponential stability property. In this direction, let
us consider the scalar function
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1 21
Va1, 2, 13) = §x2TH(:B1 + qa)Ta + / st (K12)dz + Up (71 + qa) — Uor(qa) — g (qa)x:
On

z3
—I—/ sT(Ky2)B 'dz + ext H(zy + qq)ze — ecorl B~ a3
On
where € and ¢ are positive constants such that
€ < min{ey, 2} (3.60)

€0 > ]{30@1 + par (361)
with

- 9 _ -
klmk2mum Y klmwzk’zm

= | = — €y = — —
Komtiar + Fim(€0/bm)? © 7 kimva2v3s + ki (723/2)2 + 722(713/2)?
kim = min{ky;}, ko = min{ky;/b;},  bp = min{b;}
J J J

€1 )

(3.62)

Y3 = kon + (ki + kg)eo/ (binpim) Vo3 = €olan + ke o2/ (bmptm)]

3.63
Y22 = €0 — koo — pum Y33 = €okanr / (b pim) ( )

Feom = mjin{k2jaj/bj}> ki = maxj{ki;}, Koy = maxj{ky;}, an = mjé.%X{aj/bj}
(3.64)

m, tiars ko and kg, as defined through Property 1.1 and Assumptions 1.1-1.3; o9 is any
positive constant;

n 1/2

o1 = maxy,co, |l = | Y min{by;/kyj, Lj/kyj})?

j=1

and

Q1= Q11 N Qo = {w1 € R™: |ay;| < min{by;/kyj, Lyj/kaj}, j=1,...,n}  (3.65a)

Qll = {;Cl e R": |.I'1j| < Blj/]_fljy ] = 1, c. ,Tl} (365b)
Q12 = {[L‘l (= R™ : |,I’1j| S Llj/klja ] = 1, e ,n} (365C)

From the proof of Theorem 3.4 (particularly, from inequality (3.55)), we have that
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3
Vo(x1, T2, 23) > HIQH +51(x1)+ / sy (K92) B 'dz—e|a]| H(x14qq)xo| 0|73 B 23]
On

with S1(71) as defined through (3.53c) (with £ = 1). More precisely, by observing that
Sl($1) = Z?:l /{le(L’%j on QH (recall (365b>) and

SQ(KQZL'g) = K25E3 on le = {ZE3 - Rn . |ZE3J‘| S ng/kgj, j = 1, e ,’I’L}

we have that, on Q7 X R"™ x OQs1:

k _
Vo(x1, T2, 23) > Hm Hx2||2 + Z —xlj Z 22] 23, — €|zt H(xy + qa)xs| — e€o|lzy B~ a3

klm k2m

€€

b

| \/

7’”!\332H2+ lwa1* + == llasl® = epnrllan | o]l = -= [l 2]
T
[ [

1
=5 | leall [ Qi | 2l

3] 3]
with
Iglm —€UM 0
Ql = | —€Um Hm, _GGO/bm

O - EEO/bm EQm

(Kim, kom and by, as defined through expressions (3.62)) where Assumption 1.1 has been
considered, and since (3.60) = €< ¢ = @1 > 0, we get

Va(@) > caf[|* (3.66)

Vo € O X R" x Qg1, with ¢ = A,,(Q1)/2 > 0. On the other hand, by analogously
observing that in view of (3.59), we have, s;(Kix1) = Kyz1 on Qs (recall (3.65¢)), we
get, under the consideration of (3.30) and Assumption 1.1, that, on Q15 X R" X Qg
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1 1
Vo(xq, 29, 23) = §$5H(9€1 + qa)xo + §${K1$1 + Uor (21 + qa) — U1 (qa) — QT(C]d)ﬂfl

— ky; _
+ Z ﬁaﬁ] +ex] H(xy + qq)my — ecors B
j=1 "

k k k
< Bl a2+ S o |2 4 2l 2+ =5 ]
€€
+ epunrl| T |||zl + b—||:vz|||!xs\|
T
) [|4]] [[1]]
=5 | llzall [ Q2 | 22l
[|3]] [|3]]
where
ki +k, e 0
QQ = €L Har €€o/bm

0 EEo/bm ii’gM

with kops = max;{ko;/b;} (and kyps as defined through expressions (3.64)). From simple
developments, one can further verify that (3.60) = € <€, = @2 > 0, whence we
get Va(x) < eof|z||?, Vo € Q1o X R™ x Qz;, with co = Ay (Q2)/2 > 0. Furthermore, the
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derivative of V5 along the closed-loop system trajectories is given by

) _ 1 ...
Va(21, 29, 23) = 28 H(z1 + qa)d2 + §x§H(x1 + qq, T2)To

+ [s1(K1z1) + 9(21 4 qa) — 9(qa)] @1 + s5 (Kows) B~ i
+ E:E{H(xl + qq)To + E:EfH(xl + qq, 2) T2

+ el H(xy + qg)xe — ecorl B~ i3 — ot B a3

= —xg[C(xl + qa, 22)22 + g(x1 + qa) — 9(qa) + s1(FK121) + s2(Kpw3)]

+ %xgH(xl + qa, T2) T2 + [51(K121) + g(@1 + qa) — 9(qa)] 22
+ 53 (Kox3) B~ [~ Asy(x3) + Bay)
— ez} [C(21 4 qa, ¥2)22 + g(21 + qa) — 9(qa) + s1(K131) + 52(Ko15)]
+ ezl [C(x1 + qa, 22) + CT (w1 + qq, 12)]wy + exd H(xy + q4) 20
— eegry B[~ Ass(x3) + Bas)
+ ecory BT H ™ (w1 + ¢a)[C(21 + qa, 72) 72 + g(21 + qa)

— 9(qa) + s1(K121) + s2(Kow3)]

= —s55 (Kows) B~ Asy(3) — exf [s1(Kix1) + g(21 + qa) — 9(4a)]
— exl sy(Koxs) + ext C(ay + qq, 22) w1 + €xd H (w1 + qq)xo
+ eeowd B~ Ass(3) — eegrt 1
+ecors BTUH ™ (21 + qa) [C (21 + qa, ©2) w2 + g(21 + qa)
— 9(qa) + s1(K121) + s2(Kow3)]

where Property 1.2.1 has been applied. By (3.54), Property 1.1, Assumptions 1.1,
1.2 and 1.3.2, Remark 1.2, observing that —in view of (3.59)— s3(x3) = z3 on
Q32 = {$3 e R" |(L’3j| < ng,j = 1,...,n}, and deﬁning Qg = le N Qgg,
By = {z € R" : ||za]] < 02} for any g > 0, and Q; as defined in (3.65), we get
that, on Q; x By x Qs:
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Va(z1, 29, 23) < —2t KoB ' Axg — EZ l_ﬁjxfj + e|ot Kows| + e|od O(x1 + qq, 72) 21

j=1
+ €|zl H(z1 + qq)ws| + eco|ot B~ Axs|
— eeoTa Ty + €€0|ZE§B_1H_1<CL’1 + qa)C(z1 + qu, xg)x2|
+ecolay BTH (21 + qa)[g(21 + 4a) — 9(qa)]]
+ eeo‘ngB_lH_l(xl + Qd>K1I1‘ + €€0|LL’§B_IH_1(CL’1 + qd)K2x3|

< —kom||w3))* — €kiml|za]]® + ekone||2i || |ws]| + kcor||z2l|® + el za|?

+ ecotiar ||zl [|s]| — eeol|z2]”

EEOkCQQ eeok ecokins e€okans
lz2(lllsll + 5= llz1 ||zl + [l ]3]l + [EA
T
[l [l
= — [ llz2ll | Qs | 2]
[l 23l 3]l

(%Qm, kanr, apr and o; as defined through expressions (3.64)) with

6]%1m 0 —6’}/13/2
Q3 = 0 €722 —€723/2
—€v13/2 —€723/2 koam — €733

[722 (being positive in view of (3.61)), 713, 723 and 733 as defined through expressions
(3.63)] and since (3.60) = €< e = @3 > 0, we get

Va(z) < —csa]|? (3.67)

Vo € Q1 X By x Qs, with ¢5 = A,,(Q3) > 0. Thus, from the simultaneous satisfaction of
inequalities (3.66)—(3.67) on Q1 x By x Q3, we conclude —by [40, Theorem 4.10]— that
the origin (z1,x2, z3) = (0,,0,,0,) is a (locally) exponentially stable equilibrium of the
closed-loop system, whence the proof is completed. [ |

Notice that the functions o;;(-), ¢ = 1,2,3, j = 1,...,n, defined in (3.59) through
Corollary 3.6 turn out to be a particular case of the functions oy;(-), i = 1,2,3,
j = 1,...,n, defined in Corollary 3.5 for §;; = 1,7 = 1,2,3, j = 1,...,n. Thus,
the functions involved in the control scheme (3.44)—(3.45) are characterized through
Corollary 3.5, such a characterization permits, via the parameters [, to get either
finite-time or exponential convergence.
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3.3 Tracking problem

Throughout this section the mechanical system model described in (1.1) is taken into
account, ¢.e.,

H(q)q+C(q,9)q+ Fq+glq) =7 (3.68)

where all the properties for H(q), C(q, ¢), and g(q) are as described in Section 1.4, while
F' is additionally supposed to satisfy the following.

Assumption 3.2. The damping effect matrix F' is symmetric positive definite, and
consequently fullz||> < 2T Fz < fullz|?, Vo € R, with far > Amax(F) > Apin(F) >
fm > 0.

Assumption 3.2 is coherent with the dissipative nature of the damping term F'¢g in
the —(realistically) assumed fully-damped— system dynamics (3.68) [29]. Furthermore,
recall that the realistic bounded input case is considered, i.e.,

1;

The goal in this part of the dissertation consists on the achievement of a tracking
objective (with finite-time or exponential convergence) avoiding input saturation along
the system trajectories. With this goal in mind, we begin by characterizing —based on
Assumptions 1.1-1.4— a set of desired trajectories gq(t) for which the proposed scheme
will prove to guarantee the considered tracking objective avoiding input saturation and
for any initial condition.

7, = T)sat <“—> (3.69)

Assumption 3.3. q4(t) € C*(Rso;R™) such that ||ga(t)]| < Baw and |Ga(t)] <
Baa, ¥t > 0, for sufficiently small (positive) bound values By, and By, such that
piariBaa + ko B2, + | Fjl|Baw < Tj — By;, Vi € {1,...,n}, and d £ f,, — kcBay, > 0.

The following control law is proposed:

u(t,q,q) = —s1(K1q) — s2(K2q) + H(q)Ga(t) + C(q, 4a(t))da(t) + Fa(t) + g(q) (3.70)

where ¢ is as defined in the previous section; K; = diag[k;, ..., ki) with k;; > 0, Vi €
{1,2}, Vj € {1,...,n}; and for any = € R", s;(x) = (031(1),-..,0m(zn))’, i = 1,2,
with, for each j € {1,...,n}, 0;; being a bounded strongly passive function, for some

(Ki, a;, biy Kiy aiy b)) € RSy, both (i = 1,2) being locally Lipschitz-continuous on R\ {0}
and such that
2&1

= T €] (3.71)

a; € (0,1], a

and

Bj £ sup |oy(s1) +09i(2)| < Tj — parjBaa — ke Bi, — | Fjl|Baw — Bg;  (3.72)

(¢1,62)€ER?
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Proposition 3.9. Consider system (3.68)—(3.69) in closed loop with the proposed control
law in (3.70), under Assumptions 1.1-1.4 and 3.2-3.3. Thus, for any positive definite
diagonal matrices Ky and Ko, |7;(t)| = |u;(t)| < Tj, j=1,...,n, Vt > to > 0, and the
closed-loop trivial solution q(t) = 0, is:

1) globally uniformly finite-time stable if a; € (0,1);

2) globally uniformly asymptotically stable and (locally) exponentially stable if a; = 1.

Proof. The proof is divided into four stages. The first stage shows that input saturation
is avoided and obtains the consequent closed-loop dynamics in the tracking error variable
space. Throughout the second stage an energy function is introduced, as well as its
derivative along the system trajectories. In the third stage, the Lyapunov function
candidate V is presented and the expressions of its derivative along the closed-loop
system V and a suitable time-invariant upper bound are obtained, whence global
asymptotic stability is concluded. Finally, the fourth stage develops an analysis of V'
and V in a suitable origin-centered ball, whence finite-time stability is concluded and
the conclusion of the proof is obtained.

1st stage: input saturation avoidance and closed-loop dynamics. Observe that —for
every j € {1,...,n}— by Assumptions 1.1-1.4 and 3.3, and the satisfaction of (3.72),
we have, for any (¢,¢,q) € R>o x R" x R™

it q,q)| < |ov (k@) + o2 (k2s35)| + 1H; (@l da(®)]] + 11C5(a, da@)] | da(t)
+ [ F5{[lda (@)l + 195 ()]
< Bj + piarjBaa + ke B, + || Fjl| Baw + Bgj < T

From this and (3.69), one sees that |7;(t)] = |u;(t)| < T, j =1,...,n, Vt > t; > 0,
which proves that, under the proposed scheme, the input saturation values, are never
reached. Hence, the closed-loop dynamics becomes

H(q)q+ C(q,q)q+ C(q,4a(t))q + Fq = —s1(K1q) — 52(K2q) (3.73)

where Property 1.2.3 has been used.
2nd stage: energy function. Let us consider the continuously differentiable energy
function
1. [T,
Valt.q.d) = 50" Ha+ )i+ [ o1 (Kz) de (3.74)
On

where foqn sT(Ky2)dz = > i ffj 01;(k12;) dz;. From Property 1.1, Assumption 1.1,
Remark 2.13, and Lemmas 2.7 and 2.8 (more precisely, from the first part of de proof of
Lemma 2.8), we have that:

Woi(q,q) < Vo(t,q,q) < Woa(q, q) (3.75)
with
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Kllk

=~ =\ A ,Lt_m - 2 im
Wo(,9) = =~ llali™ + = Sl( 7) (3.76a)
and .
= MM 2y RikTym, g
W, = M g e 3.77
02(7, @) = —=llall” + 1T a 4] (3.77a)

where S1(q) = So(q;a1,b1/kim) (deﬁned in Lemma 2.7), ki, = min;{k;;}, and
kinv = max;{ki;}. The derivative of V; along the closed-loop system trajectories is
obtained as

%mamzfﬂ<m+;ﬁﬂ<>@+?mmw
~q"1C(a,0)q + Clardalt)d + Fi + 51(K1g) + 52
b5 H g, )i+ T ()

= —"52(K2q) — " C(q,4a(t))q — " Fq

where H (q)q has been replaced by its equivalent expression from the closed-loop dynamics
(3.73) and Property 1.2.1 has been used. Further, by Assumptions 1.2, 3.2 and 3.3, as
well as Lemma 2.7:

Vo(t,q.q quy (k2;45) = (fin — ke Bao)|GI* < —raksr, S2(@) — dllgll* < =7l

(3.78)
where SQ(Q_) = Sg(q, a9, bQ/kQM), k2m = minj{ij} k2M = Il'l&Xj{ngj}, d= fm — ]{Zchv >

l1-a
) 2}. The right-most inequality

2m>» kans

0 (by Assumption 3.3) and 7 = min {mgk“” d <
in (3.78) arises by observing that if ||g|| < by/kans, we have that for all

koky2,S2(q) + d||gl]* > rok32,S2(q) = raks2 ||l e > gt
and for all ||q| > by/kops that

by

ok, S2(q) + dl|g))* = dllgl)* = dllgl'~*llgl| " > d (k
2M

) gl > allgl e

The expressions obtained so far will prove to be useful next.
3rd stage: global uniform asymptotic stability. Let us now define the scalar function

V(t,3,4) = V' (t,0,d) +ep" (@) H(7 + 4a(t)) (3.79)
where V} is defined in (3.74), with

3—|—CL1

b= 2+ ar) (3.80)
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£ is a positive constant, and p(q) = h(q; b1 /kin)q, with h € C°(R™ x Rs; (0,1]) being
continuously differentiable on R™\ {0, }, uniformly on R.g, and such that, for any ¢ > 0,
p is a continuously differentiable function satisfying

()] = h(z; o)l|z]] < minf]|z[], c} (3.81)
Vax € R", and

—h(z;c) < Dyh(z;¢) <0 (3.82)

Vr # 0; an example of a family of functions h with such properties is h(z;c) =
c/[c® + ||z]|Z]H/= for any @ > 0 1.

Remark 3.15. In view of (3.82), h is decreasing on any radial direction, and consequently
(since h : R" x Rsg — (0,1]) h(x;¢) = w as ||z]] — oo for some non-negative constant w,
while, on any compact connected neighborhood of the origin T C R", h is lower-bounded
by a positive value h,, v, or more precisely: 1 > h(0,;c) > h(x;c) > inf ey h(x;c) £
B,y = infyeoy h(z;¢) >w >0, Ve e T.

Remark 3.16. Observe, that

ap 0 ] . . oh .
5 (@) = oo [h(; ¢)a) = h(z: o)L, + a5 (a0)

whence we get that

oh oh

(z)x = 27 |h(z; )], + v (2; c)]x = h(z;c)z’x + mea—(a:; c)x
x

dp
T—
v ox

= ||z[]*[h(z; ¢) + Dyh(z;c)]

oz

wherefrom, in view of (3.82) (whence we have that 0 < h(z;c¢) + D h(x;c) < h(z;c) <
1, Vx # 0,), one sees that

79p

O0<uz %(as)x <|lz|?, Yz #0,
and consequently
0
0 < 8—2(33) <I, VzeR"
which implies that
' @ <1, VreR"
Ox

etting pw(z) = heo(z;0)z, @ > 0, with he(2;5¢) £ ¢/[c® + ||2||7]/=, one verifies after basic
developments that D hy(2;¢) = —he(2;¢)(||p= (2)]|/¢)®, whence one corroborates that —h(z;¢) <
Dyh(z;c) <0, Yo # 0,,.
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Remark 3.17. Let hy(q) = h(q; b1/kin). Useful facts on p that will be subsequently
invoked are

@I < h(@5:(@) < 51(@ (3.83)
|wasQ%>%<wu>(£i)l&@ (3.84)

Vg € R"™. Indeed, based on the properties of p and h; (particularly (3.81) and
hi(q) € (0,1], Vg € R"), we have, for all g € Bj, , . that

lp@ 1 = [ha (@] gl = ha(@) ha(2)S1(@) < ha()S1(@) < S1(q)

and for all ¢ ¢ By ;= that

@I = L@ @l < () mi@lal = @Sy < (@

corroborating (3.83). On the other hand, by (3.81) and (3.83), we have that

@i =@t < () s < () s

kim
Vg € R", corroborating (3.84). A

We will show that, for a sufficiently small value of &, V' in (3.79) is a suitable Lyapunov
function through which the proof will be completed; in particular, this will be proven
with

£ < g0 2 min{ey, g9, €3, &4} (3.85a)
where 5 5
1 /3 m 1 /3 kT
51:_( +a1.“_) , 82:_( Ta lm> (3.85h)
pp \1+a 2 par \ 1+ aq 2
£y = B4 [hamra ki (1 + ar) TV < B4 )7 Thkfh (1 +a1) Y™ 2 =
ST CRakE,ay 2eRakd2, CRok2ay | 2eRak2, ’
(3.85¢)
hambii k% pr( lam)B=1 k‘“
him = inf hi(q) = inf  hy(q) € (0,1) (3.86)
qEBgl/klM qeaBgﬂklM

(recall Remark 3.15) and

70



¢ = nl/(ra) (3.87a)
al

b
+ M, = (2kcBay + fur) (k jw) (3.87b)
1

_ kehy
ki

With such a goal in mind, let us begin by noting, from (3.79) and (3.75), that

U1

. . _ - B

VIt .9) = Wi(a, @) — e (@] )7 (3.58)
2 _ 1+ ay
> Wy, - 1ta 2 3.89
I O
_ = 2 _ 1+a/1 - p

> Wh ( S 2) 3.90
0@ 0) = epr (37—~ 91(@) + 37—l (3.90)
> Wi (@, 4) — Wio(@. ) & Wi(4,) (3.91)

with 5 m
Wio(d, §) = V(s 2y 3.2
0(@.0) = ()7 (37051@) + 5o dl?) (3.92)

where Assumption 1.1 has been applied to get (3.88), Young’s inequality [with
¢ = (34 a1)/2 and ¥ = (3+ a1)/(1 + a1)] to obtain (3.89), and Remark 3.17 (more
specifically inequality (3.83)) to get (3.90). Notice further that

Wm(% q) — Wlo(Q> 7)) >0 = W01(q q) > Wl()(q 7) = Wo(q,q) > Wi(q,q)
= Wo(q,q) — Wio(q,q) >0

Hence, by proving that Wy (g, q) — Wio(q, @) > 0, V(q, @) # (0,,0,), positive definiteness
of W1(q,q) in (3.91) is concluded. In this direction, let us define

a Hmo ys(lta

K1k{E 2
"ﬁmpé L _(5NM)1/5< )

1+CL1 3+CL1

and

and let us further note that, from Eqgs. (3.85), one may corroborate that

e<en<el = Emw >0 AN e<eg<ea = Kpmp >0

From this and expressions (3.76a) and (3.92), we have

Wm(q, Q) Wlo(q CI) = ﬁmu”@” + ’fmpsl( ) >0

V(q,q) # (0,,0,), whence positive definiteness of W1(q,q) is concluded. Furthermore,
from previous arguments, one sees that
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" 1 P 1 o
KmU:’u__(g“M)l/ﬁ<ﬂ) >0 — Rmvé (/L_) _gﬂM( +a1) > 0

and

a a B B
mp = ——+ — >0 <= Fpp= | —— | — >0
Fomp = 170, (epar) 3+a e =\ 1 oy M3 0,

From this and (3.91), one sees, for every j = 1,...,n, that

lim Wi(0,,§) = lim Rpl§*® = oo

on{geR":q =0Vl+#j}, and

bl a1

45100 AN
on {g € R": g =0Vl # j}, whence Wi(q,q) is additionally concluded to be radially
unbounded. Furthermore, from (3.75) and the properties of p (particularly (3.81)), one
gets

Vit )< (M + B e ) allldll £ Wala, 3.93
(t.q,q) < ( = llali® + e 4l + epnllgllllgll = Walq, q) (3.93)

Since Wy(q,q) > Wi(q,q), ¥(7,q) € R® x R", and W5(0,,0,) = Wi(0,,0,) = 0, the
time-invariant function W5 is corroborated to be a positive definite (radially unbounded)
function. Therefore, V' is concluded to be a positive definite, radially unbounded and
decrescent function. Its derivative along the closed-loop system trajectories is obtained

as

V(t,q,q) = BVy ' (t,q.4)Vo(t,q,q) +e¢"H (q)g—g(q‘ﬂi +ep(@)"H(q,4)G + ep(@)"H(q)§

= BVy (G, 0)Vol(t, 4,q) +eq" H (q)g—g(q)q' +ep(@)"[C(q,4) + C"(q,9)]q
- 5P(Q_)T[O(qa Q)q + C(q, qq(t))€7+ FCY + 81(K1q_) + 82(K2§)]

= BVY Nt 0. 4)Vo(t. 4,4) — ep” (@)C(q. da(t))d — ep™ (@) Fq — ep™ (@)51(K1q)
—ep" (Q)52(K2q) + 4" Clq, Dp(q) + eq" Clq. 4a(t))p(q) +€q" H (q)g—g(qﬁi

(3.94)

where H(q)q has been replaced by its equivalent expression from the closed-loop dynamics
(3.73) and Properties 1.2.1-1.2.3 have been used. At this point, it is important to note
that, from Eqgs. (3.85), one may corroborate that
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e<e<es = Tm <M

with

A 56/%2](33&@2 A hlmlilk’izn(l + al) % /‘ilkffn(]_ + (ll) % A
Ym = Z=ramNg—1 M = p—— <\ ——%—=7a = YM
pi(k5)? 2¢Rokyhy 2¢Roky3y
' ~(3.95)
From the analysis of V (¢, ¢, ) in (3.94), the following bound on the terms of V (¢, q, q)
are obtained:
First term. From (3.75) and (3.78) (recalling (3.80) and (3.71)), we get:

- a mo = A1 = a
BVt @, Vot 4,6) < AW @ dilldll e < —pn(Sdl?) e
— Mm B_l -
<—pn(5) Nl

Second, third, sixth, seventh and eighth terms. From Assumptions 1.1, 1.2, 3.2, and
3.3, the properties of p (through inequality (3.81) and Remark 3.16), Remark 3.17
(particularly inequality (3.84)), and Eq. (3.87b), we get:

—ep" (@04, 4a()q — ep" (DF G+ eq" Clg,)p(@) + 7" C(q,da(t)p(@) + " H(g )gq (@)q

kcby
H(JH2

< 2eko Bao lp(@) 1]l + efarllp(@ Il + e 7= l1l1* + epar 1]

< evs [ (@)S1(@)] " d]l + v 1G]

Fourth therm. From the definition of p and Lemma 2.7 we get:

—ep" (q)s1(K1q) = —ehi(9)q" s1(K1q) < —eriki(l,hi(7)S1()

Fifth term. From Holder and Young’s inequalities (both with ¢ = 14a; and ¥ = 2/as),
the definition of s5, Remarks 1.1, 2.13 and 3.17, in addition to the consideration of a
positive constant v € (v, var) (recall (3.95)), we have (recalling (3.71) and (3.87a))
that

—ep" (q)52(K2q) < g|p"(q)s2(K2)|

< el p(@) |11+ [|52(F27) || 2/a
< ecRal|p(Q) ||| K 2q]|*

< cenakty (2 @si@] ) (1)

o v _
< 5cm2k2§\4<1+a1h1( 7)S1(q) + 27 1||Q||2)

Thus, from the expressions obtained above, we get
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81
V(tq.d) < - [ﬂn( ) o - W—W@”]\|q!\2+ev2[h1( s (@] "1l

2
k52
. 5(“’“% - Trah “1)h1< 7)51(3)
(3.96)
which may be rewritten as
1/2 e q1/2
Vita.i)< - ([ {@51(0) ) o <[m<q>sj<q>] )
Jdl Jdl .

_ — kmv - — =
= ekmpha (0)91(2) = =5~ [1]1* = Wa(7,4)

ek ki) —EUy
()
—EUg Bn(’%") — 2ey
N "ilkiln Cﬁ?kQM al A g (Hm ot
kmp— 9 - 1—|—CL17 ) k'mv—ﬁn <7)
Furthermore, from (3.95), one may corroborate that v, <y < vy <Ju = kpmp >0
and Ky, > 0, and from Egs. (3.85) that

where

— eCRok2 ayy

E<en<es <& = Qy>0

whence W3(q,q) in (3.97) is concluded to be negative definite. Hence, V in (3.79) is a
strict Lyapunov function proving that the trivial solution g(t) = 0,, of the closed-loop
system is globally uniformly asymptotically stable [40, Theorem 4.9].

4th stage: uniform finite-time/exponential stability. Thus, under the consideration
of Remark 2.10, all that remains to be proven is that the trivial solution is uniformly
finite-time stable if a; € (0,1), or (locally) exponentially stable if a; = 1. With this goal
in mind, we retake V' in (3.79) and analyze its derivative along the closed-loop system
trajectories on Rxg X By, ks X By, Jeans More precisely, one sees from Remark 3.15 and

(3.86) that, on Rxo x By ) x By, (3.96) takes the form

B—1 Sz 1,02 -1
i, - | Um ECRoky3 rasy . o lta
Viea.d) < —[n(t2) - oo - SR e 1oy

Rk AN
e (e, — O e

which may be rewritten as

’ 77 Hq||(1+al Hq” e/ 1. ~(|1+a1 kmv =112 A Y

V(t,q,q) < —5 . Q1 . — ekmpllq|| T — THQH = Wa(q,9)
4l ]|

(3.98)
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where

5h1m’f1kﬁn —EU2
Ql - _ B—1
—EUy Br(ke)" " = 2evy

_ N hlmlilk?(ll;n _ Ekgk;]?w'yal
e 2 1+ aq
Furthermore, from (3.95), one may corroborate that v,, < v < Y = kmp > 0

and, from Eqgs. (3.85), that ¢ < gy < g4 = Q; > 0, whence Wy(q,q) in
(3.98) is concluded to be negative definite (on By . X By, ). Furthermore, by

defining 7; = (r,...,rm)7, @ = 1,2, with r1; = ap/(1 + a1) and r9; = ap/2 for
all j = 1,...,n, and any positive constant ag, and ¥ = (77 7#2)?, one can see that,
for every (7,q) € By, sk % Biyjkyy, and all € € (0,1], we have on the one hand
that ||67 ()]l < |lgll < bi/kia and ||672(q)]] < |gll < b2/kans, and consequently

0.(7,q) € By, 1., X< Biy jkyy,» and on the other hand, from (3.93) and (3.98), that

Wi(6:(7,q)) = Wa(6; (), 6:2(q)) = Wal€"' G, €2q) = € Wy(q, q)

and

Wa (07 (q, ) = Wa(07 (@), 622(4) = Wale™ 4, €24) = " Wa(q, q)
i.e., that Wy and W, are locally 7-homogeneous of degree an = «apf and ay = ap,
respectively, with (common) domain of homogeneity By, Jhaas X By, Jeans- Hence, by
Lemma 2.1 and Remark 2.2, there exists a positive constant ¢ such that

Q4
a2

Wi(q,q) < —c[Wa(q, 9)]
Y(q,q) € By, sk % Biy iy, and, consequently, from (3.93) and (3.98), we have that

V(t,9,4) < —c[V(t,q,9)]°

V(t,q,q) € Rsg X B{}l/klM X Bg;/kw, with 1/ = 2(31+511) < 1. Moreover, since
a; € (0,1) = 1/5 € (0,1), by Theorem 2.2 and Remark 2.9, item 1 of Proposition
3.9 is proven. On the other hand, since a; =1 = 1/§ =1 item 2 of Proposition 3.9

follows from [40, Proof of Theorem 4.10]. [

Remark 3.18. One notes from the second stage of the proof (see particularly (3.78))
that motion error dissipation is injected by the SD-type control term sy, while the motion
error damping term £ is in charge to dominate the damping-indefinite residual third
term (from left to right) in (3.73), C(q, ¢a(t))g, thus rendering a damping compound
effect. The referred domination effect is included in the control strategy in view of
the impossibility of the bounded term s, to dominate the referred unbounded residual
term when this generates force/torque values beyond the limits of the SD-type control
term. The motion error damping term Fg thus proves —in the third stage of the
proof— to be useful to render the uniform asymptotic stability of the closed-loop trivial
solution (g(t) = 0,,) global. Locally, sy actually suffices to provide damping enough to
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guarantee the finite-time/exponential tracking. Indeed, suppose that the last inequality
in Assumption 3.3 (Bg, < fm/kc) is omitted, permitting further that F' > 0; observe
that this includes the naturally undamped case F' = 0. One sees that if d > 0 then
(3.78) holds on Rxo x By, . % By, ;. with 77 = kakj;, and consequently, the fourth

stage of the proof holds, while if d < 0 then (3.78) holds on Rx x B} Jhans % By gy, With

7 = kok52, +d(ba/kanr)' 2 and consequently, for suitable control parameters (for instance,
sufficiently high control gains K5) such that 7 > 0, i.c., kokS2 kayt® > (ke Bay — fum)by ™
(or even kokS2 kot > ko Bauby ™ > (ko Baw — fm)by ), the fourth stage of the proof
holds as well. A

3.4 Robustness problem

This approach departs from the control law (3.70) proposed in the last section and the
consideration of the realistic bounded-input case, where the absolute value of each input 7;
is constrained to be smaller than a given saturation bound T;, i.e., |7;| < T;, 1 =1,...,n.
Additionally, an input-matching perturbation term, ¢ = (¢, ¢, ¢), is taken into account.
More precisely, letting u; represent the control variable (controller output) relative to
the i*® degree of freedom, we have that

7, = T} sat (“;f Q") (3.100)

)

Further assumptions are stated.

Assumption 3.4. The perturbation term o = o(t,q,q) is bounded, i.e., ||o(t,q,q)||
0, Y(t,q,q) € Rsg x R™ x R", for some known value 0 > 0, or equivalently |o;(t,q, q)|
0i, V(t,q,4) € Roog x R" x R", i =1,...,n, for known bound values p; > 0.

<
<

Assumption 3.5. T, > B, + 0;, Vi € {1,...,n}.
Furthermore, Assumption 3.2 holds and Assumption 3.3 is modified as follows.

Assumption 3.6. ¢;(t) € C*(Rs0;R") such that ||Ga(t)|| < B and ||Ga(t)|] <
By, Yt > 0, for sufficiently small (positive) bound values Bg, and By, such that
tin; Baa + ke, B3, + | Fj||Baw < Tj — By; — 05, Vj € {1,...,n}, and d £ f,, — ke Ba, > 0.

Under the consideration of Assumption 3.6, the considered control scheme guarantees
the tracking objective for any initial condition, under the absence of perturbation, and
avoids input saturation in both analytical contexts of Section 3.3 and this section. In
addition to the characteristics stated in Section 3.3, the involved 05,7 = 1,2, j =1,...,n,
functions in (3.70) satisfy

B; = sup {Ulj(ﬁ) + 02j(§2)| <Tj — pirg; Baa — ijij — | Fjll Bav — Bg; — ¢; (3.101)

(s1,52)€R?

In the absence of the perturbation term, i.e., with o(t, ¢,q) = 0,, (or equivalently,
0 = 0) Proposition 3.9, stated in Section 3.3, holds.
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The following result is stated and proven considering the presence of perturbation,
i.e., 0(t,q,q) # 0p, V(t,q,q4) € Rsg x R* x R™.

Proposition 3.10. Consider system (3.68), (3.100) in closed loop with the control
law in (3.70), under the stated design requirements with o0 > 0 (or equivalently
0, > 0,7 =1,...,n). Thus, for any (to,q(t0),q(to)) € Rso x R" x R™, we have
I7;(t)] = |u;(t)] < T;, YVt >t > 0, j = 1,...,n, and, for a sufficiently small o,

the close-loop solutions (q,q)(t) are uniformly ultimately bounded with ultimate bound
wo(8/w1)\ ), i.e., such that

I@ &))< o (ﬁ)y(‘“)

w1

Vt > to+ T, for some wy, w; € (0,00), T € [0,00), and Y(ay) > 1, Va; € (0,1], with
’_}/(CLl):l <~ alzl.

Proof. The proof is divided into five stages. The first stage shows that input saturation
is avoided and obtains the consequent closed-loop dynamics in the tracking error variable
space. In the second stage, the Lyapunov function candidate V' is presented and the
expressions of its derivative along the closed-loop system V' and a suitable time-invariant
upper bound are obtained. The third and fourth sections develop an analysis of V' and
V in and out from a suitable origin-centered ball, respectively. Based on these results,
the fifth section develops the conclusion of the proof.

1st stage: input saturation avoidance and closed-loop dynamics. Observe that —
for every j € {1,...,n}— by Assumptions 1.1-1.3, 3.2, and 3.4, in addition to the
satisfaction of (3.101), we have that, for any (¢,q,¢) € Rso x R” x R™:

5 (t,,4) + 5t 0. D) < o1y (k1) + 0 (kayi)| + 1 @ a4+ 1€y da) (o)
+ 15l ga(O1 + g5 ()] + 25t ¢, )]
< Bj + i Baa + ke By, + I1Fjl| Bav + By; + 0 < T
From this and (3.100), one sees that T; > |u;(t,q,4) + 0;(t,¢,4)| = |u; + 0| =

I7;], V(t,q,4) € Rso x R™ x R", which shows that, under the proposed scheme, the
input saturation values, Tj, are never reached. Thus, the closed-loop dynamics becomes

H(q)q+ C(g.4)q + C(g, 4a(1)q + Fq = —s1(K17) — s2(K>q) + 0(t, ¢, 4)  (3.102)

where Property 1.2.3 has been used.
2nd stage: the Lyapunov function candidate and its derivative along the closed-loop
trajectories. Let

V(t.4,d) = 54" H(@+qa())d + / s1(Kiz)dz +ep' () H(G+qa(t))g  (3.103)

On
with foqn sT(K,z)dz as defined in Eq. (3.74), € a positive constant, and p(q) = h(q)q (as
defined in Section 3.3) is a continuously differentiable function satisfying Eqgs. (3.81)—
(3.82) and holding all the properties stated in Remarks 3.15-3.17. We will show that, for
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a small enough value of €, V/(t,q,q) in (3.103) is a suitable Lyapunov function candidate
through which the proof will be completed; in particular, this will be proven with

£ < g9 = min{ey, €9, €3, €4} (3.104a)
where B .

k1m 2Kk1 kT k o m
e — K1 17 < R1R1m, ( 1M) . Eg = “_ (3'104]@)

UaT1 (I+a)pum \ b s

k(1 4+ 1/a1 R

g =—10o |2 im a @) ey = ——TIm (3.104c)

CRakS3 a0 dckokyy, 2k1 kY 01 + 05

with klm = Hlil’lj{klj}, klM = man{klj}, lglm = min{l,klm}, 771 = max{l,bl//ﬁM}, C

given in (3.87a),
[ kak32 (b \T d
i mln{ 5 <k52 > (3.105)

d as defined in Assumption 3.6, while v; and vy are as defined in Eq. (3.87b). With such
a goal in mind, let us begin by noting, from (3.103) that, by Property 1.1, Assumption
1.1, and Lemmas 2.7-2.8:

K1k, MM | = _ 4
H 71+ = 51( 7)) —epmllp@Igl < V (¢, q,¢) < S 11G11° +Fik$hnS1 (@) +eparllp(@ N 4]
1+4+a 2

where S1(q) = So(q; a1, b1/k1n). Further, from Young’s inequality (with ¢ = = 2) and
Remark 3.17, we have that

@il < 3@+ 1310 < 3] (1) s + i

and consequently

where, for every ¢ € {1,2}:
WG, q) = perS1(q) + pel|dl|? (3.106b)
with
_ Kkl  epn (b o _ Hm — Epu
P11 1+ ay 5 Kt y P12 —2
€ by \' 1+¢
po1 = Rik{ym + l;M <k_1) y D22 = %
1M

Furthermore, from expressions (3.104), one may corroborate that ¢ < g <
min{e;, g5} = min{piy,pia} > 0. From this, Wi(q,q) is concluded to be positive
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definite and radially unbounded, while it is obvious that W5(q, ¢) has the same properties
too. Thus, V(t,q,q) is concluded to be positive definite, radially unbounded and
decrescent. Its derivative along the closed-loop system trajectories is obtained as

Vit.0d) = @i+ i B+ ST+ = (S@a) i
+ep(@)" H(q,d)d +ep(@)" H(q)d
(

=—q"[C(q,4)q+ C(q, 4a(t))q + FG + s1(K17) + s52(K>q) — 0(t, 7, §)]

1. N NP ap, . .
+ §§TH(q, Q)+ s1 (K1) + €QTH(Q)8—Z(Q)Q
+ep(q)"[C(g,q) + C" (g, q)

[ 1q
—ep(@)"[C(q,9)q + C(q,4a(t)d + Fg + s1(K1q) + s2(K24) — o(t, @, q)]
= —q"52(K29) — " C(q,4a(1))d — " Fg+ q" o(t,7,.9) — ep” (9)C(q, 4a(t))q

—ep" (QFG— ep" (D)s1(K1q) — ep™ (@) s2(K2q) + p” (7)o(t. 4, )

T e Clg, D)p(@) + e Clar dalt)) pl@) + am@g—gm

where H (q)q has been replaced by its equivalent expression from the closed-loop dynamics
(3.102) and Properties 1.2.1-1.2.3 have been used. At this point, it is important to
note (for its subsequent use in the analysis) that, from expressions (3.104), one may
corroborate that ¢ < gp < g3 = v, < yu, With

a ECRoka3 g R, 2 (/ﬂkfrln(l"'al))l/al (3.107)

T T 45/%2 kg]QM

We proceed to analyze the terms of V (¢, q, q).

First, second and third terms. From Lemma 2.7, we have that —g%sy(K»q) <
—Iigk? SQ( ) where SQ(C]) = So((j, asg, bg/k?gM), k’gm = Hlinj{kgj} and k?QM = man{ij},
and consequently, under the additional consideration of Property 1.2.4 as well as
Assumptions 1.2, 3.2 and 3.6 (recalling that d = f,,, — k¢ B, > 0), we get:

—G"55(K2q) — 4" C(q,4a(1))q — 4" F§ < —roks2,Sa(q) — d|dl* < —mldlI* — mellg] '+

1—as
with 7, as defined in Eq. (3.105) and 7, = mln{ 2’;2’2” d( L2 ) } The right-most

kanr

inequality is corroborated by observing that for all ||| < by/kops, we have that

Koks2,S5(q) + d||gl]* > roks2,S2(q) = Kaks?, |lg||t 2
/ﬁlzk‘ m a KQk’afn b2 a2l -
> =g e + =2 — 4l)?
2 2 kam
> mollqll 2 + mlgl|®
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and for all ||g| > by/kops that

by

1—as
) 2l

" d d
a5 Su(0) + P = dll = 1+ 5
Fourth and ninth terms. From Assumption 3.4, we have that

g o(t,q,q) +ep" (Do(t,q,q9) < alldl| + ollp(q) ||

Fifth, sixth, tenth, eleventh and twelveth terms. From Assumptions 1.1, 1.2, 3.2, and
3.6, the properties of p (through inequality (3.81)), Remarks 3.16-3.17, and Eq. (3.87b),
we get:

—ep" (@)C(q,d4a(t))d — ep” (@ FG + 4" Cla,)p(@) + 4" C (g, 4a(t))p(@) + €éTH(q)gg(q)é

< 2¢kcBallp(@I|Gll + efarllp(@ |l
kcby
k1

< evs [ (@S1(@)] " d]l + v 1G]

+e—[1al® +epnr |11

Seventh therm. From the definition of p and Lemma 2.7 we get:

—ep(@)s1(K1q) = —hi ()G s1(K1) < —erik$ 7 (7)S1()

FEighth term. From Hoélder and Young’s inequalities (both with ¢ = 1+ a; and
1 = 2/as), the definition of sy, Remarks 1.1, 2.13 and 3.17, and the consideration of
a positive constant v € (v, yar) (recall (3.107)), we have (recalling Eqgs. (3.71) and
(3.87a)) that

—ep” (q)s2(K20) < g|p" (7)52(FK20)| < el|p(D)]1-4a1 |52(K20) [|2/a < CRa|lp(q) ||| K2 *

< 85:‘?&2/€ng (7a2/2 [hl((j)Sl((j)} 1/(1+a1)> < —a2/2Hq||a2)

o comgar (T vy 02 1y
< corahfhy (1o @51 + 2yl

Thus, from the expressions obtained above, we get

EéRQng]Qwag’}/il

W i + <ol )51 ()]

xmﬁas—h—w_
L Rk M o ean
— 6(%1161%1 - IZ—M) hi(7)51(q) — moll@|'t* + eallp(a) || + 2|4l
+ aq
which may be rewritten as

V(t.q.4) < —Ws(q.9) + War(q) + Waa(q) (3.108)
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where

_ 12\ T _ \11/2
Walg.) = & ([hl(qwj(q” ) Q <[h1(Q)Sj<q” ) b b (@:(0) + T2 )2
2 4] llall 2
Wa@) = - m,9)5,(3) +<2llo(@)
Wan(@) = — 61+ + a4l
with

ai S az al
_— Hll;’:lm B Cﬁilfiﬂé? o By — eTRAES gy
Furthermore, from (3.107), one corroborates that v, < v < ym = kmp > 0 and
kmo > 0, and from expressions (3.104) that € < eg < &4 = Q > 0, whence W3(q, q) is
concluded to be positive definite.
rd stage: analysis on ||(7,¢")T|| < r £ bi/kiy. Letting z = (g%, ¢")” and noting
that ||z]] <r = max{]||q||, |7]]} < r, we have, from Eqs. (3.106), that on B2":

Wi(x) = pullgl™™ + prlldl® = pur®all® + pillgl?

. o ) (3.110a)
> min{pur® ", pio}z]* > anlzl* £ ai(||z]))

with a; = min{ k1 ki /71 — Efar, fom — epiar /2 [> 0 <= € < g9 < min{ey, e5}] (recall that
kim = min{1, ky,,} and 71 = max{1,b;/kip}), and

Wa(x) = par ||l + po2l|ql® < parllgl]' ™ + paor'~*||g]|

< (P21 + paor' ™) x| < @olf2]]T £ an((|2]))
(3.110b)

with Qg = /%1];?1]\/[71 + (5 + 1/2)/11\/[771, ]2'1]\/[ = max{l, klM}

On the other hand, we have that Wys(q) = Wsa(||¢]|]) and —Dby considering the
definition of Sy as well as the properties of p and hy (basically (3.81) and Remark 3.15)—
on B : Wy (q) < Wi1(]|ql]), with —for every ¢ € {1,2}— W5, defined on Rx as

Wse(s) = —pns T + Pras (3.111)

where

N ek1kyl ham\2=¢ ,_ N s
P = (%) st pr=¢"

with Ay, as defined in Section 3.3. Further, with
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_ 1/ag — 1/ag

So¢ £ ¢ Sel, o = ¢
(/ilk hlm/4)2 ¢ Z ! ’ ¢ (/ﬁ?lk hlm/4)2 —¢ (1 -+ ag)
and
N S
@y = Wise(See, 5) = Set,5 - 1T a >0

a simple analysis shows that:

o Wsi(sor) = Wie(0) =0 = dg £(Set, 5);

° ddﬂf‘z@) >0,V0<¢<qy, and ddﬂf‘g@) <0, V$ > G 5
o Wsi(s) <y, Vs >0

o Wii(s) >0, V0 <¢<gy and Wss) <0, Vs> gy; and

° W5e(§) — —00 as ¢ — o0

i.e., Ws, has a global maximum at ¢, ; —with maximum value w,— and it is strictly
decreasing thereafter, taking —all— negative values (exclusively) from ¢y on. Hence,
there exists ¢.¢ > go¢ such that

Wiae(s) < =gy V< > Gy

or equivalently, there is 6, > 1, such that

Wie(s) < =gy Vs > 0iSor = Sue

Thus, by noting that ||z| > [¢2 + ¢2]'/? implies that ||7]| > <., V|q] < 6o, and
1]l > <u2, V|||l < 641, we have —with 0y, = max{6;, 05} that for all

2]l > po £ Onrlsgy + §§2]1/2 > [¢h + 5]
either ||| > <1 and consequently

Ws1(q) + Waa(q) < Wsi(q) + w2 <0

or |||l €1 = ||g|| > <2 and consequently

Wi51(q) + Waa(q) < w1 + Waa(q) <0

[or analogously, either [|¢] > o = Wsi(q) + Wsa(q) < @1 + Wg,z(é) < 0, or
17l < G2 = [ldl] = ¢ = W51(@) + Ws2(q) < Wa1(q) + @2 < 0], i

z]| > po = Ws1(q) + Wsa(q) <0

Thus, for a sufficiently small value of g, such that (recalling expressions (3.110))
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a2

~- 2\ 1ta
< 2a min{(o‘ir ) " 1} (3.112)

(%)

with

(%]

1 Kimhim
£ N min{mTl, 772} (3.113)
M

Ny = min{kokam, dia}/2, kopm = min{1, kon}, 7o = min{1, by/kops}, which implies

_ 1/a2 _ 9 ﬁ
pl (ﬁ) <min{(alr ) ,1} (3.114)
(2%} Q9

1

< (aﬁ) " o () (3.115)

and consequently

Qo

and (recalling that 6y, = max{6,,6>} > min{6,,6,} > 1)

0 0 0 0
maxs ————, — 0 < — = — < — <1 3.116
{ /flk'(frlnhlm/4 Up) } mln{l‘ilk1mh1m/4, 772} w1 ( )

we have that

min{mlki”;nhlm/zl, 772} min{ﬁlktllrlnhIM/éLv 2

o 2/as _ Ja271/2
>0 —_——
20| (i) < (2)

o 2/ay1 2/azq1/2
oo l(— 2 _
B M{(fﬁlk‘fﬁnhlm/‘l) +( ) } o

= Wa(q) + Waa(q) < Wsi(llgll) + Wsa([lg]) <0

AL

S |

and consequently (recalling (3.108))

V(t,z) < —Ws(z), VY(t,x) € Rog x {p < ||z]| <r}
4th stage: analysis on H(QT ch)TH > 2 by /.

In this stage, we consider two possible cases.

1) |lgll < 7. In this case we recover the expressions of the 3rd stage, i.e.,
Wy < Wi, £ = 1,2, with W5, given in Eq. (3.111). Thus, through an analog
analysis, we get that for a sufficiently small value of p, satisfying (3.112) which
implies (3.114) and consequently (3.115) and (3.116), we have that

2l =7 > p=p = War(q) + Waa(q) < Wa(llgl]) + Wsa(llg]l) < 0
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and consequently

V(t,z) < =Ws(@), V() €Roox {ll(g" )" 27 7] <7}

2) ||gl > r. While Wy, keeps the same expression as in the previous case, i.e.,
Wi2(q) = Wsa(]|gl]), by considering the definition of S; as well as the properties of
p (basically (3.81)), we have that, in this case:

(@) =~ (2558 (o) (22 ) el +ealota

—Es (;—M) - | Io@l £ War(@

Hence, for a sufficiently small value of g, such that

N LAY
Q<QO_( 4 )(k’lM)

we have that Wg; in Eq. (3.117) is negative. Moreover, with g < go:

(3.117)

a0 e a0
(I+ay) 2% (1+a)

Waa(llall) < @2 = sz, -

and, since (by (3.82))
Dgllp(g)|l = [h((j; bi/kin) + Dah(q; bl/klM)] Igll >0

Vg # 0, (i.e., p(q) is increasing in any radial direction), we have (recalling (3.81)
and (3.86)) that

: ~ : _ himb
inf [p(q)l| = inf p@)ll= ="

llgll>r ll=b1 /K10 kin

_ /ilkil}n by “ _| himbr
Wi (q) < —e| ((222m ) (2L} —
61(7) < 5[( 1 ><k1M> 0 Fiar

and consequently

whence

Wi (q) + Wae(q) = Wer(q) + Waz(llql)
5020 by k1ki, by \“
9 _ h m m _
T+a (/ﬁM)[ 4 (klM) ¢
a 14a1
Se2, 02 5h1mbl:| _ </“31k171n>( by )
= + — €him, —
l 1+ as k1y ¢ ! 4 Fine
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Hence, for a sufficiently small value of g, such that

ehym (K1 kT /4)(by /kyar) e
RN T WL (VLA e
Se2, 5002/ (1 + a2) + €himby /K1

we have that Wy (7) + Wia(g) < 0 and consequently

V(t,z) < =Ws(z), V(tz) €Rxo x {I(@ )"l =7 llgll > r}

5th stage: uniform ultimate boundedness and ultimate bound.
From the results obtained in the 3rd and 4th stages above, we have that, for a sufficiently
small value of g, such that 0 < min{g;, 02}:

Vt,z) < —Wis(x)

V(t,z) € Rso x {||z]| > pn}, with V(¢,2) being a continuously differentiable, (globally)
positive definite, decrescent and radially unbounded function such that

ar([lz]) < V(t,x) < as(|z]])

V(t,x) € Rso x B?", with ay € K, ¢ = 1,2, defined through expressions (3.110)
and 7 > oy (as(p)), and consequently, by Corollary 2.1, we conclude that, for any
(to, 7o) € Rsp x R?", the closed-loop solutions x(t;t, zo) are uniformly ultimately
bounded, with ultimate bound a; (s (i), i.e., such that

o 7(a1)
e (t: to, 20) | < o (—)
(%]

Vt >ty + T for some T € [0,00), with @y = (@s/a1)"/?, @, as defined in Eq. (3.113),
and

1—|—CL1 (1+a1)2

,Y(al) B 2&2 B 4&1
whence one gets that
dy a? —1
=7 — <0
da, (@) 4a? —
Va; € (0,1}, with %(al) =0 <= a; = 1, and consequently ¥(a;) > 7(1) =1, Va; €
(0,1], with ¥(a1) =1 <= a; = 1. |

Remark 3.19. Observe that since J(a;) > 1, Va; € (0,1), and 4(1) = 1, and (in
accordance to (3.116)) p/w; < 1, the ultimate bound of the closed-loop responses
obtained through finite-time controllers from the considered control scheme is lower than
that gotten with their analog exponential tracking algorithms. Thus, for sufficiently small
perturbation terms acting on the system, the finite-time controllers give rise to lower
post-transient errors, confirming a robustness type aspect where they show superiority
over their analog exponential tracking algorithms.
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Remark 3.20. It is further worth to note that, in view of its sufficient character, the
developed result actually shows that there is ¢* > min{g;, 02} such that, for o < g,
Proposition 3.10 holds, but for values of g higher than o*, ultimate boundedness could
either cease to hold or keep holding but with lower ultimate bounds in the exponential
tracking case.
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CHAPTER 4

Simulation results

Throughout this chapter, numerical implementations are presented in order to show
the performance achieved by the proposed controllers. With this goal in mind, the
dynamical models of different robot manipulators, described in section 1.5, are taken
into account. The simulation results are shown in accordance to the sections described
in Chapter 3, and are mainly focused on showing the finite-time control implementations
and to compare them with the analog exponential controller tests. Among the comparison
purposes are the observation of the convergence differences, and the corroboration of the
so-cited argument claiming that finite-time controllers achieve faster stabilization than
asymptotic ones. Let us note that through the incorporation of exponential controller
implementations in the comparison, the fastest and more desirable type of asymptotic
stabilization is being considered. For the application of the controllers proposed in
Chapter 3 the following functions are defined:

ou(s; 8, a) = sign(s) max{||’, alc|} (4.1a)

own(s; B, a, M) = sign(s) min{|o.(s; B, a)|, M} (4.1b)
ulS; P, if <L

obs(s; 8,a, M, L) = {0 (< 6,a) iflel < (4.1¢)
sign(¢)oy,(s]; 8,a, M, L) if|s| > L

where

oy (s; 8,a, M, L) = 0,(L; 8,a) + (M — 0,(L; 8, a)) tanh (au(g;ﬁ,a) — au(L;ﬁ,a))

M - Uu(‘L;BJa)

for constants 5 > 0, a € {0,1}, M > 0, and L > 0 such that o,(L; 5,a) < M. Examples
of these functions are shown in Figure 4.1.

All the simulation results were obtained through the block-based environment Simulink
of Matlab considering the Runge-Kutta integration method with a fixed-step size of
1x 1073
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Figure 4.1: Examples of o,(s; 3, a), ow(s; B, a, M) and ops(s; B, a, M, L).

4.1 Regulation with on-line conservative force com-
pensation

4.1.1 State-feedback control scheme

The tests of the control scheme proposed in (3.3) were run under the consideration
of the model of the 2-DOF robot manipulator described in Subsection 1.5.1 and the
functions defined through Eqgs. (4.1), particularly —for every j = 1,2— those involved
in the implementations were taken as

00;(S) = 0bs(; Bo, aoj, Moj, Loj) (4.2a)

04i(<) = 0u(s; Bi, aij) 1=1,2 (4.2b)

Following the statement in Corollary 3.1, we fixed v = 3/2, 5 = 1/3, B2 = 1/2
and [y = 1 for the finite-time control implementations, and v = 8, = 8, = Sy = 1 for
the exponential stabilization tests. Observe, from the definition of oy; through (4.2a),
that B; = My;, j = 1,2 (see (3.4) in Section 3.1). Thus, by fixing My = 100 and
Mps = 13 [N m], the inequalities from expression (3.4) are satisfied, additionally, we
fixed Lo; = 0.9 My;, 7 = 1,2. All the implementations of the considered control scheme
were coded taking the desired configuration at

Gq = ( ) [rad]
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and initial conditions as ¢(0) = ¢(0) = 0. In order to compare the tests, for every
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Figure 4.2: Results with a;; = 0, Vi € {0,1,2}, Vj € {1,2}, K1 = K, =
diag[1, 1] N m/rad: position errors (1), control signals ({), and ||z(¢)|| (—). Comparison
between finite-time and exponential convergence, state-feedback scheme.

closed-loop response, we got (from the simulation data) the p-stabilization time i3,
defined as 5 £ inf{t, > 0: lz(t)[| < p Vt >t,}, where z £ (77, ¢")".

Figure 4.2 shows the results obtained taking, for every j = 1,2 : a;; = 0, Vi €
{0,1,2}, Ky = K, = diag[l, 1] N m/rad. Observe that there exists a considerable
difference among the concerned types of convergence; on the one hand, the responses
(in the error variables) obtained through the finite-time stabilizer reach the control
objective in less than 10 seconds without any change thereafter; on the other hand,
the responses obtained from the exponential controller show important oscillations
during the transient, for about 20 seconds. Thus, faster responses are obtained from
the finite-time controller, which is clearly observed through the graph of ||z(¢)|| and
corroborated from p-stabilization times, determined for p = 0.01 as ¢j, = 8.31s
for the finite-time control implementation and ¢}, = 21.61 s for the exponential
stabilization test. Further simulations were obtained by adjusting the control gain values
to K = K, = diag[10, 10] N m/rad, and keeping a;; = 0, Vi € {0,1,2}, Vj € {1,2}.
The results in Figure 4.3 show that, contrarily to the previous test, the exponential
stabilizer gives rise to faster closed-loop reactions (transient responses with shorter rise
times). This is confirmed through the p-stabilization time estimations, obtained for
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Figure 4.3: Results with a;; = 0, Vi € {0,1,2}, Vj € {1,2}, K; = K, =
diag[10, 10] N m/rad: position errors (1), control signals (), and |z(¢)|| (—).

Comparison between finite-time and exponential convergence, state-feedback scheme.

p =0.01 as tj,; = 6.55 s for the finite-time control implementation and {4, = 5.35 s for
the exponential stabilization test. The differences among the results depicted in Figure
4.2 in contrast to those in Figure 4.3 arise from the characteristics of each controller.
While the exponential stabilizers remain Lipschitz-continuous, the finite-time controllers
loose Lipschitz-continuity at the origin. For instance, the oy;, 7,7 = 1,2, functions
of the implemented algorithm keep a unitary slope around zero in the exponential
stabilization case while they adopt a vertical slope at zero for the finite-time controller.
Consequently, in the finite-time control case, there is a region around zero where each one
of the corresponding control force components is magnified by an additional (nonlinear)
gain induced by the involved functions (see, for instance, Figure 4.1). In the case of
the implemented finite-time stabilizer, by denoting ¢;;, 7, j = 1,2, the corresponding
arguments of o;;, such a region is characterized as {|g;| < 1, 4,7 = 1,2} £ Dy Outside
this region, the involved functions have a reductive effect on their arguments in the
finite-time control case, as may be corroborated, for instance, through Figure 4.1. Thus,
when the closed-loop trajectories are such that the arguments of the involved functions,
Gij, remain most of the time within the referred region, D), the corresponding (P
and D type) control force components act with higher intensity in the finite-time case,
forcing the resulting trajectories to attain any neighborhood of the origin faster. On the
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contrary, when the closed-loop trajectories spend most of the transient time outside such
a region, D)y, slower (transient) reactions take place through the finite-time controller.
Figures 4.4 and 4.5 show the variation of the arguments of the functions oy, 7,5 = 1, 2,
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Figure 4.4: Variation of the arguments of 0;j, 7, 7 = 1,2 within the region D, obtained
from the implementations with K; = K, = diag[l, 1] N m/rad. This explains the quicker
convergence of the finite-time controller.

obtained from both implementations. One sees that with unitary gains (Figure 4.4),
such arguments remained most of the time within the referred region, D), explaining
the quicker convergence of the trajectories obtained with the finite-time controller (error-
variable responses of Figure 4.2). On the contrary, with the higher gains (Figure 4.5),
the referred arguments remained most of the transient time outside Dj;, which explains
the faster (transient) reaction of the trajectories obtained with the exponential controller.
This explains the contrasting differences among the (error-variable) responses shown in
Figure 4.2 and those shown in 4.3.

Nevertheless, further p-stabilization times obtained in this latter case for p = 0.001
(resp. p = 0.0001) gave t§ o, = 7-17s (resp. t§ 40, = 7.37s) for the finite-time controller
and t§ g, = 7.63s (resp. {0 = 9.91s) for the exponential stabilizer, which seems to
show that closed-loop trajectories finish up by converging quicker to zero as a result
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Figure 4.5: Variation of the arguments of o5, 7,7 = 1,2, about region D), obtained
from the implementations with K; = K, = diag[10, 10] N m/rad. This explains the
quicker convergence of the exponential controller.

of finite-time control, (see the graph of ||z(¢)|| in Figure 4.3). This results from the
finite-time convergence, which forces the trajectories to exactly reach the equilibrium
at the settling (finite) time, contrarily to the asymptotic infinite-time attraction, which
implies (divergently) longer time intervals to get to smaller neighborhoods of the origin.
However, from a practical viewpoint, p-stabilization times estimated for p = 0.01 could
be enough to determine that closed-loop trajectories practically reached the equilibrium,
giving rise to the possibility to have closed-loop implementations where exponential
stabilizers be considered to (practically) achieve stabilization faster than finite-time
controllers.

Further simulations with alternative selections on the involved functions (the P- and
D-type actions) were performed. For instance, by keeping the control gain combinations
already tested (K = K, = diag[10, 10]), but this time taking a;; = 1,Vi € {0,1,2},Vj €
{1,2}, the results shown in Figure 4.6 are obtained. Observe that, the trajectories
obtained with the finite-time controller are close to those obtained with the exponential
stabilizer (which remained identical). This is not surprising since, the arguments of the
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Figure 4.6: Results with a;; = 1, Vi € {0,1,2}, Vj € {1,2}, K; = K, = 10 N m/rad:
position errors (1),control signals ({), and ||z(¢)|| (—). Comparison between finite-time
and exponential convergence, state-feedback scheme.

involved functions remained, most of the transient time, outside D), (where the P and
D action-related functions keep the same form for both stabilizers). The p-stabilization
time for p = 0.01 gave t§,, = 4.77 s for the finite-time controller —against ¢, = 5.35s
for the exponential stabilizer— showing that, contrarily to the corresponding precedent
case, this time, the finite-time controller may indeed be concluded to achieve faster
convergence through practical criteria (and not just in view of its finite-time nature). It
is worth emphasizing that such a way to ensure faster stabilization —as well as input
saturation avoidance— through finite-time control was achieved, thanks to the design
flexibility permitted within the framework of local homogeneity, which allows to involve
functions that are not forced to keep the homogeneity property globally but may rather
adopt suitable changes.

4.1.2 Output-feedback control scheme

The tests in this subsection involve the proposed control scheme in (3.13)-(3.14). For
implementation purposes the following functions are considered (based on Egs. (4.1)),
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for every j = 1,2,

Uij(() = 0bh(§;ﬁz’>aij7Mi‘) 1=1,2 (4.3a)
U3j(§) = Uu(§;53j7a3j) (4'3b)

Let us note that through these definitions we have B; = My, + My;, j = 1,2 (see (3.15)).
Thus, by fixing My, = My, = 50 and My = Mss = 6.4, the inequalities from expression
(3.15) are satisfied. The implementations were run taking the desired configuration at

qa = ( ) [rad]

and initial conditions as ¢(0) = ¢(0) = 9.(0) = 0,.

[T RN
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Figure 4.7: Finite-time vs exponential stabilization, output-feedback scheme: position
errors (1), control signals ({), and ||z(t)]| (—=).

Following the design procedure in accordance to Corollary 3.2, we present a test where
the aim is to corroborate the convergence difference among the closed-loop trajectories
obtained with the proposed finite-time controller, taking 51 = f2 = 1/2 and (3 = 3/4,
and the analog exponential stabilizer, i.e., with §; = 55 = 3 = 1. For this test we took
a;; =0, 1=1,2,3, 7 =1,2. As a performance index recall the p-stabilization time, as
defined in the previous subsection, but this time with = £ (g7 ¢* 97)”.

94



Figure 4.7 shows the results obtained taking K; = K, = diag[10, 1], A = diag[30, 15]
and B = diag[60, 20]. One sees that the stabilization objective was achieved by both
controllers avoiding input saturation. Moreover, the contrast among the different types of
trajectory convergence in accordance to the corresponding controller nature, is clear from
the graphs. In particular, one sees that, with the finite-time controller, the position errors,
and actually the (norm of the) whole state vector in the extended state space, converge to
zero in less than 5 s, remaining invariant thereafter. The exponential controller, instead,
generated asymptotically convergent closed-loop trajectories with longer stabilization
time. In terms of the p-stabilization time for p = 0.01, we obtained ¢j,, = 8.27 s for the
exponential controller vs ¢, = 2.7 s for the finite-time stabilizer. Let us note that, in
view of the different types of trajectory convergence, whatever the control parameter
tuning be, there will always be a sufficiently small value p* such that ¢7 is smaller in
the finite-time controller case for all p < p*. The control gain tuning was fixed so as to
render such a convergence difference visibly clear from the graphs.

4.2 Regulation with desired conservative force com-
pensation

4.2.1 State-feedback control scheme

The proposed control scheme in (3.22) was implemented taking into account the
2-DOF robot manipulator described in Section 1.5.1 and the functions defined through
Egs. (4.1). Particularly —for every j = 1, 2— the involved functions were taken as

00;(s) =< (4.4a)

0ij(S) = oun(s; B, aij, Mij) 1=1,2 (4.4Db)

with a;; =0, i = 1,2, j = 1,2. Conditions on their parameters under which (3.24) is
fulfilled are

klj > ]Cg(Qng)(l_'Bl)/Bl (45&)
Mlj > Qng (45b)

(this is shown in Appendix B). The test was run taking the desired configuration at

qa = ( ) [rad]

and initial conditions as ¢(0) = ¢(0) = 0,. Note, from the definition of y; and Corollary
3.3, that fy; = 1 and, consequently, So; = 201;/(1 + p1j), j = 1,2. Thus, we fixed
pf1 = 3/5 and By = 3/4 for the finite-time control implementation, and f; = B2 = 1

SIE N
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for the exponential stabilization test. Note, from the definition of 0y; and o;; through
Eqgs. (4.4), that B; = My; + M,;, j = 1,2. Thus, by fixing My; = 82, M, = 18, and
My = My, = 6, the inequalities from expression (3.23) are satisfied.

Figure 4.8 shows the results obtained taking, for both controllers, K; = diag[754, 96

——finite-time = = exponential

[Nm]

Figure 4.8: Finite-time vs exponential stabilizer, state-feedback control scheme with
desired conservative-force compensation: position errors (1), control signals ({).

and K, = diag[35, 3]. One sees that the proposed scheme achieves both types of
convergence avoiding input saturation, with the closed-loop trajectory arising through
the exponential controller presenting a longer and more important transient. On the
other hand, the finite-time stabilizer shows a more efficient ability to counteract the
inertial effects through control signals with considerably less and lower variations during
the transient.

4.2.2 QOutput-feedback control scheme

The application of the control scheme stated in (3.44)—(3.45) involved the Phantom
haptic device shown in Subsection 1.5.2 and the functions, for every j = 1,2, 3, were
defined as o4;(s) = ow(s; B, aij, Myj), @ = 1,2, and o3;(s) = 04(s; f35,as;), with
a; = 0,1 = 1,2,3, j = 1,2,3. In this case, the conditions on their parameters
under which (3.47) is fulfilled are the same as those shown in (4.5).
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Figure 4.9: Finite-time vs exponential stabilization, output-feedback control scheme with
desired conservative-force compensation: positions errors (1) and control signals ({)

Observe, from the involved functions, that B; = My; + Ms;, j = 1,2,3. Thus,
by fixing M;; = 0.4, i = 1,2, j = 1,2,3, the inequalities from expressions (3.46) and
(4.5b) have been simultaneously satisfied. The rest of the control gain/parameter values
were chosen taking care that the design requirements were always satisfied. All the
implementations were run taking the desired configuration at

Ga = [rad]

ol Al oy

and initial conditions: ¢(0) = ¢(0) = (0 0)T.

The test aim is to focus on the performance of the finite-time stabilization in contrast
to analog exponential regulation implementations. Figure 4.9 shows results obtained
taking 81 = o = 1/2 and 3 = 3/4, for the finite-time controller, while f; = 5 = 3 =1
for the exponential stabilizer, and the remaining control gain/parameters were taken, for
both (finite-time and exponential) controllers, as: K; = diag[l, 1, 1] (satisfying (4.5a)),
K, = diag[0.3, 0.2, 0.1], A = diag[40, 40, 40], and B = diag[5, 5, 5|. One sees that both
tested controllers achieved the regulation objective avoiding input saturation and with
the corresponding types of trajectory convergence. In particular, while the finite-time

(e}
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convergence trajectories attain the desired position fast enough and remain thereafter,
the exponentially convergent responses keep on oscillating entailing a longer practical
stabilization.

4.2.3 Desired versus on-line conservative-force compensation

Figure 4.10: State-feedback controller tests, desired (FTq4) vs online (FT,) conservative-
force compensation: position errors (1), control signals ({).

The following tests are focused on the comparison among finite-time control
implementations involving the on-line and desired conservative-force compensation
versions of the control schemes proposed in Sections 3.1 and 3.2, respectively. The
closed-loop responses were compared taking the same control gain/parameter values and
saturating structures but differ only on the type of conservative-force compensation. In
this direction, the finite-time control tests shown in the state-feedback case of Subsection
4.2.1 and those shown in the output-feedback case of Subsection 4.2.2 are repeated here,
by just alternating the referred compensation term. First, we present the state-feedback
control implentations with the 2-DOF robot manipulator considered in Subsection
4.2.1 and the parameter/gain values fixed in such subsection, this in order to compare
the desired conservative force compensation tests already obtained in Subsection 4.2.1
with those that will be obtained by changing the compensation term for the on-line
conservative force. Figure 4.10 shows the comparison among the tested state-feedback
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controllers with FT4 and FT, denoting the finite-time controllers with the desired and on-
line compensation term, respectively. Observe that there are not meaningful differences
among the closed-loop responses during the transient, keeping a similar behavior. Further,
analog tests were run for the output-feedback control schemes. In this case, the 3-DOF
haptic device and the parameter/gain values used in Subsection 4.2.2 are considered.
Figure 4.11 shows the results by comparing the (FT4 versus FT,) responses obtained

[rad]
[rad]

2

[Nm]

Uy

Figure 4.11: Output-feedback controller tests, desired (FT4) vs online (FT,) conservative-
force compensation: position errors (1), control signals ({).

from the output-feedback controllers. Observe that there is a negligible difference among
the closed-loop performances.

From the previous tests and analog results obtained from other implementationts
(not shown here), we observe that the effect on the performance for the implementation
simplification earned by the desired compensation version of the controllers is negligible,
in spite of the open-loop conservative-force term that is left acting on the system.

4.3 'Tracking problem implementations

The proposed scheme (3.70) in Section 3.3 was implemented through the functions
defined in accordance to Eq. (4.1b) with a;; = 0, i.e., 04;(s) = sign(c) min{|s|%, M;;},
i,7 = 1,2, for constants 8; > 0 and M;; > 0. For each ¢ = 1,2, such functions prove to
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be bounded strongly passive functions for (x;, 5;, b;, ki, i, b;), where b; = min{b;, b2},
ki < 1and k; > b; “ max{M;, M;»}, with —for every j =1,2— b;; = Ml-lj/ﬁi. Following
the proposed design procedure, we fixed 3; = 1/2 and fy = 2/3 for the finite-time control
implementation, and ; = 5 = 1 for the exponential tracking test. Let us note that by
the defined functions o;;, we have B; = My; + Ms;, j = 1,2 (see (3.72)). On the other
hand, the simulations were run taking initial conditions at ¢(0) = ¢(0) = 0y, and the
desired trajectory as

—-—-q4(t) —finite-time — — exponential
0.01

[rad|

{1

0.002 ----

Figure 4.12: Results from the tracking implementation, finite-time wvs exponential
convergence: position responses (top), position errors (middle), control signals (bottom),

and ||x(t)]| (right).

Z 4+ sin(t
wl®) = <2 ( ))

7+ cos(t)
for which By, = 1 and By, = 1. From this and the values of the parameters characterizing
Property 1.1, Assumptions 1.1-1.3 and 3.2 for the considered robot manipulator, one
can corroborate that Assumption 3.3 is satisfied too. Moreover, from the considered
desired trajectory, one sees that (3.72) is satisfied provided that My, + My < 104.76
and My + My < 12.7. Hence, for the simulation, we took M;; = M, = 50 and

My, = My, = 6. We also took the p-stabilization time as a performance index, but now
by taking = = (g7 ¢")7.
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Figure 4.12 shows results obtained taking control gains K; = diag[5,5] and
K, = diag[1, 1] for both implemented controllers. The tracking objective is observed
to be achieved avoiding input saturation through the proposed scheme for both the
finite-time and exponential versions. Particularly, one sees that, with the finite-time
controller, the position errors, and actually the (norm of the) whole state vector, converge
to zero in almost 10 s, remaining invariant thereafter. The exponential controller, instead,
generated asymptotically convergent closed-loop trajectories with longer stabilization
time. In terms of the p-stabilization time for p = 0.01, we obtained ¢j,, = 6.62s for
the finite-time controller vs tj,, = 7.64 s for the exponential stabilizer. Further, for
p = 0.001, we obtained j , = 8.32 s for the finite-time controller vs ¢, = 11.60 s for
the exponential stabilizer, which is clearly observed through the graph of ||z(t)]|.

4.4 Robustness problem implementations

——finite-time = = exponential
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Figure 4.13: Test of the tracking control scheme under perturbation, with K; =
diag[10, 10] and K, = diag[l, 1], finite-time wvs exponential convergence: positions
(1), control signals (]), and ||z(¢)|| (—)-

Following what is exposed in Section 3.4, the control scheme defined in (3.70) is
implemented in presence of perturbation. All the simulations were run considering
the 2-DOF robot manipulator and the oy;(-) —for every i = 1,2, j = 1,2—
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functions used in the previous section. Particularly, the functions were defined as
0:;(¢) = sign(¢) min{|s|%, M;;}, and initial conditions at ¢(0) = ¢(0) = 0, including a

perturbation of the form
0.4 cos(t)
oft) = , (4.6)
0.2sin(?)
that satisfies Assumptions 3.4 and 3.5 (with g; = 0.4 and g, = 0.2), and the desired
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Figure 4.14: Test of the tracking control scheme under perturbation, with K; =
diag[100, 100] and K, = diag[1, 1], finite-time vs exponential convergence: positions (1),
control signals ({), and ||z(t)]| (—).

trajectory as

2+ sin(t)

4

T+ cos(t)
(for which By, = 1 and By, = 1), with which Assumption 3.3 is fulfilled too. The
controller was implemented taking £; = 1/2 and 8 = 2/3 for the finite-time controller,
while 5, = [ = 1 for the exponential control algorithm, and M;; = 50, M;, = 6,

i = 1,2, in accordance to the inequality in (3.101) for both (finite-time and exponential)
controllers. The simulations are presented through two tests with different control gain
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values. Figure 4.13 shows the results obtained with K = diag[10, 10] and K, = diag[1, 1],
where, in both cases (finite-time and exponential controllers), the control signals are
observed to avoid input saturation. But in view of the input-matching perturbation
term, post-transient variations are noticed to take place in the position-error closed-loop
responses. Observe that, smaller post-transient variations are observed to arise in the
finite-time controller case [which is more visible through the graph of ||z(¢)]|: variations
of ||z(t)|| take place within a smaller range of values in the finite-time controller case].
Similar observations arose through the test showed in Figure 4.14 where the results were
obtained with K; = diag[100, 100] and K, = diag[1, 1]. The control signals obtained
from both controllers succeed on the input avoidance. Although, post-transient variations
are reduced in both controller responses, those gotten from the finite-time controller are
again observed to be smaller than the post-transient variations obtained through the
exponential case.

Further discussion

——finite-time — — exponential

| 4

0
0 5 10 15 20
t s

Figure 4.15: Simulation of the tracking control scheme under perturbation, with
K, = diag[1000, 1000] and K, = diag[10, 10], finite-time vs exponential convergence:
positions (1), control signals ({), and ||xz()]] (—).

The results presented above show evidence on the ultimate boundedness of the
closed-loop trajectories and the smaller post-transient variation obtained in the finite-
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time controller case (in contrast to the exponential control algorithm case) when the
perturbation bound is sufficiently small under constant (unchanged) control parameters.
Could such a panorama differ under an arbitrary change on the control gain values? For
instance, could a change on the control gain values inverse the smaller post-transient
variation relation among the finite-time and exponential controllers? This could hardly be
analytically investigated through the expressions obtained in the proof of Proposition 3.10
since they involve quantities whose exact dependence on the control gains is unknown,
and (more precisely) an exact expression of the critical value g* —see Remark 3.20—
of the perturbation bound p is unavailable. Thus, we have explored this point through
further simulation tests, that were run reproducing the above considered case, but taking
different control gain values reaching very high orders. The observed results are shown in
Figures 4.15-4.17. Figure 4.15 presents the results obtained with K; = diag[1000, 1000]
and K, = diag[10, 10], Figure 4.16 shows the results obtained with K; = 10* I, and
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Figure 4.16: Simulation of the tracking control scheme under perturbation, with
K, = 10* I, and Ky = 102 I,, finite-time vs exponential convergence: positions (1),
control signals ({), and ||z(t)]| (=).

K5 = 10% I,, and Figure 4.17 displays those obtained with K; = 10° I, and K, = 103 I.
Observe that, all the cases present the same results: post-transient variations were
smaller in the finite-time control case. We conclude from these tests that (arbitrary)
changes in the control gains must entail changes in the critical value o* within a restricted
range, so that for sufficiently small values of g, the result and conclusions obtained in
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Section 3.4 hold, with (certain degree of) immunity to changes on the control gains.

It is worth adding that further tests —in the same simulation context considered in
this subsection— were performed with a perturbation term having a considerably higher
bound p, where, by taking small control gain values, the responses obtained through
the finite-time controller presented smaller post-transient variations than those obtained
from the exponential stabilizer, similarly to the results so far obtained. However, with
higher control gain values such a relation among the responses was inverted. This was
corroborated, for instance, by replacing the previous perturbation term in (4.6), by
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Figure 4.17: Simulation of the tracking control scheme under perturbation, with
K, = 10° I, and K, = 103 I, finite-time vs exponential convergence: positions (7),
control signals ({), and [|z(t)]| (—).

1.4 cos(t)
£ —
0 ( sin(t) )

In particular Figures 4.18 and 4.19 show the results taking K; = K, = diag[l, 1]
and K; = diag[10, 10], K, = diag|[1, 1], respectively, where what we just described is
corroborated. We thus conclude that with high enough perturbation bounds, happening
to be close to their critical value p*, the previously referred immunity to changes on the
control gains could (or would in general) be lost.
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Figure 4.18: Simulation of the tracking control scheme under perturbation, with K; = Ky = Is,
finite-time vs exponential convergence: positions (1), control signals (), and ||z(¢)|| (—).
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CHAPTER 5

Experimental results

The control schemes presented in Chapter 3 were implemented through experimental
tests, whose results are shown throughout the following sections. The mechanical systems
shown in Section 1.5 are considered in order to carry out the tests. The experiments do
not only show finite-time control implementations but also include a comparison among
these and analog exponential stabilization tests. All the tests involve the functions
defined in Chapter 4, through Eqgs. (4.1). The results are shown in accordance to the
sections presented in Chapter 3.

5.1 Regulation with on-line conservative force com-
pensation

5.1.1 State-feedback control scheme

The control scheme proposed in (3.3) was applied on the 2-DOF robot manipulator
described in Subsection 1.5.1, where is it indicated that joint positions are obtained
from incremental encoders located on the motors, which have a resolution of 1,024,000
pulses/rev for the first motor and 655,300 for the second one (accuracy of 0.0069° for both
motors), and the standard backwards difference algorithm is used to obtain the velocity
signals. The setup includes a PC-host computer with an acquisition board (the Multi- Q)
I/O card from Quanser) to get the encoder data and generate reference voltages. The
robot is programmed through WinMechLab [45], which is a general-purpose computer
system for real-time control of mechanisms that runs on a Windows platform based on
C language. The control algorithm is executed at a 2.5 ms sampling period (holding
constant the control signals among the samples). This has proven to be fast enough
to suitably approximate the continuous control signals generated by the implemented
continuous-time scheme. Property 1.1, Assumptions 1.1-1.4 and 3.2 are thus satisfied.
The experiments were run keeping the functions defined in Egs. (4.2), i.e. —for every
J=1,2—, 00;(s) = ous(s; Bo, aoj, Moj, Loj) and o;(s) = 0u(s; Bi, aij), i = 1,2. Observe,
from the definition of oy;, that B; = My;, j = 1,2, (analog to the case mentioned in
Subsection 4.1). Thus, by fixing My = 100 and My = 12 [N m], the inequalities from
expression (3.4) are satisfied, while the constants Lo; were taken as Lo; = 0.9 My;, j = 1, 2.
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All the tests of the considered control scheme were run taking the desired configuration

at
Gq = ( ) [rad]

and initial conditions at ¢(0) = ¢(0) = 0.
Figure 5.1 shows the results obtained (in accordance to Corollary 3.1) with v = 6/5,

wly oy
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Figure 5.1: State-feedback experimental results (on-line approach), finite-time wvs
exponential convergence: position errors (1) and control signals ().

f1 = 1/2, B = 3/5 and fy = 4/3 for the finite-time control implementation, while
v = [y = By = By = 1 for the exponential stabilization test, and the remaining control
gain/parameter values were taken, for both controllers, as K; = diag[500, 78] and
K, = diag[2.5,2.5]. Further parameters were fixed as Lg; = 59.78 and Ly, = 7.58 for
the finite-time controller, and Ly, = 94.17 and Lgy = 9.49 for the exponential stabilizer.
One sees that both controllers present fast responses and their control signals avoid
input saturation. However, there exists a contrast among the two types of trajectory
convergence (finite-time vs exponential): the closed-loop trajectories arising through
the exponential stabilizer were observed to present important oscillations during the
transient, contrarily to those gotten from the finite-time controller. This is also observed
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in the control signals, whence the finite-time controller is concluded to show a more
efficient ability to counteract the inertial effects.

5.1.2 Output-feedback control scheme

The experimental results in this case were obtained from the application of the
proposed control scheme (3.13)—(3.14) on the 3-DOF haptic device described in Subsection
1.5.2, for the implementation of the controller and the communication software was
used the environment Simulink of Matlab and the PhanTorque libraries, more details
can be found in [33].For the considered robot, Property 1.3 and Assumption 1.4 are
satisfied. The considered functions correspond to those defined in Eqgs. (4.3), i.e., for
every j = 1,2,3, 0:;() = ow(s; Bi, aij, Mi;), i = 1,2, and 03;(S) = 04(s; B34, as;), with
a;; = 0,1 =1,2,3, 7 = 1,2,3. Let us note that through these definitions we have
B; = My; + M, j =1,2,3 (see (3.15)). Thus, by fixing M;; =04, i =1,2, j =1,2,3,
the inequalities from expression (3.15) are satisfied. The implementations were run
taking the desired configuration at

qq = [rad]

EYERSERN-NE

and initial conditions: ¢(0) = (—0.00863 0.02467 — 0.01834)7 [rad], ¢(0) = 0s.

Figure 5.2 shows results obtained taking 5, = S = 3/5 and (53 = 4/5, for the finite-
time controller, while 51 = 5 = 3 = 1 for the exponential case. The control gains were
taken for both (finite-time and exponential) controllers as K; = Ky = diag[0.8, 0.8, 0.8]
and the parameters involved in the auxiliary subsystem as A = B = diag[1, 1, 1]. Notice,
from these results, that the responses corresponding to the finite-time controller present
less oscillations during the transient than those obtained from the exponential stabilizer.
Moreover, despite the presence of overshoots in the transient of both controllers, those
shown by the exponential stabilizer are more important (specially in the first and second
link responses). Observe that, regardless of the modelling imprecisions, a considerably
smaller (almost imperceptible) steady-state error is noticed to take place with the finite-
time stabilizer, while a notorious steady-state error is observed to be obtained with
the exponential controller. Although the closed-loop trajectory arising through the
exponential stabilizer was observed to present a more important transient, one sees that
the control signals avoid input saturation in both implementations.

5.2 Regulation with desired conservative force com-
pensation

5.2.1 State-feedback control scheme

The following experimental tests, in addition to the comparison among the finite-time
controller and the analog exponential scheme, will show results focusing on the ability
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Figure 5.2: Output-feedback experimental results (on-line approach), finite-time wvs
exponential convergence: position errors (1) and control signals ().

of the proposed controller in (3.22) to adopt different saturating structures. This is
developed under the consideration of the 2-DOF robot manipulator used in the state-
feedback experiments of Subsection 5.1.1. Thus, Assumptions 1.1-1.3 and 3.1, with
n = 3, are fulfilled too. All the implementations were run taking the desired configuration

at
Gq = ( ) [rad]

and initial conditions as ¢(0) = ¢(0) = 0s.

The involved functions were defined in accordance to Eqs. (4.2) (keeping the
same structure shown in the on-line case), such that —for every j 1,2— 0y;(s) =
Tbs(S; Bo, aoj, Moj, Loj) and 045(<) = 04(s; Bi, aij), i = 1,2, with a;; = 0,1 =0,1,2,j =1, 2.
Conditions on their parameters under which (3.24) is fulfilled are

wly  oln

klj > kg<2ng>(1*5051)/3051 (5.1&)
(see Appendix B); the right-most inequality in (5.1b) actually comes from the

specifications of oy, in (4.1c¢). Observe, from the involved functions, that B; = My;, j =
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1,2 (as stated in previous sections). Hence, (3.23) and (5.1b) simultaneously require
that 2B,; < My; < T; — By;, j = 1,2, which has been fulfilled by fixing My = 100
and My, = 12. The rest of the control gain/parameter values were chosen under the
consideration of inequalities (5.1).

Figure 5.3 shows the results obtained taking #; = 3/5, 52 = 18/25 and fy, = 10/9
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Figure 5.3: Finite-time vs exponential stabilization, state-feedback controller with desired
conservative force compensation: position errors (1) and control signals ().

for the finite-time controller with v = 6/5, while 5; = 2 = 55 = 1 for the exponential
case, and the control gains were taken, for both controllers, as K; = diag[500, 78] and
K, = diag[2.5,2.5]. Further parameters were fixed as Lo; = 59.78 and Ly = 7.58 for the
finite-time controller, as long as Ly, = 94.17 and Loy = 9.49 for the exponential stabilizer.
Observe that both stabilizers show to have fast responses, nevertheless differences among
the two types of trajectory convergence (finite-time vs exponential) are perceptible. The
responses obtained with the finite-time controller achieved the steady-state in less than
one second and remained invariant thereafter, while, those gotten with the exponential
stabilizer converge towards zero after a longer transient variation. Additionally, an
important overshoot is perceptible in the transient response of the exponential controller.
Notice that input saturation is avoided in both cases, however the finite-time controller
shows a more efficient ability to counteract the inertial effects through control signals
with considerably less and lower variations during the transient, which constitute an
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advantage for the application of the finite-time controller. Although there exist model
inaccuracies, the closed-loop trajectory arising through the finite-time controller was
observed to present a smaller steady-state error.

An alternative test is presented, where the proposed desired-compensation scheme
adopts two different saturating structures. It is worth pointing out that the proposed
design methodology does not force to keep the same saturating structure at every one of
the controlled DOF but rather permits different choices among them. However, for our
comparison purposes, the saturating structures are chosen different among the controllers
but are kept the same among the controlled DOFs for each one of the implementations.

One of the implemented finite-time controllers adopts the same saturating structure of
the previous test. Since this stabilizer uses, at every controlled DOF, a single saturation
function that includes both the P and D actions, it will be referred to as the SPD
controller. The alternative finite-time controller is structured taking, for every j =1, 2,

Uoj(g) = gu(§;507a0j> (5.2a)
045 () = ow(s; Bi, aij, My;) 1=1,2 (5.2b)

with a;; =0, ¢ =0,1,2, and 7 = 1,2. Owing to the use of saturation functions for each
one of the P and D actions (separately), this finite-time stabilizer will be referred to as
the SP-SD controller. Conditions on the parameters of the functions involved in this
case —as defined through (5.2)— under which (3.24) is fulfilled are

kyj > kg(ngj)(lfﬁoﬁl)/ﬁoﬂl (5.3a)

M > 2By, (5.3b)

(see Appendix B). For both —the SPD and SP-SD— finite-time controllers with v = 5/4,
we took 81 = 3/5, B2 = 3/4 and [y = 1. Notice that with such a unitary value of
Bo, for the SP-SD algorithm, we have B; = Mj; + M;, 7 = 1,2 (in accordance to
(3.23)). Hence, while My; and My, were kept the same for the SPD controller (as in the
precedent case), by taking M;; = 82, My, = 18, and My = My = 6, the inequalities
from expressions (3.23) and (5.3b) have been simultaneously satisfied. By further fixing
K, = diag[3260,400] and K, = diag[250, 25|, the common inequalities (5.1a) and (5.3a)
have been fulfilled (for both controllers). We further fixed Lg; = 94.17 and Lgs = 9.49
for the SPD algorithm, under the consideration of (5.1b).

Figure 5.4 shows the results obtained from the implementations. One sees that while
both controllers achieve the finite-time stabilization objective avoiding input saturation,
the closed-loop responses show different performances, with the SP-SD stabilizer giving
rise to overshoots. Such a result corroborates the usefulness of the structural variety
offered by the proposed approach in searching for performance improvement. It is worth
further noticing that the SPD finite-time controller shows again —as in previous test
but this time compared to the SP-SD finite-time stabilizer— a more efficient ability to
counteract the inertial effects through signals with considerably less and lower variations
during the transient, concluding that such a nice feature is related not only to the
finite-time nature of the controller but also to its (combined) SPD-type structure.
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Figure 5.4: SPD wversus SP-SD finite-time controllers, state-feedback scheme with desired
conservative force compensation.

5.2.2 Output-feedback control scheme

The experimental results in this case were run on the 3-DOF haptic device used in
the on-line case. Thus, as previously mentioned (in Section 5.2.1), Property 1.3 and
Assumption 3.1 (with n = 3) are satisfied. Furthermore, the application of the control
scheme stated in (3.44)—(3.45) also involves the functions defined in such a case, i.e., for
every j = 1,2,3, 0,;(s) = op(s; Bis aij, Mij), @ = 1,2, and 03;(s) = 04,(s; B35, as;), with
a;; =0,1=1,2,3, j =1,2,3. Conditions on their parameters under which (3.47) is
fulfilled are:

kij > kg(2B,;) /5 (5.4a)

Mlj > 2ng (54b)

(see Appendix B). Let us note, from the involved functions, that B; = My; + Ms;, j =
1,2,3. Thus, by fixing M;; =04, ¢ =1,2, j = 1, 2,3, the inequalities from expressions
(3.47) and (5.4) have been simultaneously satisfied. The rest of the control gain/parameter
values were chosen taking care that the design requirements were always satisfied. All
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the implementations were run taking the desired configuration at

qq = [rad]

ol &l oy

and initial conditions: q(0) = (—0.00863 0.02467 — 0.01834)% [rad], ¢(0) = 0s.
Figure 5.5 shows results obtained taking f; = o = 3/5 and B3 = 4/5, for the
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Figure 5.5: Finite-time vs exponential stabilization, output-feedback scheme with desired
conservative force compensation: positions errors (1) and control signals ().

finite-time controller, while 5; = B = 3 = 1 for the exponential stabilizer, and the
remaining control gain/parameters were taken, for both (finite-time and exponential)
controllers, as: K = diag[0.5, 0.5, 0.5] (satisfying (5.4a)), K, = diag[0.3, 0.3, 0.3] and
A = B = diag[l, 1, 1]. Observe, from these results, that control signals are within
the saturation bounds in both implementations. Moreover, the closed-loop trajectory
arising through the exponential stabilizer was observed to present a longer and more
important transient in the three link responses. On the other hand, while a notorious
steady-state error —due to modelling imprecisions such as static friction and biased
parameters involved in the gravity vector model— is observed to be obtained with the
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exponential controller, a considerably smaller one (almost imperceptible) is noticed to
take place with the finite-time stabilizer. Further tests repeatedly showed the same result:
considerably smaller (always almost imperceptible) steady-state errors arisen with the
finite-time controller compared to those obtained with the exponential stabilizer, which
were generally notorious.

5.2.3 Desired versus on-line conservative-force compensation

Further experimental tests are focused on the comparison among the on-line and
desired conservative-force compensation versions of the finite-time controller. The
closed-loop responses were compared taking the same control gain/parameter values and
saturating structures but differ only on the type of conservative-force compensation. In
this direction, we repeat here the finite-time control tests shown in the state-feedback
case of Subsection 5.2.1 and those shown in the output-feedback case of Subsection 5.2.2,
just alternating the referred compensation term. We refer to the finite-time controllers
with desired conservative-force compensation as FT4 and the finite-time controllers with
on-line conservative-force compensation as FT,. First, we present the state-feedback

Figure 5.6: State-feedback controller experiments, desired (FT4) wvs online (FT,)
conservative-force compensation: position errors (1), control signals ({).

control experiments with the 2-DOF robot manipulator and the parameter/gain values
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considered in Subsection 5.2.1, this in order to compare the tests already obtained in
such subsection with those that will be obtained by changing the compensation term
for the on-line conservative force. Figure 5.6 shows the comparison among the tested
state-feedback controllers. Observe that no significant differences among the responses
are obtained.

Further, analog tests were run for the output-feedback control schemes. Such
tests were run taking the 3-DOF haptic device and the parameter/gain values used
in Subsection 5.2.2. Figure 5.7 shows the results by comparing the (FT4q versus FT,)
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Figure 5.7: Output-feedback controller experiments, desired (FT4) vs online (FT,)
conservative-force compensation: position errors (1), control signals ({).

responses obtained from the output-feedback controllers. Observe that there is a negligible
difference among the closed-loop performances.

The previous tests confirm the observed in chapter 4, i.e., the effect on the performance
for the implementation simplification earned by the desired compensation version of
the controllers is negligible, in spite of the open-loop conservative-force term that is left
acting on the system.
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5.2.4 Tracking problem

For the following test the 3-DOF anthropomorphic-type described in Subsection 1.5.2
was considered. As mentioned in such a description, the joint positions are measured using
incremental encoders on the motors and the standard backwards difference algorithm
is used to obtain the velocity signals. Measurement of encoder data and reference
voltage generation are carried out through an electronic interface composed by the PMDi
LC228 model from Precision MicroDynamic Inc. The control algorithm is written in C
language and executed at a 2.5 milliseconds sampling period on a PC host computer.
For such a robot, Property 1.1, Assumptions 1.1-1.3 and 3.2 are satisfied, particularly
with pan = 2.975 kgm?, piare = 1.6589 kgm?, piprs = 0.1757 kgm?, kot = 0.989 kgm? /s,
koo = 0.4681 kgm?/s, kez = 0.1997 kgm? /s, fi = 0.4 kgm?/s, fo = 1.2806 kgm?/s,
and f3 = 0.64 kgm?/s. Furthermore, the input saturation bounds are T} = 15 Nm,
T, = 50 Nm and 75 = 4 Nm for the first, second and third links respectively. For the
sake of simplicity, units are subsequently omitted.

For the implementation of the proposed scheme in (3.70), we define 0;;(s) =
ou(s; 5i,0,M;5), i = 1,2, 5 = 1,2,3, for constants §; € (0,1] and M;; > 0. For
each ¢+ = 1,2, such functions prove to be bounded strongly passive functions for
(ki, Bi, biy Ri, Bi, bi), where b; = min{b;1, b2, bis}, k; < 1 and k; > b;’g" max{ M;1, M2, M3},
with —for every j =1,2,3— b;; = Mil-/ P Let us note that by the functions o;;, we have
B; = My + Msj, j =1,2,3 (recall (3.101)). The test was run taking initial conditions
at ¢(0) = ¢(0) = 03, and the desired trajectory as

+ 7/6 cos(1.2t)
+ m/6sin(1.2¢)
7+ /6 cos(1.2t)

for which By, = 0.888 and By, = 1.066. From this and the above-listed values of the
parameters characterizing Property 1.1, Assumptions 1.1-1.3 and 3.2, one can corroborate
that Assumption 3.3 is satisfied too.

Figure 5.8 shows the results obtained with f; = 7/10 and fy = 14/17 to
obtain the finite-time convergence, the rest of the control parameters were taken as
K, = diag[70,450,6], K, = diag[0.5,4.5,0.0015] and, in accordance to (3.101) (with
Bj = Mlj + MQJ', ] = 1,2,3), for every 1= 1,22 Mﬂ = 5, MZ‘Q = 145, M13 = ]_, and
M3 = 0.9. The tracking objective is observed to be achieved and input saturation is
avoided. The control gains were chosen so as to considerably reduce the post-transient
tracking error due to unmodelled phenomena. Such election made almost imperceptible
the difference among the finite-time and exponential convergence. Further discussion
about the post-transient tracking error due to modelling imprecisions will be given in
the following subsection.

INE)

qa(t) =

B}

5.2.5 Robustness problem

The tests in this subsection were implemented so as to verify the conclusion of the
robustness problem exposed in Section 3.4 of Chapter 3. Thus, with this goal in mind, the
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Figure 5.8: Experiments obtained with the tracking control scheme, finite-time wvs
exponential convergence: positions (1), position errors (—) and control signals ().

3-DOF manipulator as well as the control scheme used in the previous subsection are also
taken into account. For the implementations, the functions kept the same structure as
those defined in the previous test, i.e., 0;;(s) = sign(¢) min{|s|%, M;;}, i =1,2,5 = 1,2, 3,
for constants 3; € (0,1] and M;; > 0. For each i = 1,2, such functions prove to be
bounded strongly passive functions for (k;, 8;, b;, ki, Bi, bi), where b; = min{b;1, b, bi3 },
ki < 1 and R; > b; “ max{M;, M;s, M3}, with —for every j = 1,2,3— b;; = Mz.lj/ﬁ".
From the definition of ¢;; functions, we have that B; = M; + Ms;, j = 1,2,3 (recall
(3.101)). All the experiments were run taking initial conditions at ¢(0) = ¢(0) = 03, and
the desired trajectory as

T+ Aq coswart
qd(t) = g + Adg sin wdgt (55)
% + Adg COS wdgt

We show here results carried out on the experimental setup, which naturally implies
the presence of an input-matching perturbation term, p, arisen from unmodelled
phenomena, such as Coulomnb and static friction, and system parameter estimation bias
(in view of the inclusion of the system model in the control scheme), all these giving
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—or considered to give— rise to bounded perturbation components, in accordance to
Assumption 3.4; control parameter values that permit a clear visualization on the effect of
the perturbation term on the closed-loop trajectories were thus taken at every experiment.
In our implementations, we considered g; = 0.057}, j = 1,2, 3 (although no proof about
such a consideration is available, but it seemed acceptable in our experiments), through
which Assumption 3.5 is corroborated to be satisfied. The evaluation of the results will
additionally involve the Integral-of-the-Square-of-the-Error-variables (ISE) performance
index —i.e. letting z = (q7 ¢7)T : :;JFA |z(t)||*dt— applied during the post-transient
phase. More specifically, at every one of the performed test, such an index was evaluated
with ¢; = 15 s and A = 10 s. Tests were run for different combinations of A4 and
wej, j =1,2,3, in (5.5) for which Assumption 3.6 was always corroborated to be satisfied.
Figure 5.9 shows the results obtained with Ay = 0.2 and wy = 0.8, j = 1,2, 3 (for which

‘—ﬁnite—time- - exponential‘
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Figure 5.9: Experiments obtained with the tracking control scheme under perturbation,
with Ay = 0.2 and wy; = 0.8, j = 1,2,3: position errors (1), control signals () and
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By, = 0.2263 and By, = 0.181). This test was run taking $; = 11/20 and Sy = 22/31 for
the finite-time controller, and 5, = B, = 1 for the exponential control algorithm, while,
for both (finite-time and exponential) controllers, the rest of the control parameters were
taken as K; = diag[5,48, 3], Ky = diag[0.5,4.5,0.0015] and, in accordance to (3.101)
(with B; = Msy; + Ms;, j = 1,2,3), for every ¢ = 1,2: M;; = 6.5, M;; = 14.5 and
M;3 = 1. In both cases, control signals that continually aim at reducing the motion
errors are observed to be generated avoiding actuator saturation. But in view of the
(implicit) input-matching perturbation term, post-transient variations are noticed to
take place in the position-error closed-loop responses. More, importantly, smaller post-
transient variations are observed to arise in the finite-time controller case [which is
more visible through the (right-most) post-transient graph of ||z(¢)||: for the finite-
time controller ||z(t)|| < 0.3717, for all 15 < ¢t < 25, while ||z(t)|| < 0.4179, for all

119



15 <t <25 in the exponential case]. This observation is further complemented through
the evaluation of the ISE index, which gave values of 0.7222 vs 0.8357 for the finite-time
and exponential controllers respectively. Similar observations arose through different
tests with alternative values of Ay and wg;, j = 1,2,3, in (5.5). For instance, Figure 5.10
shows additional results obtained with Ay = Ag = 7/18, Agz = 7/6, wa1 = wae = 0.6
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Figure 5.10: Experiments obtained with the tracking control scheme under perturbation,
with Ag = Age = 7/18, Ags = 7/6, wy = wgo = 0.6 and wyz = 1: position errors (1),
control signals () and ||z(t)]|(—).

and wgs = 1 (for which By, = 0.534 and By, = 0.5273), where the experiments were
run with the same values for §; and K;, i = 1,2 and, in accordance to (3.101), for
every i = 1,2: M;; = 6, M;s = 14 and M;3 = 1 were taken for both cases. Smaller
post-transient variations are again corroborated to arise in the finite-time controller case
with ||z(t)|| < 0.4326, for all 15 <t < 25, while ||z(¢)|| < 0.5359, for all 15 <t < 25 in
the exponential case. Furthermore, the ISE index for this test gave values of 0.6888 wvs
1.126 for the finite-time and exponential controllers respectively.

Further tests were implemented adding an artificial bounded perturbation term o, ()
through the input variable, i.e., u = u(t,q,q) + 04(t), with ||g.(t)|| < 04, Vt > 0, or
equivalently |04(t)] < 045, J = 1,2,3, Vt > 0, for every j = 1,2,3, 0; = 0nj + 0uj>
where g,; represents the j*" component of the natural perturbation term (implicit in the
experimental setup), and consequently 9; = 0,; + 0,; = 0.05 7T + 0,5. More precisely, we
defined

Ay cost
Oa (t) = AaZ sint (56)
Agzcost

for which g,; = A,j, j = 1,2,3. By gradually increasing the size of ¢ through o,, we
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observed that above some perturbation term size g*, the (range of) ultimate variations
happened to become smaller in the exponential controller case, thus confirming Remark
3.20. This is shown through Figure 5.11, where results from a test with Ay = 0.2 and

‘—ﬁnite—time- - exponential‘

[rad] -
[rad]
1 a,i]

I—TOS ”””” .
i ‘ _
0 125 25 =
t s =3
15 ‘ s -
EA0 0.
Z. l
5Y------- Fommoe
g 0 LMN g
-5 L
0 12.5 25
t [

Figure 5.11: Experiments obtained with the tracking control scheme with artificial
perturbation added: position errors (1), control signals (}) and ||z(¢)||(—).

wg = 0.8, 7 =1,2,3,in (5.5), and Ay, =2, Age = 4.5 and A,z = 1.2 in (5.6), are shown.
This test was run taking f; = 7/10 and 5 = 14/17 for the finite-time controller, and
[, = P2 = 1 for the exponential control algorithm, while for both cases, the rest of the
control parameters were taken as K; = diag[5, 450, 3], K, = diag[0.5,1,0.0015] and, in
accordance to (3.101) (with g; = 0.05T; + A,j, 7 =1,2,3): My = My = 5.5, Mys =
Msy = 12, M3 = 0.8 and Msy3 = 0.5. Smaller ultimate variations are corroborated to
take place, in this case, through the exponential controller with ||z(t)| < 1.3075, for
all 15 <t < 25, while ||z(t)]] < 1.365, for all 15 < ¢ < 25 in the finite-time case. This
observation is further complemented through evaluation of the ISE index, which gave
values of 3.2914 vs 2.9329 for the finite-time and exponential controllers respectively. The
importance of this test relies on the following observation: the —so cited— robustness-
related superiority of the finite-time controllers over asymptotical ones cannot be taken
to be universal, but only holds as long as the perturbation term remains sufficiently small.
It is however worth to note that such a characteristic inversion observed through this
test, arises through a perturbation term being considerably higher than in the previous
tests, which does not seem to be a tolerable situation in practice. For instance, it is
reasonable to expect that a motion control design with a high precision exigency should
involve friction compensation techniques [46], [47] to reduce the interference of friction
phenomena.
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CHAPTER 6

Conclusions and perspectives

Continuous finite-time/exponential control schemes for mechanical systems with input
constraints have been proposed throughout this dissertation. The proposed schemes keep
generalized forms permitting multiple saturating structures and involving P- and D-type
actions. Such proposed schemes allow the election among finite-time or exponential
convergence through a simple parameter. Moreover, the closed-loop analyses were
developed within the innovating framework of local homogeneity; the applicability and
advantages of such a framework (which allowed to analyze the considered bounded-input
cases) were shown throughout this dissertation. In this direction, the novelty of the
developed work is based on the solution of the finite-time control problem under the
consideration of the real input-constrained case of mechanical systems within a suitable
analytical framework, since for both the regulation and tracking problems addressed
in this work, it was not clear how to deal with the bounded-input case, which was
successfully solved. Throughout the dissertation all the analytical issues were clarified
and developed; this is important in view of the lack of suitable methodologies in the
literature for the formulated problems. Thus, this work provides an advancement on
both analytical and design methodologies (that were unclear at the beginning) to solve
the finite-time continuous control problem for constrained-input mechanical systems.

The position control problem was first considered through a state-feedback scheme
with on-line conservative force compensation, that guaranteed global stabilization with
either finite-time or (local) exponential convergence avoiding input saturation. This
control law has been implemented through simulations and experiments, whose results
have made possible to illustrate the application of the proposed method and confirm
the analytical results. In particular, the simulations were further focused on studying
the veracity of the so-cited argument claiming that finite-time controllers achieve faster
stabilization than asymptotic ones. This was actually shown to depend on the specific
locally homogeneous functions involved in the SPD term of the controller and the precision
used to practically evaluate the stabilization time. Furthermore, a way to define such
functions has been shown through which finite-time controllers indeed prove to be faster
than asymptotical stabilizers. This was made possible, thanks to the design flexibility
permitted within the framework of local homogeneity, which allows to involve functions
that are not forced to keep the homogeneity property globally but may rather adopt
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suitable changes. Experimental implementations further confirmed that the proposed
scheme achieves the control objectives.

A suitable output-feedback version of the previous mentioned scheme was proposed so
as to achieve the regulation objective excluding the velocity variables in the feedback. In
this case, the control objective was achieved through an auxiliary subsystem with a simple
generalized continuous structure through which the required dissipation is dynamically
injected by means of the position error as input variable. Simulation and experimental
tests show the applicability of the proposed method and confirm the analytical results.
The experiments further showed that, regardless of the modelling imprecisions, the finite-
time stabilizer presents a considerably smaller (almost imperceptible) steady-state error
than that obtained with the exponential controller, giving an idea about the finite-time
controller performance against uncertainties.

Desired conservative-force compensation versions of the previous control schemes
were further designed. Far from what one could have expected, such conservative-force
compensation versions are not a simple extension of the on-line compensation cases but
they have rather proven to need more involved requirements resulting from a closed-
loop analysis with a considerably higher degree of complexity. Moreover, they have
overcome the impossibility to apply Lemma 2.3 on their transition from finite-time
to exponential stabilization, which could not be solved keeping the local-homogeneity
criterion of the former in view of the open-loop conservative force which is kept acting
on the closed loop. Experimental and simulation results, for both the state-feedback and
output-feedback controllers, have shown the actual ability of the proposed approaches to
guarantee the considered types of convergence avoiding input saturation. Furthermore,
both the on-line and desired conservative-force compensation versions of the developed
schemes were tested and actually compared when the only difference among them is
on the type of the referred compensation term. They both gave rise to suitable results
with very small differences among the corresponding closed-loop responses. Thus, the
implementation simplifications earned through the desired compensation are concluded
to have a negligible cost on the system performance, passing the bill rather to the
closed-loop analysis.

Thus, the regulation-under-bounded-input problem was successfully solved through
the accomplishment of the stated objectives. Moreover, such a development made possible
to investigate (numerically) about the stabilization time of the proposed controllers,
which (in this case) brings to the fore that finite-time controllers not always have faster
stabilization than exponential ones, which will depend of the functions involved in the
control schemes. Furthermore, through the implementation of the proposed controllers, it
was observed that (in almost all the cases) finite-time stabilizers present a more efficient
ability to counteract the inertial effect than the exponential controllers, i.e., the control
signals obtained from the finite-time controllers showed considerably less and lower
variations during the transient responses, concluding that such a nice feature is related
not only to the finite-time nature of the controller but also to its generalized-function
structure.

After studying the regulation case, the problem of finite-time tracking continuous
control of constrained-input mechanical systems was solved through a strict Lyapunov
function, under the consideration of linear damping terms in the open-loop dynamics.
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While the construction of such a strict Lyapunov function and the corresponding analytical
support constitute by themselves an innovative analytical finding, the proposed approach
gathers (analog to the position control approaches) the following properties: it keeps
a continuous structure; it gives the freedom to choose among finite-time and (local)
exponential convergence through a simple design parameter; it guarantees the control
objective for any initial conditions; it avoids input saturation along the closed loop
trajectories, and it keeps a Saturating-Proportional (SP) Saturating-Derivative (SD) type
action based structure. In addition, there is no tuning restriction on the control gains.
The applicability of such controller was shown through simulation implementations,
where it was observed that both the finite-time and exponential tracking objectives as
well as the input saturation avoidance were accomplished. Moreover, the experimental
tests have shown that the control scheme forces the system trajectories to approach the
objective in both (finite-time and exponential) convergence cases. A small post-transient
tracking-error was perceived due to model imprecisions, which motivated the robustness
analysis presented in Chapter 3.

Based on the proposed finite-time tracking controller, a robustness analysis was
developed under the additional consideration of an input-matching bounded perturbation
term. The result developed has formally confirmed (within the considered context) that,
for a sufficiently small perturbation bound, the closed-loop error variable trajectories
converge in finite-time to an origin-centered ball whose radius is not only directly
related to the perturbation term bound (in such a way that the greater, resp. smaller,
is the perturbation bound, the greater, resp. smaller, is the ball radius) but it also
becomes smaller for the finite-time controllers than for their analog exponential versions.
Furthermore, beyond such a meaningful confirmation, the result developed here has
overcome important analytical limitations from previous works by suitably addressing
the time-varying nature of the unperturbed dynamics, avoiding the restriction of any of
the parameters involved in the control design and applying for any initial condition on
the system (position and velocity) variables. Simulation and experimental tests have
corroborated the analytical result. Moreover, further tests under adverse perturbation
conditions showed that the so-cited robustness-related superiority of finite-time controllers
over asymptotical ones cannot be taken to be universal, but that it effectively holds as
long as the perturbation term matching the input be sufficiently small, whose opposite
case is generally intended to be avoided or attenuated in actual applications.

Beyond the results achieved in this work, there are still aspects that may be considered
for future research. For instance, the continuous tracking control scheme developed for
fully-damped mechanical systems achieves the control objective globally (for any initial
condition), however this becomes a challenging issue to solve when the under-damped
and undamped cases of such systems are considered. Additionally, an output-feedback
tracking approach should be considered in order to provide a controller that achieves the
control objectives disregarding velocity measurements. Finally, an interesting problem
still to solve is on the development of the finite-time adaptive versions of the controllers
proposed in this work in order to reduce their parameter-dependence.
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APPENDIX A

On properties of robot manipulators

The constant bounds shown in Property 1.1 and Assumptions 1.1-1.3 —corresponding
to H(q), C(q,q), and g(q)—, listed in Section 1.4, are calculated through the following
developments. Particularly, such bounds are obtained for the robot manipulators
described in Section 1.5.

A.1 2-DOF Robot manipulator

The dynamical model of the 2-DOF robot manipulator exposed in Subsection 1.5.1
is rewritten here as

01 + 09 COS @9 03 + 04 COS ¢
Hg) = (A1)
03 + 04 COS @2 03
‘ —04G2 SIn ¢ —04(G1 + G2) sin go
C(q,4) = ( o (A.2)
0441 5in go 0
( 5 sin g1 + g sin(q1 + ¢2) (A3)
g\q) = .
d6 sin(q1 + q2)

po (0 AA
-(0 58) (A1)

where (51 = 2351, (52 = 0168, 53 = 0102, (54 = 0084, (55 = 38465, 56 = 1825, (57 = 2288,
and g = 0.175.

A.1.1 Inertia matrix boundedness

Let us recall Property 1.1 and Assumption 1.1 from Section 1.4, where the existence
of the inertia matrix bounds (p,, and pys) was stated. In the following an approximation
of such bounds is obtained. The bounds of H(q) are estimated as p,, = A\,,(H(q)) and
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py = A (H(q)). Then, A, and Ay are obtained from the characteristic equation of
H(q),

A2 — (51 + 03 + 09 cosq2))\ + 53(51 + 0y COSQQ) — (53 + 04 cosq2)2 =0

whence we have that

Lo = qIQHEiIH% {5a — \/53 + (53 + 84 cos qQ)2 — 53((51 + 05 CcOs qg)

= maﬁ{éa + \/53 + (63 +54cosq2)2 — 53(51 + 9 cosqg)}

with

52 (51+53+5zcosq2>
‘o 2

Through a numerical evaluation of expressions (A.5), which considered values of g2 € [0, 27],
were obtained ji,, = 0.088 kg m? and p; = 2.533 kg m?. Furthermore, Assumption 1.1 specifies
the existence of bounds pr, ¢ = 1,2, such that ||H;(q)|| < parsi. In this case, such bounds are
calculated as follows:

1/2
a1 = (glgﬁ{ [(51 + 9 cosqg)2 + (53 + 4 COSQ2)2:| }

(A.6)
) 571/2
UM, 2 = max{ [53 + (53 + 94 cosqz) } }
g2 €R
From the numerical implementation of expressions (A.6), we obtained py1 = 2.5259 kg m? and

pare = 0.2121 kg m?.

A.1.2 Coriolis and centrifugal effect matrix boundedness

In the following we develop a semi-analytical procedure to obtain an estimation of k¢.
Consider the matrix C'(q, ¢) defined in (A.2), from which we have that

1€ (g, @)l = 67 sin®(q2) |t + 8 + 4(dd2)? + 4(dnde) 3 |
< 0% sin®(g2) ¢} + 64 + (o) + 2 + i3)d3]
= 02 sin?(¢o) [cﬁ + 345 + 6((1'1(1'2)2}
< 30 sin®(a0) [ + 8] = 392 sin (a2) ]

whence [|C(g, ¢)d|| < V3 da|singall|¢]|* < V3 84l|d||*. Recalling that [[C(g,9)[| < kelldl (from
Property 1.2.4 and Assumption 1.2), therefore ko = v/3 64 = 0.1454. Further, kci, i =1,2 (see
Assumption 1.2), are obtained from considering that C(q, )¢ can be rewritten as

q"Ci(q)q

" Ca(q)q

B 0 —d48in qo B d4singy O
Ci(q) = , _ , Cag) =
—048inqy  —048in g 0 0
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Observe, from (A7), that ¢"Ci(q)q < [Cu(@) a2 with |G| = /Aar(CT(@)Ci(a) <
kc,i, i = 1,2. Thus, for C1(q), we have that
_ _ 62sin?(q2) 07 sin?(q)
Cr{(q)Cl(Q) = 2 .. 92 2 .. 9
d5sin“(q2) 267 sin”(g2)
i (C’f( )C’l(q)), 1 = 1,2, are obtained from

)

A% — 367 sin?(g2) A + 07 sin(g2) = 0

whence, )\M( 1T ) = Méﬁsirﬁ(qg) and ||C1(q)|| = 54\sin(q2)\((3+ \/5)/2)1/2 <
64( (34 5) 2)1 consequently,
1/2
3+ 5
ko1 =04 < 2\f> (A.8)

Finally, from (A.8), we get ko1 = 0.1359 kg m?. Furthermore, for Cs(q), we have that
_ _ 82sin®(¢qz) 0
TG = | (g2) 0)
0 0
whence, Ay (C7(q)Ca(q)) = 67 sin?(go) and ||Ca2(q)|| = 64| sin(ga)| < b4, consequently,

ko o = 04
from which k¢ 2 = 0.084 kg m?.

A.1.3 Conservative force vector and damping-effect matrix
boundedness

From the expression of ¢g(q) in (A.3) note that

g1(q) < né%x{% sin gy + dg sin(q1 + qz)} Bg
q

g2(q) < max{66 sin(q; + qg)} Bgs
qeR?

From a numerical implementation (where we considered values on {(g1,q2) € R? : ¢1 €
[0,27], g2 € [0,27]}), we get By = 40.29 and Bgs = 1.825. On the other hand, recalling F' as
defined in (A.4), note that

| F1|| = fur = 67 = 2.288
|F2|| = fin = 65 = 0.175
A.2 Anthropomorphic-type arm

The dynamical model of the first 3-DOF robot manipulator exposed in Subsection 1.5.2 is
recalled here,
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hi1(q) hi2(q) hiz(q)
H(q) = [ hi2(q) ho2(q) has(q) (A.9)
hi3(q) hoz(q) (i3

with
hi1(q) = C1 + (2 cos® ga + (3 8in 2g2 + (4 8in(2g2 + 2g3) + 5 cos®(qa + g3)
+ 2l2C6 sin g2 sin(g2 + g3) + 212¢7 sin g2 cos(q2 + ¢3)

hi2(q) = h13(q) + Cio cos g2 + (11 singo

h13(q) = (g cos(gz2 + q3) + Cosin(qga + ¢3)

ha2(q) = Ci2 + 2l2(6 cos g3 — 2l2(7 sin g3

ha3(q) = (i3 + l2Cs cos g3 — [2(7 sin g3

a1(q)d2 + a2(q)gz  a1(q)dqr + as(q)de + as(q)gs  a2(q)dqr + as(q) (g2 + ¢3)

Clq,q) = —a1(q)q1 —as(q)ds —as(q) (42 + ¢3)

—az(q)q1 as5(q)qo 0
(A.10)

. 5 . )
ai(q) = —% sin 2¢o + (3 cos 2¢a + (4 cos(2q2 + 2q3) — %Sm@@ + 2q3) + l2(6 sin(2¢2 + ¢3)

+ 12¢7 cos(2q2 + g3)
as(q) = Cacos(2q2 + 2q3) — €—5 sin(2q2 + 2q3) + l2{s sin(gz2) cos(qa + ¢3)
2

— la@7 sin(qz) sin(g2 + g3)
a3(q) = a4(q) — Closinga + (11 cos g2
as(q) = —Cgsin(ga + q3) + o cos(g2 + q3)
as(q) = la(Cesings + (7 cos g3)

0
9(q) = | 90(Cosin(gz + g3) + 7 cos(gz + g3)) + Crasinga + (14 cos o (A.11)
90 (o sin(g2 + ¢3) + (7 cos(qa + g3))

¢Gis 0 O
F=]10 (7 O (A.12)
0 0 s

In the expressions above: I3 = 0.35 m and gg = 9.81 m/sz. The system parameters (;, i = 1,18,
were identified (see 1.5.2) as
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¢1 = 2.8968 (7 = 6.828 x 1073 Cig = 8.9485 x 102

¢y = —0.35456 (s = 7.9808 x 1072 (14 = 16.4906
(3=7.6885 x 107 (9= —4.5168 x 1073 (15 = 0.202478
G = —6.5428 x 107° (39 = 0.89111 Cig = 0.4

(5 = —5.5442 x 1073 (31 = 2.5675 x 1073 (37 = 1.2806
(s = 0.11152 C12 = 1.2607 C1s = 0.64

A.2.1 Inertia matrix boundedness

Similar to Subsection A.1.1, the goal is to approximate the bounds stated through Property
1.1 and Assumption 1.1 corresponding to H(q) defined in (A.9). With this goal in mind, the
eigenvalues of H(q), \i(H(q)), i = 1,2, 3, are obtained from its characteristic equation,

X5 = [ha(@) + has(q) + has(a) | N
+ [hn(Q)hzz(q) + ha1(q)ha3(q) + ho2(q)hss(q) — hiy(q) — his(q) — h%zs(‘l)} A

— [2h12(0) h1a(@)has (@) + Rt (@) h2 (@)has (@) — s (a)h35(0) = hoa(@) 5 (@) — has(@)ha(a)| = 0

whence p,, = mingegs{\;(H(q))} and py = max,ers{\;(H(q))},7 = 1,2,3. Thus, from a
numerical estimation (by taking values on {(q1,q1,¢3) € R3: ¢1 € [0,27],q2 € [0,27], ¢35 €
[0,27]}), we get p,, = 0.0761 and gy = 3.0846. In this case, the bounds gy, ¢ = 1,2,3
are defined as

] 11/2
par1 = qrrgfgg{ 13,(0) + Bala) + hs(o)| )

- 11/2
pas2 = max{ | () + ha(a) + Wa(0)] ) (A13)

qER3

] 11/2
a3 = ?gfé{ _h%z’)(Q) + his(q) + h?as(‘l)_ }

From the numerical estimation of the expressions in (A.13), we have that p 1 = 2.975,
a2 = 1.6589 and pps, 3 = 0.1757.

A.2.2 Coriolis and centrifugal effect matrix boundedness

In the following, a k¢ estimation is obtained through developments similar to those
made in Subsection A.1.2. Consider the matrix C(q, ¢) defined in (A.10), from which we
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have

IC(a ll* = [a}(a) + a3(a) ¢} + [a3(a) + aB(a) |3 + [ad(a) + aB()]dd
(

with

(
+4:a4(Q)(a1(q)+2a2(Q))(qch2)+az( )as(q)(G1ds) + (a3(q )+a§(Q))(d2q'3)}Q'3

+2 :2@1(61) — az(q)as(q) | (Grg2)* + 2 [Qag( ) +ai(q)as(q )} (d1ds)*
+2 :2((1421(61) +ai(q) + as(Q)UM(Q)} (d243)* + 4a1(q) [202( )+ as(q )} (d2d3)d7

+4:<11(CI)@3(61)((11(12)+ (2a1(q)aa(q) + az(q)as(q)) (q1d3) + as(q)a (Q)(dzd?))}qé

2

2

|63(@) + a3(@) i + |a3(a) + (@) + 2(|a1(a)as(a)| + las(a)aa(a)]) ] 3

[3(a3() + a2(@) + 2Jas(a)aa(a)]] i

(
[263(0) + Bi(@) + Bala) + |1 (@)as ()| — a2(a)as (@) (drd2)?
(
2

2|20
2[243(q) + Bala) + Fs(a) + aa(a)aa(a)| + a1 (@)as (@) (G

+2[3(a3(0) + a2(@)) + Bala) + Bala) + las(g)aa()| + as(@)as (@) (G2

[q + 5 + 5 + 2(d1de)* + 2(qrds)? + 2((}2(1'3)2}

=ke[@+ B +d] = Feldl!
(A.14)

e égé%%({a%(q) +a2(q), a3(q) + a2(q) + 2(lar(q)as(q)] + |as(q)as(q))),

3(a3(q) + a3(0)) + 2lax(@)as(q)]
203(q) + Bi(a) + Bala) + a1 (a)as(a)| — az(a)as (a),

2a5(q) + Pa(q) + B3(q) + laa(q)as(q)| + a1(g)as(q),

3(a3(a) + a2(a)) + Bi(a) + Fala) + las(q)a(a)| + as(a)a(a) }

(9)as(q) + a2(g)as(q)]

‘ ai\gqg)a
|a1(q)(2a2(q) + as(q))|
|as(q)

(a1(q) + 2ax(q))|

Note, from (A.14), that ||C(q,q)dll < V'kc||d||*, whence ke = \/kc (recalling that
1C(q,9)| < Ecllq|| from Assumption 1.2.4). Then, we obtain from a numerical estimation
ko = 1.1116. Further, ko, i = 1,2, 3, are obtained from considering that C'(g, ¢)¢ can

be rewritten as

i"Ci(q)d
Clq,9)q = | ¢"Ca(q)d
i"Cs(q)q
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where

0 a1(q) a(q) —a1(q) 0 0
Cilg) £ |a1(q) as(g) as(q)|, Calg) 2| O 0 —as(q)
az(q) as(q) as(q) 0 —as(q) —as(q)
—ax(q) 0 0
Cal@) 2| 0 asq) O
0 0 0

Observe that ¢"Ci(g)g < |Ci(g)[l14l|%, i = 1,2,3, with [|Ci(q)|| = \/AM(Q'T(Q)@(Q)) <
ko, i =1,2,3. Thus, for él(q), we have that

én(Q) é12(61) é13(61)
Cl(q)Ci(q) = | é1a(q) ¢aa(q) cas(q)

A

cia(q) ¢a3(q) C33(q)

with
cu(q) = af(q) + a3(q) ¢a(q) = ai(q) + a3(q) + aj(q)
¢12(q) = a1(q)as(q) + as(q)as(q) éas(q) = ar(g)as(q) + aa(q)(as(q) + as(q))
¢13(q) = aa(q)(a1(q) + az2(q)) ¢s3(q) = a3(q) + 2a3(q)

then, \; (C’f( )C’l(q)) are obtained from

AP — [611(Q) + ¢22(q) + é33((1)} A2
+ [511((1)@22(61) + e11(q)es33(q) + é22(q)¢33(q) — &a(q) — é15(q) — 033((1)} A

— [2612((1)613((1)523((1) + é11(q)e22(q)e33(q) — 11(q)é33(q) — e22(q)E35(q) — 633(Q)5%2(Q)} =0
(A.15)

A numerical implementation was run in order to get the solutions of (A.15) and we get

~ A 1/2 ~
()\M (C{(q)Cﬂq))) < 0.98 = k¢1. Further, for Cy(q), we have that

ai(q) 0 0
C(@)Celg)=| 0 ai(q) dd(q)
0 ai(q) 2d2(q)

from the expression of CA’QT(q)CA'g( ), we calculate )\Z( T(q)Ca(q )) 1=1,2,3, from

)¢
X' — |ai(q) +3a3(q) | \? + a2(q) [3a%(a) + a3(0) | A — i (g)ai(a) = O

N

A 1/2
from the calculations we obtained ()\ m(CF (q)Cg(q))) < 0.39 = k¢,2. Finally, from
the definition of C(q), we get that
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The values of N(C5()CT(q)) are Ay = d2(q), A = a2(q) and A3 = 0, whence
M (CF(¢)C5(q)) = max,erny{a3(q), ai(¢)}. The numerical calculation showed that

(AM(Og(q)ég(q)))” "< 0.04 = ke,

A.2.3 Conservative force vector and damping-effect matrix
boundedness

From the expression of g(¢q) in (A.11) note that By = 0 and

g2(q) < Hgg{go(éa sin(ga + ¢3) + Crcos(qz + g3)) + Crasinge + Cia cos q2} = By
q

93(q) < 2%%}3{{90 (Cosin(gz + g3) + ¢7 cos(ga + C]3))} = By

whence, after numerical calculations (by taking values on {(qi,q1,q3) € R® : ¢ €
0,27], g2 € [0,27],q3 € [0,27]}), By = 17.5879 and B,z = 1.0961. On the other hand,
from the definition of F' in (A.12), note that |Fi|| = (16 = 0.4, ||Fy]| = (17 = 1.2806,
| F3]| = Gig = 0.64, far = Gi7 and f,,, = Cu6.

A.3 Phantom haptic interface robot

We rewrite here the dynamical model of the Phantom robot exposed in Subsection
1.5.2,
hn(q> 0 0
H(g)=| 0  halg) haslq) (A.16)

0 hzs(q) h33(Q)
with

hi1(q) = [28.33 + 11.32 cos(2q2) — 3.91 cos(2qs) + 9.12 cos(gz) sin(gs)] x 10~*
has(q) = 24.26 x 10~*

hos(q) = —[4.56sin(qy — q3)] x 107*

hss(q) = 9.32 x 1074
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a1(q)ge + a2(q)ds  ar(q)dr  a(q)d
Clq,q) = —a1(q)¢1 0 a3(q)gs | : (A.17)
—CL2<Q)(11 —GB(Q)Qz 0

a1(q) = —[11.32sin(2qy) + 4.56 sin(gz) sin(gs)] x 107*

as(q) = [3.91sin(2¢s) + 4.56 cos(qy) cos(gs)] x 10~
as(q) = [4.56 cos(qa — q3)] x 107*

0
g(q) = | —162.98 cos(q) | x 107* (A.18)
—737.55sin(gqs)

A.3.1 Inertia matrix boundedness

Similar to the previously developed, we focused on the calculation of the bounds
Py par and pipg, @ = 1,2, 3, for H(gq) defined in (A.16). With this goal in mind, the
eigenvalues of H(q), \;(H(q)), i =1,2,3, are obtained from the characteristic equation,

A?— | h11(q) +has(q) +h33(9)} A2 [hn(Q)fm(Q) 4 P11 (@) has (@) + has(@)has (q) — 2 (qﬂ \
_ [h11(61)h22(Q)h33(Q) - hn(q)hgs(q)} _0

whence p,, = mingers{\;(H(q))} and py = max,ers{N\:(H(q))}, i = 1,2, 3, thus, from
a numerical estimation (similar to that made in the previous subsections), we get
o, = 8.04 x 107* and pp; = 25 x 1074, In this case, the bounds pyr;, i = 1,2,3 are
defined as

Har1 = ;féaﬂggﬂhll(QN}
1/2
[in,2 = qnée]gg{ [hiz(q) + hig(Q)} } (A.19)

1/2
pans = max{ [1(a) + h(a)] "}
qgeR3
from the numerical estimation of the expressions in (A.19), we have that pp 1 = 53x 1074,
far2 = 25 X 10~* and tar, s = 10 X 1074,
A.3.2 Coriolis and centrifugal effect matrix boundedness

An estimation of k¢ is obtained through the following developments, which are similar
to those made in the previous subsection. Consider the matrix C'(q, ¢) defined in (A.17),
from which we have
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IC(q, D)dlI* = 2a
+2

< 2a}

+2

Q)d1 + a3(q)dy + a3(q)ds

r—|/\|—|A

2@@y—mqmawkm% +8m@Mﬂ@@m9ﬁ
(
)

a1(q)(2a1(q) + as(q)) + 2]a1(q)az(q)|] (G1¢2)? (A.20)
+2(2(a3(q) + a1 (@) () ) — a1(@)as(@) | (1)’
< ke [ql + G5 + 43 + 2(d1G2)* + 2(d1ds)” + 2(Gads) ]
— kelldl®
with
fo —max{263(q), a3(0), a1()(2a1(q) + as(q)) + 2lar (q)az(q)],

2(a3(q) + a1 (@)az(a)]) — ar(a)as(a) }

Note, from (A.20), that [|C(¢.¢)d|l < Vke||dl|?, whence ke = Vke (recalling that
1C(q,9)|| < kellg] from Assumption 1.2.4). Then, we obtained from a numerical

estimation ko = 24 x 107*. Further, k¢, i = 1,2, 3, are obtained from considering that
C(q,¢)g can be rewritten as

q"Ci(a)d

Clg,4)g = | d"Calq)q

q"Cs(q)q

where

0 ai(q) a(q) —ai(q) 0 0
Ci(q) = [ai(q) 0 0 |, Cyg)= 0 0 0
as(q) 0 0 0 0 as(q)

—as(q) 0 0

Cs@=| 0 —asg) 0

0 0 0

Observe that ¢ Ci(q)g < [Ci(g)lldll*, i = 1,2, 3, with [|Ci(q)[| = \/AM(CZ-T(Q)CE(Q)) <
ko, i =1,2,3. Thus, for C(q), we have that

ai(q) + a3(q) 0 0
Cl(q)Cilq) = 0 a}(q)  ai(q)as(q)
0 ar(q)az(q)  a3(q)

then, \;(CY(¢q)Ci(q)), i = 1,2,3, are obtained as A\; = 0, Ay = X3 = a}(q) + a(q).
From this, we have that Ay (CT (¢)Ci(q)) = maxqeRs{al( ) + a3(q)}. A numerical
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1/2
implementation was run and we get (AM (C’lT(q)Cl(q))) <15 x 107* = k¢,;. Further,
for Cs(q), we have that

ai(q) 0 0
Cy(q)Ca(g)=| 0 0 0
0 0 a3(q)

from the expression of C7 (¢)Ca(q), we get A\; = a?(q), Ao = 0 and A3 = a3(q). From

this, we have that Ay (C7 (¢)Ca(q)) = maxyers{ai(q), a3(¢)} and numerically we get
1/2

()\M (CQT(q)CQ(q))) <15 x 107* = k¢ . Finally, from the definition of C3(q), we get

that

az(q) 0 0
C5(q)Cs(q)=| 0 a3(q) O
0 0 0

The values of \;(CT(q)Cs(q)), i = 1,2, 3, result to be \; = a3(q), A2 = a3(¢q) and \3 =0,
whence Ay (CT(q)C5(q)) = max, cr:{a3(q), a3(q)}. The numerical calculation showed
)

1/2
that (AM(cg(q)Og(q )) < 741 % 1074 = ke,

A.3.3 Conservative force vector

From the expression of ¢g(g) in (A.18) note that By = 0 and

92(q) < max{ — 162.98 cos(g2) } x 107* = By

¢2€R

g93(q) < max{ — 737.55sin(gs)} x 107* = By

g3€R

whence By = 162.98 x 107* and Byz = 737.55 x 107*.
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APPENDIX B

On the conditions of the desired
conservative force compensation
control scheme

B.1 On inequalities (5.1)

Note from (3.11) that Syf8;1 = (2 — )/~ and (in accordance to Corollaries 3.3 and
3.4) that

2_
1<y<2 <= 0<—<1 <<= 0<pyp <1
Y

Observe that on {¢ € R: 0 < [¢| < 2By;/k,} we have that

’C‘ < % — ’g‘l—ﬂoﬂl < <

2B\ 1-Bob1
- =) <] < [kl
g

2ng BoB1—1
5 )

BofB1
<~ ki ( s

while from (5.1a) we have, for all ¢ # 0, that:

]flj > kg(Qng)(l—ﬁoﬂ1)/ﬁoﬁl — kg(Qng)(l—ﬁoﬁl)/ﬁoﬁl|g|1/ﬁ051 < klj|§‘1/6051
= kP (2Bgy) Mo < kY|

2B -\ Bob1—1
_93> |

= kyls| < kf;?m( -
g

From these developments we thus get, on

) 1/B1
{CER:O< § gmin{%, Lo }}

g ki

that
by > kg (2Byy) ORI B s ] < [l
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and consequently, for all {¢ € R: 0 < [¢| < Lé/ﬁl/k‘lj} that
kij > kg(2By;) 00800 = min{ky <], 2By;} < [kaye|*™

whence, under the additional consideration of (5.1b), we get that:

1/B
’kljg‘ﬂolﬁ if M < %
(5,1) = min{kg|§|, Zng} < 8 1/8
6 6 Frgslfol—Lg0 \ Lo,
Lo; + (Mo, — Log)tanh(W if || > 231]
o4 (k)| it oy the)l < Loj

o (o1 (k15)|; Bo, 0, Loj, Moy) if - |o1j(kajs)| > Loj

= |ooj (o1;(k1;9))|

V¢ # 0.

B.2 On inequalities (5.3)

Since (5.1a) and (5.3a) are analog inequalities, we have on {¢ € R : 0 < [¢| < 2B,,/k,}
that

ki > kg(Qng)(l—ﬁoﬂl)/ﬁoﬁl = k| < |kljg’ﬁoﬁl

and consequently, for all ¢ # 0 that
kij > kg(2By;) MO = min{ky|c], 2By;} < [kaye| ™
whence, under the additional consideration of (5.3b), we get that

(5.3) <= min{kg|c|,2By;} < min{|ky;|®%, M7} = |o1;(k1j6)|% = |ov; (01 (krj6))| Vs #0

B.3 On inequalities (4.5) and (5.4)

Observe that on {¢ € R: 0 < [¢| < 2By;/k,} we have that (recall from Corollaries
3.5 and 3.6):

o< 2B s < (—Qng)l_ﬁl — k51<239j
k k U\ k
g g g

p1—1
)" Il < Pl

while from (5.4a) we have, for all ¢ # 0, that:
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kyj > kg(Qng)lfﬂl/Bl — kg(2ng)(1*Bl)/ﬂl‘g’1/,31 < /ﬁjkll/ﬁl
= k'(2B,;)" | < k<
131<2ng)51—1’§‘

1j kg

= kyls| <k
From these developments we thus get, on {¢c € R: 0 < || < 2By;/k,}, that:
kij > kg(2By)' =0 = kyld] < kil
and consequently, for all ¢ # 0, that:
kij > kg(2By;)' =% = min{k|<|, 2By} < [ky|™
whence, under the additional consideration of (5.4b), we get that:

(5.4) = min{ky[s|, 2By} < min{[kyc|™, Myy} = |oij(ki)| Vs #0
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APPENDIX C

Published results

The results obtained throughout this dissertation were published in the following
articles.
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ABSTRACT

A global continuous control scheme for the finite-time or (local) exponential stabilisation of mechani-
cal systems with constrained inputs is proposed. The approach is formally developed within the theo-
retical framework of local homogeneity. This has permitted to solve the formulated problem not only
guaranteeing input saturation avoidance but also giving a wide range of design flexibility. The pro-
posed scheme is characterised by a saturating-proportional-derivative type term with generalised
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claiming that finite-time stabilisers are faster than asymptotical ones is studied. In particular, a way
to carry out the design so as to, indeed, guarantee faster stabilisation through finite-time controllers

(beyond their finite-time convergence) is shown.

1. Introduction

Continuous control aiming at the finite-time convergence
of an equilibrium being (simultaneously) rendered stable
has been a topic of increasing interest in the last decades.
Inspired by the seminal work of Haimo (1986), several
researchers have devoted efforts to settle down a suitable
underlying analytical framework for the subject. Impor-
tant contributions in this direction are those due to Bhat
and Bernstein (1995, 1997, 1998, 2000, 2005), by formally
stating a precise definition of finite-time stability that
gathers both the (Lyapunov) stability and finite-time con-
vergence, thoroughly developing Lyapunov-based crite-
ria for its determination, and clearly characterising its
relationship with homogeneous vector fields. This latter
characterisation has been particularly attractive in view of
its simplicity: for a homogeneous vector field with asymp-
totically stable equilibrium at the origin, verifying neg-
ativity of the homogeneity degree suffices to conclude
finite-time stability (of the origin). This naturally leads
to the idea of involving homogeneity in control design
to readily achieve finite-time stabilisation. Nevertheless,
such a strategy is tied to the requirements imposed by
homogeneity, which is (conventionally) a global property.
For instance, in a coordinate-dependent framework, a
vector field with bounded components cannot be homo-
geneous (Bhat & Bernstein, 2005). Consequently, within
such a framework, the referred strategy cannot be applied
under bounded input constraints. Nevertheless, such a

design restriction has been proven to be relaxed through
alternative notions of homogeneity (Zavala-Rio & Fan-
toni, 2014).

Based on the theoretical framework of local homo-
geneity (details are given in Section 2), this work pro-
poses a bounded continuous control design method for
constrained-input mechanical systems, guaranteeing
global stabilisation with either finite-time or (local) expo
nential convergence. The choice upon the type of con-
vergence is simply stated through a design parameter
involved in the control scheme. Such a choice is made
possible through a suitable extension (stated in this
paper) of the theoretical framework of local homo-
geneity; interesting enough, within the design context
developed in this work, such an extension permits expo-
nential stabilisation through unconventional control
structures. The finite-time stabilisation choice of the pro-
posed approach - achieved through bounded inputs -
remains, however, the main motivation and original goal
of the present work. This is motivated by the advantages
of finite-time controllers that are generally claimed in
relation to asymptotic ones — such as faster convergence
and improved robustness to uncertainties (Hong, Wang,
& Cheng, 2006; Huang, Lin, & Yang, 2005; Qian & Li,
2005) - as well as their conceptual suitability for certain
tasks such as consensus (Wang & Xiao, 2010) and for-
mation (Xiao, Wang, Chen, & Gao, 2009) of multi-agent
systems.
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An observer-less output-feedback global continuous control scheme for the finite-time or (local) expo-
nential stabilization of mechanical systems with constrained inputs is proposed. The approach is formally
developed within the theoretical framework of local homogeneity. The closed-loop analysis incorporates
a complementary insight on the control-induced motion dissipation through an ad hoc feedback-system
passivity theorem. The work includes a simulation implementation section where the performance dif-
ference of the proposed scheme with previous observer-based and differentiation algorithms is brought
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1. Introduction

The last decades have witnessed an increasing interest on sta-
bilization with finite-time convergence through continuous feed-
back. Such an intriguing topic is traced back to the seminal work
of Haimo in [13], where finite-time stability on second-order (dou-
ble integrator) systems of the form

i=u (1)

with u = u(x,X) continuous, was studied, particularly proving the
referred stability property for

u = —kq|x|%sign(x) — ky|x|Psign(x) (2)

ki =k, =1, with b € (0, 1) and a > b/(2 —b) —or equivalently
a e (0, 1) and b <2a/(1+a)— [13, Corollary 1], and even stat-
ing finite-time stability preservation under (some type of) addi-
tional vanishing terms [13, Corollary 2|. Later on, useful founda-
tions were settled down by Bhat and Bernstein [3-7], who stated —
for continuous autonomous systems— a formal definition of finite-
time stable equilibrium, proposed a Lyapunov-based criterion for its
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azavala@ipicyt.edu.mx (A. Zavala-Rio), daniela.lopez.araujo@gmail.com
(D.J. Lépez-Araujo).
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determination, and developed its characterization for homogeneous
vector fields. This last contribution has been particularly appeal-
ing in view of its simplicity since, provided that the origin is an
asymptotically stable equilibrium of a homogeneous vector field,
finite-time stability is concluded by simply verifying that the de-
gree of homogeneity is negative. Such a simplicity is perceived for
instance by comparing the (rather involved) analysis developed in
the proof of [13, Corollary 1] against [2, Example 5.6], where finite-
time stability on (1)-(2) is analyzed through homogeneity, whence
the referred stability property is concluded for a € (0, 1) and b =
2a/(1+ a), or equivalently b € (0, 1) and a = b/(2 — b).! However,
for finite-time control design purposes, such a simple criterion
might be restrictive in view of the requirements naturally imposed
by homogeneity, which is conventionally a global property (see for
instance [2] for a formal definition of homogeneous (scalar) func-
tions and vector fields in a coordinate-dependent framework). For
instance, in a constrained-input context, the closed-loop system
would include bounded components which would preclude the
corresponding vector field to be homogeneous [7] (in a coordinate-
dependent framework). Nevertheless, such a restriction has been
proven to be relaxed through alternative notions of homogeneity
[40].

! The analyses in [2, Example 5.6] and the proof of [13, Corollary 1] are actually
valid for any k; > 0 and k, > 0.

0947-3580/© 2017 European Control Association. Published by Elsevier Ltd. All rights reserved.
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Abstract: Saturating-proportional-derivative-type global continuous control for the finite-time or (local) exponential stabilisation
of mechanical systems with bounded inputs is achieved involving the desired conservative-force compensation. Far from what
one could expect, the proposed controller is not a simple extension of the on-line compensation case but it rather proves to
entail a closed-loop analysis with a considerably higher degree of complexity. This gives rise to more involved requirements to
guarantee its successful performance and implementability. Interesting enough, the proposal even shows that actuators with
higher power-supply capabilities than in the on-line compensation case are required. Other important analytical limitations are
further overcome through the developed algorithm. Experimental tests on a two-degree-of-freedom robotic arm corroborate the

efficiency of the proposed scheme.

1 Introduction

A global continuous state-feedback scheme for the finite-time and
exponential stabilisation of mechanical systems with bounded
inputs has been recently proposed and thoroughly motivated in [1].
Giving a formal solution to the corresponding formulated problem
under the explicit consideration of input constraints and the explicit
choice on the system trajectory convergence (among finite-time
and exponential) constitute the main distinctions of such an
approach with respect to continuous finite-time controllers
developed for mechanical systems before their appearance [2—4]
(which were developed in an unconstrained input context; see for
instance [1, Section 1] for a brief description of such previous
works). However, the distinctive features do not stop there: while
the cited previous approaches mainly rely on the dynamic inversion
technique — or exact compensation of the whole dynamics —
(except for one of the two controllers presented in [2]), the scheme
in [1] benefits from the inherent passive nature of mechanical
systems. This is done by keeping a (saturating) proportional-
derivative type structure with exclusive compensation of the
conservative-force (vector) term as a direct way to suitably reshape
the closed-loop potential energy so as to set the desired posture as
the only equilibrium position on the whole configuration space (of
course, with the required stability property). Through such an
online compensation of the conservative-force term, exclusively
(instead of compensating the whole dynamics), the system model
dependence on the designed scheme is considerably reduced,
consequently simplifying the control structure and decreasing the
inherent inconveniences of modelling inaccuracies as well as the
implied computation burden. However, these improvements could
still be potentiated if the on-line compensation term could be
replaced by the conservative-force term exclusively evaluated at
the desired position. Such a desired conservative-force
compensation idea was first introduced in an unconstrained-input
conventional (infinite-time) stabilisation context by Takegaki and
Arimoto [5] and, ever since its introduction in the literature, it has
been much appreciated in view of its simplicity and simplification
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improvements. This constitutes the main motivation of this work
which aims at developing a desired-conservative-force-
compensation extension of the saturating-proportional-derivative
(SPD)-type finite-time/exponential stabilisation scheme from [1].
Far from what one could expect, such a design task is not as simple
or direct as a simple replacement of the on-/ine compensation term
by the desired one. Such a replacement happens to keep the
required (desired) closed-loop equilibrium position but not its
uniqueness. Contrarily to the on-line compensation case [where the
open-loop conservative forces are (ideally) cancelled out], in the
desired compensation case further design requirements prove to be
needed so as to guarantee that the control-induced potential energy
component dominates the open-loop one (in order to guarantee
uniqueness of the desired closed-loop equilibrium configuration).
This was already pointed out in the unconstrained-input
conventional case [5], where such a domination goal was shown to
be achieved through a P control (vector) term with an absolutely
stronger growing rate than that of the open-loop conservative force
term in any direction (at every point) on the configuration space; in
particular, under the simple consideration of uncoupled linear P
and D control actions, this was shown to be achieved by simply
fixing P gains higher than the highest (induced) norm value of the
Jacobian matrix of the conservative force term (assuming that such
a Jacobian matrix is bounded) [6]. However, the solution of the
referred uniqueness issue cannot be that simple in the analytical
context considered here — under the consideration of input
constraints, the contemplated type of trajectory convergence
(finite-time or exponential) and the generalised form of the SPD
controller component — in view of the special functions involved in
the SPD term to guarantee the achievement of the formulated
stabilisation goal. This represents an important analytical challenge
to which this work succeeds to give a solution enjoying the
technical benefits from the desired conservative-force
compensation. Interesting enough, the exhaustive analysis
developed here further brings to the fore that actuators with higher
power-supply capabilities than in the on-line-compensation case
are required. This results from the worst-case type design
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ABSTRACT

Global Saturating-Proportional Saturating-Derivative (SP-SD) type continuous control for the finite-time or
(local) exponential stabilisation of mechanical systems with bounded inputs is achieved avoiding velocity
variables in the feedback, and further simplified through desired conservative-force compensation. The pro-
posed output-feedback controller is not a simple extension of the on-line compensation case but it rather
proves to entail a closed-loop analysis with considerably higher degree of complexity that gives rise to more
involved requirements. Interestingly, the proposal even shows that actuators with higher power-supply
capabilities than in the on-line compensation case are required. Other important analytical limitations
are further overcome through the developed algorithm. Experimental tests on a multi-degree-of-freedom

robot corroborate the efficiency of the proposed approach.

1. Introduction

An output-feedback global continuous control scheme for the
finite-time and exponential stabilisation of mechanical systems
with bounded inputs has been recently proposed and thor-
oughly motivated in Zamora-Gdémez, Zavala-Rio, and Lopez-
Araujo (2017). Guaranteeing the corresponding formulated
control objective under the explicit consideration of input
constraints and the explicit choice on the system trajectory
convergence, under the exclusive consideration of position vari-
ables in the feedback, are among the main characteristics that
distinguish such an approach from continuous finite-time con-
trollers developed for mechanical systems before its appearance:
(Hong, Xu, & Huang, 2002; Sanyal & Bohn, 2015; Zhao, Li, Zhu,
& Gao, 2010) (see for instance Zamora-Gomez et al., 2017, §1
for a brief description of such previous works). But there is
still an important distinction: while the cited previous works
are mainly state-feedback approaches that rely on the dynamic
inversion technique - or exact compensation of the whole
dynamics - (except for one of the two controllers presented in
Hong et al., 2002), and the only output-feedback extension (for-
mulated in Hong et al., 2002) is based on (model-based) finite-
time observers, the scheme in Zamora-Gomez et al. (2017)
exploits the inherent passive nature of mechanical systems,
avoiding state reconstruction. This is done by keeping a (sat-
urating) Proportional-Derivative type structure with exclusive
compensation of the conservative-force (vector) term as a direct
way to suitably reshape the closed-loop potential energy so as to
set the desired posture as the only equilibrium position on the
whole configuration space; damping is further injected through
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a (model-free) dynamic dissipation subsystem whose output is
involved in the feedback as a damped-derivative action. Through
such a control scheme (which avoids reproduction of any other
term of the open-loop dynamics apart from the described on-
line compensation of the conservative forces), the system model
dependence of the designed algorithm is considerably reduced,
consequently simplifying the control structure and decreasing
the inherent inconveniences of modelling inaccuracies as well
as the implied computation burden. But these advantages could
still be potentiated by replacing the (unique) on-line compen-
sation term by the conservative-force term exclusively evalu-
ated at the desired position (Kelly, Santibaiez, & Loria, 2005,
Chapter 8). Such a desired conservative-force compensation idea
was first developed in an unconstrained-input conventional
(infinite-time) stabilisation framework by Takegaki and Ari-
moto (1981) and, ever since its introduction in the litera-
ture, it has been the subject of diverse studies (Kelly, 1997),
been at the core of control design advancements (Zavala-Rio
& Santibafiez, 2007), and proven to be widely appreciated in
view of its simplicity and simplification improvements. This
constitutes the main motivation of this work which aims at
developing a desired-conservative-force-compensation extension
of the output-feedback SP-SD-type (Saturating-Proportional
Saturating-Derivative) finite-time/exponential stabilisation
scheme from Zamora-Gdémez et al. (2017). Far from what one
could expect, such a design task is not as simple or direct
as a simple replacement of the on-line compensation term by
the desired one. Such a replacement turns out to keep the
required (desired) closed-loop equilibrium position but not
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Continuous Control for Fully Damped Mechanical Systems With Input
Constraints: Finite-Time and Exponential Tracking

Griselda |. Zamora-Gémez
Emmanuel Cruz-Zavala

Abstract—A motion continuous control scheme for fully damped
mechanical systems with constrained inputs is proposed. It gives
the freedom to choose among finite-time and (local) exponential
convergence through a simple design parameter. The control ob-
jective is achieved from any initial conditions, for desired trajec-
tories that can be physically tracked avoiding actuator saturation
and loss of motion error dissipation, globally induced through the
aid of the natural damping terms explicitly considered in the open-
loop dynamics. The stability analysis is based on a strict Lyapunov
function and is formally developed within an appropriate analyti-
cal framework that takes into account the time-varying character
naturally adopted by the closed loop. Simulation tests are further
included.

Index Terms—Input constraints, motion continuous control, me-
chanical systems, strict Lyapunov function, uniform finite-time
tracking.

|. INTRODUCTION

Finite-time control through continuous feedback has been a research
topic of increasing interest in the last few years. Such an intriguing topic
has attracted attention on its need for a suitable analytical framework
around its conceptualization and characterization. In this direction,
important contributions have been developed for autonomous systems
in the works of Bhat and Bernstein [2], [3], by stating a precise definition
of a finite-time stable equilibrium, a Lyapunov-function-based criterion
for its determination, and a useful characterization for homogeneous
vector fields.

Finite-time stability and stabilization for time-varying vector fields
has evolved more slowly and is still in progress. Important exten-
sions and generalizations of the previously cited works from Bhat and
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Bernstein have been developed, for instance, in [9], by stating precise
definitions and Lyapunov-type characterizations for nonautonomous
systems. Uniform stability has been very recently studied within the
framework of homogeneity in [13] where, in particular, the characteri-
zation of the global uniform finite-time stability has been extended to
time-varying vector fields. These contributions show the complexity
entailed in the nonautonomous case in relation to the previously cited
time-invariant case. For instance, the existence of a homogeneous Lya-
punov function characterized for autonomous vector fields in [12] does
not apply for time-varying ones, and a similar extension for the latter
case does not exist. Consequently, results based on such a fundamen-
tal work of Rosier [12], such as the finite-time-stability-preservation
approximation approach of Hong et al. [5], do not apply in the nonau-
tonomous case. Stability/stabilization studies in the time-varying con-
text shall take into account such important analytical limitations and
consequently entail a more complex analysis.

Finite-time continuous control of mechanical systems has been
treated, for instance, in [4], [6], [14], and [16]. These works mainly
give rise to diverse finite-time regulators and are consequently devel-
oped within the framework of autonomous systems. Once we move
on to the tracking control problem, which naturally implies a time-
varying closed-loop dynamics, the stability analysis suffers from the
above-mentioned impossibility to involve analytical tools exclusively
addressed to time-invariant vector fields, and shall consequently be
developed within the framework of nonautonomous systems, for in-
stance, through the use of a suitable strict Lyapunov function. Strict
Lyapunov functions have hardly been very recently constructed in [4]
to support finite-time control of robot manipulators disregarding input
constraints, leaving the more complex tracking-under-bounded-input
case unsolved.

This work gives a solution to the—up to our knowledge—open prob-
lem of (uniform) finite-time tracking continuous control of constrained-
input mechanical systems, under the consideration of linear damping
terms in the open-loop dynamics. The proposed approach actually gives
the freedom to choose the type of trajectory convergence, among finite-
time and exponential, through a simple control parameter. The stability
analysis is based on a suitable strict Lyapunov function, and is formally
developed within an appropriate analytical framework that takes into
account the inherent time-varying nature of the closed loop. The de-
sign relies on the consideration of the natural damping terms, which
are directly involved in the characterization of the subset of desired
trajectories for which the control objective is achieved from any initial
conditions (by ensuring motion error dissipation globally, as will be
made clear later on in Remark 3.4). Such a characterization further
restricts the choice to desired motions generating open-loop (reaction
and inherent force/torque) terms whose addition remains within the ac-
tuator bounds; those transgressing such a restriction would not even be
physically possible to be accurately tracked. The control synthesis thus
guarantees the formulated goal through control signals evolving within

0018-9286 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0002-0866-3269
https://orcid.org/0000-0002-5473-2907
https://orcid.org/0000-0002-7205-1136
https://orcid.org/0000-0002-6792-2398
https://orcid.org/0000-0003-2058-4579
mailto:griselda.zamora@ipicyt.edu.mx
mailto:griselda.zamora@ipicyt.edu.mx
mailto:azavala@ipicyt.edu.mx
mailto:djlopez@centrogeo.edu.mx
mailto:djlopez@centrogeo.edu.mx
mailto:emitacz@yahoo.com.mx
mailto:emmanuel.nuno@cucei.udg.mx
mailto:emmanuel.nuno@cucei.udg.mx

Received: 29 July 2019

Revised: 6 January 2020

Accepted: 10 March 2020

DOI: 10.1002/rnc.4972

RESEARCH ARTICLE

WILEY

A robustness study of a finite-time/exponential tracking
continuous control scheme for constrained-input
mechanical systems: Analysis and experiments

Griselda I. Zamora-Gomez! | Arturo Zavala-Rio! @ |

Emilio Vazquez-Ramirez!

1Divisién de Matematicas Aplicadas,
Instituto Potosino de Investigacion
Cientifica y Tecnoldgica, San Luis Potosi,
Mexico

2Facultad de Ciencias de la Electronica,
Benemérita Universidad Autéonoma de
Puebla, Puebla, Mexico

3Division de Estudios de Posgrado e
Investigacién, Tecnoldgico Nacional de
México/Instituto Tecnolégico de la
Laguna, Torreén, México

Correspondence

Arturo Zavala-Rio, Division de
Matematicas Aplicadas, Instituto Potosino
de Investigacién Cientifica y Tecnolégica,
Camino a la Presa San José 2055, Lomas
4a. Seccién 78216, San Luis Potosi, S.L.P.,
Mexico.

Email: azavala@ipicyt.edu.mx

1 | INTRODUCTION

| Fernando Reyes? | Victor Santibafez3

Summary

The closed-loop analysis of a recently proposed continuous scheme for the
finite-time or exponential tracking control of constrained-input mechanical sys-
tems is reformulated under the consideration of an input-matching bounded
perturbation term. This is motivated by the poor number of works devoted to
support the so-cited argument claiming that continuous finite-time controllers
are more robust than asymptotical (infinite-time) ones under uncertainties and
the limitations of their results. We achieve to analytically prove that, for a pertur-
bation term with sufficiently small bound, the considered tracking continuous
control scheme leads the closed-loop error variable trajectories to get into an
origin-centered ball whose radius becomes smaller in the finite-time conver-
gence case, entailing smaller posttransient variations than in the exponential
case. Moreover, this is shown to be achieved for any initial condition, avoiding to
restrain any of the parameters involved in the control design, and under the suit-
able consideration of the nonautonomous nature of the closed loop. The study is
further corroborated through experimental tests on a multi-degree-of-freedom
robotic manipulator, which do not only confirm the analytical result but also
explore the scope or limitations of its conclusions under adverse perturbation
conditions.

KEYWORDS

constrained inputs, input-matching perturbation, mechanical systems, robustness, tracking
continuous control, uniform finite-time stability

Control synthesis aiming at the accomplishment of a regulation or trajectory tracking goal in finite time through contin-
uous feedback has been the subject of intensive research in the last years. Numerous works with such a design objective
formulation have been motivated arguing benefits of the finite-time algorithms over the asymptotic (infinite-time) ones,
such as faster convergence and improved robustness under uncertainties.!* However, this has not yet been exhaustively
explored or brought to the fore through formal analysis or implementation tests. The only analysis treating one of those
aspects, that the authors are aware of, was developed by Bhat and Bernstein,® who studied the robustness issue. More

Int J Robust Nonlinear Control. 2020;30:3923-3944. wileyonlinelibrary.com/journal/rnc © 2020 John Wiley & Sons, Ltd. | 3923
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